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Phonon—phonon interactions were investigated in various nanocrystalline powders like anatase TiOz_s, pure
CeO2_s and ceria doped with Nd(Gd) analyzing temperature dependent Raman spectra of these systems. Phonon
confinement model based on size, inhomogeneous strain and anharmonic effects was used to properly describe

the evident changes present in the Raman spectra of pure and doped ceria nanocrystalline samples.

In small

particles of pure and doped ceria nanocrystals, when size effects have minor impact on Raman modes, four phonon
anharmonic processes prevail under the three-phonon ones. When nanopowdered particles are grown enough size
effects provoke changes of the anharmonic interactions when three-phonon coupling prevails over the four-phonon
anharmonic processes. In nanocrystalline anatase TiOz evident blueshift of the most prominent E; Raman mode
probably originates from dominant four-phonon anharmonic interactions.

PACS numbers: 63.22.—m, 78.67.Bf, 78.30.—j, 61.72.uj

1. Introduction

Physical properties of materials are dependent on tem-
perature. Temperature affects the population of the dif-
ferent levels for each normal mode provoking the change
of the lattice parameters. Any change of the lattice pa-
rameters with temperature is attributed to the anhar-
monicity of the lattice potential. As an effect of the an-
harmonic interaction, a nonequilibrium phonon popula-
tion decays into phonons of lower energy or is scattered
by thermal phonons into modes of different frequencies.

The Raman spectra of various amorphous or crys-
talline materials show changes in line position and band-
width with temperature [1-4]. This changes manifest in
shift of line position and a change in line width and in-
tensity. Any frequency shift or the variation of the half-
-width I" with temperature of the Raman modes are the
measurements of the anharmonicity of the interactions.
The phonon—phonon interactions are of special interest in
nanostructured systems if we have in mind that in the lit-
erature there is still no adequate theory which describes
the anharmonic effects in these systems [5, 6].

We investigated the anharmonic behaviour of the first-
-order Raman modes in vaious nanocrystalline materials
like anatase TiO5_g, pure CeOs_s, and ceria doped with
rare earth elements like Nd and Gd by the Raman spec-
troscopy method. The aim of this work was to examine
the temperature-induced changes of the vibrational prop-
erties of these materials and to better understand the
contribution of volume expansion and anharmonic inter-
mode coupling to the Raman frequency shift and line
width in these systems.
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2. Experiment

Pure ceria nanocrystalline sample as well as ceria
samples doped with Nd(Gd) were synthesized by self-
-propagating room temperature synthesis. The detailed
powder preparation procedure is already described [7].
Sample of nanocrystalline anatase TiOs was supplied by
Merck.

The vibrational properties of these nanopowders were
studied by the Raman spectroscopy method. Micro-
-Raman spectra were collected in backscattering configu-
ration using Jobin Yvon T64000 spectrometer equipped
with a nitrogen cooled charge-coupled-device detector.
Argon ion (Art) laser line A = 514.5 nm was used as
an excitation source. The pure and doped ceria samples
and TiOy sample were progressively heated in Linkam TS
1500 microscope heating stage, up to 1073 K and then
gradually cooled down to room temperature.

3. Results and discussion

The variation of the frequency of the normal modes
with temperature at constant pressure arises from two
contributions: pure volume contribution which results
from thermal expansion and pure-temperature contribu-
tion which results from cubic and quartic anharmonicities
(self-energy shift). The complete expression for the fre-
quency as a function of temperature can be expressed as

w(T) =wo + Ar(qj) + Aa(qj, 2) =

wo + Ap + Az + Aq, (1)
where wq is harmonic frequency, term Ag arises from the
thermal expansion while A represents pure temperature
contribution due to cubic (As) and quartic anharmonic-
ities (A4). In most solids Ag < 0 i.e. lattice dilation re-
sults in mode softening. Frequency shift due to thermal
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expansion can be evaluated from the following equation:

T
Ag = wp lexp (3%/0 a(T’)dT’) - 1] . (2)

Frequency shifts A3 and A4 arise from phonon—phonon
interactions due to the lowest-order cubic and quartic
terms in the interatomic potential. The multiphonon
processes associated with the cubic terms give rise to a
negative frequency shift Az < 0, whereas the shift Ay
associated with quartic anharmonicity can be either pos-
itive or negative [8]. The resultant frequency shift due
to phonon—phonon interaction may be either positive or
negative depending on the relative magnitudes of the an-
harmonic terms in the interatomic potential. The expres-
sion for Ap arising from the cubic and quartic terms in
the first approximation, is given [8]:
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The first term in Eq. (3) represents the cubic anharmonic
term which comprises down and up conversion processes
[9] whereas the second term relates to the first-order
quartic term which is always positive. The n;(g) is the
Bose—Einstein occupation factor of the j-th phonon mode
with wave vector ¢ and frequency w given as

n(T,w) = exp (th“’T) ~1 (4)

Klemens assumed that the optical Raman phonon decays
in two acoustical phonons of opposite g belonging to the
same branch (j; = j2). In this case the equations for
frequency and bandwidth change of Raman modes with
temperature including three phonon-processes are sim-
plified [10]:

A(T)=A (1 + T 1) :

AT)=C <1 + ehw/2k213T_1) . (5)

Although this model is a great oversimplification, it has
gained wide acceptance, specially after the work of Hart
et al. on Si [11]. Balkanski et al. performed system-
atic temperature measurements of the line width and
frequency shift of the Raman LO phonon in Si for the
temperature range 5-1400 K [12] and deduced that at
higher temperatures besides cubic terms the incorpora-
tion of quartic anharmonicity terms give satisfactory fits
of the experimental values. In this case the frequency
and bandwidth change of Raman modes with tempera-
ture looks like [12]:

2
AT)=A (1 + Sh/eT — 1 1)
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where A, B, C, D are anharmonic constants.
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3.1. Anharmonic effects in CeOs_g5 nanocrystals

In Fig. 1 there are given Raman spectra of CeOq_;
nanocrystals measured at different temperatures start-
ing from room temperature (RT) up to 1273 K [13]. By
heating, the Fy, Raman mode frequency continuously de-
creases and its line shape becomes less asymmetric indi-
cating the change in crystallite size.
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Fig. 1. Raman spectra of CeOsz_s nanocrystals at
different temperatures.

Namely, the particle size effect provokes systematic
changes in the Raman spectra of CeO3_s nanocrystals
when crystallite size decreases [14-16]. The evolution
of the Fy, Raman mode (the mode frequency shift and
asymmetrical broadening) strongly depends on the con-
finement and inhomogeneous strain effects due to the
particle size change and is best described using phonon-
-confinement model (PCM) [17, 18]. On the other side,
the temperature provokes the changes of the Raman line
position and bandwidth. Such temperature dependence
can be attributed to the phonon—phonon interactions
originating from crystal anharmonicity. As an effect of
anharmonic interactions an optical mode can interchange
energy with other lattice modes in such a way that it
decays to lower energy phonons or is scattered by ther-
mal phonons into modes of different energy. Figure 2
shows the first-order Raman mode frequency and band-
width change of first-order Fy, Raman mode in CeOy_;
nanocrystals at different temperatures.

By heating, the Raman frequency continuously de-
creases (circles in Fig. 2). In addition, as the temper-
ature increases, the line shape becomes less asymmetric,
and at about 1100 K it becomes totally symmetric, as
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Fig. 2. Frequency (circles, triangles) and line width
(asterisks) change of the F>; Raman mode with tem-
perature. The solid (dashed) lines are calculated data
using Egs. (6) and (7).

can be seen from Fig. 1. By cooling, the frequency of
the Fy, mode increases (triangles in Fig. 2), reaching the
value of 464 cm~! at room temperature very close to
the value of CeOq single crystals [19, 20] while the line
width decreases with temperature decrease. Tempera-
ture dependence of the Raman mode frequency and band-
width based on the Klemens ansatz [10], was fitted using
Egs. (6) and (7). The results of the fitting procedure
(full line) applied to the experimental frequency depen-
dence on temperature during the heating demonstrated
that the anharmonicity is dominated by four-phonon an-
harmonic processes. Namely, as can be seen from Fig. 2
the Raman mode frequency of the nanocrystals (circles)
varies as T? (C =0, D = —0.176 cm™!). We concluded
that in CeOs_s nanocrystals, the anharmonicity is dom-
inated by different phonon decay processes (four-phonon
processes) [13]. Upon gradual cooling down to room tem-
perature the same fitting analysis applied to frequency
(open triangles) and line width (asterix) experimental
values showed that three phonon processes became dom-
inant (see fitting parameters in Fig. 2). Such behavior
pointed out that our sample suffers a transformation from
nano to polycrystalline one by above mentioned heating
treatment. The subtle interplay between size and anhar-
monic effects, depending on the heat treatment, leads to
different phonon—phonon interactions in nanostructured
systems under consideration.

3.2. High temperature Raman study
of Ceg 75 Ndy.o5 Oa_s nanocrystals

The Raman spectra of Cey.75Ndg.2502_5 sample ob-
tained upon heating (circles) and cooling (dashed lines)
are presented in Fig. 3. Raman spectra of the
Ceq.75Ndg.2502_5 sample from Fig. 3 were analyzed using
the phonon confinement model-PCM that incorporates
size, inhomogeneous strain and anharmonic effects [21].

In the PCM there are included inhomogeneous strain
effect through the term Aw(g, L) using Gaussian parti-
cle size distribution function p(L) and anharmonic effects

Intensity

400 500 600 . 700
Raman shift (cm™)

Fig. 3. Raman spectra of Cep.75Ndg.2502_5 sample ob-
tained upon heating (circles) and cooling (dashed lines).
The solid lines are calculated spectra using PCM model.

through terms Aw(T

9=3 [
xXp (‘ L ) ' 8)

X

/BZ [w = (wilg) + Aw)]” + [1(T) /2]

where the wave vector ¢ is expressed in units of 27/a
(a is the lattice constant), L is the particle diameter,
Aw = Aw;(q, L) + Aw(T) and 3 is an adjustable param-
eter concerning the strength of the phonon confinement
in nanomaterials. The full lines in Fig. 3 are the cal-
culated spectra based on Eq. (8). Using the PCM that
incorporates anharmonic and size effects we were able
to calculate the change of average particle size at higher
temperatures and to estimate the particle growth influ-
ence on the F5, Raman mode behaviour. From the PCM
model we obtained that particle size increased from 6 nm
to 12 nm during the heating [21]. The detailed study
of the frequency (bandwidth) behavior upon heating re-
vealed that four-phonon anharmonic processes dominate
over size effects and three-phonon anharmonic processes
in nanocrystalline grains (see Fig. 4a) similar to pure
ceria nanocrystals. On the other side, if we take into
account that particles grow during the heating we would
expect the upshift of the F5; mode frequency (triangles in
Fig. 4a) and line width decrease. Experimentally evident
redshift and broadening of the F5, mode during heating,
clearly points to the fact that anharmonicity effects at
higher temperatures influence more the frequency (line
width) change than size effects [21]. The temperature
dependence of Fy, mode frequency and line width upon

(1), I'(T):
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Fig. 4. Frequency and line width change (a) upon
heating and (b) upon gradual cooling down to room
temperature. The solid lines represent calculated data
for the frequency (bandwidth) change with temperature.
The best fitting parameters are given in Ref. [21].

cooling (see Fig. 4b) is similar to microceria sample where
three phonon processes became dominant [21].

3.8. Phonon—phonon interactions in Cey g5 Gdy.1502_s
nanocrystals

The Raman spectra (circles) of Ceg.g5Gdg.1502—5
nanocrystalline sample from Fig. 5 in the temperature
range 293-1100 K exhibit significant changes similar to
pure and Nd-doped ceria samples. With increasing tem-
perature the Fy;, mode shifts to lower frequencies and
becomes less asymmetric while the line width increases.
Such a behavior can be attributed to the anharmonic-
ity interactions at elevated temperatures. The Raman
spectra (circles) are analyzed by PCM model (Eq. (8))
and the calculated spectra are presented with solid lines.
Detailed analysis of frequency (line width) behavior with
temperature revealed the change of the phonon—phonon
coupling in this system. Namely, careful analysis of the
evolution of F, Raman mode with temperature showed
that temperature dependence of the bandwidth, given in
Fig. 6b, is determined by four-phonon anharmonicity up
to the 573 K (full line fit).

At higher temperatures when the particles are grown
enough size effects provoke the changes in phonon—
phonon interactions influencing the bandwidth of the Ra-
man mode in such a way that three-phonon anharmonic
interactions prevail over the four-phonon ones (dashed
line fit). The best fit of the frequency (full line) dur-
ing the heating up to 573 K was obtained including only
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Fig. 5. Raman spectra of Cep.85Gdo.1502-s sample at
different temperatures (circles). The solid lines are cal-
culated spectra using PCM.
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mode (a) frequency and (b) line width during heating.

the four-phonon anharmonic term (see Fig. 6a) while at
higher temperatures three phonon decay processes be-
came dominant (dashed line). Anharmonic fitting pa-
rameters for both quantities are also presented in Fig. 6a
and b. From such an analysis, we concluded that differ-
ent phonon decay channels dominate in nanocrystalline
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grain than in larger grain and pure anharmonicity effects
at temperatures up to 573 K have more influence on the
frequency (bandwidth) than size effects [22]. At temper-
atures higher than 573 K three phonon processes became
dominant. In Fig. 6a there is also presented the calcu-
lated frequency shift due to the pure-volume contribution
— Ag (line) [23]. The frequency redshift due to the ther-
mal expansion would be higher than the experimentally
obtained frequency shift. This suggests that anharmonic
couplings of phonons influence more the frequency be-
haviour of F5», Raman mode during heating than thermal
expansion. The Raman spectrum at room temperature
after cooling (Fig. 7a) is narrower, blue shifted regarding
the starting spectrum but still at lower frequency than in
the bulk counterpart meaning that particles are in nano-
metric range. Upon cooling frequency shifts to higher
values while bandwidth decreases (Fig. 7a). The best
fit of the frequency (line width) behaviour with cooling
down to room temperature, presented in Fig. 7b with
full (dashed) lines, was obtained including three phonon
anharmonic processes which become dominant. This im-
plies that the particles are grown enough so the phonon—
phonon interactions are more similar to polycrystalline
ceria [22].
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Fig. 7. (a) Raman spectra of Ceg.s5Gdo.1502_s5 sample
upon gradual cooling down to room temperature and
(b) variation of the Fb; mode frequency and line width
upon gradual cooling. Full (dashed) lines represent fits
of the line position and line width using Eqs. (6) and (7).

3.4. Intrinsic anharmonicity in nanocrystalline
anatase TiOo

TiO; in anatase phase has six first-order Raman active
modes among which low frequency Ey(1y and E, () modes
exhibit frequency shift up (hardening behavior) with in-
creasing temperature while the other four modes exhibit
softening behavior with rising temperature [24-26]. In
Fig. 8 there is presented the temperature dependence of
the Ey (1) mode frequency. The Raman shift dependence
on temperature can be attributed to two effects, one be-
ing the thermal expansion or volume change and the
other optical-phonon anharmonic couplings. The vari-
ation of the frequency of the Raman modes with temper-
ature at constant pressure arises from two contributions:
pure volume contribution which results from thermal ex-
pansion and pure-temperature contribution which results
from cubic and quartic anharmonicities. Temperature
dependence of each vibrational mode at constant pres-
sure can be expressed

(Olnw/0InT)p = —(a/k)(0lnw/01n P)r

+(0lnw/0InT)y, (9)
where « is the volume thermal expansion coefficient and &
is the isothermal volume compressibility. Above equation
can be written in terms of measured pressure and tem-
perature dependence of the Raman-active mode as

(AwT)p = —(Awp)T + (AwT)V =

Ag(qj) + Aalgd, 2). (10)
In his work Osaka measured pressure and tempera-
ture dependence of each anatase mode and was able to
separate the thermal expansion contribution from pure
phonon—phonon interactions and to estimate their influ-
ence on each Raman mode in anatase TiOs [25]. From
this study he deduced, as well as later Gao in nanocrys-
talline anatase [26], that anharmonic couplings of optical
phonons become much stronger upon increasing temper-
ature in the Fy (1) mode than quasiharmonic contribution
arising from thermal expansion. Both authors deduced
that strongly intrinsic anharmonicity is responsible for
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frequency blueshift of this mode upon increasing tem-
perature. The unusual hardening behavior of the lowest-
-frequency E, mode was explained by Gao and others
[25, 26] through three- and four-phonon processes where
three-phonon anharmonic processes dominate over the
four-phonon anharmonic interaction. If we have in mind
that three-phonon decay (scattering) processes bring to
mode softening while the quartic terms may be either
positive or negative [8] we deduced that only quartic
terms (see Eq. (3)) dominate and suppress the contribu-
tion from thermal expansion and from cubic anharmonic
terms. This means that contrary to Gao and other au-
thors temperature dependence of the main Raman mode
seeks for new explanation and this will be strong motiv
for our further investigation.

4. Conclusion

We examined the effects of temperature-induced
changes on vibrational states of nanocrystalline materials
like CeOs_s, ceria doped with Nd (Gd) and TiO2_s using
the Raman spectroscopy. At high temperatures, in pure
and Nd doped ceria nanomaterials, four-phonon anhar-
monic processes dominate over three-phonon processes
and the size effects have less influence on the Raman
mode behavior than anharmonic effects. In a case of Gd
doped ceria nanocrystals up to 300°C four-phonon cou-
pling dominates but with further temperature increase
the three-phonon coupling prevails indicating that the
particles are grown enough to behave similar to poly-
crystalline sample. The Raman spectra after heat treat-
ment demonstrated that these samples are still in nano-
metric range but anharmonic behavior is similar to their
bulk counterparts. The unusual hardening of the lowest-
-frequency E, mode in anatase nanopowders can be as-
signed to the intrinsic anharmonicity due to the dominant
contribution of positive quartic terms.
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