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We report the inclusion of electron-electron correlation in the calculation of transport properties within
an ab initio scheme. A key step is the reformulation of Landauer’s approach in terms of an effective
transmittance for the interacting electron system. We apply this framework to analyze the effect of short-
range interactions on Pt atomic wires and discuss the coherent and incoherent correction to the mean-field

approach.
DOI: 10.1103/PhysRevLett.94.116802

One of the most pressing problems in nanotechnology is
the need for recasting all the knowledge about mesoscopic
transport physics into the fully quantum mechanical limit
appropriate for atomic-scale phenomena. In the case of
electronic and transport properties of atomic and molecular
conductors, we must address at the microscopic level both
the chemical complexity of the conductor and the com-
plexity of the interactions between the different compo-
nents of an extended open system.

The combination of Green’s function (GF) methods with
a density functional theory (DFT) description of electronic
states has become a standard approach to study charge
transport at the nanoscale [1-5]. However, care must be
taken in comparing the computed transport characteristics
to experiments [6]. Indeed, some important features—
such as electron correlations, dissipation, decoherence,
and temperature effects—are at the moment partly or fully
neglected. These deficiencies become more and more cru-
cial when the dimensions of at least one part of the system
reach a confinement situation where, for instance, electron-
electron (e-¢) interactions may become dominant. Recent
observations of the Kondo effect and Coulomb blockade in
molecules connected to external electrodes [7,8], and in
nanotubes with magnetic impurities [9] or size confine-
ment [10], indicate that correlations do play an important
role in the mechanism of charge transport in nanodevices.
Whereas much effort [6,11-14] has been directed to study-
ing other aspects of the transport problem, a standard
approach to include correlation effects does not yet exist.
One may expect that some of the difficulties in the inter-
pretation of transport experiments on simple atomic chains
and individual molecules could be ascribed to the neglect
or mistreatment of correlations.

In this Letter we develop a new method for the ab initio
computation of quantum transport in the strong correlation
regime, and then apply it to specifically address the effect
of e-e interactions on electronic transport through atomic-
scale conductors. Following closely Meir and Wingreen
[15], we derive a Landauer-like expression for the current
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through a correlated conductor between uncorrelated leads.
Short-range e-e interactions in the conductor are described
through the three-body scattering (3BS) formalism [16,17].
The method is implemented through the use of “maxi-
mally localized”” Wannier functions (MLWF) [5,18]. A
particularly well-adapted system for gauging the relevance
of e-e correlations is a late-transition-metal atomic chain
with an uncorrelated portion representing bulk leads (e-e
effects are negligible in the bulk) and a correlated portion
mimicking the one-dimensional wire in a nanojunction.
We apply our method to simulate a model platinum atomic
wire of varying lengths. Our findings show a large sup-
pression of the transmittance that we ascribe to the inclu-
sion of e-e¢ elastic decoherence in the simulation.
Moreover, the strong conductance reduction, also for small
wire lengths, suggests that correlation plays an important
role when studying transport properties of systems with
localized electrons.

The system is modeled as three different regions, the left
(L) and right (R) electrodes and a central conductor (C).
We express our operators in a localized basis set [19] which
allows us to write the Hamiltonian and the GFs of the
whole system as 3 X 3 block matrices defined on the basis
in the L, R, and C regions [H,,, G,,(w) where x,y =
L,C,R].

The Hamiltonian reads

Vo

H= > Hycley+Hy+ Y [Hycld; +Hc] (1)
'ELorR ’EiLe‘gR
where ¢; and czr (d; and le) are the one-electron annihila-
tion and creation operators in the leads (conductor). In the
above expression, the first term describes the L and R
leads, H;, the conductor, and the last term the coupling
of the conductor with the L and R leads. We stress that the
leads and the coupling Hamiltonian are noninteracting and
all the e-e interaction is restricted to the conductor.
From the continuity equation for the steady-state current
in the system and using the Keldysh nonequilibrium GFs
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formalism [20], the following expression for the current
[15] is derived:

2ei
===
h

doTH{[2] — ZR]Ac + [, — FR]GE}- (2)
Here Aq = i[G[ — G¢] is the spectral function and
Gg“'<‘> are the (retarded, advanced, lesser, greater) GFs
in the conductor. The trace should be taken on the conduc-
tor. The interaction between conductor and leads is de-
scribed through the lead self-energies (SE’s), defined as
S04~ (w) = He Gv* =7 (w)H,c, where x=L,R.
Finally, the I';  terms in Eq. (2) are defined as the negative
of twice the imaginary part of the retarded lead SE’s, i.e.,
Iy =i[2]  — 2{ z]. Note also that 27, = if; '/ &
and 27, = —i(1 — f p)[L g, where f; and fp are the
Fermi occupation functions for the left and right leads.

While in the noninteracting case the above expression
brings us to the usual Landauer formula [15], in the pres-
ence of the interaction between electrons this is no longer
true and further assumptions are needed. We here adopt the
ansatz proposed by Ng [21] which relates 35 (3) to 27,
thus defining the statistics of energy levels, in the general
out-of-equilibrium interacting case. The starting point is
the assumption [22]

307 (@) = 357 (@) A(w), 3)

where 5~ = 27 + Zp7 refer to the noninteracting
case and include only the coupling with the leads, while
the full 327 include also e-e interactions. A(w), also
called A in other formulations [22], is determined by the
identity 25 — 35 = Xf — 2¢ leading to

Alw) = [Zjc(@) = Zfe(@)] '[20(w) = 2E(@)] @)
Here the interacting SE’s take the form
2ef(w) = 2% (0) + 2R(w) + 2in(),  (5)

where 3¢t account for the e-e interactions (while 27 just

drop this last term). Relations (3)—(5) are the key to relate
Eq. (2) to a Landauer-like formula. In fact, following
Eq. (6) of Ref. [22] and using G§ = GL-XI5GE, it is
possible to derive Gg = iGp[f I + frI'RJAGSE and
therefore Gi. — G& = —iG{[I') + I'zx]JAG{. These steps
lead to the final expression for the current:

e (dw
= 7 %UL — frRITHCLGEIRAGE) (©)

We note that the e-e correlation plays a twofold role: it
renormalizes the GFs, which should now be calculated for
the interacting system, and also modifies the expression for
the current, introducing the corrective factor A(w). The
quantity traced in Eq. (6), even if not a true transmittance
across the scattering region due to the breakdown of
Landauer’s theory, still plays the same role as regards
transport. For this reason we refer to it as an effective
transmittance and compare it to the transmittance of the
noninteracting case. In particular, since the imaginary part

of the e-e self-energy exactly vanishes at the Fermi energy
(Eg), the correction A(w = Ep) becomes the identity op-
erator and the effective transmittance computed at Ef is
proportional to the conductance at zero temperature, pro-
vided that the SE’s are calculated for the interacting
system.

An accurate evaluation of the effective transmittance
needs to be based on (i) a good description of the non-
interacting system, and (ii) the calculation of the e-e
correlated SE to include many-body effects arising from
the interaction in the conductor. The first problem is solved
by exploiting a recent methodology for the ab initio cal-
culation of the transmittance in the coherent transport
regime [5]. The ground state of the mean-field system is
described within the local density approximation (LDA) to
DFT, using norm-conserving pseudopotentials and a plane-
wave basis set [23]. The geometry of the L-C-R nano-
junction are as in Ref. [1]. To obtain a consistent descrip-
tion of the system in a real-space localized basis set, the
MLWPF’s are computed both for the leads and for the
conductor [24]. The details of this transformation and its
application to electronic transport are described elsewhere
[5,18]. We note that the basis change from Bloch eigen-
vectors to MLWF’s preserves orthonormality and com-
pleteness in the original Hilbert subspace, thereby
avoiding typical problems arising very often for other
localized basis functions. The same features allow us to
use a minimal basis set for computing transport properties,
while employing the system independent plane-wave basis
set for the DFT calculation.

To discuss the inclusion of e-e correlations, we first need
to define the interaction Hamiltonian in Eq. (1). We focus
on the short-range e-e interaction for two main reasons. On
the one hand, this regime is characterized by strong devia-
tions from the noninteracting behavior, for instance, in
terms of quasiparticle lifetimes (which include elastic de-
coherence in the transport formalism). On the other hand, it
allows us to adopt an Anderson-like form [25] of the
interaction which is suitable for the localization in the
conductor region only, as required by our approach.

In this work the e-e self-energy X%, is computed using
a nonperturbative approach based on an effective Anderson
Hamiltonian, whose U Coulomb integrals could be either
calculated ab initio [26] or used as adjustable input pa-
rameters. It is solved by means of a configuration interac-
tion scheme with up to three bodies (3BS) added to the
noninteracting Fermi sea: two (one) electron(s) and one
(two) hole(s) for conduction (valence) states. This method
has been successfully applied to describe photoemission
experiments on strongly correlated systems [17]. The 3BS
self-energy is formally given [17] as a sum over projectors
onto atomic states (those with non-negligible U integrals)
and thus can be properly localized in the conductor.

We now come to the model system: a Pt atomic wire of
varying lengths, where the correlation is switched on only
on a finite number N of atoms. It is worth noting that late
5d transition-metal atomic wires have been demonstrated
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in break-junction experiments [27]. Moreover, in the case
of Pt, correlation effects are expected to strongly increase
their importance in passing from the bulk leads to the
confined wire as an effect of the reduced dimensionality.
Therefore, our model system, while neglecting the full
complexity of the wire-lead interfaces, retains the basic
geometric construct of a correlated wire between uncorre-
lated leads in a Pt break junction. Hence, because the
interface-induced effects are already well known [27],
this model allows us to elucidate the effects of correlation
and decoherence in nanojunctions. The inclusion of both
correlation and interface effects is discussed below with a
further example.

The setup is described in Fig. 1(a). For region C we
consider a supercell containing 11 atoms with an inter-
atomic separation of 3.0 10%, reasonable for experiments
under stretching (such as break junctions [27]). The same
geometry is adopted for the leads, which are modeled as
semi-infinite wires treated at the single-particle level. Since
the sd bands of the Pt chain [Fig. 1(b)] form an isolated
subset [18], we can extract a manifold of MLWF’s which
span the same subspace. As an example, a particular wave
function well localized within two bond lengths is shown
in the inset of Fig. 1(c). This MLWF subspace allows us to
reproduce with good accuracy states more than 2 eV above
the Fermi energy, enough to describe transport properties
in this system where p orbitals are expected to play a
negligible role. Figure 1(c) shows the computed transmit-
tance for the noninteracting Pt chain, which counts, for
each energy, the number of channels (bands) available for
charge transport, leading to a zero temperature conduc-
tance of 3G, (G, = 2¢>/h).

In Figs. 2(a) and 2(b) we report the spectral function
projected on the interacting region and the effective trans-
mittance for a chain with three correlated atoms (U =
2.0 eV). The many-body spectral function shows a split-
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FIG. 1 (color online). (a) System layout divided in the leads
and conductor regions. Open (full) circles are uncorrelated
(correlated) Pt atoms. (b) Band structure of the Pt infinite chain.
A is the edge of the one-dimensional Brillouin zone.
(c) Transmittance of the noninteracting conductor region. The
inset shows the isosurface plot of a computed MLWF.

ting of the d bands and a slight upward energy shift, which
is consistent with our short-range interaction picture based
on the physics of the Anderson Hamiltonian. The trans-
mittance is strongly suppressed by the inclusion of corre-
lation [Fig. 2(b)], which is particularly effective in the hole
region. This can be understood considering that on-site
correlation arises from the strongly localized Pt d orbitals
that are largely occupied and produce major features below
EF-

The introduction of e-e interactions leads to quasipar-
ticles characterized by energy and lifetime (finite broad-
ening of their spectral features) formally accounted for by
the Hermitian (H) and the anti-Hermitian (A) parts of the
SE operator. Note that in more common correlation treat-
ments, such as LDA + U, the SE is Hermitian and life-
times are consequently neglected [28]. Although these
components must obey analytic constraints [17], we ana-
lyze them separately to highlight their very effect on
transport. First of all, we divide the SE operator in H and
A contributions, 3, = 25 + 4, where

Spa(w) = [3(0) = 3T (w)] )

In Figs. 2(c),2(d) and 2(e),2(f) we show our results when
using 3 or X4, respectively, instead of the full correlation
SE from 3BS. By definition X4 vanishes at Ep; thus the
only contribution to the zero temperature conductance
comes from the H part of X. Moreover, at energies differ-
ent from Ep the major quenching factor on the transmit-
tance is due to the A part of 3, while its effect on the
spectral function is just a slight broadening of the main
peaks. Note that the decrease of the effective transmittance
due to X is related to energy misalignment of channels
between the conductor and the leads, while that due to 2,
accounts for e-e scattering. Our results thus indicate that
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FIG. 2 (color online). Curves: Spectral function projected on
the interacting region (left) and effective transmittance (right) for
the case of three correlated atoms in the Pt chain. Shaded areas:
mean-field reference results. (a),(b) The results obtained with the
total correlation SE 3. = 2355. The (¢),(d) [(e),(f)] plots are
obtained using only the Hermitian [anti-Hermitian] SE 35 [24].
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FIG. 3 (color online). (a) Effective transmittance against en-
ergy for variable number of correlated atoms in the chain: A is
the reference mean-field bulk transmittance. No = 1, 3, 5, 7 in
B, C, D, E. (b) Effective transmittance for a Au-Pt-Au junction
(three Pt atoms). Solid lines: mean-field description of an infinite
Au chain (thin line) and of the Au-Pt-Au interface (thick line).
Shaded area: interface treatment including correlation.

e-e scattering plays a fundamental role in suppressing
effective transmittance for systems with strong short-range
correlation. This effect should be hidden in the low tem-
perature conductance but be evident in the /-V character-
istics [Eq. (6)]: a suggestion for further experimental
analysis.

Figure 3(a) shows the effective transmittance curves for
various numbers of correlated atoms N, and shows how
the effective transmittance decreases with increasing Nq. A
direct analysis of the effective transmittance at Ep reveals
also a rapid decreasing zero-temperature conductance.
This finding suggests that the effect of on-site correlation
should be experimentally measurable also for short atomic
chains. In order to compare the effects on the transmittance
due to interfaces with those due to correlation, we also
studied the case of a Au-Pt-Au junction with the conductor
formed of three correlated Pt atoms and the leads of semi-
infinite mean-field Au chains (we tested that electronic
correlation is ineffective in Au even at low dimensional-
ity). The geometry is the same as in Fig. 1(a). We treat this
interface first at a mean-field level and then fully include
the e-e interactions on Pt. Figure 3(b) reports the results:
the trends due to the inclusion of correlation are the same
as before, also for an interface between two different
materials. Again, we find that the main role is played by
the imaginary part of the e-e SE, consistently with the
results for Pt chains. This finding a posteriori validates
the choice of the Pt wire as a good model system.

In conclusion, we derived a generalized Landauer-like
expression for the current [Eq. (6)] and the conductance in
the presence of e-e interactions. The formalism is suitable
for a fully ab initio implementation that we realized using a
basis set of maximally localized Wannier functions for the
GFs and the 3BS formalism for the e-e self-energy. We
applied the method to a finite Pt wire and found a renor-
malization of the conductance and a strong quenching of
the transmittance as a consequence of the e-e scattering.
Our results suggest that the inclusion of electron correla-
tion, for systems with strong short-range interactions, is

important for an accurate description of transport if dimen-
sionality effects strongly influence the electronic structure,
as in the atomic chains studied here.
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