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[Abstract] The influence of temperature on the ground state energy and ground state binding energy of polaron in a
parabolic quantum well is studied by using the linear combination operator and unitary transformation methods. The
expressions of the ground state energy and ground state binding energy of polaron are obtained by theoretical
derivation. Combined with the expression of mean number phonons in quantum statistical mechanics, the function
relationship between the ground state energy and ground state binding energy of polaron and temperature is
obtained. When the temperature takes different values, the relationship between the ground state energy and the
ground state binding energy with the electron-phonon coupling strength and well width is discussed respectively.
The dependence of ground state energy and ground state binding energy on temperature is discussed when the well
depth is taken at different values. The calculation results show that both the ground state energy and the ground

state binding energy of the polaron are increasing functions of temperature.
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1 Introduction

With the in-depth study of semiconductor ma-

terials, many artificially designed quantum wells

have been manufactured by molecular beam
epitaxy and metal-organic  chemical vapor
deposition methods. And many interesting

physical phenomena have been found in quantum
well structures, which have important value for
the research and development of new
semiconductor devices. Quantum well devices are
widely used in people’s daily life. In recent years,
the research on the properties of semiconductor
quantum wells has become a research hotspot of
low-dimensional semiconductor materials. Using a
variety of methods, scholars have made experi-
mental and theoretical research on the physical
properties of quantum well structures''®. For in-
stance, Wei et al.'" investigated the vibration
magnetic field of the Coulomb impurity bound
GaAs/Ga, . Al, As

quantum well within MacDonald method. The

magnetopolaron  in  the

bound magnetic polarons in dilute magnetic semi-
conductors were investigated by Wolf ez al. ™ ex-
perimentally. Shan er al. " studied the effect of e-
lectric field on the properties of strong coupling
magnetopolaron in triangular quantum wells.
Under different electric fields, the relationship be-
tween the ground state binding energy of the polar-
on and the electron phonon coupling strength,
magnetic field cyclotron frequency and electron
surface density is obtained by numerical
calculation. Wang ez al.'” studied the epitaxial
growth of large mismatch InGaAs multi-quantum
well on GaAs substrates using the same method.
Due to the existence of the confinement potential,
the properties of the polaron in the quantum well
are significantly different from those of the
electron. Since the 1990s, some researchers have
also done a lot of research on the properties of par-
abolic quantum wells, and have made many

research achievements. Parabolic quantum wells

can be divided into two types, one is component
parabolic quantum wells, and the other is doped

). In recent years, schol-

parabolic quantum wells
ars have studied the properties of two kinds of par-
abolic quantum well. Such as Zhang et al. ) used
the viriational method to calculate the binding en-
ergy of excitons of different Mn components in
Cd,—,Mn, Te/CdTe parabolic quantum well under
the effective mass approximation. The calculation
results can provide a theoretical basis for the
design and manufacture of semiconductor parabolic
quantum well light-emitting devices. Shan'' in-
vestigated the Rashba effect of the polaron in the
RbCl parabolic quantum well, and obtained the ex-
pression of polaron ground state energy through
theoretical derivation. Because of the Rashba spin
orbit interaction, the ground state energy of the
polaron is split into two branches. Sa et al.'
studied the hydrogen-like impurity energy levels in
infinite parabolic quantum well by using the varia-
tional method, and gave the functional relationship
of energy with the well width and magnetic field
strength under different magnetic fields. It can be
seen that there have been a lot of researches on the
properties of polarons in quantum wells, but so
far, few people have studied the temperature effect

1. 1% used

of polarons in quantum wells. Ping ez a
metal-organic chemical vapor deposition to grow
three InGa/GaN quantum wells with different bar-
rier temperatures, and analyzed the confinement
Stark effect and carrier localization effect of quan-
tum wells at different barrier temperatures. In this
paper, the influence of temperature on the ground
state energy and ground state binding energy of po-
laron in a parabolic quantum well is studied by
using the unitary transformation and linear combi-
nation operator methods. When the temperature
takes different values, the relationship among the
ground state energy and ground state binding
energy with the temperature is discussed, respec-
tively. At the same time, the dependence of
ground state energy and ground state binding
+ 0051 -
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energy on temperature is discussed when the well

depth is taken at different values.
2 Theoretical derivation

The quantum well grows along the = direction,
and the electron interacts with the bulk longitudinal
optical phonon field, then the Hamiltonian of the
electron-phonon system in the parabolic quantum

well is

Tas
qUq

> VaagexpGq » 7)+h.c.]. (D

q
Where m is the effective band mass of the e-

lectron, V (¢) is the parabolic potential energy.,
ay (ay) is the creation (annihilation) operator of
the bulk longitudinal optical phonon with the wave
vector ¢ and frequency wio, r=1(ps2) is the posi-

tion vector of the electron, and
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In Equations (2) and (3), V, is the parabolic po-
tential well depth with the width well 4, V, is the

, (2

semiconductor volume, and V is the electron-
phonon coupling strength.

Introducing the linear combination operator

b= (mT“) b, +00) (4a)

1
rj:i<2m;t>2(bj—bf). (4b)
In Equation (4),j =x,y,A is variational pa-
rameter. Take the unitary transformation

operator as
U=exp E [fda%r o
q

where f, and f, are variational parameters. The
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unitary transformed Hamiltonian is
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The ground state trial wave function of the

system is selected as

‘\I’o>:‘ §03> ‘O>a ‘O>/,9 (7(1)
1
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Where [0), represents the perturbed zero phonon
state and |0), is the vacuum state of the operator,
which satisfies 6, |0), =a; 0>, =0. We calculate
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We substitute f, and f, into Equation (8),

and replace the sum with an integral to get

g ha +/7A
2m +4ﬁ;2_ g V@
(10)

Performing the variation of FF (1) with respect

F(AB)— A4

to A, we obtain

h

E - %ah «/&)1,()71’/17% =0. (11)

By solving equation (11), we get the vibra-
tional frequency A, of the polaron.
By substituting A, into Eq. (10), we obtain

the polaron ground state energy E,.



Low Temp. Phys. Lett. 45, 0050 (2024)

_hA A 28 Vi, ha /mhw o
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If E, and E, denote the energies of the un-
coupled electron and phonon, respectively, then

the ground state binding energy of the polaron is

given by
Vo
E,=FE, +Ep — FEy =haV/mwio YT
48°d*
(13)
Where
kA hzﬁ/
E. 2 + o’ (14)
and
ha /A
E/) :%wu). (15)

We solve the mean number phonons, which

can be expressed as

— A
N=(go | U Daba,U| ¢o> == [Z2.
4 2N wio

(16)

At a finite temperature, the electron-phonon
system will no longer be complete in the ground
state. The lattice vibration not only excites the
real phonon, but also excites the electron. The
properties of the polaron are determined by the
statistical average of the various states of the elec-
tron-phonon system. In quantum statistics, the

expression of the mean number of phonon is

_ —1
N — {exp(}iﬁt}i)l} . an

Where K is the Boltzmann constant, and the
value is 1. 38 X107% J/K. Obviously, the value of
A in Eq. (16) is related to N. Combining Eq. (16)

and (17), we can get the relationship between E ,
E, and T.

3 Numerical calculation and result discussion

From the expressions of the ground state en-
ergy and ground state binding energy of the polar-
on, it can be seen that the ground state energy and
ground state binding energy of the strong coupled

polaron are not only related to the well width and

well depth, but also to the electron-phonon
coupling strength and vibration frequency. In order
to more clearly show the influence of temperature
on the ground state energy and ground state
binding energy of polaron in a parabolic quantum
well, we perform numerical calculations for the
polaron ground state energy and ground state bind-
ing energy, respectively. The calculation results
are shown in Fig. 1 to 6. To simplify the calcula-
tion, polaron units (A =1,2m =1,w;p =1) are
taken.

Fig. 1 shows the relationship between the
ground state energy E, of the strong coupled polar-
on and the electron-phonon coupling strength a in
a parabolic quantum well when the temperature T
takes different values. One can see from the figure
that the ground state energy is a decreasing
function of the electron-phonon coupling strength.
When the electron phonon coupling strength for a
fixed value, the higher the temperature is, the
greater the polaron ground state energy is. With
the increase of electron-phonon coupling strength,
the electron-phonon interaction is enhanced, and
phonons interact with the electron.
in Eq. (10),

coupling strength has a negative effect on the

more
However, the electron-phonon
ground state energy. Therefore, with the increase
of electron-phonon coupling strength, the ground

state energy of the polaron increases. It is also

350p.
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Fig. 1 The relationship between the ground state
energy E, and electron-phonon coupling strength a at

different values of temperature T.
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found from the figure that the influence of temper-
ature on ground state energy decreases with the in-
crease of electron phonon coupling strength.

300

d/nm
Fig. 2 The relationship between the ground state energy

E, and well width d at different values of temperature T.

With different values of temperature T', Fig. 2
describes the relationship between the ground state
energy E, of the polaron and the well width d. It
can be seen from the figure that when the well
width d<<1 nm, the ground state energy increases
rapidly as the well width decreases, and the tem-
perature has little influence on the ground state en-
ergy. Beyond this range, with the increase of the
well width, the ground state energy slowly decrea-
ses until it remains unchanged. This indicates that
the quantum confinement effect is related to the
well width, and the smaller the well width is, the
more significant the quantum confinement effect
is. When the well width is fixed, the higher the
temperature is, the greater the ground state energy
of the polaron is, which is consistent with the con-
clusion in Fig. 1. Under different well depths,
Fig. 3 illustrates the functional relationship curve
between ground state energy E, and temperature
T. We find from the figure that the ground state
energy is an increase function of the temperature.
This conclusion is the same as the Fig. 1 and Fig.
2. We also find that the ground state energy of po-
laron increases with the increase of well depth.
The electron phonon interaction is enhanced with

the increase of the well depth, that is, the larger
+ 0054 -

the well depth is, the greater the interaction
energy is, resulting in the larger ground state ener-

gy of the polaron.

250

200

Fig. 3 The relationship between the ground state energy
E, and temperature T at different values of well

depth V() .

Fig. 4 describes the relationship between the
ground state binding energy E, of the strong cou-
pled polaron and the electron-phonon coupling
strength a in the parabolic quantum well at
different temperatures T'. It can be seen from the
figure that the ground state binding energy is an
increase function of the temperature and electron-
phonon coupling strength. It is also found that
with the increase of the electron-phonon coupling
strength, the influence of temperature on the
ground state energy gradually increases. This con-
clusion is contrary to Fig. 1. For different values
of temperature T, Fig. 5 shows the curve of the
ground state binding energy E, of polaron as a
function of the well width d. As shown in the fig-
ure, when the well width d <<1 nm, the ground
state binding energy increases rapidly with the in-
crease of the well width. Beyond this range, the
ground state binding energy changes little with the
increase of the well width, indicating that the elec-
tron phonon interaction is weak. In the figure, the
ground state binding energy is an increasing
function of temperature. In Eq. (13), the confined
potential is inversely proportional to the square of
the well width, that is, the confined potential de-

creases with the increase of the well width. In the
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expression of the ground state binding energy of
the polaron, the influence of the confined potential
on the ground state binding energy is negative. At
the same time, with the increase of the well
width, the electron phonon interaction weakens,
that is, the ground state energy of the polaron de-
creases with the increase of well width, so the
ground state binding energy of the polaron

increases with the increase of the well width.

260
240f
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140k
120F
100L— L . . . .

Ey/meV

Fig. 4 The relationship between the ground state binding
energy E, and electron-phonon coupling strength a at dif-

ferent values of temperature T.

Fig. 6 draws the functional relationship curve
between the ground state binding energy E, of po-
laron and temperature T under different well
depths V. It can be seen from the figure that the
ground state binding energy of polaron is an
increase function of temperature and a decreasing
function of well depth. According to Eq. (13), the
contribution of the well depth to the ground state
binding energy is negative, so the binding energy
decreases with the increase of the well depth.
From Fig. 1 to Fig. 6, we find that both the ground
state energy and the ground state binding energy of
functions  of

the polaron are increasing

temperature. Because the polarization of the
crystal increases with the increase of temperature,
the electron phonon interaction is enhanced. In
other words, with the increase of temperature,

there are more phonons interacting with electrons

in the electron cloud around the electron.

250
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Ey/meV
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0 0.5 1.0 1.5 2.0 2.5 3.0
d/nm

Fig. 5 The relationship between the ground state binding

energy E, and well width d at different values of tempera-

ture T.

Ey/meV

T/K

Fig. 6 The relationship between the ground state binding
energy E, and temperature T at different values of well

depth V5.

4 Conclusion

The expressions of the ground state energy
and ground state binding energy of the polaron are
obtained by using unitary transformation and linear
combination operator methods. The expression of
the mean number phonons of polaron is derived
theoretically. The polaron ground state energy.
ground state binding energy, and mean number
phonons are all functions of vibrational frequency.
Combined with the expression of mean number
phonons in quantum statistical mechanics, the
function relationship between the ground state en-
ergy and ground state binding energy of polaron
When the

values, the
+ 0055 -

and temperature is obtained.

temperature  takes  different
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relationship between the ground state energy and
the ground state binding energy with the electron-
phonon coupling strength and well width is dis-
cussed respectively. The dependence of ground

state energy and ground state binding energy on
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