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Abstract: In situ Raman spectroscopy is an important tool for describing the actual phase transfer conditions in metal
oxides and provides important insights into the phase transition mechanism. The particle size, non-stoichiometry, and
surface stress are well-known factors in the shifting and broadening of Raman modes for the TiO, anatase phase with
increasing the temperature. Also, anharmonic effects in the form of phonon—phonon coupling and optical-phonon coupling
are other factors in the shifting and broadening of Raman modes at high temperatures. In this paper, TiO, nanocrystals in
the anatase phase are synthesized by the sol—-gel method. Then the structure and size of the particles are investigated using
XRD diffraction and SEM. Meanwhile, the contribution of phonon—phonon coupling for the third- and fourth-order has
been studied for the active modes Eg, Alg, and Blg, with increasing temperature (from room temperature to 943 K). The
results of the back-scattering of in situ Raman spectroscopy show that the contribution of phonon—phonon coupling for the
third-order has a significant effect on the shifting and broadening of Raman active modes. Also, the 412 cm™' mode
behavior differs from the other two modes in the contrast between anharmonic couplings contribution and pure-volume
contribution.
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1. Introduction 30% rutile is the best photocatalyst for the oxidation of

organics in the treatment of wastewater [12]. One of the

Raman spectroscopy is a sensitive technique used to study
the structures of metal oxides, in the bulk phases or sup-
ported-surface phases, because it directly probes the
vibrations of the bonds as well as the behavior of the metal-
oxygen bond in the oxide structure [1]. Titanium oxide is
used in various areas such as energy storage, medical
devices, and catalytic surfaces [2-5]. TiO, phases are
usually active Raman in the range of 100-900 cm™"' [6-8].

Nanocrystalline TiO, has three main phases: the anatase
phase which has a body center tetragonal structure and
belongs to the (I4,/amd) D}‘g space group; the rutile phase
of the tetragonal structure belonging to the D}lﬁ space
group; and brookite phase which has less symmetry than
the previous two phases and belongs to D;ﬁ space group
[9, 10]. The catalytic activity of the anatase phase is
appropriate because its Fermi level is about 0.1 eV higher
than that of the rutile [11]. A mixture of 70% anatase and
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main differences between the anatase and rutile phases is in
the symmetry of oxygen atoms as well as the polarization
of oxygen ions in which the oxygen vacancy creates Ti> "
defect sites. These defects are of high importance in pho-
tocatalytic properties. In the TiO, photocatalytic applica-
tion, the presence of unsaturated Ti>" jons plays an
important role in the photo-oxidation of organic species
[13].

Group theory shows that there are 69 optical modes for
the brookite phase represented by 9A,, + 9B, + 9B, +
9B3, + 9A,, + 8By + 8By, + 8B3, from which 36 modes
(Ajg, Big, By, and Bj,) are Raman active and the rest are
active in infrared except A;,, which is inactive both in
Raman and infrared [14]. For the anatase phase, there are
15 normal optical vibration modes A, + 1A, + 2B, +
1By, + 3Eg + 2E, [15], from which six modes Ag, 2B,
and 3E, are symmetric and active in Raman. In the rutile
phase, 15 vibration modes A, + 1Ay, + 1Ay, + 1By, +
1By, + 2B,y + 1E, + 3E, exist, where the B, E,, A, and
B,, modes are symmetric and active in Raman [7]. Eg, By,
and A, Raman modes are related to symmetric bending
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vibration and anti-symmetric bending vibration of O-Ti-O
bonding, respectively [16, 20]. It has been reported by
researchers that the observation of vibrational modes
depends on the type of test and the test device used
[8, 16-22]. The intensity of Raman’s modes depends on the
crystallizing mechanisms, which change with parameters
such as pressure and temperature during phase formation.
Also, the positions of Raman’s modes vary with crystal
size as well as various experiments [8, 16]. Various factors
have been identified that affect the broadenings and shift-
ing in the Raman modes of nanocrystalline TiO, in the
anatase phase. The main factors can be summarized as
follows:

Effect of particle size: TiO, nanoparticles have been
frequently studied by Raman spectroscopy due to the
unusual expansion and shift of the Raman modes when
particle size decreases [23-26]. In these investigations,
they used a model based on phonon confinement to explain
the reason for the shift of the Raman modes. Based on
Heisenberg’s uncertainty principle, the relationship
between particle size and phonon position can be expressed
as follows:

hZ
AXAP> 7 (1)

where AX is the particle size, AP is the phonon momentum
distribution and 7 is the reduced Planck’s constant. As the
particle size decreases, the phonon is confined and the
phonon momentum distribution increases. The broadening
of the phonon momentum leads to a broadening of the
scattered phonon momentum according to the momentum
conservation law. The phonon dispersion causes asym-
metric broadening and may lead to Raman bands shift [27].
The confinement of the phonon causes the breakdown of
the phonon momentum selection rules. In other words, the
q ~ 0 phonons are active all over the Brillion zone of
Raman, and the phonons are scattered throughout the
Brillion region [28]. Also, asymmetric broadening and shift
of Raman modes by decreasing particle size can be seen
more for nanoparticles smaller than 10 nm. For example,
Bassi et al. [22] observed the Eg (144 cm_l) mode shift in
the anatase phase for nanocrystals with a size of less than
10 nm, in which the Raman modes shift to lower wave-
lengths by increasing the size of the nanocrystals. This shift
was interpreted based on the phonon quantum confinement
model.

Stoichiometry: Another factor in the unexpected shift of
Raman modes is the appearance of a defect due to the
oxygen vacancy. Non-stoichiometry strongly affects the
vibrations of the lattice and changes the shape of the
Raman spectrums in the oxides. When the samples have a
lattice defect, the Raman modes generally become weaken
and broaden [29]. Also, defects as the oxygen vacancies

shift the Fermi surface to the edge of the transmission
band, increasing conduction [30]. At the nanoscale, the
presence of oxygen vacancies is very significant for
Raman’s characteristics. It is difficult to assess the role of
stoichiometry, especially in nanocrystalline systems, due to
the quantitative determination of the ratio [O]/[Ti].
Annealing in air atmosphere reduces the deviation ratio
from the [O]/[Ti] = 2. Therefore, due to the inhomogenous
oxygen vacancies in the crystal lattice, the determination of
the broadening and shift of the Raman spectrum caused by
stoichiometry cannot be inferred [31, 32].

In studies of stoichiometry, Kumar et al. [13] observed
stoichiometry effects, ranging from TiO; g9 to TiO,, as-
prepared samples in gas-phase condensation. Samples of
titania had an oxygen deficiency and stoichiometric when
annealed in air. Kumar did not report a complete list of all
the possible Raman shifts by increasing the non-stoi-
chiometry, believing that a similar shift would occur, and
that the effects of crystal size and non-stoichiometry would
be small, and that the particle size effect would be negli-
gible compared to non-stoichiometry effect [33].

Surface stress: For small spherical particles, if P; is the
internal pressure and P, is the external pressure, the
increase in pressure P = P; — P, is applied horizontally or
vertically as follows:

AP x f/d (2)

where f is the surface stress and d is the linear dimension
of the particle. The concept of surface stress is applied at
the surface of solids and is related to the free energy of the
surface (o), which is an important part of the free energy of
all nanoparticles. Free surface energy is defined as the
reversible work per unit area surface or force per unit
length in the formation of a new surface of nanoparticles
[34]. However, the surface area of solids may change
elastically with the deformation of the surface, assuming
that the position of the lattice constants remains constant.
In this case, the work per unit area surface or force per unit
length is expressed by the following equation:

do

= A
fa-I—dA

(3)

Where f is the surface stress, A is the surface area, dA is
the increase in the surface area in isotropic conditions, and
o is the free energy of the surface. In Equation (2) for bulk
grains, the additional pressure of AP due to the inverse
dependence on the grain size is considered. In spherical
particles with diameter d, the amount of additional pressure
from relation (1) can be rewritten as follows:

4f
=7 (4)

Therefore, phonon confinement, non-stoichiometry, as

AP
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well as surface stress play an important role in shift Raman
modes. It should be noted that there are different believes
about the effect of particle size and non-stoichiometry on
the shift and broadening of Raman modes. For example,
Choudhury et al. [35] studied TiO, nanocrystalline and
found that by reducing oxygen deficiency, broadening of
Raman’s main mode was redshift, and by increasing
annealing temperature and crystal size, Raman mode width
decreased while Séepanovié et al. [36] believe that
broadening and blueshift for the main mode (E,) occur at
low temperatures, and at high temperatures the anharmonic
effect is predominant and the phonon confinement effect
decreases with increasing temperature. Zhang et al. [37]
believe that the non-stoichiometry effect at higher
frequencies of the rutile phase is negligible but has no
effect on the main mode frequency (E,) of the anatase
phase and also Ekoi et al. [38] increased the pressure from
1 kPa to 2 kPa; a shift in the Raman E, and A, modes was
observed, which occurs at lower wavelengths, but at higher
pressures (3-5 kPa) the Raman mode shift is not significant.
Therefore, it can be said that due to the interdependence
of the three factors mentioned above, determining the
contribution of these factors in the shift and broadening of
Raman modes seems very difficult and even impossible.
Therefore, researchers usually consider one of the factors
and assess its role. At high temperatures, the effect of
anharmonic effects [34, 35, 38—41] is the predominant
effect on the broadening and shift of Raman modes, which
is in the form of phonon—phonon coupling and optical-
phonon coupling. Therefore, in this paper, after preparing
TiO, nanoparticles in the anatase phase by the sol-gel
method and its characterization using XRD and SEM, the
role of phonon—phonon coupling in the broadening and
shift of TiO, nanoparticle Raman modes has been studied
using Raman spectroscopy by increasing temperature.

2. Experimental details
2.1. Materials

Tetrabutyl titanate (> 99.99% purity from Sigma-Aldrich),
hydrochloride acid (> 99.99% Merck), ethanol (> 99.8 %
Merck), and deionized water were used.

2.2. Synthesis TiO, nanocrystals

To synthesize the TiO, nanocrystal by sol-gel technique,
tetrabutyl titanate Ti(OBU), was used as the precursor
material, ethanol as the solvent, and hydrochloric acid and
water as the reaction catalyst. An important role in the
creation of optimal nanocrystal is to accurately determine

the molecular ratios of these materials. The best ratio for
TiO, nanocrystal is as follows [27]:

Ti (OBu),: EtOH: HCI: H,O = 1: 15: 0.3: 4

Hydrolysis and polycondensation reactions were carried
out in the water at room temperature.

The steps for synthesizing TiO, nanoparticles are shown
in Fig 1. The important point in this synthesis is that the
amount of water greatly increases the particle size,
although it accelerates the reaction and reduces the time it
takes for the solution to turn into a gel. For this reason,
hydrochloric acid was first diluted with deionized water
(12.5% acid) and used in solution, in which case the
nanoparticles were much smaller than when water was
used directly in the reaction.

The produced nanocrystallites were analyzed by X-ray
diffraction and field emission scanning electron micro-
scopy imaging. To investigate the phase transition, band
broadening and shift of the Raman modes of the TiO,
nanocrystallites at high temperatures, calculation of the
sample at 673K was carried out. The final powder was
converted to a tablet in disc form and a specific experi-
mental setup (Fig 2) was designed to measure the back-
scattering Raman spectroscopy at different temperatures
ranging from room temperature to 943K. The produced
tablet from nanocrystallites with a diameter of 1 cm was
put on a circle holder at the end of a crucible tube inside a
furnace. The setup allowed the detection of a small fraction
of the scattered light at a small solid angle, from the sample
surface. The in situ Raman spectra of the sample inside the
furnace were recorded which were accompanied by
increasing the sample temperature from the room up to
943K.

3. Characterization

The samples were characterized by X-ray diffraction
(XRD), field emission scanning electron microscopy (FE-
SEM), TESCAN Company, model: MIRA3, Raman spec-
troscopy by Thermo Nicolet dispersive Raman spectrom-
eter in the spectral region of 2-4300 cm-1. The X-ray
diffraction patterns of samples were recorded by DS
Advance Bruker system with Ni filtered using Cu Ko (A =
0.15406 nm) radiation.

4. Results and discussion
4.1. X-ray diffraction results
The produced TiO, nanopowders in the anatase phase were

investigated by XRD. The spectrometer was model 1480
XPert manufactured by Philips. A very typical XRD
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Fig. 1 Flowchart synthesis of
TiO, nanocrystals in anatase

Adding Ti(OBU)j to ethanol according to the specified ratio under the stirrer

phase

<ﬂ

Adding dilute hydrochloric acid as a catalyst to the solution

o

Formation of the solution with high adhesion and concentration

@

Keep the solution at room temperature for 20 hours and turn the solution into a gel

¢

Annealing the gel for 2 hours at 100 °C and turn it into TiO, nanopowder

¢

Grinding TiO, nanoparticles for 2 hours

¢

Characterization of TiO, nanopowder by X-ray diffraction (XRD), FE-SEM, and Raman

scattering spectroscopy

Fig. 2 How to irradiate a laser
beam on the TiO, anatase tablet
in a furnace by increasing the
temperature

pattern of the TiO, powders calcined at 673K is shown in
Fig. 3.
According to the Debye—Scherrer formula, [40]:

D =kA/pCos0 (3)

the grain sizes of the synthesized particles were calculated
to be in the order of 27.4 nm for the anatase phase.
Diffraction line broadening is proportional to 1/cos0 due to
the crystallite size, while the broadening is proportional to
tan@ due to the strains. The contribution of the strains to the
broadening in the XRD patterns is smaller than that of the

crystallite size at low Bragg angles. It should be noted that
in the estimation of the crystallite size by the Debye—
Scherer equation, the strain contribution to the broadening
was neglected; therefore, crystallite size will be smaller
than the real size [42]. By increasing the temperature
gradually, the anatase phase is transformed into a rutile
phase. The approximation value for the weighted fraction
of the rutile phase at one temperature can be calculated
using the following expression [35]:
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Fig. 3 XRD pattern of the as-prepared anatase phase of TiO,
nanocrystals annealed at 673K

Ir
W= 08841, 1 In (6)
Where Wy represents the weighted fraction of the rutile
phase, and I, is the integrated intensity of the anatase (101)
peak and Iy is the integrated intensity of the rutile (110)
peak. Using equation 6, the percentage of the rutile phase at
673K is about 30%.

4.2. Morphology of nanoparticles by field emission
scanning electron microscopy

To identify the morphology of TiO, nanoparticles, FE-
SEM emission scanning electron microscope, ARYA
Electron (Philips) Company, and XL30 model were used.

The FE_SEM image of the sample (Fig4) shows the
spherical morphology and particle size of the sample in the
anatase phase. Since TiO, in the anatase phase has a
quadrilateral symmetry structure, the samples from the FE-
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Fig. 4 Morphology and histogram of the size distribution of the
anatase phase of TiO, nanocrystals at 673K

SEM images show that almost all of the nanoparticles in
these images are seen separately or adhere together. As the
temperature increases, the particle size increases and they
transform from spherical to cubic in the rutile phase. The
average particle size for the anatase phase was 35 nm,
which is in good agreement with the results calculated with
the Debye—Scherrer formula. However, the discrepancy in
the determination of the nanocrystalline sizes by FE-SEM
imaging and XRD patterns can be explained according to
the sensitivity and physical principles of the applied
experimental techniques. XRD patterns deal with a rather
bulk crystalline sample, but SEM imaging focuses on a
specific area of the crystalline surface.

TiO, nanocrystal in its anatase phase, with a good
estimation, can be considered as a spherical shape and the
distribution of particles can be determined at a certain
temperature. Using particle size obtained from SEM
imaging as well as SEM software, the particle size distri-
bution can be roughly extracted. In this case, an SEM slide
with about 300 particles was randomly chosen and using an
Excel program, the nanocrystal size distribution is plotted
with a typical diagram in Fig4. The graph shows the grain
size distribution of TiO, calcinated at 773K in its anatase
phase with a mean value of around 42 nm.

4.3. Results of Raman spectroscopy

Understanding the origin of the different frequency shifts
of Raman modes with increasing temperature can be cat-
egorized by the theory of lattice dynamics of anharmonic
crystals. The treatments of anharmonic lattice dynamics are
very complex, involving the techniques of many-body
theory [34].

Anharmonic effects in the expansion of the potential
function u = up! + u + u™™ depend on temperature,
and when anharmonic effects are examined, higher orders
of expansion (n = 4) should be considered. These effects
play a role in the contraction and expansion of the crystal.
Raman modes are a Lorentz function and, with a good
approximation of up to 800 K, the four-phonon process is
involved in the broadening and shift of Raman modes [35].
An approximate model can be considered to study the
behavior of Raman’s broadening and shift modes. For this
purpose, the behavior of broadening and shift of frequency
modes can be attributed to a first- or second-degree equa-
tion concerning temperature, and the broadening and shift
of that specific phonon mode can be studied. So:

w=awy—ouyT —oT? (7)
where w( is the Raman shift when the temperature is

extrapolated to 0 K, «; and o, are the first and second-order
temperature coefficient.
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The Raman shift dependence on temperature can be
written as a result of two effects, one is the change in the
vibrational frequencies due to the thermal expansion, and
the other is due to the phonon anharmonic coupling with
other phonons. Both of these effects have their origins in
the disharmonious potential between the atoms. Due to the
anharmonic of the specific Raman mode shift, the disorder
can be separated as follows [43]:

o(T) = wy + Al (T)+ A*(T) (8)

where AI(T) represents the thermal expansion which is
called a pure-volume contribution to the shift, and A*(T) is

due to the anharmonic coupling. In this case, A' (T) can be
expressed as [45]:

ANT) = Q [exp{—3y Z oc(T’)dT'} - 1} (9)

where Q) is the harmonic frequency of the optical mode
and 7y is the Griineisen parameter for the optical Raman
mode which is an important thermodynamic parameter in
the study of pressure and temperature effects on physical
and chemical properties of materials. o(T) is the linear
thermal expansion coefficient.

AI(T) indicates independent non-normal frequencies of
harmonic vibration in the expanded lattice, as a result of a
volumetric expansion caused by temperature increase,
which is usually attributed to the quasi-harmonic contri-
bution. In most solids, A'(T) <0 which means the expan-
sion as a result of softening.

The anharmonic coupling term A?(T) is due to the third-
, fourth-, and higher-order anharmonic terms in the
Hamiltonian, and it can be modeled as the following:

A (T) =M {1+

2z
2 (e —1)

+M2{1+; (ey,»3_1)+(eyji1)2” (10)

Where M, and M, are constant and are obtained by fitting
these equations with the choice x; +x2 =y +y2 +y3 =
hewo/kgT in Eq. (7).

In AZ(T), the first term corresponds to the three phonon
process (coupling or decaying of optical phonons into two
phonons) and the second term corresponds to the four
phonon process (coupling or decaying of three phonons and
higher order). The three-phonon process is associated with
the cubic term of the interatomic potential causing a neg-
ative frequency shift, whereas the shift associated with the
quadratic anharmonicity is positive. Therefore, the resul-
tant frequency shift due to the phonon—phonon interactions

2

1

Az(T) may be either positive or negative depending on the

relative magnitudes of the anharmonic terms in the inter-
atomic potential. Similarly, the Raman linewidth can be
13

written as:
3
+ N2{1 +> } (11)
J=1

Where x; and y; are defined in Eq. (10) and N; and N, are
treated as fitting parameters. In the process of fitting
equations, it is assumed that:

2
IN(T) =N 1+

o
(e = 1)

1
1 n 1
(@ —1) " (e —1)

h(l)()
2kgT

Y1 = Y2 = Y3 = hoyo/3kpT

X1 = Xp =

Raman shift is usually the real part of the phonon self-
energy and I'(T) is equal to the phonon damping rate,
which is the imaginary part of self-energy. Equation (11) is
similar to Eq. (10), with the first term corresponding to the
three phonon processes (which decays into two phonon
processes), and the second term corresponding to the four-
phonon processes (which decays into three phonons
processes).

In calculating the shift and broadening of the Raman
modes, the first anharmonic coupling is considered in the
following form:

3 3
AN o 1)2] (12)

+ M,

where Q) is obtained using the relationship:
wo = Qo+ M, + M, (13)

and wy was given by extrapolating the fitting results to
T = 0K[44-48].

Raman spectroscopy of the in situ samples of the TiO,
nanoparticles in the anatase phase at different temperatures
in the range of 300-943 K was recorded by a Thermo
Nicolet dispersive Raman spectrometer in the spectral
region of 2-4300 cm ™', Typical Raman spectra are shown
in Fig. 5.

Fig 5 shows that all Raman modes are shifted and
broadened as the temperature increases. As the temperature
increases, bonds such as Ti—O, Ti-Ti, and Ti—O-Ti in the
lattice structure of the anatase phase, depending on their
site in the lattice structure, vibrate or change the type of
bond, which causes phase transitions from anatase to
brookite and rutile. As the temperature rises, the intensity
of the peaks varies for different modes. Raman modes
disappear almost at temperatures above 943 K. The first
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Fig. 5 In situ high temperatures Raman spectra of the anatase phase
of TiO, nanocrystals

assumption is that since the transition to the rutile phase
takes place near this temperature, the vibrations inside the
lattice increase so much that all modes become too wide, so
that, they cannot be seen separately.

The second assumption is that since the Raman spec-
troscopy test was performed at high temperatures, as the
temperature rises to near 943 K, red light is emitted from
inside the furnace, possibly affecting the scattered radiation
from the sample.

Information on the shift and bandwidth of modes in the
anatase phase of TiO, sample from the in situ samples by
increasing temperature shows that the strongest anatase
peak (655 cm™') at room temperature with increasing
temperature is shifted to higher frequencies (643 cm™') at
943 K, while at 913 K the 534.9 cm ™! mode shifts to 535.5
cm~ ! and 412.7 em™! to 420.8 cm™'. By increasing the
vibrations of the lattice, shift, and broadening of the dif-
ferent modes of Raman, the behavior of each mode can be
examined. The behavior of different modes of anatase
phase and their bandwidth are given in Fig. 6 and Fig. 7
respectively.

As mentioned in the introduction, in addition to size
effect, Stoichiometry, and surface stress factors, other
factors such as optical-phonon or phonon—phonon coupling
also contribute to the shift and broadening of Raman
modes. To study the effect of optical-phonon or phonon—
phonon coupling, the coefficients of equations (10) and
(11) must be extracted. By fitting Egs. (10) and (11) with
the equations of shift and bandwidth of the Raman modes,
the coefficients M, M,, N;, and N, can be extracted, which
are given in Table 1. During the fitting process, the Raman
shift is very sensitive to the choice of M;, M5, and N, N,.

Although the frequency changes of TiO, Raman modes
in the anatase phase with increasing temperature have been
shown to have similar behavior in [46, 49], there is a slight
difference with them. In the present study due to

m 412(cm”’) @ 534(cm”) A 655 (cm”) —— Line Fit
700 4 E
A A A A A A Ada,

- Te—a A
5 o004 .
&
=
@ C———"—C—0—2—2529
=
< 500 - -
£
«<
=4

E == g == zz=3
400 - .
200 400 600 800 1000
Temperature (k)

Fig. 6 Raman modes shift of the anatase phase of TiO, nanocrystals
with increasing temperature

differences in the sensitivities of the device used, the
lowest vibrational state of TiO, (144 cm™') or due to the
selection rules for the scattering geometry (Eg) or the
limited rejection of the Rayleigh scattering radiation was
not observed. The shift and bandwidth of Raman modes
observed in this study are slightly different from [46, 49]
due to the role of sentences in Equations 7 and 8, so that in
[46] the Raman shift changes almost exponentially, and the
bandwidth of Raman modes changes as sublinear. But in
[49] the shift and bandwidth of Raman modes are almost
linear. Therefore, it seems that the behavior of Raman
modes in the present study has a high accuracy considering
Egs. 7 and 8.

Fig 6 shows that the behavior of all modes is almost
linear. Table 1 also shows that the M; and M, signals are
opposite, indicating that although the three-phonon process
plays a dominant role in the temperature contribution, the
four-phonon process is also required at higher tempera-
tures. It is also observed that M, is very small compared to
M;. Considering the net contribution of temperature in the
shift of Raman modes, the three-phonon process plays a
key role compared to the four-phonon process, intensifying
the anharmonic couplings of optical phonons with
increasing temperature. Due to the large value of M;
compared to M,, it can be said that the role of the three-
phonon process at higher temperatures is stronger than the
four-phonon process. Of course, studies [34] have shown
that A'(T) <0 is always present, but in contrast to the
three-phonon and four-phonon process interactions, the
result of the interaction may be positive or negative.
Therefore, it can be said that in the interaction of A'(T)
and A’(T), if the result is positive, the phonon—phonon
interaction process overcomes the thermal expansion
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Fig. 7 Full width at half maximum (FWHM) variation versus
temperature in of the anatase phase of TiO, nanocrystals for different
modes (a) 412 cm™", (b) 534 cm™" and (c) 655 cm ™

process. However, considering the positive slope of the 412
cm ™' modes, it can be said that the anharmonic couplings
contribution of this mode is more than the other two
modes, and the pure-volume contribution is weak for this
mode, but for the other two modes, the pure-volume con-
tribution on the anharmonic couplings contribution domi-
nates. This phenomenon can be attributed to the stronger
phonon—phonon interaction of this mode than the other two
modes, which is related to symmetric bending vibration of
O-Ti—O bonding, but in the other two modes, the anti-
symmetric bending vibration state of O-Ti—O bonding.

Fig 7 shows that Raman mode broadening behavior is a
second-order equation with an increasing temperature that
A, mode behavior (534 cm ™) is different from the other
two modes. This phenomenon can be attributed to the
symmetric bending vibration E,, and B, Raman modes
and anti-symmetric bending vibration of O-Ti—O bonding.

Table 1 also shows that N, is very small compared to
N, meaning that the intensity of the contribution of pho-
non—phonon coupling for the fourth-order is weak. Large
values of N; and I'(0) indicate that the effect of the pho-
non—phonon coupling for the third-order is strong. This
phenomenon is observed for all three modes By, (412.4
cm ™), Eg (661.1 cm™ '), and A, (536.6 cm™'). The
behavior of the active Raman modes observed in this study
is consistent with the modes in [46, 49] but differs slightly
in the measured constant values.

5. Conclusions

In this paper, the effect of the temperature dependence of
TiO, nanoparticles in the anatase phase on Raman active
modes at high temperature was studied using experimental
data. It was shown that the process of three phonons and
four phonons coupling, as well as temperature expansion,
sufficiently describes the shift and linewidth of Raman
modes. The results obtained for TiO, nanoparticles in the
anatase phase show that the behavior of all Raman modes
is almost linear with increasing temperature. The results
showed that the role of the three-phonon process is stronger

Table 1 Fitting parameters in the shift and broadening Raman modes in the anatase phase of dioxide titanium.

Modes (cm™h) wo(cm ™) ay(x 1079 ax(x 1074 M;(cm™}) My(em™Y) N;(cm™h N,o(cm™h)
E, (655.5 cm-1) 639.37 60 — 315 6.396 -0.021 — 6.744 0.025
A1o(534.9 cm-1) 534.97 4 —4 0.226 -0.001 0.117 -0.001
B 4(412.7 cm-1) 411.23 —4 68 0.428 0.001 — 3.854 0.011
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than the four-phonon process at higher temperatures. In
412 cm™' mode, the phenomenon of anharmonic couplings
contribution overcomes pure-volume reduction, but for the
other two modes, pure-volume reduction overcomes
anharmonic couplings contribution. Raman mode broad-
ening behavior with increasing temperature showed that
the Alg mode (534 cm™") behavior is different from the
other two modes, which seems to be due to the anti-sym-
metric bending vibration of O-Ti—-O bonding.
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