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ARTICLE INFO ABSTRACT

The temperature dependencies of position, width, and integral amplitude the E(TO) line near 307 cm ™! in

Raman spectra in barium titanate powders with different non-hydrostatic pressure and temperature treatment
were studied. It was found that parameters of the E(TO) line near 307 cm ' are different in the crystal, the
untreated powder, the powder treated by the non-hydrostatic pressure, and the powder annealed after the
pressure treatment. The line width (FWHM) increase with temperature according to Klemens model. It indicates
that the origin of the line broadening is the anharmonicity of the E(TO) phonons. The pressure treatment
changes the anharmonicity of the phonon potential. It was found that the temperature dependence of the in-
tegral intensity of the E(TO) line is similar to that of the second optical harmonic signal and reflects the presence
of the local polar regions. Thus, the E(TO) line in the Raman spectrum allows one to characterize the average
polarity of local regions and their anharmonicity depending on non-hydrostatic pressures and thermal treatment.
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1. Introduction

Non-hydrostatic pressure treatment and annealing of ferroelectric
powders play a crucial role in the manufacture of electrical devices
(such as capacitors, sensors, e. a.) [1]. It is well known that pressure
treatment and temperature annealing not only determine the hardness
and density of the resulting composite but also significantly affect its
physical properties [2-5].

The effects of hydrostatic and non-hydrostatic mechanical stresses
on the properties of ferroelectric powders (barium titanate (BaTiO3), for
example) are different. In the case of hydrostatic pressure, the tem-
perature of the phase transition from tetragonal to cubic phase (further,
ferroelectric phase transition) decreases [2-4]. Non-hydrostatic pres-
sure treatment of the BaTiO; powders leads to an increase in tem-
perature and width of the ferroelectric phase transition [6-10].

It was reported [6-9] that non-hydrostatic pressure treatment cre-
ates local residual mechanical stresses and corresponding electric fields
in BaTiO3; powders. The local residual mechanical stresses are assumed
to be reasons for the increase of the temperature and the width of the
ferroelectric phase transition that can be interpreted as the emergence
of the relaxor properties in so treated samples. On the other hand, a lack
of the inverse symmetry in the local polar regions can be characterized
by the signal of the second optical harmonic (SHG signal) [11]. This
method exploits the feature of the most perovskites that the SHG signal
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is proportional to the square of the dipole moment (spontaneous po-
larization) [12]. In line with this, notable SHG signal in the pressed
powder of barium titanate, which is notable at temperatures above the
barium titanate phase transition temperature, reflects the local polar
regions induced by the residual mechanical stresses after non-hydro-
static pressure treatment [8]. The magnitude of residual mechanical
stresses decreases after temperature annealing [6,8].

Until now, the information about properties of the local polar re-
gions is based on interpretations of some experiments, since well-es-
tablished structural techniques cannot study these local nanometer re-
gions. The validity of our knowledge about the properties of the local
polar regions depends on the validity of the interpretations. More ex-
perimental manifestations of polar regions could help in evaluating the
parameters of these regions. Here, we propose to use the capability of
the E(TO) line in the Raman spectrum (near 307 cm~! in barium ti-
tanate) for uncovering the local material properties.

Previously, it was found that the position of the E(TO) line is sen-
sitive to residual and applied mechanical stresses [8,9,18]. Hence, the
Raman shift of this line can be a measure of the local mechanical
stresses in barium titanate samples. On the other hand, this line is
forbidden for the cubic phase and allowed for the tetragonal phase
[13-15]. Therefore, its intensity reflects the portion of the polar (tet-
ragonal-like) regions in the material. Another prospect of the Raman
line application can be addressed to the description of local anharmonic
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Fig. 1. Raman spectra in the susceptibility presentation for the BT1 sample (a), the BT2 sample (b), the BT3 sample (c); the BT5 sample, which is under 5 GPa
pressure (d) at representative temperatures. Spectra at different temperatures are vertically shifted upward for illustrative properties.

parameters and possible distribution of the local mechanical stresses.
These properties contribute to the Raman line width. The stress dis-
tribution should result in its inhomogeneous broadening, which is
temperature-independent, while the properties of the materials are
unchanged. The anharmonicity leads to the Lorentzian-like (homo-
geneous) broadening. Provided that the Raman line is narrow and
homogeneously broadened, the temperature dependence of line width
I'(T) in the cubic anharmonicity for any material can be described by
the Klemens expression [16]:

I'(T) =5 @2n(we/2, T) + 1) (€))

Here w, is line frequency, n is the Bose-Einstein distribution and y, is a
parameter, which proportional to the anharmonicity of the effective
phonon potential. In the absence of the inhomogeneous broadening Eq.
(1) usually describes well the temperature dependence of the line
width. The inhomogeneous broadening results in a temperature-in-
dependent additive contribution to Eq. (1). In addition to the local
stress distribution, local defects also can lead to the broadening addi-
tional to Eq. (1). This also provides a Lorentzian-like broadening, which
is independent of temperature [17]. Thus, investigation of the tem-
perature dependence of the Raman line parameters in barium titanate
powders seems promising in the evaluation of the properties of local
polar regions.

Here we studied the temperature dependence of the E(TO) Raman
line parameters in barium titanate powders with different pressure and
temperature treatment. The temperature behavior of the E(TO) Raman
intensity was also was compared with the SHG signal.

2. Experimental setup
2.1. Samples

A BaTiO3 single crystal, grown by the top-seeded solution growth
method, unpressed and uniaxial pressed powders were studied. The
crystal was cut to (001)-oriented plate, which was polished to optical
quality. A nominally pure BaTiO; powder was (Aldrich) with a grain
size of less than 2 um (this sample is denoted as BT2). The pressure-
treated BaTiO3 sample was prepared by applying the non-hydrostatic
mechanical stresses about 10 GPa to the powder (sample BT3).
Annealing, as would be expected, should decrease the residual me-
chanical stress after the pressure treatment. For this purpose, the
pressure-treated powder was annealed for 10 h at 1200 K (sample BT4).

In order to study the powder under non-hydrostatic pressures, dia-
mond anvils (EasyLab pScope DAC-HT(G) were used. In this experi-
ment, the 200 pm diameter hole was filled by the BaTiO3; powder. No
liquid transmittance media was used. The magnitude of the mechanical
stresses in the sample was estimated through the shift of the Raman line
from the illuminated area of the diamond anvil near the sample surface.
A detailed description of this method is presented in Ref. [9]. For fur-
ther presentation, we will denote the BaTiO; powder under non-hy-
drostatic pressure of 5 GPa as BT5.

2.2. Raman experiment

Back-scattering Raman spectra of the samples at ambiance pressure
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(BT1, BT2, BT3, BT4) were recorded with Tri Vista 777 spectrometer.
Raman scattering was excited by the radiation of a 532 nm solid-state
laser with a 30 mW power. In the case of the powder samples, Raman
spectra mere measured without polarization selection, and the polar-
ization geometry Z(XY)Z was used for the monocrystalline sample BT1.
The spectral resolution of the Raman experiment, estimated from the
measurement of a neon-lamp spectrum, was about 1 cm ™.

Raman experiment with the BT5 sample (under pressure) was rea-
lized with a T64000 triple spectrometer (Horiba Jobin Yvon) in back-
scattering geometry. In that experiment, Raman scattering was excited
by the 514.5 nm wavelength of the Ar ion laser (Spectra-Physics) with a
5 mW power.

Raman experiment was carried out in a temperature range from
300 K to 700 K with a cryostage (Linkam). All temperature experiments
were made out in a zero-field cooling regime. The temperature was
maintained with an accuracy of + 1 K.

2.3. Optical second harmonic measurements

The second harmonic generation (SHG) signal was measured to
characterize the average local noncentrosymmetry of material. The
excitation radiation source was a pulsed laser (repetition rate is 1 kHz,
the wavelength is 1064 nm, the pulse duration is 0.6 ns, and the
average power is 80 mW). The SHG signal was selected from the back-
scattering light by a monochromator and detected by a photomultiplier.
The experimental setup is described in detail in Ref. [11]. The Linkam
cryostage was used to change the temperature.

3. Results and discussion

Raman spectra at representative temperatures are shown in Fig. 1
for the samples BT1, BT2, BT3, BT5. Raman spectra from the sample
BT4 are similar to the spectra of the BT2 sample and are not shown in
Fig. 1 to eliminate the trivial temperature dependence for inelastic
scattering from phonons. The Raman spectra are shown in Fig. 1 in the
susceptibility presentation, corresponding to the Stokes Raman signal
divided by (n(w, T) + 1). Here, n(w, T) is the Bose-Einstein distribution.

Narrow Raman line near 307 cm ™!, which is seen in the spectra of
Fig. 1, corresponds to the scattering from the E(TO) phonons. Wider
bands with maxima near 270 and 510 cm ™! are from phonons of the Al
symmetry [18]. In the present work, we want to reveal the effects of
local properties on the Raman line. For this purpose, the narrow line
307 cm ™! looks prospective.

Since the E(TO) line is superposed with the broad band, the con-
tribution from the broad band was subtracted from the Raman spec-
trum. For the subtraction, the broad band contribution was described
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Fig. 3. Temperature dependences of vg(T) (a) and T'g(T) (b) for the BT1 (open
triangles), BT2 (crosses), BT3 (open stares), BT4 (open circles), BT5 (filled
circles). Dashed-dot lines in (a) are linear fits of vg(T). Dashed lines in (b) are
fits by Eq. (1).
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by a polynomial, as shown in Fig. 2a. The 307 cm ™! peaks in the so-
corrected Raman spectra (Fig. 2b) were fitted by the Voigt function,
where the Gaussian component was fixed to the spectral resolution
1 em™h). Examples of these fits are shown in Fig. 2b.

The Voigt fits provided of the peak position vg in wavenumbers and
its FWHM Iy (Lorentzian's part of the fit). The temperature de-
pendences of the peak position vg and I in all samples under study are
shown in Fig. 3. The temperature dependences of vz (T) (Fig. 3a) of the
samples under ambient pressure demonstrate a moderate decrease with
temperature increase. The sample under the 5 GPa pressure (BT5)
shows almost temperature independent vz (T).

It is worth noting that I;(T) increases with temperature (Fig. 3b).
Qualitatively this increase is similar for all samples, including the
sample under pressure (BT5). The phonon lifetime shortening causes
the peak broadening due to multiphonon interaction. Three-phonon
anharmonic interaction predicts the behavior of Eq. (1). In the case of
enough high temperatures, when T > > hvg/2ckg (c is the speed of

I/(n+1) [arb.un.]

Fig. 2. (a) Room temperature Raman spectra near E
(TO) peak for the BT1, BT2, BT3, and BT5 samples.
Dash lines correspond to the interpolation of the
broad band contribution. (b) The E(TO) peak after
correction to the wide band contribution (circles).
Lines are the Voigt contour fits of the narrow Raman
lines near 307 cm™' with subtracted baselines.
Curves are vertically shifted upward for illustrative
properties.
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Table 1
Description of the sample vg [em™1] Yo [em™1]
BT1  BaTiOj; crystal 309.5 1.9
BT2  unpressed powder 311.0 2.5
BT3  powder treated by non-hydrostatic pressure 313.0 3.3
10 GPa
BT4 powder treated by non-hydrostatic pressure 310.5 2.7
10 GPa and annealed during 10 h at 1200 K
BT5 powder placed in EasyLab pScope DAC-HT(G) 317.5 3.6
under pressure 5 GPa
light), Eq. (1) corresponds to a linear temperature behavior
2y,ckp
I(T)=——T+y
veh 2

Note, slope and constant of the linear function are related. It is
worth also noting that Eq. (2) can be applied for any material with
homogeneously broadened Raman line: it was used for the description
of the temperature dependence of the width of the narrow Raman line
in diamond with nitrogen impurities [17].

Experimental I (T) was fitted by Eq. (1) with vg from the experi-
ment (Fig. 3a). For this purpose, the experimental points were de-
scribed by the straight lines, as shown in Fig. 3a by the dashed lines.
The fits Iz(T) are shown in Fig. 3b. It is seen that the temperature
interval considered corresponds to the case of Eq. (2) (T > > hvg/2ckg).
Nontrivial relation between the slope and constant predicted by Eq. (2)
is well fulfilled. This confirms that the three-phonon anharmonism is
responsible for the temperature dependence I (T). Parameters of the
fits are given in Table 1.

A fair description of I'z(T) by the Klemens formula Eq. (1) indicates
that the origin of the line broadening is the anharmonicity of the E(TO)
phonons. The line broadening depends on the applied or residual me-
chanical stresses, as it is seen for the BT3 and BT5 sample data. A
change in the anharmonicity parameter can be due to the electron-
phonon interaction, which, in particular, leads to the appearance of line
asymmetry [19-21]. In our case, the studied lines are symmetrical. This
result evidences that the defects created by the pressure treatment
change the anharmonicity parameter. Possible effects of these defects
on the inhomogeneous broadening in the spirit of [17] or in the spatial
distribution of the phonon frequencies are not manifested in I;(T)
(Fig. 3b), since in this case, a temperature-independent term should
appear in addition to Eq. (1). Hence, the main effect of the pressure
treatment for phonons is related to the change of the anharmonicity.

The manifestation of the E(TO) peak in the Raman spectrum is an
“indicator” of the tetragonal phase [12,13,16,17], it is forbidden in the
cubic phase. Hence, it can be expected that the E(TO) peak intensity in
Raman spectrum Ag, reflects the average local nonsymmetry of material.
On the other hand, the SHG signal should also reflect the nonsymmetry
of local polar regions. In this case, the interrelation between the E(TO)
peak intensity and the SHG signal is expected.

Parameter Ar was found from the experimental Raman spectra,
which were normalized by the integral over the Raman spectrum in a
frequency range from 80 to 550 cm™'. To avoid the effects of the
pressure-induced changes in polarizability, we considered the tem-
perature dependences the Ap data scaled to its low-temperature limit.
The temperature dependences of Ag(T) found in our experiment are
shown in Fig. 4a for the samples. Fig. 4a demonstrates that pressure
treatment of powder has significant effects on Ag(T), where the pre-
sence of local nonsymmetry is observed at temperatures significantly
above T,,.

In the case of local uncorrelated dipoles, the square root from the
experimental SHG signal I3, is proportional to an average local dipole
moment (spontaneous polarization) [13]. Temperature dependences
195(T) were scaled to their low-temperature value. Dependences I5;(T)
are shown in Fig. 4b. In this figure, a logarithmic scale is used to
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Fig. 4. Temperature dependences of Raman intensity of the E(TO) line (a), the
square root of the SHG signal (b) for BT1 samples (open triangles), BT2
(crosses), BT3 (open stars), BT4 (open circles), BT5 (filled circles) samples.
Lines in (a) and (b) are smooth curves connecting experimental points. Part (c)
represents the comparison of Ag(T) (lines, which correspond to lines in part (a))

and 13; (T) (symbols, in the same notation as in parts above).

visualize the wide diapason of the values. In the crystal (BT1 sample),
the SHG values reflect a typical behavior for the first-order phase
transition, whereas the phase transition is broadened in the powder
(BT2 sample). In pressure-treated powders (BT3 sample), the phase
transition to the cubic phase is not recognizable up to 650 K. Tem-
perature annealing at 1200 K removes residual mechanical stresses. In
this case, the BT4 sample and the untreated powder (BT2 sample),
despite the difference in density and hardness, demonstrate approxi-
mately the same dependences 13;(T), corresponding to the similar be-
haviors of total dipole moment.

The phase transition to the cubic phase occurs in BaTiO5; at room
temperature if hydrostatic pressure exceeds 2 GPa [4,5,13]. Earlier
studies of the Raman spectra in crystals and ceramics of barium titanate
also show the presence of an E(TO) peak in the tetragonal phase at high
non-hydrostatic pressures (above 5 GPa) [22,23]. Similar results were
also obtained for SHG [6,8,11,24-26]. These facts indicate the presence
of significant disorder in the high-pressure cubic phase.

The similarity between curves in Fig. 4a and b are seen. The com-
parison between the temperature dependencies of Ag(T) and I5(T) is
made in Fig. 4c. In this figure, the temperature dependences 13;(T) are
shown by lines connecting smoothed experimental points (they are also
present in Fig. 4a for illustration). Fig. 4c demonstrates the good
agreement between Az(T) and I3 (T) for all samples under study. These
results prove that Ag(T) describes the temperature dependence of the
average dipole moment in the BaTiO3 samples, which originated from
the local polar regions.
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4. Conclusions

Raman spectra in BaTiOs crystal, powder, and powders treated by
non-hydrostatic pressure were investigated. It was found that the po-
sition, width, and integral amplitude of the E(TO) line near 307 cm ™!
are different in the crystal, the untreated powder, the powder treated by
the non-hydrostatic pressure, and the powder annealed after the pres-
sure treatment. The temperature dependences of the line width
(FWHM) prove that the pressure treatment changes the anharmonicity
of the phonon potential. The temperature dependence of the integral
Raman intensity of the E(TO) line demonstrates that noncentrosym-
metric regions present in powders at a temperature much above the
ferroelectric phase transition. Pressure treatment increases the non-
symmetry of BaTiO; powder at high temperatures. Comparison with the
temperature dependence of the SHG signal, which reflects the non-
symmetry of the local polar regions, reveals that the Raman E(TO) line
intensity also reflects the presence of the local polar regions. Annealing
of the treated powder decreases this nonsymmetry. A comparison with
Raman of the BaTiO; powder under pressure indicates the similarity
with the behavior of the pressure-treated powder.

Thus, the non-hydrostatic pressure treatment of the BaTiO3 powder
increases the average polarity of local regions and their anharmonicity,
and this can be characterized by the Raman line of the E(TO) phonon.
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