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YCrO; (YCO) perovskite has been originally reported to be a biferroic with antiferromagnetic
and ferroelectric (FE) properties, in which the origin of FE in YCO remains ambiguous.
However, further studies reveal the presence of a global orthorhombic Prnma structure with a local
structural heterogeneity. In this study, we discuss the high temperature phonon modes and their
inter-relation to local structural distortions in YCO perovskite through Raman spectroscopy
experiments and density functional theory (DFT) calculations. We observe that the Raman active
B3,(3) out of phase scissor mode (SM) disappears above the dielectric transition temperature (7¢)
commensurate with the local structural distortions. DFT calculations show that the transformation
of a room temperature Y-cation distorted orthorhombic structure to a perfect orthorhombic
structure above the dielectric transition temperature in which the Y cation is undisplaced could

lead to the conversion of SM with symmetry B3, to Raman inactive B, mode.

. INTRODUCTION

Rare-earth based chromite perovskites RCrO; (R =Y
or La to Lu) are widely studied for the interesting
fundamental science they offer and applications in
various fields such as interconnect of solid oxide fuel
cells,' humidity sensors,* and negative temperature
coefficient thermistors.” Several investigations on ortho-
chromites reveal weak multiferroic (ferroelectric (FE) and
weak ferromagnetic) features whose FE transition ranges
from 470 to 523 K and magnetic order transition ranges
from 115 to 290 K.®’ The FE features in these chromites
are expected to arise due to the local structural distortions
present in the structure which break the spatial inversion
symmetry and create a polar order.® Rajeswaran et al.’
showed that the presence of magnetic rare earth ion
(R = Sm, Tm, Gd, and Er) and weak ferromagnetic
nature (weak ferromagnetic interaction between R—Cr
and antiferromagnetic interactions between Cr—Cr) of ‘Cr’
below Neel transition temperature could plausibly break the
local symmetry and create a polar order in these materials.
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However, experimental investigations on certain non-
magnetic ions (R = Y or Bi or La) in the A-site
orthochromites could also induce structural distortions
giving rise to spin-phonon coupling below Neel tem-
perature.lo’11 Investigations on YCrO; (YCO) reveal
that it possesses a room temperature orthorhombic
crystal structure with a FE Curie temperature (7¢) of
473 K and an antiferromagnetic transition temperature
of (Neel temperature, Ty) about 140 K.® The local
monoclinic structure embedded in a global orthorhom-
bic symmetry as proposed by Ramesha et al.® due to the
‘Cr’ displacement of 0.01 A along the z-direction is
responsible for the observed polar order present in the
YCO. The macroscopic FE loop measurements®'? at
room temperature and frequency dependent dielectric
transition studies®'>'* are in correlation with the existence
of local structural distortions. Electron paramagnetic res-
onance across 300-510 K'>'® and low temperature
phonon studies using Raman scattering'® reveal the
presence of polar order in YCO. In addition, first principles
studies® suggest that the distortions related to the Y-site
could lead to a weak FE/polar ordering in YCO. Even
though local structural studies from neutron diffraction®
support the polar order present in a YCO sample, the
electrical characterization shows its polar nature is ambig-
uous due to the inherent conductive nature of chromates.”
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Thus local structural distortions from neutron diffraction®
and spin phonon coupling from low temperature Raman
studies'” are more evident to understand the polar order
in this compound. In this study, we explore the local
structural distortions in YCO by focusing on the thermal
behavior of Raman modes across the dielectric transition
temperature. In particular, our experimental results and
density functional theory (DFT) calculations show that the
out of phase scissor mode (SM) with B3,(3) symmetry
softens with the yttrium displacement and temperature.

Il. EXPERIMENTAL

YCO was prepared by a sol-gel route'” followed with
slight changes of calcination (1123 K) and sintering
(1373 K) for the phase formation and densification, respec-
tively. The sintered pellets in the form of circular discs of
diameter 6 and 1 mm thick were further electroded (silver
paint) to carry out the dielectric measurements. The powder
X-ray diffraction (XRD; PANalytical X’Pert Pro, FEI
Company, Eindhoven, The Netherlands) data were recorded
at different temperatures from 303 K to 573 K with Co K,
radiation (A = 1.78901 A). Raman spectrum was recorded
at various temperatures from 303 to 623 K using a laser
micro-Raman spectrometer (Senterra, Bruker Corporation,
Karlsruhe, Germany) with an excitation source of 532 nm.
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FIG. 1. Rietveld refinement on high temperature XRD patterns for
YCrO; recorded from 303 to 573 K.

The dielectric properties of YCO were measured by using
a Wayne Kerr 6500B impedance analyzer (Wayne Kerr
Electronics, West Sussex, United Kingdom) in the fre-
quency range 500 Hz to 1 MHz, at various temperatures.

lll. RESULTS AND DISCUSSION

Rietveld refinements were performed using ‘Full proof’
software.'® The refined patterns revealed that YCO exhib-
its a single phase with an orthorhombic Pnma space group
in the measured temperature range 303-573 K (Fig. 1).
The refinement data along with the octahedral tilt angles
(or rotation) calculated in the [101] and [010] axes'® are
provided in Table I. Our structural studies with tem-
perature show that the changes in tilt angles associated
with modification in the average bond angles Cr—O1-Cr
(Ol—apical oxygen) from 143.23° to 144.69°. This change
in bond angles and tilt angles of the CrOq octahedra is
crucial for the structural transformation of YCO.?® How-
ever, within the limitations of the conventional powder
diffraction studies and the refinement studies, the minimal
change suffered by the bond angles and tilt angles observed
does not capture the local structural inhomogeneity across
the phase transition temperature. Hence, the powder pattern
corresponds to an average orthorhombic symmetry from
303 K to 573 K. Raman scattering studies, which are
sensitive to such local structural distortions, were utilized to
analyze the phonon modes with temperature.

Conventionally, the structural distortions in pervos-
kites are attributed to various atomic phenomena like (i)
rotation of CrOg octahedra, (ii) displacement of cations,
and (iii) Jahn-Teller JT) distortion.'” Since the Cr’*
cation in YCO is a non-JT cation,'® the presence of such
a distortion could be ignored. Thus, the Raman modes
observed due to octahedra rotation/tilt or due to Y-cation
shift with temperature could be the key to understand the
structural distortions in YCO. The experimental analysis
of the Raman spectrum obtained at different temperatures
was performed using the “Firyk” software.”' The spec-
trum reveals the presence of 14 modes out of 24 possible
Raman modes for the Pnma space group, and these
modes are fitted with the Voigt profile (see Fig. 2(a) for
303 K). The observed spectrum is in excellent agreement
with the available literature.'***~** The normalized intensity

TABLE I. Lattice parameters, bond angles obtained from Rietveld refinement, and tilt angles calculated from the atomic positions.

303 K 453 K 473 K 493 K 573 K
a(A) 5.52008 (11) 5.52187 (10) 5.52204 (10) 5.52249 (11) 5.52375 (10)
b (A) 7.53663 (16) 7.54367 (14) 7.54488 (14) 7.54595 (15) 7.54988 (14)
c (A) 5.24551 (11) 5.25091 (10) 5.25173 (10) 5.25238 (10) 5.25530 (10)
x> 1.36 1.27 1.27 1.31 1.3
Cr-O1-Cr 143.23 (9) 143.19 (9) 143.72 (9) 142.10 (11) 144.69 (8)
Cr-02-Cr 148.6 (3) 149.0 (2) 148.3 (3) 148.8 (3) 148.1 (3)
0[101] 14.16 14.13 14.16 14.18 14.16
¢[010] 12.21 12.20 12.24 12.28 12.28
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(I/1,ax) of individual Raman spectrum recorded at temper-
atures ranging from 303 to 623 K is shown in Fig. 2(b). The
temperature-dependent Raman studies show a reduction in
the normalized intensity of certain modes like B4(3),
B2g(6), Bag(2), Big(4), B3g(3), and Bs,(5). However,
A2). A). A1), B3y(2). B1y@). B1y(3). Byy(5). Bay(6),
and Bs,(3) modes suffer a lower wave number shift with
temperature which can be seen in Fig. 2(b) and the
magnitude of shift can be observed from Table II.

The dielectrical studies are carried out for YCO
ceramics which exhibits a frequency dependent behavior
with the Ty, shifting from 468 to 483 K within the
measured frequency range (low frequencies are not
shown here) from 40 kHz to 1 MHz (Fig. 3). From the
previous studies on electrical measurements, it is
observed that the dominance of conductivity in YCO
leads to a non-FE conclusion.’ In certain materials, it
is plausible for the inhomogeneous contribution of
conducting grain and grain boundaries having the mixed
effect of Maxwell Wagner (MW) and intrinsic dipolar
effect” where the inherent nature is masked by the MW
effect. Thus the ambiguity on local structural distortion

and its reflection on dielectric phase transformation
prevails. However, in the case of YCO, experimental
studies like Raman were used instead of macroscopic
electrical measurements such that it could reveal the local
structural distortions. From Raman studies, it is observed
that one of the Raman modes, i.e., B3g(3), shows
softening features across the same temperature range
where the dielectric transition was observed (inset of
Fig. 3). It is worth mentioning that earlier studies have
shown the out of phase SM B3,(3) to be responsible for
the spin-phonon coupling below Tx.'° Our study further
shows that this mode completely disappears at higher
temperatures. Due to the weak nature of this SM arising
from the “out-of-phase O2 scissors-like motion”, the
observed Raman intensities are weak. However, the close
association of the SM with the CrOg bending [A4(1)] and
the out-of-phase bending of the same [B,4(2)] could be
observed from the fitting as shown in Fig. 4. But as we
decrease the temperature, this SM mode is isolated from
Ay(1) until room temperature. However, the observed
effect was weak due to the presence of distortions at local
scale, and as mentioned earlier the measurements of
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FIG. 2. (a) Raman spectrum at room temperature (303 K) fitted with a Voigt function using the Fityk software, (b) temperature dependence of

Raman modes with normalized intensity //I,,x from 303 to 623 K.

TABLE II. Raman modes of YCrO; at different temperatures.

Assignment of modes 303 K 373 K 473 K 573 K 623 K Activating distortion Atomic motions

Ag(7) 152 151 150 148 148 A-shift O1(x), Y(x)

A (5) 186 186 185 185 185 rot[101] Y(z) out of plane

Ay(6) 282 281 280 279 278 rot[010] CrOg in phase Y rotations

Ay 2) 342 341 339 337 336 A-shift O1(x), A(—x)

Ay4) 426 425 422 419 418 rot[101] CrOg out of phase x rotations

A (D) 492 491 489 487 487 rot[101] CrOg bendings

B3g(2) 566 563 560 557 555 rot[101] 02, Ol antistrecthing

Bi,(4) 267 266 265 263 262 rot[010] .

B1(3) 409 408 405 403 402 A-shift Y(2), O1(—-2)

Bo,(2) 502 500 498 498 498 rot[101] CrOg out of phase bendings

Bg(5) 220 219 218 216 215 rot[101] Y(x)

B, (6) 316 315 314 311 310 A-shift Y(2), O1(2)

B34(5) 174 174 173 173 172 rot[101] Y(©)

B3,(3) 488 486 484 rot[101] Out of phase O2 scissors like
J. Mater. Res., Vol. 32, No. 8, Apr 28, 2017 1543
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macroscopic polarization of YCO ceramics were always
dominated by the conductive nature from our dielectric
and previous reports in the literature.*’ Hence, to get
deeper insights into the microscopic origin and to
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FIG. 3. Dielectric phase transition with temperature (inset) shows the
intensity of the B3,(3) behavior with temperature.
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understand the behavior of SM, we used DFT calcula-
tions using plane-wave pseudo potentials as implemented
in the Quantum Espresso code.?®

As YCO is known to be a G-type antiferromagnet, we
performed spin dependent calculations enforcing antifer-
romagnetic interaction between the neighboring Cr’*
ions. All our calculations involved orthorhombic super
cells containing 20 atoms and ultra-soft pseudopotentials
within the generalized gradient approximation (GGA) for
electron correlations were used. A plane wave cutoff of
25 Ry and a density cutoff of 240 Ry were used in our
calculations, and the Brillouin zone integration was
performed with a uniform 4 x 4 x 4 Monkhorst-Pack
k-point grid. The system was completely relaxed with the
unit cell parameters constrained to the experimental
values at 303 K and the same was used even to structures
corresponding to high temperature phase, since we did
not see any significant changes in the lattice parameters in
XRD over the entire temperature range that we have
studied here. Our relaxed structures showed that the
minimum energy configuration corresponds to the low-
symmetry monoclinic structure and the antiferromagnetic
state is favorable over the ferromagnetic state, consistent
with the previous works.>?’ To compute phonon fre-
quencies, previous studies have used a cubic super cell
approach with the YCO unit cells doubled along the
(111) direction.”” Such approach has the advantage of
tremendously reducing the computational demand by
effectively reducing the number of irreducible represen-
tations due to the higher cubic symmetry. However, in
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FIG. 4. Deconvolution of Raman modes at different temperatures through voigt fitting (black circles—experimental data, green—individual fit,

and red—cumulative fit).
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this present work, we have used an orthorhombic super-
cell containing four units of YCO and ensure the
antiferromagnetic ordering of Cr’* magnetic moments
in our starting structures. Using an orthorhombic super-
cell also gives the advantage to obtain the phonon
frequencies with the same symmetry as the experiment
and facilitates direct comparison of the results.

As DFT is a ground state theory, we mimic the
temperature effect by taking an orthorhombic supercell
of YCO in which the Cr—O1-Cr and Cr—-O2-Cr angles
are fixed at 143.2 and 148.6° (consistent with the XRD
experiments), and gradually distort it by either tilting the
octahedra or by the Y-cation displacement. Further, we
emphasize here that even though the displacement of Y
cation can simulate the effect of temperature, it is difficult
to quantify the exact value of temperature for a given
displacement. However, a qualitative understanding of
the B3, SM as the cation is displaced from its equilibrium
position is possible. All our structures showed phonon
instability close to —200 cm™'. It is worth mentioning
that relaxing the structure takes the ground state of the
system far from the experimentally observed bond angles
and tilts which leads to the reduction of local symmetry
to centrosymmetric 2/m from the actual mmm point group
observed in our X-ray diffraction measurements. How-
ever, even in the relaxed structure, phonon instabilities
are observed close to 100 cm™!. Since, our un-relaxed
distorted structures are close to the experimental struc-
tures, we present our results for the same.

Raman frequencies computed for the octahedral dis-
tortion in the range 142°—143.3° for Cr-O1-Cr and
keeping Cr—O2-Cr angle at 148.6° did not show any
signature of out-of-phase SM but predominantly revealed

a bending mode (BM). However, the displacement of Y
cation with Cr—O1-Cr and Cr-O2-Cr angles frozen at
143.2 and 148.6°, respectively, showed very interesting
features. It should be noted that the highly distorted and
undistorted (zero displacement) systems correspond to
the low and high temperature limits, respectively. Since
we use an orthorhombic supercell containing 20 atoms,
we have a total of 60 phonon modes out of which only 24
are Raman active corresponding to the Do}, symmetry of
the mmm point group. The spectrum of YCO shows a
wide variety of phonon modes, which can be related to
either stretching or bending modes. In the present dis-
cussion, we will be, however, focusing on the SM in
which the planar oxygens of CrOg octahedra move in the
form of scissor action. Since the octahedra are tilted with
respect to the crystallographic plane, we find several
forms of SMs throughout the phonon spectrum of YCO;
for example, (i) two in-plane oxygens, (ii) two out-of-plane
oxygens, (iii) in-plane oxygens with 90° phase difference
between neighboring octahedral, (iv) out-of-plane oxygens
with 90° phase difference between neighboring octahedra,
and so on. These modes either exist alone or in combina-
tion with the bending mode; the cation displacement or
distortion of the octahedra and schematic of these modes
are shown in Fig. 5. Since our Raman experiments showed
disappearance of B3, SM, in this study we will be focusing
on the SM in which the phase difference between the
scissors on adjacent octahedra is 180°, along with CrOg
octahedral tilt (Fig. 6 inset). Since the octahedron is tilted,
among the four planar oxygen atoms, we will have one
pair of oxygen atoms above and another pair below
the crystallographic plane (marked red dashed line in
Fig. 6 inset) as compared to the un-tilted structure in

FIG. 5. Schematic of different modes AS—antistretching, OHD—octahedral displacement, BM—bending mode, and SM—scissors mode.
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which all the four atoms are in the same crystallographic
plane. Thus, we see 180° rotation of scissors while going
from one octahedron to another. In case of the highly
symmetric undisplaced structure (above T.), we see that
this SM corresponds to the By, symmetry with a wave
number of 473.2 cm ™' and is Raman inactive. As the Y
ion is displaced, the SM converts into a BM with the
same symmetry before it crosses scissor mode—bending
mode (SM/BM) which has a B3, symmetry (please see
Table SI provided in the Supplementary Material).
The cross-over points where the SM becomes BM are
marked as down arrows. Upon further displacement, the
BM and SM/BM cross each other by swapping their
symmetry leading to SM/BM and SM with symmetries
B, and Bs,, respectively. As the Y cation is displaced
further, the SM crosses B,, and B, modes before it
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FIG. 6. Behavior of the B3, SM with yttrium displacement in YCO as
computed from DFT calculations. Y-cation displacements of 0.0 and 0.3 A
correspond to higher and lower limits on the temperature scale, re-
spectively. Raman and IR active modes are shown, respectively, as blue
squares and green circles. Also shown in the plot is the symmetry of the
mode. The SM represents the B, symmetry in a completely ordered
structure and hence is not Raman active at high temperatures. At the
extremum of disorder (very low temperatures), the mode converts into
antistretch mode (ASM). The cross-over points between the SM with other
phonon modes are marked as black arrows where the SM transforms into
a BM. The inset shows the SM that is being characterized. The red dashed
line represents a crystallographic plane to show oxygen atoms above/
below the plane and arrows represent the direction of forces. The atoms
with arrows marked in magenta are above the plane and those in black
below the plane, leading to 180° phase shift. The lower panel shows the
charge density isosurfaces for 0.0, 0.08, and 0.19 A displacements. The
magenta arrows show the change in charge delocalization between Y and
one of the planar oxygen atoms as the Y cation is displaced.

disappears by converting into the antistretching (AS)
mode at the extreme of cation disorder (corresponding
to low temperature). It should be noted here again that
the SM converts into a BM when it crosses both B,,
and B3, modes. We further looked at the corresponding
electron densities of these structures and found that the
Y displacement leads to a non-uniform charge delocal-
ization between the upper and lower CrOg octahedra
(Fig. 6 bottom panel). This clearly reveals that the local
structural distortions in YCO due to changes in the
B3,4(3) behavior across the dielectric transition could be
the key to understand the origin of the polar nature of
YCO. It is worth mentioning here that such temperature-
dependent distortions and their effect on phonon behav-
ior can as well be studied using ab-initio molecular
dynamics simulations. However, a supercell approach
containing multiple unit cells in each direction would be
required for the accurate prediction of such properties
and, we relegate such calculations to a future work.

IV. CONCLUSIONS

In summary, high temperature (303-573 K) Raman
spectroscopy studies were performed to understand the
local structural distortions with temperature in YCO.
The out-of-phase SM with the B34(3) symmetry showed
an anomalous behavior observed with temperature.
Our DFT calculations and experiments show that the
out-of-phase SM with the B34(3) symmetry softens, and
the CrOg rotation (or tilt) does not lead to any changes
in the B3g(3) Raman mode. The disappearance of the
Raman active B3,(3) mode above the dielectric transition
temperature is due to the transformation of SM into
Raman inactive mode of the B;, symmetry. This local
symmetry change is expected to arise due to the Y cation
displacement, leading to change in phonon modes. Our
calculations also suggest that the isolated and anomalous
behavior of this B3,(3) mode at lower temperatures could
be due to the conversion of SM to AS mode at extreme Y
cation displacement. The local nature of the distortion in the
unit cell is reflected in the experimental Raman studies.
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