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The structural and vibrational properties of 5% Sm-substituted BiFeO; under pressure are investigated
using synchrotron X-ray diffraction and Raman scattering measurements. The results yield the
pressure-induced structural phase transitions from the polar R3c phase to the orthorhombic Pnma
phase commencing at 3.9 and being complete at 7.6 GPa, where there is a region of the coexistence of
the R3c and Pnma phases. This structural transition is companied by the ferroelectric-paraelectric
transition for the Sm-substituted BiFeO3;. We find that the Sm substitution leads to lower transition
pressure compared to that of the pure BiFeOs; system due to the substitution-induced chemical
pressure. Our results do not suggest the pressure-induced reentrance of ferroelectricity in the model
multiferroic BiFeOj; in the pressure range studied. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4826069]

. INTRODUCTION

Multiferroics, in particular those exhibit both magnetic
order and ferroelectricity in the same phase, have recently
drawn renewed interest because of their intriguing properties
and great potential for new types of magnetoelectric
devices."™ Among these multiferroic materials, BiFeOs;
(BFO) is most attractive because of its high ferroelectric
Curie temperature Tc=1103K and the antiferromagnetic
Néel temperature Ty = 643 K, both well above room temper-
ature.’” The main impetus for ferroelectricity in BiFeOs;
comes from the stereo-chemically active 6s* lone pair of
Bi®", while its magnetic structure is of G-type with a cycloid
spiral arrangement of magnetic moments of Fe’' ions.
However, BiFeOs suffers from high-leakage current and
large coercive fields, as well as small electromechanical
coefficients. It has been shown that some of such shortcom-
ings can be overcome by substituting rare-earth Sm>" ions
for A-sites of the BiFeOs perovskite cell.® The subtle modifi-
cations in atomic composition can induce lattice distortion,
and hence the functional behaviors of the parent ferroelectric
perovskite could be tuned.

Besides being a model multiferroic, BiFeOs is also one
of the very few perovskites that present both octahedral tilts
and strong ferroelectric cation displacements at room tem-
perature.” Under high pressures, these competing properties
will be altered to different extent. In order to characterize the
structural, magnetic, and ferroelectric properties of BiFeOs3
under high pressures, numerous experimental and theoretical
works have been performed.®'" In spite of such extensive
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investigations using a variety of techniques, many controver-
sies still remain.

First-principles calculations® based on the density func-
tional theory (DFT) have predicted a pressure-induced
phase transition from the thombohedral (R3c) phase to the
orthorhombic (Pnma) phase in BiFeO; around 13 GPa.
Experimentally, Yang e al.'? reported that three structural
transitions took place at around 3, 8.6, and 44.6 GPa using
Raman spectroscopy, while Gavriliuk er al.'* found no
phase transitions below 50GPa with synchrotron X-ray
powder diffraction. However, they found the effect of
magnetic collapse in a pressure range of 45-55 GPa using
nuclear forward scattering and X-ray emission spectros-
copy'*'® and discussed the “Hubbard energy control”
mechanism of the effect.'® Besides, the magnetic behavior
was completely reversible.'” Belik er al.'® suggested
the sequence of the phase transitions on compression:
rhomhedral R3¢ — Orthorhombic [ — Orthorhombic II
— Orthorhombic  Pnma — cubic. However, Haumont
et al."® observed only two phase transitions around 3.5
and 10 GPa, respectively, corresponding to R3¢ — C2/m
— Pnma. A very recent single-crystal X-ray and Raman
spectroscopy study’ reveals that BFO undergoes a surpris-
ing richness of six phase transitions up to 55GPa, and
a structural phase transition?® from the polar rhombohedral
R3c phase to the orthorhombic Pbam phase with
anti-ferroelectric atomic displacements was discovered by
neutron diffraction technique at 3 GPa. In addition,
Gavriliuk er al.'"® observed an insulator-metal transition
through resistance measurements. Therefore, further investi-
gations on the structural and physical properties of BiFeO;
under high pressures are in crucial need, especially by com-
bining both the chemical and physical pressures.

© 2013 AIP Publishing LLC
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In this paper, we present synchrotron X-ray diffraction
and Raman scattering investigations of 5%-Sm-substituted
BiFeO5; under pressures up to 13.4GPa and 21.6GPa,
respectively. Prominent changes in the X-ray data and the
Raman spectra indicate a structural transformation from
the R3c¢ rhombohedral symmetry to the orthorhombic
Pnma phase at around 7.6 GPa, accompanying with the
ferroelectric-paraelectric transition under the combined
action of the chemical and physical pressures. Before the
transformation, the system is in the coexisted R3c and Pnma
phases. Our results provide further information for under-
standing the coupling between the structure and other prop-
erties of BiFeO5; under the coactions of the chemical and
physical pressures.

Il. EXPERIMENTS

Big.95Smg osFeO3 powders were synthesized via a modi-
fied wet chemical method. Stoichiometric amounts of
Bi(NO3)3'5H20, Fe(NO3)3-9H20, and Sm(NO;)';'6H20
were dissolved in dilute nitric acid, and calculated amounts
of tartaric acid were added as a complexing agent. The
resultant solution was evaporated and dried at 150°C with
stirring to obtain xerogel powders. Then the xerogel powders
were grinded in an agate mortar. The obtained powders were
preheated to 300 °C for 1 h in order to remove excess hydro-
carbons and NOx impurities. Finally, all samples were
further annealed at 600°C for 2 h. The BigosSmg osFeO3
powder belongs to a single-phase rhombohedral R3¢ struc-
ture examined by x-ray powder diffraction (XRD) at ambient
pressure.

The in situ high-pressure synchrotron x-ray diffraction
(SXRD) measurements were performed at the Beijing
Synchrotron Radiation Facility using a symmetry diamond
anvil cell. A monochromatic x-ray beam with a wavelength
of 0.6199 A was used. The culet size of the diamond anvil
was 350 um in diameter. A 300 um thick steel gasket (T301)
was preindented to 30 um thickness (120 um initial hole
diameter). The mixture of methanol and ethanol (4:1) as
pressure-transmitting medium was injected into the chamber
to ensure better quasihydrostatic pressure condition. The flu-
orescence of ruby was used as a pressure gauge.”' These
vibrational modes at high-pressure were measured by Raman
scattering technique. The spectra were recorded on a spec-
trometer with a low-frequency cut off at 100cm™'. The
exciting laser line was the He-Ne at the 532 nm laser line.
The laser power was kept at 10 mW on the diamond anvil
cell to avoid heating of the sample. Before measuring the
pressure, the sample was stewing for half an hour after pres-
surized. We measured the pressure just before and after
accumulation of x-ray and Raman patterns from the sample.
The pressure given is the average value of the two pressures.

lll. RESULTS AND DISCUSSION

We have performed a structural study of BigosSmg osFeO;
at high pressures up to 13.4 GPa. Figure 1 shows the diffraction
patterns at various pressures. Even though pressure could bring
about the rhombohedral distortion and peak splitting, we
clearly observed the R3¢ phase below 4.1 GPa. With increasing
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FIG. 1. Synchrotron X-ray powder diffraction patterns of Big¢sSmg osFeO3
at various pressures and room temperature. Star * indicates diffraction peak
from the metal gasket.

pressure, we also observed significant changes in the multiplic-
ity and intensity of the Bragg peaks. Specifically at pressure of
4.1 GPa, a new peak is observed at an angle 20 ~ 10°, and the
intensities of the peaks at around 16° suddenly become weak,
indicating the appearance of a new phase.'”’

In order to get more details about structural properties, we
simulated the measured SXRD patterns of the samples based
on the Le Bail method by the Gsas program. Figure 2 displays
three selected diffraction patterns of BijgsSmgosFeO5 at 0.3,
4.1, and 9.8 GPa corresponding to the three different phases
regions, respectively. As expected, the low-pressure phase at
0.3GPa is well described using the R3c rhombohedral
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FIG. 2. Refinement diffraction patterns of Bipo5Smg osFeO; at three selected
pressures (0.3, 4.1, and 9.8 GPa) representing rhombohedral R3¢ phase,
coexistence of R3¢ and Pnma, orthorhombic Pnma phase symmetries,
respectively. Star * indicates diffraction peak from the metal gasket.
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TABLE 1. The indexation of the diffraction lines of BiggsSmgosFeO3 at
0.3 GPa.

2theta (deg) dA) H K L
9.0 3.94 0 1 2
12.8 278 1 1 0
14.9 2.38 1 1 3
15.5 2.29 0 0 6
15.7 2.27 2 0 2
18.1 1.98 0 2 4
20.2 1.77 1 1 6
22.1 1.62 0 1 8
223 1.60 3 0 0
25.6 1.40 2 0 8
25.8 1.39 2 2 0

symmetry, and the indexation of the diffraction lines at
0.3 GPa is given in Table I. The unit-cell parameters meas-
ured at ambient conditions are a=b= 5.567(1)1& and
c=13819(8) A (hexagonal setting), in good agreement with
the reported values in literature.>> With increasing pressure, a
new phase is evidenced from the appearance of some reflec-
tions in the diffraction pattern (Figure 1). For example, a
typical reflection (111), which could be attributed to the
orthorhombic Pnma phase, was observed in the present pro-
file at 4.1 GPa. However, the fit at 4.1 GPa was significantly
improved when including two phases R3c+ Pnma
(12: 1.12) instead of a single phase (x* = 1.44 for Pnma).
The similar phenomenon was also observed for the data at
5.7 GPa. The former two-phase model always yields better
agreement between the experimental and theoretical spectra,
thus indicating that the crystal structures at 4.1 and 5.7 GPa
are characterized by the coexistence of R3¢ and Pnma, which
can be seen clearly in Fig. 3. The single orthorhombic Prnma
structure appears above 7.6 GPa, as shown in Figs. 1 and 3.
Figure 4 shows the pressure dependence of the lattice
parameters of the Bij¢5SmgosFeO3; sample, expressed in a
pseudocubic cell. In the low-pressure region, the thombohe-
dral phase is very sensitive to pressure as we observed a sig-
nificant decrease in agr and cr. The second phase,

Pressure (GPa)
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i
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FIG. 3. Fragment (form 8 to 11° in 26) of synchrotron X-ray powder diffrac-
tion patterns of Big osSmg osFeO3 at room temperature.
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orthorhombic Pnma, appears at 4.1 GPa. The coexistence of
R3c and Pnma in the pressure range from 3.9 to 7.5 GPa cor-
responds to the change of the cation-anion displacement and
the appearance of the tilting of the octahedral.'? At higher
pressures, the structure transition from R3c¢ to Pnma for
Biy.95sSmg osFeO5 completes at 7.6 GPa. It has been estab-
lished that substitution could serve as chemical pressure due
to the smaller ionic radius of Sm>" (1.28 A) compared to
Bi*" (1.36 A). The pressure effect on multiferroics in
Bigo5Smg osFeO3 benefited the lattice modification, which
made the phase transition from the rhombohedral R3c to the
orthorhombic Pnma to occur earlier than those in the unsub-
stituted system reported previously.'!'%1?

To reveal the compressibility of each phase, we plot the
pressure dependence of the volume per formula unit,
expressed in a pseudocubic cell, in Fig. 5. Under pressure,
the volume of the unit cell was compressed, consequently
leading to the reduction of the tilting of octahedral in
the phase coexistence region of R3¢ and Pnma.'? A large
volume drop was observed at the transition pressure, which
indicated the first order feature of the pressure-induced phase
transition of Big9sSmg gsFeOs5. The unit cell volumes (V) of
the two phases as a function of pressure (P) were fitted with
the third order Birch-Murnaghan equation of states

P = 3Kofi(1 + 2fz)*? {1 +%(K6 —4) E]

where fg = [(Vo/V)3=1]/2, V, is the volume at ambient pres-
sure, V' is the volume at pressure P given in GPa, K is the
bulk modulus, and K’ is the first pressure derivative of
Ky. The solid lines in Fig. 5 represent the fitted results. In
the low pressure R3c phase, the bulk modulus K, is
132 + 20 GPa with Ko =3.5+0.5, Vy=61.7 = 0.2 A>. The
value of K is much larger than that of the pure BiFeO;.'" It
indicates that Big9sSmg osFeOs5 is harder than pure BiFeOj;
at the low pressure, which benefits the lattice modification
by Sm substitution. In the high-pressure Pnma phase,
Vo=59.7* 0.4 A% Ky=257 = 48 GPa, K'o=3.3 = 0.6. The
bulk modulus value matches well with that of the pure
BiFeOs in the high-pressure phase,'® signaling the almost
same compressibility of BigosSm0.05FeO; and BiFeO;5 at
high pressures. This indicates that the chemical pressure
effect vanishes at high pressures in doped BiFeO;.

The structural transition of Big 95Smg osFeO5 under pres-
sure is similar to that of BiFeO3 upon rare-earth ion substitu-
tion at A-site.”> The ferroelectric property is closely related
to the structural transformation. The rhombohedral R3¢ sym-
metry characterized by the anti-phase octahedral tilting and
off-center cation displacements displays ferroelectircity,”*
while the high-pressure Pnma symmetry exhibiting® is in
favor of paraelectricity. Thus, the coexisting region should
include a competition between ferroelectricity and paraelec-
tricity. According to DFT calculations, a pressure-induced
phase transition from the rhombohedral R3c to the ortho-
rhombic Pnma symmetry in BiFeO; is expected to be
observed at 13GPa,® which is in good agreement with
experiments. For instance, Haumont et al."® observed the
nonpolar orthorhombic Pnma structure in BiFeOjz; above
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10GPa through the far-IR reflectively measurement; at
11 GPa, Guennou et al.” observed the transition to the Pnma
phase by changes in both the diffraction patterns and the
Raman signature. Our measured transition pressure for
Sm-substituted BFO is much lower than that in pure BFO
because of the chemical pressure, which results from the
reduced lattices due to the smaller ionic radius of Sm>" com-
pared to Bi* .

Raman spectroscopy has been demonstrated to be a very
useful technique in studying phase transitional characteristics
and local structure modulation in ferroelectric materials.''%¢
The Raman active modes of BiFeO3 with the space group
R3c at room temperature can be written as I’ =4A, + 9E,*’
while the Raman modes in the orthorhombic phase with the
space group Pnma can be described by I'=7A,+ 5B,
+ 7B, +5B3 g.28 Figure 6 shows pressure-dependent Raman
spectra of BigosSmg osFeO3 in the range from atmospheric

pressure to 21.6 GPa, indicating that the Raman signature
(thus the structure) undergoes some significant changes. The
phonon mode assignment at pressures below 4.3 GPa was
made by comparing the spectra for the pure BiFeO5 with that
for space group R3c.*’2° At the ambient conditions, the
peaks of BigosSmgosFeO5; sample at 142.6, 173.1, 230.2,
and 436.0cm ! correspond to A; (TO) modes, and the other
peaks at 126.0, 262.6, 278.3, 299.1, 341.7, 368.4, 472.0,
527.7, and 618.3cm ™" are the E (TO) modes, respectively.
In the low-pressure range below 4.3 GPa, the Raman peaks
shift to higher frequency gradually with increasing pressure.
This phenomenon is due to the pressure-induced bond short-
ening and lattice distortion. It is interesting to note that a
new peak at around 213.6 cm_l, which points to a structural
reordering, appears at the pressure of 4.3 GPa, and the inten-
sity of the A; (TO) mode at around 436.0 cm ! increases
suddenly at 4.3 GPa. When pressure is increased to 8.2 GPa,

FIG. 5. The pressure dependence of
unit cell volume divided by the number
of formula unites per unit cell Z of
Big.95Smg ¢sFeOs3. The solid lines dem-
onstrate the fitting data of phase to the
Birch-Murnaghan equation of state.
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FIG. 6. Raman scattering spectra of BigosSmg osFeO5 for several selected
pressures at room temperature. Star * marks the position of the phonon
mode at 213.6cm ' emerging at 4.3 GPa.

the two E (TO) modes at around 472.0 and 527.7 cm !
disappear.

In accordance with our structural studies, we present the
pressure dependence of the Raman frequencies of different
modes for BijgsSmgosFeO; in Fig. 7. Two conspicuous
spectral features can be seen clearly. First, a new Raman

600

> 400 UV

Frequency (cm™)

200{

Elm—w—m—u—m—um

0 10 20
Pressure (GPa)

FIG. 7. The pressure dependence of the frequencies of the Raman modes for
Bip.95Smg o5FeOs.
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peak appears at around 4.3 GPa, indicating a new phase at
the pressure range of 3.9 to 4.3 GPa, but the characteristic
peaks of R3¢ phase still maintain in the pressure range from
4.3 to 7.4 GPa, corresponding to the coexistence of R3¢ and
Pnma phases. At higher pressure, the phase transition is indi-
cated by the disappearance of the two E (TO) modes at
around 472.0 and 527.7cm™" at pressure of 8.2GPa. We
assign the space group Pnma to the orthorhombic phase at
this pressure region, even though we only observed 9 out of
24 Raman modes that the Pnma symmetry should give. The
independent scattering configurations can only be obtained
with the polarizations measurement owing to the x and z
directions. These configurations are indistinguishable in
Pnma phase. Therefore, in the case of unpolarized measure-
ments using a powdered sample, the number of the observed
Raman modes in the Pnma perovskite is usually about less
than half of the predicted number of 24.'%3!

It is well known that the Griineisen parameter y plays a
crucial role in understanding the thermodynamic and thermo-
elastic behavior of solids. The slopes of phonon frequency
versus pressure curves are calculated according to the results
displayed in Fig. 7. Table II summarizes the ambient-
pressure phonon frequencies wy,, their pressure derivatives
dw;/dP and mode Griineisen parameters y; for both phases of
Big95sSmg osFeOs. The Griineisen parameters for the low and
high pressure phases were calculated using the formula

Vi = (Ko/w()l)(dwl/dp)v

where K, and @, are the bulk modulus and the
ambient-pressure phonon frequencies, respectively. The bulk
modulus obtained from the synchrotron X-ray data is 132
GPa for the rhombohedral phase and 257 GPa for the ortho-
rhombic phase, respectively. The dw,/dP and the orthorhom-
bic phase @y come from the linear fitting results as
described in Fig. 6. According to the expression of
Griineisen parameters, 7y; is in direct proportion to the

TABLE II. The ambient-pressure phonon frequencies mp,; (in cm™ "), pres-
sure derivatives of frequencies dw,/dp (in cm ' GPa™'), and Griineisen pa-
rameters 7; for various Raman modes of Bij9sSmg osFeO3 in low-pressure
and high-pressure phases.

Low-pressure (rhombohedral) High-pressure (orthorhombic)

phase phase
Mode Wo; dawy/dp Vi Woi dw,/dp Vi

E-1 126.0 0.13 0.14 124.9 0.03 0.07
A-1 142.6 0.93 0.86 140.0 0.70 1.28
A2 173.1 1.21 0.93 180.3 0.62 0.87
A3 230.2 343 1.97 239.9 1.59 1.70
E-2 262.6 1.92 0.97

E-3 278.3 2.01 0.96 294.5 0.82 0.72
E-4 299.1 343 1.51 323.0 1.65 1.31
E-5 341.7 0.42 0.16

E-6 368.4 0.88 0.31 404.0 1.31 0.83
A4 436.0 1.45 0.44 453.1 4.76 2.70
E-7 472.0 3.30 0.93

E-8 527.7 5.44 1.36

E-9 618.3 3.56 0.76 635.7 4.66 1.89
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dw;/dP, suggesting that the bigger the pressure derivative of
w; is, the larger y; is. The Griineisen parameters 7; for the
lower pressure phase in the BigosSmggsFeO; are much
smaller than those in BiFeOs,'? indicating again the benefit
from the lattice modification provided by the chemical pres-
sure. Since the Gruneisen parameters in BiggsSmg osFeO3
are always smaller than those of parent BiFeOjs, shifting of
the transition pressure to lower pressure region is expected.
As given in Table II, in the lower pressure range, y4 .3
and yr_4 are much bigger than that of other modes. This is
consistent with the results presented in Fig. 7, in which the
frequency blueshift rates for A;-3 and E-4 modes are larger
than those for other modes. Moreover, the slopes of dw,/dP
for the mode below 350cm ™' in the higher pressure range
are much smaller than those in the lower pressure range,
while the slopes of dw;/dP for the modes over 350cm "
have a different variation tendency. The abrupt changes in
the slopes of dw;/dP and Griineisen parameters y; provide the
evidence of the rhombohedral-orthormbic phase transition.
In “conventional” ferroelectric materials, pressure can
reduce even annihilate ferroelectricity. This behavior can be
understood by recalling that external pressure modifies the
delicate balance between long-range Coulomb interactions
and short-range electronic forces, favoring, respectively, fer-
roelectric distortions and a paraelectric cubic structure.
However, unexpectedly, further dramatically increasing pres-
sure could induce ferroelectricity again, which is different in
nature from conventional ferroelectric behaviors. This is
because the high-pressure ferroelectricity is driven by an orig-
inal electronic effect rather by long-range interactions.*>> In
Bip.osSmg osFeO5, the ferroelectric-paraelectric transitions
have been observed, but we did not find any evidence of the
pressure-induced reentrance of ferroelectricity. Instead, a non-
polar orthorhombic structure has been observed at high pres-
sures we applied. Although strongly correlated electronic
effect might play an important role on ferroelectricity in BFO
systems, further increasing pressure is required to examine if
such reappearance of ferroelectricity would eventually occur.

IV. CONCLUSIONS

We have investigated the structural and vibrational prop-
erties of BiygsSmg osFeO3 under pressure in a diamond-anvil
cell up to 13.4 and 21.6 GPa, respectively, using the synchro-
tron X-ray diffraction and Raman spectroscopy, and we find
that pressure induces a structural transition from the polar
R3c phase to the nonpolar orthorhombic Pnma phase com-
mencing at 3.9 and being complete at 7.6 GPa. The transition
occurs through an obvious coexistence of these two phases,
corresponding to a ferroelectric-paraelectric ~sequence.
Moreover, the paraelectric orthorhombic Pnma structure
remains stable over the pressure range of 8.3 to 21.6 GPa, and
the stability of this phase at higher pressures remains an inter-
esting research topic.
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