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Bound Polaron in a Quantum Well Under an Hectric Field”
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Abstract : We conduct a theoretical study on the properties of a bound polaron in a quantum well under an electric
field using linear combination operator and unitary transf ormation methods,which are valid in the whole range of
electron-L O phonon coupling. The changing relations between the ground-state energy of the bound polaronin the
qguantum well and the Coulomb bound potential ,the electric field strength ,and the well width are derived. The nu-
merical results show that the ground-state energy increases with the increase of the electric field strength and the
Coulomb bound potential and decreases as the well width increases.
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1 Introduction

In recent years, many theoretical and experi-
mental investigations have been performed on the
issue of the hydrogenic binding of an electron to a
donor impurity confined within a low-dimensonal
heterostructure™ *'. With the presence of shallow
impurities in this material ,the study of the elec
tronic and optical properties of impurities in this
system has an important role ,and the electric field
is an effective tool for studying the properties of
impuritiesin a quantum well. The effect of an elec-
tric field on a donor in a quantum well has drawn
the attention of several authors. Kasapoglu et al . '
calculated variationally the ground state binding
energy of a hydrogenic donor or impurity in a
quantum well in the presence of crossed electric
and magnetic fields applied tilted at an angle to the
layers by using an appropriate coordinate trangor-
mation. Kasapoglu et al.™ computed the binding
energies of shallow donor impurities in differently
shaped quantum wells under an applied electric
field usng a variational method. Liu et al.'® calcu-
lated the ionization energy of a bound polaron con-
fined to general step quantum wellsin the presence
of an electric field usng a variational method.
Huang et al."" calculated the ground state energy
of animpurity by meansof the LL P transformation
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in - and - quantum wells under electric
fields. Aktas et al."® studied the ground state bind-
ing energy of a hydrogenicimpurity in a coaxial cy-
lindrical quantum well wire system subjected to an
external electric field applied perpendicular to the
symmetry axis of the wire system within a varia
tional scheme.Li" studied the effectsof an electric
field on the subbands and binding energies of
hydrogenic impuritiesin a GaAs GaAlAs quantum
well usng the effective mass approximation. Many
authors have studied the properties of donor impu-
rities in quantum wells under an electric field.
However ,the linear combination operator and uni-
tary tranformation methods have seldom been
used.

In thispaper ,we calculate the ground state en-
ergy of a bound polaronin a quantum well under an
electric field usng the linear combination operator
and unitary trandormation methods. We obtain the
explicit dependence of the ground state energy of
the bound polaron on the well width,the electric
field strength ,and the Coulomb bound potential .

2 Theory

We consider a QW in a polar semiconductor in
the range of | z| <L with infiniteheight barrier
material filling in the space in the region | z| > L.
Thereisan electron coupled to a Coulomb impurity
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located at the center of the well and interacting
with the confined bulk L O-phonons and the electric
field along the z direction. Usng a Frohlich-like
Hamiltonian for the electron and L O-phonon inter-
action ,the total Hamiltonian of the system'™” is

H = He + Hio + Helo + eFz (D)
2

He = - Ehrgvz + U(2) + V(2
_lo, ozl >L Y -
u(2) _{0, Lzr<t VO 7 ey
(2)
Hio = XRA)L aw aw (3
HeLo = ZQW(aW+ a.j’w)einr (4)

where the spin effects are ignored. Here, Ko is the
permittivity of free space, m (. are the band mass
and the LO-phonon frequency, respectively. The
vector r= @,z isthe postion of the electron ,and
Fistheelectricfield strength. In Egs. (3) and (4) ,
as , asw are the phonon annihilation and creation
operators ,respectively. In Eq. (4)

RE # vaf gra| v2
Qu = w ZFT(A)LJ [ VJ (5)
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where€o and€ » are the static and high-frequency
dielectric constants, respectively 0 is the Frohlich
coupling constant ,and V isthe volume of the semi-
conductor.

We expand the Coulomb bound potential in a
series asfollows:

‘Jr‘ 4\} ‘V';I/"exp(- iw- ) (7

Following Huybrechts,we also introduce the
linear combination of the creation and annihilation
operators b* and bto represent the momentum and
position of the electron in the xy plane:

where

p = [ R (b, + bi)
Pr = '[2_22\_] To-b, =y ©
[by,bi] =5,

Here ) isthe vibration frequency ,which is a varia
tional parameter. We substitute Eq. (8) into
Eq. (1) and then carry out the unitary transforma
tions

U:

exp[- [ Zw-p aw an
exp[ Z(f&a@ - fwaw)]

where f. , fu are the variational parameters. We
can eadly obtain

_%—[ zbfbj+ﬂ + z[mL +ﬁ2—25:]ﬂ x

(&b + 1) (aw + fu) +f} 3 (bibi + bib) +

(9)
U2

2 Z(Qw(ﬁw"’fw+a.w+fw)exp(|(,022)
Z’ﬁwj(bJ + b)) (aw+fw) (aw+fuw) -
[ ko,

4rri\W exp (- iw.z) %

[ 2ni\) ZWJ TJexp (2_‘:?7]\_)2 ZijJ +

2eXp

eFz + U(2) (10)
Hy = Eﬁ S 3R (el + ) (i + ) x
(aw+ fuw) (aw + fw)w- W (11)

Equation (11) describes the interaction between
phonons of different wave vectors in the recoil
process when neglecting the recoil energy.

In the following variational calculations, we
assume a low-temperature limit ,i. e. the zero-pho-
non state ,and we choose the ground wave-f unction

| =®(2) |0 (12)
where | 0 is the zero-phonon state of the phonon
field ,and @ (z) describes the zdirection wave f unc-
tion in an infinite onedimensona square well ,
which is given by™"

NB)exp[-B(z/ L +1/2)]costz/ L),

D(2) = | z| < L/2
0, | z|>L/2

(13)

wheref is a variational parameter determined by
minimizing the total energy ,and N @) is the nor-
malization constant which is easly obtained by the
relation

N’@) = BB* +*)[LT?(1- e®)]* (14)
Thus we obtain the expectation value of system as

e= piHiy =By

2 2
sin i)

+ z(QW(fW + 1) -

_4T_e2_ _h_ 2
X \gwwzexp[- 4rﬁ\WJ +
D(z) | £+8FZ|¢(Z) (15)
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Usng the variational method ,we get
fo oz — R — " (16)
Foo +
2m
Substituting Eg. (18) into Eg. (17) ,we have
£ B) = B g po X 4 BB

| el F|_[23 B_B_z - -lcotFBJ (17)

where
_e
BO = 2
2 KEJT h
Performing the variation of EQ ) with respect to
A B ,weobtain

_Bo
X = . (18)
- _BE
meLst- 1 + m?-B?2 2(13'2_B J
B2 @ +p?? 1-¢e?)?
(19)

Substituting Egs. (18) and (19) into Eq. (17) ,we
finally obtain the ground state energy of a weak-
coupling bound polaron in a quantum well within
an electric field ,i. e.
_ B3 i, B 1
_-Zh-amo+|e| FL 23 [32 00th

2mL

3 Resultsand discussion

We numerically calculate the ground state en-
ergy of a weak-coupling bound polaron in a GaAs
quantum well with an applied longitudinal electric
field. The corresponding parameters for GaA g™
are€o =12 83,£. =10 9, o = 36 7meV , m =
0. 067mp ,where mo is the free electron mass,and
the electron-phonon coupling constant iso = 0. 067.

Figures 1 and 2 describe the variation of the
ground state energy of the weak-coupling bound
polaron versus the electric field strength with dif-
ferent Coulomb potentials and well widths. The
two figures clearly show the influence of the elec
tric field on the ground state energy. In Fig. 1,the
ground state energy of the bound polaron in the
well is plotted as a function of the electric field
strength for different Coulomb potentialsfo =4 Bo
=5 and the well width L =10nm. This shows that
the absol ute val ue of the ground state energy of the
bound polaron increases monotonically with in-

creasng electric field strength,and the two lines
are amost parallel. Figure 2 shows for the well
widths L = 10nm and L = 15nm and the Coulomb
potential Bo = 4 that the absolute value of the
ground state energy of the bound polaron in the
well also increases monotonically with the increas
ing of the electricfield strength ,and changes rapid-
ly with electric field strength in the case of the wi-
der well. For an electric field strength of F=0,the
two lines almost intersect , because if F = 0 the
third termin Eq. (20) equals zero ,and the value of
the ground state energy is decided by the others.
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Fig.1 Ground state energy E of the bound polaron

versus the electric field strength Ffor two Coulomb po-
tentialsBo =4 andf3o =5
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Fig.2 Ground state energy E of the bound polaron
versus the eectric field strength Ffor two well widths
L =10nm and L =15nm

As shownin Figs.3 and 4 ,there are sgnificant
corrections to the ground state energy of the weak-
coupling bound polaron versus the well width.
From Fig.3,we can see that the absolute value of
the ground state energy decreases with increas ng
well width L for different Coulomb potential sBo =
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4 Bo =5 and a given variational parameterf3 =70. In
Fig.4 ,we also see that the absolute value of the
ground state energy decreases with increasng well
width for two different variational parametersf =
70 andP =30. In Figs. 3 and 4 ,when the well width
is small ,the absolute val ue of the ground state en-
ergy decreases sharply and finally becomes flat. In
Fig. 3 the two curves almost coincide with each
other as the well width reaches small values,and
when the well widthislarge,they are a most paral-
lel. The reverse is true in Fig. 4,in which the two
curves almost coincide with each other as the well
width becomes large.
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Fig.3 Ground state energy Eo of the bound polaron
versus the well-width L for different Coulomb poten-
tialsBo
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Fig.4 Ground state energy Eo of the bound polaron
versus the well-width L for variational parameter 3

The dependence of the ground state energy of
the weak-coupling bound polaron in the quantum
well on the variational parameter in the wavef unc-
tionisgivenin Fig.5 for different Coulomb poten-
tialsBo =4 Bo =5 and the well width L =10nm. It is
obvious that the absolute value of the ground state

energy will rapidly become large as the variational
parameter increases.
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Fig.5 Ground state energy B of the bound polaron
versus the variational parameter B for different Cou-
lomb potentials

We plot the values of the ground state energy
of the weak-coupling bound polaron in the quan-
tum well versus the Coulomb potential Bo with dif-
ferent electric field strengths: F = 1 x 10" ,4 x
10"V/ m and the well width L =10nm ,as shown in
Fig. 6. We observe that the absolute value of the
ground state energy increases as the Coulomb po-
tential Bo increases for a given electric field. From
Eq. (18) ,we can see that the vibration frequency is
proportional to the square of the Coulomb potential
Bo ,s0 the influence of the vibration frequency on
the ground state energy becomes stronger.
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Fig.6 Ground state energy E of the bound polaron

versus Coulomb potential sBo for different electric field
strengths F

4 Conclusion

Using the linear combination operator and uni-
tary trandormation methods,we have calculated,
the ground state energy of a weak-coupling bound
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polaron in a quantum well under an electricfield a
long the z direction. We obtained the explicit de-
pendence of the ground state energy of the bound
polaron on the well width, the electric field
strength ,and the Coulomb bond potential ,respec
tively. The ground-state energy increases with the
increase of the electric field strength and the Cou-
lomb potential ,and it decreases as the well width
increases.
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