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This work presents a comprehensive investigation of the structural, magnetic, and electronic properties of the
double perovskite Ba,CoMoQOg (BCMO). Single crystals were grown via floating-zone and Czochralski growth
techniques and characterized using a set of complementary methods. X-ray diffraction analysis confirmed that
BCMO crystallizes in a face-centered-cubic (fcc) structure with space group Fm-3m. Magnetic susceptibility
measurements exhibit antiferromagnetic ordering below Ty = 20.1(1) K. A spin-flop transition is observed at
26.5 kOe. Heat capacity measurements and entropy analysis are consistent with a Jegz = 1/2 ground state for
Co?* ions. X-ray absorption spectroscopy provided insight into the local electronic structure, revealing the spin-
orbit and crystal-field effects. The cluster-model analysis yields a g factor of 4.36, consistent with a spin-orbit-
entangled ground state. Surface photovoltage spectroscopy demonstrates a strong near-surface optical response
with an onset near 1.5 eV and a pronounced feature at 2.65 eV, consistent with visible-range Co-O-Mo transitions
in line with related Ba-based double perovskites, highlighting its potential for spintronic and energy-conversion

applications.
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I. INTRODUCTION

Double perovskite oxides with the general formula
A;BB'Og represent a versatile class of materials that exhibit
diverse physical phenomena, including quantum magnetism,
colossal magnetoresistance, and complex electronic behavior
[1-5]. Their high-symmetry crystal structures—characterized
by corner-sharing octahedra around alternating B and B’
cations—provide an ideal platform for tuning properties via
chemical substitution at the A, B, or B’ sites [2,3,6-9].
When magnetic ions occupy the B site, they form a face-
centered-cubic (fcc) sublattice, where competing exchange
interactions and geometric constraints can stabilize a wide
range of ground states from simple ferromagnets to frustrated
antiferromagnets with substantial short-range correlations. In
many Co-based systems, high-spin Co>* in octahedral coor-
dination realizes a *T}, ground term with an effective orbital
degree of freedom; spin-orbit coupling (A) then splits this

*Contact author: Abanoub.Hanna@helmholtz-berlin.de
fContact author: Bella.lake @helmholtz-berlin.de

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

2475-9953/2026/10(10)/103402(11)

103402-1

term into low-lying Jeg = 1/2, 3/2, and 5/2 multiplets on
the scale of |A|, giving rise to spin-orbit-entangled Joi =
1/2 Kramers doublets that strongly influence magnetism and
anisotropy [10-16].

Within this broader family, Ba-based double perovskites
hosting Co together with 4d/5d cations have attracted
considerable interest as model systems where geometrical
frustration, spin-orbit coupling, and electronic correlations
can be disentangled [6-9,17,18]. Ba,CoMoOg (BCMO; space
group Fm-3m) is a particularly appealing member: Co**
and Mo®" form rocksalt-ordered CoOg and MoOg octahe-
dra within a Ba>* framework, so that the Co ions occupy
an undistorted fcc sublattice with well-defined Co-O-Mo-O-
Co exchange pathways [see Fig. 1(a)], closely analogous to
the isovalent compound Ba;CoWOg [18-21]. In contrast to
Sr,FeMoQOg, commonly described by Fe3* and Mo+ valence
states [22], stoichiometry and charge balance in BCMO point
to a Co?>T/Mo®* valence combination, and the Co** assign-
ment can be tested directly by Co L, 3-edge x-ray absorption
spectroscopy (XAS) together with full-multiplet cluster cal-
culations [10-15,23]. At the same time, antisite disorder
between B and B’ is known to strongly affect the magnetic
and transport properties of double perovskites, as it suppresses
the superlattice reflections associated with B-site order and
disrupts the Co-O-Mo network; quantifying and minimizing
such disorder is therefore essential for accessing the intrinsic
properties, preferably in a single-crystal form.

Published by the American Physical Society
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FIG. 1. (a) The crystal structure of Ba,CoMoOg (BCMO) con-
sists of Co?* (blue), O*~ (red), Ba>* (green), and Mo®" (magenta)
ions. The arrows represent the possible magnetic exchange inter-
actions between Co®* ions: nearest-neighbor interaction (J;, black)
and next-nearest-neighbor interaction (J,, yellow) through superex-
change between Co-O-Mo-O-Co. [(b), (c)] The BCMO crystals,
grown using (b) the FZ technique and (c) the CZ technique. The
insets to the right show the separated single crystals of dimensions
4 x 3 x 1 mm?®byFZand3 x 2.7 x 0.2 mm? by CZ. [(d), (¢)] Laue
diffraction patterns of these crystals from FZ and CZ growths, show-
ing [111] and [100] symmetry, respectively.

However, conventional solid-state  synthesis  of
Ba,CoMoOg typically yields polycrystalline samples
containing impurity phases such as BaMoOs; and CoO,
with the former arising particularly under air annealing
due to MoOj volatility. Previous work on BCMO has been
restricted to powders and has not resolved the intrinsic
magnetic anisotropy, the detailed Jo = 1/2 level scheme,
or the near-surface optoelectronic response. Single crystals
are required to overcome grain-boundary and texture effects,
to quantify antisite disorder from superlattice reflections,
and to establish a reliable link between local electronic
structure and bulk magnetism. In this work, we grow
high-purity BCMO single crystals via floating-zone (FZ)
and Czochralski (CZ) methods under argon atmosphere,
and combine x-ray diffraction, magnetometry, heat capacity,
surface photovoltage spectroscopy, Co L 3-edge XAS, and
x-ray photoelectron spectroscopy (XPS) for Mo 3d to build
a coherent picture of its structural, magnetic, and electronic
properties. We demonstrate cubic Fm-3m symmetry with
rocksalt B-site order and no measurable Co or Mo antisite
disorder within the sensitivity of powder diffraction, confirm

a Co?t Jg = 1/2 Kramers doublet ground state from
thermodynamics and XAS, and show that the observed
antiferromagnetic order and spin-flop transition are consistent
with dominant second-nearest-neighbor antiferromagnetic
Co-O-Mo-0O-Co superexchange interactions on the fcc lattice.
Finally, we use surface photovoltage measurements to reveal
a strong near-surface optical response with a prominent
feature at 2.65 eV, placing BCMO in the broader landscape
of Ba-based Mo and W double perovskites with visible-range
optical transitions and suggesting potential spintronic and
catalytic functionalities.

II. EXPERIMENTAL METHODS
A. Powder preparation

Polycrystalline BCMO was synthesized by two routes at
the CoreLab Quantum Materials (HZB). First, a conven-
tional solid-state reaction using stoichiometric BaCQO3, CoO,
and MoO;3; was performed: the mixed powders were heated
at 5°C/min to 900°C, calcined for 12 h, reground, and
then heated at 5°C/min to 1200 °C and sintered for 24 h,
yielding BCMO with approximately 5% secondary phases
[mainly BaMoO, and CoO, as identified by powder x-ray
diffraction (PXRD)]. To improve phase purity, a sol-gel route
was then adopted. Stoichiometric amounts (Ba:Co:Mo =
2:1:1) of BaCO;3; (99.99%), Co(CH3COO), (99.99%), and
(NH4),MoOy (prepared in situ by reacting MoO3 with aque-
ous NHj3) were dissolved in deionized water with oxalic acid
as a chelating agent. The solution was heated on a hot plate
in air at 250 °C to remove water and form a metal-oxalate
precursor, which was then calcined in air at 2 °C/min to 500 °C
for 6 h and to 800 °C for 10 h with an intermediate grinding.
The resulting powder was pressed into pellets and annealed
at 3 °C/min to 1200 °C for 12 h in flowing argon, producing
black BCMO powder with a reduced impurity fraction of
3.74% (quantified by Rietveld refinement of PXRD). Owing
to the volatility of MoOs, phase purity was found to be highly
sensitive to precursor stoichiometry, annealing temperature,
and heating rate; therefore, heating profiles were carefully
controlled and crucibles sealed to minimize contamination
and Mo loss. The sol-gel argon-annealed powder was used
as a precursor for crystal growth. Parts of the polycrystalline
boules from CZ crystal growth were selected and used for
XAS, XPS, surface photovoltage (SPV) and thermodynamic
measurements.

B. Crystal growth

Single-crystal growth was first initiated using an optical
FZ furnace (Crystal Systems Corp., FZ-T-10000-H-VI-VPO)
with four 300-W tungsten halide lamps. Initial growths in
air at ambient pressure showed that BCMO melts incongru-
ently, decomposing into multiple immiscible phases (e.g.,
Ba;MoOs, CoMoQy, as identified by PXRD), and did not
yield stable single crystals. Subsequent trials under 2 bars ar-
gon overpressure suppressed decomposition but still produced
predominantly polycrystalline boules. Systematic improve-
ments in the purity of the feed rods—yvia two or three cycles
of annealing at 5 °C/min to 1200-1250 °C under argon for 24
h per cycle, each followed by slow cooling at 5 °C/min—
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reduced impurity levels below approximately 3.74% and
enhanced floating-zone stability, so that small single crystals
(about 4 x 3 x 1 mm?>) could be cut from the as-grown rods,
as shown in Figs. 1(b) and 1(c). These results show that
both argon overpressure and high-purity starting material are
crucial to mitigate incongruent melting and preserve BCMO
stoichiometry.

To further stabilize single-crystal growth, additional exper-
iments were carried out using a CZ furnace (Mini Czochralski
Oxypuller 05-03, Cyberstar) equipped with radio-frequency
(rf) heating and an in situ weighing system on the pulling
rod. Growth was attempted under flowing argon at 0.5 bar
overpressure with nominal pulling rates of 0.5-1.0 mm/h and
crystal and melt rotation rates of 10-20 rpm. Under these
conditions, the charge exhibited partially molten regions and
persistent solid chunks, preventing the establishment of a
stable melt zone for seeded growth. Nevertheless, slow cool-
ing from the melt reproducibly yielded small single crystals
(about 3 x 2.7 x 0.2 mm?) with low impurity content. Laue
backscattering patterns from these crystals exhibited sharp,
well-defined spots consistent with the cubic symmetry of
BCMO, confirming their single-crystal nature, as shown in
Figs. 1(d) and 1(e).

C. Characterization

The structural parameters and phase purity of the polycrys-
talline and single-crystal BCMO samples were examined at
room temperature by PXRD using a Bruker DS diffractometer
with Cu Ko radiation. The PXRD data were analyzed by
Rietveld refinement using the FullProf suite to extract lattice
parameters, atomic positions, and phase fractions, by refining
the main phase in the cubic Fm-3m space group (No. 225)
[24]. Magnetic properties were measured using a supercon-
ducting quantum interference device (SQUID) magnetometer
in the temperature range 2-300 K and in applied magnetic
fields up to 70 kOe (1 kOe = 0.1 T). Heat capacity was
measured in a physical property measurement system (PPMS,
Quantum Design) between 2 and 300 K. Soft XAS at the
Co L,3 edges was carried out at beamline TPS45 at the
National Synchrotron Radiation Research Center (NSRRC),
Hsinchu, Taiwan [25]. XPS analyses were performed using
a monochromatic Al Ko x-ray source (Focus 500, Specs),
with a photon energy of 1400.00 eV, and an electron analyzer
(Phoibos 100, Specs) at the Institute of Solar Fuels, HZB (see
the Supplemental Material [26]).

The optical response was probed by SPV spectroscopy
at room temperature using the fixed-capacitor method with
a mechanical chopper at 8 Hz for both single crystals and
powders, over a photon energy range 0.5-5 eV.

III. RESULTS

A. Structural characterization

PXRD analysis confirmed that BCMO crystallizes in an
fcc structure with space group Fm-3m (No. 225) and reg-
ular undistorted rocksalt order consisting of regular BaO;
cuboctahedra and regular corner-sharing CoOg and MoOg oc-
tahedra. Ba®t occupies the 8¢ Wyckoff position, while Co>*
occupies the 4b position, Mo®" occupies the 4a position, and

O~ occupies the 24e position. All these atomic positions are
fixed by the space group symmetry except for oxygen.

Antisite disorder is a key parameter in double perovskites
because it suppresses the intensity of the superlattice re-
flections associated with B-site order [22]. In BCMO, we
therefore allowed the Ba, Co, and Mo occupancies to vary
during refinement; they do not deviate significantly from ideal
stoichiometry. The PXRD pattern, including the superlattice
reflections, and the Rietveld refinements are consistent with
the ordered Fm-3m structure, with Co>* and Mo®* occupying
the expected crystallographic sites and no measurable antisite
disorder within the sensitivity of the measurement (1-2 %).
The refined oxygen occupancy is consistent with a stoichio-
metric composition within the limits of PXRD. These results
are also supported by the XPS spectrum for BCMO, which
indicates the absence of Mo>* in the polycrystalline sample.
(Additional details on the analysis of magnetic susceptibility
and XPS measurements are provided in the Supplemental
Material [26].)

Figure 2 shows the refinement of the PXRD patterns of
different samples of BCMO. The refinement factors are sum-
marized for the sol-gel argon-annealed powder and both the
CZ and FZ crystals of BCMO in Table I. Both polycrystalline
samples, prepared by solid-state synthesis and the sol-gel
method, were annealed in argon and contained a significant
amount of impurities (approximately 3.74%). The structural
refinement suggested that the main impurity phase is BaMoO4
with space group /41/a(88). Nevertheless, the argon-annealed
powder has a slightly smaller amount of impurities than the
reported powder (4.5%) [17], which was prepared in oxygen.
Crystals grown by both the CZ and FZ methods have almost
the same amount of impurities (2.33(2)%).

B. Magnetic properties

Figure 3 shows the temperature dependence of the mag-
netic susceptibility x(7) and its inverse 1/x(T) for the
polycrystalline sample and for single crystals oriented along
[100] and [111], measured at 0.3, 1, and 10 kOe. The poly-
crystalline sample exhibits a pronounced concave curvature in
1/x(T), probably due to a higher BaMoO, impurity fraction
than the single crystals, as confirmed by powder x-ray diffrac-
tion. Due to the difficulty in obtaining large, high-quality
single crystals of BCMO, orientation-resolved measurements
were performed on separate crystals grown by different meth-
ods: a [111]-oriented crystal from FZ growth in argon and a
[100]-oriented crystal from CZ growth in argon. These differ-
ent growth conditions lead to small but systematic differences
in crystal quality and magnetic response, with the [100] crys-
tal exhibiting an additional high-temperature feature around
300 K at high fields, consistent with residual impurities below
the PXRD detection limit.

For the remainder of the quantitative magnetic analysis,
we therefore focus on the [111] FZ crystal, which shows
the cleanest intrinsic behavior as revealed by sharp Laue
patterns, the absence of a large diamagnetic offset, and the
lowest impurity content. All samples, regardless of morphol-
ogy or growth method, exhibit the same Néel temperature
of Ty = 20.1(1) K. The inverse susceptibility of all samples
deviates strongly from linear Curie-Weiss behavior between

103402-3



A.R.N. HANNA et al.

PHYSICAL REVIEW MATERIALS 10, 103402 (2026)

(a)[BcMO_Powder
—e—|_obs.
——1_Calc.
—— |_obs.-I_Cal.
0 Bragg pos.
s
=]
£
&
2
7]
=
2
E | I I 1 1 I I I I
I L I LI I Lo rm [ N -
L. L
I
1 1 1 1 1
10 20 30 40 50 60 70

20 (deg)

(b)[BCMO_CZ crystal —e—|_obs.
——_Calc.
I_obs.-I_Cal,|
- Bragg pos.
2
s
=]
-]
=
&
2
7]
=
E | | | [ | [ | | | )
E | [ | (NI [ Lo rrm [ R
J[ e , -
1 1 1 1 1
10 20 30 40 50 60 70

20 (deg)

FIG. 2. Rietveld refinement of the x-ray powder diffraction of BCMO: (a) sol-gel annealed powder with 3.74% BaMoOy,, (b) CZ crystal
with 2.31% BaMoO,. The data are represented by the black circles, while the refinement is given by the red line which includes both the
BCMO (top row of green marks) and BaMoO,(bottom row of green marks) phases. The blue line gives the difference between fit and data.

about 30 and 150 K, closely resembling the response reported
for BCWO and demonstrating that a simple Curie-Weiss law
is not adequate [11,27,28]. This nonlinearity is naturally un-
derstood in terms of thermal population of low-lying excited
states within the Co** *T; multiplet in an octahedral crystal
field with substantial spin-orbit coupling, rather than being
attributable solely to magnetic interactions or extrinsic defects
[28]. For high-spin octahedral Co*™ (3d”), the *T;, ground
term carries an effective orbital angular momentum / = 1;
spin-orbit coupling A splits this triplet into low-lying Jeg =
1/2, 3/2, and 5/2 multiplets separated by energies of order |A|.
This level scheme and the associated low-lying excited states
are well established for octahedral Co?>* complexes [11,16].

To describe the Co** magnetic response quantitatively, the
susceptibility of BCMO is simulated for the fields applied
using a cluster model with parameters derived from the XAS
analysis discussed later. The antiferromagnetic interactions
between the Co ions are considered, using Weiss’s molecular
field approach x = M/(H + wM). The fitted molecular-field
parameter w accounts for the antiferromagnetic Co-Co in-
teractions and produces a positive offset in the inverse
susceptibility. For both applied fields we obtain a very good
match between experiment and calculation for 7 > 100 K
(see Fig. 4), with w =20 mol/cm® at 0.3 kOe and w =
21 mol/cm3 at 10 kOe. In the simple mean-field limit, w
can be expressed as an effective Weiss temperature through
Ow = —Cw, giving 6w ~ —37 K, which indicates a weak
frustration in BCMO.

Isothermal magnetization measurements provide evidence
for the slight anisotropy of BCMO, as seen from nonlin-
ear M(H) responses and their field derivatives for crystals
oriented along [100] and [111]. Figure 5 represents the
magnetization curves and the first derivative of magneti-
zation for the two crystalline samples at T = 3 K. The
measurement revealed that the magnetization of BCMO has
nonlinear behavior for the [100] and [111] crystals. The
first derivative of magnetization of [100] and [111] shows
a pronounced peak at 26.5 kOe consistent with a spin-flop
transition. In a classical easy-axis two-sublattice antiferro-
magnet, a spin-flop transition occurs when the magnetic field
(Hg¢ = 26.5 kOe) is applied along the easy axis; below Hg,
the sublattice moments are antiparallel and collinear with the
field, whereas above Hy the staggered magnetization reorients
to lie nearly perpendicular to the field, with a small canting
toward H.

Neutron powder diffraction on BCMO has established a
type-1I antiferromagnetic structure with propagation vector
k = (1/2,1/2,1/2), corresponding to ferromagnetic Co lay-
ers perpendicular to [111] stacked antiferromagnetically along
this direction [17]. This suggests dominant antiferromag-
netic second-nearest-neighbor exchange interactions via 180°
Co-0O-Mo-0O-Co pathways, while the frustrated first-nearest-
neighbor interaction is much weaker. Although the spin
direction was not determined, this structure admits several
symmetry-related domains with different equivalent orienta-
tions of the local easy axis relative to the crystallographic

TABLE I. Rietveld refinement parameters for BCMO samples, including the lattice parameter (a), the R factors including the profile
Rfactor (R,), weighted-profile R factor (R,,,), and the expected R factor (R.p), the atomic positions of oxygen in the x direction [x(O)], and the

occupancy of oxygen (Oocc)-

Impurities (%) BaMoO, aA) R, (%) Ry (%) Rexp (%) x2 x(0) Oocc
Sol-gel Annealed 3.74(3) 8.088 3.99 5.93 2.65 5.01 0.26 1
Crystal CZ 2.31(2) 8.088 5.16 7.81 2.81 7.70 0.25 1
Crystal FZ 2.35(2) 8.088 4.25 8.60 3.75 8.00 0.25 1
Reported [17] 4.5 8.086 4.26 5.76 3.69 243 0.25 1
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FIG. 3. Temperature dependence of magnetic susceptibility (left-hand y axis) and inverse susceptibility (right-hand y axis) of BCMO
samples at 0.3 and 10 kOe: (a) polycrystalline powder, (b) CZ crystal with field applied along the [100] direction, and (c) FZ crystal with field

along the [111] direction.

axes. In our single crystal, both H || [100] and H || [111]
have substantial projections onto the local easy axes of at least
some domains, so a spin-flop or spin-reorientation transition
appears in the magnetization for both field directions.

Very similar behavior is observed in isostructural
Ba,CoWOg, where spin-flop transitions occur for H || [100]
and H || [111], but not for H || [110], suggesting a common
easy-axis orientation in the Ba;CoB'Og (B = Mo, W) family
[18]. The observation of a spin-flop transition implies a finite
magnetic anisotropy, which stabilizes an antiferromagnetic
ground state with a preferred spin orientation [29]. The spin-
flop field reflects the balance between anisotropy energy and
exchange interactions. Taken together, these results indicate
that Ba,CoMoOg is governed by antiferromagnetic exchange
interactions and weak anisotropy.

C. Heat capacity

Figure 6(a) shows the heat capacity of BCMO single crys-
tals up to 50 K and of the polycrystalline boules up to 200
K, revealing a second-order anomaly at 7y = 20 K consistent
with the onset of long-range antiferromagnetic order inferred
from susceptibility data. No significant change was noticed in
the heat capacity under different applied magnetic fields up to
90 kOe and the Néel temperature is almost field independent
for all samples. The transition peak is noticeably sharper in
the crystals than in powder, reflecting higher sample quality
and reduced disorder broadening in the single crystals. To
isolate the magnetic contribution, the lattice heat capacity of
the polycrystalline sample was modeled between 50 and 170
K, well above the magnetic ordering temperature 7Ty, using
a Debye-Einstein scheme with one Debye and one Einstein

150 T
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50

V(X giamagneric) (mol/em?)

—— 300 Oe measurement

300 Oe calculation

—— 10 kOe measurement
—— 10 kOe calculation

Temperature (K)

1 1 1
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FIG. 4. Temperature dependence of inverse magnetic susceptibility of BCMO samples at (a) 0.3 kOe and (b) 10 kOe compared with
simulation based on cluster model derived with parameters derived from XAS measurements.
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where R is the universal gas constant, n is the number of
ions per formula unit, which is n = 10 for BCMO, and 6p
and 6g are the Debye and Einstein temperatures, respectively.
The resulting fit yields 6p = 277(4) K and 6g = 568(5) K,
which provide a reasonable description of the phonon back-
ground over the chosen window and a stable baseline for
extracting the magnetic heat capacity, cmag, by extrapolating
to low temperature and subtracting from the measured data.
The extracted magnetic heat capacity and entropy changes
are shown in Fig. 6(c). The weak drop in cy,e/T between
60 and 80 K is most likely due to the combined effects of
phonon-subtraction uncertainty and residual impurities in the
sample.

The entropy change AS was calculated by integrating
Cmag/T in the range 2—100 K. The magnetic entropy saturates
at about 50 K at the value 5.5(1) Jmol~' K~! or 0.95(2)R In 2.
The saturation value is consistent within uncertainty with a
doublet ground state described by Jeir = 1/2, for which AS =
RIn(2J 4+ 1) = RIn 2. This is similar to Ba,CoWOQOg, which
also has Jeir = 1/2 [18]. Above the Néel temperature, up to
50 K, 41% of the entropy is released. The extended release of
entropy above Ty suggests the persistence of correlated mag-
netic fluctuations well above Ty. The slightly reduced value
of entropy change of 0.95(2)RIn2 by T =50 K could be
attributed to a conservative phonon-background subtraction
together with the minor secondary phases, resulting in slight
underestimation of the extracted entropy.

IV. ELECTRONIC STRUCTURE

A. X-ray absorption spectroscopy

To probe the electronic and magnetic properties of BCMO
we performed temperature-dependent XAS using the inverse
partial fluorescence yield method [30,31], which is suitable
for extremely insulating samples, in a similar manner to what
is reported in Ref. [32]. XAS is extremely sensitive to the
local electronic structure, and when combined with theoretical
modeling to simulate the measured spectra, it is possible to
obtain information about the ground-state quantum numbers
and effective crystal-field parameters [10-13,33,34]. Part of
the residual polycrystalline boules from CZ crystal growth
was mounted in an aluminum sample holder and cleaved
in ultrahigh-vacuum conditions before being transferred in
vacuo to the measurement chamber with a base pressure of
about 10~!! mbar.

Figure 7 shows the temperature-dependent isotropic Co
L, 3 XAS spectra of BCMO. In XAS the measured spectra are
separated into the two L, and L3 edges due to 2p spin-orbit
coupling. The obtained line shape is characteristic of a Co**
valence, which we will explain with our calculations. The
temperature dependence originates from the thermal popula-
tion of low-lying excited states with increasing temperature.
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FIG. 7. Experimental and calculated temperature dependence of the XAS spectra of Ba,CoMoO for the (a) L; and (b) L, Co edges and
(c) the corresponding energy-level diagram for the calculation without core hole.

This behavior is expected for high-spin Co?* ions in octahe-
dral coordination [11].

To obtain further information about the electronic structure
of the compound, we performed full-multiplet configuration-
interaction cluster calculations for a CoOg cluster using the
O), point group. Hybridization parameters were obtained from
Wannierized density functional theory (DFT) band structure
calculations [35] using the FPLO code [36]. The cluster-
interaction calculations were performed with the QUANTY
code [35,37-39]. The full set of parameters used in our
calculations is listed as Ref. [40]. Our calculations include
3d-3d and 2p-3d Coulomb interactions, spin-orbit coupling
for both the 2p and 3d shells, hybridization with oxygen
ligands, and crystal-field effects. We obtain a very good agree-
ment between experiment and calculation, implying that our
model accurately captures most details of the local electronic
structure of Co®* ions in this material. Importantly, the XAS
results confirm that Co ions in this material are divalent, Co**.
Charge neutrality then requires Mo to be in the hexavalent
Mo®* oxidation state, consistent with the observed insulating
character of the compound. Furthermore, we performed XPS
analyses to detect any absorption from both Mo+ and Mo®*
in the polycrystalline sample. The Mo 3d XPS spectrum
shows a main doublet in the Mo®" binding-energy region.
No clear separate feature attributable to Mot is observed
in the raw spectrum, suggesting that Mo is predominantly
in the hexavalent state. (Additional details on the analy-
sis of XPS measurements are provided in the Supplemental
Material [26].)

The parameters that we have obtained from the XAS anal-
ysis (listed as Ref. [40]) serve as a good starting point for
describing the near-ground-state properties of the material.
Now we need to consider that the presence of the core hole in
the XAS process may affect the radial extent of the 3d orbital.
This implies that the parameters in describing the electronic
states in core-hole-free experiments may be somewhat dif-
ferent [41-43]. For example, the crystal field felt by the 3d
electrons as well as the hybridization strength between the 3d
and the ligands tend to be smaller in the presence of the core
hole. To reproduce the magnetic susceptibility data, we have

to increase the 10 Dq value to 0.85 eV and the hybridization
strength by 20%, and reduce the spin-orbit-coupling parame-
ter to 46 meV. With these adjustments we were able to obtain
an excellent match with the experiment (see Fig. 4). We then
estimate the g factor using the relation AE = gugB, where
AE is the splitting of the doublet due to magnetic field. In a
calculation with applied field of 6 T at 0 K, we obtain a value
of g = 4.36.

From our model we find the first low-lying spin-orbit cou-
pling excited state at 30 meV, as shown in Fig. 7(c).

B. Surface photovoltage spectroscopy

SPV spectroscopy is a contactless, surface-sensitive probe
of illumination-induced changes in near-surface band bend-
ing and photocarrier separation, and thus reports on optically
driven excitations in the vicinity of the surface [44,45]. In
Ba,CoMoOg (BCMO), the SPV spectrum (Fig. 8) exhibits a
clear onset near 1.5 eV, a pronounced maximum at 2.65 eV,
and a broad decay in intensity up to about 4.5 eV, showing that
the near-surface photoresponse is dominated by a distinct tran-
sition manifold rather than a featureless background. Because
SPV is inherently sensitive to surface and space-charge-region
physics, the low-energy onset should be interpreted as an
effective photoresponse threshold influenced by band bending
and defect states, not as a direct measurement of the bulk band
gap [44-46].

The strong SPV maximum at 2.65 eV is naturally as-
sociated with the dominant crystal-field or charge-transfer
transition of the Co-O-Mo network on the face-centered-cubic
lattice. Its energy scale is consistent with reported optical gaps
in related Ba-based double perovskites: Ba,CoWOg shows a
cubic Fm-3m structure with an optical gap of about 2.4-2.6 eV
from UV-visible and SPV analysis [18], while Ba;CaMoOg
and other Ba,AMoOg compounds exhibit direct gaps in the
range 2.3-2.8 eV from combined DFT and diffuse-reflectance
measurements [47-49]. In this context, the 2.65-eV feature in
BCMO fits naturally into the Mo and W double-perovskite
landscape and indicates that the Co-O-Mo manifold hosts a
robust, visible-range optical transition that efficiently drives
surface photovoltage [50].
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FIG. 8. Surface photovoltage (SPV) measurement of polycrys-
talline pellets of BCMO plotted as a function of photon energy: the
in-phase signal (x component) (black), the signal that is phase shifted
by 90° (y component) (red), and the SPV amplitude (composed of
both x and y components) (blue). The dashed orange lines represent
the absorption of the BCMO phase.

The SPV spectrum reflects multiple photoactive channels,
arising from a combination of intrinsic electronic transi-
tions and surface- or defect-related processes [44,45]. A
more detailed separation of d-d, charge-transfer, and band-
to-band contributions will require combining SPV with
bulk-sensitive optical probes, such as ellipsometry or dif-
fuse reflectance spectroscopy, and targeted first-principles
calculations [49,50]. Within the present data, however, the
robust SPV response and prominent 2.65-eV feature al-
ready demonstrate that BCMO hosts a strong, near-surface
optoelectronic response in the visible to near-UV range,
comparable in energy scale to Ba,CoWOg and Ba,CaMoOg
but realized here in a spin-orbit-entangled fcc antifer-
romagnet. This combination of antiferromagnetic order,
Co-based crystal-field physics, and efficient photovoltage
generation highlights Ba,CoMoOg as a promising platform
for spintronic optoelectronic devices and photocatalytic or
photoelectrochemical applications, where simultaneous con-
trol of magnetic order and interfacial charge separation is
desired [50-52].

V. CONCLUSIONS

This work establishes high-quality Ba,CoMoOgs (BCMO)
single crystals as a robust platform for studying intrinsic mag-
netic and electronic properties of face-centered-cubic (fcc)
antiferromagnets with strong spin-orbit coupling. Optimized
floating-zone and top-seeded solution growth under argon at-
mosphere produced crystals with reduced BaMoQO,4 impurity
fractions compared to the powder samples, confirming the
cubic Fm-3m structure with lattice parameter a = 8.088 A.
Rietveld refinements of powder xray diffraction data, includ-
ing the superlattice reflections associated with B site order,
show that Ba, Co, and Mo occupancies remain close to ideal
stoichiometry and that oxygen occupancy is stoichiometric
within experimental uncertainty, indicating rocksalt ordering

of Co and Mo and no measurable antisite disorder or mixed
valences as supported by XPS.

Magnetic susceptibility and heat capacity measurements
consistently reveal long-range antiferromagnetic ordering at
Tn = 20.1(1) K, which is unaffected by applied fields up
to 90 kOe. Quantitative analysis of the [111] single-crystal
susceptibility using the cluster model derived from XAS anal-
ysis reproduces the measured curve. The fitted molecular-field
parameters give an effective Weiss temperature of —37 K.
Isothermal magnetization reveals a spin-flop transition at 26.5
kOe for both the [100] and [111] orientations, indicating weak
magnetocrystalline anisotropy and ordered-moment compo-
nents along these crystallographic directions.

The Debye-Einstein fitting of the heat capacity provides
the phonon background needed to isolate the magnetic contri-
bution ¢y,g, from which the magnetic entropy is obtained by
integrating cmag /T . The fact that the entropy saturates close to
R In 2 indicates that, over the measured temperature range, the
thermally accessible magnetic degrees of freedom correspond
to a two-level manifold. For Co** in the present octahedral
environment, this is consistent with a Kramers-doublet ground
state produced by the combined action of spin-orbit coupling
and crystal-field splitting, in agreement with the Jog¢ = 1/2
state inferred from XAS. X-ray absorption spectroscopy inde-
pendently verifies the Co?* valence state, the local octahedral
crystal-field scheme, and the doubly degenerate ground state
with Jegr = 1/2 character and yields a g factor g = 4.36,
consistent with the enhanced moment observed in suscepti-
bility. For Mo, XPS Mo-edge spectroscopy indicates Mo®* as
supported by charge balance, the Co** assignment, and the
absence of reduced Mo phases in the diffraction data. Surface
photovoltage spectroscopy suggests a strong optical response
linked to crystal-field and band-structure transitions, implying
potential for optoelectronic applications, though bulk optical
measurements (ellipsometry, diffuse reflectance) would com-
plement these surface-sensitive SPV data.

To summarize, these results position Ba,CoMoOg along-
side Ba,CoWOQg as a model weakly frustrated fcc antiferro-
magnet, distinguished by its robust Jo = 1/2 ground state,
modest anisotropy, and accessible spin-flop behavior. The
weak-frustration assignment is suggested by the release of
41% of the expected entropy above the Néel temperature,
the effective Weiss temperature of —37 K, as well as the
microscopic description of the magnetic response provided
by the XAS-derived cluster mode. Future work will combine
single-crystal neutron diffraction, bulk optical spectroscopy,
and first-principles calculations. This approach will refine
the magnetic structure and clarify electronic-level assign-
ments. Additionally, assess spintronic and energy-conversion
applications which are suggested by the spin-flop transi-
tion and strong photovoltage response. The transition enables
field-controlled reorientation of the Néel vector. Conse-
quently, this mechanism may strongly modulate transport
signals.
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