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(Mg,Fe)SiO; perovskite is the most abundant mineral of the Earth’s lower mantle, and compounds with the
perovskite structure are perhaps the most widely employed ceramics. Hence, they attract both geophysicists and
material scientists. Several investigations attempted to predict their structural evolution at high pressure, and
recent advancements highlighted that perovskites having ions with the same formal valence at both polyhedral
sites (i.e., 34+:34) define different compressional patterns when transition metal ions (TMI) are involved. In
this study, in situ high-pressure synchrotron XRD measurements coupled with ab initio simulations of the
electronic population of NdCrOj; perovskite are compared with the compressional feature of NdGaO;. Almost
identical from a steric point of view (Cr3* and Ga** have almost the same ionic radius), the different electronic
configuration of octahedrally coordinated ions — which leads to a redistribution of electrons at the 3d orbitals for
Cr** —allows the crystal field stabilization energy (CFSE) to act as a vehicle of octahedral softening in NdCrOs or
it turns octahedra into rigid units when CFSE is null as in NdGaOs;. Besides to highlight that different electronic
configurations can act as a primary effect during compression of perovskite compounds, our findings have a deep

repercussion on the way the compressibility of perovskites have to be modeled.

DOI: 10.1103/PhysRevB.97.064106

I. INTRODUCTION

Minerals and synthetic compounds with the perovskite
structure (general stoichiometry ABX3) represent a system
which equally offers potential developments in countless
technological applications (e.g., [1-3]), and given that
(Mg, Fe, Al)(Si,Al,Fe)O3 bridgmanite is the dominant phase
of the Earth’s lower mantle, a deeper understanding of the
geophysical processes operating at the Earth’s mantle depths
(e.g., [4-6]).

Like bridgmanite, most perovskite oxides exhibit an or-
thorhombic symmetry (s.g., Pbnm). Their structure derives
from the cubic archetype (s.g., Pm-3m) through chemical
variations of the constituent cations (e.g., ionic radius, valence,
electronic configuration, etc.) as well as by changes of intensive
variables, such as pressure and temperature [7—10].

It follows that understanding the mechanisms governing
perovskites at ambient and nonambient conditions is funda-
mental for both devising functional materials and providing a
reliable model of the deep Earth. Indeed, several models and
parametrizations have been proposed to predict the evolution
of orthorhombic perovskites with pressure from their structural
features at ambient conditions [11—13]. The common paradigm
on which are founded those models rationalizes the evolution
of perovskites with pressure in terms of the relative compress-
ibility of AOy, and BOg polyhedra [14,15]. Specifically, it has
been ascertained that perovskites in which the A cation has a
lower formal charge than the B cation (i.e., 2+:4+), AO;; do-
decahedra are more compressible than BOg octahedra, and the
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volume reduction will lead to an increase of the octahedral tilt-
ing. Vice versa, perovskites in which A and B cations have the
same formal charge (i.e., 3+:3+), AOj, dodecahedra are less
compressible than BOg octahedra, and the volume reduction is
accompanied by a decreasing of the octahedral tilting [13—-16].

Although efficient for many perovskite compounds, this
model does not hold when transition metal ions (TMI) occur
at the BOg octahedra. Recent advancements reviewed the
compressional behavior of perovskites through the so called
“normalized cell distortion factor with pressure” dyorm (P) [17—
20]. The dporm (P) takes origin from the “cell distortion factor”
d [21], formulated to evaluate the departure of an orthorhombic
perovskite from the cubic archetype (where d = 0) at ambient
conditions. Since in the Pbnm space groupa ~ b ~ ,/2ay,, and
¢ ~ 2a,, with a, a pseudocubic subcell parameter defined as
(a/s/2 +b//2 4+ ¢/2)/3, the cell distortion factor is defined
asd = [(a//2 — ap)" + (b//2 — ap)’ + (c/2 — ay)*]/3a2 x
10*. In order to evaluate the lattice distortion of an orthorhom-
bic perovskite at high pressure regimes, the d factor has been
extended by means of the normalized cell distortion factor with
pressure as dnorm(P) = 1/dy (3d /0 P)r (where dj is the cell
distortion factor d at ambient condition) [17,18]. Specifically,
the latter parameter provides the rate of change of the lat-
tice distortion of an orthorhombic perovskite with pressure,
including both possible lattice anisotropies and variations of
the octahedral tilts. By means of the d,om(P) it has been
demonstrated that both perovskites 2:4 (e.g., CaGeOs [17])
and 3:3 (e.g., YTiO3 and YAl »5Cr 7503 [17-20]) can violate
what was forecasted by the previous model. In particular, it has
been highlighted that perovskites 3:3 can define different com-
pressional patterns whether TMT are hosted at the octahedral
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site [19,20]. The latter evidence assumes a high impact both
in materials sciences (many of the extraordinary properties of
new functional materials derive from the presence of TMI in
their chemistry, e.g., [22]) and in Earth sciences, considering
that the bridgmanite mineral is likely incorporating 7M1, such
as Fe, Cr, and Ti (e.g., [6,23,24]).

This picture becomes even more complex, and the predictive
accuracy of these models decreases, when perovskites with
similar features at ambient conditions (e.g., characterized by
cations with the same formal valence, very similar ionic radii
of the constituent cations, same degree of octahedral tilting,
etc.) behave in a different way with pressure.

This is the case of gallate and chromate orthorhom-
bic perovskites. Isostructural at ambient conditions, the
LaGaO3-LaCrO; and NdGaO3-NdCrO;3 couples undergo an
orthorhombic (space group Pbnm) to rhombohedral (s.g.,
R-3c) phase transition, O-R, at high-temperature as well as at
high-pressure conditions [25-32]. From a steric point of view,
octahedrally coordinated Cr** and Ga®* have approximately
the same ionic radius (0.615 and 0.62 A, respectively) and very
similar dipole polarizability (1.45 and 1.50 A3, respectively).
Thus, through the compressional models of orthorhombic
perovskites [13,16,19], it would be expected that La and Nd
couples of perovskites present similar compressional paths,
namely comparable transition pressures from the orthorhombic
to the rhombohedral phase. On the other hand, it is rather
peculiar that both La and Nd perovskites are characterized by
temperatures and pressures of transition which differ substan-
tially from each other [25-32].

The dualism between Cr’* and Ga3* hosted at the octahe-
dral site of orthorhombic perovskites is a perfect case study to
appraise how a specific electronic configuration acts during the
compression of these compounds, with particular attention to
the crystal field stabilization energy (CFSE). The underlying
question is whether the different electronic configurations of
Cr** and Ga®* play a primary role during the compression of
chromate and gallate orthorhombic perovskites by considering
that Ga* has full 3d orbitals, while Cr** is a TMI with partially
filled 3d orbitals stabilized at octahedral sites by the crystal
field effect [33].

In this contribution, the structural modifications of NdCrO;
perovskite at high-pressure conditions have been investigated
by means of synchrotron x-ray diffraction coupled with an
ab initio simulation at the HF/DFT level of the experimental
structures, and compared to those of isostructural NdGaO3 and
La(Ga,Cr)O; perovskite compounds.

II. EXPERIMENTAL PROCEDURE

A. Sample preparation

A polycrystalline sample of NdCrOj; perovskite was synthe-
sized via solid-state reaction by using reagent-grade Nd, O3 and
Cr,O3 with >99% of purity. These precursors were supplied
by Merck. The raw materials were mixed and homogenized
by ball milling in acetone, then oven dried at 100 °C. Dry
powders were iteratively calcined into an unsealed alumina
crucible at 1300°C for several hours, until the preliminary
x-ray diffraction analysis revealed a monophasic compound.

Each cycle of calcination was followed by natural cooling to
room temperature.

B. Synchrotron x-ray powder diffraction

In situ high-pressure x-ray diffraction experiments were
conducted at the European Synchrotron Radiation Facility
(beamline ID27). Hydrostatic pressure was generated up to
21 GPa on the NdCrOs perovskite sample using a cylinder-
piston type diamond anvil cell with culet faces of 300 um
diameter. Powders were loaded into a preindented gasket hole
(i.e., arhenium foil of 50 ym thickness) with 150 um diameter,
and He as the pressure-transmitting medium [34]. A small
single-crystalline ruby sphere was loaded into the cell in order
to measure the pressure by means of the fluorescence method
[35]. The wavelength of the monochromatic incident x-ray
beam was A = 0.3738 A, which corresponds to the iodine K
edge. Debye-Sherrer rings were collected with a MAR 165 cir-
cular CCD detector with an active imaging surface of 165 mm
diameter and pixel size at CCD of 15 x 15 um. The accessible
angular range was within the limit imposed by the aperture of
the diamond anvil cell (i.e., approximately 20° in 20).

The collected data were reduced and integrated radially
over the full rings by the DIOPTAS program [36], using beam
center, detector tilt, and sample to detector distance determined
from a powder diffraction pattern of CeQO, as standard, in
order to obtain the conventional intensity vs 26 angle patterns.
Furthermore, all the diffraction peaks of diamond and solid He
(above 12 GPa) were masked. In order to check the goodness
of the reduced data, a refinement of the unit-cell parameters
was performed sequentially by SEQGSAS and SEQPLOT
programs, within the EXPGUI-GSAS suite [37,38], and
reported in Table I.

C. Rietveld refinements

The EXPGUI v.1251 interface for the GSAS program was
used for Rietveld refinements [37,38]. The structure refinement
of the NdCrOj3 orthorhombic perovskite was carried out in the
Pbnm space group, starting from the structural model (i.e., cell
parameters, fractional atomic coordinates and isotropic atomic
displacement parameters, ADPs) of NdGaO; [30], with Cr
replacing Ga. The diffraction peak profile was modeled by a
pseudo-Voigt function, which included three Gaussian (i.e.,
GU, GV, and GW, respectively) and two Lorentzian (i.e.,
LX and LY, respectively) broadening coefficients, plus an
asymmetry contribution. Besides that, 24 shifted Chebyshev
polynomial coefficients were employed to reproduce the
background. The variation of the atomic coordinates with
pressure have been refined up to 12.65 GPa, as difficulties in
reliable extraction of the diffracted intensities was encountered
for collected data at the highest pressures investigated. The
ADPs for data collected between 9.56 and 12.65 GPa have been
constrained to the average of those collected at lower pressures.
Final atomic coordinates and isotropic ADPs of NdCrOj;
perovskite up to 12.65 are provided in Table II. Furthermore,
a selection of polyhedral bond distances, polyhedral volumes,
and interoctahedral bond angles from structural refinement of
NdCrOj; perovskite up to 8.3 GPa are listed in Table III. Two
representative Rietveld plots are given in Fig. 1.

064106-2



EVIDENCE FOR A DIFFERENT ELECTRONIC ... PHYSICAL REVIEW B 97, 064106 (2018)

TABLE I. Unit-cell parameters of NdCrO; perovskite up to 20.60 GPa.

NdCrO; (space group Pbnm; Z = 4)

P (GPa) aA) b (A) c(A) v (A%
0.03(5) 5.42040(19) 5.48513(21) 7.69268(32) 228.716(15)
0.63(7) 5.41576(16) 5.47723(18) 7.68638(26) 228.004(12)
1.69(8) 5.40827(9) 5.46439(10) 7.67271(15) 226.751(7)
2.79(12) 5.40163(17) 5.45195(18) 7.66063(27) 225.601(12)
3.87(9) 5.39410(15) 5.43907(17) 7.64692(25) 224.352(10)
4.81(8) 5.38875(13) 5.42912(14) 7.63695(22) 223.428(9)
6.06(7) 5.38046(17) 5.41476(19) 7.62086(29) 222.025(10)
7.59(6) 5.37118(16) 5.39801(18) 7.60220(28) 220.416(9)
8.30(7) 5.36738(16) 5.39088(17) 7.59587(27) 219.786(8)
9.56(10) 5.35880(20) 5.37779(21) 7.58286(34) 218.527(8)
11.09(11) 5.34987(28) 5.36265(27) 7.56932(47) 217.160(8)
12.20(11) 5.34356(37) 5.35180(30) 7.55770(59) 216.133(8)
12.65(11) 5.34185(32) 5.34778(25) 7.55283(48) 215.762(7)
13.95(10) 5.33425(53) 5.33423(30) 7.53913(72) 214.519(7)
15.18(12) 5.32839(68) 5.32237(34) 7.52693(93) 213.461(9)
16.67(11) 5.32134(39) 5.30846(23) 7.51229(57) 212.208(7)
18.11(13) 5.31439(32) 5.29607(26) 7.49904(49) 211.064(9)
19.42(9) 5.30767(27) 5.28437(26) 7.48596(43) 209.964(11)
20.60(10) 5.30288(23) 5.27542(24) 7.47566(37) 209.131(11)
D. Computational details used [40]. The following values were used in order to evaluate

Static energy calculations were carried out by the HF/DFT- the integral tolerances in the HF procedure: 10~ for Coulomb
CRYSTALI14 program [39], which implements “ab initio overlap, 10:2 for Coulomb penetration, 10‘.6 fo.r exchange
linear-combination-of-atomic-orbitals™ in the case of periodic ove:rllzap, 107 for exchange pseudo-overlap in direct space,
systems. A Hamiltonian based on the WC1LYP functional was 107"~ for exchange pseudo-overlap in reciprocal space, and

TABLEII. Atomic fractional coordinates (x, y, and z), and isotropic ADPs (Ui, ) of NdCrOj3 perovskite up to 12.65 GPa (see the experimental
procedure section for further details). Fixed coordinates, A site: z = 1/4; Bsite: x = 1/2,and y =z =0;01: z = 1/4.

NdCrO; (space group Pbnm; Z = 4)

P(GPa) 0.03(5) 0.63(7) 1.69(8) 2.79(12) 3.87(9) 4.81(8) 6.06(7)
Nd x 0.9976(16) 0.9946(9) 0.9930(4) 0.9965(13) 0.9973(14) 0.9963(10) 0.9978(18)
y 0.04324(27)  0.04156(22)  0.04129(13) 0.04068(23) 0.03961(21) 0.03929(17)  0.03932(22)
Uw 04105 0.45(4) 0.49(2) 0.43(4) 0.43(4) 0.45(3) 0.46(4)
Cr Usw  0.3410) 0.36(8) 0.34(4) 0.30(8) 0.35(7) 0.36(6) 0.31(7)
o1 X 0.0938(11) 0.0962(8) 0.0954(5) 0.0976(7) 0.0943(9) 0.0958(6) 0.0985(7)
y 0.4849(30) 0.4836(26) 0.4778(15) 0.4888(28) 0.4753(25) 0.4804(21) 0.4884(27)
Usw  0.46(7) 0.64(6) 0.52(4) 0.35(7) 0.51(6) 0.56(5) 0.16(7)
02 X 0.7265(25) 0.7011(15) 0.7065(11) 0.7012(15) 0.7062(17) 0.7105(17) 0.7166(26)
y 0.2837(25) 0.3086(15) 0.3030(11) 0.3084(15) 0.3034(17) 0.2992(17) 0.2931(25)
z 0.0611(13) 0.0401(19) 0.0442(11) 0.0353(22) 0.0389(21) 0.0418(18) 0.0465(21)
Usw  0.83(5) 0.36(4) 0.40(3) 0.22(4) 0.33(4) 0.26(3) 0.58(4)
P(GPa) 7.59(6) 8.30(7) 9.56(10) 11.09(11) 12.20(11) 12.65(11)
Nd X 0.9984(19) 0.9973(13) 0.9955(10) 0.9965(13) 0.9998(34) 0.9993(26)
y 0.03758(20)  0.03794(17)  0.03712(19) 0.03804(21) 0.03674(24) 0.03672(19)
Usw  0.46(3) 0.48(3) 0.50 0.50 0.50 0.50
Cr Usw  0.38(6) 0.36(5) 0.40 0.40 0.40 0.40
o1 X 0.0972(6) 0.0963(5) 0.0960(5) 0.0964(5) 0.0906(12) 0.0930(8)
y 0.4885(24) 0.4869(21) 0.4885(24) 0.5073(28) 0.4718(32) 0.4811(25)
Uw  0.60(7) 0.40(6) 0.60 0.60 0.60 0.60
02 X 0.7162(23) 0.7161(21) 0.7129(20) 0.7095(14) 0.7186(30) 0.7195(24)
y 0.2934(22) 0.2937(21) 0.2967(19) 0.3001(14) 0.2910(30) 0.2900(24)
z 0.0415(21) 0.0396(20) 0.0314(26) 0.0223(28) 0.0305(35) 0.0295(28)
Usw  0.534) 0.68(3) 0.60 0.60 0.60 0.60
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TABLE III. Selection of polyhedral bond distances (i.e., Nd—O and Cr-O in A), polyhedral volumes [i.e., V(NdO;,) and V(CrOg) in A3],
and interoctahedral bond angles (i.e., Cr—O-0 in deg), from structural refinement of NdCrOj; perovskite up to 8.30 GPa. Standard deviations

are reported in parentheses.

NdCrO; (space group Pbnm; Z = 4)

P (GPa) Nd-O1 Nd-Ol1 Nd-O1 Nd-O1 Nd-02 [x2] Nd-02[x2] Nd-02[x2] Nd-02[x2] XT(Nd-O)

0.03(5) 3.106(11) 2.478(9) 3.221(11) 2.238(8) 2.452(5) 2.369(5) 2.858(9) 3.344(8) 2.757(8)

0.63(7) 3.105(10) 2.483(8) 3.21509) 2.239(6) 2.696(5) 2.314(5) 2.626(7) 3.371(7) 2.755(7)

1.69(8) 3.128(6) 2.449(4) 3.201(5) 2.253(4) 2.634(3) 2.314(3) 2.675(4) 3.358(4) 2.749(4)

2.79(12)  3.058(10) 2.504(8) 3.221(10) 2.211(7) 2.717(5) 2.334(5) 2.584(7) 3.326(7) 2.743(7)

3.87(9) 3.11409) 2.427(7) 3.21009) 2.231(6) 2.670(5) 2.337(5) 2.623(6) 3.305(6) 2.738(6)

4.81(8) 3.081(8) 2.454(6) 3.207(8) 2.221(5) 2.625(4) 2.339(4) 2.659(6) 3.292(5) 2.733(6)

6.06(7) 3.032(10) 2.491(8) 3.220(10) 2.189(7) 2.566(5) 2.348(5) 2.705(8) 3.272(7) 2.726(7)

7.59(6) 3.011(10) 2.491(8) 3.210(10) 2.188(7) 2.592(5) 2.362(5) 2.667(7) 3.233(7) 2.717(7)

8.30(7) 3.018(9) 2.478(8) 3.198(10) 2.198(6) 2.595(5) 2.366(5) 2.654(7) 3.225(7) 2.714(7)

P (GPa) Cr-Ol [x2] Cr-02[x2] Cr-02 [x2] (Cr-0) V(NdO») V(CrOg) Cr-O1-Cr Cr-02-Cr (Cr—O-Cr)

0.03(5) 1.991(5) 2.037(5) 1.956(5) 1.995(5) 46.642(35) 10.537(32) 150.03(32) 149.84(21)  149.94(27)

0.63(7) 1.993(3) 2.034(3) 1.953(3) 1.993(3) 46.460(30) 10.541(27) 149.22(21) 149.99(15)  149.61(18)

1.69(8) 1.990(2) 2.026(2) 1.948(2) 1.988(2) 46.229(18) 10.459(16) 149.12(12) 150.69(09)  149.91(11)

2.79(12)  1.987(3) 2.020(3) 1.941(3) 1.983(3) 46.042(27) 10.358(24) 149.04(20) 151.21(15)  150.13(18)

3.87(9) 1.983(2) 2.012(2) 1.935(2) 1.977(2) 45.816(24) 10.272(22) 149.23(17) 152.03(13)  150.63(15)

4.81(8) 1.981(2) 2.007(2) 1.930(2) 1.972(2) 45.642(21) 10.215(19) 149.13(15) 152.61(12)  150.87(14)

6.06(7) 1.979(2) 2.001(2) 1.925(2) 1.968(2) 45.353(24) 10.153(21) 148.70(17) 152.93(14)  150.82(16)

7.59(6) 1.972(2) 1.989(2) 1.915(2) 1.959(2) 45.102(21) 10.002(19) 149.07(16) 154.46(13)  151.77(15)

8.30(7) 1.969(2) 1.986(2) 1.910(2) 1.955(2) 45.003(36) 9.944(35) 149.29(14) 155.00(12)  152.15(13)
01-Cr-02 01-Cr-02 O01-Cr-02 01-Cr-02 02-Cr-02 02-Cr-02 01-Cr-02

P (GPa) 0O1-Cr-Ol [x2] [x2] [x2] [x2] [x2] [x2] [x2]

0.03(5) 180.00 87.9(4) 86.3(5) 92.1(4) 93.7(5) 87.20(11) 180.00 92.80(11)

0.63(7) 180.00 91.8(4) 92.3(6) 88.2(4) 87.7(6) 88.76(12) 180.00 91.24(12)

1.69(8) 180.00 91.8(3) 90.6(4) 88.2(3) 89.4(4) 88.47(8) 180.00 91.53(8)

2.79(12) 180.00 92.2(5) 94.0(7) 87.8(5) 86.0(7) 88.96(12) 180.00 91.04(12)

3.87(9) 180.00 93.1(4) 91.4(7) 86.9(4) 88.6(7) 88.73(13) 180.00 91.27(13)

4.81(8) 180.00 92.1(4) 91.2(6) 87.9(4) 88.8(6) 88.51(12) 180.00 91.49(12)

6.06(7) 180.00 90.6(5) 90.9(7) 89.4(5) 89.1(7) 88.14(15) 180.00 91.86(15)

7.59(6) 180.00 91.5(4) 91.9(6) 88.5(4) 88.1(6) 88.44(13) 180.00 91.56(13)

8.30(7) 180.00 92.0(4) 92.1(6) 88.0(4) 87.9(6) 88.53(12) 180.00 91.47(12)

10~ a.u. threshold for SCF-cycles convergence. The 8-411d1
[41], 86-411d41G [42], 86-4111d41G [43] basis sets were
employed for O, Cr, and Ga atoms, respectively. The Nd basis
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set was created by means of the “atomicbilly” utility [44]. The
exponents of the outer GTFs were reoptimized for all basis
sets. The diagonalization of the Fock matrix was performed
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FIG. 1. Plotof the Rietveld refinements for NdCrO; perovskite at4.81 and 12.65 GPa at room temperature (A = 0.3738 A).The experimental
data are indicated by crosses (red), the calculated pattern is the continuous line (light green), whereas the lower curve (purple) is the weighted
difference between the observed and calculated patterns. Vertical ticks mark the position of reflections for perovskite in the Pbnm space group.
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FIG. 2. Pressure dependence of normalized unit-cell volume (a) and unit-cell parameters (b) for NdGaO;-NdCrO; and LaGaO;-LaCrO;
(within the insets) couples of perovskites. Data for LaCrO; and LaGaOj; are plotted before the O-R phase transition occurs. Filled and empty
symbols refer to Cr and Ga compounds, respectively. Symbol sizes exceed the estimated uncertainties in measurements. Lines are the equation

of state (EoS) fit to the data (see Table I).

at 64 points in the reciprocal space (Monkhorst net) [45].
Each structure was modeled from the experimental unit-cell
volumes fixed at a given pressure, but allowing relaxation of
the atomic positions to reduce the noise intrinsically introduced
by the uncertainty on the atom coordinates refined by Rietveld
procedure. At the end of each run a Mulliken population
analysis has been performed to estimate orbital charges derived
from calculations.

III. RESULTS AND DISCUSSION

A. EoS and unit-cell parameters

Within the investigated pressure range, the unit-cell vol-
ume and unit-cell parameters of NdCrO; perovskite vary
continuously and smoothly with pressure, and no evidence of
phase transition is observed (Table I and Fig. 2).

In addition, Fig. 2 shows that Nd and La couples of
perovskites are characterized by compressional paths that are

overlapped (within uncertainties), and by an almost identical
axial anisotropy. This behavior can be observed within the
stability field of Pbnm phases (since both Ga and Cr lanthanum
compounds are known to suffer a first-order phase transition
at about 2.2 and 5.5 GPa, respectively [26-31]). In detail, the
compressibility of La compounds along [100] (i.e., the a axis)
is approximately 1.6 times stiffer than that along [010] and
[001]. It means that b and ¢ axes have very similar compress-
ibilities, and the axial compressibility scheme is K,o/Kpo :
Kpo/Kpo: Keo/Kpo=1.6: 1.0: 1.0. In contrast, Nd
compounds show an increased lattice parameters anisotropy,
with the [010] direction being softened and the [001] direction
turning stiffer. In fact, the axial compressibility scheme
is Ka0/Kpo : Kpo/Kpo : Keo/Kpo=1.7: 1.0: 1.4 for Nd
samples.

Volumetric and axial moduli obtained by a data fitting
to a Birch-Murnaghan third-order equation of state (BM3-
EoS) for La and Nd couples of perovskites are provided in

TABLE IV. Comparison of volumetric and axial moduli obtained by data fitting to a Birch-Murnaghan third-order equation of state
(BM3-EoS), with the axial moduli obtained by fitting the data to the cubes of each cell axis, and bulk modulus of cubic and octahedral
polyhedron of the Nd perovskite oxides obtained by data fitting to a Birch-Murnaghan second-order equation of state (BM2-EoS).*

Kro (GPa) K, (GPa) Ky (GPa) K. (GPa)  Prax Koo Kposw  Pmax
K, K, K}, K',  (GPa) EoS (GPa) (GPa) (GPa) EoS Ref.
LaGaO; 172(1) 238(3) 153(3) 148(1) 2.0(1) BM3 - - - [30]
6.4 (fixed) 9 (fixed) 6.3 (fixed) 5.4 (fixed)
LaCrO; 183(4) 242(5) 160(5) 166(6) 4.0(1) BM3 - - - fitting of data from [31]
5.4(2) 8.3(4) 3.3(2) 4.6(3)
NdGaO; 177(2) 234(2) 134(2) 189(2) 8.3(1) BM3 195(4) 162(7) 8.3(1) BM2 [30]
676) 1739  57(6) 7.5(7)
NdCrO;  1912)  251(3) 1472)  203(3) 20.6(1) BM3 215(5) 121(6) 83(1) BM2 this work
4.0(0.2) 6.5(1.3) 3.1(0.5) 3.8(1.0)

2Both unit-cell volume as well as unit-cell axes variation with pressure for NdCrOj; (this work) and LaCrO; (from the structural refinements
of Zhou et al., [31]) are fitted to a BM3-EoS, i.e., through the same EoS used to fit the pressure dependence for data of the orthogallate

sample [30].
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FIG. 3. The evolution of the normalized unit-cell volume (black
hexagons) and polyhedral volumes (green squares and diamond for

NdOy; and CrOg polyhedra, respectively) with pressure for NdCrOs.
Lines are the EoS fit to the data (see Table 1V).

Table IV. Due to the high correlation between the volumetric
bulk modulus K7 and its pressure derivative K, (i.e., K, =
(0K70/0P)p—o) [46], particularly at relatively low pressures,
a realistic comparison of the volumetric changes of La and
Nd perovskites is done by considering their K7o obtained by
a data fitting to a Birch-Murnaghan second-order equation of
state (BM2-EoS), where K, = 4 [46]. As a matter of fact, both
couples of perovskite oxides show very similar volumetric bulk
moduli [i.e., 174(2) and 185(3) GPa for LaGaO5 and LaCrOs,
and 187(1) and 191 (1) GPa for NdGaO3 and NdCrO3, respec-
tively], corroborating the compressional schemes represented
in Fig. 2. This implies that a mere difference based on the
steric features of Cr’* and Ga** hosted at the octahedral site
does not clarify why LaGaO;-LaCrOs; and NdGaO3;-NdCrO;
couples of perovskites undergo O-R phase transitions that are
remarkably different in terms of temperature and pressure.

B. Structural evolution

In order to get further insights on the role of Cr** and Ga**
ions hosted at the octahedral site, a detailed inspection of the
structural evolution in the NdGaO3;-NdCrOj; perovskite system
is here reported.

Although NdCrO; was previously investigated at both
high-temperature and high-pressure conditions [32], several
experimental difficulties limited the quality of data collected
at high pressure, so hampering a reliable interpretation of
the high-pressure evolution. Additionally, as highlighted by
Angel et al. [30], the transition to the rhombohedral phase
limits the pressure range over which the structural data can be
collected for La compounds within the orthorhombic symme-
try, precluding the stability of full refinement EoS parameters.
For these reasons, a detailed review on the structural features
with pressure of the NdCrOj; perovskite is proposed, and a
comparison of the structural modifications for chromate and
gallate perovskites will be confined to the Nd compounds.

Figure 3 shows that NdCrOs has octahedra that are sig-
nificantly more compressible than both the unit-cell volume
and the NdO;, cubic site. An inspection of Table IV reveals
that both NdGaO3; and NdCrO; perovskites have similar
compressional features. In particular, the polyhedral compres-
sional scheme of both perovskites can be rationalized as:
K70 ~ Ka012)0 > K(Bos) - Nonetheless, GaOg octahedra are
significantly stiffer than CrOg [i.e, KGaos) = 162(7) GPa and
K (crosy = 121(6) GPa, respectively].

The more pronounced CrOg octahedral compressibility can
be ascribed to several concurrent factors:

(1) A significant compression (about 2%) of the mean Cr—O
bond lengths is registered up to 8.3 GPa (see Table III). As
shown in Fig. 4(a), this bond shortening exceeds that of the
NdGaOs; octahedra by about 0.5%. For both Nd perovskites,
the variation of the octahedral bond lengths is associated with
a negligible change in the O—B-O angles (Table III), which
corresponds to a net volume reduction of the BOg octahedra.

(i) Both symmetry-independent Cr—O—Cr interoctahedral
angles increase with pressure back towards 180° [Fig. 4(b)],
which corresponds to a decrease in the octahedral tilting.

(a

(b)
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FIG. 4. Variation of average octahedral bond lengths (a) and bond angles (b) with pressure for NdCrO; (filled symbols) and NdGaOj; [30]
(empty symbols). Lines are the EoS fit to the data. Dashed lines are a reader’s guide.
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FIG. 5. Pressure dependence of the effective coordination number
(ECoN) [47,48] at the octahedral site for NdCrOs (filled symbols)
and NdGaO; [30] (empty symbols). Note: The effective cation
coordination, as defined in ECoN, is estimated on the basis of a bond-
valence like “bond weight” instead of using an arbitrary cutoff on
the cation-ligand bond distances [47,48]. Hence, the ECoN variation
provides information on the “bonding degree” and, as a consequence,
on the polyhedral distortion with regard to the local environment in
which cations are confined (in this case the perovskite octahedral site).

It is noteworthy that the mean interoctahedral variation for
the NdGaO; with respect to that of the NdCrOj3 is about
three times smaller in the same pressure range. It results that
the enhanced compression of the BOg octahedra in NdCrOs3
is due to a greater shortening of the average octahedral
bond lengths, accompanied by a faster rotation of the CrOg
octahedra, here represented by (Cr—O—Cr) bond angles that
increase more rapidly with pressure.

The structural features described above suggest that GaOg
octahedra behave as rigid units, while the CrOg octahedra
are more flexible and able to account for a higher degree

of compression and rotation, meaning that the compressional
evolution of orthorhombic perovskites is closely connected to
the nature of the constituting ions.

Further insights into the effects related to the nature of
the Cr** and Ga** ions hosted at the octahedral site of
the Nd perovskite structure can be derived by the effective
coordination number (ECoN) [47,48] variation with pressure.

The GaQOg octahedra have, within the uncertainties, a
constant coordination number C.N. & 6 (i.e., the nominal
coordination for an ideal octahedron) along the investigated
pressure range. This means that GaOg is a perfectly bonded
polyhedron with a small degree of distortion, thus corrobo-
rating the concept of rigid unit (Fig. 5). As a matter of fact,
at ambient conditions, NdGaOs; shows that the three pairs
of octahedral bond lengths (as well as the two symmetry-
independent interoctahedral bond angles) have similar values.
As well represented in Fig. 6, this state is preserved on
increasing pressure, i.e., Ga—O bonds undergo a same degree of
compression, and Ga—O-Ga angles are subjected to a similar
increasing. This means that the GaOg octahedra undergo an
isotropic compression.

At variance with NdGaOs3, the ECoN calculated for the
octahedral site of the NdCrOj; perovskite is away from
the octahedral ideal value. Without any significant change,
the ECoN of NdCrQj3 octahedra is 5.94 within the uncertainties
(Fig.5). Atambient conditions, the interoctahedral bond angles
have similar values (*150°), but the three pairs of Cr—O bond
lengths are quite different. The pressure dependence of the oc-
tahedral bond length [Fig. 6(a)] reveals that all the bond lengths
are subjected to a regular decrease, but Cr—O1 is remarkably
stiffer than both Cr—O2 and Cr—O2’. The observed anisotropy
also entails the interoctahedral bond angles [Fig. 6(b)]. In
fact, while Cr—O1-Cr has a dependence on pressure similar to
both the symmetry-independent Ga—O—-Ga angles for NdGaOs3
(the angular variation is 0.9° and 0.7° for Cr—O1-Cr and
Ga-01,2-Ga, respectively), Cr—O2—Cr increases more rapidly
(by about 5°) up to 8.3 GPa.

Hence, the different electronic configuration of Cr3t and
Ga** hosted at the octahedral site allows the CFSE to act as a
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TABLE V. Electronic population for the 3d orbitals of Ga** and Cr** ions hosted at octahedral sites of NdGaO; and NdCrOs perovskites
at high pressure from Mulliken analysis calculation. Furthermore, actual electronic population along each cartesian axis (i.e., x, y, and z in the
same direction of Cr-O2’, Cr-O2, and Cr-O1 couples of octahedral bond lengths, respectively) at the 1,, level for the NdCrOs perovskite.

NdGaO;

e by, e, and 1,
P(GPa) x2-y? 22 Xy Xz vz sum
2.22 2.000 2.005 2.004 2.000 2.001 10.010
3.30 2.000 2.005 2.004 2.000 2.001 10.010
4.34 2.000 2.005 2.004 2.000 2.001 10.010
5.31 2.001 2.005 2.005 2.000 2.001 10.012
6.29 2.001 2.005 2.005 2.000 2.001 10.012
7.29 2.001 2.005 2.005 2.000 2.001 10.012
8.29 2.001 2.005 2.005 2.000 2.001 10.012

NdCrOs;

[ e €, and e e
P(GPa) x2-y? 72 Xy Xz vz sum X y Z
0.63 0.798 0.925 0.726 0.850 0.990 4.289 0.557 0.607 0.651
1.69 0.799 0.925 0.721 0.853 0.991 4.289 0.556 0.605 0.652
2.79 0.800 0.920 0.724 0.852 0.997 4.293 0.557 0.608 0.654
3.87 0.799 0.926 0.711 0.860 0.990 4.286 0.555 0.601 0.654
4.81 0.799 0.928 0.707 0.864 0.990 4.288 0.555 0.600 0.655
6.06 0.800 0.929 0.702 0.868 0.990 4.289 0.555 0.598 0.657
7.59 0.800 0.929 0.699 0.872 0.990 4.290 0.555 0.597 0.658
8.30 0.800 0.930 0.694 0.874 0.990 4.288 0.554 0.595 0.659
9.56 0.800 0.930 0.695 0.874 0.990 4.289 0.555 0.596 0.659
11.09 0.796 0.937 0.672 0.892 0.989 4.286 0.553 0.587 0.665
12.20 0.793 0.945 0.661 0.903 0.987 4.289 0.553 0.583 0.668
12.65 0.797 0.942 0.660 0.900 0.987 4.286 0.552 0.582 0.667

vehicle of octahedral softening (in the case of octahedrally co-
ordinated Cr** with partially filled 34 orbitals) or it turns octa-
hedra into rigid units when crystal field effects are absent (in the
case of octahedrally coordinated Ga** with full 3d orbitals).

C. Mulliken population analysis

The calculation of the electronic population for the 3d
orbitals of Ga’* and Cr** ions hosted at octahedral sites of
Nd perovskite compounds as a function of pressure is listed in
Table V.

Such calculations unequivocally show that an electronic re-
distribution occurs at the 3d orbitals of Cr** ions with pressure,
while the electronic population of Ga®* ions is not affected by
the compressional regime (as both e, and ,, 3d orbitals are
fully occupied). Albeit the summation of Cr** 3d electrons is
almost constant up to ~13 GPa, and the electronic variation at
the e, level is negligible (Table V), a tangible variation of the
electronic population at the 1, level is detected (Fig. 7), where
dyy and d,, orbitals tend to compensate mutually.

D. Experimental and computational coupling

In order to compare the electronic distribution at the 7, level
of the d orbitals with the long-range compressional features of
the NdCrOj; perovskite (i.e., to obtain a match between XRD
data and ab intio calculations), the electronic population of the
three 1,, orbitals has been recalculated along each cartesian

axis, i.e., along the three couples of Cr—O bond lengths (see
Table V). Specifically, since d,,, d, and d,, orbitals have lobes
projecting between the cartesian axes, chromium-oxygen bond
distances at the octahedral site are their bisectors. Therefore,
the electronic population along x, y, and z cartesian axes (or
Cr-02/, Cr-02, and Cr—01 bond lengths, respectively) can be

electrons
o -
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FIG. 7. Pressure dependence of the electronic population for Cr3*
3d orbitals in NdCrOj; perovskite at the #,, level. Dashed lines are a
reader’s guide.
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FIG. 8. Pressure dependence of the electronic population for Cr3*
3d orbitals in NdCrOj3 perovskite at the 1,, level recalculated along
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lengths). Dashed lines are a reader’s guide.

calculated by recasting, for each pressure point, the electronic
population of NdCrOs at the 15, level through a system of
linear equations that simultaneously account for the electronic
content along each cartesian direction (or along the three pairs
of symmetry independent Cr—O bond lengths).

According to what was reported in the previous sections,
Fig. 8 clearly shows that an electronic depletion along the
x and y cartesian axes can be associated with a favored
compression of both Cr—02’ and Cr-0O2 bond lengths, while
the electronic population increasing with pressure along the
z cartesian axis hinders the compression of the Cr—O1 bond
length [see also Fig. 6(a)].

Those data provide a clear indication on the CFSE effects at
the CrOg site for the NdCrOs perovskite. In fact, the energetic
splitting of the 3d orbitals and, particularly the electronic
redistribution at the #,, level, explain why the metal-oxygen
interactions are anisotropic.

IV. CONCLUDING REMARKS

In situ high-pressure synchrotron XRD measurements cou-
pled with ab initio simulations of the electronic population
from experimental structures of NdCrO; orthorhombic per-
ovskite have been compared with the compressional feature of
an NdGaOj; isomorph [30]. Such a comparison let to appraise
the role of the CFSE of ions hosted at the octahedral site.

The long-range compressional features (i.e., unit-cell pa-
rameters and volume) of NdCrO; and NdGaO;3 perovskite
compounds are very similar, and therefore the steric contri-
bution of Cr** and Ga®* ions hosted at the octahedral site is
the prevalent factor at this scale. Nevertheless, the different
electronic configurations of these ions lead to a redistribution
of electrons at the 3d orbitals for Cr3t, which allows the CFSE
to act as vehicle of octahedral softening in NdCrOj or it turns
octahedra into rigid units when CFSE is null, as in the case of
NdGaOs.

These findings highlight the influence that a TMI can have
on the compressional features of perovskite structures, and ex-
plain why both LaM3* O3 and NdM3+0; (with M = Cr, Ga)
members are characterized by largely different temperatures
and pressures of transition. In addition, they have a deep
repercussion on the way the compressibility of perovskite
compounds has to be modeled. Subject of many reviews in
which it has been rationalized as the combination of the relative
compressibility of constituent AO;, and BOg polyhedra with
the octahedral tilts, the modeling of perovskite compounds on
pressure has to rely also on the complexity derived from the
intrinsic features of the constituent ions, i.e., the electronic
configuration of octahedrally coordinated ions, as in the case
of NdM?3+0s3 (M = Cr, Ga) perovskites.
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