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Softening and stiffening of phonons in rutile titanium dioxide films are investigated by in situ
micro-Raman studies during energetic ion irradiation. The in situ study minimized other possible

mechanisms of phonon dynamics. Initial softening and broadening of Raman shift are attributed

to the phonon confinement by structural defects and loss of stoichiometry. The stiffening of A1g

mode is ascribed to large distortion of TiO6 octahedra under the influence of lattice strain in the

(110) plane, which gives rise to lengthening of equatorial Ti-O bond and shortening of apical

Ti-O bond. The shortening of apical Ti-O bond induces stiffening of A1g mode in the framework

of the bond-order-length-strength correlation mechanism. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4868079]

I. INTRODUCTION

The study of transition metal oxides and their nanostruc-

tures has great potential for the research activities due to a

variety of applications such as transparent conducting win-

dow materials for solar cells, electron injecting materials

in hybrid and dye sensitized solar cells, chemical sensors,

catalysis, water splitting for hydrogen storage, and

nanomedicines.1–6 Particularly, titanium dioxide (TiO2) has

wide interest in fundamental understanding of phase transi-

tion and the response of their physio-chemical properties due

to changes in the crystallite size and stoichiometry. It is also

very susceptible to change in lattice parameters, which

affects the whole lattice dynamics of the materials.

Therefore, the study of phonon structure and their dispersion

is essential to develop any device based on TiO2. In view of

such implications, the origin of Raman shift is a topic of dis-

cussion, as most of the theoretical calculations are based on

a continuum dielectric mechanism. Most of these calcula-

tions have been carried out using correlation length, bulk

phonon dispersion, and lattice dynamics matrix in accord-

ance with microscopic valence force field, phonon confine-

ment, and bond polarization model. There are reports that

the reduction in size leads to the modifications in phonon dis-

persion and can be understood by the phonon confinement

model (PCM).7–11 But, PCM is a phenomenological model

and does not take into account many parameters such as

structural or chemical defects and particle-medium interac-

tion; hence it fails to explain the phonon response for the

size of nanoparticles below 10–15 nm.11–14 As a matter of

fact, size dependent Raman shift has also been attributed to

surface disorder, structural stress, bond order length strength

(BOLS) correlation mechanism, and local bond averaging

model.15–19 However, the softening of phonons has been suc-

cessfully explained using various mechanisms, but rather

limited literature is available about the stiffening of phonons

and their possible mechanism.20 Moreover, these models

have been demonstrated in different type of materials such

as powders, thin films, and prepared in various environ-

ments. Therefore, some in situ study on single sample would

be more appropriate to have better understanding of phonon

dynamics and their possible mechanism responsible for such

phonon interaction processes.

The rutile tetragonal crystalline structure of TiO2 exhibits

18 vibrational modes in the first Brillouin zone.12 Among these

18 modes, only 4 are Raman active: three non-degenerate

modes A1g, B1g, B2g, and a doubly degenerate Eg mode. In all

Raman active modes, oxygen atom vibrates and Ti remains at

rest. The non-degenerate A1g, B1g, and B2g vibrates in the plane

perpendicular to c-axis, while the doubly degenerate Eg mode

vibrates along c-axis. The B1g mode consists of rotation of ox-

ygen atom around c-axis, with all six oxygen atoms of octahe-

dra that participate in the vibrations. However, the Raman

study of such low dimensional TiO2 films is necessary, as the

excess energy at the surface not only controls the elastic prop-

erties21 but also many other important and relevant properties

such as band gap enhancement, core level shifting, and the

increase of electron affinity. Moreover, the ultimate effect of

the decrease in bond number and bond strengthening as com-

pared to their bulk value dictates the surface chemistry such

as wettability, diffusivity, and reactivity. It also affects the

thermal/structural stability such as melting, evaporation, and

self assembly growth.

It is well known that energetic ion irradiation induced

defects in such oxide semiconductors can gives rise to inter-

esting properties such as phase transitions,22–24 Fermi level

modification,25 d0 magnetization,26 and even provides scope
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of understanding of the phonon evolution in oxide semicon-

ductors.27 Therefore, in the present manuscript, the density

of structural defects and lattice strain induced by energetic

ions and origin or validity of various models as discussed

above have been selectively tested by minimizing other pos-

sible mechanisms as reported in the literature.

II. EXPERIMENTAL DETAILS

For the present study, ion beam sputtered films on sili-

con with silica as buffer layer are used. As-deposited films

contain mixed anatase and rutile phase with tetragonal struc-

ture. Therefore, films were annealed at 1050 �C for 1 h in

controlled oxygen environment to have complete phase tran-

sition to rutile phase. The temperature of complete phase

transition is selected on the basis of a series of annealing

studies performed at different temperatures. One such film is

used for in situ micro-Raman spectroscopy (m-RS) during

energetic ion beam irradiation using Renishaw InVia Raman

microscope equipped with a fiber optic probe (FOP). After

each increment in ion fluence, the target ladder is rotated by

90� for recording the micro-Raman spectra and detail of this

facility will be published elsewhere. Another similar film is

used for in situ grazing incidence x-ray diffraction (GIXRD)

using a Bruker D8 advanced diffractometer equipped with

copper anode as described elsewhere.28 Selected cross

sectional high resolution transmission electron microscopy

(X-HRTEM) is also carried out using FEI TITAN 80–300

electron microscopy facility at MPI, Halle. For irradiation,

120 MeV Ag ions were used, which deposits 20.61 keV/nm

and 0.085 keV/nm in electronic and atomic sub-systems,

respectively, as estimated using SRIM2013 code.29 Therefore,

the energy deposited in electronic sub systems is mainly

responsible for creating large density of defects and struc-

tural strain in the lattice. However, the contribution of the

energy deposited in atomic sub-systems cannot be ignored

completely. All the experiments were carried out at room

temperature.

III. RESULTS AND DISCUSSION

Fig. 1(a) shows m-RS spectra recorded in situ during the

irradiation at incremented ion fluences up to 2 � 1013 ions/cm2,

while Figs. 1(b) and 1(c) show the peak shape analysis in

terms of Raman shift and the corresponding full width at half

maxima (FWHM) of Eg and A1g phonon modes, respectively.

It is noted that the pristine film shows all the four Raman

active modes such as B1g, Eg, A1g, and B2g at 143, 443, 609,

and 826 cm�1, respectively. This spectrum also shows a sec-

ond order band of Raman shift around 230 cm�1. The obser-

vation of these modes reveals that those films are highly

crystalline with rutile tetragonal structure. It is also seen

from the spectra that the intensity of the peaks monotonously

decreases with increasing ion fluences of energetic ions. Eg

mode shows a softening up to the fluence of 4 � 1012 ions/cm2

and followed by some stiffening, if fluence is further

increased; while the FWHM shows a continuous increase

with increase in ion fluence. Few representatives Lorentzian

fitted Raman spectra are submitted as supplementary mate-

rial.30 It may also be noted that the response of this mode at

higher fluences could not be reported, as this mode com-

pletely disappears at a fluence of 5 � 1012 ions/cm2. On the

other hand, A1g mode also shows a softening up to the flu-

ence of 4 � 1012 ions/cm2, followed by stiffening at higher

fluences up to 2 � 1013 ions/cm2. However, the FWHM of

this mode shows a monotonous increase only up to a fluence

of 7� 1012 ions/cm2, followed by a decrease at higher

fluences.

Fig. 2(a) shows GIXRD pattern of the pristine film with

the diffraction peaks of (110), (101), (200), (111), and (210)

planes of the rutile phase of TiO2, with crystal structure

P42/mnm (JCPDS Card No. 21-1276). The lattice parame-

ters, as calculated using Powderx software, are found to be

a¼ 4.593 Å and c¼ 2.953 Å. The observed values are very

close to the lattice parameters of bulk rutile TiO2. It is also

clear from the pattern that the film is polycrystalline in

FIG. 1. (a) Micro-Raman spectra recorded in situ during energetic ion irradi-

ation at various ion fluences, (b) peak shape analysis of Eg mode, and (c)

peak shape analysis of A1g mode of rutile TiO2 films.
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nature. The inset of the figure shows the response of

120 MeV Ag ions on (110) plane recorded in situ during irra-

diation at incremented ion fluences. Average crystallite size

is calculated using Scherer’s formula by using the FWHM of

(110) diffraction peak corrected for the instrumental broad-

ening and are shown on left axis of Fig. 2(b). The structural

analysis for determining the lattice parameters is carried out

using Powderx and observed an expansion in the (110) plane

as evidenced by increase in the lattice parameter “a” with an

increase in ion fluences and is shown on the right axis of Fig.

2(b). The calculated value of the lattice parameter “a” for

the highest fluences is to be 4.635 Å. The micro-structural

strain is also evaluated using the variation in the lattice pa-

rameters and will be discussed in the ninth paragraph of this

manuscript. This analysis reveals that the mean size of crys-

tallites decreases, while the lattice parameter “a” increases

in the (110) plane with increasing ion fluences.

Inset of Fig. 2(b) shows the variation in the integral in-

tensity of the diffraction peak from (110) plane with

increasing ion fluence by symbols. It can be clearly seen

that the crystalline fraction decreases and the amorphous

fraction increases with increasing ion fluence. The cross

section of amorphization can be calculated using Gibbon’s

formula31

A ¼ A0e�a U;

where A is the crystalline fraction, which decreases with

increase in ion fluence, and A0 is the total crystalline frac-

tion. While, a ¼ pr2 is the cross section of amorphization,

where r is the radius of ion track and U is the ion fluence.

The size of ion tracks is estimated by fitting this equation

and is found to be 1.81 6 0.16 nm. The calculated value is

quite consistent with the value reported in literature.32,33

The effect of energetic ion induced changes in micro-

structure, crystallite size, and amorphization is further inves-

tigated using the cross sectional high resolution transmission

electron microscopy (X-HRTEM) as shown in Fig. 3.

Images of Figs. 3(a) and 3(b) clearly reveal that pristine films

are highly crystalline in nature, which are consistent with the

XRD results. However, the film irradiated for the highest flu-

ence shows that the film is amorphized with some crystalline

nanoparticles as shown in Figs. 3(c) and 3(d). Moreover, the

density in such nanoparticles is very small and their size

varies from 4 to 10 nm. These nanoparticles are surrounded

by amorphous TiO2, which enormously affects the phonon

structure and will be discussed in the following section.

This study has shown the way for an in-depth under-

standing of the softening and stiffening of phonons. As a

matter of fact, position of Raman shift and FWHM of the

same are also plotted as function of crystallite size using the

data of in situ m-RS and GIXRD and are shown in Fig. 4.

The inset of the same figure shows the evolution of strain in

(110) surface of rutile TiO2 as a function of crystallite size.

Results show that as the size decreases from 50 to 40 nm, A1g

mode shows softening of about 3 cm�1 along with increase

FIG. 2. (a) GIXRD pattern of rutile TiO2 film, while inset of the same figure

shows the response of (110) diffraction peak under 120 MeV Ag ion irradia-

tion recorded in situ during energetic ion irradiation, (b) average crystallite

size and lattice constant “a” calculated from the GIXRD pattern, while inset

shows the decrease in the integral peak intensity of (110) diffraction and a fit

using Gibbon’s formula for calculating the cross section of amorphization.

FIG. 3. Cross section HRTEM images of (a) and (b) pristine; and (c) and (d)

film irradiated with a fluence of 2 � 1013 ions/cm2 using 120 MeV Ag ions.
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in peak width. However, a further decrease in the size leads

to the stiffening of this mode even up to the size of about

15 nm. However, the FWHM of the peak increases only up

to a size of about 30 nm, followed by decrease on further

reduction in size of crystallites. It would be pertinent to men-

tion that even the Eg mode shows a similar response up to

the size of about 42 nm. But, the response of this Eg mode

cannot be investigated at smaller sizes, as it completely dis-

appears below this. Therefore, the following discussion is

based on the response of A1g mode only.

According the PCM, each mode should exhibit red shift-

ing in peak position with asymmetric peak broadening.

There are many mechanisms of PCM that explains softening,

for instance, phonon confinement by reduction in size,7–11

surface stress,34–36 and structural defects.27 The softening

can also be understood by the loss of stoichiometry37,38 and

local heating effects.39 However, in the present study, the

effect of reduction in size is not possible because the size of

the crystallites in the region of softening is bigger than

30 nm, and Eg mode also shows softening (which is supposed

to show stiffening with decrease in size). The effect of local

heating is also unlikely, as all the measurements were carried

out at same temperature with same laser power for excita-

tion. Therefore, the initial softening of A1g phonons of

�3 cm�1 can be attributed to the phonon confinement by lat-

tice defects such density of oxygen vacancies, which gives

rise structural strain and loss of stoichiometry.24,27 The evo-

lution of strain in (110) surface induced by oxygen vacancies

is in agreement with the reported prediction of first principle

calculations.40 In very recent work, the same group has also

shown that this kind of strain engineering can be used to tai-

lor the elastic properties and reactivity of the surfaces.21 For

the evidence of loss of stoichiometry in irradiated film, the

loss of oxygen is confirmed by the cross sectional line scan

of energy dispersive x-ray (EDX) analysis as shown in

Fig. 5. EDX scan clearly shows that there is almost no

change in the concentration of Ti along the thickness of the

film, while oxygen depletion is evident from the film.

There are rather limited studies which are reported on the

stiffening of A1g modes of rutile TiO2 and their possible mech-

anisms.20 The observed stiffening of A1g mode as evidenced

by the blue shifting of this mode below the size of about

30 nm is ascribed to BOLS correlation mechanism.15–19

According to this mechanism, the lattice periodicity is termi-

nated with reduction in size and leads to the contraction of

bonds between the surface atoms. For instance, if d is the nor-

mal bond length and it can be contracted to di, under the

FIG. 4. Variation in peak position and peak width of A1g mode with changes

in average crystallite size as calculated from GIXRD study. Inset shows the

evolution of strain in (110) surface with variation in average crystallite size.

Origin of the stress is attributed to the density of oxygen vacancies induced

by energetic ion irradiation.

FIG. 5. Cross sectional EDX line scan

of for Si, Ti, and O from the film irra-

diated with fluence of 2 � 1013

ions/cm2 using 120 MeV Ag ions.
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terminations of periodicity, then the contracted bond length,

di ¼ cid, where ci is the coefficient of bond contraction. Thus,

there will be an increase in the bond strength, which can be

derived as, Ei ¼ c�m
i Eb, where m is the index of bond nature.

The experimental results of present study demonstrate that the

high density of oxygen vacancies in (110) surface induced

tensile strain, which leads to increase in the equatorial Ti-O

bond length and shortening of apical Ti-O bond. Thus, the api-

cal bond is strengthened and gives rise to the stiffening of A1g

modes as described in Ref. 20 and reasonably well evidenced

by the BOLS correlation mechanism.

IV. CONCLUSIONS

In summary, in situ micro-Raman investigations provide

the scope for the understanding of the phonon dynamics in

rutile TiO2. The initial softening of the phonons is attributed

to the phonon confinement by lattice defects such as density

of oxygen vacancies and loss of stoichiometry. The interplay

between density of oxygen vacancies and strain in (110) sur-

face is also demonstrated in agreement with the prediction of

the comprehensive first principle calculations. The controlled

stiffening of A1g phonons is experimentally observed and

ascribed to bond strengthening of apical Ti-O bond under

large distortion of TiO6 octahedra induced by lattice strain in

the (110) plane within the frame work of BOLS correlation

mechanism. Therefore, such studies could be useful for

many functionalities such as sensors, origin of d0 magnetiza-

tion of dilute magnetic semiconducting materials, catalysis,

and other surface related properties. Finally, it can be con-

cluded that energetic ions can be used efficiently for an

in-depth understanding of the origin and dynamics of the

phonon interactions.
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