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Abstract

Crystal structures of rare-earth gallium perovskites LaGaO3, PrGaO3, NdGaOs and
Pr;_,Nd,GaO3 (x = 0.25, 0.50, 0.75) solid solutions were investigated in the temperature
range 12-300 K by high-resolution powder diffraction using synchrotron or neutron radiation.
The previously reported negative thermal expansion in the b direction of the PrGaOs3 lattice has
been found to be persistent in Pr;_,Nd,GaOs; solid solutions and its magnitude has been
revealed as proportional to the amount of praseodymium. Evaluation of the obtained
temperature evolution of cell dimensions indicated a weak anomalous behaviour of the b lattice
parameter in NdGaOs3, and its origin is supposed to be the same as in PrGaOs, i.e. a coupling of
the crystal electric field levels with phonon excitations of about 23-25 meV energy. The
performed bond length analysis revealed an anomalous behaviour of both LnO;,
(Ln—rare-earth) and GaOg coordination polyhedra, which can be a structural manifestation of

anomalous thermal expansion in the considered compounds.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Perovskite-type rare-earth gallates have attracted considerable
interest from researchers for a long time due to their
attractive properties. The best known application of these
materials is their use as substrates for colossal magnetoresistive
manganates, Sr(Pb)TiO;, GaN [1] and high-temperature
cuprate superconductor films [2, 3], where good matching
of lattice parameters for both film and substrate makes the
growth of buffer layers non-mandatory. Recently LaGaOs,
NdGaOs and PrGaOs, doped with alkaline-earth elements,
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have been reported as suitable electrolytes in solid oxide fuel
cells [4-6].

It is obvious that the development of applications based
on these materials requires extended and accurate knowledge
of their crystal structures and their behaviour upon chemical
substitution and/or varying environmental conditions, which
have been given a preliminary study in recent years. Thus the
thermal evolution of structural properties has been investigated
for a set of rare-earth gallates and their solid solutions. A
strong anisotropy of thermal expansion has been observed
in LnGaOs; (Ln = La, Ce, Pr and Nd) orthogallates [7-10].
Furthermore, in PrGaO; an anisotropic negative thermal
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expansion and even volumetric contraction of the lattice
occurred at low temperatures [10, 11]. Similar trends
have also been found in Pr;_,La,GaO; (x = 0.61, 0.81)
solid solutions [12]. Note that no evident indications for
a negative thermal expansion were detected in LaGaOs,
CeGa03, NdGaOs and Ln/,Ln;_,GaOs solid solutions without
praseodymium.

In order to explain the observed uniqueness of the Pr
ion in the LnGaO; matrix, comprehensive studies using
various methods of structure determination [7, 10], Raman
scattering [7] and specific heat measurements [13] as well as
theoretical simulations [14] have been performed. All these
studies indirectly indicate that the crystal field splitting of the
ground-state multiplet of the Pr’* ions can presumably be
the reason for the observed anomalous thermal expansion of
PrGaO;. A very similar anomalous behaviour has already
been observed in perovskite-type rare-earth aluminates [15, 16]
and perovskite-like TmCaAlOy4 [17]. Note that the unusual
sequence (for perovskites) of phase transformations was
observed in PrAlOs; and CeAlO3 and solid solutions based on
them [18, 19], which might have the same origin.

A comprehensive study of the effect of praseodymium
doping on the temperature evolution of LnO;, and GaOg
coordination polyhedra in LnGaOj3 seems essential to elucidate
the physical origin and the related structural features of the
negative thermal expansion in rare-earth gallates containing
praseodymium. Unfortunately, the formation of twins
limits the use of the single crystal diffraction technique
for structure determination; therefore, the crystal structure
evolution was solely studied by powder diffraction. This
work is a continuation of our systematic studies on structural
properties [16] and domain structures [20, 21] of rare-earth
perovskite-like gallates, aluminates and their solid solutions.
Here we report results of in situ powder diffraction experiments
using synchrotron and neutron radiation on Pr; _,Nd,GaO3 and
LaGaOs as a reference material.

2. Experimental details

Single crystals of LaGaO; and Pr;_,Nd,GaOs (x = 0, 0.25,
0.5, 0.75 and 1) were grown by the Czochralski method at
the Institute of Physics (Warsaw, Poland). Details of the
applied growth technique can be found elsewhere [22, 23].
Pieces of single crystalline ingots were crushed, ground and
homogenized in size.

High-resolution diffraction experiments using synchrotron
radiation were carried out on Pr;_,Nd,GaO3; compositions
with x = 0.25, 0.5, 0.75 on the powder diffractometer
at beamline B2 at HASYLAB/DESY (Hamburg, Germany)
[24]. Synchrotron diffraction data for rare-earth orthogallates
(LaGaO3, PrGaO3; and NdGaO3) were taken from our previous
reports [7, 10]. All measurements were performed in Debye—
Scherrer geometry. The quartz capillaries of diameter 0.3 mm
were filled in air with powdered samples, shortened in
lengths to 35 mm and then sealed. A modified closed-
cycle He-cryostat [25] from Cryophysics™, equipped with a
silicon diode as the temperature sensor and a PID control
circuit via a LakeShore™ temperature controller was utilized

for experiments with synchrotron radiation. The use of
a capillary spinner ensured an appropriate averaging of
crystallite orientation. In order to reduce absorption, a
short wavelength of 0.50206 A was chosen from the ‘white’
synchrotron energy spectrum using a Si(111) double flat-
crystal monochromator. The wavelength was determined from
eight reflection positions of a LaBg reference material (NIST
SRM 660a). The measurements at fixed temperatures (12—
298 K temperature range) were performed in the sequence of
increasing temperature. Data collection was carried out using
the on-site readable position-sensitive image-plate detector
OBI [26] in the 26-range of 6°—60°.

Elastic coherent neutron scattering experiments were
performed on NdGaOs, Ndy 50Pro.50GaO3 and PrGaO; samples
at the Institut Laue Langevin (Grenoble, France) on the
high-resolution diffractometer D2B [27]. Monochromatic
neutrons (A = 1.595 A) were obtained at a 135° take-off
using the 335 reflection of a vertically focused composite Ge
monochromator. The vertical position-sensitive multidetector
(300 mm effective height) consisting of 128 *He tubes and
covering an angular span of 160° 260 was used for data
collection. Each sample (of about 1 cm? in volume) was filled
into a thin-wall (0.15 mm) vanadium can of diameter 8 mm
and then mounted in the top-loading closed-cycle refrigerator.
Helium-4 was used as a heat transmitter. The instantaneous
temperature was measured using two Cernox™ thin film
resistance cryogenic temperature sensors and controlled by a
temperature controller from LakeShore™. Two-dimensional
powder diffraction data were collected at fixed temperatures
in the range of 12-295 K. Data reduction was performed using
the LAMP package.

Neutron powder diffraction studies on LaGaOs; were
performed on the SPODI powder diffractometer at the research
reactor FRM-II (Garching b. Miinchen, Germany) [28] with an
experimental setup and data collection times very similar to
those at D2B.

The Rietveld and structure independent (Le Bail)
refinements were carried out using the software package
FullProf [29]. The peak profile shape was described by a
pseudo-Voigt function. The background of the diffraction
pattern was fitted using a linear interpolation between selected
data points in non-overlapping regions. In order to deduce
the evolution of lattice parameters the synchrotron data were
treated via the full profile decomposition (Le Bail) technique,
whereas the full profile Rietveld method was applied for
the analysis of the neutron data. The scale factor, lattice
parameter, fractional coordinates of atomic sites and their
isotropic displacement parameters, zero angular shift, profile
shape parameters and half width (Caglioti) parameters were
varied during the fitting. For NdGaOs, Nd 50Prg s0GaO; and
PrGaOs; it was found that the refinement of anisotropic thermal
displacement parameters gives significant improvement of
fits, which can probably be related to the more pronounced
distortions from an ideal cubic perovskite structure in
comparison to lanthanum gallate.
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Figure 1. Results of Rietveld refinements for neutron powder diffraction data at 12 K for LaGaO3 (SPODI powder diffractometer,
A = 1.548 A) and Pr;_,Nd,GaO; (x = 0, 0.50, 1.00) (D2B powder diffractometer, > = 1.595 A). Experimental data are shown by points,
lines denote calculated profiles and lower plots their difference. Calculated positions of Bragg reflections are shown by vertical tick marks.

3. Results and discussion

A preliminary inspection of the obtained powder diffraction
patterns indicated that only reflections in agreement with
the GdFeOs type of structure are present. This structure
type (space group Pbnm, tilt system a~a c¢* in the Glazer’s
notation [30]) has been found to be stable in the whole
temperature range (12-300 K). The best Rietveld fits were
obtained with those parameters listed in tables A.1-A.4 whilst
the graphical results of the Rietveld refinements for LaGaOs,
PrGaOs;, Pry 50Ndy 50Ga03 and NdGaOs at 12 K are shown in
figure 1.

The GdFeOs; type of structure is the most often occurring
structural type in the perovskite family and its description can
be found elsewhere [16]. The orthorhombic perovskite lattice
expands anisotropically with temperature, where elongation in
various directions usually fulfils the relation Ac > Aa > Ab.
The temperature dependences of lattice parameters for LaGaOj3
and Pr;_,Nd,GaO; (x = 0, 0.25, 0.50, 0.75 and 1.00) solid
solutions are shown in figure 2, from which one can notice
good qualitative agreement between neutron and synchrotron
data.

A comparison of the temperature evolution of the
lattice parameters in the b direction indicates essential
differences: in PrGaO; the value of the b lattice parameter
at 12 K is higher than the respective one at 300 K,

i.e. the previously reported negative thermal expansion
in the b-direction of the PrGaQO; lattice is confirmed
by the neutron experiment and is still persistent in
Pry 50Ndp 50GaO3. Synchrotron diffraction revealed an
even more complicated temperature behaviour of the b
lattice parameter in Pry,5Ndy75GaOs and Prp75Ndj25GaO3
solid solutions: those temperature dependences have a
sigmoidal shape, indicating the competitive evolution of
various interaction mechanisms upon temperature variation.
Furthermore, the magnitude of the negative thermal expansion
has been found to be directly proportional to the amount
of praseodymium in the Pr;_,Nd,GaO; solid solution. The
temperature dependence of cell size in the [010] direction of
NdGaOs; shows a sigmoidal shape similar to TmAIlO; [16, 31],
whereas LaGaO3 displays normal thermal expansion.

Assuming the Griineisen constant y and bulk modulus K
to be temperature independent, the thermal evolution of the
unit cell volume within the first order Griineisen approximation
can be described as follows [32]:

- r
V(T) = Vot 2~ UT)

Vot L | onkT (£ 3/%ﬂ SN 1)
-0 KT B 9]) 0 e’ — 1 ’

where U is the internal energy of the crystal, kg is the
Boltzmann constant, N is the number of atoms in the unit
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Figure 2. Temperature dependences of the lattice parameters in LaGaOs (3 ), PrGaO; (0O), Pry.75Ndg25GaO; (O), Pry s0Ndg 50GaO; (A),
Prj,5Ndg 75GaO; () and NdGaOs; (). Synchrotron data for LaGaO3, PrGaO; and NdGaO; were taken from [7, 10]. Dashed lines are results

of nonlinear fitting of equation (4) to a, b and c lattice parameters.

cell (N = 20), 6p is the Debye temperature and V,, denotes
the hypothetical cell volume at zero temperature. Vocadlo
et al [33] discovered that the use of the Debye approximation
for the internal energy as U in equation (1) provides a
reasonable description for the cell volumes of FeSi and, just
recently, Fortes et al [34] found that the lattice parameters
(and not only the cell volume) of «-MgSOy can be fitted by
a modified equation (1)

IT) =1+ x;U(T), 2
where [/ corresponds to a, b or ¢ lattice parameters, /y denotes
the hypothetical lattice parameter at zero temperature and x;
is the fitting parameter (in the case of using cell volumes it
becomes a meaning of y/Kr). However, equation (2) did not

reproduce the negative thermal expansion which occurred in
the b-direction of the B-MgSOy lattice. As is well known, the
total thermal expansion coefficient, similar to heat capacity,
is an additive property, i.e. usually consisting of different
contributions—Ilattice, magnetic, electronic etc. Therefore, one
more term, describing the lattice contraction, was introduced

T) =1lo+x1U(T) +x2Ux(T), 3

where the x, fitting parameter has to be strictly negative,
ie. x, < 0, as the Griineisen constant is only a parameter
which can possess negative values in the definition of thermal
expansion coefficient. This approach is often used in literature;
thus it was successfully applied in [13] for determination
of crystal electric field contribution to thermal expansion in
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PrGaO;. To describe U, one can use a single mode at
fixed frequency, corresponding to a fixed Einstein temperature
0g [34]. Thus equation (3) for the fitting of lattice parameters
and cell volume takes the final form

TN\ (/T 3
I(T) =1+ x| INkgT | — / dx
GD 0 er —1

3Nkg6Og
" [exp e/ T) — 1} ’ @

where first and second terms in the square brackets
correspond to the internal energy within Debye and Einstein
approximations, respectively. Least-square fits to measured
lattice parameters and cell volume were performed and the
best agreement was obtained with parameters listed in the
second half of table 1. The relatively poor data statistics
causes large standard deviations and the overall nonlinear fit
quality has been found to be more appropriate for neutron
data in comparison to those derived from experiments with
synchrotron radiation (see the R parameters in table 1). The
better accuracy of neutron data can be explained by the
improved counting statistics in neutron experiments, especially
at high 260, as well as by the greater amount of sample and
the improved average of crystallites over the irradiated sample.
Therefore, from now on only neutron data will be considered.

As lanthanum gallate displays positive thermal expansion
upon heating, lattice parameters were fitted by equation (4)
using the Debye formula only. One can notice the same
order of magnitude for x; and fp parameters for all directions,
determined from the anisotropic expansion of the lattice. For
parameters describing the cell volume, x; has the physical
meaning of the y/K ratio. Angel et al [35] determined
the isothermal bulk modulus Ky in LaGaOs to 172.4 GPa,
which gives 1.139 for the Griineisen parameter. Despite the
fact that perovskite-type rare-earth gallates cannot be perfectly
described within the Debye approximation, such an estimation
of the Griineisen parameter is in good agreement with recent
semiclassical simulations of lanthanum gallate [14], giving
Kr = 182.7 GPa, y = 1.433 and 6p = 553 K, respectively.

The a, c lattice parameters as well as the cell volume of
PrGaO; were fitted by equation (2), whereas a description
of the anomalous behaviour of the cell parameter in the b-
direction requires the inclusion of an Einstein term with a
negative Griineisen scale. Significant correlations occurred
between the x; and x, parameters, which caused instabilities
in the refinement of the model. Therefore, the optimum value
for x, was adjusted manually until the best agreement was
received with x, = —5.634 x 1013, In contrast to lanthanum
gallate the differences in x; and 6p parameters for the
distinct crystallographic directions are more pronounced. This
indicates not only that the b lattice parameter of praseodymium
gallate exhibits an anomalous behaviour, but that the whole
lattice does, even despite the positive thermal expansion
coefficient. The same treatment technique has also been
applied for Prys50Ndy 50GaOs, where a very similar (but less
pronounced) behaviour occurred.

As no obvious anomalies in the temperature evolution of
NdGaOs lattice parameters were detected, their analyses were
similar to those performed for lanthanum gallate, i.e. only a

Debye term was used. A surprisingly high scattering of x;
and 6p parameters was observed after the fitting of the a, b
and c lattice parameters. Furthermore, the obtained 8 for
the b direction was too high (p = 2073 K) and indicated a
much lower thermal expansion coefficient. Indeed the thermal
elongation in the b-direction of the NdGaOs lattice is obviously
smaller than the one in LaGaO3 and the b(T") dependence in
NdGaOs3 shows positive expansion with sigmoidal rather than
exponential shape. To simulate this behaviour, the treatment
applied for b(T') in PrGaOs and Pry50Ndy50GaO; was used,
i.e. fitted to equation (4) with both Debye and Einstein terms
for internal energy. As one can see, the inclusion (table 1,
parameter b') of Einstein’s term reduced 6p to 463 K and
resulted in a significant improvement of the fit.

Thus the model based on the Debye term only can be fitted
to thermal behaviour of LaGaOs3, whereas a proper description
of the anomalous behaviour in PrGaOs, Prg 50Ndj 50GaO3 and
NdGaOs; requires the inclusion of Einstein’s term with x, < 0,
describing lattice contraction. The characteristic frequency of
Einstein’s oscillator (in terms of its energy) has been found
to be very similar Eg = kgTg ~ 22.1, 24.9 and 25.3 meV
for PrGaOs, Prj 50Ndg 50GaO; and NdGaOs, respectively. The
observed energy of Einstein’s oscillator correlates very well
with the I'3 = 21.5 meV level of a Pr ion in the PrGaO3; matrix
and with I', = 22.5 meV of Nd in NdGaOs3, determined from
inelastic neutron spectroscopy by Podlesnyak et al [36, 37].
This is an indication of a phonon coupling to the crystalline
electric field states of the 4f electrons. In this case different
types of anomalies (contraction in PrGaOs; and sigmoidal
increase in NdGaO3) can probably be related to the specific
energy level schemes of Nd** and Pr** ions in the LnGaO;
matrix.

In addition to the anomalous behaviour of the lattice
parameters, an isomorphic substitution on the rare-earth
site has an effect on the coordination polyhedra as well.
An accurate determination of the thermal evolution of the
coordination polyhedra requires an extended bond length
analysis, better described based on a pseudo-cubic asymmetric
unit, close to the ideal perovskite cell instead of the
conventional orthorhombic one. In contrast to the ideal cubic
prototype of the perovskite structure (space group Pm3m) this
pseudo-cubic cell with Z = 1 has a monoclinic distortion
ap, = b, # ¢, and 90° = o = B # y (see figure 3), i.e. the
cube is stretched along its small diagonal in the a—b plane.
The lattice parameters ap, ¢, and ), of such an asymmetric
unit can be derived from the orthorhombic ones a, b and ¢ as
a, = va*+b?/2,¢, = ¢/2 and y, = 2arctan(a/b). As
one can see from figure 3 the Ln coordination polyhedron is
formed by a 12-fold oxygen environment. In the GdFeO3 type
of structure, however, the oxygen cubooctahedron is built up
of eight different Ln—O distances, i.e. 4 x Ln—O1 marked as
(a)—(d) in figure 3 and 4 x 2 x Ln—-O2 marked as (e)-(h) in
figure 3.

The temperature evolution of rare-earth oxygen distances
is shown in figure 4. The ‘short” Ln—O distances
(<29 A, figures 4(a), (b), (e), (f), (g)) follow the rare-
earth contraction. Thus LaGaOs; has the longest Ln-O
bonds, and the lengths smoothly decrease with increasing
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Table 1. Results of nonlinear fit of equation (4) to lattice parameters a, b and ¢ and cell volume. (Note: standard uncertainties were estimated
using Monte Carlo technique on the basis of experimental errors for determination of the lattice parameters.)

Equation (4) I (A) x; x 10" op (K) X x 10 g (K) R?
LaGaO; (neutron data)
aA) 5.5142 £ 0.0007 6.07 £ 1.84 376 £217 0 0 0.9989
b(A) 5.4859 + 0.0004 4.36 1+ 1.49 471 4238 0 0 0.9989
c(A) 7.7642 £ 0.0007 6.31 £2.37 434 4+ 263 0 0 0.9985
V(A)? 234.87 £0.07 634.51 £ 202.65 418 +224 0 0 0.9988
LaGaO; (synchrotron data)
aA) 5.5139 £ 0.0004 6.31 £1.39 411 4+ 142 0 0 0.9980
b(A) 5.4862 + 0.0003 4.534+1.70 546 £ 235 0 0 0.9958
c(A) 7.7643 £+ 0.0007 6.70 £ 2.85 497 + 270 0 0 0.9939
vV (A)? 234.88 £ 0.05 660.69 £ 195.48 470 + 188 0 0 0.9968
PrGaO; (neutron data)
a(A) 5.4501 &£ 0.0002 8.17+2.15 709 + 172 0 0 0.9998
b(A) 5.4926 +£ 0.0005 60.27 +2.30 402+ 116 —56.34 256 4+ 68 0.9987
c(A) 7.7088 £ 0.0007 9.97£0.82 100 £+ 59 0 0 0.9999
Vv (AB) 230.8 = 0.1 669.20 £ 422.05 447 + 412 0 0 0.9972
PrGaOs; (synchrotron data)
a(A) 5.4491 £ 0.0013 9.04 £5.10 756 + 426 0 0 0.9781
b(A) 5.4932 £ 0.0021 48.98 £ 1.71 139+ 113 —47.52 73£77 0.9148
c(A) 7.7101 £ 0.0016 10.48 +2.15 233 + 164 0 0 0.9970
Vv (A3) 230.72 £ 0.12 848.25 + 705.11 642 £+ 562 0 0 0.9866
Pry.75sNdj 25GaO; (synchrotron data)
a(A) 5.4428 + 0.0003 4.394+0.83 340 £ 129 0 0 0.9984
b(A) 5.4923 £ 0.0003 58.96 + 4.28 521 £259 —55.58 353 £154  0.9277
c(A) 7.7056 £ 0.0009 8.57+£0.77 109 £ 75 0 0 0.9991
Vv (A3) 230.36 £ 0.05 415.87 +59.58 179 + 107 0 0 0.9984
Pry 50Ndy 50GaO; (neutron data)
a(A) 5.4345 £ 0.0004 5.97+£1.51 440 4+ 165 0 0 0.9997
b(A) 5.49378 +£0.0003  48.27 + 1.38 436+ 100 —44.88 289 + 61 0.9985
c(A) 7.7014 £ 0.0005 8.69 £ 0.82 161 4+ 64 0 0 0.9997
Vv (AS) 229.94 + 0.07 552.99 + 224.09 337 £ 265 0 0 0.9985
Pry.50Ndj 50GaO; (synchrotron data)
a(A) 5.4357 £ 0.0005 5.98+£2.72 541 £292 0 0 0.9950
b(A) 5.4932 + 0.0004 62.86 +1.76 281 £200 —61.55 201 136  0.8300
c(A) 7.7019 £ 0.0012 8.26 £ 1.31 157 £ 122 0 0 0.9978
Vv (AS) 229.99 + 0.06 472.74 £ 119.85 289 £ 176 0 0 0.9967
Pry,5Ndj 75Ga0O; (synchrotron data)
aA) 5.4276 £ 0.0007 9.51 £7.68 758 £ 509 0 0 0.9910
b(A) 5.4941 +£ 0.0009 141.83 £4.71 312 +213 —137.92 222 + 143  0.8860
c(A) 7.6999 £ 0.0011 8.75+£2.98 357 £229 0 0 0.9952
Vv (AS) 226.38 £ 0.09 802.78 + 221.57 653 £270 0 0 0.9956
NdGaO; (neutron data)
aA) 5.4193 £ 0.0002 6.93 +£0.84 489 =79 0 0 0.9999
b(A) 5.4956 + 0.0002 15.75+4.42 2073 0 0 0.9949
b (A 5.4956 + 0.0003 22.10 4+ 3.08 463 +£400 —18.77 294 4245  0.9979
c(A) 7.6942 £ 0.0003 9.99 £ 1.07 429 +70 0 0 0.9999
Vv (AS) 229.15+£0.02 719.77912 £ 115.50 525 4+ 105 0 0 0.9999
NdGaO; (synchrotron data)
a(A) 5.4187 £ 0.0003 7.424+1.08 513 +94 0 0 0.9986
b(A) 5.4957 £ 0.0003 3.52+£3.80 909 £+ 670 0 0 0.9673
b A 5.4954 £ 0.0003 44.46 £ 2.50 4304+£277 —41.09 300 £ 185 0.9763
c(A) 7.6935 £ 0.0005 9.18 £ 1.12 359 + 84 0 0 0.9985
Vv (A3) 229.11 £0.03 686.52 £+ 131.59 467 + 124 0 0 0.9973

4 The R parameter in this table corresponds to the coefficient of determination—a measure of quality of

6

i

obs __

nonlinear regression—and it was determined as R = \/1 — O, — ey /(3 (O

B N2).
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Figure 3. Pseudoprimitive perovskite cell in LnGaO3 with GdFeOs; structure type and LnO;, coordination polyhedron. Ln—O1 distances are
marked in increased sequence as (a)—(d) and respective Ln—O2 distances are shown as (e)—(h).

Nd content in the Pr;_,Nd,GaO;5 solid solutions. Almost
undistinguishable minima in the temperature dependences of
the Ln-O1 (figure 4(a)) and Ln—O2 distances (figure 4(g))
occur at about 100 K in PrGaOs, but their magnitude is very
close to the standard deviation of bond length determination.
No negative thermal expansion is observed for the ‘short” Ln—
O bonds in LaGaO3, Pro.soNdo.soGaO3 and NdGa03.

Two of the ‘longer’ Ln—O distances (figures 4(d) and (h))
display a behaviour in contrast to the expectations based
on rare-earth contraction, i.e. the longest Ln—-O distance
was observed for NdGaOs and Ln—O bond lengths decrease
in the sequence PrjsoNdys50GaOs;, PrGaO; and LaGaOs;.
The ‘longer’ Ln—O distances contribute only weakly to the
Ln—O coordination polyhedra, and therefore this effect can
be described by a reduction of the effective coordination
number, which theoretically can reach 12, 10, 9 or 8 for
the GdFeOs type of structure. This effect is especially
obvious in temperature evolution of the Ln—O1 bond lengths
(figure 4(c)), which are all very close to each other for
NdGaOs3, PrysoNdgs50GaOs; and LaGaOs. This observed
similarity can indicate that the effective Ln—O coordination
number in NdGaOs, Prgs5oNdg s50GaO3 and LaGaOs is better
described by 8. In a recent work [10], based on synchrotron
diffraction, the coordination number of 8 was concluded for Pr
in the temperature range 12—1000 K, whereas for temperatures
above 1000 K a coordination number of 10 is preferred.
More accurate neutron data indicated a slightly different
temperature dependence of the considered Ln—O1 distance in
PrGaOs;: at low temperatures the values are higher than for
lanthanum gallate, neodymium gallate and Pry 50Ndy 50GaO3
solid solution. Upon heating this distance shows a small
increase with a maximum at about 120 K and then decreases
until approaching the values for the other compounds at 300 K.
This observed behaviour might be related to an effective
increase of the Ln-O coordination number in PrGaO; at low
temperatures.

Such changes in the Ln—O coordination environment in
praseodymium gallate can in principle cause a negative thermal

expansion. On the other hand, the perovskite structure can
be well described as a relatively rigid framework of corner-
sharing, tilted and distorted octahedra. Even little differences
in the Ln—O bonds will affect the tilting and distortion in the
octahedral subsystem. Ga—Ga interatomic distances (which are
equivalent to the a, and ¢, perovskite lattice parameters) are
directly related (figure 5(a)) to the Ga—O interatomic distances
Ly, L, (as arms) and interoctahedral angles Ga—O-Ga o via
the law of cosines.
Contraction of the Ga—Ga distance can be achieved by:

e a reduction of the interoctahedral angles Ga—-O-Ga
(rotational/tilting mechanism, figure 5(b)),

e compression of Ga—O interatomic distances (distortion
mechanism, figure 5(c)),

e or a coexistence of these two mechanisms.

To elucidate the influence of octahedral tilt and distortion
on negative thermal expansion in praseodymium gallium
perovskite knowledge of the temperature evolution of Ga—
O bond lengths in GaOg octahedra and of the Ga-O-Ga
interoctahedral angles is required. Negative thermal expansion
in PrGaO3 has been found to be prominent in the b direction
of the orthorhombic unit cell which corresponds to the a,
parameter of the smaller Z = 1 pseudoperovskite cell’. Thus
only the Ga—02-Ga angle and the Ga—O2 bond lengths need to
be considered. The temperature dependence of the Ga—-O1-Ga
angle and the Ga—O1 distance have also been analysed for sake
of completeness.

The temperature dependences of the Ga—O1-Ga and the
Ga-02-Ga tilt angles are shown in figures 6(a) and (b).
Both tilt angles increase with temperature, and positive
slopes of a linear fit for Ga—O1-Ga vary in the following

sequence: PrGaOs; < PrgsoNdps0GaO; < NdGaO; <
9  Not only the pseudoperovskite lattice parameter ap but also the
pseudoperovskite monoclinic angle y, of PrGaO3 has to be included into
considerations as well, since ¥, = 2arctan(a/b). In the current work the
influence of ¥, can be neglected because its nonlinear temperature behaviour
has been found fully consistent with those of LaGaO3, Prg 50Ndg 50GaO3 and
NdGaOs3.
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Figure 5. Illustration of the Ga—Ga interatomic distance as built on the framework of Ga—O2 ones (a) and various negative thermal expansion
mechanisms in GdFeO; type of structure: rotational (b) and distortion (c).
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LaGaOs, whereas for the Ga—02-Ga tilt angle the sequence is
Pro50Ndg 50Ga03; < NdGaO; < PrGaOs; < LaGaOs. Positive
slopes in the temperature dependence of the Ga—02-Ga tilt
angle rule out a significant role of the rotational mechanism
for the negative thermal expansion of PrGaOs.

The Ga-Ol1 interatomic distances (figure 6(c)) expand
almost linearly with temperature, but their expansion changes
drastically with chemical composition. LaGaO; displays
the lowest expansion of the Ga—O1 bond within the series
of investigated compounds, where positive slopes (linear
thermal expansion coefficients) fulfil the sequence LaGaO; <
NdGaO3; < Prys50Ndps50GaO; < PrGaOs;. In contrast
to the Ga—O1 bonds, two kinds of Ga-O2 bonds exist in
each GaOg octahedron. These bonds correlate with each
other, so that high standard deviations result. In order
to probe a possible role of the distortion mechanism for
the negative thermal expansion, the evolution of the mean
(Ga—02) interatomic distances was analysed instead of the
two distinct Ga—O2 bond lengths (see figure 6(d) for the
temperature evolution). In combination with the increasing
Ga-02-Ga interatomic angles a positive expansion coefficient
requires increasing mean (Ga—02) distances with increasing
temperature. This condition is accomplished in LaGaOs,
NdGaOs3 and Prj 50Ndy s0GaO3, whereas an obviously negative
slope is detected in the temperature dependence of the mean
(Ga-02) distance for PrGaO; and the slope of (Ga-02)
increases in the following order: PrGaO; < LaGaO3; <
Pr0.50Nd0.50Ga03 < NdGa03.

The estimation of bond length distortions (after Sasaki
et al [38]) identifies LaGaO; among all compositions

considered as the composition with the most regular GaOg
octahedra, where irregularities increase with Nd content in
Pr;_yNd,GaOs (x = 0.00, 0.50 and 1.00). The stiffest
octahedra (i.e. those with the lowest response to temperature
changes) have been found in lanthanum gallate and change as
PrGaO3; < Prys50Ndps50Ga0O; < NdGaOs; < LaGaOs, while
the most severely distorted GaOg octahedra (and with the most
pronounced temperature dependence of Ga—O bond lengths)
are those in praseodymium gallate.

The observed differences in the coordination polyhedra
of LnGaO3; upon isomorphic substitution should be reflected
in the behaviour of the thermal displacement parameters.
In PrGaOs, PrgsoNdys50GaO; and NdGaO; the description
of displacement parameters with a tensor of second rank
gave a considerable improvement in the Rietveld refinement,
whereas thermal vibrations of all atoms in lanthanum gallate
were treated in the isotropic approximation. All determined
(u) values (tables A.1-A.4) display the usual increase with
temperature.

Typically in well ordered and close-packed systems
the displacement parameters are proportional to the mass
of the vibrating species. Thus the smallest magnitude
of (u) was noticed for LaGaOjs, but then the mean
displacement parameters increase in the row NdGaO; <
Pro.50Ndo 50Ga0O3 < PrGaO; and in praseodymium gallate
they become unusually large. A similar trend was observed
for the diagonal elements u; (i = 1, 2, 3) of the
Ln anisotropic displacement parameter tensor (a measure
for the rotation of the principle axes system of thermal
vibration against the crystal structure axes): PrGaO; >
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ProsoNdp50GaOs > NdGaO; and in particular for Ga:
PrGaO3; > Pryps50Ndys50GaOs3; > NdGaOs;. Vibrational
ellipsoids are stretched in the u,; direction (close to 710
in the GdFeOs-type of structure), hence the eigenvalues of
the displacement parameter tensor usually conform as u,, >
uszz > uqq.

4. Summary

The temperature evolutions of LaGaO3, PrGaOs, Prys50Ndy 50
GaO3; and NdGaOj crystal structures were systematically
studied using high-resolution neutron powder diffraction. In
addition to previously reported [7, 10] data for LaGaOs,
PrGaO; and NdGaOs the temperature dependences of the
lattice parameters in Pr;_yNd,GaOs; (x 0.25, 0.50 and
0.75) solid solutions were studied by a high-resolution powder
diffraction technique using synchrotron radiation.

The recently reported [7, 10, 11] negative thermal
expansion in the b-direction of orthorhombic PrGaO; was
confirmed by neutron diffraction. Furthermore, both
neutron and synchrotron diffraction studies of praseodymium
containing solid solutions Pr;_,Nd,GaOs3 revealed a negative
thermal expansion in the b-direction, and its magnitude
is proportional to the amount of praseodymium. Similar
dependences have also been published for the Pri_,La,GaO;
(x 0.61, 0.81) solid solutions [12], but have not been
accounted for by these authors.

Semiclassical simulation indicated that perovskite-type
rare-earth gallates cannot well be described as Debye-like
solids (see [9, 14, 39]). The deviations between experimental
data and Debye theory are, however, very similar for all
considered LnGaO; compounds (Ln = La—Gd) [14]. The
evaluation of obtained lattice parameters was performed on
the basis of the first order Griineisen approximation, where
internal energy was parameterized using the Debye model. A
fair performance of the model has been noticed for lanthanum
gallate, whereas the simulation of the b lattice parameter in
LnGaOs; containing 4f elements (Pr and Nd) required the
inclusion of a second term derived from the formulation of
Einstein’s oscillator and with a Griineisen scale parameter
y < 0.

All eigenvalues of the NdGaOs; thermal expansion
tensor are positive in the whole temperature range studied.
Nevertheless, the need for the inclusion of the Einstein’s
term is obvious, because of unusually low thermal expansion
in the b-direction (as a consequence of high fp parameter).
The observed anomalous behaviour of lattice parameters in
LnGaOs; perovskites and solid solutions containing either
praseodymium or neodymium has the same origin, i.e. a crystal
electric field—phonon coupling. Different terms and characters
of their splitting under a crystal electric field can probably
be the reason for the specific b versus 7 dependences in
praseodymium and neodymium gallates.

An anomalous behaviour concerns not only the cell
parameters, but also interatomic distances as well. Most
pronounced anomalies of Ln—-O bond lengths have been
noticed for praseodymium gallium oxide. The presence of
‘long’ distances in the LnOj, cubooctahedron presupposes
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a weakening of interatomic forces and as a consequence a
reduction of the ‘real’ coordination number. Based on the
Ln-Ol1 interatomic distances (figure 4(c)) ‘long’ and ‘short’
bonds can be distinguished, and the ‘real’ coordination number
in LaGaOj, PrgsoNdps0GaOs; and NdGaO; was estimated
to be 8. The same distance in PrGaOs; shows a nonlinear
behaviour at low temperatures, indicating possible changes in
the Pr coordination, but at 300 K it becomes equal to those in
LaGaO3, Pl‘().soNd(),5()GaO3 and NdGaO3.

On the other hand, the negative thermal expansions can
be caused either by octahedral distortion or by octahedral tilt
due to specific features of the GdFeO; structure type. The
octahedral tilt mechanism is the typical reason for a negative
thermal expansion in zeolite-like microporous solids, where
‘negative thermal expansivity is the norm rather than the
exception’ [40]. The GaOg octahedra possess the highest and
lowest rigidity (shape stiffness with respect to temperature)
in lanthanum and praseodymium gallates, respectively. The
mean (Ga-02) bond decreases with temperature in PrGaOs,
indicating that the distortive mechanism is a structural response
to the crystal electric field—phonon coupling, resulting in a
change of the Pr coordination number. The eigenvalues of
the thermal displacement parameter tensor in PrGaOs exhibit
unusually high values, decreasing in the sequence PrGaO; >
Pr0.50Nd0.50Ga03 > NdGaO3 > LaGaO3.

At low temperatures a set of structural anomalies occur
in LnGaOs with 4f Ln*" ions and their solid solutions and
can also be expected for other LnMeO; compounds, e.g. a
very similar behaviour was already observed in rare-earth
aluminates [16] and just recently in TbMnOs [41]. The
most pronounced structural anomalies have been observed in
praseodymium gallate, while the temperature dependences of
the structural parameters (except the quite sensitive b lattice
parameter) in neodymium gallate agree fairly well with the
conventional behaviour of LaGaOs. A lower praseodymium
content in the Ln;_,Pr,GaOs solid solutions decreases the
magnitude of the structural anomalies down to the detection
limit (in terms of bond length determination). The current
structural study was performed on the verge of accuracy for
available methods of structure determination, therefore, a weak
anomalous behaviour of NdGaO3 and of solid solutions with
small praseodymium content cannot be resolved. Future
work on this topic should probably focus on inelastic neutron
scattering, solid-state nuclear magnetic resonance and ab initio
simulation techniques.
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Appendix. Structural parameters versus
temperature

Temperature evolution of the structural parameters of LaGaOs3,
PrGaO3, Pl‘().soNd().s()GaOL NdGaO3 as obtained from
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Table A.1. Structural parameters of LaGaOs.

12K 50K 100 K 150 K 200 K 230K 260 K 285K 300 K
a(A) 55143(1)  5.5142(1) 5.5152(1) 5.5166(1) 5.5192(2) 5.5200(1) 5.5216(2) 5.5226(2) 5.5233(2)
b (A) 5.4860(1)  5.4858(1) 5.4865(1) 5.4872(1) 5.4887(2) 5.4894(1) 5.4905(2) 5.4911(2) 5.4916(2)
c (A 7.7642(2)  7.7641(2)  7.7652(2) 7.7663(2) 7.7687(2) 7.7694(2) 7.7712(2) 7.7722(2) 7.7730(2)
La, 4c x/a —0.0052(2) —0.0054(2) —0.0051(2) —0.0050(2) —0.0047(2) —0.0047(2) —0.0048(2) —0.0045(2) —0.0047(2)
v/b 0.0204(1)  0.0204(1) 0.0199(1) 0.0193(1) 0.0184(2) 0.0181(2) 0.0179(2) 0.0175(2) 0.0173(2)
(u) (Az) 0.0006(2)  0.0004(2) 0.0009(2) 0.0016(2) 0.0034(2) 0.0023(2) 0.0028(2) 0.0033(2) 0.0036(2)
Ga, 4b (u) (Az) 0.0004(2)  0.0005(2) 0.0008(2) 0.0008(2) 0.0018(2) 0.0002(2) 0.0009(2) 0.0009(2) 0.0008(2)
01, 4c x/a 0.0684(2)  0.0689(2) 0.0685(2) 0.0683(2) 0.0682(2) 0.0677(2) 0.0672(2) 0.0670(2) 0.0671(2)
b 0.4922(2)  0.4920(2) 0.4924(2) 0.4924(2) 0.4923(3) 0.4930(3) 0.4928(3) 0.4932(3) 0.4932(3)
Y 2
(u) A"y 0.0019(2) 0.0017(3) 0.0021(2) 0.0025(2) 0.0034(3) 0.0035(3) 0.0032(3) 0.0037(3)  0.0040(3)
02, 8¢ x/a —0.2730(1) —0.2730(1) —0.2727(1) —0.2721(1) —0.2716(2) —0.2713(2) —0.2710(2) —0.2707(2) —0.2706(2)
v/b 0.2737(1)  0.2737(2) 0.2735(2) 0.2731(1) 0.2726(2) 0.2721(2) 0.2720(2) 0.2717(2) 0.2716(2)
z/c 0.03660(9) 0.0365(1) 0.0364(1) 0.0364(1) 0.0362(1) 0.0360(1) 0.0361(1) 0.0358(1) 0.0360(1)
(u) (Az) 0.0028(2)  0.0028(2) 0.0030(2) 0.0036(2) 0.0049(2) 0.0037(2) 0.0047(2) 0.0054(2) 0.0053(2)
R, (%) 3.25 3.74 3.74 3.22 4.16 3.87 3.97 3.73 3.62
Ryp (%) 4.54 5.03 4.98 442 5.39 5.08 5.14 4.95 4.83
Table A.2. Structural parameters of PrGaOs;.
12K 20K 50K 100 K 150K 200 K 300 K
a(A) 5.450 10(8) 5.45006(8) 5.45013(10) 5.45035(8) 5.45153(8) 5.45303(8) 5.45773(9)
b (A) 5.49256(8) 5.49256(8) 5.49274(10) 5.49147(8) 5.49065(8) 5.49041(8) 5.49184(8)
c(A) 7.70891(12)  7.70888(12)  7.71055(16) 7.71447(12)  7.71849(12)  7.72219(12)  7.73069(13)
Pr, 4c x/a —0.0072(5) —0.0070(5) —0.0072(6) —0.0067(5) —0.0068(5) —0.0071(5) —0.0077(5)
y/b 0.0378(3) 0.0378(3) 0.0385(3) 0.0378(3) 0.037 1(3) 0.0367(3) 0.0357(3)
up (Az) 0.004 5(7) 0.0039(7) 0.004 4(9) 0.006 3(8) 0.007 1(8) 0.0077(8) 0.0073(9)
U (Az) 0.009 1(8) 0.0097(8) 0.009 1(10) 0.0104(8) 0.0113(7) 0.0120(8) 0.0135(8)
us3 (Az) 0.009 2(7) 0.009 1(7) 0.009 4(10) 0.009 4(7) 0.009 6(8) 0.0090(8) 0.0124(9)
U (Az) —0.0010(7) —0.0008(7) —0.0008(9) —0.0008(7) —0.0009(7) 0.0000(8) 0.000 1(8)
(u) (Az) 0.007 6(8) 0.007 6(8) 0.008(1) 0.0087(8) 0.009 3(8) 0.009 6(8) 0.0111(9)
Ga, 4b U (Az) 0.0024(5) 0.003 1(5) 0.003 1(7) 0.0039(5) 0.004 6(5) 0.0052(5) 0.005 6(5)
U (Az) 0.008 1(4) 0.0082(5) 0.007 3(6) 0.0079(5) 0.008 3(5) 0.0087(5) 0.0099(5)
us3 (Az) 0.007 2(6) 0.006 6(6) 0.007 5(7) 0.007 0(6) 0.007 1(6) 0.0079(6) 0.0095(7)
up (Az) —0.0008(4) —0.0014(4) —0.0014(6) —0.0008(4) —0.0005(4) —0.0017(5) —0.0016(5)
U (Az) —0.0028(5) —0.0017(5) —0.0021(7) —0.0031(7) —0.0038(7) —0.0036(8) —0.0038(9)
U3 (Az) 0.000 1(4) 0.0001(4)  —0.0003(5) —0.0001(4) 0.0006(4) 0.0000(4) 0.0004(4)
(u) (Az) 0.0059(5) 0.0060(5) 0.0060(7) 0.006 3(5) 0.0067(5) 0.0072(5) 0.008 3(6)
01, 4c x/a 0.0757(3) 0.0762(3) 0.0762(4) 0.076 2(3) 0.0759(3) 0.0760(3) 0.0756(3)
y/b 0.4841(3) 0.4842(3) 0.4840(3) 0.4838(3) 0.4840(3) 0.4845(3) 0.4850(3)
up (Az) 0.0062(7) 0.005 1(7) 0.0050(9) 0.0069(7) 0.006 0(7) 0.0064(8) 0.008 2(8)
U (Az) 0.0114(7) 0.0103(7) 0.0112(9) 0.0117(7) 0.0123(7) 0.0144(7) 0.0166(8)
U3z (Az) 0.006 6(7) 0.0077(7) 0.0075(10) 0.007 4(8) 0.008 3(8) 0.008 8(8) 0.0095(9)
up (Az) —0.0004(6) —0.0004(5) —0.0004(7) —0.0003(5) —0.0005(5) —0.0010(6) —0.0014(6)
(u) (Az) 0.008 1(7) 0.0077(7) 0.0079(9) 0.0087(7) 0.008 9(7) 0.0099(8) 0.0114(8)
02, 8¢ x/a —0.28752(18) —0.28746(18) —0.2877(2) —0.28755(18) —0.28734(18) —0.28726(18) —0.28681(19)
y/b 0.28799(17)  0.28771(17)  0.2880(2) 0.28799(17)  0.28801(16)  0.28779(17)  0.287 14(18)
z/c 0.04106(13)  0.04102(14) 0.04101(17) 0.04074(13) 0.04069(14) 0.04059(14)  0.040 15(16)
up (Az) 0.006 3(4) 0.0060(4) 0.006 1(5) 0.0065(4) 0.0067(4) 0.0077(4) 0.008 6(4)
U (Az) 0.009 1(4) 0.0097(4) 0.009 1(5) 0.0100(4) 0.0100(4) 0.0102(4) 0.0123(4)
us3 (Az) 0.007 8(4) 0.0079(5) 0.008 0(6) 0.008 1(4) 0.0092(4) 0.009 6(5) 0.0114(5)
up (Az) 0.0002(4) 0.00004) —0.0001(5) —0.0001(4) —0.0002(4) —0.0007(4) —0.0017(5)
U (Az) 0.0000(4) —0.0004(4) 0.0001(5) —0.0002(4) 0.0001(4) —0.0002(4) 0.0004(4)
U (Az) —0.0014(4) —0.0019(4) —0.0009(6) —0.0014(4) —0.0010(4) —0.0013(4) —0.0011(5)
(u) (Az) 0.0077(4) 0.0079(4) 0.007 8(5) 0.0082(4) 0.008 6(4) 0.0092(4) 0.0108(4)
R, (%) 4.08 4.15 4.56 4.06 3.98 4.01 4.18
Ryp (%) 5.39 5.41 6.77 5.37 5.28 5.30 5.51
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Table A.3. Structural parameters of Prg 5oNdg 50GaOs3.

12K 20K 50K 100 K 150 K 200 K 300 K
a (A) 543451(9)  543436(9)  5.43456(9)  543537(9)  543667(9)  5.43836(9)  5.44276(8)
b (A) 549375(9)  5.49369(9)  5.49395(9)  5.49359(9)  549309(9)  5.49317(9)  5.49432(8)
¢ A) 770151(13)  7.70127(13)  7.70222(13)  7.70526(13)  7.70838(14) 7.71180(13) 7.71896(12)
Nd/Pr,4c  x/a  —0.0085(4) —0.0088(3) —0.0088(4) —0.0090(4) —0.0080(4) —0.0086(4) —0.0079(4)
y/b 0.04102)  0.04093(20) 0.04127(20) 0.0408(2)  0.0404(2)  0.0402(2)  0.0388(2)

up (A 0.0037(6)  0.0025(6)  0.0034(6)  0.0041(6)  0.0052(6)  0.0048(6)  0.0054(6)
up (A 0.0072(6)  0.0082(6)  0.0075(6)  0.0090(6)  0.0083(6)  0.0098(6)  0.0128(6)
uss (A)  0.0053(6)  0.0051(6)  0.0055(6)  0.0060(6)  0.0071(7)  0.0064(7)  0.0076(6)
up (A —0.0012(6)  —0.0005(6) —0.0006(6) —0.0009(6) —0.0003(6) —0.0002(6) —0.0013(6)
w) (A% 0.0054(6)  0.0052(6)  0.0054(6)  0.0063(6)  0.00696)  0.0070(6)  0.0086(6)
Ga, 4b uy (A 0.0033(5)  0.0035(5)  0.0039(5)  0.0048(5)  0.0054(6)  0.0059(6)  0.0070(5)
un (A 0.0083(5)  0.0084(5)  0.0086(5  0.0091(5 001025  0.0110(5)  0.0106(5)
uss (A 0.0038(6)  0.0043(6)  0.0047(6)  0.0048(6)  0.0040(6)  0.0058(6)  0.0063(6)
up (A 0.0005(5)  —0.0008(5) —0.0005(5) —0.0001(5) —0.0004(6) —0.0002(6)  0.0002(5)
s (A —0.0005(6) —0.0007(6) —0.0008(6) —0.0016(7) —0.0009(7) —0.0018(7) —0.0008(8)
urs (A 0.00054)  0.00094)  0.0007(4)  0.0003@4)  0.00104)  0.0012(4)  0.0001(4)
)y (A% 0.0051(5)  0.0054(5)  0.0057(5)  0.0062(6)  0.0066(6)  0.0076(6)  0.0080(6)
Ol,4a  x/a 0.0776(33)  0.07753)  007783)  007773)  0.07733)  0.0774(3)  0.0768(3)
y/b 04823(3)  04828(3)  04822(3)  04821(3)  04828(3)  04829(3)  0.4835(3)
up (A 0.0070(7)  0.0073(7)  0.0079(7)  0.0080(7)  0.0082(7)  0.090(8)  0.0104(7)
up (A 0.0092(8)  0.01008)  0.00908)  0.01048)  0.0107(8)  0.0118(8)  0.0122(8)
uss (A 0.00738)  0.00738)  0.00618)  0.00738)  0.009009)  0.0084(9)  0.0091(8)
up (A 0.0006(6)  0.0005(6) —0.0003(6)  0.0010(6)  0.0003(6)  0.0002(6)  0.0001(6)
) (A 0.00798)  0.0082(8)  0.0077(8)  0.0085@8)  0.0093(8)  0.0097(8)  0.0106(8)

02, 8¢ x/a  —02891(2) —02891(2) —0.2893(2) —0.2893(2) —0.2887(2) —0.2888(2) —0.2881(2)
y/b 0.28982(18) 0.28941(18) 0.28961(18) 0.28948(18)  0.28924(18)  0.28943(19)  0.289 12(18)
z/c 0.04228(15)  0.04241(14) 0.04215(15)  0.04222(15) 0.04233(15) 0.04243(16)  0.04237(15)

un (A 0.00714)  0.0068(4)  0.00754)  0.0078(4)  0.0082(4)  0.0079(4)  0.0096(4)
un (A 0.0076(4)  0.0076(4)  0.0081(4)  0.0079@4)  0.0081(4)  0.00954)  0.0107(4)
uss (A 0.0053(5)  0.0066(5) 000655 000725  0.0073(5)  0.0077(5)  0.0092(5)
up (A —0.0012(4)  —0.0020(4) —0.0017(4) —0.0020(4) —0.0026(5) —0.0030(5) —0.0031(4)
s (A —0.0007(4)  0.0003(4) —0.0007(4) —0.0007(5)  0.0003(5)  0.0012(5  0.0013(5)
1xs (A%) —0.0008(5) —0.0005(5) —0.0003(5) —0.0001(5) —0.0006(5) —0.0012(5) —0.0011(5)
) (A 0.0067(4)  0.0070(4)  0.0074(4)  0.0076(4)  0.00794)  0.0084(4)  0.0099(4)

R, (%) 375 3.71 3.71 3.75 3.67 375 332

Ruyp (%) 4.89 479 4.87 485 482 4.81 434

treatment of neutron data by the Rietveld method. Here and the 4c position with z/c = 1/4, Ga occupies position 4b [1/2,
below (tables A.1-A.4) the space group is Pbnm (No. 62). The 0, 0]. Numbers in parentheses give statistical errors in the last
structural data were modelled for Ln and O1 ions occupying significant digit.
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Table A.4. Structural parameters of NdGaO;.

12K 20K 50K 100 K 150 K 200 K 300 K
a(A) 541925(8)  5.41932(8)  5.41937(8)  541992(8)  5.42143(8)  5.42350(8)  5.42817(9)
b (A) 549547(8)  5.49565(9)  5.49564(8)  5.49556(8)  5.49559(8)  5.49605(8)  5.49768(9)
¢ (A) 7.69407(12)  7.69426(12) 7.69433(12) 7.69556(12) 7.69786(12) 7.70106(11)  7.708 17(13)
Nd,4c  x/a  —0.01002) —0.0099(3) —0.0099(2) —0.0098(3) —0.0097(3) —0.0098(3) —0.0092(3)
y/b 0.04339(15)  0.04368(16) 0.04345(15) 0.04316(16) 0.04326(16) 0.04241(15)  0.04170(16)

uin (A 0.0029(5)  0.0033(5)  0.0042(5)  0.0037(5)  0.0046(5)  0.0060(5) 0.006 5(5)
un (A7) 0.00454)  0.00454)  0.0047(4)  0.0058(4)  0.00654)  0.0067(4) 0.008 6(5)
uss (A 0.0038(5)  0.0029(5)  0.0037(5)  0.0045(5  0.0047(5)  0.0054(5) 0.007 6(5)
un (A 0.0003(5)  0.0004(5)  0.0004(5)  0.0005(5)  0.0003(5) —0.0009(5) —0.0008(5)
w) (A 0.0037(4)  0.0036(4)  0.00424)  0.0047(5)  0.0053(5)  0.0061(5) 0.007 6(5)
Ga,4b  uy (A%) 000405  0.0049(5)  0.0050(5)  0.0056(5)  0.0054(5)  0.0047(5) 0.005 6(5)
un (A 0.0074(5)  0.0075(5)  0.0074(5)  0.0071(5)  0.0076(5)  0.0080(5) 0.0087(5)
up (A7) 0.0049(5)  0.0045(5)  0.0047(5)  0.0053(6)  0.0067(6)  0.0065(5) 0.0077(6)
un (A 0.0006(5)  0.0001(5) —0.0001(5)  0.0000(5)  0.0003(5)  0.0001(5) 0.000 1(5)
uis A 0.0017(5)  0.00086)  0.0008(5)  0.0017(6)  0.0012(6)  0.0019(6) 0.000 0(6)
uy (A7) 0.0014(4)  0.0006(4)  0.00084)  0.0000(4) —0.0001(4)  0.0001(4) —0.0003(4)

W) (A 0.0054(5)  0.0056(5)  0.0057(5)  0.0060(5)  0.0066(5)  0.0064(5) 0.007 3(5)
Ol,4c  x/a 0.08003)  0.0800(3)  0.0802(3)  0.0800(3)  0.0799(3)  0.0798(3) 0.0791(3)
y/b 04812(3)  0.4814(3)  04812(3)  04813(3)  04817(3)  0.4814(3) 0.4818(3)

uin A 0.0050(6)  0.0050(6)  0.0054(6)  0.0053(6)  0.0058(6)  0.0067(6) 0.007 9(7)
un (A 0.0095(7)  0.0103(7)  00111(7)  0.01238)  0.0128(7)  0.0114(7) 0.0139(8)
uyp (A 0.0078(7)  0.0078(7)  0.0083(7)  0.0083(7)  0.0084(7)  0.0082(7) 0.009 6(8)
ui (A% —0.0015(5) —0.0011(5) —0.0016(5) —0.0017(5) —0.0009(5) —0.0013(5) —0.0015(5)
W) (A 0.0074(7)  0.0077(7)  0.0083(7)  0.0086(7)  0.0090(7)  0.0088(7) 0.0105(7)

02,8 x/a  —02910(2) —02910(2) —0.2909(2) —0.2907(2) —0.2905(2) —0.29059(20) —0.2904(2)
y/b 0.29088(17)  0.29092(18) 0.29095(17) 0.29104(18)  0.29079(17)  0.29025(17)  0.29030(18)
z/c 0.04301(14) 0.04262(14) 0.04297(14) 0.04308(14) 0.04281(14) 0.04306(14)  0.04282(15)

un A 0.0063(4)  0.0064(4)  0.0067(4)  0.0068(4)  0.0074(4)  0.0081(4) 0.0097(4)
un (A 0.0075(4)  0.00744)  0.00714)  0.0076(4)  0.00884)  0.0098(4) 0.0110(4)
up (A 0.0079(5)  0.0070(5)  0.0072(4)  0.0071(5)  0.0085(5)  0.0088(5) 0.009 8(5)
un (A —0.0007(4)  —0.0009(4) —0.0009(4) —0.0008(4) —0.0009(4) —0.0008(4) —0.0012(4)
uis A 0.0006(5)  0.0010(5)  0.00144)  0.0006(5)  0.0009(5)  0.0015(5) 0.0005(5)
uy (A) —0.0012(4) —0.0010(5) —0.0008(4) —0.0007(5) —0.0009(5) —0.0007(5) —0.0013(5)
W) (A 0.00734)  0.00694)  0.00704)  0.0072(4)  0.00824)  0.0089(4) 0.0102(4)
371

R, (%) 3.71 3.65 3.74 3.64 3.53 3.58
Rup (%) 4.86 491 4.79 4.84 4.73 4.60 4.62
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