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We report the systematic investigation of polarized Raman scattering on individual crystalline GaP nano-
wires �NWs� with diameters 40�d�600 nm. At small diameter, d�70 nm, the NWs are found to act like a
nearly perfect dipole antenna that leads to a polarized scattering intensity function I����cos4 � where � is the
angle between NW axis and the incident laser polarization. For larger diameter �70�d�600 nm� NWs, some
other different polar patterns were found. A simple theoretical approach which takes into account the Raman
tensor and photon confinement in NWs was used to understand the experimental data.
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I. INTRODUCTION

The last two decades have witnessed the growth of inter-
ests on semiconductor nanowires �SNWs� due to their wide
range of applications and their potential as one of the next
generation building blocks for nanoscale electronics,1

photonics,2 or sensors.3 One of the most interesting proper-
ties for SNWs is quantum confinement. Because of the con-
finement of electrons, the band gap increases as the SNW
size decreases.4,5 Phonon confinement, for an example, has
also been clearly identified for the asymmetric broadening of
Raman spectra from Si NWs with diameters smaller than 10
nm.6 When light interacts with SNWs, photons can also be
trapped or confined by these dielectric filaments7,8 because
their size is comparable to the wavelength of light. Recently,
strong resonance effects caused by photon confinement have
been observed in both elastic9 and Raman scattering10–12

from SNWs.
In this paper, we will show how the photons confined

inside GaP NWs change the polarized Raman scattering from
semiconductors at the nanoscale. Polarized Raman scattering
experiments have been carried out from single WS2 �Ref. 13�
nanotubes, and SiC and wurtzite GaN NWs.14 Optical an-
tenna effect observed from 20-nm-diameter WS2 nanotubes
by Resonant Raman scattering was attributed to the screen-
ing of polarizability.13 However, complex-valued Raman ten-
sor was proposed to explain the experimental polarized Ra-
man data on single GaN nanowires.14 Comparing with the
abundant literature results in single-carbon nanotube Raman
spectroscopy,15,16 little or no systematic studies on single
SNW Raman spectroscopy have been done.

We use cubic GaP NWs with diameters 40�d
�600 nm as a test bed to investigate the first-order polar-
ized Raman scattering from single SNWs. All GaP NWs
studied in this report were synthesized by pulsed laser vapor-
ization. Transmission electron microscope �TEM� analysis
show that these GaP NWs are highly crystalline and only two
growth directions, �110� and �111�, were found. The detailed
synthesis and characterization information has been pub-
lished elsewhere.17 In Fig. 1�a� we display a typical Raman
spectrum of an individual GaP NW showing two main peaks
of transverse optical phonon �TO, �356 cm−1� and longitu-
dinal optical phonon �LO, �392 cm−1� scattering. A weaker

Raman band ��385 cm−1� also appears on the lower-
frequency side of the LO phonon peak. This is due to scat-
tering from surface optical �SO� modes activated by surface
roughness and/or faceting on the NW surface.18 We will,
however, not discuss SO mode in this work. GaP NWs pro-
vide us an ideal candidate over the other SNWs systems
given that �1� they are easy to grow, �2� the single-wire Ra-
man spectrum has excellent signal to noise ratio in tens of
seconds at excitation laser wavelength 514.5 nm and small
laser power �2 mW, and �3� GaP NWs have cubic structure
which Raman tensors are much more simpler than wurtzite
semiconductors, such as GaN.

The following context is organized by four sections: we
first review Raman scattering from bulk semiconductors,
both the experimental and theoretical results on the polarized
Raman scattering on bulk GaP �100� and �111� are shown;
then the procedures and results on NW Raman tensor calcu-
lations are presented; thirdly a simple theory based on bulk
Raman scattering and photon confinement is proposed and
finally experimental polarized Raman scattering from GaP
NWs are discussed and compared with the proposed theory.
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FIG. 1. �Color online� �a� A Raman spectrum of GaP NWs. �b�
Schematic of polarized Raman scattering on cubic �b� bulk GaP
wafer and �c� GaP NWs. The arrow indicates the direction of the
excitation laser. êi and ês are the incident and scattered light polar-
izations, respectively.
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II. POLARIZED RAMAN SCATTERING FROM
BULK CUBIC GaP

Let us first review Raman scattering from bulk semicon-
ductors. It is well known that the TO and LO Raman inten-
sities Is, where the subscript s represents either TO or LO,
are dependent on the polarization of incident radiation êi, the
polarization of scattered radiation ês, and the Raman tensor

R̃�s�. It can be written as in Refs. 18 and 19

Is � �4I0�ês · R̃�s� · êi�2, �2.1�

where � and I0 are the frequency and intensity of incident

light, respectively. The form of the Raman tensor R̃ is re-
lated to the symmetry of Raman-active phonons. For semi-
conductors with the zinc-blende structure, the Raman tensors
for optic phonons with atomic displacements along the
�100�, �010�, and �001� crystallographic axes are19,20

R̃�ê1� = 	0 0 0

0 0 a

0 a 0

,R̃�ê2� = 	0 0 a

0 0 0

a 0 0

,R̃�ê3� = 	0 a 0

a 0 0

0 0 0

 ,

�2.2�

where the unit vectors êm �m=1,2 ,3� represent the �100�,
�010�, and �001� axes, respectively. We use the subscript m
to distinguish them from the polarizations of incident and
scattered lights êi and ês. The constant a in the tensors takes
on different values for TO and LO phonons.

Let us consider the scattering geometry of a bulk semi-
conductor slab in Fig. 1�b�. We are primarily interested in the
change in the backscattered intensity as the incident polar-
ization is rotated by � about the incident photon wave vector
k�i. The laser with wavelength 514.5 nm �Coherent Innova
70C� is directed along the −x̂1 direction of the lab �x̂1 , x̂2 , x̂3�
coordinate system and focused by the microscope objective
onto the sample plane �x̂2 , x̂3�. The laser polarization E� 0 is
initially polarized along the x̂2 axis. As it passes through a
rotatable half wave plate �HWP�, the laser polarization will
be rotated by an angle � in the horizontal plane.14,21 The
backscattered light from the sample propagates along the x̂1
direction and is collected by the objective lens and then
passes again through the polarization rotator where the elec-
tric vector is counter-rotated by the angle �. The analyzer,
positioned before the entrance slit, is fixed to only pass the
scattered E-field component parallel to the polarization of the
incident laser. Finally the light coming out of the spectrom-
eter is collected by an air-cooled charge-coupled device.

Depending on the orientation of the HWP, the polarization
direction for the incident êi and backscattered radiation ês is

êi = ês = � 0

cos �

sin �
� = ê . �2.3�

The wave vectors for the incident and backscattered radia-

tion, k̂i and k̂s, respectively, are both parallel to the x̂1 axis.
To comply with the photon-phonon wave-vector conserva-
tion rule, the wave vector of the optical phonon q̂ excited in

the Raman process must also be parallel to the x̂1 axis �the
phonon wave vector is q=2ki�. Therefore, the displacement
of the LO phonons must be along the x̂1 axis and the dis-
placement of the TO phonons must be perpendicular to the x̂1
axis. Then from Eqs. �2.3� we have for scattering from the
bulk that

Ibulk
LO ��� � �ê · R̃�x̂1� · ê�2 �2.4a�

and

Ibulk
TO ��� � 
ê ·

1
�2

R̃�x̂2� · ê
2

+ 
ê ·
1
�2

R̃�x̂3� · ê
2

,

�2.4b�

where the two terms in Eq. �2.4b� can be identified with two
orthogonal TO phonons. These results predict the polariza-
tion dependence of the bulk TO and LO scattering.

Here we use Eqs. �2.4a� and �2.4b� to work out two ex-
amples, bulk GaP �100� and �111�, to see how the first-order
Raman-scattering intensities of optical-phonons change with
the angle � and compare our calculations with experiments.

For bulk GaP �100�, we set the laboratory coordinates x̂1,
x̂2, and x̂3 correspond to the three principle crystallographic
axes �100�, �010�, and �001�, respectively, i.e.,

R̃�x̂m� = R̃�êm� . �2.5�

From Equations �2.4a�, �2.4b�, and �2.5�, we have

Ibulk GaP�100�
TO ��� = 0 and Ibulk GaP�100�

LO ��� � sin2���cos2��� .

�2.6�

Notice that the TO intensity for GaP �100� is zero.
For bulk GaP �111�, we set

x̂1 = �111�, x̂2 = �112̄�, x̂3 = �11̄0� .

Then we have

R̃�x̂1� = R̃��111�� = 	
1
�3

1
�3

1
�3

1
�6

1
�6

− 2
�6

1
�2

− 1
�2

0

� 1

�3
�R̃�ê1� + R̃�ê2�

+ R̃�ê3���	
1
�3

1
�6

1
�2

1
�3

1
�6

− 1
�2

1
�3

− 2
�6

0

 , �2.7a�
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R̃�x̂2� = R̃��112̄�� = 	
1
�3

1
�3

1
�3

1
�6

1
�6

− 2
�6

1
�2

− 1
�2

0

� 1

�6
�R̃�ê1� + R̃�ê2�

− 2R̃�ê3���	
1
�3

1
�6

1
�2

1
�3

1
�6

− 1
�2

1
�3

− 2
�6

0

 , �2.7b�

R̃�x̂3� = R̃��11̄0�� = 	
1
�3

1
�3

1
�3

1
�6

1
�6

− 2
�6

1
�2

− 1
�2

0

� 1

�2
�R̃�ê1� − R̃�ê2���

�	
1
�3

1
�6

1
�2

1
�3

1
�6

− 1
�2

1
�3

− 2
�6

0

 . �2.7c�

Substituting the above Raman tensors in Eqs. �2.7a�, �2.7b�,
and �2.7c� into Eqs. �2.4a� and �2.4b�, we obtain

Ibulk GaP�111�
TO ��� = C1 and Ibulk GaP�111�

LO ��� = C2,

where C1 and C2 are both constants. Figures 2�a� and 2�b�

show both the calculated and experimental data for bulk GaP
�100� and �111�, respectively. We call these intensity polar
patterns or polar plots. In Fig. 2�b�, the experimental data
points are connected to guide the eyes. For GaP �100�, both
theory and experiment of LO mode show the quadruple pat-
terns. They are circles for both TO and LO modes of GaP
�111�. The theoretical calculations and experiments show ex-
cellent agreement with each other.

III. RAMAN TENSOR CALCULATION FOR GaP NWS

According to the above section, the Raman tensor deter-
mines the shapes of polar patterns of semiconductors. There-
fore, we demonstrate how to calculate the Raman tensors of
cubic GaP NWs with different growth directions and a spe-
cific orientation � about the NW axis. Furthermore, we cal-
culate the TO and LO intensity polar patterns for these NWs
applying Eqs. �2.4a� and �2.4b�.

The scattering geometry for NWs is shown in Fig. 1�c�
which is almost exactly like what we described in Sec. II
except the sample is changed from bulk slab to NWs. It is
defined by introducing two coordinate systems: the lab coor-
dinate system �x̂1 , x̂2 , x̂3� and the crystal coordinate system
�x̂1� , x̂2� , x̂3�� attached to the NW. x̂2� �x̂2� is parallel to the NW
growth axis; x̂1� and x̂3� are the other two crystallographic axes
of the NW in the plane of �x̂1 , x̂3�. Comparing with bulk
semiconductor, there is another degree of freedom for SNWs
called rotational angle �. It is the angle between x̂1 and x̂1�
axes in the plane of �x̂1 , x̂3� as shown in Fig. 1�c�.

First, we suppose that

x̂k� = �
m

�kmêm, x̂k = �
m

�kmx̂m� , �3.1�

where k, m=1,2 ,3, and the êm are defined in Sec. II. Then
we can define two transformation matrices T� and T based,
respectively, on the coefficients �km and �km

	� = ��11 �12 �13

�21 �22 �23

�31 �32 �33
� , �3.2a�

	 = ��11 �12 �13

�21 �22 �23

�31 �32 �33
� = �cos � − sin � 0

sin � cos � 0

0 0 1
� . �3.2b�

The Raman tensors R�x̂k�� for optical phonons displaced
along the directions x̂k� can then be written as

R̃�x̂k�� = �
m

�kmR�êm� , �3.3�

where the Raman tensors R̃�êm� are given by Eq. �2.2�. Then
the Raman tensors for phonons displacements in the direc-
tions x̂k� in the coordinate system �x̂k�� are

R̃��x̂k�� = �
m

�kmT� · R̃�êm� · T�−1. �3.4�

Similarly, we have the Raman tensors for optical phonons
displaced along the direction x̂k in the coordinate system x̂k�
and x̂k, given by

(a)

(b)

GaP [100] LO GaP [111] TO GaP [111] LO

FIG. 2. �Color online� �a� Calculated intensity polar patterns of
TO and LO phonons for bulk GaP wafer �100� and �111�. The TO
intensity for �100� is zero according to Eq. �2.6� and it was sup-
ported by our experiments. �b� Experimental polar patterns of TO
and LO phonons for bulk GaP �100� and �111�. The experimental
data show excellent agreement with the theory.
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R̃��x̂k� = �
m

�kmR̃��x̂k�� , �3.5a�

R̃�x̂k� = �
m

�kmT · R̃��x̂k� · T−1. �3.5b�

Following the strategy above, we can calculate the Raman

tensors R̃�x̂k� for NWs with growth axis along �100�, �110�,
and �111�, and for specific choices of the NW rotation angle
�. Then the TO and LO scattering intensities vs � �polar
plots� can be calculated by applying Eqs. �2.4a� and �2.4b�.

The Raman tensor-based intensity polar patterns are
shown in Figs. 3–5, respectively. A NW is represented sche-
matically in Fig. 3; it is permanently oriented along �=0°,
where � increases with counterclockwise rotation of the ra-
dial coordinate in the polar plot.

The tensor-based polar plots for GaP �100� NW are the
simplest, as shown in Fig. 3. The shapes of both TO and LO
patterns stay the same, except for changes in intensity. For
GaP �111� NWs shown in Fig. 4, the polar patterns associ-

ated with LO phonon scattering do not change while the TO
patterns display some variety for 0° 
�
30°; the polar pat-
terns just repeat themselves for 30° 
�
60° and again in
60° 
�
90°. Figure 5 shows the TO and LO polar patterns
of GaP �110� NWs for 0° ���180°. The variety of the
tensor-based polar patterns seen in the figure indicates the
sensitivity of the scattering pattern to the NW orientation
about the �110� growth axis.

IV. THEORY OF RAMAN SCATTERING FROM
SEMICONDUCTOR NANOWIRES

In this section, we present a theory to describe Raman
scattering from SNWs considering the Raman tensor as well
as photon-confinement effect. Consider again the scattering
geometry shown in Fig. 1�c�, i.e., a plane wave at wave-
length � is incident along −x̂1, where the NW lies in the
�x̂2 , x̂3� plane with its axis along x̂2. The incident electric field
from the laser external to the NW is given by

E� 0 = E0êi = � 0

E0 cos �

E0 sin �
� , �4.1�

where � is the angle between the polarized laser field direc-
tion êi and the NW axis which lies along x̂2. We denote the
incident field inside the NW by E� 0� which can be written as

the product of a tensor Q̃ and the incident field outside the
wire

E� 0� = Q̃ · E� 0. �4.2�

The form of Q̃ is taken to be diagonal

Q̃ = �0 0 0

0 Q� 0

0 0 Q�

� , �4.3�

where Q� and Q� refer to components parallel and perpen-

dicular to the NW axis. Q̃ is introduced to describe the
photon-confinement property of the NWs, i.e., how the elec-

tric field can be “squeezed” into the NWs. In general, Q̃ will

θ

TO LO

FIG. 3. �Color online� Calculated � dependence of the contribu-
tion to the backscattered Raman intensity as seen at the detector for
a �100� GaP NW oriented along the x̂2 axis and taking into account
only the contribution from the Raman tensor. Results are calculated
according to Eq. �3.4� for angles � between the �001� direction and
the x̂1 axis. From the calculation we found that the shape of the both
TO and LO polar plots remain the same, independent of �. The
rectangle represents a NW.

TO

LO

φ 30O2010=0O O OO

FIG. 4. �Color online� Calculated � dependence of the contribu-
tion to the backscattered Raman intensity as seen at the detector for
a �111� GaP NW oriented along the x̂2 axis and taking into account
only the contribution from the Raman tensor. Results are calculated

according to Eq. �3.4� for angles � between the �112̄� direction and
the x̂1 axis. It can be seen that the shape of the LO polar plot
remains the same, independent of �. The TO patterns change only
from 0° ���30°, i.e., the patterns repeat every 30°.

φ=0 30 60

TO

LO

90 120 150OO O O O O

FIG. 5. �Color online� Calculated � dependence of the contribu-
tion to the backscattered Raman intensity as seen at the detector for
a �110� GaP NW oriented along the x̂2 axis and taking into account
only the contribution from the Raman tensor. Results are calculated

according to Eq. �3.4� for angles � between the �11̄1� direction and
the x̂1 axis. The shape of both the LO and TO polar plots shows the
sensitivity depending on �.
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also be a function of position inside the NW. It can be
shown, however, that the volume average of the tensor com-
ponents �Q� ,Q�� is all that is required to compute the
scattering.9,11

The scattered vector field E� s� inside the NW is defined by

the application of a scattering matrix S̃ to the internal field
E� 0�. That is, we have

E� s� = S̃ · E� 0�. �4.4�

For Raman scattering, the scattering matrix S̃ is the Raman

tensor R̃, i.e., S̃=R̃.
The NW then emits an external field given by the product

of an emission tensor Q̃e and the internal scattered field

E� s = Q̃e · E� s�. �4.5�

We also make the usual simplification, i.e., Q̃e� Q̃ �Refs. 10,
22, and 23� because the Raman shift is small compared with
incident laser. The polarization of the detected scattered elec-
tric field ês, is parallel to the incident field êi �this follows
from the experimental conditions�. Then the external scat-
tered intensity associated with this polarization can be writ-
ten as

IRaman
NW � �4�ês · E� s�2 = �4�ês · Q̃ · R̃ · Q̃ · E� 0�2

= �4�ês · Q̃ · R̃ · Q̃ · êi�2I0, �4.6�

where I0 and � are the intensity and frequency of external
incident light, respectively. It is important to notice that the
theory we present in this paper has two main differences
from our previous publication.11 First, in Eq. �4.6� the en-
hancement factor Q is considered as a tensor while in Ref. 11
we considered Q as a scalar. Second, in Ref. 11 the value of
the Q was calculated from the field inside finite GaP NWs by
discrete dipole approximation �DDA�. Our more recent data
shows that DDA calculations can only explain part of the
experimental results. However if the Q factors are extracted
from the experimental Rayleigh scattering data or from infi-
nitely long-wire calculation, as shown in the present work,
the theoretical model can better predict the experimental Ra-
man polar patterns.

After transformations of T and T� in Eq. �3.5�, the Raman
tensor has the general form

R̃ = 	R11 R12 R13

R21 R22 R23

R31 R32 R33

 .

Using Eq. �4.6�, the scattered Raman intensity for SNWs
then takes the form

IRaman
NW � �R22Q�

2 cos2 � + R23Q�Q� cos � sin �

+ R32Q�Q� cos � sin � + R33Q�
2 sin2 ��2.

�4.7�

The values of Rij depend on the NW growth direction �hkl�
and the “tipping” angle �. The calculation has been shown in
Sec. III. Equation �4.7�, together with the appropriate values

of Q� and Q� can be used to predict the backscattered
Raman-intensity pattern. Also we found that for Rayleigh
scattering-intensity polar patterns can be explained very well

by the above theory if the scattering matrix S̃ is replaced by
the polarizability tensor, which is a scalar for cubic semicon-
ductor. In principle, values of Q� and Q� can be obtained
from the Rayleigh backscattering data and fitting to Eq.
�4.7�, or the values can be obtained by field intensity calcu-
lation inside infinite long wires, i.e., �Iint

� / Iint
� �= �Q�

2 /Q�
2 �.9

These results will be published elsewhere.9 In our discussion,
we will directly use these results.

V. EXPERIMENTAL RESULTS IN POLARIZED RAMAN
SCATTERING FROM LONG GaP NWS

In this section, we show the experimental polarized
Raman-scattering results from individual GaP NWs and
compare these results with the theory developed in the pre-
vious section. Polarized Raman scattering was carried out on
more than 40 GaP NWs with diameters 40�d�600 nm and
lengths more than 10 �m. The synthesized GaP NWs were
dispersed into isopropanol alcohol by mild ultrasonication
and then a drop of NW solution was deposited on either a
patterned silicon substrate �100-nm oxide layer� or on a TEM
grid �Ted Pella Inc.�.

In Figs. 6–10, we display typical experimental Raman
polar patterns I��� �dots� for LO and TO backscattering col-
lected from various individual GaP NWs using 514.5-nm ex-
citation. Data in the figures �dots� are taken on wires either
suspended over a hole in a TEM grid or supported on a Si
substrate. For wires suspended on a Cu TEM grid, the TEM
image and selected area diffraction �SAD� pattern were used
to determine the wire diameter and the growth axis, respec-

TO

(a) (b)

LO

50 nm 56 nm with [111]
growth direction

FIG. 6. �Color online� �a� Experimental data for the TO and LO
polar plots for a 50-nm wire on Si substrate �unknown growth axis�.
Solid curves represent fits of a cos4 � to the data. �b� TO and LO
antenna polar plots for a 56-nm wire over a hole on a TEM grid;
SAD indicates a �111� growth axis. Data are indicated by the points
and solid curves for TO and LO are predictions according to Eq.
�4.7�. The dashed curve in the LO polar plot is a cos4 � fitting to the
data points and is not predicted by theory. For the NW in �b�, the
theory does not predict the observed LO pattern.
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tively. For NWs deposited on Si substrates, the diameter was
obtained from the height of the wire cross section measured
by atomic-force microscope. In this case, the wire-growth
direction �hkl� is not known. The theoretical curves �solid�
are calculated on the basis of Eq. �4.7� using either experi-
mental values of �Q�

2 /Q�
2 � �from Rayleigh scattering�9 or re-

sults calculated from the infinite long wire �Iint
� / Iint

� �
= �Q�

2 /Q�
2 �.9,11

There are typically four types of Raman-intensity polar
patterns observed from the experimental data among more
than 40 GaP NWs. Next we discuss each type separately.

A. Type I: Both TO and LO intensity patterns are
dipole antenna

For GaP NWs with small diameters ��70 nm�, both TO
and LO are found to act like a nearly perfect dipole antenna
that leads to a polarized scattering-intensity function I���
�cos4 �. The same behavior has been found in the other
one-dimensional systems, such as SWNTs,21,24 20-nm WS2
nanotubes.13 SNWs at antenna resonance exhibit the property
Q� 
Q�. In this case, Eq. �4.7� can be simplified by neglect-
ing terms involving Q�. The Raman intensity for SNWs at
strong antenna resonance is then

INW Raman
TO,LO � R22

2 Q�
4 cos4 �, �Q� 
 Q�; any �hkl�� .

�5.1�

This is a very important result. It tells us that for transformed
LO or TO Raman tensors that exhibit a nonzero R22 element,
the Raman-intensity polar patterns for these phonons should
both follow the �cos4 � form. In Fig. 6, we show Raman
results for two GaP NWs that exhibit a strong antenna effect
for both TO and LO phonon scatterings. The 55-nm wire
�Fig. 6�a�� was supported on a Si substrate. If this wire grows
along the �110� direction, the R22 element for both TO and
LO are nonzero and the cos4 � fit agrees with Eq. �5.1�. In
Fig. 6�b�, we show results for a slightly larger diameter d
=56 nm GaP NW on TEM grid whose SAD pattern indi-
cates a �111� growth direction. From the results calculated in
Sec. V, it can be shown that the transformed Raman tensor of
a �111� GaP NW has nonzero R22

TO element for all tipping

TO

(a) (b)

LO

80 nm wire on TEM
grid with <011>
growth axis

105 nm wire on Si

FIG. 7. �Color online� Polar patterns of TO and LO phonons of
type I: �a� the wire is on TEM grid with �011� growth direction and
is 80 nm, the solid curve is obtained for Q� /Q��1.77 and �
=90° or 160°; �b� the wire is 105 nm and is on Si substrate, the
solid curve is obtained for possible �110� growth axis, Q� /Q�

�1.42 and �=95° or 165°.

TO

(a) (b) (c)

LO

133 nm wire on TEM
grid with <110>
growth axis

210 nm wire on Si 562 nm wire on TEM
grid with <111>
growth axis

FIG. 8. �Color online� TO and LO intensity polar patterns of
type II: �a� a 133-nm wire grew along �110� on TEM grid, the solid
curve is obtained for Q� /Q��1.24 and �=105° or 175°. �b� a
210-nm wire on Si substrate; the solid curve is obtained for possible
�110� growth axis, Q� /Q��0.9 and �=94° or 164°; and �c� a
562-nm wire on TEM grid with �111� growth axis; Q� /Q��0.9
and �=0°, 60°, or 120°.

TO LO

265 nm wire on Si substrate with
possible <110> growth axis

FIG. 9. �Color online� TO and LO intensity polar patterns of
type III. The wire is 265 nm on Si substrate with possible �110�
growth axis at Q� /Q��0.89 and �=92° or 162°.

TO LO

265 nm wire on Si substrate with
possible <100> growth axis

FIG. 10. �Color online� TO and LO polar patterns of type IV: the
wire is 265 nm on Si substrate for possible �100� growth axis at
Q� /Q��0.89. The information of rotational angle � is lost.
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angles �. The cos4 � fit of TO in Fig. 6�b� agrees with Eq.
�5.1�. However, the transformed LO Raman tensor elements
of a GaP �111� NW must satisfy R22

LO=R23
LO=R32

LO=0, and
R33

LO�0. Therefore, from Eq. �4.7�, without any restrictions
on Q� and Q�, we have for LO phonons

INW Raman
LO � R33

2 Q�
4 sin4 �, �For�111�� . �5.2�

In Fig. 6�b� of LO, the dashed curve is the cos4 � fitting to
LO polar pattern, which is not the theoretical prediction. The
rotated solid curve is the predicted LO polar pattern as indi-
cated in Eq. �5.2� for the GaP NW with �111� growth axis.
This suggests the possibility that the optical antenna effect
dominates for small diameter SNWs and the Raman selec-
tion rules were masked.

Similar Raman-intensity patterns were also observed from
some other GaP NWs with diameters larger than 70 nm.
Figure 7�a� displays the Raman-intensity patterns of an
80-nm wire suspended over a hole in a TEM grid. The wire
grew along �011� direction according to the SAD. Both the
experimental TO and LO patterns of the d=80 nm wire can
be described as an “open dipole” �i.e., the patterns are di-
polelike and open at the origin�; the solid curve is calculated
from Eq. �4.7� for a �011� wire with a Q� /Q��1.77 �based
on the infinite wire calculation� and �=90° or 160°.

In Fig. 7�b�, we show the polar patterns of another GaP
NW with d=105 nm on a Si substrate. Both TO and LO
patterns are also dipolelike and open at the origin. However,
the center of LO pattern opens more than that of TO pattern.
The solid curve is for the possible �110� growth direction
with Q� /Q��1.42 �infinite long-wire calculation� and �
=95° or 165°.

B. Type II: TO is dipolelike while LO is 90° rotated dipolelike

For the d=133 nm �011� NW �Fig. 8�a��, the experimen-
tal TO pattern is also an open dipole while the experimental
LO pattern is nearly elliptical and oriented at 90° with re-
spect to the TO pattern. Our best model calculation �solid
curve� for a �011� wire uses Q� /Q��1.24 �infinite long-wire
calculation� and �=105° or 175°.

Figure 8�b� shows the TO and LO patterns for a d
=210 nm GaP NW on Si substrate. The solid curve is for
Q� /Q��0.9 �infinite long-wire calculation� and ��94° or
164° with possible �110� growth axis.

Another example is for a d=562 nm wire on TEM grid
with �111� growth axis shown in Fig. 8�c�. The TO plot is
more than an open-dipole pattern. However, it shows an
asymmetric open multilobe pattern in which the horizontal

lobes are much larger than the vertical ones. The solid curve
is for Q� /Q��0.9 �from Rayleigh scattering on the same
wire� and ��0°, 60°, or 120° with �111� growth direction.

C. Type III: Both TO and LO are 90° rotated dipolelike

Figure 9 shows the TO and LO patterns of a d=265 nm
NWs supported on Si. We observe nearly elliptical LO and
TO patterns, both oriented along �=90°; the solid curve is
for a possible �110� wire with Q� /Q��0.89 �value from
Rayleigh scattering on a wire with the same diameter� and
��92° or 162°.

D. Type IV: TO is 90° rotated dipolelike and LO is
quadrupolelike

The polar plots of this type are shown in Figure 10. The
wire is also on the Si substrate with d=265 nm. The solid
curve is for a possible �100� wire with Q� /Q��0.89 �value
from Rayleigh scattering on a wire with same diameter�. We
could not derive any information on the angle � here because
the intensity-patterns results from Raman tensor for �100�
wire do not change with the angle � as seen in Fig. 3. Actu-
ally, only one polar pattern of this type has been observed.
Most probably it is because we seldom found wires with
�100� growth directions.

VI. SUMMARY AND CONCLUSIONS

We have systematically studied the polarized first-order
TO and LO Raman scattering from GaP NWs with different
diameters both experimentally and theoretically. For small-
diameter GaP wires �d�70 nm�, a simple cos4 � polar scat-
tering pattern for both TO and LO phonons is observed dis-
regard the growth axes of GaP NWs. The proposed theory
failed to explain this antenna behavior. We believe that the
polar patterns are dominated by an optical antenna effect for
small wires and the Raman selection rules are masked. As
the diameter of the GaP NW increases, some other patterns
have been observed. These Raman-intensity polar patterns
were quantitatively explained well by a simple theory which
stems from the interplay of photon confinement, the NW
growth direction and the orientation of the NW crystallo-
graphic axes with respect to the incident electric field.
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