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ABSTRACT

Bi5Ti3FeO15 (BTFO) ceramics have been widely studied as a multiferroic material with some potential applications. However, the effect of
the stress field on BTFO ceramics with complex lattice structures is unknown. Here, we use pressure-dependent Raman scattering spectros-
copy to study the structure/phase transition of BTFO samples. Because the phonon mode changes significantly, there could be a phase transi-
tion in the range of 4.5–14.8GPa. In order to further prove the occurrence of phase transition, we carried out in situ high-pressure angular
dispersion x-ray diffraction (XRD), which clearly proved the structural evolution of BTFO: orthorhombic crystal A21am transformed into
tetragonal I4/mmm. Note that the results from the XRD experiment are self-consistent with the data derived from Raman spectroscopy. It
provides an effective method to explore the phase transition of complex oxide structures under high pressure.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0019034

In recent years, bismuth perovskite has been concerned because
of high dielectric constant, low dielectric loss, good piezoelectric and
pyroelectric properties, and so on.1–3 The Aurivillius perovskite phase
chemical formula is (Bi2O2)2þ(An�1BnO3nþ1Þ2�, where B is a diamag-
netic transition metal ion such as Ti4þ or Nb5þ, A is an alkali or alka-
line earth cation, and n is the number of oxygen octahedra.4 In
Aurivillius perovskite, the phase transition process is different with
different numbers of Bismuth perovskite layers. For n¼ 1, BaTiO3

undergoes the phase transition Pm3m � P4mm (120 �C) � Amm2
(5 �C) � R3m (�90 �C) during the cooling process.5 For n¼ 2,
Megaw et al.6 and Nakashima et al.7 have independently shown that
the A21am to I4/mmm transition in SrBi2T2O9 proceeds via an inter-
mediate paraelectric Amam phase. For n¼ 3, the structural phase
transition of Bi4Ti3O12 ceramics changed from the orthorhombic
phase (B2eb) to the tetragonal phase (I4/mmm).4 For n¼ 4, however,

Bi5Ti3FeO15 (BTFO) ceramics have been widely used in data storage,
spin valves, spin electronic devices, sensors, and other potential
applications.3,4,8–10 The lattice structure of BTFO consists of three
perovskite sample unit sandwich units growing along the c-axis
between fluorite structure (Bi2O2)2þ layers.11,12 The (Bi2O2)2þ layer is
perpendicular to the quadruple axis of the oxygen octahedron. The
N�eel temperature of the BTFO film is 85K.1 In addition, the good
fatigue resistance and lead-free properties of the BTFO ceramic make
it a promising alternative to lead perovskite.9,10

However, the phase transition of BTFO ceramics is still contro-
versial under the influence of external force fields. A lot of research
studies have been conducted on the phase transition process of the
BTFO structure. The previous results using birefringence indicate that
the structure of BTFO ceramics can be transformed from A21am to
I4/mmm after undergoing an intermediate phase.13 The results of
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powder neutron diffraction studies indicate that BTFO ceramics have
changed from a ferroelectric orthorhombic space group A21am to a
tetragonal paraelectric phase space group I4/mmm, which do not exist
without the mesophase.14–16 The results of differential scanning calo-
rimetry indicate the structural changes of BTFO: orthorhombic–
tetragonal transformation and lattice expansion.17,18 The phase transi-
tion of pure BTFO ceramics occurs when the temperature rises to
Curie temperature up to 750 �C: the ferroelectric orthorhombic phase
changes into the paraelectric tetragonal phase. Compared to the influ-
ence of temperature on the structure of BTFO, the effect from high
pressure on the change in the lattice structure and the interaction
between atoms is greater.19 Nevertheless, there are few theoretical and
experimental studies on structural changes of BTFO under high pres-
sure. In order to fill this gap, the lattice dynamics and phase transitions
process of BTFO ceramics were investigated by Raman scattering
spectroscopy with the pressure up to 27.4GPa in the present work. As
we know, Raman scattering spectra are nondestructive and attractive
probe techniques, which can provide some invaluable information on
lattice vibrations and structural variations. Based on the analysis of the
frequency, intensity, and full width at half maxima (FWHM), we
observed the evolution process of the BTFO structure with the pres-
sure. In order to verify the results of phase transition of BTFO
ceramics in the pressure-dependent Raman spectra, the in situ high-
pressure angle-dispersive x-ray diffraction (XRD) experiments are fur-
ther presented. The variation trend of cell parameters under different
pressures is well self-consistent with the frequency variation of phonon
mode of Raman spectra.

BTFO ceramics were prepared by traditional solid phase sinter-
ing. The sample preparation process can be referred to the literature.20

BTFO ceramics were crushed into powder with the typical size ranging
from a few micrometers to tens of micrometers. A small amount of
powder was loaded along with a few particles of ruby in a hole of
120lm diameter drilled in a preindented 70lm thick tungsten
gasket of a Mao-Bell-type diamond-anvil cell (DAC). The pressure-
transmitting medium was silicone oil. Raman scattering measurements
were carried out with the pressure of 0–27.4GPa at room temperature
using a Jobin-Yvon LabRAM HR Evolution micro-Raman
spectrometer.21–23 The He–Ne laser with the wavelength of 632.8 nm
is taken as the exciting source. The laser beam was focused through a
50� microscope with a working distance of 18mm. An air-cooled
charge-coupled device (CCD) was used to collect the scattered signal
dispersed on 1800 grooves/mm grating in the frequency range of
5–1000 cm�1. In situ high-pressure angle-dispersive XRD experiments
with a wavelength of 0.6199Å beam were carried out at beamline
BL15U1, Shanghai Synchrotron Radiation Facility (SSRF), China.
CeO2 was used as the standard sample to perform the calibration.
Then, XRD data were recorded using an imaging plate detector and
transformed into one-dimensional XRD patterns using the DIOPTAS
program. Fullprof with the WinPLOTR module was also used to cal-
culate the cell parameters of BTFO.

Figures 1(a) and 1(b) show the pressure-dependent Raman scat-
tering spectra of Bi5Ti3FeO15 ceramics with the pressure range of
0–27.4GPa at room temperature. The mapping of different intensities
for Raman peaks evolving with the pressure is presented in the back-
ground. The Raman scattering spectra of BTFO samples under atmo-
spheric pressure are confirmed to be single phase. The frequencies of
most phonon modes increase with the pressure. The applied pressure

causes the collective movement to slightly distorted octahedral oxygen.
However, the frequencies of phonon modes at 265.4 and 146.5 cm�1

remain constant. As we know, different phonon modes have different
sensitivity to the pressure. All phonon modes can specify the relative
origin. The phonon modes with the frequency under 200 cm�1 are
associated with the Bi atomic vibration. Phonon modes at the fre-
quency of 32.1, 52.5, and 65.6 cm�1 are derived from Bi atomic vibra-
tion in the Bi2O2 layer.24 The Raman phonon modes at 118.8 and
150.9 cm�1 are closely associated with the vibrations of Bi3þ at the
A-site of the perovskite-like slabs. The modes with the frequency
beyond 200 cm�1 are all related to the internal vibration of the oxygen
octahedron.25 For example, the phonon mode at 226.0 cm�1 is related
to the bending and vibration of the O–Ti/Fe–O bond in the oxygen
octahedron.25,26 Phonon modes at 265.4 and 864.0 cm�1 with A1g

character can distinguish the central atom Ti or Fe in the oxygen octa-
hedron.27,28 However, the frequency of the mode at 864.0 cm�1 shifted
significantly under the pressure, suggesting that the (Ti/Fe)O6 octahe-
dron has different effects on the torsional, bending, or stretching
behavior of the oxygen octahedron of different central atoms during
the structural phase transition.

As can be seen from Fig. 1, the frequency and the intensity of the
Raman peak in BTFO ceramics changed with the increasing pressure.
In the following discussion, we address the bands by referring to the
wavenumber at 0GPa. The phonon mode at 265.1 cm�1 presents the
highest intensity in the pressure range of 0–27.4GPa. First of all, the
significant changes in frequency in the peaks (the peaks marked by A,
B, C, and D) can be observed between 4.5 and 14.8GPa. Other obvious
aspects can be seen: (A) the mode at 32.1 cm�1 splits into two modes
with the increasing pressure. With the pressure further increasing, the
two modes annihilated around 4.5GPa; (B) in the pressure range of
0–14.8GPa, the phonon mode changes from 65.6 cm�1 to 72.5 cm�1

gradually; (C) when the pressure increases to 4.5GPa, the modes at
504.1 and 552.7 cm�1 are combined into the phonon mode
581.6 cm�1. In the pressure range of 4.5–14.8GPa, the phonon mode
moved from 581.6 to 603.2 cm�1. (D) Under the stress field of
0–14.8GPa, the phonon mode slowly moves to 892.7 cm�1 for a fre-
quency of 870.3 cm�1. To sum up, the lattice symmetry of BTFO
changes in the pressure range of 0–14.8GPa. It is known that any
static and/or dynamic changes in the structure should give rise to a

FIG. 1. Raman spectra and intensity mapping of Raman scattering for BTFO
from ambient up to 27.4 GPa at different frequencies: (a) 5–100 cm�1 and (b)
100–1000 cm�1.
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variation of the phonon behavior.29,30 Therefore, the analysis of the
mode position is expected to give insight into those changes. The fre-
quency changes of the typical phonon modes extracted from Raman
scattering spectra are shown in Fig. 2. In general, due to the volume
compression of the lattice, the frequency of the phonon mode shifts
toward higher frequencies as the pressure increases. In Fig. 2, we
observed that all phonon modes move to higher frequencies upon
increasing the pressure in the range of 0–27.4GPa. The phenomenon
is caused by the reduction in the distance between atoms. This feature
may be related to decreased crystallinity or increased disorder.31

Figure 2 shows the frequency change with the stress field. Note that
the slope of the curve changes around the pressure values of 4.5GPa
and 14.8GPa. There may be a phase transition in the pressure range of
4.5GPa–14.8GPa. It was reported that BTFO ceramics undergo a
phase transition when the temperature rises to the Curie temperature:
the ferroelectric orthorhombic phase becomes a paraelectric tetragonal
phase. We think that BTFO ceramics have such structural phase

transition behavior under high pressure. The value of DP/Dx is the
rate of change of frequency between 4.5 and 14.8GPa. Figures 2(a)–2
(d) show that the parameter is related to the bismuth oxide layer and
the calculated value of DP/Dx is less than 2. The vibration of the pho-
non modes in Figs. 2(e)–2(i) is related to the oxygen octahedron. DP/
Dx is greater than 2. The results indicate that the oxygen octahedron
in BTFO is more sensitive to pressure than the bismuth oxide layer. It
is worth mentioning that when the stress field is removed, the original
Raman spectra can be restored.

In order to verify the phase transition, the intensity and FWHM
of the phonon modes are summarized in Fig. 3. The phonon modes at
265.4, 337.5, and 566.6 cm�1 are designated as A1g character, and the
Raman mode at 870.3 cm�1 is designated as B1g character. The inten-
sity of the phonon module slowly decreases with the pressure. When
the pressure exceeds 4.5GPa, the phonon mode at 581.6 cm�1 disap-
pears. In Figs. 3(a)–3(g), the phonon modes are related to the oxygen
octahedron with the central atom of Ti, where the arrow marked
indicates the phonon mode with a sudden increase in intensity at
about 15.9GPa. In Fig. 3(h), the phonon mode is related to the oxygen
octahedron with the central atom Fe. When the pressure is about
13.5GPa, the intensity of the phonon mode is marked as the arrow
suddenly increases. With the pressure varying from 0 to 27.4GPa, the
FWHM of the phonon mode at 226.0, 265.4, 337.5, and 504.1 cm�1

varies by 5–8 cm�1. The change in the FWHM of the phonon modes
at 566.6, 714.6, and 870.3 cm�1 is about 25 cm�1. In Figs. 3(a0)–3(h0),
the arrow marks the location of the FWHM change. Due to the defor-
mation and volume shrinkage of the BTFO lattice from the stress field,
both the phonon mode frequency and the FWHM exhibit changes
around the pressure points of 4.5 and 14.8GPa. The results confirmed
the existence of structural transformation under high pressure.

We carried out the in situ angle-dispersive XRD experiments
under the stress field. Figure 4(a) shows the XRD pattern of BTFO
ceramics under different pressures of 0–34.0GPa. In the stress field,
the unit cell is compressed. As the grain size becomes smaller, the
x-ray dispersion effect becomes obvious, and the intensity of the dif-
fraction peak decreases. The shift of the phonon mode and the

FIG. 2. Pressure dependence of phonon modes: (a) 41.2 cm�1, (b) 61.1 cm�1, (c)
65.6 cm�1, (d), 148.6 cm�1, (e) 456.2 cm�1, (f) 504.1 cm�1, (g) 552.7 cm�1, (h)
714.6 cm�1, and (i) 864.0 cm�1 from 0 to 27.4 GPa. The dotted line indicates two
different pressure points of 4.5 GPa and 14.8 GPa, respectively.

FIG. 3. Intensity and full width at half maximum corresponding to different phonon modes: (a) and (a0) 226.0 cm�1, (b) and (b0) 265.4 cm�1, (c) and (c0) 337.5 cm�1, (d) and
(d0) 514.5 cm�1, (e) and (e0) 566.6 cm�1, (f) and (f0) 581.6 cm�1, (g) and (g0) 714.6 cm�1, and (h) and (h0) 870.3 cm�1. Note that the pressure range varies from 0 to
27.4 GPa, and the arrows show the point where the intensity and the FWHM of the phonon mode change.
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diffraction peak indicate the lattice volume compression. In the
absence of a stress field, the XRD diffraction peak is consistent with
standard card PDF No. 38–1257, proving that the BTFO sample is of
single phase. No other diffraction peaks except for that of the BTFO
can be detected. The crystal symmetry and unit cell parameters were
refined from experimental data Rietveld. The space group belongs to
I4/mmm. The cell parameters (in Å) are a¼ 5.4541(1), b¼ 5.3820(4),
and c¼ 40.1441(1). In addition, in order to study the influence of pres-
sure on the microstructure, it can be seen from Fig. 4(b) that the lattice
parameters a, b, and c decrease with the increasing pressure. Under
the stress field, the crystal cell will be compressed. The distance
between the crystal planes will decrease, and the diffraction peak will
move to a higher angle.32–35 When the pressure ranges from 0 to
34.0GPa, the unit cell volumes of BTFO were calculated to be 1178.4,
1166.1, 1154.6, 1128.8, 1109.0, 1098.9, and 1077.9 Å

3
. As the grain size

decreases under the pressure, the diffusion effect on x-ray becomes
obvious, which can result in the fact that the peak widens and the peak
strength weakens. As shown in Fig. 4(c), the angles of the XRD diffrac-
tion peaks at (200) and (020) become larger as the stress field increases
until the diffraction angles are equal. We reprocessed the x-ray experi-
mental data using software Fullprof with the WinPLOTR module. The
highly symmetric oxygen site was used as the reference coordinate.
The pressure factor of the Ti/Fe cation did not show stability during
the increase in the pressure, and its standard deviation was not signifi-
cantly lower than its value or variation value. Therefore, these parame-
ters are fixed. The pressure is 18.4GPa, and a satisfactory convergence
is achieved. Also, the spatial group I4/mmm is obtained. Combining
the XRD diffraction peaks and Raman spectra, the effects from the
pressure appear around 4.5GPa, indicating that the lattice structure of
the BTFO sample was the orthorhombic phase and began to distort. It
can be concluded that the phase transition occurs in the pressure range
of 14.8–18.4GPa: orthorhombic phase–tetragonal phase.

In conclusion, we mainly studied the structural phase transition
of BTFO ceramics based on pressure-dependent Raman spectroscopy.

It was found that the frequencies, intensities, and FWHM of some typ-
ical phonon modes changed regularly under the pressure of
4.5–14.8GPa and the phase transition occurs: orthorhombic phase–
tetragonal phase. To further prove the symmetrical change path, a
synchrotron XRD experiment was carried out. When the lattice is
compressed under applied pressure, the lattice constant and vol-
ume fraction decrease. When the pressure reaches 18.4 GPa, the
structure of BTFO transforms from orthorhombic A21am into
tetragonal I4/mmm, and the cell parameters are equal. Finally, the
phase transition path of BTFO ceramics under high pressure can
be readily determined.
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