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High-pressure Raman studies of polycrystalline BaTiQ
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We report Raman-scattering studies of polycrystalline BaTider 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 Baii@é@lso compared for possible contribu-
tions to the breakdown of Raman selection rules at high presss0&63-1828)07645-(

[. INTRODUCTION the relationship between ferroelectricity and lattice dynam-
ics. The pressure behavior of the Raman spectrum of poly-
Single crystalline BaTi@ is a well studied ferroelectric crystalline BaTiQ can provide a knowledge base for the
perovskite. It is known to undergo several phase transitiongterpretation of the spectra of polycrystalline Bagi@nd
at ambient pressure as a function of temperature. StartingST films which have built-in strain due to growth on lattice
from low temperature, at~193 K, BaTiG transforms mismatched substrates such as platiftim this paper, we
from a rhombohedral to an orthorhombic structure, which inreport a Raman Study of polycrystalline Ba‘gimwder as a
turn changes to a tetragonal phase-@80 K, and finally to  function of pressure and temperature. Our studies show that
a cubic phase at-395 K! A recently published pressure- under the application of hydrostatic pressure, strong Raman
temperature phase diagraufetermined from dielectric con- modes persist up to 8.6 GPa, well beyond the ferroelectric to
stant measurements, confirms these phase changes in Mefiyaelectric phase transition. There is also evidence from our
grown single crystals of BaTip) The ambient tetragonal Raman data for two structural changes under pressure in

phase is ferroelectric and the high-temperature cubic phase %, v stalline BaTiQ, one around 2 GPa and another near
paraelectric. The transition between the ferroelectric and th GPa

paraelectric phase has been studied as a function of tempera-
ture using both Raman and infrared spectroscopic
measurement$.® The transition temperature has been shown
to decrease when pressure is applied and the tetragonal to
cubic transition occurs at2 GPa at room temperatufdn High-pressure Raman experiments at room temperature
the paraelectric cubic phase which exists for temperaturegere carried out on a small piece-(00 xmx 100 um
ab(_)v_e ;20°C or pressures higher than 2 GPa, no Ra”?aJ? 100 um) of polycrystalline BaTiQ powder pressed be-
activity is expected since all atoms are located at sites with .\ two diamond anvils. A gasketted Merrill-Bassett-type
Inversion symmetry. Howgver, the presence of a Ramal'?i'amond-anviI cell was used in the back-scattering geometry.
spectrum in the paraelectg% phase_ has been reported at hlgf: methanol-ethanol mixture served as the hydrostatic pres-
tgg;féilgrefoulpll(rl gi?]%le (’:r;lrslgll;'%? g;?rsiéur'?ﬁisu?etsouﬁ.s sure medium and the pressure was calibrated using the stan-
has been explained as due to the disorder in the position 6frd ruby flluoresc.en(.:e method. Pressure measurement with
the ruby R-line shift is accurate to 3% or better and the

the Ti atoms which breaks the Raman selection rules. ) X o
Recently, there is renewed interest in ferroelectric thin®/Conol mixture is known to be hydrostatic in the range of

films for possible application as room-temperature pyroelecOUr Pressure study at room temperattfr&aman measure-
tric infrared detectors and also in electronic and photonidn€nts at low temperatures were done using a closed cycle
devicest?~** Polycrystalline films of ferroelectric barium helium refrigeratoJanis Model CCS 150and the tempera-

strontium titanatgBST) grown by metallo-organic decom- ture during Raman measurements was controlled to within
positon are being investigated for night vision =2°. Raman spectra were excited with less than 20 mW of

applications:>** Vibrational spectroscopy such as infrared 488.0 nm radiation from an argon ion laser focused to a spot
and Raman measurements are well suited for investigatingize of ~50 um diameter. Scattered light was dispersed by a

IIl. EXPERIMENTAL DETAILS
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TABLE I. Optical phonon frequenciesds) and their mode sym-
and detected by a cooled photomultipligtamamatsu R943- metry assignments in tetragonal BaTiO

02) and photon counting electronics. Entrance and exit slit
widths were 30Qum which correspond to a spectral resolu-

tion better than 4 cm!. Data were obtained from two runs
consisting of both the upward and downward cycles of pres-
sure. Since there were no qualitative or quantitative differ-
ences between data from the two runs and also between the
up and down pressure cycles, results are presented without
any distinction. Generally, in high-pressure studies, it is not
possible to obtain polarized spectra becai@set is difficult

to determine the orientation of the small piece of sample that
is loaded into the pressure cell, aflil of the depolarization

of light in traversing the diamond windows. Thus, all spectra
reported in this study on polycrystalline BaTi@re unpolar-
ized.

Ill. RESULTS AND DISCUSSION

o (cm™1) Symmetry Reference
36 E(TO) 20
170 A(TO) 18,21
180 E(TO), E(LO) 20
185 A,(LO) 18,21
270 A(TO) 18,21
305 E(TO+LO) 20
305 B, 20
463 E(LO) 20
475 A,(LO) 18,21
486 E(TO) 20
518 E(TO) 20
520 A(TO) 18,21
715 E(LO) 20
720 A;(LO) 18,21

Both in the paraelectric and ferroelectric phase, BaTiO
has one moleculé& atoms per unit cell. Therefore, there are

twelve (3X5—3) long wavelength optical modes. The served spectrum at 1 bar agrees well with the powder Raman
paraelectric phase which exists above 400 K, has cubi!p ( spectrum reported by Burns and Séband also with those

or Pm3m) symmetry. The optical modes in this phase trans+eported for ceramic and polycrystalline films grown by
form according to triply degenerate irreducible representametal-organic chemical vapor depositigit compares well
tions 3F;,+F,, of the O, point group. TheF,, mode is With the single crystal dat&'! except for a dif’ near
silent and thé=,,, modes are only infrared active and so there186 cm * which has been understood as an interference due
is no Raman activity in the paraelectric phase with perfecto the anharmonic coupling between the thrag(TO)
cubic symmetry. In the ferroelectric phase with tetragonalhonons. As the applied pressure is increased A{d O)

(C};v or PAmm) symmetry, each of thE,, modes splits into
a doubly degeneraté mode and a nondegeneratg mode,
and theF,, mode splits intoE and B, modes. Thusl“"c‘j:v'c

=3(A;+E)+E+B;. All the A; andE modes are both Ra-
man and infrared active and tH#, mode is only Raman
active. The presence of long-range electrostatic forces further
splits each of thé\; andE modes into transverse and longi-
tudinal optical(TO and LO modes. The assignments, both
symmetry and naturéirst or second order of the observed
Raman and infrared frequencies have remained somewhat
controversial in the early work!’ However, detailed
Raman®2?! and infrared studies on single crystalline
BaTiO; have discussed the assignments of the different
mode frequencies. A compilation of the optical phonon fre-
guencies and their symmetry in tetragonal Bag&De given

in Table I.

Figure 1 shows the room temperature Raman spectra of
BaTiO; polycrystalline powder for several pressures be-
tween atmospheric pressure and 3.5 GPa. The dominant fea-
tures in the 1 bar spectrufibottom trace in Fig. §i taken
outside the diamond cell, are a broad peak centered near
265 cm! [A(TO)], a sharp peak at 315 cm
[B1, E(TO+LO)], an asymmetric and broad peak near
520 cm ! [A;, E(TO)], and a broad, weak peak at
around 720 cm! [A;, E(LO)], where the phonon assign-
ment is given inside square brackets. The observed Raman

Raman Intensity (arb. units)

T — T 1 r . T v
BaTiO,
V\/\sie‘i

.5 GPa
2.1 GPa
NH“M"Q”**#“”MA 1.0 GPa
\'\/\\“f\s&‘

3.2 GPa

2

" . | L 1 ORI | L L n L | L s s
200 400 600
Raman Shift (cm™)

800

1000

peaks have been assigned to more than one phonon modefg, 1. Unpolarized Raman spectra of polycrystalline BaTiO
since the frequencies of a fedy andE modes are very close for several pressures between atmospheric pressure and 3.5 GPa
(see Table)land also the different orientations of the crys- recorded at room temperature. Notice the gradual weakening and
tallites in a polycrystalline sample does not permit polariza-disappearance of the sharp peak at 305 trmand the line shape

tion selection between thé\; and E modes. The ob- changes in the region between 500-600 ém
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FIG. 2. Unpolarized Raman spectra of polycrystalline BaTiO
recorded at room temperature and elevated pressure between 3.5FIG. 3. Frequency of the Raman peaks observed in polycrystal-
and 8.6 GPa. Noticeable changes are apparent in the spectral litiee BaTiO; plotted as a function of pressure. Splitting or disap-
shape between 180-450 and 480680 tras the applied pres- pearance of modes and discontinuities in the slopes indicate struc-
sure increases. tural reordering in the sample.

phonon peak at 265 cnt shifts to lower frequency up to as pressure increaséb) the development of a shoulder near
2.5 GPa, beyond which it shifts to higher frequency. The400 cni * which grows into a distinct peak with substantial
sharp peak at 310 cnt remains at the same frequency po- intensity above 6 GPac) the line shape changes in the
sition but gradually weakens and disappears above 3.5 GPeggion of 480-680 cm': between 4 and 6 GPa, three peaks
In the 500—600 cm’ region, there is a significant change in at 520, 560, and 620 ci can be seen, the lowest fre-
the line shape. ThA,;, E(TO) peak shows a second peak quency peak which was dominant below 3 GPa, disappears
on the high-frequency asymmetric tail for pressures above @bove 6 GPa, an) the apparent sharpening of the Raman
GPa which becomes more distinct as a separate peak beeak near 720 cm'. We believe that the splitting and dis-
tween 2.5 and 3.5 GPa. At 3.5 GPa, two Raman peaks dgippearance of Raman peaks resulting in the observed line
almost equal intensity are clearly discernable. The LO phoshape changes are indicative of some structural reordering
non at 720 cm?! becomes progressively weak and broadtaking place near 5 GPa.
under pressure and exhibits no significant pressure shift in its The frequency positions of all the observed Raman peaks
frequency position. A weak peak seen near 883 tin all are plotted as a function of pressure in Fig. 3. The error in
high-pressure spectra is from the pressure medium. Its fredetermining the frequency position is not more than the size
quency position and pressure shift (4.3 ciGPa) corre- Of the symbols in this plot. The frequency of tig(TO)
spond to theC-C stretching mode of ethanét. phonon decreases at a rate-020.8 c¢cm */GPa in the pres-
Figure 2 shows the Raman spectra observed at pressurddre range of 0—2 GPa, increases b$.6 cm ‘/GPa be-
higher than those shown in Fig. 1. The spectrum at 3.5 GPawveen 2.5-5.2 GPa, and then increases at a rate of
is repeated in Fig. 2 for continuity. It is interesting to note 13.8 cnTY/GPa between 5.5 and 8.6 GPa. The sharp
that strong Raman spectra persist all the way up to 8.6 GP&;, E(TO+LO) mode (at 315 cm* at 1 bay, and the
well beyond the transition to the paraelectric phase. In preA;, E(TO) mode(at 520 cm*) do not show any signifi-
vious high-pressure studies on single crystalline BaTi®*! cant pressure-induced frequency shift. Thg, E(LO)
the Raman modes of the tetragonal phase were found tmode frequency (720 cnt) is more or less pressure insen-
weaken near 1.9 GPa, and only a weak spectrum with broagitive in the 0-2 and 5-9 GPa ranges and shows a shift of
features has been observed in the paraelectric phase betweayput 4.5 cm'/GPa between 2 and 5 GPa. The softening of
2 and 3.5 GPa. This suggests that the disorder is more préhe A;(TO) phonon, the gradual weakening and disappear-
nounced in the polycrystalline material. Significant changesance of the sharp peak at 315 ch the decrease in the
in the Raman spectra seen above 3.5 GPdaimcrease in  intensity of the 520 and 720 cm peaks, and their negli-
the intensity of the lowest energy phon@mear 250 cm?) gible pressure shifts are consistent with the characteristics
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reported for the ferroelectric to paraelectric phase transition T
in single crystals of BaTig.'° The line shape changes ob-
served near 350-600 crhbetween 3.5 and 9 GRaee Fig.
2) correspond well with discontinuities in the slopes of the
phonon frequency shifts shown in Fig. 3. Although the fre-
guency positions plotted in Fig. 3 are as read from the spec-
tra, we have verified their values by fitting a sum of several
Lorentzians and a baseline to the normalized Raman spectra
at four representative pressures, viz., 1 bar, 3.5 GPa, 5 GPa,
and 8.6 GPa. The best fit curves contain five, six, seven, and
six Lorentzians, respectively, i.e., the number of fitted Loren-
zians is one more than the number of peaks plotted in Fig. 3
at these pressures. This is because a broad peak with low
intensity was needed around 600 chin all the spectra to
arrive at the best fit. The qualitative trends described earlier
in regard to Figs. 1-3, were confirmed from the fitting pa-
rametergpeak position, width, and amplitude

Thus, from the high-pressure Raman measurements on
polycrystalline BaTiQ presented in Figs. 1-3, we infer that
there are two structural rearrangements, one between 2 and
2.7 GPa which corresponds to the well-studied ferroelectric
to paraelectric transition and a second one near 5 GPa which
has not been reported for BalJOThe presence of Raman
modes of high intensity in the paraelectric phase implies that
this phase does not have perfect cubic symmetry but has
some disorder which breaks the symmetry and permits Ra- F|G. 4. Temperature dependence of the Raman spectra of poly-
man activity. This disordered cubic phase exists between grystalline BaTiQ. Spectra at 100, 240, and 294 K correspond to
and 5 GPa, and undergoes another structural reorderinombohedral, orthorhombic, and tetragonal phases, respectively.

around 5 GPa, evidenced by the lineshape changes observed . . ,
in the Raman data. (0) and rhombohedralr) as mentioned in the Introduction.

Unlike x-ray diffraction, Raman spectroscopy does not! "€ Raman spectra of polycrystalline Bati@corded at

provide a direct structural determination: but it is more senYarious temperatures are shown in Fig. 4. Sincediphase

sitive to instantaneous changes in atomic positions. In thEXISts between 290 and 193 K, the spectrum at 240 K corre-

: . S ; _ sponds to this phase. This spectrum is very similar to that of
fr?csil?gi?;%';gf;i"&if?;ﬁ dd'is;] O:jc:fi[js"; t)?—?a?/agizlt’ta:rinthe tetragonal phase but with much weaker intensity. A weak
studie$® and also in Raman studies at high temperdire Peak around 600 cnt is a notable change. Thephase

; spectrum at 100 K, regains intensity and exhibits splitting
and high pressure up to 3.5 GPaBased on the order- /g sharpening of Raman modes. Although the application

disorder model for the ferroelectric to paraelectric transition ¢ high pressure and low temperature decreases the lattice
the disorder in the paraelectric phase is associated with thgynstant, pressure effects are solely due to volume changes
position of the Ti atoms. Instead of occupying the body cenyhereas phonon population changes also contribute to tem-
ter positions as in a perfect cubic perovskite structure, the Therature effects. Therefore, a direct comparison of low tem-
atoms are, on the average, thought to be displaced along thrrature data with those at elevated pressure is not straight-
cube diagonaf§ causing the disorder. In polycrystalline ma- forward. Finally, we note that the observed changes in the
terial there are additional mechanisms such as grain boundRaman spectra at elevated pressures need not be due to con-
aries and intergrain stresses that could break Raman selectigibutions fromr, o, or h phases but may be due to struc-
rules. Futhermore, at elevated pressures, it is possible to prasral distortions caused by the movement of the atoms from
duce distortions in the cubic phase to other known phases @égular lattice sites to interstitial positions by the application
BaTiO;. High-pressure x-ray studies on polycrystalline of pressure.

BaTiO; will be needed to determine the disorder in the cubic  In summary, a high-pressure Raman study of polycrystal-
phase as well as the structure of the phase above 5 GPa. line BaTiO; reveals strong Raman modes up to 8.6 GPa well
the absence of such a study, it is worth looking at the Ramabeyond the tetragonal to cubic phase transition. Since no
spectra of other known phases of BafiCHexagonal(h) Raman activity is expected in the cubic phase which exists
BaTiO; is a known polymorphic form and its Raman spec-above 2 GPa, the observation of the Raman spectrum at high
trum has been studied under pressure by Akiskigal® pressures is attributed to the presence of disorder. The disor-
The frequencies of all the phonons in thehase are lower der is more pronounced in polycrystalline BaTitan pre-

than 220 cm?® at atmospheric pressure and they shift toviously reported in single crystals, most likely due to the
higher frequencies at a rate ranging from 2 topresence of grain boundaries and intergrain stresses or in-
4 cm l/GPa?® Two of the Raman modes at 175 and creased disorder in atomic positions under pressure. There is
220 cmi! may contribute to the Raman spectrum observecho pressure-induced amorphization since the observed Ra-
in polycrystalline BaTiQ above 4 GPasee Fig. 2 The  man spectra are as sharp as that at 1 bar. The evolution of the
other well known low-temperature phases are orthorhombi®Raman spectrum under pressure indicates that there are at
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Raman Intensity (arb. units)

100K

N S S H U SN S NS E TS
200 400 600 800 1000

Raman Shift (cm™)




14 260 UMA D. VENKATESWARAN, VAMAN M. NAIK, AND RATNA NAIK PRB 58
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