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Suppression of Zeeman splitting in a GaAs quantum dot
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The Zeeman splitting of the first excited level of a two-dimensional parabolic GaAs quantum dot is studied
perturbatively in the presence of the polaronic interaction. It is shown that the Zeeman effect is suppressed
considerably in a GaAs quantum dot because of the polaronic effect and becomes strongly size dependent if the
dot size is reduced below a few nanometers.@S0163-1829~99!51312-X#
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Recent years have witnessed a flurry of investigations1 in
the field of quantum dots which are ultra-low-dimension
structures in which the motion of the charge carriers is c
fined in all the spatial directions. The confinement length
the effective size of a quantum dot is typically of the order
a few nanometers. At this length scale, quantum effects
come extremely important and therefore these objects
be regarded as ideal quantum systems. Indeed, these sy
show many novel physical properties2 that are quite different
from those of their bulk counterparts and are extremely
teresting from the point of view of fundamental physics a
for their potential applications in microelectronic devi
technology, for example, in ultrafast computers.

One of the recent interests in the area of quantum dots
been to investigate the role of electron-phonon interactio3

on the electronic properties. In this connection, polaro
effects in quantum dots have been studied quite extensiv4

However, to our knowledge, no attempt has so far been m
to obtain direct experimental evidence of the polaronic
fects in quantum dots. These effects, if present, will infl
ence the transport and optical properties of a quantum
device quite significantly. It is therefore very important,
this context, to calculate polaronic effects that can be m
sured experimentally and thus the existence or otherwis
these effects can be substantiated unambiguously. In
present paper we make an attempt in this direction. We
culate the Zeeman splitting of the first excited level of
two-dimensional ~2D! polar semiconductor quantum do
with parabolic confinement in the presence of an exter
magnetic field applied normal to the plane of the dot a
apply our results to a GaAs quantum dot. For the sake
mathematical simplicity we shall neglect the size quanti
tion of phonons and treat the relevant phonon modes wi
the framework of the Fro¨hlich model. This model is certainly
not very rigorous for very small confinement lengths but m
still serve as a good enough approximation to capture s
of the most important electron-phonon interaction effects
polar quantum dots.

The Hamiltonian for a magnetopolaron in a 2D quantu
dot with parabolic confinement can be written in the sy
metric gauge as
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where all vectors are two dimensional,r(x8,y8) is the posi-
tion vector of the electron andm* is its Bloch effective mass
v85@vh8

21(vc8
2/4)#1/2, vh8 being the frequency of the con

fining harmonic potential andvc8 the bare cyclotron fre-
quency,vLO is the dispersionless longitudinal optical~LO!
phonon frequency,bq8

† (bq8) is the creation~annihilation! op-
erator for an LO phonon of wave vectorq8, andjq8

8 is the
electron-phonon interaction coefficient. We shall use
Feynman units in which the energy is scaled by\vLO ,
length by r o where r o5qo

21, qo being an inverse length
defined by\2qo

2/m* 5\vLO , volume byr o
2 and wave vec-

tors byqo . In these units the Hamiltonian~1! reads

H5Ho1Hep5He1Hp1Hep , ~2!

with
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r

~jqe2 iq•rbq
†1H.c!, ~5!

where r(x,y)5r8/r o , q5q8/qo , vh5vh8/vLO , vc

5vc8/vLO , v5v8/vLO5(vh
21 1

4 vc
2)1/2, Lz52 i @x(]/]y)

2y(]/]x)# and ujqu25(A2pa/vq), wherev is the dimen-
sionless area of the 2D dot anda is the electron-phonon
coupling constant.

Since most polar semiconductor quantum dots availa
today are weak electron-phonon systems, we employ
second-order Rayleigh-Schro¨dinger perturbation theory
~RSPT! to obtain the ground- and the first excited-state m
netopolaron self-energy corrections. The second-order R
correction to the electron self-energy due to the polaro
interaction is given by
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where

Hecnm
~o!~r!5Enm

~o!cnm
~o!~r!, ~7!

cnm
~o!~r!5

1

A2p
eimuS 2vn!
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3~Avr! umuLn
umu~vr2!e2vr2/2, ~8!

Enm
~o!5~2n1umu11!v1

m

2
vc , ~9!

whereLn
umu(vr2) is the associated Laguerre polynomial. Z

and Gu5 have also considered the same weak-coupling m
netopolaron problem but have restricted their study to
strong magnetic-field limit. They have evaluated Eq.~6! by
takingn85n andm85m. Even in the strong field limit, this
approximation is not very attractive for large confineme
lengths and for small confinement lengths also it introdu
sizable errors that can make a qualitative difference in
behavior of the energies. One may notice that the infin
sum overn8, m8 occurring in Eq.~6! is the Green’s function
for the unperturbed problem. For the magnetic field alone
corresponding Green’s function was first derived by So
heimer and Wilson6 and for a magnetic field with a three
dimensional harmonic oscillator potential it was first o
tained by Lepine and Matz.7 In the present case the unpe
turbed problem involves a two-dimensional harmon
oscillator in a magnetic field. This Green’s function can
obtained exactly for all values of the magnetic field for t
ground state and for small values of the magnetic fieldv
1vc/2,1) for the first two excited states. We obtain
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FIG. 1. Polaronic correctionsDEoo ~in Feynman units! to the
GS energy of an electron in a 2D parabolic quantum dot as a fu
tion of the confinement lengthl ~in Feynman units! for several
values of the magnetic field.
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We finally get

Enm5Enm
~o!1DEnm ,

whereEnm is the perturbed energy and

DEoo52
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e2t

@12e2vt cosh~vct/2!#1/2
,

~11!
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3
e2[12v7 (vc/2)]t@2 f ~g7h!1h22 f 2#

~12e22vt!@ f ~g f1h2!#3/2
, ~12!

where f 511coth(vt)2cosh(vct/2)/sinh(vt), g51
1coth(vt)1cosh(vct/2)/sinh(vt), and h5sinh(vct/2)/
sinh(vt). It may be noted that results~11! and~12! are exact
to ordera.

We define the renormalized cyclotron frequencies asv6*
5(Eo,612Eoo)/\ and the corresponding cyclotron mass
as m6* 5m* (vc /vc6* ). It is possible to obtain simple ana
lytical expressions for the magnetopolaron self-energy c
rections in different limiting cases. However, we sh
present below our numerical results for a wider range of
parameter values.

In Fig. 1 we plot the ground-state~GS! polaronic correc-
tion to the electron self-energy,2DEoo /a, as a function of
the dimensionless confinement lengthl. We find that for
small values of the magnetic field, the behavior is quali
tively similar to what one would observe in the absence
the magnetic field.8 For instance, the polaronic effects can
extremely large if the dot is sufficiently small in size. Fu
thermore, as the confinement length increases, the polar
correction decreases. This decrease is very rapid for sml
but becomes very slow whenl exceeds a certain value. A
very largel the polaronic correction becomes essentially
dependent ofl and gives the bulk limit. For large values o
the magnetic field, however, we find that the behavior of
polaronic correction as a function of the confinement len
is much more interesting. One can observe that in this c

c-

FIG. 2. Renormalized cyclotron resonance frequencies fo
GaAs quantum dot of effective size 70 Å as a function of the m
netic field.
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the polaronic correction develops a minimum at some va
of l which is smaller than 1. As the magnetic field increas
this minimum becomes deeper and deeper and shifts tow
smaller values ofl.

It is well known that the twofold degeneracy of the fir
excited level of a 2D parabolic dot potential is lifted in th
presence of a magnetic field. This is the so-called Zeem
effect that splits the bare cyclotron frequencyvc into two
cyclotron frequenciesvc1* and vc2* . With increasing mag-
netic field vc1* increases, whilevc2* decreases. We hav
studied the behavior of the renormalized cyclotron resona
frequencies as a function ofvc8 in a GaAs quantum dot in
corporating the electron-phonon interaction. The results
shown in Fig. 2 in which we also plot the case fora50 for
the sake of comparison. One can notice that when the
laronic interaction is taken into account the cyclotron re
nance frequencies decrease and furthermore their varia
with the magnetic field also becomes slower, more so
larger magnetic fields. We have also studied the variation
the cyclotron resonance masses as a function of the con
ment lengthl o in a GaAs dot~not shown here!. We find that
the values of the cyclotron masses diminish with the red
tion in the confinement length. Comparison with thea50
case shows that the polaronic interaction enhances the c
tron masses.

It may be more useful from the point of view of exper
mental observation to study the behavior of the Zeem
splitting @\(vc1* 2vc2* )# directly. Figure 2 shows that in a
GaAs quantum dot the rate of increase of the Zeeman s
ting with the magnetic field is slower than what would ha
been obtained if there were no electron-phonon interactio
This suggests that the polaronic interactions would supp
the Zeeman effect in a quantum dot. To confirm this find
we study the variation of the Zeeman splitting as a funct
of a in a quantum dot. The results are shown in Fig. 3. It
clear that the Zeeman splitting indeed decreases mono
cally with increasinga in a linear way. The behavior can
however, become slightly nonlinear if higher-order perturb
tive corrections are included. Finally we show in Fig. 4 ho
the Zeeman effect would depend on the size of a polar qu
tum dot which is the most crucial issue in the present inv
tigation. It is evident from the figure that in the absence

FIG. 3. Zeeman splitting~in Feynman units! as a function ofa
for a quantum dot withl52.0 and forvc50.3.
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any polaronic interaction the Zeeman splitting is essentia
independent of the confinement length, while fora50.068,
i.e., in a GaAs quantum dot it is found to be strongly si
dependent below a certain value ofl o . In fact, the Zeeman
splitting decreases very rapidly with decreasing dot size
low a few nanometers. We believe that this is a very int
esting theoretical observation and should be experiment
measurable. Furthermore, this interesting property can
usefully exploited to obtain any desired resonance absorp
behavior in a GaAs quantum dot by tuning the frequency
the confining potential or the effective dot size. The stro
size dependence of the Zeeman splitting is not difficult
understand. In a parabolic quantum dot of polar semicond
tors the excited unperturbed statesn5o, m561 ~plus zero
phonon! strongly mix with then50, m50 plus one phonon
state resulting in the devaluation of the axial angular mom
tum of the pure first excited states of the quantum dot pot
tial. This explains the suppression of the Zeeman splitting
the presence of the electron-phonon interaction. It is n
well known that when the confinement length becomes co
parable to the polaron size, the polaronic effects become
tremely pronounced and increase sharply with the decre
in the confinement length. Thus it is expected that in
presence of the polaronic interaction the Zeeman effect
be strongly suppressed if the effective dot size is redu
below a few nanometers.

In conclusion, we have shown that for small magne
fields the GS polaronic correction to the electron self-ene
in a weak-coupling quantum dot increases monotonically
the dot size decreases and becomes considerably larger
confinement length is made sufficiently small, while for lar
magnetic fields we observe that the polaronic correction
velops a minimum that becomes deeper and deeper and s
towards smaller values ofl with increasing magnetic field
We have furthermore shown that the polaronic effect s
presses quite considerably the Zeeman splitting of the
excited level of a 2D parabolic GaAs quantum dot if the d
size is reduced below a few nanometers. This size-depen
Zeeman suppression is in our opinion a very interesting
sult which is a clear manifestation of the quantum size effe
The proposed size dependence of the Zeeman split
should be observable through infrared magneto-optical
periments and would give an unambiguous experimental
dence of the existence of polarons in quantum dots.

FIG. 4. Zeeman splitting~in meV! for a GaAs dot as a function
of the confinement length~in Å! for a particular value of the mag
netic field.



ev
,

,
tt

e

B
s,
,

r-

er.

RAPID COMMUNICATIONS

R7836 PRB 59SOMA MUKHOPADHYAY AND ASHOK CHATTERJEE
1N. F. Johnson, J. Phys.: Condens. Matter7, 965 ~1995!.
2T. Demel, D. Heitmann, P. Grambow, and K. Ploog, Phys. R

Lett. 64, 788 ~1990!; A. Lorke, J. P. Kotthaus, and K. Ploog
ibid. 64, 2559 ~1990!; C. T. Liu, K. Nakamura, D. C. Tsui, K.
Ismail, D. A. Antoniadis, and H. I. Smith, Appl. Phys. Lett.55,
168 ~1989!; W. Hansen, T. P. Smith III, K. Y. Lee, J. A. Brum
C. M. Knoedler, J. M. Hong, and D. P. Kern, Phys. Rev. Le
62, 2168~1989!; M. Tewordt, V. Law, M. Kelly, M. Pepper, D.
Peacock, J. Frost, D. Ritchie, and G. Jones, J. Phys.: Cond
Matter 2, 8969~1990!.

3S. Schmitt-Rink, D. A. B. Miller, and D. S. Chemla, Phys. Rev.
35, 8113 ~1987!; P. Roussignol, D. Ricard, and C. Flytzani
Phys. Rev. Lett.62, 312~1989!; U. Bockelmann and G. Bastard
Phys. Rev. B42, 8947~1990!; M. C. Klein, F. Hache, D. Ricard,
and C. Flytzanis,ibid. 42, 11 123~1990!; M. G. Bawendi, W. L.
.

.

ns.

Wilson, L. Rothberg, P. J. Carroll, T. M. Jedju, M. L. Steige
wald, and L. E. Brus, Phys. Rev. Lett.65, 1623~1990!; S. No-
mura and T. Kobayashi, Phys. Rev. B45, 1305~1992!.

4M. H. Degani and G. A. Farias, Phys. Rev. B42, 11 950~1990!;
K. D. Zhu and S. W. Gu, J. Phys.: Condens. Matter4, 1291
~1992!; Phys. Lett. A163, 435~1992!; S. Mukhopadhyay and A.
Chatterjee, J. Phys.: Condens. Matter8, 4017~1996!; Phys. Rev.
B 55, 9279~1997!; 58, 2088~1998!.

5K. D. Zhu and S. W. Gu, Phys. Rev. B47, 12 941~1993!.
6E. H. Sondheimer and A. H. Wilson, Proc. R. Soc. London, S

A 210, 173 ~1952!.
7Y. Lepine and D. Matz, Can. J. Phys.54, 1979~1976!.
8S. Mukhopadhyay and A. Chatterjee, Int. J. Mod. Phys. B10,

2781 ~1996!.


