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Multiferroic BiFeO3 was fabricated via a high pressure of 5 GPa at 900 °C. The crystal structure of the
BiFeO3 ceramic was determined by X-ray diffraction (XRD) to be a rhombohedral perovskite with a space
group of R3c. The temperature dependence of XRDs was collected down to 5 K under ambient pressure
that showed no structure phase transition. The structural evolution of BiFeO3 under high pressures up to
56.6 GPa was studied at room temperature using a diamond anvil cell combined with synchrotron radiation
XRD. A possible phase transition was proposed at around 10 GPa. The bulk modulus was estimated to be
By = 97.3(7) GPa in the low-pressure range.
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1. Introduction

Multiferroics, which exhibit ferroelectricity and ferromagnetism simultaneously, i.e. being both
magnetically and electrically polarized, have stimulated a great deal of research interest during
very recent years [1-5]. Besides the tremendous applications based on the mutual control of polar-
ization and magnetization via a magnetoelectric effect, i.e. the induction of electric polarization
by means of a magnetic field or vice versa, the fundamental physics behind it is fascinating. Unfor-
tunately, the number of multiferroic compounds is dramatically reduced to a very few cases with
respect to the coexistence of ferroelectric and ferromagnetics due to the incompatibility between
magnetism and ferroelectricity in both electronic and crystal structure requirements. The BiFeO3
crystal is a rare example of a single-phase room temperature multiferroic compound. The lone
pair effect of Bi 6s? (Pb or TI) [6] electrons has proved to play a pivotal rule in inducing structural
distortion and ferroelectricity, such as for ferroelectric PbTiO3 [7] and PbVO; [8] with gigantic
spontaneous polarization. Like Pb?* and Bi®* with 6s? electrons, lone pair is the key factor in
triggering ferroelectricity in perovskite multiferroic BiFeO3 [9,10]. The multiferroic BiFeO; is
a ferroelectric—antiferromagnet and exhibits a comparatively large magnetoelectric effect [9,10].
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Among known multiferroics, BiFeOs has the highest Neél temperature with 7y = 643 K and the
highest ferroelectric Curie temperature with 7c = 1083 K [11,12]. Therefore, it attracts much
attention for multiferroic studies. In the perovskite-like crystal structure of BiFeO3 with space
group R3c, the Fe** ions are in distorted oxygen octahedra, while the Bi* ions occupying the
dodecahedral positions are strongly shifted from the central position towards one of the Fe3*
ions due to the lone pair effect [13,14]. This enhances the ferroelectricity in this compound. The
antiferromagnetic order in BiFeOg is in the form of a complex incommensurate spin modulation
structure [15-18]. In recent years, the structure property, lattice dynamic, magnetic behavior and
spin transition of multiferroic BiFeO3 have been studied under pressure using synchrotron X-ray
diffraction (XRD), far-infrared spectroscopy, Raman investigation, as well as using theoretical
calculations [19-26]. The preliminary results revealed that the structural evolution of BiFeOs
under pressure is very interesting but complicated. It is noted that both pressure and low temper-
ature can influence crystal structure in most cases in a similar way by shrinking the lattice. In
this paper, we focus on the pressure-tuned structural stability of BiFeO3 up to 56.6 GPa. We also
investigated the stability of BiFeOg3 in the temperature range of 5-300 K under ambient pressure.
We compared both effects in terms of volume change.

2. Experiments

The polycrystalline BiFeO3 ceramic was fabricated under high pressures using the solid-state
reaction method. A stoichiometric mixture of Bi, O3 (Alfa Aesar, 99.99%) and Fe,O3 (99%) was
finely ground, palletized, and enveloped with silver foil to avoid contamination from the ambience.
The ultimate synthesis was conducted in a cubic anvil-type apparatus by keeping the specimen at
900 °C and 5 GPa for 10 min. Pressure was released slowly after quenching the specimen to room
temperature.

The powder XRD experiments were performed with an M18AHF diffractometer (Mac Science,
Japan) employing Cu K,, radiation. Low-temperature XRD data at ambient pressure were collected
with a helium liquid cooling apparatus fixed on the M18AHF diffractometer. Data processing and
structure refinement were performed by employing the GSAS Le Bail package [27] combined
with the Powder X software package [28].

High-pressure synchrotron XRD experiments were performed at room temperature on the
3W1A high-pressure beam-line at the Beijing Synchrotron Radiation Facility (BSRF). The diffrac-
tion patterns were recorded with white synchrotron radiation in an energy-dispersive mode. Finely
ground powders of BiFeOs, together with a tiny piece of ruby crystal for calibrating the inner
pressure, were loaded into a sample chamber with a diameter of around 100 wm of a T301 stain-
less steel gasket. The gasket was pre-indented from 300 wm thickness to about 30 um before the
hole was drilled. A mixture of methanol and ethanol (4:1) was used as the pressure-transmitting
medium. A high pressure was generated in the diamond anvil cell with a diamond culet size of
300 iwm. The inner pressure in the chamber was monitored via the shift of the fluorescence bands
of Cr3* in the ruby crystal [29]. Polychromatic radiation was focussed to a spot of 30 x 20 um?
in size. A solid-state germanium detector was located at a fixed angle of 7.45° with respect to
the incident synchrotron radiation. The d spacing of different reflections (% k ) of BiFeO3 crystal
was calculated according to the Bragg law:

6.19925
E xd= - , (5]
sin@

where E is the beam energy.
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3. Resultsand discussion

The XRD pattern collected on our BiFeO3; sample at room temperature is shown in Figure 1. All
the peaks in the pattern can be well indexed on the basis of the R3¢ structure, in good accordance
with references [13,14].

As aforementioned, applied pressure or decreasing temperature can affect the crystal structure,
in terms of compressing the lattice that in turn results in changes of electronic or magnetic order-
ing. The physical properties of multiferroic compounds are highly sensitive to the crystal structure
changes. For example, a series of magnetic ordering takes place for RMnO3 upon reducing temper-
ature [2]. XRD measurements of BiFeOj3 polycrystalline sample were conducted down to 5 K and
no structural transition was observed. This is consistent with the physical property measurements
that show the antiferromagnetic ordering of BiFeOj3 persisting in the low-temperature domain
[13]. Figure 2 shows the evolution of lattice parameters a and ¢ and volume V of the BiFeO;
crystal with decreasing temperature. With decreasing temperature, the compressibility for Aa/a,
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Figure 1. XRD pattern collected on the BiFeOs3 crystal at room temperature and ambient pressure that can be well
indexed with the space group R3c.
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Figure 2. The evolution of lattice parameters a and ¢ and volume V of the BiFeO3 crystal with decreasing temperature.
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Ac/cand AV/V are 0.12%, 0.51%, and 0.75% from room temperature to 5 K, respectively. It is
clear that the c-axis is softer than the a-axis.

Furthermore, the in situ high-pressure energy-dispersive synchrotron XRD experiments were
performed for the BiFeO3 polycrystalline sample at room temperature, as displayed in Figure 3.
The spectra were collected at a pressure ranging between ambient pressure and 56.6 GPa. Except
for the five fluorescent peaks located at 9.4, 10.9, 13.0, 15.3, and 22.1 KeV, respectively, all the
other peaks can be well indexed by the R3c space group. It is clear that all the diffraction peaks of
BiFeOs shift to the higher energy with increasing pressure, indicating the shrinking of the lattice.
Figure 4 shows the evolution of five diffraction peaks in d-space, with corresponding indices of
(102),(110), (104), (202) and (204), respectively.
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Figure 3. In situ high-pressure energy-dispersive XRD patterns of BiFeOs at room temperature, with pressures up to
56.6 GPa (Bi L1, Bi Lg1 and Bi L1 indicate the fluorescent peaks of element Bi, respectively).
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Figure 4. The evolution of five diffraction peaks in d-space with the corresponding indices of (1 0 2), (11 0), (10 4),

(202) and (2 0 4), respectively.
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Figure 5. Pressure dependence of the lattice parameters of the BiFeO3 ceramic.

Figure 5 shows the pressure dependence of the lattice parameter. Lattice parameter variations
with increasing pressure were calculated through d-space values of the diffraction peaks under
certain pressures. As shown in the plot, with increasing pressure of up to 56.6 GPa, the com-
pressibility for Aa/a, Ac/c is 6.0% and 7.0%, respectively. This means that the c-axis is a
little easier to compress than the a-axis, which is consistent with the temperature evolution of
the lattice parameters in R3c BiFeO3;. Comparing with low-temperature contraction, the high-
pressure effects are more profound. For example, in a simply analogy of volume change, the shrink
at 5K is comparable to the volume change at ~0.5 GPa. Low-temperature experiments down to
5K could not provide comparable lattice shrinking effects such as high pressure experiments with
a couple of tens of GPa scale, and it was only similar to very low-pressure conditions. Therefore,
it does not make sense to simply link low-temperature experimental data to the results from the
high-pressure experiment.

In order to obtain an evaluation of the compressibility, volume compression V/ V; as a function
of pressure is plotted in Figure 6. It is noted that although no new diffraction peaks emerge or
original peaks disappear in the full pressure range, there is an obvious kink at ~10 GPa in the
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Figure 6. Pressure dependence of the volume compression of the BiFeO3 ceramic.
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d-space as well as in the lattice parameter/volume curves shown in Figures 5 and 6, respectively.
Despite the lack of key experimental data points between 3 and 8 GPa, the well-known fact that
a loss of hydrostatic conditions at around 10 GPa for methanol—ethanol mixture could contribute
to the ‘hard to compression’ behavior for the higher pressure range. However, the difference in
discontinuity in the lattice parameters a and ¢ (in Figure 5) could be an indication of a phase
transition during the compression process. This is consistent with the result in [23,26]. Further
experiments using a relatively high-resolution set-up such as angle-dispersive XRD and a better
pressure medium are underway to resolve this issue.

The experimental data are fitted nonlinearly with the third-order Birch—-Murnaghan equation
of state [30]:

e =3 eme[ ()= ()] fi- (20 2) [ (%) 1]}

where V, Vg, By and Bj are volume at pressure P(GPa), volume at ambient pressure, bulk modulus,
and derivative of By, respectively.

From this equation, we derived bulk modulus By = 97.3(7) GPa with By = 4.6(1.2) for the
low-pressure range (<10 GPa), while By = 275.2(5) GPa with By = 3.6(1) was derived for the
high-pressure range (>10 GPa). The proposed phase transition was characterized by no significant
discontinuity in the evolution of the unit-cell volume with pressure, but with a kink associated
with small structural changes, which may be an indication of a second-order phase transition. We
noted that the ratio ¢/(a * 6%/2), where (a * 6%/2) is the primitive cubic unit cell of the perovskite
structure, decreases progressively with pressure and reaches a value of 1.00097 at P = 11.28 GPa.
Thus, at this transition pressure, the volume approaches a metrically cubic cell. To further illu-
minate the symmetry change with pressure, we show in Figure 7 the pressure and temperature
dependence of the & angle of BiFeOg in the triangular crystal symmetry. With increasing temper-
ature, the & angle of BiFeO3 remains the same, at around 59.5 ° within the system error. However,
in the pressure range, the « angle of BiFeO; increases linearly with increasing pressures up to
10 GPa. Then, the « angle stays at around 60° with pressures up to 56.6 GPa, indicating the
trend to high symmetry space group evolution driven by pressure. Based on this pressure-tuned
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Figure 7. Pressure and temperature dependence of « angle in the triangular space group symmetry of BiFeOs.
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structural change, it would be interesting to further investigate the change in physical properties,
such as how ferroelectricity or magnetic ordering would evolve with pressure. Such works are in
progress, based on our previously designed setup [31].

4. Conclusion

A multiferroic BiFeO3 ceramic with an R3¢ space group crystal structure was synthesized under
high pressures. The temperature evolution of the crystal gives no phase transition in the measured
temperature range down to 5 K. The temperature and pressure evolutions of the lattice param-
eters show that the c-axis is more compressable than the a-axis. The bulk modulus By of the
BiFeO3 ceramic was estimated as 97.3(7) GPa with B, = 4.6(1.2). A possible phase transition
was proposed at around 10 GPa.
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