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CrOy distortion-driven ferroelectric order in (R,Y)CrQO4 (R = Sm, Gd, and Ho):
A new family of multiferroics
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We report a new multiferroic family of (R,Y)CrO; (R = Sm, Gd, and Ho). The ferroelectric ordering
temperatures are observed at much higher temperatures than their corresponding magnetic ordering temperatures
for all the members. The values of electric polarization (P) are significantly high, which vary from ~217 to
~640 11C/m? for a4 kV /cm poling field. The large value of P (~590 C/m?) for YCrO4 compared to the smallest
P value in the series for GdCrOy signifies that the magnetic rare-earth element does not directly influence the P
value. Our careful analysis of the low-temperature synchrotron diffraction studies confirms that the distortion of
CrO, tetrahedra directs the P value. The structural transformation from the centrosymmetric /4, /amd structure
to a noncentrosymmetric /42d space group at the onset of polar order is found to be correlated with the appearance

of spontaneous electric polarization.
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I. INTRODUCTION

The compounds with the RXO4-type chemical formula
are interesting for the fundamental structural issues [1,2]
and promising for the geophysical and geochronological ap-
plications [3,4]. The compounds with R = rare earth and
X =P, As, Cr, and V typically adopt the zircon or monazite-
type structure at an ambient condition and change to the
scheelite-type polymorph at the high pressures and moderate
temperatures [5—8]. In addition to the structural instabilities,
these series of compounds attract the community for their
intriguing magnetic [9-11] and optical properties [12-14].
Over the last few decades, interesting magnetic properties have
been realized for RVO,4 [15-21] and RCrO4 [22-25].

The RCrOy4 family of our interest attracts special attention
for the unusual outer shell electronic configuration (3d 1450)
of Cr> ions and the peculiar superexchange paths offered
by the zircon-type structure. Here, the superexchange paths
between R ions are mediated either by the direct linkage
of polyhedra (R**—0?~—R*") or through the CrOy tetrahedra
(R¥*—0>—Cr’*t— 0*>~—R3"), as depicted in Fig. 1. Figure 1
further depicts the formation of edge-sharing zigzag chains
composed of ROg bisdisphenoid polyhedra along a axis. The
chains of ROg bisdisphenoid polyhedra are connected through
the edges of CrOy tetrahedra along ¢ axis. Thus direct linkage
between R3T — 0>~ — R3* follows the shorter superexchange
path. The contrast magnetic order has been proposed in RCrO4
series. The antiferromagnetic (AFM) order has been reported
for R = Nd, Sm, Eu, Yb, Lu [23-26] whereas ferromagnetic
(FM) order was settled for R = Gd, Er, Tm [22,27,28,35] with
the zircon-type structure having tetragonal I4;/amd space
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group. The above results were authenticated by the neutron
depolarization and diffraction studies [27-34]. Recently, an
unusual metamagnetism driven by coexisting FM and AFM
interactions was proposed in DyCrO, [2,35]. Few members
of RCrO4 with R = Gd, Dy, and Ho have been recognized
as promising candidates for magnetic refrigeration at low
temperatures, where a crucial role of the 3d-4 f hybridization
was proposed for accounting for the observed extraordinary
large magnetocaloric effect [36-38]. Significant structural
instability has been observed in RCrO4 where it adopted either
the zircon-type structure having 14, /amd space group or the
tetragonal scheelite-type structure with 74;/a space group
depending on the sample synthesis conditions. Importantly, the
magnetism is strongly influenced by the structural instability.
For example, HoCrO4 and TbCrO4 were found FM with
the zircon-type structure and AFM for the scheelite-type
structure [39,40]. Analogous to that observed in RCrOy, the
FM superexchange was observed with a Curie temperature of
about 9 K for the zircon phase whereas the AFM superexchange
was realized for the scheelite phase with a Néel temperature
of 21 K for YCrOy4 [6,8].

Experimental evidence using the photoelectron spec-
troscopy indicated that YCrO,4 was a robust insulator [41]. The
ab initio calculations proposed that the tetrahedral coordination
of the Cr>" ions led a crucial role for providing a large
band gap in YCrO4 as well as RCrOy4 series [1,2,41-43].
As a consequence of highly insulating conductivity, these
candidates are expected to be suitable for ferroelectric order
in cases when the space inversion symmetry breaks. Our
meticulous studies confirm the emergence of a polar order
ranging from 98 to 108 K for few members of RCrO4 (R = Sm,
Gd, and Ho) series as well as YCrO4, which crystallize in
the zircon-type structure at room temperature. Reasonably
high values of electric polarization are observed in the range

©2018 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.98.014408&domain=pdf&date_stamp=2018-07-05
https://doi.org/10.1103/PhysRevB.98.014408

A.INDRA et al.

PHYSICAL REVIEW B 98, 014408 (2018)

a b

FIG. 1. Direct linkage of polyhedra (ROg) along a axis or linkage
through the CrO, tetrahedra along c axis.

from ~217 to ~640 C/m? for a 4 kV/cm poling field. The
structural transformation from the centrosymmetric /4, /amd
structure to a noncentrosymmetric /42d structure at the onset
of polar order is found to be correlated with the appearance of
spontaneous electric polarization. The large polarization value
of ~590 11C/m? is striking for YCrO,4 and confirms that the
magnetic rare-earth cation does not influence significantly the
occurrence as well as the value of spontaneous electric polar-
ization. All low-temperature synchrotron diffraction studies
of SmCrO,4 and YCrO4 propose that the distortion of CrO4
octahedra is rather crucial for the occurrence of polar order
and magnitude of spontaneous electric polarization. The results
reveal a new family of isomorphous (R,Y)CrO,4 belonging to
the elite members of multiferroics.

II. EXPERIMENTAL DETAILS

The polycrystalline RCrO4 (R = Sm, Gd, and Ho) and
YCrO,4 are prepared using a solid-state reaction [24]. The
single phase chemical composition is confirmed by the x-ray
diffraction studies at room temperature recorded in a Bruker
D8 Advance powder diffractometer using the Cu K|, radiation.
The single-phase chemical composition is further checked
by the synchrotron x-ray diffraction studies recorded with
a wavelength of 0.1259 A(98 keV) at the PO7 beamline of
PETRA 1II, Hamburg, Germany in the temperature range
of 10-300 K. The synchrotron powder diffraction data are
analyzed using the Rietveld refinement with the commercially
available MAUD and FULLPROF softwares. The powder sample
pressed into a pellet is used for the dielectric measurements
using a E4980A LCR meter (Agilent Technologies, USA)
equipped with a commercial PPMS evercool-II system of
Quantum Design. The pyroelectric current (/,) is recorded
in an electrometer (Keithley, model 6517B) at a constant
temperature sweep rate. The I, is integrated over time for
obtaining the spontaneous electric polarization (P). The poling
electric fields are applied during cooling processes and all
the measurements are carried out in the warming mode in
zero electric field. Before measurement of 1, the electrical
connections are short circuited and left idle for a sufficiently
long time. In all measurements, the electrical contacts are
fabricated using an air drying silver paint. The temperature

- smcro, @) Jas0 3 16§ —FC Hocro, @} 3
Le -~ £ __7FC ' g
E 3 B 20 &
£ o > )
.8 3005 2 s
‘o £ ° 8 g
= e 10 §
52 1502 = e

0 100 200 300 0 100 200 300

T (K) T (K)
10 840

10N —Fc cdcro, () g _Fc Ycro, (@ =
—_7FC 30 5 ~ |[|l—zFcC E
= T o 560 >
= -—c' = 5 —_—
E s s E s
) 15 5 <= 280 ¢
= e = 8
e e
0 0 = o 0 =

0 100 200 300 0 100 200 300

T (K) T (K)

FIG. 2. Temperature dependence of FC-ZFC magnetization
curves for (a) SmCrQy, (b) GdCrOy, (¢c) HoCrOy, and (d) YCrO; at
100 Oe. Arrow in (a) indicates a weak anomaly around 50 K. The right
axes show the corresponding inverse of the magnetic susceptibility
[x ~'(T)] and the Curie-Weiss fit (solid line).

dependence of heat capacity (C)) is measured in a PPMS of
Quantum Design. Magnetization is measured in a commercial
magnetometer of Quantum Design (MPMS, evercool).

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

Thermal variations of the zero-field cooled (ZFC) and field-
cooled (FC) magnetization curves recorded at 100 Oe are dis-
played in Figs. 2(a), 2(b), 2(c), and 2(d) for SmCrOy4, GdCrOy,
HoCrOy4, and YCrOy, respectively. In accordance with the
reported AFM ordering, a peak is observed at ~15 K (Ty)
for SmCrOy4 [23-25]. As indicated by the arrow in Fig. 2(a) a
weak anomaly is noted in both the ZFC and FC magnetization
curves, which may occur due to a short-range ordering. This
weak signature is also noted in the structural parameters as
discussed later. The ZFC magnetization curve deviates from
the FC curve below ~280 K, which is much above Ty. This
indicates a dominant short-range magnetic order above Ty for
SmCrOy. In contrast, as reported for GACrOy4 [22,28,32,36,38],
HoCrOy4 [37,38,40], and YCrO4 [6,33], the FM orders are
noted at ~22, ~18, and ~9 K, respectively. The magnetic
hysteresis loops are recorded below the transition temperatures
as depicted in Figs. 3(a), 3(b), 3(c), and 3(d) for SmCrOy,
GdCrO4, HoCrOy, and YCrOy, respectively. A nearly linear
magnetization curve at 4 K is consistent with the proposed
AFM order. An exactly linear curve is observed at 40 K for
SmCrO,4. The magnetization curves for GdCrO4, HoCrOy, and
YCrOy4 exhibit the FM-like nonlinear behavior below FM T¢.
The low coercivities propose a soft ferromagnetic character
of the compounds. For HoCrOy, the curve at 4 K shows
a saturating trend at 50 kOe, whereas it shows a complete
saturation of magnetization for GdCrO4 and YCrO4 at 4 and
2 K, respectively.

The inverse of the magnetic susceptibilities (x ') with T
are depicted in Figs. 2(a), 2(b), 2(c), and 2(d) for SmCrOy,
GdCrOy4, HoCrOy4, and YCrOy, respectively. In all cases, the
¥~ N(T) deviates from the linearity at a temperature much
higher their magnetic ordering temperatures. From the high-
temperature linear Curie-Weiss fit, the effective paramagnetic
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FIG. 3. Magnetization curves at selective temperatures for
(a) SmCrOy, (b) GdCrOy, (c) HoCrOy, and (d) YCrOy.

moment (iefr) and Curie-Weiss temperature (O ¢y ) are listed
in Table I for all the compounds. The values of . are quite
close to the corresponding theoretical values (fie,). The values
of saturation moment (M) below the FM T¢ are quite close
to the corresponding per values for GdCrO4, HoCrOy4, and
YCrO4. The value of magnetization at 50 kOe for SmCrOy4
is much smaller than the values for GdCrO4 and HoCrOy,
which occurs due to low moment of Sm*". The negative
®c¢w indicates strong AFM interactions for SmCrOj,. For the
rest of the compounds, the small values of ®¢y associated
with a large s suggest the existence of both AFM and FM
interactions of comparable strength.

The dielectric permittivities (¢) are recorded at different
frequencies (f) by varying T for all four compounds. Fig-
ures 4(a), 4(b), 4(c), and 4(d) depict thermal variation of the
real components (¢’) of € at f = 2, 5, 10, and 20 kHz for
SmCrO4, GdCrO4, HoCrO4, and YCrOy, respectively. The
€'(T) plots demonstrate a weak anomaly or a change of slope
in the €'(T) curve, as indicated by the arrows in the figure.
The weak signature may be attributed to the overlapping of
the intrinsic component with the extrinsic components in €
such as the grain boundary and the sample-electrode interface
effects. Here, the arrows indicate the onset of the spontaneous
electric polarization. The details of which are discussed further
later. We further note that this anomaly is not clearly observed
for YCrQy. In order to solve this issue, we have incorporated
specific heat capacity measurements for YCrO4. Figure 5

TABLE I. Magnetic and ferroelectric parameters of RCrOy.

Magnetic Ferroelectric
Tn(Tc)  Ocw Hett Hiweo Ms  Tc P
System K K iy wg wus K uC/m?
SmCrO, 15 —-86 238 192 - 103 290
GdCrOy4 22 +165 770 8.12 69 108 217
HoCrO, 18 +15 986 1074 7.8 98 640
YCrOy4 9 +9.0 164 173 0.6 100 590

0 50 100 150 0 50 100 150
T (K) T (K)

FIG. 4. The T variations of real component of dielectric permit-
tivities (¢’) at different frequencies (f) for (a) SmCrOy, (b) GdCrOy,
(c) HoCrQy, and (d) YCrO,.

shows the Cp(T) of YCrO4. A peak in the low-T region
corresponds to the magnetic ordering temperature, as indicated
by the arrow. In addition, a weak anomaly or a change of slope
is also observed around ~100 K (inset of the figure), at which
temperature the onset of the polar order is noted for YCrOj.
The magnetodielectric (MD) or magnetocapacitance ef-
fects are investigated at low temperature for all the reported
members of RCrO, series. The MD effects, defined as
€'(H)/€'(0) — 1, are depicted with H in Figs. 6(a)-6(d) for
SmCrO4, GdCrO4, HoCrOy4, and YCrQy, respectively. Here,
the €’(H) and €'(0) represent the ¢ with H and H = 0, re-
spectively. The H variation of MD effect is similar for GACrO4
and HoCrOy. The value of €'(H)/€'(0) — 1 increases with H
up to ~0.4 and 0.65 % at 50 kOe for Gd and Ho compounds,
respectively. For the Y compound, the [¢'(H)/€’(0) — 1] — H
plot also behaves similarly up to ~42 kOe, above which the

30

20

C, (J/mol-K)

0 ) 50 100 150 200

T (K)

FIG. 5. The T variation of heat capacity (C,) for YCrO,. The
arrow at low temperature indicates FM ordering temperature. The
inset shows the highlighted region of C,,. The arrow in the inset depicts
the FE ordering temperature.
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FIG. 6. The H variation of €¢'(H)/€'(0) — 1 for (a) SmCrOy,
(b) GACrOy, (¢) HoCrOy, and (d) YCrOy. The M? vs —[€'(H)/€'(0) —
1] plots for (e) SmCrOy, (f) GACrOy, (g) HoCrOy, and (h) YCrO,.

€'(H)/€'(0) — 1 decreases sharply to the value of ~0.75 %
at 50 kOe for YCrO,4. Unlike the rest of the compounds,
€'(H)/€'(0) — 1 initially decreases rapidly up to ~0.65 %
around ~20 kOe, above which €'(H)/€'(0) — 1 increases
to ~0.36 % monotonically at 50 kOe for SmCrO4. We
note that the values of €'(H)/€'(0) — 1 are considerable and
comparable to the reported results for different multiferroics
such as CoCr,S4 [44], MCr,0O4 (M = Mn, Co, Ni) [45,46],
BiMnO; [47], ZnCr,04 [48], and Sm;BaNiOs [49]. The MD
effect relates the ME coupling, which can be phenomenologi-
cally expressed using the Ginzburg-Landau theory through the
ME coupling term y P2 M? in the thermodynamic potential (®)
defined as

7
<1>=cp0+ap2+gp“--PE+o/1v12-+'%M4

—MH +yP>*M?, D)

where «, B, «/, B/, and y are the constants and functions
of temperature. In the magnetically ordered state, the role of
magnetic order on MD in a field is followed by the linear curve
of M? versus [€/(H)/€'(0) — 1](%) in the low-field region.
Here, the M? versus —[e'(H)/€'(0) — 1](%) plots at 4 K for
SmCrOy4, GdCrOy4, and HoCrQOy, and at 2 K for YCrO,4 are
depicted in Figs. 6(e)-6(h), respectively. We note that the
linearity of the curve holds satisfactorily below ~13.5, 15,
25, and 24 kOe for SmCrO,4, GdCrO4, HoCrO4, and YCrOy,
respectively. The results indicate that the ME coupling term
y P2M? of the Ginzburg-Landau theory [Eq. (1)] is significant

for all the reported members of RCrO, series, as reported
earlier for various multiferroics [44—49].

In order to confirm the spontaneous polar order, the pyro-
electric currents (/,,) are recorded with T for all the samples
in different conditions. A peak in I,(T) is observed for all
the samples, as evident in Figs. 7(a), 7(c), 7(e), and 7(g) for
SmCrOy4, GdCrO4, HoCrOy4, and YCrOy, respectively, which
are recorded at different heating rates. The peaks of 7,(T)
curves appear at 103, 108, 98, and 100 K for SmCrO4, GdCrOy,
HoCrOy, and YCrOy, respectively. The integral of 7, over time
for the three curves at different heating rates provide a repro-
ducible value of P(T'). Furthermore, the peak temperature does
not change at different heating rates. This indicates that the
trapped charges involving a thermally stimulated current [50],
if exist, do not contribute to the measured pyroelectric currents.
The polarization (P) with T for different poling fields (E)
is depicted in Figs. 7(b), 7(d), 7(f), and 7(h) for SmCrOy,
GdCrO4, HoCrOy4, and YCrOy, respectively. The reversal of
P due to a change in sign of E (£ 4 kV/cm) signifies
ferroelectric behavior of the compounds. The E-dependent
polarization results are also depicted in the figures by varying
E values from —2 to —4 kV/cm. The P values increase
with E, pointing to the fact that the P does not saturate for
E at 4 kV/cm. The values of P are considerable and vary
from ~217 to ~640 uC/m? for E = 4kV/cm, as given in
Table 1. We further note that the ferroelectric (FE) transition
(T¢) for all the compounds occurs at much higher tempera-
tures than their respective magnetic transition temperatures,
as listed in Table I. Importantly, the values of FE T are
observed significantly below the temperatures around which
the x ~!(T) deviates from the Curie-Weiss behavior at ~200,
~150, ~225, and ~130 K, for SmCrO4, GdCrO,4, HoCrOy,
and YCrOy, respectively. The results may indicate that the
appearance of the polar order is correlated with the short-range
magnetic order for all the compounds, which has been found
recently in few occasions [49,51-53]. In the above cases,
a structural transition to the noncentrosymmetric structure
around FE ordering was established as the origin of the FE
order.

In the current observation, the values of P are not systematic
with the systematic variation of ionic radii of R3T. In fact, the
magnetic R** or nonmagnetic Y>* does not systematically
influence the value of P as well as the FE T¢. In order to
address these issues, low-temperature synchrotron diffraction
studies over a wide temperature range of 10-300 K are carried
out for a magnetic representative at the R site, such as SmCrQy,
and a nonmagnetic representative at the R site, for example,
YCrOy,. Figures 8(a) and 8(d) show the diffraction patterns at
two selective temperatures below (90 K) and above (110 K)
the FE T¢ for SmCrO4 and YCrQOy, respectively. The insets
of the figures highlight the changes of intensities of (200) and
(600) peaks above and below the FE 7. The changes of the
(600) diffraction peak around the FE T¢s from 110 K to 90 K
are depicted with the small temperature intervals in Figs. 8(b)
and 8(e). Here, the (600) peak at different temperatures is
vertically shifted for the clarification of the changes of peak
positions. The small shifts in the peak positions are shown
around the FE T¢s for both the compounds, indicating changes
in the lattice constants. Temperature variations of the integrated
intensities of the (200) diffraction peaks for SmCrO, and

014408-4



CrO4 DISTORTION-DRIVEN FERROELECTRIC ORDER ...

PHYSICAL REVIEW B 98, 014408 (2018)

SmCrO, GdCro0, HoCrO0,
16
E=+3kV/cm, (a) 6|E=+5kV/cm (c) 60} E=+5KV/em (e
= —2K/min —2K/min
S 8}—4 K/min 3}—4 K/min
- —6 K/min —6 K/min
0 0 »
0 50 100 150 0 50 100 150 0 50 100 150
T (K) T (K) T (K)
+4 kV/cm b +4 kV/cm d 600 600 h
_ 300 —N ) 200 ‘—\( ) T2 KV om M +4kV/cm (h)
£
S 0 0 (i} 0
Q -2kV/c
E4 R -2kV/cm
L L e ﬂ 2v/em_/
-300 “4kV/cm -200 AkV/cm]| 600 A kV/em]  -600 2 kV/cm
0 50 100 150 0 50 100 150 0 50 100 150 0 50 100 150
T (K) T (K) T (K) T (K)

FIG. 7. The T variations of pyroelectric current (/) at different thermal sweep rates of (a) SmCrOy for 4+ 3 kV /cm poling field, (c) GdCrOy,
(e) HoCrOy, and (g) YCrOy4 for + 5 kV/cm poling field. The T variations of polarization ( P) estimated at different poling fields for (b) SmCrOy,

(d) GACrOy, (f) HoCrOy, and (h) YCrOy,.

YCrOy, are depicted in Figs. 8(c) and 8(f), respectively, which
display a considerable decrease in the intensity below the FE
Tes. These signatures around FE T¢ may involve changes to
the scattering cross section and hence a change in the scattering
amplitude may be correlated to the intensity change, pointing
to a possible structural transition. The change in intensity is
similar to that observed for the reported ferroelectric materials,

SmCrO4 YCrO4

3 [— 110K (a) ~ [—110K (d)
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FIG. 8. Synchrotron diffraction patterns at 90 and 110 K for (a)
SmCrOy and (d) YCrOy. Insets highlight changes in (200) and (600)
peaks. T variations of the (600) peak positions for (b) SmCrO,4 and
(e) YCrO, and integrated intensities of (200) peak for (¢c) SmCrO,
and (f) YCrOy.

where FE T appeared at the structural transition tempera-
ture [44,49,54]. For SmCrOy, the integrated intensity exhibits a
minimum at ~50 K, around which a weak anomaly is observed
in both the ZFC and FC magnetization curves, as depicted in
the inset of Fig. 2(a). This points to a magnetoelastic coupling.
With further decreasing temperature a sharp peak is observed
around Ty, as depicted in Fig. 8(c), which is a strong signature
of the magneto-elastic coupling. Possible occurrence of the
magnetoelastic coupling for YCrO4 (Ty = 9K) is beyond
the scope of our synchrotron data, which is recorded up to
10 K. Nevertheless, the intensity changes of the (200) peak for
SmCrO,4 and YCrO4 below their respective FE T¢s indicate
a signature of the structural transformation. The diffraction
patterns are refined with the high-temperature /4, /amd space
group in the entire recorded temperature range. We note that
the refinement is not satisfactory below the FE T, for both
SmCrO,4 and YCrO4. Moreover, the lattice parameters show
a jump around the FE T¢. Thus a structural transformation
from 74, /amd to a noncentrosymmetric structure is proposed
for justifying the occurrence of polar order. We incorporate
AMPLIMODE [55] and ISODISTORT [56] softwares to find out
possible noncentrosymmetric space groups below the FE T¢.
We note that the 742d (122) space group has the highest sym-
metry among all possible noncentrosymmetric structures. The
best fit with the 142d space group is realized with coordinates
of Sm (0, 0, 0.5), Cr (0, 0, 0), O (0.4812, 0.1826, 0.9234), and
lattice constants, a = 7.2514(5), ¢ = 6.3488(7) A for SmCrO,4
and Y (0, 0, 0.5), Cr (0, 0, 0), O (0.5068, 0.1788, 0.9202),
and the lattice constants a = 7.1128(5) and ¢ = 6.2458(2) A
for YCrO4. Examples of the fits at 90 K for SmCrO4 and
YCrO4 are shown in Figs. 9(b) and 9(d), respectively, with a
noncentrosymmetric /42d space group. In order to justify the
satisfactory fit, Rietveld refinements of the diffraction patterns
are done for both using the high-temperature /4, /amd space
group, as depicted in Figs. 9(a) and 9(c). Insets of the figures
clearly demonstrate the refinements in a small 26 range and
authenticate the better fits of the diffraction patterns using
1424 than the 14, /amd space group with the small reliability

014408-5



A.INDRA et al.

PHYSICAL REVIEW B 98, 014408 (2018)

SmCrO YCrO
- 14 /amd -
= =
2 2
1%} w
=] =
3 3
g £
Lo IIIIIIlIIIIlI‘il-III-—- Lo IIIIIIlIIIIIII-.-IIIIII--IIII--
3 142d 7
A 90K &
2 2
%2} v
g g
E =
Lo IIIIIIlIIIl.I'ﬁl-III-_- Lo IIIIIIlIIIII.I.;IIIIII---II--
2 4 6 8 10 2 4 6 8 10
26 (%) 20 (9)

FIG. 9. Rietveld refinements of the diffraction patterns at 90 K
for (a) SmCrOy4 and (c¢) YCrOy using 14, /amd space group, and for
(b) SmCrO, and (d) YCrOy, using 742d space group. The inset further
highlights the quality of the refinements in a small 26 region.

parameters R, (%) ~4.08, Rexp(%) ~3.02, and o ~ 0.017 for
SmCrO4 and Ry, (%) ~4.29, Rexp(%) ~3.29,and o ~ 0.012 for
YCrOy. The bars below the diffraction patterns represent the
diffraction peak positions and the difference plots are shown at
the bottom for all the refinements. The difference plots shown
at the bottom confirm a single phase without trace amount of
impurity.

Thermal variations of the lattice parameters, a and c, as ob-
tained from the refinements, are depicted in Figs. 10(a), 10(b)
and 10(d), 10(e) for SmCrO4 and YCrOy, respectively. The
FE T¢s are shown by the vertical broken lines in the figures.
Identical changes of a(T") and ¢(T) are observed for both the
compounds. A steplike change around FE T¢ is observed in
a(T) and ¢(T) for both SmCrO4 and YCrOy, respectively.
Below T¢s, both a(T) and ¢(T) remain unchanged up to
~80 K, below which they decrease with further decreasing
temperature. Similar changes in the thermal variation of unit
cell volume (V) are depicted in Figs. 10(c) and 10(f) for
SmCrO4 and YCrOy, respectively. We note that the steplike
volume increases are ~0.031% and ~0.028% for SmCrO,4
and YCrOy4, respectively. The results demonstrate that the
ferroelectricity in both SmCrO4 and YCrOy is correlated this
structural transition from the centrosymmetric /4, /amd to a
noncentrosymmetric /42d structure. In the centrosymmetric
14, /amd structure, the ROg dodecahedra are connected to
one another through the common edges of the CrO; tetrahedral
units, as depicted in Fig. 10(g). The considerable deformations
of CrO, tetrahedra and ROg dodecahedra attributed to the
structural change are also depicted in Fig. 10(g). In order
to understand these deformations microscopically, the bond
lengths and bond angles between different atoms are investi-
gated further.

The Cr-O bond lengths and O-Cr-O bond angles are cal-
culated around FE T for both SmCrO4 and YCrQO,. Thermal
variations of Cr-O bond length (dc_o) and two O-Cr-O bond
angles are shown in Figs. 11(a)-11(c) and 11(d)-11(f) for
SmCrO4 and YCrOy, respectively. Two possible O-Cr-O bond

SmCroO, YCro,
~ 7.251
=
(3]
7.248
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FIG. 10. The T variations of lattice parameters (a) a, (b) ¢, and
(c) volume, V, for SmCrQy, and (d) a, (e) ¢, and (f) V for YCrO;,.
Vertical broken lines show the corresponding FE T¢s. (g) Distortions
of ROg and CrO, polyhedra above and below FE T¢.

angles, defined as «; and «;, are described in the inset of
Figs. 11(e) and 11(f). A steplike sharp jump is observed in dcy_o
at FE T¢s for both the compounds. We note that the changes
in dcro at FE T¢ are ~0.17% and ~0.24% for SmCrO,4 and
YCrOy, respectively. A decrease and increase are observed in
o) and oy, respectively, around the FE T¢ in a similar way
for both the compounds. The maximum values of changes
in o; and «y below FE T¢ are remarkable as ~0.07% and
~0.18%, respectively, for SmCrQOy4, which are ~0.11% and
~0.25%, respectively, for o; and o, in case of YCrOy4. The
microscopic parameters clearly demonstrate that these changes
are considerably larger for YCrO4 than SmCrOy, and implies
that the deformation of CrOy4 tetrahedra in YCrOy4 is larger
than SmCrOj. A schematic representation of the distortions of
CrOy tetrahedra is illustrated in Fig. 11(g). Here, the oxygen
atoms move away from the Cr atoms, which are indicated by
the arrows in the middle CrO, tetrahedral unit, as an example.
In addition, opposite rotations of consecutive tetrahedra are
noted involving the structural transition at FE T¢.

We calculate the bond lengths, dsy,_o and dy o in the
SmOg and YOg dodecahedra, respectively, around FE T¢.
The thermal variations of dsn o and dy_o are depicted in
Figs. 12(a) and 12(c) for SmCrO,4 and YCrOy, respectively.
Opposite behavior between dsy,_o(7T') and dy_o(T) is observed.
A sharp steplike rise of ~0.34% is noted for dsy_o(T), in
contrast to the steplike fall of ~0.11% for dy_o(T). The results

014408-6



CrO4 DISTORTION-DRIVEN FERROELECTRIC ORDER ...

PHYSICAL REVIEW B 98, 014408 (2018)

< 1728

Cr-0

1.724

SmCrO
4

()

YCro
4

% @

T, (100 K)

114.00

113.92

a, ()

113.84}%" T, (103 K)

101.0/§%

a,(®)

100.8

1700 200 300
T (K)

/)

Cr
0

I @

FIG. 11. The T variations of (a) dc,_o, bond angles (b) ¢} and (c)
o, for SmCrQy, and (d) dcr_o, bond angle (e) oy and (f) a, for YCrO,.
The insets of (e) and (f) describe «; and «,. (g) Schematic diagram
of distortion of the CrOy tetrahedra below FE T exhibiting rotations
of CrO, octahedra and displacements of O atoms, as indicated by the
arrows.

imply an expansion of SmOg dodecahedra in contrast to the
contraction of YOg dodecahedra at FE T.. In addition, the
distortion of (R,Y)Og unit is less for YCrO,4 than the value
for SmCrQy. Since the CrOy tetrahedra and YOg dodecahedra
are connected to each other, the contraction of YOg strongly
influences deformation by the expansion of CrO, tetrahedra
in order to accommodate a change in the unit cell volume
around the FE order for YCrO4. Thus the microstructural
results infer that the polarization value of YCrO, is not so
influential with the (R,Y)Og distortion, rather involved with
the CrO4 distortion. The larger CrO,4 distortion leads to the
larger polarization value for YCrO4 than SmCrOy.

The delicate interplay between structural distortions and the
observed ferroelectric properties recently attracts significant
attention in the community. Structural correlations to the
ferroelectric order have been investigated for the various
films [57-62] as well as polycrystalline compounds [63—-65].
The epitaxial strain driven enhancement of the ferroelectric
properties was recently observed for the films of TbMnO; [57],
BaTiO; [58], and BiFeO3; [59,60]. In contrast, a possible
correlation between strain and ferroelectricity for the epitaxial
BiFeOj; [61] and PbZr( > Tig gO; films was not established [62].
In addition to the important results for films, the magnetoelastic
couplings were found instrumental for the large polarization
in bulk perovskite systems, which was addressed from first-
principles calculations [63]. A structural distortion driven
larger spontaneous ferroelectric polarization was proposed for

SmCrO4 YCrO4
2.356 ; (a ;
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R T (103K g 3
< e < 2.336; of¥
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2.348 : B (©
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FIG. 12. The T variations of (a) dsy_o for SmCrOy4 and (c) dy_o
for YCrO,. Schematic diagram of connected two types of CrO4
and (R,Y)Og polyhedra in (b) SmCrO4 and (d) YCrO4 displaying
deformations. Expansion and contraction of (R,Y)Og polyhedra for
SmCrO, and YCrO, are shown in the bottom panels of (b) and (d),
respectively.

the polycrystalline ABi;Ta;O9 (A = Ca, Sr, and Ba) [64].
Recently, the crystal structural distortion was suggested as a
rich playground for tuning the polarization value in case of
multiferroic Ca;_,La,BaCos407 (x < 0.05) [65]. Analogous
to these reported results, the higher CrO,4 distortion leads to
the larger polarization value for YCrOy4 than SmCrO4. Another
significant observation is that the FE T¢s are much higher than
the magnetic ordering temperatures for all the RCrOy series.
This is also analogous to that described in few members of
RCrOs series, where onsets of the FE orders were observed
above the magnetic ordering temperatures for R = Sm, Gd,
Ho, and Lu [51,52,66,67]. The structural transition to a non-
centrosymmetric structure of Pna2; from the centrosymmetric
Pbnm structure was found to be associated with the polar
order. The rotations of CrOg octahedra were proposed to be
correlated with the structural transition as well as emergence
of the polar orders for Sm, Ho, and Gd chromates [51,52,68].
Analogous scenario is observed in the current investigation,
where the rotation of CrOy4 unit is involved with the structural
transition from the centrosymmetric /4, /amd structure to a
noncentrosymmetric 142d structure. Here, opposite rotations
in the CrOy tetrahedra are noticed involving structural transi-
tion for (R,Y)CrQOy, similar to the CrOg octahedral rotations
involving analogous structural transition to the noncentrosym-
metric structure for interpreting occurrence of the polar order.
In fact, a unique possibility of hybrid ferroelectricity was
originally proposed by Benedek et al. involving octahedral
rotations [69,70]. Current observation further proposes occur-
rence of the polar order involving CrO, tetrahedral rotations
and provides the scopes for further theoretical calculations in
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(R,Y)CrQy series. Here, onset of the FE order associated with
the structural transition ranges from 98 to 108 K, which is
well below a significant temperature, below which the inverse
susceptibility deviates from the Curie-Weiss behavior for all
(R,Y)CrOy4. The results propose that dominant short-range
order driven structural change breaks the space inversion
symmetry, and eventually the ferroelectric order emerges in
(R,Y)CrOy4. Further studies in other members of this series
and the theoretical calculations are suggested for establishing
a possible origin of the structural change and the ferroelectric
order in an unexplored (R,Y)CrOy series.

IV. CONCLUSIONS

The results of (R,Y)CrO, series propose a new family
of multiferroics. The ferroelectric ordering temperature is

observed at reasonably high temperatures from 98 to 108 K
associated with the large values of polarization ranging from
~217 to ~640 ;C/m?. The large polarization value of YCrOy4
compared to the value of SmCrOy is attributed to the larger
distortion of CrOy4 tetrahedra. The structural transition to a
noncentrosymmetric /42d space group from the centrosym-
metric /4;/amd structure is found to be correlated with the
occurrence of polar order.
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