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rare-earth-free large magnetocaloric effect in Co;V,0g
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The cobalt atoms within the crystal structure of Co3;V,0Og arrange themselves into kagome staircase lattices.
Our low-temperature synchrotron diffraction studies confirm a distortion in kagome lattices along the [010]
direction associated with the anomalous thermal expansion of the unit cell volume below ~180 K. At this
temperature, a structural transition to a polar Aba2 space group from the high-temperature structure is suggested.
This transition is further confirmed by Raman spectroscopy and is associated with the ferroelectric order at
180 K (Tgg). Below Tgg, a significant linear magnetoelectric (ME) coupling is realized despite long-range
magnetic order occurring below ~11 K. Thus, ME coupling is linked to the distortion in the kagome lattice
structure formed by the Co atoms. These correlations provide an opportunity for manipulating ME coupling
at elevated temperatures. The compound exhibits a highly promising magnetocaloric effect in proximity to its
magnetic order, constituting another appealing outcome. This characteristic is interesting for the exploration of

rare-earth-free magnetocaloric materials.

DOI: 10.1103/PhysRevB.109.014418

I. INTRODUCTION

Geometrically frustrated arrangements of antiferromag-
netically coupled magnetic atoms give rise to a captivating
degenerate ground state within the realm of magnetism. A
prime example is found in the kagome lattice, composed
of interlinked triangles sharing corners between adjacent
atoms, wherein antiferromagnetic (AFM) interactions oc-
cur. The kagome lattice’s exceptional allure arises from its
one-of-a-kind geometry, resulting in pronounced magnetic
frustration. Typically, magnetic frustration suppresses con-
ventional magnetic order, ultimately giving rise to multiple
degenerate magnetic ground states. The AFM Heisenberg
interaction manifesting on the kagome lattice leads to remark-
able consequences. They include the emergence of intriguing
phenomena such as topological flat bands [1], as well as
the manifestation of gapped or gapless quantum spin liquids
[2-5], spin ice [6,7], and even superconductivity [8,9]. Recent
observations have directed special attention towards instances
of multiferroic order materializing within kagome lattices
[10-13]. These observations beckon the scientific community
to consider the potential influence of magnetic frustration in
the genesis of ferroelectric order within multiferroic materials
[14-18]. In fact, the focus of our current exploration lies in
the kagome staircase lattice, which offers fertile ground for
testing and materializing multiferroic order

The compound Co3zV,0g (referred to as CVO) exhibits
a crystalline structure with the Cmca space group at room
temperature, giving rise to the formation of kagome stair-
case lattices [19-21]. These lattices are composed of two
distinct types of Co*" ions, denoted as Col and Co2, as
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illustrated in Fig. 1(a). The Co atoms are positioned within
CoOg octahedra with oxygen atoms occupying the corners.
An illustrative instance of linking Col-Co02-Col-Co2-Col
networks is depicted in Fig. 1(b), where connections be-
tween ColOg and Co20g octahedra within a single unit cell
are shown. Notably, the Co-O-Co bond angles closely ap-
proximate 90°, and a ferromagnetic (FM) magnetic ground
state having Ising-like behavior has been confirmed below
6.2 K (Ty) with spins pointing along the a axis from the
neutron diffraction [22,23] and neutron scattering experiment
[24,25]. As the temperature rises beyond T¢, a transversely
polarized AFM spin density wave (SDW) state emerges. This
state is characterized by two propagation vectors, specifically
(0, 8, 0), where & assumes values of 0.33 and 0.5, occurring
below Ty =~ 11 K. In light of these findings, a magnetic phase
diagram has been postulated which outlines the interplay of
quantum phase transitions influenced by magnetic field and
temperature [26]. Recent neutron diffraction findings utilizing
time-of-flight techniques introduced a novel perspective, sug-
gesting a noncollinear magnetic structure characterized by an
unexpectedly substantial Dzyaloshinskii-Moriya interaction
within the nearest-neighboring Co-O-Co exchange interaction
[27].

Intricate magnetic phase diagrams have been formulated,
particularly in response to the application of magnetic fields,
and additionally, a commensurate SDW state was proposed
with a propagation vector of (0,0.4,0) [28-31]. The influ-
ence of magnetic fields on the local lattice configuration was
meticulously examined using magnetoinfrared spectroscopy,
revealing a pronounced magnetoelastic coupling [32]. Sig-
nificant negative magnetocapacitance was proposed from the
magnetic field driven dielectric permittivity [33]. Intrinsic
magnetocrystalline anisotropy due to the presence of Co>*
ions, coupled with magnetic field induced spin reorientation,
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FIG. 1. (a) Kagome staircase lattice consisting of two cobalt
atoms. (b) The connecting octahedra within the unit cell. (c) Rietveld
refinement of the XRD pattern at room temperature.

was documented through bulk magnetization assessments of
CVO crystals [34]. Furthermore, a discernible alteration of the
thermal conductivity with magnetic fields was experimentally
demonstrated, indicating a substantial heat switch effect [35].

In recent times, the isomorphous compound Ni3;V,0g has
garnered substantial attention and has been revisited on mul-
tiple occasions. This renewed interest stems from its role as
a focal point for realizing intricate type-II multiferroic phe-
nomena, closely tied to a complex magnetic phase diagram
[14-17]. This magnetic complexity was underscored by an
intriguing observation: the manifestation of magnetoelectric
(ME) memory effects [18].

In the current investigation, a distinct class of multiferroic
order is realized in the case of CVO. Notably, the polarization
P reaches remarkably high saturation values, ranging approx-
imately from 0.11 to 0.6 £C/cm?, in poling fields spanning 1
to 9 kV/cm. Intriguingly, a linear ME coupling is unveiled
below the ferroelectric transition at 180 K, despite the ob-
servation that the magnetic order materializes below 11 K.
This ME coupling is proposed to be intricately linked to the
possible short-range magnetic order, which is instigated by
distortions within the kagome staircase lattice structure along
the crystallographic b axis. The emergence of ferroelectric
order is concurrent with distinctive changes. These encompass
steplike distortions within Raman modes and a structural tran-
sition from the Cmca space group to a polar Aba2 structure,
which is accompanied by anomalous thermal expansion of the
unit cell volume below the structural transition. An impressive
magnetocaloric effect (MCE) comes to light, characterized by
a substantial entropy change (~17 J/kg K) associated with
a maximum temperature shift of 11.2 K, which is influenced
by an application of a 50 kOe magnetic field. Notably, the
magnetic refrigeration capacity proves to be considerable at
around 300 J/kg, rendering it particularly promising within
the realm of rare-earth-free oxides.

II. EXPERIMENTAL DETAILS

Polycrystalline Co3V,0g was synthesized using a standard
solid-state reaction technique [36]. The single-phase chemi-
cal composition of this sample was confirmed by the x-ray
diffraction (XRD) studies at room temperature using a PANa-
Iytical x-ray diffractometer (model: X’Pert PRO) with Cu K«
radiation. Low-temperature synchrotron diffraction studies
were carried out at the Eletra XRD-1 synchrotron facility, Tri-
este, Italy, with a wavelength of A = 0.7762 A from 300 down
to 80 K. The diffraction data were analyzed using the Rietveld
refinement procedure with the commercially available open-
source software MAUD (Material Analysis Using Diffraction).
A thin layer of the pelletized sample was used for the py-
roelectric measurements. In all measurements, the electrical
contacts were made using silver paint. The pyroelectric cur-
rent I, was recorded using an electrometer (Keithley, model
6517B) coupled with a commercial PPMS-II Evercool system
from Quantum Design. The poling electric fields were applied
during the cooling process. At the lowest temperature both
ends of the electrical connections were short-circuited for an
adequately long time. The pyrocurrent /, was then measured
during the heating process at a constant temperature-sweep
rate. The dielectric measurements was carried out using an
E4980A LCR meter (Agilent Technologies, United States)
equipped with the same PPMS-II system. The specific heat
measurements were done using a PPMS DynaCool system
by Quantum Design. Magnetization was recorded using a vi-
brating sample magnetometer by Quantum Design (Evercool).
Temperature-dependent Raman spectroscopy measurements
were carried out using a Horiba T6400 Raman spectrometer
(excitation wavelength = 532 nm with a spot size of 1 um).

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Room temperature x-ray diffraction

The XRD pattern at 300 K is shown in Fig. 1(c). The
Rietveld refinement was satisfactorily conducted utilizing the
Cmca space group, as shown by the solid curve. The lower
portion displays the difference plot, confirming the absence
of any impurity phases. The diffraction pattern is refined
with coordinates Col(0, 0, 0), Co2(1/4, 0.1264(7), 1/4),
V(0, 0.3793(7), 0.1137(8)), O1(0, 0.2433(8), 0.2326(8)),
02(0, —0.0013(8), 0.2422(6)), and 03(0.2898(8), 0.1225(9),
0.9794(7)). The refined lattice constants are a = 5.9356(7),
b =11.3901(2), and ¢ = 8.2351(3) A with reasonable relia-
bility parameters; R, (%) ~ 3.07, Rexp(%) ~ 0.81, and X2 ~
1.48. The values of the lattice constants are consistent with
previously reported results [36].

B. Magnetization and magnetocaloric effect

Thermal variation of magnetization M is recorded in the
zero-field-cooled (ZFC) mode, displaying different character-
istic features at low temperature 7', which is shown in Fig 2(a).
The low-T results are magnified in the inset. Three magnetic
transitions are observed in the ZFC magnetization with de-
creasing temperature around ~11, ~6.5, and ~5.9 K, which
correspond to a paramagnetic to high-7 incommensurate (IC)
AFM transition (7\), a high-T IC AFM to a low-T IC AFM
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FIG. 2. (a) Thermal variation of magnetization at 200 Oe. The
inset magnifies the low-T curve, highlighting three magnetic tran-
sitions with arrows. (b) Curie-Weiss fit of the inverse susceptibility.
The arrow indicates the temperature below which it deviates from
Curie-Weiss behavior. (c) Magnetization curves at regular intervals
of temperatures. (d) Magnetic entropy change AS),, as obtained from
the magnetization isotherms, with T for the selected AH. (e) Plot of
ASy with H?/3 at 10, 7, and 6 K. (f) Magnetic field variation of RCP.

transition (TAI,), and a low-T IC AFM to FM transition (T¢),
respectively, in accordance with previous reports [22,23,26].
These three magnetic transitions are also evident in the heat
capacity Cp results, as depicted in Fig. 3(b). Thermal variation
of the inverse susceptibility x ! is shown in Fig. 2(b). The
Curie-Weiss fit is shown by the straight line, which deviates
from the linearity below ~200 K, as indicated by the arrow.
The fit indicates the values of the Curie-Weiss temperature
® and effective paramagnetic moment i are ~15 K and
5.28 up. The value of g is considerably higher than the
theoretical spin-only value (3.87up) and lower than the the-
oretical value (6.6343) of Co*" considering spin and orbital
contributions. The results confirm a significant contribution
from the orbital component to .

Isothermal magnetization curves are recorded at selected
T, which are shown in Fig. 2(c) for a T range of 2-60 K.
The low-T curves show a saturating trend close to 50 kOe.
Importantly, the magnetization curves are nonlinear to ~40 K,
which is much higher than T\, pointing to a dominant
short-range magnetic order. The change in entropy ASy, is
calculated from the magnetization curves using the formula
ASy(H,T) = fOH[dM(H, T)/dTludH, which is derived by
employing Maxwell’s equations. Thermal variations of ASy
for a selected range of field change AH are shown in Fig. 2(d).
ASy emerges below ~40 K and exhibits a maximum close
to T\l. The value of |ASy/| is as high as 17 J/kg K for
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FIG. 3. Thermal variation of specific heat (a) from 2 to 300 K,
where the solid curve shows the calculated value using the Debye-
Einstein model, as described in the text, (b) in the low-temperature
range, highlighting three transitions, (c) close to g, and (d) low-
temperature results at different magnetic fields. The inset of
(d) magnifies the results for H = 0 and 5 kOe.

AH = 50 kOe, which is promising, as the MCE is realized
without a contribution from the rare-earth (R) moments. The
H dependence of —AS), at the magnetic order may provide
the nature of the magnetic order, which has been investi-
gated both experimentally [37-39] and theoretically using a
mean-field approach [40]. According to the mean-field ap-
proximation, ASy can be expressed as ASy o< H" with an
exponent n = 2/3 at the magnetic order. The above relation
does not hold close to T¢, Ty, and T\, as depicted in Fig. 2(e).
The discrepancy was explained recently [41] on the basis
of Landau’s theory of second-order phase transitions [42],
which was applied to the spatially inhomogeneous ferromag-
nets. The magnetic refrigeration capacity (RCP) is defined as
|ASH |max X FWHM, which can be estimated from the AS),
vs T plot. |ASy|max 18 the maximum value of |ASy|, and
FWHM is the full width at half maximum of the ASy, vs T
plot. The value of RCP is plotted with H, which increases
almost linearly, as indicated by the straight line in Fig. 2(f).
The value of RCP is considerable at ~300 J/kg for AH = 50
kOe.

C. Heat capacity and magnetic entropy

Heat capacity Cp is recorded with T in zero field and at
selected H. Figure 3(a) exhibits the thermal variation of Cp
in zero field. A trial of the fitting of the high-temperature
Cp(T) data is initiated with the standard Debye law, which is
unsuccessful. However, the Cp(T') curve satisfactorily fits the
Debye-Einstein model [43-47], Cp(T) = pD(0p, T) + (1 —
P)EOg,T)+ yT, with Debye temperature 6p = 360 K, Ein-
stein temperature 0y = 790 K, y = 0.02 J/mol K2, and
p = 0.75. Here, D(6p, T) and E(6g, T) are the Debye and
Einstein functions, respectively. The fitted curve is shown by
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FIG. 4. T variation of (a) magnetic entropy, (b) ASy, as obtained
from Cp (symbols) and compared with the same obtained from mag-
netic isotherms (solid lines), and (c) adiabatic temperature change
AT, and (d) plot of the final temperature T; against the initial
temperature 7; for different AH.

the solid line in Fig. 3(a). The low-T results are magnified in
Fig. 3(b), with three arrows at Tg, Ty, and T, with increasing
T, which is consistent with the magnetization results. The
high-T region of Cp(T') is further magnified in Fig. 3(c).
The arrow indicates the ferroelectric ordering temperature
Trg, around which the Cp(T') data deviate from the fit using
the Debye-Einstein model. The Cp(T') data are also recorded
for selected H. The low-T Cp(T) results are highlighted in
Fig. 3(d), showing different characteristic features for differ-
ent H. The inset magnifies the features of low-T" Cp(T") for
H = 0 and 5 kOe. The sharp peak at T¢ in zero field nearly
vanishes at H = 5 kOe, pointing to a huge low-H (<5 kOe)
magnetocaloric effect around 7¢. The shoulderlike anomaly at
T,\I, modifies to a broadened maximum, whereas the intensity
of the broadened maximum at 7,\! slightly decreases and shifts
towards lower temperature. The broadened maximum around
T, almost disappears at 10 kOe, whereas the intensity of
the anomaly around T, increases and shifts towards lower
temperature. At high H, the maximum smears out and shifts
in the opposite direction towards higher temperature.

The lattice heat capacity data, as calculated from a com-
bined Debye and Einstein model, is subtracted from the
experimental Cp(T') data to calculate the magnetic contri-
bution C,. The magnetic entropy S,, is thus obtained by
integrating (C,,/T )dT . Since the Cp(T") data are not available
below 2.5 K, the entropy change is determined by inter-
polating the Cp(T') curves between 0 and 2.5 K using the
standard methods [48]. The fully saturated value scaled with
R = 8.31 J/mol K is shown by the dashed lines in Fig. 4(a)
by taking into account of the spin-only value of In(2S + 1)
and by adding the orbital contribution In(2J 4 1) of Co**.
Sn/R shows a saturating trend above ~52 K. The saturated
experimental value is found to be close to the middle of the
fully saturated theoretical values, which suggests a significant

TABLE I. Values of —ASy,, AT,4, and the transition temperature
Te /Ty for CVO along with previously reported promising oxides.

Compound —ASy ATy H Tc/Ty RCP

J/kgK) (K) (kOe)  (K)  (/kg)
Cos3V,05" 17 11.2 50 11 300
GdAIO;°[56] 22 4.5 50 4 77
DyVO,°[57] 19 12 50 10 325
*This work.

bRare earth based.

contribution from the orbital moment to the overall magnetic
entropy.

To compare the magnetic entropy change as estimated
from the magnetization isotherms, ASy,(7T) is also calculated
from the Cp(T) data in field using ASy = fOT [Cp(H,, T) —
Cp(H,,T)]/TdT, where Cp(H, T) is the heat capacity as a
function of H and T. The solid curves in Fig. 4(b) show
ASy with T for selected AH and are compared with the
values of ASy (symbols), as obtained from the magnetiza-
tion isotherms. The values of ASy,(7T") nearly match, and the
small difference might be attributed to the underestimation of
the magnetic heat capacity. Magnetic refrigeration is tested
by calculating the adiabatic temperature change AT,y. The
isentropic change in temperature between the entropy curves
S(H,T) and S(0, T) provides the value of AT,y [49]. Fig-
ure 4(c) shows the T dependence of AT,y for different AH.
The maximum value of AT,y is observed to be ~11.3 K
around 7 K, which is significant for a moderate change in AH
of 50 kOe. We note an asymmetry in the AT,q(T) curve at
about 10 K when applying a field adiabatically (AT,q heating)
and removing the field adiabatically (AT,4 cooling). The cool-
ing effect attributed to the adiabatic removal of magnetic field
can be realized for the selected AH. The final temperature T
can be obtained by adiabatic demagnetization from an initial
temperature 7;. The plots of Ty vs T; for selected AH are de-
picted in Fig. 4(d). For example, the dashed lines demonstrate
that 7; around 17.4 K is reduced to ~6.4 K for AH = 50
kOe, which is a huge change and comparable to the results of
promising compounds [50,51].

Another captivating finding from the ongoing investigation
is the substantial magnetocaloric effect observed in a com-
pound free from rare earth elements [52-55]. The current
value of —AS), is high and comparable to what we found
in rare-earth-based oxides in a similar temperature range in
previous studies, as shown in Table I. The value of ATy
is considerable as 11.2 K around 7 K for AH = 50 kOe.
The value of RCP is significant for CVO. Here, single-ion
anisotropy driven by Co** in CVO contributes to the promis-
ing magnetocaloric effect, and the significant contribution
from the orbital moment gives rise to the observed large
magnetocaloric effect.

D. Dielectric permittivity and magnetodielectric effect

Dielectric permittivity € is measured with 7" at a particular
frequency f, for example, at f = 2007 Hz in zero magnetic
field. Thermal variations of the real (¢’) component of € and
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FIG. 5. (a) Thermal variations of the real part €' and dielectric
loss tan 4, indicated on the left and right axes, respectively. (b) Plot
of M? vs [1 — €/(H)]/€'(0). The inset shows the field variation of €’
at2 K.

tan § are shown in Fig. 5(a). The evidence of an anomaly at
the same temperature (Tgg) in €’ and tan § primarily indicates
the onset of spontaneous polar order [58,59]. € is recorded
with H at 2 K, which is shown in the inset of Fig. 5(b). The
percentage of magnetodielectric (MD) response, defined as
[e'(H)/e'(H = 0) — 1] x 100, is ~3.3% for H = 50 kOe.

The MD response correlates with the ME coupling, which
is phenomenologically expressed using the Ginzburg-Landau
theory through the ME coupling term y P2M? in the thermo-
dynamic potential ®, which is defined as

B

® = dy+ aP* + EP“ — PE +oa'M?
+ %M“ — MB + yP*M>. 1)

Here, a, B, «’, B/, and y are the constants and functions of
temperature. In the magnetically ordered state, the influence
of magnetic order on the MD response is followed by a linear
response of the M? versus MD(%) curve. The M? versus
MD(%) plot at 2 K is shown in Fig. 5(b). The linearity of the
plot holds satisfactorily for H > 20 kOe, as indicated by the
arrow. The linearity of the plot indicates that the ME coupling
term y P>M? of the Ginzburg-Landau theory is significant for
CVO, as reported earlier for different multiferroics [60—66].

E. Ferroelectric order and magnetoelectric coupling

Thermal variations of the pyroelectric current /, recorded
with a poling electric field £ of 5 kV/cm and a thermal
sweep rate of 5 K/min are measured under different poling
conditions. To confirm the peak in 1,(T") appearing due to
a genuine occurrence of the polar order, 1,(T') are recorded
for different poling temperatures Ty, as shown in Fig. 6(a).
Tpole are selected above (200 and 250 K) and below (100 and
160 K) the significant temperature, where an anomaly is noted
in € as well as tan 8. However, for all Tpole the peak always
appears at 180 K (7gg). Although the peak in /,, is reproduced
for Tpole > Trg, the peak at Tg is weaker for T < Trg. The
magnified peak is shown in Figs. 6(b) and 6(c) for ;e = 160
and 100 K, respectively. For T, = 250 K, a sharp increase
is observed which appears due to the extrinsic thermally stim-
ulated depolarization currents (TSDCs) [67-69]. This TSDC
component disappears for T, at 200 K. We note that the peak
height for T at 200 and 250 K remains almost the same
at Trg, pointing to a genuine occurrence of the polar order.
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FIG. 6. T variation of (a) Ip at different poling temperatures and
magnified Ip near Tgg for poling temperatures at (b) 160 K and
(c) 100 K with a constant sweep rate of 5 K/min. (d) T variation
of Ip at different sweep rates and (e) the corresponding P(T"). (f) T
variations of Ip at different poling fields E. The inset shows Ip for
E = —5kV/cm. (g) P(T) at different £ and (h) P vs E.

To further confirm the genuine pyroelectric current around
180 K, I,(T') is recorded for different thermal sweep rates with
a poling field of 5 kV/cm, which is shown in Fig. 6(d). The
integration over time provides polarization P as a function
of T, as depicted in Fig. 6(e). We note that all the P(T)
results nearly merge into a single curve within ~40.2% error.
I,(T) is further recorded for different E at a thermal sweep
rate of 5 K/min for T,oe = 200 K. The results are shown
in Fig. 6(f). The inset shows I,(T') for the —5 kV/cm poling
field, indicating that the polarization reverses with a negative
poling field, suggesting ferroelectric order. P(7") for different
E are shown in Fig. 6(g). The values of P with E are shown in
Fig. 6(h), which indicates a saturating trend for £ =9 kV /cm.

The value of P at 15 K is ~0.41 uC/cm? for a poling
field of 5 kV/cm, which is reasonably high with respect to
the values for promising multiferroics [13,61,62,70,71]. With
application of magnetic field the P value decreases systemati-
cally, as shown in Fig. 7(a) and further magnified in Fig. 7(b).
The values of P (%) at 3 K are shown with H in Fig. 7(c).
The change in P due to 50 kOe magnetic field is ~3%, which
importantly persists well above the nitrogen temperature to
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FIG. 7. (a) Thermal variations of P at different magnetic fields
H, (b) magnified image of P at different H, (c) plot of AP/P (%)
against H at 3 K and 5 kV/cm, and (d) time ¢ dependence of the bias
current Ipc with £ = 45 kV /cm and magnetic field H between 420
kOe.

~150 K. The changes in polarization are linear above ~20
kOe, which is consistent with the results observed in the mag-
netodielectric response. Figure 7(d) demonstrates the change
in I, driven by the change in H between +20 kOe with time
t at 100 K. To obtain the result the sample was cooled from
200 K with a poling field of 5 kV/cm and cooled through Trg
down to 100 K. After temperature was stabilized at 100 K,
magnetic field was swiped with a sweep rate of 80 Oe/s, and
Ipc was simultaneously recorded with #. The changes in Ipc
with H demonstrate direct observation of ME coupling.

The entropy change ASg with the change in E (AE) can
be obtained from the Maxwell relation (%)T = (%)E using
ASg = ,lo EEIZ(%)ECZE, where p is the mass density [72]. E'1
and E2 are the initial and final electric fields, respectively.
Thermal variations of ASg are depicted in Fig. 8(a) for se-
lected values of AE. The maximum value of ASg (ASE™) is
found to be as high as 120 J/m? K at Ty for AE =9 kV /cm.
The value of ASEF* is considerable and found to be signif-
icantly higher than the values of CoCr,S4 [73], CaBaCo40,
[74], and Y,CoMnOg [75]. A plot of ASE™ with the change in
E at Tgg is shown in Fig. 8(b), exhibiting a nonlinear response.
The influence of H on ASg is recorded for a poling field of 5
kV/cm, which is depicted in Fig. 8(c). The change in ASg
close to Tyg is further magnified in the inset. The decrease in
ASE* with H at 180 K is depicted in Fig. 8(d), which has a
very similar H dependence of P.

F. Temperature-dependent Raman spectra

The orthorhombic structure of CVO consists of edge-
sharing CoOg octahedra, as depicted in Fig. 1(b), and VO4
tetrahedra. There are 78 normal modes in CVO, which can
be represented by 78 nondegenerate irreducible represen-
tations (I' = 10A, + 8B, + 7By, + 11B3, + 84, + 13By, +
12B5,, + 9B3,,). Out of 78 modes, 36 are Raman active modes
(10Ag + 8B14 + 7By, + 11B3,) [76]. The peaks in the Raman
spectra between 500 and 900 cm~! mainly emerge due to the
V-O stretching mixed with some Co-O stretching and bending
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FIG. 8. Thermal variation of (a) ASp at different AE and
(c) ASg at different AH. The inset of (c) highlights the peak region
showing the decrease in ASg with increasing H following the change
in H for 0, 5, 10, 30, 50, 60, 70, and 90 kOe. (b) AS; with E and
(d) ASg with H at 182 K.

modes. The modes between 200 and 500 cm~! appear due to
the O-Co-O and O-V-0 bending modes, and the modes below
the 200 cm ™! appear due to rigid motions of CoOg octahedra
and VOy tetrahedra. The Raman spectra recorded around Trg
are highlighted in Fig. 9(a) at selected T" and are consistent
with previously reported results [77].

We note that two new modes around 617 and 970 cm™
appear below the ferroelectric order, highlighted by the col-
ored background. The emergence of new modes suggests a
structural transition to lower symmetry at Tpg. The results
for selected peaks in the range of 150-290 K are further
shown in Figs. 9(b)-9(g). Figures 9(b) and 9(c), 9(d) and 9(e),
and 9(f) and 9(g) show the changes in the peak position and
FWHM with T for peaks in the range of ~137.20-137.85
cm~!, ~326.50-329.50 cm~', and ~813.50-814.6 cm~!, re-
spectively. The insets in Figs. 9(b)-9(g) further highlight the
details of the intensities with variations of the temperature.
Thermal variations of all the peak positions, FWHM, and
integrated intensities exhibit a steplike change close to Tg.
The integrated peak intensities increase considerably, whereas
FWHMs decrease below Tyg. The appearance of new modes
and the steplike changes in Figs. 9(b)-9(g) suggest a structural
transition around 7gg.

1

G. Low-temperature synchrotron diffraction and structural
transition at Tyg

The structural properties are investigated by recording the
synchrotron diffraction patterns in the range of 80-300 K.
The diffraction peaks corresponding to the (002) plane at
selected temperatures between 170 and 190 K are depicted in
Fig. 10(a), where the peak close to Trg is shown by an arrow.
The variations of integrated intensities with 7" are shown in
Fig. 10(b), which reveals a sharp minimum at 7gg. The result
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FIG. 9. (a) Raman spectra of CVO at different T'. (b), (d), and (f)
T variations of Raman peak positions. Insets show the corresponding
integrated intensities. (c), (e), and (g) T variation of FWHM. Insets
show enlarged individual peaks.

indicates a change in the scattering cross section around 7Trg
and indicates a possible structural transition, which is con-
sistent with the Raman results. The observed changes in the
integrated intensity around 7pg are similar to those observed
for the multiferroics, involving isostructural changes [60,78]
and structural transitions to the lower symmetries [61,79—
82]. No new diffraction peak appears below the proposed
structural transition, unlike in the Raman results. The diffrac-
tion pattern below Trg was refined with the high-temperature
Cmca (No. 64) space group, which was not satisfactory and
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FIG. 10. (a) The peak corresponding to (002) at selected temper-
atures around Tgg. Thermal variations of (b) integrated intensity, (e)
lattice parameters a (left axis) and c (right axis), and (f) b (left axis)
and V (right axis). (c) Rietveld refinement of the diffraction pattern at
175 K using the Aba2 space group. (d) Refinements of a peak around
16° at 175 K (below structural transition) using the Aba2 (top) and
Cmca (bottom) space groups, as indicated by the solid curves.

indicates a possible structural transition in accordance with
the Raman results.

We use the ISODISTORT [83] software to identify a pos-
sible structure below the proposed structural transition. We
note that the Aba2 (No. 41) space group has the highest
symmetry among the possible structures. The refinement of
the synchrotron diffraction pattern is shown in Fig. 10(c)
at 175 K using the Aba2 space group. The refined coordi-
nates at 175 K are Co01(0,0,0), Co2 (1/4,0.1226(6), 1/4),
V(0,\break 0.3789(8),0.1129(6)), 01(0,0.2441(7),0.2288(8)),
02 (0,0.0010(6),0.2481(7)), O3 (1/4, 0.1200(8), 0.9791(7)),
and O4 (1/4, 0.6250, 0.5250), with the reliability parameters
Ry(%) ~ 2.25, Rexp(%) ~ 0.88, and x2 ~ 1.19. For better
clarification, the refinement of a magnified peak around 16° is
compared with Cmca and Aba?2 structures in Fig. 10(d). Better
refinement of the peak indicates a low-T structure with the
Aba? space group. Thermal variations of the lattice constants,
a, b, and c, as obtained from the refinements, are depicted
in Figs. 10(e) and 10(f). Thermal variation of the unit cell
volume V is also shown in Fig. 10(f) on the right axis. All the
results exhibit similar characteristic features. With decreasing
T the parameters decrease almost linearly until the structural
transition at 7pg. Below the structural transition they show
anomalous thermal expansion until 80 K. The increase in V
from Tgg to 80 K is 0.15%.
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FIG. 11. (a) Thermal variations of the y positions of the Co2
atom; the inset shows the variation of P against the y positions of
the Co2 atom. (b) Distortion in the kagome staircase lattice below
the structural transition.

H. Magnetoelectric coupling without long-range magnetic order

The transition to a polar Aba?2 structure at Trg is significant
and correlates with the emergence of ferroelectric order. We
note that ferroelectric order emerges much higher than the
long-range magnetic order. In fact, significant ME coupling
has been realized below Tgg despite Tgg > Ty or Tc. In CVO
the Co®* ion contributes to only the magnetism, and distortion
in the kagome lattice structure formed by Co ions holds the
key for ME coupling. Below Tgg, the Aba2 structure allows
two types of Co atoms, such as Col and Co2. All the coor-
dinates of Col associated with the “x” and “z” coordinates
of Co2 are kept fixed during thermal variation, but not the *“y”
coordinate of Co2. Thus, only the y coordinate of Co2 (ycey) in
the kagome lattice varies with 7. Thermal variation of ycy, in
the recorded T range is depicted in Fig. 11(a). With decreasing
T the magnitude of yco, decreases, and an increase in yco) 1S
observed above Trg. The magnitude of yc; initially increases
below Trg and shows a saturating trend below ~140 K. The
inset shows a plot of P with yco, for selected T below Tgg.
The solid straight line guides the linearity of the plot and
suggests involvement of the distortion in the kagome lattice
structure for emerging ferroelectric order. A representation of
the distortion in the kagome staircase lattice structure along
the [010] direction is depicted in Fig. 11(b). The results further
suggest that the deviation from the Curie-Weiss law close to
~200 K might be involved in the distortion in the kagome
staircase lattice structure formed by the Co ions. The crucial
insight gleaned from these findings is that the distortion in the
kagome lattices driven by Co2 atoms has a correlation with
the ME coupling, particularly below Trg. This observation is

noteworthy because it represents a relatively rare consequence
in the field of multiferroics, shedding light on a novel avenue
of exploration in the study of these materials. Further research
on single-crystalline CVO (along the crystallographic y axis)
is needed to fully understand the implications and mech-
anisms behind this unique phenomenon. Nevertheless, this
work sheds light on the complex interplay between structural,
electric, and magnetic degrees of freedom in frustrated mag-
nets and suggests different ways of tuning magnetoelectric
coupling at high temperatures.

IV. SUMMARY AND CONCLUSION

In conclusion, the manifestation of ferroelectric order
coupled with magnetoelectric effects in CVO is notable, par-
ticularly at elevated temperatures. The structural transition
towards a polar Aba2 structure unequivocally confirms the
onset of ferroelectric ordering. Beyond approximately 20
kOe, the linearity of magnetoelectric coupling is substantiated
by both polarization and dielectric permittivity responses to
magnetic fields. Interestingly, a distinct magnetoelectric cou-
pling emerges below the ferroelectric transition at 180 K, a
temperature considerably surpassing the magnetic ordering
temperature. The distortion along the [010] direction within
the kagome staircase lattice structure correlates with the mag-
netoelectric coupling below Tgg, which is much higher than
the long-range magnetic order.

Moreover, a considerable magnetocaloric effect, emerging
from the anisotropic magnetic properties of Co ions, becomes
conspicuous in close proximity to the magnetic ordering. This
feature calls for attention from the scientific community in
the pursuit of rare-earth-free materials with promising mag-
netocaloric properties.
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