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Abstract

The structural evolution with pressure of six perovskites in the system La1�xNdxGaO3 with x ¼ 0.00, 0.06, 0.12, 0.20, 0.62 and 1.00

have been determined by single-crystal diffraction. At room pressure, all six samples have Pbnm symmetry. The room-pressure bulk

moduli vary only slightly with composition, between K0T ¼ 169(4) and 177(2)GPa, with K 00 ¼ ðdK=dPÞP¼0�6:5. As pressure is increased

there is significant compression of the octahedral Ga–O bonds, the tilts of the GaO6 octahedra decrease and the structures evolve towards

higher symmetry. At room conditions the average Ga–O bond length increases with increasing compositional parameter x. However, the

GaO6 become stiffer with increasing x; the Ga–O bonds thus become stiffer as they become longer. Bond strengths in the octahedra in

perovskites are therefore not a simple function of bond lengths but depend also upon the extra-framework cation.

Phase transitions to R-3c symmetry occur at 2.2GPa in end-member LaGaO3, at �5.5GPa in the x ¼ 0.06 sample, at �7.8GPa for

x ¼ 0.12, and at �12GPa for x ¼ 0.20. No evidence of the transition in the x ¼ 0.62 or 1.00 samples was found by X-ray diffraction to

9.4 or 8.0GPa, respectively, or by Raman measurements of NdGaO3 up to 16GPa. The transition pressure therefore increases with

increasing Nd content (increasing x) at approximately 0.45GPa per 0.01 increment in x, at least up to x ¼ 0.20. Compression of the R-3c

phase of LaGaO3 above the transition results in no significant changes in the tilt angle of the octahedra. The structural behavior of all six

samples at high pressures is the result of the GaO6 octahedra being softer than the extra-framework (La,Nd)O12 site. The results

therefore demonstrate that the evolution of solid-solution perovskites at high pressures follow the same general principles recently

elucidated for end-member compositions.

r 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The relationship between crystal chemistry, structure
and properties of perovskites is becoming ever more
important as the range of uses for these ceramics becomes
even broader, especially if one wants to pre-design
perovskites with specific properties for a practical applica-
tion. For example, the (La,Nd)GaO3 perovskites with
Pbnm symmetry that were used in this study have become
widely used substrate materials in the last decade because
of their low lattice mismatch with high temperature
e front matter r 2007 Elsevier Inc. All rights reserved.
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superconductor (HTSC) films which is maintained even
at high temperatures [1–5]. Tailoring elasticity and thermal
expansion of such perovskites by adjusting the composition
requires a detailed and systematic link to be developed
between the crystal chemistry and their physical and
thermodynamic properties.
Such a link has begun to be established between the

crystal chemistry of end-member stoichiometric ABO3

perovskites and both their elastic properties and structural
evolution with pressure. Recent single-crystal X-ray
diffraction studies, along with previous research work,
clearly indicate that the relative compressibilities of the A
and B sites play an important role in determining the
pressure-induced structural changes of perovskites [6–17].
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When the BO6 octahedra are less compressible than the
extra-framework AO12 sites the application of pressure
leads to increased tilts of the octahedra within a single
phase, or to phase transitions to perovskites with lower
symmetries and larger tilts. Such behavior is generally
observed in perovskites with a cation of +4 formal charge
in the octahedral site, and hence a +2 cation in the A site
(e.g. MgSiO3 [9], CaSnO3 [14], etc.). This is also the
behavior expected from the traditional model of perovs-
kites that considers them comprised of rigid octahedra free
only to undergo relative rotations and tilts. By contrast, in
perovskites with both cations with +3 formal charges,
exactly the opposite high-pressure behavior is observed.
The BO6 octahedra are found to be more compressible
than the extra-framework AO12 sites. As a consequence,
the tilts of the octahedra decrease with increasing pressure
[11,12] and can lead to phase transitions to perovskites of
higher symmetry. LaAlO3 with R-3c symmetry thus
exhibits decreasing octahedral tilts with increasing pressure
[15] prior to a phase transition to a structure with Pm3m

symmetry with no tilts at pressures in excess of 14GPa [18].
Orthorhombic LaGaO3 also exhibits decreased tilts at
elevated pressures prior to a phase transition to R-3c

symmetry at �2.2GPa [19].
These observations can be put on a quantitative basis

through application of the concept of bond-valence to the
calculation of relative polyhedral compressibilities [16,17].
As a perovskite structure is compressed, the bond lengths
to both the A and B cations become shorter. As a
consequence the formal bond valences of the individual
bonds, calculated using the normal bond-valence para-
meters derived from room-pressure structures (e.g.
[20–22]), increase. If the formal bond-valence sums at the
cation sites are calculated for a perovskite structure
determined at high pressures it is an experimental
observation that the increase over the sums at room
pressure is the same in a given structure for both the A and
B cation sites. This equipartition of ‘‘bond-valence strain’’
has been called the ‘‘bond-valence matching principle’’ [16].
It follows that the relative compressibilities of the AO12

and BO6 sites in any given perovskite are given by
bB/bA ¼MA/MB, in which the MA and MB are site
parameters of the room-pressure structure defined as
Mi ¼ (RiN/B) exp[(R0�Ri)/B]. The implication of this
analysis is that the compressibility of the polyhedra is not
only dependent upon the bond lengths within the polyhedra,
but also upon the other cation polyhedra within the structure.

Although the bond-valence matching principle success-
fully explains the high-pressure compressional behavior
and phase transitions of stoichiometric end-member
perovskites, its extension to solid solutions is not
straight-forward. First, there is very little available data
on the structural response of perovskite solid solutions to
high pressure. Second, the bond-valence approach is
specifically restricted to structures in which each crystal-
lographic distinct site is only occupied by a single atom
type. Thus, it is not clear how the bond-valence approach
should be modified for solid solutions. Neither is it clear
exactly how the apparent A–O and B–O bond lengths
obtained from a solid-solution perovskite by a diffraction
experiment actually relate to the true local bond lengths
within the structure. Therefore as a first step towards
exploring the high-pressure behavior of perovskite solid
solutions, we have undertaken a single-crystal X-ray
diffraction study of pressure-induced structure changes of
six members of the La1�xNdxGaO3 perovskite solid
solution. This solid solution was chosen because of the
availability of high-quality single crystals of homogeneous
intermediate compositions, all of which exhibit the same
Pbnm space group symmetry at room pressure. In addition,
the Pbnm to R-3c phase transition reported in the LaGaO3

end-member [19,23], provides us with the opportunity to
also determine the interplay between polyhedral properties
and phase transitions in perovskite solid solutions.

2. Experimental

La1�xNdxGaO3 single crystals (x=0.00; 0.06; 0.12; 0.20;
0.62; 1.00) were prepared by the Czochralski growth
technique [24]. Compositions were determined by electron
microprobe analysis and reported in [24]. The relatively
large pieces of crystals were cut and polished to plates
about 30 mm thick. After careful examination by polarized
light microscopy and verification of the absence of twin
domains on an optical scale, a selected plate was then cut
into smaller pieces about 150 mm� 150 mm in size. X-ray
diffraction measurements with both a point detector and a
CCD area detector on an Xcalibur-1 diffractometer
(Oxford Diffraction) were employed in an attempt to
detect finer-scale twinning which was found to be absent
from most samples. The improvement in the refinement of
the structure of La0.94Nd0.06GaO3 obtained when a small
twin fraction was refined indicated that this sample
included a small amount of sub-optical scale twin domains.
This twinning may account for the slightly anomalous data
from this sample. Refinements of structures at ambient
pressure are consistent with those previously reported for
the La1�xNdxGaO3 join [24–27].
These smaller pieces of samples were used in high-

pressure studies. The selected crystals were loaded sepa-
rately on to a 600 mm diameter culet of one anvil of an ETH
diamond anvil cell [28]. A 4:1 methanol:ethanol mixture
served as the pressure-transmitting medium. A 200 mm
thick T301 steel gasket was pre-indented to a thickness of
�90 mm and a hole of 300 mm diameter was drilled in the
center of the indented region. A ruby sphere (�20 mm)
and quartz were loaded together with crystal as the internal
pressure calibrants [29,30]. All unit cell parameters
were determined by a least-squares fit to the corrected
setting angles of 18–20 reflections measured by the eight-
position centering technique on a Huber four-circle
diffractometer [30].
Intensity data for all accessible reflections were collected

at room pressure and at different pressures for all samples
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Table 1a

Refinement information, unit cell parameters and refined positional

parameters and anisotropic displacement parameters (bij) of Pbnm

LaGaO3 perovskite at high pressure

P (GPa) 0.0001 1.283(11) 2.038(10)

Nobs (I42I0/s(I0))
a 751 811 737

Nind (F242s(F2)b 300 294 292

Rint
c 0.063 0.059 0.054

Gfit
d 1.03 1.17 1.00

Nint
e 299 294 292

Weight, pf 0.00 0.00 0.00

Extinction � 10�4g 0.098(10) 0.075(7) 0.065(5)

Rw
h 0.039 0.043 0.035

Ruw
i 0.032 0.033 0.024

a (Å) 5.52288(19) 5.51402(21) 5.50819(20)

b (Å) 5.49293(28) 5.47813(18) 5.46937(17)

c (Å) 7.77302(29) 7.75004(35) 7.73832(29)

V (Å3) 235.808(15) 234.102(15) 233.127(13)

La(Nd): Beq 0.630(17) 0.59(2) 0.503(16)

x 0.00447(5) 0.00436(6) 0.00417(5)

y 0.51682(10) 0.51560(10) 0.51455(8)

b11 0.0054(3) 0.0050(2) 0.0053(11)

b22 0.0033(3) 0.0033(3) 0.0061(14)

b33 0.00346(15) 0.0032(2) 0.0026(10)

b12 0.00031(7) 0.00016(7) �0.0010(9)

Ga:Beq 0.52(3) 0.51(3) 0.39(2)

b11 0.0053(5) 0.0040(4) 0.0030(3)

b22 0.0019(4) 0.0024(5) 0.0020(4)

b33 0.0028(3) 0.0031(4) 0.0023(4)

b12 0.00003(10) �0.00007(12) �0.00004(11)

b13 0.00001(7) 0.00004(8) -0.00001(7)

b23 �0.00001(9) 0.00016(12) �0.00007(9)

O1: Beq 0.71(6) 0.70(7) 0.66(6)

x �0.0679(8) �0.0662(10) �0.0651(7)

y �0.0066(8) �0.0044(9) �0.0051(7)

b11 0.0065(13) 0.0085(16) 0.00396(16)

b22 0.0054(14) 0.0047(16) 0.0032(3)

b33 0.0027(9) 0.0021(12) 0.00272(15)

b12 0.0000(9) �0.0009(10) 0.00011(6)

O2: Beq 0.74(5) 0.65(6) 0.62(5)

x 0.2290(5) 0.2302(5) 0.2310(4)

y 0.2719(5) 0.2704(6) 0.2700(5)

z 0.0373(5) 0.0367(6) 0.0367(5)

b11 0.0072(8) 0.0062(8) 0.0052(8)

b22 0.0038(10) 0.0028(11) 0.0032(10)

b33 0.0036(6) 0.0036(8) 0.0035(7)

b12 �0.0021(7) �0.0016(7) �0.0010(6)

b13 0.0011(6) 0.0007(6) 0.0010(5)

b23 0.0000(6) �0.0006(6) �0.0018(5)

La(Nd): z ¼ 0.25; b13 ¼ b23 ¼ 0. Ga: x ¼ 0.0, y ¼ 0.0, z ¼ 0.0. O1:

z ¼ 0.25; b13 ¼ b23 ¼ 0.
aNumber of reflections with I42I0/s(I0).
bNumber of independent reflections with F242s(F2).
cInternal residual for symmetry-equivalent inflections.
dEstimated standard deviation of unit weight observation.
eNumber of independent reflections used in refinement.
fWeight ¼ (s2(Fi)+p2Fi

2)�2.
gExtinction factor.
hWeighted Rw ¼

P
wðjF0j � jF cjÞ

2=
P
jF0j

2
� �1=2

.
iUnweighted Ruw ¼

P
jF0j � jF cjj j=

P
jF0j.

Table 1b

Interatomic distances (Å), angles (deg), and polyhedral volumes of GaO6,

Voct (Å
3), and LaO12, Vdod (Å3), of Pbnm LaGaO3 perovskite at high

pressure

LaGaO3 (Pbnm)

P (GPa) 0.0001 1.283(11) 2.038(10)

Ga–O1 � 2 1.9794(8) 1.9717(10) 1.9677(7)

Ga–O21 � 2 1.9786(23) 1.9713(26) 1.9699(20)

Ga–O22 � 2 1.9731(22) 1.9688(26) 1.9643(20)

/GaO6S 1.9770(9) 1.9706(10) 1.9673(8)

Voct 10.298 10.198 10.146

Voct.reg
� 10.303(14) 10.203(16) 10.152(12)

O1–Ga–O2 � 2 89.49(14) 89.23(17) 89.24(13)

O1–Ga–O2 � 2 90.69(14) 90.56(17) 90.79(13)

O1–Ga–O1 � 2 180.00 180.00 180.00

O1–Ga–O2 � 2 89.31(14) 89.44(17) 89.21(13)

O1–Ga–O2 � 2 90.51(14) 90.77(17) 90.76(13)

O2–Ga–O2 � 2 91.55(3) 91.57(3) 91.60(3)

O2–Ga–O2 � 2 90.51(15) 90.77(18) 90.76(15)

O2–Ga–O2 � 2 88.45(3) 88.43(3) 88.40(3)

O2–Ga–O2 � 2 180.00 180.00 180.00

La(Nd)–O1 i 2.415(4) 2.418(5) 2.421(4)

La(Nd)–O1 ii 2.648(4) 2.658(4) 2.655(4)

La(Nd)–O1 iii 2.903(4) 2.875(5) 2.868(4)

La(Nd)–O1 iv 3.114(4) 3.100(5) 3.091(4)

La(Nd)–O2 v � 2 2.466(3) 2.467(4) 2.465(3)

La(Nd)–O2 vi � 2 2.6202(26) 2.6123(29) 2.6086(25)

La(Nd)–O2 vii � 2 2.8274(27) 2.825(3) 2.8262(28)

La(Nd)–O2 viii � 2 3.133(3) 3.111(4) 3.100(3)

/LaO12S 2.764(4) 2.757(5) 2.753(4)

/LaO8S 2.611(4) 2.611(5) 2.609(4)

/LaO4S 3.071(4) 3.049(5) 3.040(4)

Vdod 48.649(28) 48.322(32) 48.130(24)

Ga–O1–Ga 158.07(22) 158.62(31) 158.95(21)

Ga–O2–Ga 160.51(20) 161.04(24) 161.18(20)

�The regular octahedral volume Voct,reg is calculated as Voct;reg ¼
4
3
GaO1 �GaO21 �GaO22 and corresponds to an octahedron with all

O–Ga–O bond angles 901 or 1801. Uncertainty of Voct is probably over-

estimated by that of Voct,reg.

R.J. Angel et al. / Journal of Solid State Chemistry 180 (2007) 3408–34243410
using an Xcalibur-1 diffractometer equipped with a point
detector and a Mo Ka radiation source run at 50 kV and
40mA. Prior to each intensity data collection, the offsets of
the crystal from the center of the goniometer were
determined by measuring 20–40 strong low-angle reflec-
tions and calculating the crystal offsets from the reflection
positions with the WinIntegrStp program [31]. These
offsets were then minimized by adjusting DAC on the
goniometer before data collection. The intensities of all
accessible reflections from 21 to 401 in y were measured
with constant-precision step-scans in o with the diamond-
anvil cell set in fixed-f mode [32]. Peak fitting and
integration of data collection scans were carried out by
using the WinIntegrStp software. Other data corrections
including absorption by the sample itself, the beryllium
plates and diamond anvils of the DAC as well as
shadowing by the gasket were made by ABSORB 6.0
[33]. After the crystallographically equivalent reflections
were averaged and outliers excluded, the remaining
independent reflections with F242s(F2) were used to refine
structures with RFINE99, a development version of
RFINE4 [34]. Unit cell parameters measured on Huber
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Table 2a

Refinement information, unit cell parameters and refined positional parameters of Pbnm La0.94Ga0.06O3 perovskite at high pressure

P (GPa) 0.0001 0.967(2) 2.56(5) 3.98(5) 5.30(5)

Nobs (I42I0/s(I0)) 677 669 652 658 583

Nind (F242s(F2) 152 153 175 186 175

Rint 0.061 0.062 0.055 0.066 0.065

Gfit 1.13 1.16 1.00 1.08 1.14

Nint 153 151 170 182 172

Weight, p 0.03 0.03 0.00 0.03 0.03

Extinction � 10�4 0.18(2) 0.19(2) 0.16(10) 0.18(2) 0.20(2)

Rw 0.056 0.062 0.037 0.060 0.062

Ruw 0.033 0.036 0.033 0.042 0.045

a (Å) 5.5124(5) 5.5054(4) 5.4980(5) 5.4870(4) 5.4789(3)

b (Å) 5.4936(2) 5.4819(2) 5.4625(9) 5.4445(6) 5.4311(2)

c (Å) 7.7706(8) 7.7547(9) 7.7327(17) 7.7067(15) 7.6837(8)

V (Å3) 235.32(4) 234.04(3) 232.23(6) 230.23(5) 228.64(3)

La(Nd): Beq 0.53(3) 0.53(4) 0.49(3) 0.45(3) 0.52(4)

x 0.00491(10) 0.00490(11) 0.00453(8) 0.00420(10) 0.00406(11)

y 0.5200(3) 0.5190(3) 0.51677(13) 0.51523(18) 0.51320(17)

Ga: Beq 0.50(4) 0.53(5) 0.38(3) 0.33(4) 0.43(5)

O1: Beq 0.60(13) 0.87(17) 0.67(12) 0.45(13) 0.60(16)

x �0.0682(14) �0.0669(17) �0.0667(12) �0.0647(14) �0.0660(17)

y �0.0072(14) �0.0081(16) �0.0102(12) �0.0064(14) �0.0055(15)

O2: Beq 0.39(9) 0.58(11) 0.53(9) 0.57(11) 0.57(14)

x 0.2253(8) 0.2258(9) 0.2284(7) 0.2302(8) 0.2311(9)

y 0.2749(8) 0.2728(9) 0.2724(7) 0.2709(9) 0.2674(10)

z 0.0400(12) 0.0393(16) 0.0382(11) 0.0377(14) 0.0400(15)

Isotropic temperature factor (Beq) were used in the refinements.

Table 2b

Interatomic distances, angles, and polyhedral volumes of Pbnm La0.94Nd0.06GaO3 perovskite at high pressure

P (GPa) 0.0001 0.967(2) 2.56(5) 3.98(5) 5.30(5)

Ga–O1 � 2 1.9791(14) 1.9739(16) 1.9684(11) 1.9594(13) 1.9549(17)

Ga–O21 � 2 1.980(4) 1.968(5) 1.969(4) 1.963(4) 1.951(5)

Ga–O22 � 2 1.979(4) 1.981(5) 1.967(4) 1.958(4) 1.965(5)

/GaO6S 1.9794(15) 1.9743(20) 1.9681(15) 1.9601(15) 1.9570(20)

Voct 10.333 10.253 10.152 10.034 9.982

Voct, reg 10.340(24) 10.26(3) 10.164(23) 10.041(23) 9.99(3)

O1–Ga–O2 � 2 88.88(26) 89.03(36) 89.58(26) 89.10(34) 88.66(38)

O1–Ga–O2 � 2 91.22(24) 91.30(33) 91.37(26) 91.16(33) 91.43(37)

O1–Ga–O1 � 2 180.00 180.00 180.00 180.00 180.00

O1–Ga–O2 � 2 88.78(24) 88.70(33) 88.63(26) 88.84(33) 88.57(37)

O1–Ga–O2 � 2 91.12(26) 90.97(36) 90.42(26) 90.90(34) 91.34(38)

O2–Ga–O2 � 2 91.60(08) 91.57(10) 91.67(07) 91.71(09) 91.87(10)

O2–Ga–O2 � 2 91.12(33) 90.97(41) 90.42(29) 90.90(37) 91.34(41)

O2–Ga–O2 � 2 88.40(08) 88.43(10) 88.33(07) 88.29(09) 88.13(10)

O2–Ga–O2 � 2 180.00 180.00 180.00 180.00 180.00

La(Nd)–O1 i 2.412(8) 2.416(9) 2.412(6) 2.415(7) 2.402(9)

La(Nd)–O1 ii 2.629(8) 2.623(8) 2.614(6) 2.632(8) 2.642(8)

La(Nd)–O1 iii 3.109(8) 3.098(9) 3.094(6) 3.077(7) 3.081(9)

La(Nd)–O1 iv 2.924(8) 2.916(8) 2.905(6) 2.865(8) 2.843(8)

La(Nd)–O2 v � 2 2.440(7) 2.443(9) 2.445(6) 2.446(8) 2.436(9)

La(Nd)–O2 vi � 2 2.615(6) 2.609(8) 2.605(5) 2.596(7) 2.572(8)

La(Nd)–O2 vii � 2 2.821(7) 2.819(9) 2.817(6) 2.815(8) 2.837(9)

La(Nd)–O2 viii � 2 3.174(8) 3.155(10) 3.125(7) 3.099(9) 3.086(9)

/La(Nd)O12S 2.765(9) 2.759(9) 2.751(7 2.742(9) 2.735(9)

/La(Nd)O8S 2.599(9) 2.598(9) 2.595(7 2.595(9) 2.592(9)

/La(Nd)O4S 3.095(8) 3.081(10) 3.062(7) 3.035(9) 3.024(9)

Vdod 48.50(5) 48.26(6) 47.91(5) 47.53(5) 47.18(6)

Ga–O1–Ga 158.0(4) 158.3(5) 158.2(4) 159.0(4) 158.6(5)

Ga–O2–Ga 158.7(5) 159.2(6) 160.0(4) 160.5(6) 160.1(6)

R.J. Angel et al. / Journal of Solid State Chemistry 180 (2007) 3408–3424 3411
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Table 3b

Interatomic distances, angles, and polyhedral volumes of Pbnm

La0.88Nd0.12GaO3 perovskite at high pressure

P (GPa): 0.0001 4.497(6) 6.437(7)

Ga–O1 � 2 1.9779(13) 1.9607(13) 1.9502(12)

Ga–O21 � 2 1.983(4) 1.958(3) 1.950(4)

Ga–O22 � 2 1.970(4) 1.960(3) 1.955(4)

/GaO6S 1.9768(16) 1.9596(12) 1.9517(15)

Voct 10.296 10.015 9.904

Voct,reg 10.300(25) 10.033(18) 9.912(23)

O1–Ga–O2 � 2 89.44(26) 89.48(22) 89.25(18)

O1–Ga–O2 � 2 91.12(26) 90.49(22) 91.06(18)

R.J. Angel et al. / Journal of Solid State Chemistry 180 (2007) 3408–34243412
diffractometer were used in the structure refinements.
Refinement information, bond distances, angles and unit
cell parameters for the La1�xNdxGaO3 samples at high
pressure are listed in Tables 1–9.

The phase transition from Pbnm symmetry to R-3c in
LaGaO3 and La-rich members of the (La,Nd)GaO3 solid
solution is marked at high temperature by a decrease in the
number of bands from �18 to 4 [26,35]. We found that
non-polarized Raman measurements from un-oriented
single-crystal chips of samples with x=0.00, 0.06, 0.12
revealed similar distinct changes at the pressures corre-
Table 3a

Refinement information, unit cell parameters and refined positional

parameters and anisotropic displacement parameters (bij) of Pbnm

La0.88Nd0.12GaO3 perovskite at high pressure

P (GPa) 0.0001 4.497(6) 6.437(7)

Nobs (I42I0/s(I0)) 601 593 553

Nind (F242s(F2) 264 262 249

Rint 0.052 0.036 0.052

Gfit 1.08 1.20 1.05

Nint 262 260 246

Weight, p 0.03 0.01 0.01

Extinction � 10�4 0.091(13) 0.060(8) 0.078(9)

Rw 0.056 0.042 0.042

Ruw 0.034 0.031 0.031

a (Å) 5.5128(4) 5.48116(29) 5.46878(23)

b (Å) 5.4928(4) 5.4425(4) 5.4235(3)

c (Å) 7.7732(7) 7.6997(5) 7.6695(4)

V (Å3) 235.38(3) 229.691(23) 227.477(18)

La(Nd): Beq 0.71(3) 0.53(3) 0.62(3)

x 0.00490(9) 0.00428(8) 0.00401(8)

y 0.51908(16) 0.51564(10) 0.51357(10)

b11 0.0058(4) 0.0047(3) 0.0059(3)

b22 0.0059(4) 0.0044(3) 0.0053(3)

b33 0.0029(2) 0.00211(16) 0.00223(17)

b12 0.00019(13) 0.00018(15) 0.00002(16)

Ga: Beq 0.56(4) 0.42(3) 0.48(3)

b11 0.0040(6) 0.0039(4) 0.0055(5)

b22 0.0057(6) 0.0037(4) 0.0044(4)

b33 0.0022(4) 0.0015(3) 0.0010(3)

b12 0.0002(3) �0.0002(3) �0.0010(4)

b13 �0.00006(11) �0.00001(10) �0.00009(11)

b23 �0.00009(16) 0.00008(12) 0.00009(10)

O1: Beq 1.25(13) 0.69(10) 0.87(10)

x �0.0663(14) �0.0678(13) �0.0649(13)

y �0.0087(17) �0.0059(11) �0.0066(11)

b11 0.008(3) 0.0079(19) 0.008(2)

b22 0.018(4) 0.007(3) 0.011(3)

b33 0.0023(14) 0.0014(14) 0.0014(13)

b12 �0.0027(19) �0.0017(14) �0.0003(14)

O2: Beq 0.83(9) 0.73(9) 0.73(7)

x 0.2268(8) 0.2283(7) 0.2304(8)

y 0.2751(8) 0.2718(6) 0.2693(7)

z 0.0376(8) 0.0369(8) 0.0373(7)

b11 0.0075(16) 0.0064(15) 0.0043(17)

b22 0.0022(18) 0.0044(15) 0.0044

b33 0.0054(9) 0.0037(11) 0.0049(9)

b12 �0.0006(11) �0.0027(10) �0.0027

b13 0.0031(9) 0.0010(9) 0.0002(10)

b23 �0.0003(9) �0.0038(10) �0.0033(9)

O1–Ga–O1 � 2 180.00 180.00 180.00

O1–Ga–O2 � 2 88.88(26) 89.51(22) 88.94(18)

O1–Ga–O2 � 2 90.56(26) 90.52(22) 90.75(18)

O2–Ga–O2 � 2 91.49(5) 91.60(5) 91.69(4)

O2–Ga–O2 � 2 90.56(29) 90.52(24) 90.75(23)

O2–Ga–O2 � 2 88.51(5) 88.40(5) 88.31(4)

O2–Ga–O2 � 2 180.00 180.00 180.00

La(Nd)–O1 i 2.423(7) 2.395(7) 2.404(7)

La(Nd)–O1 ii 2.624(9) 2.634(6) 2.629(6)

La(Nd)–O1 iii 2.925(9) 2.866(6) 2.846(6)

La(Nd)–O1 iv 3.099(7) 3.091(7) 3.069(7)

La(Nd)–O2 v � 2 2.453(5) 2.442(4) 2.439(4)

La(Nd)–O2 vi � 2 2.625(4) 2.605(5) 2.587(4)

La(Nd)–O2 vii � 2 2.812(5) 2.800(5) 2.808(4)

La(Nd)–O2 viii � 2 3.156(5) 3.101(5) 3.074(5)

/La(Nd)O12S 2.764(9) 2.740(7) 2.730(7)

/La(Nd)O8S 2.603(9) 2.590(7) 2.588(7)

/La(Nd)O4S 3.084(9) 3.040(7) 3.016(7)

Vdod 48.55(5) 47.40(4) 46.97(5)

Ga–O1–Ga 158.5(4) 158.1(4) 158.9(4)

Ga–O2–Ga 159.8(3) 160.6(3) 160.9(3)
sponding to the high-pressure transitions detected by
single-crystal diffraction, although details of the spectra
depend on, of course, sample orientation.

3. Results

3.1. EoS and unit-cell parameters

The unit-cell parameters and unit-cell volumes of the
Pbnm phases of all six compositions vary smoothly with
pressure (Fig. 1). The first-order phase transitions to the
R-3c phase in La-rich samples are marked by a significant
change in the lattice metric and a first-order step in the
unit-cell volume. The transition occurs between 2.15 and
2.36GPa in LaGaO3 [19,23], and at higher pressures as Nd
is substituted for La. The transition pressure as determined
by X-ray diffraction for the x=0.06 sample is �5.5GPa
and for x=0.12 is �7.8GPa. The transition was not
observed by X-ray diffraction measurements in the x=0.20
and 0.62 samples or pure NdGaO3, so the transition
pressures are above �10GPa, in agreement with a previous
computer simulation [36]. The transitions and the evolution
of the R-3c phase with pressure are discussed in more detail
below.
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Table 4a

Refinement information, unit cell parameters and refined positional parameters and anisotropic displacement parameters (bij) of Pbnm La0.80Nd0.20GaO3

perovskite at high pressure

P (GPa) 0.0001 2.619(4) 4.172(3) 8.166(8) 8.671(7)

Nobs (I42I0/s(I0)) 702 681 653 646 625

Nind (F242s(F2) 208 205 195 203 189

Rint 0.048 0.037 0.039 0.040 0.038

Gfit 0.91 1.13 1.11 1.00 1.17

Nint 208 205 192 203 189

Weight, p 0.0 0.01 0.015 0.00 0.01

Extinction � 10�4 0.073(8) 0.078(9) 0.069(9) 0.086(7) 0.082(9)

Rw 0.027 0.035 0.038 0.030 0.037

Ruw 0.022 0.027 0.026 0.028 0.029

a (Å) 5.50601(20) 5.48675(17) 5.47611(15) 5.45111(27) 5.44834(20)

b (Å) 5.49275(23) 5.46226(20) 5.44520(18) 5.4066(3) 5.40161(25)

c (Å) 7.7673(4) 7.7262(3) 7.70291(29) 7.6463(5) 7.6399(4)

V (Å3) 234.906(14) 231.556(12) 229.689(10) 225.349(19) 224.841(14)

La(Nd): Beq 0.46(2) 0.41(3) 0.37(3) 0.39(2) 0.34(3)

X 0.00543(6) 0.00507(8) 0.00488(7) 0.00412(6) 0.00407(8)

Y 0.52321(10) 0.52083(12) 0.51959(13) 0.51554(9) 0.51513(12)

b11 0.00385(15) 0.00334(18) 0.00305(19) 0.00346(14) 0.0031(2)

b22 0.0040(3) 0.0041(4) 0.0040(4) 0.0041(3) 0.0040(4)

b33 0.0017(3) 0.0014(4) 0.0011(4) 0.0011(3) 0.0008(5)

b12 0.00049(8) 0.00038(12) 0.00051(14) 0.00036(11) 0.00009(15)

Ga: Beq 0.46(2) 0.32(4) 0.28(5) 0.27(4) 0.29(5)

b11 0.0030(3) 0.0027(3) 0.0024(4) 0.0028(3) 0.0027(4)

b22 0.0026(5) 0.0024(6) 0.0023(8) 0.0025(5) 0.0019(8)

b33 0.0016(6) 0.0014(7) 0.0012(8) 0.0008(7) 0.0015(9)

b12 0.00033(13) 0.0001(3) �0.0001(3) �0.0002(2) 0.0006(3)

b13 �0.00002(13) �0.00021(17) �0.0001(3) 0.00000(14) �0.00005(19)

b23 0.00022(14) 0.00009(16) 0.00012(15) 0.00015(13) 0.00021(16)

O1: Beq 0.48(15) 0.44(15) 0.67(9) 0.84(19) 0.66(10)

x �0.0688(8) �0.0683(10) �0.0696(11) �0.0686(9) �0.0668(11)

y �0.0099(9) �0.0091(11) �0.0091(13) �0.0062(9) �0.0059(11)

b11 0.0054(12) 0.0054(16) 0.0044(14) 0.0049(13) 0.0046(15)

b22 0.005(3) 0.0025(18) 0.002(3) 0.005(3) 0.001(3)

b33 0.001(3) 0.0022(19) 0.0016(18) 0.006(4) 0.002(3)

b12 0.0002(11) �0.0015(15) �0.0017(17) �0.0010(14) �0.0004(16)

O2: Beq 0.47(11) 0.50(13) 0.61(14) 0.64(13) 0.47(8)

x 0.2238(5) 0.2241(6) 0.2255(6) 0.2294(6) 0.2294(6)

y 0.2777(7) 0.2763(7) 0.2748(9) 0.2715(6) 0.2709(8)

z 0.0385(5) 0.0376(8) 0.0383(8) 0.0380(7) 0.0390(7)

b11 0.0054(8) 0.0055(12) 0.0053(11) 0.0039(9) 0.0058(13)

b22 0.0037(17) 0.002(3) 0.003(3) 0.0027(18) 0.0034(16)

b33 0.0013(18) 0.002(3) 0.003(3) 0.004(3) 0.0033(18)

b12 �0.0013(8) �0.0021(10) �0.0028(12) �0.0026(9) �0.0023(12)

b13 0.0005(7) 0.0028(10) 0.0028(10) 0.0005(9) 0.0027(11)

b23 �0.0005(5) �0.0002(8) �0.0008(9) �0.0004(7) �0.0014(10)
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Within the stability field of the Pbnm phases at high
pressure the unit-cell parameters show no evidence of
softening as the phase transition pressure is approached, in
contrast to softening observed in both continuous and first-
order transitions at high pressures in other systems (e.g.
[37,38]). The volume variation of the more Nd-rich samples
(x=0.12, 0.20, 0.62, 1.00) can be adequately fit with a
Birch–Murnaghan third-order equation of state [39]. In
common with other Pbnm perovskites [12,13], the pressure
derivative of the bulk modulus, K 00 ¼ ðdK=dPÞP¼0, is in
the range of 6–7. For the La-rich samples (x=0.00, 0.06)
the phase transitions limit the pressure range over which
the unit-cell data can be collected for the Pbnm phase, and
the refinement of the third-order equation of state is not
stable. We therefore fixed the value of K 00 in fitting the P–V

data for these two samples to the average of that of the Nd-
rich samples. The results (Table 10) show that the bulk
modulus increases by about 4% across the solid solution
from LaGaO3 to NdGaO3 (Fig. 2), which is to be expected
for the corresponding �2% decrease in unit-cell volume
(Table 1 in [24]). The bulk modulus that we obtain for
NdGaO3 is about 5% lower than that measured experi-
mentally [40 quoted in 27], and that obtained from the
elastic constant tensor calculated through MD simulations
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Table 4b

Interatomic distances, angles, and polyhedral volumes of Pbnm La0.80Nd0.20GaO3 perovskite at high pressure

P (GPa) 0.0001 2.619(4) 4.172(3) 8.166(8) 8.671(7)

Ga–O1 � 2 1.9789(7) 1.9682(10) 1.9637(10) 1.9446(11) 1.9433(11)

Ga–O21 � 2 1.984(3) 1.968(3) 1.962(4) 1.947(3) 1.945(3)

Ga–O22 � 2 1.9729(28) 1.967(3) 1.962(4) 1.948(3) 1.947(3)

/GaO6S 1.9785(11) 1.9678(13) 1.9628(14) 1.9465(12) 1.9451(12)

Voct 10.321 10.156 10.077 9.850 9.826

Voct,reg 10.326(17) 10.160(20) 10.082(22) 9.833(18) 9.812(18)

O1-Ga–O2 � 2 89.54(15) 89.61(22) 89.64(22) 88.97(20) 88.96(20)

O1–Ga–O2 � 2 91.04(14) 90.82(24) 90.84(21) 91.10(20) 91.11(20)

O1–Ga–O1 � 2 180.00 180.00 180.00 180.00 180.00

O1–Ga–O2 � 2 88.96(14) 89.18(24) 89.16(21) 88.90(20) 88.89(20)

O1–Ga–O2 � 2 90.46(15) 90.39(22) 90.36(22) 91.03(20) 91.04(20)

O2–Ga–O2 � 2 91.48(04) 91.51(06) 91.61(05) 91.82(05) 91.86(05)

O2–Ga–O2 � 2 90.46(17) 90.39(23) 90.36(24) 91.03(23) 91.04(23)

O2–Ga–O2 � 2 88.52(04) 88.49(06) 88.39(05) 88.18(05) 88.14(05)

O2–Ga–O2 � 2 180.00 180.00 180.00 180.00 180.00

La(Nd)–O1 i 2.411(4) 2.402(5) 2.389(6) 2.385(6) 2.383(6)

La(Nd)–O1 ii 2.597(5) 2.599(6) 2.599(7) 2.616(6) 2.612(6)

La(Nd)–O1 iii 2.956(5) 2.922(6) 2.908(7) 2.841(6) 2.837(6)

La(Nd)–O1 iv 3.107(4) 3.095(5) 3.096(6) 3.068(6) 3.066(6)

La(Nd)–O2 v � 2 2.442(4) 2.433(5) 2.428(5) 2.418(5) 2.415(5)

La(Nd)–O2 vi � 2 2.622(3) 2.617(5) 2.602(4) 2.572(4) 2.569(5)

La(Nd)–O2 vii � 2 2.795(3) 2.784(5) 2.789(5) 2.798(4) 2.797(4)

La(Nd)–O2 viii � 2 3.187(4) 3.154(5) 3.137(5) 3.083(5) 3.081(4)

/La(Nd)O12S 2.764 (5) 2.749 (6) 2.742 (7) 2.721(6) 2.719(6)

/La(Nd)O8S 2.591 (5) 2.584 (6) 2.578(7) 2.572 (6) 2.570(6)

/La(Nd)O4S 3.109(5) 3.081(6) 3.070(7) 3.019(6) 3.016(6)

Vdod 48.41(3) 47.73(4) 47.35(4) 46.49(4) 46.38(4)

Ga–O1–Ga 157.71(22) 157.85(31) 157.44(32) 158.34(35) 158.31(35)

Ga–O2–Ga 158.72(21) 159.27(31) 159.37(30) 160.00(30) 159.96(30)
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[27] of the structure at room conditions. On the other hand,
the value of K0 ¼ 186.5GPa obtained directly from MD
simulations of the structure at high pressure [27] is in closer
agreement with the current work.

Estimates of the linear moduli of the axes were obtained
by fitting the cubes of the unit-cell parameters with the
Birch–Murnaghan Eos [41], and full results are provided in
Table 10. Again, the limited data range for the La-rich
samples precludes a full refinement of all of the EoS
parameters so, where necessary, the value of K 00 was
constrained to the values determined from the data of more
Nd-rich samples. The results of this analysis show that the
elasticity of all members of the solid solution is very
similar. All six compositions show a similar strong
anisotropy of unit-cell compression (Fig. 2), with the
[100] direction (the a unit-cell parameter) being approxi-
mately 1.6 times stiffer than [010] or [001]. Within the
uncertainties the [010] and [001] directions have the same
moduli for the La-rich compositions, but the addition of
Nd increases the elastic anisotropy in the b–c plane, with
the [010] direction being softened and the [001] direction
becoming stiffer, so that for NdGaO3 the linear modulus of
the [001] direction is some 50GPa stiffer than that of [010].
The linear compressibilities obtained from the elastic
constant tensor calculated from the MD simulations of
NdGaO3 [27] reflect the same pattern of anisotropy, but
with the one significant difference that their results
correspond to a value of K0c ¼ 250GPa compared to the
value of 189(2)GPa (Table 10). By contrast, the elastic
constant tensor obtained from direct ultrasonic measure-
ments [40] corresponds to the [001] direction being the
softest direction with K0c ¼ 140GPa, and with the (001)
plane being close to elastically isotropic in compression.
Those measurements are therefore not compatible with the
data reported here.

3.2. Pbnm structure

The structures of all six samples refined to intensity data
collected at room pressure inside the diamond-anvil
pressure cell are in good agreement with the structures
previously determined at room conditions [24–27]. None-
theless, in order to avoid any systematic errors in the DAC
data from affecting the conclusions, the DAC data at room
pressure are used as a basis for comparison with the high-
pressure data. Both sets of room-pressure data show that
there is only small variation in the structure with
composition. There is a small but significant increase in
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Table 5a

Refinement information, unit cell parameters and refined positional parameters of Pbnm La0.38Nd0.62GaO3 perovskite

P (GPa) In air 0.0001 2.007(5) 4.042(7) 5.188(8)a 7.376(11) 8.462(10) 9.432(11)

Nobs (I42I0/s(I0)) 664 625 567 592 717 664 704 658

Nind (F242s(F2) 285 252 217 217 269 247 266 230

Rint 0.031 0.037 0.034 0.037 0.032 0.036 0.031 0.050

Gfit 0.98 1.12 1.20 1.20 1.27 1.09 1.21 1.06

Nav 279 249 210 212 267 246 258 226

Weight, p 0.00 0.00 0.05 0.03 0.03 0.03 0.03 0.03

Extinction � 10�4 0.036(5) 0.061(9) 0.084(16) 0.061(12) 0.071(13) 0.077(11) 0.065(11) 0.079(13)

Rw 0.024 0.034 0.055 0.056 0.056 0.052 0.054 0.051

Ruw 0.021 0.027 0.031 0.031 0.029 0.031 0.029 0.038

a (Å) 5.4614(6) 5.4614(6) 5.4466(6) 5.4322(5) 5.4238(6) 5.4094(5) 5.4029(5) 5.3968(4)

b (Å) 5.4961(6) 5.4961(6) 5.4697(5) 5.4457(6) 5.4325(6) 5.4092(5) 5.3989(5) 5.3890(5)

c (Å) 7.73893(28) 7.73893(28) 7.71152(25) 7.68457(24) 7.67049(28) 7.64420(28) 7.63119(27) 7.62046(25)

V (Å3) 232.295(20) 232.295(20) 229.733(19) 227.327(18) 226.008(18) 223.677(19) 222.601(19) 221.630(17)

La(Nd): Beq 0.545(12) 0.65(2) 0.80(4) 0.70(4) 0.61(3) 0.66(3) 0.55(3) 0.63(4)

x 0.00742(4) 0.00757(7) 0.00686(9) 0.00670(9) 0.00647(8) 0.00588(8) 0.00613(8) 0.00585(8)

y 0.53384(12) 0.53346(15) 0.5318(3) 0.5305(3) 0.5294(3) 0.5283(3) 0.5277(3) 0.5274(3)

b11 0.00472(12) 0.0060(3) 0.0065(5) 0.0048(5) 0.0043(3) 0.0041(3) 0.0035(3) 0.0044(4)

b22 0.0047(3) 0.0056(5) 0.0090(10) 0.0083(10) 0.0065(7) 0.0079(8) 0.0062(8) 0.0077(10)

b33 0.00209(6) 0.00231(10) 0.00231(15) 0.00231(16) 0.00238(11) 0.00244(11) 0.00220(12) 0.00215(12)

b12 0.00061(4) 0.00064(8) 0.00076(10) 0.00065(10) 0.00066(9) 0.00048(11) 0.00051(8) 0.00041(10)

Ga: Beq 0.37(3) 0.56(3) 0.65(7) 0.58(7) 0.58(5) 0.60(5) 0.52(5) 0.59(7)

b11 0.0039(3) 0.0053(6) 0.0053(9) 0.0036(8) 0.0037(6) 0.0025(6) 0.0025(6) 0.0041(7)

b22 0.0019(8) 0.0051(8) 0.0073(18) 0.0076(19) 0.0075(14) 0.0094(15) 0.0077(15) 0.008(2)

b33 0.00176(10) 0.00176(16) 0.0018(3) 0.0017(3) 0.0017(2) 0.0018(2) 0.0015(3) 0.0013(3)

b12 0.00002(7) 0.00027(14) �0.00001(18) �0.00012(19) 0.00002(17) 0.0005(3) 0.00000(16) �0.0002(3)

b13 0.00010(5) �0.00016(9) �0.00004(13) �0.00018(10) �0.00020(10) �0.00006(10) �0.00022(9) 0.00012(9)

b23 0.00018(10) 0.00014(16) 0.0002(3) �0.0001(3) 0.0002(2) 0.0001(3) �0.0001(2) 0.0006(3)

O1: Beq 0.68(8) 0.84(12) 0.68 0.68 0.68 0.68 0.68 0.68

x �0.0766(7) �0.0759(12) �0.0750(15) �0.0763 �0.0742(13) �0.0718(12) �0.0718(12) �0.0732(12)

y �0.0153(6) �0.0130(12) �0.0153(15) �0.0131 �0.0129(18) �0.011(3) �0.0114(18) �0.011(2)

b11 0.0096(13) 0.0096 0.0096 0.0096 0.0096 0.0096 0.0096 0.0096

b22 0.004(3) 0.004 0.004 0.004 0.004 0.004 0.004 0.004

b33 0.0017(4) 0.0017 0.0017 0.0017 0.0017 0.0017 0.0017 0.0017

b12 0.0000(7) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

O2: Beq 0.85(6) 0.73(8) 0.86(11) 0.85 0.85 0.85 0.85 0.85

x 0.2149(4) 0.2150(6) 0.2181(8) 0.2171(8) 0.2172(7) 0.2186(7) 0.2179(7) 0.2188(7)

y 0.2853(5) 0.2844(8) 0.2825(9) 0.2826(14) 0.2822(15) 0.2803(15) 0.2824(13) 0.2816(13)

z 0.0404(3) 0.0403(5) 0.0392(7) 0.0404(7) 0.0393(7) 0.0394(7) 0.0402(6) 0.0390(7)

b11 0.0085(8) 0.0085 0.0097(18) 0.0085 0.0085 0.0085 0.0085 0.0085

b22 0.0077(16) 0.0077 0.005(3) 0.0077 0.0077 0.0077 0.0077 0.0077

b33 0.0025(3) 0.0025 0.0034(7) 0.0025 0.0025 0.0025 0.0025 0.0025

b12 �0.0018(6) �0.0018 �0.0010(12) �0.0018 �0.0018 �0.0018 �0.0018 �0.0018

b13 �0.0002(3) �0.0002 0.0015(9) �0.0002 �0.0002 �0.0002 �0.0002 �0.0002

b23 0.0001(4) 0.0001 �0.0005(11) 0.0001 0.0001 0.0001 0.0001 0.0001

High-pressure anisotropic displacement parameters were fixed at the room-pressure values.
aThe data was measured after decompression from maximum pressure.
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octahedral Ga–O bond lengths with increasing Nd content,
and the smaller Nd cation is accommodated by greater
rotations of the GaO6 octahedra, represented by larger
Ga–O–Ga bond angles ([24–27] and Fig. 3).

The general pattern of structural evolution of all six
samples with pressure is similar. Both symmetry-independent
Ga–O–Ga angles within each structure increase with
pressure, back towards 1801. This corresponds to a
decrease in the tilts of the octahedra (Fig. 3). There is
significant compression of the Ga–O bonds within the
octahedra (Fig. 4), with little significant change in the
O–Ga–O angles (Tables 1b–6b), which corresponds to a
volume reduction of the GaO6 octahedra of all six samples
as pressure is increased. Similarly, all 12 of the (La,Nd)–O
distances to the extra-framework cation site decrease
with pressure. When treated as 12-coordinated by oxygen,
the volume of the (La,Nd) site can be determined from
the unit-cell volume and the volume of the octahedra, as
Vcell/4�Voct [42]. For all samples, as illustrated in Fig. 5
for NdGaO3, the octahedra are significantly more
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Table 5b

Interatomic distances, angles, and polyhedral volumes of Pbnm La0.38Nd0.62GaO3 perovskite at high pressure

P (GPa) In air 0.0001 2.007(5) 4.042(7) 5.188(8) 7.376(11) 8.462(10) 9.432(11)

Ga–O1 � 2 1.9812(7) 1.9799(13) 1.9727(16) 1.9690(16) 1.9607(14) 1.9510(13) 1.9478(13) 1.9465(13)

Ga–O21 � 2 1.9835(21) 1.979(4) 1.972(4) 1.964(6) 1.957(6) 1.946(7) 1.951(6) 1.946(6)

Ga–O22 � 2 1.9785(19) 1.983(3) 1.966(4) 1.965(5) 1.960(5) 1.954(6) 1.949(5) 1.945(5)

/GaO6S 1.9811(4) 1.9806(14) 1.9703(16) 1.9658(22) 1.9593(22) 1.9506(22) 1.9490(20) 1.9452(20)

Voct 10.364 10.356 10.194 10.113 10.025 9.891 9.866 9.810

Voct,reg 10.367(12) 10.359(21) 10.198(25) 10.129(34) 10.029(34) 9.895(34) 9.872(30) 9.814(30)

O1–Ga–O2 � 2 90.26(10) 89.87(19) 90.56(26) 90.00(30) 90.05(28) 89.57(31) 89.47(27) 89.79(30)

O1–Ga–O2 � 2 90.78(11) 90.66(19) 90.88(25) 90.68(26) 90.64(26) 90.79(26) 91.01(24) 90.53(27)

O1–Ga–O1 � 2 180.00 180.00 180.00 180.00 180.00 180.00 180.00 180.00

O1–Ga–O2 � 2 89.22(11) 89.34(19) 89.12(25) 89.32(26) 89.36(26) 89.21(26) 88.99(24) 89.47(27)

O1–Ga–O2 � 2 89.74(10) 90.13(19) 89.44(26) 90.00(30) 89.95(28) 90.43(31) 90.53(27) 90.21(30)

O2–Ga–O2 � 2 91.10(2) 91.07(4) 91.14(5) 91.30(6) 91.25(6) 91.34(6) 91.47(6) 91.43(6)

O2–Ga–O2 � 2 89.74(11) 90.13(19) 89.44(27) 90.00(29) 89.95(29) 90.43(31) 90.53(28) 90.21(31)

O2–Ga–O2 � 2 88.90(2) 88.93(4) 88.86(5) 88.70(6) 88.75(6) 88.6606) 88.53(6) 88.57(6)

O2–Ga–O2 � 2 180.00 180.00 180.00 180.00 180.00 180.00 180.00 180.00

La(Nd)–O1 i 3.053(3) 3.038(6) 3.029(8) 2.994(10) 2.978(10) 2.946(10) 2.941(9) 2.930(10)

La(Nd)–O1 ii 2.520(3) 2.534(6) 2.514(8) 2.526(10) 2.525(9) 2.529(10) 2.524(9) 2.526(10)

La(Nd)–O1 iii 2.368(3) 2.372(6) 2.366(8) 2.350(7) 2.356(7) 2.357(7) 2.356(6) 2.344(6)

La(Nd)–O1 iv 3.120(3) 3.114(6) 3.106(8) 3.103(7) 3.088(7) 3.069(7) 3.064(6) 3.069(6)

La(Nd)–O2 v � 2 2.4044(22) 2.404(4) 2.413(5) 2.393(6) 2.392(6) 2.391(6) 2.372(6) 2.379(6)

La(Nd)–O2 vi � 2 2.6151(22) 2.615(3) 2.601(4) 2.596(5) 2.597(5) 2.583(5) 2.584(5) 2.583(5)

La(Nd)–O2 vii � 2 3.2679(23) 3.267(4) 3.225(6) 3.221(6) 3.202(6) 3.177(6) 3.183(6) 3.166(6)

La(Nd)–O2 viii � 2 2.7415(19) 2.743(3) 2.740(5) 2.740(5) 2.728(5) 2.728)5) 2.724(4) 2.717(4)

/La(Nd)–O12S 2.760(3) 2.760(4) 2.748(6) 2.740(7) 2.732(6) 2.721(7) 2.718(6) 2.713(6)

/La(Nd)–O8S 2.551(3) 2.554(4) 2.549(6) 2.542(6) 2.539(6) 2.536(6) 2.530(6) 2.528(6)

/La(Nd)–O4S 3.177(3) 3.171(5) 3.146(7) 3.135(7) 3.118(7) 3.092(7) 3.093(7) 3.083(7)

Vdod 47.71(3) 47.71(4) 47.24(5) 46.70(7) 46.47(7) 46.02(7) 45.78(6) 45.59(6)

Ga–O1–Ga 155.12(12) 155.48(33) 155.5(4) 155.4(4) 155.9(4) 156.8(4) 156.7(4) 156.3(4)

Ga–O2–Ga 155.82(12) 155.83(20) 157.1(3) 156.5(3) 157.0(3) 157.4(3) 156.7(3) 157.3(3)
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compressible than both the unit-cell volume and the
(La,Nd)O12 site. This result is in agreement with the
prediction of the bond-valence matching principle [16]
which predicts that the ratio of site compressibilities
bB/bA ¼MA/MB is greater than 1 for both LaGaO3 and
NdGaO3.

Numerical estimates of the polyhedral compressibilities
or polyhedral bulk moduli of both the octahedra and the
(La,Nd) sites can be obtained by fitting appropriate
equations of state to the volumes of the polyhedra obtained
from the structure refinements at pressure. Unfortunately,
the uncertainties in the data, and the limited pressure range
for some samples precludes the full refinement of all EoS
parameters including K 00. The polyhedral volume evolution
with pressure was therefore fit with K 00 fixed at 4, as well as
with K 00 fixed at the value obtained from fitting the EoS of
the unit-cell volume. Although the exact numerical values
of the polyhedral bulk moduli depend, of course, on the
value chosen for K 00, all reasonable estimates and internally
consistent treatments of the datasets lead to the same
general conclusions. We use here the results obtained from
fitting the polyhedral volumes with K 00 ¼ 4 (i.e. Birch–
Murnaghan second-order EoS).
The bulk moduli of the (La,Nd)O12 site increase by less
than 5% across the compositional join. This is because the
four longer (La,Nd)–O bonds are stiffer while at the same
time the eight shorter (La,Nd)–O bonds are softer in
samples with higher Nd contents (larger x). This pattern
arises from the decrease in the rate of tilting of the
octahedra at larger x (Fig. 3). The most unusual result to
emerge from these structure refinements is that the GaO6

octahedra are significantly stiffer (Fig. 6) at Nd contents of
x ¼ 0.20 and greater, even though the room pressure
volumes are larger. This is not just an artifact from angular
changes within the octahedra because the maximum
changes in the internal O–Ga–O angles are less than 0.51.
And the same result is seen in the Ga–O bond lengths; the
Ga–O bond lengths increase with increasing x, but become
stiffer (Fig. 4).
Structure refinements based upon X-ray diffraction data

only provide information on the average structure, and
thus structural evolution with pressure, of the octahedra.
Therefore it cannot be determined whether all individual
octahedra within the structure compress identically, or
whether the true local structure consists of a variety of
octahedral environments. Nonetheless, the plateau visible
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Table 6a

Refinement information, unit cell parameters and refined positional parameters and anisotropic displacement parameters (bij) of Pbnm NaGaO3

perovskite at high pressure

P (GPa) 0.0001 2.223(10) 3.297(10) 4.339(14) 5.314(14) 6.294(22) 7.294(10) 8.292(9)

Nobs (I42I0/s(I0)) 804 773 757 765 751 806 752 763

Nind (F242s(F2) 304 288 302 296 269 271 290 285

Rint 0.041 0.033 0.040 0.038 0.045 0.029 0.028 0.031

Gfit 1.02 1.13 1.10 1.07 1.10 1.16 1.17 1.18

Nint 304 287 300 295 269 271 295 283

Weight, p 0.00 0.00 0.012 0.00 0.00 0.02 0.01 0.00

Extinction � 10�4 0.115(8) 0.098(6) 0.090(8) 0.099(8) 0.099(6) 0.151(11) 0.109(7) 0.115(7)

Rw 0.027 0.027 0.036 0.030 0.031 0.034 0.027 0.023

Ruw 0.024 0.025 0.030 0.027 0.027 0.028 0.021 0.022

a (Å) 5.42932(19) 5.41276(28) 5.40512(12) 5.39812(20) 5.39151(13) 5.38505(19) 5.37956(17) 5.37343(14)

b (Å) 5.49908(13) 5.47004(15) 5.45737(13) 5.44474(14) 5.43402(9) 5.42336(13) 5.41275(13) 5.40253(11)

c (Å) 7.7080(3) 7.6797(4) 7.66613(29) 7.6544(4) 7.64312(24) 7.6325(4) 7.62079(29) 7.61042(24)

V (Å3) 230.132(13) 227.379(13) 226.134(11) 224.973(15) 223.925(9) 222.907(13) 221.904(10) 220.931(8)

La(Nd): Beq 0.351(15) 0.346(17) 0.367(18) 0.371(18) 0.37(3) 0.403(10) 0.463(17) 0.434(15)

x �0.00909(5) �0.00863(5) �0.00857(6) �0.00833(6) �0.00815(7) �0.00799(5) �0.00792(4) �0.00774(4)

y 0.04134(7) 0.03991(7) 0.03929(8) 0.03851(7) 0.03803(8) 0.03738(7) 0.03681(6) 0.03628(5)

b11 0.00375(12) 0.00326(12) 0.00327(18) 0.00354(14) 0.00388(16) 0.00329(14) 0.00371(12) 0.00374(11)

b22 0.00388(14) 0.00410(15) 0.0041(2) 0.00417(17) 0.00448(18) 0.00394(18) 0.00442(15) 0.00421(12)

b33 0.00059(17) 0.00070(18) 0.00098(19) 0.0009(3) 0.0006(3) 0.0006(3) 0.00190(19) 0.00164(16)

b12 �0.00034(6) �0.00050(7) �0.00045(7) �0.00052(8) �0.00051(9) �0.00036(5) �0.00035(5) �0.00041(6)

Ga: Beq 0.30(3) 0.29(3) 0.24(3) 0.28(3) 0.31(3) 0.325(11) 0.347(19) 0.363(17)

b11 0.0028(2) 0.0025(3) 0.0025(4) 0.0031(3) 0.0031(3) 0.0026(3) 0.0035(3) 0.00329(17)

b22 0.0024(3) 0.0025(3) 0.0030(3) 0.0027(3) 0.0031(3) 0.0024(3) 0.00287(18) 0.00269(16)

b33 0.0011(4) 0.0012(4) 0.0003(4) 0.0007(4) 0.0009(4) 0.0015(4) 0.0013(3) 0.0017(3)

b12 �0.00001(8) �0.00017(10) �0.00002(11) �0.00001(11) 0.00010(13) �0.00003(8) �0.00005(9) �0.00010(8)

b13 0.00004(10) �0.00004(12) 0.00004(11) 0.00000(12) �0.00002(15) 0.00022(11) 0.00015(8) 0.00002(8)

b23 �0.00017(14) 0.00002(17) �0.00019(19) �0.00034(18) �0.00009(19) 0.0002(3) 0.00009(19) �0.00008(14)

O1: Beq 0.64(6) 0.47(13) 0.42(11) 0.51(14) 0.48(17) 0.51(5) 0.68(9) 0.62(9)

x 0.0786(8) 0.0787(9) 0.0786(9) 0.0793(9) 0.0781(10) 0.0769(7) 0.0763(6) 0.0770(6)

y 0.4815(8) 0.4822(9) 0.4834(10) 0.4844(10) 0.4854(11) 0.4865(8) 0.4852(8) 0.4870(7)

b11 0.0050(12) 0.0055(13) 0.0026(16) 0.0039(14) 0.0047(16) 0.0047(10) 0.0059(10) 0.0050(9)

b22 0.0085(13) 0.0054(16) 0.0073(18) 0.0038(15) 0.005(3) 0.0056(11) 0.0038(12) 0.0063(11)

b33 0.0013a 0.0006(19) 0.0003(17) 0.003(3) 0.002(3) 0.0011(17) 0.0039(15) 0.0023(13)

b12 �0.0002(9) �0.0004(10) �0.0005(10) �0.0007(10) 0.0011(10) �0.0006(7) 0.0002(8) �0.0006(7)

O2: Beq 0.41(7) 0.42(9) 0.49(7) 0.47(9) 0.50(12) 0.50(4) 0.55(8) 0.45(8)

x 0.7102(5) 0.7102(5) 0.7100(6) 0.7102(6) 0.7110(7) 0.7107(5) 0.7111(4) 0.7116(4)

y 0.2894(6) 0.2902(6) 0.2902(7) 0.2895(7) 0.2888(8) 0.2892(4) 0.2892(5) 0.2888(4)

z 0.0422(6) 0.0435(6) 0.0425(6) 0.0432(7) 0.0417(8) 0.0423(6) 0.0410(6) 0.0416(6)

b11 0.0052(8) 0.0037(9) 0.0037(9) 0.0047(9) 0.0048(10) 0.0048(6) 0.0040(7) 0.0038(6)

b22 0.0034(9) 0.0036(10) 0.0043(10) 0.0033(9) 0.0039(11) 0.0035(8) 0.0042(7) 0.0040(6)

b33 0.0009(10) 0.0016(14) 0.0022(10) 0.0019(13) 0.0020(18) 0.0020a 0.0030(11 0.0019(11

b12 �0.0011(6) �0.0008(7) 0.0000(8) �0.0009(7) �0.0017(8) �0.0014(6) �0.0006(6) �0.0007(5)

b13 �0.0002(5) 0.0014(6) 0.0015(7) 0.0004(6) �0.0002(8) 0.0015(7) 0.0006(5) 0.0012(5)

b23 0.0000(5) �0.0004(7) 0.0003(7) �0.0010(8) 0.0000(7) �0.0005(7) �0.0009(5) �0.0009(5)
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in the bulk moduli of the octahedra (Fig. 6) can be explained
as a simple consequence of the connectivity of the perovskite
structure and the difference in the compressibilities of the
GaO6 octahedra in the two end-members. Each GaO6

octahedron has eight neighboring (La,Nd) sites. As La is
initially substituted for Nd, only a small proportion of GaO6

octahedra will therefore be softened, and the structure will
continue to be supported by the stiffer GaO6 octahedra
associated with Nd neighbors. The results from the x ¼ 0.20
sample show that the connectivity of the structure clearly
allows the structure to remain stiff even with the octahedra
‘‘softened’’ by 80% La substitution. At some slightly greater
La content (lower x) a percolation threshold is reached and
the softer GaO6 octahedra associated with neighboring La
sites become sufficiently connected to soften the framework
as a whole. Thus, for the sample with x ¼ 0.12 (88% La
substitution), there is an increased compressibility measur-
able from the average bond lengths and polyhedral volumes
provided by X-ray diffraction. It is this softening of the
GaO6 octahedra, induced by La substitution for Nd, that in
turn leads to the phase transition from Pbnm to R-3c

symmetry in the La-rich samples [19].
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Table 6b

Interatomic distances, angles, and polyhedral volumes of Pbnm NdGaO3 perovskite at high pressure

P (GPa) 0.0001 2.223(10) 3.297(10) 4.339(14) 5.314(14) 6.294(22) 7.294(10) 8.292(9)
Ga–O1 � 2 1.9764(9) 1.9690(10) 1.9651(10) 1.9627(10) 1.9582(11) 1.9539(8) 1.9506(7) 1.9484(7)
Ga–O21 � 2 1.9808(25) 1.9720(27) 1.9681(30) 1.9673(30) 1.9613(36) 1.9593(23) 1.9534(23) 1.9502(21)
Ga–O22 � 2 1.9850(26) 1.9814(30) 1.9758(32) 1.9700(30) 1.9644(36) 1.9624(22) 1.9587(23) 1.9565(20)
/GaO6S 1.9807(10) 1.9742(12) 1.9697(12) 1.9667(12) 1.9613(14) 1.9586(9) 1.9542(9) 1.9517(8)
Voct 10.373 10.254 10.185 10.139 10.057 10.014 9.948 9.909
Voct,reg 10.361(16) 10.259(19) 10.189(19) 10.143(19) 10.059(22) 10.017(14) 9.951(14) 9.912(12)

O1–Ga–O2 � 2 88.95(16) 88.74(17) 89.07(18) 89.10(18) 89.33(25) 89.18(15) 89.27(15) 89.39(15)
O1–Ga–O2 � 2 89.68(16) 90.03(17) 89.98(19) 90.19(19) 90.09(23) 90.48(16) 90.05(15) 90.32(15)
O1–Ga–O1 � 2 180.00 180.00 180.00 180.00 180.00 180.00 180.00 180.00
O1–Ga–O2 � 2 90.32(16) 89.97(17) 90.02(19) 89.81(19) 89.91(23) 89.52(16) 89.95(15) 89.68(15)
O1–Ga–O2 � 2 91.05(16) 91.26(17) 90.93(18) 90.90(18) 90.67(25) 90.82(15) 90.73(15) 90.61(15)
O2–Ga–O2 � 2 90.85(4) 91.09(5) 91.06(5) 91.15(5) 91.09(6) 91.18(4) 91.14(4) 91.23(4)
O2–Ga–O2 � 2 91.05(16) 91.26(18) 90.93(19) 90.90(19) 90.67(24) 90.82(16) 90.73(15) 90.61(15)
O2–Ga–O2 � 2 89.15(4) 88.91(5) 88.94(5) 88.85(5) 88.91(6) 88.82(4) 88.86(4) 88.77(4)
O2–Ga–O2 � 2 180.00 180.00 180.00 180.00 180.00 180.00 180.00 180.00

Nd–O1 i 2.360(4) 2.349(4) 2.344(5) 2.335(5) 2.336(5) 2.338(4) 2.339(3) 2.330(3)
Nd–O1 ii 2.467(4) 2.465(5) 2.469(5) 2.473(5) 2.475(6) 2.478(4) 2.469(4) 2.477(4)
Nd–O1 iii 3.110(4) 3.102(4) 3.096(5) 3.096(5) 3.086(5) 3.076(4) 3.070(3) 3.071(3)
Nd–O1 iv 3.115(4) 3.087(5) 3.070(5) 3.054(5) 3.039(6) 3.022(4) 3.020(4) 3.002(4)
Nd–O2 v � 2 2.383(4) 2.360(4) 2.359(4) 2.352(4) 2.359(5) 2.349(3) 2.351(3) 2.346(3)
Nd–O2 vi � 2 2.598(3) 2.590(3) 2.592(4) 2.585(4) 2.585(5) 2.583(3) 2.586(3) 2.579(3)
Nd–O2 vii � 2 2.712(4) 2.711(4) 2.700(4) 2.703(4) 2.693(5) 2.693(3) 2.682(3) 2.684(4)
Nd–O2 viii � 2 3.319(4) 3.309(4) 3.296(4) 3.289(4) 3.270(5) 3.268(4) 3.253(3) 3.247(3)
/NdO12S 2.756(3) 2.745(5) 2.739(5) 2.735(5) 2.729(5) 2.725(4) 2.720(4) 2.716(4)
/NdO8S 2.527(3) 2.517(5) 2.514(5) 2.511(5) 2.511(5) 2.508(4) 2.506(4) 2.503(4)
/NdO4S 3.216(3) 3.202(5) 3.189(5) 3.182(5) 3.166(5) 3.159(4) 3.149(4) 3.142(4)
Vdod 47.16(3) 46.59(3) 46.35(4) 46.10(4) 45.92(4) 45.70(3) 45.53(3) 45.32(2)

Ga–O1–Ga 154.34(24) 154.36(25) 154.46(27) 154.30(26) 154.73(30) 155.14(21) 155.23(18) 155.11(18)
Ga–O2–Ga 153.97(20) 153.44(22) 153.71(22) 153.63(24) 154.31(30) 154.02(21) 154.51(19) 154.44(19)

Table 7a

Refinement information, unit cell parameters and refined positional parameters and anisotropic temperature factor (bij) of LaGaO3 perovskite in R-3c

phase at high pressure

P (GPa) 2.356(7) 3.600(13) 4.749(13) 5.798(11) 7.334(14) 8.127(23)
Nobs (I42I0/s(I0)) 343 325 313 319 313 308
Nind (F242s(F2) 93 94 89 85 88 91
Rint 0.030 0.032 0.028 0.029 0.032 0.029
Gfit 0.72 1.14 1.16 1.13 0.95 1.03
Nint 92 93 89 93 88 90
Weight, p 0.0 0.0 0.0 0.0 0.0 0.0
Extinction � 10�4 0.051(5) 0.066(8) 0.067(8) 0.065(7) 0.067(6) 0.065(6)
Rw 0.016 0.022 0.022 0.025 0.019 0.019
Ruw 0.013 0.019 0.018 0.019 0.018 0.016

a( ¼ b) (Å) 5.50351(22) 5.49277(12) 5.48248(15) 5.47353(18) 5.46135(26) 5.45502(17)
c (Å) 13.2875(6) 13.2601(5) 13.2332(5) 13.2102(6) 13.1781(8) 13.1610(5)
V (Å3) 348.54(3) 346.465(22) 344.469(23) 342.747(26) 340.39(4) 339.166(24)

La: Beq 0.540(18) 0.51(3) 0.48(3) 0.50(3) 0.48(3) 0.49(3)
b11 0.00494(13) 0.00504(19) 0.0049(2) 0.0048(3) 0.00470(17) 0.00459(16)
b33 0.00102(8) 0.00088(11) 0.00079(10) 0.00091(12) 0.00086(10) 0.00094(9)

Ga: Beq 0.34(3) 0.40(4) 0.38(5) 0.39(5) 0.39(4) 0.42(4)
b11 0.00400(18) 0.0041(3) 0.0038(3) 0.0040(3) 0.0038(3) 0.0036(3)
b33 0.00041(13) 0.0007(2) 0.00067(19) 0.0006(3) 0.00073(18) 0.00089(17)

O: Beq 0.72(7) 0.62(9) 0.66(11) 0.79(11) 0.72(8) 0.57(8)
x 0.5575(6) 0.5579(7) 0.5561(8) 0.5562(8) 0.5567(6) 0.5565(6)
b11 0.0068(6) 0.0078(9) 0.0077(10) 0.0062(9) 0.0067(8) 0.0075(9)
b22 0.0055(10) 0.0060(13) 0.0072(14) 0.0048(14) 0.0066(12) 0.0072(13)
b33 0.0014(4) 0.0008(5) 0.0009(5) 0.0019(6) 0.0014(4) 0.0005(5)
b23 �0.0011(4) �0.0014(5) �0.0014(5) �0.0011(5) �0.0013(4) �0.0017(4)

La: x ¼ 0.0, y ¼ 0.0, z ¼ 0.25; b22 ¼ b11, b12 ¼ 0.5b11, b13 ¼ b23 ¼ 0.

Al: x ¼ 0.0, y ¼ 0.0, z ¼ 0.0; b22 ¼ b11, b12 ¼ 0.5b11, b13 ¼ b23 ¼ 0.

O: y ¼ 0.0, z ¼ 0.25; b12 ¼ 0.5b22, b13 ¼ 0.5b23.

R.J. Angel et al. / Journal of Solid State Chemistry 180 (2007) 3408–34243418
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Table 7b

Interatomic distances, angles, and polyhedral volumes of LaGaO3 perovskite in R-3c phase at high pressure

P (GPa) 2.356(7) 3.600(13) 4.749(13) 5.798(11) 7.334(14) 8.127(23)

Ga–O � 6 1.9622(5) 1.9586(6) 1.9534(6) 1.9501(7) 1.9462(5) 1.9436(5)

Voct 10.065 10.011 9.930 9.881 9.821 9.783

Voct,reg 10.073(8) 10.018(9) 9.938(9) 9.888(11) 9.828(8) 9.789(8)

O–Ga–O 91.28(1) 91.29(2) 91.26(2) 91.26(2) 91.28(1) 91.28(1)

Nd–O1 i � 3 2.436(3) 2.429(4) 2.434(4) 2.429(4) 2.421(3) 2.419(3)

Nd–O2 ii � 6 2.7438(3) 2.7385(4) 2.7320(4) 2.7274(5) 2.7213(4) 2.7178(4)

Nd–O2 iii � 3 3.0679(28) 3.064(4) 3.049(4) 3.044(4) 3.040(4) 3.036(3)

o 11.27(5) 11.34(6) 11.00(7) 11.02(7) 11.11(5) 11.07(5)

Z 0.9667 0.9663 0.9673 0.9671 0.9666 0.9666

Vdod 48.02(4) 47.73(4) 47.48(4) 47.24(4) 46.91(4) 46.75(4)

Table 8a

Refinement information, unit cell parameters and refined positional

parameters and anisotropic displacement parameters (bij) of La0.88Nd0.12
GaO3 perovskite in R-3c phase at high pressure

P (GPa) 8.020(2) 9.496(13)

Nobs (I42I0/s(I0)) 309 331

Nind (F242s(F2) 78 86

Rint 0.045 0.034

Gfit 0.89 0.98

Nint 78 86

Weight, p 0.0 0.0

Extinction � 10�4 0.052(7) 0.051(5)

Rw 0.023 0.021

Ruw 0.020 0.017

a( ¼ b) (Å) 5.4524(3) 5.4414(5)

c (Å) 13.1452(9) 13.1211(17)

V (Å3) 338.44(4) 336.45(7)

La: Beq 0.56(3) 0.470(17)

b11 0.0065(3) 0.00496(19)

b33 0.00077(10) 0.00077(7)

Ga: Beq 0.43(4) 0.35(3)

b11 0.0051(5) 0.0038(3)

b33 0.00057(17) 0.00055(12)

O: Beq 0.78(12) 0.70(10)

x 0.5559(11) 0.5566(8)

b11 0.0098(13) 0.0074(10)

b22 0.0075(19) 0.0051(15)

b33 0.0011(6) 0.0013(5)

b23 �0.0012(6) �0.0011(5)

Table 8b

Interatomic distances, angles, and polyhedral of La0.88Nd0.12GaO3

perovskite in R-3c phase at high pressure

P (GPa) 8.020(2) 9.496(13)

Ga–O � 6 1.9417(9) 1.9385(7)

Voct 9.754 9.705

Voct,reg 9.761(14) 9.712(11)

O–Ga–O 91.30(2) 91.30(2)

Nd–O1 i � 3 2.421(5) 2.413(4)

Nd–O2 ii � 6 2.7148(6) 2.7101(5)

Nd–O2 iii � 3 3.031(5) 3.029(4)

o 11.09(8) 11.09(16)

Z 0.9659 0.9661

Vdod 46.605 46.371
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3.3. Phase transition

A previous single-crystal X-ray diffraction study [19]
confirmed that LaGaO3 undergoes a first-order phase
transition from Pbnm to R-3c symmetry at 2.3GPa, as first
observed in a powder diffraction experiment [23]. The same
transition was found in the sample with x ¼ 0.06 and 0.12
by single-crystal diffraction. It is clearly marked by a
discontinuity in the unit-cell volume (Fig. 1). The transition
at �5.8GPa in the x ¼ 0.06 sample resulted in broadening
of the X-ray diffraction peaks that precluded a full data
collection and refinement. Nonetheless, the measured cell
parameters, peak intensities and systematic absences are
consistent with it having R-3c symmetry. Careful reversals
of the transition in the x ¼ 0.12 sample show that the
transition pressure lies between 7.712(5) and 7.91(2)GPa,
and structure refinement (Table 8) has confirmed that the
high-pressure phase has R-3c symmetry.
The transition is also apparent in the Raman spectra of

these three samples. As for the transition at high
temperatures [26,35] it is accompanied by a decrease in
the number of vibration bands, as expected for this
symmetry change. The transition pressure for the x=0.20
sample exceeded the maximum pressure attainable in our
diamond-anvil cells used for single-crystal diffraction
experiments, but the transition was found by Raman
spectroscopy alone at �12GPa. No evidence of the
transition in NdGaO3 was detected in Raman measure-
ments up to 16GPa. These data show that the transition
pressure increases with increasing Nd content (increasing
x) at approximately 0.45GPa per 0.01 increment in x, at
least up to x=0.20, but there is no information on the
further evolution of the transition pressure for x40.20.
Linear extrapolation would suggest a transition pressure of
about 50GPa for NdGaO3, but in view of the plateau effect
in the octahedral compressibilities noted above, this must
represent a maximum estimate and the transition may well
be expected to occur at much lower pressures.
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Table 9

Unit cell parameters of La1�xNdxGaO3 perovskite at different pressures

x ¼ 0.00 Pbnm P (GPa) 0.0001 0.117(4) 0.254(5) 0.566(5) 0.897(5) 1.287(5) 2.151(6)

a (Å) 5.52323(9) 5.52245(11) 5.52125(10) 5.51894(12) 5.51647(12) 5.51353(12) 5.50734(22)

b (Å) 5.49032(22) 5.48905(27) 5.48772(23) 5.48425(28) 5.48034(29) 5.47561(28) 5.4651(6)

C (Å) 7.77542(7) 7.77364(16) 7.77101(14) 7.76569(17) 7.75986(17) 7.75320(17) 7.73997(42)

V (Å3) 235.784(07) 235.642(16) 235.454(14) 235.046(17) 234.597(13) 234.069(13) 232.958(29)

x ¼ 0.00 R-3c P (GPa) 2.356(7) 2.711(9) 3.600(11) 4.058(11) 4.749(13) 5.798(11) 6.679(19) 7.334(14) 8.127(23)

a (Å) 5.50351(22) 5.5005(3) 5.49277(16) 5.48828(21) 5.48248(15) 5.47353(18) 5.46637(20) 5.46135(26 5.45502(17)

c (Å) 13.2875(6) 13.2794(9) 13.2601(5) 13.2483(6) 13.2332(5) 13.2102(6) 13.1928(6) 13.1781(8) 13.1610(5)

V (Å3) 348.54(3) 348.02(4) 346.465(22) 345.588(29) 344.469(23) 342.747(26) 341.403(27) 340.39(4) 339.166(24)

x ¼ 0.06 Pbnm P (GPa) 0.0001 0.967(2) 2.56(5)* 3.98(5)* 5.30(5)* 0.001+ 0.545(2)+ 1.065(3)+ 1.859(3)+

a (Å) 5.5124(5) 5.5054(4) 5.4980(5) 5.4870(4) 5.47895(27) 5.5143(5) 5.5104(5) 5.5065(5) 5.5009(6)

b (Å) 5.49360(20) 5.48190(20) 5.4625(9 ) 5.4445(6) 5.43108(24) 5.49220(21) 5.48558(20) 5.47938(20) 5.47059(27)

c (Å) 7.7706(8) 7.7547(9) 7.7327(17) 7.7067(15) 7.6837(8) 7.7709(8) 7.7618(8) 7.7535(8) 7.7397(8)

V (Å3) 235.32(4) 234.04(3) 232.23(6) 230.23(5) 228.640(26) 235.35(3) 234.62(3) 233.94(3) 232.913(4)

x ¼ 0.12 Pbnm P (GPa) 0.0001 0.661(1) 0.885(2) 1.346(1) 1.971(3) 2.593(4) 3.549(3) 4.497(6) 5.213(8) 6.437(7)

a (Å) 5.51278(36) 5.50750(32) 5.50569(33) 5.50235(28) 5.49867(26) 5.49367(31) 5.48769(25) 5.48116(29) 5.47626(21) 5.46878(23)

b (Å) 5.4928(4) 5.4845(5) 5.4817(4) 5.4761(4) 5.4693(4) 5.4627 (4) 5.4519(4) 5.4425(4) 5.43536(2.9) 5.42351(31)

c (Å) 7.7732(7) 7.7618(7 ) 7.7578(6) 7.7498(6 ) 7.73915(5) 7.7284(6) 7.7141(5) 7.6997(5) 7.6886(4) 7.6695 (4)

V (Å3) 235.375(29) 234.449(27) 234.133(25) 233.513(23) 232.747(21) 231.932(24) 230.793(20) 229.691(23) 228.855(17) 227.477(18)

P (GPa) 7.216(6) 7.250(5) 7.354(4) 7.574(4) 7.712(5)

a (Å) 5.46497(38) 5.46396(38) 5.46358(37) 5.4621(5) 5.4610(5)

b (Å) 5.4160(4) 5.4160(7) 5.41464(38) 5.4126(4) 5.4114(5)

c (Å) 7.6599(6) 7.6590(10) 7.6573(5) 7.6543(5) 7.6524(7)

V (Å3) 226.722(23) 226.65(4) 226.525(22) 226.293(27) 226.141(29)

x ¼ 0.20 Pbnm P (GPa) 0.0001 0.398(4) 1.217(4) 2.187(3) 3.228(5) 5.192(4) 6.650(3) 7.737(18) 8.166(8)

a (Å) 5.50601(20) 5.50282(19) 5.49676(22) 5.48952(17) 5.48238(21) 5.46909(22) 5.45984(21) 5.4537(9) 5.45111(27)

b (Å) 5.49275(23) 5.48790(22) 5.47778(26) 5.46713(19) 5.45517(23) 5.43496(25) 5.42043(25) 5.4101(13) 5.4066(3)

c (Å) 7.7673(4) 7.7608(4) 7.7490(4) 7.7329(3) 7.7164(4) 7.6878(4) 7.6669(4) 7.6462(5) 7.6463(5)

V (Å3) 234.906(14) 234.368(13) 233.317(15) 232.079(11) 230.774(14) 228.512(15) 226.898(14) 225.75(7) 225.349(19)

x ¼ 0.62 Pbnm P (GPa) 0.0001 0.598(5) 1.162(5) 2.007(5) 2.628(7) 4.042(7) 5.188(8) 6.322(8) 7.376(11) 8.462(10)

a (Å) 5.4614(6) 5.4574(6) 5.4528(6) 5.4466(6) 5.4417(6) 5.4322(5) 5.4238(6) 5.4160(4) 5.4094(5) 5.4029(5)

b (Å) 5.4961(6) 5.4887(6) 5.4806(5) 5.4697(5) 5.4626(6) 5.4457(6) 5.4325(6) 5.4201(4) 5.4092(5) 5.3989(5)

c (Å) 7.73893(28) 7.73118(28) 7.72313(28) 7.71152(25) 7.70328(28) 7.68457(24) 7.67049(28) 7.65657(22) 7.64420(28) 7.63119(27)

V (Å3) 232.295(20) 231.577(20) 230.802(20) 229.733(19) 228.988(20) 227.327(18) 226.008(18) 224.763(16) 223.677(19) 222.601(19)

9.432(11) x ¼ 1.00 Pbnm P (GPa) 0.0001 0.710(6) 1.486(7) 2.244(7) 3.736(10) 5.173(10) 7.401(11) 8.056(9)

5.3968(4) a (Å) 5.42709(24) 5.42175(34) 5.41791(34) 5.41088(41) 5.40026(32) 5.39021(20) 5.3761(4) 5.3728 (3)

5.3890(5) b (Å) 5.49871(10) 5.48939(14) 5.47837(21) 5.46921(23) 5.45184(13) 5.4352 (25) 5.41142(18) 5.40457(14)

7.62046(25) c (Å) 7.70865(13) 7.69918(19) 7.68923(19) 7.67884(23) 7.66162(17) 7.64487(14) 7.62084(22) 7.61377(17)

221.630(17) V (Å3) 230.042(10) 229.144(14) 228.226(16) 227.242(17) 225.569(13) 223.971(11) 221.706(07) 221.086(12)

Pressure data marked with (*) were determined by using ruby R1 line shift and pressures for other data were determined by internal quartz calibrant. The data marked with (+) were determined for the

second crystal with x ¼ 0.06.
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Fig. 1. The variation of the unit-cell volumes of (La,Nd)GaO3 perovskites

with pressure. The volumes of the R-3c phases have been multiplied by 2
3
to

put them on the same scale. The data for the x ¼ 0.06 sample are omitted

for clarity. Symbol sizes exceed the estimated uncertainties in measure-

ments. The lines are the equations of state fit to the data. The phase

transition pressures of the x ¼ 0.00 and 0.12 compositions are indicated by

the vertical arrows.

Fig. 2. The variation of bulk and linear moduli with composition in the

system La(1�x)NdxGaO3 as determined from the fit of third-order

Birch–Murnaghan EoS to the unit-cell parameter and volume variation

with pressure. The constraints used in some fits, and the EoS parameters,

are listed in Table 10. The lines are drawn as guides to the eye. Symbol

sizes exceed esd’s for all moduli except those for the a-axis.

Fig. 3. Variation of the average Ga–O–Ga angle with pressure for all six

samples (La,Nd)GaO3. For the Pbnm structures the value plotted is

[(Ga–O1–Ga)+2(Ga–O2–Ga)]/3 to account for the multiplicities of the

bond angles. For the R-3c structures there is only one symmetrically

distinct Ga–O–Ga angle. Note that the rate of increase of the average

angle within the Pbnm phase decreases with increasing Nd content

(increasing x). Lines are linear fits to the data.
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The transition is accompanied by a 0.23% decrease in
unit-cell volume in LaGaO3 [19] and is decreased to �0.1%
for the x ¼ 0.12 sample. The volume change arises from
two competing structural contributions. At the phase
transition the average tilt angles of the octahedra decrease,
as evidenced by the increase in average Ga–O–Ga angles
(Fig. 3). Were the octahedra to be rigid through the phase
transition this ‘‘un-tilting’’ would contribute an increase in
the unit-cell volume [19]. Instead, the unit-cell volume is
decreased by a 0.8% compression of the octahedra in
LaGaO3. The decrease in the step size of the transition at
x ¼ 0.12 comes from changes in both contributions. The
slower rate of increase in the average /Ga–O–GaS angles
within the Pbnm structure (Fig. 3) leads to a larger jump in
/Ga–O–GaS angles and hence octahedral tilts, at the
transition. This contributes a larger positive volume
change. At the same time the octahedral volume change
at the phase transition is reduced to 0.6%. This trend
suggests that the transition character may change from first
order to continuous at higher Nd contents (higher x). This
weakening of the transition with increasing Nd content is
also found at high temperatures, where the transition loses
its first-order character at x40.05 and becomes smeared-
out over a temperature interval of 20–30K for
0.05oxo0.20 [26].
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Fig. 5. The evolution of the normalized polyhedral volumes and unit-cell

volume with pressure for NdGaO3, showing that the octahedron is more

compressible than both the structure as a whole and the NdO12 site. Lines

are the fits to the data of Birch–Murnaghan third-order equations of state.

Fig. 4. Variation of average /Ga–OS bond lengths with pressure. Note

that the shorter bond lengths in the La-rich samples (lower x) are more

compressible than the longer /Ga–OS bond lengths in the Nd-rich

samples. Lines are linear fits to the data.
Fig. 6. Polyhedral bulk moduli for the (La,Nd)O12 and the GaO6 sites

calculated by fitting the pressure-induced variation of the individual

polyhedral volumes with a Birch–Murnaghan second-order EoS (i.e. with

K0 ¼ 4). The line for the (La,Nd)O12 site is a linear fit to the data.
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3.4. R-3c structures

Because of the rapid increase in transition pressure with
compositional parameter x, we only have extensive data for
LaGaO3 from which to determine the high-pressure
behavior of the R-3c phase. The refined structures indicate
that there is very little significant evolution of the structure
of LaGaO3 from the phase transition at �2.2GPa up to the
maximum pressure that we achieved of 8.127(23)GPa.
Unlike the high-pressure evolution of the R-3c phase of
LaAlO3 [15] there is only a small change in the ratio of the
cell parameters c=a

ffiffiffi
3
p

that is a measure of the distortion of
the structure from cubic symmetry [43]. Also in contrast to
LaAlO3, which shows a steady increase in Al–O–Al angles
corresponding to a clear decrease of the tilts of the
octahedra, there is no significant change in the tilts of the
GaO6 octahedra in LaGaO3 (Table 7b). The reason for this
difference in behavior between LaGaO3 and LaAlO3 arises
from differences in the compressibilities of the correspond-
ing octahedra. In R-3c perovskites there is a direct
relationship between the ratio of the polyhedral volumes
and the tilt angle [44] from which can be derived the result
that the rate of tilting with pressure increases with an
increase in the difference between the compressibilities of
the AO12 and BO6 polyhedra [15]. The experimental data
show that whereas the AlO6 octahedra are significantly
softer than the LaO12 sites in LaAlO3, and this drives the
R-3c structure towards the phase transition to cubic at
pressures in excess of 14GPa [18], the GaO6 and LaO12

sites in the R-3c phase of LaGaO3 have almost identical
compressibilities within our experimental uncertainties.
Thus the polyhedral tilts in LaGaO3 do not change
significantly over our experimental pressure range. The
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Table 10

Bulk and linear moduli of La1�xNdxGaO3 perovskites

Composition: x 0.00 0.06 0.12 0.20 0.62 1.00

N dataa 7 5 15 9 11 8

Pmax (GPa) 2.151 5.30 7.712 8.166 9.432 8.056

Volume

Vo 235.790(6) 235.319(22) 235.350(19) 234.912(11) 232.328(17) 230.048(15)

Ko 172.4(1.2) 169(4) 169.8(1.7) 173.0(1.2) 173.1(1.4) 177.3(1.8)

Kp 6.4(fixed) 6.4(fixed) 6.6(5) 6.0(4) 6.2(4) 6.7(6)

a-axis

ao 5.52326(6) 5.5126(9) 5.51257(26) 5.50600(15) 5.4618(4) 5.42748(54)

Kao 238(3) 267(10) 243(7) 233(4) 230(7) 234(18)

Kp 9 (fixed) 9.0 (fixed) 9.0(1.7) 10.2(1.2) 7.5(1.8) 7.7(3.9)

b-axis

bo 5.49060(17) 5.49378 5.49246(30) 5.49276(17) 5.4964(4) 5.49870(17)

Kbo 153(3) 137.7(1.9) 149(3) 147.5(1.8) 133(3) 134.3(1.7)

Kp 6.3 (fixed) 6.3 (fixed) 6.8(8) 6.5(5) 6.3(7) 5.7(6)

c-axis

co 7.77547(9) 7.7713(9) 7.7731(5) 7.76751(32) 7.73927(20) 7.70865(16)

Kco 147.5(1.3) 143.8(2.7) 145.9(2.6) 159.1(2.5) 181.3(1.6) 189.0(2.0)

Kp 5.4 (fixed) 5.4 (fixed) 5.0(7) 3.4(7) 4.9(4) 7.5(7)

aN: the number of data.
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same behavior is found for the x ¼ 0.12 sample from 8.0 to
9.4GPa (Table 8b).

4. Conclusions

These overall patterns of compression of the structures
of (La,Nd)GaO3 Pbnm perovskites and the phase transi-
tions to the R-3c structure cannot be explained in terms of
the more simple models of the perovskite structure based
upon the treatment of the octahedra as rigid bodies. Were
the octahedra to be rigid, then the tilts would increase with
increasing pressure (the Ga–O–Ga bond angles would
decrease), the structures would become more distorted with
pressure and no phase transitions to the R-3c structure
would take place. What we have demonstrated in this study
is that, as in pure end members, the relative compressi-
bilities of the octahedra and the extra-framework cation
site of perovskites determines both their structural evolu-
tion with pressure and their possible phase transitions at
high pressures, in agreement with the principle of bond-
valence matching [16]. Further, we have shown that a given
polyhedron such as GaO6 does not have physical proper-
ties independent of the structure, even within a solid
solution with a single structure type. Instead the compres-
sibility of a given octahedral type, in this case GaO6,
varies with composition in perovskites as a consequence of
the bond-valence matching principle. Thus, in the series
(La1�xNdx)GaO6 the site parameter ratio bB/bA ¼MA/MB

decreases from 1.22 in NdGaO3 to 1.18 in LaGaO3. The
substitution of La for Nd in the series (La1�xNdx)GaO6

thus leads to both a softening of the GaO6 octahedra as a
consequence of having to match the bond valence of the
(La,Nd) site, as well as an increase in tilt rate of the
octahedra when pressure is applied (see Fig. 5 in [16]).
These changes in the rates of compression of the structure,
in particular the octahedral softening, in turn lead directly
to the reduction of the pressure of the Pbnm to R-3c phase
transition because the mechanism of the transition itself
requires the compression of the octahedra [19].
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