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We have determined quantitatively third-order anharmonic phonon coupling matrix elements in
vapor-liquid-solid �VLS� grown ZnO nanowires, via an analysis of the Raman line shape of the E2

high

phonon mode. The results suggest that the decay of the E2
high phonon into the sum of two acoustic

phonons is suppressed in VLS-grown ZnO nanowires compared to bulk ZnO. While further studies
are needed to elucidate the origin of this phenomenon, we suggest that isotope effects on Zn vapor
transport and diffusion through metal nanocatalysts, processes during the VLS growth, can be
contributing mechanisms. © 2009 American Institute of Physics. �doi:10.1063/1.3263709�

In crystalline materials, the description of lattice vibra-
tions and potentials is a critical issue in developing a funda-
mental understanding of charge carrier dynamics, thermal
expansion and transport, mechanical deformations, and
phase transformations. Particularly, anharmonic �cubic, quar-
tic, or higher order� terms in the expansion of the lattice
potential energy are of great importance. A manifestation of
effects arising from these anharmonic terms is phonon-
phonon interactions, the characteristics of which can thus
provide insight into the anharmonicity of lattice vibrations.
To this end, Raman spectroscopy is a powerful tool that en-
ables direct access to phonon interactions.

Recently, semiconductor nanowires have been attracting
much research interest due to their unique physical proper-
ties. Among these nanomaterials, ZnO nanowires have been
demonstrated to exhibit enhanced mechanical strength1 and
Young’s modulus,2 unique structural phase transformations,3

as well as to enable highly efficient mechanical-to-electric
energy conversions.4 The anharmonicity of lattices contrib-
utes significantly to the underlying mechanisms of these
properties.

In this work, we have used Raman spectroscopy to in-
vestigate the anharmonic phonon coupling in ZnO nanowires
grown by a vapor-liquid-solid �VLS� process. We have spe-
cifically focused on the E2

high phonon mode that decays an-
harmonically via three-phonon processes.5,6 Through an
analysis of the Raman phonon line shape, we have deter-
mined quantitatively third-order anharmonic phonon cou-
pling matrix elements. The obtained values describe well the
characteristics of variable-temperature �85–600 K� Raman
spectra. The results indicate that the decay of the E2

high pho-
non into the sum of two acoustic phonons is suppressed in
VLS-grown ZnO nanowires compared to bulk ZnO. We sug-
gest isotope effects on Zn vapor transport and diffusion
through metal nanocatalysts, processes during the VLS
growth, as possible contributing mechanisms.

ZnO nanowires �with diameters of �30 nm� were
grown via the VLS process with Au nanoparticles as the
catalyst �details can be found in Ref. 7�. Micro-Raman spec-
tra were obtained using a Renishaw InVia Raman micro-
scope with the laser excitation provided by 325 and 442 nm
lines from a Kimmon He–Cd laser. For measurements at

temperatures from 85 K to the room temperature �RT�, we
used a liquid-helium microscopy cryostat �part of Cryo-
View2000 from Nanonics�; high-temperature experiments
�up to 600 K� were performed using an Instec microscope
hot stage �HCS302�.

Transmission electron microscopy �TEM� images of a
typical ZnO nanowire are shown in Fig. 1. A residual catalyst
can be seen at the tip of the nanowire, consistent with the
VLS growth. The obtained electron-diffraction patterns indi-
cate a wurtzite structure with �0002� as the growth direction.
No dislocations or planar defects were observed from nano-
wires investigated.

Figure 2�b� shows a RT Raman spectrum of the E2
high

phonon �solid line� obtained with the 442 nm excitation,8

which exhibits an asymmetric low-frequency broadening.
This has been observed in bulk ZnO and attributed to anhar-
monic phonon interactions.6 While the isotopic disorder can
also lead to such a broadening,9 it seems unlikely to be the
origin here as the E2

high phonon mode involves predominantly
the motion of oxygen atoms �which are nearly isotopically
pure�. Moreover, the A1 longitudinal optical �LO� phonon
peak obtained with the 325 nm excitation �not shown here�
exhibits a fairly symmetric line shape, excluding the lattice
disorder as the dominant origin of the asymmetric broaden-
ing. This asymmetric line shape of the E2

high phonon thus
provides an opportunity to evaluate the anharmonic phonon
coupling strength. In particular, the E2

high phonon decays an-
harmonically into two acoustic phonon modes at �1
=250 cm−1 and �2=190 cm−1, as well as into a difference
between an optical phonon and an acoustic phonon at �3

a�Author to whom correspondence should be addressed. Electronic mail:
yigu@wsu.edu. FIG. 1. TEM images and electron-diffraction patterns of a ZnO nanowire.

APPLIED PHYSICS LETTERS 95, 193111 �2009�

0003-6951/2009/95�19�/193111/3/$25.00 © 2009 American Institute of Physics95, 193111-1

http://dx.doi.org/10.1063/1.3263709
http://dx.doi.org/10.1063/1.3263709


=550 cm−1 and �4=110 cm−1, respectively.5,10 This anhar-
monic phonon coupling changes the harmonic phonon fre-
quency ��0� into a damped frequency �, with �=�0

+����+ i����, where the term of ����+ i���� is the phonon
self-energy. The imaginary part of the phonon self-energy,
����, is given by11

���� = �V3
+�2�+

�2�����1 + n��1� + n��2�� + �V3
−�2�−

�2����

��n��4� − n��3�� , �1�

where n��� are Bose–Einstein occupation factors, �+
�2����

and �−
�2���� are the two-phonon sum and difference density

of states �DOS�, �V3
+�2 and �V3

−�2 are third-order anharmonic
phonon coupling matrix elements for the decay into phonon
sums and differences, respectively. The real part of the pho-
non self-energy, ����, is related to ���� via the Kramers–
Kronig transformation

���� = −
2

�
P�

0

� �������
��2 − �2d��, �2�

where P is the Cauchy principle value.

To evaluate the phonon self-energy, we used the two-
phonon sum DOS reported in Ref. 10. We shifted the DOS
by +10 cm−1, as discussed in Refs. 6 and 10 for bulk ZnO,
to compensate the errors in the ab initio calculations. For the
two-phonon difference DOS, we used a constant value of
0.25 cm−1 �Ref. 5�, as the DOS is almost flat in the fre-
quency region of interest �400–460 cm−1�. Figure 2�a�
shows the plot of ���� �black line� at RT calculated from Eq.
�1�, with �V3

+�2 and �V3
−�2 given by 18 and 3 cm−2, respec-

tively �see also below�. We then used a numerical
algorithm12 to calculate ���� �red line in Fig. 2�a�� via Eq.
�2�. The line shape of the Raman peak is then given by

I��� �
����

����2 + ��0 + �0 + ���� − ��2 , �3�

where �0 is the frequency shift due to the lattice thermal
expansion

�0 = − �0	�
0

T

�
��T�� + 2
��T���dT�, �4�

with 	, 
��T�, and 
��T� being the Grüneisen parameter
�=2.02�,10 the linear thermal expansion coefficients parallel
and perpendicular to the c axis, respectively. For 
� and 
�,
we used the values from Refs. 13 and 14 that extend from 90
to 400 K, and we extrapolated these values to the 80–600 K
temperature regime.

The width of the Raman peak is determined, to a large
extent, by ����. The asymmetric broadening is the result of
the strong frequency dependence of ���� in the low-
frequency tail region of the phonon peak, as shown in Fig.
2�b�. Using Eqs. �1�–�4�, we simulated the Raman line shape,
with �V3

+�2 and �V3
−�2 as the two varying parameters. To ac-

count for the finite width of instrument response of
�2 cm−1, we have added this value to ���� during the simu-
lation. The results, for �V3

+�2=18 cm−2 and �V3
−�2=3 cm−2,

were plotted as the solid line in Fig. 2�c� that agrees well
with the experimental Raman peak �open circles�. Similar
analysis performed on bulk ZnO �Ref. 6� has yielded �V3

+�2
	39 cm−2 and �V3

−�2	4–6 cm−2. Values of 28 cm−2 for
�V3

+�2, and 3 cm−2 for �V3
−�2, have been obtained5 on bulk ZnO

via the relationship between the phonon linewidth and isoto-
pic composition. While there is an agreement on the value of
�V3

−�2, the obtained value �18 cm−2� here for �V3
+�2 is notice-

ably lower than those �28–39 cm−2� reported in bulk ZnO.
We note that, as �−

�2���� is assumed to be a constant, �V3
−�2

mainly determines the symmetric broadening of the phonon
peak, while larger values of �V3

+�2 indicates a larger degree of
asymmetric broadening. To illustrate the significance of
�V3

+�2, we simulated the Raman line shape �dashed line in Fig.
2�c�� using �V3

+�2 of 28 cm−2, the lower end of the values
reported in bulk ZnO. Obviously, the simulated line shape
with �V3

+�2 of 28 cm−2 overestimates the asymmetric broad-
ening of the E2

high phonon peak observed in ZnO nanowires.
To further verify the validity of obtained values for �V3

+�2
and �V3

−�2, we calculated the peak position and the Raman
linewidth as functions of temperature from the equations
above, using the same values for �V3

+�2 and �V3
−�2. For the

comparison to the experiments, we note that the measured
Raman linewidth, the full width at half maximum ��FWHM�,
is not simply 2���� but is given by11

FIG. 2. �Color online� �a� ���� �black line� with �V3
+�2 and �V3

−�2 of 18 and
3 cm−2, respectively, and ���� �red line� calculated from the Kramers–
Kronig relation; �b� experimental Raman spectrum of the E2

high phonon �solid
line�, with ���� and ���� plotted as black dashed and red dot-dashed lines,
respectively; �c� simulated Raman line shape with �V3

+�2 of 18 cm−2 �solid
line� and 28 cm−2 �dashed line�, with �V3

−�2 of 3 cm−2 in both cases, together
with the experimental Raman line shape �open circles�.
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�FWHM =
2���m�

1 −
d����

d�
��=�m

, �5�

where �m is the center frequency of the Raman peak. The
calculated results �dashed lines� agree well with the experi-
mental data �open circles� plotted in Fig. 3. This validates the
values of �V3

+�2 and �V3
−�2 obtained via the Raman line shape

analysis.
The lower value of �V3

+�2 obtained here suggests a sup-
pressed anharmonic coupling of the E2

high phonon to the sum
of two acoustic phonons in VLS-grown ZnO nanowires com-
pared to bulk ZnO. Given the diameter ��30 nm� of these
nanowires, phonon confinement effects are not expected. In
addition, Raman spectra of nanowires with diameters rang-
ing from 20 to 80 nm �not shown here� exhibit no noticeable
difference. Thus the size effect seems unlikely to be the ori-
gin. On the other hand, we note that the frequency of the
two-phonon sum DOS ��+

�2����� is inversely proportional to
the Zn atomic mass.5 During the VLS growth, Zn atoms in
the vapor phase are transported to the growth substrate and
then diffuse through Au nanocatalysts before reacting with
the oxygen. This process might lead to a preferred Zn isoto-
pic composition �e.g., via isotope effects in intermetallic
diffusion15� that is different than that of bulk ZnO. The re-
sulting change in the magnitude �and the frequency depen-

dence� of �+
�2���� in the frequency region of the E2

high phonon
might account for the suppressed anharmonic phonon cou-
pling. Further investigations are required to elucidate the un-
derlying mechanisms.

In conclusion, via an analysis of the Raman phonon line
shape, we quantitatively determined third-order anharmonic
phonon coupling matrix elements in VLS-grown ZnO nano-
wires. The validity of these values was confirmed by
variable-temperature Raman characteristics. The results sug-
gest that the decay of the E2

high phonon into the sum of two
acoustic phonons is suppressed in VLS-grown ZnO nano-
wires compared to bulk ZnO. This can have profound effects
on the mechanical as well as thermal properties of these na-
nomaterials. The origin of such a suppression might lie in the
isotope effects on Zn vapor transport and diffusion through
Au nanocatalysts during the VLS growth; further investiga-
tion are needed to identify the underlying mechanisms.
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FIG. 3. Frequency �a� and linewidth �b� of the E2
high phonon peak as func-

tions of temperature. Open circles and dashed lines are experimental and
calculated results, respectively. Inset to �a� shows the normalized Raman
spectra obtained, from top, at 85, 320, 440, and 540 K, with spectra shifted
vertically for clarity.
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