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In situ structural determination of 3d and 5d perovskite oxides under high pressure
by synchrotron x-ray diffraction
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In contrast to the Mott transition found in RNiO3 (R= rare earths), the metal-insulator transition temperature
in the perovskite NaOsOj; is not sensitive to pressure. The peculiarity may be correlated to how the crystal
structure of NaOsO; responds to high pressure, which has been rarely studied so far. The pressure-induced
bond-length shrinking can increase the orbital overlap integral and therefore the electron bandwidth. However, in
the orthorhombic perovskite structure, the pressure-induced bending in the bond angle Os-O-Os may compensate
for the bandwidth broadening due to the bond-length shrinking in some circumstances. A recent structural
study on polycrystalline NaOsOj; indicated that orthorhombic distortion is enlarged under high pressure. But,
how the local structure changes under pressure remains unknown. Moreover, a highly unusual phase transition
from the orthorhombic phase (Pbnm) to a polar phase (Pbn2;) occurs at around 18 GPa [Sereika et al.,
npj Quantum Mater. 5, 66 (2020)]. Motivated by these concerns, we have done a more comprehensive structural
study on NaOsO; using single-crystal diffraction with synchrotron radiation at high pressures up to 41 GPa.
Diffraction patterns over the entire pressure range can be refined well with the Pbnm structural model. Moreover,
the refinement results reveal in detail how the local structures change under pressure corresponding to the
enhanced orthorhombic distortion from the lattice parameters. We have carried out a systematic study for
understanding the pressure effect on the orthorhombic perovskites in the context of the influences of the charge
distributions in the ABO; formula, i.e., A3* B>t O3, A>*B** 03, and A'* B3 05 and the B-site cations from the
3d to the 4d and 5d row of elements. To fulfill this purpose, we have revisited two families of 3d perovskites:

RCrO; and RFeO;.

DOI: 10.1103/PhysRevB.108.134106

I. INTRODUCTION

The complex osmate oxides A'*Os>*O; have attracted
much attention over the past decade due to their intriguing
physical properties. The rhombohedral LiNbO;3-type (LNO)
LiOsO; undergoes a transition from a nonpolar phase (R-3¢)
to a polar phase (R3c) at 130 K, while it is metallic down to the
lowest temperature [1]. This finding contradicts the common
belief that most ferroelectrics are insulators. By substituting
an even larger Na® for Lit in A*Os>* O3, an orthorhombic
perovskite NaOsOj is stabilized. A metal-insulator transition
(MIT) accompanied with a G-type antiferromagnetic ordering
occurs in NaOsOj3 at 410 K. The origin of this MIT is still
under debate. As there is no abrupt volume change on crossing
the transition, the phase transition has been believed to be
driven by the magnetic ordering, as proposed by Slater in
1951 [2]. However, critical fluctuations revealed by a resonant
inelastic x ray scattering (RIXS) experiment imply that the
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Mott physics still plays a significant role in the transition of
NaOsOj3 [3]. High pressure can be used to increase the band-
width of materials by reducing the cell volume. Surprisingly,
the Tyt of NaOsO3 decreases slightly under pressure as ob-
served from the resistivity measurements [4]. This is in sharp
contrast to the giant pressure effect on Tyyr in the Mott in-
sulators RNiO3 [5-8]. The difference of pressure dependence
of transition temperatures may lie in how the crystal structure
responds to high pressure in the 3d and 5d perovskites.
Sereika et al. have studied the crystal structure of NaOsOj3
under high pressure using synchrotron x-ray powder diffrac-
tion [4]. They found that although the orthorhombic distortion
is significantly enlarged under pressure, the Pbnm phase re-
mains stable up to 18 GPa. Above 18 GPa, the diffraction
patterns can be refined with a polar-phase model (Pbn2;).
The pressure-induced phase transition to a polar phase in the
perovskite NaOsOj; contradicts the observations in the popular
ferroelectric perovskites where pressure favors the nonpolar
phase. [9-11] However, there are rare examples where pres-
sure favors the polar phase, as seen in LiOsO3 and a Pb-based
perovskite oxide. In LiOsOs, the transition temperature to the
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FIG. 1. Structural model of Pbnm perovskite.

polar phase (R3c) increases drastically under pressure, as seen
from the measurement of resistivity and the in situ studies
of Raman and x-ray diffraction [12,13]. The pressure creates
some structural instability by raising the bond-valence sum
(BVS) in the LiOg polyhedra. The displacement of Li* to
break the inversion symmetry takes place for reducing the
unusually high BVS [13]. In another example, the strong
hybridization between the lone-pair electrons on Pb** and
the Ru #,, orbitals enabled under pressure leads to a phase
transition to the polar phase (Pbn2;) at 32 GPa, in which
the Pb-Ru distance becomes unprecedentedly short among
perovskite oxides [14]. Therefore, it is important to determine
the local structural changes in the perovskite NaOsO3 under
pressure to understand the possibility of this unusual phase
transition. Additionally, the possible phase transition can be
verified conclusively by single-crystal diffraction because the
technique is more sensitive to the symmetry change.

The orthorhombic perovskite structure is the most popu-
lar structure within the ABO3 perovskite family. The Pbnm
space group allows the cooperative octahedral-site rotations,
the bond-length splitting in BOg octahedra, and the dislo-
cation of the A-site cations from the position in the cubic
perovskite structure as illustrated in Fig. 1. Physical proper-
ties in the orthorhombic perovskites are highly sensitive to
the local structural distortions. For example, the spin-state
transition in RCoQOs, the metal-insulator transition in RNiO3,
and the orbital ordering and flipping transitions in RVO;3 are
closely correlated to the local structural distortions [15-19].
The physical properties can also be tuned by applying high
pressure [5-8,20-25]. However, the knowledge of how the
orthorhombic crystal structure responds to high pressure re-
mains incomplete. The high-pressure structural study of the
orthorhombic perovskites is also of interest in geosciences
since the perovskite is the major form of matter in the earth’s
mantle.

The degree of orthorhombic structural distortions in the
perovskite is closely related to the geometric tolerance factor
t, which is defined as

t = (A-0)/v2(B-0), (1

where A-O and B-O are the equilibrium bond length. The
pressure-induced structural distortions can be determined by
the dependence of the ¢ factor under pressure, dt/dP. How-
ever, the prediction of the structural behavior under pressure
requires the structural data from a high, precise structural

study under pressure. Zhao et al. [26] have shown that the
ratio of the site compressibility is inversely proportional to the
ratio of the site bond-valence sum. Therefore, one can predict
the structural behavior under pressure based on the structural
data at ambient pressure. Based on this relationship, the au-
thors predicted a dt /dP > 0 for the orthorhombic perovskites
A3*B3*05 and a dt/dP < 0 for the A>* B** O3 perovskites.
While the At B*T O3 perovskites show an overwhelming neg-
ative dt /d P [26-29], both positive and negative dtf /d P can be
found in many cases of A3* B3+ Q3 perovskites.

Zhou [30] has argued that the sign of df/dP depends
on the local structural distortions at ambient pressure in
the A3T B3 03 perovskites. A dt/dP < 0 occurs in the per-
ovskites with a ¢ factor in the low end of the group, whereas
a dt/dP > 0 holds in those with a ¢ factor in the high end
of the group. However, the very small magnitude of dt/dP
for the case of dt/dP < 0 leaves some uncertainty in identi-
fying the sign change by the structural study under pressure
with the laboratory x ray. This work aims to confirm the un-
ambiguous sign change of dt/dP in two perovskite families,
R¥**Fe*t 03 and R**Cr*t 05 using synchrotron x-ray diffrac-
tion.

II. EXPERIMENT

A. Sample synthesis

Single-crystal NaOsOs; was synthesized under high-
pressure and high-temperature conditions by solid-state re-
action. The starting materials Na,O, (97%, Sigma-Aldrich),
0Os0O; [laboratory made from 99.95% Os (Nanjing Dongrui
Platinum Co., Ltd.)], and NaCl (99.99%, Rare Metallic Co.)
at a molar ratio of Na, O, : OsO,:NaCl = 0.6:1:0.1 were thor-
oughly mixed and then sealed in a Pt capsule. The procedure
was conducted in an Ar-filled glovebox. Under a pressure of 6
GPa produced by a multianvil-type apparatus, the assembly
was heated at 1500 °C for 1 hour and quenched to room
temperature before releasing the pressure. The obtained crys-
tals were dark purple in color. The selected crystal flakes for
the in situ single-crystal x-ray diffraction (XRD) and Raman
measurements were polished on double sides down to ~ 7-um
thickness by using diamond films.

B. The crystal preparation, diamond-anvil cell, and
single-crystal x-ray diffraction with synchrotron radiation

Three NaOsO; crystal flakes were loaded into a short-
symmetric diamond-anvil cell (DAC) with a pair of diamond
anvils mounted on tungsten carbide seats with a large aperture
of around 80°. The culet size of the diamond anvils was
200 um. The thickness of the rhenium gasket was preindented
to around 24 wm and a 120-um-diameter hole was drilled
in the center as the sample chamber. A pressed pellet with
2-um thickness of polycrystalline Pt and a chip of ruby as the
pressure manometer were placed in the center and the edge of
the gasket hole. Neon gas was used as the pressure medium.
The image of the crystal flakes in the pressure chamber is
shown in Fig. S1 in Supplemental Material [31].

Single-crystal diffraction under pressure were conducted at
13ID-D beamline of the GeoSoiEnviroCARS, Advanced Pho-
ton Source, Argonne National Laboratory. The wavelength of
the x-ray beam was 0.2952 A and the beam could focus on a
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~3 x 3-um? area. The sample stage was rotated over £29°
along the vertical axis of the DAC during data collections.
A typical pattern of single-crystal diffraction is displayed in
Fig. S1 [31]. The chamber pressure was checked before and
after each pressure point from the XRD of Pt [32].

C. The structure refinement

The CRYSALIS PRO software has been used to determine
the unit cell and lattice parameters, followed by extracting
intensity for hkl reflections and performing absorption correc-
tion. Structure refinements have been conducted by JANA 2006
software [33].

For the reason discussed in the text, the refinements in
the pressure range from 20 to 30 GPa are not converged. In
this case, the x-ray powder-diffraction patterns converted from
single-crystal XRD by DIOPTAS software were analyzed by the
Le Bail profile fitting method by using RIETAN-FP and VESTA
software [34,35].

D. Powder diffraction and refinement

Power diffraction of RCrO; and RFeO; with DAC was
done at the 13-ID-D beamline of the GSECARS, Advanced
Photon Source, Argonne National Laboratory. Powder sample
of RCrO; and RFeO; were obtained by solid-state reaction
or pulverization of single-crystal samples. The grain size of
the powder was crucial in avoiding preferred orientation. By
evaporating the liquid with suspended particles, the samples
with fine particle size were prepared for the structural study.
The powder was pressed into small pellets and loaded into a
DAC along with Au as the initial pressure indicator. Neon was
used as the pressure medium. The culet size of the diamond
anvil was 300 um. Pressure was read before and after each
measurement. The sample stage was rotated slightly £5° dur-
ing the measurements. The wavelength of the x-ray beam is
0.2952 A.

The diffraction frame was processed by DIOPTAS with ap-
propriate masking diffraction from diamond and neon [36].
Rietveld refinement for RCrOz was done with FULLPROF [37],
with initial unit-cell parameter obtained from Le Bail pro-
file fitting and atomic positions obtained from the literature.
[38—41] The Rietveld refinement for powder x-ray-diffraction
patterns of RFeO3; was conducted by RIETAN-FP and VESTA
software.

E. Raman measurement

Raman spectra at each pressure were collected in a
backscattering configuration with a commercial Renishaw
inVia micro-Raman system equipped with a probe laser of
532-nm wavelength. The focused spot size was 2 pum (full
width at half maximum, FWHM). Pressures in the chamber
were determined by the ruby fluorescence before and after the
data collection.

III. RESULTS

The data quality of single-crystal diffraction with a DAC
is sensitive to the stress created by the nonhydrostaticity in
the pressure medium at higher pressures. In our experiments,

TABLE 1. Atomic positions and isotropic displacement param-
eters (Uiso, 1072 A [2]) for orthorhombic perovskite NaOsO; at
2.5 GPa revealed by refining single-crystal XRD with DAC and
the structural data at ambient pressure obtained from single-crystal
XRD.

Site WP® Occp. X y z Useo
Na 4c 1 —0.0095(3) 0.0360(6) 0.25 11.4(6)
—0.0090(9)* 0.032(1)*

Os 4b 1 0.5 0 0 8.7(3)
01 4c 1 0.0831(5) 0.4879(4) 0.25 8.9(7)
0.078(2)* 0.489(1)*

02 84 1 070593) 02934(4) 0.0422) 9.4(5)

0.711(1)* 0.289(1)* 0.0396(8)*

#Structural data at ambient pressure are after Ref. [42].

"Wyckoff positions; space group: Pbnm (orthorhombic; No. 62)
Lattice parameters at 2.5 GPa: a = 5.309(2) A, b = 5.348(3) A, ¢ =
7.540(1)A; and V = 214.1(2) A3

Lattice parameters at ambient pressure: a = 5.3382(7)A, b=
5.3833(7) A, ¢ = 7.582(1) A; and V = 217.87(5) A>.

the stress effect appeared to be negligible since reflection
spots and their FWHM in patterns collected were pressure
independent to 41.4 GPa. The collected reflections at each
pressure ranged from 318 to 469, in which 105-207 unique
reflections were used to determine the lattice parameters. The
structure refinements were made with the reflections with
intensity greater than 30 (I), where I and o are the intensity
and the standard deviation, respectively. The space group and
atomic positions were obtained from the structure refinement.
The atomic positions of NaOsO; at the first pressure point
P = 2.5GPa after the DAC was sealed are listed in Table I
together with the data at ambient pressure [42]. The small
difference of atomic positions between these two sets of data
indicates that the intensity correction of diffraction as it goes
through diamond anvil is negligible. Lattice parameters from
the structure refinement are tabulated in Table II and other
relevant parameters associated with the refinement are listed
in Table S1 [31].

The single-crystal structure refinements indicate that the
Pbnm perovskite structure found in NaOsO3 at ambient pres-
sure is stable at pressure to 20 GPa. The values of R, and
R, for the refinement with the structural model in this pres-
sure range are comparable with other structural studies under
high pressure with single-crystal diffraction [43,44], which
are indicative of the reliability of the refinement. However,
we have some difficulties refining the patterns with the Pbnm
model in the pressure range of 23.3-29.6 GPa; the refine-
ment leads to a higher value of R;,; (>15%). The refinements
with the Pbnm model yield reasonably small R;, values at
P > 30 GPa. To test the possibility that there is a pressure-
induced phase in the pressure range of 23.3-29.6 GPa, we
have tried to refined the patterns with the polar orthorhom-
bic structure (Pbn2;, No. 33) used by Sereika et al. [4] in
their structural study with powder diffraction on NaOsOs.
The reliability of the refinement was even worse. Given the
difficulty to fit the single-crystal diffraction in the pressure
range of 23.3-29.6 GPa, we integrated the single-crystal x-ray
diffractions into powder-diffraction patterns and refined the
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TABLE II. Structure refinement results for perovskite NaOsOs at high pressures from patterns of single crystal diffraction.

o

o

P, GPa S.G. a, A b, A c, A Vv, A [3] Unique refl® Rine, % Ry, %
2.5(1) Pbnm 5.309(2) 5.348(3) 7.540(1) 214.1(2) 151 0.48 3.73
4.2(1) Pbnm 5.283(1) 5.333(2) 7.513(1) 211.7(1) 202 0.47 4.67
6.7(1) Pbnm 5.245(1) 5.322(2) 7.4750(8) 208.64(9) 207 0.43 3.65
8.1(1) Pbnm 5.226(2) 5.307(3) 7.454(1) 206.8(1) 195 0.38 3.82
11.1(1) Pbnm 5.187(1) 5.290(2) 7.4143(7) 203.44(7) 176 0.7 5.06
14.6(1) Pbnm 5.156(1) 5.266(2) 7.3789(9) 200.34(9) 169 0.72 3.12
15.6(1) Pbnm 5.138(2) 5.263(3) 7.363(1) 199.1(1) 177 0.85 4.88
17.8(5) Pbnm 5.126(4) 5.241(6) 7.343(2) 197.3(3) 119 4.64 6.32
20.0(1) Pbnm 5.086(3) 5.236(5) 7.311(2) 194.7(2) 126 3.42 5.70
31.2(1) Pbnm 4.949(4) 5.228(3) 7.220(2) 186.8(2) 137 2.21 4.75
33.3(1) Pbnm 4.918(5) 5.226(3) 7.196(2) 185.0(2) 131 1.93 5.50
36.3(2) Pbnm 4.913(5) 5.20(1) 7.171(4) 183.2(5) 105 1.78 6.31
39.0(1) Pbnm 4.892(6) 5.184(1) 7.151(4) 181.4(2) 112 3.11 7.27
41.4(1) Pbnm 4.883(7) 5.16(1) 7.141(5) 179.8(5) 140 3.08 6.44

#Unique refl: number of unique reflections used in refinement.

integrated powder patterns with the Le Bail analysis method.
The refinements with either the Pbnm structural model or the
Pbn2, structural model gave nearly the same R value; see the
detailed refinement results in Table S2. Moreover, the lattice
parameters obtained in this analysis connected smoothly to
those at lower pressures (P 20 GPa) and higher pressures
(P > 30 GPa), as shown in Fig. 2(a). In addition, we have
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FIG. 2. Pressure dependences of (a) lattice parameters, (b) cell
volume and the fitting result to the BM equation, and (c) reduced
S factor S, = [S(P) — S(0)]/S(0) for NaOsOs. Simulation results in
(a) are after Ref. [72].

tried to refine the single-crystal diffraction patterns above
30 GPa with the polar orthorhombic structural model (Pbn2;).

Furthermore, we employed the methodology described in
the literature [45] to determine the appropriate space group
for NaOsOj at different pressure points. The structures of
NaOsO;3 at each pressure point were initially refined with
the Pbn2, structural model since the symmetry of Pbn2; is
lower than Pbnm. The program was utilized to search for an
appropriate higher symmetry group for the structure at each
pressure points. Notably, the Pbnm space group was unam-
biguously suggested by PLATON for the low-pressure structure
of NaOsO3 (P 15.6 GPa). However, this method turned out
to be unreliable for the diffraction patterns at higher pressures
since it did not give a consistent suggestion for the symme-
try. The comparison of refinement results between these two
orthorhombic structure solutions is tabulated in Table S1 [31].

In a separate experiment (EXP2), we checked another
piece of NaOsOs crystal at several pressure points in the range
of 20 to 30 GPa. The single-crystal diffraction patterns can be
refined well with the Pbnm structural model; see the results in
Table S3 [31]. Since the experiment was done on a different
crystal with a different DAC at separated beamline time, there
were small offsets between two sets of data.

As shown in Fig. 2(a), the enlarged orthorhombic distor-
tion under high pressure as indicated by the lattice parameter
splitting from P > 2.5 GPa contradicts a slightly reduction
of the lattice-parameter splitting from ambient pressure to
2.5 GPa. It is difficult for us to distinguish whether the lat-
tice parameters’ anomaly at 2.5 GPa is a real pressure effect
or an offset between the data collected at ambient pressure
reported in the literature and the data collected with a DAC in
this work. Nevertheless, the cell volume decreases smoothly
under pressure from the cell volume V,;,, at ambient pressure
from the literature. The V(P) in the entire pressure range to
41 GPa has been fit to the Birch-Murnaghan (BM) equation
in Fig. 2(b); the V; from the fitting matches V,, well. The
pressure dependence of lattice parameters reveals two im-
portant features in NaOsOj3: (1) the orthorhombic distortion
as measured by the S factor S = (b — a)/(b + a) displayed
in Fig. 2(c) increases more drastically, and (2) the bulk
modulus By = 152 GPa is unusually low in comparison with
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most orthorhombic perovskites in the literature. These ob-
servations are consistent with the results reported by Sereika
etal. [4].

Figure 1 displays the structural distortions allowed by the
symmetry in the Pbnm orthorhombic perovskite ABO3; con-
sisting of three major components, i.e., the octahedral-site
rotations around the 110 axis () (major) and 001 axis (¢)
(minor) of the primary cell and the A-site cation shifting
away from the position in the cubic perovskite, and minor
octahedral-site distortions, i.e., the bond-length splitting and
the O;;-B-O;; bond angle « deviating from 90° in a BOg
octahedron. The octahedral-site rotation around the 110 axis
of the primary cell or the b axis of the orthorhombic cell
makes the BO, plane buckle along the a axis, which leads to
the lattice parameter a < ¢/+/2 < b for rigid octahedra. How-
ever, lattice parameters a > b are found in the orthorhombic
perovskites where the O,;-B-O;; (o opening to the a axis) is
slightly less than 90°. The simulated perovskite structure with
the structural prediction software SPUDS is a good reference
for estimating whether the local structural distortion occurs
from the lattice parameters. First, lattice parameters b > a hold
in all Pbnm perovskites predicted by using SPUDS since the
assumption of rigid octahedron is used. It has been demon-
strated in the A3* B3+ 05 perovskites that (b-a)g, < (b-a)ops
in the perovskites where the octahedral-site distortions are
very small or negligible, whereas (b-a)g, > (b-a)y,s holds
where the distortions occur [46]. This criterion is useful since
an accurate determination of the O;-B-O,; bond angle is dif-
ficult even with neutron diffraction. The connection between a
slightly enhanced (b-a) and the « angle on cooling through the
metal-insulator transition temperature Tyt in NaOsO3 cannot
be verified by neutron diffraction since the change of « is
within error bars [47]. The observation of (b-a)g, < (b-a)gps
in NaOsOj indicates the o angle is close to 90°.

Results from refining single-crystal diffraction provide
the detailed information how these components of the or-
thorhombic distortion change under high pressure. As shown
in Fig. 3(a), the o angle increases modestly under pressure to
20 GPa closing to 90°, followed by a pronounced jump to
90.5° at P > 30 GPa. At ambient pressure, NaOsOjs is in the
group of perovskites with the smallest bond-length splitting.
Within the error bars, pressure does not change the bond-
length splitting up to P ~ 15GPa as shown in Fig. 3(b).
An obvious bond-length splitting occurs above 15 GPa and
the splitting is further enhanced at higher pressures. The
octahedral-site rotation angles # and ¢ are not measurable
directly from the structural model in refinement results, but
can be derived through the geometric relations of method
I: lattice parameters only; method II: atomic positions and
the lattice parameters; and method III: the bond angles as
summarized in Table S4. These methods are valid only if these
rotation angles are small [48]. The derived rotation angles are
displayed in Fig. 3(c). The 6 and ¢ from methods II and III are
highly consistent; both the 6 and the ¢ angles increase with
increasing pressure. Due to the octahedral-site distortions,
these angles derived from method I are smaller than those
from methods II and III at low pressures. However, all three
methods give a 6 ~ 18° and ¢ ~ 14° at the highest pressure
in our experiment. In NaO, polyhedra of the orthorhombic
perovskite NaOsOj3, Na moves from the center along the (100)
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FIG. 3. Pressure dependences of local distortions in NaOsOj; (a)
the O,1-0s-O,; (b) the Os-O bond length; (c) the tilting angles
as defined in Fig. 1; (d) the Na position in the structure; (e) the
orthorhombic modes Q, and Q;. Lines in (b) are guides to eyes;
the simulation results of 6 and ¢ angles in (c) are obtained through
methods II and III; see formula in Table S4. Simulation results in
(a), (c), and (e) are after Ref. [72]. Solid symbols represent structural
data at ambient pressure after Ref. [42].

axis of the primary cell; the displacement increases monoton-
ically under pressure as shown in Fig. 3(d).

To support the argument of a pressure-induced phase tran-
sition in NaOsOs, Sereika et al. [4] have demonstrated the
discontinuous changes of phonon modes by Raman spec-
troscopy on crossing 18 GPa. The Griineisen constants of all
Raman-active modes change at P ~ 18 GPa. We have per-
formed the Raman measurement on a well-polished NaOsOj3
crystal chip. The number of major Raman-active modes near
ambient pressure was the same as that reported by Sereika
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FIG. 4. (a) Raman spectra of single-crystal NaOsOj; at different pressures. (b) Pressure dependence of Raman-active modes.

et al. [4] As displayed in Fig. 4, only one mode at 290 cm™!

disappears at P ~ 19 GPa; all other modes change smoothly
in the entire pressure range to 30 GPa. In the perovskite
PbRuO3, the pressure-induced phase transition from the Pbnm
to the Pbn2, phase corresponds to a pronounced change of
Raman spectroscopy [14]. It is clearly not the case in NaOsOs.

Figures 5 and 6 display the refinement results from powder
diffraction on perovskites RCrOsz and RFeO;. All data associ-
ated with the refinement are provided in Tables S5-S10 [31].
At ambient pressure, the orthorhombic distortion increases
smoothly as the rare-earth ionic size decreases from La to
Lu in these two families of perovskites. We have selected
three members in each of two families for the high-pressure
structural study; the RMO3z with R =Lu and Tm have a
larger orthorhombic distortion, whereas the distortion is much
smaller in NdMOs. There is a clear trend from the results
of the high-pressure structural study: the distortion becomes
even smaller under pressure in those with small orthorhombic
distortion, whereas the distortion increases under pressure in
those with large orthorhombic distortion. In addition, pressure
induces a phase transition from the Pbnm phase to the R3-c
phase following the lattice-parameter crossover from b > a
to b < a in the Pbnm phase, which has been found in other
perovskites [49-54]. In RFeOs, high pressure induces a spin-
state transition [55-57], which interferes with the pressure
dependence of the crystal structure found in most perovskite
oxides without spin-state transition. The phase transition from
the low-pressure phase to the high-pressure phase found in
NdFeOs; and LuFeO; matches that reported in the literature
very well.

IV. DISCUSSION
A. dt dP in the orthorhombic perovskites

Determination of complete crystal structure of NaOsO; un-
der high pressure, which is the only case for the 5d perovskite
oxide so far, adds a fresh input to address the long-standing
question: is there a universal rule of how the crystal structure
responds to hydrostatic pressure? In a brief survey of the

existing studies of perovskite oxides under high pressure, the
sign of dt/dP has little to do with the charge distribution in
the ABO;3 formula. Figure 7 displays the reduced S factor for
a variety of perovskites with different charge configurations.
There appears a general trend from this plot. In the group of
perovskites with a small |dt/dP|, both positive and negative
dt/dP can be found.

For the R3*TM?3* 03 perovskites (R= rare earth), the value
of |dt/dP]| is small. The sign change of |dt/dP| in this group
can be explained by the variations of bond lengths obtained
through a complete structural determination under pressure.
In a systematic structural study, Zhou and Goodenough [58]
pointed out that the bond-length splitting of MOg octahedron
does not show a monotonic dependence of the ¢ factor but a
maximum in the middle of the ¢ factor span in each family of
the transition-metal oxides, RMQOj3. Zhou [30] has further put
forward a hypothesis that the essential pressure effect on the
perovskite structure is to reduce the bond-length splitting in
MOy octahedra. Pressure increases the orthorhombic distor-
tion for the RMO3 with smaller rare earths, whereas it reduces
the distortion for the RMOj3 with larger rare earths. Although
the structural data for A2 B** Q5 in the literature are incom-
plete for a comparative study, a dt/dP < 0 found in CaTiOs3
(t =0.9464) and dt/dP > 0 in CaGeO; (¢t = 0.9788) are
consistent with the general trend of pressure effect in the
R3** M3+ 0; perovskites.

For the ABOj3 perovskite with B elements in 4d and 5d
rows, however, a dt/dP < 0 has been obtained universally.
The transition from a small coefficient &-|d¢/dP| in the 3d
perovskites to a negative dt /d P with a larger magnitude in 4d
and 5d perovskites could be possibly rationalized by the con-
sideration of bond-valence sum. The structural data and the
BVS derived for typical perovskites with the B-site elements
covering 3d, 4d, and 5d rows are listed in Table III. In com-
paring with their formal valance, B-O in the 3d perovskites
are overbonding, whereas it is underbonding in 4d and 5d
perovskites. Moreover, it appears that BOg octahedra are
much less compressible in those perovskites with the un-
derbonding B-O bonds than that with the overbonding B-O
bonds; for example, 8 = 1.722 x 1073GPa~! in GdFeO;,
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FIG. 5. Pressure dependences of lattice parameters of RFeOj;.

1.59 x 107> GPa~! in CaSnOs, and 9.22 x 107*GPa~! in
NaOsOj;. The smaller compressibility of BOg explains a
dt/dP < 0 in the 4d and 5d perovskites.

B. The local structural change under high pressure

A BOg octahedron in the orthorhombic perovskite can un-
dergo two kinds of distortions, i.e., the bond-length splitting
and the o angle deviating from 90°. Whereas the pressure
effect has been postulated to reduce the bond-length splitting
at the expense of octahedral-site rotations and the A-site cation
dislocation [30], how the « angle changes under pressure has
been overlooked in the structural studies under high pres-
sure in the literature. The bond-length splitting in NaOsO;
does not shows any discernible change with the experimen-
tal resolution at pressures to 15 GPa. An extremely small
compressibility in OsOg octahedron is accommodated by the
octahedral-site rotations that lead to a continuous increase
of the S factor. Moreover, a gradual increase of the o angle
toward 90° under pressure also contributes to the increase of

S in this pressure range through the relationship

b = b,[v/2cos (45 + a/2)],
a = a,[~/2sin (45 + a/2)], ()

where a, and b, are the lattice parameters for the cell with
rigid octahedra [59]. The rule of holding or reducing the
bond-length splitting in OsOg¢ octahedron under pressure at P
< 15 GPa collapses at P > 15 GPa. Given a smooth increase
of the rotation angles 6 and ¢, an obvious slope change at
P ~ 15GPa in § vs P in Fig. 2(c) can only be contributed by
abrupt changes of the bond-length splitting and the angle «
in OsOg octahedron. Severe octahedral-site rotation around a
fixed axis is not compatible with rigid OsOg¢ octahedra [60].
Pressure appears to induce a major structural change within
the Pbnm space group. The low-pressure phase has o < 90°,
whereas the high-pressure phase has o > 90°. The two-phase
coexistence in the pressure range 20-30 GPa causes difficul-
ties in the structural refinement of the single-crystal patterns.
Powder diffraction does not convey enough information to
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perovskites.

bond length along x,y,z of the primary cell direction can be
organized in the two orthorhombic displacement modes:

Q) =L—l, and Q3= (2L—l,—1,)//3. 3)

At ambient pressure, the local distortion of NaOsOj is
close to that of LaFeOj since OSS+(t§geg) is not JT active.
Pressure enlarges the local distortion in NaOsOj3 as displayed
in Fig. 3(e). In the (Q,, O3) space, the local distortion of
RFeO; increases from origin for R = La long 150° (210°)
to the maximum at R = Gd and then reduces on a different
wing as the rare-earth size further reduces from Gd. The
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TABLE III. Comparison of bond-valence sums (BVSs) of orthorhombic perovskite oxides at ambient pressure and room temperature.

NaOsO3 CaTiO3 CaZrO; CaGeO; CaSnO; GdFeO;3
(this work) (Ref. [74]) (Ref. [75]) (Ref. [76]) (Ref. [77]) (Ref. [39,64])
Space group Pbnm Pbnm Pbnm Pbnm Pbnm Pbnm
Lattice parameter (A) a 5.3382(7) 5.3796(1) 5.59111(7) 5.2607(6) 5.532(2) 5.349
b 5.3833(7) 5.4423(3) 5.76128(8) 5.269(1) 5.681(2) 5.611
c 7.582(1) 7.6401(5) 8.0169(1) 7.445(2) 7.906(2) 7.669
Bond length of B-O (A) 1.942(3) x 2 1.9503(3) x 2 2.09893(3) x 2 1.889(9) x 2 2.063(2) x 2 1.99968 x 2
1.940(6) x 2 1.9551(8) x 2 2.0913(6) x 2 1.898(3) x 2 2.061(4) x2  2.02736 x 2
1.943(6) x 2 1.9587(8) x 2 2.0984(6) x 2 1.889(3) x 2 2.061(4) x2  2.00979 x 2
BVS at B site* 492 4.11 3.90 4.07 3.93 3.03
Compressibility of —9.22x107* —1.51x 1073 —-159%x107% —1.72x 107}

B-O bond (GPa™")

aByS = ¥ \ i» Where

i=

; = e®—l)/B N is the coordination number, [ is the bond length, B = 0.37, Ry(Os>*) = 1.868 [78], Ry(Zr*t) =

1.937, Ry(Ti**) = 1.815, Ry(Ge*t) = 1.748, Ry(Sn**) = 1.905, and Ry(Fe*t) = 1.759 [79]. The compressibility of B-O bond for CaTiO;
and CaSnOj are calculated from the bond length reported in Refs. [80,81].

pressure effect on the local distortion in NaOsOs is close to
the change from LaFeOs; to GdFeOs;. The magnitude of the
local distortion r = (Q% + Q%)l/ ® at 40 GPa is comparable to
that in GdFeOs.

C. The bulk modulus

The cell volume of NaOsOj versus pressure in Fig. 2(c) fits
well the Birch-Murnaghan equation with a fixed B/ = 4. The
bulk modulus B = 152 GPa obtained which is close to that
from powder diffraction [4] is smaller than most perovskite
oxides. NaOsO; stands out in the plot of By vs 1/V, along
with other perovskite oxides in Fig. 8. Anderson et al. have
summarized the data of a vast number of compounds in a
plot of By vs 1/Vp and found a ByVy = constant [61,62].
This rule works well in the system with a simpler structure
but the volume varies in a broad range. In perovskite oxides,
the overall change of the cell volume is small. Other factors,

260 O RMnOg ® NaOsO,
r O RCrO, ® CalrOg
240 A RTIO, CaZrO,
i ® PbRUO, 0
220:— ® SrRuO, 53 °,
—_ - A
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FIG. 8. Bulk modulus vs inverse cell volume for orthorhombic
perovskite oxides including 3d RMO; (R = rare earth; M = Ti,
Cr, Mn) [30]; 4d CaZrO; [27], PbRuO, [14], and SrRuO, [73]; 5d
NaOsOj (this work) and CalrO; [29].

such as the onset of local distortion described by the « angle
in an octahedron, can induce large anomalies in the plot of
By vs 1/Vy. There is a major anomaly in the plot for each
family of 3d perovskite oxides at the point where « starts to
deviate from 90°. Nevertheless, a perovskite with a smaller
cell volume generally has a larger By. It is highly unusual that
NaOsO; with the cell volume at the low end among perovskite
oxides shows a small By.

In the orthorhombic perovskite ABOs;, reducing the cell
volume can be accomplished by either shrinking the BOg
octahedral volume or enlarging the octahedral-site rotation.
The contribution to the cell compressibility from these two
components can be expressed as [63]

B = Bw.o)+ Bo = —3(B-0)"'d(B-0)/dP
— 2cos ' ®d(cos ®)/dP . “4)

The tilting angle ® is the combination of & and shown in
Fig. 1 and is calculated through cos® = cosf cos . Taking
GdFeOs for example, B0y =5.17 x 1073 GPa~! domi-
nates in f . In this 3d perovskite oxide, the tilting angle &
decreases slightly under pressure, resulting in a negative ¢ =
—2.7 x 107*GPa~!. The bulk modulus calculated from the
local structure change under pressure 8~! = 204 GPa is larger
than By = 182 from fitting the cell volume versus pressure
[64]. In sharp contrast, a smaller B(os.0) = 2.7 X 103GPa™!
and a giant B = 2.8 x 107> GPa~! are obtained for NaOsOs.
A lower B~! =179 GPa is consistent with By = 149 GPa
from fitting the plot of V vs P. The data of local structure
normally come with larger error bars. 8 in Eq. (4) is the
compressibility of matter at P = 0 GPa.

There is a clear trend of progressively decreasing Bs-o)
in ABO; perovskites from the 3d to the 4d and the 5d row
of elements. The f.0) in NaOsO; is the smallest based on
the available data. The crystal symmetry in the orthorhombic
perovskite structure allows for the tilting of octahedra, which
in turn enables the lattice to be compressed. Although B(.0) in
KOsOs is larger than that in NaOsOs [65], the tilting degree
of freedom is eliminated in the cubic structure, resulting in
a smaller 8 and a higher bulk modulus compared to other
perovskite oxides.
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D. The comparison with first-principles calculation

Although some phenomenological rules such the Anderson
rule [61,62] and the Bloch rule [66] have been rationalized by
the microscopic theories [62,67,68], analytical approaches fall
far behind the demand for the high-precision simulations that
could replace the costlier experimental efforts in the material
research in the future. The combination of strong computation
power and the first-principles calculation has enabled high-
precision simulations of vast amounts of material systems. In
the case of perovskite oxides, significant progress has been
made in predicting crystal structures that match the experi-
mental results to the third or fourth decimal place [69,70]. For
simulating pressure effects on the perovskite structure, Xiang
et al. [71] predicted a dt/dP < 0 for the most A>*B** 03
perovskites with a r 1. For A3*B*Q; perovskites, they
calculated a dt/dP > 0 for the perovskites with a ¢ factor in
the high end of this group, and a dr/dP approaching zero for
those with the ¢ factor in the low end of the group. The exper-
imental finding of a dt/dP > 0 in CaGeOj; contradicts this
prediction. While the trend of decreasing magnitude of dr/dP
as the ¢ factor decreases is consistent with the experimental
results for some A3+ B3+ 0; perovskites, further improvements
are necessary to order to account for a dt/dP < 0 in the
A3*B3+05 perovskites with a low ¢ factor.

In the calculation [71], an overwhelming dt/dP < 0 has
been predicted for A'*B3*0; perovskites, such as LiTaOs
and LiNbOj3, which is consistent with the results of NaOsOj3
reported in this work. The simulated results for NaOsO;
under pressure have been reported in the literature [72].
The simulated changes in lattice parameters and the local
structure under pressure match the experimental observations
remarkably well, as evidenced by superimposition of
predicted values with experimental data in the corresponding
figures: Fig. 2(a) and Figs. 3(a), 3(c), and 3(e).

V. CONCLUSION

At ambient pressure, NaOsO; exhibits a relatively small
orthorhombic distortion compared to a large group of or-
thorhombic perovskite oxides. However, hydrostatic pressure
enhances significantly the orthorhombic distortion by en-
larging the OsOg octahedral-site tilting. The local structural
distortions, as measured by the O;;-Os-Oy bond angle («)
and the Os-O bond-length splitting, show modest changes
under pressure up to 15 GPa. Pressure induces a phase tran-
sition from the phase with o < 90° to the phase with « >
90° at P > 30 GPa, with two-phase coexistence at 20 < P <

30 GPa. However, the Pbnm phase remains the most suitable
structural model from the refinements in the entire pressure
range. In the pressure range where two-phase coexistence is
found, there are some difficulties in refining single-crystal
diffraction patterns by a single-phase structural model.

In the orthorhombic perovskite ABOj3, the volume reduc-
tion can be made through (1) reducing the volume of BOg
octahedra and (2) increasing the octahedral-site rotations. Our
structural study of NaOsOj3 indicates that although the OsOg¢
octahedra are the least compressible among perovskite oxides,
the significant octahedral-site rotations under pressure con-
tribute nearly 50% of the cell compressibility, which accounts
for a much lower bulk modulus found in NaOsOs.

In contrast to the 5d perovskite NaOsOs, the orthorhom-
bic structural distortion changes modestly under pressure in
the 3d transition-metal perovskite oxides with the A3 B3+0;
charge configuration. It is important to note that in this group
of perovskites, the orthorhombic distortion reduces under
pressure in the perovskites with less orthorhombic distortion
at ambient pressure, whereas it increases under pressure in
the perovskites with larger orthorhombic distortion at ambient
pressure.
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