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High-pressure Raman studies of polycrystalline BaTiO3
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We report Raman-scattering studies of polycrystalline BaTiO3 under pressure up to 8.6 GPa. Our data show
evidence for two structural phase transformations, one at around 2 GPa which corresponds to the previously
reported tetragonal to cubic phase transition and a new one near 5 GPa. The persistence of strong Raman lines
well beyond the tetragonal to cubic phase transition suggests the presence of significant disorder in the
high-pressure cubic phase. In the case of polycrystalline samples, the disorder may arise not only from
off-center positions of Ti atoms as was proposed earlier for single crystals but also due to grain boundaries and
intergrain stresses. Raman spectra of other known phases of BaTiO3 are also compared for possible contribu-
tions to the breakdown of Raman selection rules at high pressure.@S0163-1829~98!07645-0#
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I. INTRODUCTION

Single crystalline BaTiO3 is a well studied ferroelectric
perovskite. It is known to undergo several phase transiti
at ambient pressure as a function of temperature. Star
from low temperature, at;193 K, BaTiO3 transforms
from a rhombohedral to an orthorhombic structure, which
turn changes to a tetragonal phase at;280 K, and finally to
a cubic phase at;395 K.1 A recently published pressure
temperature phase diagram2 determined from dielectric con
stant measurements, confirms these phase changes in
grown single crystals of BaTiO3 . The ambient tetragona
phase is ferroelectric and the high-temperature cubic pha
paraelectric. The transition between the ferroelectric and
paraelectric phase has been studied as a function of tem
ture using both Raman and infrared spectrosco
measurements.3–5 The transition temperature has been sho
to decrease when pressure is applied and the tetragon
cubic transition occurs at;2 GPa at room temperature.6 In
the paraelectric cubic phase which exists for temperatu
above 120 °C or pressures higher than 2 GPa, no Ra
activity is expected since all atoms are located at sites w
inversion symmetry. However, the presence of a Ram
spectrum in the paraelectric phase has been reported at
temperatures up to 300 °C,7–9 and high pressures up to 3.
GPa~Refs. 10,11! in single crystals of BaTiO3 . This result
has been explained as due to the disorder in the positio
the Ti atoms which breaks the Raman selection rules.

Recently, there is renewed interest in ferroelectric t
films for possible application as room-temperature pyroe
tric infrared detectors and also in electronic and photo
devices.12–14 Polycrystalline films of ferroelectric barium
strontium titanate~BST! grown by metallo-organic decom
position are being investigated for night visio
applications.13,14 Vibrational spectroscopy such as infrare
and Raman measurements are well suited for investiga
PRB 580163-1829/98/58~21!/14256~5!/$15.00
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the relationship between ferroelectricity and lattice dyna
ics. The pressure behavior of the Raman spectrum of p
crystalline BaTiO3 can provide a knowledge base for th
interpretation of the spectra of polycrystalline BaTiO3 and
BST films which have built-in strain due to growth on lattic
mismatched substrates such as platinum.15 In this paper, we
report a Raman study of polycrystalline BaTiO3 powder as a
function of pressure and temperature. Our studies show
under the application of hydrostatic pressure, strong Ram
modes persist up to 8.6 GPa, well beyond the ferroelectri
paraelectric phase transition. There is also evidence from
Raman data for two structural changes under pressur
polycrystalline BaTiO3 , one around 2 GPa and another ne
5 GPa.

II. EXPERIMENTAL DETAILS

High-pressure Raman experiments at room tempera
were carried out on a small piece (;100 mm3100 mm
3100 mm) of polycrystalline BaTiO3 powder pressed be
tween two diamond anvils. A gasketted Merrill-Bassett-ty
diamond-anvil cell was used in the back-scattering geome
4:1 methanol-ethanol mixture served as the hydrostatic p
sure medium and the pressure was calibrated using the
dard ruby fluorescence method. Pressure measurement
the ruby R-line shift is accurate to 3% or better and th
alcohol mixture is known to be hydrostatic in the range
our pressure study at room temperature.16 Raman measure
ments at low temperatures were done using a closed c
helium refrigerator~Janis Model CCS 150! and the tempera-
ture during Raman measurements was controlled to wi
62°. Raman spectra were excited with less than 20 mW
488.0 nm radiation from an argon ion laser focused to a s
size of;50 mm diameter. Scattered light was dispersed b
14 256 ©1998 The American Physical Society
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double grating monochromator~Jobin Yvon Model HG2S!
and detected by a cooled photomultiplier~Hamamatsu R943
02! and photon counting electronics. Entrance and exit
widths were 300mm which correspond to a spectral resol
tion better than 4 cm21. Data were obtained from two run
consisting of both the upward and downward cycles of pr
sure. Since there were no qualitative or quantitative diff
ences between data from the two runs and also between
up and down pressure cycles, results are presented wit
any distinction. Generally, in high-pressure studies, it is
possible to obtain polarized spectra because~a! it is difficult
to determine the orientation of the small piece of sample
is loaded into the pressure cell, and~b! of the depolarization
of light in traversing the diamond windows. Thus, all spec
reported in this study on polycrystalline BaTiO3 are unpolar-
ized.

III. RESULTS AND DISCUSSION

Both in the paraelectric and ferroelectric phase, BaT3
has one molecule~5 atoms! per unit cell. Therefore, there ar
twelve (33523) long wavelength optical modes. Th
paraelectric phase which exists above 400 K, has cubicOh

1

or Pm3m) symmetry. The optical modes in this phase tra
form according to triply degenerate irreducible represen
tions 3F1u1F2u of the Oh point group. TheF2u mode is
silent and theF1u modes are only infrared active and so the
is no Raman activity in the paraelectric phase with perf
cubic symmetry. In the ferroelectric phase with tetrago
(C4v

1 or P4mm) symmetry, each of theF1u modes splits into
a doubly degenerateE mode and a nondegenerateA1 mode,
and theF2u mode splits intoE and B1 modes. Thus,GC4v

optic

53(A11E)1E1B1 . All the A1 andE modes are both Ra
man and infrared active and theB1 mode is only Raman
active. The presence of long-range electrostatic forces fur
splits each of theA1 andE modes into transverse and long
tudinal optical~TO and LO! modes. The assignments, bo
symmetry and nature~first or second order!, of the observed
Raman and infrared frequencies have remained some
controversial in the early work.5,17 However, detailed
Raman18–21 and infrared5 studies on single crystalline
BaTiO3 have discussed the assignments of the differ
mode frequencies. A compilation of the optical phonon f
quencies and their symmetry in tetragonal BaTiO3 are given
in Table I.

Figure 1 shows the room temperature Raman spectr
BaTiO3 polycrystalline powder for several pressures b
tween atmospheric pressure and 3.5 GPa. The dominant
tures in the 1 bar spectrum~bottom trace in Fig. 1!, taken
outside the diamond cell, are a broad peak centered
265 cm21 @A1(TO)#, a sharp peak at 315 cm21

@B1 , E(TO1LO)#, an asymmetric and broad peak ne
520 cm21 @A1 , E(TO)#, and a broad, weak peak a
around 720 cm21 @A1 , E(LO)#, where the phonon assign
ment is given inside square brackets. The observed Ra
peaks have been assigned to more than one phonon m
since the frequencies of a fewA1 andE modes are very close
~see Table I! and also the different orientations of the cry
tallites in a polycrystalline sample does not permit polari
tion selection between theA1 and E modes. The ob-
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served spectrum at 1 bar agrees well with the powder Ra
spectrum reported by Burns and Scott21 and also with those
reported for ceramic and polycrystalline films grown b
metal-organic chemical vapor deposition.22 It compares well
with the single crystal data10,11 except for a dip23 near
186 cm21 which has been understood as an interference
to the anharmonic coupling between the threeA1(TO)
phonons. As the applied pressure is increased, theA1(TO)

TABLE I. Optical phonon frequencies (v) and their mode sym-
metry assignments in tetragonal BaTiO3.

v (cm21) Symmetry Reference

36 E(TO) 20
170 A1(TO) 18,21
180 E(TO), E(LO) 20
185 A1(LO) 18,21
270 A1(TO) 18,21
305 E(TO1LO) 20
305 B1 20
463 E(LO) 20
475 A1(LO) 18,21
486 E(TO) 20
518 E(TO) 20
520 A1(TO) 18,21
715 E(LO) 20
720 A1(LO) 18,21

FIG. 1. Unpolarized Raman spectra of polycrystalline BaTi3

for several pressures between atmospheric pressure and 3.5
recorded at room temperature. Notice the gradual weakening
disappearance of the sharp peak at 305 cm21 and the line shape
changes in the region between 500–600 cm21.
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phonon peak at 265 cm21 shifts to lower frequency up to
2.5 GPa, beyond which it shifts to higher frequency. T
sharp peak at 310 cm21 remains at the same frequency p
sition but gradually weakens and disappears above 3.5 G
In the 500–600 cm21 region, there is a significant change
the line shape. TheA1 , E(TO) peak shows a second pea
on the high-frequency asymmetric tail for pressures abov
GPa which becomes more distinct as a separate peak
tween 2.5 and 3.5 GPa. At 3.5 GPa, two Raman peak
almost equal intensity are clearly discernable. The LO p
non at 720 cm21 becomes progressively weak and bro
under pressure and exhibits no significant pressure shift i
frequency position. A weak peak seen near 883 cm21 in all
high-pressure spectra is from the pressure medium. Its
quency position and pressure shift (4.3 cm21/GPa) corre-
spond to theC-C stretching mode of ethanol.24

Figure 2 shows the Raman spectra observed at press
higher than those shown in Fig. 1. The spectrum at 3.5 G
is repeated in Fig. 2 for continuity. It is interesting to no
that strong Raman spectra persist all the way up to 8.6 G
well beyond the transition to the paraelectric phase. In p
vious high-pressure studies on single crystalline BaTiO3 ,10,11

the Raman modes of the tetragonal phase were foun
weaken near 1.9 GPa, and only a weak spectrum with br
features has been observed in the paraelectric phase bet
2 and 3.5 GPa. This suggests that the disorder is more
nounced in the polycrystalline material. Significant chang
in the Raman spectra seen above 3.5 GPa are~a! increase in
the intensity of the lowest energy phonon~near 250 cm21)

FIG. 2. Unpolarized Raman spectra of polycrystalline BaTi3

recorded at room temperature and elevated pressure betwee
and 8.6 GPa. Noticeable changes are apparent in the spectra
shape between 180–450 and 480–680 cm21 as the applied pres
sure increases.
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as pressure increases,~b! the development of a shoulder ne
400 cm21 which grows into a distinct peak with substanti
intensity above 6 GPa,~c! the line shape changes in th
region of 480–680 cm21: between 4 and 6 GPa, three pea
at 520, 560, and 620 cm21 can be seen, the lowest fre
quency peak which was dominant below 3 GPa, disappe
above 6 GPa, and~d! the apparent sharpening of the Ram
peak near 720 cm21. We believe that the splitting and dis
appearance of Raman peaks resulting in the observed
shape changes are indicative of some structural reorde
taking place near 5 GPa.

The frequency positions of all the observed Raman pe
are plotted as a function of pressure in Fig. 3. The error
determining the frequency position is not more than the s
of the symbols in this plot. The frequency of theA1(TO)
phonon decreases at a rate of;20.8 cm21/GPa in the pres-
sure range of 0–2 GPa, increases by;6.6 cm21/GPa be-
tween 2.5–5.2 GPa, and then increases at a rate
13.8 cm21/GPa between 5.5 and 8.6 GPa. The sh
B1 , E(TO1LO) mode ~at 315 cm21 at 1 bar!, and the
A1 , E(TO) mode~at 520 cm21) do not show any signifi-
cant pressure-induced frequency shift. TheA1 , E(LO)
mode frequency (720 cm21) is more or less pressure inse
sitive in the 0–2 and 5–9 GPa ranges and shows a shif
about 4.5 cm21/GPa between 2 and 5 GPa. The softening
the A1(TO) phonon, the gradual weakening and disappe
ance of the sharp peak at 315 cm21, the decrease in the
intensity of the 520 and 720 cm21 peaks, and their negli-
gible pressure shifts are consistent with the characteris

3.5
ine

FIG. 3. Frequency of the Raman peaks observed in polycrys
line BaTiO3 plotted as a function of pressure. Splitting or disa
pearance of modes and discontinuities in the slopes indicate s
tural reordering in the sample.
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reported for the ferroelectric to paraelectric phase transi
in single crystals of BaTiO3 .10 The line shape changes ob
served near 350–600 cm21 between 3.5 and 9 GPa~see Fig.
2! correspond well with discontinuities in the slopes of t
phonon frequency shifts shown in Fig. 3. Although the f
quency positions plotted in Fig. 3 are as read from the sp
tra, we have verified their values by fitting a sum of seve
Lorentzians and a baseline to the normalized Raman spe
at four representative pressures, viz., 1 bar, 3.5 GPa, 5 G
and 8.6 GPa. The best fit curves contain five, six, seven,
six Lorentzians, respectively, i.e., the number of fitted Lore
zians is one more than the number of peaks plotted in Fi
at these pressures. This is because a broad peak with
intensity was needed around 600 cm21 in all the spectra to
arrive at the best fit. The qualitative trends described ea
in regard to Figs. 1–3, were confirmed from the fitting p
rameters~peak position, width, and amplitude!.

Thus, from the high-pressure Raman measurements
polycrystalline BaTiO3 presented in Figs. 1–3, we infer th
there are two structural rearrangements, one between 2
2.7 GPa which corresponds to the well-studied ferroelec
to paraelectric transition and a second one near 5 GPa w
has not been reported for BaTiO3 . The presence of Rama
modes of high intensity in the paraelectric phase implies
this phase does not have perfect cubic symmetry but
some disorder which breaks the symmetry and permits
man activity. This disordered cubic phase exists betwee
and 5 GPa, and undergoes another structural reorde
around 5 GPa, evidenced by the lineshape changes obs
in the Raman data.

Unlike x-ray diffraction, Raman spectroscopy does n
provide a direct structural determination; but it is more s
sitive to instantaneous changes in atomic positions. In
case of single crystalline BaTiO3 , disorder in the paraelec
tric cubic phase has been noted in diffuse x-ray scatte
studies25 and also in Raman studies at high temperature7–9

and high pressure up to 3.5 GPa.11 Based on the order
disorder model for the ferroelectric to paraelectric transiti
the disorder in the paraelectric phase is associated with
position of the Ti atoms. Instead of occupying the body c
ter positions as in a perfect cubic perovskite structure, the
atoms are, on the average, thought to be displaced along
cube diagonals25 causing the disorder. In polycrystalline m
terial there are additional mechanisms such as grain bo
aries and intergrain stresses that could break Raman sele
rules. Futhermore, at elevated pressures, it is possible to
duce distortions in the cubic phase to other known phase
BaTiO3 . High-pressure x-ray studies on polycrystallin
BaTiO3 will be needed to determine the disorder in the cu
phase as well as the structure of the phase above 5 GP
the absence of such a study, it is worth looking at the Ram
spectra of other known phases of BaTiO3 . Hexagonal~h!
BaTiO3 is a known polymorphic form and its Raman spe
trum has been studied under pressure by Akishigeet al.26

The frequencies of all the phonons in theh phase are lower
than 220 cm21 at atmospheric pressure and they shift
higher frequencies at a rate ranging from 2
4 cm21/GPa.26 Two of the Raman modes at 175 an
220 cm21 may contribute to the Raman spectrum observ
in polycrystalline BaTiO3 above 4 GPa~see Fig. 2!. The
other well known low-temperature phases are orthorhom
n
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~o! and rhombohedral~r! as mentioned in the Introduction
The Raman spectra of polycrystalline BaTiO3 recorded at
various temperatures are shown in Fig. 4. Since theo phase
exists between 290 and 193 K, the spectrum at 240 K co
sponds to this phase. This spectrum is very similar to tha
the tetragonal phase but with much weaker intensity. A we
peak around 600 cm21 is a notable change. Ther-phase
spectrum at 100 K, regains intensity and exhibits splitti
and sharpening of Raman modes. Although the applica
of high pressure and low temperature decreases the la
constant, pressure effects are solely due to volume cha
whereas phonon population changes also contribute to t
perature effects. Therefore, a direct comparison of low te
perature data with those at elevated pressure is not stra
forward. Finally, we note that the observed changes in
Raman spectra at elevated pressures need not be due to
tributions fromr , o, or h phases but may be due to stru
tural distortions caused by the movement of the atoms fr
regular lattice sites to interstitial positions by the applicati
of pressure.

In summary, a high-pressure Raman study of polycrys
line BaTiO3 reveals strong Raman modes up to 8.6 GPa w
beyond the tetragonal to cubic phase transition. Since
Raman activity is expected in the cubic phase which ex
above 2 GPa, the observation of the Raman spectrum at
pressures is attributed to the presence of disorder. The d
der is more pronounced in polycrystalline BaTiO3 than pre-
viously reported in single crystals, most likely due to t
presence of grain boundaries and intergrain stresses o
creased disorder in atomic positions under pressure. The
no pressure-induced amorphization since the observed
man spectra are as sharp as that at 1 bar. The evolution o
Raman spectrum under pressure indicates that there a

FIG. 4. Temperature dependence of the Raman spectra of p
crystalline BaTiO3 . Spectra at 100, 240, and 294 K correspond
rhombohedral, orthorhombic, and tetragonal phases, respective
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least two structural phase changes. The first one, occur
near 2 GPa, corresponds to the transition from a ferroelec
tetragonal to a paraelectric disordered cubic phase. The
ond transition occurs near 5 GPa. Further x-ray studie
elevated pressures are needed to determine the structu
the high-pressure phase.
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