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Abstract

®

CrossMark

This study explores the bulk crystal growth, structural characterization, and physical property
measurements of the cubic double perovskite Ba;CoWOg (BCWO). In BCWO, Co?t ions form
a face-centred cubic lattice with non-distorted cobalt octahedra. The compound exhibits
long-range antiferromagnetic order below Ty = 14 K. Magnetization data indicated a slight
anisotropy along with a spin-flop transition at 10 kOe, a saturation field of 310 kOe and an
ordered moment of 2.17 B at T = 1.6 K. Heat capacity measurements indicate an effective

Jj = 1/2 ground state configuration, resulting from the combined effects of the crystal electric
field and spin-orbit interaction. Surface photovoltage analysis reveals two optical gaps in the
UV-Visible region, suggesting potential applications in photocatalysis and photovoltaics. The
magnetic and optical properties highlight the significant role of orbital contributions within

BCWO, indicating various other potential applications.

Keywords: Ba2CoWO6, crystal growth, quantum magnetism, double perovskite,
thermodynamic properties, high field magnetization, surface photovoltage

1. Introduction

Double perovskite oxides (A;BB’Og) have distinct structural
properties and a high degree of order, which initiated a wide
range of fundamental research, such as in the fields of quantum
magnetism and colossal magnetoresistance [1-6]. The vari-
ous possible combinations of paramagnetic cations (B, B’)
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BV of the Creative Commons Attribution 4.0 licence. Any fur-
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in double perovskites offer a playground for magnetism. The
arrangement of magnetic ions in the B or B’ sites form a face-
centred cubic (FCC) sublattice of the magnetic ions coordin-
ated octahedrally by oxygen (BOg).

The FCC lattice is well known to host various magnetic
states, such as antiferromagnets of type-1 (MnTe, [7]), type-
II (MnO [8]), type-IIT (MnS, [7]), and spiral (helical) (y-Fe
[9]) magnetic structures. The wealth of these magnetic struc-
tures is partly explained by the inherent geometric frustra-
tion of the FCC lattice [10, 11]. Theoretical calculations sug-
gested that the FCC lattice can host other interesting mag-
netic quantum states due to the competition between the
nearest three possible exchange interactions, Ji, J> and J3
[12, 13].

© 2024 The Author(s). Published by IOP Publishing Ltd
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Figure 1. The Crystal structure of Ba,CoWOg (BCWO) consists of
Co** ions (blue) surrounded by six O ions (red), Ba (green) and
W (grey) ions. (b),(c) the arrangement of cobalt ions in the FCC
lattice forms edge-shared tetrahedra. Possible exchange interactions
between first, second and third neighbours are denoted by J;(blue),
J2 (red) and J3 (green).

Ba;CoWOg (BCWO) is a cubic double perovskite where
Co?* ions form an FCC lattice (figure 1). Single crystals
of BCWO were previously reported synthesized by the flux
method using BaCl, flux resulting in crystals of maximum
size ~10 x7 x7mm? [14, 15]. BCWO crystallizes in the space
group Fm-3 m (No. 225) with high symmetry and ideal octa-
hedral coordination of the cobalt ions [16, 17].

Magnetic measurements of BCWO indicated long-
range antiferromagnetic order below the Néel temperature
Tn = 18 K [16, 17]. The effective moment pier = 5.18 up
was considerably larger than the spin-only value of 3.87 ug
for S = 3/2, implying an unquenched orbital contribution.
This orbital contribution may lead to anisotropic magnetic
behaviour in BCWO, as demonstrated by high-field magnet-
ization data [14]. The Curie—Weiss temperature O, =—75 K
(fitted range 100-330 K) and in other reports, O.,=—41 K
(fitted range 200-300 K) indicated that BCWO might indicate
magnetic frustration [16—18]. The frustration index O.,/Tn
is 4.2 and 2.3 respectively, implying possible suppression of
magnetic order due to competing interactions. The magnetic
structure was determined using neutron diffraction which
indicated that the spins propagate along the magnetic vector
k = (1/2,1/2,1/2) with an ordered moment of 2 ug at 2 K
[17]. The spins were found to order ferromagnetically in the
triangular planes perpendicular to the [111] direction, with
antiferromagnetic ordering between adjacent planes [17, 19].

Here, we introduce the crystal growth and characterization
of the physical properties of a bulk single crystal of

Ba;,CoWOg grown by the floating zone (FZ) method. Physical
characterization reveals a small anisotropy attributed to Cobalt
ions. The slight anisotropy in the magnetization data is accom-
panied by a spin-flop transition at 1 T. High-field magnetiza-
tion data indicate a saturation field of 31 T and a saturation
moment of 2.1 up at 2 K. Heat capacity measurements elu-
cidate that the ground state has an effective j = 1/2 config-
uration, as commonly observed for Co>* ions in octahedral
environment, indicating the significant role of the combined
crystal electric field (CEF) and spin—orbit coupling (SOC) in
this system.

2. Experimental

To grow single crystals of BCWO, a stoichiometric powder
was synthesized by solid-state reaction as previously described
[16, 19-21]. The precursors (BaCO3, CoO, WO3) were mixed
in a stoichiometric ratio and heated in several steps to 950 °C,
1250 °C and 1350 °C in the air for 12 h at each temperature
followed by intermediate grindings. BCWO was obtained as a
dark brown powder.

A single crystal of BCWO was grown using the optical FZ
technique. The crystal growth was performed using an image
furnace (Crystal Systems Corp., FZ-T 10000-H-VI-VPO)
at the CoreLab Quantum Materials at Helmholtz-Zentrum
Berlin fiir Materialien und Energie (HZB). High-density feed
rods were prepared by packing BCWO powder into rubber
tubes and subjecting them to a pressure of 2000 bars in a
cold isostatic press machine, yielding a uniform cylindrical
rod with dimensions of 70 mm length and 5 mm diameter.
The rod was sintered in the air for 12 h at 1350 °C and
used as a feed for crystal growth. The feed rod was intro-
duced to the image furnace with 4 lamps of 300 W and
a small part of the rod was used as a seed to initiate the
growth.

BCWO is a congruently melting compound. Therefore, the
growth experiment was performed in air at ambient condi-
tions with 78% of the lamp power, and the growth rate was
8 mm h~!. The growth experiment lasted around 8 h and the
grown crystal shows clear shiny facets on the surface and has
dimensions of 55 mm length and 6 mm diameter as shown in
figure 2(a).

The structural characterization and phase purity were con-
ducted using both x-ray powder diffraction (PXRD) by Bruker
D8 XRD diffractometer equipped with copper source Ko x-
ray (wavelength A = 1.542 A) at HZB, and neutron powder dif-
fraction (NPD) at D2B neutron diffraction spectrometer with
incident neutrons wavelength A = 1.594 A at Institut Laue—
Langevin, France. Both measurements were performed on
crushed single crystals at room temperature. For NPD meas-
urement, the sample weight was 3.5 g.

Furthermore, the single crystal was systematically investig-
ated and mapped using a Laue Diffraction Camera, which was
also used to align the crystallographic directions for physical
properties measurements. The Laue spots were solid and clear,
representing the high quality of the single crystal as shown in
figures 2(b) and (c).
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Figure 2. (a) Optical photograph of BCWO single crystal (57 mm
length and 5 mm diameter) grown in air at ambient pressure. (b),(c)
x-ray Laue backscattering photographs of the grown crystal nearly
along the [100], and [110] directions, respectively.

The physical properties of the single crystal of BCWO
were analysed using both the Physical Property Measurement
System and SQUID magnetometer (MPMS) at HZB. The
magnetic susceptibility, magnetization and heat capacity were
measured up to 90 kOe over a temperature range of 2-400 K.
High field magnetization was measured on single crystals for
different directions at 7 = 1.6-20 K using a compensated
pickup-coil system in a pulse field magnetometer in a 4He
flow-cryostat for fields up to 60 T at Dresden High Magnetic
Field Laboratory, Helmholtz-Zentrum Dresden—Rossendorf.

The optical properties of the compound were probed using
surface photovoltage (SPV) spectroscopy at room temperature
[22]. SPV was measured by the fixed capacitor method using
a chopper with a frequency of 8 Hz for both single crystal and
powder in the photon energy range of 0.5-5 eV.

3. Results
4. Structural characterization

The structural parameters and phase purity of the poly
and single-crystalline phases were first inspected by room-
temperature PXRD. For more precise quantitative analysis,
the single crystal was also analysed using NPD. Both PXRD
and NPD data were refined by the FullProf software using
Rietveld refinement to extract the structural parameters and
the volume fraction of each phase [23].

The PXRD data of the polycrystalline sample revealed
the presence of extra peaks attributed to the secondary phase
BaWOQ, as shown in figure 3. The main phase of Ba,CoWOg
was refined by the Fm-3 m space group (No. 225). The minor
impurity phase BaWO, was refined by the /4,/a space group
(No. 88). The refinement of the PXRD of the powder and crys-
tal revealed that the amount of BaWOQO, was reduced from 1.5%
in the powder to 0.7% in the crystal.

The presence of the impurity BaWQ, implies the pres-
ence of unreacted quantities of CoO and BaO. These impur-
ities are not detectable by conventional PXRD due to
their low concentrations and the similarity in their crys-
tallographic properties to BCWO. Their overlapping peaks
with BCWO in the PXRD spectra prevent clear identifica-
tion and differentiation. It should be noted that the amount
of BaWOy is smaller than the previously reported powder
data [17]. This impurity phase was also used in the refine-
ment of the NPD pattern, although it did not improve the
refinement and its amount is less than 0.9%, revealing the
improved purity of the single crystal compared to the initial
powder.

The refinement parameters are summarized in table 1 for
the powder, single crystal, and a previous report. The refine-
ment confirmed the cubic symmetry of BCWO with a rock-salt
order consisting of regular BaO;, cuboctahedra and corner-
sharing regular CoOg and WOy octahedra. Ba>* occupies the
8 ¢ Wyckoff position, while Co>* occupies the 4b position,
WO+ occupies the 4a position and O> occupies the 24¢ posi-
tion. These atomic positions are fixed by symmetry except for
oxygen. The occupancy of Ba, Co and W does not change sig-
nificantly from ideal stoichiometry if allowed to vary, and the
NPD data which is sensitive to Oxygen did not find any defi-
ciency. The NPD data also implied the absence of site mixing
of Co>* and W% ions. These results reveal the high quality
of the BCWO crystal and the undistorted octahedral geometry
of the Co** ions.

5. Magnetization

Figure 4 represents the temperature dependence of the mag-
netic susceptibility of the BCWO crystal for applied magnetic
fields along the [110], [100] and [111] directions. The mag-
netic susceptibility exhibits a broad maximum of around 18 K
for all field directions. The antiferromagnetic ordering tem-
perature, Ty = 14.0(2) K for H = 10 kOe, was determined
by the maximum of the first derivative of the susceptibility
data as shown in figure 4(b). The susceptibility data exhib-
its slight direction dependence, revealing a weak anisotropy
below Ty where the susceptibility is lower for [110] compared
to [111] and [100]. Anisotropic behaviour is also observed for
the lower applied field of 1 kOe as shown in figure 4(c) where
below T'n the susceptibility value is now lower for [100] and
[111] compared to [110], in contrast to the results at 10 kOe
(figure 4(a)).

For fitting the inverse susceptibility data according to the
modified Curie-Weiss (CW) model, we restricted the temper-
ature range to 200-300 K since the slight curvature in the
inverse susceptibility data in the range between 30-150 K may
be attributed to short-range magnetic order or a change in the
population of excited states of the Co>* ions [17]. Also, if the
T-range is above 300 K, a partial population of higher excited
states may affect the temperature dependence of the susceptib-
ility. The temperature-independent diamagnetic susceptibility
was calculated from the diamagnetic correction of each ele-
ment as o = —1.50 x 10~* cm?® mol ~! and was included as
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Figure 3. (a), (b) Rietveld refinement of the PXRD of BCWO (a) powder and (b) single crystal. The refinement involves both the BCWO
and BaWOy phases. (c) Rietveld refinement of NPD of BCWO grinded crystal. The observed and calculated intensities are represented by
the solid black circles and red lines respectively, and the difference between them is given by the blue solid line. The Bragg peak positions
for the Fm-3 m space group of BCWO are given by the first set of vertical green lines while the second set of green lines is for the /4/a

space group of BaWOj.

Table 1. Refinement parameters for BCWO in the Fm-3 m space group (No.225) at room temperature including the lattice parameter (a)
and the profile R-factor (Rp). The Wyckoff sites of the elements are Ba(8 c), Co(4b), W (4a) and O(24e) are fixed by symmetry except for

the atomic position of oxygen in the x direction (Oy) which is also listed.

BaWO, (%) a(A) Rp Chi® 0,
Powder-XRD 15 8.108(1) 5.44 2.01 0.234(5)
Crystal-XRD 0.7 8.108(1) 2.41 3.13 0.246(3)
Crystal-NPD 0.9 8.106(1) 3.59 228 0.237(1)
Powder-NPD [17] 5 8.108(1) 4.54 1.87 0.2625(1)

a constant in the model [24]. The fitting results are summar-
ized in table 2.

The CW fitting of the single crystal data gives ©cw between
—69.5 K and—77.5 K, and effective moment peir = 5.40-
5.50 pg for the temperature range 200-300 K, as summar-
ized in table 2. These values are in good agreement with pre-
vious reports [12,13]. The effective moment is significantly
larger than the spin-only moment of 3.87 g, suggesting that
the orbital contribution to the total magnetic moment is par-
tially unquenched. Such a behaviour is commonly observed
for Co?* ions in an octahedral environment.

The lowest-energy electron structure, governed by Hund’s
rules, of a free Co®* ion is *F (S = 3/2, L = 3). Under a regular
octahedral CEF this state splits and the ground state, denoted
as *Tyg, is 12-fold degenerate (orbital triplet x spin quartet).

In this state, the orbital moment is quenched and the spin-only
effective moment is pr = 3.87 up. The effect of SOC further
splits the degenerate energy levels and partially restores the
orbital momentum. The final state is a set of Kramers doublets
(I's and I'7) and two I'g quartets, which consequently are asso-
ciated with effective spin j = 1/2 and j = 3/2, respectively. For
Co?* in a perfect octahedral environment, the lowest energy
level is the I'¢ doublet, i.e., a j = 1/2 ground state is real-
ized. The I'¢ state has the g fa ctor g = 4.33, with an effect-
ive moment of about 3.8 ug [25]. The effective moment rises
with temperature due to the population of excited CEF +SOC
states, resulting in a crossover to values peg > 5 pup above
150-200 K.

Isothermal magnetization measurements provide further
evidence for the weak anisotropy of BCWO. Figures 5(a)
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Figure 4. (a) Temperature dependence of magnetic susceptibility (left axis) and inverse susceptibility (right axis) of BCWO for different
crystallographic directions at H = 10 kOe over the temperature range 2—400 K. (b) First derivative of magnetic susceptibility at 10 kOe
indicating the Néel temperature (c) Magnetic susceptibility of BCWO for 1 kOe applied magnetic field along the [100], [110] and [111]
directions over the temperature range 2—50 K. The field dependence of the magnetic susceptibility reveals the anisotropy for different

directions at 1kOe and 10 kOe below T'N.

Table 2. Fitted values for the inverse susceptibility of the BCWO crystal according to the Curie—Weiss model for the temperature range
200-300 K for various field strengths applied along the crystallographic directions [100], [110] and [111]. Where H is the applied magnetic
field, ©cw is the Curie Weiss temperature, and . is the effective moment.

H =1kOe H =10kOe
Ba, CoWOg 200-300 K Ocw [K] Hetr [1B] Ocw [K] Meft [1B]
[100] ~737(2) 5.45(1) ~70.8(2) 5.45(2)
[110] —68.9(2) 5.40(3) —66.2(2) 5.45(3)
[111] —75.5(3) 5.50(3) —68.1(1) 5.44(3)

and (b) denotes the magnetization curves and the first field
derivative of the magnetization respectively for different dir-
ections. The measurements show that the magnetization of
BCWO has non-linear behaviour for the [100] and [111]
directions and the first derivative shows a peak at 10 kOe
representing a spin-flop transition. The spin flop transition

indicates a weak anisotropy in the system which favours cer-
tain spin ordering directions below 7Tn. When a magnetic
field is applied that is strong enough to overcome the aniso-
tropy, the AFM-ordered magnetic spins rotate to a direction
perpendicular to the field direction to minimize their total
energy [26].
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Figure 5. Isothermal magnetization of BCWO: (a) Magnetic moment per formula unit (f.u.) as a function of the magnetic field applied
along the [111], [100] and [110] directions of the BCWO crystal. (b) The field derivative of the field-induced moment per f.u. highlights the
spin-flop around 10 kOe for the [100] and [111] directions. (c) High field magnetization of different directions of BCWO crystal at

T = 1.6 K revealing saturation at the field poH = 310-320 kOe. The dashed lines represent the Van-Vleck paramagnetism extrapolated to
zero fields. After subtracting this contribution, the saturation moment is about 2.1 ug. (d) Variation of magnetization with temperature for
the [100] direction elucidating the nonlinear magnetization and absence of saturation above T'N.

The spin-flop transitions observed for [100] and [111]
imply that the spins have components along these directions.
For the [110] direction, the change in the derivative of mag-
netization is much more gradual and shows no sign of a spin-
flop transition suggesting that the spins aligned perpendicular
to it. Therefore, the spins point between the [111] and [100]
axis while being perpendicular to the [110] axis. These find-
ings agree with the previous reports stating that the magnetic
spins are titled by 23° 4 5° from the [111] axis, as proposed
by Cox et.al [19].

Figure 5(c) shows the high field magnetization measure-
ments for fields up to H = 600 kOe along the [111], [100] and
[110] directions of BCWO at T = 1.6 K. The saturation field
is indicated by the change of slope of magnetization curves at
310-320kOe as shown in the inset. The linear increase of mag-
netization above the saturation field is due to the Van-Vleck
paramagnetic behaviour of Co?™ ions. After subtraction of the
Van-Vleck contribution, saturation moments between 2.05 pp
(for [100] and [110]) and 2.13 pp (for [111]) are observed.
These values are in good agreement with the ordered magnetic
moment of 2 up at 2 K from neutron diffraction measurements

[17] and with the value g = 2.17 up expected from an effect-
ive spin-1/2 model with j = 1/2 and g = 4.33 for Co** with
perfect octahedra [27, 28]. Above the Néel temperature, the
magnetization is nonlinear and does not reach saturation up to
600 kOe as shown in figure 5(d).

6. Heat capacity

The main evidence for the j = 1/2 ground state in BCWO ori-
ginates from the heat capacity measurement and entropy cal-
culations. The heat capacity of BCWO is shown in figure 6(a)
in zero magnetic field and for field applied along the [110]
direction for the temperature range 7' = 2—120 K. The meas-
urement reveals a second-order phase transition at 14 K attrib-
uted to the long-range antiferromagnetic order in agreement
with the magnetic susceptibility data. No significant change
was noticed in the heat capacity under different applied mag-
netic fields up to 90 kOe and the Néel temperature is almost
field-independent. We modelled the phonon contribution to the
heat capacity for the temperature range 50—180 K with the sum
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Figure 6. (a) Heat capacity of BCWO crystal in zero fields (black circles) and the phononic contribution of the heat capacity (red line)
modelled by the Debye- Einstein terms. Inset represents the magnetic field dependence of the heat capacity up to 90 kOe along the [110]
direction. (b) The extracted magnetic contribution of the heat capacity over temperature for zero field and 90 kOe. The change in entropy is
shown on the left axis in units of RIn2, confirming the j = 1/2 ground state.

of one Debye mode and one Einstein mode (with equal weight)
according to the equation

1 9E 2 CQE/ T

2 ( T) (eeE /T —
where R is the universal gas constant, » is the number of ions
per formula unit which is n = 10 for BCWO, and 6p, 6g
are the Debye and Einstein temperatures, respectively. The
model suggests a Debye temperature fp = 264(1) K and
Einstein temperature 6 = 539(2) K. The phonon contribution
was extrapolated to low temperatures and subtracted from the
measured heat capacity to give the magnetic contribution. The
extracted magnetic heat capacity cyag and entropy changes are
shown in figure 6(b).

The magnetic entropy was determined by integrating ciag/T
over temperature up to 100 K. It increases in the range from
2 K to ~50 K, where it reaches a value close to RIn2 per
Co?*, where RIn2 is the expected value for the j = 1/2 ground
state configuration. Therefore, this result confirms the effect-
ive j = 1/2 Kramers doublet of the Co®* ions in the ground
state of BCWO. The entropy gained up to the magnetic phase
transition is only 0.6 RIn2 indicating that the spins are strongly
correlated above the Néel temperature, which is a feature of
frustrated magnetic systems. Along with the magnetic suscept-
ibility and magnetization data, BCWO can be considered a
weakly frustrated magnet with a slight anisotropy of the cobalt
ions.

7. Electronic structure

Several theoretical reports calculated the electronic and mag-
netic band structures of BCWO [16, 20, 29]. These reports sug-
gested that BCWO is half-metallic due to the electron-electron
interactions between the Co’* ions. The reported UV—visible
spectroscopy measurements indicated an optical bandgap of

BCWO of approximately 2.46 eV [20]. To compare our results
with previously measured data, we measured the SPV of both
the polycrystalline and single-crystal samples at room temper-
ature for the energy range 0.5-5 eV as shown in figure 7. Our
measurements showed two gaps in both the single crystal at
2.60(5) eV and 3.44(5) eV (21 000, 27 700 cm ~') and in the
powder pellet at 2.32(5) eV and 3.23 (5) eV. These values are
depicted from the deviation from the linear part of the energy
dependence of the spectra as shown in figure 7(a). These two
electronic states might represent the possible excited states
resulting from the d-orbital splitting due to the crystal field.
These energy values suggest the possible transitions between
the ground state FT, ¢ and excited states iF 4A2g and *P 4A2g.
The crystal field splitting in BCWO is close to the value which
is expected as a result of octahedral ligand field splitting of the
4F and *P terms of the single-ion Co(II) (19 000,22 500 cm
~1y[30]. In this case, the second excited state may represent a
transition from the high-spin state t;4(5) €4(2) to the low-spin
state t14(6) e4(1), which would involve an electron transfer to
another orbital. The spectrum also revealed consistency with
the previously reported data for the value of the optical gap
around 2.5 eV. This optical gap supports the theoretical calcu-
lations which suggested that the ground state is half-metallic
[20, 21, 29]. SPV shows rather semiconducting properties
from the value of the bandgaps and supports the high spin elec-
tronic configuration of Co>* (3d”) and WO+ (54°)[29].

8. Conclusions

In this work, we introduced the bulk crystal growth and phys-
ical properties of the double perovskite FCC lattice antiferro-
magnet Ba;CoWOQg. Our investigation revealed that BCWO
has a magnetic ground state with a j = 1/2 configuration. The
presence of unquenched orbital momentum due to strong SOC
in the system is found along with weak frustration depicted
from the magnetic susceptibility data. The magnetization data
revealed the existence of a small anisotropy and a spin flop
transition at 10 kOe due to the collinear antiferromagnetic
structure, as well as a lower saturation moment than expected



J. Phys.: Condens. Matter 36 (2024) 505801

A R N Hanna et al

Optical Excitations in Ba;CoWOg

(b)

4.0

3.5 4F4a50 (3.44 eV)

3.0

‘P Ay, (2,60 eV)

I N
=] w

Energy (eV)

=
V]

1.0

0.5

100 |-
= BCWO_Xtal ;
e BCWO Pellet (@) # %
5]
S .
=
(]
T
:‘3 10 |
-
£
(1]
>
a
7]
1F
t on E
0.5 1.0 1.5 2.0 25 3.0 3.5 4.0

Energy [eV]

Ground State “Ty,

Figure 7. (a) Surface photovoltage measurement on the surface of BCWO crystal and pressed pellet showing that BCWO has two optical
band gaps. For the crystal: 2.60 (5) and 3.44 (5) eV. For the pellet: 2.32 (5) and 3.23 (5) eV. The dashed black line indicates the deviation
from the linear part of the absorption. (b) Schematic description of the corresponding excited states of BCWO.

for Co*>* due to the combination of CEF + SOC effects. The
orbital contribution seems to be rather significant affects the
magnetism, and has the potential to induce complex magnetic
features in the system. The SPV measurements confirmed that
BCWO has two optical gaps of 2.6, and 3.44 eV and possesses
a configuration of Co>* W+, The two gaps in the UV—visible
range suggest many interesting applications of BCWO as an
optically active material for photocatalysis and photovoltaic
applications.
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