PHYSICAL REVIEW B 82, 064109 (2010)

Elastic properties of perovskite YCrQO; up to 60 GPa
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The high-pressure evolution of the YCrOs perovskite structure (space group Pbnm) has been investigated
using synchrotron powder diffraction, up to 60 GPa. The results show an anisotropy in the elastic moduli of
the individual crystallographic axes: the b axis is appreciably less compressible than both a and ¢ axes
[K,0=195(5) GPa, K,,=223(7) GPa, and K.;=200(6) GPa, respectively]. This implies that YCrO; becomes
more distorted with increasing pressure, which is similar to what was previously found in YTiO5 but opposite
to the behavior reported for YAIO;. Such contrasting trends are explained by the stronger confinement of Y
ions in YAIO; due to the smaller size of octahedral network in the orthoaluminate compared to the

orthochromate.
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I. INTRODUCTION

Perovskites are ternary compounds with general formula
(X1 4 [VHBO3. Their ideal crystal structure is cubic (Pm-3m
symmetry) and made by a framework of corner-sharing oc-
tahedra hosting the B cations while the A cations are placed
in the resulting extra-framework dodecahedral sites. Varia-
tions in the chemical nature of A and B cations, as well as
changes in pressure and temperature, are accommodated by
octahedral tilting distortions which lower the real symmetry
and control the physical properties of these materials.!

Perovskites are of great interest in Earth sciences because,
at the high pressure and temperature conditions of the Earth’s
lower mantle, the pyroxene enstatite, MgSiO;, transforms
into a denser perovskite-structured polymorph.?

The group of 3:3 perovskites (trivalent cations in both A
and B sites) has gained much interest in several technological
fields due to their peculiar electric, magnetic, piezoelectric,
and optical properties.>* Industrial applications of the YCrOs
perovskite, subject of this study, include its use as intercon-
nection for the solid oxide fuel cells® while in pure science it
has been applied to develop model for defective structures.®

Furthermore, its multifunctional biferroic behavior (i.e.,
possessing both ferromagnetic and ferroelectric properties)
has been reported and explained by a local noncentrosymme-
try arising from ~0.01 A displacement of Cr** ions along
the ¢ axis with respect to the center of B octahedra.” The
orthorhombic symmetry is maintained for the average crys-
tallographic structure.®

A recent work established the structural relaxation along
the YAIO;-YCrO; join.” Compared to garnet, spinel, and co-
rundum, the lowest relaxation around Cr** found in perov-
skite was in contrast with the lattice flexibility expected on
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the basis of its corner-sharing octahedral framework. Pos-
sible explanations involved the role of covalency in Cr-O
bonds or the different elastic properties of the two end mem-
bers.

In the last decade, many studies have been devoted to
assess the high-pressure behavior of both 2:4 and 3:3 ortho-
rhombic perovskites,'®?* and a general rule has been
formulated.'® It predicts that at high pressures the octahedral
tilting and perovskite distortion will increase in the 2:4 group
(e.g., CaTiO;) and decrease in the 3:3 group of perovskites
(e.g., YAIO;3). No data have been reported so far on the
high-pressure behavior of YCrO; belonging to the 3:3 group.

This study is aimed at determining the elastic properties
of the orthochromate perovskite up to 60 GPa by means of in
situ synchrotron powder diffraction. Comparison with the
high-pressure behavior of orthoaluminate will help to under-
stand the low relaxation around Cr** in the YAIO;-YCrO;
perovskite system.

II. EXPERIMENTAL PROCEDURE

A. Sample preparation

The YCrO; perovskite sample was synthesized via solid-
state reaction by using reagent-grade Y,O; and Cr,O,
(>99% of purity) as precursors. The raw materials were
mixed and homogenized by ball milling in acetone, then
oven dried at 100 °C. Dry powders were calcined in an elec-
tric kiln at 1300 °C for several hours, in static air and un-
sealed alumina crucible.

B. Synchrotron x-ray diffraction

High-pressure x-ray powder-diffraction data were col-
lected in situ at the ID27 beamline (ESRF, Grenoble). Both,
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the sample and the ruby grain for pressure calibration were
loaded into a membrane type diamond-anvil cell, with the
gasket filled with helium as pressure-transmitting medium in
order to achieve quasihydrostatic pressure conditions.?* Dif-
fraction patterns were collected using monochromatic x rays
(A=0.3738 A) at room temperature, and both the sample-to-
detector distance and detector tilt were calibrated using sili-
con. The pressure cell was allowed to relax for several min-
utes at each pressure. All patterns, collected till a maximum
pressure of 60.4 GPa on a Mar245 charge coupled device
detector, were integrated over the full rings using the FIT2D
program,> masking all the diffraction peaks of diamond and
solid He, in order to obtain the conventional intensity versus
20 step angle patterns. The intensity variation along each
diffraction ring was used to estimate the statistical error of
step counts. As mentioned above, the pressure was measured
using the ruby fluorescent method,? with estimated precision
of +0.05 GPa for the measured pressures.

C. Rietveld refinements

The collected data have been modeled by the Rietveld
method using the GSAS-EXPGUI software packages.?’?® The
structure refinement of YCrO; orthorhombic perovskite was
carried out in the Pbnm space group, starting from the
atomic parameters of YAIO;,%° with Cr replacing Al. The
diffraction peak profile was modeled by a pseudo-Voigt func-
tion with one Gaussian and one Lorentzian broadening coef-
ficients. Besides the 15 shifted Chebyshev polynomial coef-
ficients to reproduce the background, the refinement included
a scale factor, the cell parameters, and the atomic coordi-
nates. Two representative Rietveld plots at low (4.6 GPa) and
high (42.6 GPa) pressure are given in Fig. 1. Refined unit-
cell parameters, final atomic coordinates, and isotropic
atomic displacement parameters of YCrO; perovskite at am-
bient pressure,’ 4.6 and 42.6 GPa are reported in Table 1.

Previously reported crystal structure determinations of
YCrO; (at ambient conditions) include an early model with
not refined atomic coordinates,’® and the more recent study
by Ramesha et al.® using neutron powder diffraction and pair
distribution function analysis. The results of our structure
refinement at room pressure are identical, within the standard
error, to those obtained from the latter study (see Table II for
comparison).

III. RESULTS AND DISCUSSION

A. Elastic properties of YCrO;

The pressure dependence of the unit-cell volume of
YCrO; perovskite is plotted in Fig. 2. The volume reduction
is about 17.5% in the studied pressure range. No evidences
for phase transitions were found up to 60.4 GPa.

The P-V data, fitted with a third-order Birch-Murnagham
equation of state (EoS) [Eq. (1)],

Pzw_m[(&)m_(E)m}
2 14 Vv
3 Vv 2/3
X{1+Z(K{)—4)-[(70) —1” (1)

give a V;=218.23(4) A3, equal to the value obtained for the
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FIG. 1. Plot of the Rietveld refinements for YCrO; at 4.6 GPa
(at the bottom) and 42.6 GPa (on the top) at room temperature (A
=0.3738 A). The experimental data are indicated by crosses, the
calculated pattern is the continuous line, whereas the lower curve is
the weighted difference between the observed and calculated pat-
terns. Vertical ticks mark the position of reflections for YCrO; in
the Pbnm space group.

same sample refined at room pressure,’ and to a volumetric
bulk modulus K;,=208.4(5) GPa with a K;=3.7(1).
Normalized stress-strain (F-f) plot (Fig. 3) provides a vi-
sual indication of how the K, term is significant in the EoS
fitting.3? If the EoS was truncated at second order all data
points could lie on a horizontal line of constant F (K),=4),

TABLE I. Unit-cell parameters, final atomic coordinates, and
isotropic atomic displacement parameters of YCrO; perovskite at
ambient pressure (Ref. 9), 4.6 and 42.6 GPa. Fixed coordinates:

_1. =0 _,  _1 _1
y=g7s *or=Y, Yor=2cr=3%5 20174 -

P=0 GPa P=4.6 GPa P=42.6 GPa
a (A) 5.2434(1) 5.2028(1) 4.9403(2)
b (A) 5.5242(1) 5.4872(1) 5.2767(2)
c (A) 7.5356(1) 7.4808(1) 7.1995(2)
Volume (A%) 218.27(1) 213.57(1) 187.16(1)
Xy -0.0167(2)  -0.01703)  —0.0205(5)
yy 0.0664(1) 0.0673(2) 0.0713(3)
Ueq.y (A2X 100) 1.39(2) 1.16(4) 1.40(4)
Ueq.c; (A2X 100) 1.26(4) 1.05(10) 1.33(9)
Xo1 0.101(1) 0.097(1) 0.105(2)
Yol 0.465(1) 0.458(1) 0.470(2)
Ueq.o; (A2X100) 1.7(2) 1.8(4) 1.6(4)
X02 0.693(1) 0.679(1) 0.686(2)
Yoo 0.302(1) 0.297(1) 0.299(2)
200 0.055(1) 0.055(1) 0.053(1)
Ueq.op (A2X100) 1.6(1) 1.5(3) 1.5(3)
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TABLE II. Comparison of selected parameters for YCrO; mod-
els at ambient pressure. O2’ and 02" coordinates obtained from O2
(x,y,z) in Table I by the following relations: x02!=%+x02; Yoo
= % -Yo2; 202’ =%+Zoz and xpor=1-x02; Yorr=1-Yo2; Zo2r=3
+205. M o/ Mp: ratio of total estimated variation in bond valence in
a polyhedral site due to change in average bond distance (Refs. 18
and 19). M i:%Mexp(RO;R"), where R;=average bond length; N;
=coordination number of the cation site at ambient condition; R
=bond valence parameter (Ref. 31); B=universal constant (0.37)
(Ref. 31). V and Vg=volumes of A and B polyhedra, respectively;
superscript is the assumed coordination number.

YCrO; (Ref. 9) YCrO; (Ref. 8)

Miy.0) (A) 2417 2415
*y-0) (A) 2.738 2.735
Cr-01 (A) 1.967(2) 1.971(1)
Cr-02' (A) 1.988(4) 1.983(1)
Cr-02" (A) 1.998(4) 1.993(1)
(Cr-0) (A) 1.984 1.982
M/ My 1.18 1.18
Vilty  (A3) 23.52 23.44
Xy, (A%) 46.18 46.05
Vv (A3) 10.40 10.37
Cr-O1-Cr (deg) 146.7(3) 145.6(1)
Cr-O2-Cr (deg) 145.7(2) 146.3(1)

whereas in the case of YCrOj; the data lie on an inclined line,
correctly described by a third-order truncation of the Birch-
Murnagham EoS.

The elastic moduli of the individual crystallographic axes
are obtained by fitting the measured data with the same EoS
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FIG. 2. (Color online) Variation in the unit-cell volume of
YCrOj5 perovskite between room pressure and 60.4 GPa. The inset
displays the structure of YCrO; perovskite along the [110]. Line
refers to the EoS calculated value.
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FIG. 3. Normalized stress-strain (F-f) plot derived from the
measured volumes for a third-order Birch-Murnagham EoS. The
normalized pressure stress F is defined as F=P/3f(1+2f)>? while
the finite Eulerian strain f is defined as f=[(V,/V)**-1]/2.

[Eq. (1)] to the cubes of each of the cell axes. The resulting
axial moduli: K,,=195(5) GPa, K;,,=223(7) GPa, and K,
=200(6) GPa, highlight how the b axis is appreciably less
compressible than both a and ¢ axes, which have similar
compressibilities (Fig. 4). The direct result is that the YCrO;
perovskite structure becomes more distorted with increasing
pressure.

Such a behavior is different compared to what was re-
ported for the orthorhombic YAIlO; perovskite in which the b
axis is significantly more compressible than both a and c,
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FIG. 4. (Color online) Variation in the pseudocubic unit-cell
axes of YCrOj perovskite between room pressure and 60.4 GPa.
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FIG. 5. (Color online) Variation in the polyhedral volume of
YCrO5 perovskite between room pressure and 60.4 GPa. Continu-
ous lines define the EoS calculated to fit the data sets.

given the corresponding axial moduli: K,,=219(7) GPa,
K,0=157(3) GPa, and K,=212(2) GPa.!” Consequently
the two structures show a different anisotropic behavior
along [010] and [101].
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The polyhedral bulk moduli for YO;, and CrOg4 polyhedra
(see Fig. 5 for pressure dependence) were calculated using
the same formalism applied to fit the P-V data, obtaining
Vopoly: Kpo:46.09(2) A%, 254(2) GPa for YO, and
10.40(1) A3, 251(5) GPa for CrOg. The volume compress-
ibilities of the YO;, and CrOg sites are therefore equivalent,
whereas for the YAIO; perovskite the compressibility of the
cubic site is ~15% less than that of the AlO4 octahedron.!’

Besides the overall polyhedral compression, information
about pressure-driven electronic changes in transition-metal
perovskites can be inferred from the changes in octahedral
distortion as a function of pressure. For instance, the varia-
tion in Ti-O bond distances in YTiOj; indicated the possibil-
ity of a pressure-induced spatial reorientation of the occupied
1ye orbitals in Ti** ions [electron configuration 3d'(1,,)].!
Considering that Cr’* [configuration 3d3(t2g)] is also a non-
Jahn-Teller ion, the pressure-driven orbital reorientation can
be evaluated, in analogy to YTiOs, by inspecting the changes
in Cr-O bond lengths in the selected pressure range up to 35
GPa (Fig. 6).

The variation in Cr-O2’, Cr-02”, and Cr-O1 distances,
respectively, along the x, y, and z directions of the local
coordinate system at Cr site, resembles very much what was
found in YTiO;. In both cases, at a given pressure (13 GPa
for YTiO5 and about 28 GPa for YCrOs) two almost equal
B-02 and one shorter B-O1 distances occur, implying that
the B octahedra are compressed along z and that the orbital
reorientation has taken place. The distinct pressure of the
orbital reorientation in YTiO3 and YCrOj; can be ascribed to
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FIG. 6. (Color online) (a) Variation in the Cr-O bond lengths in YCrOj; as a function of pressure up to 35 GPa. This upper limit is selected
in order to evaluate the octahedral distortion as much as possible unaffected by the variations within the YO, polyhedra. In fact, the
displacement of Y ions [x and y coordinates in (b) and (c), respectively] away from the center of the dodecahedron is very close to the initial

value in the 0-35 GPa pressure range.
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FIG. 7. (Color online) Cell distortion parameter (d/d,) of
YCrOs, YCrOs, and YAIOj; perovskites versus pressure.

the different electron configuration of the transition-metal
ions and to the lattice elastic properties.

As far as the effects of pressure on the biferroic character
of YCrOs;, given that it is caused by the off-center shift of Cr
ions along the z direction of octahedra, we expect that com-
pression up to 28 GPa would also lead to disappearance of
both the ferromagnetic and ferroelectric properties. Experi-
mental confirmation of this suggestion needs further work
which is beyond the scope of the present study.

B. Pressure dependence of cell distortion

In order to better appreciate how the pressure influences
the behavior of the three isotopic YM**O5 (M**=Cr**, AI**,
and Ti**) perovskites, the unit-cell parameters of YCrO;,
YAIO;, and YTiO; were compared through the relation a
~p= \Eal, and ¢~2a, (a,: a pseudocubic subcell param-
eter). Consequently, the cell distortion factor, d [Eq. (2)], was
calculated from that sublattice parameters in the same pres-
sure range,

(o) () (5o |

d=
3af, X 10*

)

where

( a b c)
=, c
2 \2 2
ay=—"""",
3

obtaining a useful estimation of the departure from an ideal
cubic model, for which d=0.%

Figure 7 shows the clear antithetic behavior of YCrO; and
YTiO;5 with respect to YAlIO5 orthorhombic perovskite under
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Increasing pressure

Increasing of B cation size

FIG. 8. (Color online) Sketch illustrating the effects of B cation
size and pressure on distortion of YCrO; and YAIO; perovskites.
Actual differences in size and distortion are exaggerated for the
sake of clarity.

pressure: while the orthochromate and the orthotitanate be-
come more distorted and are characterized by an increase in
the d/dy ratio, the orthoaluminate data describe an opposite
trend characterized by a decreasing of the d/d ratio toward
a structure with higher symmetry. The slopes of the linear
relationships in Fig. 7 inversely scale with room pressure
(B-O-B) angles which in turn linearly decrease with
increasing ionic radii of octahedral B ions (i.e., slopes for
didy vs  P:=0.0420y 103 <0.0092y 03 <0.0379y1i035
(B-0-B):152.2y 003> 146.2y¢103 > 140.8y3y03; Shannon
ionic radii of YIM>* ions in B:0.54,,<0.62¢,<0.675 A).3*
These trends suggest that the pressure-induced distortion of
perovskite framework can be related to both the initial octa-
hedral tilt angles and to the ionic radii of octahedral cations
for 3:3 perovskites, irrespective of the difference in electron
configuration of trivalent ions in B sites. Based on this con-
cept it can be predicted that a YM3*O; perovskite with the
ionic radius of M>* ion in the B site equal to ~0.59 A (e.g.,
Ni** or As**), thus a (B-O-B) angle at room pressure around
147.4°, will exhibit, upon compression, a d/d,, ratio close to
1.0 in the whole pressure range, meaning it will neither in-
crease nor decrease its lattice distortion.

IV. CONCLUDING REMARKS

The above considerations show that the contrasting evo-
lution under pressure of YCrO; and YTiOj; (increasing dis-
tortion) vs YAIO; (decreasing distortion) can be simply ex-
plained on the basis of the ionic radii of B cations. In fact,
the mesh size of the octahedral network is reduced in YAIOs5,
as compared to YCrOs and YTiO;, with the ionic size of A
cation (yttrium) remaining constant. As known from previ-
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ous work,? the decrease in mean octahedral bond distance,
(B-0), from YCrO; to YAIOj; is accompanied by a shorten-
ing of the average (A-O) distance, with a net increase in the
effective coordination number of Y in YAIO;. This is also
associated to a linear decrease in interoctahedral tilting and
rotation angles from 152.9° and 151.1° in YAIO; to 146.7°
and 145.7° in YCrOs at room pressure.’ Conversely, the de-
crease in perovskite framework distortion upon increasing
the A cation size, with the same cation in the B site, has been
previously reported and discussed.?>?° As illustrated in Fig. 8
(only YAIO; and YCrO; are sketched for the sake of sim-
plicity), the more confined space of Y in YAIO; is respon-
sible for the higher incompressibility of the A site compared
to the B site in the orthoaluminate.!”

The relatively larger shortening of the B-O bonds under
pressure in YAIOj; exerts an equivalent effect of the network
mesh size reduction at room pressure, as discussed above,
leading to a more regular structure of YAIO; at high pres-
sures. The Y cation in YCrO; (and YTiO;) does not exhibit
the same strong confinement effect as in YAIO; where the A
site is easier to compress and does not hamper the increase in
octahedral tilting and rotation in YCrOz and YTiOj; at high
pressures.

PHYSICAL REVIEW B 82, 064109 (2010)

These considerations confirm that the pressure-induced
distortion of perovskite lattice is primarily controlled by the
compressibility ratio of the B and A sites (Bg/Ba), in agree-
ment to what suggested by several authors.>> However, the
general rule which models Bg/B, through the ratio of the
bond valence difference parameters (M ,/Mp) calculated for
the A and B polyhedra (i.e., Bg/Ba=M s/ Mp) (Ref. 18) fails
to predict the increasing distortion of both YCrO; and
YTiO;. As a consequence, either the B/ B ratio cannot be
accurately estimated from bond valence calculations or the
assumption that M,/ Mg=1.0 is the boundary between per-
ovskites evolving under pressure to higher symmetry
(M A/ Mg>1.0) or to lower symmetry (M,/Mg<1.0) struc-
tures is not valid.
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