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Abstract

In the framework of the GW approximation, the screened interaction W is a non-local
and dynamical potential that may have a complex structure in its frequency dependence.
A full description of such dependence in a large energy range is in many cases compu-
tationally prohibitive, and for this reason it is common practice to approximate it using
a plasmon pole (PP) model. The PP approach may however fail for in-homogeneous
systems, such as interfaces and defects, and also for some bulk materials, including e.g.
metals.

In this thesis I develop and explore a multi-pole approach to provide an effective rep-
resentation of the dynamical properties of W, and show that optimal sampling strategies
of the polarizability in the complex plane can lead to an overall GW accuracy compa-
rable to full-frequency methods at much lower cost. This method is then validated by
calculating quasiparticle properties of relevant prototype systems.

The proposed developments are then exploited for the case of selected graphene-
metal systems. The structural, electronic, and magnetic properties of these systems are
first studied at the DFT level, and then by applying many body perturbation theory
(GW). The work is done in tight collaboration with an experimental group performing
spectroscopic measurements on the very same systems. Our GW calculations are then
compared with angle-resolved photoemission data.

While doing this, I have also performed a detailed study of the structural, electronic,
and magnetic properties of the aforementioned graphene-metal interfaces. Among oth-
ers, I have addressed the effect of oxygen intercalation under graphene in modifying the
magnetic properties of the Gr/Co/Ir(111) metallic heterostructure. I have also studied
the magnetic and electronic properties of Gr/Fe/Ir(111) and Gr/FeCo/Ir(111) systems,
together with the prototype case of Gr/Co(0001). Here the transition metal film is made
of one or a few atomic layers intercalated under graphene on Ir(111). The comparison
with experiments covers a number of different techniques, ranging from XPS, NEXAFS
and XMCD to (angle resolved) photoemission spectroscopy (AR-PES) and inverse pho-
toemission (IPES). In this respect, the proposed methodology for the calculation of GW
corrections proves to be an important tool in applying MBPT to complex systems such
as those studied in the present thesis.
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Preamble

In the present Thesis I have studied the structural, electronic, magnetic, and spec-

troscopic properties of Gr-metal interfaces. This was achieved by using first principle

electronic structure methods as based on density functional theory and many-body per-

turbation theory. In the latter case, besides being a user, I also spent a significant

amount of time in developing a dedicated theoretical framework and approach.

Before describing the content of the Thesis in detail, let me acknowledge the context.

The theoretical study that I have performed has run in parallel with the experimental

measurements performed by the group of Prof. Maria Grazia Betti and Carlo Mariani,

at University of Roma1 La Sapienza, with whom we have established a longstanding

collaboration. Moreover, the calculations and methodological developments presented

here take advantage and contribute to the software developments done within the MaX –

Materials design at the exascale – centre of excellence (http://www.max-centre.eu/),

focused on the development and exploitation of electronic structure community codes

in a high performance computing (HPC) environment.

This Thesis’s work can be divided into two main parts. In the first part, I have

provided original contributions to a joint experimental/theoretical study of structural,

electronic, and magnetic properties of graphene-metal junctions. Specifically, I have per-

formed density functional theory calculations on large scale magnetic interfaces. The

computational data, while relevant per se, have also been used to complement and clar-

ify experimental measurements, including XPS, NEXFAS, XMCD, and ARPES data.

In particular, I have studied the Fe and FeCo intercalation on Gr@Ir(111) and the re-

sults have been published in two articles that include both the DFT calculations and

experimental measurements [1, 2]. I have also studied the adsorption of oxygen on

Co(0001) and Co/Ir(111) surfaces, focusing on the energetics of the O adsorption sites

and on the effect of O intercalation as a way to control the Gr/metal coupling. The

results are presented in an paper now under revision.

In a second part of my Thesis, I aimed at providing an accurate interpretation of

existing ARPES experiments on Gr/Co interfaces. To this end, state-of-the-art ap-

proaches typically employ many-body perturbation theory (MBPT) methods to cal-

culate quasi-particle corrections and band structures at the GW level. Nevertheless,

current implementations of the GW method present several limitations that make dif-

iv

http://www.max-centre.eu/


v

ficult its application to systems as complex as the magnetic Gr-metal interfaces that I

have studied. This comes both from the computational cost and from the inadequacy

of commonly used approximations. Driven by this, a large part of the Thesis work

focused on revisiting a widely studied but still open problem: the frequency description

of the operators entering in the GW formalism. This description can be done either by

making use of an approximation (the plasmon pole model) that is not accurate enough

for the systems under study, or making use of full frequency procedures that however

have a prohibitive computational cost. These limitations motivated the development

of a new and original approach for the description of the frequency dependence of the

polarizability, that we call here multipole approximation (MPA), an accurate alternative

to the widely used plasmon-pole approximation (PPA), with a similar computational

cost.

The development of the multipole approximation is the most extensive and challeng-

ing part of this Thesis. It is also important to remark that such development ranged

from the paper and pencil derivation of the equations, to their numerical implementa-

tion and HPC optimization (MPI, OpenMP, and GPU acceleration), to the validation

on selected systems, and the application to cases of interest.

In particular, I have developed a new type of interpolation for the polarizability

based on a coarse sampling in the complex frequency plane, optimized the frequency

sampling, and implemented this new algorithm in the many-body perturbation theory

(MBPT) code Yambo [3, 4]. Then, I have benchmarked and validated this approach

by addressing simple systems including bulk semiconductors, molecules, and metals.

Finally I have used the developed method to calculate the electronic band structure

of the Gr/Co interface, one of the Gr-metal interfaces that I have studied at the DFT

level. In addition to the calculation of quasi-particles within MPA, I also implemented

the numerical tool required to evaluate the self-energy as a function of the frequency for

both PPA and MPA. Overall, this new approach goes beyond the present applications

and soon will be included in a public release of the Yambo code, and will become

available to its whole, wide community of users.

The description of the MPA method and its validation are presented in a pub-

lished article [5], while its application to metallic systems are presented in a separate

manuscript, now in preparation. Other potential applications, such as a dedicated

multipole approach for the self-energy or the Bethe-Salpeter equation, or the use of

convergence accelerators within MPA for k-grids and sum-over-states, are left for future

developments.

The thesis is organized in 6 chapters. Chapter 1, Introduction to the systems under

study, draws the motivations to study graphene-metal interfaces and describe their struc-

tural, magnetic, and electronic properties. I also discuss the trends and experiments

currently carried out by the scientific community active in the field. Chapter 2, Theoret-
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ical frameworks, describes the main theoretical tools that we employ in our calculations

at the DFT level, and introduces the key concepts of the many-body framework at the

base of the methodological developments presented in the next chapters. In Chapter 3,

The Multipole Approximation (MPA), a detailed description of the MPA technique de-

veloped during this PhD Thesis is presented, while Chapter 4, Validation of MPA on

prototypical materials, presents the validation of the newly developed approach looking

at bulk semiconductors, molecules, and metals. Chapter 5, Applications, is devoted

to the description of the DFT results concerning the study of oxygen adsorption on

Co and Co/Ir intercalated underneath graphene and the Co and FeCo intercalation on

Gr/Ir surfaces. In this chapter we also discuss the application of the MPA technique to

the Gr/Co interface. In Chapter 6, Conclusions, we summarize the main results of the

present work.
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Chapter 1

Introduction to the systems under

study

1.1 Metal intercalation in graphene/Ir interfaces

Intercalation of metals underneath graphene (Gr) grown on a substrate has proven

to efficiently lead to the formation of atomically smooth metallic layer(s) [1, 6–16]

in a layer-by-layer growth mode [17], where the graphene cover acts as a protective

membrane of the confined epitaxial metallic layer(s) [18–21]. The method has been

extensively explored in the past decade for fundamental and applied physics, in part

driven by the interest in creating magnetic systems with tunable properties [10, 12,

22–25]. The main outcomes of the metal intercalation are the modulation of the Gr

electronic structure near the Dirac cone [26–28], the enhancement of the interfacial

moiré pattern and surface corrugation [8, 29–32], and the stabilization and protection

against oxidation of magnetic thin films, thanks to Gr’s chemical stability [18, 19, 27,

33, 34].

Graphene is also a very promising material for spintronics owing to its long spin-

diffusion lengths of several micrometers [35], gate-tunable carrier concentration, and

high electronic mobility [36]. The coupling of Gr with ferromagnetic systems opens

new perspectives when efficient injection of spin-polarized electrons can be achieved,

as observed for a graphene membrane on Co(0001) [37]. It is well-known that nearly

flat epitaxial graphene of high structural quality can be formed on several magnetic

3d metal substrates, like the lattice-matched Ni(111) [13, 38–40] and Co(0001) [8–10,

37] surfaces. It has been shown that a tiny magnetic moment arises on the carbon

atoms, induced by the strong hybridization of graphene π-orbitals with Ni or Co 3d-

states [8, 11, 37, 41]. The combination of graphene corrugation together with the

magnetic substrate has permitted to obtain advanced organic spin-interface architecture

with magnetic remanence at room temperature, constituted by metal phthalocyanine

1
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molecules magnetically coupled with Co layer(s), mediated by graphene. A practical

realization of this structure has been recently achieved by adsorbing TM-phthalocyanine

molecules on Gr@/CoIr [15, 22].

The electronic properties of epitaxial Gr significantly depend on the supporting sub-

strate and on the interface. For instance, Gr grown on Ir(111) presents a rippled moiré

superstructure, with a weak interaction with the metallic substrate, and preserving the

peculiar spectroscopic features of the Gr band-structure, such as the Dirac cone [42, 43].

Conversely, the growth of Gr onto transition metal (TM) surfaces such as Ni(111) or

Co(0001) generally results in a better lattice matching at the expenses of a significantly

perturbed band structure [44], as shown by angle-resolved photoemission spectroscopy

(AR-PES) [9, 13].

In the present thesis we will focus on the intercalation of Co, Fe and FeCo under Gr

in Gr/Ir(111) interfaces.

1.1.1 Co, Fe and FeCo intercalation

Bulk cobalt has a hexagonal-closed-package (hcp) periodicity and iridium is face-centred-

cubic (fcc), with the (111) plane with the hexagonal geometry. Graphene and Co lattice

parameters differ by only 0.05 Å, being in practice lattice matched. In fact, Gr grown

on Co lies flat on the surface, with a small interplanar distance. The electronic proper-

ties of graphene are affected by the strong interaction with the Co layer. On the other

hand, graphene and Ir lattice parameters differ by 0.25 Å. Graphene grown on Ir forms

a moiré pattern corresponding to a 10×10 graphene supercell, over a 9×9 Co cell, how-

ever the electronic properties of graphene are only slightly altered because of the small

hybridization between the two systems. Although Co(0001) and Ir(111) have different

in-plane lattice parameter, when a single Co(0001) layer is intercalated underneath Gr

grown on top of an Ir(111) it assumes the lattice parameter of iridium [8]. The graphene

layer has an important role in the stabilization the Co single layer on the Ir surface in

avoiding Co clusters formation [9]. When a larger number of Co are added Co recovers

its bulk structure [9]. Depending on the number of intercalated Co layers, Gr either

corrugates and forms a moiré pattern with the Co single layer or lies flat due to the

lattice match with multi layer Co, as already studied in Refs. [15, 22].

Although iron is the most widespread transition metal, and the technology of pas-

sivated Fe films with a graphene membrane can be appealing for several reasons, only

a few experimental results for graphene grown on Fe surfaces are available [45–47]. Fe

would permit a considerable price reduction in comparison with other transition metal

substrates and, most importantly, a strong magnetic response. The main hurdle for the

formation of graphene on top of Fe surfaces is related to the rich Fe-C phase diagram [48].

In fact, the high carbon diffusion coefficient and solubility in iron are detrimental for
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chemical vapor deposition processes, where a high annealing temperature is necessary

to ensure high quality graphene on top of the metal surfaces. Thus, the epitaxial growth

of a graphene membrane on a Fe film/single crystal is made difficult because of the for-

mation of iron carbide, which is thermodynamically favored [48]. The epitaxial growth

of graphene on Fe is also prevented because none of the bcc-Fe facets is lattice-matched

with graphene, at variance with close-packed surfaces of other 3d metals, like Co and

Ni. Recently, a detailed structural study has demonstrated that the Fe(110) face, with

its distorted hexagonal symmetry, can be a good candidate, because of a partial match

with the graphene lattice [45, 46]. A more challenging strategy has been proposed ex-

ploiting Fe intercalation beneath graphene [49] as a viable route to overcome the hurdles

to realize a direct growth on Fe surfaces. Recently, a scanning tunnelling microscopy

(STM) experiment demonstrates that successful Fe intercalation under graphene grown

on Ir(111) can be obtained with the substrate temperature in the range between 450 K

and 550 K [21], giving rise to a smooth Fe layer pseudomorphic with Ir(111) and a highly

corrugated graphene membrane on top. We address the Fe intercalation on Gr/Ir in

Section 5.2. We have studied well-defined smooth Fe layers intercalated between Gr and

Ir(111), without any alloying and Fe-C intermixing. By means of Density Functional

Theory, we gain a detailed insight into the physical properties of the iron-intercalated

Gr/Ir(111) heterostructure. The sandwiched Fe layers present a redistribution of the

minority and majority electronic density of states triggered by the spatial confinement

and by the peculiar strained structural configurations, as predicted by first principles

spin resolved electronic structure calculations and experimentally confirmed by angular

resolved photoemission and X-Ray magnetic dichroism.

Ferromagnetic metals (FMs) and their alloys can be finely manipulated by changing

their chemical composition [50], structural configuration [51], and by reducing their di-

mensionality [52, 53]. Modified symmetry and scaled dimension, indeed, may induce in

FMs higher magnetic moments and larger uniaxial magnetic anisotropy energy (MAE)

with respect to their 3D counterparts [12, 53–56]. The enhanced magnetism in nanos-

tructures, can be used e.g, for engineering spintronic devices [57], high-density magnetic

storage [58], and permanent magnets [59].

Among all iron-based alloys, including also pure iron, equiatomic FeCo exhibits the

highest Curie temperature and magnetic moment driven by an almost filled Fe majority

spin band [60–63]. On the other hand, due to its cubic symmetry, the FeCo alloy shows

also a low MAE [64]. Indeed, modifying dimensionality or symmetry has been shown

to be a viable route in order to improve the magnetic response of FeCo alloys [12,

65], although clustering and granularity may hinder a controlled growth of artificial

systems [66]. Although several metals have been intercalated under Gr, the combined

intercalation of Fe and Co, to form an equiatomic alloy is more challenging, as segrega-

tion without intermixing may be dominant [21]. Recently, the growth of homogeneous
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and smooth FexCo1−x layers underneath Gr/Ir(111) was reported [12], by co-depositing

Fe and Co at the same evaporation rate and keeping the substrate temperature at about

500 K, to avoid any Fe-Ir and Co-Ir alloying formation and clustering. X-ray magnetic

circular dichroism (XMCD) measurements show that Fe and Co are well intermixed

and magnetically coupled underneath Gr, leading to an enhancement of the magnetic

moments with respect to pure Fe and Co films, and exhibiting a strong ferromagnetic

exchange coupling between the two species [12]. We address the FeCo intercalation

on Gr/Ir in Section 5.3. We investigate the electronic and structural properties of the

equiatomic FeCo layers grown epitaxially on Ir(111) underneath a Gr cover, by means

of Density Functional Theory (DFT). We show that the reduced dimensionality in the

artificially confined system leads to a narrowing and a redistribution of majority and

minority 3d states with respect to the pure species, enhancing also the splitting be-

tween Fe 3d -up and Fe 3d -down spin bands. Our description of the electronic structure

in equiatomic FeCo layers sheds light on the enhanced magnetism previously demon-

strated by XMCD [12] and provides a useful insight in the engineering of low dimensional

FM alloys.

1.1.2 Oxygen adsorption

It is known that oxygen intercalation constitutes an effective way to decouple graphene

from certain metal substrates [34, 67–69]. Indeed, scanning tunneling spectroscopy

data (STS) and density functional theory (DFT) results have shown that a graphene

layer in the Gr/O/Ru(0001) interface is electronically decoupled from the substrate

and graphene-derived π-states become p-doped [67]. Moreover, scanning tunneling

microscopy (STM) experiments have also shown [67] that the degree of corrugation

observed upon O intercalation is smaller than for the pristine Gr/Ru(00001). Oxygen

intercalation also decouples effectively graphene from Ni(111) [68], quenching the strong

substrate-adsorbate interaction with the formation of a thin Ni oxide layer at the inter-

face. Angle-resolved photoemission spectroscopy (ARPES) measurements on pristine

Gr/Ni(111) show [68] that the graphene π-band is shifted towards higher binding energy

by about 2.5 eV with respect to the position of free-standing graphene, and the Dirac

cone dissolves into the metal 3d bands. Upon oxygen intercalation the hybridization

with Ni 3d states is removed and the characteristic shape of the Dirac cone is restored

and identifiable near the Fermi level.

When Co is exposed to oxygen both physical adsorption and oxidative processes

may occur [70, 71]. While low exposures result in chemisorbed oxygen coupled ferro-

magnetically with the substrate [72, 73], when the oxygen exposure increases, cobalt

oxide may form in two different stoichiometries: CoO or, in smaller proportion, Co3O4.

A theoretical study [71], investigating the surface and subsurface oxygen adsorption on
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Co(0001) over a wide coverage range from 0.11 to 2.0 ML, shows that the coverage

with the highest adsorption energies is 0.25 ML, whereby the O atoms are adsorbed

on the surface. For larger exposures, O begins to penetrate into the surface. In the

same study, the energetics of O adsorption and the structural and electronic properties

of the surface are discussed in detail. On the other hand, the Gr@Co interfaces can

adsorb oxygen under Gr in a stable way [34, 69, 70, 74]; however, the mechanisms

and structural details of O adsorption on Co depend sensitively upon the experimental

parameters [70, 74], on the epitaxial relation between graphene and the substrate and

on the concentration of holes (carbidic islands) in the graphene layer [34]. In the case

of epitaxially oriented graphene, the holes in the layer act as intercalation centers.

Recent studies based on X-ray photoemission spectroscopy (XPS), photoemission

electron microscopy (PEEM) and ARPES measurements on graphene epitaxialy grown

on Co(0001) [34, 69] show that, upon O intercalation, there is an electronic decoupling

between graphene and Co. For an O coverage of 0.5 ML the graphene C1s peak shifts by

1.1 eV to lower binding energies and valence band mapping reveals that the graphene

band structure acquires a nearly free-standing character with a small p-doping. It has

also been shown that the O adsorption can be reversed upon annealing [34].

The mechanisms and structural details of the adsorbed O and the structural and

electronic effects of its intercalation in Gr/Co and Gr/CoIr systems are the matter of

study of Section 5.1. We start by using DFT calculations to study the effect of O

adsorption on Gr/Co and GrCoIr and then address the effect of Co and Fe intercalation

on the structural and electronic properties of the Gr/Ir interface. We finally go beyond

the DFT level and apply the GW/MPA approach, presented in Section 5.4, to the

calculation of the band structure of the Gr/Co interface, of which we present only

preliminary results.

1.2 Experimental characterization of the systems un-

der study

In this section we will summarize some of the structural and electronic properties of the

Gr/Ir(111) interfaces and the effects of Co and Fe intercalation. We will focus mostly

on the experimental results that were obtained in parallel with the theoretical results

that are the topic of this thesis, and were then published together, though we also make

extensive reference to other results in the literature.

1.2.1 Structural measurements

As mentioned before, the structure of the Gr-metal interfaces depends on the relation

between lattice parameter of graphene and that of the substrate. For the case of the
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(e) (f)(b)(a)

(c) (d)

Figure 1.1: Low energy electron diffraction (LEED) images taken at a beam energy
of 140 eV: (a) Ir(111), (b) Gr/Ir(111), (c) as deposited 1ML-Co/Gr/Ir(111) and (d)
after Co intercalation by annealing at 670 K [i.e. Gr/1ML-Co/Ir(111)]. At the bottom:
sketch of the diffraction pattern of Ir(111) surface. The surface Brillouin Zone (SBZ) is
shown in red. Middle panels: (e) side and top view of the corrugation and moiré pattern
of Gr/Ir(111) and (f) of Gr/1ML-Co/Ir(111), as determined by DFT in Ref. [75].

systems studied here, the structural characterization was done using low-energy electron

diffraction (LEED). In the LEED technique, single-crystalline materials are bombarded

with a collimated beam of low-energy electrons (30–200 eV), that are diffracted and

spotted on a fluorescent screen. The diffraction pattern is recorded and the analysis

of the spot positions gives information on the symmetry of the surface structure. In

the presence of an adsorbate the qualitative analysis may reveal information about the

size and rotational alignment of the adsorbate unit cell with respect to the substrate

unit cell. In many of the systems under study, LEED measurements reveal the moiré

structure of the Gr-metal interface.

Let’s start by analysing the effect of the graphene deposition on top of the Ir(111)

surface and Co intercalation. The Ir(111) LEED (Fig. 1.1a) shows bright hexagonal

spots and after Gr growth (Fig. 1.1b), a larger hexagonal pattern surrounded by hexag-

onal satellites (up to third order diffraction features), consistent with the smaller Gr

lattice parameter, and a moiré superstructure caused by the lattice mismatch between

Gr and Ir [76]. After Co deposition (Fig. 1.3c), the surface shows an unaltered pattern,

only slightly attenuated after the Co addition, while the number of satellite spots is

reduced when the Co layer is intercalated underneath Gr (Fig. 1.1d). The intercalation

of a single layer of cobalt, sandwiched between the Ir(111) surface and Gr, results in a

corrugated Gr layer with a moiré superstructure superimposed to the hexagonal lattice
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Figure 1.2: Moiré superstructure of Gr on Ir(111) upon intercalation of 1 ML Co (a) and
flat and commensurate Gr/Ir upon 6 ML Co intercalation (b), as deduced by ab initio
DFT calculation at the LDA level and confirmed by the LEED patterns in Ref. [22].

of Gr, as deduced from the LEED patterns reported in the left panels of Fig. 1.1. These

differences are likely correlated with the changes in the Gr morphology in the presence

of the Co intercalation [8].

The Co-C interaction in the moiré superstructure depends on the C site, with the

result of increasing the corrugation of the Gr layer. The interaction with Gr is stronger

in top-hollow and bridge sites, while van der Waals-like interaction is reported for other

sites (showing fcc/hcp stacking) [9], as confirmed by DFT structural models [15, 22, 77].

The increase of the Gr corrugation upon Co intercalation and the structural details of

the moiré structures, as computed in our DFT calculations, are illustrated in Figs. 1.1(e)

and (f).

The structural evolution of the Gr sheet upon intercalation from 1 to 6 ML of Co

shown in Fig. 1.2 is consistent with what reported in Refs. [8, 9], giving a picture con-

firmed by the theoretical predictions. When a single layer is intercalated, the Co atoms

arrange pseudo-morphically to the Ir(111) surface, without altering the periodicity and

symmetry of the Gr moiré superstructure while its corrugation is enhanced. Further Co

intercalation induces the relaxation of the lattice mismatch and the Co film recovers the

bulk Co(0001) arrangement, almost commensurate with the Gr lattice, as sketched in

Fig. 1.2b. The 1×1 hexagonal pattern confirms that the Gr is commensurate and flat

on the Co film.

Similarly to Co, a single layer of Fe, intercalated under Gr grown on Ir(111), in-

duces a corrugation of the Gr membrane and preserves the periodicity of the moiré

superstructure, superimposed to the hexagonal Gr lattice, as unraveled by the LEED

patterns reported in Fig. 1.3(a,b). The diffraction pattern of Gr/Ir(111) (Fig. 1.3a)

shows bright spots in a hexagonal pattern surrounded by satellites, consistent with the

moiré superstructure caused by the lattice mismatch between Gr and Ir [32, 76]. After

Fe intercalation, the pattern is only slightly attenuated (Fig. 1.3b), thus the first Fe layer

appears commensurate to the Ir(111) surface lattice. This evidence is corroborated by
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Figure 1.3: Low energy electron diffraction (LEED) patterns (electron beam energy 140
eV) for (a) Gr/Ir(111) and (b) Gr/1 ML Fe/Ir(111); (c) atomic structure as deduced
by DFT, top view of the moiré pattern of Gr/Fe/Ir(111) with C atoms represented in
gray, Fe in red and Ir in cream; (d-e) charge difference with respect to the free standing
Gr and the pristine Fe/Ir(111) slab, computed with DFT in Ref. [1]: (d) top view of
the charge difference isosurfaces (positive shown in purple, negative in yellow) and (e)
side view of the Gr/Fe/Ir(111) structure showing the graphene corrugation and charge
difference isosurfaces, using the same colors described for the previous panels.

Figure 1.4: LEED patterns (electron beam energy 140 eV) and zoomed pattern around
the (10) diffraction spot for Gr/7ML Fe/Ir(111) obtained in Ref. [1]: (a), Gr/0.5ML
Fe/Ir(111) (b) and Gr/Ir(111) (c); below: sketch of the main symmetry directions and
of the diffraction pattern of the Ir(111) surface (red dots); the Surface Brillouin Zone
(SBZ) is shown in black. Photoemission Energy Distribution curves (EDC) taken at
40.814 eV (He IIα); angular integrated spectra around Γ (d) and K (e) points of the
SBZ for different thickness of the intercalated Fe layer between Gr and Ir.
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a recent work [11] where STM measurements show that a few monolayers (ML) of Fe

intercalated under graphene arrange in registry with the hexagonal Ir(111) surface, with

a corrugation of 1.3 Å, larger than the one measured for Gr/Ir(111) [78].

The topography of the Gr/Fe/Ir(111) heterostructure is similar to the corrugated

moiré superstructure observed for the Gr/Co/Ir(111) system [22], but very different

from the structure reported for Gr directly grown on bcc-Fe(110) [45]. Previous STM

measurements and DFT calculations performed at the LDA level, for Gr/bcc-Fe(110)

point out the formation of a periodic corrugated pattern of the graphene layer parallel to

the [001] direction of the substrate, consisting in a supercell of 7×17 graphene hexagons

with a smaller corrugation of 0.6/0.9 Å, and only a small fraction of the C atoms

considerably elevated over the Fe surface, thus making the entire graphene membrane

strongly interacting with the metal substrate.

The corrugation of the Gr membrane discussed so far is attenuated when the number

of Fe intercalated layers increases above a few ML, with a reduction of the brightness of

the superstructure LEED spots, as reported in Fig. 1.4(a-c). At 7 ML, we observe the

formation of a Fe film with a lattice constant smaller than Ir(111) and therefore closer

to the graphene structural parameters. However, even when the strain induced by the

Ir(111) surface is released, the Fe film remains slightly incommensurate with graphene,

as shown in Fig. 1.4(a). This is in contrast with the case of Co intercalation beneath

graphene on Ir(111): when the Co film is formed, it recovers its hpc lattice constant and

becomes commensurate with the graphene layer [9, 15]. Indeed, while the hcp Co(0001)

surface lattice parameter (2.50 Å), is comparable with the 2.46 Å of Gr, none of the

bcc-Fe faces is lattice-matched with graphene. In fact, graphene directly grown on bcc-

Fe(110) presents a distorted hexagonal symmetry with only a partial match with the

graphene lattice, as deduced by STM [45]. In our case, the Fe intercalated multilayer

has a novel strained structural configuration with a 8% mismatch with respect to the

graphene lattice constant.

Importantly, the magnetic response of Fe films is extremely sensitive to tiny varia-

tions of the structural configuration [79], and the strained lattice of the Fe film interca-

lated under graphene can give rise to an altered distribution of the electronic majority

and minority states and to different spin and orbital configurations with respect to the

bulk reference [53].

Figure 1.5 shows the LEED patterns of Gr/Ir(111), taken with primary energy of

about 90 eV, before (a) and after (b) the intercalation of nominal 3ML of FeCo. The

moiré superstructure characteristic of the corrugated Gr/Ir(111) system is maintained

after FeCo intercalation, attesting that the equiatomic FeCo layers arrange pseudomor-

phycally on the hexagonal Ir(111) surface. The moiré pattern is only slightly smeared

out at increasing amount of intercalated atoms, with an intensity reduction of the extra

spots. The persistence of multiple reflection spots suggests that the thickness of the in-
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Figure 1.5: Low energy electron diffraction (LEED) patterns (electron beam energy 90
eV) of (a) Gr/Ir(111) and (b) Gr/FeCo/Ir(111), taken slightly off-normal, as obtained
in Ref. [2]. In the middle: sketch of the diffraction pattern and Brillouin Zone (BZ) of
Ir(111), referred to (a-b) panels. (c) Atomic structure as deduced by DFT, top view of
the moiré pattern of Gr/FeCo/Ir(111) with C atoms represented in gray, Fe in red, Co
in blue and Ir in cream; (d) side view of the Gr/FeCo/Ir(111) structure showing the Gr
corrugation, using the same colors described in the previous panel.

tercalated FeCo layer is within 1 and 2 ML, as deduced by comparison with the LEED

patterns of pure Co [9] and Fe [1] intercalated systems.

1.2.2 Electronic properties accessed by ARPES

Angle-resolved photoemission spectroscopy is a technique for revealing the band struc-

ture of materials by measuring the electrons ejected from initial energy and (quasi)-

momentum states into vacuum [80]. The energy difference corresponds to the energy

of the photon used to excite the solid. In the process, the electron momentum re-

mains virtually intact, except for its component perpendicular to the material’s surface.

The band structure is thus translated from energies at which the electrons are bound

within the material, to energies that free them from the crystal binding and enable their

detection outside of the material.

As mentioned above, the band structure of graphene grown on Ir(111) is similar to

the free standing graphene bands (left panel of Fig. 1.6). Upon Co intercalation, the

band structure as measured by ARPES [9] is closer to the Gr/Co(0001) band struc-

ture [39]. The interaction of graphene with the substrate shifts the π band to higher

binding energies as compared to freestanding graphene which results in an upward

dispersion into the second Brillouin zone and no visible band gap the K point. The

Dirac-point of graphene on the Co surface is located at 2.82 eV. Due to the Co large

magnetic exchange splitting the π states of graphene are also expected to become spin

polarized.

The photoemission spectral density as a function of Fe intercalation thickness is

reported in Fig. 1.4 (d) and (e), at the Γ and K points of the surface Brillouin zone
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Gr/Ir(111) Gr/Fe/Ir(111)

Figure 1.6: Angular resolved photoelectron spectroscopy hν=40.814 eV spectra of
Gr/Ir(111) (left panels) and Gr/1 ML Fe/Ir(111) (right panels), around the K point of
the SBZ. Electronic band structure vs. k// as intensity plot (upper panels); spectral
density plotted as sequential EDC curves from the K point towards Γ (bottom panels),
as obtained in Ref. [1].

(SBZ), respectively. The Gr/Ir(111) valence band at the Γ and K points presents the

expected electronic spectral density [42, 81] whereas the intercalated system shows three

new features can be observed when comparing the intercalated system with the bare

Gr/Ir : (i) the appearance of a peak at 10 eV and the disappearance of the one related

to the π- bands of bare Gr/Ir(111) at 8 eV at the Γ point; (ii) the quenching of the

intensity from the Ir surface states close to the Fermi level; and (iii) the emergence of

extra spectral density in the low binding energy region.

Concerning (i), the intensity of the peak at 8 eV BE at Γ, corresponding to the

bottom of the π-band for bare Gr/Ir(111), decreases with increasing Fe thickness. The

peak emerging at 10.0 eV BE can be associated to the shifted π-band, due to the

interaction of Gr with the intercalated Fe layer. An interacting π-band has also been

observed for Co and Ni layers sandwiched between Gr and Ir [9, 10, 13, 40]. The

presence of two features associated with the π-bands, with opposite intensity behavior

before the completion of the first Fe ML, demonstrates the coexistence of bare Gr/Ir

regions and regions of intercalated Fe atoms, up to the formation of a smooth Fe single

layer, when the peak at 8 eV (bare Gr/Ir) is eventually quenched.

Furthermore, (ii) the progressive intensity lowering of the Ir(111) surface states in

the energy region 0-3 eV BE, upon Fe intercalation, without any energy shift, suggests

the absence of Fe-Ir intermixing observed at higher intercalation temperatures [21, 82].

The emergence of a spectral density (iii) at low binding energy close to the Fermi level
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can be ascribed to electronic states mainly localized in the Fe layer, since their intensity

definitely raises at increasing Fe thickness, as can be clearly observed in the spectral

density of 7 ML Fe intercalated under graphene (orange curve in Fig. 1.4e).

A clearer assignment of the electronic states due to the Fe-Gr interaction process

can be derived from the electronic state dispersion. The ARPES data around the K

point of the SBZ for Gr/Ir(111) and Gr/1 ML Fe/Ir(111), are shown in Fig. 1.6 (left and

right panels, respectively). Considering the energy region closer to the Fermi level, three

localized Fe states can be identified at about 0.2 eV, 0.5 eV and 1.5 eV BE, and found

to be only slightly dispersing over the whole SBZ (Fig. 1.6 right panel), as expected for

a confined Fe film. Inspecting the spectra at higher binding energies, other Fe-related

states are observed in the energy region of 3-4 eV BE, resonant with the graphene π-

band states. Besides the presence of these localized Fe states close to the Fermi level,

the most evident consequence of Fe intercalation under graphene is the downshift of the

Dirac cone at the K point of the SBZ, similarly to the case of Gr/Co/Ir [9]. In fact,

the π-band, as deduced by the EDCs (Fig. 1.6), is broadened and less defined after

intercalation and there is a coexistence of other Fe related states in this energy region

(3-4 eV). The position of the Dirac cone vertex (at K) is downshifted by 3 eV, while

the bottom of the π band is less shifted at Γ. It is worth noting that the Dirac cone

is shifted by 2 eV towards higher binding energy also for graphene directly grown on

Fe(110) [47], suggesting a weaker interaction in that case.

Figure 1.7(a) shows ARPES results of Gr/FeCo/Ir(111) taken along Γ̄-K̄. The effect

of Fe and Co states on the π and σ bands of Gr can be discussed by comparing the

system under study with pure Gr/Co and Gr/Fe (either supported on Ir(111) or not),

as reported in the literature [1, 9, 37, 39, 82]. At the Γ̄-point (Fig. 1.7a) the bottom

of the π band and the top of the σ bands are shifted to about 10.2 eV and 5.4 eV of

binding energy (BE), respectively, in agreement with previous results for pure Fe and

Co intercalated systems [1, 9]. Moreover, ARPES data extracted along the direction

perpendicular to Γ̄-K̄ (Fig. 1.7b) shows the maximum of the Gr π band at about 2.1 eV

of BE. Other pure Gr/FM systems exhibit a π band maximum between 2.5 and 3.0 eV,

depending both on the metal and on the number of intercalated layers [1, 9, 37, 39, 40,

82]. The Gr/Co system, e.g., leads to a crossing point between π bands located at 2.8

eV of BE [9]. For Gr/FeCo/Ir, the lower BE value of the π band maximum suggests a

reduced width of the FeCo-d states and thus a reduced hybridization with the π band.

The region in proximity of the K̄-point exhibits several features directly related to

the mixed Fe-Co interface with Gr. Specifically, in Fig. 1.7(a) we highlight with red

dashed lines three slightly dispersing states, crossing the K̄-point at about -1.8 eV, -

0.6 eV and at the Fermi level (EF). It is worth noticing that the appearance of these

well-defined localized bands within ∼2 eV from EF and their dispersive behavior provide

further evidence of a uniform FeCo alloy. The bands at about 4 eV of BE, less dispersive
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Figure 1.7: (a) Selected EDCs of Gr/FeCo/Ir(111), extracted from data of Fig. 5.14(a),
acquired with photon energy of 86 eV and taken along the Γ̄-K̄ direction. Red dashed
lines highlight states originating from the FeCo interface. (b) Selected EDCs taken
along the direction perpendicular to Γ̄-K̄. Blue dashed lines highlight the π band of Gr.
The K̄-point has been extracted at electron kinetic energy of about 80 eV. Figures, as
obtained in Ref. [2].

towards the K̄ point and resonant with the π band of Gr, can be attributed to the FeCo

interlayer. As discussed in the following, these states are due to the majority 3d states

of both Co and Fe atoms, while the states close to EF can be associated to the Fe and

Co 3d spin minority bands.

1.2.3 Near Edge X-ray Absorption Spectroscopy

X-ray absorption fine structure (NEXAFS) is a kind of absorption spectroscopy based on

the analysis of the photoabsorption cross section for electronic transitions from an atomic

core level to final states in the near conduction energy region, where the wavelength of

the photoelectron is larger than the interatomic distance between the absorbing atom

and its first neighbour atoms. The measurements give information of on the local

structure and on the unoccupied local electronic states.

The C K absorption spectra (NEXAFS) for Gr/Ir(111) and Gr/1ML-Co/Ir(111),

published in Ref. [75], is reported in panels (a,b) of Fig. 1.8. The electric field oriented

almost normal (70◦ with respect to the surface plane) allows the enhancement of the

signal from the π∗ states, even though this setup does not completely quench the σ∗

states contribution. Concerning Gr/Ir(111), the main peak at 285.5 eV is associated

with the π∗ conduction states. Moreover, a shoulder located at about 284.2 eV can

be seen in Fig. 1.8(a). This feature observed for single layer Gr on metals, graphene
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Figure 1.8: Measured NEXAFS (a,b), computed NEXAFS (c,d), and DOS data (e,f) for
Gr/Ir(111) (upper panels) and Gr/1ML-Co/Ir(111) (lower panels), respectively. Purple
and red lines correspond to C 1s levels excited by out-of-plane and in-plane polarized
photons. Vertical dashed lines correspond to the Fermi level reference, as deduced by
the energy position of the C 1s core levels (284.13 eV for Gr/Ir; 284.92 eV and 284.42
for Gr/Co/Ir). Central panels: simulated NEXAFS spectra averaged over different
positions of the half core-hole (see supplementary information of Ref. [75]). The grey
lines represent the spectra computed for different core-holes, and give an idea of the
initial-state induced broadening of the spectra. Right panels: computed DOS projected
on Co and Gr σ (C s+px+py) and π (C pz) orbitals for the same systems. The zero of
the energy scale corresponds to the Fermi level.
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flakes [83, 84] and nano-graphite grains [85], was attributed to edge-derived electronic

states. However, in the present case, the highly ordered corrugated Gr structure with

large single domains, cannot justify a contribution from edge defects to the pre-edge

feature. On the other hand, a small p-doping observed for Gr/Ir(111) [86] can induce

a tiny density of empty states below the Dirac cone apex available for the excited core

electrons. This is supported by DFT simulations [75] where the comparison between the

DOS computed for free standing Gr and Gr on Ir reveals a small p-doping corresponding

to an excess charge of about 1.1×10−3 electrons per C atom. The higher energy features

are due to transitions towards higher-lying states resonant with contributions coming

from the σ∗ conduction states, thus more visible in s configuration (red curve).

The measured C K absorption edge of Gr/1ML-Co/Ir(111) is reported in Fig. 1.8(b).

Three main signatures diversify the NEXAFS spectra before and after the Co intercala-

tion (i) the disappearance of the pre-edge feature due to the small p-doping observed for

Gr/Ir(111) (ii) a broadening of the spectral features related to the π∗ and σ∗ transitions,

and (iii) an energy shift of the absorption onset larger for the σ∗ transitions than for

the π∗ ones.

The quenching of the pre-edge can be ascribed to removal of p-doping due to a shift of

the Dirac cone, as discussed later in Section 5.4. As far as it concerns the π∗ transitions,

the main peak, centered at 285.7 eV appears weaker and broadened. Moreover, in the

energy region above the onset, between 287-290 eV, a wide shoulder appears in both

p and s configurations, as observed also for Gr grown on highly interacting substrates

like Gr/Ru(0001), Gr/Rh(111) or Gr/Ni(111) [41]. The origin of the smearing of these

features can be due both to initial state effects, and hybridization of the out-of-plane

C-π and Co-d final states. The initial state effect is due to the spatially modulated

adsorption potential of C upon Co-intercalation, which stems from the moiré structure

of Gr/Ir(111), reflected in different binding energies of the C 1s Gr core levels. After

intercalation, the C 1s core level photoemission presents a multi-component line-shape

with two main features, at 284.42 and 284.92 eV [9, 15], assigned to C atoms in the Gr

layer weakly and strongly bound to the intercalated Co layer, respectively.

The presence of these features induces a convolution of multi-edge onset, however

they cannot fully explain the large broadening of the spectral density in the energy

range 285-290 eV, where the contribution from the hybridized Co-C states dominates.

As supported by the DFT calculations (Fig. 1.8f), a contribution to the π∗ transitions

spectral density can be certainly ascribed to the hybridization of C-π and Co states

induced by the intercalation. Such contribution is further evidenced by changing the

light polarization from p to s. In fact, in-plane σ∗ states present an onset at about

291 eV for Gr/Ir(111) with two well-defined structures, while for Gr/1ML-Co/Ir(111)

the absorption from the σ∗ states is observed also at a lower photon energies (285-290

eV), with slightly smeared structures. This is consistent with a broken symmetry of the



CHAPTER 1. INTRODUCTION TO THE SYSTEMS UNDER STUDY 16

π∗-conduction states as mixed with the Co d states, resulting in a non-negligible signal

with s-polarization.

Simulated the NEXAFS spectra for the in-plane and out-of-plane polarizations using

DFT and including core-hole effects help interpret the experimental results. Results

are reported in Fig. 1.8(c,d) for Gr/Ir(111) and Gr/1ML-Co/Ir(111), respectively. In

both figures we show the spectra computed considering the half core-hole located on

different carbon atoms, sampling moiré valleys, hills, and intermediate regions (grey

lines) and the final spectra obtained by performing a weighted average (blue and red

lines) that takes into account the C-metal distance. The comparison of the averaged

spectra clearly shows a broadening of the peaks for Gr/1ML-Co/Ir(111) when compared

with Gr/Ir(111), in agreement with experiments.

In order to further clarify the differences seen in the NEXAFS spectra after Co

intercalation we report in Fig. 1.8(e,f) the computed projected density of states (where

no core-hole is considered) of the two systems, focusing on the Gr π∗- and σ∗-projections.

A less structured and more broadened DOS is clearly evident for the case of Gr in

Gr/1ML-Co/Ir(111), confirming the idea of a contribution from the change of the final-

state eigenpairs to the experimentally observed broadening of the NEXAFS spectrum.

The σ∗ states located at 8.9 eV for Gr/Ir(111) are also shifted towards lower energies,

at 7.6 eV, for Gr/1ML-Co/Ir(111). Such a shift allows for the superposition of the

Gr σ∗ and Co peaks and is in agreement with the downshift of the σ∗ peaks seen for

Gr/1ML-Co/Ir(111), in the measured and computed NEXAFS spectra.

Besides the broadening of the spectra, a shift in the energy position of the σ∗ and π∗

main peaks of Gr/1ML-Co/Ir(111) with respect to Gr/Ir(111) is observed. In agreement

with experiments, where a shift of about 0.8 V is measured, the main σ∗ peak is found

in calculations [75] 1.1 eV lower in energy for Gr/1ML-Co/Ir(111) than for Gr/Ir(111).

This means that, the weaker the Gr-metal interaction [Gr/Ir(111) compared to Gr/1ML-

Co/Ir(111), but also C atoms further away from the surface in the moiré structure of

Gr/1ML-Co/Ir(111)], the higher the energy of the main σ∗ peak in the NEXAFS spectra.

A downshift in energy of the electronic σ∗ bands calculated for Gr/Co with respect the

Gr layer is reported in Section 5.4, confirming the observed shift of the onset of σ∗

transition in the C K edge and the influence of the Co layer under graphene even on

the empty states far from the Fermi energy.

1.2.4 Magnetic properties through X-ray magnetic circular dichro-

ism

X-ray magnetic circular dichroism (XMCD) is the spectrum resulting from the difference

of two X-ray absorption spectra (XAS) in the presence of a magnetic field, measured

respectively with left and right circularly polarized light. The small differences in the
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Figure 1.9: XMCD spectra of Co L2,3 absorption edges for Gr/1 ML (a) and b)) Co
and Gr/6 ML (d) and d)) Co acquired in remanence at RT in normal and grazing
incidence geometries. Magnetic anisotropy switches from perpendicular (Gr/1 ML Co,
a) to parallel (Gr/6 ML Co, d) to the surface plane. Figure adapted from Ref. [22].

XMCD spectrum are directly related to the magnetic properties of the atom considered

(selected by the corresponding energy edges) and allow one to obtain, for instance, its

spin and orbital magnetic moments.

The absorption spectra for XMCD are usually measured at the L-edge for transition

metals like Fe, Co and Ni. In the case of Fe, the process corresponds to an excited

electron from a 2p to the 3d state by an X-ray of about 700 eV. The spectra contain

information on the magnetic properties through the 3d states that originate them.

Turning to the magnetic properties, the XMCD spectra at the Co L2,3 edge for a

single Co layer and a Co film intercalated under the Gr sheet, obtained as the difference

between the absorption edges acquired with left- and right-circularly polarized radia-

tion, are reported in remanence condition, i.e. with no applied external field, at room

temperature in the right panels of Fig. 1.9. The higher dichroic response with pho-

ton impinging at normal incidence (NI) unravels the out-of-plane magnetic anisotropy

of the Co layer in the incommensurate configuration with a stretched Co-Co distance,

Fig. 1.2b, in agreement with Refs.[8, 10]. Conversely, the higher dichroic response for

Co L2,3 XMCD at grazing incidence (GI) for the thicker intercalated Co film, reveals

a magnetic state with the Co bulk in-plane easy magnetization axis. The Gr/Co het-

erostructures, exhibiting a tunable easy magnetization axis direction, are ideal templates

to test the magnetic coupling of paramagnetic flat-lying FePc and CuPc molecules. [25]

The strong ferromagnetic behavior of GrFeIr is confirmed by the X ray absorption
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Figure 1.10: XMCD spectra of Fe L2,3 absorption edges for Gr/1.4 ML Fe/Ir(111) (top)
and Gr/7ML Fe/Ir(111) (bottom) acquired in remanence at RT in normal (left) and
grazing (right) incidence geometries (see sketches for the experimental geometry). The
easy magnetization direction switching from perpendicular (top) to parallel (bottom)
to the surface plane is indicated by the blue arrows.

spectra and the XMCD at the L2,3 edges for 1.4 ML and 7 ML of Fe sandwiched between

Gr and Ir(111), shown in Fig. 1.10. XAS are acquired in remanence conditions with cir-

cularly polarized radiation and with photons impinging normal (left panel) and grazing

(right panel) to the surface. The XMCD spectra are obtained as the difference between

the absorption edges acquired with left- and right-circularly polarized radiation. The

higher dichroic response with photon impinging at normal incidence (left panel) reveals

an out-of-plane magnetic anisotropy of the Fe layer when it is pseudomorphic to the

Ir(111) surface, with a stretched Fe-Fe distance with respect the bulk bcc(110) or (111)

surfaces. The higher dichroic response for Fe L2,3 XMCD at grazing incidence (right

panel) for the thicker intercalated Fe film, unveils a switch of the easy magnetization

axis from perpendicular to the surface to in-plane. This is consistent with the magnetic

response of heterostructures of single Co or FexCo1−x layers on Ir(111) covered with a

Gr membrane [12, 22].

The spin and the orbital moments at the Fe site, as deduced via XMCD sum rules,

show a doubled L/Seff ratio (Seff = S+7D and D is the dipolar moment [87, 88]), with

respect to the bulk element (0.11±0.01 for a Fe single layer and 0.09 ±0.01 for the 7

ML). These experimental results, related only to the intensity of the dichroic signal and

independent on the number of 3d holes, suggest an enhanced magnetic response due to

the redistribution of the majority spin states in the conduction Fe bands. The evaluated

average total moment is 2.1±0.2 µB/atom for 7 ML of Fe intercalated under Gr, in fair

agreement with 2.2 µB/atom (spin moment), as deduced by the DFT predictions. The
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orbital and spin moment for a single layer of Fe, where interface effects can play a

role, shows a comparable magnetic response, as deduced by the similar dichroic signals

reported in Fig. 1.10. As mentioned above, the pseudomorphic hexagonal Fe single

layer grown directly on Ir(111) presents a complex magnetic structure with skyrmionic

spin spiral textures stabilized by the 3d − 5d hybridization between Fe and Ir [89–

92]. On the other hand, other magnetic materials like Europium have been successfully

intercalated underneath graphene on the same Ir(111) surface [93] and, depending on its

coverage, Eu displays either a paramagnetic or a ferromagnetic behavior [94]. The clear

magnetic dichroism response of the single Fe layer intercalated under graphene suggests

a different spin configuration. Furthermore, this confined single Fe intercalated layer,

with stretched Fe-Fe distances, presents spin and orbital configurations similar to that

of the thin Fe intercalated film, where the influence of the Fe-Ir interface is completely

released.



Chapter 2

Theoretical frameworks

2.1 Density Functional Theory (DFT)

Density functional theory (DFT) is one of the most successful approaches to treat the

many-body problem of electronic systems from an ab initio or first principles perspective,

especially when it comes to finding properties of the ground state represented by the

wavefunction Ψ0, like the total energy E0 of a system:

E0 = 〈Ψ0|H|Ψ0〉 = min
Ψ
〈Ψ|H|Ψ〉 (2.1)

where H is the electronic Hamiltonian and the minimization is performed over all pos-

sible solutions of the Schrödinger equation.

In mean field theories one considers non-interacting electrons in a effective potential

by writing Ψ as a product of one-electron orbitals like in Hartree [95], or by intro-

ducing particle exchange in the form of a Slater determinant like in Hartree-Fock [96].

DFT proposes an alternative way to avoid the complications of dealing with N-particle

wave functions Ψ(r1, ..., rN). Following the earlier ideas by L. H. Thomas [97] and E.

Fermi [98], the fundamental quantity in DFT is the ground-state electronic density:

ρ0(r) = N

∫
dr2...drN |Ψ0(r, r2, ..., rN)|2 (2.2)

from which it is possible in principle to compute any property of the many-particle

system by minimizing a corresponding functional, whose existence is guaranteed by

Hohenberg and Kohn’s mathematical proofs [99] of the following properties:

• For any system of interacting particles there is a one-to-one mapping up to a

constant value between the space of external potentials, vext, and the space of the

ground-state densities, ρ.

• Since the Hamiltonian is thus fully determined, except for the constant shift of the

energy, it follows that the many-body wave functions for all states are determined.

20
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• The ground state energy is the variational global minimum of the total energy

functional, E [ρ], of all possible densities describing the system: E0 = E [ρ0] ≤
E [ρ] for any ρ.

The properties resulting from the Hohenberg–Kohn theorems are apparently very

simple considering the many-body problem. However, they leave the challenge of how

to reformulate the many-body theory in terms of functionals of the density, for which

the Hohenberg–Kohn theorems do not provide any recipe. We know however that,

due to the electronic correlation, the unknown functionals of the density in DFT must

be nonlocal, depending simultaneously on ρ(r) at different r positions. Since the total

energy is a functional of the density, it is possible to isolate some parts that are obviously

density-functionals:

E [ρ] = 〈Ψ0|T |Ψ0〉+
1

2

∫
drdr′

ρ(r)ρ(r′)

|r− r′| +

∫
drρ(r)vext(r) + Exc [ρ] , (2.3)

where vext(r) is a given local external potential. The remainder will still be a functional

of the density and is called the exchange-correlation energy, Exc [ρ]. The form of the

kinetic energy term given by the expectation value of the kinetic energy operator, T , is

also unknown.

Hohenberg–Kohn theorems allow for the possibility of different wavefunctions having

the same density, since ρ carries much less information than Ψ. Then, the problem of

knowing whether or not a certain density function is the ground-state density of a local

potential is called v-representability. In order to provide a simple way of approximating

the unknown parts of the functional E [ρ], Kohn and Sham [100] formulated an efficient

strategy in which they introduce a fictitious system of non-interacting electrons in an

effective external potential, vKS. Given that any interacting v-representable density has

a non-interacting v-representable density arbitrarily close to it [101], the Kohn-Sham

potential, vKS, is built in order to reproduce the same density as the real interacting

system:

vKS(r) = vext(r) +

∫
dr′

ρ(r′)

|r− r′| + vxc[ρ](r) (2.4)

The energy functional of the interacting system is then written in terms of the non-

interacting (Kohn-Sham) orbitals, φi(r), that minimize the non-interacting electronic

kinetic energy, 〈TKS〉, under the fixed density constrain. The many-body problem is

then simplified to an independent particle system of equation:

(
−∇

2

2
+ vKS(r)

)
φi(r) = εiφi(r), ρ(r) =

N∑

i

|φi(r)|2. (2.5)

Therefore, the problem reduces to obtaining an adequate approximation for vxc, within
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the framework of the fictitious non-interacting system.

2.1.1 Exchange-correlation functionals and pseudo-potentials

The exchange–correlation potential, vxc, is determined by the combination of the re-

pulsive electron-electron Coulomb interaction and the Pauli exclusion principle. Its

corresponding exchange–correlation energy, Exc [ρ], can be reasonably approximated by

a local (or semilocal) functional in a large number of materials. The first practical

realization of the so-called local density approximation (LDA) was introduced by Kohn

and Sham [100], in which the exchange-correlation energy density at each point r in

space is computed by means of a homogeneous electron gas model, for which the exact

exchange-correlation energy density εHEG
xc is available [102] as a function the gas density.

Practically, this leads to the following expression:

ELDA
xc =

∫
drρ(r)εHEG

xc (ρ(r)). (2.6)

Other approximations are intended to improve the locality of dependency on the density

in LDA by means of a semilocal generalized gradient approximation (GGA), meta-

GGA or by including a weighted contribution of the exact exchange potential (hybrid

functionals). More detailed descriptions can be found in dedicated reviews and code

implementations, e.g. [103–105].

In order to make DFT calculations feasible with delocalized basis sets like plane-

waves, it is common to resort to a pseudopotential approximation, which reduces the

number of electrons involved in the calculation and the number of plane waves required

to achieve converged results. To this aim, the density ρ is partitioned in valence and core

electronic contribution. Since core electrons in a solid do not participate in chemical

bonding, they are assumed to occupy the same orbitals as in atoms (frozen-core approx-

imation). Therefore in the calculations only valence electrons are explicitly considered.

The attractive interaction between the nuclei and the valence electrons is screened by

the core electrons giving rise to a weaker (and smoother to represent in plane-waves) ef-

fective potential: the pseudopotential. The effective interaction between the ionic cores

and the valence electrons are described by pseudo-wavefunctions. There are several

different recipes to construct atomic pseudopotentials from first principles, complying

for instance with norm conservation. During the presentation of this Thesis we mention

the specific pseudopotentials used in each set of calculations.

2.1.2 Basis set and supercell techniques

A fundamental initial choice in DFT is the basis set employed in the calculations. Mul-

tiple choices are possible and available, ranging from very localized to very delocalized
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bases. Depending on the system, the choice will determine how fast the results will

converge with respect to the number of basis functions included in the calculations.

Plane-waves (PWs) constitute one of the most common options to study extended sys-

tems (such as bulk materials or surfaces), also empowered by mathematical simplicity

and orthonormality properties. In fact, PWs are especially suitable for periodic crys-

tals, where they provide intuitive phenomenological understanding. Moreover, thanks

to fast Fourier transforms (FFT), many general methodologies for solving differential

equations, including the Schrödinger and Poisson equations, are based in plane-waves

and spacial and energy grids [106].

Furthermore, the spatial description of the eigenfunctions that satisfy the Schrödinger

equation in a system with periodic boundary conditions can be simplified by means of

the Bloch theorem, according to which the solution has the form of a plane wave mod-

ulated by a periodic function with the same periodicity of the system. Due to the

translational symmetry, for the description of the properties of the system in the recip-

rocal space it is enough to consider the first Brillouin zone, that is the most compact

possible primitive cell. However, sometimes a supercell construction, that is compose

by a set of neighbouring primitive cells repeated along one or more directions, is used in

order to locally relax the symmetry of the system. A supercell approach, for instance,

can be used for describing defects in a bulk material or low dimensional materials as

surfaces, polymers and molecules, where an artificial vacuum region is included along

the non-periodic directions of the supercell in order to reduce the intensity of the inter-

actions with their replicas.

A computational methodology should be flexible enough to compute different kind

of materials, be they finite or infinite, in order, for example, to combine them into an

hybrid system as in the case of the systems under study in the present thesis. Even if

mixtures of localized and non-localized basis sets do exist, in many cases the simplicity

of plane-waves is preferred to describe, for instance, organic molecules adsorbed on

complex Gr/metal interfaces [22]. In this thesis we adopt the suppercell technique for

most of the calculations through the implementations in the Quantum ESPRESSO [107,

108] and Yambo [3, 4] packages.

2.1.3 Band unfolding

The analysis of the band structure is one of the most basic and useful tools for interpret-

ing the calculated electronic properties of simple crystals. The plot of allowed electronic

energy levels in a solid, corresponding to the energy of the Bloch orbitals as a function

of their crystal momentum in the primitive Brillouin zone, tells us by simple inspection,

e.g., whether a material is a metal or a semiconductor. In a heterogeneous material, a

deeper analysis may reveal the main features of the bonding interactions. However, if



CHAPTER 2. THEORETICAL FRAMEWORKS 24

we consider a supercell, even if it corresponds exactly to the repetition of several unit

cells, we will get a much more complex (folded) band structure. As the size of the cell

in real space increases, the first Brillouin zone in reciprocal space shrinks and more lines

populate the band structure, due to the folding of the bands into the smaller Brillouin

zone. This situation makes difficult its analysis and the comparison with experiments.

By using the properties of the Bloch functions, it is possible, using band unfolding tech-

niques [109–112] to restore the picture within the primitive cell, even in difficult cases

such as those with actually broken translational symmetry.

In our supercell calculations, we adopted the method proposed in Ref. [110], as

implemented in the unfold-x [113] code, interfaced with Quantum ESPRESSO. This

approach has been further extended by our group in order to include atomic projections

on Lödwin orthogonalized atomic orbitals, as computed by the Quantum ESPRESSO

tool projwfc.x [107, 108].

2.1.4 Magnetism

One of the first extensions made to DFT consists in the inclusion of the spin degrees

of freedom, thanks to the development of the spin-density-functional theory [114, 115].

Since the original works, spin-polarized DFT calculations have been vastly used in order

to theoretical compute the spin magnetic moments at zero temperature and understand

the basic mechanisms that lead to the occurrence of magnetism in materials. The

realization of a magnetic ground state is determined by a competition between exchange

and kinetic energy effects. Most solid state materials are non-magnetic, since the gain

in exchange energy is dominated by the loss in kinetic energy, which arises from the

delocalization of the valence electrons in a solid, except for cases where the electrons

are sufficiently localized like in elemental metals (Fe, Co, ..), where magnetism occurs.

Magnetism is also enhanced in lower-dimensional systems like metallic surfaces and

interfaces.

Further developments of DFT include the description of relativistic effects, including,

in particular, the spin–orbit interaction (SOC). It has been shown that the SOC term

can be described using a scalar relativistic approach and solving the non-relativistic

Schrödinger equation or solving the fully relativistic Dirac equation considering spinors.

Since the relevance of the spin-orbit corrections increases for heavier atoms, for the

systems studied in the present thesis, the spin-orbit interaction is small enough to be

disregarded.

A challenging class of systems in standard DFT are correlated materials, whose

electronic properties are not correctly described by the theory. Local and semilocal

approximations to DFT exchance-correlation functionals tend to over-delocalize valence

electrons and to over-stabilize metallic ground states [116]. An extension to the theory,
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called DFT+U, is formulated to improve the description of the ground state of corre-

lated systems. The DFT+U method is inspired by the Hubbard model [116, 117] and

simply adds an Hubbard-like term with a tuned numerical parameter U to the local

or semilocal density functionals, LDA+U or GGA+U, without requiring a significant

extra computational cost. The role of the U term is to treat the strong on-site Coulomb

interaction of localized states like d and f orbitals by adding an energy penalty for states

that are partially occupied. The value of the U parameter can be extracted from ab-

initio calculations using linear-response theory [118], but it is also common practice to

obtain them semi-empirically.

In the present thesis, when studying transition metal surfaces, we have adopted a

DFT+U scheme [117], with a Hubbard U parameter of 2 eV for Fe and 4 eV for Co.

The choice of the values is explained in detail in the Section 5.3.3.

2.1.5 Van der Walls interactions

There are many types of bonding interactions that contribute to the bonding of a real

material. For example, besides strong covalent and ionic intra-molecular or intra-layer

bonds, van der Waals interactions and other weak bonding between the molecules or

layers of a given material also play a crucial role. Contrarily to ionic or covalent bonds,

the locality of standard DFT approaches fails to describe interaction that do not result

from a chemical electronic bond. One example is given by van der Waals interactions,

which are due to correlated fluctuations of dipoles on different atoms or molecules.

Despite being comparatively weaker, the attractive forces resulting from van der Waals

(vdW) interactions are responsible for many physical phenomena. In particular, the

stacking of layers corresponding to different materials gives rise to the so-called van der

Waals heterostructures. Even if the layers are weakly bonded, vdW interactions may

permit to stabilize the stack and form a new material.

There are several recipes for including van der Waals interactions in the DFT frame-

work, ranging from dispersion-corrected potentials, nonlocal van der Waals functionals,

and more empirical correction schemes, extensively reviewed for example in Refs. [119,

120]. In the present thesis we have included van der Waals interactions in the calcu-

lation of specific systems for which those interactions were identified as relevant. We

adopted the DFT+D3 [121] version of the Grimme’s empirical approach, in which the

self-consistent Kohn-Sham energy is corrected by a London dispersion term that incorpo-

rates atom-pairwise specific coefficients and cutoff radii computed from first principles.
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2.2 Many-body perturbation theory

The formalism of many-body perturbation theory (MBPT) is based on the diagram-

matic language adapted from quantum field theory, and relies on the Gell-Mann-Low

theorem for the case of adiabatically switched on many-body interactions [122, 123].

The processes described within the theory involve the transfer of particles to/from the

initial unperturbed system, described by the creation-annihilation operators of second

quantization and the Heisenberg and interaction pictures of quantum mechanics. The

Hilbert space is then extended in order to allow for many-body states with different

number of particle, giving rise to the Fock space which includes a complete basis set

for each possible number of particles, from zero (the vacuum state) to infinity. The

basis states of the Fock space in case of electrons (Fermions) can be written as anti-

symmetrized time-ordered products of one-body wave functions. The time evolution

of any operator is then given by a Dyson series in the interaction picture. Thanks to

Wick’s theorem [124], each time-ordered product in the Dyson series can be systemat-

ically rewritten in sums of normal ordered products of pairs of these operators, being

these expansions usually represented by Feynman diagrams. On the other hand, the

mathematical machinery to compute the many-body properties of the system is founded

on Green’s function theory [125].

In the next paragraphs we present a brief description of some of the fundamen-

tal concepts used in the present thesis. A more detailed description can be found in

specialized textbooks [126–128].

2.2.1 The one-body Green’s function

In a many-body system, the time-ordered one-particle Green’s function G(1, 2) at equi-

librium and zero temperature, is defined as

iG(1, 2) = 〈N |T [ψ̂(1)ψ̂†(2)]|N〉 = (2.7)

= θ(t1 − t2)〈N |ψ̂(1)ψ̂†(2)|N〉 − θ(t2 − t1)〈N |ψ̂†(2)ψ̂(1)|N〉

where |N〉 is the normalized N particle wavefunction of the ground-state of the many-

body system and the time ordering introduced by the time-ordering operator, T, is

explicitly written in the right part of the equation. Second quantization field operators

are in the Heisenberg representation. Physically, the Green’s function gives the prob-

ability amplitude for the propagation of an added or removed electron from an initial

state (r1σ1, t1) to a final state (r2σ2, t2), labeled in a simplified notation as 1 and 2

respectively.

The Green’s function defined in Eq. (2.7) contains less information than the full
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Figure 2.1: (Left) representation of Hedin’s cyclic pentagon of equations. (Right) rep-
resentation of the GW approximation to Hedin’s equations.

many-body wavefunction, but the relevant quantities for describing charged excitations

can be extracted from it. The quantities include the ground-state energy of the system

obtained through the Galitskii-Migdal formula [129], the expectation value of any single-

particle operator in the ground-state, and the charged excitation spectrum of the system.

From the equation of motion in the Heisenberg picture, there is a hierarchy of equa-

tion of motions (EOMs) for the Green’s function corresponding to any number of par-

ticles starting from the one-particle Green’s function. The EOM for G(1, 2) depends

on the two-particle Green’s function G(1, 2; 1′, 2′), which describes the propagation of

coupled pairs of particles. Each Green’s function can be computed from the knowl-

edge of its next higher order Green’s function. By defining a non-local, non-Hermitean

and time-dependent potential called the self-energy, it is possible to formulate a single

equation of motion for the one-particle Green’s function without solving the system of

equations. This is knows as the Dyson equation, and reads:

G(1, 2) = G0(1, 2) +

∫
G0(1, 3)Σ(3, 4)G(4, 2)d34, (2.8)

where a connection between the non-interacting Green’s function, G0, and the fully

interacting one, G, is establish through the self-energy operator, Σ. In the form of

Eq. (2.8) the problem of calculating G(1, 2) is reduced to the calculation of the self-

energy.

2.2.2 From Hedin’s equation to the GW approximation

As shown by Hedin [130] and also obtained later by means of Schwinger functional

derivatives techniques [128], the exact self-energy of the many-body system can be

obtained self-consistently from a hierarchy of coupled integro-differential equations in-

volving five key quantities including the self-energy, Σ, the Green function, G, the
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irreducible polarizability, χ, the dynamically screened Coulomb potential, W , and a

irreducible vertex function, Γ. The set of equations are sketched in the left panel of

Fig. 2.1. χ describes the response of the system to the total classical (Hartree + ex-

ternal) perturbation and renormalizes the bare interaction resulting in the screened

potential W , which is linearly related to the bare Coulomb interaction and the inverse

dielectric function, while Γ describes the interactions between virtual hole and electron

excitations.

Solving Hedin’s equations is an extremely challenging task, in particular the evalua-

tion of the vertex Γ, since it introduces higher order multi-particle interactions through

the creation of electron–hole pairs. However, the system of equations can be simplified

by introducing approximations. One of the most common considers the vertex func-

tion as a local and instantaneous function, i.e. neglects vertex contributions beyond the

independent-particle level (for both Σ and the irreducible polarizability χ). This simpli-

fication gives rise to the so-called GW approximation of the electron-electron self-energy.

As illustrated in fig. 2.1 (right panel), Σ reduces to a simple product of G and W in the

space-time domain, that becomes a convolution when expressed in frequency-space and

gives the name to the approximation:

ΣGW (ω) =
i

2π

∫ +∞

−∞
dω′ e−iω

′η G(ω − ω′)W (ω′), (2.9)

which can be seen as the first order in a perturbation expansion involving W instead of

the bare interaction v. By expressing the independent particle irreducible polarizability,

from now on denoted by X0, as

X0(ω) = − i

2π

∫ +∞

−∞
dω′G(ω + ω′)G(ω′), (2.10)

the screened Coulomb interaction W and the dressed polarizability X can be obtained

from the following Dyson equation:

X(ω) = X0(ω) +X0(ω)vX(ω), (2.11)

W (ω) = ε−1(ω)v = v + vX(ω)v.

In the above expressions, v is the bare Coulomb potential and ε is the dielectric function.

Importantly, the frequency dependence of W comes from its correlation term Wc =

W − v = vXv, in turn leading to the correlation part of the self-energy, Σc, according

to Eq. (2.9).
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2.2.3 Quasi-particle GW calculations in practice

In the context of condensed matter physics or quantum chemistry, many body pertur-

bation theory (MBPT) provides accurate methods to study spectroscopic properties of

matter from an ab initio perspective [104, 128, 131]. The calculations often adopt the

so-called GW approximation [128, 130, 132–134] for the evaluation of the self-energy.

Since its first implementations, the GW approach has been successfully applied to

a wide range of systems [133, 134] for the description of quasi-particle (QP) energies

and bands as measured by ARPES experiments [80, 135–138], including spectral func-

tions [138, 139], electronic satellites [140–142], and QP lifetimes [143, 144]. Importantly,

GW quasi-particle energies are also routinely used as input for absorption spectroscopy

calculations within the Bethe-Salpeter approach [131, 145]. Reflecting its wide adop-

tion, the GW method has been implemented within multiple numerical schemes [105],

ranging from localized basis sets [146–149], to plane waves and pseudopotentials or

PAW [3, 150–153], to all-electron approaches using LAPW [154–157], also allowing for

cross validation and verification [153, 158].

Here we list some examples of the numerous systems studied within GW, that

range from bulk materials [150, 153, 157, 159–161], to surfaces and interfaces [162–

165], two-dimensional [166–168] and topological materials [169, 170], low dimensional

systems [171–174], molecules and atoms [146, 158, 175].

As already mentioned, the GW approximation is based on the perturbational series

expansion of Σ in terms of the interacting one-particle Green functionG and the dynamic

screened interaction potential W , leading to a convolution in the frequency domain as

it is illustrated in Eq. (2.9).

Usually, a non-interacting Green’s function G0 is taken as initial guess and the GW

self-energy is evaluated without performing further self-consistent iterations (one-shot

G0W0), and G0 is typically chosen as the Green’s function of the Kohn-Sham system.

Moreover, treating the self-energy as a first order perturbation to the KS problem, one

can then compute the quasi-particle (QP) energies, εQP
m , either by numerically solving

the exact QP equation,

εQP
m = εKS

m + 〈ψKS
m |Σ(εQP

m )− vKS
xc |ψKS

m 〉 (2.12)

or its linearized form:

εQP
m ≈ εKS

m + Zm〈ψKS|Σ(εKS
m )− vKS

xc |ψKS
m 〉. (2.13)

In the latter expression the renormalization factor Zm is computed from the first term
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of the Taylor expansion of the self energy, Σ:

Zm =

[
1− 〈ψKS

m |
∂Σ(ω)

∂ω
|ω=εKS

m
|ψKS
m 〉
]−1

. (2.14)

In practice, in order to build the self-energy and compute quasi-particle corrections

at the G0W0 level, as a first step one needs to construct the polarizability X0 from the

knowledge of G0 according to Eq. (2.10). The former is then used for the calculation of

W . The Lehmann representation for the bare Green’s function G0, computed using the

KS states is written in a compact form as:

G0(ω) =

NB∑

m

Pm

[
fm

ω − Em
+

(1− fm)

ω − E∗m

]
, (2.15)

where Em = εKS
m + iη, |ψm〉 and εKS

m are KS eigenpairs, fm their occupations, Pm =

|ψm〉〈ψm| their projectors, and the sum-over-states is usually truncated at a maximum

number of bands NB. Eventually, the limit η → 0+ is taken. By using G0 in Eq. (2.10),

the irreducible polarizability can be expressed as:

X0(ω) =

NT∑

n

2ΩKS
n RKS

n

ω2 − (ΩKS
n )2

, (2.16)

where n runs over single particle transitions, possibly truncated to NT according to the

number of bands included in the calculation. Note, however, that methods avoiding the

explicit sums over empty states have been developed and made available [176–178]. In

Eq. (2.16), RKS
n are the transition amplitudes computed from the Kohn-Sham states,

while the poles ΩKS
n are defined as

ΩKS
n = ∆εKS

n − iδ, (2.17)

where ∆εKSn ≥ 0 and δ → 0+ is a damping parameter that ensures the time ordering,

similarly to η in the case of G0.

Here, for the sake of simplicity, we have kept all spatial degrees of freedom implicit

and have not highlighted quantum numbers such as k and q deriving from a possible

translational symmetry of the system. In this respect, and using a plane-wave basis set

of G vectors, X0(ω) and RKS
n in Eq. (2.16) would depend on the extra indexes qGG′,

while the index n labels transitions between states k, i and k− q, j.
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2.3 Frequency integration methods in GW

In principle, the screened interaction W (ω) needs to be computed, as the solution of

Eq. (2.11), for all the frequencies needed to evaluate the GW self-energy according to

Eq. (2.9). Nevertheless, the frequency dependence of W may be quite complex, making

the evaluation of the correlation part of the GW self-energy not straightforward and

computationally time consuming.

Crucial to the deployment of the GW method, the frequency integration in the evalu-

ation of the self-energy has also been addressed in different ways. Early approaches [159,

179–182] adopted the so-called plasmon-pole model, originally proposed with explicitly

real poles neglecting any spectral broadening. The simplification of the structure of X,

and also of W according to Eq. (2.11), that the model provides is called the plasmon-

pole approximation (PPA) [159, 183]. The PPA has mainly two variants, one proposed

by Godby and Needs (GN) [180], and the other by Hybertsen and Louie (HL) [159]

(though more parametrizations and refinements exist [179], for example the von der

Linden-Horsch [181], or Engel-Farid [182] models).

In a full frequency real-axis (FF-RA) approach, the polarizability is evaluated con-

sidering a dense frequency grid on the real axis and the integral for the self energy

evaluation is then computed numerically [161, 184, 185]. Such approach requires the

use of a finite damping that broadens the structure of the polarizability [161], and a

large number of frequency sampling points is typically required to converge the integral.

Other numerical integration techniques for the evaluation of the response function or

the GW self-energy make use of quadrature rules [186, 187], spectral representations of

the polarizability [150, 188], or resort to Fourier transform to imaginary time to perform

frequency convolutions [149, 189–191].

Other procedures make use of imaginary-path axis integral methods in order to

transform the integration on the real axis in the self-energy into an integral over an

imaginary axis [155, 186, 192]. A similar approach resorts to a contour deformation

(CD) defined in the first and third quadrants of the complex plane [193], in order to

obtain a convenient frequency path that avoids all the poles of W and encompasses only

the poles of G. The integration on the real axis is then replaced by a sum of the residues

of the poles in the contour plus an integral on the imaginary axis. This integral can be

addressed either numerically [194, 195] or with the help of multi-pole forms [196, 197] or

Padé approximants [134, 158]. Taking advantage of the time-reversal symmetry of W ,

it is possible to reduce the frequency range in which W is evaluated for the self-energy

integration, either on the real or the imaginary axis [155, 186, 192].

Other dedicated approaches are also available. A many-pole model for the self-energy

has been developed for the calculation of inelastic losses in X-ray spectroscopy [198, 199].

Full-frequency GW has also been reformulated as a frequency-independent eigenvalue



CHAPTER 2. THEORETICAL FRAMEWORKS 32

problem [200]. Similarly, a spectral representation of propagators in the form of a

generalized sum-over-poles combined with an algorithmic inversion technique has been

recently developed and applied to the homogeneous electron gas [201]. The FF-CD

has been recently used jointly with analytic-continuation techniques in an all electrons

scheme that adopts a sampling along both, the imaginary axis and parallel to the real

axis [195].

Since main purpose of this study is the development of a new method for the descrip-

tion of the frequency dependence of the polarizability within the GW approximation

(Chapter 3), it is specially relevant to describe in detail some of the most common

approaches presently used.

2.3.1 The plasmon-pole model

The plasmon pole model (PPM) has its origins in the study of electronic correlation

effects in simple metals, which can be modeled by an electron gas. Individual test charges

or electrons embedded in a degenerate electron gas experience two types of excitation

for a given wave-vector transfer q: one-electron excitations and plasmonic (collective)

excitations. The latter are more relevant for small q, where the imaginary part of the

screened potential, W , is characterized by a strong peak corresponding to a plasmon

excitation at the plasmon frequency, with zero width in the long wavelength limit q→
0. The plasmon pole model approximates all the spectral weight of W , including the

contributions from finite q’s, by a single plasmon excitation, that corresponds to a

delta-like peak in the time-ordered inverse dielectric function [202, 203]:

Im[ε−1(q, ω)] = Aq[δ(ω − Ωq) + δ(ω + Ωq)]. (2.18)

The real part of the dielectric function, ε, and W are then accessible through the use

of Kramers-Kronig relations. The parameters of the model, Aq and Ωq are obtained by

imposing the static limit of ε−1 (Kramers-Kronig transform) and compliance with the

corresponding f -sum rule. The model has been successfully applied to the description of

the main longitudinal plasmon mode observed in electron loss spectroscopy experiments,

as shown in Table 2.1 for a set of materials. There are, however, many elements and

compounds with less simple electron energy loss spectra, for instance, a large list of

examples is reported in Ref. [204]. In particular, even if the PPM was fist conceived for

homogeneous metals, it is not applicable to transitional metals like Ni, Co, and Cu.

The PPM has been also generalized for semiconductors and insulators [159], for

which the screening is qualitatively different and more complex than in the homoge-

neous electron gas, requiring the use of a full dielectric matrix ε−1
GG′(q). Within this

generalization, each element of the matrix in reciprocal space is modeled by a pole that
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ωp (Ha) model experiment

Diamond 1.14 1.25
Si 0.61 0.61
Al 0.58 0.55
Mg 0.40 0.38
Li 0.29 0.26
Na 0.22 0.21
K 0.16 0.14
Ag - 0.14
Au - 0.11
Cu - 0.10

Table 2.1: Comparison of the plasmon energy predicted by the PPM and the corre-
sponding experimental measurements for a set of crystals. The values are extracted
from Ref. [204], in addition to Cu [205], and converted to Ha.

disperses with q:

Im[ε−1
GG′(q, ω)] = AqGG′ [δ(ω − ΩqGG′) + δ(ω + ΩqGG′)]. (2.19)

This description is less accurate for large values of q, since in contrast with the

electron gas, the spectrum of excitation energies, at lower energies, already contains

particle–hole excitations that eventually merges with the plasmon excitation with in-

creasing q [132]. However, since the diagonal elements Im[WGG(q)] are given by the

loss function, −Im[ε−1
GG(q)], multiplied by vc(q) = 4π/|q|2, i.e. W = ε−1vc, the screened

Coulomb interaction is dominated by small values of |q + G| [128].

In many materials, the experimental absorption spectrum, −Im[ε−1
GG(0)], is given

approximately by one well-defined plasmon peak, justifying the use of a PP model.

Moreover, the self-energy spectral function is also characterized by a series of sepa-

rated poles. The fact that, in many cases, these poles are located far from the Fermi

level, as supported by GW calculations beyond the PPA, explains the success of this

approximation.

The PPM was originally proposed with an explicit real pole, i.e. neglecting any

spectral broadening, and the simplification of the structure of W that the model provides

is called the plasmon-pole approximation (PPA) [159, 183]. It is also possible to write

the analytic continuation of the polarizability within the PPA encompassing both, real

and imaginary parts:

XPP(z) =
2ΩPPRPP

z2 − (ΩPP)2
, (2.20)
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where for simplicity we have omitted the spacial indexes (qGG′) and ΩPP is defined

according to Re[ΩPP] > 0 and Im[ΩPP] = 0−. Nowadays there are several flavours of

the model, that are compared for instance in Refs. [164, 183], but two of them are

more commonly used, one due to Hybertsen and Louie [159] (HL), and the other due to

Godby and Needs [192] (GN). In the Hybertsen and Louie (HL) approach, two physical

constraints are imposed: (1) compliance with the Kramers-Kronig relations in the limit

of small frequencies, and (2) compliance with the f -sum rule. The Kramers-Kronig

relations for XHL provide:

XHL(0) =
2

π
P
∫ ∞

0

dω ω−1Im[XHL(ω)] (2.21)

=
2

π
P
∫ ∞

0

dω ω−1Im[X(ω)] = X(0),

whereas the f -sum rule is enforced by the condition:

2

π

∫ ∞

0

dω ω Im[XHL(ω)] =
2

π

∫ ∞

0

dω ω Im[X(ω)] = S, (2.22)

where X is the computed dressed polarizability. In the above equation, the result of

the integral (S) can be expressed in terms of some of the components of the electronic

density and Coulomb interaction. On a plane-wave basis, it reads:

SGG′(q) = − ω2
p

v(q + G)

ρ(G−G′)

ρ(0)

(q + G) · (q + G′)

|q + G|2

= ρ(G−G′) [(q + G) · (q + G′)] , (2.23)

where ρ is the electronic density and the plasma frequency, ωp, is computed as ωp =√
4πρ(0).

In the Godby and Needs (GN) approach, the polarizability is evaluated at two dif-

ferent frequencies located along the imaginary axis of the frequency plane: z = 0 and

z = i$p, being $p comparable with the plasma frequency of the material.

(RGN,ΩGN) :

{
XGN(0) = X(0)

XGN(i$p) = X(i$p).
(2.24)

Other versions of the PPA are based on the above recipes aiming at improving the

description of the off-diagonal matrix elements of the polarizability [181, 182, 206].

2.3.2 Full frequency on the real axis

The integral of the self-energy in eq. (2.9) can be separated in several contributions

corresponding to each pole of the Green function, particularizing between occupied and
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unoccupied states:

ΣGW (ω) =
i

2π

∑

m

Pm

[
fm

∫ +∞

−∞
dω′

W (ω′)

ω − ω′ − Em
+ (1− fm)

∫ +∞

−∞
dω′

W (ω′)

ω − ω′ − E∗m

]
.

(2.25)

The idea of the full-frequency on the real axis is then to compute numerically each

of this integrals (Hilbert transforms of W ) in a finite frequency interval, for instance by

means of a linear tetrahedron method [184]. Note that the denominators in Eq. (2.25)

are smooth functions of the frequency ω′, while W (ω′) changes more rapidly due to

its frequency structure, which is taken into account in the numerical integration. The

interval of the integrals is determined by the smaller and the larger energy transitions

computed from the bands included in the calculation of the polarizability matrix, X, and

thus in W , which is partitioned in sub-intervals according to the number of frequency

points included in the calculation of X.

The calculation of X in a finite grid is the first step of the FF approach. However,

a finite damping parameter, δ, must be included in the calculation of X0 in Eq. (2.16)

before entering in the Dyson equation, Eq. (2.11) in order to smooth out the function

and make the numerical calculation possible. Once computed W in a sufficiently dense

frequency grid of Nf points, in the numerical integration of Eq. (2.25) the frequency

dependence of W (ω) in each ith sub-interval (i = 1, ..., Nf − 1) is linearly approximated

by a sort of trapezoidal Riemann sum of the form:

W (ωi < ω < ωi+1) ≈ aiωi + bi, where (2.26)

ai =
W (ωi)−W (ωi+1)

ωi − ωi+1

(2.27)

bi = W (ωi)− aiωi. (2.28)

The solution of the integrals in Eq. (2.25) are then computed analytically in each sub-

interval:

∫ ωi+1

ωi

dω′
aiω

′ + bi
ω − ω′ − Em

= −ai(ωi+1 − ωi)− [ai(ω − Em) + bi] log

(
ω − ωi+1 − Em
ω − ωi − Em

)
.

(2.29)

The integrals corresponding to unoccupied states are analogous.

In practice it is common to make an homogeneous partition of the frequency interval,

so that the difference (ωi+1−ωi) for any interval i is constant. The integral in Eq. (2.25),

that leads to the quasi-particle solutions, converges faster than the structure of X

with respect to the number of frequencies considered in the energy interval, due to the

smoothness introduced by the convolution with the Green function. The convergence

is achieved typically for sub-intervals of around 0.5 eV. The computational cost, that is
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proportional to number of frequency points, is then more dependent on the size of the

whole interval, determined by the number of bands included in the calculation of X,

rather than on the small changes of the density of points, since the convolution with G0

removes the local oscillations in the structure of X.

By taking advantage of the symmetry W (ω) = W (−ω), that comes from the time

ordering and Kramers-Kronig relations for the polarizability, it is possible to reduce the

integration interval:

∫ +∞

−∞
dω′

W (ω′)

ω − ω′ − Em
=

∫ +∞

0

dω′W (ω′)

[
1

ω + ω′ − Em
+

1

ω − ω′ − Em

]
. (2.30)

More details on the full frequency on the real axis method can be found in the PhD

thesis of Andrea Marini [207].

2.3.3 Full frequency contour deformation

One of the first methods addressing the pole structure of the time-ordered Green func-

tion and screened potential in the complex plane in order to properly compute the

correlation part of the self-energy in the GW approximation, featured an imaginary-

path axis integral with a contour deformation technique [192]. The idea is to choose a

convenient trajectory of integration in the complex plane in order to avoid as much as

possible the poles of G and W , for instance with any of the two variants displayed in

Fig. 2.2. From both contours the same results for the integration along the real axis

can be derived. On one hand, the contour in Fig. 2.2 left panel encloses the same poles

as a contour in the upper semi-plane and the application of the residue theorem in each

situation establishes a relation between the integration along the real and the imaginary

axes. On the other hand, the residue theorem applied to the contour in Fig. 2.2 (right

panel) already links the integration along both, real and imaginary axes. The same

expression is then obtained:

ΣGW (ω) =
i

2π

∫ +∞

−∞
dω′e−iω

′η G(ω − ω′)W (ω′) (2.31)

=
i

2π

∫ +i∞

−i∞
dω′e−iω

′η G(ω − ω′)W (ω′)−
∑

j

Res[G(ω − z)W (z), z = zj],

where zj are the poles surrounded in the contours.

There are several strategies for calculating numerically the integral along the imag-

inary axis in Eq. (2.31). Similarly to Eq. (2.30), it is possible to take advantage of

Kramers-Kronig relations, which results in the symmetry W (iω) = W (−iω) for ω 6= 0,

in order to rewrite the integral only for positive frequencies along the imaginary axis,

and therefore minimize the frequency range in which the polarizability is evaluated. As
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Figure 2.2: Examples of contours for the integration of the self-energy. (Left) In red,
the illustration of an integration path along the imaginary axis with a Keldysh contour
around the poles in the first quadrant. The dashed half circumference represents the
closure of the contour that encompasses the same poles of a semicircular contour in the
positive semi-plane. (Right) In blue, a contour that encompasses only poles in the first
quadrant, including integrals on both real and imaginary axes.

mentioned before, the integral can then be addressed either numerically, in a similar way

that the integration along the real axis in Section 2.3.2, or through Padé approximants

or multipole models. The use of analytical forms are very useful for reducing the num-

ber of needed frequency evaluations of X, i.e. the computational cost of the method.

The convergence is typically achieved with very sparse grids due to the smoothness of

the polarizability along the imaginary axis. The analytical forms also help to evaluate

the residues in Eq. (2.31), which contribute to the total number of evaluations of X

needed in its analytic continuation. This kind of approach is very effective, although

the computational cost is unbalanced for different quasi-particles due to the different

number of poles entering in the contour in Fig. 2.2, which increases as we consider states

far from the Fermi level.



Chapter 3

The multipole Approximation

(MPA)

As discussed in Section 2.3, the PPA method has the computational advantage of greatly

simplifying the self-energy evaluation, but on the other hand its accuracy may be com-

promised especially for systems displaying a complex frequency structure in the screened

potential. On the other hand, full-frequency approaches are typically accurate in terms

of integration, but they may turn out computationally demanding or somehow limited

in accuracy by the analytic continuation (AC) methods [134, 158, 189, 191, 196, 197]

required by some of them.

The main part of this Thesis project has dealt with the development of a compu-

tationally effective treatment of the frequency dependence of the polarizability, in the

context of many-body perturbation theory, to evaluate the GW self-energy. The present

chapter describes the multipole approximation (MPA) method, covering from the formal

definition to the computational approach, and to its implementation within the Yambo

code. The MPA technique naturally bridges from the PPA to a full-frequency treatment

of the GW self-energy.

3.1 The multipole scheme

Our multipole scheme is based on the Lehmann representation of the dressed polariz-

ability X [127, 128, 208, 209], which consists in expressing the polarizability as a sum of

poles. It is important to emphasise that, contrarily to standard PPA implementations,

we consider complex poles and that, in the proposed model, the computed poles do

not correspond to single particle transitions (poles of X0), but are rather intended to

represent plasmon excitations. Each plasmonic pole describes the envelope of a set of

transitions, with a finite imaginary part corresponding to the width of the excitation.

To represent and exploit the analytic properties of the polarizability X, we define

38
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a complex frequency z ≡ ω + i$, and write X(z) as the sum of a finite (and small)

number np of poles:

XMP(z) =

np∑

n

2ΩnRn

z2 − Ω2
n

. (3.1)

Then, we determine the parameters Ωn and Rn by interpolating the polarizability X(z)

computed numerically on a number of frequencies that is twice the number of poles (in

order to match the unknowns). This leads to a non-linear system of 2np equations and

variables:
np∑

n=1

2ΩnRn

z2
j − Ω2

n

= X(zj), j = 1, ..., 2np. (3.2)

The expression in Eq. (3.1) is at the core of the MPA approach. In fact, once the solution

of the system is known, we obtain an analytical representation of X(z) over the whole

complex plane, suitable to evaluate ΣGW . Indeed, by exploiting the Lehmann represen-

tation of the Green’s function, Eq. (2.15), and making use of Eq. (3.1) to evaluate Wc,

it is possible to compute the correlation part of the GW self-energy as

Σc(ω) =

NB∑

m

np∑

n

PmvRn

[
fm

ω − Em + Ωn

+
(1− fm)

ω − E∗m − Ωn

]
. (3.3)

This expression generalizes the PPA solution to the case of a multipole expansion for

X(z), and bridges to an exact full-frequency approach when the number of poles in X

is increased to convergence.

Concerning the solution of the non-linear system in Eq. (3.2), several approaches are

possible. While the system can be solved analytically for a small number of poles, in

general the exact solution can be accessed numerically either by mapping the non-linear

problem into an equivalent system that is linear with respect to the parameters Rn

and Ωn, or through the Padé/Thiele procedure [210–212]. A detailed description of our

implementations of these approaches is provided in next section.

For the one pole case, the analytical solution of the interpolation with 2 complex

frequencies is easily obtained:





Ω2 =
X(z1)z2

1 −X(z2)z2
2

X(z1)−X(z2)

2ΩR = −(z2
1 − z2

2)
X(z1)X(z2)

X(z1)−X(z2)
.

(3.4)

We have also derived the analytical solution for the case of 2 and 3 poles, which are

much more complex and not reported here for simplicity (they are nevertheless encoded

in the Yambo solver).
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3.2 Interpolation procedures

3.2.1 Linear solver

The non-linearity of the system of equations given in Eq. (3.2) depends only on inverse

factors involving the variables Ωn, since the system is otherwise linear in Rn. It is

possible to separate these two behaviours by following the procedure described below.

We start by splitting the sampled points {zj, X(zj)} in two sets, for example:

s1 : j = 1, ..., np,

s2 : j = np + 1, ..., 2np.
(3.5)

The first set defines a matrix A1 and vector x1 as follows:

A1mn =
2Ωn

z2
m − Ω2

n

, (3.6)

x1m = X(zm), n,m = 1, ..., np

such that we can write a linear system for the vector r = (R1, R2, ..., Rnp):

A1r = x1. (3.7)

We can do the same with the other half of the data, by defining the matrix A2 and the

vector x2 as:

A2mn =
2Ωn

z2
np+m − Ω2

n

, (3.8)

x2m = X(znp+m), n,m = np + 1, ..., 2np

leading to

A2r = x2. (3.9)

Either Eq. (3.7) or (3.9) can be used to compute the residues if the positions of the poles

are known. Furthermore, from these two equations it is possible to obtain a complete

set of np equations for Ωn:

r = (A1)−1x1 = (A2)−1x2. (3.10)

Here we explore in depth this idea using a different formulation that maps the problem

into an equivalent linear system that can be easily solved with standard linear algebra

tools.

Within the multipole model, X(z) can be written in the form of a particular Padé
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approximant, i.e. as a fraction of two polynomials N(z2) and D(z2) of degree np − 1

and np, respectively:

X(z) =
Nnp−1(z2)

Dnp(z2)
=

a1 + a2z
2 + ...+ anpz

2(np−1)

b1 + b2z2 + ...+ bnpz
2(np−1) + z2np

, (3.11)

where the factorization of Dnp(z
2) gives the position of all the poles:

Dnp(z2) =

np∏

n=1

(z2 − Ω2
n). (3.12)

On the other hand, the coefficients an in the numerator involve combinations of poles

and residues. From the point of view of the system of equations, we are changing the

unknown variables {Rn,Ωn} into {an, bn}. If we consider a vector constructed from the

progression of powers of z: Z(z) = (1, z2, ..., z2(np−1)), and vectors a and b constructed

from the coefficients of N(z2) and D(z2): a = (a1, a2, ..., anp) and b = (b1, b2, ..., bnp),

we can write Eq. (3.11) in a more compact way and then make it linear with respect to

the new variables:

X(z) =
Z(z) · a

Z(z) · b + z2np
(3.13)

X(z)z2np +X(z) Z(z) · b = Z(z) · a. (3.14)

By using the first set of points of Eq. (3.5) we can define the following vector and

matrices:

v1 =




X(z1)z
2np

1

X(z2)z
2np

2
...

X(znp)znp
2np




(3.15)

Z1 =




1 z2
1 ... z

2(np−1)
1

1 z2
2 ... z

2(np−1)
2

...
...

...

1 z2
np

... z
2(np−1)
np




(3.16)

M1 =




X(z1) X(z1)z2
1 ... X(z1)z

2(np−1)
1

X(z2) X(z2)z2
2 ... X(z2)z

2(np−1)
2

. . .

. . .

. . .

X(znp) X(znp)z2
np

... X(znp)z
2(np−1)
np




(3.17)
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Z1 is known as a square Vandermonde matrix [213] and it is always invertible as far as

all the sampling points are different [214]. Then we can write Eq. (3.14) in matrix form:

v1 + M1b = Z1a, (3.18)

while an analog equation is obtained with the second set of points:

v2 + M2b = Z2a. (3.19)

By combining Eq. (3.18) and (3.19) to remove vector a we obtain a linear system for

b:

Mb = v (3.20)

M = Z1
−1M1 − Z2

−1M2 (3.21)

v = −Z1
−1v1 + Z2

−1v2.

In terms of the number of matrix inversions to be performed, Eqs. (3.20)-(3.21) can be

recast into the following more practical form:

[
Z2Z1

−1M1 −M2

]
b = −Z2Z1

−1v1 + v2. (3.22)

Before we proceed, in order to the reduce numerical instabilities of the algorithm, it

is convenient to carry out a normalization

zj = yjzmax, (3.23)

zmax = max(|zn|), n = 1, .., np,

where, i.e., zmax is the largest frequency modulus in the sampling set involved with the

matrix we need to invert, Z1.

The proposed normalization balances the large differences among the matrix ele-

ments that emerge when increasing the number of poles, due to the range of the sampling

and the increasing powers. Rescaled unknowns can then be defined as:

{
a′n = an(zmax)n−1

b′n = bn(zmax)n−1.
(3.24)

Likewise, we also define the Y1,2 and M′
1,2 matrices similarly to Z1,2 and M1,2, Eqs. (3.16)

and (3.17) respectively, by using yn instead of zn. Eventually, Eqs. (3.20)-(3.21) can be
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re-written as a linear system for b′:

[
Y2Y1

−1M′
1 −M′

2

]
b′ = −Y2Y1

−1v1 + v2. (3.25)

Once we have computed b′, and in turn b via Eq. (3.24), we need to obtain the poles

Ωn, which are the variables with physical meaning and those required in the evaluation

of the self-energy integral. As mentioned above, this is equivalent to find the zeros of

the polynomial Dnp(z2) in Eq. (3.12), and a powerful method to perform this task is

the diagonalization of the corresponding companion matrix:

C =




0 0 ... 0 −b1

1 0 ... 0 −b2

0 1 ... 0 −b3

...
...

. . .
...

...

0 0 ... 1 −bnp




(3.26)

The eigenvalues of C correspond to the squares of the position of the poles, Ω2
n.

As mentioned before, in case all the poles are different, the residues may be computed

with either Eq. (3.7) or (3.9). Alternatively we can use all the 2np points to fit Rn with

a linear least squares method:

min
r
||Ar− x||, (3.27)

where, for each n = 1, ..., np, and j = 1, ..., 2np, one has

Ajn =
2Ωn

z2
j − Ω2

n

, xj = X(zj). (3.28)

A similar least-square approach was also recently adopted in the definition of the sum-

over-poles approach [201], and applied to the case of the homogeneous electron gas.

3.2.2 Padé/Thiele solver

An alternative way to the method described above consists in solving at the same time

both polynomials, numerator and denominator, in the Padé interpolant (3.11) by means

of the Thiele’s interpolation formula, witch expresses the interpolant as a continued

fraction of the reciprocal differences [210]. The number of required steps corresponds

to the number of points to be interpolated, that is 2np in our case:

N(z2)

D(z2)
=

c1

1+

c2(z2 − z2
1)

1+
...

c2np(z2 − z2
2np−1)

1 + (z2 − z2
2np−1)g2np(z)

, (3.29)
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where the coefficients cs and functions gs(z) are given by the following recursion rela-

tions:

cs = gs(zs), (3.30)

gs(z) =





X(zs), s = 1

gs−1(zs−1)− gs−1(z)

(z − zs−1)gs−1(z)
, s ≥ 2

(3.31)

where index s = 1, .., 2np represents both, the iteration step and the index of the corre-

sponding point in the given set.

The polynomials N(z2) and D(z2) and their coefficients can then be computed re-

cursively. Note that in Thiele’s relation the definitions of each polynomial differ from

the one in Eq. (3.11) by a multiplicative constant that, however, does not affect the

zeros of the polynomials, and moreover cancel out in the fraction. As in the case of

the linear solver, with the Thiele’s procedure we are interested in computing only the

monomial coefficients of the denominator, since we can always obtain the residues by

means of Eq. (3.7) or (3.27). The recipe [210] for the polynomial in the denominator

is:

Ds(z) =

{
1, s = 0, 1

Ds−1(z)− cs(z − zs−1)Ds−2(z), s ≥ 2
(3.32)

The desired polynomial of degree np is obtained in the last step, s = 2np. Notice that

in this notation the index s does not reflect anymore the degree of the polynomial. In

each iteration the degree of the polynomial Ds(z) is (s− 1)/2 for odd integers and s/2

for even numbers.

We can write a vector of the coefficients of the final polynomial, d = (d1, ..., dnp , dnp+1).

It has an extra dimension comparing to vector b in Eq. (3.14) due to the multiplicative

constant mentioned before that goes to the higher order monomial of D in Eq. (3.11).

The recursion of the polynomial in Eq. (3.32) can be easily translate into a recursion of

the vector d:

ds :

{
(1, 0, .., 0), s = 0, 1

dsi = ds−1
i + cszsd

s−2
i+1 − cszs−1d

s−2
i , s ≥ 2

(3.33)

where the second term of the sum on the right member of (3.33) is computed just for

i = 1, ..., np, while the other two includes also the last dimension, i = np + 1.

The recursion of the cs coefficients can also be recast in vectorial form, by considering

in each iteration, s, a 2np dimensional vector, c:

cs :





(X(z1), .., X(z2np)), s = 1

csj =
cs−1
j−1 − cs−1

j

(zj − zj−1)cs−1
j

, s ≥ 2
(3.34)
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where now the iterations are represented by index s in the upper position, and the

vector coordinates and point identifiers are represented by index j in the lower position.

Notice however that only one particular component of vector cs enters in Eq. (3.33) at

each iteration, i.e. cs ≡ css, other components are worth only to update the vector.

Once computed d, the relation with the coefficient of vector b is as simple as bn =

dn/dn+1, that recovers the unitary coefficient accompanying the higher order monomial

of the polynomial. The position of the poles can then be computed with the companion

matrix, Eq. (3.26) likewise in the case of the linear solver.

3.3 Connecting the GN- and HL- plasmon pole mod-

els

The most common way of simplify the structure of the polarizability is by an analytical

model with a single pole, as discussed in Section 2.3.1. The main two recipes, one due

to Godby and Needs [180] (GN), and the other due to Hybertsen and Louie [159] (HL),

seems different before hand. However, the idea of interpolating the two parameters

(RPP,ΩPP) of the plasmon-pole model starting from X evaluated at two different fre-

quencies, used by the GN-PPM, is very flexible, and multiple sampling options can be

adopted. Nevertheless, using different pairs of sampling frequencies typically leads to

different parametrization of the resulting PPM. With this in mind, we search for the

pair of frequency points to be used in Eq. (3.4) that would correspond to the conditions

imposed by the HL scheme. The equations for the GN-PPM are:

X(0) = −2RGN

ΩGN
, (3.35)

ΩGN = $p Re

[
X(i$p)

X(0)−X(i$p)

] 1
2

,

while those for the HL-PPM are:

X(0) = −2RHL

ΩHL
(3.36)

2ΩHLRHL = S.

We note that Eq. (2.21) in the HL formulation, connected to the Kramers-Kronig rela-

tion, implies the first condition (equality of X and XHL at ω = 0) imposed in the GN

recipe, Eq. (2.24), as also evident in comparing Eqs. (3.36) and (3.35).

If we consider the exact polarizability X, written in the Lehmann representation

similar to the multipole model given in Eq. (3.1), but with all the NT addends and with
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Im[Ωn]→ 0−, and solve the integral in the f -sum rule we get:

2

π

∫ ∞

0

dω ω Im[X(ω)] = 2
∑

n

ΩnRn. (3.37)

Then, the condition imposed by HL in the plasmon-pole model is

2ΩHLRHL = 2
∑

n

ΩnRn. (3.38)

This relation imposes the equality of the 1/z2 coefficient (leading order) of the asymp-

totic behaviour of the polarizabilities, making explicit the known fact that sum rules

describe properties at infinity [215]:

lim
ω→∞

XHL(ω)/X(ω) = 1. (3.39)

This means that in the long frequency range, ω � max
n
|Ωn|, X behaves as a one-pole

function with the exact same asymptotic decay of XHL. Thus, we can think of the HL

representation as a limiting case of GN-PPM recipe when the second frequency goes to

infinity:

(RHL,ΩHL) :

{
XHL(0) = X(0)

XHL(∞) = X(∞),
(3.40)

where the evaluation of the infinite frequency in the second equation is taken as the

limit of the XHL/X ratio, according to Eq. (3.39).

3.4 Comparison of different samplings on a test func-

tion

In order to get an analytical understanding of the intrinsic differences among diverse

types of samplings, we have explored and extended the analysis made in the previous

section to a simple test function that models a polarizability with two pairs of poles.

The utility, reasoning and main conclusions of this procedure are highlight in further

Section 3.5.

The test function is written as

y(z) = x1(z) + x2(z) ≡ 2Ω1R1

z2 − Ω2
1

+
2Ω2R2

z2 − Ω2
2

. (3.41)

In the following, we study how different sampling options affect the solution of the

fitting procedure when using a model with one pole.



CHAPTER 3. THE MULTIPOLE APPROXIMATION (MPA) 47

3.4.1 Perturbing the GN sampling

Let us define the reference GN sampling with an imaginary frequency of modulus $0:

sGN :

{
z1 = 0

z2 = i$0

(3.42)

and those we want to compare with, starting with a perturbation on z1:

s0 :

{
z1 = ω

z2 = i$0,
(3.43)

si0 :

{
z1 = i$

z2 = i$0,
(3.44)

where $ < $0. When ω and $ are small, we have a similar behaviour with the same

parameters: 



Ω0 = ΩGN

(
1− f 0

1

$2
0

ω2 +O[ω3]

)

R0 = RGN

(
1− c0

1f
0
1

$2
0

ω2 +O[ω3]

)
,

(3.45)





Ωi0 = ΩGN

(
1 +

f 0
1

$2
0

$2 +O[$3]

)

Ri0 = RGN

(
1 +

c0
1f

0
1

$2
0

$2 +O[$3]

)
.

(3.46)

We also consider a perturbation on z2 as:

s$0 :

{
z1 = 0

z2 = i($0 +$).
(3.47)

When $ is small in this case, we have:





Ω$0 = ΩGN

(
1 +

f$0
0

$0

$ +O[$2]

)

R$0 = RGN

(
1 +

f$0
0

$0

$ +O[$2]

)
.

(3.48)

When $ � $0 in Eq. (3.47), we have:





Ω$0 = ΩGNL$0

(
1− f$0∞ $2

0

$2
+O[$−3]

)

R$0 = RGNL$0

(
1− f$0∞ $2

0

$2
+O[$−3]

)
.

(3.49)
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The HL approach can be included in this regime and from this equation we can under-

stand why the HL solution overestimates Ω and R with respect to GN, since it is given

by the asymptotes: {
ΩHL = ΩGNL$0

RHL = RGNL$0 .
(3.50)

Moreover, it is possible to merge both behaviours of Eq. (3.48) and (3.49) into a single

a function that goes continuously from one solution to the other:





Ω$0($) =
ΩGN$2

0 + ΩHL$2

$2
0 +$2

− $$2
0

$3

ΩHLf
$0∞
− $3

0

ΩGNf
$0
0

R$0($) =
RGN$2

0 +RHL$2

$2
0 +$2

− $$2
0

$3

RHLf
$0∞
− $3

0

RGNf
$0
0

.

(3.51)

3.4.2 Samplings along the real axis

Lets start by defining samplings, for now still with two frequencies, but that represent

samplings along a line either parallel P or tilted, with a positive A+ or negative A−

angle, with respect to the real axis (RA).

sRA :

{
z1 = 0

z2 = ω0,
(3.52)

sP :

{
z1 = i$

z2 = ω0 + i$,
(3.53)

sA+ :

{
z1 = 0

z2 = ω0 + i$,
(3.54)

sA− :

{
z1 = i$

z2 = ω0.
(3.55)

When $ is small, we have:





ΩP = ΩA+ = ΩRA

(
1− if

ω0
0

ω0

$ +O[$2]

)

RP = RA+ = RRA

(
1− if

ω0
0

ω0

$ +O[$2]

)
,

(3.56)

which shows that a parallel sampling close to the real axis affects the parameters by a

quantity that is proportional to the shift $.
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When $ is large, we have:





ΩA+ = ΩHL

(
1− fω0∞ ω

2
0

$2
+O[$−3]

)

RA+ = RHL

(
1− fω0∞ ω

2
0

$2
+O[$−3]

)
.

(3.57)

3.4.3 Form of the factors

In order to get a general picture from the coefficients of the series expansions presented

in the previous sections, we write them in a compact way by defining simply recognizable

averaged quantities that may be weighted by particular elements. We use a notation,

Ωe
w, in which Ω represent the average quantity, the position of a pole in this case, while

e is an exponent and w the weighting function:

fω0
∞ =

1

2ω2
0

(Ω2
1 − Ω2

2)2

ΩRΩR−1

, (3.58)

f$0
∞ =

1

2$2
0

(Ω2
1 − Ω2

2)2

ΩRΩR−1

, (3.59)

f 0
1 =

(Ω2
1 − Ω2

2)2

2Ω2
1Ω2

2

$2
0

Ω2
x−1(i$0),

(3.60)

f$0
0 =

(Ω2
1 − Ω2

2)2

($2
0 + Ω2

1)($2
0 + Ω2

2)

$2
0

Ω2
x−1(i$0)

, (3.61)

fω0
0 =

(Ω2
1 − Ω2

2)2

(ω2
0 − Ω2

1)(ω2
0 − Ω2

2)

ω2
0

Ω2
x−1(ω0)

, (3.62)

L$0 =

√
Ω−2

x(i$0)

Ω−1
R

, (3.63)





RHL = R1 +R2

ΩHL =
1

Ω−1
R

,
(3.64)

c0
1 = −x($0)/x(i$0)R/Ω; (3.65)

where:

ΩR ≡
R1Ω1 +R2Ω2

R1 +R2

, (3.66)

ΩR−1 ≡ (
Ω1

R1

+
Ω2

R2

)(R1 +R2), (3.67)
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Ω−1
R ≡

R1Ω−1
1 +R2Ω−1

2

R1 +R2

, (3.68)

Ω−2
x(i$0) ≡ Ω−2

1 x1(i$0) + Ω−2
2 x2(i$0)

y(i$0)
, (3.69)

Ω2
x−1(ω0) ≡ y(ω0)[Ω2

1x
−1
1 (ω0) + Ω2

2x
−1
2 (ω0)], (3.70)

x($0)/x(i$0)R/Ω ≡
R1

Ω1

x1($0)
x1(i$0)

+ R2

Ω2

x2($0)
x2(i$0)

R1

Ω1
+ R2

Ω2

. (3.71)

3.5 Samplings strategies

An interpolation in the form of Eq. (3.1) is independent of the chosen sampling frequen-

cies as far as they are all different, and the number of poles in the model, np, equals

the total number of poles of the target polarizability, NT . Nevertheless, in the present

approach we intent to describe X(z) using a number of poles much smaller than NT ,

and therefore the representation is not unique. We then need to understand the possible

choices for the points to be used in the interpolation of X. In the following, we discuss

how a shift of the frequency sampling from the real axis affects the structure of the

polarizability together with alternative sampling strategies. Eventually we show that

the sampling plays a fundamental role in achieving a good approximation of X(z) with

a reduced number of poles.

3.5.1 The polarizability in the complex plane

According to the Lehmann representation, the poles of the time-ordered dressed po-

larizability X, are distributed above/below the real axis (at an infinitesimal distance),

in an energy range determined by the corresponding transitions. X presents a very

complex structure along the real axis, while at increasing distance from the real axis

the analytic continuation of X becomes smoother. As discussed in Sec. 2.3, existing

approaches typically sample X(z) at frequencies either along the real or the imaginary

axis. As an alternative we have studied samplings with components on both axes.

Let’s consider at first a sampling of X along a line parallel to the real axis, but at

a distance $. From the point of view of the distance from the poles, this sampling

effectively balances the contribution of different poles, in particular those located at

large (real) frequencies. Moreover, the constant shift from the real axis smooths out the

frequency dependence of the polarizability and can be understood as a filter effect re-

sulting from the convolution between the imaginary part of the polarizability computed
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on the real axis, −Im[X(ω)]sgn(ω), and the function 1/π(ω + i$) with a pole in the

complex frequency plane, which is a kind of Hilbert transform:

X(z) = − 1

π

∫ +∞

−∞

Im[X(ω′)]sgn(ω′)

ω − ω′ + i$
dω′. (3.72)

The larger the value of the shift, $, the smoother the function in the convolution and

the sampled polarizability X(z), and therefore the fewer the poles required to model it,

as also depicted in Fig. 3.1. It is interesting to note that the FF-RA method described

in Sec. 2.3.2 makes typically use of a finite damping to obtain a similar simplification

of the structure of X. In this respect, the multipole interpolation method presented

here has the advantage that, once the parameters Rn and Ωn are obtained, it is then

possible to perform a sort of deconvolution towards the real-axis, by evaluating there

the polarizability when performing the integral of the self-energy. This allows us to get

rid of (or at least reduce) the effect of the artificial smoothing of X(z), which is not

possible in the FF-RA scheme.

3.5.2 Analysis of one-pole solutions

Before presenting our numerical results for different sampling strategies, we discuss some

analytical results useful to guide our analysis.

As shown in Section 3.3, the two most used versions of the PPA can be mapped

into a X interpolated on two different frequency samplings. In fact, in the Godby-

Needs (GN) scheme the parameters of the plasmon pole model (PPM) are obtained by

computing X(z) at z1 = 0 and z2 = i$p, being $p comparable with the experimental

plasma frequency of the material, while the conditions imposed by the Hybertsen-Louie

(HL) scheme are shown in Section 3.3 to be equivalent to sampling X at z1 = 0 and

z2 = ∞ (meaning that X and XHL have the same leading order coefficient in the 1/z2

term for z → ∞). In practice, the two methods give slightly different results: the

HL-PPM tends to overestimate the position of the pole with respect to GN-PPM [183,

216], and GN-PPM reproduces better the polarizability with respect to full frequency

calculations [183]. Mathematically, this can be understood by considering that the

interpolation of a function X(z) with a structure is more effective when the sampling is

done in a region of meaningful variation of the function, as done in the GN-PPM case.

It is therefore reasonable to expect that the choice of the sampled frequency points

affects the interpolated X.

In Section 3.4 we applied Eq. (3.4) to a test function with two poles, Eq. (3.41),

and computed a series expansions of the parameters, Ω and R for a perturbation on

a reference sampling. This allows us to investigate the dependency of the MPA fit

parameters on the sampling. We conclude that it is possible to write equations for Ω
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and R capturing the behaviour of both the GN- and HL-PPM schemes at the same

time, and going from one to the other with a continuous function. The same analysis

also shows that a sampling close and parallel to the real axis (see Fig. 3.1, orange line

except for the first point) introduces an error in Ω and R that is proportional to the

distance from the real axis, when comparing to the solution obtained when performing

a sampling on the real axis. This means that, with X sampled parallel and close to

the real axis, it is convenient to stay as close to the real axis as possible, as in the case

of the FF-RA, where the damping needs to be sufficiently small in order to avoid the

introduction of a systematic error. As shown in the next Section 3.5.3, this is not the

case when using a double parallel sampling.

In Section 3.4.3, we define and report the f -factors in the expansions of Ω and R,

and show that the test function behaves as a one-pole polarizability when R2/R1 → 0

(one pole dominates) or Q2 → Q1 (the two poles tend to coalesce). In these cases

the solutions do not depend on the sampling, which supports the idea of obtaining a

simplified description of the polarizability with a reduced number of poles in cases where

some of the poles are close to each other or some of the residues are much larger than

others. The sensitivity of the MPA method to the sampling will depend on the ratio of

the residues and on the distance between the poles of X. While we have not analytically

investigated more complicated test polarizability functions or fitting models (including

a larger number of poles), we have performed numerical analyses (e.g. a 3 pole function

fitted on a 2 pole model) which tend to confirm the findings discussed above.

3.5.3 Double parallel sampling

After testing several sampling strategies (samplings parallel to the real axis, tilted with

a positive or negative angle with respect to it, etc), our results led to the choice of

a sampling along two lines parallel to the real axis, that we will call double parallel

sampling:

sDP =

{
z1: z1

n = ωn + i$1

z2: z2
n = ωn + i$2,

n = 1, .., np (3.73)

where one of the two branches is a line close to the real axis while the other is located

further away, e.g. $1 < $2. The sampling is illustrated in Fig. 3.1, by the orange and

green lines, while in gray we represent the isolines of a toy polarizability function with

poles close to the real axis. From the isolines it is possible to see that, at some distance

of the real axis, individual poles that are close enough are no longer distinguishable and

contribute to a collective excitation. In a simplified view, X sampled along the first

line, in orange, preserves some of the structure of X in the region of the poles and X

sampled along the second line, in blue, is simple enough to be described with a small

number of poles, and accounts for the overall structure of X. The two branches should
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not be too close in order to avoid numerical instabilities, since a superposition would

indeterminate the system of equations.

This sampling has proved to converge faster with respect to the number of poles and

to be less sensitive to the distance of the first line from the real axis ($1) than the others

we tried. This can be understood from the analysis of a small perturbation to z1 = 0

applied to the GN-PPM sampling (at fixed z2), i.e. to the simplest one-pole double

parallel sampling. The linear term in the perturbation of Ω and R (see Eqs. (3.46)

and (3.45)) cancels and the first perturbative term is quadratic on $, at variance with

perturbations on z2 where the linear term is present (Eq. (3.48)). Moreover, considering

different sampling strategies, Ω and R change in the same way, when passing from a

real axis sampling to a parallel or tilted sampling (z1 = 0 only in the latter), further

stressing that overall behaviour is governed by z2 and that a perturbation to z1 has

negligible impact.

We still have to chose a distribution of the frequencies along the real axis, {ωn}, that

again favours the convergence with respect to the number of poles. Differently from the

homogeneous grid used in Ref. [195], we propose a partition that simply adds new

frequency points when increasing the number of poles, reducing in this way oscillations

in the results. Here we write a semi-homogeneous partition in powers of 2:

{ωn} :
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(3.74)

where ωm is the extreme of the interval. We choose to use a finite value of ωm since X

tends to zero for large enough frequency values, and is enough to describe its tail. Also

supporting this option is the fact that the fulfillment of the f -sum rule, the condition

used in the HL-PPM that is equivalent to taking z2 = ∞ in the GN-PPM recipe

(Appendix 3.3), is not critical for obtaining an accurate description of polarizability

matrix elements within FF methods [217]. The maximum value of ωm corresponds to

the largest energy transition according to the number of empty states included in the
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Figure 3.1: An illustration of the double parallel sampling with a 9 points semi-
homogeneous grid along the real axis with $2 = 1 Ha, similar to the the imaginary
frequency used in the GN PPM and $1 = 0.1 Ha, except for the origin of coordinates.
The isolines in the background correspond to a toy polarizability function with 200 poles
on the real axis.

calculation of X. Alternatively, one can simply use a frequency with a sufficiently large

real part so that it is located in the tail of the polarizability and use the other sampling

points to describe its structure closer to the imaginary axis.

In practice, we use the value $2 used in the GN approach described in Section 2.3.1,

in order to have the same sampling on the imaginary axis when using only one pole and

a straightforward extension along the real axis when using more poles. Regarding $1,

in case of one pole we take a null value consistently with PP models, while a (small but)

finite value is considered for additional sampling points along the real axis in order to

avoid numerical noise. Based on the experience and results obtained using the FF real

axis method, and the analytical results discussed above (Eq. (3.46)) we increase $1 up

to 0.1 Ha. This is also similar the values proposed for molecules in Ref. [195].

3.5.4 Parallel vs. double parallel sampling

A possible drawback of the double parallel sampling is the fact that it reduces by half the

capability to explore the landscape of the polarizability along the real axis. A criterion

for when to start to consider a parallel sampling over a double parallel sampling comes

from the simple observation that Eqs. (3.45) and (3.46) are equivalent if one replaces

the shift along the real axis, ω, by a shift along the imaginary axis, i$. If one then

has a grid of 2np points in the parallel sampling they would be separated by an average

distance of ωm/(2np− 1), that can be compared with the shift $1 in the double parallel

sampling. The criterion can be written as

1

2np − 1
.
$1

ωm
. (3.75)
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3.6 Physical constraints with optimal representabil-

ity

3.6.1 Failure condition

Sometimes, when considering only a small number of poles, the interpolation gives rise

to poles that are either not physical or not reasonable, posing representability problems.

This is usually solved by reassigning the values of the poles. An example is given by the

treatment of the so-called “unfulfilled modes” that plays an important role in different

PPM schemes [153]. Here we discuss the case of the GN-PPM approach as implemented

in Yambo [3, 153, 180, 193]. The condition used to identify unfulfilled modes in the

GN-PPM is the following:

Re

[
XGG′(q, 0)

XGG′(q, i$p)
− 1

]
< 0 → ΩGN = 1 Ha, (3.76)

where the position of the pole is set to ΩGN = 1 Ha in case of failure. This condition is

related to the estimate of ΩGN according to Eq. (3.35). For diagonal elements (G = G′),

the polarizability evaluated on the imaginary axis is real, making the term in the square-

root of Eq. (3.35) also real. Unfulfilled modes are then those for which the radicand

is negative and the resulting pole imaginary. The same condition is also used for off-

diagonal matrix elements in order to ensure that the pole ΩGN, which is anyway taken

real, mainly derives from the real part of the radicand in Eq. (3.35).

Setting the pole for unfulfilled modes at ΩGN = 1 Ha usually works well for semi-

conductors [153], even if it may have a (usually small) impact on the quasi-particle

corrections. However, in more complex systems the reliability of the PPA may be com-

promised either by the large number of matrix elements for which the pole is corrected

or simply by the inadequacy of such a simple model correction.

In the case of MPA we propose a slightly different strategy. The condition in

Eq. (3.76), used in the PP approach, applies to a sampling on the imaginary axis but

can be generalized as:

Ωn =

{√
Ω2
n, Re

[
Ω2
n

]
≥ 0

√
−(Ω2

n)∗, Re
[
Ω2
n

]
< 0

(3.77)

avoiding in this way, in case of failure, the use of a replacement constant value. The

second line in Eq. (3.77), when applied, is equivalent to exchange the real and imaginary

parts of Ωn. In addition, since we consider complex poles, if needed we also impose time

ordering, i.e. while Re[Ωn] ≥ 0 because of Eq. (3.77) we may force Im[Ωn] < 0. Note

this procedure is applied to all np poles in MPA.
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We now analyze the evaluation of the residues when at least one of the poles of

the multipole interpolation is modified by the failure condition above. We start by

considering a model with a single pole, for which the residue R can be calculated using

the information of either the sampling point z1, first equation in Eq. (3.35) within the

GN model, or z2 as

R =
X2(z2

2 − Ω2)

2Ω
. (3.78)

When the pole is not corrected, the computed residue is independent of the choice

between z1 and z2. However that is not the case if the failure condition is used. In order

to improve the representation with respect to considering only one of the given solutions

depending on z1 or z2, we propose to use Eq. (3.27) to fit R. When using more than

one pole, in addition to Eq. (3.77) we have added an extra condition: in case a pole is

close to another or its position is out of the sampling range, its residue is replaced by

zero and the fit of Eq. (3.27) is applied only to the remaining residues.

3.6.2 Representability measurements

In order to quantify the representability error of the model with respect to the sampled

points when correcting the position of the poles with Eq. (3.76) and (3.77), we compute

the mean number of corrected matrix elements, 〈NF 〉, and an average relative standard

deviation, 〈RSD〉. The analysis presented in the following can be done for each q-

point, if translational symmetry is present. For one pole, the average number of failures

is simply:

〈NF 〉np=1 =
1

Ng

Ng∑

g=GG′

Θ(ΩMP
n=1,g), (3.79)

where Θ is a Heaviside-like step function that verify the condition:

Θ(Ω) =

{
0, Re

[
Ω2
]
≥ 0

1, Re
[
Ω2
]
< 0.

(3.80)

Regarding the error measurement, we use a modified version of the relative standard

deviation, also known as coefficient of variation, that is then averaged over all the matrix

elements. Since we model all the matrix elements with the same number of poles, the

average deviation gathers, in a single estimate, the representability error. The estimator

was modified by replacing in the normalization factor the mean value of the sampled

values of X by their maximum value. Namely, for each matrix element g = GG′ (within

a given q block, not labelled explicitly here), we define

Mg = max
j
|XGG′(zj)|. (3.81)



CHAPTER 3. THE MULTIPOLE APPROXIMATION (MPA) 57

This is justified by the fact that X is close to zero for a large region of frequencies,

together with its average when it is computed with several points, which may results in

an inadequate use of the coefficient of variation. The error estimators then read:

〈RSD〉np=1 =
1

Ng

Ng∑

g=GG′

1

Mg

√√√√
2∑

j=1

|XMP
jg −Xjg|2 (3.82)

〈RSD〉PPA =
1

Ng

Ng∑

g=GG′

Θ(ΩPP
ng )

Mg

√√√√
2∑

j=1

|XPP
jg −Xjg|2. (3.83)

In case of the PPA we compute the error just for the matrix elements that fail the

condition in order to favour the comparison with MPA, since there may be a deviation

already due to the fact of discarding the imaginary part of the poles in the PPA (MPA

is based on an interpolation, while PPA is not).

In the general multipole case we define:

〈NF 〉 =
1

Ng

Ng∑

g=GG′

∑np

n Θ(ΩMP
ng )|RMP

ng |∑np

n |RMP
ng |

(3.84)

〈RSD〉 =
1

Ng

Ng∑

g=GG′

1

Mg

√√√√ 1

2np − 1

2np∑

j=1

|XMP
jg −Xjg|2, (3.85)

where we have introduced a normalization by the residues of each pole in the counter

of the failure condition 〈NF 〉, in order to differentiate the contribution of each pole.



Chapter 4

Validation of MPA on prototypical

materials

4.1 MPA applied to semiconductors

We have validated the MPA method in three different bulk materials: Si, a prototype

semiconductor, hBN with AA and AA’ staking, and rutile TiO2, a mid band-gap semi-

conductor oxide. We compare the MPA approach described above with PPA and FF

calculations and with the existing literature. In particular, we compare our results for

Si with Refs. [153, 218], hBN with Refs. [219, 220], and TiO2 with Ref. [153].

DFT calculations were performed using the Quantum ESPRESSO package [107,

108]. We employed the LDA exchange-correlation functional for Si and hBN, while

GGA-PBE for TiO2, with norm-conserving pseudopotentials in all cases. For Si, we use

a grid of 12 × 12 × 12 k-points, a kinetic energy cutoff of 20 Ry and 300 KS states to

perform sums-over-states. In case of hBN, we used k-points meshes of 18× 18× 9 and

18×18×6, corresponding to AA and AA’ stacking respectively, with an energy cutoff of

60 Ry and 400 KS states. For rutile TiO2, we use a shifted k-grid of 4× 4× 6 k-points,

a kinetic energy cutoff of 70 Ry for the wavefunctions, and 600 KS states.

GW calculations were performed with the Yambo code [3, 4]. We use a standard

Monte Carlo stochastic scheme called Random Integration Method (RIM) [3, 221] to

treat integrals over the Brillouin zone with Coulomb divergence.The RIM technique is

used in order to accelerate convergences with respect to the k-point mesh in case of hBN

and TiO2, but not for Si simply to illustrate that the MPA works well independently

of this choice. The size of the polarizability matrix is set to 25, 10 and 15 Ry for Si,

hBN and TiO2, respectively. In the case of hBN, the value of 10 Ry is not sufficient to

converge quasi-particle corrections, and a more suitable value is 25 Ry. Due to the high

computational cost of FF real-axis calculations, we decided to perform the comparison

of PPA, MPA, and FF methods for hBN with a X matrix cutoff of 10 Ry, while the

58
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Figure 4.1: Selected Si X matrix elements computed within MPA with 1, 2, 3 and 8 poles
and compared with the corresponding FF results. Although the real and imaginary parts
of the function are plotted using different arbitrary units, the different matrix elements
can be compared since their scale is consistent and indicated in each plot.

results obtained with 25 Ry (quasi-particle energies in the case of PPA and MPA) are

given in Table 4.1. Regarding the self-energy evaluation, in the bare Green function we

use a damping parameter η = 0.1 eV for all calculations.

4.1.1 The polarizability matrix

In Figs. 4.1, 4.2 and 4.3 we plot a set of diagonal and off-diagonal matrix elements of the

polarizability for three different bulk materials: Si, hBN, and TiO2 rutile, respectively.

Each plot shows the real and imaginary parts of the polarizability computed within

MPA using a different number of poles, compared with the corresponding FF real-axis

results. The same number of poles is used for all the matrix elements. In fact, on

the one hand the multiple peak structures of X is more complex for large G-vectors,

while on the other hand their maximum amplitude, and therefore their weight in the

integration of the self-energy, decreases with G. This means that a more simplistic

description of the structure of these elements will not affect much the computed Σ. For

reasons of computational convenience, besides the number of poles, the array of sampled

frequencies is also the same for all the matrix elements. Of course, the complexity of

X depends on the material under study. In silicon, for instance, the most important

matrix elements have an almost single-peak structure that favours the use of a single

pole, while for TiO2 the first element, G = G′ = 0, already shows several peaks and a
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Figure 4.2: Selected hBN X matrix elements computed within MPA with 1, 2, 3 and 8
poles and compared with the corresponding FF results. The same scheme from Fig. 4.1
is used for the units.

Figure 4.3: Selected TiO2 X matrix elements computed within MPA with 1, 3, 4 and 9
poles and compared with the corresponding FF results. The same scheme from Fig. 4.1
is used for the units.
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slower decay of the maximum amplitude with respect to G.

The imaginary part of diagonal elements of X describes the spectral properties of

the polarizability, and therefore is always negative with peaks around the real part

of the poles and widths given by their imaginary part. A model with a single pole

describes approximately the envelop of the real part of diagonal elements, but is unable

to describe the width of the main peak, since the small value of the imaginary part of

the pole obtained from the interpolation is translated into a delta-like peak. The use of

a complex pole is not that different from a real one obtained by neglecting its imaginary

part, as in the PPA case. The inclusion of a second pole however, may improve the

description of the imaginary part of the diagonal elements of X even if there are no

significant improvements in the real part. On the other hand, the off-diagonal matrix

elements of X show a mixture of their real and imaginary parts, since the residues of the

poles in Eq. (2.16) have an imaginary part depending on their G and G′ components.

Off-diagonal matrix elements are more likely to fail the PP condition of Eq. (3.76) and

even a single but complex pole and the generalized failure condition of Eq. (3.77) may

lead to considerable improvements on the description of X, as shown in the right panels

of Fig. 4.1.

In general the description of the polarizability improves quickly as the number of

poles increases, as demonstrated by the representability measurements 〈NF 〉 and 〈RSD〉
plotted in Fig. 4.4. Already with one pole, the error of the generalized condition is lower

than the one obtained with the PPM and then both 〈NF 〉 and 〈RSD〉 rapidly decrease

with increasing number of poles.

4.1.2 Convergence of quasiparticles

In Fig. 4.5 we report the convergence of the GW correction to the band gap with respect

to the number of poles used in the MPA for the three systems under study. The same

frequency sampling was used in the three cases, namely a double parallel sampling,

Eq. (3.73) with the grid given by Eq. (3.74) along the real axis and shifts $1 = 0.1

Ha and $2 = 1 Ha. For TiO2, which has a more structured polarizability, the quasi-

particle corrections are more sensitive to the sampling. With a single pole model using

different values of $2 the results can differ by as much as ∼ 100 meV. In the multipole

case the difference decreases to 6 meV when comparing results obtained with $2 = 0.5

and 1.0 Ha. Even if we expect the highest value to lead to a slightly simpler X, the

convergence is reached with the same number of poles in both cases.

Interestingly, the same convergence behaviour is found for the three systems: be-

tween 8 and 11 poles the quasi-particle corrections differ by less than 1 meV from the FF

results. The number of poles needed to obtain convergence is much more homogeneous

than the number of frequencies in FF real axis calculations (300 for Si, 400 for hBN
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Figure 4.4: (Top) 〈NF 〉, mean number of matrix elements for which the position of the
poles was corrected according to Eq. (3.77) for MPA and Eq. (3.76) for PPA, and (bot-
tom) 〈RSD〉, average deviation as defined in Eq. (3.85), as a function of the number of
poles used in the MPA approach. Due to the high computational cost of the FF calcu-
lations, in case of hBN the comparison is made with a non fully converged dimension
of the polarizability matrix, of 10 Ry. The plots correspond to the AA stacking, but
similar values are seen also for the AA’ stacking with 10 Ry of X matrix.

Figure 4.5: Deviations of the fundamental gap calculated via the MPA with respect to
FF results as a function of number of poles for Si, hBN and TiO2. As in Fig. 4.4, in
case of hBN we use 10 Ry of X matrix and plot only the results of the AA stacking.
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System QP(eV) PPA MPA FF

Si Γc → Γv 3.28 3.30 3.30
Kc → Γv 1.26 1.30 1.30

hBNAA Mc → Kv 7.35 7.47 7.46 [7.25]
Kc → Kv 7.02 7.16 7.16 [6.91]
Hc → Kv 5.33 5.50 5.50 [5.23]
Lc → Kv 5.26 5.42 5.42 [5.17]

hBNAA′ Lc → Kv 6.21 6.24 6.24 [6.20]
Kc → Kv 6.17 6.20 6.20 [6.17]
Hc → Kv 6.02 6.05 6.05 [6.01]
Mc → Kv 5.93 5.98 5.98 [5.92]

TiO2 Γc → Γv 3.20 3.27 3.26

Table 4.1: Quasi-particle (QP) transitions computed with the linearized QP Eq. (2.13)
on top of PP, MPA and FF. In case of hBN, FF calculations are performed using a
10 Ry cut-off for the X matrix (results in square brackets) and then extrapolated to
25 Ry, using the MPA results as reference. All other calculations are directly performed
with a 25 Ry cutoff.

and 1500 for TiO2), since the shifts $ in the double parallel sampling determine the

structure of the polarizability and therefore the number of poles required to model it.

We report our final QP results in Table 4.1. In the case of hBN, the difference

between the PPA and FF-RA values changes with respect to the size of the polarizability

matrix. At 10 Ry we found similar differences for stacking AA and AA’ with a maximum

value of 0.10 eV. At 25 Ry the difference increases up to a maximum value of 0.17 eV

for the stacking AA and decreases up to a maximum value of 0.05 eV for the stacking

AA’, the plasmon-pole approximation being more accurate in the AA’ configuration.

4.1.3 Self-energy and spectral functions

The present MPA method targets the dynamical dependence of the dressed polarizabil-

ity, in turn directly related to W , in order to perform the frequency integral in the

self-energy and finally to compute the quasiparticle corrections to the independent par-

ticle states. For this purpose, we need a good description of Σ(ω) in a frequency region

around the solution of the quasiparticle equation, Eq. (2.12). However, the description

of the self energy in a larger range of frequencies is interesting by itself, since Σ(ω)

contains, besides the quasiparticle energies, information about many-body features like

satellites and quasiparticle lifetimes. These properties are computed by solving the cor-
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Figure 4.6: Frequency dependence of the Si valence (v) and conduction (c) real part
of the self-energy (top) and spectral function (bottom) of the quasiparticles involved in
the fundamental gap computed with PPA, MPA and FF.

responding Dyson equation for the Green function, G = G0 +G0ΣG. Through Eq. (3.3),

the MPA method provides a description for the frequency dependence of the self-energy,

that we assess in this Section.

In Fig. 4.6 we compare the Si self energy (top) and spectral function (bottom),

obtained as the imaginary part of the dressed Green’s function, Im [G], computed within

PPA, MPA, and FF-RA. The self-energy presents a typical two-pole structure [189, 196]

corresponding to the contributions of the empty and occupied states. The picture can

be better understood taking Eq. (3.3) into account: occupied states contribute to the

self-energy at energies around the value −Ω plus their own KS energies (negative),

different from the empty states that contribute at +Ω plus a positive term from the KS

energies further separating the two contributions of the main plasmon at ±Ω.

The PPA gives a good description of the tail of the main peaks, especially including

the region around the solution of the quasiparticle equation, and the overall behaviour

of Σ. However, intrinsic representability problems appear due to the inability of PPA in

describing the imaginary part of W . The result is a very noisy Σ, particularly around its
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peaks, giving rise to noisy satellite peaks in the spectral function. In contrast, the MPA

self energy (computed with 8 poles, i.e. the number required to obtained converged

quasiparticle energies) reproduces quite well the FF-RA results in the whole energy

range. In fact, there is a reversal on the level of complexity of the polarizability with

respect to the self-energy: X is smooth when computed within PPA, and very structured

in FF-RA and MPA, whereas Σ is very spiky within PPA and smooth for FF-RA and

MPA.

This result can be understood by analysing the effect of the Dyson equation for

W , Eq. (2.11), on the polarizability matrix elements XGG′(q, ω). At the independent

particle level, X0 presents a large number of peaks described by Eq. (2.16). When ap-

plying the Dyson equation, the poles from different matrix elements of X0 are combined,

resulting in a dressed polarizability X with broader peaks corresponding to plasmonic

excitations, as shown in Figs 4.1, 4.2 and 4.3. Thanks to this feature, it is possible to

use few (complex) poles in the MPA modeling (then approximated with 1 real pole in

PPA) of each matrix element XGG′(q, ω). However, there is a further pole superposi-

tion of the matrix elements in the integral of the self-energy (Eq. (3.3)), whose accurate

description in a full frequency range needs a proper modeling of the imaginary part

of X. This superposition in PPA is partially remedied by the finite η damping of the

Green function, while the presence of finite imaginary parts in the MPA poles natu-

rally improves the PPA description. In Silicon, the proximity of the several electronic

states and the number of additional low intensity plasmon-excitations result in a noisy

behaviour of the PPA self-energy around the main peaks. In contrast, the FF and MPA

methods properly describe the superposition of all the excitations, and the resulting

Σ(ω) function is smooth.

This picture may be different for less screened systems like e.g. molecules [158, 222],

where the energy levels are scattered, the plasmonic excitations are far apart, and the

plasmon-pole model may lead to a self-energy that presents a simpler structure than a

FF treatment. On the other hand, the nonexistence of a gap in metallic systems may

lead to a self-energy with a single main peak [223] also noisy within PPA. However, the

special cases of metals with small plasmon energies or strongly correlated materials are

particularly challenging for simple models like the PPA, since the quasi-particle solutions

lie in a zone of multiple plasmonic excitations, as shown in Ref. [224] for SrVO3. The

applicability of the PPA on such systems has been discussed in the literature [132, 161]

and the advantages in the use of the MPA for a metallic case are addressed in Section 4.3.

4.2 MPA applied to molecules

The multipole scheme was developed for describing efficiently the frequency dependence

of the polarizability and making the integration of the self-energy in the GW approx-
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imation accurate and less expensive from a computational point of view. MPA is in

principle independent of the spatial properties of the system, since we applied the same

methodology to each spatial matrix element qGG′ of the Brillouin zone. Therefore it

should be straightforward applicable to low dimensional materials.

4.2.1 The GW100 set

In order to validate the MPA in low dimensional materials we have chosen as a reference

the GW100 benchmark set [158], where GW calculations with different methodologies

are performed on a set of 100 molecules with several independent codes, including

e.g. TURBOMOLE [225], FHI-aims [226], and BerkeleyGW [152]. The comparison is

interesting for several reasons: for instance the generality of the level of theory (the GW

approximation) is validated against practical parameters like the type of basis set used

in the calculations, plane waves versus local orbitals, or the approximations within each

method, PPA methods versus FF or others. We have listed in Table 4.2 the ionization

potential computed for a subset of molecules with different frequency treatments in

GW: the generalized plasmon-pole (GPP) model [159] and FF approaches. We see

large deviations already among the results of the Hybertsen and Louie plasmon-pole

model and the full-frequency implemented in BerkeleyGW, with differences as large as

2.51 eV between the GPP and FF for the molecule BN. The data from BerkeleyGW

is suitable for a comparison with our calculations since both BerkeleyGW (BGW) and

Yambo are plane-wave codes, and both have implemented the plasmon-pole model and

a FF method, even if Yambo uses the version by Godby and Needs of the PPA. We

have selected the F2 molecule as a representative case of the subset of molecules since

it presents difference of 0.86 eV between BGW-GPP and BGW-FF results.

Finite systems such as molecules are demanding to compute with a plane-wave basis

set and periodic boundary conditions, since one needs to construct a supercell with a

large amount of vacuum around the molecule in order to avoid the interaction with

the replicas. At the DFT level, the Martyna-Tuckerman approach [227] helps to re-

duce the interactions, as well as Coulomb cutoff techniques for supercell calculation in

Yambo [221]. Nevertheless, typical sizes of the spherical cutoff uses radius already large,

around 20 Å. Furthermore, an accurate calculation of quasi-particle energies beyond the

independent particle picture in poorly correlated materials like molecules, requires the

inclusion of a very large number of empty states, since the interaction with the vacuum

level is fundamental. The typical number of bands included in the calculations of the

GW100 test reaches values of some thousands.
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IP(eV) BGW-GPP BGW-FF GW-FF(AIMS&TURBOMOLE)

N2 15.43 14.72 14.81 to 14.89
F2 15.59 14.73 14.85 to 14.96
CH4 14.28 13.80 13.86 to 13.93
C2H6 12.63 12.22 12.30 to 12.37
C2H4 10.68 10.30 10.17 to 10.33
C2H2 11.35 10.97 10.93 to 11.02
C2H3F 10.80 10.14 10.08 to 10.20
LiH 7.85 6.67 6.51 to 7.09
F2Mg 13.73 12.44 12.26 to 12.72
BN 12.19 9.68 11.00 to 11.19
H2NNH2 9.78 9.10 9.23 to 9.28
C2H4O 10.16 9.43 9.48 to 9.59
HOOH 11.58 10.82 10.90 to 10.99
H2O 12.75 11.68 11.89 to 11.97
CO2 13.81 13.17 13.04 to 13.25
OCS 11.49 11.02 10.73 to 10.91
O3 13.05 12.00 11.36 to 11.91
BeO 10.66 9.68 8.58 to 9.35
MgO 8.51 7.08 6.66 to 7.03

Table 4.2: Ionization potential of a subset of molecules of the GW100 set where full
frequency GW results are available with the different software packages.
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Figure 4.7: (Left) Convergence of the correction to the Ionization Potential in PPA,
MPA with one pole and the FF scheme with respect to the dimension of the X matrix
for the F2 molecule. We have fixed the number of bands to 4000. (Right) different
extrapolations in the form ( a
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+ b) of the PPA results before and after 2565 RL

(9 Ry).
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4.2.2 MPA on F2

For the DFT starting point we use scalar-relativistic Optimized Norm-Conservinng Van-

derbilt Pseudopotential [228] with kinetic energy cutoff of 84 Ry. We use face centered

cubic supercells, in order to minimize the vacuum around the molecule, with 20 Å of

vacuum and the Martyna-Tuckerman scheme to treat the long-range Coulomb interac-

tion. Then we converge the ionization potential (IP) of F2 with PPA and FF up to

the limit of our computational resources. The calculations were performed in a node

of a local cluster of the CNR-NANO institute at Modena, equipped with a Intel Xeon

6230 processor with 40 cores and 384 Gb of memory/node. We found that in addition

to the large number of bands, also the dimension of the polarizability matrix must be

considerably large to obtain converged results. In Fig. 4.7, left panel, we plotted the IP

convergence with respect to the dimension of the polarizability matrix in Ry computed

with 4000 bands. Our computational resources limited us to the use of 100 frequencies

and we filled the available memory when considering 8 Ry for the X matrix size, that

unfortunately is not enough to obtain converged results in the FF scheme. Within the

PPA scheme we were able to use 20 Ry for the X matrix dimension and we see that

already for 15 Ry the IP values change less than 7 meV. We also plotted the convergence

of the MPA approach with one pole. The differences wit respect to the PPA results are

about 30 meV, with a similar convergence behaviour.

It is a common practice to extrapolate GW results with respect to the different

numerical parameters when convergence is out of reach like in this case. For the extrap-

olation with respect to the dimension of the X matrix of the MPA results we use the

total number of matrix elements denoted in Yambo as reciprocal lattice (RL) instead of

the dimension approximated in Ry, since this number is written in the Yambo output

files with less accuracy. As illustrated in the right panel of Fig. 4.7, the extrapolation

must be done with some care. Even if the results seem to converge already around

9 Ry, there is a subtle change of slope that can lead to a wrong extrapolation when it

is performed before the slope change. The computational cost of the FF calculations

does not allow one to perform a similar extrapolation for this scheme.

Next we compute the MPA corrections to the IP with a larger number of poles while

increasing the number of bands from 4000 to 8000 but keeping a fixed dimension of the

X matrix of 10 Ry. The results are shown in Fig. 4.8, where we can see that with 6

poles the quasi-particles change less than 8 meV with respect to more accurate values

with 10 poles, which corresponds to a similar number of poles as the ones required to

converge the bulk systems discussed in Section 4.1. The comparison between the curves

in Fig. 4.8 computed with different number of bands shows more negative corrections

for the calculations done with more bands, as the negative slope of the second fit in

fig. 4.7 right decreases with respect to the number of bands and a dimension larger that
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Figure 4.8: MPA convergence with respect to the number of poles of the corrections
to the Ionization Potential of the F2 molecule. Where we have fixed the size of the X
matrix to 10 Ry and each curve was computed with a number of bands that ranges from
4000 to 8000.

20 Ry might be also required to obtain converged results.

We have repeated the convergence study with respect to the number of poles, with a

X matrix dimension of 15 Ry, but we were able to do it only up to 6 poles. The results

are similar those discussed above. In Fig. 4.9 we show the IP values computed with 1

and 6 poles with different number of bands and extrapolate the results for an infinite

number of bands. The difference between the value computed with 8000 bands and

the extrapolation is 0.15 and 0.21 eV for 1 and 6 poles respectively, showing that the

present results are still far from convergence. The difference between the extrapolated

IP computed with 1 and 6 poles is 0.17 eV, showing that with this level of accuracy the

F2 molecule can be approximately described by a plasmon-pole model.

In a further step, we use the extrapolated values of Fig. 4.9 computed from 15

to 20 Ry and extrapolated the IP values for an infinite dimension of X. The values

corresponding to 15, 20 Ry and their extrapolation in the case of PPA and MPA with

6 poles are shown in Table 4.3. Despite the limited accuracy of our extrapolations, our

results underestimate the BGW-FF results in Table 4.2 by 0.36 and 0.13 eV with PPA

and MPA respectively. Furthermore, assuming that the extrapolated value computed

with MPA with 6 poles is accurate and can therefore be used as a reference for the full-

frequency results computed with Yambo, the difference between PPA and FF would be

smaller than 0.25 eV. This suggest that the GN version of the plasmon-pole is closer

than the HL one to the full-frequency results, at least in the case of the F2 molecule. As

shown in Table 4.2, HL-GPP systematically overestimate the FF results ranging from

0.38 to 2.51 eV, by 0.86 eV in the case of the F2 molecule.

As shown in the results reported in Ref. [158], the GW100 set is a suitable collection

of systems for which GW without empty states methods [229], or with accelerators

with respect to the summation over the total number of bands [229, 230], give good
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IP(eV) DFT MPA(15 Ry) MPA(20 Ry) extrapolation

GN-PP 9.42 14.22 14.27 14.37
MP6 9.42 14.43 14.49 14.60

Table 4.3: Extrapolated results for the ionization potential of the F2 molecule.
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agreements with respect to the more standard and computationally costly approaches.

The MPA scheme can also be combined with convergence accelerators like the one

already implemented in Yambo for the sum-over-bands convergence of the PPA self-

energy [230], in order to speedup the convergences and avoid as much as possible the

use of extrapolations. This however requires further developments and is beyond the

scope of the present thesis.

4.3 MPA applied to metals

4.3.1 Particular issues of the GW approximation on metals

The plasmon pole model described in Section 2.3.1 has been successfully applied to

the homogeneous electron gas [202] and simple metals as Al and Ni [223]. In contrast,

metals with small plasmon energies, such as Cu and Co, are particularly challenging

for simple models like the PPA, since non-free-electron metals present strong screening

effects resulting in multiple plasmonic excitations [231]. The applicability of the PPA

and the approximation of the band structure of transition and noble metals by that

of a jellium model has been discussed in the literature [132, 161], highlighting the role

played by valence electrons of d orbitals.

From the point of view of the calculations, another difficulty of metals is that even at

zero temperature and contrarily to non-doped semiconductors, metallic systems present

a non-vanishing probability that an electron is excited within the same band, in case

the band is only partially filled. These transitions give rise to the so-called “intraband”

contribution to the dielectric function:

X0
GG′(q, ω) = X inter

GG′(q, ω) +X intra
GG′ (q, ω). (4.1)

In principle, at finite q the intra-band contribution, X intra
GG′ (q, ω), can be computed

explicitly by Eq. (2.16) as in the case of the inter-band term, X inter
GG′(q, ω), with the sum

running over the semi-filled states, although, better alternative methods are proposed

in the literature [232, 233]. On the other hand, the long-wavelength limit, q → 0, is

usually treated by a Drude term [207] that for the dielectric function takes the form

εintra(ω) = 1− ω2
D

ω2
+O[q2], (4.2)

where the Drude frequency, ωD, is a parameter difficult to estimate with ab initio

calculations, since it may require very fine k-points grids [207]. The intra-band term

plays an important role for noble metals [207, 234].
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QP(eV) LDA [161] PBE [191] GW [161] GW [237] GW [191] Exp [235]

Γ12 -2.27 -2.05 -2.81 -2.36 -1.92 to -2.11 -2.78
X5 -1.40 -1.33 -2.04 -1.63 -1.45 to -1.22 -2.01
L3 -1.63 -1.47 -2.24 -1.78 -1.58 to -1.36 -2.25
Γ1 -9.79 -9.29 -9.24 -9.35 -9.14 to -9.20 -8.60
L2′ -1.12 -0.92 -0.57 -0.92 -0.98 to -1.02 -0.85
L gap 5.40 4.80 4.76 4.78 4.98 to 5.09 4.95

Table 4.4: DFT and GW quasi-particles of Cu computed with different methodologies by
different groups and compared with the experimental values. All the GW calculations
correspond to FF approaches ran on top of LDA [161], PBE [191] and full-potential
LMTO [237].

4.3.2 The polarizability of Cu

The electronic structure of Copper has been studied, both experimentally [235, 236]

and theoretically [161, 191, 237]. Yet, from the theoretical point of view the results

are very sensitive to the choice of the exchange and correlation functional and large

differences are found within the GW approximation, being particularly sensitive to the

DFT starting point as shown in Table 4.4. For this reason, Copper is a very challenging

test case for the application of MPA and allow us to better understand the failure of

the PPA and validate our approach.

We performed DFT calculations at the PBE level using scalar-relativistic Opti-

mized Norm-Conserving Vanderbilt Pseudopotentials [228] and a kinetic energy cutoff

of 100 Ry. Our DFT results are in good agreement with the previous results with the

same method [191], being slightly different from the LDA results reported in [161]. The

GW calculations were done using a 12× 12× 12 k-points grid and a total of 200 occu-

pied plus unoccupied states. The FF calculations on the real axis were done considering

frequency grids from 500 to 2000 frequency points.

We then performed GW calculations starting by the plasmon pole method. When

applying the PPA we found that 48% of the polarizability matrix elements fail the

plasmon pole condition (3.76) and, as explained in Section 3.6.1, in this situation the

position of the pole is set to 1 Ha. This results have an averaged relative deviation

defined in (3.85) of 〈RSD〉 = 0.42. These values are extremely high and lead to quasi-

particle solutions very different from FF, worsening the DFT results summarized in

Table 4.4.

In order to avoid the same problem in the MPA, we have slightly modified the dou-

ble parallel sampling described in Section 3.5.3 by introducing a shift, $1 = 0.1Ha,

also at the X sampling point at origin of the coordinates. Despite presenting a larger
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percentage of corrected poles, the MPA with only one pole and the modified sampling

considerably improves the representability when compared with the PPA, lowering the

average deviation to 〈RSD〉 = 0.35 and suggesting that the method we introduced to

correct the unphysical poles works well. Let’s start by considering that X is well de-

scribed in a small number of matrix elements within the plasmon pole model (frequency

sampling at zero). Since the others matrix elements diverge at ω = 0, the pole would

then comply with the plasmon pole condition only by chance, amounting to a total

number of failures slightly below 50% as actually happens. By introducing a shift in

the frequency sampling previously done at zero, the number of times the pole condition

is not met within MPA increases but is also more realistic, since it is not given by a

random number, but due to the complex structure of the polarizability of Cu. The

representability significantly improves already with 2 poles, considerably changing the

number of failures and the relative deviation, as shown in Fig. 4.11. This suggests that

the main issue with the plasmon pole model description of the envelop structure of the

polarizability is both the method used to determine its parameters and an insufficient

number of poles. In fact, a larger number of poles does improve the X representability.

In Fig. 4.11 we illustrate the evolution of the number of failures and 〈RSD〉 for an in-

creasing number of poles. Both quantities decrease very rapidly with increasing number

of poles.

We get more insights by analysing the full frequency polarizability computed with a

frequency grid of 1000 points and plotted in Fig. 4.12. The overall structure is not much

different from those of Si, hBN and TiO2 plotted in figs. 4.1, 4.2 and 4.3, in the sense

that they seem simple enough to be approximated by a multipole model with a few

poles. The main differences consist in the position of the most intense plasmon, that in

the case of Cu has a very low energy, and the presence of several secondary excitations

results in a very noisy polarizability. The first issue makes difficult the estimation of

the plasmon pole parameters, since the sampling at ω = 0 lies in a noisy region of many

poles. This is probably related to the large number of X matrix elements that do not

comply with the failure condition in the PPA, (3.76). The correction of the pole with

an inadequate value is the main cause of the large errors.

Before addressing the converged results, we compare the polarizability computed

within MPA with the PPA and FF results. In Fig. 4.12 we show selected X matrix

elements computed with 1 and 12 poles. As already seen in the previous section for

TiO2, and taking the FF calculation as a reference, Cu polarizability has a complex

structure that cannot be captured by a single pole solution. Increasing the number of

poles the agreement between X computed with MPA and FF improves significantly,

however the FF polarizability presents a level of noise that cannot be reproduced unless

the number of poles considered is of the order of magnitude of half the number of points

in the FF grid and the X sampling is done much closer to the real axis. For example, the
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Figure 4.10: Selected Cu X matrix elements computed within FF with different number
of bands (200 and 500). In order to show both, the overall and the detailed behavior
of the polarizability, we plotted the imaginary part of X in the bottom panels in the
full frequency interval determined by the number of bands, while the real part of X are
plotted in the top panels in a zoomed region. A similar scheme from Fig. 4.1 is used
for the units of X, where we omitted the specific scales in order to avoid confusion with
the zoomed plots.

polarizability computed with multipole model using 12 poles gives the overall frequency-

dependency of the full frequency results, while the X is much smoother.

The origin of the noise is related to the topology of the bands of Cu, similarly to the

case of Ni [238]. The general starting point of the GW calculations is an independent

particle polarizability, X0, defined in Eq. (2.16), whose structure has many peaks, each

of them corresponding to a single particle transition. The X0 matrix then enters in

the Dyson equation, Eq. (2.11), that superimposes all the poles coming from different

matrix elements and gives rise to the dressed polarizability X. As already discussed

in Sections 4.1.1 and 4.1.3, this screening process results in a progressively simpler

structure of X as we enlarge the size of X0 and therefore of the X matrices. In many

materials, the head of X, i.e. the matrix element corresponding to G = G′ = 0 and

also the most relevant, shows a very simple structure, suitable to be approximated by

a plasmon-pole model. In Cu we obtain an overall simplified X as well, but there are

many secondary transitions close in energy that are not well overlapped and contribute

to the noise. Those many secondary transitions originate from the almost flat d-bands

of Cu [161]. As shown in Fig. 4.10, the convergence of the fine structure of X is very

difficult and depends on many parameters.

Despite the instability of the fine structure of X in the full frequency approach,

the final quasi-particle corrections are not significantly affected when computed with
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Figure 4.11: Values calculated for Cu of (left) the mean number of matrix elements,
〈NF 〉, for which the position of the poles was corrected according to Eq. (3.77) for MPA
and Eq. (3.76) for PPA, and (right) 〈RSD〉, average deviation as defined in Eq. (3.85),
as a function of the number of poles used in the MPA approach.

sufficiently large frequency grids, of the order of thousands points. This explains why

the MPA quasi-particles approximate well the FF results, within 0.1 eV, even if only

the main contributions of the excitations remain in the multipole polarizability, due to

the simplifications introduced by the double parallel sampling shifted from the real axis

by $2 = 1 Ha and the limited number of poles.

4.3.3 MPA on Cu

Now we will focus on the application of the MPA method to the band structure of Cu.

We start by converging the number of poles required to achieve an accuracy similar to

the FF method.

We found that the accurate description of different quasi-particles requires a different

number of poles. In order to understand this behaviour we have computed the frequency

dependence of the self energy for two selected quasi-particles of Table 4.4, Γ12 and Γ1 and

compare with the corresponding PPA and full frequency results. The results are shown

in Fig. 4.13. We can see how the MPA with one pole improves the PPA description of

the tail of the self energy close to the solution without solving the general problems of

the plasmon pole model discussed in Section 4.1.3. In particular the poor overlapping

of the poles of the self-energy that results in spurious solutions of the quasi-particle

equation. In particular, the states close to the Fermi energy, as Γ12 shown in Fig 4.13,

have a large number of possible solutions.

Figure 4.13 shows that the self-energy computed with the FF approach presents

a more complex structure that the one of the systems studied so far, for example of

Si shown in Fig. 4.6. The convergence of this structure is very challenging, since an

accurate quasiparticle solution requires an accurate description of the tail of the self-

energy and therefore a very large number of frequencies in the computation of the
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Figure 4.12: Selected Cu X matrix elements computed within MPA with 1 and 12 poles
compared with the corresponding FF results. The same scheme from Fig. 4.1 is used
for the units.

Figure 4.13: Frequency dependence of the real part of the self-energy (top) and spectral
function (bottom) of the Γ12 (left) and Γ1 (right) quasi-particles of Cu computed with
PPA, MPA and FF.
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polarizability within the full frequency approach. The calculations done with 500, 1000

and 2000 frequency points still present changes. This is in part due to the large frequency

range along the real axis, which is determined by the number of bands included in the

calculation of X: around 20 Ha with 200 bands and reaching around 30 Ha with 500.

The effects of secondary plasmonic excitations on the self-energy of Cu are more rel-

evant for the correction of Γ12 than for Γ1. This feature is also observed for other quasi-

particles at intermediate energies, suggesting that the effects are stronger for higher

states closed to the Fermi level. As shown in the bottom panels of Fig. 4.13, secondary

plasmons modify the shape of the satellite structure in the spectral function, which have

several peaks in both cases. Moreover, in the case of Γ12 the fine structure in the tail of

the self-energy derive in a shoulder shape close to the quasi-particle peak in the spectral

function, that is not captured by the multipole model with 12 poles.

In general, the quasi-particle solution is sensible to the small peaks in the tail of the

self-energy, that are difficult to convergence with respect to almost all the parameters,

specially the number of frequency/poles and the number of bands, and may explain part

of the divergences of the results available in literature and the sensibility to the starting

DFT point. The MPA model with 12 poles reproduces the overall frequency dependence

of the self-energy, but does not describe well the fine structure of the secondary plasmons

and in many cases results in quasi-particle corrections that are still different from the

FF results. The quasi-particle correction improve significantly with respect to the FF

results for the model with 17 poles and not much more up to 20 poles. This can be

understood not only by the increase of the number of poles but rather by an increase

in the number of poles in the region close to zero frequency. The distribution along the

real axis of the frequency sampling, described in Section 3.5.3 adds a new point closer

to ω = 0 in powers of 2: when the number of poles is np = n2 + 1, being n an integer

which, for a number of poles larger than 12, happens exactly for np = 17. This leads

to conclude that the sampling of X around ω = 0 is fundamental in systems with low

energy plasmons such as Cu, in order to determine the fine structure of the peaks of the

tail of the self-energy and thus an accurate quasi-particle solution.

After having determined a suitable number of poles and checked other parameters of

sampling, we had analysed in detail other parameters of convergence, e.g. the k-points

grid and the number of bands. In Table 4.5 we compare with results obtained with a

12×12×12 and a 24×24×24 k-points grid computed with 200 bands. It is interesting

to notice that despite the DFT values obtained with the two k-grids having differences

of the order of 100 meV the GW quasi-particle energies present differences of the order

of 10 meV. In the case of Γ12, GW corrections actually change sign.

In a further step we have checked the convergence with the number of bands up

to 500, as shown in Table 4.6. Even with 500 bands results are not converged, since

the results change slowly, therefore we have performed and extrapolation illustrated in
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grid: 12× 12× 12 24× 24× 24

QP(eV) DFT MPA17 DFT MPA17
Γ12 -2.08 -2.14 -2.18 -2.15
Γ1 -9.17 -9.38 -9.27 -9.39

Table 4.5: Quasi-particles of Cu for two different k-points grids.

200 250 300 350 400 450 500

-2.22

-2.20

-2.18

-2.16

-2.14

# bands

Γ
1
2
(e
V
)

200 250 300 350 400 450 500
-9.40

-9.35

-9.30

-9.25

# bands

Γ
1
(e
V
)

Figure 4.14: Extrapolation in the form ( a
#bands

+ b) of the convergence with respect to

the number of bands of the Γ12 (left) and Γ1 (right) quasi-particles of Cu. Where we
have fixed the k-points grid to 24 × 24 × 24 points and the size of the X matrix to 20
Ry. The dashed lines represent the asymptotic values.

Fig. 4.14, which results are also included in Table 4.6. Despite not including the intra-

band term in any of our calculations, due to a limitation in the current implementations

in the Yambo code, we see that the extrapolated results improves the PBE results with

respect to the experiments for all the quasi-particles, showing non trivial corrections

that cannot be achieved by a rigid shift, as already commented in Ref. [161]. We also

expect that the inclusion of the Drude term will reduce the remaining differences with

the experimental values.

# bands: 200 300 400 500 extrapolation

Γ12 -2.15 -2.17 -2.18 -2.19 -2.22
Γ1 -9.39 -9.35 -9.32 -9.30 -9.25

Table 4.6: Convergence with respect to the number of bands of the Γ12 and Γ1 quasi-
particles of Cu. The data and its extrapolation correspond to the values of Fig. 4.14.



Chapter 5

Applications

In this chapter we describe the results of the study Gr/Ir(111) interfaces done by means

of first-principals calculations. We start by using DFT calculations to study the effect

of O adsorption on Gr/Co and GrCoIr. We then address the effect of Co and Fe

intercalation on the structural and electronic properties of the Gr/Ir interface. We

finally go beyond the DFT level and apply the GW/MPA approach in the calculation of

the band structure of the Gr/Co interface, of which we present only preliminary results.

5.1 Oxygen adsorption on Co, Co/Ir, and Gr/Co

interfaces

Graphene (Gr) grown on different transition metal (TM) substrates presents distinct

structural characteristics and various alterations of its electronic properties depending

on the lattice mismatch and degree of hybridization [1, 8–10, 13, 15, 18, 19, 22, 33,

37–40]. In particular, when grown on non-commensurate surfaces, it can corrugate and

form a moiré pattern [8, 9, 15, 22]. The magnitude of the corrugation depends on the

metal underneath and can be used e.g. as a template for the adsorption of molecules [15,

22, 239–242] of which TM-phthalocyanine molecules deposited on Gr/Co/Ir are an ex-

ample [15, 22].

Bulk cobalt has a hexagonal-closed-packed (hcp) periodicity while bulk iridium is

face-centred-cubic (fcc), with the (111) plane displaying hexagonal geometry. The

lattice parameters of graphene and Co differ by only 0.05 Å [78, 243–245], being in

practice lattice matched. In fact, Gr grown on Co lies flat on the surface, with a small

interplanar distance [37]. The electronic properties of graphene are anyway significantly

altered by the strong interaction with the Co layer [9, 22, 39]. On the other hand,

graphene and Ir lattice parameters differ by 0.25 Å [78, 245, 246] and Gr grown on

Ir forms a moiré pattern corresponding to a 10×10 graphene supercell, over a 9×9 Ir

cell. However the electronic properties of graphene are only slightly altered by the weak

79



CHAPTER 5. APPLICATIONS 80

interaction with the substrate present in Gr/Ir(111).

Although Co(0001) and Ir(111) have different in-plane lattice parameter, when a

single Co layer is intercalated underneath Gr grown on top of an Ir(111) layer, it assumes

the lattice parameter of iridium [8, 9]. Here, the graphene layer has an important role

in stabilising the Co single layer on the Ir surface against, e.g., the formation of Co

clusters [9]. When a larger number of Co layers are intercalated, Co recovers its bulk

structure [9]. Depending on the number of intercalated Co layers, Gr either corrugates

and forms a moiré pattern with the Co single layer or lies flat due to the lattice matching

when in the presence of multi layer Co [15, 22].

The aim of the present Section is to investigate, by means of first principles calcula-

tions, how the Gr/Co hybridization, and therefore, graphene electronic properties, can

be tuned by oxygen intercalation and how changes in the structure of the Co surface,

such as Ir-induced strain, can influence the O binding energies. In order to evaluate

the effects of a strained Co surface on the adsorption of O, we considered the Co in-

tercalation on Gr/Ir(111) as a mean to obtain an electronically identical system to

Gr/Co(0001) but with different structural properties, in particular a lattice mismatch

with Gr inducing a moiré pattern and Gr corrugation. We performed DFT calculations

to compute the structural, electronic, and magnetic properties of O adsorbed on these

two surfaces, Co(0001) and Co/Ir(111).

Then we study the mechanisms of the O intercalation under graphene in a Gr/Co(0001)

interface, focusing on the effect on the Gr-Co hybridization. In particular, we compute

the band structure of a Gr/Co(0001) supercell before and after O adsorption and com-

pare the results with the reported experiments, that is then unfolded into the graphene

unit cell in order to compare the results with recent ARPES and PEEM measure-

ments [34, 69]. In particular, our ab-initio calculations on the electronic properties of

the Gr/Co(0001) interface in the presence of adsorbed O have been found to be in very

good agreement with experiments, and shed light on how oxygen intercalation modifies

the Gr-Co hybridization.

5.1.1 Methods

We have performed DFT calculations on Co(0001) and Co/Ir(111) slabs, with and

without adsorbed oxygen, as well as on the Gr/O/Co(0001) interface. Co and Ir bulk

systems were also computed for completeness. All calculations were performed using

the plane wave and pseudopotential implementation of DFT provided by the Quantum

ESPRESSO package [107, 108]. We employed the GGA-PBE [247] exchange-correlation

functional and we used ultrasoft (US) pseudopotentials to describe electron-ion interac-

tions. The kinetic energy cutoff was set to 30 Ry for the wavefunctions and 330 Ry for

the charge density.
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Figure 5.1: Top view of the different O adsorption sites considered in the calculations,
for the Co (top) and Co/Ir surfaces (bottom), for 0.25 and 0.5 ML O concentrations.
The labeling of the different configurations follows the notation used in Ref. [71]. The
notation refers to surface adsorption sites. The case where an O occupies an fcc position
below the first Co layer is labeled hcp+fcc (octa) in the text.

The Brillouin zone was sampled by using k-points meshes of 16× 16× 16 for cobalt

and iridium bulk, 16 × 16 × 1 for Co(0001) and Co/Ir(111) surfaces, and 8 × 8 × 1

for surfaces with adsorbed oxygen. The projected density of states for Gr/O/Co(0001)

was computed with a 40 × 40 × 1 grid. In all the calculations we use thresholds of

1.5× 10−5 Ry for the total energy convergence. The metallic substrates were modelled

by considering slabs of 5 atomic layers with a vacuum layer of 10 Å in order to prevent

spurious interactions between the replica. An additional 2 Å of vacuum was introduced

in the modelling of the surfaces in the presence of oxygen. The slab thickness of 5 layers

was validated by calculating adsorption energies considering up to 9 layers as reported

in Section 5.1.5.

We have considered low oxygen concentration, 0.25 and 0.5 ML, i.e. below the

values required to form CoO and for which the oxygen atoms remain chemisorbed on

the surfaces, according to Ref. [71]. In order to model these oxygen concentrations we

have used supercells made of p(2×2)−O and p(2×2)−2O surface unit cells. The initial

positions for the oxygen atoms within the supercell were chosen according to the most

stable configurations reported in Ref. [71] and are shown in Fig. 5.1. We have labelled

the O sites following the notation of Ref. [71]. All the atomic positions (O, Co and Ir)

were then optimised until the forces acting in the atoms were smaller than 1.0 × 10−4

Ry/Bohr.

The adsorption energy per oxygen atom on Co(0001) and Co/Ir(111) surfaces, EO
Co

and EO
Co/Ir, are defined as the difference between the total energy of the target system

with the adatoms and the energy of the clean surface plus the energy of the isolated
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atom:

EO
Co = − 1

NO

(
EO/Co − ECo −NOEO

)
(5.1)

EO
Co/Ir = − 1

NO

(
EO/Co/Ir − ECo/Ir −NOEO

)
, (5.2)

where NO, EO/Co, ECo and EO are the number of oxygen atoms in the supercell, the

total energy of the adsorbate+substrate system, of the pristine surface, and of free

oxygen atom, respectively. In principle, O adsorption energies could also be referred to

the energy of the isolated O2 molecule, resulting in an overall renormalization of the

absorption energies without altering the trends [71].

5.1.2 Oxygen adsorption energies on Co and Co/Ir surfaces

We compute the adsorption energies for oxygen adsorbed on a 5 layers Co slab (Co(0001)5)

and on a slab with a layer of Co on top of a 4 Ir layers (Co1/Ir(111)4), for both 0.25 and

0.5 ML coverage, corresponding to one or two O atoms per cell, respectively. We con-

sider different possible adsorption sites as illustrated in Fig. 5.1, and the corresponding

calculated adsorption energies are reported in Table. 5.1.

For the lowest oxygen coverage on Co(0001)5, 0.25 ML, we find very similar adsorp-

tion energies for the two possible adsorption sites, fcc (5.43 eV) and hcp (5.47 eV), The

adsorption energy drops to values around 5.0 eV for the 0.5 ML coverage, indicating

a repulsive interaction between O adatoms. The most favourable adsorption configu-

ration is the one labelled hcp + hcp, differing by less than 0.01 eV from the fcc + hcp

configuration (see Fig. 5.1), although such a small energy difference is at the verge of

the precision of the DFT method and both sites can be considered energetically equiv-

alent (more details in Section 5.1.5). Overall, the present results compare well with the

values previously reported in Ref. [71], with both the adsorption energy and the energy

differences between different configurations decreasing when increasing O concentration.

In the case of Co1/Ir(111)4, for 0.25 ML, the configuration with the lowest energy

corresponds to the O atom adsorbed on a fcc site. The adsorption energy is 5.76 eV,

0.04 eV larger then for the hcp configuration. As in the case of the Co surface, the

adsorption energy decreases with increasing O content, and the preferred sites are also

the same. The most favourable configuration is then the fcc + fcc, followed by the

fcc + hcp configuration, with an absorption energy of 5.51 and 5.42 eV, respectively.

In general, the most favourable site for oxygen adsorption on cobalt is the hcp one,

whereas it becomes the fcc site when oxygen is adsorbed on Co/Ir. Comparing the two

surfaces, we find that the adsorption energies of oxygen for both 0.25 ML and 0.5 ML

are respectively 0.29 eV and 0.45 eV larger on Co/Ir than on Co.

The computed distances between the oxygen adatoms and the surface are reported
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O coverage O site Co(0001)5 Co1/Ir(111)4

0.25 ML hcp 5.47 [5.56] 5.72
fcc 5.43 [5.55] 5.76

0.5 ML fcc+hcp 5.05 [5.02] 5.42
hcp+hcp 5.06 [4.98] 5.40
fcc+fcc 5.00 [4.86] 5.51
hcp+fcc 4.65 [ - ] 5.09

Table 5.1: Adsorption energies in eV/O computed for Co(0001)5 and Co1/Ir(111)4,
where the indexes 1, 4 and 5 refer to the number of layers of each element. We show in
brackets the result for Co from Ref. [71].

in Table 5.2 as dO. For the 0.25 ML configurations, the higher the adsorption energy

the closer the oxygen atoms are to the surface. The two configurations of adsorbed O

on Co(0001) show, anyway similar O-surface distances, that differ in less than 0.06 Å.

Instead, the configurations of O adsorbed on Co/Ir show a larger difference, 0.14 Å,

even if their adsorption energies are similar. For 0.5 ML, the O-surface distances, for

both Co(0001)5 and Co1/Ir(111)4, have a larger dependence on the absorption site. In

contrast with what happens to the 0.25 ML coverage, there is no apparent correlation

between the O-surface distances with the adsorption energies, probably due to the O-

O interaction. On the other hand, the O-surface distance for each specific O atom

geometry presents a similar behaviour for both concentrations: Ofcc are closer than

Ohcp to the surface when adsorbed on Co/Ir surfaces, and the opposite happens when

adsorbed on the Co surface. For the most favourable configurations, the oxygen atoms

are closer to the surface on Co/Ir than on Co possibly due to the larger lattice parameter

of Co/Ir when compared to Co(0001).

The first interlayer distance, dz1, on both Co(0001)5 and Co1/Ir(111)4 (shown in

Tab. 5.2), increase with the O concentration. If we compare the most favourable oxygen

configurations, the increase is 2.4% for Co and 4.2% for Co/Ir in the case of 0.25 oxygen

ML, while for 0.5 ML is about 5.4% for Co and 7.6% for Co/Ir. The second interlayer

distance, dz2, is less sensitive to the presence of O, varying less than 1.4% for Co and

2.5% for Co/Ir.

Several geometries were also relaxed using as a starting configuration a slab with

the oxygen atoms below the first Co layer. Contrary to what is reported in Ref. [71], for

both Co(0001)5 and Co1/Ir(111)4, and for both O concentrations considered, we always

observe a relaxed geometry where the added O migrates to the surface. This can be

due to the different methods used to perform the structural relaxation. In Ref. [71], in

addition to oxygen, only the atomic positions of the atoms in the 3 top layers of a slab

of 5 were relaxed, whereas we have relaxed the whole slab. Moreover, we also considered
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Co(0001)5 Co1/Ir(111)4

O coverage O site dO dz1 dz2 dO dz1 dz2

pristine - - 3.69 3.83 - 3.82 4.33

0.25 ML hcp 2.12 3.75 3.80 1.98 3.89 4.31
fcc 2.18 3.78 3.78 1.84 3.90 4.30

0.5 ML fcc+hcp 2.24 3.86 3.76 1.92 3.95 4.29
hcp+hcp 2.07 3.82 3.78 1.90 3.94 4.30
fcc+fcc 2.06 3.87 3.75 1.80 3.97 4.29
hcp+fcc 2.22 3.90 3.78 1.88 3.97 4.29

Table 5.2: Distances between the deposited oxygen and the substrates, dO, and first
and second interlayer distances, dz1 and dz2 respectively. For the Co(0001)5 surfaces the
interlayer distances correspond to the distances between Co neighboring layers. For the
Co1/Ir(111)4 surfaces, the first interlayer distance corresponds to the distance between
the Co layer and the next Ir layer, the second corresponds to an Ir-Ir layer distance. All
the reported distances are in Å and were computed considering the difference between
the average vertical coordinate of each atomic layer.

a configuration with O occupying an fcc site below the 2nd layer. This corresponds to a

Co layer for the case of the Co slab, and to an Ir layer for the case of Co/Ir. The latter

is the only configuration for which the adsorption energy is larger for Co(0001)5 than

for Co1/Ir(111)4. The subsurface configuration has a considerably higher energy than

the configurations with O adsorbed on the surface. In fact, subsurface O adsorption

is expected to occur only for O contents larger than 1 ML [71]. We report more de-

tails about the geometry optimisations performed starting from the configurations with

subsurface O in Section 5.1.5.

5.1.3 Electronic and magnetic properties

In order to understand the influence of O on the Co electronic properties, we report in

Fig. 5.2 the density of states projected on the O and the top layer Co atoms. Majority

and minority spin bands are shown for 0.25 and 0.5 ML coverage, for both Co(0001)5

and Co1/Ir(111)4, and compared with the pristine systems (shown in grey). The DOS

computed for the pristine systems show the Co 3d states localised around the Fermi en-

ergy, with a spin split of about 2 eV, that results in a magnetic moment of 1.68 µB/Co

for Co(0001)5 and 2.02 µB/Co for Co1/Ir(111)4. The majority spin d-states are com-

pletely occupied below the Fermi level, whereas the minority DOS cuts through the

Fermi level, with peaks above and below, and a valley at Fermi for both systems.

The Co1/Ir(111)4 shows a narrower DOS than Co(0001)5, leading to larger magnetic
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Figure 5.2: Density of states computed for O@Co (left panels) and O@Co/Ir (right
panels), for 0.25 (top panels) and 0.5 ML (bottom panels). The density of states is
projected on the atomic orbitals of O (red lines) and Co on the top layer (black lines).
The Co top layer DOS for the pristine surface is shown is grey.

moments. This enhancement of the magnetic moment is related with the reduction of

dimensionality when going from a Co slab to a single layer [22] as well as to the stretched

lattice parameter of Co 1ML due to the presence of Ir(111). The same narrowing of

the DOS leading to large magnetic moments was reported for the Gr/Fe/Ir [1] and

Gr/FeCo/Ir [2] interfaces, both from experiment and DFT calculations. It is worth

noticing though, that these calculations were performed within DFT+U [117] and that

the choice for the Hubbard U parameter affects the computed magnetic moment, as

described in detail in the Supplementary material of Ref. [2].

In the presence of O there is a clear overlap between Co and O states, that induces

in a spin-split of the latter. The O 2p states hybridise with the lowest edge of the

Co 3d bands, resulting in a peak around 5.5 eV below the Fermi level. Next, we

observe an anti-bonding state, with the majority spin located just below the Fermi

(EF ) level and the minority spin about 1.5 eV above EF in the case of the 0.25 ML,

more pronounced for Co(0001)5 than in Co1/Ir(111)4. For the 0.5 ML, the O band

energy distribution becomes wider and shifts slightly downward (i.e. towards larger

binding energies) reaching to 6.8 eV, due to the O-O repulsive interaction. This is in

agreement with Ref. [71], where it is shown that, for a larger range of O concentrations,

the surface d-band broadens and monotonously shifts to lower energies. Comparing the

Co(0001)5 and Co1/Ir(111)4 surfaces, there are evidences of a larger hybridisation of

the O atom with Co states in the case of Co1/Ir(111)4, for which the O pDOS peaks
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Co(0001)5 Co1/Ir(111)4

O coverage O site mtot mCo mO mtot mCo mO

pristine 1.68 1.76 - 2.02 1.92 -

0.25 ML hcp 1.68 1.69 0.23 2.07 1.89 0.37
fcc 1.70 1.72 0.26 2.06 1.85 0.31

0.5 ML fcc+hcp 1.61 1.24 0.08 2.02 1.73 0.37
hcp+hcp 1.67 1.49 0.18 2.12 1.80 0.33
fcc+fcc 1.68 1.53 0.19 1.94 1.68 0.26
hcp+fcc 1.71 1.64 0.27 2.29 1.93 0.43

Table 5.3: Total magnetization in Bohr magnetons per cobalt atom (µB/Co), average
magnetic moment for the Co atoms in the first layer and average O magnetic moments,
computed for O adsorbed on Co(0001)5 and Co1/Ir(111)4, for both the 0.25 and 0.5 ML
coverages.

are broader. This is in agreement with the larger O adsorption energies computed for

Co1/Ir(111)4.

In Table 5.3 we show a summary of the magnetization obtained for O adsorbed on

Co(0001)5 and Co1/Ir(111)4 slabs. In all configurations the O moment is aligned ferro-

magnetically with Co. For the pristine systems, the magnetic moment of the top layer

Co atoms is larger for Co1/Ir(111)4 than for the Co(0001)5 slab, 1.92 and 1.76 µB/Co

respectively, reflecting the narrower DOS structure of Co1/Ir(111)4. After oxygen ad-

sorption a small magnetic moment is found on the O atom, ranging from 0.08 to 0.27 µB

when O is adsorbed on Co(0001)5, and slightly larger, 0.26 to 0.43 µB, when adsorbed

on Co1/Ir(111)4, depending on the oxygen concentration. Chemisorbed oxygen atoms

have a very small impact on the total magnetization of the Co and Co/Ir slabs (. 4%

and . 13% respectively). Co1/Ir(111)4 has only one magnetic layer, the intercalated Co,

then the variations are slightly larger, since they are not compensated by the bulk-like

deeper Co layers as in the Co(0001)5 slab. Among the most energetically stable config-

urations, the variations are smaller than 5%. In fact, while the hcp+ fcc configuration

has a 13% increase on the magnetization, it should be noticed that it is energetically

much less favourable. The moments of the Co atoms in the first layer, (mCo in Ta-

ble 5.3), except in one Co/Ir case, decrease with respect to the pristine systems. The

larger variation for Co(0001)5 occurs for the fcc+hcp configuration with a 30% decrease

of the surface Co magnetization, while in the case of Co1/Ir(111)4, it happens for the

fcc+ fcc configuration with a decrease of 14%. The smaller variations in this case are

again related to the number of magnetic layers in the slabs.

Cobalt oxide bulk (CoO) is known to have an antiferromagnetic (AF) order, that has
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Figure 5.3: Density of states computed for Gr@Co (left panel) and Gr@O/Co (right
panel) and projected on the C, on the first layer Co and O atomic orbitals. Next to
each plot, a scheme with the atomic structure, illustrating the difference in the Gr-Co
distance for the two systems and, for the case of Gr@O/Co, a top view showing the O
distribution.
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Figure 5.4: Bands projected on the atomic orbital of graphene, computed for Gr@Co
and Gr@OCo and unfolded in the graphene unit cell. The red and blue colors correspond
to the spin up and spin down states.

been well-described at the DFT+U level in Refs. [248–252]. This motivated the search

for possible antiferromagnetic configurations for adsorbed O on the two Co surfaces

considered here. Anyway, we find AF solutions only for Co/Ir with hcp + hcp and

fcc + fcc oxygen configurations, but with a total energy 0.3 eV/O higher than the

ferromagnetic configuration, thereby significantly less stable. More details are provided

in Section 5.1.5.

5.1.4 Graphene on Co: decoupling through O intercalation

XPS, PEEM and ARPES measurements on Gr/Co(0001) show that, upon O interca-

lation there is an electronic decoupling between graphene and Co and graphene band

structure acquires a nearly free-standing character except for a small p-doping [34, 69].
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In order to assess the effect of oxygen intercalation under Gr, we have performed calcu-

lations for graphene on Co(0001)5, with and without O adsorbed under graphene. We

consider a 0.25 ML oxygen coverage on a 2×2 Gr@Co unit cell. Van der Waals interac-

tions were taken into account through the Grimme-D3 scheme [121]. We observe that

oxygen adsorption has a large impact on the structure of the Gr/Co interface yielding a

dramatic increase in the graphene-Co distance, that changes from 2.1 in the pristine case

to 4.7 Å upon O adsorption. In absence of the oxygen, a clear hybridisation between Co

d electrons and C states close to the Fermi level can be seen from the projected density

of states of Gr@Co as shown in Fig. 5.3 (left panel), as already observed in Refs. [9,

39, 75]. In presence of adsorbed oxygen, the density of states projected on C atomic

orbitals is similar to that of freestanding graphene, as expected in view of the larger

distance between the Co and Gr layers.

Such decoupling is even clearer when looking at the band structure for the two

interfaces. In Fig. 5.4 the bands computed for the 2×2 Gr@Co unit cell are mapped

into the Gr 1×1 Brillouin zone by using the unfold-x code [113]. This procedure

allows us to visualise an effective band structure corresponding to the graphene unit

cell in the presence of substrates and adatoms. Similarly to what found in Refs. [1, 2]

for the GrCoIr interface in a 10×10 Gr supercell, the Dirac cone is disrupted by the

hybridisation of Gr with the Co d states and the C states show a spin split induced by

the spin-polarised Co states. This results in a shift of the apex of the cone of about

-3.7 and -2.9 eV for the majority and minority spin channels, respectively (left panel of

Fig. 5.4).

At variance with the Gr@Co case, for Gr@O/Co the graphene states are preserved,

including the Dirac cone, without any spin splitting (right panel of Fig. 5.4 ). In this

case, it can be seen that the Dirac point is located slightly above the Fermi level,

at about 0.4 eV, indicating a small doping of graphene, in excellent agreement with

value of the 0.3 eV recently measured with ARPES [69], and the 0.4 eV value from the

PEEM momentum map reported in Ref. [34]. The same type of doping is also seen for

Gr@Ir [75, 86] or on Gr/Ru(0001) upon O intercalation [67], with the Dirac cones at

+0.21 and +0.5 eV respectively.

The O adsorption also changes the magnetic moments of the interface. Without

O, the average magnetic moment of Co is 1.7 µB, but the hybridisation with graphene

decreases the moment of the Co top layer. In fact, the average magnetic moment

increases from 1.6 to 1.8 µB/Co when going from the top to the fourth Co layer, is

good agreement with the values estimated from X-ray Magnetic Circular Dichroism,

µs = 1.47µB [34]. Concerning graphene, there is a small magnetic moment induced in

the two nonequivalent C atoms, -0.08 and 0.05 µB. Upon O adsorption the Co magnetic

moment is more uniform across the layers, 1.7 µB/Co and there is no significant moment

on graphene. The adsorbed O atom has a magnetic moment of 0.2 µB, in the same range
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Exp. [71, 246] DFT NC [71] DFT US DFT NC

Co, a(Å) 2.507 2.52 2.515 2.497
Co, c/a 1.623 1.62 1.617 1.618
Ir a(Å) 3.839 - 3.896 3.870
dO−O (Å) 1.21 1.23 1.229 1.230
EO − 1

2
EO2 (eV ) 2.56 2.89 2.867 2.878

Table 5.4: Comparison of structural parameters and formation energy with experiments,
and previous DFT PBE calculations Ref. [71]. Calculations using ultra-soft (US) and
norm conserving (NC) pseudopotentials are also reported.

of the ones computed without the graphene layer.

5.1.5 Technicalities

In order to validate the computational method described in the main text, we started

by calculating the structural parameters for Co, Ir and the oxygen molecule, using both

ultra-soft (US) and norm conserving (NC) pseudopotentials. The results are summa-

rized in Table. 5.4, and compared with values previously reported, both experimen-

tal [253] and computed with a similar level of theory [71, 254]. The computed lattice

parameter of hcp cobalt bulk is a = 2.515 Å and c/a = 1.617, which differs from the

experimental values by less than 0.4%. For the fcc iridium bulk we obtain a lattice

parameter of a = 3.896 Å, which differs by less than 1.5% from the experimental one.

In case of the oxygen molecule, we obtained for the bound length 1.229 Å, which dif-

fers by less than 1.7% from the experimental value, while the binding energy, 2.867 eV/O,

differs by less than 12%. This typical overestimation is well-known [71, 254] and due to

the sensitivity of molecular bindings on the details of the pseudopotential. All our cal-

culations are in very good agreement with the existent literature, such small differences

are comparable with the level of accuracy of DFT.

The differences in the structural parameters that we obtained in Table 5.4 when using

NC and US pseudopotentials are very small. Nevertheless, as reported in Table 5.5, we

checked also the differences in the adsorption energies of few cases of O adsorbed on Co

and Co@Ir respectively. The results of NC and US pseudopotentials are very consistent

with each other. In the case of the 50% oxygen coverage, the fcc+hcp and the hcp+hcp

configurations are very closed in energy but the small difference results in a different

ground state when using different pseudopotentials.

The Co(0001) and Co/Ir(111) surfaces were modelled using periodic boundary condi-

tions, considering slabs surrounded by a vacuum layer, thick enough to prevent spurious

interactions between the replica. In Table 5.6 we present the dependence of the adsorp-

tion energy of oxygen in slabs of 5 layers of Co and Co/Ir on the vacuum thickness. The
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O adsorption Co Co/Ir

(ML) site NC [71] US NC US NC

0.25 hcp 5.56 5.47 5.51 5.72
fcc 5.55 5.43 5.76 5.81

0.5 fcc+hcp 5.02 5.05 5.10 5.42
hcp+hcp 4.98 5.06 5.08 5.40
fcc+fcc 4.86 5.00 5.51
hcp+fcc - 4.65 5.09

0.5 hcp+fcc(octa) 2.95
hcp+fcc(octa’) - 4.16 3.22

Table 5.5: Comparison of the adsorption energies for Co and Co@Ir obtained with ultra
soft and nor conserving pseudopotentials.

difference in the adsorption energy when using 10 to 12 Å is below 0.001 eV for all the

systems, and therefore we used a 1212 Å vacuum layer in the calculations presented in

the main text.

The Co(0001) and Co/Ir(111) surfaces were modelled using considering slabs with

a limited number of atomic layers. In order to converge the results with respect to the

slab thickness, we performed calculations of the adsorption energy with respect to the

number of atomic layers. In Fig. 5.5 we show the values for 4 to 9 layers at 0.25 ML, the

most reactive oxygen coverage, for Co and Co/Ir. When increasing the number of layers,

the adsorption energy shows some fluctuations, that are of about 0.02 eV for Co/Ir and

much larger for Co, about 0.1 eV. The difference is probably due to the increase of the

total magnetization of the Co slab when adding a new layer. The observed fluctuations

seem to follow the vertical periodicity of the Co stacks: Co has an A-B stacking, with a

periodicity of two layers. For Co/Ir, an extra Ir layer does not change the magnetization

and the adsorption energy does not change beyond 7 layers. Despite the fluctuations,

the order of the configuration with respect to the adsorption energy does not change,

being larger for Ofcc@Co/Ir and Ohcp@Co/Ir than for O@Co.

In Fig. 5.6 is shown the computed distance between the oxygen and the surface,

for slabs with the different number of layers. The values are very stable with fluctua-

tions of 0.01 Å for the oxygen-surface distances. During the energy minimization we

observed that the code sometimes arrives to an energy local minima, without finding

the global minimum. To solve the problem start by performing calculations fixing the

total magnetization and computing the total energy curve as a function of the mag-

netization value, as it is shown in Fig. 5.7. Choosing then the magnetic configuration

with the lower energy, we release the constraint on the magnetization and perform the

structural relaxation. To reach the minimum, we often need to perform non-collinear
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Ead (eV)

O (ML) adsorption site 10 Å 12 Å 15 Å

0.25 @Co5 hcp 5.470 5.470
fcc 5.428 5.429

0.5 @Co5 fcc+hcp 5.052 5.051
hcp+hcp 5.060 5.060
fcc+fcc 5.003 5.002
hcp+fcc 4.647 4.646

0.25 @Co/Ir4 hcp 5.717 5.717 5.717
fcc 5.756 5.756 5.756

Table 5.6: Adsorption energies computed for different amounts of vacuum for O ad-
sorbed on Co5 and Co/Ir4 slabs.

Figure 5.5: Adsorption energy for an oxygen coverage of 25 ML on Con (grey lines) and
Co/Irn−1 (blue lines) slabs for the configurations shown on the right side of the plot.
The A-B periodicity of the Co stacks is fitted with dashed lines in one of the cases in
order to illustrated the convergence with the number of layers.

Figure 5.6: Distance of O to the surface for the same systems in Fig. 5.5 (same color
code), computed for on Con and Co/Irn−1.
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Figure 5.7: Convergence of the ground state by sampling its total magnetization (TM).

O (ML) adsorption site Co Co/Ir

0.5 hcp+fcc(octa) 2.95 [71]
hcp+fcc(octa’) 4.16 3.22

Table 5.7: Comparison of the adsorption energies for Co and Co@Ir obtained considering
O penetration. As it is explained in the text, we did not find any hcp+fcc(octa) solution,
instead we find a configuration where the O atoms in the position fcc are located under
the second layer of the substrates.

magnetization calculations, even if the final results only show magnetization on the axis

perpendicular to the surfaces.

We have considered several starting configuration with oxygen atoms below the first

Co layer. For both Co and Co/Ir surfaces, and for both O concentrations considered,

upon geometry optimization the O migrated to the surface. We were not able to find

any solution corresponding to the configuration hcp+ fcc(octa) as is define in Ref. [71].

This can be due to the different methods used to perform the structural relaxation. For

example, in Ref. [71], in addition to oxygen, only the atomic positions of the atoms in

the 3 top layers of a slab of 5 were relaxed, whereas we have relaxed the whole slab.

Instead we were able to compute a configuration with O occupying an fcc site below the

2nd layer. This corresponds to a Co layer for the case of the Co slab, but to an Ir layer

for the case of Co/Ir and is the only configuration for which the adsorption energy is

larger for Co than for Co/Ir. This configuration is, anyhow, less stable then the surface

sites and in fact the interlayer positions are expected to occur only for O contents larger

than 1 ML [71].

The dependence of the magnetic properties with the slab thickness for 0.25 oxygen

ML is showed in Fig. 5.9. The total magnetization of cobalt systems with and without

O converges to the bulk value, while the magnetization of Co/Ir systems varies between

1.8 and 2.3 µB/Co. When O occupies the fcc position, the magnetization is similar
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Figure 5.8: Scheme illustrating the atomic structure corresponding to a) the ground
state configuration with no subsurface O, b) the configuration found in Ref. [71], called
’hcp+fcc(octa)’, and the only metastable solution with subsurface O (below the second
layer) found in the present work.

to one of the pristine surface, whereas when it occupies the hcp, the magnetization is

higher by 0.1 µB/Co.

CoO is know to have an antiferromagnetic order, that has been well described at the

DFT level in Ref. [248–252]. This motivated the search for possible antiferromagnetic

configurations for adsorbed O on the two Co surfaces considered previously.

We chose, among the configurations with higher O content, closer to the CoO stoi-

chiometry, the ones with higher adsorption energies, labeled fcc + fcc and hcp + hcp.

In CoO, the antiferromagnetic pattern is formed by adjacent cobalt layers that are sep-

arated by an oxygen layer. In the present case, and since O is adsorbed on the surface,

the only possibility for O to mediate an AF interaction is to consider configurations

with in/plane AF coupling, as shown in Figure 5.10, although Co forms a triangular

lattice that will present frustration in the other Co atoms of the supercell. The Co rows

along x are coupled antiferromagneticaly, following the distribution of the O atoms.

The results are summarized in Table 5.8.

We find AF solutions only for Co/Ir. In case of Co no such configuration is found,

since the strong ferromagnetic interaction in the slab imposes to the oxidized layer. In

any cases the total energy of the AF configurations found for O@Co/Ir are 0.3 eV/O

higher than the ferromagnetic solution.

In AF O@Co/Ir, the two rows of Co atoms closer to O show AF order. The other

rows of Co atoms present zero magnetic moment as was expected. This is due to the

fact that these atoms are surrounded by four Co atoms with different magnetic moment

orientations, leading to magnetic frustration. It is possibly this frustration that makes

this configurations so high in energy. The magnetization pattern of Co extends to the

iridium layers: the Ir atoms close to magnetized Co planes are AF coupled, while the

others have zero magnetic moment, resulting in a completely antiferromagnetic solution.
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Figure 5.9: Total slab magnetization (top-left) and oxygen (bottom-right), cobalt
(bottom-right) and total (top-right) surface magnetization for Co@Ir and Co systems
with 25 ML oxygen coverage computed for slabs with different number of layers. Colors
are set according to Fig.5.5, where we have filled the points with a smaller red zone to
represent the sum in the total surface magnetization, mCo + mO. In the cases of the
total slab and surface magnetization, the values for the pristine surface (black) are also
shown. All the data is normalized to the number of Co atoms or to the number of O
atoms for the oxygen magnetization.

Figure 5.10: Illustration of the different O adsorption sites (red dots) for a 0.5 ML
concentration, with respect to the antiferromagnetic configuration imposed on the Co
lattice (orange arrows). The upper panels represent O@Co and the bottom panels
O@Co/Ir. Only half of the Co atoms present a non zero magnetic moment, and are
arrange along a line in the x direction.
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hcp+hcp fcc+fcc

EAF − EFM (eV/O) 0.31 0.32
mtot (abs) 0.00 (5.07) 0.00 (4.45)
mCo ±1.70/0.00 ±1.57/0.00
mO ±0.08/0.00 ±0.07/0.00
mIr ±0.10/0.00 ±0.06/0.00

Table 5.8: Summary of the energy differences and magnetic moments corresponding to
the AF configurations illustrated in fig. 5.10. The reported energy correspond to the
difference with respect to the ground state ferromagnetic configuration. All the values
of magnetization are given in µB per Co, O or Ir atom correspondingly.

5.1.6 Summary

We have shown, by means of DFT calculations, how O intercalation can be used to

control the electronic properties of the Gr/Co(0001) and how the structurural properties

of the Co surface influence the O adsortion.

Starting from the effects of strain on the adsorption of O on Co surfaces, we studied

two different surfaces: Co(0001) and a single layer of Co deposited on of Ir(111), taking

into account that in the latter case the single Co layer assumes the lattice parameter of

iridium [8, 9], and therefore has a lattice parameter 0.25 Å larger than Co(0001) surface.

The adsorption energies are about 0.3 eV larger for Co/Ir(111) than for the Co(0001)

surface and in both structures, the adsorption energies decrease with increasing O con-

tent. We show that the most favourable surface positions for adsorption are the hcp

sites on Co and fcc on Ir/Co. According to our results, for the studied O contents,

subsurface sites are not stable.

We then looked at the influence of O on the Co electronic properties by computing

the DOS for O adsorbed on Co and Co/Ir. We have seen that the clear overlap between

O and Co states induces a spin polarization of the O states with a larger hybridisation in

the case of Co/Ir(111), for which the O pDOS peaks are broader. The larger magnetic

moment of the Co single when deposited on Ir, a consequence of its strained lattice, also

results on a slightly larger O magnetic moment. For increasing O coverage, the O-O

repulsion widens the DOS and shifts it slightly downwards in energy.

Finally, we have studied the effect of O intercalation in the graphene@Co(0001)

interface, clearly showing that the presence of O results in an increased graphene-Co

distance, effectively reducing the electronic interaction with the Gr layer, confirming the

experimental data [34, 69]. The graphene Dirac cone, disrupted by the hybridisation

with the Co states around the Fermi energy, is restored upon O intercalation. Graphene

bands recover their free-standing character except for a small p doping of graphene since

its Dirac cone is now located slightly above the Fermi energy, in perfect agreement with
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reported ARPES [69] and PEEM [34] measurements.

This resuts support the idea that O intercalation on Gr/Co interfaces, shown exper-

imentaly to be a reversible process, could be used in the tuning if the Gr-Co hybridiza-

tion, and possibly, in the case of the Gr/Co/Ir(111), in the control of the moiré pattern

and graphene corrugation.

5.2 Fe intercalation on Gr/Ir(111)

Following the successful strategy for Fe growth, we have studied well-defined smooth Fe

layers intercalated between Gr and Ir(111), without any alloying and Fe-C intermixing.

By means of a combined experimental and theoretical approach, we gain a detailed

insight into the physical properties of the iron-intercalated Gr/Ir(111) heterostructure.

The sandwiched Fe layers present a redistribution of the minority and majority elec-

tronic density of states triggered by the spatial confinement and by the peculiar strained

structural configurations, as predicted by first principles spin resolved electronic struc-

ture calculations and experimentally confirmed by angular resolved photoemission and

X-Ray magnetic dichroism.

5.2.1 Methods

Density functional theory (DFT) simulations were carried out using the Quantum

ESPRESSO package [107, 108] where wavefunctions are expanded in plane-waves and

pseudopotentials are used to account for the electron-ion interaction. We used the local

density approximation (LDA) for the exchange-correlation potential, according to the

Perdew-Zunger parametrization [255]. Similarly to previous works [22, 75] carried out

by the same experimental and theoretical groups, we simulated the Gr/1ML-Fe/Ir(111)

interface considering the complete moiré induced periodicity by using a 9×9 supercell

of Ir(111), corresponding to a 10×10 supercell of pristine Gr. The lattice parameters

were obtained by relaxing Ir bulk at the LDA level using ultrasoft pseudopotentials

(USPP), resulting in a Ir–Ir bond distance of 2.7048 Å (corresponding to a hexagonal

cell of 46.001 Bohr radius for the moiré structure). In all the calculation we included

four metallic layers (3 Ir plus one Fe layer or 4 Ir layers). In order to make the two

sides of the slab inequivalent we added a layer of H atoms in one of the two sides.

Atomic positions were then fully relaxed (except for the two bottom Ir layers and the

H saturation layer) until ionic forces were smaller than 0.001 Ry/Bohr. For all the

self-consistent calculations we used a 2×2 grid of k-points, ultra soft pseudopotentials

to model the electron-ion interaction and a kinetic energy cutoff of 30 and 300 Ry to

represent Kohn-Sham wavefunctions and density, respectively.

Since LDA is known to underestimate the values of the orbital magnetic moments
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in transition metals [103], we have adopted a DFT+U scheme [117], with a Hubbard U

parameter of 2 eV. In order to compare calculated band structures with ARPES data,

we applied an unfolding procedure [110, 113] to the computed bands of Gr/Fe/Ir and

Gr/Ir. With this procedure, the band structure computed for the 10×10 supercell is

mapped into the graphene 1×1 Brillouin zone by using the unfold-x code [113]. In

this way we obtain an effective band structure corresponding to the graphene unit cell.

In this picture, the k-dispersion is broadened by the break of the 1×1 translational

symmetry induced by the 10×10 moiré pattern.

A single layer of iron, intercalated under Gr grown on Ir(111), induces a corruga-

tion of the Gr membrane and preserves the periodicity of the moiré superstructure,

superimposed to the hexagonal Gr lattice, as described in Section 1.2.1. After Fe in-

tercalation, the pattern is only slightly attenuated (Fig. 1.3b), thus the first Fe layer

appears commensurate to the Ir(111) surface lattice.

We have further investigated the structural properties of this system by means

of DFT at the LDA+U level. The calculations confirm the large corrugation of the

graphene layer (1.44 Å), with a minimum graphene-Fe interplanar distance of 1.85 Å

and a maximum of 3.29 Å on the crests of the hills, as shown in Fig. 1.3(c). Previous

DFT calculations [11] done at the PBE level including van der Waals interactions by

using the DFT–D2 method [256, 257] found a similar scenario, with slightly larger Gr-Fe

distances (2.05 and 3.33 Å for valleys and hills, respectively).

The topography of the Gr/Fe/Ir(111) heterostructure is similar to the corrugated

moiré superstructure observed for the Gr/Co/Ir(111) system [22], but very different

from the structure reported for Gr directly grown on bcc-Fe(110) [45]. Previous STM

measurements and DFT calculations performed at the LDA level, for Gr/bcc-Fe(110)

point out the formation of a periodic corrugated pattern of the graphene layer parallel to

the [001] direction of the substrate, consisting in a supercell of 7×17 graphene hexagons

with a smaller corrugation of 0.6/0.9 Å, and only a small fraction of the C atoms

considerably elevated over the Fe surface, thus making the entire graphene membrane

strongly interacting with the metal substrate.

In the present case, the larger graphene corrugation modulates the Gr/Fe interac-

tion. This is illustrated by the charge difference computed for Gr/Fe/Ir(111) shown in

Fig. 1.3(d,e). The excess of negative charge (yellow isosurface) is accumulated in the

graphene membrane, donated by the Fe intercalated layer. The redistribution of charge

is more pronounced in the valley regions and milder in the areas corresponding to the

crests of the hills, corroborating a different strength of hybridization between graphene

and Fe going from the valleys to the crests due to the increasing graphene–Fe distance.

The periodicity of strongly and weakly bound regions in which covalent and van der

Waals bonding dominate, respectively, induces a different balance in the charge transfer

determined also by the registry with respect to the underlying Fe atoms.
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Figure 5.11: Band Structure and projected Density of States (pDOS) computed within
DFT for Gr/Ir(111) and Gr/1 ML Fe/ Ir(111): a) Gr/Ir DOS projected on C and Ir
atomic orbitals and b) Gr/Ir band structure, unfolded on the 1×1 graphene unit cell as
described in the main text; c) Gr/Fe/Ir majority spin DOS projected on C, Fe and Ir
atomic orbitals; d) majority and e) minority spin band structure, unfolded on the 1×1
graphene unit cell; f) Gr/Fe/Ir minority spin pDOS.

Importantly, the magnetic response of Fe films is extremely sensitive to tiny varia-

tions of the structural configuration [79], and the strained lattice of the Fe film interca-

lated under graphene can give rise to an altered distribution of the electronic majority

and minority states and to different spin and orbital configurations with respect to the

bulk reference [53].

5.2.2 Electronic structure

A deeper insight into the interaction between Gr and the Fe intercalated layer(s) can be

unveiled by the spectral density deduced by angular resolved photoelectron spectroscopy

of the Gr/Fe/Ir(111) heterostructure, described in Section 1.2.2, compared with ab initio

theoretical predictions of the electronic density of states (DOS) and band structure

calculated by DFT.

The measured ARPES data are complemented by DFT calculations, as shown in

Fig. 5.11, where the electronic structures computed for Gr/Ir(111) and Gr/Fe/Ir(111)

are unfolded and mapped into the 1×1 graphene Brillouin zone along the Γ – K direc-

tion, as described in Sec. 5.2.1. Projected DOS (and projected bands in Fig. 5.12) are

also provided to complement the band information. The bands obtained for Gr/Ir(111)

are in good agreement with existing literature, as from e.g. Ref. [258]. Concerning the

Fe intercalated system, as also observed in the experiments, the Gr π- and σ-bands

are shifted to higher binding energies by the effect of Fe intercalation (i). While for

Gr/Ir(111) the π bands are clearly recognizable, in the case of Gr/Fe/Ir(111) they are

strongly hybridized with Fe states above -6 eV and the upper part of the cone is iden-



CHAPTER 5. APPLICATIONS 99

Gr

ΓK K

Fe

ΓK K

Ir

ΓK K

E 
(e

V
) -4

 0

-8

-12

Figure 5.12: Bands computed for the Gr/1ML-Fe/Ir(111) unfolded on the Graphene
1×1 cell and projected on C (graphene), Fe, and Ir.

tifiable only for the minority spin states. The bottom of the π bands at Γ moves from

about -7.5 eV in Gr/Ir to about -10.0 eV in Gr/Fe/Ir (see Fig. 5.12), with an overall

downshift of ∼2.5 eV, in quite good agreement with the experimental findings. Simi-

larly, the σ bands of graphene undergo a downshift by about -1.5 eV at both Γ (going

from -2.5 to -4 eV) and K (from -10.5 eV to -12 eV). While the experimental offset of

these features is found at larger binding energies (namely 4.0 eV and 5.5 eV as marked

by σ and σ′ in Fig. 1.4d), the downshift is quite consistent with the calculations [259].

In order to identify Fe-related states, we consider the projected DOS, shown in

Fig. 5.11(c,f), where a strong spin splitting of the Fe components is observed (see dis-

cussion below). For instance, a large peak of the Fe pDOS is found in the energy region

of 3-4 eV BE, in good agreement with the experimental data, and mainly located in the

majority spin channel. Such peak then overlaps with the π bands of Gr disrupting the

Dirac cone for majority states. In contrast, the Dirac cone is still faintly visible in the

minority spin bands at about 2.5-3 eV. In both spin channels the pDOS reveals overlap-

ping peaks due to Fe and graphene states, suggesting that the shadowing of the vertex

of the Dirac cone observed in the experimental photoemission data is clearly induced by

the hybridization of the graphene π-states with the Fe d majority states. Furthermore,

the spin resolved DOS in the energy region closer to the Fermi level shows that the

main Fe-related peak of the minority spin states lies above the Fermi level, with smaller

peaks between -2 eV and the Fermi energy, in good agreement with the experimental

observation (iii). Overall, this picture is further confirmed by the projected unfolded

bands provided in Fig. 5.12.

In order to better compare with Gr/Ir and to support the identification and as-

signment of the electronic structure features, in Fig. 5.12 we plot the unfolded bands

of GrFeIr projected on C, Fe, and Ir atoms. In particular, this allows one to better

appreciate the downshift of graphene-related states, the position of Fe-related states in

the majority and minority channels, and the role of Iridium states.
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Figure 5.13: Comparison of the Density of states projected on graphene and Fe or Co,
computed for the Gr/1ML-Fe/Ir(111) and Gr/1ML-Co/Ir(111)

In order to compare with the case of GrCoIr, in Fig. 5.13 we present the Density of

States, projected onto C, Fe and Co orbitals, computed within DFT for Gr/Fe/Ir(111)

and Gr/Co/Ir(111), including the complete moiré induced periodicity by using a 9×9

supercell of Ir(111), corresponding to a 10×10 supercell of pristine Gr. As discussed in

the main text, LDA+U with U=2 is used for GrFeIr, while U is not included for GrCoIr.

The main differences between the two systems are seen in the Fe and Co pDOs. The

first presents a larger spin split, with the majority d states almost fully occupied, and

less occupied minority states, when compered with Co. Fe also shows a pronounced

peak around 4 eV below the Fermi energy. These Fe d states are resonant hybridized

with the graphene π states.

5.2.3 Magnetic properties of the Fe layer

In contrast with Fe grown on Ir(111), for which the loss of inversion symmetry at the

interface of the magnetic layer and substrate stabilizes different skyrmion lattices de-

pending on the Fe/Ir stacking [89–92, 260], when a Fe monolayer is intercalated between

Gr and Ir(111), the heterostructure exhibits a ferromagnetic order with an out-of-plane

easy magnetization axis [11]. For this reason, and based on the experimental evidence

described below, in the present DFT calculations we have considered only collinear

magnetic configurations, excluding in this way skyrmions or spin spiral textures.

The pDOS computed for the Gr/Fe/Ir(111) heterostructure shows a large spin split

of the Fe states, with the maxima of the two spin pDOS almost 5 eV apart. In par-

ticular, the majority spin states are almost fully occupied while the largest peak of

the minority spin states is empty, which results in an average Fe-magnetic moment of

2.2 µB/atom. The computed ground state magnetic configuration is ferromagnetic even

if the Fe magnetic moment shows a modulation over different sites ranging from 2.0 to

2.7 µB/atom, in good agreement with previous calculation [261]. The modulations is
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determined by the graphene layer, with the Fe atoms located below the graphene crests,

i.e. with larger Fe-C distances, having the largest values. Concerning graphene, the

C magnetic moments are non-zero but quite small (at the LDA+U level ranging from

-0.02 to 0.01 µB/atom), similarly to what reported for Gr/Co/Ir(111) [10, 22], with a

distance- and sublattice-dependent modulation.

Overall, we find that the Fe monolayer displays a clear spin splitting, as an effect

of the band narrowing and subsequent increased number of majority electrons. This is

confirmed by the strong localization of the Fe-induced electronic states observed in the

photoemission spectral density. It is interesting to point out that a different scenario

is found for the Gr/Co/Ir(111) interface [10] where Co spectral weight in the minority

channel is shifted at lower energies leading to a spin split significantly smaller than in

the present case.

The strong ferromagnetic behavior is confirmed by the X ray absorption spectra and

the XMCD at the L2,3 edges for 1.4 ML and 7 ML of Fe sandwiched between Gr and

Ir(111), shown in Fig. 1.10. The evaluated average total moment is 2.1±0.2 µB/atom for

7 ML of Fe intercalated under Gr, in fair agreement with 2.2 µB/atom (spin moment),

as deduced by the DFT predictions.

The strategy to sandwich the Fe layer beneath the graphene membrane with an

intercalation process at moderate temperature (500 K), prevents any alloying, and the

absence of any hallmark of Fe-Ir and Fe-C intermixing proves the formation of a well-

defined homogeneous Fe layer in registry with the Ir(111) surface. Such single layer of

Fe, protected by the graphene membrane, induces a downshift in energy and a symmetry

breaking of the Dirac cone due to the interaction between Gr and Fe majority states

resonant in the energy region of the vertex of the cone. The redistribution of the spin

resolved Fe pDOS with a narrowing of the Fe bands and a larger spin splitting between

majority (fully occupied) and minority states (almost empty) of the Fe states associated

with increased total Fe magnetic moment influences the magnetic response of the Fe

intercalated layer(s).

In contrast to the case of direct growth of Fe on Ir(111), where, despite the large

Fe magnetic moment, a non-collinear magnetic order has been observed [89–91, 260],

the Fe layer with graphene on top reveals a ferromagnetic long range order with spin

and orbital moments that are higher than the ones found for the bulk phases. The

graphene top layer acts not only as a protective membrane, but also allows for a stable

ferromagnetic configuration, counteracting the effect of Ir substrate. The concomitant

dimensionality reduction with a narrowing of the d bands and a reduced superimposi-

tion between the spin-split majority and minority Fe bands, further contribute to the

transition of a single Fe layer (or few layers of Fe), from weak to strong ferromagnet,

when intercalated beneath graphene. These 3d confined layers protected by a graphene

membrane with a novel structural configuration with respect to the bulk lattice arrange-
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ment offer a powerful playground to tune their electronic structure and magnetic state

for magnetic/spintronic devices.

5.3 FeCo intercalation on Gr/Ir(111)

Ferromagnetic metals (FMs) and their alloys can be finely manipulated by changing

their chemical composition [50], structural configuration [51], and by reducing the di-

mensionality [52, 53]. Modified symmetry and scaled dimension, indeed, may induce in

FMs higher magnetic moments and larger uniaxial magnetic anisotropy energy (MAE)

with respect to their 3D counterparts [12, 53–56]. The enhanced magnetism in nanos-

tructures, can be used e.g, for engineering spintronic devices [57], high-density magnetic

storage [58], and permanent magnets [59].

In this section, we investigate the electronic and structural properties of the equiatomic

FeCo layers grown epitaxially on Ir(111) underneath a Gr cover, by means of Density

Functional Theory (DFT). We show that the reduced dimensionality in the artificially

confined system leads to a narrowing and a redistribution of majority and minority

3d states with respect to the pure species, enhancing also the splitting between Fe

3d -up and Fe 3d -down spin bands. Our description of the electronic structure in

equiatomic FeCo layers sheds light on the enhanced magnetism previously demonstrated

by XMCD [12] and provides a useful insight in the engineering of low dimensional FM

alloys.

5.3.1 Methods

Density functional theory (DFT) simulations were carried out using the plane wave

implementation of the Quantum ESPRESSO [107, 108] distribution. We used the

local density approximation (LDA) for the exchange-correlation potential, according to

the Perdew-Zunger parametrization [255]. Since LDA is known to underestimate the

values of the orbital magnetic moments in transition metals [103], we have adopted a

DFT+U scheme [117], with a Hubbard U parameter of 2 eV for Fe and 4 eV for Co. The

choice of the values is explained in detail in the Section 5.3.3. Similarly to our previous

works [1, 22, 75], we simulated the Gr/1ML-FeCo/Ir(111) interface considering the

complete moiré induced periodicity by using a 9×9 supercell of Ir(111), corresponding

to a 10×10 supercell of pristine Gr. The lattice parameters were obtained by performing

a relaxation of the Ir bulk in the LDA approximation using ultrasoft pseudopotentials

(USPP), resulting in a Ir–Ir bond distance of 2.7048 Å (corresponding to a hexagonal

cell of 46.001 Bohr radius for the moiré structure). In all the calculations we included

four metallic layers (3 Ir plus one FeCo layer). The two sides of the slab were made

non-equivalent by adding a layer of H atoms in one of the two sides. Atomic positions
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Figure 5.14: Comparison between ARPES measurements of Gr/FeCo/Ir(111) taken
along the Γ̄-K̄ direction (a), and the band structure computed for the 10×10 supercell
of Gr/1ML-FeCo/Ir(111), mapped into the graphene 1×1 BZ and projected into the
atomic orbitals of the different atomic species (b-e).

were then fully relaxed (except for the two bottom Ir layers and the H saturation layer)

until ionic forces were smaller than 0.001 Ry/Bohr. All the self-consistent calculations

were performed using a 2×2 k-point grid, USPP to model the electron-ion interaction

and a kinetic energy cutoff of 30 and 240 Ry to represent Kohn-Sham wavefunctions

and density, respectively.

In order to obtain a simpler representation of the Gr/FeCo/Ir(111) band structure,

we have applied an unfolding procedure [110, 113] in which the band structure com-

puted for the 10×10 supercell is mapped into the Gr 1×1 Brillouin Zone (BZ) by using

the unfold-x code [113]. This approach has been further extended to include atomic

projections on Lödwin orthogonalized atomic orbitals as provided by the Quantum

ESPRESSO package [107, 108].

5.3.2 Narrowing of d bands

The Gr/FeCo/Ir(111) interface was modeled at the DFT level as described previously.

The calculations indicate a large corrugation of the Gr layer (1.40 Å), with a Gr-FeCo

interplanar distance of 1.90 Å and 3.30 Å at valleys and hills, respectively, as shown in

Fig. 1.5(c-d). The corrugation of the Gr/FeCo/Ir(111) and the energy landscape of the

stable structural configuration are similar to those computed for the pure intercalated

systems Gr/Fe/Ir(111) (1.3 Å) [1] and Gr/Co/Ir(111) (1.4 Å) [8, 22]. It is worth noticing

that we do not include van der Waals interactions in our approach since LDA has shown

to give a good description of graphene corrugation and distance for Gr/Fe/Ir(111) [1],

providing essentially the same scenario as DFT calculations done at the PBE level

including van der Waals interactions [11], which only find slightly larger Gr-Fe distances.

The experimental evidence of narrow bands associated to FeCo in the energy re-

gion of EF and the hybridization of π states of graphene described in section 1.2.2 is
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Figure 5.15: Central panel: majority and minority spin band structure computed within
DFT for Gr/1ML-FeCo/Ir(111). Left (right) panel: majority (minority) spin DOS
computed within DFT and projected on C, Fe, Co and Ir atomic orbitals.

confirmed by the DFT calculations. The spin-resolved electronic structure of Gr/1ML-

FeCo/Ir(111), shown in Fig. 5.14 (b-e), is projected on atomic orbitals of different

species and mapped into the 1×1 Gr BZ along the Γ̄-K̄ direction. With respect to free-

standing Gr, the main effect on the π and σ bands is a non-rigid shift towards higher BE

(Fig. 5.14b), as also found in the literature for pure intercalated systems [1, 9, 37, 39,

82]. In addition, our calculations clearly show a significant interaction of the Gr π-band

with the FeCo-d majority states, that is stronger than with the minority bands. This

is especially evident in the wide 0-5 eV energy range below EF (Fig. 5.14a). The spin-

down π band of Gr preserves its linear dispersion up to about -2 eV, where it strongly

overlaps with the FeCo minority states (Fig. 5.14b-d), and their interaction pushes the

π band maximum down, in agreement with our ARPES measurements. Therefore, in

line with a recent paper of Gr grown on a Mn5Ge3 FM interface [262], the theoretical

predictions demonstrate that the interaction of Gr with the FeCo layer gives rise to a

downshifted Gr π band which is mainly minority-spin polarized.

This picture is further confirmed and summarized by the comparison of the total

band structure (central panel of Fig. 5.15), with the spin DOS projected on C, Fe, Co

and Ir atomic orbitals (left-right panels of Fig. 5.15), computed within DFT for Gr/1ML-

FeCo/Ir(111). From the pDOS we can see that the Fe and Co 3d states, particularly in

the majority spin channel, almost coincide (detailed analysis in Sections 5.3.4 and 5.3.3,

including the role of DFT+U corrections). The majority spin channel is almost filled,

with an intense peak centered at about -4 eV, where the spin-up Dirac cone is strongly

hybridized and almost quenched. In the minority spin channel, the main superimpo-

sition of Fe and Co pDOS peaks is seen at about -2 eV and at the Fermi level, where

indeed the transition metal states appear in our ARPES measurements.

The density of states and the spin electronic bands for bulk FeCo alloys have been
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deeply investigated and discussed in the literature [53, 263, 264]. The strong hybridiza-

tion of Fe and Co in the bulk alloy produces an increase of the Fe exchange splitting and

a saturation of the magnetic moments [263, 264]. More specifically, it has been shown

that at about 30% Fe content the atomic magnetic moments become almost indepen-

dent on the alloy composition, due to a redistribution of 3d minority electrons to the 3d

majority states at the Fe sites. Furthermore, the reduced dimensionality and number

of nearest neighbors at the FeCo interface also influence the d bandwidth and the spin

splitting of the states [53, 263, 264].

Despite a number of differences with the Gr/FeCo/Ir interfaces studied here, such as

the interaction with Gr or with the Ir surface, some of the features of FeCo alloys subsist.

In particular, we observe a larger spin-splitting between majority and minority spin

channels, and a narrowing bandwidth of the 3d states for this confined FeCo layer with

respect to bulk Fe and FeCo [263]. A detailed comparison between the Gr/FeCo/Ir(111)

interface and the bulk systems is presented in Sections 5.3.3 and 5.3.4. From the DFT

simulations, the spin-resolved DOS of Fe and Co show almost completely filled 3d-

states in the spin-up channel, with about 4.76(4.70) electrons for Fe(Co), while about

2.08(3.09) electrons are localized in the 3d spin-down channel. Though the energy

position of the FeCo 3d states depends on the values of U chosen for the Hubbard

correction, there is always a significant overlap between the Fe and Co states, while the

Gr states are almost insensitive to different values of U, as described in Section 5.3.3.

Therefore, the results shown in Fig. 5.15 demonstrate that the reduced symmetry

and the structural configuration of the intercalated equiatomic FeCo layer induce a clear

splitting of Fe 3d -up and down bands, with a narrower bandwidth with respect to Fe

bulk.

This picture is consistent with previous XMCD measurements on Gr/FeCo/Ir(111),

showing a sensible enhancement of the magnetic moments [12] with a strong ferromag-

netic coupling between Fe and Co.

In conclusion, within the present study we characterize the electronic and structural

properties of few FeCo layers, embedded between Gr and Ir(111). By means of ARPES

we show that the interaction of the π band of Gr with FeCo-3d states pushes the strongly

hybridized Dirac cone towards higher BE in analogy with pure intercalated systems.

However, in proximity of EF we identify new localized states associated to the FeCo

alloy. By means of DFT we show that the homogeneous intermixing of the two FMs

and the artificial structural phase, where the FeCo layer is stretched to the Ir(111) lattice

constant, leads to a narrowing and to an enhanced spin splitting of the 3d states with

respect to pure bulk systems. From an experimental point of view, we have succeeded

in inducing such narrowing and enhanced spin splitting within a homogeneous 2D FeCo

system. Therefore, our study provides a new artificial 2D FeCo system protected from

contaminants through the Gr layer, inducing an enhanced magnetic response, which can
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be further engineered for integration in magnetic devices.

See Sections 5.3.3 and 5.3.4, for: selected core levels measurements; additional cal-

culations of projected DOS with different values of Hubbard U parameter; projected

DOS for 10× 10 Gr/FeCo/Ir(111), 10× 10 Gr/Fe/Ir(111), 10× 10 Gr/Co/Ir(111) and

DOS for corresponding FM bulk systems.

5.3.3 Parameters for the DFT+U scheme

Since LDA is known to underestimate the values of the orbital magnetic moments in

transition metals [103], we have adopted a DFT+U scheme [117], with a Hubbard U pa-

rameter of 2 eV for Fe and 4 eV for Co in the calculations for the 10×10 Gr/FeCo/Ir(111)

supercell.

The U value was chosen after systematic tests done on smaller model systems con-

sisting in 1×1 and 2×2 cells where we kept fixed the LDA Ir lattice parameter. We

considered interfaces with and without graphene. In the latter case, the graphene layer

was artificially stretched in order to have commensurate interfaces. We begin by com-

puting the Hubbard parameters using linear-response within the framework of density-

functional perturbation theory [118] for the Fe/Ir(111) and Co/Ir(111) interfaces, ob-

taining respectively values of 2.4 and 4.8 eV. Since a similar calculation done on the

large 10× 10 supercell is forbiddingly heavy from the computational point of view, the

choice for the values of U resorted to the analysis of the following data.

The magnetic moments computed for Fe and Co 1×1 interfaces for a set of different

U values are reported in Tab. 5.9. As expected, the inclusion of U increases the magnetic

moment of both Fe and Co. For the interfaces without graphene, the maximum magnetic

moment is achieved for U=4 eV, whereas for the interfaces with graphene, the magnetic

moment increases with U for all the values considered. In any case, the changes are

more abrupt for the U values between 0 and 4 eV. We can observe that for all the values

of U, the presence of graphene reduces the magnetic moment of both Fe and Co (though

the reduction for Fe is significantly larger for U ≤ 4 eV).

In Fig. 5.16 we show the the Projected Density Of States (pDOS) computed for a 2×2

Gr/FeCo/Ir supercell with different U parameters. For all the values of U considered

we observe a significant hybridization of the Fe an Co states both in the majority and

minority spin channels, together with a downshift of the majority spin states which

depends on the chosen values of U. On the other hand, the graphene pDOS remains

unaltered, being very similar for all the values of U. It is worth noticing that, in the

2×2 supercell considered here, the graphene lattice is stretched and therefore its pDOS

differs from the one computed for the larger 10×10 supercell shown in the main text.

The values of U for the 10×10 Gr/FeCo/Ir(111) supercell were chosen by considering

all the information described above. We have concluded that it was reasonable to use
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Fe/Ir Co/Ir Gr/Fe/Ir Gr/Co/Ir
U m(Fe) m(Co) m(Fe) m(Co)

0 2.67 1.74 2.09 1.13
2 2.93 1.88 2.42 1.40
4 3.20 2.01 2.61 2.10
5 3.16 1.86 2.63 1.96
6 3.14 2.26 2.62 2.02

Table 5.9: Magnetic moment per atom in µB/atom computed for the 1×1 Fe/Ir, Co/Ir,
Gr/Fe/Ir and Gr/Co/Ir interfaces, considering different values of U, given in eV.

Energy (eV)Energy (eV)

UFe = 0 eV, UCo = 0 eV UFe = 2 eV, UCo = 0 eV

UFe = 2 eV, UCo = 2 eV UFe = 2 eV, UCo = 4 eV

Figure 5.16: Projected density of States computed for a 2×2 Gr/FeCo/Ir supercell with
different values of U, in eV. In all the panels: Fe states (red area), Co states (blue area),
Ir (gray area), Gr (solid line).
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Gr/FeCo/Ir Gr/Fe/Ir Gr/Co/Ir
up down up down up down

Fe 4.76 2.08 4.74 2.20 - -
Co 4.70 3.09 - - 4.71 3.00

Fe+Co 4.74 2.58 - - - -

Table 5.10: Average occupation per atom and per spin of the valence states, 3d, com-
puted for the Gr/FeCo/Ir, Gr/Fe/Ir and Gr/Co/Ir interfaces. Values of U=2 eV and
U=4 eV have been adopted for Fe and Co atoms, respectively.

the values of 2 and 4 eV for Fe and Co respectively. Similar values had been used for

Gr/Co/Ir(111) [8] and Gr/Fe/Ir(111) [1]. In the main text we have reported that the

majority spin states coincide in energy and the minority spin states also show a large

overlap, keeping in mind that this behavior depends critically on the chosen values of

U, as demonstrated by the analysis provided in Fig. 5.16.

5.3.4 Comparison of pDOS for different transition metals

In Figure 5.17 we present the DOS projected on the 3d metal and on graphene, com-

puted within DFT+U for Gr/FeCo/Ir(111) and Gr/Fe/Ir(111) and Gr/Co/Ir(111). The

calculations were done considering the complete moiré induced periodicity by using a

9×9 supercell of Ir(111), corresponding to a 10×10 supercell of pristine Gr, similarly

to the results presented in the main text. For the reasons explained above, we have

adopted a DFT+U scheme [117], with a Hubbard U parameter of 2 eV for Fe and 4 eV

for Co, and again we would like to stress the critical dependence of the DOS on the

chosen values of U.

The three systems present a large spin split of the 3d states, with the majority

spin states fully occupied. The main differences are seen in the minority spin states.

Despite the fact that all interfaces show two sets of peaks, one below and the other

above the Fermi energy, the relative intensity and shape of the peaks is different: for

Gr/Co/Ir(111) the set of peaks below Fermi has the same height but is broader than the

one above; the opposite happens for Gr/Fe/Ir(111) and Gr/FeCo/Ir(111), that present

similar DOS shapes and the unoccupied peak larger than the one below EF . The val-

ues of the occupation averaged for Fe an Co for each spin state are summarized in

Table 5.10. This is reflected in the magnetization. The total magnetization of the inter-

face, including three Ir layers, is respectively 176, 203 and 139 µB for Gr/FeCo/Ir(111)

and Gr/Fe/Ir(111) and Gr/Co/Ir(111). The average magnetic moment per atom for

the 3d metals is 2.7 µB for Fe and 1.6 µB for Co in case of Gr/FeCo/Ir(111). These

values are comparable with the ones computed for the pure intercalated layer, for Fe
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Gr/Co/Ir

Gr/FeCo/Ir

Gr/Fe/Ir

Figure 5.17: Density of states projected on the 3d metal and on graphene, computed
for a 10 × 10 Gr/FeCo/Ir supercell compared with the pDOS computed for 10 × 10
Gr/Fe/Ir and 10× 10 Gr/Co/Ir. Values of U=2 eV and U=4 eV have been adopted for
Fe and Co atoms, respectively.
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Figure 5.18: Density of States computed for the bulk systems bcc FeCo, bcc Fe and hpc
Co with the same values of U used for the interfaces: U=2 eV and U=4 eV for Fe and
Co atoms, respectively.
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in Gr/Fe/Ir(111), 2.5 µB and for Co in Gr/Co/Ir(111), 1.7 µB, showing that the spin

magnetic moment of Fe and Co does not change much with the relative Fe/Co concen-

tration, as previously reported for FexCo1−x/Pt(111) [53]. The computed spin moment

for FexCo1−x/Pt(111) are around 3 µB for Fe and 2 µB for Co, higher then the val-

ues reported here but the two model systems show several differences. In the case of

FexCo1−x/Pt(111), the absence of the graphene layer and the fact that the studied ge-

ometry considers a commensurate interface, straining the FeCo layer by 10% to match

the underlying Pt surface.

In Figure 5.18 we present the DOS for the Fe, Co and FeCo bulk systems, computed

at the same level of theory. For the sake of comparison, we considered the same values

of U, even if we expect them to be overestimated in this case. When comparing the pure

systems with the league FeCo, we can see that there is a downshift in energy resulting

in a coincidence of the Fe and Co states. For the minority spin states, there is a also a

redistribution between the Fe and Co states which narrows the occupied minority spin

states and results in a larger magnetic moment. In fact, when going from the pure

systems to the league, the Fe magnetic moment increases form 2.4 µB to 2.9, and the

Co moment form 1.5 µB to 1.7 µB. This increase is larger than what we see for the

interfaces, for which, both in the case of the pure systems and Gr/FeCo/Ir(111), the

occupied minority spin states are well separated from the occupied, resulting in two

narrower sets of peaks.

5.4 GW/MPA calculations for the Gr/Co interface

(preliminary results)

5.4.1 Summary of experimental results

The band structure of different Gr/Co interfaces has been determined experimentally

by different groups with very consistent results [9, 39]: comparing the ARPES mea-

surements for Gr/Co(0001) [39] with the results for Co intercalation in the Gr/Ir in-

terface [9], both the Co and the Gr bands are similar. The Gr bands, such as π and

σ have been well characterized, in particular the positions of the Dirac cone and how

it changes due to the hybridization with Co. Figure 5.19 shows the band structures of

graphene grown Co(0001) sampled along the M and K lines of the surface Brillouin zone

of graphene as reported in [39]. The interaction with the substrate shifts the π band to

higher binding energies: Its bottom at the Γ point is located at a much higher binding

energy, 10.1 eV, as compared to freestanding graphene, 8.4 eV. The π band disperses

upward into the second Brillouin zone and no band gap is visible at the K point. The

Dirac-point binding energy of graphene on the Co surface is located at 2.82 eV. The π∗
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Figure 5.19: ARPES measurements of Gr deposited on a Co slab. The small region
of the full spectrum framed in a), that correspond to a zone around the Dirac cone, is
enlarged in b). The figures are adapted from Ref. [39].

band is linear, with a group velocity equal to the one of the π band. Co has a large

magnetic exchange splitting and the peak at 1.2 eV is assigned to minority spin since

the majority-spin peaks are strongly broadened and usually difficult to observe. Such

difference between minority and majority states means that, for higher binding energies

than the hybridization point of 1.2 eV, the π states of graphene are expected to become

strongly spin polarized. One candidate for the corresponding Co majority-spin band is

the weak band appearing around 2.0 eV, which hybridizes with the π∗ band as well.

This assignment is, however, not definite since the separation is much less than 1.4 eV.

Nevertheless, some particular points in the experimental band structures exhibit a large

uncertainty and therefore do not allows for a fine description of their differences. In ad-

dition, Co bands are much more subtle to see from the measurements and are suspected

to match bulk Co bands.

5.4.2 Summary of DFT results

On the theoretical side, the experiments have been complemented by DFT simulations

showing in general a good agreement with the ARPES measurements, however the

quantitative agreement is not complete. For example, the position of the Dirac cone

is lower by 0.6 eV. Also the position of the Gr σ band at Γ is higher by 0.8 eV. The

energy deviation of the computed bands from the experimental results is not uniform

and depends on the character of the orbitals and on the position in the Brillouin zone.

Thus, by increasing the level of theory at the GW level adding non locality and long

range interactions, we expect to improve the accuracy of the theoretical simulations.
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Gr

Co

Figure 5.20: Top and side view of the model of the GrCo interface.

5.4.3 Challenges of GW calculations

The Gr/Co interface, was modeled as a semi-infinite system, with a Gr sheet on a Co

slab. In Figure 5.20 we show the structure used to model the system. We inspected

at DFT level the role of the thickness of the slabs required to converge the electronic

structure of the system. In Figure 5.22 we show the band structure computed at the

DFT level for Gr/Co from 4 to 10 layers of Co, and projected on the C and Co atomic

orbitals, while the spin resolved band structure in the case of 4 layers is shown in

Fig. 5.21. We can see that the Graphene bands do not change already from 4 to 6

layers. The density of Co states, as expected, increases with the number of layers.

It is important to notice that this convergence with the number of Co layers is not

transferable to the GW calculations due to the nonlocality of the interactions. This is

important and subtle since heterogeneous structures are usually described with simple

slab models of few layers.

At the many body perturbation theory level, the system under study presents several

challenges. The first is the fact that it is constituted by two different materials, graphene

and Co, a situation that may correspond to complex plasmonic interaction, for which a

description based on a unique plasmon pole could be questionable. Moreover, being a

metal it presents the same challenges already described in Section 4.3 for Cu, a plasmon

energy close to ω = 0 and an intraband term due to the partially filled bands that

cross the Fermi energy. Moreover, we expect complex correction, different for s, p and

d states, and therefore not reducible to a scissors and stretching model.

Both Quantum ESPRESSO, used in the DFT calculation, and Yambo, used to

perform the GW calculations, use periodic boundary conditions. This means that the

interface has to be isolated from its replicas by adding a layer of vacuum in the supercell

(24 Å). The presence of a large amount of vacuum affects the convergence parameters

since it increases the number of G vectors used in the polarizability matrix and the self-

energy and also the number of empty states and therefore the number of bands needed

for convergence. In addition, the graphene band structure, with its characteristic Dirac

cone, modified by the hybridization with Co, requires a very dense k-point grid. The

combination of strong electronic correlations, as observed in Cu, and the interaction

with the vacuum level may also hinder the convergence with respect to the number of
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Figure 5.21: DFT spin resolved band structure of the GrCo interface modeled with 4
layer of Co and projected in the π (red) and σ (blue) graphene orbitals.

empty bands.

Regarding the description of the frequency dependence of the polarizability, the PPA

has the same problems described for Cu with similar values for the number of matrix

elements that fail the plasmon-pole condition and the average deviation. For this reason

we have not performed systematic calculations using the PPA. On the other hand,

a standard full frequency approach is computational too demanding to be performed

with our current computational resources. For the current system, we have used the

MARCONI 100 cluster, an accelerated cluster based on IBM Power9 architecture and

Volta NVIDIA GPUs, with a peak performance of about 32 PFlop/s. We typically

used 30 nodes, each of them with 4 GPU cards, and the largest calculations performed

could last more than 15 hours. We then try to address such complex system with the

MPA but even within this method, the computational cost limits the convergence of the

calculation and for this reason we present here only preliminary results that nevertheless

bring several insights to the problem.

5.4.4 Setup and preliminary results

Due to the noisy structure of the polarizability close to ω = 0, we adopted the same

sampling strategy described in Section 4.3.2 as a general strategy for metals with low

energy plasmons, i.e. we slightly shifted along the imaginary axis the sampling point at

ω = 0.

Preliminary convergence tests were done considering 4 Co layers, i.e. the number of

the layers needed to converge the band structure at the DFT level. In Fig. 5.23 we show
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Figure 5.22: DFT band structure of the GrCo interface modeled with 4, 6, 8 and 10
layer of Co and projected in the π (red) and σ (blue) graphene orbitals.
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the convergence with respect to the number of bands of the GW corrections to a set

of selected quasi-particles, calculated with MPA with 15 poles. The grid of k-points is

fixed to 6× 6× 1 and the dimension of the polarizability matrix to 20 Ry. The range of

the quasi-particle energy corrections is large, spanning from -1.5 to 0.1 eV, and for 800

bands they seem to be converged within 20 meV. The calculations done with 400 and 800

bands differ in average by 85 meV. In order to study the convergence with respect to the

k-points mesh and taking into account the limitations of our computational resources,

we fixed the number of bands to 400.

We started by doing a study using MPA with a single pole while increasing the

number of k-points. In Fig. 5.24 the DFT and the GW energies for an unoccupied

Gr state are shown, in the same figure we also plotted the asymptotic value of an

extrapolation with respect to the number of k-points. The correction presents changes

of the order of 0.5 eV up to a grid of 36× 36× 1 and the extrapolation was made with

a dependence proportional to 1/N
1/3
q , where Nq is the total number of k-points. The

extrapolated value differs by 0.15 eV from the correction computed with the largest k

grid. We then computed a series of quasi-particle corrections using 15 poles and two

different k grids, 6 × 6 × 1 and 27 × 27 × 1. The comparison between the 6 × 6 × 1

and the 27× 27× 1 grids shows differences in the quasiparticle corrections ranging from

0.17 to 0.39 eV. The results obtained with the 6× 6× 1 grid do not improve the DFT

values with respect to the experiment. The 27× 27× 1 grid improves considerably the

quasi-particles with respect to the 6× 6× 1 grid, but does not shorten enough the large

deviations from the experimental values obtained for deep states below the Fermi level.

In order to understand the nature of these differences we studied possible non-local

effects underestimated in our slab model. As we mentioned earlier, the band structure

computed at the DFT level and shown in Figure 5.22, in particular the graphene bands

do not change already from 4 to 6 Co layers. For the MPA calculations we increased

the number of Co layers to 8 and use a supercell with a size on the perpendicular

direction of 35 Å and 760 bands. This number of bands was chosen, on the basis of

the parameters used in the 4 Co layer case, proportionally to the number of occupied

states. The results, including DFT energies, are reported in Fig. 5.25, as the difference

of the simulations with respect to the experimental values extracted from Fig. 5.19

for 4 selected graphene quasi-particles: σ and π bands at Γ and K respectively. The

quasi-particles are arranged in the plot according to their energy.

The difference between KS-DFT and ARPES energies fluctuates, being larger for the

states close to Fermi and smaller for deeper states. On the other hand, for both 4 and

8 Co layers, the GW calculations present a systematic positive error, almost linear with

the energies of the quasi-particles, that is larger for states further below the Fermi level.

Therefore the GW quasi-particle corrections are highly non trivial, suggesting that GW

correctly distinguishes the different character of the states, in particular π and σ. This
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Figure 5.23: Convergence of the GW/MPA corrections to 5 selected quasi-particles with
respect to the number of bands.
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Figure 5.24: Convergence of the quasi-particle energy corresponding to the first unoc-
cupied state of the spin up channel of the Gr/Co interface with respect to an in-plane
dimension of the number of k-points, Nqx. This quasi-particle define, with his counter-
part occupied state, the Gr mini-gap located at K in the majority spin channel, as shown
in fig. 5.21. GW MPA results are compered with the DFT results. The MPA calcula-
tions were performed using a single pole reaching a maximum grid of 36× 36× 1. The
dashed line represents the asymptotic value extrapolated using the form (a/N

1/3
q + b).

Figure 5.25: Deviations of the selected σ and π quasi-particle energies calculated via
DFT and MPA with respect to the experimental results. Eexp refers to experimental
ARPES binding energies, such that larger values correspond to deeper valence states.
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is at variance with the local/semilocal approximations to the DFT vxc potential that

tend to treat them in the same way (as a reminder, KS states are nevertheless not meant

to reproduce ARPES energies).

When comparing the 4 and 8 Co layer slabs, both DFT results are similar, as dis-

cussed above, while the errors of GW with 8 layers are reduced by about 0.2 eV, with

respect to the results with 4 layers. This again shows the effect of long range interactions

that are not captured at the DFT level. However, an increased number of layers does

not change significantly the slope of the curve, still presenting deviations with respect to

experiment that increase with the binding energy of the states. On the other hand, for

the interface with 4 Co layers a denser k-point mesh reduce the error for all the quasi-

particles and slightly decreasing the error slope, while for 8 Co layers the calculations

with the two different grids are very close to each other. Tentatively, the results for

the thicker slab suggests that, since it has more occupied states than the thinner one,

there are more missing intra-band contributions hindering the convergence with respect

to the k- and q-grids, such that the 21 × 21 × 1 mesh still does not show significant

changes with respect to the 6×6×1, only introducing a small change in the error slope.

5.4.5 Partial conclusions

Even if the present results are preliminary, we can draw some conclusions, as follows.

(i) The MPA method allowed us to perform GW calculations that were shown largely

unstable using the PPA approach due to representability errors. Indeed, the number

of matrix elements corrected by the failure condition described in Section 3.6.1 within

PPA oscillate between 40-60%, and the resulting quasi-particle corrections were found

unphysical. In contrast, the MPA approach, with its generalized correction given in

Eq. (3.77) allows us to obtain meaningful results without resorting to FF methods

which turn out to be computationally extremely expensive for the system under study.

(ii) The MPA quasi-particles corrections have shown to be highly non trivial. When

considering the differences between the computed and the experimental results, the

MPA method greatly decreases the fluctuations of the DFT energies of different states

and shows instead a systematic error that increases for states further away from the

Fermi level, correctly capturing the different character of the states, such as π and σ

orbitals of graphene or d states of Co.

(iii) The results obtained so far still do not allow for a fully quantitative comparison

with experiments, in particular for deeper valence states. However, despite the number

of tests already performed, in view of the complexity of the system, more tests have

to be taken to make sure that all numerical aspects are fully under control. These

include the dependency of the results on the k-grid, and on the number of metal layers

considered when modeling the system, which could be critical parameters affecting the
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quality of the results.

Of course we cannot exclude the possibility that other issues besides convergence

need to be addressed. For instance, we expect the intra-band contributions (currently

neglected) to the polarizability to play a role in this complex interface. As shown in

Ref. [232], neglecting the intra-band term in metals results in an artificial opening of

a gap, which decreases as the k-point grid becomes denser. In our case we see an

enlargement of the Gr mini-gap at K between the last occupied and first unoccupied

states in the spin up channel. Even if we expect that GW increases the gap, the

corrections observed for those states are enhanced by the missing intra-band term, as

seen in Fig. 5.24.

(iv) Despite the present calculations, the accuracy of converged GW calculations

in reproducing ARPES experiments for complicated magnetic systems still needs to be

further assessed. At the DFT level there seem to be error cancellations between the

model of the slab with a finite number of Co layers and the locality of the theory (both

due to the semilocal approximation of the functional, and to the KS framework itself),

especially for deep states below ∼ −5 eV. On the other hand, our GW calculations

improve over DFT concerning the position of the states near the Fermi level. Still the

GW level of theory could be insufficient to properly describe the ARPES measurements

in the present case. For instance, the limitations of GW in describing electronic corre-

lations beyond electron-plasmon are well-known, and in turn related to the neglect of

vertex corrections.

In particular, being Gr/Co a magnetic interface, it would be interesting to add

vertex corrections aimed at improving the description of systems with partially filled 3d

electrons, such as the recently proposed GW+DMFT approach [265, 266].

Nevertheless, all these improvements and tests are beyond the scope of the present

Thesis, that proposes a new frequency treatment of the polarizability, going beyond the

plasmon pole approximation without significantly increasing the computational cost, as

is applicable to different types of systems, ranging from semiconductors to metal, from

extended systems to molecules.
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Conclusions

6.1 Gr/metal interfaces

By means of ab initio calculations I have studied the structural, electronic, and magnetic

properties of a class of surfaces with potential applications for magnetic systems with

tunable properties. Our DFT results complement extensive experiments done within

a collaboration with the experimental group of Prof. Maria Graxia Betti and Carlo

Mariani in Rome, ranging from XPS, NEXFAS and XMCD, to ARPES and IPES. In

particular, we have studied Fe and FeCo intercalation on Gr/Ir interfaces reporting fine

details of their electronic and magnetic configurations. Both the Fe and FeCo magnetic

layers are artificial 2D systems protected from contaminants and rearrangement by the

Gr layer, which we find to be suitable candidates to be integrated into magnetic devices.

Combining ARPES and DFT calculations we show that the interaction of the π band

of Gr with Fe-3d and FeCo-3d states pushes the strongly hybridized Dirac cone towards

larger binding energies (BE). However, in proximity of EF we identify new localized

states associated to the Fe or the FeCo alloy. We also show that the intermixing of the

two ferromagnets (FMs) and the artificial structural phase, where the Fe and the FeCo

layers assume the Ir(111) lattice constant, lead to a narrowing and to an enhanced spin

splitting of the 3d states with respect to pure bulk systems.

From the theoretical side, we have addressed the role played by oxygen intercalated

under Gr, showing that it prevents the hybridization between graphene and Co states

and increases the graphene-Co distance. Therefore, O intercalation is another possible

option for designing and controlling the electronic and magnetic properties of this class

of systems.
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6.2 Development of the MPA method

In the context of the GW method, We have developed a new approach beyond the

plasmon-pole approximation (PPA) for the description of the frequency dependence in

the evaluation of the self-energy, with an accuracy comparable with full-frequency (FF)

methods, but at a much lower computational cost. The MPA technique is build on a

multipole model of the polarizability with a tunable number of poles, bridging in this

sense the PPA and FF approaches. The key feature of our development is the use of

optimal sampling strategies, that we have shown to be a fundamental ingredient in

order to achieve the best performance. We propose what we called a double parallel

sampling, which we have benchmarked in several classes of materials, including bulk

semiconductors, molecules, bulk metals and magnetic interfaces.

The validation of the MPA on Si, hBN and TiO2 semiconductors shows an excellent

agreement with FF results not only for the quasi-particles corrections, but also for the

full-frequency dependence of the self-energy and the spectral function. In the case of

the molecules, the calculations for the F2 molecule were limited by the computational

cost that did not allow us to use converged parameters, such as the number of bands

and the size of the polarizability matrix. Nevertheless, the extrapolated results compare

well with the existing GW100 [158] data.

Regarding the validation on metallic systems, there are issues not related with the

frequency description of the polarizability, such as the intraband contribution in the

long wavelength limit, that will be addressed within the Yambo implementation in the

near future. This issues limit the comparison with the experimental measurements,

however, in the case of bulk Cu, we managed to reduce the weight of the missing

intraband contribution by considerably increasing in the number of k-points. This

was possible due to reduced computational cost of the MPA, and allowed us to obtain

results in good agreement with the literature. Comparing with the experimental results

available for Cu, our final GW/MPA corrections improve all the DFT quasi-particles

in a non-trivial way, a feature only reported within very costly FF approaches. As

discussed in Section 5.4.5, in the case of the magnetic Gr/Co interface there are many

more difficulties in addition to the absence of the intraband term, and we report only

preliminary results.

In the framework of the MPA approach our systematic development of an optimal

sampling strategy bought insights that contribute to the understanding of the successes

and failures of the PPA. In particular, we have also discussed two common formulations

of the PPA (Godby-Needs and Hybertsen-Louie plasmon pole models) showing how they

can be seen in a unified frame with a sampling variation. We have also illustrated the

main problem with the use of a plasmon-pole model for metals with low energy plasmons

like Cu. In this cases, several plasmonic peaks present in the frequency dependence of
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the self-energy can be described within MPA by a model with more than one pole.

The MPA convergence with respect to the number of poles, for all the materials stud-

ied within the present thesis, is achieved with around 10 poles (20 frequencies), using

the double parallel sampling. The computational cost of the present approach is com-

parable to analytic-continuation approaches. In this regime we have shown that MPA

reaches an accuracy comparable with standard FF contour deformation methods [134,

158], significantly more demanding. Moreover, we believe MPA presents several advan-

tages with respect to this method. In the contour deformation approach, the number

of frequencies used in the evaluation of W increases with the distance of the state to

be corrected from the Fermi level due to the increasing number of poles of G entering

in the contour [195], whereas within MPA all the quasi-particles have the same compu-

tational cost. Another advantage of MPA relies on its analytic form, which allows one

to solve analytically the frequency integral of the self-energy, that also has a multipole

form. Moreover, the frequency structure of the polarizability is physically meaningful

and permits the analysis of the plasmonic excitations.

Overall, our findings show that the multipole approach can be used to obtain a

simple and effective representation of response functions. We illustrated how to analyse

simple types of sampling in order to understand and design good recipes. We show that

the MPA with optimal sampling strategies in the complex plane can lead to a level of

accuracy comparable with full-frequency methods at much lower costs, not only for the

quasi-particle energies, but also for the whole energy range relevant for the self-energy.

6.3 Future perspectives

The MPA approach can be easily combined with other techniques. In particular, it is

independent of the methodology to treat the intraband contribution, since they aim at

correcting the matrix elements of the polarizability around its head (long wave-length

limit). Therefore, the MPA sampling and interpolation can be performed afterwords

without altering the approach. The inclusion of the intraband term is on the top of our

next priorities. There is also the possibility of accelerating convergence with respect

to the grid of k-points. The calculation of the QP band structure of low dimensional

semiconductors may require a very dense BZ sampling due to the sharp q-dependence

of the dielectric matrix in the long-wavelength limit (q → 0). By combining Monte

Carlo integration with an interpolation scheme able to represent the screened poten-

tial between the numerical grid points, the convergence of the QP corrections of 1-2D

semiconductors with respect to the q sampling is drastically improved [267–271]. Since

GW calculations involve an integration over the Brillouin zone and the integral in the

frequency domain, and these variables are independent, it is also possible to merge the

two methodologies in order to optimize the calculations with respect to both parameters
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and improve considerably the computational cost of the calculations for 2D materials.

On the other hand, we plan to take advantage on the multipole form and build a

multipole approximation for the self-energy in order to interpolate its full frequency

dependence from a small number of frequency points, selected in the same fashion of

the double parallel sampling already proposed for the polarizability. The MPA for the

self-energy can be use for solving the quasi-particle equation analytically, instead of

using numerical solver like the secant method as an alternative to the less accurate

linearization of the quasi-particle equation. Moreover, the multipole models of both,

X and Σ, can be made compliant with their respective sum-rules [159], completeness-

sums [230] or spectral collapses [229], as in the cases already proposed for accelerating

convergences, for instance, with respect to the number of bands within the PPA [230].

The implementation of such approach could be fundamental in order to obtain converged

results in the case of the GW100 set, without the needs of extrapolations.

Having the self-energy written in a simple multipole form may have many others

advantages, it could become a fundamental tool for reducing the computational cost of

accurate quasi-particle self-consistent GW calculations. Furthermore, we can also obtain

a multipole expansion for the interacting Green function, that could be use not only for

fully self-consistent GW calculations, but also for many-body approaches beyond GW.
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[84] D. Pacilè et al. “Near-Edge X-Ray Absorption Fine-Structure Investigation of

Graphene”. In: Phys. Rev. Lett. 101 (0 2008), p. 066806. doi: https://doi.

org/10.1103/PhysRevLett.101.066806.

[85] S. Entani et al. “Growth of nanographite on Pt(111) and its edge state”. In: Appl.

Phys. Lett. 88 (2006), p. 153126. doi: https://doi.org/10.1063/1.2194867.

[86] Mattia Scardamaglia et al. “Graphene-Induced Substrate Decoupling and Ideal

Doping of a Self-Assembled Iron-Phthalocyanine Single Layer”. In: J. Phys.

Chem. C 117.6 (2013), pp. 3019–3027. doi: https : / / doi . org / 10 . 1021 /

jp308861b.

[87] B. T. Thole et al. “X-ray circular dichroism as a probe of orbital magnetization”.

In: Phys. Rev. Lett. 68 (1992), pp. 1943–1946. doi: https://doi.org/10.1103/

PhysRevLett.68.1943.

[88] P. Carra et al. “X-ray circular dichroism and local magnetic fields”. In: Phys. Rev.

Lett. 70 (1993), pp. 694–697. doi: https://doi.org/10.1103/PhysRevLett.

70.694.

[89] K. von Bergmann et al. “Observation of a Complex Nanoscale Magnetic Structure

in a Hexagonal Fe Monolayer”. In: Phys. Rev. Lett. 96 (2006), p. 167203. doi:

https://doi.org/10.1103/PhysRevLett.96.167203.

[90] Kirsten von Bergmann et al. “Complex magnetism of the Fe monolayer on

Ir(111)”. In: New J. Phys. 9 (2007), p. 396. doi: https://doi.org/10.1088/

1367-2630/9/10/396.

[91] Kirsten von Bergmann et al. “Influence of the Local Atom Configuration on a

Hexagonal Skyrmion Lattice”. In: Nano Lett. 15 (2015), pp. 3280–3285. doi:

https://doi.org/10.1021/acs.nanolett.5b00506.

[92] J. Grenz et al. “Probing the nano-skyrmion lattice on Fe/Ir(111) with magnetic

exchange force microscopy”. In: Phys. Rev. Lett. 119 (2017), p. 047205. doi:

https://doi.org/10.1103/PhysRevLett.119.047205.

https://doi.org/https://doi.org/10.1103/PhysRevB.84.075427
https://doi.org/https://doi.org/10.1103/PhysRevB.84.075427
https://doi.org/https://doi.org/10.1088/2053-1583/4/1/015016
https://doi.org/https://doi.org/10.1088/2053-1583/4/1/015016
https://doi.org/https://doi.org/10.1038/nature09664
https://doi.org/https://doi.org/10.1103/PhysRevLett.101.066806
https://doi.org/https://doi.org/10.1103/PhysRevLett.101.066806
https://doi.org/https://doi.org/10.1063/1.2194867
https://doi.org/https://doi.org/10.1021/jp308861b
https://doi.org/https://doi.org/10.1021/jp308861b
https://doi.org/https://doi.org/10.1103/PhysRevLett.68.1943
https://doi.org/https://doi.org/10.1103/PhysRevLett.68.1943
https://doi.org/https://doi.org/10.1103/PhysRevLett.70.694
https://doi.org/https://doi.org/10.1103/PhysRevLett.70.694
https://doi.org/https://doi.org/10.1103/PhysRevLett.96.167203
https://doi.org/https://doi.org/10.1088/1367-2630/9/10/396
https://doi.org/https://doi.org/10.1088/1367-2630/9/10/396
https://doi.org/https://doi.org/10.1021/acs.nanolett.5b00506
https://doi.org/https://doi.org/10.1103/PhysRevLett.119.047205


BIBLIOGRAPHY 133

[93] Stefan Schumacher et al. “The Backside of Graphene: Manipulating Adsorption

by Intercalation”. In: Nano Letters 13.11 (2013), pp. 5013–5019. doi: https://

doi.org/10.1021/nl402797j. eprint: https://doi.org/10.1021/nl402797j.

url: https://doi.org/10.1021/nl402797j.

[94] Stefan Schumacher et al. “Europium underneath graphene on Ir(111): Intercala-

tion mechanism, magnetism, and band structure”. In: Phys. Rev. B 90 (23 2014),

p. 235437. doi: https://doi.org/10.1103/PhysRevB.90.235437.

[95] D. R. Hartree. “The Wave Mechanics of an Atom with a Non-Coulomb Central

Field. Part I. Theory and Methods”. In: Mathematical Proceedings of the Cam-

bridge Philosophical Society 24.1 (1928), pp. 89–110. doi: https://doi.org/

10.1017/S0305004100011919.
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[156] Christoph Friedrich, Stefan Blügel, and Arno Schindlmayr. “Efficient implemen-

tation of the GW approximation within the all-electron FLAPW method”. In:

Phys. Rev. B 81 (12 2010), p. 125102. doi: https://doi.org/10.1103/

PhysRevB.81.125102.

[157] Hong Jiang and Peter Blaha. “GW with linearized augmented plane waves ex-

tended by high-energy local orbitals”. In: Phys. Rev. B 93 (11 2016), p. 115203.

doi: https://doi.org/10.1103/PhysRevB.93.115203.

[158] Michiel J. van Setten et al. “GW100: Benchmarking G0W0 for Molecular Sys-

tems”. In: J. Chem. Theory Comput. 11.12 (2015), pp. 5665–5687. doi: https:

//doi.org/10.1021/acs.jctc.5b00453.

[159] Mark S. Hybertsen and Steven G. Louie. “Electron correlation in semiconductors

and insulators: Band gaps and quasiparticle energies”. In: Phys. Rev. B 34 (1986),

p. 5390. doi: https://doi.org/10.1103/PhysRevB.34.5390.

[160] X. Blase et al. “Quasiparticle band structure of bulk hexagonal boron nitride

and related systems”. In: Phys. Rev. B 51 (11 1995), pp. 6868–6875. doi: https:

//doi.org/10.1103/PhysRevB.51.6868.

[161] Andrea Marini, Giovanni Onida, and Rodolfo Del Sole. “Quasiparticle Electronic

Structure of Copper in the GW Approximation”. In: Phys. Rev. Lett. 88.1 (2002),

p. 016403. doi: https://doi.org/10.1103/physrevlett.88.016403.

https://doi.org/https://doi.org/10.1016/j.cpc.2009.07.007
https://doi.org/https://doi.org/10.1016/j.cpc.2011.12.006
https://doi.org/https://doi.org/10.1016/j.cpc.2020.107242
https://doi.org/https://doi.org/10.1016/j.cpc.2020.107242
https://doi.org/https://doi.org/10.1103/PhysRevLett.96.226402
https://doi.org/https://doi.org/10.1103/PhysRevLett.96.226402
https://doi.org/https://doi.org/10.1103/PhysRevB.76.165106
https://doi.org/https://doi.org/10.1103/PhysRevB.76.165106
https://doi.org/https://doi.org/10.1103/PhysRevB.81.125102
https://doi.org/https://doi.org/10.1103/PhysRevB.81.125102
https://doi.org/https://doi.org/10.1103/PhysRevB.93.115203
https://doi.org/https://doi.org/10.1021/acs.jctc.5b00453
https://doi.org/https://doi.org/10.1021/acs.jctc.5b00453
https://doi.org/https://doi.org/10.1103/PhysRevB.34.5390
https://doi.org/https://doi.org/10.1103/PhysRevB.51.6868
https://doi.org/https://doi.org/10.1103/PhysRevB.51.6868
https://doi.org/https://doi.org/10.1103/physrevlett.88.016403


BIBLIOGRAPHY 139

[162] Michael Rohlfing et al. “Structural and Optical Properties of the Ge(111)-( 2×1)

Surface”. In: Phys. Rev. Lett. 85 (25 2000), pp. 5440–5443. doi: https://doi.

org/10.1103/PhysRevLett.85.5440.
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ABSTRACT: We report an advanced organic spin-interface
architecture with magnetic remanence at room temperature,
constituted by metal phthalocyanine molecules magnetically
coupled with Co layer(s), mediated by graphene. Fe- and Cu-
phthalocyanines assembled on graphene/Co have identical
structural configurations, but FePc couples antiferromagneti-
cally with Co up to room temperature, while CuPc couples
ferromagnetically with weaker coupling and thermal stability,
as deduced by element-selective X-ray magnetic circular
dichroic signals. The robust antiferromagnetic coupling is
stabilized by a superexchange interaction, driven by the out-of-plane molecular orbitals responsible of the magnetic ground state
and electronically decoupled from the underlying metal via the graphene layer, as confirmed by ab initio theoretical predictions.
These archetypal spin interfaces can be prototypes to demonstrate how antiferromagnetic and/or ferromagnetic coupling can be
optimized by selecting the molecular orbital symmetry.

KEYWORDS: Spin interface, superexchange interaction, X-ray magnetic circular dichroism, density functional theory

Paramagnetic molecules become potential building blocks in
spintronics when their magnetic moments are stabilized

against thermal fluctuations, for example, by a controlled
interaction with a magnetic substrate. Spin molecular interfaces
with preserved magnetic activity and exhibiting magnetic
remanence at room temperature (RT) can open the route to
engineer highly spin-polarized, nanoscale current sources. The
need to fully control the organic spin interface and the tuning
of ferromagnetic (FM) or antiferromagnetic (AFM) coupling
to achieve a stable conductance has motivated a vast
experimental interest.1−5

In this work, we propose to optimize the thermal stability
and the magnetic coupling of molecular systems, while
preserving their electronic properties,6,7 by exploiting interlayer
exchange coupling within an advanced organic spin-interface
architecture: arrays of metal phthalocyanines (MPc, M = Fe,
Cu) arranged on Co layer(s) intercalated below graphene.8−10

Herewith we demonstrate how the superexchange interaction
can be mediated by the organic ligands and the graphene layer,
preserving the magnetic state of the molecule and favoring a
tunable FM or AFM coupling with Co layer(s), as deduced by
X-ray magnetic circular dichroism (XMCD) measurements.
These results are confirmed by state of the art theoretical
predictions, unveiling the extreme sensitivity of the super-
exchange interaction to the symmetry of the orbitals
responsible for the magnetic state.

Magnetic properties of molecular systems on metal surfaces
can be readily modified by the molecular packing or by the
orbital intermixing with the metallic states,11 which lead to the
suppression of their local magnetic moment.4,12 Thanks to the
electronic decoupling of the graphene layer, the symmetry of
the molecular orbitals carrying the magnetic moments is
preserved and can be selected to optimize and stabilize the
magnetic configuration of the MPcs. A major challenge is to
stabilize these spin interface prototypes against thermal
fluctuations in order to achieve RT remanence. We prove
that the superexchange mechanism can induce a sizable
magnetization of FePc coupled with Co layers, mediated by
graphene, with a residual coupling even at RT. On the other
side, the hindered superexchange path, as found for CuPc
coupled with Co, results in a ferromagnetic order with reduced
thermal stability. Furthermore, the easy magnetization axis of a
single layer of Co intercalated under graphene is out-of-plane
and switches in-plane when more than 4−5 layers are
intercalated.13 Switching the Co magnetic moment by
increasing the Co thickness amplifies the magnetic response
of the FePc with aligned magnetic axis, unveiling high thermal
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stability and remanence at RT, while the coupling with
magnetically unaligned CuPc molecules is frustrated.14

The magnetic (and structural) configuration of Co layer(s)
intercalated under graphene can be tuned as a function of Co
thickness.13 The structural evolution of the Gr sheet upon
intercalation from 1 to 6 ML of Co is consistent with what
reported in refs 15 and 16, giving a picture confirmed by the
theoretical predictions taking into account the complete moire ́
unit cell. When a single layer is intercalated, the Co atoms
arrange pseudomorphically to the Ir(111) surface, without
altering the periodicity and symmetry of the Gr moire ́
superstructure (Figure 1a) while its corrugation is enhanced.
Further Co intercalation induces the relaxation of the lattice
mismatch and the Co film recovers the bulk Co(0001)
arrangement, almost commensurate with the Gr lattice, as
sketched in Figure 1c. The 1 × 1 hexagonal pattern confirms
that Gr is commensurate and flat on the Co film. Density
functional theory (DFT) simulations, taking into account the
complete moire ́ unit cell, fully reproduce these structural
configurations. The geometry obtained for the IrCoGr 9 × 9/
10 × 10 system shows, at the LDA level, a 1.4 Å corrugation for
the graphene moire ́ superstructure with a minimum graphene-
Co distance of 1.90 Å,17 Figure 1a. Similar findings have also
been reported in ref 15. At variance, the graphene−Co distance
computed for the commensurate 1 × 1 interface is found to be
2.05 Å at the LDA level,17 Figure 1c.
Turning to the magnetic properties, the XMCD spectra at

the Co L2,3 edge for a single Co layer and a Co film intercalated
under the Gr sheet are reported in the right panels of Figure 1.
The spectra at RT are obtained as the difference between the
absorption edges acquired with left- and right-circularly
polarized radiation, in remanence condition, that is, with no
applied external field. The higher dichroic response with
photon impinging at normal incidence (NI) unravels the out-
of-plane magnetic anisotropy of the Co layer in the
incommensurate configuration with a stretched Co−Co

distance, Figure 1b, in agreement with refs 15 and 18.
Conversely, the higher dichroic response for Co L2,3 XMCD
at grazing incidence (GI) for the thicker intercalated Co film,
reveals a magnetic state with the Co bulk in-plane easy
magnetization axis. The Gr/Co heterostructures, exhibiting a
tunable easy magnetization axis direction, are ideal templates to
test the magnetic coupling of paramagnetic flat-lying FePc and
CuPc molecules.10

At the early deposition stages, MPcs adsorption on graphene
can be driven by the corrugated moire ́ superstructure.8,9,19 MPc
molecules deposited on Gr/1 ML Co/Ir are trapped in the
valley regions9 driven by the lateral electric dipole, caused by
the local contraction and expansion of the Gr lattice,20 and
hence order in a Kagome lattice.8,19 The total energy landscape,
as deduced by our DFT simulations is almost identical for FePc
and CuPc, displaying similar distances with respect to the Gr
layer (3.25 Å from LDA, 3.10 Å from PBE-D2) and similar flat
configurations upon adsorption. Since the adsorption geo-
metries for FePc and CuPc on Gr/Co/Ir are equivalent, the
magnetic state can only be determined by the symmetry of the
molecular orbitals involved in the magnetic coupling with the
extended states of Co-intercalated graphene.9,10

In this respect, FePc and CuPc are paradigmatic to unveil the
role of the symmetry of the active molecular orbitals in the
magnetic coupling: FePc has a mostly in-plane (IP) intrinsic
easy magnetization axis, while CuPc shows an out-of-plane
(OOP) magnetic anisotropy.21,22 The FePc molecule has a d6

electronic ground state with S = 1 spin, due to the b2g
2 eg

3 a1g
1 b1g

0

configuration with half-filled eg (dxz,yz) and a1g (dz2) orbitals. On
the other hand, CuPc molecules, with a d9 ground state and S =
1/2, only have a half-filled b1g (dx2−y2) orbital with a strongly
anisotropic magnetic state perpendicular to the molecular
plane.21

In Figure 2, we report the XAS and XMCD spectra at the L2,3
absorption edges of Fe and Cu, measured respectively at T =
1.7 and 2.0 K, for FePc and CuPc on Gr/1 ML Co (Figure

Figure 1. Moire ́ superstructure of Gr on Ir(111) upon intercalation of 1 ML Co (a) and flat and commensurate Gr/Ir upon 6 ML Co intercalation
(c), as deduced by ab initio DFT calculation at the LDA level and confirmed by the LEED patterns. XMCD spectra of Co L2,3 absorption edges for
Gr/1 ML Co and Gr/6 ML Co acquired in remanance at RT in normal and grazing incidence geometries. Magnetic anisotropy switches from
perpendicular (Gr/1 ML Co, panel b) to parallel (Gr/6 ML Co, panel d) to the surface plane.
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2a,d), having an OOP easy magnetization axis. FePc molecules
couple antiferromagnetically with the intercalated Co layer, as
revealed by the sign switching in the element-sensitive XMCD
signal (Figure 2a,b) with respect to the bare Gr/OOP Co
(Figure 1b). On the other hand, CuPc molecules couple
ferromagnetically when deposited on Gr/1 ML Co (Figure
2d,e). All the XAS and XMCD spectra in presence (absence) of
magnetic field are reported in the Supporting Information to
clearly describe the role of FePc and CuPc molecular orbitals in
the magnetic state. It is worth noting that the XAS and XMCD
lineshapes are preserved, except for a slight change in the
relative intensities of the spectral features, for the FePc and
CuPc molecules upon adsorption on Gr/Co. Thus, the spin
and orbital contribution to the magnetic moments, as deduced
applying the sum rules to the XMCD signals23,24 and confirmed
by theoretical predictions, are comparable with what reported
for the free-standing molecule and/or molecular films,7,12,25

confirming the decoupling role of the graphene layer.
Magnetism generally emerges from short-ranged interactions

between molecular units due to the localization of the atomic
wave functions. To achieve a magnetic interaction over a large
distance, a superexchange mechanism can be invoked, where
the bridging over nonmagnetic organic ligands mediates higher-
order virtual hopping processes. In metal phthalocyanines, the
organic ligands can mediate the coupling between the central
transition metal ions and a magnetic layer.11,14,26,27 In our spin
interface architecture a Fe−N−Gr−Co superexchange path can
be driven by a weak hybridization between the π orbitals of the
pyrrolic N atoms and the eg (dxz,yz) and a1g (dz2) orbitals of the
central Fe ion. In the CuPc molecule, the orbitals protruding
out of the molecular plane are completely filled and the

magnetic moment is mostly carried by a single planar orbital;
therefore, the proposed superexchange interaction path is
hindered and the interaction switches to FM.
The confirmation of the AFM and FM coupling found

experimentally and the role of the molecular orbitals involved
in the magnetic response are clarified by DFT calculations. In
Figure 2c,f, we report the computed spin densities for FePc and
CuPc on a Gr/1 ML Co/Ir at PBE+U level with the spin up
(down) iso-surfaces represented in green (red). The Fe−N−
Gr−Co superexchange path is determined by a spin imbalance
located at the central ion and at the surrounding N and C
atoms. The spin of the central ion is oriented opposite to the
one of N and C and antiferromagnetically coupled with the
underlying Co spin moment. In the case of CuPc, the spin
imbalance is located at the central ion and on the surrounding
N atoms and coupled ferromagnetically with the Co spin
moment. Top views of the spin densities (panels c,f) better
display the shape of the orbitals involved and the flips of the
local magnetic moments. Quantitative data (atom-resolved
magnetic moments, as given by Löwdin charge analysis) are
provided in the Supporting Information.
A detailed analysis of Löwdin charges can also be used to

further discriminate the symmetry of the molecular orbitals
involved in the magnetic coupling. In the case of CuPc, upon
adsorption the magnetic moment of the molecule is mostly
carried by the half-filled dx2−y2 orbital of the Cu ion,
corresponding to the b1g state of CuPc free molecule, highly
hybridized with the pyrrolic N atoms of the macrocycle,28 as
evident in Figure 2f. The situation is slightly more complicated
for FePc, where at least two or three Fe-d orbitals are involved.
In particular, as shown in Table S3 in Supporting Information,

Figure 2. XMCD from Fe and Cu L2,3 absorption edges (a,d), element-resolved hysteresis loops of FePc (b) and CuPc (e) on Gr/1 ML Co. The
change in the sign of the XMCD (a,d) and of the field-dependent magnetization (b,e) indicates an AFM alignment for FePc/Gr/Co and a FM one
for CuPc/Gr/Co. Spin-density isosurfaces plots for FePc and CuPc on Gr/Co/Ir (side and top view with hidden substrate), computed at the DFT-
PBE+U level, U = 4 eV (c,f). The geometry optimization included PBE-D2 van der Waals corrections. Green (red) isosurfaces correspond to the up
(down) spin density.
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the magnetic moment is carried by dz2 and either one or both
dxz and dyz (depending on the functional, see Supporting
Information for the detailed discussion), corresponding to the
a1g and eg orbitals of free-standing FePc. The above picture is
very robust against the use of different exchange and correlation
functionals (LDA, PBE, PBE+U, discussed in the Supporting
Information) and is in excellent agreement with the
experimental data, fully supporting the picture where the
magnetic coupling of MPc with Gr/Co/Ir is mainly driven by a
superexchange channel, selected by the symmetry of the
involved molecular orbitals. Indeed, we herewith report on two
superexchange paths, both actively mediated by the Gr sheet
and the molecule organic backbone, inducing either an AFM
(180° superexchange, FePc) or a FM (90° superexchange,
CuPc) coupling at the spin interface. These mechanisms
dominate the magnetic interaction, as deduced by the increase
of the magnetic moment projected on the C and N atoms of
the molecule macrocycle upon adsorption (see Table S2 in the
Supporting Information). Nevertheless, a direct interaction
between the Fe dz2 state and the Gr π-orbitals, AFM coupled
with the intercalated Co layer15,18 and hence reinforcing the
antiparallel spin alignment, cannot be excluded.
A further step forward in the optimization of this spin-

interface is to enlighten the role of the relative orientation of
MPc/Co easy magnetization axes on the stability of the
magnetic coupling. FePc and CuPc molecules adsorb flat-lying
on the commensurate Gr on the Co film with in-plane
magnetization. XMCD spectra for FePc and CuPc, respectively
on Gr/6 ML Co and Gr/8 ML Co, are reported together with
the field-dependence of the normalized magnetization in Figure
3. While an AFM coupling is confirmed for FePc/Gr/Co when
the easy magnetization axes are aligned (left panel), the CuPc
molecules adsorbed on the flat graphene layer on Co has a
negligilble XMCD signal at zero magnetic field (right panel).
The magnetic coupling is more effective when the magnet-
ization easy axis of the Gr-covered Co layer(s) and the one of

the molecules are aligned, that is, when the FePc molecules are
adsorbed on the thick Gr/Co film and the CuPc on the single
Gr/Co layer, regardless on the origin of the magnetic
interaction. More details on the field- and direction-depend-
ence of the CuPc and FePc magnetic state are reported in the
Supporting Information.
A fine-tuning of these spin interface architectures requires to

evaluate the robustness of the magnetic response against
thermal fluctuations, thanks to temperature-dependent XMCD
measurements (Figure 4). It is worth to point out that all

measurements were acquired in absence of a magnetic field and
over several hours, indicating a very long relaxation time and a
stable magnetic configuration of the coupled MPc−Gr−Co
systems.
Indeed, the superexchange path stabilizes the AFM coupling

up to 200 K for FePc/Gr/OOP Co, while for FePc/Gr/IP Co a
residual XMCD signal is detectable even at RT. The FePc
magnetic state coupled to Gr/OOP Co and Gr/IP Co can be
understood in terms of the relative orientation between the
molecule and substrate easy magnetization axes, because an
extra amount of energy is needed to turn the FePc
magnetization, from its intrinsic IP direction, to adapt to the
OOP Co easy magnetization axis. The magnetic-coupling for
CuPc/Gr/OOP Co is much weaker, as reflected by the
disappearance of any XMCD remanent signal above 50 K.
These differences can be quantitatively evaluated by performing
a Brillouin fit over the thermal evolution of the XMCD
intensity, leading to a coupling energy of 2.8 ± 0.6 and 2.1 ±
0.5 meV for FePc on Gr/1 and 6 ML Co, respectively, while the
less stable CuPc/Gr/1 ML Co system exhibits a much lower
coupling energy of 0.6 ± 0.2 meV (for detailed discussion see
the Supporting Information).
A direct magnetic coupling has been also detected for FePc

molecules adsorbed on Gr grown on Ni(111), leading to a
ferromagnetic alignment29 while in-plane AFM coupling
mediated by graphene was recently observed between a Ni
thin-film and Co-porphyrin molecules up to 200 K.27 Despite a
comparable exchange energy, the magnetic stability against
thermal fluctuations up to room temperature is here observed

Figure 3. XMCD from Fe and Cu L2,3 absorption edges for FePc (left)
and CuPc (right) molecules deposited on Gr/IP Co in the upper
panels. Hysteresis loops are presented in the lower panels, confirming
that the coupling is AFM for FePc/Gr/6 ML Co, while the CuPc has
no remanence.

Figure 4. Thermal evolution of the XMCD signal for FePc/Gr on IP
(left) and OOP (middle) Co, and CuPc/Gr on OOP Co (right).
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for the first time. In these peculiar spin interfaces the Gr layer
plays a dual role: on the one hand it acts as a buffer layer,
inhibiting the MPc-Co electronic interaction and preserving the
magnetic properties of the adsorbed molecules, whereas on the
other hand it actively contributes to the magnetic coupling,
either by a direct coupling29 or by opening an effective
superexchange channel.27

In conclusion, these graphene-spaced spin molecular
interfaces present either AFM or FM coupling driven by
different superexchange paths, as supported by the ab initio
theoretical calculations and the experimental XMCD results.
Despite the almost identical structural configurations and a
large distance between the Fe(Cu) metal centers and the
magnetic Co substrate, the magnetic coupling is very robust
against thermal fluctuations. In particular, the Fe−N−Gr−Co
superexchange channel drives an AFM coupling, favored by the
presence of out-plane molecular orbitals, mediated by the
organic ligands and graphene. On the other side, in the Cu−
N−Gr−Co channel the magnetic coupling is strongly
weakened by 90° superexchange interaction path leading to a
FM coupling of the molecule to the Co layer. This scenario,
completely supported by the theoretical spin density calculated
on the whole moire ́ cell, is robust against different exchange
and correlation functionals. The choice of an effective
superexchange path can ensure the stability against thermal
fluctuations, even at RT, and it can be further optimized with a
fine control of the relative orientation of the easy magnetization
axes at the spin interface. In perspective, the magnetic
remanence at RT of these archetypal spin interfaces, once
paired with a tunable magnetic substrate, opens the possibility
to produce future operational spintronic devices.
Experimental and Computational Methods. Sample

Preparation. The Ir(111) surface was prepared with several
cycles of 2 keV Ar+ sputtering, followed by annealing above
1300 K. The Gr sheet was grown on the clean and ordered
Ir(111) surface by exposing the substrate to a partial pressure of
10−6 mbar of ethylene (C2H4) and annealing the covered
surface above 1500−1600 K. The completion of a single
domain Gr layer was confirmed by the presence of sharp and
bright spots of the moire ́ superstructure in the LEED diffraction
pattern. Metallic Co was then sublimated with an e-beam
evaporator and deposited on Gr/Ir(111) kept at room
temperature. Finally, the Co/Gr/Ir(111) sample was annealed
at 600−800 K to favor Co intercalation, following refs 15, 16,
and 18. The quantity of intercalated Co was determined with a
quartz crystal microbalance and double-checked with an Auger-
calibrated growth compared with the XAS jump edge ratio (see
Supporting Information of ref 30), highlighting a layer-by-layer
growth. MPc powders (M = Fe, Cu) were sublimated with a
homemade resistively heated quartz crucible, at a constant rate
of 0.3 Å/min, measured with a quartz crystal microbalance.
XAS and XMCD Measurements. X-ray absorption spectros-

copy and magnetic circular dichroism (XAS and XMCD)
measurements were performed at the BOREAS beamline of the
Alba synchrotron radiation facility31 in total electron yield
(TEY) by measuring the sample drain current normalized with
respect to incident flux, measured as the drain current on a
clean gold grid. The measurements were performed in two
different experimental geometries, in order to probe the
magnetic response along the easy as well as the hard
magnetization axis. The in-plane magnetic state was studied
by impinging the sample at GI, namely at 70° incidence angle,
whereas the out-of-plane magnetic response is determined at

NI. The hysteresis curves have been obtained by normalizing
the field-dependent L3 XMCD intensity at a pre-edge signal in
order to cancel-out any field-induced artifact.

Theoretical Modeling. Plane wave density functional theory
calculations were performed using the Quantum ESPRES-
SO32,33 package at the LDA,34 GGA-PBE,35 and PBE+U36 level
(with a value of U = 4 eV for the d-orbitals of the MPc central
ion). Structural relaxations were carried out using LDA and
PBE exchange-correlation potential, including van der Waals
interactions within the semiempirical method of Grimme
(DFT-D2).37 The IrCoGr system was simulated with a
supercell consisting of a IrCo slab (three Ir and one Co
layers) with a 9 × 9 lattice in-plane periodicity and an
overlaying 10 × 10 graphene layer. The same system was then
relaxed with one FePc (CuPc) molecule adsorbed on graphene.
Technical details of the calculation are reported in the
Supporting Information.
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Morikawa, Y.; Hoffmann, G.; Blügel, S.; Wiesendanger, R. Phys. Rev.
Lett. 2010, 105, 047204.
(6) Scardamaglia, M.; Lisi, S.; Lizzit, S.; Baraldi, A.; Larciprete, R.;
Mariani, C.; Betti, M. G. J. Phys. Chem. C 2013, 117, 3019−3027.
(7) Lisi, S.; Gargiani, P.; Scardamaglia, M.; Brookes, N. B.; Sessi, V.;
Mariani, C.; Betti, M. G. J. Phys. Chem. Lett. 2015, 6, 1690−1695.
(8) Bazarnik, M.; Brede, J.; Decker, R.; Wiesendanger, R. ACS Nano
2013, 7, 11341−11349.
(9) Avvisati, G.; Lisi, S.; Gargiani, P.; Della Pia, A.; De Luca, O.;
Pacile,́ D.; Cardoso, C.; Varsano, D.; Prezzi, D.; Ferretti, A.; et al. J.
Phys. Chem. C 2017, 121, 1639−1647.
(10) Avvisati, G.; Mondelli, P.; Gargiani, P.; Betti, M. G. Appl. Surf.
Sci. 2018, 432, 2−6.
(11) Klar, D.; Brena, B.; Herper, H. C.; Bhandary, S.; Weis, C.;
Krumme, B.; Schmitz-Antoniak, C.; Sanyal, B.; Eriksson, O.; Wende,
H. Phys. Rev. B: Condens. Matter Mater. Phys. 2013, 88, 224424.
(12) Gargiani, P.; Rossi, G.; Biagi, R.; Corradini, V.; Pedio, M.;
Fortuna, S.; Calzolari, A.; Fabris, S.; Cezar, J. C.; Brookes, N. B.; et al.
Phys. Rev. B: Condens. Matter Mater. Phys. 2013, 87, 165407.
(13) Yang, H.; Vu, A. D.; Hallal, A.; Rougemaille, N.; Coraux, J.;
Chen, G.; Schmid, A. K.; Chshiev, M. Nano Lett. 2016, 16, 145−151.
(14) Lodi Rizzini, A.; Krull, C.; Mugarza, A.; Balashov, T.; Nistor, C.;
Piquerel, R.; Klyatskaya, S.; Ruben, M.; Sheverdyaeva, P. M.; Moras,
P.; et al. Surf. Sci. 2014, 630, 361−374.
(15) Decker, R.; Brede, J.; Atodiresei, N.; Caciuc, V.; Blügel, S.;
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Molecular orbital symmetry and XMCD measurements

The ground state electronic configuration for FePc (left) and CuPc (right) is presented in Fig.S1,

together with sketches of the different occupation and symmetry of the metal-related molecular or-

bitals.S1 The XAS at the Fe and Cu L3 absorption edge acquired at grazing incidence (GI) for FePc

(left) and CuPc (right) thick films, exhibits different in-plane/out-of-plane symmetry, as described

in the bottom panel of Fig.S1, according to Ref.S2. Considering the symmetry, the different main

absorption features can be assigned taking into account the ligand field splitting of the Fe(Cu)-

related molecular states, the sequence of spin-split molecular orbitals, and the final spin state (S=1

for FePc and S=1/2 for CuPc). In particular, the a1g(dz2) and the out-of-plane component of the

eg(dxz,yz) orbitals are visible at GI while the in-plane projection of the eg orbitals appears in the

NI measurements, together with the b1g(dx2−y2) state. It is worth noting that a slight mixing of

the molecular states upon adsorption on graphene intercalated with Co can break the symmetry of

the molecular states, but energy position of the states is preserved, though the relative intensity are

influenced by the interaction process.S3 Element selective XMCD collected for sub-monolayer of

FePc and CuPc,changing the incidence angle of the incoming X-ray beam, and accordingly of the

magnetic field can be compared with the reference XAS spectra for the FePc and CuPc thin films.

The XAS and the XMCD signals at the Fe and Cu L2,3 absorption edges for MPc grown on

graphene intercalated with Co layer(s) are reported in Figs.S2 and S3. The measurements were

performed with and without magnetic field as well as along the easy and the hard magnetization

axes. The dichroic effects, comparing the XMCD spectra acquired with the different experimental

geometries, can better address the influence of orbital symmetry of the molecular states involved

in the magnetic coupling with the ferromagnetic intercalant.

MPcs on Gr/Out of Plane Co/Ir(111)

The magnetic response of 0.4 ML FePc (left) and 0.6 ML CuPc (right) deposited on Gr/1 ML Co

is reported in Fig. S2. The strength of the Gr-mediated Fe-Co magnetic coupling is first probed by
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Figure S1: Sketch of the ground state occupation and symmetry of the metal-related molecular
orbitals for the FePc (left) and CuPc (right) molecule (upper panel). XAS spectra at the Fe and Cu
L3 absorption edge for FePc (left) and CuPc (right) thin films (lower panel). The measurements
were acquired at GI and with the polarization vector both parallel to (V) and forming a 70◦ angle
with the surface plane (H).

applying an intense 6T magnetic field, that would align the spins and break a weak AFM coupling,

while enhancing a FM one. In the right panel of Fig. S2 we can see that the presence of the

magnetic field only slightly reduces the XMCD signal, indicating a fairly strong AFM coupling.

On the other hand, the CuPc zero-field XMCD signal (Fig. S2, right panel) is increased by almost

a factor three by the presence of the 6T magnetic field, pinpointing towards a much weaker Cu-Co

magnetic coupling.

If we compare the intensity of the zero-field XMCD signals at NI and GI we notice that, in the

case of FePc, the easy magnetization axis is switched out-of-plane by the presence of the Co layer,

while the intrinsic one of the molecule lies parallel to the molecular plane (see for example S2).

MPcs on Gr/In Plane Co

In Fig. S3 we present the magnetic characterization of MPcs adsorbed on Gr/IP Co/Ir(111), per-

formed to highlight the role of the relative orientation between the molecule and substrate easy

3



Figure S2: XAS at the Fe and Cu L2,3 absorption edges (acquired with parallel and antiparallel
helicities) for FePc (left) and CuPc (right) adsorbed on Gr/1 ML Co/Ir(111) are presented together
with the XMCD difference spectra. The measurements were performed both with and without a
magnetic field (B=6T), oriented parallel to the incident X-ray beam, and along the easy and the
hard axis (see sketches for the experimental geometry).
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Figure S3: XAS at the Fe and Cu L2,3 absorption edges (acquired with parallel and antiparallel
helicities) for FePc (left) and CuPc (right) adsorbed on Gr/6 ML Co/Ir(111 are presented together
with the XMCD difference spectra. The measurements were performed both with and without a
magnetic field (B=6T), oriented parallel to the incident X-ray beam, and along the easy and the
hard axis (see sketches for the experimental geometry).

magnetization axes on the strength of the magnetic coupling. If we concentrate on the left panel

of Fig. S3, i.e. on the magnetic response of FePc/Gr/6 ML Co, we notice that the coupling is more

pronounced (higher XMCD signal) in this configuration, when the molecule and substrate easy

magnetization axes lie parallel. CuPc molecules, on the other hand, having only a half-filled b1g

orbital with a dx2−y2 spatial symmetry, are strongly anisotropic with an out-of-plane easy magne-

tization axis. Hence, when CuPc molecules are deposited on Gr/8 ML Co, exhibiting an in-plane

magnetization, the magnetic coupling is frustrated,S4 and no zero-field remanence can be detected

along both directions, as reported in the right panel of Fig. S3.
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Figure S4: Fitting of the XMCD signal thermal evolution with a Brillouin function, performed in
order to extrapolate the exchange energy of the FM/AFM coupling.

Evaluation of the Exchange energy

The thermal evolution of the XMCD signal acquired at the Fe (Cu) L2,3 absorption edge and

normalized with respect to the “zero” temperature signal intensity, is presented in Fig.S4. In order

to extrapolate the Fe(Cu)-Co coupling energy through the graphene sheet a Brillouin function has

been used and the fitting curves and parameters are reported in Table S1 and Fig.S4.

Table S1: Brillouin fitting parameters for the different samples.

Sample J Eex (meV)
FePc/Gr/IP Co 1 2.8 ± 0.6
FePc/Gr/OOP Co 1 2.1 ± 0.5
CuPc/Gr/OOP Co 0.5 0.6 ± 0.2

Computational Details

Density functional theory calculations were performed using the Quantum ESPRESSOS5 package.

Structural relaxations were performed using the LDA and PBE exchange-correlation potential,S6

including van der Waals interactions within the semiempirical method of Grimme (DFT-D2).S7

Electronic strucuture calculations were performed using the PBE+U method (with a value of U=4

eV for the d-orbitals of the MPc central ion) and also GGA-PBES6 exchange-correlation potential

and the LDA Perdew-Zunger parametrizationS8). The kinetic energy cutoff for the wave functions
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was set to 75 Ry and we adopted norm-conserving pseudo-potentials to model the electron-ion

interaction. The value of U in the PBE+U method was chosen according to Ref.S9 The IrCoGr sys-

tem was simulated with a supercell consisting of a IrCo slab with a 9×9 lattice in-plane periodicity

and an overlaying 10×10 graphene layer, the slab is composed of three Ir and one Co layers. The

same system was then relaxed with one FePc (CoPc) adsorbed on graphene. The Brillouin zone

was sampled by using a 2×2×1 grid of k-points.

Spin densities: Robustness against DFT functionals

Figure S5: Spin density isosurfaces plots for FePc (upper panels) and CuPc (lower panels) on
Gr/Co/Ir (side and top view with hidden substrate) as computed at the LDA (left panels) and DFT-
PBE (right panels) levels of theory. Green (red) isosurfaces correspond to the up (down) spin
density. In the base of the DFT-PBE calcualtions, the geometries include PBE-D2 van der Waals
corrections.

In this Section we report the spin densities for Fe and Cu-Pc adsorbed on Gr/Co/Ir as com-

puted using different functionals, such as LDA and PBE, beside the PBE+U (with a value of U=4

eV for the d-orbitals of the MPc central ion) shown in the main text. Results reported in Fig. S5 for

LDA and PBE are very similar to the PBE+U calculations shown in the main paper (Fig. 2), val-

idating the robustness of the calculated quantities. Some (relatively small) differences among the

results are visible for the case of FePc, where the spin densities around the central metal ion show
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a different shape and/or symmetry (while the main qualitative features: AFM coupling, atomic

involvement, and orbital orientation, are reproduced). This is due to a different symmetry of one

of the orbitals carrying the magnetic moment, as detailed in the next Section. In all cases, the dz2

contribution (a1g of the free standing molecule) is present.

To complete the discussion we also address the sign alternation pattern in the spin density

plots. The picture can be made more quantitative by looking at the atomically resolved magnetic

moments, reported in Tab. S2 for LDA, PBE, and PBE+U functionals.

For FePc, all functionals predict a flip of the magnetic moment when going from the central

metal ion to the Pc macrocycle, at variance with CuPc where the magnetic moment stays with the

same sign. This can be ascribed to the shape of the b1g orbital of CuPc. Further to that, PBE and

PBE+U also predict a flip of the magnetic moment when crossing the graphene layer, for both Fe

and CuPc. The magnetic moment per C atom is nevertheless very small, making the feature rather

mild.

Table S2: Atom-resolved spin polarization as given by Löwdin charge analysis. Magnetizations
given in Bohr magneton (µB) units per cell (1 TM atom, 8 N atoms, 32 C atoms for the molecule
and 200 C atoms for Gr, 81 Co and Ir atoms per layer). Data for LDA, PBE, PBE+U (U=4 eV) are
reported. Value in parenthesis refer to the isolated FePc molecule.

Atomic Magnetization [µB]
TM N mol C mol Gr Co Ir

LDA

FePc -1.72 (2.09) 0.09 (-0.02) 0.40 (-0.08) 0.17 101.70 14.22
CuPc +0.47 0.51 0.05 0.15 101.81 14.27

PBE

FePc -1.88 (2.15) 0.08 (-0.06) 0.53 (-0.11) -0.40 120.64 15.87
CuPc +0.57 0.47 0.06 -0.42 120.61 15.91

PBE+U (U=4 eV)

FePc -2.10 (2.20) 0.20 (-0.03) 0.22 (-0.19) -0.42 120.58 15.90
CuPc +0.54 0.48 0.06 -0.42 120.61 15.91
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magnetic moments (dz2 and dzx) are shown with dashed filling.
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Orbital magnetization

In Figs. S6 and S7 we report the projected density of states (pDOS) analysis for FePc and CuPc

adsorbed on Gr/Co/Ir, as computed at the PBE+U level. The total and atomic pDOS are reported

in the left panels, while right panels show the transition metal (TM) contributions resolved in

spherical harmonics. In the case of FePc, the magnetic moment (obtained as the difference of

Löwdin charges) is carried mostly by orbitals involving dz2 and dxz components (corresponding

to a1g and eg for the isolated FePc). Instead, the magnetic moment of CuPc (about 0.5 µB) is

carried by dx2−y2 (corresponding to b1g for the isolated molecule). This analysis points out that the

different magnetic properties of the adsorbed FePc and CuPc are related to the different orientation
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of the orbitals carrying the magnetic moment (out-of-plane for FePc and in-plane for CuPc).

Table S3: Transition metal (d) magnetic moments (computed using Löwdin charges) resolved with
respect to angular symmetry for FePc and CuPc upon adsorption. Different degrees of theoretical
description are shown (PBE+U, PBE, LDA). For each molecule, the largest magnetic moments are
shown in bold.

TM-d magnetic moments [µB]
z2 zx zy x2 − y2 xy Tot

FePc

PBE+U 0.92 0.91 0.07 0.12 0.01 2.03
PBE 0.88 0.33 0.34 0.08 0.15 1.78
LDA 0.76 0.27 0.28 0.06 0.12 1.50

CuPc

PBE+U 0.05 0.02 0.02 0.55 0.00 0.56
PBE 0.01 0.00 0.00 0.56 0.00 0.58
LDA 0.01 0.01 0.01 0.49 0.00 0.51

In Tab. S3 we report the detailed analysis of the symmetry of the local magnetic moments on

the transition metal ions (d-manifold) for the two molecules for the different DFT functionals used

(LDA, PBE, PBE+U). The situation is quite robust against the use of different functionals. Besides

a rather limited change in the absolute magnetic moment of FePc, the main qualitative difference

across functionals is the split of the eg states (dxz and dyz) in the PBE+U calculation for FePc,

leading to just one of the two orbitals being spin polarized. The situation is quite different from the

case of the isolated FePc molecule, where different symmetry of the magnetic ground states have

been reported in the literature, see e.g. Refs S10–S12, depending on the numerical treatments or

the theoretical description used.
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ABSTRACT

The dispersion of the electronic states of epitaxial graphene (Gr) depends significantly on the strength of the bonding with the underlying
substrate. We report on empty electron states in cobalt-intercalated Gr grown on Ir(111), studied by angle-resolved inverse photoemission
spectroscopy and x-ray absorption spectroscopy, complemented with density functional theory calculations. The weakly bonded Gr on Ir
preserves the peculiar spectroscopic features of the Gr band structure, and the empty spectral densities are almost unperturbed. Upon inter-
calation of a Co layer, the electronic response of the interface changes, with an intermixing of the Gr π∗ bands and Co d states, which breaks
the symmetry of π/σ states, and a downshift of the upper part of the Gr Dirac cone. Similarly, the image potential of Ir(111) is unaltered by the
Gr layer, while a downward shift is induced upon Co intercalation, as unveiled by the image state energy dispersion mapped in a large region
of the surface Brillouin zone.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0021814., s

I. INTRODUCTION

The intercalation of metal layers under graphene (Gr) has been
the subject of keen interest in the past decade for fundamental
and applied physics, in particular due to the possibility of creat-
ing a magnetic system with tunable properties.1–6 The main out-
comes of the metal intercalation are the modulation of the Gr elec-
tronic structure near the Dirac cone,7–9 the evolution of the inter-
facial moiré pattern and surface corrugation,10–14 and the effects of
Gr on protecting the vulnerable surface properties of the under-
neath substrate. In fact, thanks to its chemical stability, Gr protects
highly reactive surfaces and stabilizes magnetic thin films against
oxidation.8

The electronic properties of epitaxial Gr significantly depend
on the supporting substrate and on the interface. For instance,
Gr grown on Ir(111) presents a rippled moiré superstructure,

indicating a weak interaction with the metallic substrate and
preserving the peculiar spectroscopic features of the Gr band struc-
ture, such as the Dirac cone.15,16 Conversely, the growth of Gr
onto transition metal (TM) surfaces, such as Ni(111) or Co(0001),
of interest for their ferromagnetic coupling, generally results in a
better lattice matching at the expense of a perturbed band struc-
ture,17 as shown by angle-resolved photoemission spectroscopy
(AR-PES).18,19

While the precise evolution of the Gr-filled electronic states
and of the Dirac cone has been determined for a large class
of intercalated Gr systems,20–22 the response of the empty states
has been much less investigated. Recently, angle-resolved two
photon-photoemission (AR-2PPE)23,24 and scanning tunneling
spectroscopy25 have unveiled processes involving image-potential
states (ISs) in metal surfaces covered by Gr. ISs are observed within
the surface-projected bulk bandgap and are related to electrons
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trapped by the attractive image-charge potential just outside the
surface. The response of ISs to the composite dielectric/metal sys-
tems involving Gr is itself of fundamental physical interest. The-
oretically, a dual Rydberg-like series of even and odd symmetry
image-potential states is expected in a single freestanding sheet
of Gr.26

The underlying metal substrate can break the mirror symmetry
of the Gr layer as reported for Gr on Ru(0001) and Gr on Pt(111),27
while scanning tunneling spectroscopy measurements25 unveil two
series of ISs in Gr single and bilayer grown on SiC. Image-potential
states are very sensitive to any change of shape or/and environment
of the Gr sheet. The topography, the interlayer and impurity inter-
actions, the intercalated layers, and the evolution of the metallic
surface states upon intercalation can all strongly affect the IS energy
and dispersion.23,24 In this respect, angle-resolved inverse photoe-
mission spectroscopy (AR-IPES) is an ideal probe to map empty
states, and ISs in particular, especially when looking at a wide region
of the surface Brillouin zone.

In this paper, we report on the direct band structure mapping
of empty states for cobalt-intercalated Gr on Ir(111) by means of
AR-IPES and Near Edge X-ray Absorption Fine Structure (NEX-
AFS). Noticeably, image-potential states are explicitly addressed by
AR-IPES data. First principles simulations based on density func-
tional theory (DFT) were also performed to calculate the electronic
structure (DOS and bands) and simulate NEXAFS for Gr/Ir(111)
and Gr/1ML-Co/Ir(111). At variance with AR-2PPE, AR-IPES can
explore uncharted regions of the energy space E(k), allowing for a
direct comparison of the evolution of the empty states of Ir(111),
a single layer of Gr on Ir(111), and the cobalt layer sandwiched
between Gr and Ir(111). Carbon-projected band dispersion for free-
standing Gr and Gr/Co(0001) systems is also analyzed and used to
discuss the AR-IPES data.

This paper is organized as follows. In Sec. II A, we describe
the experimental methods, including growth, characterization of
the samples, NEXAFS, and AR-IPES setup, while in Sec. II B, we
report the details of the first principles computational approach.
Next, in Sec. III A, we discuss experimental and theoretical results,
including NEXAFS data, concerning the characterization of the
samples before and after cobalt intercalation. Finally, empty states,
sampled using AR-IPES, are reported and discussed in Sec. III B,
together with band structures computed at the Kohn–Sham DFT
level.

II. METHODS

A. Experimental details

Sample preparation and AR-IPES measurements took place
in an ultra-high vacuum system working at a base pressure in the
1 × 10−10 mbar range.28 The Ir(111) substrate was cleaned by sput-
tering and annealing cycles (up to 1470 K). The substrate was then
exposed to oxygen at a pressure of 1.3 × 10−7 mbar (overall expo-
sure is 8 L, considering 1 L = 1.33 × 10−6 mbar × s) with the surface
kept at 1170 K in order to segregate and desorb carbon. Subsequent
flashes at 1470 K removed adsorbed oxygen.29 The quality of the
samples and the consistency with literature data of the entire pro-
cedure are ensured by low energy electron diffraction (LEED) and
photoemission (see Refs. 29 and 30 for more details). The Gr layer

was prepared by repeatedly exposing the Ir(111) surface up to 45 L of
ethylene (C2H4) and annealing at 1300 K. The quality of the Gr layer
was then assessed by x-ray photoemission, considering the Ir 4f to
C 1s core level intensity ratio,31 and the sharpness of the moiré
pattern with LEED.

Cobalt was deposited on Gr/Ir(111) at room temperature (RT)
by molecular beam epitaxy, using a homemade e-beam sublimation
cell loaded with a high purity (6N) Co rod. The intercalation of Co
is achieved by annealing at about 670 K (i.e., well below the tem-
perature threshold for Co–Ir interface alloying32,33). The nominal
Co thickness was 2.5 Å, estimated by means of a quartz microbal-
ance, i.e., slightly in excess of the Co ML thickness, assumed to
be close to the bulk Ir(111) interplanar spacing (2.22 Å34) for a
pseudomorphic-type of growth.

IPES measurements were performed by extracting electrons
with laser light from a GaAs(100) photocathode prepared according
to standard procedures,35,36 and detecting 9.6 eV photons emitted in
the inverse photoemission process by means of a bandpass detector.
The system operates in the isochromatic mode, i.e., at fixed pho-
ton energy and by changing the energy of impinging electrons.37–39
The full width at half maximum energy (angular) resolution is about
0.7 eV (3○).

NEXAFS and photoemission measurements were performed
at the SuperESCA beamline of the synchrotron radiation facil-
ity ELETTRA (Trieste, Italy). The C K edge was acquired in the
Auger yield mode, collecting the tail of the KLL Auger electrons,
at a kinetic energy of about 260 eV, within an energy window of
12 eV and with an overall energy resolution of 100 meV. Measure-
ments were acquired with horizontal linearly polarized radiation
and with the electric field vector either parallel or almost normal
(about 70○) with respect to the surface plane, by rotating the sample
position.

B. Computational details

DFT simulations were performed using the plane-wave and
pseudopotential implementation provided by the QUANTUM ESPRESSO

distribution40,41 using the Local Density Approximation (LDA)
exchange-correlation functional, according to the Perdew–Zunger
parameterization.42 Consistent with our previous work,2 Gr/Ir(111)
and Gr/1ML-Co/Ir(111) were simulated including the complete
moiré-induced periodicity by using a 9 × 9 supercell of Ir(111),
corresponding to a 10 × 10 supercell of pristine Gr. For com-
parison, freestanding Gr and 1 × 1 Gr/Co(0001) were also
computed.

Since, for the case of a single layer of Co intercalated under
graphene, Co assumes the same structure of Ir(111) [see LEED in
Fig. 1(d)], the moiré superstructures of Gr/Ir(111) and Gr/1ML-
Co/Ir(111) have the same periodicity. In practice, we have treated
the Co layer with the same registry of one extra Ir layer, except
for the interlayer distance, which has been relaxed. For both inter-
faces, we have considered the lattice parameters of Ir bulk relaxed
at the LDA level using ultrasoft pseudopotentials (USPP), result-
ing in an Ir–Ir distance of 2.7048 Å (corresponding to a hexago-
nal cell of 46.001 Bohr radii) for the moiré structure. Four metal-
lic layers (3 Ir plus one Co layer or 4 Ir layers) were included in
the calculations. A layer of H atoms was included at the bottom
of the slab to make the two sides of the slab inequivalent. Atomic
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FIG. 1. Left panels: low energy electron diffraction (LEED) images taken at a beam energy of 140 eV: (a) Ir(111), (b) Gr/Ir(111), (c) as deposited 1ML-Co/Gr/Ir(111), and (d)
after Co intercalation by annealing at 670 K [i.e., Gr/1ML-Co/Ir(111)]. At the bottom: sketch of the diffraction pattern of the Ir(111) surface. The surface Brillouin zone (SBZ) is
shown in red. Middle panels: (e) side and top views of the corrugation and moiré pattern of Gr/Ir(111) and (f) of Gr/1ML-Co/Ir(111), as determined by DFT. Right panel: (g) Ir
4f core level photoemission, taken at hν = 176 eV, of Gr/Ir(111) (black curve), 1ML-Co/Gr/Ir(111) (blue curve) and Gr/1ML-Co/Ir(111) (red curve). All spectra show Ir 4f 5/2 and
Ir 4f 7/2 core levels [with a bulk (B) and surface (S) component before Co intercalation], and Co 3p core level (after Co deposition).

positions were then fully relaxed (except for the two bottom Ir lay-
ers and the H saturation layer) until ionic forces were smaller than
0.001 Ry/bohr. All the self-consistent calculations were performed
by using a 2 × 2 grid of k-points, norm-conserving pseudopoten-
tials, and a kinetic energy cutoff of 75 Ry to represent Kohn–Sham
wavefunctions.

NEXAFS spectra were simulated using the XSPECTRA code.43–45
The absorption from the core levels was simulated by considering a
carbon pseudopotential including a half core-hole (HCH).46–49 One
HCH atom per cell (i.e., every 200 C atoms), substituting a regular
C atom, was placed at different positions in order to sample valley,
intermediate, and peak regions of the moiré superstructure, as well
as the two sub-lattices of Gr. The final spectrum was obtained by
averaging the spectra over 8 selected sampling points. More details
on the averaging procedure are provided in the supplementary
material.

The C-projected band structures for Gr/Co(0001) in the 1 × 1
unit cell (shown in Fig. 6) have been computed for a slab includ-
ing Gr, 10 layers of Co, and a saturating back layer of H atoms.
The lattice parameter of the slab (2.430 Å) has been taken from a
full relaxation of the Co hcp structure, done at the DFT-LDA level
(see also the supplementary material for more details). Comparison
with calculations done using 4, 6, and 8 Co layers is provided in the
supplementary material.

III. RESULTS AND DISCUSSION

A. Co intercalation and NEXAFS data

The intercalation of a single layer of cobalt, sandwiched
between the Ir(111) surface and Gr, results in a corrugated Gr layer
with a moiré superstructure superimposed to the hexagonal lat-
tice of Gr, as deduced from the LEED patterns reported in the left

panels of Fig. 1. The Ir(111) LEED [Fig. 1(a)] shows bright hexago-
nal spots and after Gr growth [Fig. 1(b)], a larger hexagonal pattern
surrounded by hexagonal satellites (up to third order diffraction fea-
tures), consistent with the smaller Gr lattice parameter, and a moiré
superstructure caused by the lattice mismatch between Gr and Ir.50
After Co deposition [Fig. 1(c)], the surface shows an unaltered pat-
tern, only slightly attenuated after the Co addition, while the num-
ber of satellite spots is reduced when the Co layer is intercalated
underneath Gr [Fig. 1(d)]. These differences are likely correlated
with the changes in the Gr morphology in the presence of the Co
intercalation.11

The Co–C interaction in the moiré superstructure depends
on the C site, with the result of increasing the corrugation of the
Gr layer. The interaction with Gr is stronger in top-hollow and
bridge sites, while the van der Waals-like interaction is reported
for other sites (showing fcc/hcp stacking),19 as confirmed by DFT
structural models.2,31,51 The increase of the Gr corrugation upon
Co intercalation and the structural details of the moiré structures,
as computed in our DFT calculations, are illustrated in Figs. 1(e)
and 1(f).

The graphene layer, almost unperturbed by the Ir(111) under-
lying surface, is highly perturbed upon Co intercalation, and a strong
C–Co interaction is observed. This can be clearly unveiled by pho-
toemission from the Ir 4f 5/2 and Ir 4f 7/2 core levels, both with com-
ponents originating from bulk (B) and surface (S), as shown in
Fig. 1(g). The surface components, at about 0.5 eV lower binding
energy, due to emission from the topmost atomic layer of Ir(111),
are unaffected by the formation of the Gr layer (black curve), cor-
roborating the formation of a quasi-freestanding electronic struc-
ture of Gr, and they are essentially unchanged after the deposition
of Co on Gr (blue curve, a mere attenuation of both surface and
volume contributions is seen as due to the Co overlayer). Com-
ing to Co intercalation under the graphene layer (red curve), the
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Co 3p levels are only slightly attenuated in intensity with respect
to the non-intercalated case (blue curve). While a CoxIr1−x inter-
face alloying has been recently reported at annealing temperatures
higher than 900 K,33 here, the intensity ratio between Co 3p and
Ir 4f states is almost unchanged, showing that at the intercalation
temperature (well below 900 K), the bulk solubility of Co atomsmust
be negligible.

On the other side, the intercalation of Co at 670 K induces
a sudden quenching of the Ir surface components [Fig. 1(g), red
curve] and strongly influences the photoemission from the overly-
ing Gr membrane, as exhaustively discussed in previous papers.19,31
Moreover, cobalt deposited on top of the Gr layer does not influ-
ence the C 1s line shape, as shown in the spectra reported in
the supplementary material. After intercalation, the C 1s core
level photoemission presents a multi-component line shape with
two main features, at 284.42 eV and 284.92 eV.19,31 These are
assigned to the C atoms in the Gr layer weakly and strongly bound
to the intercalated Co layer, respectively. Such experimental evi-
dence and the disappearance of the Ir surface components prove
a homogeneous Co intercalation, featuring a Co–Gr interaction
upon intercalation with a redistribution of the charge density at
the Gr/1ML-Co/Ir(111) interface, in turn preventing any Co–Ir
alloying.

A further signature of the interaction of corrugated Gr with the
underlying Co layer can be highlighted by the C K absorption spec-
tra (NEXAFS) for Gr/Ir(111) and Gr/1ML-Co/Ir(111) reported in
panels [(a) and (b)] of Fig. 2. The electric field oriented almost nor-
mal (70○ with respect to the surface plane) allows one to enhance
the signal from the π∗ states, even though this setup does not com-
pletely quench the σ∗ state contribution. Concerning Gr/Ir(111),
the main peak at 285.5 eV is associated with the π∗ conduction
states. Moreover, a shoulder located at about 284.2 eV can be seen
in Fig. 2(a). This feature observed for single layer Gr on metals,
graphene flakes52,53 and nano-graphite grains,54 was attributed to
edge-derived electronic states. However, in the present case, the
highly ordered corrugated Gr structure with large single domains
cannot justify a contribution from edge defects to the pre-edge fea-
ture. On the other hand, a small p-doping observed for Gr/Ir(111)55
can induce a tiny density of empty states below the Dirac cone apex
available for the excited core electrons. This is supported by our
DFT simulations where the comparison between the DOS computed
for freestanding Gr and Gr on Ir reveals a small p-doping corre-
sponding to an excess charge of about 1.1 × 10−3 electrons per C
atom (DOS plots and more details in Fig. S4 of the supplementary
material). The higher energy features are due to transitions toward
higher-lying states resonant with contributions coming from the

FIG. 2. Measured NEXAFS [(a) and (b)], computed NEXAFS [(c) and (d)], and DOS data [(e) and (f)] for Gr/Ir(111) (upper panels) and Gr/1ML-Co/Ir(111) (lower panels),
respectively. Purple and red lines correspond to C 1s levels excited by out-of-plane and in-plane polarized photons. Vertical dashed lines correspond to the Fermi level
reference, as deduced by the energy position of the C 1s core levels (284.13 eV for Gr/Ir; 284.92 eV and 284.42 for Gr/Co/Ir). Central panels: simulated NEXAFS spectra
averaged over different positions of the half core-hole (see the supplementary material). The gray lines represent the spectra computed for different core-holes and give an
idea of the initial-state induced broadening of the spectra. Right panels: computed DOS projected on Co and Gr σ (C s + px + py ) and π (C pz) orbitals for the same systems.
The zero of the energy scale corresponds to the Fermi level.
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σ∗ conduction states, thus more visible in the s configuration (red
curve).

The measured C K absorption edge of Gr/1ML-Co/Ir(111) is
reported in Fig. 2(b). Three main signatures diversify the NEX-
AFS spectra before and after the Co intercalation: (i) the dis-
appearance of the pre-edge feature due to the small p-doping
observed for Gr/Ir(111), (ii) a broadening of the spectral features
related to the π∗ and σ∗ transitions, and (iii) an energy shift of
the absorption onset larger for the σ∗ transitions than for the π∗
ones.

The quenching of the pre-edge can be ascribed to the removal
of p-doping due to a shift of the Dirac cone, as described in the
computed band reported in Fig. 6 (Sec. III B). As far as it concerns
the π∗ transitions, the main peak, centered at 285.7 eV, appears
weaker and broader. Moreover, in the energy region above the onset,
between 287 eV and 290 eV, a wide shoulder appears in both p and
s configurations, as observed also for Gr grown on highly interact-
ing substrates like Gr/Ru(0001), Gr/Rh(111), or Gr/Ni(111).56 The
origin of the smearing of these features can be due to both initial
state effects and hybridization of the out-of-plane C-π and Co-d
final states. The initial state effect is due to the spatially modu-
lated adsorption potential of C upon Co-intercalation, which stems
from the moiré structure of Gr/Ir(111), reflected in different bind-
ing energies of the C 1s Gr core levels. After intercalation, the C 1s
core level photoemission presents a multi-component line shape
with two main features, at 284.42 eV and 284.92 eV,19,31 assigned
to C atoms in the Gr layer weakly and strongly bound to the inter-
calated Co layer, respectively, as reported in the supplementary
material.

The presence of these features induces a convolution of a multi-
edge onset; however, they cannot fully explain the large broaden-
ing of the spectral density in the energy range of 285 eV–290 eV,
where the contribution from the hybridized Co–C states dominates.
As supported by the DFT calculations [see below and Fig. 2(f)],
a contribution to the π∗ transition spectral density can be cer-
tainly ascribed to the hybridization of C-π and Co states induced
by the intercalation. Such contribution is further evidenced by
changing the light polarization from p to s. In fact, in-plane σ∗
states present an onset at about 291 eV for Gr/Ir(111) with two
well-defined structures, while for Gr/1ML-Co/Ir(111), the absorp-
tion from the σ∗ states is observed also at lower photon energies
(285 eV–290 eV), with slightly smeared structures. This is con-
sistent with a broken symmetry of the π∗-conduction states as
mixed with the Co d states, resulting in a non-negligible signal with
s-polarization.

In order to interpret the experimental results discussed above,
we have simulated the NEXAFS spectra for the in-plane and out-
of-plane polarizations using DFT and including core-hole effects
(see Sec. II B). The results are reported in Figs. 2(c) and 2(d) for
Gr/Ir(111) and Gr/1ML-Co/Ir(111), respectively. In both figures, we
show the spectra computed considering the half core-hole located on
different carbon atoms, sampling moiré valleys, hills, and intermedi-
ate regions (gray lines) and the final spectra obtained by performing
a weighted average (blue and red lines) that takes into account the
C–metal distance, as detailed in the supplementary material. The
comparison of the averaged spectra clearly shows a broadening of
the peaks for Gr/1ML-Co/Ir(111) when compared with Gr/Ir(111),
in agreement with experiments.

In order to further clarify the differences seen in the NEX-
AFS spectra after Co intercalation, we report in Figs. 2(e) and 2(f)
the computed projected density of states (where no core-hole is
considered) of the two systems, focusing on the Gr π∗- and σ∗-
projections. A less structured and more broadened DOS is clearly
evident for the case of Gr in Gr/1ML-Co/Ir(111), confirming the
idea of a contribution from the change of the final-state eigen-
pairs to the experimentally observed broadening of the NEXAFS
spectrum. The σ∗ states located at 8.9 eV for Gr/Ir(111) are also
shifted toward lower energies, at 7.6 eV, for Gr/1ML-Co/Ir(111).
Such a shift allows for the superposition of the Gr σ∗ and Co
peaks and is in agreement with the downshift of the σ∗ peaks seen
for Gr/1ML-Co/Ir(111), in the measured and computed NEXAFS
spectra.

By comparing the NEXAFS spectra obtained with the half
core-hole located on different carbon atoms, it is evident that, in
the case of Gr/Ir(111), all the spectra are nearly superimposed.
In contrast, for Gr/1ML-Co/Ir(111), the position of the maxima
of the different spectra spans a larger range of energies. This ini-
tial state effect is clearly one of the contributions to the smear-
ing of the final averaged spectra. On the other hand, a close look
at the same individual contributions also shows that the Gr/1ML-
Co/Ir(111) spectra present broader features than Gr/Ir(111), which
can be ascribed to the hybridized Co–C states (changes in the
final state wavefunctions and eigenvalues). We can then con-
clude that both mechanisms (changes in the initial- and final-state
eigenpairs) contribute to the observed broadening of the NEXAFS
spectra.

Besides the broadening of the spectra, a shift in the energy
position of the σ∗ and π∗ main peaks of Gr/1ML-Co/Ir(111) with
respect to Gr/Ir(111) is observed. In agreement with experiments,
where a shift of about 0.8 V is measured, the main σ∗ peak is found
in calculations 1.1 eV lower in energy for Gr/1ML-Co/Ir(111) than
for Gr/Ir(111). This means that the weaker the Gr–metal interac-
tion [Gr/Ir(111) compared to Gr/1ML-Co/Ir(111), but also C atoms
further away from the surface in the moiré structure of Gr/1ML-
Co/Ir(111)], the higher the energy of the main σ∗ peak in the
NEXAFS spectra. A downshift in the energy of the electronic σ∗
bands calculated for Gr/Co with respect the Gr layer is reported
in Fig. 6 (Sec. III B), confirming the observed shift of the onset
of the σ∗ transition in the C K edge and the influence of the Co
layer under graphene even on the empty states far from the Fermi
level.

The detailed comparison between the C K edge and the sim-
ulated NEXAFS spectra and the projected density of empty states
clearly reproduce both the broadening and the energy shift of the
C states, and the superposition of these states with Co states, sig-
natures of the hybridization between Gr and Co orbitals, result-
ing also in the spin polarization of the Gr states. It is interest-
ing to notice that these features are already present in the com-
puted DOS of Gr/Co(0001), in which the Gr corrugation due to
the moiré pattern is not included. In fact, Fig. S4 of the sup-
plementary material and Fig. 6 in Sec. III B, again corroborate
the hybridization mechanism as responsible for the broadening
observed in the NEXAFS spectra. This adds up to the structural
effect due to the moiré structure, being, however, much smaller
than the hybridization mechanism, as shown in the supplementary
material.
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B. Co intercalation: Angle-resolved inverse
photoemission

We will now address the empty electronic structure, pay-
ing special attention to image-potential states (ISs). Figure 3 dis-
plays the AR-IPES spectra acquired on clean Ir(111), Gr/Ir(111),
and Gr/1ML-Co/Ir(111). The angle-resolved measurements were
performed by rotating the sample from normal incidence to 18○
along the [1̄1̄2]Ir axis, i.e., along the Γ̄ − K̄ direction of the surface
Brillouin zone (SBZ), shown below the [(c) and (d)] panels of Fig. 1.
The Ir(111) spectra [Fig. 3(a)] are characterized by two main fea-
tures. The first one, slightly dispersive and located close to the Fermi
level (EF), is related to transitions toward Ir 5d states.29 The second
feature, labeled I, is detected at 5.1 eV. Considering a work function
of 5.8 eV for Ir(111),57 this corresponds to a binding energy (BE)
(with respect to the vacuum level) of 0.7 eV for the I state, which is
well within the BE range reported for the n = 1 IS of several other
TM (111) surfaces.58,59

AR-IPES spectra from Gr/Ir(111) are reported in Fig. 3(b).
They do not present any appreciable difference with respect to the
clean Ir(111) surface, since Gr basically grows as an almost free-
standing ordered sheet on Ir(111), without affecting the states local-
ized at the surface.60 An important exception is peak I′, which shifts
toward lower energies, lying at 3.9 eV in the normal incidence spec-
trum. A similar feature is reported for both HOPG and Gr, and it
is attributed to an image potential state.12,61 Considering that epi-
taxial Gr decreases the work function of Ir(111) to 4.65 eV,57 the
BE of such a state is 0.8 eV, i.e., similar to the value found for
Ir(111). Co deposition on top of the graphene layer leaves the AR-
IPES spectral density almost unperturbed, except for a decrease in
the intensity of all the empty electronic states with respect to the Ir
substrate.

Finally, AR-IPES spectra for Co-intercalated Gr/Ir(111),
reported in Fig. 3(c), show an attenuation of bulk features close
to EF, while the peak corresponding to the IS labeled I′′ is now

FIG. 3. AR-IPES spectra taken at various angles along the Γ̄ − K̄ direction of: (a)
Ir(111), (b) Gr/Ir(111), and (c) Gr/1ML-Co/Ir(111). Spectra related to as-deposited
1ML-Co/Gr/Ir(111), acquired at selected angles, are drawn in panels (b) and
(c) with thinner blue lines after an appropriate normalization. The spectra were
acquired at room temperature.

located at about 2.8 eV. The work function of Gr/1ML-Co/Ir(111)
is considerably reduced to a value around 3.3 eV,62 thus giving an
IS binding energy of about 0.5 eV in this system. After the inter-
calation of the first Co layer, the surface component of the Ir 4f
surface states is quenched and the Rashba–Shockley state disap-
pears,60 as observed in photoemission experiments. These Ir(111)
surface hallmarks, preserved with the graphene cover60 and also
when cobalt is deposited on top, are damped by the Co–Ir inter-
action if the Co layer is sandwiched between graphene and the Ir
substrate, inducing a strong modification of the surface potential.
The characteristics of the I′′ state, therefore, account for the modifi-
cations in the surface potential due to the work function lowering62
and a different screening due to the presence of the metal layer
on Ir(111).

The energy dispersion E(k) along the Γ̄ − K̄ direction of the
image-potential states I, I′, and I′′ is shown in Fig. 4, together
with the experimental results of Ref. 23 measured by means of
two-photon photoemission. The I and I′′ states of Ir(111) and
Gr/1ML-Co/Ir(111) present a small dispersion, not allowing for
a sensible evaluation of the their corresponding effective masses.
This is instead possible for the I′ state, visible on a larger k-
space region and showing a sizable dispersion. The parabolic fit
of the energy dispersion, shown as a red line in Fig. 4, gives
an effective mass of 1.1 me. In addition, the analysis of the I′
state on a wider k-space region definitively confirms the attribu-
tion of this feature to an IS done in the previously reported 2PPE
analysis.23

In order to explore a k-region closer to the K̄ point of the SBZ,
where C-derived structures are expected, we extended the AR-IPES
investigation to larger incidence angles for the Gr/Ir(111) and the

FIG. 4. Experimental AR-IPES data showing the momentum dispersion of states
I, I′, and I′′. Experimental results from Ref. 23 are added for comparison. The red
line represents the best fit of I′ dispersion.
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Gr/1ML-Co/Ir(111) samples. Our results are presented in Figs. 5(a)
and 5(b): close to EF, the spectra are dominated by the Ir(111) sub-
strate contribution, as discussed in the supplementary material. We
focus here on themost significant features present at higher energies,
highlighted by a shaded area and labeled asG′ andG′′ for Gr/Ir(111)
and Gr/1ML-Co/Ir(111), respectively. In the case of Gr/Ir(111), the
shape, intensity, and angular dispersion of G′ are in good agree-
ment with the AR-IPES results of highly oriented pyrolytic graphite
(HOPG)61 and of multilayer Gr grown on 6H–SiC(0001),12 where
G′ is attributed to an electronic transition to the anti-bonding π∗
state. For increasing incidence angle, G′ shifts toward lower ener-
gies. Its E(k) dispersion is plotted in Fig. 6 (orange dots), where
the experimental points show a linear dispersion whose extrapo-
lation crosses EF at the K̄ point of the SBZ, as expected for the
Dirac cone of Gr. Cobalt deposited on top of the graphene layer
does not influence the topology of the Dirac cone, and the linear-
ity is preserved, as deduced by the blue spectra reported in Fig. 5
for 1ML-Co/Gr/Ir(111). Similar peaks related to transitions to the
π∗ states of the Dirac cone are also found for Gr/1ML-Co/Ir(111),
but shifted about 1 eV toward lower energies. They are labeled as
G′′ in Fig. 5(b), and their dispersion is shown in Fig. 6 (light blue
dots).63

In order to better understand the E(k) evolution of Gr empty
states, we compare our AR-IPES data with the band structure com-
puted within Kohn–Sham DFT. For a full theoretical simulation, it
would be in principle necessary to compute the bands for a 10 × 10
Gr layer on top of themetal surface, and then to unfold the electronic
states to the Gr primitive cell.64–66 However, we preferred to follow
a simpler approach performing simulations for the 1 × 1 counter-
parts of Gr/Ir(111) and Gr/1ML-Co/Ir(111), namely, freestanding
Gr and Gr/Co(0001) treated in their primitive cells. The choice of
freestanding graphene is justified by the weak Gr/Ir interaction. The

FIG. 5. AR-IPES spectra taken at various angles along the Γ̄ − K̄ direction of:
(a) Gr/Ir(111) and (b) Gr/1ML-Co/Ir(111). Spectra related to as-deposited 1ML-
Co/Gr/Ir(111), acquired at selected angles, are drawn with thinner blue lines after
an appropriate normalization.

FIG. 6. AR-IPES data for Gr/Ir(111) (G′, orange dots) and Gr/1ML-Co/Ir(111) (G′′,
light blue dots) compared to the bands computed, respectively, for freestanding
Gr (red dots) and flat Gr/Co(0001) (blue dots), taken as models of the two mea-
sured systems as explained in the main text. The bands were computed in the
1 × 1 unit cell and projected on atomic orbitals (after a Lödwin orthogonalization is
performed, as implemented in the QUANTUM ESPRESSO package40,41). In the plot, the
size of the dots corresponds to the projection amplitude of the Kohn–Sham orbitals
of the whole system onto C atomic orbitals (graphene). For simplicity, only four dot
sizes are shown, corresponding to 5%, 15%, 30%, and 50%, respectively. Using
the LDA lattice parameter of Co-bulk (a = 2.430 Å), K̄ is located at 1.7238 Å−1.
This is compatible with the K̄ point of the Gr/Ir(111) SBZ, set at 1.70 ± 0.02 Å−1

from LEED and in agreement with Ref. 18.

Co(0001) surface, in contrast with Ir, has a lattice parameter sim-
ilar to graphene, and therefore, the interface can be described by
a 1 × 1 unit cell. On the other hand, the fact that the two com-
ponents of the interface are commensurate results in a graphene
sheet with no corrugation, contrary to what happens for Gr/1ML-
Co/Ir(111). The validity of the above approximation is supported by
the similarity of the electronic structure of the systems, as explained
in detail in the supplementary material, and allows for a simpler
analysis of the band dispersion. The computed results for the Gr
π∗ bands are also reported in Fig. 6 as red and blue dots for Gr
and Gr/Co(0001), respectively. The size of the dots corresponds to
the projection amplitude of the Kohn–Sham orbitals of the whole
system onto atomic orbitals of graphene, and the labels, π and σ,
correspond to Cpz and C (s, px, py) orbital symmetries, respectively.
In the figure, the dot scale ranges from 5% to 50%, indicating a pro-
jection amplitude of at least the given value, justifying the apparent
discontinuity of the bands. A plot including the C projected bands
for a larger reciprocal space region is presented in Fig. S5 of the sup-
plementary material. Notwithstanding the difference between the
systems investigated, a good qualitative agreement is found between
the experimental G′ feature and the dispersion of the π∗ bands of
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Gr. Similar to freestanding Gr, the π∗ band starts at the Γ̄ point at
a large energy (10.75 eV) and ends up close to EF at the K̄ point,
forming a Dirac cone. Good agreement is also found between the
experimental behavior of the G′′ feature and the theoretical model-
ing. In particular, the downward shift in energy for the Gr states in
Gr/1ML-Co/Ir(111) with respect to Gr/Ir(111) is well reproduced by
calculations.

Interestingly, an energy shift of about 2 eV of the occupied
Gr π-bands at the Γ̄ point has also been reported in (direct) pho-
toemission upon 1ML-Co intercalation.19,62 However, both empty
state dispersion and the good agreement with theoretical results
prove that the Co intercalation effect cannot be simply modeled as a
downshift of the Gr-bands, but rather needs to include hybridization
effects, which are expected also for empty states of the Gr/1ML–
Co/Ir(111) interface, close to the Fermi level. Unambiguous detec-
tion of such states by IPES is prevented by the presence of the Ir
states dominating the spectra close to the Fermi level. However,
an experimental signature has been already clearly observed in the
broadening of the C K edge ascribed to hybridized Co–C states,
confirmed by the computed projected density of states shown in
Fig. 2.

IV. CONCLUSIONS

The intercalation of Co on Gr/Ir(111) induces a significant
modification of the Gr states at the interface, while Co deposi-
tion on top of Gr/Ir(111) preserves the graphene electronic struc-
ture. Thanks to the negligible bulk solubility of Co atoms in the
Ir substrate, Co sandwiched between Ir and Gr constitutes a sin-
gle homogeneous layer influencing the Gr electronic structure. The
downward shift of the Dirac cone is unveiled by AR-IPES and DFT
calculations. A larger corrugation of Gr upon Co intercalation and
the symmetry breaking of the π/σ states hybridized with the metal-
lic Co bands induce also a broadening of the NEXAFS features for
Gr/1ML-Co/Ir(111) when compared with Gr/Ir(111), as confirmed
by the evolution of the projected density of empty states deduced by
DFT calculations.

A description of the changes occurring to the empty-state elec-
tronic structure during the various steps leading to the formation
of Co-intercalated Gr/Ir(111), starting from the bare Ir(111) sub-
strate, is unraveled by AR-IPES. Thanks to its angular resolution,
it provides complementary information on the spectroscopic fea-
tures related to the Gr layer. In particular, the unoccupied π∗ states
shift away from the Fermi level along the Γ̄ − K̄ direction. It is
worth noting that the deposition of Co on top of the Gr/Ir(111)
structure does not modify the Dirac cone, consistent with the for-
mation of Co clusters,32 while the Co-intercalation induces a shift
of the Dirac cone and a symmetry breaking of the π/σ states. The
image states of Ir(111), more sensitive to the potential at the sur-
face, are almost unperturbed when Gr covers the surface, even when
the Co is deposited on the Gr cover, while they are depressed and
shifted by the potential altered by the intercalated Co layer. Com-
bined AR-IPES, NEXAFS, and DFT have proved to be particularly
effective in determining in detail the empty electronic structure of
interacting graphene systems, unveiling the clear transition from a
nearly freestanding to a hybridized character of the graphene band
structure.

SUPPLEMENTARY MATERIAL

See the supplementary material for the detailed description
of the core-hole positions used to average the computed NEXAFS
spectra, the similarity of the DOS for Gr and Gr/Ir(111), and for
Gr/Co(0001) and Gr/1ML-Co/Ir(111). AR-IPES spectra acquired on
the Ir(111) substrate and a figure summarizing the major spectro-
scopic changes occurring during the various phases of Co intercala-
tion are also included.
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I. CORE LEVELS

In Fig. 1 we show C 1s core level spectra, taken
at hν=400 eV, of Gr/Ir(111) (black curve), 1ML
Co/Gr/Ir(111) (blue curve) and Gr/1ML-Co/Ir(111)
(red curve). The C 1s peak of Gr/Ir(111) exhibits a
sharp profile centred at 284.13 eV, with a faint broaden-
ing after the deposition of Co atoms. Indeed, metals
tend to form 3D clusters on top of graphene without
long-range order1,2 in the present experimental condi-
tions (thermal evaporation of Co and sample at RT). As
discussed in a previous publication,3 upon intercalation,
a double peaked line-shape arises at higher binding en-
ergy, with main components at 284.92 eV and 284.42 eV,
due to carbon atoms in valleys and hills, respectively.

II. SIMULATION OF THE NEXAFS SPECTRA

The ground state electronic structure was computed
within Density functional theory using the Quantum
ESPRESSO (QE) package4,5 with the LDA exchange-
correlation functional, according to the Perdew-Zuger
parametrization.6 The NEXAFS spectra were simulated
using the Xspectra code7–9 within the QE distribu-
tion. The absorption from the core levels was calcu-
lated considering a carbon pseudopotential including a
half core-hole (HCH).10–13 This approach can be rational-

FIG. 1. C 1s core level spectra, taken at hν=400 eV, of
Gr/Ir(111) (black curve), 1ML-Co/Gr/Ir(111) (blue curve)
and Gr/1ML-Co/Ir(111) (red curve).

ized in terms of the Slater transition-state method,14,15

where, given the Janak’s theorem16 stating dE
dfi

= εi
and valid for KS-DFT, by Taylor expansion one approxi-
mates ionization energies as eigenvalues computed at half
occupation, E[fi = 0] − E[fi = 1] = −εi[fi = 1

2 ] + o(f3i ).
Such an approach can be also applied to (independent-
particle) optical absorption, where half occupation would
be needed for both the occupied and empty states in-
volved in the one-particle transitions. Nevertheless, the
half occupation of the final state is typically disregarded
because of convenience and in view of the (usually) more
delocalized nature of the states.

One HCH atom per cell (i.e. every 200 C atoms), sub-
stituting a regular C atom, was placed at different po-
sitions in order to sample both graphene sublattices lo-
cated in the valleys, intermediate, and peak regions of
the moiré superstructure. Since the calculation of all the
200 spectra for the two surfaces is very demanding com-
putationally, the spectrum shown in the main text was
obtained by averaging the spectra over the 8 selected
sampling points described above. The average considers
that the differences between spectra computed for dif-
ference C sites depend mainly on the interaction with
the underlying metal layer, and this depends in turn on
the graphene-metal distance (see also Ref. 17 for a dis-
cussion of the XPS spectra in the presence of the moiré
corrugation). For this reason each of the spectra was
weighted considering the number of C atoms at a certain
graphene-metal distance. In fact, in the case of Gr/Ir,
for which the graphene corrugations is smaller, the NEX-
AFS spectra are basically all superimposed, whereas, for
Gr/Co/Ir, with a larger corrugation, the spectra vary
both in intensity and energy peak position, contributing
to the broadening of the averaged spectra and supporting
the hypothesis of the dependence of the spectra on the
graphene-metal distance.

In Fig. 2 we show the π and σ polarization of NEXAFS
spectra computed for each of the 8 C sites, for Gr/Ir(111)
and Gr/1ML-Co/Ir(111). In Fig. 3 we show the his-
togram of the C vertical positions (right side), used to
weight the individual spectra and the sites correspond-
ing to the spectra plotted in the panels of Fig. 2.
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FIG. 2. Simulated NEXAFS for Gr/Ir(111) and Gr/1ML-Co/Ir(111) (left and right panel, respectively), computed for
different positions of the C 1s half core-hole included in the calculations. Both π (lower energy peak) and σ (higher energy
peak) polarization are shown.
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FIG. 3. Left panel: Carbon 1s sites sampled (by including a half-core hole) in the average over atomic sites performed to
simulate the NEXAFS spectra. Right panel: histogram with the distribution of heights for the C atoms of graphene due to
corrugation [blue: Gr/Ir(111); orange: Gr/1ML-Co/Ir(111)].

III. DENSITY OF STATES AND BAND STRUCTURE

In Section III B of the main text, we compare ex-
perimental AR-IPES data for Gr/Ir(111) and Gr/1ML-
Co/Ir(111) with the corresponding calculated bands.
However, instead of the bands computed for the com-
plete systems, the 10×10 Gr layer on top of the metal
surface, we present the bands of free-standing graphene
and flat graphene/Co(0001). The reason for this is that
the bands of the 10×10 unit cell would be folded, making
them difficult to interpret and we would need in prin-
ciple to unfold18–20 the 10×10 Gr super cell to the Gr
primitive cell. Graphene and the Co(0001) surface have
similar lattice parameters (lattice mismatch smaller than

1%) and are therefore commensurate. This means that
the calculation can be done in the 1 × 1 unit cell, since
there is no moiré pattern and no graphene corrugation.
Despite the structural differences, the electronic proper-
ties show many similarities. For the sake of clarity, the
lattice parameters of the studied systems are collected in
Tab. I.

To validate this choice, we compare the DOS of free
standing graphene, with the one computed for the 10×10
Gr/Ir(111) supercell and Gr/Co(0001) with the DOS
of 10×10 Gr/1ML-Co/Ir(111). The calculations used a
100×100 k-point grid in the case of the 1×1 unit cells,
and a 6×6 k-point grid in the case of the supercells. In
Fig. 4 we show the DOS projected on the C atoms of
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FIG. 4. Comparison of the density of states computed for free standing graphene and for the 10×10 Gr/Ir(111) supercell (left
panel) and of the density of states computed for Gr/Co(0001) with the one of 10×10 Gr/1ML-Co/Ir(111) (right panel). Spin
up and down channels are summed over.

FIG. 5. Computed band structure for flat graphene/Co(0001) in the 1 × 1 unit cell with increasing number of Co layers.
The bands were projected on carbon π∗, purple symbols, and σ∗ orbitals, red symbols. Non-projected bands (governed by Co
contributions) are represented in grey.
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System Lattice parameters Bond length
Ir bulk fcc a =3.8252 2.7048
Co bulk hcp a =2.430 c/a = 1.613 2.430
Gr 2D hex a = 2.4410 1.409
Gr/Ir(111) 2D hex a = 24.343 –
Gr/1ML Co/Ir(111) 2D hex a = 24.343 –

TABLE I. Lattice parameters for the systems considered in this work. Ir and Co bulk systems were computed at the LDA level
(see methods in the main text). Iridium lattice was then used to build the Gr/Ir and Gr/Co/Ir moiré structures, while Cobalt
bulk was used for Gr/Co(0001). In the two latter cases no lattice relaxation was performed. Graphene lattice parameter is
reported for reference. All numbers are given in Å units.

the four systems. The results show that the shape of
the C DOS in the supercells follows very closely the one
computed for the 1 × 1 unit cells, with only minor dif-
ferences. In the case of Gr/Ir, the DOS is very similar
to the one of freestanding graphene, with only a small
shift of about 0.21 eV towards higher energies, revealing
a small p-doping. Considering that the density of state
per unit cell, as computed for freestanding graphene, is
given by ρ(E) = 0.1E (eV−1), the excess charge is about
2.2×10−3 electrons per graphene unit cell or 1.1×10−3

electrons per C atom.
In Fig. 5 we show the band structure (including projec-

tions) computed for flat graphene/Co(0001) in the 1 × 1
unit cell, with a number of layers varying from 4 to 10.
Although the total number of states increases with the
number of Co atoms considered in the calculation, the
bands projected on graphene are essentially unchanged.
Furthermore, this justifies the use of 4 metal layers in the
calculations involving the 10×10 Gr/1ML-Co/Ir(111), in
particular for the calculation of the NEXAFS spectra and
the DOS, shown in Fig. 2 of the main text.
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IV. ANGLE RESOLVED INVERSE PHOTOEMISSION SPECTRA

FIG. 6. Angle resolved inverse photoemission spectra ac-
quired on Ir(111) by tilting the sample up to an angle of 48◦

around the [1̄1̄2]Ir axis, i.e. along the Γ̄ − K̄ direction of the
Ir(111) surface Brillouin zone. The shaded area and vertical
lines highlight the position of the image-potential state I (see
the main text for further details).

FIG. 7. Angle resolved inverse photoemission spectra
acquired on Gr/Ir(111) (dotted lines), Co/Gr/Ir(111), i.e.
after the deposition of 1 ML of cobalt onto Gr/Ir(111)
(dashed lines), and Co intercalated Gr/Ir(111), namely the
Gr/Co/Ir(111) surface (continuous lines). The sample was
tilted around the [1̄1̄2]Ir axis along the Γ̄ − K̄ direction on of
the Ir(111) surface Brillouin zone. Vertical lines highlight the
position of the G′ and G′′ graphene π∗ states and, at normal
incidence, the I ′ and I ′′ image-potential states (see the main
text for further details). Spectra from different datasets have
been rescaled and offset for a better comparison.
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S. Poncé, D. Rocca, R. Sabatini, B. Santra, M. Schlipf, A. P.
Seitsonen, A. Smogunov, I. Timrov, T. Thonhauser, P. Umari,
N. Vast, X. Wu, and S. Baroni, J. Phys.: Condens. Matter 29,
465901 (2017).

6J. P. Perdew and A. Zunger, Phys. Rev. B 23, 5048 (1981).
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We investigate a well defined heterostructure constituted by magnetic Fe layers sandwiched between graphene
(Gr) and Ir(111). The challenging task to avoid Fe-C solubility and Fe-Ir intermixing has been achieved with
atomic controlled Fe intercalation at moderate temperature below 500 K. Upon intercalation of a single ordered
Fe layer in registry with the Ir substrate, an intermixing of the Gr bands and Fe d states breaks the symmetry
of the Dirac cone, with a downshift in energy of the apex by about 3 eV, and well-localized Fe intermixed
states induced in the energy region just below the Fermi level. First principles electronic structure calculations
show a large spin splitting of the Fe states, resulting in a majority spin channel almost fully occupied and
strongly hybridized with Gr π states. X-ray magnetic circular dichroism on the Gr/Fe/Ir heterostructure reveals
an ordered spin configuration with a ferromagnetic response of Fe layer(s), with enhanced spin and orbital
configurations with respect to the bcc-Fe bulk values. The magnetization switches from a perpendicular easy
magnetization axis when the Fe single layer is lattice matched with the Ir(111) surface to a parallel one when the
Fe thin film is almost commensurate with graphene.
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I. INTRODUCTION24

Graphene can be a very promising spin channel ma-25

terial owing to its long spin-diffusion lengths of several26

micrometers [1], gate-tunable carrier concentration, and high27

electronic mobility [2]. Graphene coupled with ferromagnetic28

systems can open new perspectives when efficient injection29

of spin-polarized electrons can be achieved, as observed for30

a graphene membrane on Co(0001) [3]. It is well known31

that nearly flat epitaxial graphene of high structural quality32

can be formed on several magnetic 3d metal substrates, like33

the lattice-matched Ni(111) [4–7] and Co(0001) [3,8–10] sur-34

faces. It has been shown that a tiny magnetic moment arises35

on the carbon atoms, induced by the strong hybridization36

of graphene π orbitals with Ni or Co 3d states [3,8,11,12].37

Furthermore, graphene grown on metals protects highly reac-38

tive magnetic surfaces and stabilizes them against oxidation39

[13–15]. Whereas recently a large research effort has been40

dedicated to investigate Gr-Ni and Gr-Co heterostructures,41

only a few experimental results for graphene grown on42

Fe surfaces are available [16–18], though iron is the most43

widespread transition metal, and the technology of passivated44

Fe films with a graphene membrane can be appealing for sev-45

eral reasons. Among them, the considerable price reduction in46

comparison with other transition metal substrates and, most47

importantly, its strong magnetic response.48

The main hurdle for the formation of graphene on top of49

Fe surfaces is related to the rich Fe-C phase diagram [19].50

In fact, the high carbon diffusion coefficient and solubility51

in iron are detrimental for chemical vapor deposition pro- 52

cesses, where a high annealing temperature is necessary to 53

ensure high quality graphene on top of the metal surfaces. 54

Thus, the epitaxial growth of a graphene membrane on a Fe 55

film/single crystal is made difficult because of the formation 56

of iron carbide, which is thermodynamically favored [19]. The 57

epitaxial growth of graphene on Fe is also prevented because 58

none of the bcc-Fe facets is lattice matched with graphene, 59

at variance with close-packed surfaces of other 3d metals, 60

like Co and Ni. Recently, a detailed structural study has 61

demonstrated that the Fe(110) face, with its distorted hexago- 62

nal symmetry, can be a good candidate, because of a partial 63

match with the graphene lattice [16,17]. In that study, the 64

substrate temperature was kept below 675 K to guarantee the 65

formation of a graphene membrane on iron reducing the pres- 66

ence of iron carbides or segregation of diluted carbon from 67

iron. 68

A more challenging strategy has been proposed exploiting 69

Fe intercalation beneath graphene [20] as a viable route to 70

overcome the hurdles to realize a direct growth on Fe surfaces. 71

Intercalation of metals below Gr has proven to efficiently 72

lead to the formation of atomically smooth metallic layer(s) 73

[8–10,12,21], in a layer-by-layer growth mode [22], where 74

the graphene cover acts as a protective membrane of the con- 75

fined epitaxial metallic layer(s) [13,14]. Recently, a scanning 76

tunneling microscopy (STM) experiment demonstrates that 77

successful Fe intercalation under graphene grown on Ir(111) 78

can be obtained with the substrate temperature in the range 79

between 450 K and 550 K [23], giving rise to a smooth Fe 80

2475-9953/2021/00(0)/004400(9) 004400-1 ©2021 American Physical Society
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layer pseudomorphic with Ir(111) and a highly corrugated81

graphene membrane on top.82

In this work, following this successful strategy for Fe83

growth, we have realized well-defined smooth Fe layers in-84

tercalated between Gr and Ir(111), preventing any alloying85

and Fe-C intermixing. By means of a combined experimen-86

tal and theoretical approach, we gain a detailed insight into87

the physical properties of the iron-intercalated Gr/Ir(111)88

heterostructure. The sandwiched Fe layers present a redis-89

tribution of the minority and majority electronic density of90

states triggered by the spatial confinement and by the pe-91

culiar strained structural configurations, as predicted by first92

principles spin resolved electronic structure calculations and93

experimentally confirmed by angular resolved photoemission94

and x-ray magnetic dichroism.95

II. METHODS96

Angular resolved photoelectron spectroscopy (ARPES)97

and low-energy electron-diffraction (LEED) experiments98

were carried out at the Nanostructure at Surfaces labo-99

ratory, Department of Physics, Sapienza University [24].100

The ARPES apparatus is equipped with a Scienta SE200101

multi-channel-plate electron analyzer and a monochromatic102

Gammadata VUV 5000 microwave He source, with main lines103

at 20.218 eV (He Iα) and 40.814 eV (He IIα) photon energies.104

The ARPES apparatus was set for an experimental energy and105

angular resolution of 16 meV and 0.18◦, respectively.106

The x-ray magnetic circular dichroism (XMCD) measure-107

ments were performed at the BOREAS beamline of the ALBA108

synchrotron radiation facility [25]. Data were taken in the total109

electron yield (TEY) mode, by measuring the drain current110

with respect to a clean gold grid, used for photon flux normal-111

ization. We used two different geometries, grazing incidence112

(GI) with 70◦ incidence angle and normal incidence (NI), so113

to probe the magnetic signal along the easy and hard magnetic114

axes; further details are available in Ref. [26].115

In all laboratories, the Ir(111) surface was cleaned by cy-116

cles of ion sputtering (Ar+, 1.5–2.0 keV) and annealing (1117

minute at temperatures higher than 1300 K). The quality of the118

obtained surface is confirmed by the sharp LEED pattern. The119

Gr layer was prepared by thermal decomposition of ethylene,120

by exposing the clean Ir surface to 5 × 10−8–2 × 10−7 mbar121

of C2H4 and annealing at around 1300–1320 K. Metallic Fe122

was deposited, at 0.3 Å/min on the Gr/Ir(111) surface kept at123

about 500 K, in order to ensure a high quality of Fe layer(s)124

intercalated beneath Gr and to avoid any intermixing, that125

occurs at higher annealing temperature (600–800 K) [27].126

The C 1s, Ir 4 f , and Fe 2p3/2 core levels as measured at127

the Superesca beamline of the Elettra synchrotron radiation128

facility, are presented in the Supplemental Material [28].129

The completion of a single layer of Fe can be identified130

by following the evolution of the π states of Gr in the ARPES131

valence band, as discussed in detail in the next sections. At the132

BOREAS beamline, the Fe density in the intercalated film was133

evaluated via its jump-edge ratio, previously calibrated with134

Auger electron spectroscopy, as reported in the Supporting135

Information of Ref. [22].136

Density functional theory (DFT) simulations were car-137

ried out using the QUANTUM ESPRESSO package [29,30]138

where wave functions are expanded in plane waves and 139

pseudopotentials are used to account for the electron-ion in- 140

teraction. We used the local density approximation (LDA) for 141

the exchange-correlation potential, according to the Perdew- 142

Zunger parametrization [31]. Similarly to our previous works 143

[26,32], we simulated the Gr/1ML-Fe/Ir(111) interface con- 144

sidering the complete moiré induced periodicity by using a 145

9 × 9 supercell of Ir(111), corresponding to a 10 × 10 super- 146

cell of pristine Gr. The lattice parameters were obtained by 147

relaxing Ir bulk at the LDA level using ultrasoft pseudopoten- 148

tials (USPP), resulting in a Ir-Ir bond distance of 2.7048 Å 149

(corresponding to a hexagonal cell of 46.001 Bohr radius for 150

the moiré structure). In all the calculation we included four 151

metallic layers (3 Ir plus one Fe layer or 4 Ir layers). In order 152

to make the two sides of the slab inequivalent we added a layer 153

of H atoms in one of the two sides. Atomic positions were 154

then fully relaxed (except for the two bottom Ir layers and the 155

H saturation layer) until ionic forces were smaller than 0.001 156

Ry/Bohr. For all the self-consistent calculations we used a 157

2 × 2 grid of k points, ultra soft pseudopotentials to model the 158

electron-ion interaction and a kinetic energy cutoff of 30 and 159

300 Ry to represent Kohn-Sham wave functions and density, 160

respectively. 161

Since LDA is known to underestimate the values of the 162

orbital magnetic moments in transition metals [33], we have 163

adopted a DFT + U scheme [34], with a Hubbard U param- 164

eter of 2 eV. In order to compare calculated band structures 165

with ARPES data, we applied an unfolding procedure [35,36] 166

to the computed bands of Gr/Fe/Ir(111) and Gr/Ir(111). With 167

this procedure, the band structure computed for the 10 × 10 168

supercell is mapped into the graphene 1 × 1 Brillouin zone 169

by using the UNFOLD-X code [36]. In this way we obtain an 170

effective band structure corresponding to the graphene unit 171

cell. In this picture, the k dispersion is broadened by the break 172

of the 1 × 1 translational symmetry induced by the 10 × 10 173

moiré pattern. 174

III. RESULTS AND DISCUSSION 175

A. Intercalation and structural properties 176

A single layer of iron, intercalated under Gr grown on 177

Ir(111), induces a corrugation of the Gr membrane and 178

preserves the periodicity of the moiré superstructure, superim- 179

posed to the hexagonal Gr lattice, as unraveled by the LEED 180

patterns reported in Fig. 1(a)–1(b). The diffraction pattern 181

of Gr/Ir(111) [Fig. 1(a)] shows bright spots in a hexagonal 182

pattern surrounded by satellites, consistent with the moiré 183

superstructure caused by the lattice mismatch between Gr 184

and Ir [37,38]. After Fe intercalation, the pattern is only 185

slightly attenuated [Fig. 1(b)], thus the first Fe layer appears 186

commensurate to the Ir(111) surface lattice. This evidence is 187

corroborated by a recent work [12] where STM measurements 188

show that a few monolayers (ML) of Fe intercalated under 189

graphene arrange in registry with the hexagonal Ir(111) sur- 190

face, with a corrugation of 1.3 Å, larger than the one measured 191

for Gr/Ir(111) [39]. 192

We have further investigated the structural properties of 193

this system by means of DFT at the LDA + U level. The 194

Gr/Fe/Ir(111) heterostructure was modeled as described in 195

004400-2
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FIG. 1. Low energy electron diffraction (LEED) patterns (electron beam energy 140 eV) for (a) Gr/Ir(111) and (b) Gr/1 ML Fe/Ir(111);
(c) atomic structure as deduced by DFT, top view of the moiré pattern of Gr/Fe/Ir(111) with C atoms represented in gray, Fe in red, and Ir
in cream; (d),(e) charge difference with respect to the free standing Gr and the pristine Fe/Ir(111) slab, computed with DFT: (d) top view of
the charge difference isosurfaces (positive shown in purple, negative in yellow) and (e) side view of the Gr/Fe/Ir(111) structure showing the
graphene corrugation and charge difference isosurfaces, using the same colors described for the previous panels.

Sec. II. The calculations confirm the large corrugation of196

the graphene layer (1.44 Å), with a minimum graphene-Fe197

interplanar distance of 1.85 Å and a maximum of 3.29 Å on198

the crests of the hills, as shown in Fig. 1(c). Previous DFT199

calculations [12] done at the PBE level including van der200

Waals interactions by using the DFT-D2 method [40,41] found201

a similar scenario, with slightly larger Gr-Fe distances (2.05202

and 3.33 Å for valleys and hills, respectively).203

The topography of the Gr/Fe/Ir(111) heterostructure is204

similar to the corrugated moiré superstructure observed for205

the Gr/Co/Ir(111) system [26], but very different from the206

structure reported for Gr directly grown on bcc-Fe(110)207

[16]. Previous STM measurements and DFT calculations per-208

formed at the LDA level, for Gr/bcc-Fe(110) point out the209

formation of a periodic corrugated pattern of the graphene210

layer parallel to the [001] direction of the substrate, consisting211

of a supercell of 7 × 17 graphene hexagons with a smaller212

corrugation of 0.6/0.9 Å and only a small fraction of the C213

atoms considerably elevated over the Fe surface, thus making214

the entire graphene membrane strongly interacting with the215

metal substrate.216

In the present case, the larger graphene corrugation mod-217

ulates the Gr/Fe interaction. This is illustrated by the charge218

difference computed for Gr/Fe/Ir(111) shown in Figs. 1(d)219

and 1(e). The excess of negative charge (yellow isosurface)220

is accumulated in the graphene membrane, donated by the221

Fe intercalated layer. The redistribution of charge is more222

pronounced in the valley regions and milder in the areas cor-223

responding to the crests of the hills, corroborating a different224

strength of hybridization between graphene and Fe going from225

the valleys to the crests due to the increasing graphene-Fe226

distance. The periodicity of strongly and weakly bound re-227

gions in which covalent and van der Waals bonding dominate,228

respectively, induces a different balance in the charge transfer229

determined also by the registry with respect to the underlying230

Fe atoms.231

Another signature of the similarity of the registry and232

graphene corrugation resulting from Co and Fe intercalated233

layers can be deduced by comparing the C 1s core level 234

photoemission data for Gr/Fe/Ir(111) (as reported in Supple- 235

mental Material [28]) and Gr/Co/Ir(111). In fact, there is a 236

multicomponent C 1s line shape for both systems, in which 237

the two main features are assigned to C atoms in the Gr layer 238

weakly (on the crests) and strongly (in the valleys) bound to 239

the Co and Fe layers [9,21,42]. In contrast, when graphene 240

is grown directly on the bcc-Fe(110) surface, a single C 1s 241

core level component is present, explained by the presence 242

of extended regions of graphene coupled to the Fe(110) sub- 243

strate, even at the crests of the moiré superstructure [16,17]. 244

For the graphene membrane directly grown on Fe(110), a 245

small feature in the C 1s core level has been detected at lower 246

binding energy (BE), linked to the presence of Fe carbide 247

resulting from the Fe-C solubility due to the high temperature 248

reached during the chemical vapor deposition growth proce- 249

dure [16,17]. The similarity of the Fe intercalation process 250

under Gr/Ir(111) with the Gr/Co/Ir(111) heterostructure and 251

the absence of a C 1s component due to the formation of iron 252

carbide (see details in Supplemental Material [28]) demon- 253

strate the successful strategy to intercalate Fe under graphene 254

at low temperature, preventing any solubility into C. 255

The corrugation of the Gr membrane discussed so far is at- 256

tenuated when the number of Fe intercalated layers increases 257

above a few ML, with a reduction of the brightness of the 258

superstructure LEED spots, as reported in Figs. 2(a)–2(c). 259

At 7 ML, we observe the formation of a Fe film with a 260

lattice constant smaller than Ir(111) and therefore closer to 261

the graphene structural parameters. However, even when the 262

strain induced by the Ir(111) surface is released, the Fe film 263

remains slightly incommensurate with graphene, as shown in 264

Fig. 2(a). This is in contrast with the case of Co intercalation 265

beneath graphene on Ir(111): when the Co film is formed, 266

it recovers its hpc lattice constant and becomes commensu- 267

rate with the graphene layer [9,42]. Indeed, while the hcp 268

Co(0001) surface lattice parameter (2.50 Å) is comparable 269

with the 2.46 Å of Gr, none of the bcc-Fe faces is lattice 270

matched with graphene. In fact, graphene directly grown on 271
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FIG. 2. LEED patterns (electron beam energy 140 eV) and zoomed pattern around the (10) diffraction spot for Gr/7ML Fe/Ir(111) (a),
Gr/0.5ML Fe/Ir(111) (b) and Gr/Ir(111) (c); below: sketch of the main symmetry directions and of the diffraction pattern of the Ir(111)
surface (red dots); the Surface Brillouin Zone (SBZ) is shown in black. Photoemission energy distribution curves (EDC) taken at 40.814 eV
(He IIα); angular integrated spectra around � (d) and K (e) points of the SBZ for different thickness of the intercalated Fe layer between Gr
and Ir.

bcc-Fe(110) presents a distorted hexagonal symmetry with272

only a partial match with the graphene lattice, as deduced by273

STM [16]. In our case, the Fe intercalated multilayer has a274

novel strained structural configuration with a 8% mismatch275

with respect to the graphene lattice constant (see details of276

the LEED spot intensity analysis in the Supplemental Material277

[28]).278

Importantly, the magnetic response of Fe films is extremely279

sensitive to tiny variations of the structural configuration [43],280

and the strained lattice of the Fe film intercalated under281

graphene can give rise to an altered distribution of the elec-282

tronic majority and minority states and to different spin and283

orbital configurations with respect to the bulk reference [44].284

B. Electronic structure285

A deeper insight into the interaction between Gr and the286

Fe intercalated layer(s) can be unveiled by the electronic287

spectral density deduced by angular resolved photoelectron288

spectroscopy of the Gr/Fe/Ir(111) heterostructure, compared289

with ab initio theoretical predictions of the electronic density290

of states (DOS) and band structure calculated by DFT.291

1. Experimental data292

The photoemission spectral density as a function of Fe in-293

tercalation thickness is reported in Figs. 2(d) and 2(e), at the �294

and K points of the surface Brillouin zone (SBZ), respectively.295

The Gr/Ir(111) valence band at the � and K points presents296

the expected electronic spectral density [45,46] whereas the297

intercalated system shows three new features when compared 298

with the bare Gr/Ir(111): (i) the appearance of a peak at 10 eV 299

and the disappearance of the one related to the π bands of bare 300

Gr/Ir(111) at 8 eV at the � point; (ii) the quenching of the 301

intensity from the Ir surface states close to the Fermi level; 302

(iii) the emergence of extra spectral density in the low binding 303

energy region. 304

Concerning (i), the intensity of the peak at 8 eV BE 305

at �, corresponding to the bottom of the π band for bare 306

Gr/Ir(111), decreases with increasing Fe thickness. The peak 307

emerging at 10.0 eV BE can be associated to the shifted π 308

band, due to the interaction of Gr with the intercalated Fe 309

layer. An interacting π band has also been observed for Co 310

and Ni layers sandwiched between Gr and Ir [5,7,9,10]. The 311

presence of two features associated with the π bands, with 312

opposite intensity behavior before the completion of the first 313

Fe ML, demonstrates the coexistence of bare Gr/Ir regions 314

and regions of intercalated Fe atoms, up to the formation of a 315

smooth Fe single layer, when the peak at 8 eV (bare Gr/Ir) is 316

eventually quenched. 317

Furthermore, (ii) the progressive intensity lowering of the 318

Ir(111) surface states in the energy region 0–3 eV BE, upon 319

Fe intercalation, without any energy shift, suggests the ab- 320

sence of Fe-Ir intermixing observed at higher intercalation 321

temperatures [23,27]. The emergence of a spectral density 322

(iii) at low binding energy close to the Fermi level can 323

be ascribed to electronic states mainly localized in the Fe 324

layer, since their intensity definitely raises at increasing Fe 325

thickness, as can be clearly observed in the spectral density 326
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FIG. 3. Angular resolved photoelectron spectroscopy hν =
40.814 eV spectra of Gr/Ir(111) (left panels) and Gr/1 ML
Fe/Ir(111) (right panels), around the K point of the SBZ. Electronic
band structure vs k// as intensity plot (upper panels); spectral density
plotted as sequential EDC curves from the K point towards � (bottom
panels).

of 7 ML Fe intercalated under graphene [orange curve in327

Fig. 2(e)].328

A clearer assignment of the electronic states due to the Fe-329

Gr interaction process can be derived from the electronic state330

dispersion. The ARPES data around the K point of the SBZ331

for Gr/Ir(111) and Gr/1 ML Fe/Ir(111) are shown in Fig. 3332

(left and right panels, respectively). Considering the energy333

region closer to the Fermi level, three localized Fe states can334

be identified at about 0.2 eV, 0.5 eV, and 1.5 eV BE, and found335

to be only slightly dispersing over the whole SBZ (Fig. 3336

right panel), as expected for a confined Fe film. Inspecting337

the spectra at higher binding energies, other Fe-related states 338

are observed in the energy region of 3–4 eV BE, resonant 339

with the graphene π -band states. Besides the presence of 340

these localized Fe states close to the Fermi level, the most 341

evident consequence of Fe intercalation under graphene is 342

the downshift of the Dirac cone at the K point of the SBZ, 343

similarly to the case of Gr/Co/Ir(111) [9]. In fact, the π band, 344

as deduced by the EDCs (Fig. 3), is broadened and less defined 345

after intercalation and there is a coexistence of other Fe related 346

states in this energy region (3–4 eV). The position of the Dirac 347

cone vertex (at K) is downshifted by 3 eV, while the bottom 348

of the π band is less shifted at �. It is worth noting that the 349

Dirac cone is shifted by 2 eV towards higher binding energy 350

also for graphene directly grown on Fe(110) [18], suggesting 351

a weaker interaction in that case. 352

2. Theory 353

The measured ARPES data are complemented by DFT cal- 354

culations, as shown in Fig. 4, where the electronic structures 355

computed for Gr/Ir(111) and Gr/Fe/Ir(111) are unfolded and 356

mapped into the 1 × 1 graphene Brillouin zone along the �-K 357

direction, as described in Sec. II. Projected DOS (and pro- 358

jected bands in Supplemental Material [28]) are also provided 359

to complement the band information. The bands obtained for 360

Gr/Ir(111) are in good agreement with existing literature, as 361

from, e.g., Ref. [47]. Concerning the Fe intercalated system, 362

as also observed in the experiments, the Gr π and σ bands 363

are shifted to higher binding energies by the effect of Fe 364

intercalation (i). While for Gr/Ir(111) the π bands are clearly 365

recognizable, in the case of Gr/Fe/Ir(111) they are strongly 366

hybridized with Fe states above −6 eV and the upper part of 367

the cone is identifiable only for the minority spin states. The 368

bottom of the π bands at � moves from about −7.5 eV in 369

Gr/Ir to about −10.0 eV in Gr/Fe/Ir (see Fig. S4 in Supple- 370

mental Material [28]), with an overall downshift of ∼2.5 eV, 371

in quite good agreement with the experimental findings. 372

E
 (

eV
)

Γ K

-4

 0

-8

-12
K

(c) (d) (e) (f)

E
 (

eV
) -4

 0

-8

-12
ΓK

(a) (b)

FIG. 4. Band structure and projected density of states (pDOS) computed within DFT for Gr/Ir(111) and Gr/1 ML Fe/Ir(111):
(a) Gr/Ir(111) DOS projected on C and Ir atomic orbitals and (b) Gr/Ir(111) band structure, unfolded on the 1 × 1 graphene unit cell as
described in the main text; (c) Gr/Fe/Ir(111) majority spin DOS projected on C, Fe, and Ir atomic orbitals; (d) majority and (e) minority spin
band structure, unfolded on the 1 × 1 graphene unit cell; (f) Gr/Fe/Ir(111) minority spin pDOS.
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Similarly, the σ bands of graphene undergo a downshift by373

about −1.5 eV at both � (going from −2.5 to −4 eV) and374

K (from −10.5 to −12 eV). While the experimental offset375

of these features is found at larger binding energies [namely376

4.0 eV and 5.5 eV as marked by σ and σ ′ in Fig. 2(d)], the377

downshift is quite consistent with the calculations [48].378

In order to identify Fe-related states, we consider the pro-379

jected DOS, shown in Figs. 4(c) and 4(f), where a strong spin380

splitting of the Fe components is observed (see discussion381

below). For instance, a large peak of the Fe pDOS is found382

in the energy region of 3–4 eV BE, in good agreement with383

the experimental data, and mainly located in the majority spin384

channel. Such a peak then overlaps with the π bands of Gr385

disrupting the Dirac cone for majority states. In contrast, the386

Dirac cone is still faintly visible in the minority spin bands387

at about 2.5–3 eV. In both spin channels the pDOS reveals388

overlapping peaks due to Fe and graphene states, suggesting389

that the shadowing of the vertex of the Dirac cone observed390

in the experimental photoemission data is clearly induced391

by the hybridization of the graphene π states with the Fe d392

majority states. Furthermore, the spin resolved DOS in the393

energy region closer to the Fermi level shows that the main394

Fe-related peak of the minority spin states lies above the395

Fermi level, with smaller peaks between −2 eV and the Fermi396

energy, in good agreement with the experimental observation397

(iii). Overall, this picture is further confirmed by the pro-398

jected unfolded bands provided in Fig. S4 of Supplemental399

Material [28].400

C. Magnetic properties and spin and orbital configuration of401

the Fe layer402

In contrast with Fe grown on Ir(111), for which the loss403

of inversion symmetry at the interface of the magnetic layer404

and substrate stabilizes different skyrmion lattices depending405

on the Fe/Ir stacking [49–53], when a Fe monolayer is inter-406

calated between Gr and Ir(111), the heterostructure exhibits a407

ferromagnetic order with an out-of-plane easy magnetization408

axis [12]. For this reason, and based on the experimental409

evidence described below, in the present DFT calculations410

we have considered only collinear magnetic configurations,411

excluding in this way skyrmions or spin spiral textures.412

The pDOS computed for the Gr/Fe/Ir(111) heterostructure413

shows a large spin split of the Fe states, with the maxima414

of the two spin pDOS almost 5 eV apart. In particular, the415

majority spin states are almost fully occupied while the largest416

peak of the minority spin states is empty, which results in an417

average Fe-magnetic moment of 2.2 μB/atom. The computed418

ground state magnetic configuration is ferromagnetic even if419

the Fe magnetic moment shows a modulation over different420

sites ranging from 2.0 to 2.7 μB/atom, in good agreement421

with previous calculation [54]. The modulation is determined422

by the graphene layer, with the Fe atoms located below the423

graphene crests, i.e., with larger Fe-C distances, having the424

largest values. Concerning graphene, the C magnetic moments425

are nonzero but quite small (at the LDA + U level ranging426

from −0.02 to 0.01 μB/atom), similarly to what was reported427

for Gr/Co/Ir(111) [10,26], with a distance- and sublattice-428

dependent modulation.429

Overall, we find that the Fe monolayer displays a clear spin 430

splitting, as an effect of the band narrowing and subsequent 431

increased number of majority electrons. This is confirmed 432

by the strong localization of the Fe-induced electronic states 433

observed in the photoemission spectral density. It is inter- 434

esting to point out that a different scenario is found for the 435

Gr/Co/Ir(111) interface [10] (see Supplemental Material [28] 436

for a detailed comparison with Gr/Co/Ir(111) pDOS) where 437

Co spectral weight in the minority channel is shifted at lower 438

energies leading to a spin split significantly smaller than in the 439

present case. 440

The strong ferromagnetic behavior is confirmed by the 441

x-ray absorption spectra and the XMCD at the L2,3 edges 442

for 1.4 ML and 7 ML of Fe sandwiched between Gr and 443

Ir(111), shown in Fig. 5. XAS are acquired in remanence con- 444

ditions with circularly polarized radiation and with photons 445

impinging normal (left panel) and grazing (right panel) to the 446

surface. The XMCD spectra are obtained as the difference 447

between the absorption edges acquired with left- and right- 448

circularly polarized radiation. The higher dichroic response 449

with photon impinging at normal incidence (left panel) reveals 450

an out-of-plane magnetic anisotropy of the Fe layer when it is 451

pseudomorphic to the Ir(111) surface, with a stretched Fe-Fe 452

distance with respect the bulk bcc(110) or (111) surfaces. The 453

higher dichroic response for Fe L2,3 XMCD at grazing inci- 454

dence (right panel) for the thicker intercalated Fe film unveils 455

a switch of the easy magnetization axis from perpendicular to 456

the surface to in-plane. This is consistent with the magnetic 457

response of heterostructures of single Co or FexCo1−x layers 458

on Ir(111) covered with a Gr membrane [21,26]. 459

The spin and the orbital moments at the Fe site, as de- 460

duced via XMCD sum rules, show a doubled L/Seff ratio 461

(Seff = S + 7D and D is the dipolar moment [55,56]), with 462

respect to the bulk element (0.11 ± 0.01 for a Fe single layer 463

and 0.09 ± 0.01 for the 7 ML). These experimental results, 464

related only to the intensity of the dichroic signal and in- 465

dependent on the number of 3d holes, suggest an enhanced 466

magnetic response due to the redistribution of the majority 467

spin states in the conduction Fe bands. The evaluated average 468

total moment is 2.1 ± 0.2 μB/atom for 7 ML of Fe inter- 469

calated under Gr, in fair agreement with 2.2 μB/atom (spin 470

moment), as deduced by the DFT predictions. The orbital and 471

spin moment for a single layer of Fe, where interface effects 472

can play a role, shows a comparable magnetic response, as 473

deduced by the similar dichroic signals reported in Fig. 5. 474

As mentioned above, the pseudomorphic hexagonal Fe single 475

layer grown directly on Ir(111) presents a complex magnetic 476

structure with skyrmionic spin spiral textures stabilized by 477

the 3d–5d hybridization between Fe and Ir. [50–53]. On the 478

other hand, other magnetic materials like Europium have been 479

successfully intercalated underneath graphene on the same 480

Ir(111) surface [57] and, depending on its coverage, Eu dis- 481

plays either a paramagnetic or a ferromagnetic behavior [58]. 482

The clear magnetic dichroism response of the single Fe layer 483

intercalated under graphene suggests a different spin con- 484

figuration. Furthermore, this confined single Fe intercalated 485

layer, with stretched Fe-Fe distances, presents spin and orbital 486

configurations similar to those of the thin Fe intercalated 487

film, where the influence of the Fe-Ir interface is completely 488

released. 489
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XMCD Fe L2,3 edge

FIG. 5. XMCD spectra of Fe L2,3 absorption edges for Gr/1.4 ML Fe/Ir(111) (top) and Gr/7ML Fe/Ir(111) (bottom) acquired in
remanence at RT in normal (left) and grazing (right) incidence geometries (see sketches for the experimental geometry). The easy magnetization
direction switching from perpendicular (top) to parallel (bottom) to the surface plane is indicated by the blue arrows.

IV. CONCLUSIONS490

The strategy to sandwich the Fe layer beneath the491

graphene membrane with an intercalation process at moderate492

temperature (500 K) prevents any alloying, and the absence493

of any hallmark of Fe-Ir and Fe-C intermixing proves the494

formation of a well-defined homogeneous Fe layer in reg-495

istry with the Ir(111) surface. Such a single layer of Fe,496

protected by the graphene membrane, induces a downshift in497

energy and a symmetry breaking of the Dirac cone due to498

the interaction between Gr and Fe majority states resonant499

in the energy region of the vertex of the cone. The redistri-500

bution of the spin resolved Fe pDOS with a narrowing of501

the Fe bands and a larger spin splitting between majority502

(fully occupied) and minority states (almost empty) of the503

Fe states associated with increased total Fe magnetic mo-504

ment influences the magnetic response of the Fe intercalated505

layer(s).506

In contrast to the case of direct growth of Fe on Ir(111),507

where, despite the large Fe magnetic moment, a noncollinear508

magnetic order has been observed [49–52], the Fe layer with509

graphene on top reveals a ferromagnetic long range order510

with spin and orbital moments that are higher than the ones511

found for the bulk phases. The graphene top layer acts not512

only as a protective membrane but also allows for a sta-513

ble ferromagnetic configuration, counteracting the effect of514

Ir substrate. The concomitant dimensionality reduction with515

a narrowing of the d bands and a reduced superimposition 516

between the spin-split majority and minority Fe bands further 517

contributes to the transition of a single Fe layer (or few layers 518

of Fe), from weak to strong ferromagnet, when intercalated 519

beneath graphene. These 3d confined layers protected by a 520

graphene membrane with a novel structural configuration with 521

respect to the bulk lattice arrangement offer a powerful play- 522

ground to tune their electronic structure and magnetic state for 523

magnetic/spintronic devices. 524
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I. CORE LEVELS

In Fig. S1 we report the C1s core level for 0.8 ML
Fe intercalated between Gr and Ir(111), along with a fit
of the different components, performed using Voigt line-
shapes (Lorentzian-Gaussian curves taking into account
core-hole lifetime and experimental uncertainty, respec-
tively). The C1s exhibits a sharp profiled peak centered
at 284.2 eV, associated to the dominant sp2 component
of the Gr/Ir system, while two further components are
present at higher binding energy, at 284.4 eV and 284.9
eV, due to carbon atoms in valleys and hills of the moiré
superstructure, respectively. The binding energy of the
two extra-peaks is comparable to that of recent experi-
mental results and theoretical prediction of a single Co
layer intercalated under Gr/Ir(111), that shows analo-
gous valley-hill corrugation [1]. In contrast, a recent core
level photoemission experiment on graphene CVD-grown
directly on the Fe(110) surface [2] reports a huge broad
C1s component at 284.9 eV, due to a strong interaction
of all the C atoms of the graphene layer with the un-
derlying Fe substrate, along with a pronounced shoulder

FIG. S1: C 1s core level, taken at hν=400 eV, of Gr/0.8ML-
Fe/Ir(111). Experimental data (red dots), fitting curve (red
line) and single fitting components (colored curves). The fit-
ting procedure unveils three components: the C 1s related
to the Gr/Ir(111) (gray curve), the C 1s component of the
C atoms in the valleys (green curve) and in the hills (yellow
curve) of the moiré superstructure.

FIG. S2: Left panel: Ir 4f7/2 core levels, taken at hν=400 eV,
of Gr/Ir(111) (top gray curve) and Gr/0.8 ML Fe/Ir(111)
after intercalation (bottom red curve). The fitting curves are
drawn as black lines, and the single fitting components are
reported in yellow for the bulk component and in green for
the surface component. Right panel: Fe 2p3/2 core level for
Gr/Fe/Ir taken at hν=800 eV.

in the photoemission signal at 283.3 eV, suggesting the
presence of iron carbide in the sample or at least car-
bon atoms dissolved in the iron substrate [2]. It is worth
noting that in our Gr/Fe/Ir(111) hetero-structure, not
any Fe-C component due to the possible formation of
Fe-carbides is detectable.

In the left panel of Fig. S2, we report the Ir 4f7/2
core level of the Gr/Ir(111) substrate before and after
intercalation of Fe. In the Gr/Ir(111) system, the neat
surface core level component of this Ir surface is main-
tained, unperturbed by the graphene layer [3]. On the
other hand, the reduction of the Ir surface state after 0.8
ML Fe intercalation, is due to the Fe-iridium interaction,
as observed also when a single layer of Co or FeCo are
intercalated [4, 5]. The Fe 2p3/2 core level reported in
the right panel of Fig. S2 does not present any reacted
component due to Fe-C intermixing. Recently, J. Brede
et al. [6] have observed an energy shift of the Ir 4f core
levels by about 150 meV towards lower binding energies
due to Fe interdiffusion in the Ir substrate, forming a
superficial alloy, already at 600-650 K. Keeping the Fe
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FIG. S3: Top: LEED diffraction pattern for Gr/Ir(111)
taken at 140 eV. Diffraction spot intensity profile of LEED
patterns taken along azimuthal direction [112] (red dashed
line in LEED patten) from Gr/Ir(111), Gr/1ML Fe/Ir(111)
and Gr/7ML Fe/Ir(111) (from bottom to top); the corre-
sponding LEED patterns are reported in Figure 2 of the main
paper.

intercalation temperature at 500K, thus avoiding alloy
formation, we do not appreciate any energy shift in the
photoemission of Ir core levels.

II. LEED SPOT INTENSITY ANALYSIS

The spot intensity profiles of the LEED patterns
for Gr/Ir (111), Gr/1ML Fe/Ir(111), and Gr/7ML
Fe/Ir(111) taken at 140 eV primary energy are reported
in Fig. S3. The spot intensity profile was taken along
the [112] azimuthal direction (path shown in the LEED
pattern). The spot profiles for Gr/Ir(111) and Gr/1 ML
Fe/Ir(111) along with the moiré pattern peak intensi-
ties are comparable, confirming that the Fe intercalated
layer is commensurate to the Ir(111) surface lattice pa-
rameter. After further Fe intercalated layers the spot
profile of Gr/7ML Fe/Ir(111) unveils broader peaks with
a decreased intensity of the extra-spots and a mismatch
by about 8% of the main peaks along the [112] direc-

tion, with respect to the Ir(111) one, but it is not com-
mensurate to the graphene covering layer. The LEED
pattern does not present any longitudinal stripes while
a slight signal due to a weakened moiré pattern is still
distinguishable for all the spots observed in the main
diffraction directions, as also the hexagonal symmetry
is preserved overall the sample. The absence of longitu-
dinal pattern and the periodicity of the spots cannot be
associated to the structural configuration proposed for
graphene directly grown on bcc-Fe(110) where the dis-
torted hexagonal symmetry reveals an array of 1D stripes
with a wave-like longitudinal pattern with periodicity of
17 Å along the stripes [7]. In conclusion, the Fe inter-
calated multilayers present a strained structural arrange-
ment with hexagonal symmetry slightly mismatched with
respect to the graphene topmost layer.

III. PROJECTED BANDS AND DENSITY OF
STATES

In order to better compare with Gr/Ir and to support
the identification and assignment of the electronic struc-
ture features described in Sec. III B of the main paper, in
Fig. S4 we plot the unfolded bands of GrFeIr, computed
analogously to those in Fig. 4 (main text), but projected
on C, Fe, and Ir atoms. In particular, this allows one
to better appreciate the downshift of graphene-related
states, the position of Fe-related states in the majority
and minority channels, and the role of Iridium states.

In order to compare with the case of GrCoIr,in Fig. S5
we present the Density of States, projected onto C, Fe
and Co orbitals, computed within DFT for Gr/Fe/Ir(111)
and Gr/Co/Ir(111), including the complete moiré in-
duced periodicity by using a 9×9 supercell of Ir(111),
corresponding to a 10×10 supercell of pristine Gr. As
discussed in the main text, LDA+U with U=2 is used for
GrFeIr, while U is not included for GrCoIr. The main dif-
ferences between the two systems are seen in the Fe and
Co pDOs. The first presents a larger spin split, with the
majority d states almost fully occupied, and less occu-
pied minority states, when compered with Co. Fe also
shows a pronounced peak around 4 eV below the Fermi
energy. These Fe d states are resonant hybridized with
the graphene π states.
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FIG. S4: Bands computed for the Gr/1ML-Fe/Ir(111) unfolded on the Graphene 1×1 cell and projected on C (graphene), Fe,
and Ir.

FIG. S5: Comparison of the Density of states projected on graphene and Fe or Co, computed for the Gr/1ML-Fe/Ir(111) and
Gr/1ML-Co/Ir(111)
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ABSTRACT

We report on the electronic properties of an artificial system obtained by the intercalation of equiatomic FeCo layers under graphene grown
on Ir(111). Upon intercalation, the FeCo film grows epitaxially on Ir(111), resulting in a lattice-mismatched system. By performing density
functional theory calculations, we show that the intercalated FeCo layer leads to a pronounced corrugation of the graphene film. At the same
time, the FeCo intercalated layers induce a clear transition from a nearly undisturbed to a strongly hybridized graphene p-band, as measured
by angle-resolved photoemission spectroscopy. A comparison of experimental results with the computed band structure and the projected
density of states unveils a spin-selective hybridization between the p band of graphene and FeCo-3d states. Our results demonstrate that the
reduced dimensionality, as well as the hybridization within the FeCo layers, induces a narrowing and a clear splitting of Fe 3d-up and Fe
3d-down-spin bands of the confined FeCo layers with respect to bulk Fe and Co.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0047266

Ferromagnetic metals (FMs) and their alloys can be finely
manipulated by changing their chemical composition1 and structural
configuration,2 and by reducing the dimensionality.3,4 Modified sym-
metry and scaled dimension, indeed, may induce in FMs higher mag-
netic moments and larger uniaxial magnetic anisotropy energy (MAE)
with respect to their 3D counterparts.4–8 The enhanced magnetism in
nanostructures can be used, e.g., for engineering spintronic devices,9

high-density magnetic storage,10 and permanent magnets.11

Among all iron-based alloys, including also pure iron, equiatomic
FeCo exhibits the highest Curie temperature and magnetic moment
driven by an almost filled Fe majority spin band.12–15 On the other
hand, due to its cubic symmetry, the FeCo alloy also shows a low
MAE.16 Indeed, modifying dimensionality or symmetry has been
shown to be a viable route in order to improve the magnetic response
of FeCo alloys,8,17 although clustering and granularity may hinder a
controlled growth of artificial systems.18 Intercalation of metals under-
neath graphene (Gr) has led to the formation of atomically smooth
metallic layers,19–29 where Gr on top is also a protective membrane

against contaminants.30,31 Although several metals have been interca-
lated under Gr, the combined intercalation of Fe and Co to form an
equiatomic alloy is more challenging, as segregation without intermixing
may be dominant.31 Recently, we have grown homogeneous and
smooth FexCo1�x layers underneath Gr/Ir(111), co-depositing Fe
and Co at the same evaporation rate and keeping the substrate
temperature at about 500K, to avoid any Fe-Ir and Co-Ir alloying
formation and clustering. By performing X-ray Magnetic Circular
Dichroism (XMCD) measurements, we showed that Fe and Co are
well intermixed and magnetically coupled underneath Gr, leading to
an enhancement of the magnetic moments with respect to pure Fe
and Co films and exhibiting a strong ferromagnetic exchange
coupling between the two species.8

In the present work, we investigate the electronic and structural
properties of the equiatomic FeCo layers (about 1–2 monolayers of
thickness) grown epitaxially on Ir(111) underneath a Gr cover, by
means of Angular Resolved Photoemission Spectroscopy (ARPES)
and Density Functional Theory (DFT). We show that the reduced

Appl. Phys. Lett. 118, 121602 (2021); doi: 10.1063/5.0047266 118, 121602-1
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dimensionality in the artificially confined system leads to a narrowing
and a redistribution of majority and minority 3d states with respect to
the pure species, also enhancing the splitting between Fe 3d-up and Fe
3d-down-spin bands. Our description of the electronic structure in
equiatomic FeCo layers sheds light on the enhanced magnetism previ-
ously demonstrated by XMCD8 and provides a useful insight into the
engineering of low dimensional FM alloys.

The Ir(111) surface was cleaned by cycles of sputtering (Arþ,
1.5–2.0 keV) and annealing at about 1300K. The Gr sheet is obtained
by exposing the clean surface to 5� 10– 8–2� 10�7 mbar of C2H4 and
annealing at 1300–1320K. Metallic Fe and Co were simultaneously
deposited, at previously calibrated same evaporation rates (about
0.3 Å/min) to deposit nominal 3 monolayers (MLs) of FeCo on the
Gr/Ir(111) substrate kept in the range of 500–530K. As recently
reported,8 core level photoemission and absorption spectroscopy
unveil homogeneous intercalation of equiatomic FeCo layers, without
any alloy formation with the underlying substrate8(as shown in the
supplementary material), at variance e.g., with recent observations for
Mn intercalation on Gr/Ir.32

The sample preparation and ARPES experiments were carried
out at the APE beamline of the Elettra Synchrotron Light Source
(Trieste, Italy). The photoelectrons, excited with a photon energy of
86 eV, were collected with a VG Scienta DA30 electron energy
analyzer, which operates in deflection mode and allows for detailed
k-space mapping at fixed sample geometry.

Density functional theory (DFT) simulations were carried out
using the plane wave implementation of the QUANTUM ESPRESSO33,34

distribution. We used the local density approximation (LDA) for the
exchange-correlation potential, according to the Perdew-Zunger
parametrization.35 Since LDA is known to underestimate the values of
the orbital magnetic moments in transition metals,36 we have adopted
a DFTþU scheme,37 with a Hubbard U parameter of 2 eV for Fe and
4 eV for Co. The choice of the values is explained in detail in the SI.
Similar to our previous works,27,38,39 we simulated the Gr/1ML-FeCo/
Ir(111) interface considering the complete moir�e induced periodicity
by using a 9� 9 supercell of Ir(111), corresponding to a 10� 10 super-
cell of pristine Gr. More details about the structure can be found in the
supplementary material.

In order to obtain a simpler representation of the Gr/FeCo/
Ir(111) band structure, we have applied an unfolding procedure40,41 in
which the band structure computed for the 10� 10 supercell is
mapped into the Gr 1� 1 Brillouin Zone (BZ) by using the unfold-x
code.41 This approach has been further extended to include atomic
projections on L€odwin orthogonalized atomic orbitals as provided by
the QUANTUM ESPRESSO package.33,34

Figure 1 shows the low energy electron diffraction (LEED)
patterns of Gr/Ir(111), taken with a primary energy of about 90 eV,
before (a) and after (b) the intercalation of nominal 3ML of FeCo.
The moir�e superstructure characteristic of the corrugated Gr/
Ir(111) system is maintained after FeCo intercalation, attesting
that the equiatomic FeCo layers arrange pseudomorphically on the
hexagonal Ir(111) surface. The moir�e pattern is only slightly
smeared out at an increasing amount of intercalated atoms, with
an intensity reduction of the extra spots. The persistence of multi-
ple reflection spots suggests that the thickness of the intercalated
FeCo layer is within 1 and 2 MLs, as deduced by comparison with
the LEED patterns of pure Co23 and Fe27 intercalated systems.

The Gr/FeCo/Ir(111) interface was modeled at the DFT level as
described previously. The calculations indicate a large corrugation of
the Gr layer (1.40 Å), with Gr-FeCo interplanar distances of 1.90 Å
and 3.30 Å at valleys and hills, respectively, as shown in Figs. 1(c)
and 1(d). The corrugation of the Gr/FeCo/Ir(111) and the energy
landscape of the stable structural configuration are similar to those
computed for the pure intercalated systems Gr/Fe/Ir(111) (1.3 Å)27

and Gr/Co/Ir(111) (1.4 Å).22,38 It is worth noticing that we do not
include van der Waals interactions in our approach since LDA has
shown to give a good description of graphene corrugation and distance
for Gr/Fe/Ir(111),27 providing essentially the same scenario as DFT
calculations done at the PBE level including van der Waals interac-
tions,42 which only find slightly larger Gr-Fe distances.

To shed light on the interaction mechanism between Gr and the
FeCo interface, we show angular resolved photoemission measure-
ments and compare them with the band structure computed using
Kohn–Sham DFT. Figure 2(a) shows ARPES results of Gr/FeCo/
Ir(111) taken along �C-�K. The effect of Fe and Co states on the p and r
bands of Gr can be discussed by comparing the system under study
with pure Gr/Co and Gr/Fe (either supported on Ir(111) or not), as
reported in the literature.23,27,43–45 At the �C-point [Fig. 2(a)], the bot-
tom of the p band and the top of the r bands are shifted to about
10.2 eV and 5.4 eV of binding energy (BE), respectively, in agreement
with previous results for pure Fe and Co intercalated systems.23,27

Moreover, ARPES data extracted along the direction perpendicular to

FIG. 1. Low energy electron diffraction (LEED) patterns (electron beam energy:
90 eV) of (a) Gr/Ir(111) and (b) Gr/FeCo/Ir(111), taken slightly off-normal. In the mid-
dle: sketch of the diffraction pattern and Brillouin Zone (BZ) of Ir(111), referred to
(a) and (b) panels. (c) Atomic structure as deduced by DFT, top view of the moir�e
pattern of Gr/FeCo/Ir(111) with C atoms represented in gray, Fe in red, Co in blue,
and Ir in cream; (d) side view of the Gr/FeCo/Ir(111) structure showing the Gr corru-
gation, using the same colors described in the previous panel.
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�C-�K [Fig. 2(b)] show the maximum of the Gr p band at about 2.1 eV
of BE. Other pure Gr/FM systems exhibit a p band maximum between
2.5 and 3.0 eV, depending both on the metal and on the number of
intercalated layers.23,27,43–46 The Gr/Co system, e.g., leads to a crossing
point between p bands located at 2.8 eV of BE.23 For Gr/FeCo/Ir, the
lower BE value of the p band maximum suggests a reduced width of
the FeCo-d states and thus a reduced hybridization with the p band.

The region in the proximity of the �K-point exhibits several fea-
tures directly related to the mixed Fe-Co interface with Gr.

Specifically, in Fig. 2(a), we highlight with red dashed lines three
slightly dispersing states, crossing the �K-point at about –1.8 eV,
–0.6 eV, and at the Fermi level (EF). It is worth noticing that the
appearance of these well-defined localized bands within �2 eV from
EF and their dispersive behavior provide further evidence of a uniform
FeCo alloy. The bands at about 4 eV of BE, less dispersive toward the
�K point and resonant with the p band of Gr, can be attributed to the
FeCo interlayer. As discussed in the following, these states are due to
the majority 3d states of both Co and Fe atoms, while the states close
to EF can be associated with the Fe and Co 3d spin minority bands.

The experimental evidence of narrow bands associated with
FeCo in the energy region of EF and the hybridization of p states of
graphene is confirmed by the DFT calculations. The spin-resolved
electronic structure of Gr/1ML-FeCo/Ir(111), shown in Figs.
3(b)–3(e), is projected on atomic orbitals of different species and
mapped into the 1� 1 Gr BZ along the �C-�K direction. With respect to
free-standing Gr, the main effect on the p and r bands is a non-rigid
shift toward higher BE [Fig. 3(b)], as also found in the literature for
pure intercalated systems.23,27,43–45 In addition, our calculations clearly
show a significant interaction of the Gr p-band with the FeCo-d
majority states, which is stronger than with the minority bands. This
is especially evident in the wide 0–5 eV energy range below EF
[Fig. 3(a)]. The spin-down p band of Gr preserves its linear dispersion
up to about –2 eV, where it strongly overlaps with the FeCo minority
states [Figs. 3(b)–3(d)], and their interaction pushes the p band maxi-
mum down, in agreement with our ARPES measurements. Therefore,
in line with a recent paper of Gr grown on a Mn5Ge3 FM interface,32

the theoretical predictions demonstrate that the interaction of Gr with
the FeCo layer gives rise to a downshifted Gr p band, which is mainly
minority-spin polarized.

This picture is further confirmed and summarized by the com-
parison of the total band structure (central panel of Fig. 4), with the
spin DOS projected on C, Fe, Co, and Ir atomic orbitals (left-right
panels of Fig. 4), computed within DFT for Gr/1ML-FeCo/Ir(111).
From the pDOS, we can see that the Fe and Co 3d states, particularly
in the majority spin channel, almost coincide (see the supplementary
material for a detailed analysis, including the role of DFTþU correc-
tions). The majority spin channel is almost filled, with an intense peak

FIG. 2. (a) Selected EDCs of Gr/FeCo/Ir(111), extracted from data of Fig. 3(a),
acquired with a photon energy of 86 eV and taken along the �C-�K direction. Red
dashed lines highlight states originating from the FeCo interface. (b) Selected
EDCs taken along the direction perpendicular to �C-�K. Blue dashed lines highlight
the p band of Gr. The �K-point has been extracted at an electron kinetic energy of
about 80 eV.

FIG. 3. Comparison between ARPES measurements of Gr/FeCo/Ir(111) taken along the �C-�K direction (a) and the band structure computed for the 10� 10 supercell of Gr/
1ML-FeCo/Ir(111), mapped into the graphene 1� 1 BZ and projected into the atomic orbitals of the different atomic species (b)–(e).
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centered at about –4 eV, where the spin-up Dirac cone is strongly
hybridized and almost quenched. In the minority spin channel, the
main superimposition of Fe and Co pDOS peaks is seen at about
–2 eV and at the Fermi level, where, indeed, the transition metal states
appear in our ARPES measurements.

The density of states and the spin electronic bands for bulk FeCo
alloys have been deeply investigated and discussed in the litera-
ture.4,47,48 The strong hybridization of Fe and Co in the bulk alloy pro-
duces an increase in the Fe exchange splitting and a saturation of the
magnetic moments.47,48 More specifically, it has been shown that at
about 30% Fe content, the atomic magnetic moments become almost
independent of the alloy composition due to a redistribution of 3d
minority electrons to the 3d majority states at the Fe sites.
Furthermore, the reduced dimensionality and number of nearest
neighbors at the FeCo interface also influence the d bandwidth and
the spin splitting of the states.4,47,48

Despite a number of differences with the Gr/FeCo/Ir interfa-
ces studied here, such as the interaction with Gr or with the Ir sur-
face, some of the features of FeCo alloys subsist. In particular, we
observe a larger spin-splitting between majority and minority spin
channels and a narrowing bandwidth of the 3d states for this con-
fined FeCo layer with respect to bulk Fe and FeCo.47 A detailed
comparison between the Gr/FeCo/Ir(111) interface and the bulk
systems is presented in the SI. From the DFT simulations, the
spin-resolved DOS of Fe and Co show almost completely filled 3d-
states in the spin-up channel, with about 4.76(4.70) electrons for
Fe(Co), while about 2.08(3.09) electrons are localized in the 3d
spin-down channel. Though the energy position of the FeCo 3d
states depends on the values of U chosen for the Hubbard correc-
tion, there is always a significant overlap between the Fe and Co
states, while the Gr states are almost insensitive to different values
of U, as described in the supplementary material.

Therefore, the results shown in Fig. 4 demonstrate that the
reduced symmetry and the structural configuration of the intercalated
equiatomic FeCo layer induce a clear splitting of Fe 3d-up and down
bands, with a narrower bandwidth with respect to Fe bulk.

This picture is consistent with previous XMCD measurements
on Gr/FeCo/Ir(111), showing a sensible enhancement of the magnetic
moments8 with a strong ferromagnetic coupling between Fe and Co.

In conclusion, within the present study, we characterize the elec-
tronic and structural properties of few FeCo layers, embedded between
Gr and Ir(111). By means of ARPES, we show that the interaction of
the p band of Gr with FeCo-3d states pushes the strongly hybridized
Dirac cone toward higher BE in analogy with pure intercalated sys-
tems. However, in proximity of EF, we identify dispersive states associ-
ated with the FeCo alloy. By means of DFT, we show that the
homogeneous intermixing of the two FMs and the artificial structural
phase, where the FeCo layer is stretched to the Ir(111) lattice constant,
leads to a narrowing and to an enhanced spin splitting of the 3d states
with respect to pure bulk systems. From an experimental point of
view, we have induced such narrowing and enhanced spin splitting
within a homogeneous 2D FeCo system. Therefore, our study provides
an artificial 2D FeCo system protected from contaminants through the
Gr layer, inducing an enhanced magnetic response, which can be fur-
ther engineered for integration in magnetic devices.

See the supplementary material for selected core level measure-
ments; additional calculations of projected DOS with different values
of the Hubbard U parameter; and projected DOS for 10� 10 Gr/
FeCo/Ir(111), 10� 10 Gr/Fe/Ir(111), and 10� 10 Gr/Co/Ir(111) and
DOS for the corresponding FM bulk systems.
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I. SELECTED CORE LEVELS

The quality of the equiatomic FeCo layers intercaleted
under Gr grown on Ir(111) has been checked by core level
spectra and LEED measurements. A challenging step
in the preparation procedure is the temperature-induced
intercalation of ferromagnetic metals avoiding the alloy
formation with the Ir(111) substrate. We have grown a
high-quality Gr/FeCo/Ir(111) intercalated system keep-
ing the temperature at about 500K for few minutes. In
order to monitor the absence of Fe-Ir and Co-Ir alloying,
we have taken Ir 4f core level spectra and compare them
with those of Gr/Ir(111). Some representative measure-
ments are shown in Fig. S1, where we show the Ir 4f 7/2
peak of Gr/Ir(111) (top) and Gr/FeCo/Ir(111) (bottom),
fitted by a Pseudo-Voigt curve to highlight the bulk and
surface components. We point out that, upon intercala-
tion, the surface component of the Ir 4f 7/2 peak (green
curve) exhibits the expected reduced intensity but any
measurable chemical shift. The Ir 4f 7/2 bulk component
(blue curve) exhibits a chemical shift of about 50 meV
towards lower BE, which is however comparable to the
line width enlargement measured going from Gr/Ir(111)
(400 meV) to Gr/FeCo/Ir(111) (450 meV). Other repre-
sentative spectra of Ir 4f, C1s, Co 2p and Fe 2p, together
with details on the fitting procedures, are reported in [1].
Therefore, we can conclude that the temperature we have
used is high enough to trigger the intercalation process,
as shown by LEED and ARPES measurements reported
in the main text, but relatively low to avoid a prevalent
alloy formation of Co and Fe atoms with the underlaying
Ir(111) substrate. In line with present results, previous
papers have shown that such alloying occurs on Ir(111)
well above 600 K [2, 3].

∗Electronic address: *Authors to whom correspondence
should to addressed: daniela.pacile@fis.unical.it and claudia-
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FIG. S1: Core level spectra taken with photon energy of 176
eV, showing the Ir 4f 7/2 peak (black curves) and fitting com-
ponents (blue and green curves; their sum is the red curve) of
Gr/Ir (top) and Gr/FeCo/Ir (bottom).

II. CALCULATION METHODS

A. Structural parameters

The Gr/1ML-FeCo/Ir(111) interface was simulated by
means of Density Functional Theory, taking explicitly
into account the complete moiré induced periodicity by
using a 9×9 supercell of Ir(111), corresponding to a
10×10 supercell of pristine Gr. The lattice parameters
were obtained by performing a relaxation of the Ir bulk in
the LDA approximation using ultrasoft pseudopotentials
(USPP), resulting in a Ir–Ir bond distance of 2.7048 Å
(corresponding to a hexagonal cell of 46.001 Bohr radius
for the moiré structure). In all the calculations we in-
cluded four metallic layers (3 Ir plus one FeCo layer).
The two sides of the slab were made non-equivalent by
adding a layer of H atoms in one of the two sides. Atomic
positions were then fully relaxed (except for the two bot-
tom Ir layers and the H saturation layer) until ionic forces
were smaller than 0.001 Ry/Bohr. All the self-consistent
calculations were performed using a 2×2 k-point grid,
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Fe/Ir Co/Ir Gr/Fe/Ir Gr/Co/Ir
U m(Fe) m(Co) m(Fe) m(Co)

0 2.67 1.74 2.09 1.13
2 2.93 1.88 2.42 1.40
4 3.20 2.01 2.61 2.10
5 3.16 1.86 2.63 1.96
6 3.14 2.26 2.62 2.02

TABLE S1: Magnetic moment per atom in µB/atom com-
puted for the 1 × 1 Fe/Ir, Co/Ir, Gr/Fe/Ir and Gr/Co/Ir
interfaces, considering different values of U, given in eV.

USPP to model the electron-ion interaction and a kinetic
energy cutoff of 30 and 240 Ry to represent Kohn-Sham
wavefunctions and density, respectively.

B. Parameters for the DFT+U scheme

Since LDA is known to underestimate the values of
the orbital magnetic moments in transition metals [4],
we have adopted a DFT+U scheme [5], with a Hubbard
U parameter of 2 eV for Fe and 4 eV for Co in the cal-
culations for the 10 × 10 Gr/FeCo/Ir(111) supercell.

The U value was chosen after systematic tests done on
smaller model systems consisting in 1×1 and 2×2 cells
where we kept fixed the LDA Ir lattice parameter. We
considered interfaces with and without graphene. In the
latter case, the graphene layer was artificially stretched
in order to have commensurate interfaces. We begin by
computing the Hubbard parameters using linear-response
within the framework of density-functional perturbation
theory [6] for the Fe/Ir(111) and Co/Ir(111) interfaces,
obtaining respectively values of 2.4 and 4.8 eV. Since a
similar calculation done on the large 10 × 10 supercell is
forbiddingly heavy from the computational point of view,
the choice for the values of U resorted to the analysis of
the following data.

The magnetic moments computed for Fe and Co 1× 1
interfaces for a set of different U values are reported in
Tab. S1. As expected, the inclusion of U increases the
magnetic moment of both Fe and Co. For the inter-
faces without graphene, the maximum magnetic moment
is achieved for U=4 eV, whereas for the interfaces with
graphene, the magnetic moment increases with U for all
the values considered. In any case, the changes are more
abrupt for the U values between 0 and 4 eV. We can ob-
serve that for all the values of U, the presence of graphene
reduces the magnetic moment of both Fe and Co (though
the reduction for Fe is significantly larger for U ≤ 4 eV).

In Fig. S2 we show the the Projected Density Of States
(pDOS) computed for a 2×2 Gr/FeCo/Ir supercell with
different U parameters. For all the values of U consid-
ered we observe a significant hybridization of the Fe an
Co states both in the majority and minority spin chan-
nels, together with a downshift of the majority spin states

Energy (eV)Energy (eV)

UFe = 0 eV, UCo = 0 eV UFe = 2 eV, UCo = 0 eV

UFe = 2 eV, UCo = 2 eV UFe = 2 eV, UCo = 4 eV

FIG. S2: Projected density of States computed for a 2×2
Gr/FeCo/Ir supercell with different values of U, in eV. In all
the panels: Fe states (red area), Co states (blue area), Ir (gray
area), Gr (solid line).

which depends on the chosen values of U. On the other
hand, the graphene pDOS remains unaltered, being very
similar for all the values of U. It is worth noticing that,
in the 2×2 supercell considered here, the graphene lat-
tice is stretched and therefore its pDOS differs from the
one computed for the larger 10×10 supercell shown in
the main text.

The values of U for the 10 × 10 Gr/FeCo/Ir(111) su-
percell were chosen by considering all the information de-
scribed above. We have concluded that it was reasonable
to use the values of 2 and 4 eV for Fe and Co respectively.
Similar values had been used for Gr/Co/Ir(111) [7] and
Gr/Fe/Ir(111) [8]. In the main text we have reported
that the majority spin states coincide in energy and the
minority spin states also show a large overlap, keeping in
mind that this behavior depends critically on the chosen
values of U, as demonstrated by the analysis provided in
Fig. S2.

III. COMPARISON OF PDOS FOR DIFFERENT
TRANSITION METALS

In Figure S3 we present the DOS projected on the 3d
metal and on graphene, computed within DFT+U for
Gr/FeCo/Ir(111) and Gr/Fe/Ir(111) and Gr/Co/Ir(111).
The calculations were done considering the complete
moiré induced periodicity by using a 9×9 supercell of
Ir(111), corresponding to a 10×10 supercell of pristine
Gr, similarly to the results presented in the main text.
For the reasons explained above, we have adopted a
DFT+U scheme [5], with a Hubbard U parameter of 2 eV
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Gr/FeCo/Ir Gr/Fe/Ir Gr/Co/Ir
up down up down up down

Fe 4.76 2.08 4.74 2.20 - -
Co 4.70 3.09 - - 4.71 3.00

Fe+Co 4.74 2.58 - - - -

TABLE S2: Average occupation per atom and per spin of the
valence states, 3d, computed for the Gr/FeCo/Ir, Gr/Fe/Ir
and Gr/Co/Ir interfaces. Values of U=2 eV and U=4 eV
have been adopted for Fe and Co atoms, respectively.

Gr/Co/Ir

Gr/FeCo/Ir

Gr/Fe/Ir

FIG. S3: Density of states projected on the 3d metal and
on graphene, computed for a 10 × 10 Gr/FeCo/Ir supercell
compared with the pDOS computed for 10×10 Gr/Fe/Ir and
10 × 10 Gr/Co/Ir. Values of U=2 eV and U=4 eV have been
adopted for Fe and Co atoms, respectively.

for Fe and 4 eV for Co, and again we would like to stress
the critical dependence of the DOS on the chosen values
of U.

The three systems present a large spin split of the 3d
states, with the majority spin states fully occupied. The
main differences are seen in the minority spin states. De-

FIG. S4: Density of States computed for the bulk systems
bcc FeCo, bcc Fe and hpc Co with the same values of U used
for the interfaces: U=2 eV and U=4 eV for Fe and Co atoms,
respectively.

spite the fact that all interfaces show two sets of peaks,
one below and the other above the Fermi energy, the
relative intensity and shape of the peaks is different:
for Gr/Co/Ir(111) the set of peaks below Fermi has the
same height but is broader than the one above; the op-
posite happens for Gr/Fe/Ir(111) and Gr/FeCo/Ir(111),
that present similar DOS shapes and the unoccupied
peak larger than the one below EF . The values of the
occupation averaged for Fe an Co for each spin state
are summarized in Table S2. This is reflected in the
magnetization. The total magnetization of the inter-
face, including three Ir layers, is respectively 176, 203
and 139 µB for Gr/FeCo/Ir(111) and Gr/Fe/Ir(111) and
Gr/Co/Ir(111). The average magnetic moment per atom
for the 3d metals is 2.7 µB for Fe and 1.6 µB for Co in case
of Gr/FeCo/Ir(111). These values are comparable with
the ones computed for the pure intercalated layer, for Fe
in Gr/Fe/Ir(111), 2.5 µB and for Co in Gr/Co/Ir(111),
1.7 µB , showing that the spin magnetic moment of Fe and
Co does not change much with the relative Fe/Co concen-



4

tration, as previously reported for FexCo1−x/Pt(111) [9].
The computed spin moment for FexCo1−x/Pt(111) are
around 3 µB for Fe and 2 µB for Co, higher then the
values reported here but the two model systems show
several differences. In the case of FexCo1−x/Pt(111), the
absence of the graphene layer and the fact that the stud-
ied geometry considers a commensurate interface, strain-
ing the FeCo layer by 10% to match the underlying Pt
surface.

In Figure S4 we present the DOS for the Fe, Co and
FeCo bulk systems, computed at the same level of the-
ory. For the sake of comparison, we considered the same
values of U, even if we expect them to be overestimated
in this case. When comparing the pure systems with

the league FeCo, we can see that there is a downshift
in energy resulting in a coincidence of the Fe and Co
states. For the minority spin states, there is a also a re-
distribution between the Fe and Co states which narrows
the occupied minority spin states and results in a larger
magnetic moment. In fact, when going from the pure
systems to the league, the Fe magnetic moment increases
form 2.4 µB to 2.9, and the Co moment form 1.5 µB to
1.7 µB . This increase is larger than what we see for the
interfaces, for which, both in the case of the pure sys-
tems and Gr/FeCo/Ir(111), the occupied minority spin
states are well separated from the occupied, resulting in
two narrower sets of peaks.
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In the GW approximation, the screened interaction W is a nonlocal and dynamical potential that usually has
a complex frequency dependence. A full description of such a dependence is possible but often computationally
demanding. For this reason, it is still common practice to approximate W (ω) using a plasmon pole (PP) model.
Such an approach, however, may deliver an accuracy limited by its simplistic description of the frequency
dependence of the polarizability, i.e., of W . In this work, we explore a multipole approach (MPA) and develop
an effective representation of the frequency dependence of W . We show that an appropriate sampling of the
polarizability in the frequency complex plane and a multipole interpolation can lead to a level of accuracy
comparable with full-frequency methods at a much lower computational cost. Moreover, both accuracy and cost
are controllable by the number of poles used in MPA. Eventually, we validate the MPA approach in selected
prototype systems, showing that full-frequency quality results can be obtained with a limited number of poles.

DOI: 10.1103/PhysRevB.104.115157

I. INTRODUCTION

In the context of condensed matter physics or quantum
chemistry, many body perturbation theory (MBPT) provides
accurate methods to study spectroscopic properties of matter
from an ab initio perspective [1–3]. The calculations of-
ten adopt the so-called GW approximation [2,4–7] for the
evaluation of the self-energy. As summarized in Sec. II, com-
mon single-step G0W0 implementations typically make use of
one-particle energies and wavefunctions from previous DFT
calculations to build the noninteracting one-particle Green’s
function G(ω) and the dynamical screened interaction poten-
tial W (ω). Next, the self-energy is evaluated via a frequency
convolution of these two quantities that give the name to
the approximation. More advanced approaches include, e.g.,
GW self-consistency treated at different levels [8–13], or
the adoption of vertex corrections [10,14–16] and cumulant
expansions [17]. A more comprehensive discussion of these
aspects can be found, e.g., in Refs. [6,7].

Since its first implementations, the GW approach has been
successfully applied to a wide range of systems [6,7] for
the description of quasiparticle (QP) energies and bands as
measured by ARPES experiments [18–22], including spectral
functions [22,23], electronic satellites [17,24,25], and QP life-
times [26,27]. Importantly, GW quasiparticle energies are also
routinely used as input for absorption spectroscopy calcula-
tions within the Bethe-Salpeter approach [1,28]. Reflecting its
wide adoption, the GW method has been implemented within
multiple numerical schemes [29], ranging from localized ba-
sis sets [15,30–32], to plane waves and pseudopotentials
or PAW [33–37], to all-electron approaches using LAPW

*darioalejandro.leonvalido@nano.cnr.it

[8,9,38,39], also allowing for cross validation and verification
[37,40].

Crucial to the deployment of the method, the frequency
integration in the evaluation of the GW self-energy has also
been addressed in different ways. Common implementations
of the GW method make use of the so-called plasmon-pole
approximation (PPA) [41–45] where, besides the different
technicalities, the frequency-dependency of the polarizability
is simplified through an analytical model with a single pole
(for positive frequencies, plus its anti-resonant match). The
PPA method has the computational advantage of greatly sim-
plifying the self-energy evaluation, but on the other hand its
accuracy may be compromised especially for systems display-
ing a complex frequency structure in the screened potential.
A number of alternative methods targeting a more accurate
and possibly full frequency description of the self-energy exist
[7], including: numerical evaluation of the GW frequency
integrals [33,46–49]; full frequency contour-deformation
(FF-CD) methods [9,50,51], taking advantage of the analytic
properties of G and W ; exact integration using the analytical
structure of W [31]. While these approaches are typically
accurate in terms of integration, they may turn out compu-
tationally demanding or somehow limited in accuracy by the
analytic continuation (AC) methods [7,40,52–55] required by
some of them.

In this work, we further explore the analytic properties
of the response function by using a multipole model. The
results are then used to implement a new technique, referred
here as the multipole approximation (MPA), that allows one
to obtain a simplified yet accurate description of W on the
frequency real axis and evaluate the GW self-energy in an
efficient way. The MPA technique naturally bridges from the
PPA to a full-frequency treatment of the GW self-energy. This
new approach has been implemented numerically within the
YAMBO code [34,56] and tested in different materials.

2469-9950/2021/104(11)/115157(16) 115157-1 ©2021 American Physical Society
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The work is organized as follows. In Sec. II, we first sum-
marize the basic equations of the GW method and present the
main ideas of the MPA method, in Sec. III, we describe an
optimal frequency sampling strategy to reach a good accuracy
with a reduced computational cost, and finally, in Sec. IV,
we show the performance of the proposed method for three
prototype bulk materials: silicon, hBN, and rutile TiO2. In
Appendix A, we present the mathematical details of the MPA
interpolation and in Appendix B, we discuss in detail different
plasmon-pole models and their connection.

II. THEORY: FORMULATION

A. Quasiparticle energies within GW

Following Hedin’s equations [1,4], the GW approximation
for the electron-electron self-energy � is obtained by ne-
glecting vertex contributions beyond the independent-particle
level (for both � and the irreducible polarizability X0). This
leads to an expression where �GW is given in terms of a
frequency convolution of the Green’s function G with the
screened Coulomb potential W ,

�GW (ω) = i

2π

∫ +∞

−∞
dω′e−iω′ηG(ω − ω′)W (ω′), (1)

which can be seen as the first order in a perturbation expansion
involving W instead of the bare interaction v. By expressing
the independent particle irreducible polarizability X0 as

X0(ω) = − i

2π

∫ +∞

−∞
dω′G(ω + ω′)G(ω′), (2)

the screened Coulomb interaction W and the dressed polariz-
ability X can be obtained from the following Dyson equation:

X (ω) = X0(ω) + X0(ω)vX (ω),

W (ω) = ε−1(ω)v = v + vX (ω)v. (3)

In the above expressions, v is the bare Coulomb potential and
ε is the dielectric function. Importantly, the frequency depen-
dence of W comes from its correlation term Wc = W − v =
vXv, in turn leading to the correlation part of the self-energy,
�c, according to Eq. (1).

Usually, a noninteracting Green’s function G0, typically
the Green’s function of the Kohn-Sham (KS) system, is taken
as initial guess and the GW self-energy is evaluated without
performing further self-consistent iterations (one-shot G0W0).
Treating the self-energy as a first order perturbation to the
KS problem, one can then compute the quasiparticle (QP)
energies, εQP

m , either by numerically solving the exact QP
equation,

εQP
m = εKS

m + 〈
ψKS

m

∣∣�(εQP
m

)− vKS
xc

∣∣ψKS
m

〉
, (4)

or its linearized form:

εQP
m ≈ εKS

m + Zm
〈
ψKS

∣∣�(εKS
m

)− vKS
xc

∣∣ψKS
m

〉
. (5)

In the latter expression, the renormalization factor Zm is com-
puted from the first term of the Taylor expansion of the
self-energy, �:

Zm =
[

1 − 〈
ψKS

m

∣∣∂�(ω)

∂ω

∣∣∣∣
ω=εKS

m

∣∣ψKS
m

〉]−1

. (6)

In practice, in order to build the self-energy and compute
quasiparticle corrections at the G0W0 level, as a first step one
needs to construct the polarizability X0 from the knowledge
of G0 according to Eq. (2). The former is then used for the
calculation of W .

The Lehmann representation for the bare Green’s function
G0, computed using the KS states is written in a compact form
as:

G0(ω) =
NB∑
m

Pm

[
fm

ω − Em − iη
+ (1 − fm)

ω − Em + iη

]
, (7)

where |ψm〉 and Em = εKS
m are KS eigenpairs, fm their

occupations, Pm = |ψm〉〈ψm| their projectors, and the sum-
over-states is usually truncated at a maximum number of
bands NB. Eventually, the limit η → 0+ is taken. By using G0

in Eq. (2), the irreducible polarizability can be expressed as

X0(ω) =
NT∑
n

2
KS
n RKS

n

ω2 − (

KS

n

)2 , (8)

where n runs over single particle transitions, possibly trun-
cated to NT according to the number of bands included in the
calculation. Note, however, that methods avoiding the explicit
sums over empty states have been developed and made avail-
able [57–59]. In Eq. (8), RKS

n are the transition amplitudes
computed from the Kohn-Sham states, while the poles 
KS

n
are defined as


KS
n = �εKS

n − iδ, (9)

where �εKS
n � 0 and δ → 0+ is a damping parameter that

ensures the time ordering, similarly to η in the case of G0.
Here, for the sake of simplicity, we have kept all spatial

degrees of freedom implicit and have not highlighted quantum
numbers such as k and q deriving from a possible translational
symmetry of the system. In this respect, and using a plane-
wave basis set of G vectors, X0(ω) and RKS

n in Eq. (8) would
depend on the extra indexes qGG′, while the index n labels
transitions between states k, i and k − q, j.

B. Frequency integration methods in GW

In principle, the screened interaction W (ω) needs to be
computed, as the solution of Eq. (3), for all the frequencies
needed to evaluate the GW self-energy according to Eq. (1).
Nevertheless, the frequency dependence of W may be quite
complex, making the evaluation of the correlation part of
the GW self-energy not straightforward and computationally
demanding.

Early approaches [41–45] adopted the so-called plasmon-
pole model, originally proposed with explicitly real poles
neglecting any spectral broadening. The simplification of the
structure of X , and also of W according to Eq. (3), that
the model provides is called the plasmon-pole approxima-
tion (PPA) [41,60]. The PPA has mainly two variants, one
proposed by Godby and Needs (GN) [43], and the other by
Hybertsen and Louie (HL) [41] (though more parametriza-
tions and refinements exist [42], for example, the von der
Linden-Horsch [44], or Engel-Farid [45] models). The ana-
lytic continuation of the polarizability X , within the PPA is
written, for each qGG′ (suppressed in the equation) matrix
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element, as

X PP(z) = 2
PPRPP

z2 − (
PP)2
, (10)

where 
PP is defined according to Re[
PP] > 0 and
Im[
PP] = 0−. For the sake of the present work, the two
approaches are summarized and compared in Appendix B.

In a full frequency real-axis (FF-RA) approach, the polar-
izability is evaluated considering a dense frequency grid on
the real axis and the integral for the self-energy evaluation
is then computed numerically [46,47,61]. Such an approach
requires the use of a finite damping that broadens the structure
of the polarizability [47], and a large number of frequency
sampling points is typically required to converge the integral.
Other numerical integration techniques for the evaluation of
the response function or the GW self-energy make use of
quadrature rules [48,51], spectral representations of the polar-
izability [33,49], or resort to Fourier transform to imaginary
time to perform frequency convolutions [11,32,52,55].

Other procedures make use of imaginary-path axis integral
methods in order to transform the integration on the real axis
in the self-energy into an integral over an imaginary axis
[9,50,51]. A similar approach resorts to a contour deformation
(CD) defined in the first and third quadrants of the complex
plane [62], in order to obtain a convenient frequency path that
avoids all the poles of W and encompasses only the poles
of G. The integration on the real axis is then replaced by
a sum of the residues of the poles in the contour plus an
integral on the imaginary axis. This integral can be addressed
either numerically [63,64] or with the help of multipole forms
[53,54] or Padé approximants [7,40]. Taking advantage of
the time-reversal symmetry of W , it is possible to reduce the
frequency range in which W is evaluated for the self-energy
integration, either on the real or the imaginary axis [9,50,51].

Other dedicated approaches are also available. A many-
pole model for the self-energy has been developed for
the calculation of inelastic losses in x-ray spectroscopy
[65,66]. Full-frequency GW has also been reformulated as
a frequency-independent eigenvalue problem [67]. Similarly,
a spectral representation of propagators in the form of a
generalized sum-over-poles combined with an algorithmic in-
version technique has been recently developed and applied
to the homogeneous electron gas [68]. The FF-CD has been
recently used jointly with analytic-continuation techniques in
an all electrons scheme that adopts a sampling along both, the
imaginary axis and parallel to the real axis [64].

C. The multipole scheme

In this work, we develop a multipole approach to represent
W and evaluate the GW self-energy. Our multipole scheme
is based on the Lehmann representation of X [2,69–71], in
which the polarizability is written as a sum of poles. It is
important to emphasize that, contrarily to standard PPA imple-
mentations, we consider complex poles and that the computed
poles do not correspond to single-particle transitions (poles of
X0), but are rather intended to represent plasmon excitations.
Each plasmonic pole describes the envelope of a set of transi-
tions, with a finite imaginary part corresponding to the width
of the excitation.

To represent and exploit the analytic properties of the
polarizability X , we define a complex frequency z ≡ ω + i,

and write X (z) as the sum of a finite (and small) number np

of poles:

X MP(z) =
np∑
n

2
nRn

z2 − 
2
n

. (11)

As for PPA, X MP, Rn,
n also depend on the spatial indexes
qGG′. Then, we determine the parameters 
n and Rn by
interpolating the polarizability X (z) computed numerically
on a number of frequencies that is twice the number of poles
(in order to match the unknowns). This leads to a nonlinear
system of 2np equations and variables:

np∑
n=1

2
nRn

z2
j − 
2

n

= X (z j ), j = 1, . . . , 2np. (12)

The expression in Eq. (11) is at the core of the MPA approach.
In fact, once the solution of the system is known, we obtain
an analytical representation of X (z) over the whole complex
plane, suitable to evaluate �GW . Indeed, by exploiting the
Lehmann representation of the Green’s function, Eq. (7),
and making use of Eq. (11) to evaluate Wc, it is possible to
compute the correlation part of the GW self-energy as

�c(ω) =
NB∑
m

np∑
n

PmvRn

[
fm

ω − Em + 
n − iη

+ (1 − fm)

ω − Em − 
n + iη

]
. (13)

This expression generalizes the PPA solution to the case
of a multipole expansion for X (z), and bridges to an exact
full-frequency approach when the number of poles in X is
increased to convergence.

Concerning the solution of the nonlinear system in
Eq. (12), several approaches are possible. While the system
can be solved analytically for a small number of poles, in gen-
eral the exact solution can be accessed numerically either by
mapping the nonlinear problem into an equivalent system that
is linear with respect to the parameters Rn and 
n, or through
the Padé/Thiele procedure [72–74]. A detailed description
of our implementations of these approaches can be found in
Appendix A.

For the one pole case, the analytical solution of the inter-
polation with 2 complex frequencies is easily obtained:⎧⎪⎪⎪⎨

⎪⎪⎪⎩

2 = X (z1)z2

1 − X (z2)z2
2

X (z1) − X (z2)

2
R = −(z2
1 − z2

2

) X (z1)X (z2)

X (z1) − X (z2)
.

(14)

We have also derived the analytical solution for the case of 2
and 3 poles, which are significantly more complex and not re-
ported here, but are nevertheless encoded in the YAMBO solver.

III. THEORY: SAMPLING STRATEGIES

An interpolation in the form of Eq. (11) is independent of
the chosen sampling frequencies as far as they are all different,
and the number of poles in the model, np, equals the total
number of poles of the target polarizability, NT . Nevertheless,
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in the present approach we intent to describe X (z) using a
number of poles much smaller than NT , and therefore the
representation is not unique. We then need to understand the
possible choices for the points to be used in the interpolation
of X . In the following, we discuss how a shift of the fre-
quency sampling from the real axis affects the structure of the
polarizability together with alternative sampling strategies.
Eventually we show that the sampling plays a fundamental
role in achieving a good approximation of X (z) with a reduced
number of poles.

A. The polarizability in the complex plane

According to the Lehmann representation, the poles of
the time-ordered dressed polarizability X , are distributed
above/below the real axis (at an infinitesimal distance), in an
energy range determined by the corresponding transitions. X
presents a very complex structure along the real axis, while at
increasing distance from the real axis the analytic continuation
of X becomes smoother. As discussed in Sec. II B, existing
approaches typically sample X (z) at frequencies either along
the real or the imaginary axis. As an alternative we have
studied samplings with components on both axes.

Let’s consider at first a sampling of X along a line parallel
to the real axis, but at a distance  . From the point of view of
the distance from the poles, this sampling effectively balances
the contribution of different poles, in particular those located
at large (real) frequencies. Moreover, the constant shift from
the real axis smooths out the frequency dependence of the
polarizability and can be understood as a filter effect resulting
from the convolution between the imaginary part of the
polarizability computed on the real axis, −Im[X (ω)]sgn(ω),
and the function 1/π (ω + i ) with a pole in the complex
frequency plane (z = ω + i ), which is a kind of Hilbert
transform:

X (z) = − 1

π

∫ +∞

−∞

Im[X (ω′)]sgn(ω′)
z − ω′ dω′. (15)

The larger the value of the shift,  , the smoother the function
in the convolution and the sampled polarizability X (z), and
therefore the fewer the poles required to model it, as also
depicted in Fig. 1. It is interesting to note that the FF-RA
method described in Sec. II B makes typically use of a finite
damping to obtain a similar simplification of the structure
of X . In this respect, the multipole interpolation method
presented here has the advantage that, once the parameters Rn

and 
n are obtained, it is then possible to perform a sort of
deconvolution towards the real-axis, by evaluating there the
polarizability when performing the integral of the self-energy.
This allows us to get rid of (or at least reduce) the effect of
the artificial smoothing of X (z), which is not possible in the
FF-RA scheme.

B. Analysis of one-pole solutions

Before presenting our numerical results for different sam-
pling strategies, we discuss some analytical results useful to
guide our analysis.

As shown in Appendix B 1, the two most used versions
of the PPA can be mapped into a X interpolated on two
different frequency samplings. In fact, in the Godby-Needs
(GN) scheme, the parameters of the plasmon pole model

FIG. 1. An illustration of the double parallel sampling with a
nine points semihomogeneous grid along the real axis with 2 =
1 Ha, similar to the imaginary frequency used in the GN PPM and
1 = 0.1 Ha, except for the origin of coordinates. The isolines in
the background correspond to a toy polarizability function with 200
poles on the real axis.

(PPM) are obtained by computing X (z) at z1 = 0 and z2 =
ip, being p comparable with the experimental plasma fre-
quency of the material, while the conditions imposed by the
Hybertsen-Louie (HL) scheme are shown in Appendix B 1 to
be equivalent to sampling X at z1 = 0 and z2 = ∞ (meaning
that X and X HL have the same leading order coefficient in
the 1/z2 term for z → ∞). In practice, the two methods give
slightly different results: the HL-PPM tends to overestimate
the position of the pole with respect to GN-PPM [60,75], and
GN-PPM reproduces better the polarizability with respect to
full frequency calculations [60]. Mathematically, this can be
understood by considering that the interpolation of a function
X (z) with a structure is more effective when the sampling is
done in a region of meaningful variation of the function, as
done in the GN-PPM case. It is therefore reasonable to expect
that the choice of the sampled frequency points affects the
interpolated X .

In Ref. [76], we perform a one-pole fitting, using the solu-
tion given by Eq. (14), to a test function (model polarizability)
with two poles,

X M (z) = 2
1R1

z2 − 
2
1

+ 2
2R2

z2 − 
2
2

, (16)

and compute a series expansions of the fitting parameters,

 and R, for a perturbation on the reference sampling. This
allows us to investigate the dependency of the MPA fit param-
eters on the sampling. We conclude that it is possible to write
equations for 
 and R capturing the behavior of both the GN-
and HL-PPM schemes at the same time, and going from one
to the other with a continuous function. The same analysis
also shows that a sampling close and parallel to the real axis
(see Fig. 1, orange line except for the first point) introduces
an error in 
 and R that is proportional to the distance from
the real axis, when comparing to the solution obtained when
performing a sampling on the real axis. This means that, with
X sampled parallel and close to the real axis, it is convenient
to stay as close to the real axis as possible, as in the case of
the FF-RA, where the damping needs to be sufficiently small
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in order to avoid the introduction of a systematic error. As
shown in Sec. III C, this is not the case when using a double
parallel sampling.

In Sec. I C of Ref. [76], we define and report the f factors
in the expansions of 
 and R, and show that the test function
behaves as a one-pole polarizability when R2/R1 → 0 (one
pole dominates) or Q2 → Q1 (the two poles tend to coalesce).
In these cases, the solutions do not depend on the sampling,
which supports the idea of obtaining a simplified description
of the polarizability with a reduced number of poles in cases
where some of the poles are close to each other or some of
the residues are much larger than others. The sensitivity of the
MPA method to the sampling will depend on the ratio of the
residues and on the distance between the poles of X . While
we have not analytically investigated more complicated test
polarizability functions or fitting models (including a larger
number of poles), we have performed numerical analyses
(e.g., a three pole function fitted on a two pole model) which
tend to confirm the findings discussed above.

C. Double parallel sampling

After testing several sampling strategies (samplings paral-
lel to the real axis, tilted with a positive or negative angle with
respect to it, etc.), our results led to the choice of a sampling
along two lines parallel to the real axis, that we will call
double parallel sampling:

sDP =
{

z1: z1
n = ωn + i1

z2: z2
n = ωn + i2,

n = 1, . . . , np, (17)

where one of the two branches is a line close to the real axis
while the other is located further away, e.g., 1 < 2. The
sampling is illustrated in Fig. 1, by the orange and green lines,
while in gray we represent the isolines of a toy polarizability
function with poles close to the real axis. From the isolines it is
possible to see that, at some distance of the real axis, individ-
ual poles that are close enough are no longer distinguishable
and contribute to a collective excitation. In a simplified view,
X sampled along the first line, in orange, preserves some of the
structure of X in the region of the poles and X sampled along
the second line, in blue, is simple enough to be described with
a small number of poles, and accounts for the overall structure
of X . The two branches should not be too close in order to
avoid numerical instabilities arising from the underdetermi-
nation of the resulting system of equations.

This sampling has proved to converge faster with respect to
the number of poles and to be less sensitive to the distance of
the first line from the real axis (1) than the others we tried.
This can be understood from the analysis of a small perturba-
tion to z1 = 0 applied to the GN-PPM sampling (at fixed z2),
i.e., to the simplest one-pole double parallel sampling. The
linear term in the perturbation of 
 and R (see Eqs. (S5) and
(S6) in Ref. [76]) cancels and the first perturbative term is
quadratic on  , at variance with perturbations on z2 where
the linear term is present (Eq. (S8) in the Ref. [76]). Moreover,
considering different sampling strategies, 
 and R change in
the same way, when passing from a real axis sampling to a
parallel or tilted sampling (z1 = 0 only in the latter), further
stressing that overall behavior is governed by z2 and that a
perturbation to z1 has negligible impact.

We still have to chose a distribution of the frequencies
along the real axis, {ωn}, that again favours the convergence
with respect to the number of poles. Differently from the
homogeneous grid used in Ref. [64], we propose a partition
that simply adds new frequency points when increasing the
number of poles, reducing in this way oscillations in the re-
sults. Here we write a semi-homogeneous partition in powers
of 2:

{ωn} :

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(0), np = 1
(0, 1) × ωm, np = 2(
0, 1

2 , 1
)× ωm, np = 3(

0, 1
4 , 1

2 , 1
)× ωm, np = 4(

0, 1
8 , 1

4 , 1
2 , 1

)× ωm, np = 5(
0, 1

8 , 1
4 , 1

2 , 3
4 , 1

)× ωm, np = 6(
0, 1

8 , 1
4 , 3

8 , 1
2 , 3

4 , 1
)× ωm, np = 7

. . .

, (18)

where ωm is the extreme of the interval. We choose to use
a finite value of ωm since X tends to zero for large enough
frequency values, and is enough to describe its tail. Also sup-
porting this option is the fact that the fulfillment of the f -sum
rule, the condition used in the HL-PPM that is equivalent to
taking z2 = ∞ in the GN-PPM recipe (Appendix B 1), is not
critical for obtaining an accurate description of polarizability
matrix elements within FF methods [77]. The maximum value
of ωm corresponds to the largest energy transition according
to the number of empty states included in the calculation
of X . Alternatively, one can simply use a frequency with a
sufficiently large real part so that it is located in the tail of the
polarizability and use the other sampling points to describe its
structure closer to the imaginary axis.

In practice, we use the value 2 used in the GN approach
described in Sec. B, in order to have the same sampling on
the imaginary axis when using only one pole and a straight-
forward extension along the real axis when using more poles.
Regarding 1, in case of one pole we take a null value con-
sistently with PP models, while a (small but) finite value is
considered for additional sampling points along the real axis
in order to avoid numerical noise. Based on the experience
and results obtained using the FF real axis method, and the
analytical results discussed above (Eq. (S6) in the Ref. [76]),
we increase 1 up to 0.1 Ha. This is also similar the values
proposed for molecules in Ref. [64].

D. Failure condition

Sometimes, when considering only a small number of
poles, the interpolation gives rise to poles that are either
not physical or not reasonable, posing representability prob-
lems. This is usually solved by reassigning the values of the
poles. An example is given by the treatment of the so-called
“unfulfilled modes” that plays an important role in different
PPM schemes [37]. Here we discuss the case of the GN-PPM
approach as implemented in YAMBO [34,37,43,62]. The con-
dition used to identify unfulfilled modes in the GN-PPM is the
following:

Re

[
XGG′ (q, 0)

XGG′ (q, ip)
− 1

]
< 0 → 
GN = 1 Ha, (19)
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where the position of the pole is set to 
GN = 1 Ha in case
of failure. This condition is related to the estimate of 
GN

according to Eq. (B5). For diagonal elements (G = G′), the
polarizability evaluated on the imaginary axis is real, making
the term in the square-root of Eq. (B5) also real. Unfulfilled
modes are then those for which the radicand is negative and
the resulting pole imaginary. The same condition is also used
for off-diagonal matrix elements in order to ensure that the
pole 
GN, which is anyway taken real, mainly derives from
the real part of the radicand in Eq. (B5).

Setting the pole for unfulfilled modes at 
GN = 1 Ha
usually works well for semiconductors [37], even if it may
have a (usually small) impact on the quasiparticle corrections.
However, in more complex systems the reliability of the PPA
may be compromised either by the large number of matrix
elements for which the pole is corrected or simply by the
inadequacy of such a simple model correction.

In the case of MPA, we propose a slightly different strategy.
The condition in Eq. (19), used in the PP approach, applies to
a sampling on the imaginary axis but can be generalized as:


n =
{√


2
n, Re

[

2

n

]
� 0√

−(
2
n

)∗
, Re

[

2

n

]
< 0

(20)

avoiding in this way, in case of failure, the use of a re-
placement constant value. The second line in Eq. (20), when
applied, is equivalent to exchange the real and imaginary parts
of 
n. In addition, since we consider complex poles, if needed
we also impose time ordering, i.e., while Re[
n] � 0 because
of Eq. (20), we may force Im[
n] < 0. Note this procedure is
applied to all np poles in MPA.

We now analyze the evaluation of the residues when at least
one of the poles of the multipole interpolation is modified by
the failure condition above. We start by considering a model
with a single pole, for which the residue R can be calculated
using the information of either the sampling point z1, first
equation in Eq. (B5) within the GN model, or z2 as

R = X2
(
z2

2 − 
2
)

2

. (21)

When the pole is not corrected, the computed residue is inde-
pendent of the choice between z1 and z2. However that is not
the case if the failure condition is used. In order to improve
the representation with respect to considering only one of
the given solutions depending on z1 or z2, we propose to use
Eq. (A23) to fit R. When using more than one pole, in addition
to Eq. (20) we have added an extra condition: in case a pole is
close to another or its position is out of the sampling range, its
residue is replaced by zero and the fit of Eq. (A23) is applied
only to the remaining residues.

E. Representability measures

In order to quantify the representability error of the model
with respect to the sampled points when correcting the posi-
tion of the poles with Eqs. (19) and (20), we compute the mean
number of corrected matrix elements, 〈NF 〉, and an average
relative standard deviation, 〈RSD〉. The analysis presented in
the following can be done for each q-point, if translational
symmetry is present. For one pole, the average number of

failures is simply

〈NF 〉np=1 = 1

Ng

Ng∑
g=GG′

�
(

MP

n=1,g

)
, (22)

where � is a Heaviside-like step function that verify the
condition:

�(
) =
{

0, Re[
2] � 0

1, Re[
2] < 0.
(23)

Regarding the error measurement, we use a modified version
of the relative standard deviation, also known as coefficient of
variation, that is then averaged over all the matrix elements.
Since we model all the matrix elements with the same number
of poles, the average deviation gathers, in a single estimate,
the representability error. The estimator was modified by re-
placing in the normalization factor the mean value of the
sampled values of X by their maximum value. Namely, for
each matrix element g = GG′ (within a given q block, not
labeled explicitly here), we define

Mg = max
j

|XGG′ (z j )|. (24)

This is justified by the fact that X is close to zero for a large
region of frequencies, together with its average when it is
computed with several points, which may results in an inade-
quate use of the coefficient of variation. The error estimators
then read

〈RSD〉np=1 = 1

Ng

Ng∑
g=GG′

1

Mg

√√√√ 2∑
j=1

∣∣X MP
jg − Xjg

∣∣2, (25)

〈RSD〉PPA = 1

Ng

Ng∑
g=GG′

�
(

PP

ng

)
Mg

√√√√ 2∑
j=1

∣∣X PP
jg − Xjg

∣∣2. (26)

In case of the PPA, we compute the error just for the matrix
elements that fail the condition in order to favour the compar-
ison with MPA, since there may be a deviation already due to
the fact of discarding the imaginary part of the poles in the
PPA (MPA is based on an interpolation, while PPA is not).

In the general multipole case, we define

〈NF 〉 = 1

Ng

Ng∑
g=GG′

∑np
n �

(

MP

ng

)∣∣RMP
ng

∣∣∑np
n

∣∣RMP
ng

∣∣ , (27)

〈RSD〉 = 1

Ng

Ng∑
g=GG′

1

Mg

√√√√√ 1

2np − 1

2np∑
j=1

∣∣X MP
jg − Xjg

∣∣2, (28)

where we have introduced a normalization by the residues of
each pole in the counter of the failure condition 〈NF 〉, in order
to differentiate the contribution of each pole.

IV. RESULTS: MPA PERFORMANCE

We have validated the MPA method in three different bulk
materials: Si, a prototype semiconductor, hBN with AA and
AA′ staking, and rutile TiO2, a mid-band-gap semiconductor
oxide. We compare the MPA approach described above with
PPA and FF calculations and with the existing literature. In
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TABLE I. Quasiparticle (QP) transitions computed with the lin-
earized QP Eq. (5) on top of PP, MPA and FF. In case of hBN, FF
calculations are performed using a 10 Ry cut-off for the X matrix
(results in square brackets) and then extrapolated to 25 Ry, using
the MPA results as reference. All other calculations are directly
performed with a 25 Ry cutoff.

System QP(eV) PPA MPA FF

Si �c → �v 3.28 3.30 3.30
Kc → �v 1.26 1.30 1.30

hBNAA Mc → Kv 7.35 7.47 7.46 [7.25]
Kc → Kv 7.02 7.16 7.16 [6.91]
Hc → Kv 5.33 5.50 5.50 [5.23]
Lc → Kv 5.26 5.42 5.42 [5.17]

hBNAA′ Lc → Kv 6.21 6.24 6.24 [6.20]
Kc → Kv 6.17 6.20 6.20 [6.17]
Hc → Kv 6.02 6.05 6.05 [6.01]
Mc → Kv 5.93 5.98 5.98 [5.92]

TiO2 �c → �v 3.20 3.27 3.26

particular, we compare our results for Si with Refs. [37,78],
hBN with Refs. [79,80], and TiO2 with Ref. [37].

DFT calculations were performed using the QUANTUM

ESPRESSO package [81,82]. We employed the LDA exchange-
correlation functional for Si and hBN, while GGA-PBE for
TiO2, with norm-conserving pseudopotentials in all cases. For
Si, we use a grid of 12 × 12 × 12 k-points, a kinetic energy
cutoff of 20 Ry and 300 KS states to perform sums-over-
states. In case of hBN, we used k-point meshes of 18 × 18 × 9
and 18 × 18 × 6, corresponding to AA and AA′ stacking re-
spectively, with an energy cutoff of 60 Ry and 400 KS states.

For rutile TiO2, we use a shifted k-grid of 4 × 4 × 6 k points,
a kinetic energy cutoff of 70 Ry for the wave functions, and
600 KS states.

GW calculations were performed with the YAMBO code
[34,56]. We use a standard Monte Carlo stochastic scheme
called random integration method (RIM) [34,83] to treat inte-
grals over the Brillouin zone with Coulomb divergence. The
RIM technique is used in order to accelerate convergences
with respect to the k-point mesh in case of hBN and TiO2,
but not for Si simply to illustrate that the MPA works well
independently of this choice. The size of the polarizability
matrix is set to 25, 10, and 15 Ry for Si, hBN and TiO2,
respectively. In the case of hBN, the value of 10 Ry is not
sufficient to converge quasiparticle corrections, and a more
suitable value is 25 Ry. Due to the high computational cost
of FF real-axis calculations, we decided to perform the com-
parison of PPA, MPA, and FF methods for hBN with a X
matrix cutoff of 10 Ry, while the results obtained with 25 Ry
(quasiparticle energies in the case of PPA and MPA) are given
in Table I. Regarding the self-energy evaluation, in the bare
Green function we use a damping parameter η = 0.1 eV for
all calculations.

A. The polarizability matrix

In Figs. 2, 3, and 4, we plot a set of diagonal and
off-diagonal matrix elements of the polarizability for three
different bulk materials: Si, hBN, and TiO2 rutile, respec-
tively. Each plot shows the real and imaginary parts of the
polarizability computed within MPA using a different num-
ber of poles, compared with the corresponding FF real-axis
results. The same number of poles is used for all the matrix
elements. In fact, on the one hand the multiple peak structures

FIG. 2. Selected Si X matrix elements computed within MPA with 1, 2, 3, and 8 poles and compared with the corresponding FF real-axis
results. Although the real and imaginary parts of the function are plotted using different arbitrary units, the different matrix elements can be
compared since their scale is consistent and indicated in each plot.
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FIG. 3. Selected hBN X matrix elements computed within MPA with 1, 2, 3, and 8 poles and compared with the corresponding FF real-axis
results. The same scheme from Fig. 2 is used for the units.

of X is more complex for large G-vectors, while on the other
hand their maximum amplitude, and therefore their weight
in the integration of the self-energy, decreases with G. This
means that a more simplistic description of the structure of
these elements will not affect much the computed �. For
reasons of computational convenience, besides the number of
poles, the array of sampled frequencies is also the same for all
the matrix elements. Of course, the complexity of X depends

on the material under study. In silicon, for instance, the most
important matrix elements have an almost single-peak struc-
ture that favours the use of a single pole, while for TiO2, the
first element, G = G′ = 0, already shows several peaks and a
slower decay of the maximum amplitude with respect to G.

The imaginary part of diagonal elements of X describes
the spectral properties of the polarizability, and therefore is
always negative with peaks around the real part of the poles

FIG. 4. Selected TiO2 X matrix elements computed within MPA with 1, 3, 4, and 9 poles and compared with the corresponding FF real-axis
results. The same scheme from Fig. 2 is used for the units.
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FIG. 5. (Top) 〈NF 〉, mean number of matrix elements for which
the position of the poles was corrected according to Eq. (20) for
MPA and Eq. (19) for PPA, and (bottom) 〈RSD〉, average deviation
as defined in Eq. (28), as a function of the number of poles used in
the MPA approach. Due to the high computational cost of the FF
calculations, in case of hBN the comparison is made with a non fully
converged dimension of the polarizability matrix, of 10 Ry. The plots
correspond to the AA stacking, but similar values are seen also for
the AAAA′ stacking with 10 Ry of X matrix.

and widths given by their imaginary part. A model with a
single pole describes approximately the envelop of the real
part of diagonal elements, but is unable to describe the width
of the main peak, since the small value of the imaginary part
of the pole obtained from the interpolation is translated into a
delta-like peak. The use of a complex pole is not that different
from a real one obtained by neglecting its imaginary part, as
in the PPA case. The inclusion of a second pole however, may
improve the description of the imaginary part of the diagonal
elements of X even if there are no significant improvements
in the real part. On the other hand, the off-diagonal matrix el-
ements of X show a mixture of their real and imaginary parts,
since the residues of the poles in Eq. (8) have an imaginary
part depending on their G and G′ components. Off-diagonal
matrix elements are more likely to fail the PP condition of
Eq. (19) and even a single but complex pole and the gener-
alized failure condition of Eq. (20) may lead to considerable
improvements on the description of X , as shown in the right
panels of Fig. 2.

In general the description of the polarizability improves
quickly as the number of poles increases, as demonstrated by
the representability measurements 〈NF 〉 and 〈RSD〉 plotted in
Fig. 5. Already with one pole, the error of the generalized
condition is lower than the one obtained with the PPM and

FIG. 6. Deviations of the fundamental gap calculated via the
MPA with respect to FF results as a function of number of poles
for Si, hBN and TiO2. As in Fig. 5, in case of hBN we use 10 Ry of
X matrix and plot only the results of the AA stacking.

then both 〈NF 〉 and 〈RSD〉 rapidly decrease with increasing
number of poles.

B. The GW quasiparticle correction

In Fig. 6, we report the convergence of the GW correction
to the band gap with respect to the number of poles used in the
MPA for the three systems under study. The same frequency
sampling was used in the three cases, namely a double parallel
sampling, Eq. (17) with the grid given by Eq. (18) along the
real axis and shifts 1 = 0.1 Ha and 2 = 1 Ha. For TiO2,
which has a more structured polarizability, the quasiparticle
corrections are more sensitive to the sampling. With a single
pole model using different values of 2 the results can differ
by as much as ∼100 meV. In the multipole case the difference
decreases to 6 meV when comparing results obtained with
2 = 0.5 and 1.0 Ha. Even if we expect the highest value to
lead to a slightly simpler X , the convergence is reached with
the same number of poles in both cases.

Interestingly, the same convergence behavior is found for
the three systems: between 8 and 11 poles the quasiparticle
corrections differ by less than 1 meV from the FF results. The
number of poles needed to obtain convergence is much more
homogeneous than the number of frequencies in FF real axis
calculations (300 for Si, 400 for hBN, and 1500 for TiO2),
since the shifts  in the double parallel sampling determine
the structure of the polarizability and therefore the number of
poles required to model it.

We report our final QP results in Table I. In the case
of hBN, the difference between the PPA and FF-RA values
changes with respect to the size of the polarizability matrix. At
10 Ry we found similar differences for stacking AA and AA′

with a maximum value of 0.10 eV. At 25 Ry the difference
increases up to a maximum value of 0.17 eV for the stacking
AA and decreases up to a maximum value of 0.05 eV for the
stacking AA′, the plasmon-pole approximation being more
accurate in the AA′ configuration.
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FIG. 7. Frequency dependence of the Si valence (v) and con-
duction (c) real part of the self-energy (top) and spectral function
(bottom) of the quasiparticles involved in the fundamental gap com-
puted with PPA, MPA, and FF.

C. Self-energy and spectral function

The present MPA method targets the dynamical depen-
dence of the dressed polarizability, in turn directly related
to W , in order to perform the frequency integral in the
self-energy and finally to compute the quasiparticle correc-
tions to the independent particle states. For this purpose,
we need a good description of �(ω) in a frequency region
around the solution of the quasiparticle equation, Eq. (4).
However, the description of the self-energy in a larger range
of frequencies is interesting by itself, since �(ω) contains,
besides the quasiparticle energies, information about many-
body features like satellites and quasiparticle lifetimes. These
properties are computed by solving the corresponding Dyson
equation for the Green function, G = G0 + G0�G. Through
Eq. (13), the MPA method provides a description for the
frequency dependence of the self-energy, that we assess in this
section.

In Fig. 7, we compare the Si self-energy (top) and spec-
tral function (bottom), obtained as the imaginary part of the
dressed Green’s function, Im[G], computed within PPA, MPA,
and FF-RA. The self-energy presents a typical two-pole struc-
ture [52,53] corresponding to the contributions of the empty
and occupied states. The picture can be better understood

taking Eq. (13) into account: occupied states contribute to the
self-energy at energies around the value −
 plus their own
KS energies (negative), different from the empty states that
contribute at +
 plus a positive term from the KS energies
further separating the two contributions of the main plasmon
at ±
.

The PPA gives a good description of the tail of the main
peaks, especially including the region around the solution
of the quasiparticle equation, and the overall behavior of �.
However, intrinsic representability problems appear due to the
inability of PPA in describing the imaginary part of W . The
result is a very noisy �, particularly around its peaks, giving
rise to noisy satellite peaks in the spectral function. In con-
trast, the MPA self-energy (computed with eight poles, i.e., the
number required to obtained converged quasiparticle energies)
reproduces quite well the FF-RA results in the whole energy
range. In fact, there is a reversal on the level of complexity of
the polarizability with respect to the self-energy: X is smooth
when computed within PPA, and very structured in FF-RA
and MPA, whereas � is very spiky within PPA and smooth
for FF-RA and MPA.

This result can be understood by analyzing the effect of the
Dyson equation for W , Eq. (3), on the polarizability matrix
elements XGG′ (q, ω). At the independent particle level, X0

presents a large number of peaks described by Eq. (8). When
applying the Dyson equation, the poles from different matrix
elements of X0 are combined, resulting in a dressed polar-
izability X with broader peaks corresponding to plasmonic
excitations, as shown in Figs. 2–4. Thanks to this feature, it
is possible to use few (complex) poles in the MPA modeling
(then approximated with 1 real pole in PPA) of each matrix
element XGG′ (q, ω). However, there is a further pole superpo-
sition of the matrix elements in the integral of the self-energy
[Eq. (13)], whose accurate description in a full frequency
range needs a proper modeling of the imaginary part of X .
This superposition in PPA is partially remedied by the finite
η damping of the Green function, while the presence of finite
imaginary parts in the MPA poles naturally improves the PPA
description. In silicon, the proximity of the several electronic
states and the number of additional low-intensity plasmon-
excitation result in a noisy behavior of the PPA self-energy
around the main peaks. In contrast, the FF and MPA methods
properly describe the superposition of all the excitations, and
the resulting �(ω) function is smooth.

This picture may be different for less screened systems
like, e.g., molecules [40,84], where the energy levels are
scattered, the plasmonic excitations are far apart, and the
plasmon-pole model may lead to a self-energy that presents
a simpler structure than a FF treatment. On the other hand,
the nonexistence of a gap in metallic systems may lead
to a self-energy with a single main peak [85] also noisy
within PPA. However, the special cases of metals with small
plasmon energies or strongly correlated materials are particu-
larly challenging for simple models like the PPA, since the
quasiparticle solutions lie in a zone of multiple plasmonic
excitations, as shown in Ref. [86] for SrVO3. The applica-
bility of the PPA on such systems has been discussed in
the literature [5,47] and the advantages in using the MPA
method for a metallic case are the subjects of a future
work.
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V. CONCLUSIONS

In this paper, we have introduced and developed a
multipole approximation (MPA) to represent the reducible
polarizability and to evaluate the correlation self-energy in the
GW method. The MPA method can be seen as a generalization
of the commonly used plasmon-pole approximation (PPA),
while increasing the number of poles in the description of X it
tends to the exact, full frequency solution. Therefore MPA nat-
urally bridges from PPA to FF GW , with controllable accuracy
and computational cost. We have provided numerical methods
to compute the MPA parameters and investigated in detail the
effect of different frequency samplings on the procedure. In
doing so, we have also discussed two common formulations of
the PPA (Godby-Needs and Hybertsen-Louie PPM’s) showing
how they can be seen in a unified frame. Eventually, the MPA
method has been validated and benchmarked on selected bulk
semiconductors (Si, hBN, rutile TiO2), showing systematic
improvement over the PPA, and numerical agreement with FF
GW already with about 10 poles.

The present MPA approach, in the few poles regime, con-
siderably improves the quasiparticle energies with respect to
PPA without a significant increase in the computational cost.
When considering more poles, around 10 for the systems
studied here, its computational cost is comparable to AC ap-
proaches. In this regime, we have shown that MPA reaches an
accuracy comparable with standard FF contour deformation
methods [7,40], significantly more demanding. Moreover, we
believe MPA presents several advantages with respect to this
method. In the contour deformation approach, the number
of frequencies used in the evaluation of W increases with
the distance of the state from the Fermi level due to the
increasing number of poles of G entering in the contour [64],
whereas within MPA all the quasiparticles have the same
computational cost. Another advantage of MPA relies on its
analytic form, which allows one to solve analytically the fre-
quency integral of the self-energy that has also a multipole
form. Moreover, the frequency structure of the polarizability
is meaningful and permits the analysis of the plasmonic inter-
actions. The MPA technique applies irrespectively of the basis
set, and can also be straightforwardly extended beyond G0W0,
e.g., to quasiparticle self-consistent GW approaches [8,9].

Overall, our findings show that the multipole approach can
be used to obtain a simple and effective representation of re-
sponse functions. We illustrated how to analyze simple types
of sampling in order to understand and design good recipes.
We show that the MPA with optimal sampling strategies in
the complex plane can lead to a level of accuracy comparable
with full-frequency methods at much lower costs, not only for
the quasiparticle energies, but also for the whole energy range
relevant for the self-energy.
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APPENDIX A: MPA INTERPOLATION

1. Linear solver

The nonlinearity of the system of equations in Eq. (12) de-
pends only on inverse factors involving the variables 
n, since
the system is otherwise linear in Rn. It is possible to separate
these two behaviours by following the procedure described
below. We start by splitting the sampled points {z j, X (z j )} in
two sets, for example,

s1: j = 1, . . . , np,

s2: j = np + 1, . . . , 2np. (A1)

The first set defines a matrix A1 and vector x1 as follows:

A1mn = 2
n

z2
m − 
2

n

,

x1m = X (zm), n, m = 1, . . . , np (A2)

such that we can write a linear system for the vector r =
(R1, R2, . . . , Rnp ):

A1r = x1. (A3)

We can do the same with the other half of the data, by defining
the matrix A2 and the vector x2 as

A2mn = 2
n

z2
np+m − 
2

n

,

x2m = X (znp+m), n, m = 1, . . . , np (A4)

leading to

A2r = x2. (A5)

Either Eq. (A3) or (A5) can be used to compute the residues
if the positions of the poles are known. Furthermore, from
these two equations it is possible to obtain a complete set of
np equations for 
n:

r = (A1)−1x1 = (A2)−1x2. (A6)

Here we explore in depth this idea using a different formula-
tion that maps the problem into an equivalent linear system
that can be easily solved with standard linear algebra tools.

Within the multipole model, X (z) can be written in the
form of a particular Padé approximant, i.e., as a fraction of
two polynomials N (z2) and D(z2) of degree np − 1 and np,
respectively:

X (z) = Nnp−1(z2)

Dnp (z2)

= a1 + a2z2 + · · · + anpz
2(np−1)

b1 + b2z2 + · · · + bnpz
2(np−1) + z2np

, (A7)
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where the factorization of Dnp(z2) gives the position of all the
poles:

Dnp (z2) =
np∏

n=1

(
z2 − 
2

n

)
. (A8)

On the other hand, the coefficients an in the numerator
involve combinations of poles and residues. From the point
of view of the system of equations, we are changing the un-
known variables {Rn,
n} into {an, bn}. If we consider a vector
constructed from the progression of powers of z: Z(z) =
(1, z2, . . . , z2(np−1)), and vectors a and b constructed from the
coefficients of N (z2) and D(z2): a = (a1, a2, . . . , anp ) and b =
(b1, b2, . . . , bnp ), we can write Eq. (A7) in a more compact
way and then make it linear with respect to the new variables:

X (z) = Z(z) · a
Z(z) · b + z2np

. (A9)

X (z)z2np + X (z) Z(z) · b = Z(z) · a. (A10)

By using the first set of points of Eq. (A1), we can define
the following vector and matrices:

v1 =

⎡
⎢⎢⎢⎢⎣

X (z1)z2np

1

X (z2)z2np

2
...

X (znp )znp
2np

⎤
⎥⎥⎥⎥⎦, (A11)

Z1 =

⎡
⎢⎢⎢⎢⎣

1 z2
1 . . . z

2(np−1)
1

1 z2
2 . . . z

2(np−1)
2

...
...

...

1 z2
np

. . . z
2(np−1)
np

⎤
⎥⎥⎥⎥⎦, (A12)

M1 =

⎡
⎢⎢⎢⎢⎣

X (z1) X (z1)z2
1 . . . X (z1)z2(np−1)

1

X (z2) X (z2)z2
2 . . . X (z2)z2(np−1)

2
...

...
...

X (znp ) X (znp )z2
np

. . . X (znp )z2(np−1)
np

⎤
⎥⎥⎥⎥⎦.

(A13)

Z1 is known as a square Vandermonde matrix [87] and is
always invertible as far as all the sampling points are different
[88]. Then we can write Eq. (A10) in matrix form:

v1 + M1b = Z1a, (A14)

while an analog equation is obtained with the second set of
points:

v2 + M2b = Z2a. (A15)

By combining Eqs. (A14) and (A15) to remove vector a we
obtain a linear system for b:

Mb = v, (A16)

M = Z1
−1M1 − Z2

−1M2,

v = −Z1
−1v1 + Z2

−1v2. (A17)

In terms of the number of matrix inversions to be performed,
Eqs. (A16) and (A17) can be recast into the following more

practical form:[
Z2Z1

−1M1 − M2
]
b = −Z2Z1

−1v1 + v2. (A18)

Before we proceed, in order to the reduce numerical in-
stabilities of the algorithm, it is convenient to carry out a
normalization

z j = y jzmax,

zmax = max(|zn|), n = 1, . . . , np, (A19)

where, i.e., zmax is the largest frequency modulus in the sam-
pling set involved with the matrix we need to invert, Z1.

The proposed normalization balances the large differences
among the matrix elements that emerge when increasing the
number of poles, due to the range of the sampling and the
increasing powers. Rescaled unknowns can then be defined as

a′
n = an(zmax)n−1

b′
n = bn(zmax)n−1

. (A20)

Likewise, we also define the Y1,2 and M′
1,2 matrices similarly

to Z1,2 and M1,2, Eqs. (A12) and (A13) respectively, by using
yn instead of zn. Eventually, Eqs. (A16)-(A17) can be rewritten
as a linear system for b′:

[Y2Y1
−1M′

1 − M′
2]b′ = −Y2Y1

−1v1 + v2. (A21)

Once we have computed b′, and in turn b via Eq. (A20),
we need to obtain the poles 
n, which are the variables with
physical meaning and those required in the evaluation of the
self-energy integral. As mentioned above, this is equivalent to
find the zeros of the polynomial Dnp (z2) in Eq. (A8), and a
powerful method to perform this task is the diagonalization of
the corresponding companion matrix:

C =

⎡
⎢⎢⎢⎢⎣

0 0 . . . 0 −b1

1 0 . . . 0 −b2

0 1 . . . 0 −b3
...

...
. . .

...
...

0 0 . . . 1 −bnp

⎤
⎥⎥⎥⎥⎦. (A22)

The eigenvalues of C correspond to the squares of the position
of the poles, 
2

n.
As mentioned before, in case all the poles are different,

the residues may be computed with either Eq. (A3) or (A5).
Alternatively we can use all the 2np points to fit Rn with a
linear least squares method:

min
r

||Ar − x||, (A23)

where, for each n = 1, . . . , np and j = 1, . . . , 2np, one has

A jn = 2
n

z2
j − 
2

n

, x j = X (z j ). (A24)

A similar least-square approach was also recently adopted
in the definition of the sum-over-poles approach [68], and
applied to the case of the homogeneous electron gas.

2. Padé/Thiele solver

An alternative way to the method described above consists
in solving at the same time both polynomials N and D in the
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Padé interpolant in Eq. (A7) by means of the Thiele’s interpo-
lation formula, witch expresses the interpolant as a continued
fraction of the reciprocal differences [72]. The number of
required steps corresponds to the number of points to be
interpolated, that is 2np in our case:

N (z2)

D(z2)
= c1

1+
c2
(
z2 − z2

1

)
1+ · · ·

c2np

(
z2 − z2

2np−1

)
1 + (

z2 − z2
2np−1

)
g2np (z)

,

(A25)

where the coefficients cs and functions gs(z) are given by the
following recursion relations:

cs = gs(zs), (A26)

gs(z) =
⎧⎨
⎩

X (zs), s = 1

gs−1(zs−1) − gs−1(z)

(z − zs−1)gs−1(z)
, s � 2

, (A27)

where index s = 1, . . . , 2np represents both the iteration step
and the index of the corresponding point in the given set. The
polynomials N (z2) and D(z2) and their coefficients can then
be computed recursively. Notice that in Thiele’s relation the
definition of each polynomial differs from the one in Eq. (A7)
by a multiplicative constant that, however, does not affect the
zeros of the polynomials, and moreover cancels out in the
fraction.

As in the case of the linear solver, with Thiele’s procedure
we are interested in computing only the monomial coefficients
of the denominator, since we can always obtain the residues
by means of Eqs. (A3) or (A23). The recipe [72] for the
polynomial in the denominator is:

Ds(z) =
{

1, s = 0, 1
Ds−1(z) − cs(z − zs−1)Ds−2(z), s � 2 . (A28)

The desired polynomial of degree np is obtained in the last
step, s = 2np. Notice that in this notation the index s does not
reflect anymore the degree of the polynomial. In each iteration
the degree of the polynomial Ds(z) is (s − 1)/2 for odd inte-
gers and s/2 for even numbers. We can write a vector of the
coefficients of the final polynomial, d = (d1, . . . , dnp, dnp+1).
It has an extra dimension comparing to vector b in Eq. (A10)
due to the multiplicative constant mentioned before that goes
to the higher order monomial of D in Eq. (A7). The recursion
of the polynomial in Eq. (A28) can be easily translated into a
recursion of the vector d:

ds =
{

(1, 0, . . . , 0), s = 0, 1
ds

i = ds−1
i + cszsd

s−2
i+1 − cszs−1ds−2

i , s � 2,

(A29)

where the second term of the sum in the rhs of Eq. (A29) is
computed just for i = 1, . . . , np, while the other two include
also the last dimension, i = np + 1.

The recursion of the cs coefficients can also be recast
in vectorial form, by considering in each iteration, s, a 2np

dimensional vector, c:

cs :

⎧⎪⎪⎨
⎪⎪⎩

(X (z1), . . . , X (z2np )), s = 1

cs
j = cs−1

j−1 − cs−1
j

(z j − z j−1)cs−1
j

, s � 2
, (A30)

where now the iterations are represented by index s in the
upper position, and the vector coordinates and point identifiers
are represented by index j in the lower position. Notice how-
ever that only one particular component of vector cs enters in
Eq. (A29) at each iteration, i.e., cs ≡ cs

s, other components are
worth only to update the vector. Once computed d, the relation
with the coefficient of vector b is as simple as bn = dn/dn+1,
that recovers the unitary coefficient accompanying the higher
order monomial of the polynomial. The position of the poles
can then be computed with the companion matrix, Eq. (A22),
likewise in the case of the linear solver.

APPENDIX B: PLASMON POLE MODELS

As stated in Sec. II B, there are several flavours of the
plasmon-pole model (PPM), that are compared for instance
in Refs. [60,89], but two of them are more commonly used,
one due to Hybertsen and Louie [41] (HL), and the other
due to Godby and Needs [50] (GN). In the Hybertsen and
Louie (HL) approach, two physical constraints are imposed:
(1) compliance with the Kramers-Kronig relations in the limit
of small frequencies, and (2) compliance with the f -sum rule.
The Kramers-Kronig relations for X HL provide

X HL(0) = 2

π
P
∫ ∞

0
dω ω−1Im[X HL(ω)]

= 2

π
P
∫ ∞

0
dω ω−1Im[X (ω)] = X (0), (B1)

whereas the f -sum rule is enforced by the condition:

2

π

∫ ∞

0
dω ω Im[X HL(ω)] = 2

π

∫ ∞

0
dω ω Im[X (ω)] = S,

(B2)

where X is the computed dressed polarizability. In the above
equation, the result of the integral (S) can be expressed in
terms of some of the components of the electronic density and
Coulomb interaction. On a plane-wave basis, it reads

SGG′ (q) = − ω2
p

v(q + G)

ρ(G − G′)
ρ(0)

(q + G) · (q + G′)
|q + G|2

= ρ(G − G′) [(q + G) · (q + G′)], (B3)

where ρ is the electronic density and the plasma frequency,
ωp, is computed as ωp = √

4πρ(0).
In the Godby and Needs (GN) approach, the polarizability

is evaluated at two different frequencies located along the
imaginary axis of the frequency plane: z = 0 and z = ip, be-
ing p comparable with the plasma frequency of the material.

(RGN,
GN) :

{
X GN(0) = X (0)

X GN(ip) = X (ip)
. (B4)

Other versions of the PPA are based on the above recipes
aiming at improving the description of the off-diagonal matrix
elements of the polarizability [44,45,90]. We will now take a
closer look at the GN and HL approaches, from the point of
view of the multipole approximation.
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1. Connecting the GN- and HL-PPM schemes

The idea of interpolating the two parameters (RPP,
PP)
of the plasmon-pole model starting from X evaluated at two
different frequencies, used by the GN-PPM, is very flexible,
and multiple sampling options can be adopted. Nevertheless,
using different pairs of sampling frequencies typically leads
to different parametrization of the resulting PPM. With this
in mind, we search for the pair of frequency points to be
used in Eq. (14) that would correspond to the conditions
imposed by the HL scheme. The equations for the GN-PPM
are

X (0) = −2RGN


GN
,


GN = p Re

[
X (ip)

X (0) − X (ip)

] 1
2

, (B5)

while those for the HL-PPM are

X (0) = −2RHL


HL
, 2
HLRHL = S. (B6)

We note that Eq. (B1) in the HL formulation, connected to the
Kramers-Kronig relation, implies the first condition (equality
of X and X HL at ω = 0) imposed in the GN recipe, Eq. (B4),
as also evident in comparing Eqs. (B6) and (B5).

If we consider the exact polarizability X , written in the
Lehmann representation similar to the multipole model given

in Eq. (11), but with all the NT addends and with Im[
n] →
0−, and solve the integral in the f -sum rule, we get

2

π

∫ ∞

0
dω ω Im[X (ω)] = 2

∑
n


nRn. (B7)

Then, the condition imposed by HL in the plasmon-pole
model is

2
HLRHL = 2
∑

n


nRn. (B8)

This relation imposes the equality of the 1/z2 coefficient
(leading order) of the asymptotic behavior of the polarizabil-
ities, making explicit the known fact that sum rules describe
properties at infinity [91]:

lim
ω→∞ X HL(ω)/X (ω) = 1. (B9)

This means that in the long frequency range, ω � max
n

|
n|,
X behaves as a one-pole function with the exact same
asymptotic decay of X HL. Thus we can think of the HL rep-
resentation as a limiting case of GN-PPM recipe when the
second frequency goes to infinity:

(RHL,
HL) :

{
X HL(0) = X (0)
X HL(∞) = X (∞)

, (B10)

where the evaluation of the infinite frequency in the second
equation is taken as the limit of the X HL/X ratio, according to
Eq. (B9).
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I. ANALYSIS OF DIFFERENT SAMPLINGS

In the following, we consider the following test function
(modelling a polarizability with two pairs of poles)

XM (z) = x1(z) + x2(z) ≡ 2Ω1R1

z2 − Ω2
1

+
2Ω2R2

z2 − Ω2
2

, (S1)

and study how different sampling options affect the so-
lution of the fitting procedure when using one pole.

A. Perturbing the GN-PPM sampling

Let us define the reference GN sampling with an imag-
inary frequency of modulus $0:

sGN :

{
z1 = 0

z2 = i$0,
(S2)

and those we want to compare with, starting with a per-
turbation on z1:

s0 :

{
z1 = ω

z2 = i$0,
(S3)

si0 :

{
z1 = i$

z2 = i$0,
(S4)

where $ < $0. When ω and $ are small, we have a
similar behaviour with the same parameters:





Ω0 = ΩGN

(
1 − f0

1

$2
0

ω2 + O[ω3]

)

R0 = RGN

(
1 − c0

1f
0
1

$2
0

ω2 + O[ω3]

)
,

(S5)





Ωi0 = ΩGN

(
1 +

f0
1

$2
0

$2 + O[$3]

)

Ri0 = RGN

(
1 +

c0
1f

0
1

$2
0

$2 + O[$3]

)
.

(S6)

We also consider a perturbation on z2 as:

s$0 :

{
z1 = 0

z2 = i($0 + $).
(S7)

When $ is small in this case, we have:





Ω$0 = ΩGN

(
1 +

f$0
0

$0
$ + O[$2]

)

R$0 = RGN

(
1 +

f$0
0

$0
$ + O[$2]

)
.

(S8)

When $ � $0 in Eq. (S7), we have:





Ω$0 = ΩGNL$0

(
1 − f$0∞ $2

0

$2
+ O[$−3]

)

R$0 = RGNL$0

(
1 − f$0∞ $2

0

$2
+ O[$−3]

)
.

(S9)

The HL approach can be included in this regime and from
this equation we can understand why the HL solution
overestimates Ω and R with respect to GN, since it is
given by the asymptotes:

{
ΩHL = ΩGNL$0

RHL = RGNL$0 .
(S10)

Moreover, it is possible to merge both behaviours of
Eq. (S8) and (S9) into a single a function that goes con-
tinuously from one solution to the other:




Ω$0($) =
ΩGN$2

0 + ΩHL$2

$2
0 + $2

− $$2
0

$3

ΩHLf
$0∞

− $3
0

ΩGNf
$0
0

R$0($) =
RGN$2

0 + RHL$2

$2
0 + $2

− $$2
0

$3

RHLf
$0∞

− $3
0

RGNf
$0
0

.

(S11)

B. Samplings along the real axis

Lets start by defining samplings, for now still with two
frequencies, but that represent samplings along a line
either parallel P or tilted, with a positive A+ or negative
A− angle, with respect to the real axis (RA).

sRA :

{
z1 = 0

z2 = ω0,
(S12)

sP :

{
z1 = i$

z2 = ω0 + i$,
(S13)



2

sA+ :

{
z1 = 0

z2 = ω0 + i$,
(S14)

sA− :

{
z1 = i$

z2 = ω0.
(S15)

When $ is small, we have:





ΩP = ΩA+ = ΩRA

(
1 − i

fω0
0

ω0
$ + O[$2]

)

RP = RA+ = RRA

(
1 − i

fω0
0

ω0
$ + O[$2]

)
,

(S16)

which shows that a parallel sampling close to the real axis
affects the parameters by a quantity that is proportional
to the shift $.

When $ is large, we have:





ΩA+ = ΩHL

(
1 − fω0∞ ω2

0

$2
+ O[$−3]

)

RA+ = RHL

(
1 − fω0∞ ω2

0

$2
+ O[$−3]

)
.

(S17)

C. Form of the f-factors

In order to get a general picture from the coefficients of
the series expansions presented in the previous sections,
we write them in a compact way by defining simply rec-
ognizable averaged quantities that may be weighted by
particular elements. We use a notation, Ωe

w, in which
Ω represent the average quantity, the position of a pole
in this case, while e is an exponent and w the weighting
function:

fω0
∞ =

1

2ω2
0

(Ω2
1 − Ω2

2)2

ΩRΩR−1

, (S18)

f$0
∞ =

1

2$2
0

(Ω2
1 − Ω2

2)2

ΩRΩR−1

, (S19)

f0
1 =

(Ω2
1 − Ω2

2)2

2Ω2
1Ω2

2

$2
0

Ω2
x−1(i$0)

, (S20)

f$0
0 =

(Ω2
1 − Ω2

2)2

($2
0 + Ω2

1)($2
0 + Ω2

2)

$2
0

Ω2
x−1(i$0)

, (S21)

fω0
0 =

(Ω2
1 − Ω2

2)2

(ω2
0 − Ω2

1)(ω2
0 − Ω2

2)

ω2
0

Ω2
x−1(ω0)

, (S22)

L$0 =

√
Ω−2

x(i$0)

Ω−1
R

, (S23)





RHL = R1 + R2

ΩHL =
1

Ω−1
R

,
(S24)

c0
1 = −x($0)/x(i$0)R/Ω; (S25)

where:

ΩR ≡ R1Ω1 + R2Ω2

R1 + R2
, (S26)

ΩR−1 ≡ (
Ω1

R1
+

Ω2

R2
)(R1 + R2), (S27)

Ω−1
R ≡ R1Ω−1

1 + R2Ω−1
2

R1 + R2
, (S28)

Ω−2
x(i$0) ≡ Ω−2

1 x1(i$0) + Ω−2
2 x2(i$0)

XM (i$0)
, (S29)

Ω2
x−1(ω0) ≡ XM (ω0)[Ω2

1x
−1
1 (ω0) + Ω2

2x
−1
2 (ω0)], (S30)

x($0)/x(i$0)R/Ω ≡
R1

Ω1

x1($0)
x1(i$0) + R2

Ω2

x2($0)
x2(i$0)

R1

Ω1
+ R2

Ω2

. (S31)
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