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Phonon-mode-specific lattice dynamical coupling of carriers in semiconductors using Raman and
optical spectroscopic techniques
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We demonstrate a methodology for quantitative estimation of electron-phonon coupling (EPC) for each
phonon mode taking base from second-order correction in polaron-energy resulting bandgap renormalization of
the semiconductor by treating EPC as perturbation. This gives coupling constant (αp) for the pth phonon mode in
terms of phonon energy and renormalized bandgap due to EPC. These theoretical inferences are experimentally
explored using combination of optical absorption and Raman spectroscopies for � phonons of temperature-varied
GaN and TiO2; results reveal a systematic enhancement in αp with temperature that exhibits unique percent
variation of αp for each mode. A higher percent change is observed for the mode known to exhibit greater
coupling strength, thereby supporting the theoretical discussions. In this paper, we provide a simpler method to
directly probe quantum level phonon-specific interactions with electrons, otherwise probed with much advanced
techniques.

DOI: 10.1103/PhysRevB.106.075204

I. INTRODUCTION

The interaction of charge carriers with phonons is one of
the most important problems in condensed matter physics
[1]. In this direction, in their pioneering reviews, Ziman [1]
and Giustino [2] suggest the significance of electron-phonon
interactions in understanding systems such as multifunctional,
topological, and superconducting materials. It is important to
note that the emergence of superconductivity via electron-
phonon coupling (EPC) [3] has initiated intense research in
view of understanding the physics of EPC [4–6]. Further-
more, it is known that the electrical properties in metallic
and semiconductor materials at high temperature are largely
governed by EPC [7–9]. Therefore, it is necessary to quan-
titively understand the phenomenon of EPC. This problem
is mathematically treated by considering the interference be-
tween the (discrete) phonons and (continuum) electrons lying
in the same energy spread [10,11]. As the number density,
energy spread, position, and direction of vibration of each
phonon mode is different, hence, it is natural to except that
not all phonons will equally interfere with the electronic con-
tinuum, thereby exhibiting unique coupling strengths which is
also evident from earlier efforts by researchers [12–14]. The
importance of this inference may lie in the fact that, due to
the exclusive coupling strengths of individual modes, only
certain phonons may be responsible for the attractive inter-
action between electrons in superconductors. In addition, the
scattering processes in metals and semiconductors that explain
their resistivity may have a correlation with the phonon-mode-
specific interaction with electrons. Thus, understanding the
selective contributions of each phonon in EPC could be im-
portant to tune electrical properties of these applied materials
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such that the selective excitation of phonons by some suitable
external perturbations may lead to tuning of the supercon-
ducting transition at higher temperatures, and similarly, the
electrical properties of semiconductors may also be controlled
by the knowledge of coupling strength of each phonon mode.
In this direction, various experimental techniques have been
utilized by different groups, viz., angle resolved photoelec-
tron spectroscopy [15], femtosecond x-ray diffraction [16],
inelastic He-atom scattering [17], and resonant inelastic x-ray
scattering [18]; however, it is noteworthy that such highly
specialized techniques are not widely accessible, and most
importantly, the coupling strength is determined indirectly by
means of fitting the experimental data with a specific theoret-
ical model.

In this paper, thus, we present an attempt to quantitatively
characterize such mode-selected EPC in semiconductors by
simultaneous application of two simpler widely accessible
techniques—Raman and optical absorption spectroscopies—
to extract the information of coupling strength for individual
�-point phonons. The theoretical motivation of this paper
is related to analytically approaching the polaron (electron-
bounded phonon cloud) energy in a system and correlating
it with the optical bandgap of the semiconductor. This gives
the following final relation between the energy (h̄ωp) associ-
ated with the pth phonon mode and variation in the bandgap
(�Eg) due to the renormalization in view of the EPC: �Eg ∼
αph̄ωp; here, αp represents the effective coupling constant
for the pth phonon mode. Certainly, the quantity αp would
strongly depend on the density of states (DOS) of the interact-
ing electrons and phonons, such that the greater the overlap
between the states, the stronger the coupling would be, as
shown in Fig. 1(a). In addition, the polaron picture vividly
visualizes the influence of an electron on the nearby ions such
that it would more affect the out-of-phase vibrations, thus, the
optical phonons, and in even that, the preferential participation
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FIG. 1. (a) Schematic representation for describing the prefer-
ence of certain phonons toward discrete-continuum interference. EV

and EF are the valence band maximum and Fermi level, respectively.
(b) Representative for describing the preference of longitudinal opti-
cal (LO) phonons toward electron-phonon interactions.

of longitudinal optical (LO) phonons in the coupling could
also be realized. For an electron passing through a certain
region in the lattice, the component of its electric field ( �E )
along the propagation vector of phonons �k (or �E · �k, having
dimensions of volts/length2) may be understood as an effec-
tive potential over the vibrating atoms/ions imparted along
the cross-section in the region where the electron moves.
Here, it could be realized for the ions exhibiting longitudi-
nal vibrations that their amplitudes/displacements are always
along both �E‖ and �k vectors, �E‖ denoting the electric field
component due to the presence of the electron along �k, and
�E⊥ being perpendicular to it. Thus, it could be inferred that, in
such a case, LO phonons may get affected to a greater extent.
This discussion is picturized in Fig. 1(b).

Further, these results have been realized by following the
mathematical approach provided in earlier reports [19–21]
which, under the assumption that a variation in EPC strength
should also introduce some variation in the optical bandgap,
yielded the aforementioned relationship. To further investigate
the experimental aspect of such a correlation, single-crystal
GaN (direct bandgap) and polycrystalline TiO2 (indirect
bandgap) samples have been considered, keeping in view the
importance of these semiconductors from the point of appli-
cation as well as fundamental studies [22–31].

Hence, in this paper, in situ temperature-dependent (TD)
Raman and optical absorption spectroscopy experiments have
been performed on the GaN and TiO2 samples to get the
values of the bandgap and phonon energy. The extracted
quantities �Eg (change in bandgap in considered temperature
interval) and h̄ωp have been further utilized to obtain the
information of temperature variation of coefficient α. Since
this coefficient describes the effective coupling constant [32]
whose magnitude could be a function of the overlapping DOS

of the interacting electrons (e) and phonons (ph), its im-
portance may be realized for probing phonon-mode-specific
EPC in relevant semiconductors. As the information of
the overlapping DOS of e-ph could not be achieved directly,
the final inferences have been made through the percent
change of experimentally observed α within the varying range
of the perturbing parameter (temperature, in this case). The
different percent variations for each phonon mode can be
interpreted as a distinct evolution of the overlapping DOS
and hence the specific EPC strength for that phonon mode.
Therefore, this paper may be helpful in determining the mode-
selected coupling strength via utilizing conventional Raman
and optical absorption spectroscopy techniques. In this paper,
we provide a very important aspect of fundamental science in
view of probing the quantum level interactions between lattice
vibrations (phonons) and electrons in semiconductors specific
to a symmetry element.

II. MATERIALS AND METHODS

For the experimental investigation of the theoretical dis-
cussions, a procured single-crystal GaN [002] sample and
polycrystalline TiO2 in powdered form have been considered
for the measurements. To probe the temperature dependence
of the optical bandgap of the samples, we opted for in
situ diffuse reflectance spectroscopy [33] with the help of
an ultraviolet-visible-near infrared spectrometer [33–35], at-
tached with an in-house-developed temperature-control setup
[36]. Moreover, the TD Raman spectra have been collected
using a high-resolution dispersive spectrometer equipped with
a 633 nm excitation laser source with a charge-coupled device
detector in backscattered mode [37,38]. The laser was focused
on the sample with the help of a 50× magnification glass com-
pensating objective [39,40]. To vary the sample temperature,
a temperature control stage having an accuracy of the order of
0.1 K was utilized [41,42].

III. THEORETICAL BACKGROUND—BANDGAP,
PHONON FREQUENCY, AND COUPLING STRENGTH

We consider an ionic lattice network where a nonrelativis-
tic electron with mass μ interacts with the quantized scalar
field of phonons, thereby forming a polaron in that region.
The system could be realized through the kinetic energy of
an electron and the vibrational energies of phonons in the
vicinity of that electron, which may have a dispersion in their
momenta. In addition, there would exist such phonons that
could couple with the electron. Thus, the Hamiltonian of this
system may be represented as [20,21,32]

H = − h̄2

2μ
� + h̄

∑
k

ωka†
kak

+ g√
V

∑
k

[Akexp(ikr)ak + A∗
kexp(−ikr)a†

k]. (1)

The terms ak and a+
k correspond to the creation and anni-

hilation operators for phonons associated with frequency ωk

and momentum k. Here, V corresponds to the system volume,
and the coefficients Ak denote the Fourier components for the
source density. The first two terms in Eq. (1) describe the part
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of the noninteracting electron-phonon (e-ph), and the third
term accounts for the coupled e-ph. Further, considering the
conservation of total momentum of the polaron, one could ex-
press the total momentum P as [20] P = −ih̄∇ + ∑

k
h̄ka†

kak;

therefore, it may be possible to perform a canonical transfor-
mation of the kind:

H → SHS†, such that S = exp

(
−ir

∑
k

ka†
kak

)
, (2)

which gives the Hamiltonian infollowing form [20]:

H = 1

2μ

(
P −

∑
k

h̄ka†
kak

)2

+ h̄
∑

k

ωka†
kak

+ g√
V

∑
k

(
Akak + A∗

ka†
k

)
. (3)

Further, following the theory of the optical polaron [20,32],
where the phonon frequency is assumed to be wave vector
independent, we have

ωk = ω and gAk = −i
h̄ω

k

(
h̄

2μω

)1/4

(4πα)1/2. (4)

Here, α (0 < α < 1) denotes a dimensionless coupling
constant. On incorporating the forms of ωk and gAk from
Eq. (4) into Eq. (1), the Hamiltonian becomes [20,32]

H =
[(

P√
2μ

− h̄√
2μ

∑
k

ka†
kak

)2

+ h̄ω
∑

k

a†
kak

]

+
[
−ih̄ω

(
h̄

2μω

)1/4
√

4πα

V

∑
k

1

k

(
ak − a†

k

)]
(5)

Here, P is the total polaron momentum. The first two
terms collectively can be seen as H0 (non-interacting Hamilto-
nian), and the latter term as Hep that describes the interacting
electrons and phonons whose interaction strength may be
associated with the coefficient α. At this point, Hep could be
seen as the perturbation that brings the interaction between
the electron and phonon; thus, the ground state Hamiltonian
at small momenta may be expressed as [20]

ξ ∼ E +
(

P√
2μ

)2
μ

m
+ O

[(
P√
2μ

)4]
, (6)

where E is the ground state energy of the polaron at rest, m is
the polaron effective mass, and the energy eigenvalue for the
ground state will be [20]

E (0)
0 = P2

2μ
, (7)

which may be interpreted as the kinetic energy of a free
electron with mass μ and momentum P. Thus, it reflects the
fact that, in the ground state, both the polaron and electron mo-
menta resemble each other. However, due to the perturbation
manifesting as the term Hep in Eq. (5), the ground state energy
may acquire certain modifications. In that view, the first-
order [E (1)

0 ] and second-order [E (2)
0 ] corrections in accordance

with the perturbation theory (PT) could be realized as the
following [20]:

E (1)
0 = 〈nk|Hep|nk〉, (8)

E (2)
0 =

∑
n, n �=0

n∑
k′=1

|〈nk|Hep|nk′ 〉|2
E (0)

k − E (0)
k′

. (9)

It is noteworthy from Eqs. (8) and (9) that the terms corre-
sponding to the correction E (1)

0 would vanish, as evident from
the form of Hep defined in Eq. (5), leaving the higher-order
correction E (2)

0 to be nonzero. Therefore, it may be inferred
that the second-order correction in the PT corresponds to the
first-order correction in the polaron model. Now referring to
Eq. (9), all those states (|nk〉) differing by unity would con-
tribute to nonzero outcomes under the correction E (2)

0 ; in other
words, for the states with nk phonons having momentum k, a
nonvanishing outcome would be obtained if �nk = ±1. Here,
the denominator contains the propagator terms that would
correspond to the transition of the system from the vacuum
state of a free electron to the state with n phonons having total
momenta nk. Therefore, for the transition from the ground
state |0〉 to some state |nk〉, the propagator term may be
given as [20]

E (0)
0 − E (0)

n =
n∑

n=1

nh̄ω − 2
P

2μ

n∑
n=1

nh̄k + 1

2μ

(
n∑

n=1

nh̄k

)2

.

(10)

Let us denote the total momentum for a given state n with
k momenta as nk = ki, where the index i would run from
1 to n. Also, let the total number of phonon states

∑n
n=1 n

be represented by n. Then Eq. (10) would simplify to the
following form [20]:

E (0)
0 − E (0)

n = nh̄ω − 2
P

2μ

n∑
i=1

ki + 1

2μ

(
n∑

i=1

ki

)2

. (11)

Hence, utilizing the propagator terms from Eq. (11) into
Eq. (9), the first-order correction (in the polaron model) in the
ground state energy of the system will be [20]

E (2)
0 |n=1 = − (h̄ω)2

(
h̄

2μω

)1/2
α

2π2

∫
1

k2

× 1

h̄ω − 2 P
2μ

h̄k + h̄2k2

2μ

dk, (12)

or

E (2)
0 |n=1 = − h̄ω

(
h̄

2μω

)1/2
α

2π2

∫
1

k2

× 1

1 − 2 P
2μh̄ω

h̄k + h̄2k2

2μh̄ω

dk. (13)

Here, the summation has been transformed into integration
over momenta. The solution of the integral in Eq. (13) for
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small momenta may be obtained to be [20,32]

E (2)
0 |n=1 = −h̄ω

α(
P√

2μh̄ω

) sin−1

(
P√

2μh̄ω

)

∼ −h̄ωα

{
1 + 1

6

(
P√

2μh̄ω

)2

+ O

[(
P√

2μh̄ω

)4]}

(14)

Further, the energy of polaron after correction would be
given as

E = E (0)
0 + E (2)

0 |n=1

= P2

2μ
− αh̄ω

{
1 + 1

6

(
P√

2μh̄ω

)2

+ O

[(
P√

2μh̄ω

)4]}

(15)

or

E = E (0)
0 + E (2)

0 |n=1

= −αh̄ω +
(

1 − α

6

)(
P

2μ

)2

+ O

[(
P

2μ

)4]
. (16)

The comparison of the first term in the right-hand side of
Eq. (16) with Eq. (6) gives the following relation for E in
terms of the coupling constant [19,20]:

E = −αh̄ω. (17)

Now the electron-phonon interactions are not only ex-
pected to alter the phonons but also the electronic structure
due to the discrete (phonon)–(electronic) continuum interfer-
ence that may lead to the optical bandgap renormalization,
also evident from earlier reports on the estimation of EPC
using bandgap renormalization [6,43,44]. It should be noted
that the bandgap is dependent on the lattice parameters which
could be a function of the external perturbation. Thus, the
ultimate consequence could be the modification in the orbital
overlapping among the constituent atoms that may lead to the
modification in the DOS and hence the strength of the EPC
[45]. Therefore, the energy E may be expected to contribute
toward the optical bandgap renormalization of the semicon-
ductor due to electron-phonon interactions [43,46]. Hence, the
change in optical bandgap may have a possible correlation
with the associated coupling between the pth phonons and
electrons that form the absorption edge in semiconductors
[47]. Thus, by that consideration [20,48],

�Eg ∼ αph̄ωp. (18)

This expression imparts the information of EPC strength
associated with a given phonon mode in altering the optical
bandgap of the semiconductor sample, i.e., the contribution
from each phonon mode (characterized by its frequency ωp)
in the renormalization of the bandgap may be different which
could be ascribed to the specific EPC strength (∼αp) associ-
ated with that phonon. Additionally, it should be noted that
the coupling strength would be a function of the DOS of
the interacting electrons and phonon [49]; however, the direct
information of these DOSs may not be possible to achieve

FIG. 2. Temperature-dependent Raman spectra of GaN sample;
inset shows schematic representation for the fitted curve along the
∼ 733 cm−1 A1(LO) mode and the obtained peak position at 353 K.

efficiently [refer to Fig. 1(a)]. Nonetheless, the evolution of
the overlapping (interacting) DOS may be realized via varying
the external perturbation on the system. Hence, to experi-
mentally investigate these inferences, the TD behavior of the
considered samples has been investigated, keeping in view the
consequent alteration in the DOS of interacting electrons and
phonons, thus the coupling strength and hence the bandgap
due to the scaling of temperature [46]. Therefore, a detailed
experimental investigation has been provided in view of the
final relation obtained in Eq. (18) in upcoming sections.

IV. EXPERIMENTAL STUDIES ON BANDGAP AND
PHONON FREQUENCIES

A. TD Raman spectra—GaN

As we aim to study the phonon-mode-specific EPC in
a semiconductor system, it is necessary to set an external
perturbing parameter that could alter the strength of EPC;
for that, the sample temperature could be a suitable quantity
since the strength of EPC has been known to exhibit thermal
dependence as well [8,47]. Therefore, the TD Raman spectra
of GaN and TiO2 may be expected to exhibit a signature of
EPC that is of interest for the present context. In that view,
Raman spectra for GaN have been collected in the temperature
range ∼300–420 K, shown in Fig. 2.

The Raman modes ∼569 and 733 cm−1 could be identi-
fied as E2

2 and A1(LO) symmetries, respectively. Moreover,
a bandlike feature could also be observed around the region
∼ 650 cm−1 which does not belong to the point group sym-
metry of GaN [50]; thus, its appearance may be ascribed to
the crystal imperfections that may have developed during the
preparation of the GaN sample. In addition, it is noteworthy
that the A1(LO) mode exhibits an asymmetric line shape for
the considered sample; such asymmetry was not observed
by earlier authors [26,50]. In that case, this observed feature
may be understood in terms of the contribution from the
disorder due to lattice imperfections [51] that may possibly
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FIG. 3. (a) Schematic for the optical absorption spectra recorded for GaN single crystal sample at 300 K; inset shows schematic for the
Tauc plot obtained at 303 K. (b) Plot for temperature variation of bandgap in GaN single crystal sample, fitted with Varshni relation.

add to the electron-phonon interactions [47] which could
explain the observed feature in the Raman spectra. Neverthe-
less, a schematic representation for the fitted Raman mode
∼ 733 cm−1 has also been shown in the inset of Fig. 2. A
schematic for the temperature variation of the peak position
of the A1(LO) mode has also been shown in the inset of
Fig. 2. Clearly, a systematic redshift could be seen in the peak
position attributing to the thermal effects [42,52]. Further,
since the thermal variation in the Raman modes may arise due
to different phonon processes that may not have identical im-
pacts on each mode [53]; different Raman modes may exhibit
nonidentical thermal responses, in which one factor related to
the interaction with electrons could also be involved. Hence,
with that consideration, it may be inferred that interaction of
these phonons with electrons may also affect the electronic
structure at a given temperature and within a given energy
region. Thus, to get insight into the electronic structure of the
sample, optical absorption studies have also been accompa-
nied that will be discussed in the upcoming section.

B. Temperature variation of bandgap—GaN

As per the discussion up to this point, it has been under-
stood that the signature of electron-phonon interactions could
be probed through the Raman spectroscopy technique where
the parameters like lineshape and width associated with a
given phonon mode could give information about the strength
of EPC [47]. Moreover, it is also known that electron-phonon
interactions may affect the electrons due to their participation
in the process. Thus, the electronic structure may also be
expected to acquire some modifications within the narrow
energy region where the energetic overlapping of electrons
and phonons is favorable [46,54–56]. Further, since this nar-
row energy region could exist nearly above the Fermi level,
where the electrons may be assumed to become just free
enough to interact with nearby phonons, the impact of such an
interaction may appear as an optical bandgap renormalization
[57]. In other words, as the sample temperature varies, the
population of electrons near the Fermi level may also change,
thereby affecting the strength of the overall EPC which may
reflect in the corresponding variation in the bandgap since

phonons are known to participate in the formation of the
absorption edge [40,58]. In that view, TD optical absorption
spectra (OAS) have been obtained for the GaN sample from
303 to 423K.

Furthermore, to extract the information of the TD optical
bandgap, the Tauc plot for the spectra at that temperature has
been obtained. A schematic for the OAS and related Tauc
plot at 303 K is shown in Fig. 3(a). The term F (R) denotes
the Kubelka-Munk function which is related to the absorption
coefficient of the material [59,60]. The dependence of F (R)
on incident photon energy (hν) could be understood as the
following [61,62]:

F (R) ∝ α ∝ (hν − Eg)1/n

hν
, (19)

where Eg is the bandgap of the sample, and the number n is
related to the nature of the electronic transition occurring in
the system (n = 2, 1

2 for direct, indirect bandgap materials).
As GaN is a direct bandgap semiconductor, n = 2 has been
followed in this paper [63].

Further, the obtained values of Eg have been plotted
against temperature in Fig. 3(b), which can be clearly seen to
systematically decrease with temperature. To further analyze
the temperature variation of Eg in GaN, the Varshni relation
[64] [Eq. (20)] has been considered:

Eg(T ) = Eg(0) − αT 2

β + T
. (20)

Here, Eg(0) is the bandgap at 0 K, and α and β are the
Varshni coefficients. The values of these parameters obtained
for the best fit with the experimental data are also listed in the
Fig. 3(b), which agree with the earlier reported values [65]. It
is noteworthy here that, since the variation in Eg for a given
temperature interval could be very sensitive and is a crucial
quantity from the perspective of this paper, the Eg values
corresponding to the fitted curve have been considered instead
of direct experimental values to minimize the deviation/error.
This could be further helpful in determining the coupling
strength in accordance with Eq. (18).
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FIG. 4. Temperature-dependent Raman spectra of anatase TiO2

sample collected in range 303–473 K.

C. Temperature variation of Raman and OAS collected
for the TiO2 sample

To extend the approach for exploring the mode-specific
EPC to an additional system, a polycrystalline TiO2 sample
has been considered. The TD Raman and OAS have been
shown in the Figs. 4 and 5, respectively. The Raman spec-
tra confirm the anatase phase of the TiO2 sample [64,66],
of which the temperature variations of the modes appearing
at 144 cm−1 (Eg), 196 cm−1 (Eg), 398 cm−1 (B1g), 515 cm−1

(A1g + B1g), and 638 cm−1 (Eg) have been considered [66,67]
in the range of 303–473K. These were then fitted for precisely
obtaining the peak positions of the respective modes. The
schematics for the fitting at room temperature and the temper-
ature variation of the values of the peak position thus extracted
for the Eg(3) mode (∼ 638 cm−1) have been provided as the
insets of Fig. 4.

A similar process has been carried out to obtain the val-
ues of the peak position of the rest of the modes at higher
temperatures which would be utilized for obtaining the cou-
pling strength associated with each phonon-mode described
by Eq. (18).

For that, the temperature variation of the bandgap for TiO2

is obtained in Fig. 5(b) fitted with the Varshni relation. The
values corresponding to the best fit are also mentioned. These
values have been used to estimate �Eg in accordance with
Eq. (18) and hence to obtain the values of phonon-mode-
specific coupling constant αp.

V. MODE-SELECTIVE COUPLING—EXPERIMENTAL
INVESTIGATION

So far, a possible connection between the variation in
the optical bandgap and EPC strength associated with a
given phonon mode has been discussed, which in accor-
dance with Eq. (18) could provide a dimensionless parameter
that may be equivalent to the coupling strength for that
phonon inferring that each phonon mode could have unique
coupling strength with the electrons so that their contri-
bution to the bandgap variation may reflect. Moreover,
rewriting Eq. (18):

αp ∼ �Eg

h̄ωp
. (21)

It appears from Eq. (21), those phonons could couple more
which lie relatively at lower ωp which can be understood as
the fact that an effective energetic overlap of the electrons
with phonons may be favorable for the electronic states lying
just above the Fermi level so that the electrons may interact
with nearby phonons; hence, phonons existing in this narrow
energy region could have relatively lower ωp. This explains
the coupling strength of those phonons at a given temperature.
However, the role of the DOS of both electrons (DOS-e) and
phonons (DOS-ph) could also be an additional factor to decide
the coupling strength [8,49]. This could be understood by
applying an external perturbation (temperature, in this case)
that may modify the effective energy overlap between elec-
trons and phonons; consequently, the coupling strength may
change. Thus, with this concept, it could be explained that
different phonon modes, even having higher/lower α, may
exhibit a different extent of variation in α depending on the
effective overlap of DOS-e/DOS-ph, leading to modification
in the coupling strength. Therefore, this paper has been em-
ployed over two different optical modes (namely, A1 and E2

2 )

FIG. 5. (a) Schematic representation of the temperature-dependent optical absorption spectra of TiO2 sample and the Tauc plot (inset) at
303 K. (b) Temperature variation of optical bandgap of TiO2 fitted with Varshni relation.
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FIG. 6. Plot for the variation of coupling constant (α) as a func-
tion of temperature for the A1(LO) and E 2

2 phonon modes of GaN
sample.

occurring in GaN, and the values of α for the two modes have
been observed at individual temperatures (see Fig. 6) which
provides the information of relative modification in the EPC
strength for individual phonon modes. For this, the difference
in the bandgap (�Eg = Eg1 − Eg2) corresponding to the con-
sidered temperature interval (T2 − T1 = 5 K, for GaN; T2 >

T1) has been utilized to acquire the value of α corresponding
to a phonon mode occurring at ωp (ωp1).

It could be seen that α shows a monotonous increment
with the sample temperature such that it has magnitudes of
0.027 and 0.021 for E2

2 and A1(LO) modes, respectively, at
298 K, which reach 0.030 (E2

2 ) and 0.024 [A1(LO)] for the
respective modes at 418 K, which agrees with the fact that
the coupling strength may enhance with the temperature [47].
The E2

2 mode, being relatively lower in position than the
A1(LO) mode, acquires a larger value of α which may be
attributed to the effective overlapping of the E2

2 mode with the
nearby electrons, which may be favored by larger density of
interacting electrons and phonons. Nevertheless, the variation
in the coupling strength (α) with respect to temperature may
be different for the modes due to the alteration in the over-
lapping of the electronic and phononic states. Therefore, to
have further insight into the evolution of EPC associated with
the modes, the relative (%) changes in α have been obtained
in the considered temperature range which are found to be
∼10.39% (E2

2 ) and ∼10.67% [A1(LO) mode]. It clearly indi-
cates the preferential coupling of LO phonon over the other
phonon mode.

Furthermore, the same approach has also been extended
on the polycrystalline TiO2 sample. The values of the cou-
pling constant (α) found in temperature range 303–473 K

(T2 − T1 = 10 K; T2 > T1) are depicted in Fig. 7(a) along with
the relative average changes (%).

To compare the relative average variations, a more direct
insight into the electron-phonon interactions has been further
considered over the Raman spectra by estimating the asym-
metry parameter 1/|q| [47,68,69] of each mode at 473 K
[Fig. 7(b)] in accordance with the Fano resonance model [47],
as at the higher temperature, EPC may have greater strength
due to thermal disorder [47]. It could be realized from the
Raman spectra of TiO2 (Fig. 4) that the Raman mode exhibit-
ing a symmetric profile (lower 1/|q|) possesses lower average
variation in the coupling constant [Fig. 7(b)], attributing to the
mode-specific coupling of phonons with the electrons. The
observed results for α are also found to be consistent with
earlier reports on EPC [17,70].

In this way, our theoretical execution is in good agreement
with the experimental evaluations of GaN and TiO2 samples.
Thus, in this paper, we report the simultaneous application
of Raman and optical spectroscopies to efficiently probe the
coupling strength of individual phonons with electrons in
semiconductors.

VI. CONCLUSIONS

In conclusion, a quantitative picture for the electron-
phonon interactions in semiconductors was provided via
theoretical discussions on polaron model, giving the coupling
constant (α) for each phonon mode that was experimentally
investigated of GaN and TiO2 by the bandgap and phonon
frequency values at different temperatures. The results ob-
tained according to the discussed model suggest that, in GaN,
the LO phonon mode ∼ 733 cm−1 exhibits a comparatively
greater percent increment in α with temperature, which is
evident from the preferential coupling of the LO mode. Fur-
ther, in the case of TiO2, those modes are found to possess
symmetric lineshapes which show smaller percent change in
α, attributing to weaker coupling of those modes. This ex-
perimental outcome supports the validity of the inferences
on phonon-mode-specific α provided in this paper. In this
paper, we utilize Raman and optical spectroscopies to probe
the phonon-specific coupling which otherwise is obtained via
advanced techniques.

All data used for the analyses are available in this paper.
Any additional relevant data related to this paper could be
made available on request.
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