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The subtle interplay between spin-orbit coupling, exchange interactions, and cation ordering can lead to exotic
magnetic states in transition-metal ions. We report a comprehensive study of the Re-based (5d') ordered double
perovskite oxide Sr,ZnReOg combining synchrotron x-ray diffraction (XRD), magnetic susceptibility, muon spin
relaxation (wSR) measurements, and density functional theory (DFT) calculations. XRD reveals that Sr,ZnReOg
crystallizes in the monoclinic structure (space group P2,/n) at low temperature. Magnetic susceptibility data
indicate a transition below ~13 K, with M—H loops showing ferromagnetic-like hysteresis and an unusually
high coercive field of 23 kOe at 2 K. Zero-field SR measurements detect static and spatially disordered internal
fields below T), >~ 12 K, consistent with a canted antiferromagnetic ground state determined by detailed DFT
and force-theorem in Hubbard-I calculations. The reduced high-temperature effective moment (~0.76 ;) and
very small static moment (< 0.2 uy) derived from SR analysis and local-field simulations indicate a decisive
role of spin-orbit coupling. Through a combined experimental and computational approach we unambiguously
determine the canted antiferromagnetic order in Sr,ZnReQOg, showing that a very small ordered moment coexists
with an exceptionally large coercivity. These results underscore the crucial role of spin-orbit coupling and orbital
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ordering, providing new insights into magnetism in 5d' double perovskites.

DOI: 10.1103/2ngs-7x82

I. INTRODUCTION

The magnetic and orbital ordering in strongly correlated
materials plays a crucial role in modern condensed matter
physics. In particular, transition-metal ions give rise to a
wealth of novel physics properties through the complex in-
terplay of charge, orbital, and spin degrees of freedom [1].
Among the most extensively studied systems are the B-site
ordered double perovskite (DP) oxides, with general formula
A,BB'Og, where A is an alkaline-earth or rare-earth cation and
B/B’ are transition-metal ions in different oxidation states.
These materials have garnered significant interest owing to the
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influence of spin-orbit coupling (SOC), electronic correlations
and crystal field interactions on the electronic and magnetic
properties that drive the emergence of exotic quantum phases
[2-4] such as the Mott insulators [5,6], Weyl semimetals
[7-9], half metallicity [10-13] and quantum spin liquids [14].

Generally, the B-site ordered DPs have been reported to
crystallize in the cubic, monoclinic and tetragonal structures
and consist of ordered geometry of corner-shared BOg and
B’ O¢ octahedra network, alternatively forming two interpene-
trating face-centered (fcc) lattices, and the A site positioned at
the voids between the octahedra [15]. The combination of the
B and B’ sites and the hosting order of the magnetic cations
at these sites are crucial determinants of the electronic and
magnetic properties, and the nature of the exchange interac-
tions in these compounds. When B and B’ sites host magnetic
ions, the properties are driven by the B — O — B’ mediated
super-exchange interaction. However, when magnetic ion
resides only on the B’ site, these compounds often
become Mott insulators, since the large separation between
neighboring B’ sites reduces the bandwidth and makes

Published by the American Physical Society
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the on-site Coulomb repulsion dominant [16]. In such a
case, the magnetic interactions are defined by edge-shared
network of tetrahedra in a fcc lattice and often exhibit
geometric frustration in the presence of antiferromagnetic
exchange couplings [17-19]. Further, theoretical studies on
analogous DP compounds subjected to strong SOC with
only B’ magnetic site hosting either 4d” or 54" electronic
state predict the possibility to realize a number of magnetic
states including magnetocrystalline anisotropic aligned
ferromagnetic (FM) and antiferromagnetic (AFM) states, spin
nematic phases, multipolar orders [2,3,20] and also canted
spin states that are stabilized by Jahn-Teller distortions, owing
to the interplay of Heisenberg, non-Heisenberg interactions,
and the quadrupolar couplings [21].

In this work, we focus on the Re-based DP Sr,ZnReOg,
where Sr?*, nonmagnetic Zn>*, and magnetic Re®* (54") ions
occupy the A, B and B’ sites respectively. Sr,ZnReOg belongs
to a class of materials where experimental measurements re-
vealed a wide variety of structural, magnetic and electronic
properties. As mentioned in Ref. [22], these class of mate-
rials have no direct correlation between the magnetic ground
state and crystal symmetry. For example, Ba;ZnReOg exhibits
canted ferromagnetic order [23], Ba;MgReOg4 hosts multi-
polar order [24], and Ba; YReOg displays a spin disordered
ground state [25], all within the cubic Fm3m structure. The
diverse behaviors observed in cubic compounds naturally mo-
tivate investigations of tetragonally elongated systems, which
have drawn even greater interest due to their unusual magnetic
properties. Initially, the isoelectronic compounds Sr,CaReOg
and Sr,MgReOg4 were suggested to host spin-glass state be-
low ~ 14K and ~ 50K, respectively [18,26], but recently
resonant x-ray diffraction experiments on a high-quality
Sr,MgReO,4 sample, have proposed a layered antiferromag-
netic order at temperatures below = 55 K with a propagation
vector k = (0,0, 1) [27]. Early theoretical studies predicted
that these structures could exhibit antiferromagnetic ordering
of magnetic octupoles [2], a phenomenon that has evaded
direct experimental confirmation. More recently, theory has
pointed to Sr;MgReOy as a specific candidate for realizing
such ordering [28]. Much less attention has been devoted to
understanding the magnetic behavior of Sr,ZnReOg, includ-
ing the role of SOC in stabilizing its ground state. Only the
existence of contrasting antiferromagnetic features [15] and
weak ferromagnetic transition [29] were detected at low tem-
perature from magnetization measurements, and no magnetic
order was detected by neutron diffraction measurements [29].
The unusually small magnetic moment is probably a conse-
quence of strong SOC in 5d' DPs, combined with effects such
as covalency, orbital ordering, and Jahn-Teller distortions, all
of which contribute to partial cancellation between spin and
orbital magnetism [16].

In this paper, we take advantage of high-quality crystalline
samples to revise the crystallographic structure of Sr,ZnReOg¢
using synchrotron x-ray diffraction. We then investigate the
magnetization dynamics and magnetic structure through bulk
magnetization measurements and muon spin rotation and
relaxation (uSR), the latter being a highly sensitive local
probe of magnetism on the atomic scale and ideally suited
to detect the very small magnetic moments predicted in this
compound. Finally, we complement our experimental findings

with DFT + u and force-theorem in Hubbard-I calculations to
identify and validate the nature of the magnetic order.

The remainder of this paper is organized as follows; In
Sec. II we present both the experimental and computational
methods that have been utilized in this work followed by the
description of the crystal structure obtained from synchrotron
XRD in Sec. ITA. In Sec. III B, the magnetization mea-
surements data are presented while the ©SR measurements
together with the DFT calculations of the muon sites are
presented in Sec. III C and Sec. III C 1, respectively. The iden-
tification of the magnetic structure based on force-theorem in
Hubbard-I approach and the validation of the structure by the
muon local field simulation is presented in Sec. III C2. The
summary is presented in Sec. IV. More details on data analysis
are presented in the Supplemental Material (SM) [30].

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

Polycrystalline Sr,ZnReOg was synthesized via solid-state
reaction using SrO (prepared from 99.9% pure SrCO;, Wako
Pure Chemical Industries, by heating at 1300 °C in oxygen),
Zn0O (99.9%, Wako Pure Chemical Industries), and ReOj;
(synthesized in the laboratory from 99.99% pure Re, Rare
Metallic Co. Ltd.). The powders were mixed in an agate
mortar inside an argon-filled glovebox to ensure precise sto-
ichiometry. The mixture was sealed in a platinum capsule
and subjected to isotropic compression in a multi-anvil press
(CTF-MA1500P, C&T Factory, Tokyo) at 6 GPa and 1100 °C
for 1 h, with an 11-min ramp to reach the target temperature.
After heating, the capsule was rapidly quenched to below 100
°C in 1 min, followed by slow pressure release over several
hours. The resulting product was a dense, polycrystalline
black pellet. A portion was ground for phase identification
using a MiniFlex600 x-ray diffractometer (Rigaku, Tokyo)
with Cu-K« radiation, and further analyzed by synchrotron
XRD with a large Debye-Scherrer camera at BL02B2,
SPring-8, Japan [31,32]. The x-ray wavelength was A =
0.65298 A, calibrated using a CeO, standard. Patterns were
analyzed and visualized using the RIETAN-VENUS software
package [33,34].

The direct current (dc) magnetic susceptibility (x) of
SryZnReOg was measured using a magnetometer (MPMS,
Quantum Design, San Diego, CA). The empty sample holder’s
magnetization was measured to account for its diamagnetic
contribution. Measurements were taken from 2-280 K with a
10 kOe magnetic field under both zero-field-cooled (ZFC) and
field-cooled (FC) conditions. Isothermal magnetization loops
were recorded at various temperatures with the magnetic field
swept between —70 kOe and +70 kOe under ZFC conditions.
Data reproducibility was confirmed by testing multiple sam-
ples from different synthesis runs.

The zero-field (ZF) SR measurements were carried out on
the GPS spectrometer at the Paul Scherrer Institut (Switzer-
land) as a function of temperature, ranging from 1.6 K to
about 70 K. In a typical ZF-uSR experiment a beam of pos-
itive muons 100% spin-polarized along the beam direction is
implanted in the sample [35]. The positive muons thermal-
ize at interstitial sites where they act as sensitive probes of
development of spontaneous magnetic ordering, precessing in
the local magnetic field, B,,, at the Larmor frequency o, =
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VuB, (v, =27 x 135.5 MHz/T). By studying the angular
distribution of the positrons emitted during the muon decay
process (muon lifetime 7, ~ 2.2 us) we measure the time
evolution of the muon-spin asymmetry A(t) = AyP,(¢), where
Ay is the initial muon asymmetry and P, (¢) the time dependent
muon polarization. The uSR experimental data were analyzed
via least-squares optimization using MUSRFIT software [36]
and MULAB, a home-built MATLAB suite.

To reliably interpret the SR results, it is crucial to accu-
rately determine the muon stopping site, which we have done
via DFT calculations within the DFT + p approach [37-40].
Nonspin polarized DFT calculations were performed using
the plane wave (PW) based code QUANTUM ESPRESSO [41].
The Perdew-Burke-Ernzerhof (PBE) [42] functional was used
to estimate the exchange and correlation term. The muon
and the host atoms were modeled with ultrasoft pseudopo-
tentials [43,44] using 100 Ry and 900 Ry cutoff energy
for the wavefunctions and charge density respectively. The
muon in the DFT + p procedure was treated as a hydro-
gen impurity in a charged 2 x 2 x 2 supercell comprising
of 160 host atoms and 1 muon. A 2 x 2 x 2 Monkhorst-
Pack k-point mesh [45] was used for the Brillouin zone
integration. The structural relaxations were carried out until
forces and total energy differences were less than 1 mRy/Bohr
and 0.1 mRy, respectively. All calculations were performed
keeping fixed the experimental lattice parameters (monoclinic
phase) reported in Sec. III A below. To resolve the magnetic
structure of Sr,ZnReOg, additional calculation for local mag-
netic fields at the muon-stopping sites were performed (see
SM [30]).

The magnetic order was determined by calculating the in-
tersite exchange interactions (IEI) for the general low-energy
effective many-body Hamiltonian coupling multipolar mo-
ments with total angular momentum Jeir = 3/2 and subject
to a monoclinic crystal field (see SM [30]). The calcu-
lation involves several steps. To start, the paramagnetic
electronic structure of Sr,ZnReOg is determined using the
charge self-consistent density functional theory with dy-
namical mean-field theory (DFT 4 DMFT) [46—49] in the
quasi-atomic Hubbard-I (HI) approximation [50]. The DFT
calculations were performed using the full-potential LAPW
method implemented in Wien2k [51], with the SOC ef-
fect included via the standard variational treatment. The
local density approximation (LDA) was used for the DFT
exchange-correlation potential, together with a 500 k-point
mesh in the full Brillouin zone and a basis cutoff of
RintKmax = 7. The fully localized limit was adopted for the
double-counting correction, assuming the nominal 5d shell
occupancy of 1. The Wannier orbitals representing the Re
d states were constructed from the d Kohn-Sham bands
within the energy window [—1.36 : 5.44]eV relative to the
KS Fermi level and the full d-shell parameters were set to
FO=U =3.2eV and Jy = 0.5¢eV, consistent with previous
studies on d! and d? DPs [21,52,53]. The calculations were
performed with fixed (monoclinic) experimental lattice pa-
rameters as reported in Sec. III A. Our DFT + HI calculation
correctly reproduce the effective atomic level scheme, finding
aty, — e, crystal field splitting of ~4.22 eV and a SO splitting
of ~0.5eV. The J. = 3/2 ground state multiplet is further
split by the monoclinic crystal field in two doublets separated

(a) A=0.65298 A
61 2
s Thn —
=
E
20
4 o
— g -
‘s £
E =21 10 K/min.
5
3 200 300 400
© T(K)

PO T G N WY

LT L L L R AL TR IR L T Ty
HURREL RUUR U0 U0 O NN N 1 0 S 1 | S

e -z

FIG. 1. (a) Synchrotron XRD pattern of Sr,ZnReOg at room
temperature [298(2) K]. The observed pattern is indicated by red
crosses, the calculated pattern by the green solid line, and the differ-
ence profile by the blue line. Vertical bars mark the Bragg reflection
positions for the tetragonal (/4/m; first green ticks) and monoclinic
(P2, /n; second violet ticks) models. Inset: DSC heat-flow curves on
heating (red) and cooling (blue) measured at 10 K min~!, showing
an endothermic/exothermic pair near 300 K with thermal hysteresis.
(b) Crystal structure of monoclinic Sr,ZnReOg showing the network
of the Zn/ReOg octahedra. The three inequivalent oxygen atoms are
represented with spheres of different colors: O1 (red), O2 (green),
and O3 (blue).

by &~ 0.17eV with the corresponding crystal field matrix,
reported in the SM, exhibiting a strong mixing of different
my components due to both the monoclinic distortion and the
hybridization with excited Jei=1/2 states. Since theoretical
studies predict that multipolar ordering plays a central role
in 5d' DPs, the multipolar IEI was extracted using the force-
theorem in Hubbard-I (FT-HI) approach described in Ref. [54]
via the open-source MAGINT code [55]. This framework allows
the computation of multipolar IEI for general lattice structures
with multiple correlated sites and crystal field environments
(see SM [30]). All quantities were evaluated in the global
reference frame as defined in Fig. 1(b).
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FIG. 2. (a) Temperature dependence of ZFC (open dot) and FC (solid red line) dc magnetic susceptibility (x (7 ); main axes) and inverse
of ZFC DC magnetic susceptibility with the CW fit (solid line) ((x — xo)~'(T); inset axes) in an applied magnetic field (H = 10 kQe).
(b) Isothermal magnetization (M) loop as a function of magnetic field (H) ranging from —70 to 470 kOe under ZFC mode at six different
temperatures. (c) Temperature dependence of coercive field (H¢; left axes) and saturation magnetization (Ms; right axes) obtained from the
ZFC M (H) loops at H = 70 kQOe. The solid lines are guide to the eye unless otherwise stated.

III. RESULTS AND DISCUSSION

A. Crystal structure

The synchrotron powder x-ray diffraction patterns showed
no detectable impurity peaks, indicating that the samples
contained only minimal impurities, if any. Previous stud-
ies [15,29] reported a tetragonal phase with the presence of
2.6% to 15% of the monoclinic Sr,ZnReOg phase at room
temperature, likely due to variations in synthesis conditions.
Therefore, we analyzed the diffractograms of the samples
across a temperature range of 100 K to 300 K, using a model
which takes into account both tetragonal (space group 14 /m;
no. 87) and monoclinic (space group P2;/n; no. 14) phases
(see Fig. S1 of the SM [30]). As illustrated in Fig. 1(a),
the combined analysis of both models yielded more accu-
rate results than using either model individually. Within our
experimental uncertainty, no antisite disorder or significant
metal/oxygen nonstoichiometry is detected (see Table S1 note
and Fig. S2 of the SM [30]). Therefore, in the final analysis,
the site occupancy of all atoms was fixed as fully occupied.
Figure 1(b) shows the crystal structure of the monoclinic
phase including the network of corner-shared Zn/ReOg oc-
tahedra, while the quantitative details of the lattice parameters
and atomic positions of both phases are tabulated in Table S1
of the SM [30].

Having established the structural framework and refined
atomic positions, we now turn to the temperature dependence
of the crystallographic phases. At 100 K, the monoclinic phase
was dominant, comprising 87% of the sample. In contrast,
at 300 K, the tetragonal phase became dominant, although
24% of the sample volume is in the monoclinic phase. The
phase fraction changed most markedly above 200 K during
heating, but the transition remained incomplete even at 300 K.
The evolution of the phase fractions shows a steep change
near 225 K superimposed on a broad transformation regime
extending to =~ 300 K, consistent with a single, first-order-like
transition exhibiting extended coexistence rather than multi-
ple transitions. The extended coexistence of tetragonal and
monoclinic phases up to 300 K, together with the endother-
mic/exothermic pair of DSC exhibiting thermal hysteresis
[inset to Fig. 1(a)], indicates a structural transition similar

to first order. The ~10% tetragonal remnant at low T origi-
nates from hysteresis of the broad first-order-like transition.
Magnetization data—collected on cooling—show no extrane-
ous features attributable to this minority phase. We therefore
refer to the transition as first-order-like below. Our results
indicate that this transition is coupled with changes in the
degree of tilting and buckling of the bonds between the oc-
tahedrally coordinated ReOg and ZnOg units, in agreement
with neutron diffraction studies [29]. The thermal evolution
of lattice parameters and synchrotron XRD patterns (see
Fig. S3 of the SM [30]) further supports the occurrence of
this first-order structural transition over a broad temperature
range.

B. Magnetic susceptibility and magnetization

Figure 2(a) presents the temperature dependence of the
magnetic susceptibility (x versus 7) in an applied magnetic
field of 10 kOe measured on a Sr,ZnReOg powder sample
between 2 K and 280 K. The ZFC curve shows a peak
centered at 7, ~ 10 K; while the FC curve reveals a sharp
increase in x at Ty ~ 13K, implying that the transition at
Ty (T,) has a magnetic origin. This can be further corrob-
orated by the dip in the dx/dT versus T curve at around
13 K (not shown here). In addition, the frequency independent
nature of the ac susceptibility peaks at the transition (see
Fig. S4 of the SM [30]) indicates the absence of a glassy
magnetic state. The inverse magnetic susceptibility, was fit-
ted [inset to Fig. 2(a)] in the high-temperature range (T >
100 K) by assuming a xo temperature-independent contribu-
tion due to core diamagnetism and Van Vleck paramagnetism,
plus a Curie-Weiss (CW) temperature dependence: x = xo +
C/(T — ©¢w), where C is the Curie constant and Ocw is
the CW temperature. The fit yields C = 0.072(1) emu Oe ™!
K/mol, and ®cw = —20(1) K (see Fig. S5 of the SM [30]).

The paramagnetic effective moment, e = «/%/LB =
0.758(5) up/Re is smaller than the calculated value, ey =
gV S(S + up = 1.732 up, in the spin only (S = 1/2) limit
and assuming g = 2. This discrepancy hints at the likely roles
played by the neglected orbital moment and the effects of
strong SOC in this compound, as obtainable in several 5d 1
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DPs. For instance, in the cubic structured Ba;NaOsQOg, the
Jett = 3/2 quartet ground state has been established and a
corrected g-factor arising from the effect of hybridization with
the ligands, has been utilized to compute the paramagnetic
effective moment [56]. The extent of the hybridization is rep-
resented by a scale factor y, that reduces the effective orbital
momentum from the ideal L.ir = —1 such that 28 + Leg £ 0
and the g-factor is g = 2(1 — y)/3. On this basis, we expect a
y value of 0.41 in comparison to y = 0.536 for Ba,NaOsOg¢
[56] and y = 0.49 for Ba,MgReOg4 [57] to explain pies ~
0.76 pg for Sr,ZnReOs.

To further elucidate the magnetic behavior of Sr,ZnReOg,
we recorded isothermal field-dependent magnetization M (H )
curves under ZFC conditions. Figure 2(b) shows the M (H)
curves of Sr,ZnReQg at selected temperatures. Notably, mag-
netization curves at low temperatures (7 < 20K) display
unexpected large hysteresis loops (coercive field ~23 kOe
at 2 K) indicating the presence of a hard FM-like character
with low magnetic moment, whereas at 7 2 20K, it shows
a PM behavior. The coercive field (H¢) is order of mag-
nitude higher than previously reported [29]. However, the
negative sign of ®cw suggests an AFM interaction which
appears inconsistent with the observed FM behavior. But then,
similar negative ®cw has been measured in ferromagnetic
Ba;MgReOg, Ba;ZnReOg [22], and Ba;NaOsOg [5,58] com-
pounds, and is attributed to the impact of orbital ordering in
the CW behavior of 5d! DPs, able to stabilize canted ferro-
magnetic and noncollinear antiferromagnetic orders [16].

In Fig. 2(c), we plot temperature dependence of coercive
field He (left axes) and saturation magnetization Mg (right
axes). The maximum value obtained for H¢ is 23 kOe at 2 K.
Hc clearly reveals two slopes as a function of temperature.
The slope change occurs at about 13 K, corresponding to a
coercivity smaller than the value deduced at 2 K by a factor
of ~5. As temperature increases, coercivity slowly decreases
reaching a minimum value of 0.36 kOe at 30 K. This may
suggest that there is no ordered magnetic phase present for
temperatures T 2> 30 K. The M (H ) curves remain unsaturated
even at 70 kOe as shown in Fig. 2(b), and very small sat-
urated magnetic moment ~0.05 uz/Re at 2 K is obtained
Fig. 2(c).

To reconcile the unusually large Hc with the tiny moment,
we note that strong spin-orbit coupling of Re®" (5d4') in a
noncubic crystal field can produce substantial magnetocrys-
talline anisotropy; microstructural pinning from strain/defects
may also contribute. To estimate Mg, we fitted the high—field
region of the 2 K isotherm with the Law of Approach to
Saturation (LAS), M(H) = Ms(1 — B/H?) + xH, obtaining
Mg = 0.0566 ug/Re (see Fig. S6 of the SM [30]), consistent
with the ~0.05 pgz/Re value at 70 kOe. Because LAS fits
are not reliable for extracting precise anisotropy constants in
strongly anisotropic magnets, we refrain from quoting K here.
Additional diagnostics (e.g., Arrott/Arrott—Noakes analysis
and SEM/crystallite-size estimates) will be pursued to sep-
arate intrinsic anisotropy from pinning effects. The residual
slope in M (H ) at high field arises from the intrinsic high—field
susceptibility of the monoclinic phase rather than a paramag-
netic impurity. The minor tetragonal fraction detected by XRD
remains paramagnetic and contributes negligibly to the overall
magnetization.

C. uSR

To further probe the magnetic behavior of Sr,ZnReOg, ZF-
uSR measurements were performed. The time evolution of
muon asymmetry is shown in Fig. 3(a) for representative tem-
peratures below and above the magnetic transition. A strongly
depolarized fraction and spontaneous oscillations associated
with the static ordered Re magnetic moment appears below
the magnetic transition. The muon asymmetry data, A(?), were
modeled by the following function (solid lines in in Fig. 3) in
the whole temperature range (x> ~ 1.1):

2 2 2
1! apol

A() = Arle™ 3 + fcos(yBut)e™ 3]
+AL[e_()\4Llf)ﬁ + ne—Ath] _}_Abkge—)»bkgf. (D)

The model takes into account two main muon site fractions
(the two terms in the square brackets) with fixed ratio 7
through the all T range plus an additional constant contribu-
tion, Ay, With paramagnetic character. At low 7' the magnetic
transition is captured by considering that each of the two frac-
tions develops a transverse component respect to the initial
direction of the muon spin S,, (A7, B,, 1 S,,) and the longi-
tudinal component (Az, B, || S,.). The transverse component
displays a nonoscillatory Gaussian signal Ay (reflecting over-
damped oscillations) plus a single oscillatory damped fraction
nAr with Gaussian depolarization function. The longitudi-
nal component requires a fraction A; with a stretched decay
function (with a stretched exponential 8 = 0.5 tempera-
ture independent) plus a simple exponential decay nA;. The
stretched component accounts for a multisite muon population
with a distribution of depolarization rates, i.e., of correlation
times, that cannot be resolved [59]. The best global fit by
keeping Ar + Ay, constant yields to n = 0.24(1) consistently
for both longitudinal and transverse components through the
whole T range. This reflects a muon site population of about
80% for the site with the longitudinal stretched and highly
depolarized transverse contribution, and about 20% for the
other one. Below the magnetic transition the transverse and
longitudinal amplitudes (see Fig. S7 of the SM [30]) weights
respectively nearly 2/3 and 1/3 of the sum Ay +A;, as ex-
pected for a powder sample with a full magnetic volume with
static ordered moments. Above the magnetic transition only
the A, component remains recovering the full amplitude. The
static character of the magnetic state is also confirmed by
longitudinal fields (LF) uSR measurements (see Fig. S8 of
the SM [30]).

The model also includes a background contribution which
turns out to have a constant asymmetry Ak and a small con-
stant decay rate of 0.05 us~! which accounts for the presence
of a paramagnetic phase and a possible additional small muon
signal coming from the cryostat and sample holder (the latter
being typically 1-2% of the total amplitude on GPS). The
global fit returns a Apxg amplitude of about 12% of the total
signal, a value compatible with the tetragonal paramagnetic
fraction measured by XRD.

The estimated temperature dependence of depolarization
rate Az; and the internal magnetic field B, is presented in
Figs. 3(b)-3(c) (for completeness the behavior of the other
free parameters of Eq. (1) are shown in Fig. S7 of the SM
[30]). As the temperature approaches 7y, a sharp increase in
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FIG. 3. (a) ZF-uSR asymmetry time spectra at varying temperatures above and below 7). The right panel is a zoom for short acquisition
time window. The data are fitted with the function shown in Eq. (1). The temperature dependence of the fitted (b) depolarization rate
(longitudinal) A;; and (c) the internal field B, of the oscillatory component, consistent with the magnetic order transition below Tj,. The
solid red line are fit to the phenomenological function described in the text.

Ar1 is observed, reflecting the critical fluctuations expected
at the magnetic transition. The internal magnetic field B,
[see Fig. 3(c)] displays a very good agreement with the
phenomenological expression:

T ad
BM(T)=B;4(O) 1 - F ,
M

where B,,(0) is the zero-temperature internal magnetic field,
o is an empirical parameter controlling the saturation be-
havior, and § is the critical exponent-like parameter [60,61].
The solid red line in Fig. 3(c) shows that B,(T") follows
an order-parameter-like behavior according to Eq. (2) below
Ty with « = 1.6(3) and § = 0.38(4). The « value is small
(close to the Bloch’s 732 law) and suggests the presence
of ferromagnetic-like order [62], while the § value agrees
with the expected § ~ 0.367 for a three-dimensional Heisen-
berg ferromagnet [63]. We also estimate a slightly lower
transition temperature 7, = 12K (=~ Tj) if compared to the
estimate analysis of our magnetization data, consistent with
the zero-field limit probed by wSR. The internal magnetic
field is B, (0) = 17.4(3) mT, corresponding to a ground-state
frequency of v,(0) = 2.35(4) MHz. This value is consistent
with the peak of the field distribution revealed by the Fourier
transform of the transverse component signal, discussed in the
next section.

@

1. Muon sites

To further analyze the ZF-uSR asymmetry spectra and
validate the magnetic structure, the muon-stopping sites in
Sr,ZnReOg¢ were identified using the standard DFT + u pro-
tocol. The results reveal twelve candidate crystal symmetry
inequivalent muon positions located in the 4e Wyckoff po-
sition in the unit cell. In each case, the muon site forms a
bond with an oxygen atom, with a z—O bond length of ~ 1 A,
as shown in Fig. 4. The positions Table I are grouped into
u—01, n—02, and u—03 sites with respect to the three distinct
oxygen. The relative energy differences among all sites are
<0.2eV, indicating that all candidate sites are likely to be
occupied, even as the muon zero-point motion energy (typi-
cally around 0.5 eV [39]) is not taken into account. Indeed, the
multiple muon sites identified for this compound account for
the broad distribution of the local field in the low temperature

USR signal, rather than a single field, consistent with the
stretched multisite component of Eq. (1). The form of this
distribution includes local fields that vary for the symmetry
inequivalent muons closer to each of the three distinct O?~
ion and equivalent muons closer to either the magnetic Re®"
ion or the nonmagnetic Zn>* ion in the octahedra network.

2. Magnetic structure: FT-HI and muon local field simulations

To identify the ground-state magnetic structure, the low-
energy effective Hamiltonian was solved in the presence of
monoclinic crystal field within the single site mean-field ap-
proximation, relying on the IEI calculated from the the FT-HI
approach, as described in Sec II. These calculations were
achieved using the “MCPHASE” package [64] together with an
in-house module. Due to the quasi-atomic approximation em-
ployed, the resulting gyromagnetic factor is g; = 0 because
of the exact compensation of spin and orbital moments, which
does not occur in Sr,ZnReQOg. While covalency effects are im-
plicitly included in the DFT + HI calculation via the Wannier
orbitals, calculating the orbital magnetic moment from them
is a non trivial procedure [56] and lies beyond the scope of
this work. To compute the magnetic moments, we incorpo-
rated the covalency effects throughthe y = 1 — 3g;/2 = 0.41
factor described previously in Sec. III B. The mean-field re-

FIG. 4. Zn/ReO¢ (gray/cyan sphere) octahedra showing the
muon stopping sites (pink spheres) bonded to the three distinct oxy-
gen sites (red for O1, green for O2 and blue for O3). The u-O;
label describes the grouping of inequivalent muons bonded to a
distinct O site (see Table I). Plots are reproduced using the VESTA
program [33].
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TABLE I. Candidate muon stopping sites in Sr,ZnReOg at 4e
Wyckoff site symmetries. First and second columns contain the site
labels. The positions in fractional coordinates are reported in the
third column. The fourth column indicates the energy difference with
respect to the lowest energy site Aj.

Fractional AE
Sites Label coord. (meV)
u—-01 Aq (0.068, 0.382, 0.792) 0
Aq (0.409, 0.103, 0.707) 106
Am (0.853, 0.359, 0.806) 118
A (0.213, 0.302, 0.246) 149
u—-02 B; (0.716, 0.806, 0.592) 24
B (0.616, 0.698, 0.501) 73
B (0.175, 0.043, 0.519) 128
Brv (0.801, 0.308, 0.151) 175
u—-03 C (0.804, 0.103, 0.485) 32
Cn (0.713, 0.209, 0.592) 48
Cm (0.164, 0.301, 0.850) 144
Cr (0.051, 0.170, 0.993) 199

sult reveal a single second-order phase transition at ~30K
toward a canted antiferromagnetic phase with propagation
vector k = (0, 0, 1) and net magnetic moment of =~ 0.04 u,
in very good agreement with the magnetization measurements
from Fig. 2(b). The overestimation of 7y (in comparison to
12 K of experiment), well known for mean-field approaches
is consistent with the approximation used and with previous
studies [52,53]. In Fig. 5(a), we show the calculated magnetic
order including the schematic description of the observed
canting angle ¢ between the two Re sublattices. ¢ = 0° is
the FM limit, ¢ = 90° is the AFM limit, 0° < ¢ < 45° angles

(b) T T T T T

R —-=- Data n
", —— FT-HI (undistorted)
it —— FT-Hi (distorted)

0.8 -

p(B) (arb. units)

\
[ TR d
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0 20 20 60 30 100

B (mT)

FIG. 5. (a) Schematic illustration of the magnetic configuration
showing the canting angle ¢ with spins aligned along (011) plane
and the proposed magnetic structure from the FT-HI calculations
with canting angle ¢ = 55° between the two magnetic sublattices,
labeled Rel (blue plane) and Re2 (green plane). (b) Comparison
between the experimental ZF-uSR field distribution measured at
T = 1.6K (black line) and the calculated local field distribution
p(B). The fits are shown for the proposed pristine magnetic structure
(“undistorted”; solid magenta line) and for the case including the
effects of lattice distortions to the magnetic ions when evaluating
the field at the muon site (‘distorted”; solid yellow line). The vertical
ticks of same color is the calculated local fields at the muon sites
using the magnetic moment obtained from the fit.

are closer to FM and thus are defined as the canted FM or-
ders, while those within 45° < ¢ < 90° correspond to canted
AFM orders. The deduced magnetic configuration consists
of spin aligned dominantly in the (011) plane and vanishing
contribution along the x direction, with magnetic moments of
magnitude ~ 0.06 u, and canting angle ¢ ~ 55°, suggesting
the existence of a canted AFM order. The result was validated
against variations of the on-site interaction U, confirming the
robustness of the solution (see SM [30]).

To elucidate the microscopic origin of the canted AFM
phase, we carried out MF calculations in which individ-
ual IEI channels were selectively deactivated. The results
show that the experimentally observed magnetic structure
emerges from the cooperative action of all active time-odd
multipolar couplings—dipole—dipole, dipole—octupole, and
octupole—octupole (see SM [30]), as previously found in other
5d' DP [21]. A quantitative analysis of the role of SOC and
crystal-field effects, left for a future study, is expected to
provide additional insights into the origin of this magnetic
phase.

To validate the calculated magnetic order and the magni-
tude of the magnetic moment with the ZF-uSR asymmetry
spectra, we perform local field simulations at the muon-
stopping sites [65-68]. The local field for a magnetic
configuration is calculated using the expression B ~ Bg;, +
Br,:, where the two terms are the dipole field from the mag-
netic Re®" ions and the Lorentz field respectively [69]. The
contact hyperfine contribution arising from the overlap be-
tween the muon wavefunction and the magnetic Re®* ions is
neglected, as vanishing values are expected since the muon
positions are relatively far from the magnetic Re®*, which also
likely host a weak moment. The simulated local field distribu-
tion p(B) for the obtained canted AFM order is then fitted
to the measured field distribution, i.e., the Fourier transform
power spectrum in the ZF-uSR at T = 1.6 K (see Fig. S7 of
the SM [30]). The fitting is discussed in more details in the SM
[30]. The result is shown in Fig. 5(b), and the simulated field
distribution with the proposed canted AFM structure captures
the overall features of the experimental data including the
peak in the field distribution p(B) with R* ~ 0.91, signifying
the goodness of the fit, validating the deduced magnetic order.
A broad distribution of the local field ranging from ~2mT
to ~33mT is obtained and assigned to the multiple muon
sites. The static magnetic moment deduced from the fit is very
small, 0.222(5) pz/Re for the pristine Sr,ZnReOg structure
(“undistorted”) and slightly reduced to 0.193(3) p;/Re when
muon-induced lattice distortions are included (“distorted”)
Fig. 5(b) (see Fig. S9 of the SM [30]). Taking into account
systematic errors in our analysis and the neglected contact
contribution to the local field at the muon sites, a more reliable
estimate for the moment at Re is < 0.2 ug. This is still larger
than the HI estimate, possibly because the hybridization ef-
fects are not explicitly taken into account in our calculations,
which are known to be strong in this class of materials [70]. As
a consequence, it is possible that the effective moment due to
hybridization is different and this can affect both DFT + HI
estimates as well as DFT + u results through, e.g., oxygen
polarization.

In all, the obtained canted AFM order is in agreement with
the magnetization measurements and reconciles the observed
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varying FM and AFM signatures in the experimental data.
The coexistence of both the large coercive field ~23 kOe
at 2 K, indicative of FM-like behavior with low magnetic
moment and the negative sign of ®cw suggesting an AFM
interaction is attributed to the impact of orbital ordering in the
CW behavior of 5d! DPs [16], able to stabilize the obtained
canted AFM order.

IV. SUMMARY

In summary, we have investigated the crystal structure and
magnetic properties of polycrystalline Sr,ZnReOg. The crys-
tal structure at room temperature is defined in a tetragonal unit
cell (space group /4 /m) while at low temperature, Sr,ZnReOg
undergoes a reduction in symmetry to monoclinic (P2;/n)
phase. The magnetic susceptibility data show a sharp increase
indicative of a magnetic phase transition below 13 K which
is corroborated by ZF-uSR measurements where divergence
in the temperature dependence of the relaxation rates has been
observed at Tj; >~ 12 K, below which the existence of static but
spatially disordered internal magnetic field, revealed through
the presence of multiple muon sites has been measured. M—H
curves indicate an unusually large hysteresis loop with coer-
cive field of 23 kOe at 2 K indicative of a FM-like behavior.
On the contrary the fit of the magnetic susceptibility above
the magnetic transition show a negative Curie-Wiess constant,
®cw = —20 K indicating AFM correlations.

A canted AFM order was obtained from DFT and force-
theorem in Hubbard-I calculations and validated by the
simulation of the muon experimental data. The obtained mag-
netic configuration consists of spin aligned dominantly in the
(011) plane and vanishing contribution along the x direction,
with magnetic moments of magnitude ~0.06 u, and canting
angle ¢ ~ 55°. This magnetic order reconciles the hysteretic
FM-like behavior and the AFM character observed with the
negative sign of Curie-Wiess temperature.

A small static ordered magnetic moment, of the order
of 0.2 uz/Re, was obtained from the analysis of the muon
data, which neglects hybridization effects and can be con-
sidered an upper limit. This is further reduced with respect
to the paramagnetic effective moment of 0.76 u, obtained
from Curie-Wiess fitting of the magnetic susceptibility mea-
surements, and consistent with reduced moment obtainable
in 5d' DPs owing to effect of SOC. To account for the

reduced effective moment with respect to the spin only 1.73
value, the Jeir = 3/2 quartet-like ground state has been as-
sumed together with covalency effects on the cation orbital
moment, underlining the impact of SOC in this compound.
These results provide evidence for the magnetic ground state
of Sr,ZnReO¢ and guide to the theoretical description of the
strong SOC effects envisaged for this and similar compounds.
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