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On the Optical, Thermal, and Vibrational Properties
of Nano-ZnO:Mn, A Diluted Magnetic Semiconductor
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Nano-zinc oxide and Mn-doped zinc oxide were synthesized by a chemical
process, and the average size of the particles observed was 35 nm for nano-
ZnO. Optical and thermal characterizations were carried out by means of
photoluminescence and photoacoustic spectroscopy. It was found that nano-
ZnO has a thermal diffusivity one order of magnitude larger than bulk ZnO.
Similarly, a less explored localized defect mode in ZnO:Mn was studied the-
oretically and experimentally using FTIR spectroscopy. The localized mode
was experimentally found to be 514 cm−1, compared to its theoretical value
of 502 cm−1. These values suggest that the current theory of bulk materi-
als can also be extended to nanosystems and they are consistent with our
hypothesis that Mn goes substitutionally as an impurity displacing Zn in
nano-ZnO.

KEY WORDS: localized vibrational mode (LVM); photoacoustics; thermal
diffusivity; thermal conductivity; ZnO; ZnO:Mn nanocrystals.
PACS: 63.20.pw, 78.66.Hf, 33.20.Ea

1. INTRODUCTION

Zinc oxide (ZnO), a hexagonal wurtzite crystal, is a promising material for
manufacturing photodetectors, blue and ultraviolet laser diodes [1], trans-
parent field effect transistors, etc. and has gained attention because of
its electronic properties, i.e., a direct bandgap semiconductor with Eg =
3.3 eV and a large exciton binding energy of 60 meV. Diluted magnetic
semiconductors (DMS) (semiconductors doped with a small concentration
of magnetic impurities) are promising materials for spintronics devices.
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In recent years, due to the prediction of a possible ferromagnetic tran-
sition in metal-doped ZnO with a Curie temperature above room tem-
perature, research on ZnO:Mn has increased significantly [2]. The theory
proposed by Dietl [3] predicts room temperature ferromagnetism in Mn-
doped p-type ZnO. In addition to Dietl’s prediction, ferromagnetism (FM)
in magnetically doped ZnO has been theoretically investigated by ab ini-
tio calculations based on the local density approximation [2]. Although
reviews are available for bulk and nano-ZnO doped with magnetic impu-
rities like Co and V [4], very few reports are available for ZnO doped
with manganese [5]. Sharma et al. [2] have carried out measurements on
ZnO:Mn for the FM transition. Since the optical and thermal proper-
ties are enhanced by, at least, a few orders of magnitude in nano-ZnO,
studies on nano-ZnO:Mn have become important. Recently it has been
reported [6] that Mn doping in ZnO even at a low level (of 2 at.%) can
change the bandgap of the ZnO host, and this change is not due to
experimental uncertainty. This is a very important issue since then the
localized mode due to doping can also change the observed physical
properties.

Although ZnO:Mn is a potential DMS material for many devices and
there are other interesting properties like the FM transition, etc., to date
studies on the defect mode in this material have not been given much
attention. Here this gap is filled. A practical challenge in the synthesis of
the DMS nanostructure is to incorporate the dopant into the ZnO. Very
little work has been reported for changes in the local structure and vibra-
tional properties of the Mn-doped ZnO [7], and to our knowledge no the-
oretical results have yet been reported for the vibrational modes.

The impurities, introduced into the ZnO nanostructure, can mod-
ulate the local structure and cause a dramatic change of photoelectric
and vibrational properties due to the quantum confinement effect [8–11].
Therefore, ZnO:Mn is studied here with an emphasis on the local defect
mode.

Recently, numerous experiments have been performed on the synthe-
sis and optical properties of one-dimensional (1D) nanostructured ZnO
[12–16], including Mn doping, and Gebicki et al. [17] have experimen-
tally synthesized bulk ZnO:Mn and characterized it by using XRD and
Raman spectroscopy and reported a mode at about 470 cm−1 as the local-
ized vibrational mode (LVM). Since to the best of our knowledge theo-
retical studies on ZnO:Mn for LVM are not available even for bulk, an
attempt is made here to study the LVM of ZnO:Mn by both experiment
and theory along with its optical and thermal properties.
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2. EXPERIMENT

2.1. Synthesis

There are two widely accepted chemical routes for the synthesis:
through zinc acetate and zinc sulphate. Here the zinc sulphate route is
chosen for the synthesis and ZnO nanocrystals are synthesized through
two-step solid-state reactions as follows:

(1) Anhydrous zinc sulphate and sodium carbonate were taken in an
equimolar ratio and mixed and ground properly for 30 min in a
very clean mortar where dry flake-like particles were formed.

(2) Since the reaction temperature is very important for the growth
of nanoparticles, the above mixture is heated in a furnace for 1 h
at a temperature of 200 ◦C. The powder was collected and then it
is cleaned three times with distilled water and washed twice with
pure ethanol. Again this is dried at 80 ◦C to form ZnO powder
so that it is free from the hydroxyl group

ZnSO4 ·7H2O+Na2CO3 →ZnO+Na2SO4 +CO2 +7H2O.

Similarly the manganese dioxide nanoparticles are formed by grinding
the manganese dioxide powder for 30 min and through the same heating
and washing process as for the preparation of ZnO nanoparticles, MnO2
nanoparticles were obtained.

The nanoparticles of zinc oxide doped with manganese are pre-
pared by mixing the zinc oxide and manganese dioxide nanoparticles in
80:20 mol.% ratio, which is taken as the initial charge and when the pro-
cess is repeated (heating to 200 ◦C and washing, etc.), we obtain ZnO
nanoparticles doped with manganese. Confirmation is carried out by mak-
ing XRD measurements.

2.2. X-Ray Diffraction

The ZnO nanoparticles have been structurally characterized by
X-ray diffraction (XRD, MAC Science, MXP18) with CuKα radiation.
The XRD pattern of ZnO nanoparticles reveals a wurtzite structure. The
lattice constants of the ZnO nanocrystal are a = b = 3.27 Å and c = 5.21 Å.
A typical XRD pattern of the nanocrystal is shown in Fig. 1. There are
three main peaks at (100), (002), and (001). Moreover, the relative peak
intensity of (100) to (002) in the present case is quite different from that
reported by Pan et al. [14] implying that ZnO nanocrystals prepared by
various methods may exhibit different preferred growth orientations. The
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Fig. 1. XRD pattern of ZnO nanocrystal.

size of the particles is determined by using Scherrer’s formula as a first
approximation.

2.3. Photoluminescence

Photoluminescence emission spectra of the ZnO nanocrystal are
recorded using a spectroflurophotometer (Shimadzu RF-5000) at room
temperature. Here we obtained an emission peak at λ = 380 nm (Fig. 2)
which corresponds to the characteristic excitation peak of ZnO, while the
visible green emission at 510 nm is believed to arise from the defect lev-
els associated with oxygen vacancies or zinc interstitials, which agrees well
with the spectrum obtained by Lee [18]. A similar spectrum for a very
diluted Mn concentration in ZnO shows the same trend.

2.4. Photoacoustic Spectroscopy (PAS)

The photoacoustic technique is used to characterize several semi-
conductors because of its great versatility as a non-destructive and non-
invasive method for evaluation of materials. Since Scherrer’s formula used
to find the size of the particles from an X-ray photograph is not exact, it
is used only as a guideline for further measurement. Thus, photoacoustic
measurements are used here to determine the size of the particle.
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Fig. 2. PL spectrum of ZnO nanocrystal.

When a modulated light is absorbed by the sample located in a
sealed cell, the non-radiative decay of the absorbed light produces a mod-
ulated transfer of heat to the surface of the sample. This modulated ther-
mal gradient produces pressure waves in the gas inside the cell that can
be detected by the microphone attached to the cell. The resulting signal
depends not only on the amount of heat generated in the sample (and,
hence, on the optical absorption coefficient and the light-to-heat conver-
sion efficiency of the sample), but also on how the heat diffuses through
the sample [19]. The quantity, which describes the rate of heat diffusion
in a material, is the thermal diffusivity α. Thus, photoacoustic measure-
ments are used not only to characterize the nanomaterial but also to mea-
sure certain thermal and optical properties.

2.4.1. Photoacoustic Spectrometer

The light from a 400 W Xe-lamp (Jobin Yvon) is mechanically
chopped by an electro-mechanical chopper (PAR Model 650) and focused
onto the sample through a monochromator (Triax Model 180, Jobin
Yvon). The sample is placed in the PA cell, and a microphone is placed
very near the sample. The PA signal from the microphone is fed to a
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Fig. 3. Photoacoutic spectrometer.

lock-in amplifier (Perkin Elmer Model 7225 DSP) for further measure-
ments, and this PA experimental setup is shown in Fig. 3.

2.4.2. Photoacoustic Measurements

2.4.2.1. Depth Profile Analysis. A ZnO nanocrystal is placed inside
the PA cell, and the PA signal is observed for different chopping frequen-
cies. The thermal diffusivity was determined from the thermal diffusion
model [20] of the photoacoustic effect which states that, for an optically
opaque and thermally thin sample, the pressure fluctuations are given by

δ p =γ p0 I0
(
αgαs

)1/2 exp j
(
ωt − π

2

)
/2π T0 lgκs f sinh (lsσs) , (1)

where γ is the specific heat ratio of air, p0 is the ambient pressure, I0
is the incident light beam intensity, T0 is the room temperature, f is the
chopping frequency, and li , ki , and αi are the thickness, thermal conduc-
tivity, and thermal diffusivity of material i , respectively.

The subscript i denotes either sample (s) or gas (g) and σi = (1+ j) ai

with ai = (π f /αi )
1/2 is the complex thermal diffusion coefficient of mate-

rial “i”. Particularly, for an optically opaque and thermally thick sample
(lsσs �1), the expression for the photoacoustic amplitude is given by

S = A

f
exp(−a f 1/2), (2)

where the constant A, apart from geometric constants, includes factors
such as the light intensity, room temperature, gas thermal properties, and
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Fig. 4. Depth profile of ZnO nanocrystal.

a = (
πl2

s /αs
)1/2

. From the slope of ln( f S) as a function of
√

f , we deduce

the thermal diffusivity, α, of the sample from this relation a = (
πl2

s /αs
)1/2

.
This is shown in Fig. 4, where the data are fitted for best straight line
(by least squares) and the slope of the line is used to deduce the thermal
diffusivity. The possibility of scattering of data points around a straight
line exists for discontinuous atomic structures. This is not seen in crystals
where continuous arrangement of atoms in certain periodicity exists. But
here the situation is different with agglomeration of nanoparticles. Con-
nectivity between particles is the result of pelletization. If more pressure is
applied in this pelletization process, then one can reduce the non-linearity
in the data points because the resulting structure becomes more homoge-
neous. In all the photoacoustic measurements, the nanoparticles of ZnO
were not used, as obtained from the chemical reaction. The powders were
collected and palletized. Depending on the pressure applied during pellet-
ization, the connectivity of the particles is achieved and can be measured
by the degree of departure from a straight line as shown in Fig. 4.

We prepared the pellet by applying a pressure of about 1 ton. We have
also synthesized nano-cadmium sulphide where the effect of pressure on
the size of the particle and thermal conductivity have been studied [21].
The size of the particles affects the PA frequency response and hence the
thermal properties. The foregoing discussion is also valid in this case. In
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summary, what we deduce is only an average value of the thermal diffu-
sivity.

The thermal conductivity is given by

κ =αρC p [W ·m−1 ·K−1], (3)

where ρ is the density and C p is the specific heat capacity.
The thermal diffusivity of the zinc oxide nanocrystal is found to be

1.7×10−5 m2·s−1 and is compared with the thermal diffusivity of the ZnO
nanowire which is 7.15 × 10−5 m2·s−1 [22], whereas that for bulk ZnO is
7.1×10−6 m2·s−1 [23] and the thermal conductivity of the nanocrystals is
50.16 W·m−1·K−1. The thermal diffusivity and thermal conductivity of the
nanocrystal are at least one order of magnitude higher than that for bulk
ZnO [22]. The thermal diffusivity of the nanoparticles will be enhanced
when compared with the bulk system because at this size of the particles,
quantum confinement is achieved and the interface will form an extremely
dense network of paths for fast diffusion through the nanocrystals. In gen-
eral, the material properties will be enhanced as the size of the particles
decrease, due to quantum confinement [24] in nanomaterials. But in nano-
wires and nanobelts, many reports are available [25] that show a decrease
in thermal conductivity and thermal diffusivity, when the particle size is
reduced. In nanowires, the thickness plays an important role. For exam-
ple, in nano-ZnSe [26], it has been found that if the thickness is more than
10 nm, then there is a possibility for agglomeration of the nanoparticles
on the surface of the wires, forming clusters which will lead to multiple
scattering and a reduction in the thermal conductivity compared to the
bulk value, whereas when the thickness is between 5 and 10 nm, the reverse
occurs. Similarly in these films, the surface of which contains 50% of the
nanoparticles, there will only be a reduction in thermal properties. This
has also been observed in ZnO thin films [27]. However, when nanopow-
ders of ZnO are considered (isolated particles), the defect concentration is
lower compared to nanowires or thin films. Therefore, a marginal increase
in thermal properties is possible. But when compared with ZnO nanowires,
the thermal diffusivity and thermal conductivity for nanoparticles are less,
and this is discussed in the next section after determining the size of the
particles.

2.4.2.2. Wavelength Scanning. The detected photoacoustic power is
proportional to the absorption of optical energy by the sample. The PA
spectrum was obtained by recording the PA signal as a function of the
wavelength of the incident beam, for a constant modulation frequency.
The PA spectrum for each sample is normalized using the PA spectrum
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Fig. 5. PA spectrum of undoped and Mn doped ZnO nanocrystal.

obtained for carbon black. This is essential as the power spectrum of the
light source (xenon lamp) is simply the PA spectrum for photoacoustically
opaque samples. The PA spectra of ZnO and ZnO:Mn are given in Fig. 5.

Here, two prominent peaks are observed at 390 and 520 nm, and they
are identified as due to bandgap absorption and oxygen related impurities,
i.e., the peak positioned at 390 nm corresponds to the zinc oxide exciton
peak while the peak at 510 nm corresponds to the emission originating
from intrinsic defects in ZnO, such as oxygen vacancies, donor accep-
tor complexes, and anti-site oxygen [18] and for nano-ZnO:Mn the peak
occurs at 384 nm and a shoulder occurs at 510 nm.

In general, it is expected that for a nanomaterial the bandgap should
show a blue shift compared to the bulk. But, here 390 nm for the bandgap
excitation is red shifted. This is possible in nanomaterials, when excess Zn
atoms are collected in ZnO nanomaterials.

Similarly when ZnO is doped with Mn, the bandgap is shifted from
390 nm to 384 nm. Since doping will not change the bandgap, the exper-
iment is repeated a few times so that experimental uncertainties can be
minimized. The value is still 384 nm which indicates that Mn doping can
change the bandgap. As already mentioned, Ranjani et al. [6] have recently
reported a similar result in ZnO:Mn nanocrystals and finally concluded
that for nanomaterials when magnetic materials are used as dopants, there
is a possibility for a change in the bandgap due to exchange interactions.
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Table I. Bandgap Values of Bulk and Nano-ZnO

System Bandgap (eV) Reference

Bulk ZnO 3.3 [28]
Nano-ZnO (35 nm) 3.18 Present work
Nano-ZnO:Mn 3.26 Present work

Error in measurements ∼2%.

Because of the inclusion of the manganese into the zinc oxide, the
exciton peak of the ZnO exhibits a blue shift and the intensity of the
peaks, which arises due to the oxygen vacancies or zinc interstitials, is also
reduced. The bandgaps obtained from the present measurements are given
in Table I along with the bulk values.

From the bandgap, the particle size of the ZnO nanoparticle was
found from the following expression [29]:

Egn =
[

E2
gb +

{
2h2 Egb

(
π
R

)

m∗

2}]1/2

, (4)

where Egb is the bandgap of the bulk semiconductor (3.3 eV for ZnO),
R is the particle radius, m* is the effective mass of the electron (0.3 me),
and Egn is the bandgap for the nanosystem. The average particle size of
the ZnO nanocrystals here is found to be 35 nm, and this is of the same
order as reported in Ref. [30]. Since the particle size is around 35 nm, the
enhancement in the observed thermal diffusivity is just one order of mag-
nitude. Still the size can be reduced.

The other interesting optical property, namely, the defect vibrational
mode, due to doping has to be analyzed as there is an appreciable change
in electronic behavior, i.e., a change in the bandgap. The size of the
observed particle when we synthesized ZnO nanowire is 20 nm (in diame-
ter) and the length is 100 nm. This is still smaller compared to 35 nm sized
particles now synthesized. This explains why in the present case the ther-
mal diffusivity is lower than that for the nanowire.

2.5. FTIR Spectrum

IR spectra are recorded for nano-ZnO and ZnO:Mn systems to ana-
lyze the changes in the vibrational modes, as given in the introduction.
Wurtzite ZnO belongs to the C6v4 space group (P63mc). At the Γ point
of the Brillouin zone, the normal vibrational modes are predicted on the
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basis of group theory Γopt = A1 + 2B1 + E1 + 2E2 [9,10,31,32]. Among
these, E1 and A1 are infrared active.

Infrared spectra were obtained using the Perkin–Elmer spectrome-
ter to study the vibrational modes for nano-ZnO and manganese-doped
ZnO which are shown in Fig. 6. The modes observed for undoped ZnO
at 379.95 cm−1, 416.60 cm−1 agree well with the already reported values
of bulk ZnO [33] corresponding to the A1 and E1 species which are
again observed in ZnO:Mn. But ZnO:Mn exhibits an additional mode at
514 cm−1 which agrees very well with the ZnO:Mn tetrapod [7] reported
earlier, and this additional mode at 514 cm−1 needs study. A theoretical
investigation is carried out to explain the defect mode.

3. THEORETICAL STUDY

The localized vibrational modes are studied for ZnO:Mn theoretically
by using a molecular model and the Green function.

3.1. Molecular Model

This model as developed by Jaswal [34], is employed here to study the
LVM of ZnO:Mn; the details are not reported here. Only a few impor-
tant steps are given here. To start with, it is assumed that Mn substi-
tutes for the Zn site as shown in Fig. 7. Then the four neighboring atoms
with l = 2–5 are the neighbors with atomic positions (1/21/21/2), (1/21/21/2),
(1/21/21/2), and (1/21/21/2). The second neighbor interactions are neglected.

Nearest neighbor interactions are given in terms of the two
Kellermann’s parameters A and B as

1
r

[
dV

dr

]∣∣∣∣
r=r0

= e2

2v
B (5)

d2V

dr2

∣∣∣∣
∣
r=r0

= e2

2v
A (6)

where V is the short-range potential for the first neighbor interactions and
v is the volume of the unit cell. Similarly, when the defect is introduced,
these interactions will be modified as A′ and B ′. Now V1 is the interaction
potential between the defect atom and its neighbors.

The relevant data on the elastic constants and the effective charge for
ZnO can be obtained from the literature [5] for the calculation of A and
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Fig. 6. FTIR spectrum of (a) ZnO and (b) ZnO:Mn nanocrys-
tal. Arrow indicates the LVM due to Mn doping.
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Fig. 7. Td symmetry of the molecule ZnO:Mn.

B. The equations of motion of the atoms in the molecule in the defect
environment can now be written as

mlüα (l)=−
∑

�′ β

Φαβ

(
ll ′

)
uβ

(
l ′
)

(7)

where l and l ′ are from 1 to 5. Assuming harmonic solutions for the
equations of motion, and the fact that Φαβ is a sum of ΦC

αβ +ΦR
αβ where

ΦC
αβ corresponds to the second derivative of the Coulomb potential with

respect to the displacement components of the atoms, and ΦR
αβ is a sim-

ilar derivative of the short-range potential between the nearest neighbors
defined through A and B or A′ and B ′. In brief, the dynamical matrix is
constructed taking into account the long- and short-range interactions of
the nearest neighbors.

The dynamical matrix is given by

Dαβ(l − l ′)= DC
αβ(ll ′)+ DR

αβ(ll ′), (8)

where DC
αβ is the coupling coefficient corresponding to the Coulomb

potential and DR
αβ is the coupling coefficient corresponding to the short-

range potential (Φαβ ) between the nearest neighbors, defined through the
force constants A and B. DC

αβ and DR
αβ are determined following the usual

procedures.
When the interactions are limited to nearest neighbors, the dynami-

cal matrix will be of order 15 × 15 as there are five atoms in this mol-
ecule. This dynamical matrix is diagonalized to get the eigen-frequencies
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Table II. Rigid Ion Model Parameters for ZnO (All parameters are in units of N·cm−1,
except for Z which is an effective charge, a number.)

A B C1 D1 E1 F1 C2 D2 E2 F2 Z

−0.445 −0.30 −0.12 −0.54 0 −0.144 −0.08 0.115 0.0 0.005 0.065

Table III. LVM Using Different Techniques for ZnO:Mn

Technique LVM (cm−1) Reference

Green Function 502.2 Present
Molecular model 463.5 Present
Experiment 470.0 [4]

522.0 [10]
514.9 Present

and eigenvectors, and the defect mode is identified from the eigenvector,
as usual. The Kellerman parameters determined by the rigid ion model are
given in Table II. A program is written and executed to find the localized
mode. This is given in Table III.

3.2. Green-Function Formalism

Since in the molecular model, only central forces are considered and
only for first neighbors, we carried out Green’s function calculations also
to find the LVM, where second neighbors and non-central forces are con-
sidered. The Green-function technique developed by Maradudin et al. [35]
is effective in explaining the defect modes in crystals and is followed here.

When a substitutional impurity is added to a host system, the modes
will be altered and the defect modes are evaluated from |I − g∂l|=0 where
I is the identity matrix, g is the green function matrix of the host system,
and ∂l is the perturbation matrix associated with the substitutional impu-
rity added to the host system. The Green function is a complex quantity
where the real part is useful in the study of impurity vibrations and the
imaginary part in evaluating the frequency spectrum of the host system.

The Green function is evaluated from

gαβ

(
0 l
k k′

)
= 1

N

∑

q j

eα(k|q j) e∗
β(k′∣∣q j)

(x2 − x2
j (q))

cos
(

2πq · r

(
0 l
k k′

))
, (9)
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where x = ω/ωmax and x j (q) = ω j (q)/ωmax, ωmax being the maximum
allowed frequency of the host lattice. N is the number of unit cells in the
crystal and e(k|q j) are the eigenvectors.

To start with, the Green functions for the ZnO host system are eval-
uated from the phonons and eigenvectors, which are computed from the
refined rigid ion model developed by Plumelle and Vandevyver [36].

The Green function matrix for the host ZnO in the defect space is of
the order 15 × 15. The reduced matrices g and ∂l are sufficient to deter-
mine the LVMs in the case of ZnO:Mn for the calculation corresponding
to Td symmetry of the defect complex. This is obtained from group the-
oretical simplifications as Γ15 = A1 + E + F1 +3F2. The block diagonalized
matrix of g and ∂l for ZnO:Mn for F2 has been reported in an earlier
paper [37].

The perturbation matrix ∂l due to the substitutional impurity is writ-
ten as

∂lαβ

(
k, k′)= εMkω

2δαβδkk′ −�φαβ

(
k, k′) (10)

where Mk is the mass of the host atom, and α and β are the directions.

ε = Mk − Mk′

Mk
,

where ε is the mass defect parameter, Mk′ is the mass of a substitu-
tional impurity atom, and �φαβ

(
k, k′) arises from the change in the force

constant due to the Mn substitution at the Zn site, i.e., �φ is the force
constant difference between Zn–O and Mn–O. Most of the time this is
represented by Kellermann’s parameters A and B in the form of �A
and �B. With these, |I − g∂l| is determined for various x (=ω/ωmax) and
when the above determinant goes to zero, the x value is noted and hence
the LVM is determined. This is given in Table III.

When Mn is considered as a substitutional impurity in ZnO, replacing
Zn, the theoretical investigations reveal 502 cm−1 as the localized vibra-
tional mode. This is another reason why the bandgap is affected in nano-
ZnO. Apart from exchange interactions, a localized vibrational mode will
also interact with the electrons of the host, i.e., the electron–phonon inter-
action will also contribute in addition to the exchange interaction to
change the bandgap.

4. RESULTS AND DISCUSSION

A peak at 390 nm found for nano-ZnO in photoacoustic measure-
ments is compared with 380 nm corresponding to the bulk ZnO. In
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general, when the particle size is decreased, a blue shift is expected; oth-
erwise, the PA peak should be below 380 nm. But a red shift is observed
here. This can happen in II–VI nanomaterials as reported by Behera et
al. [38] due to the presence of excess Zn atoms in ZnO. Behera et al.
studied the Raman mode for nano-CdS, where a new mode at 295 cm−1

was observed, a red shift. They proposed various possibilities to explain
this new mode, such as a surface mode, or a defect mode due to intersti-
tial effects, etc. Finally, they concluded that this red shift to the shoulder
is possible when cadmium-rich CdS is grown. So, correspondingly, even
in nanomaterials, one can expect a red shift when one metal ion is rich.
Indeed, in the present synthesis of nano-ZnO enriched with Zn, the PA
did show a red shift (Fig. 5).

The electronic bandgap and the size of the particles are determined
from the PA measurements. The size of the particles is 35 nm and the ther-
mal properties of this ZnO nanocrystal are an order of magnitude higher
than those for the bulk material, as expected. This is also compared with
our earlier results for ZnO nanowire.

The vibrational mode observed from the FTIR spectrum for the
doped sample shows a blue shift in contrast to the undoped sample.
Because of the size confinement and lattice distortion, not all of the IR
absorption modes are fundamental TO modes. The interaction between
the electromagnetic radiation and the particles depends on the size, shape,
and the state of aggregation of the crystal. Therefore, the difference of the
FTIR vibration modes between the bulk and nanoparticles originates from
the morphology and size. The undoped and doped samples have more or
less the same fundamental modes except for the doped which shows an
additional mode at 514 cm−1, which agrees fairly well with the experimen-
tal result of Ref. [6] where a mode at 522 cm−1 is reported and our theo-
retical prediction shows a peak at 502 cm−1.

Lattice dynamical investigations were carried out to elucidate the
defect modes arising due to the doping of Mn in ZnO. There is no stan-
dard theory reported for the defect mode in nanomaterials; therefore, we
extended the theory of bulk materials to this nanosystem. In view of the
fact that the most commonly used methods are molecular models and
Green-function techniques, we carried out these types of calculations for
Mn substitution in ZnO. In our molecular model we obtained a defect
mode at 463 cm−1, which is not close to the experimentally observed mode
at 514 cm−1. This was attributed to the fact that in the molecular model
only the central forces and the first neighbors were considered. Therefore,
a refined Green-function technique was used to calculate the same local-
ized mode which turned out to be 502 cm−1. This agrees with the pres-
ent experimental value of 514 and 522 cm−1 from Ref. [6]. In Ref. [6]
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experiments were carried out for nano-ZnO tetrapods with Mn doping,
where the localized mode is 522 cm−1. It was concluded that the present
nanoparticle treatment of this defect mode is in reasonable agreement with
experiment. The theoretical results of the molecular model and the Green-
function technique are consistent with our hypothesis that Mn goes as a
substitutional defect (displacing Zn) in nano-ZnO.
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