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The electronic structure of perovskite nanomaterial systems can change when exposed to mechanical stress, a fact
that has been extensively applied in the investigation of polaron properties. A deformation potential is formed when inter-
actions among charge carriers and the lattice are mediated by stress. Hence, the deformation potential can be considered
an important tool to explore acoustic polaron properties. In this research, we adopted a theoretical method by combin-
ing unitary transformation and second quantization, incorporating the deformation potential effect into the polaron effect.
Finally, we derived the effective mass and ground-state energy of strongly coupled bound polarons in perovskite lattices.
Through in-depth analysis and numerical calculations, we found that under the combined influence of sound velocity and
deformation potential, the polaron coupling strength no longer remained constant; instead, it exhibited a variation with
the perovskite lattice deformation potential. In addition, the ground-state energy, vibrational frequency, and effective mass
of the polaron displayed anomalous behaviors. This research provides an important reference to further understand the
physical characteristics of acoustic polarons formed by lattice distortions.

Keywords: deformation potential, ground-state energy, acoustic polaron, effective mass, perovskite
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1. Introduction

In condensed matter physics, the term “polaron” is gen-
erally applied to describing a type of Fermi quasiparticle
consisting of an excess charge in a material lattice and the
accompanying lattice distortion it induces.[1–4] Polarons, as
an essential type of quasiparticle, play a key role in under-
standing the optical and electrical characteristics of materi-
als. This polaron effect is commonly witnessed in organic
semiconductors,[5,6] polar crystals,[7,8] ionic crystals,[9,10] and
perovskite materials,[11] where the optical phonon modes
of lattice vibrations polarize charge carriers via long-range
Coulomb interactions (Fröhlich potential). Elastic waves from
lattice vibrations affect the charge carriers which interact with
phonons, resulting in lattice distortions to generate elastic po-
tential energy around the carriers. When this potential en-
ergy is large enough, carriers become trapped in deep po-
tential wells, giving rise to the formation of a bound state,
also referred to as deformation potential polaron. Investi-
gation of the nature of deformation potentials in materials
plays a key role in understanding their piezoelectric conver-
sion characteristics.[12–14] Investigating the aforementioned
polaron effects necessitates a material platform capable of ex-
hibiting significant lattice responses to external fields, such as
stress. Perovskite materials emerge as an ideal candidate for

such studies due to their inherent soft lattice character, which
confers low lattice stiffness and enables pronounced deforma-
tion under minimal external force, thereby giving rise to a sub-
stantial deformation potential. This unique attribute not only
directly enhances the electron–phonon coupling strength but
also facilitates the direct manipulation of the polaron state via
applied stress, thereby providing a crucial foundation for elu-
cidating the underlying structure-property relationships at the
microscopic level.

When exploring the deformation potential effect on po-
larons, the most essential feature is the electron–phonon inter-
actions within the material. The strength of these interactions,
referred to as coupling strength, is determined by the mate-
rial’s dimensionless lattice constant. However, under the de-
formation potential effect, the material’s structural properties
exert direct or indirect influences on coupling strength, result-
ing in unique acoustic polaron effects. That is, quasiparticle
effects demonstrate certain differences for different material
systems. Through detailed evaluation of the dimensionless
lattice constant, deformation potential, and coupling strength
of a material, one can better understand and predict electron–
phonon interactions. This understanding can provide more tar-
geted guidance for developing and applying related devices.

Several researchers have applied experimental ap-
proaches to observe polarons, including microscopic ap-
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proaches such as scanning tunneling microscopy (STM)[15]

and spectroscopic methods such as electron paramagnetic res-
onance (EPR),[16] angle-resolved spectroscopy,[17] Raman
spectroscopy,[18] two-photon photoelectron spectroscopy,[19]

and high-time-resolution spectroscopy.[20,21] Recently,
Tang[22] successfully tracked the process of polaron forma-
tion using ultrafast spectroscopic approaches. However, while
these experimental research works[23–26] have provided qual-
itative descriptions of polaron properties, more theoretical
studies are still needed to quantitatively analyze polaron-
related physical properties.[27–30]

Hence, this research adopted a concise theoretical method
combining unitary transformation and second quantization to
evaluate unique deformation potential polaron effects. By sys-
tematic examination of the ground-state energy, vibrational
frequency, and effective mass of the polaron, we obtained fun-
damental conclusions that provided crucial theoretical support
for experimental characterization methods including mobility
analyses and spectroscopic measurements.

2. Theoretical model
When electrons move within perovskite materials, con-

sidering only one-dimensional (1D) motion where they are
affected by deformation potential and interact with acoustic
phonons, the Hamiltonian of the system can be stated as

H =
p2

2m
+∑

k
h̄s𝑘a†

kak +

(
4πα

L

)1/2

×∑
k

h̄sk1/2
(

ak +a†
−k

)
e ikx, (1)

where ak and a†
k are the acoustic phonon annihilation and cre-

ation operators, respectively, m is the electron mass, k is the
wave vector, p and x are the momentum and position oper-
ators of the electron, respectively, and L is the normalization
length. In Eq. (1), the term p2/2m describes the kinetic energy
of the electron, and ∑k h̄s |k|a†

kak is the deformation potential
phonon energy, with s being the sound velocity that varies for
different perovskite materials. When pressure is applied along
two dimensions, the electron is forced into 1D motion. The
electron–phonon interaction energy(

4πα

L

)1/2

∑
k

h̄sk1/2
(

ak +a†
−k

)
e ikx

depends on the sound velocity, the normalized length, the cou-
pling constant, and the wave vector. The coupling strength was
given by α as follows:

α =
1

8π

aD2

h̄Ms3 , (2)

where a is the lattice constant, D is the deformation poten-
tial constant, and M is the charge per unit cell. Therefore, by

controlling the deformation potential and lattice constants, the
coupling strength could be modulated, which could in turn reg-
ulate the electron–phonon interaction energy and ultimately
tune the acoustic polaron energy. Figure 1 illustrates the piezo-
electric polaron effect under the influence of different defor-
mation potentials, subjected to both compressive and tensile
strains.

Polaron

Polaron

Polaron

Pressure

Stretch Stretch

Pressure

(a) (b)

(c)

Fig. 1. Piezoelectric polaron effect.

To calculate the ground-state energy and effective mass of
the polaron, we considered the total momentum of the system
to comprise two components: the momentum of the electron
and the momentum of the phonon. Therefore, we introduced
the total momentum operator P as

P = p+∑
k

h̄ska†
kak. (3)

To further process the position and momentum operators in
the Hamiltonian and achieve its final form, we introduced the
annihilation operator b and creation operator b†, using second
quantization for both position and momentum coordinates as
follows:

p =

(
mh̄λ

2

)1/2 (
b† +b+ p0

)
, (4)

x = i
(

h̄
2mλ

)1/2 (
b−b†) , (5)

where λ and p0 are variational parameters. By substituting
the second-quantized position and momentum operators into
the Hamiltonian in Eq. (1), we obtained

H ′ =
h̄λ

4
(
b† +b+ p0

)2
+∑

k
h̄s |k|a†

kak

+

(
4πα

L

)1/2

∑
k

h̄s
√

k
(

ak +a†
−k

)
× exp

(
iki
(

h̄
2mλ

)1/2 (
b−b†)). (6)

Performing a unitary transformation on the Hamiltonian H ′

gave

U = exp

[
∑
k

(
fka†

k− f ∗k ak

)]
. (7)
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Performing a unitary transformation yielded the transformed
Hamiltonian as

H ′′ = U−1
2 H ′U2

=
h̄λ

4
(
b† +b+ p0

)2
+∑

k
h̄s |k|

(
a†

k + f ∗k
)
(ak + fk)

+

(
4πα

L

)1/2

∑
k

h̄s
√

k
(

ak + fk +a†
−k + f ∗−k

)
× exp

(
iki
(

h̄
2mλ

)1/2 (
b−b†)). (8)

To determine the effective mass and ground-state energy
of the system, we first calculated the partially corrected Hamil-
tonian as

u ·P = u ·
(

p+∑
k

h̄ska†
kak

)

= u
(

mh̄λ

2

)1/2 (
b† +b+ p0

)
+u∑

k
h̄ska†

kak. (9)

The final Hamiltonian was derived by the substitution of
the partially corrected Hamiltonian into the polaron Hamilto-
nian. We then performed a unitary transformation on the final
Hamiltonian and calculated the energy expectation value as:

F (λ , fk, p0,u)

= 〈0|U−1 (H−u ·P)U |0〉

=
h̄λ

4
p2

0 +
h̄λ

4
+∑

k
h̄s |k| | fk|2

+

(
4πα

L

)1/2

∑
k

h̄s
√

k ( f ∗k + fk) e−h̄k2/4mλ

−∑
k

uh̄sk | fk|2−up0

√(
mh̄λ

2

)
. (10)

Here, the zero-polaron state |0〉 = |0〉e |0〉p consisted of the
zero-electron state |0〉e and the zero-phonon state |0〉p. Then,
the expectation value functional F was changed with respect
to the variational parameters f ∗k , p0, and λ ,

∂F
∂ f ∗k

= 0. (11)

We derived the displacement parameter characterizing interac-
tions among electrons moving in the lattice and phonons as

fk =−
( 4πα

L

)1/2
h̄s
√

k e−h̄k2/4mλ

h̄s |k|−uh̄k
. (11a)

The expectation value functional F was changed with respect
to the initial momentum of the electron p0 as

∂F
∂ p0

= 0. (12)

The initial momentum was derived as

p0 = u

√
2m
h̄λ

, (12a)

∂F
∂λ

= 0, (13)

and the variation frequency was obtained as

λ =
32πα2s6m

h̄(s2−u2)2 . (13a)

The expressions of f ∗k , p0, and λ were substituted back into
the original Hamiltonian of the polaron to obtain the polaron
ground-state energy in the perovskite material as

E0 = F̄ =
h̄λ

4
− 1

2
mu2− 2αs3

√
2πmλ h̄

(s2−u2)
. (14)

To derive the effective mass, we performed a unitary transfor-
mation on the momentum and applied it to the zero-polaron
state as

〈0|U−1PU |〉 =
[
−F (λ , p0,u)+ 〈0|U−1HU |〉

]
/u

= u

[
m+

32πα2s6m

(s2−u2)3

]
. (15)

The polaron effective mass was obtained as

m∗ = m+
32πα2s6m

(s2−u2)3 . (16)

From the above equation, we derived the relationship be-
tween the bare electron mass and the polaron effective mass,
which further allowed us to identify the factors affecting the
polaron effective mass.

3. Results and discussion
To explore the ground-state features of strongly coupled

bound polarons in deformation potential, numerical calcu-
lations were conducted on the following three metal halide
perovskite crystals with strong polaron effects: MAPbCl3,
MAPbBr3, and MAPbI3. A detailed discussion is provided be-
low on strong coupling interactions among acoustic phonons
and electrons, and the relevant material parameters are listed
in Table 1.

Table 1. Parameters of different perovskite crystals.

parameter MAPbCl3 MAPbBr3 MAPbI3

LO phonon energy (h̄ωLO) 26.4 meV 15.3 meV 11.5 meV
LO phonon frequency 4.012 Hz 2.325 Hz 1.748 Hz
Effective mass (m∗) 0.2m0 0.117m0 0.104m0

As illustrated in Fig. 2, when considering polaron veloc-
ity u = 2× 104 m/s, the variation trend of the coupling con-
stant with the deformation potential coefficient and sound ve-
locity of polarons in three different halide perovskite mate-
rials is illustrated. The coupling constants of materials with
respective lattice constants of a = 1, 2, 3 exhibited common
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dependencies on lattice parameters. That is, they increased
with the increase of the polaron deformation potential coef-
ficient and decreased with the increase of the sound velocity.
This was because the deformation potential effect was incor-
porated into the total polaron system. As witnessed for deep
potential wells, particles required higher energies to overcome
the well and keep moving. The higher deformation potential

coefficients increased the deformation potential energy, creat-
ing deeper potential wells. However, slower sound velocities
in materials further restricted polaron motions within the per-
ovskite lattice. Moreover, the motion of the polarons will in
turn react back upon the lattice, inducing compressions and
distortions, thereby enhancing the electron–phonon interac-
tions.
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Fig. 2. The graphs (a), (b), and (c) illustrate the relationships of the coupling constant with deformation-potential constant and sound velocity. The
graphs (d), (e), and (f) illustrate the relationships of the coupling constant with the deformation potential at a constant sound velocity 1×104 m/s.
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Fig. 3. The graphs (a), (b), and (c) illustrate the dependencies of vibrational frequency on deformation potential and sound velocity. The graphs (d), (e),
and (f) illustrate the dependencies of vibrational frequency on deformation potential at a constant sound velocity of 1×104 m/s.

As a fundamental physical quantity characterizing the

properties of charge carriers, vibrational frequency undergoes

continuous variations influencing carrier behavior, thereby

presenting unique quantum size effects of the particles. Fig-

ure 3 shows the relationship between vibrational frequency λ

and both sound velocity and polaron deformation potential co-

efficient at polaron velocity u = 2×104 m/s. As could be seen

from the figure, at lattice constant values of a = 1, 2, 3, vi-
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brational frequency was rapidly increased with both sound ve-
locity and polaron deformation potential. This phenomenon
occurred because, within the total polaron system under de-
formation potential effect, the polaron required additional en-
ergy to overcome the potential barrier formed by deformation
potential and continue its motion. In addition, the potential
barrier became deeper with the increase of deformation poten-
tial coefficient. At the same time, when considering coupling
effect with acoustic phonons in the material, lattice vibrations
were induced increasing the sound velocity of the material.
This increased coupling caused stronger polaron vibrations,
giving rise to higher vibrational frequencies.

Figure 4 illustrates the dependencies of ground-state en-
ergy E0 on polaron deformation potential and polaron sound
velocity at a polaron velocity of u = 2× 104 m/s. It can be
seen from the figure that, for fixed lattice constants of a = 1, 2,
3, the ground-state energy rapidly increases with the increase
of sound velocity and deformation potential. This is because
larger deformation-potential coefficients create deeper poten-
tial wells, and the polaron requires more energy to keep mov-
ing. Furthermore, coupling with acoustic phonons excites lat-
tice vibrations, raising the sound velocity of the material; i.e.,
the increase of the intensity of vibrational frequency increases
the polaron ground-state energy.
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Fig. 4. The graphs (a), (b), and (c) illustrate the dependencies of ground-state energy on deformation potential and the sound velocity. The
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Figure 5 shows the dependencies of the effective mass
m∗ on polaron sound velocity and polaron deformation po-
tential at a polaron velocity of u = 0.8× 104 m/s. It is evi-
dent from the figure that, for fixed lattice constant values of
a = 1, 2, 3, the effective mass increases with the increase of

the deformation-potential coefficient and decreases with the
increase of sound velocity. This is because the deformation
potential creates a potential well hindering polaron motion,
such that an increase in well depth and a decrease in sound
velocity result in a greater polaron effective mass.
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Fig. 5. The dependencies of effective mass on deformation-potential constant and sound velocity.

The profound influence of the deformation potential on
the polaronic structure stems from its intrinsic mechanism of
modulating the lattice potential landscape. This modulation
significantly enhances the electron–phonon coupling and al-

ters the self-trapping energy. This enhancement not only in-
creases the effective mass and strengthens the localization of
the polaron but also, via the nonlinear response of the lattice,
establishes a dynamic positive feedback mechanism that ulti-
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mately stabilizes this quasiparticle state. This physical picture
deeply reveals the microscopic process through which external
fields (stress/electric field) achieve topological control of the
polaron’s quantum state via the deformation potential,[31–36]

providing a key theoretical basis for elucidating the mechano-
electric coupling mechanism in perovskite materials.

4. Conclusions
This research investigated strongly coupled bound po-

laron ground-state properties in deformation potential systems
using linear combination and unitary transformation operator
methods. By examining polarons confined by the deforma-
tion potential, we systematically modulated the coupling con-
stant of the material to control polaron ground-state energy and
vibrational frequency, thereby enabling the evaluation of po-
laron effective mass for parameter-dependent property tuning.
Through numerical simulations, we revealed distinct variation
trends in the ground-state energy, coupling constant, effective
mass, and vibrational frequency of the polaron under the effect
of sound velocity and deformation potential. These findings
provide crucial theoretical support to understand piezoelectric
properties in perovskite materials and offer fundamental in-
sights for experimental research on polaron effects.
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