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The high-pressure behaviors of SmFeO3 are investigated by angle-dispersive synchrotron X-ray powder diffraction
under a pressure of up to 40.3 GPa at room temperature. The crystal structure of SmFeO3 remains stable at up to the
highest pressure. The different pressure coefficients of the normalized axial compressibility are obtained to be 8, = 0.60 x
1073 GPa™!, B, =0.79x 1073 GPa~!, B. = 1.28 x 1073 GPa™!, and the bulk modulus (By) is determined to be 293(3) GPa
by fitting the pressure—volume data using the Birch-Murnaghan equation of state. Furthermore, the larger compressibility
of the FeOg octahedra suggests the evolution of the orthorhombic structure towards higher symmetry configuration at high

pressures.
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1. Introduction

The rare-earth orthoferrites RFeOs (R = rare earth) that
normally crystallize into a distorted orthorhombic structure
with space group Pnma (Z = 4) are the derivative of an ideal
cubic perovskite. From a structural point of view, the unit
cell contains four equivalent Fe3* ions situated at the octahe-
dral center surrounded by six nearest-neighbor O atoms and
the Fe-O-Fe superexchange angle is in a range of 157° >
¢ > 142° (for R varying from La to Lu).l"?] Owing to the
unique physical and chemical properties, these compounds are
promising for a variety of potential applications, such as cat-
alysts, gas separators, cathodes of solid oxide fuel cells, sen-
sor materials, magneto-optic materials, spin valves, etc.[>~1?]
SmFeQj3, as one of the rare-earth orthoferrites, has attracted
much attention due to its remarkable physical properties, such
as colossal dielectric constant of 10* at room temperature,
the enhanced magnetic couplings, high Ty temperature (T =
674 K), and spontaneous magnetization reversal at cryogenic
temperatures. [13-16]

It is known that an important mechanism responsible for
the degradation and even complete collapse of the magnetic
state at very high density is the electronic process of a high-
spin (HS)-to-low-spin (LS) transition resulting from a break-
down of Hund’s rule at extreme pressures.!!’~1°! The antiferro-
magnetic insulators RFeO3 (R = Pr, Eu, Lu) have demonstrated
themselves for such an HS-LS transition in Fe3* under high
pressures, under which the process was also accompanied by

DOI: 10.1088/1674-1056/23/6/069101

a reversible first-order isostructural phase transition.?”) The
pressure-induced magnetic transition from an antiferromag-
netic to a paramagnetic insulating state has been observed
in BiFeOs.?!1 Moreover, electronic and magnetic transitions
were also observed in GaFeOs under high pressure.!*?! Re-
cently, LaFeO3; was revealed to show a transition from mag-
netic to nonmagnetic state (at room temperature) at 30 GPa.>’!
The quenched nonmagnetic state was explained as the transi-
tion of the Fe* ions from the HS state S = 5/2 to the LS state
S = 1/2 (spin crossover). In this paper, we study the in-sifu
structural properties of SmFeQOj3 at high pressures. The results
are conducive to a better understanding of the electrical and
magnetic properties of SmFeO3 under high pressure.

2. Experimental methods

Sm, 03 (99.99% purity), Fe(NO3)3-9H,0 (99.9% purity),
Sm203
was dissolved in nitric acid and diluted in distilled water.
Fe(NO3)3-9H,0 was added to the distilled water and mixed
with the Sm nitrates in stoichiometric ratio of Sm:Fe = 1:1.

and citric acid (AR) were used as raw materials.

Citric acid was then added as a fuel to the above solution to
yield a citrate/nitrate ratio of 1.2. The mixed solution was con-
tinuously stirred using a magnetic agitator. The solution was
evaporated by heating at 353 K until a brown sticky gel was
formed. Subsequently, the gel was dried at a temperature of
up to 423 K. The dried gel was calcined at 1073 K in air for
10 h by intermediate grinding and pelletizations.
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In the ambient condition, the phase purity was detected by
powder X-ray diffraction (XRD) measurements using Rigaku
Rotaflex X-ray diffractometer with Cu-K,, radiation at room
temperature. In-situ high-pressure XRD experiments were
carried out under up to 40.3 GPa using a synchrotron angle-
dispersive X-ray source (A = 0.6199 A) of the 4W2 High-
Pressure Station of Beijing Synchrotron Radiation Facility
(BSRF). The diffraction data were collected using an MAR165
CCD detector. One of the as-prepared samples was loaded
into a gasketed DAC with a 4:1 methanol/ethanol mixture as
pressure-transmitting medium. Pressure was calibrated by the

ruby luminescence method.?*!

3. Results and discussion

The crystal structure of as-prepared sample SmFeO3 is
consistent with the earlier report, and it has the orthorhombic
symmetry (space group Pnma, Z = 4) at room temperature.>!
This orthorhombic structure of SmFeOs can be represented
as a three-dimensional (3D) network of FeOg with Sm atoms
The
ambient-pressure diffraction pattern of SmFeO3; was refined
in the Pnma phase with lattice constants of a = 5.5975(4) A;
b =17.7134(4) A; ¢ = 5.4034(3) A by the Rietveld method
using GSAS software.!?®! The refined pattern of SmFeQ3, to-
gether with the calculated peak profile and their differences

occupying the interstitial spaces as shown in Fig. 1.

and the merits of the refinement are presented in Fig. 2(a).
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Fig. 1. (color online) Schematic representation of the crystal structure
of SmFeO3.

In order to study the structural behaviors of SmFeOj3
at high pressures, a synchrotron XRD experiment was per-
formed. Powder diffraction patterns were collected at various
pressures (up to 40.3 GPa). Figure 3 shows a few representa-
tive XRD patterns of SmFeOs. It can be seen that all of the
diffraction peaks shift towards higher 26 values and exhibit
some broadened features due to the non-hydrostatic conditions
evolving with increasing pressure. No obvious changes can be
found in the diffraction patterns, suggesting that the crystal

structure of SmFeOj3 is stable up to the highest pressure. Ri-
etveld refinements of the orthorhombic SmFeO3 were carried
out for all the pressures by using GSAS software. For ex-
ample, figure 2(b) shows the refined pattern at 18.1 GPa with
R, =2.32% and Ry, = 3.13%.
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Fig. 2. (color online) Observed, calculated, and difference X-ray pow-
der pattern of SmFeO3 at ambient pressure (a) and 18.1 GPa (b).
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Fig. 3. (color online) Angle dispersive XRD patterns of SmFeOs3 at se-
lected pressures with incident wavelength A = 0.6199 A at room tem-
perature.

It has been reported that RFeOs (R = Eu, Lu, Pr) expe-
rienced a reversible first-order isostructural phase transition
around 50 GPa, accompanied with an abrupt volume decrease
(about 5%).12°1 However, there is no abnormal change for
SmFeOs up to 40.3 GPa. The pressure dependences of the
lattice parameters of SmFeOs are shown in Fig. 4. As can
be seen, the unit volume and lattice constants of SmFeO3 de-
crease smoothly with increasing pressure, and no evidence of
structural phase transitions can be observed throughout the
pressure range. For the expected isostructural phase transfor-
mation of SmFeOs, a much higher pressure may be needed.
The pressure—volume data can be fitted by a third-order Birch—
Murnaghan equation of state:
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where By and Bj, are the bulk modulus and its pressure deriva-
tive at equilibrium volume Vj. By fitting the equation, By
is determined to be 293(3) GPa at a fixed B{) =4, and the
value is comparable to the bulk modulus of some other or-
dered perovskites, such as GaFeOs, LuFeOs3, and EuFeO;
that have the bulk modulus of 296(25) GPa, 241(5) GPa, and
241(2.5) GPa respectively.?>2323] In SmFeQ3, the compres-
sion behaviors are different along its crystallographic axes.
The different pressure coefficients of the normalized axial
compressibility are obtained to be B, = 0.60 x 1073 GPa~!,
B, =0.79 x 1073 GPa~!, B, = 1.28 x 1073 GPa~! with a lin-
ear fitting. Obviously, the compressibility in the c-axis direc-
tion is much larger than that in a—b plane. The anisotropic
compressibility can in principle bring about some significant
changes of its electronic properties, as observed in NdFeO3
and LuFeQ3.[2227]

- Vo =233.34 A3
- . By =293(3) GPa
< g6l enl? By=4 1230
E o.,.u i
Q V.. q:)
g 7 e £ 5
5. - g 1220 g
§ 5 5L my . . E
pet “a. =}
S eaf
A 4
o, 210
O T R (R (R—T)
P/GPa P/GPa

Fig. 4. (color online) Pressure dependences of the lattice constants and
the unit cell volume of the orthorhombic SmFeO3.

To further investigate the structural changes that will in-
fluence the magnetic property under high pressures, the pres-
sure dependences of Fe—O bond length and Fe—O—Fe bond an-
gle are presented in Fig. 5. The Jahn-Teller distortion of the
FeOg octahedra produces three pairs of Fe—O bonds. One pair
(Fe—O) is along the b axis and the other two pairs lie in the ac
plane with one of Fe—O, bonds being long and the other being
short, as shown in Fig. 1. The tilts of the FeOg octahedra yield
Fe—O,—Fe tilting angles in the ac plane and Fe—O;—Fe tilting
angles along the b direction. Compared with two Fe—O, bonds
in the ac plane, the Fe—O; bond along the b axis is more sus-
ceptible to compression, as shown in Fig. 5(a). In addition,
the Fe—O;—Fe bond angle increases with increasing pressure
while the Fe—O,—Fe bond angle remains almost unchanged,
as shown in Fig. 5(b). The variation of Fe—O—Fe bond angle at
high pressures is consistent with the theoretical calculations of
SmFeO3 as the Fe—O;—Fe bond angle is only slightly modified
(less than 2.5°) below 12 GPa.[?8] These results imply that the
application of pressures leads to the decrease of the tilting of

the two adjacent FeOg octahedra along the b axis. Moreover,
they indicate that the distortion and tilts of the octahedra FeOg
are suppressed under high pressures. It is known that the mag-
netic properties of SmFeO3 are determined by the superex-
change of Fe—O—Fe interactions, which leads to antiferromag-
netic ordering with the Néel temperature Ty = 674 K.['4] With
increasing pressure, the shortening of the interionic Fe—O dis-
tance and the enlarging of the Fe—O—Fe bond angle will in-
crease the superexchange of Fe—O—Fe interactions and then
enhance the magnetic property of SmFeQs3.1?°! Zhao et al.l?®!
indicated that the magnitude of the weak magnetization of
Fe3* increased with increasing pressure. Also, for RFeO3 (R
= Nd, Lu), the relevant experiments confirmed the increase of
Ty under high pressure.>”) Therefore, the enhanced magnetic
interactions are expected in SmFeOs3, and the study of pres-
sure effects on its magnetic and electrical properties will be
undertaken in future work.
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Fig. 5. (color online) Dependences of (a) bond length of Fe-O and (b)
bond angle of Fe—O—Fe on pressure for the orthorhombic SmFeO3.

Zhao et al.!*®! used the bond-valence concept to develop
their model, and indicated that in GdFeOs-type orthorhom-
bic perovskites (ABO3) with both cations having a formal
charge of 3+, the octahedral distortion and tilting should de-
crease with increasing pressure and the structure evolves to-
wards a higher symmetry configuration with rising pressure,
which is consistent with the recent single-crystal experimental

(30311 In general, the perovskite structure will become

results.
more distorted with increasing pressure if the BOg octahedra
are less compressible than the RO, polyhedra, or the structure
will become less distorted at high pressures if the BOg octahe-
dra are more compressible than the RO, polyhedra.[3%331 As
shown in Fig. 6, the volume change of the FeOg octahedron
is more compressible than that of the unit cell. The V/Vj of
the FeOg octahedron is dependent on the Fe—O bond length
and the O-Fe—O bond angle. The larger compressibility of the
FeOg octahedron suggests the evolution of the orthorhombic
structure towards higher symmetry configuration at high pres-
sures. Our results are in good agreement with the results of
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other studied orthorhombic perovskites, such as RMnO3 (R =
La, Tb, Gd).[34-30]

1.00F —a— V/V, for FeOg
—o— V/V for unit cell volume
0.96
=
0.92F
0.88F

0 10 20 30 40
P/GPa

Fig. 6. (color online) Pressure dependences of the normalized volume
of the FeOg octahedron and the unit cell.

4. Conclusions

In this paper, the high-pressure behaviors of orthofer-
rite SmFeOs3 are investigated by using angle-dispersive syn-
chrotron X-ray powder diffraction at room temperature. The
results indicate that the crystal structure is stable at a pres-
sure of up to 40.3 GPa.
terns, the different axial compression coefficients of SmFeO3
are obtained to be B, = 0.60 x 1073 GPa~!, B, = 0.79 x
1073 GPa~!, and B, = 1.28 x 1073 GPa~!. This indicates that
c axis is more compressible than a and b axes. The bulk modu-
lus (By) is determined to be 293(3) GPa by fitting the pressure—
volume data to the Birch—-Murnaghan equation of state. In

From the refined diffraction pat-

addition, the larger compressibility of the FeOg octahedron
suggests the evolution of the orthorhombic structure towards
higher symmetry configuration. Furthermore, the shortening
of the interionic Fe—O distance and the lengthening of the Fe—
O-Fe will enhance the magnetic property of SmFeO3 with in-
creasing pressure. Further work will focus on the pressure ef-
fect on the electronic structure in SmFeQO3.
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