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1. INTRODUCTION

The phonon dispersion curves are considered the
important characteristics of vibrational spectrum of a
crystal. As a rule, data on these curves are obtained
from experiments with scattering of slow neutrons in
perfect single�crystal samples with a fairly large size.
Such experiments are impossible in the case of InN,
which is grown only in the form of epitaxial layers with
a thickness no larger than 10 μm. Another method
(although less direct, but fairly informative) is Raman
spectroscopy; this method makes it possible to obtain
information on both phonon energies in the center of
the Brillouin zone and these energies at high�symme�
try points at the boundary of this zone [1]. However,
the data obtained by this method are rather contradic�
tory in the case of hexagonal InN. Even such very
important characteristics as the energies of longitudi�
nal optical (LO) phonons at the point Γ of the Bril�
louin zone have not been established uniquely so far.
According to the group�theory analysis, two longitudi�
nal phonons with the symmetry A1(LO) and E1(LO)
should be observed in the first�order Raman spectrum
of hexagonal InN [2]. As was mentioned in previous
publications, a feature of the Raman spectrum of hex�
agonal InN is the presence of lines in the region of
583–591 cm–1; the positions of these lines vary only
slightly as the concentration of free electrons is
changed within a wide range. These lines were attrib�

uted to the A1(LO) phonons, which have large wave
vectors and manifest themselves in the spectrum owing
to the Raman process occurring with violation of the
law of conservation of the wave vector due to scattering
by impurities and defects [3–5]. Agreement between
results of theoretical consideration and experimental
data was attained [3–5] in the case where the magni�
tude of the wave vector is larger than the upper bound�
ary of the Landau damping [4] or is much larger than
the Thomas—Fermi wave vector [5]. However, the
observed spread in the measured frequencies of the
A1(LO) phonon (583–591 cm–1) has not been
accounted for so far. An analysis of behavior of
phonons with the E1(LO) symmetry has not been per�
formed in available publications. There are also find�
ings that a change in the energy of excitation photons
brings about a variation in a variation in frequencies of
both the longitudinal phonon with the symmetry
A1(LO) [6, 7] and the longitudinal phonon with the
symmetry E1(LO) [7] in the Raman spectrum of InN.
However, physical factors forming the basis of observed
variations have not yet been considered in [6, 7].

In this study, we used the method of Raman spec�
troscopy to gain insight into dependences of frequen�
cies of vibrations E1(LO) and A1(LO) on the energy of
excitation photons in hexagonal InN. We show that
variations in the frequencies of longitudinal optical
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vibrations are in the range determined by dispersions
of these modes, while the physical mechanism govern�
ing the values of wave vectors of these vibrations is the
law of conservation of energy in intermediate states of
the amplitude of resonance scattering. We also show
that, in the presence of impurities, polar acoustic
phonons with large wave vectors are active in reso�
nance first�order Raman scattering in InN. Prelimi�
nary data obtained in the course of the performed
studies were reported in publication [8].

2. EXPERIMENT AND RESULTS

The samples of hexagonal InN were grown by the
method of molecular�beam epitaxy with nitrogen
plasma activation (MBE NPA). The details of the
technological process were reported elsewhere [9, 10].
The main characteristics of the samples are listed in
the table. A He–Cd laser, an Ar laser, and a Nd:YAG
laser were used to excite the Raman spectra in the
range of 2.81–1.17 eV. We used a Jobin–Ivon Horiba
T64000 triple Raman spectrometer to measure the
Raman spectra as the energy of excitation photons was
varied from 2.81 to 1.83 eV. The Raman spectra in the
case of excitation with 1.17�eV photons were recorded
using a Bruker RFS100/S Raman Fourier spectrome�
ter. All spectra were recorded at room temperature.
The backscattering geometry was used in all measure�
ments. A nominally undoped thick c�InN layer (sam�
ple Gs2054) grown on the sapphire c plane was used to
obtain the data on the frequencies of the E1(LO) and
A1(LO) phonons in the case of the photon�excitation
energy in the range 2.81–1.83 eV. The geometry of
scattering from the end face and plane of this layer was
used to obtain data on the frequencies of the E1(LO)
and A1(LO) phonon modes, respectively. The presence
of intense luminescence obstructs the measurements
of the Raman spectra for undoped InN layers if the
photon�excitation energy is 1.17 eV. In order to solve
this problem, we studied InN layers doped with Mg. In
these layers, luminescence is not observed at room
temperature, which made it possible to record with
assurance the corresponding Raman spectra. The
E1(LO) mode was studied using the a�InN:Mg sample
(sample 071125) grown on the r sapphire plane. The
hexagonal axis of the InN layer for this sample features
a fixed direction parallel to the substrate surface. The
A1(LO) phonons were studied using a c�InN:Mg sam�
ple (Gs1810 sample) grown on the c plane of sapphire.

The hexagonal axis of the InN layer for this sample is
directed perpendicularly to the substrate plane.

In Figs. 1a and 1b, we show polarized Raman spec�
tra of undoped c�InN (sample Gs2054); the spectra
were measured in the region of optical phonons, nor�
malized to the intensities of the phonon modes A1(TO)
or E2(high), and shifted along the vertical axis. It can
be seen that the frequencies of phonons A1(TO)
(449.0 cm–1) and E2(high) (491.5 cm–1) do not vary as
the energy of excitation photons is varied. However,
the phonon lines E1(LO) and A1(LO) shift to higher
frequencies and increase their intensities as the energy
of excitation photons is decreased. For example, in the
case of excitation with 2.81�eV photons, the frequen�
cies of these lines are 591.0 cm–1 for E1(LO) and
580.5 cm–1 for A1(LO). When the energy of excitation
photons is decreased to 1.83 eV, the corresponding fre�
quencies become equal to 599.0 cm–1 for E1(LO) and
587.5 cm–1 for A1(LO).

In Fig. 2a, we show polarized Raman spectra in the
region of optical phonons; the spectra were obtained after
an a�InN sample was doped with Mg (the 071125 sam�
ple). Measurements with the use of the excitation�
photon energies in the range from 2.81 to 1.83 eV
showed that light doping with Mg does not affect the
frequency of the phonon line E1(LO) and insignifi�
cantly increases the width of this line in comparison
with that for an undoped InN sample. These results
make it possible to conclude that the Raman spectrum
measured for a�InN:Mg can be used to estimate the
frequency of the E1(LO) phonon in the case of excita�
tion with 1.17�eV photons. It was established that
E1(LO) = 602.0 cm–1 for this excitation�photon
energy.

In Fig. 2b, we show polarized Raman spectra in the
range of optical phonons; the spectra were obtained
for c�InN:Mg (the sample Gs1810). The Mg concen�
tration in this sample was higher than in the sample of
a�InN:Mg (see table). It can be seen that a feature
appears on the high�frequency side of the A1(LO)
phonon line in the Raman spectrum of this sample. We
relate this feature to manifestation of the E1(LO)
phonon mode prohibited in the scattering geometry
under consideration; this mode arises owing to viola�
tion of selection rules caused by an increase in the
concentration of structural defects as a result of doping
with Mg. At the same time, measurements at energies
of excitation photons in the range from 2.81 to 1.83 eV
showed that the frequency of the A1(LO) peak was the
same for both c�InN:Mg and undoped c�InN. This
coincidence of the frequencies makes it possible to use
the Raman spectrum of c�InN:Mg to estimate the
A1(LO) phonon frequency in the case of excitation
with 1.17�eV photons. It was established that, for this
excitation�photon energy, the peak of the A1(LO) line
is at 590.5 cm–1.

Parameters of InN samples

Sample InN layer ne,
cm–3

nMg,
cm–3

Thick�
ness, μm

Gs2054 c�InN 3.5 × 1017 – 5.5

071125 a�InN:Mg 2.8 × 1018 2 × 1018 1.3

Gs1810 c�InN:Mg 1.9 × 1018 6 × 1018 0.5
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3. THEORY

3.1. Amplitude and Cross Section 
of Resonant Raman Scattering

Specific features of electronic band structure of
InN play an important role in formation of the process
of Raman scattering in the region of band�to band
absorption. The electronic spectrum of InN in a wide
range of energies is characterized by a relative simplic�
ity since the side extrema in the conduction band are
absent at the energies as high as about 4 eV [11]. The
direct band�to�band electromagnetic transitions from
valence bands to the conduction band encompass a
wide range of energies and wave vectors of generated
electron–hole pairs; the entirety of this range can be
considered as the vicinity of a Γ point with the effect of
the side extrema disregarded. This makes it possible to
describe the resonant Raman process in the effective�
mass approximation [12]. As a result of the small value
of the band gap (Eg = 0.67 eV at low temperatures
[13]), this mechanism of Raman scattering in InN is
realized in the case of excitation with photons with
energies from the infrared to ultraviolet regions of
energies. In this case, we observe generation of real
electron–hole pairs with an energy equal to the energy
of absorbed photons, their subsequent scattering by
defects, and final relaxation with excitation of the

A1(LO) and E1(LO) phonons; this relaxation precedes
emission of a scattered photon. The energy and wave
vector of relative motion of the electron–hole pair are
found to be uniquely related to the energy of excitation
or emitted photon. The double resonance in the
amplitude of scattering brings it about that the wave
vector of a generated phonon (this vector is equal to
the wave vector of the center of mass of an electron–
hole pair) is found to be related to the wave vector of
relative motion; the latter vector is much larger than
the wave vector of the incident or scattered photon.

In order to describe the first�order Raman process
with the effect of impurity centers taken into account,
we have to calculate the amplitude of scattering in the
fourth order of the perturbation theory. The expression
for the amplitude takes into account the second�order

electromagnetic interaction , interaction of pho�
toexcited electron–hole pairs with phonons Hint, and
interaction of the electron and hole Hi with an impu�
rity center. Schematically, the above expression can be
written as

(1)

Hem'

A
Hem'[ ]0 λ, Hint[ ]λ λ ', Hi[ ]λ ' λ '', Hem'[ ]λ '' 0,

�
3 ω Ωλ 0,–( ) ω ' Ωλ ' 0,–( ) ω' Ωλ '' 0,–( )

�������������������������������������������������������������������������

λ λ ',

∑
⎩ ⎭
⎨ ⎬
⎧ ⎫

.∝

400 450
Raman shift, cm−1

650600550500

2.81 eV

2.54 eV

2.33 eV

1.96 eV

1.83 eV

A1(TO)

E1(LO)

c�InN/Al2O3

In
te

n
si

ty
, 

ar
b.

 u
n

it
s

x(zz)x−

(a)

400 450
Raman shift, cm−1

650600550500

2.81 eV

2.54 eV

2.33 eV

1.96 eV

1.83 eV

A1(LO)

E2(high)

c�InN/Al2O3

In
te

n
si

ty
, 

ar
b.

 u
n

it
s

z(xx)z−

(b)

Fig. 1. Polarized Raman spectra of an undoped c�InN (Gs2054) sample; the spectra were obtained at excitation energies in the
range from 2.81 to 1.83 eV (indicated at the curves). The scattering geometries x(zz)  (Fig. 1a) and z(xx)  (Fig. 1b) were used to
detect the phonon modes E1(LO) and A1(LO), respectively. Here, z is the direction of the InN hexagonal axis. The dashed lines
indicate the estimated frequencies of the E1(LO) and A1(LO) phonon modes at the point Γ of the Brillouin zone.
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Here, ω and ω' are the frequencies of the incident and
scattered photons and , , and  are the
frequencies of interband transitions.

In what follows, we assume that the electron–
phonon interaction of photoexcited electrons and
holes is described with the intraband matrix element of
the Fröhlich interaction [14], while scattering at a
charged center is also described with the intraband
matrix element of Coulomb interaction.

In the case of excitation of the Raman process with
photons with an energy higher than the absorption
threshold, the process becomes resonant in the sense
that intermediate states of the scattering amplitude are
converted to real ones, rather than being virtual.
Looking ahead, we must clarify the limitations
imposed on the wave vectors of phonons and related to
denominator in the expression (1) for the amplitude if
scattering if scattering is excited in the region of intrin�
sic interband absorption and two denominators in (1)
can vanish simultaneously [12]. Properties of the scat�
tering amplitude (1) are similar to those of the ampli�
tude of the second�order Raman scattering, which
occurs without involvement of an impurity and results
from double intraband interaction with a longitudinal
optical phonon [12, 15].

Ωλ 0, Ωλ ' 0, Ωλ '' 0,

We now write the expression for the amplitude of
scattering disregarding the dependence on the wave
vectors of the incident and scattered photons and
retaining only denominators in the expression for the
amplitude; we obtain

(2)

where  = Eg/� + �p2/2μ, Eg is the band gap, μ =
memh/(me + mh) is the reduced effective mass of an
electron and a hole, M is the translational mass of the
pair, qe, h = qμ/me, h, and �2p2/2μ is the kinetic energy
of relative motion of an electron–hole pair.

The complete expression for the amplitude of scat�
tering includes two terms of type (2). In the first term,
the amplitudes ω1 = ω. In the second term, the ampli�
tudes are obtained as a result of substitution ω1 = ω',
where ω and ω' are the frequencies of the incident and
scattered photons.
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Fig. 2. Polarized Raman spectra of the a�InN (071125) (a) and c�InN (Gs1810) (b) samples doped with Mg; the spectra were
obtained at the excitation energies in the range from 2.81 to 1.17 eV (these energies are indicated at the curves). The scattering
geometries x(zz)  and z(xx)  (here, z is the direction of the hexagonal InN axis) were used to detect the phonon modes E1(LO)
and A1(LO), respectively. The dashed lines indicate the estimated frequencies of the phonon modes E1(LO) and A1(LO) at the
point Γ.
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Integration with respect to d3p1 and d3p2 is per�
formed using the δ functions. As a result, we obtain

(3)

where vc is the volume of an elementary cell and

Here, Δ = (ω – Eg/�), Δ' = (ω' – Eg/�), and γ is the
decay of electron–hole pairs in intermediate states.
Yet another contribution to the amplitude is obtained
by the replacement me  mh, and, finally, an addi�
tional two terms are obtained from derived expressions
using the substitution Δ  Δ'.

Integration with respect to the angle between the
vectors p and q yields the following expression after
summation of all terms:

(4)

where

(5)

(6)

while the expression for  is obtained from (6)

by ireplacement me  mh.

The remaining three functions are obtained by the
replacement Δ  Δ'.
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3.2. Interference of Resonant Terms in the Amplitude 
of Scattering and Separation of Wave Vectors of Phonons

In what follows, we show that the interference of
contributions (caused by real processes of absorption
of incident photons and emission of scattered pho�
tons) to the amplitude of scattering brings about a lim�
itation imposed on the magnitude of phonons’ wave
vectors. For the sake of simplicity, we will disregard the
decay of electron–hole pairs in intermediate states in this
consideration and represent the real and imaginary parts
of the first and second denominators in (4) as

(7)

and

(8)

We then integrate expression (4) with respect to dp2

using δ functions from (7) and (8); these functions
express the law of conservation of energy in the course
of electromagnetic transitions.

We now consider in more detail the contributions
to the scattering amplitude as induced by the terms
Lμ(Δ) and Lμ(Δ'):

Here, pω =  and pω' = . Taking into
account that

pω, pω' � (pω  – pω')
we can replace the ratio of differences with the derivative

All remaining contributions to the scattering ampli�
tude are also transformed similarly; as a result, this
amplitude is found to be proportional to 1/(2pω – q) or
1/(2pω' – q).

The cross section of scattering is bound to involve
the squared moduli of the above expressions. Thus, the
wave vector of a phonon is found to be equal to q = 2pω
or q = 2pω'; i.e., this wave vector is determined by the
wave vector of relative motion of an electron–hole
pair. The latter wave vector, in turn, is determined by
the frequency of excitation or scattered photon.

3.3. Cross Section of Scattering

We now study the cross section of scattering with
the decay of an electron–hole pair in the intermediate
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state γ taken into account. To this end, we represent
one of the terms, for example, , at p = pω as

Thus, in order to take into account the decay, it is suf�
ficient to perform the following replacement:

  

here, m = me, mh, or μ.
As a result, the contribution (due to interference of

real electromagnetic transitions) to the amplitude of
scattering can be represented as

(9)

When calculating the cross section of scattering, it is
also necessary to take into account the screening of the
Coulomb interaction of electrons and holes with
impurity centers by free charge carriers:

(10)

here, χq(0) is the susceptibility of free electrons in the

static limit, qTF =  is the Thomas–Fermi
wave vector, ωpl is the frequency of plasma oscillations
at the zero wave vector, and vF is the velocity of elec�
trons at the Fermi surface.

The final expression for the cross section of scatter�
ing due to the Fröhlich interaction and scattering of an
electron–hole pair at charged impurities is obtained as
a result of integration of the squared modulus of the
scattering amplitude with respect to dq2:

(11)

here, Ni is the concentration of impurity centers. A
similar contribution arises owing to a resonance with
scattered light and is obtained from (11) if the replace�
ment pω  pω' is used.

As long as the value of q is beyond the limits of the
upper boundary for the Landau decay, i.e., as long as

a nonscreened phonon of longitudinal optical branch
appears at q ≈ 2pω as a result of the event of resonance
scattering. This form of the cross section is character�
istic of InN samples with a not very high electron con�
centration. As follows from expression (9), the magni�
tudes of the wave vectors of phonons are determined to
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the accuracy of decay of an electron–hole pair, i.e.,

q = 2pω ±  and q = 2pω' ± . Thus, the
range of magnitudes of phonons’ wave vectors
increases as the decay of electron–hole pairs becomes
more significant.

4. DISCUSSION OF THEORETICAL RESULTS 
AND EXPERIMENTAL DATA

4.1. Dispersion of Electron Bands and Longitudinal 
Optical Branches

The above analysis of the amplitude of a resonant
Raman process in relation to the Fröhlich interaction
of LO vibrations with electrons and holes and to intra�
band scattering of electron–hole pairs by charged
impurities showed that the wave vector of a phonon q
is determined by the frequency of excitation of scat�
tered light. At the same time, it follows from expres�
sion (4) that the magnitude of phonon’s wave vector
depends on dispersion of energy of an electron–hole
pair. Available data on photoemission in InN [16, 17]
make it possible to determine both the dispersion of
the conduction band and dispersions of the bands of
light and heavy holes. In Fig. 3a, we plotted the results
of our calculations of dispersions of these bands and
the dispersion of electron–hole pairs arising as a result
of vertical transitions from the bands of heavy and light
holes to the conduction band. As was shown by
Klochikhin et al. [18], the dispersion of electron band
in InN is adequately described by the following
expression (with nonparabolicity taken into account):

(12)

Here,  is the effective mass of an electron at the

point Γ (  = 0.07m0) and Ee is the parameter of non�
parabolicity (Ee = 0.4 eV). A similar expression was
used for nonparabolic dispersion of the band of light
holes; i.e.,

(13)

where  is the effective mass of a light hole at the

point Γ (  = 0.035m0) and Elh is the parameter of
nonparabolicity (Elh = 0.8 eV). A parabolic approxi�
mation with mhh = 0.4m0 was used for the band of
heavy holes. The dispersion of an electron–hole pair is
obtained as the difference between dispersion curves
for the conduction band and the corresponding curve
for one of the valence bands. In plotting the dispersion
curves shown in Fig. 3a, we used the value of the InN
band gap at room temperature (Eg = 0.63 eV [13]).

2μγ/� 2μγ/�

εe k( ) Ee �
2k2

/2mΓ

e Ee 1/4+ 1/2–
⎩ ⎭
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εlh k( ) Elh �
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The magnitudes of the wave vectors of the phonons
generated as a result of scattering correspond to the
doubled magnitude of the wave vector at which the
horizontal straight line drawn at the level of the excita�
tion�photon energy intersects the dispersion curves for
electron–hole pairs. As can be seen from Fig. 3, these
magnitudes differ markedly for the pairs consisting of
light and heavy holes and an electron.

That the position of the A1(LO) line in the Raman
spectra monotonically shifts to lower frequencies as
the energy of the excitation photon is varied from 1.17
to 2.81 eV (Fig. 1b) is of extreme importance for the
subsequent analysis. This variation in the energy cor�
responds to the change in the phonon’s wave vector
from 0.115 × 108 to 0.335 × 108 cm–1 if the transition
from the band of light holes is realized in the course of
scattering and from 0.28 × 108 to 0.68 × 108 cm–1 for
transitions with involvement of heavy holes.

The branch A1(LO) exists only in the direction Γ–A of
the Brillouin zone in hexagonal InN, and its frequency
decreases from a maximum value at the point Γ to a
minimum value at the zone boundary [19]. The limit�
ing magnitude of the wave vector at the boundary of
the Brillouin zone is equal to 0.55 × 108 cm–1. A
monotonic decrease in the frequency as the wave vec�
tor is increased is possible if the magnitude of the wave
vector is no larger than the boundary value. This con�
dition is fulfilled for transitions from the band of light
holes and is not fulfilled for transitions from the band
of heavy holes. Thus, only the electron–hole pairs
arising as a result of transition from the band of light
holes to the conduction band are involved in forma�
tion of the Raman process with excitation of an
A1(LO) phonon.

The situation is more complex for the E1(LO)
branch, which exists in a larger portion of the space of
the Brillouin zone. In this case, both electromagnetic
transitions from the band of light holes and transitions
from the band of heavy holes can be involved in forma�
tion of the Raman process with excitation of an
E1(LO) phonon.

In Fig 3b, we show the dispersion of LO branches
as a function of the wave vectors corresponding both to
transitions from the band of light holes and to transi�
tions from the band of heavy holes. For the studied
InN samples and the used energies of excitation pho�
tons, the minimum magnitudes of the wave vectors are
found to be beyond the upper boundary of the Landau

decay ; this boundary (with nonparabolicity of the

conduction band taken into account) amounts to  =

0.08 × 108 and 0.111 × 108 cm–1 for concentrations
3.5 × 1017 and 2.0 × 1018 cm–3, respectively. Thus, only
unbound LO phonons exist beyond this boundary.
Extrapolation of dispersions of the LO modes makes it
possible to estimate their frequencies at the Γ point of
the Brillouin zone; these frequencies were found to be

qL
+

qL
+

equal to A1(LO) = 592 and E1(LO) = 604 cm–1. It can
be seen that, for both transitions from the band of light
holes and transitions from the band of heavy holes, the
frequency of the E1(LO) phonon at the Γ point is
found to be identical.

In Fig. 4, we show calculated dispersion phonon
curves for hexagonal InN; the data were taken from
[19]. Experimental data for the A1(LO) branch along
the Γ–A direction are also shown in Fig. 4. The wave
vectors in this case were calculated on the assumption
of electromagnetic transitions from the band of light
holes. The wave vectors for the E1(LO) branch along
the Γ–K direction are obtained assuming that there
are electromagnetic transitions from the band of light
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Fig. 3. (a) Dispersion of the valence bands, conduction
band, and electron–hole pairs in InN. Horizontal lines
correspond to the energies of excitation photons. (b) Fre�
quencies of the A1(LO) and E1(LO) phonons in relation to
the wave vector of a phonon q = 2pω. The wave vectors are
calculated for transitions from the band of light holes
(curves 1, 2) and transitions from the band of heavy holes
(curve 3). Triangles, squares, and circles represent experi�
mental data. Solid lines represent an approximation of dis�
persion of the A1(LO) and E1(LO) branches with a square�
law function.
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holes, while the corresponding vectors along the Γ–M
direction are obtained for transitions from the band of
heavy holes. It can be seen that the experimental data
and the results of modeling calculations of dispersion
curves for LO phonons are in satisfactory agreement.

As it was mentioned above, the Raman studies of
hexagonal InN involve many inconsistencies in the
measured frequencies of the A1(LO) phonons in the
range 586–591 cm–1. In addition, the excitation�pho�
ton energies used in all measurements were, as a rule,
close to each other (2.54 or 2.41 eV). In order to clarify
the cause of so large discrepancies, we studied the InN
samples with controlled number of structural defects
generated as a result of doping with Mg. The samples
were grown by the MBE NPA method on the c plane
of sapphire and the Si (111) substrates [9, 11]. All sam�
ples featured the wurtzite structure with the hexagonal
axis directed perpendicularly to substrates’ planes.
According to the data of secondary�ion mass spec�
trometry. the Mg concentration varied from NMg =
6.0 × 1018 to 5.5 × 1021 cm–3.

In Fig. 5, we show the Raman spectrum of undoped
InN sample and the spectra of the c�InN:Mg samples
with the Mg concentration varying within a wide
range. It can be seen that, at a relatively low level of
doping, a wing appears at the high�frequency edge of
the A1(LO) line; this wing shifts to higher frequencies
as the Mg concentration is increased and becomes a
prevailing feature of the spectrum. We observed such
transformation of the spectrum at all excitation ener�
gies within the range from 2.81 to 1.83 eV.

We also relate the observed changes in the Raman
spectrum to the resonance features of the process of
Raman scattering in c�InN:Mg. The above analysis of

the amplitude of the resonance Raman process
showed that magnitudes of the phonon wave vectors
are determined to the accuracy of decay of an elec�
tron–hole pair. The A1(LO) branch is strictly defined
only along the hexagonal axis. As the concentration of
defects caused by doping with Mg increases (and, as a
result, the decay of electron–hole pairs increases), the
range of the wave vectors of phonons involved in the
process of scattering widens. In addition, the region of
the E1(LO) branch where the density of states is much
higher becomes involved. This makes it possible to
gain insight into the transformation of the Raman
spectra as the Mg concentration is increased by relat�
ing this transformation to manifestation of the E1(LO)
phonon mode; the latter is prohibited in the scattering
geometry under consideration.

These results make also possible to understand the
cause of discrepancies in measured frequencies of an
A1(LO) phonon in nominally undoped InN samples. It
can be assumed with a high degree of confidence that,
at the identical excitation energy, the measured fre�
quency of the line in the scattering geometry making it
possible to observe A1(LO) phonons should be higher
if the studied InN sample contains a larger number of
structural defects.
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4.2. Dispersion of Longitudinal Acoustic Branches 
in InN

The selection of phonons’ wave vectors in the cross
section of scattering (11) arises as a result of double
resonance in the amplitude of scattering in the case of
excitation in the region of band�to�band transitions.
The important condition consists in the requirement
for intraband character of both the Fröhlich interac�
tion of electrons and holes with longitudinal optical
phonons and scattering at charged impurities. All
these conditions are also satisfied in the case of scat�
tering with excitation of polar acoustic phonons, the
intraband interaction of which with photoexcited
electron–hole pairs is very similar to the Fröhlich
interaction of polar optical phonons. An experimental
study of scattering in the region of acoustic branches of
the vibrational spectrum showed that the lines corre�
sponding to the energies of acoustic phonons at large
wave vectors appear in the InN Raman spectra.

In Fig. 6a, we show the polarized Raman spectra of
undoped c�InN (sample Gs2054) in the region of
acoustic phonons; the spectra were obtained in the
x(zz)  scattering geometry using the excitation ener�
gies in the range from 2.71 to 1.83 eV. It can be seen
that, as the excitation energy is decreased, the line
monotonically shifts to lower frequencies. This shift
amounts to 45 cm–1 within the range of used excitation

x

energies. The wave vectors of phonons vary in the
range (0.46–0.66) × 108 cm–1 if it is assumed that scat�
tering occurs with involvement of electromagnetic
transitions from the band of heavy holes. The depen�
dence of the phonon frequency on the wave vector is
almost linear. This makes it possible to determine the
sound velocity; as a result of linear extrapolation of
experimental data, this velocity is found to be equal to
5220 m/s.

In Fig. 6b, we show the polarized Raman spectra
(of the same sample) observed in the region of acoustic
branches in the z(xx)  scattering geometry and in the
same range of excitation. In this case, the phonon line
shifts by 57 cm–1. The dependence of phonon fre�
quency on the wave vector is also practically linear if it
is assumed that scattering occurs with involvement of
electromagnetic transitions from the band of heavy
holes; the sound velocity obtained by linear extrapola�
tion is found to be equal to 5430 m/s.

It is of interest to compare the obtained dispersions
of acoustic phonons with the results of calculations of
dynamics of the InN crystal lattice [19]. This compar�
ison is presented in Fig. 4 where the data obtained in
the x(zz)  and z(xx)  scattering geometries are plot�
ted in the Γ–M and Γ–K directions, respectively. The
sound velocities obtained from experimental data are
found to be close to the calculated values extrapolated
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from the region of small wave vectors (5170 and
5050 m/s in the Γ–M and Γ–K directions, respec�
tively). This indicates that our choice of wave vectors
due to electromagnetic transitions from the band of
heavy holes is justified. In addition, experimental data
demonstrate the dependence of frequency on the wave
vector; this dependence is almost linear in a wider
range of wave vectors than calculated curves.

It is worth noting that longitudinal acoustic (LA)
phonons are observed (in contrast to optical phonons)
in the z(xx)  scattering geometry; these LA phonons
have wave vectors that can be caused only by electro�
magnetic transitions from the band of heavy holes
since it is only in this case that the velocity of sound has
a realistic value. This may be indicative of a difference
between the selection rules for optical and acoustic
phonons.

The absence of acoustic phonons in the region
below 80 cm–1 in the spectrum measured in this geom�
etry (such phonons may be related to the Γ–A direc�
tion and wave vectors corresponding to transitions
from the band of light holes) can be associated with a
lower density of vibrational states in this direction.

In order to obtain a more detailed pattern of the
behavior of acoustic phonons, we should perform new
calculations of the InN vibrational spectrum and
selection rules for acoustic branches at large wave vec�
tors; additional experimental studies of scattering in
this region are also needed.

5. CONCLUSIONS

We demonstrated new possibilities of the first�order
impurity resonance Raman scattering, which make it
possible to reconstruct the dispersion of polar optical
and acoustic phonons in a wide range of wave vectors
by studying the cross section of scattering as a function
of the energy of excitation photons. We showed that
the wave vectors of phonons are found to be uniquely
related to the energy of excitation photon. As a result,
the dispersion of longitudinal optical phonons and
longitudinal acoustic phonons in InN is recovered in a
wide range of wave vectors. The frequencies of the lon�
gitudinal optical branches obtained by extrapolation
to the point Γ were found to be equal to A1(LO) = 592
and E1(LO) = 604 cm–1. The obtained results may be
useful for future calculations of dynamics of the crystal
lattice of hexagonal InN.
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