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ABSTRACT: Wurtzite semiconductor compounds have two silent modes,
B1l and B1h. A silent mode is a vibrational mode that carries neither a dipole
moment nor Raman polarizability. Thus, they are forbidden in both infrared
reflectivity and Raman spectroscopy. Astonishingly, we detected the B1l

mode in high-quality, ultra-narrow GaN nanowires using resonant Raman
scattering, although the B1h was not observed, and there is no immediate
explanation for this asymmetric finding. The Raman experiments were
performed using several laser lines from 647 to 325 nm; the latter is a
wavelength in which Raman becomes resonant. Actually, we observed the
B1l mode only in resonance, indicating that the appearance of this mode is
related to Fröhlich electron−phonon interactions; i.e., a dipole moment
emerging in the B1l silent mode may not be present in the B1h mode. To
shed light onto the physical origin of these observations, we performed
density functional theory calculations of the lattice dynamics in GaN. We
performed a careful analysis of the different physical mechanisms that allow the forbidden mode to appear to explain the physics
underlying the nonzero dipole moment in the B1l mode, and the reason why this dipole moment is not present in the B1h mode.

KEYWORDS: Extremely narrow nanowires, crystalline perfection, Raman spectroscopy, isotopic composition, silent modes,
Fröhlich electron−phonon interaction

T here has been strong interest in nitride semiconductors
during recent years due to the appearance of new physical

phenomena and applications.1−4 In particular, semiconductor
nanostructures based on GaN and AlN and their alloys are very
attractive for use in the next generation of advanced electronic
and photonic nanodevices due to their potential application in
short-wavelength optoelectronics and high-temperature elec-
tronics.5−7 In particular, the quasi-one-dimensional nanostruc-
tures called nanowires (NWs) offer advantages over bulk or
thin films that suffer from lattice mismatch due to a lack of a
suitable substrate. The first advantage is the phenomenon
called self-purification, which appears due to the diffusion or
segregation of point defects to the NW surface, where they
disappear during growth from the NW core.8 This phenom-
enon is obviously more important in thin NWs. In addition,
the free surface of the NWs permits the elastic relaxation of the
strain; therefore, dislocations are expected to be confined to
the interface between the substrate and the NW interface.9

Raman scattering is a nondestructive optical characterization
technique used to study different properties of nanomaterials.10

Information on the electronic structure can also be extracted

via resonant Raman scattering (RRS),11−15 which occurs when
the electronic transitions are in the vicinity of the laser
excitation energy. Under resonant conditions, the Raman
spectra of polar optical phonons are dominated by the Fröhlich
electron−phonon interaction, associated with the electrostatic
interaction between the polar phonon and the virtual electrons
present in the Raman process as an intermediate state.13 The
Fröhlich interaction is inversely proportional to the wave
vector, which is close to zero in first-order Raman scattering
and, in resonance, becomes dominant compared to the
mechanical deformation potential (DP) electron−phonon
interaction. The DP is a short-range interaction, but because
the Fröhlich electron interaction depends on the electrostatic
potential (it decreases slowly as 1/r), it is a long-distance
interaction, and thus, is more effective when there is a perfectly
aligned crystal with translational symmetry (high crystalline
perfection). New features have been observed in nitride
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nanowires in RRS experiments, some of which are not well-
understood,16 while others are clearly related to the surface
(surface optical modes), such as those shown by Prasana et
al.,17 or ascribable to the phonon density of states (DOS).18

Gallium nitride, AlN, InN, and their alloys belong to the C6v
4

(P63mc) space group, with two formula units per primitive cell
and all atoms occupying C3v sites. In a Raman spectrum, the
phonons at the Γ point of the Brillouin Zone (BZ; zone
center) are mainly observed because the wave number of the
exciting light is basically zero (in the dipole approximation, it is
strictly zero). Additionally, we can observe overtones in the
Raman scattering spectrum, which are usually modes at the
border of the BZ that can be accessed through two phonon
processes (where κ ≈ q1 ± q2 is the wave vector of the light,
and q1 and q1 are the wave vectors of the phonons involved in
the second-order Raman process). Typically, there is a whole
structure in the background of a Raman spectrum called two-
phonon DOS, which involves many phonons (there are also
three- and four-phonon DOS, but they are negligible compared
to the two-phonon DOS). Group theory, based on the
symmetry operations of crystal atomic positions, tells us that,
at the Γ point, the phonon modes in the wurtzite structure
have the following decomposition pattern:19

A B E E2 2 2 21 1 1 2Γ = + + +

The three acoustic modes are A1 + E1 (a one-dimensional A1

and a two-dimensional mode E1), while the remaining nine
modes are optical. E1 and A1 are polar modes, i.e., they split
into TO and LO, while the E2 modes (E2l and E2h) are
nonpolar. Because the P63mc space group does not have a
center of inversion, the polar modes (E1 and A1) are both
Raman and infrared-active. The E2 modes have a change in the
Raman polarizability, but they do not carry a dipole moment;10

thus, they are only Raman active. However, the B1 modes are
silent (neither Raman nor IR active), and they are observable
by a technique termed hyper-Raman scattering (HRS), which
is based on a two-photon excitation process. However, as far as
we know, they have not been observed by HRS to date.20

There are a few publications that claim to observe B1 modes in
some wurtzite materials, but there are several discrepancies in
the Raman shifts between them. Furthermore, the reported
spectra show very broad signals around or close to the
predicted modes, so they more closely resemble a maximum in
the DOS than a phonon at the Γ point.21 Nevertheless, per a
review of the literature, the clearest example of an observation
of the silent B1 modes in wurtzite GaN was given by Ruf et
al.22 using synchrotron radiation techniques. This observation
more specifically used inelastic X-ray scattering, from which
the complete phonon dispersion can be obtained (i.e., all of the
modes are observable). These measurements indicate that
these phonons are rather important input parameters in
comparison with theoretical models. Additionally, there are
discussions in the literature that the indication of a broad peak
can also be related to vacancies or impurities that can fall in the
region around the expected phonon frequency. In that respect,
there should be a systematic dependence study of the phonon
line width or even the peak position with respect to
temperature, impurity density, etc.23

In this Letter, we focused on the optical characterization of
GaN NWs by Raman spectroscopy. The Raman backscattering
spectra of these NWs were thoroughly studied using different
laser lines excitations at room temperature (Figure 1). The
Raman peaks were deconvoluted with Lorentzians to extract

(find the position with accuracy) the contributions from
individual modes. The solid line (red online) is the cumulative
fit of the Raman spectra. In back-scattering geometry with the
light along the NW c axis (the NWs were grown in the wurtzite
c-axis), z(̅−,−)z in Porto’s notation, only the A1(LO) and E2

modes are observable.10,12,24 The E1 mode is observed only in
the crossed-polarization geometry (also called the 90°
scattering configuration).10

Figure 1 shows the Raman scattering spectra measured with
different laser lines (325 to 647 nm). The peak at 520.0 ± 0.5
cm−1 corresponds to the Si (substrate), which has its maximum
strength at 514 nm (green). The 2TA(X) of Si, around 300
cm−1, can also be observed in the spectra obtained with red
and green excitation. The E2h phonon mode of GaN appears at
567.1 ± 0.5 cm−1, indicating that the NWs are unstressed. The
reference position at which the GaN is considered unstressed is
567.5 cm−1.25 The absence of stress confirms the high
crystalline quality of the NWs. Only in the upper spectrum,
obtained with a laser excitation of 325 nm (3.8 eV, above the
GaN gap), i.e., under resonance conditions, are there two
additional peaks. The first one is the A1(LO) mode located at
734.1 ± 0.5 cm−1, while the second is the B1l mode, which is
forbidden in principle but here observed due to its nonzero
dipole moment and resonance effect (Fröhlich electron−
phonon interaction). The B1l mode appears at 320.4 ± 0.5
cm−1, close to the value measured by inelastic X-ray scattering
(the uncertainties in an inelastic X-ray scattering experiments
are much larger than those in Raman scattering),22 329 cm−1,
and our theoretical calculations at 334 cm−1. The resonance
conditions are demonstrated through the enhancement of the
A1(LO) mode. As we know, this mode is strongly coupled to
the electrons via electron−phonon Fröhlich interaction (the
Fröhlich Hamiltonian is diagonal and the mode appears in
parallel polarizations). Although it is possible to enhance the
signal by surface enhanced Raman scattering,26,27 it is better to
use resonant Raman scattering if the signal is high enough

Figure 1. Raman spectra of GaN nanowires covering a wide range of
interests, using for comparison the laser line excitations 325, 488, 514,
and 647 nm, respectively, from top to bottom. Due to the
magnification of the spectra corresponding to 647 and 514 nm (to
show the presence of the E2h mode), the 2TA(X) of Si (two-phonon
DOS) can be clearly observed around 300 cm−1.
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because we do not have the effect of coupling with the plasmon
of the metal nanoparticle, which can give additional
interactions masking the intrinsic effects. There are more
measurements in the literature with an UV laser,28−30 in GaN
films, or InN/GaN core−shell NWs, but either the quality of
the samples is low or the measurement range is out of the
region of the B1l mode. In one of them,28 InN/GaN core−shell
nanowires, the E2 peak is far away from its position, indicating
strain in the sample, producing a bad quality of the spectra.
The B1l and B1h mode activation is usually ascribed in the

literature to a naive and uncorroborated argument: that there is
a relaxation of the translational invariance due to the presence
of defects, impurities, and structural disorder caused by ion
implantation or mechanical damage.18,23,25,31−34 This argu-
ment is controversial because, if there is a lack of translational
invariance, the one-phonon DOS must be observed instead of
the phonons at the Γ point,35 i.e., there is some structure
similar to that shown in Figure 2. Because this is not the case,
the origin of the broad structures shown in refs 18, 23, 25, and
31−34 must be found in the two-phonon DOS (see the
Supporting Information).

In the present report, GaN NW samples with a designed
diameter and length of 12 and 100 nm, respectively, were
grown by plasma-assisted molecular beam epitaxy (PA-MBE)
on Si(111) substrates. Reflection high-energy electron
diffraction (RHEED) patterns show a reconstructed surface
pattern (7 × 7) for the Si substrates. Elemental Ga, Al, and RF
plasma-enhanced N2 were used as sources, which is a clean
method for growing high-purity structures with very good
crystalline quality.36−39 We can exclude the existence of any
phonon mode associated with lattice disorder, breakdown of
the translational symmetry, or defects. The growth of the GaN
NWs was performed under an N-rich condition with a Ga-to-N
ratio of 1:3. The growth was started with a GaN buffer layer
grown for 40 s at 450 °C, followed by thermal annealing at 800
°C for 10 min in a plasma-enhanced N2 atmosphere to
produce GaN nanoclusters. GaN NWs were grown at 800 °C
for 30 min. The maximum growth rate was fixed at 200 nm/h.
Although the typical growth of GaN NWs is called catalyst-free
growth (we do not add a metallic nanoparticle acting as a
seed) or growth of self-assembled NWs, Ga actually acts as
catalyst. After the thermal annealing, the buffer layer gives rise

to a set of Ga droplets acting as catalyst, which react with the
N2 activated by the RF plasma.40,41

In situ monitoring of the growing GaN NWs by RHEED
patterns obtained during growth is shown in Figure 3a. The
RHEED shows broken-ring patterns, indicating that hexagonal
GaN NWs were grown with their c-axes (0001) perpendicular
to the substrate surfaces. In addition, the X-ray diffraction
(XRD) pattern image in Figure 3b was recorded using θ−2θ
scans for the structural identification. No peaks other than the
diffraction peaks from GaN (0002) and Si (111) were
detected, proving again that the GaN NWs were grown in
the c-axis direction. High-resolution field emission scanning
electron microscopy (HR-FE-SEM) and high-resolution trans-
mission electron microscopy (HRTEM) were used for the
morphological characterization of the samples (see panels c
and d of Figure 3, respectively). TEM images were obtained
for the GaN NWs separated from the substrate in ethyl
alcohol. The SEM image clearly depicts the vertical c-oriented
nanowires grown perpendicular to the SiO2/Si substrate
surfaces. Ultra-narrow GaN NWs present at a small size,
with an average diameter of 12 nm and a length of 100−120
nm. The HRTEM image confirms the high-quality, single-
crystalline structure of the NWs.
Because the B1l mode appears only under resonant

conditions, we may attribute this mode to a Fröhlich-allowed
resonant mode, although group theory indicates that this is a
silent mode. The reason why this silent mode becomes Raman
active due to Fröhlich electron−phonon interaction will be
given below. First, we will exhaustively analyze several possible
interpretations to explain the appearance of this mode in
Raman experiments and why they must be excluded.
To address with some detail the observed vibrational

response, theoretical calculations were performed within the
framework of density functional theory (DFT)42,43 and density
functional perturbation theory (DFPT),44,45 as implemented in
the Abinit code.46−48 We used the generalized gradient
approximation to describe the exchange-correlation energy
with the Perdew−Burke−Ernzerhof (PBE) formalism.49,50 We
discretized the reciprocal space with a regular k-point mesh of
12 × 12 × 6, and we selected a cutoff energy for the expansion
of plane waves of 50 Ha (1360 eV). This optimization ensures
that the system is fully relaxed with forces between atoms no
larger than 10−4 Ha/bohr and that the stress of the crystal cell
is as low as 10−2 GPa. For the calculation of the dynamical
properties (phonons), we used DFPT with a regular q-point
mesh of 4 × 4 × 2. We used the anaddb post-processing utility
provided with the Abinit code to extract the two-phonon DOS,
which is a histogram of all possible phonon events with q1 ± q2
= 0, from a Fourier-interpolated phonon grid of 40 × 40 × 20.
The diagonalization of the interatomic force constants also
provides the eigenvectors that are analyzed within the
symmetry utilities present in the Abinit code, particularly for
the center-zone phonon modes.
We begin by discussing the possibility of a dipole moment

appearing due to the well-known mixing between the B1

modes. By examining the eigenvector of the B1h mode, we find:
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Figure 2. One-phonon density of states (∑qδ(ω − ω(q))). The area
is normalized to the number of phonons.
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we realize that the value is very close to what group theory
predicts. Actually, the relative displacements of Ga and N are,
respectively, 0.330 and 2.642 arbitrary units (the actual values
are temperature-dependent).51 The N planes move against
each other, while the Ga planes move out of phase in
comparison with other Ga planes, suppressing any possible
dipole moment.
We observe a similar result for the B1l mode:
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which is also close to what group theory predicts. After
accounting for the calculated eigenvectors, the relative
displacements of the Ga planes are against each other, like
with the N planes; however, in that case, the Ga and the N
planes within the unit cell move in phase. The result again is
that there is an absence of dipole moment. The B1l mode, even
when the small N displacement is included, is still a silent
mode. The mixing of the silent modes gives rise to two new
silent modes.
A second possible explanation for the existence of a dipole

moment could be the lack of translational symmetry due to the
existence of a surface. Clearly, the asymmetry of the atomic
movements in the surface gives rise to a small dipole moment.
The problem with this reasoning is that the contribution of the
surface to the Raman signal is very small, even in very thin
nanowires, as in this case. If the diameter of our NWs is 12 nm,
the perimeter is 12 × π ≈ 37.7 nm. If the bond length is
around 0.15 nm, then the number of atoms along a surface

section is roughly 250. However, the area of the circle is π(d/
2)2 ≈ 113 nm2. The number of atoms in the circle is around
5000. Thus, the contribution of the surface, as compared to the
bulk, is very small, even in very-thin NWs. Because both the
dipole moment and the contribution to the surface are small,
we can conclude that the effect of the surface is negligible. This
argument is equivalent for both B1 modes.
A third possibility is the breakdown of the selection rules

due to the lack of translational symmetry produced by an
impurity. Impurity-induced Raman scattering has been studied
in the past,15 and it is obviously proportional to the impurity
concentration. We also discard this option given the high-
purity NWs. In heavily doped crystals, impurity-induced
scattering is effective, but the peak must become very broad.
However, the effect would be the same for the two B1 modes.
A fourth possibility could be that the observed peak is due to

the density of two phonon states. From our lattice dynamics
calculations, we obtained the two-phonon DOS (see the
Supporting Information) for both the sum and the difference
of energy between the phonon branches, and in none of them
does there appear a peak around the frequency of the B1l mode.
However, we have a peak at 320 cm−1 that is only observable

at resonance, i.e., it is due to the Fröhlich interaction. This
means that this phonon must have, compulsorily, a dipole
moment. Where does this dipole moment come from? If we
look at the periodic table of the elements and consider the
isotopic composition of Ga and N, we find the following data:
the average atomic mass of Ga is Mav = 69.723(1) amu. As is
well-known, Ga has only two stable isotopes, Ga69 and Ga71.
The corresponding atomic masses are MGa

69 = 68.925580(9)
(60.108(9)% abundance) and MGa

71 = 70.9247005(9)
(39.892(9)% abundance). The B1 mode consists of two

Figure 3. (a) RHEED pattern shows the c-axis growth of GaN NWs. (b) X-ray diffraction scans of the GaN NWs grown on Si(111). (c) HRTEM
image showing the crystalline structure of one of the GaN NWs. (d) SEM image showing a single GaN NW grown on a Si substrate.
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fluctuating dipoles in opposite directions; thus, in principle,
these two dipoles cancel. However, the fact that we have two
different isotopes can modify this argument. Let us neglect the
movement of nitrogen in the B1l mode. The mode consists of
two Ga atoms vibrating against each other. Let us imagine that
we have a mode in which the two Ga atoms are different
isotopes. The options for the vibrations are Ga69−Ga69, Ga71−
Ga71, and Ga69−Ga71. Because the difference between the
isotopes is the existence of two additional neutrons, i.e., the
atomic nuclei, no argument can conclude that the “spring”
constant (bonding restoring force) between them could be
different because the bond is a purely electronic attraction
(actually in equilibrium with the electrostatic repulsion).
However, the dipole moment is the same because the
“electrical” parts are identical. Thus, the only difference
between the different vibrations must be the vibrational
frequency. There is one vibrational frequency corresponding to
the Ga69−Ga69 vibration, another one for the Ga71−Ga71, and a
third one for the Ga69−Ga71 mode. This slightly different ω
(ω2 ± Δω) of course increases the broadening of the mode
not only of the B1l mode but of all modes. However, consider
the dipoles formed by N (at rest) and Ga71, vibrating at a
frequency ω1, and the dipole in the opposite direction formed
with N (at rest) and Ga69. Because they vibrate at a slightly
different frequency, they do not cancel but instead produce a
beat:

p t p t t tcos cos 2sin sin
21 1 2 2 1

ikjjj y{zzzω ω ω

ω

− ≈
Δ

where we assume that ω2 ≈ ω1 and Δω = ω2 − ω1. Not only
does the cancellation disappear, but also, the dipole moment
Δp reaches a maximum every period of the beat. A trivial
calculation gives us a beat frequency of 0.7 MHz and an
influence on the broadening of the peak of 0.02 cm−1. Because
the abundance of both isotopes is nearly 40%−60%, the
contribution due to the dipoles becomes very important. The
beat is also present in some of the remaining modes,
contributing basically to the broadening, but, as we have
seen, the influence on the broadening is basically negligible.
Although the dipole moment is small, due to the large
abundance of the isotopes, most of the lattice contributes to
the dipole moment. Because Fröhlich is a long-distance
interaction, the mode can be observed in a high-quality crystal.
Again, the high crystal quality is essential for the observation of
the forbidden mode. We can check if this explanation is
consistent with the absence of the B1h mode in the Raman
spectra. Looking again at the periodic table, N also has two
stable isotopes, N14 with 14.0030740052(9) amu. and
99 . 632(7)% a tom i c abundance and N 1 5 wi th
15.0001088984(9) amu and 0.368(7)% natural abundance.
The small isotopic disorder in the N, responsible for the
movement in the B1h mode, makes the contribution due to
isotopic disorder negligible. This is why the B1h mode is not
observed. We can also provide a general comment on the effect
of isotopic disorder on the broadening. In the work of Zhang et
al.,52 for which one of the authors was the internal referee,
there is a careful study of the peak position and broadening of
several Ge isotopes, natural Ge, and a superlattice made by
Ge70/76. The broadening is very similar in all the cases, i.e., the
isotopic disorder does not contribute much to the broadening,
as we predicted previously.
In conclusion, we observed an additional well-defined peak

at 320.4 cm−1 in the resonant Raman spectrum of GaN

corresponding to the B1l mode. The resonant interaction of the
Raman scattering is demonstrated by the enhancement of the
A1(LO) phonon mode. We deduce that the B1l mode has a
small dipole moment that enhances the strength due to
Fröhlich electron−phonon interaction. Defects and impurities
in thin-diameter GaN nanowires (12 nm) are unfavorable due
to the self-purification mechanism. The unshifted E2h mode
indicates that GaN NWs are free of strain and, along with other
structural and optical characterization techniques, confirms the
high crystalline perfection of the GaN NWs. In summary, the
high crystalline quality of the nanowires and the appearance of
a small dipole moment due to isotopic disorder makes the B1l

silent mode appear as a Raman-allowed mode due to Fröhlich
electron−phonon interaction.
The results presented here for high-quality GaN narrow

NWs,can be extrapolated to other highly crystalline polar
materials, such as ZnO (Zn has five stable isotopes, but 3 of
them have 49, 28, and 19% natural abundances). This is not
the case for InP because natural In is composed of 95% In115.
In any case, and probably in all cases, the wire diameter must
be very narrow to have both an effective self-purification effect
and crystalline quality.
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