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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 nanomet¢80163-18209)51312-X

Recent years have witnessed a flurry of investigatioms where all vectors are two dimensiong{x’,y’) is the posi-
the field of quantum dots which are ultra-low-dimensionaltion vector of the electron anu* is its Bloch effective mass,
structures in which the motion of the charge carriers is cong,’ :[w62+(wé2/4)]llz, wy, being the frequency of the con-
fined in all the spatial directions. The confinement length Offining harmonic potential ands, the bare cyclotron fre-
the effective size of a quantum dot is typically of the order quuency,wLo is the dispersionless longitudinal opticlO)

a few nanometers. At this length scale, quantum effects be- t . ) o
come extremely important and therefore these objects ma9honon frequenc;bq,(bq,) is the creatior(annihilatior) op-

be regarded as ideal quantum systems. Indeed, these syste@figtor for an LO phonon of wave vectgf, and ¢, is the
show many novel physical propertfethat are quite different electron-phonon interaction coefficient. We shall use the
from those of their bulk counterparts and are extremely inffeynman units in which the energy is scaled by, o,
teresting from the point of view of fundamental physics andiength by r, where r0=qgl, g, being an inverse length
for their potential applications in microelectronic device gefined by#2q2/m* =fiw o, volume byr2 and wave vec-

technology, for exa”!p'e' in qu[rafast computers. tors byq,. In these units the Hamiltoniafl) reads
One of the recent interests in the area of quantum dots has

been to investigate the role of electron-phonon interactions

on the electronic properties. In this connection, polaronic H=HotHep=He+Hp+Hep, v

effects in quantum dots have been studied quite extensively. .

However, to our knowledge, no attempt has so far been mad&it

to obtain direct experimental evidence of the polaronic ef-

fects in quantum dots. These effects, if present, will influ- 1_, o -

ence the transport and optical properties of a quantum dot He= =5Vt 5 Lot 5075 3

device quite significantly. It is therefore very important, in

this context, to calculate polaronic effects that can be mea-

sured experimentally and thus the existence or otherwise of H=S bib @

these effects can be substantiated unambiguously. In the P& Fata

present paper we make an attempt in this direction. We cal-

culate the Zeeman splitting of the first excited level of a

two-dimensional (2D) polar semiconductor quantum dot

with parabolic confinement in the presence of an external

magnetic field applied normal to the plane of the dot and , , ,

apply our results to a GaAs quantum dot. For the sake O\(vhe’re p(x.y)=p'Ito, 9=3 /1q°é llz“’h:“’h/“fLO' We

mathematical simplicity we shall neglect the size quantiza=®c/@Lo, @=0"/w o= (wh+30)™ L= —i[x(d/dy)

tion of phonons and treat the relevant phonon modes withir~ Y(9/9x)] and|&]?= (y2malvq), wherev is the dimen-

the framework of the Fiidich model. This model is certainly Sionless area of the 2D dot andis the electron-phonon

not very rigorous for very small confinement lengths but maycoupling constant.

still serve as a good enough approximation to capture some Since most polar semiconductor quantum dots available

of the most important electron-phonon interaction effects irfoday are weak electron-phonon systems, we employ the

polar quantum dots. second-order Rayleigh-Sclioger perturbation theory
The Hamiltonian for a magnetopolaron in a 2D quantum(RSPT to obtain the ground- and the first excited-state mag-

dot with parabolic confinement can be written in the sym-netopolaron self-energy corrections. The second-order RSPT
metric gauge as correction to the electron self-energy due to the polaronic

interaction is given by

Hep=2 (&8 '0*bl+H.0), (5)

h2 w! 9 d 1
H/:_2 *Vir_ihf X/&__y/&_ +§m*w/2p/2
m ’ X/ o
Y (B9 (p) ] £g™ 1P 4O p)) |2
T ’ .y ’ T AEnm:_ E (0) (0) ]
+hoio by byt (e by +He), (1 i a (E9 —EQ+1) o
q q
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400 We finally get
;‘Z’ .= 10.0 Enm= EE10n)1+AEnma
5 ] — whereE,, is the perturbed energy and
5 %91 w=7.0
g ]
£ w.=5.0 aNmo (= et
= =3.0 ABgp=———7— | dt “ot 12’
5 We=3- 2 o [l—e “cosHwt/2)]
3200 we=1.0 (1D
3 =01
» . —a\To [
AEg.i=—=— | d
] ' V2 0
M SRR 7 AN Cr AR P SRR 5.60 ) p .
I (Feynman units) g [tmo= (o )]t[Zf(gih)+h —f4]
FIG. 1. Polaronic correctionAE,, (in Feynman unitsto the X (1_672wt)[f(gf+h2)]3/2 , (12)
GS energy of an electron in a 2D parabolic quantum dot as a func-
tion of the confinement length (in Feynman units for several  where f =1+ coth(wt) —cosht/2)/sinht), g=1
values of the magnetic field. + coth(wt) + cosht/2)/sinhwt), and h=sinh(wt/2)/
h sinh(wt). It may be noted that resul{d¢1) and(12) are exact
where to ordera.
We define the renormalized cyclotron frequenciesvis
He'0(p)=E' 2 4% p), (7) =(Eo,+1—Eoo)/h and the corresponding cyclotron masses
asmi=m*(w./w}.). It is possible to obtain simple ana-
lytical expressions for the magnetopolaron self-energy cor-
1 20n! 12 . o2 o~
(o)(p): gimé ) rections in different limiting cases. However, we shall
nm N2 (n+[ml!) present below our numerical results for a wider range of the

[mly [m| 2\ o— wp2l2, parameter values.
X(\/Zp) Lo’ (wp%)e ® In Fig. 1 we plot the ground-stal&9S) polaronic correc-

tion to the electron self-energy; AE,,/«, as a function of
(0) m the dimensionless confinement lendthWe find that for
Enm:(2n+|m|+1)w+§w01 (9 small values of the magnetic field, the behavior is qualita-
ml, 2y ) ) tively similar to what one would observe in the absence of
whereL " (wp?) is the associated Laguerre polynomial. Zhu the magnetic field.For instance, the polaronic effects can be
and Gd have also considered the same weak-coupling Magaytremely large if the dot is sufficiently small in size. Fur-
netopolaron problem but have restricted their study to thgnermore, as the confinement length increases, the polaronic
strong magnetic-field limit. They have evaluated E8).by  correction decreases. This decrease is very rapid for $mall
takingn'=nandm’=m. Even in the strong field limit, this  put becomes very slow whenexceeds a certain value. At
approximation is not very attractive for large confinementyery |argel the polaronic correction becomes essentially in-
lengths and for small confinement lengths also it introducegependent of and gives the bulk limit. For large values of
sizable errors that can make a qualitative difference in thgne magnetic field, however, we find that the behavior of the
behavior of the energies. One may notice that the infinitgyo|aronic correction as a function of the confinement length

sum ovem’, m" occurring in Eq.(6) is the Green’s function js much more interesting. One can observe that in this case
for the unperturbed problem. For the magnetic field alone the

corresponding Green’s function was first derived by Sond- 28.00
heimer and Wilsohand for a magnetic field with a three-
dimensional harmonic oscillator potential it was first ob- 26.00
tained by Lepine and Matzln the present case the unper- ]
turbed problem involves a two-dimensional harmonic 24.00 1
oscillator in a magnetic field. This Green’s function can be ]
obtained exactly for all values of the magnetic field for the
ground state and for small values of the magnetic fiedd (
+ w/2<1) for the first two excited states. We obtain

]

22.00 4

how'e, (mev)

* ’ ]
G= 2 ‘/’nr(n;;(P) wn'mf(p ) :f dtef(legonl)t,L 18.00—:
am (ES) —EQ)+1) 27 sinh(wt) ]

n'm’

T T
cosH w¢t/2) 0 3x10"2 6x10 9x10”  1.210°

sinh( wt) w. (sec™)
FIG. 2. Renormalized cyclotron resonance frequencies for a

(10) GaAs quantum dot of effective size 70 A as a function of the mag-
netic field.
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FIG. 4. Zeeman splittingin meV) for a GaAs dot as a function
FIG. 3. Zeeman splittingin Feynman unitsas a function ofx  of the confinement lengttin A) for a particular value of the mag-
for a quantum dot withi=2.0 and forw,=0.3. netic field.

any polaronic interaction the Zeeman splitting is essentially

the polaronic correction develops a minimum at some Va|U$ndependent of the confinement length, while for0.068,
of | which is smaller than 1. As the magnetic field increasesi.e., in a GaAs quantum dot it is found to be strongly size
this minimum becomes deeper and deeper and shifts towardiependent below a certain valuelgf. In fact, the Zeeman
smaller values of. splitting decreases very rapidly with decreasing dot size be-

It is well known that the twofold degeneracy of the first low a few nanometers. We believe that this is a very inter-
excited level of a 2D parabolic dot potential is lifted in the esting theoretical observation and should be experimentally
presence of a magnetic field. This is the so-called Zeemameasurable. Furthermore, this interesting property can be
effect that splits the bare cyclotron frequeney into two  Usefully exploited to obtain any desired resonance absorption
cyclotron frequencies?, andw*_ . With increasing mag- Pehavior in a GaAs quantum dot by tuning the frequency of
netic field w?, increases, whilaw* decreases. We have the confining potential or the effective dot size. The strong

studied the behavior of the renormalized cyclotron resonancSize dependence of the Zeeman splitting is not difficult to
. . . Y . tinderstand. In a parabolic quantum dot of polar semiconduc-
frequencies as a function @f, in a GaAs quantum dot in-

. i ) tors the excited unperturbed stateso, m==*1 (plus zero
corporating the electron-phonon interaction. The results arBhonon strongly mix with then=0, m=0 plus one phonon
shown in Fig. 2 in which we also plot the case t@r0 for  sate resulting in the devaluation of the axial angular momen-
the sake of comparison. One can notice that when the paym of the pure first excited states of the quantum dot poten-
laronic interaction is taken into account the cyclotron reso+jal. This explains the suppression of the Zeeman splitting in
nance frequencies decrease and furthermore their variatiafe presence of the electron-phonon interaction. It is now
with the magnetic field also becomes slower, more so foiyell known that when the confinement length becomes com-
larger magnetic fields. We have also studied the variation oparable to the polaron size, the polaronic effects become ex-
the cyclotron resonance masses as a function of the confingemely pronounced and increase sharply with the decrease
ment lengthl, in a GaAs dotnot shown here We find that  in the confinement length. Thus it is expected that in the
the values of the cyclotron masses diminish with the reducpresence of the polaronic interaction the Zeeman effect will
tion in the confinement length. Comparison with the0  be strongly suppressed if the effective dot size is reduced
case shows that the polaronic interaction enhances the cyclgelow a few nanometers.
tron masses. In conclusion, we have shown that for small magnetic
It may be more useful from the point of view of experi- fields the GS polaronic correction to the electron self-energy
mental observation to study the behavior of the Zeemam a weak-coupling quantum dot increases monotonically as
splitting [% (w}, — wg_)] directly. Figure 2 shows that in a the dot size decreases and becomes considerably larger if the
GaAs quantum dot the rate of increase of the Zeeman spliconfinement length is made sufficiently small, while for large
ting with the magnetic field is slower than what would havemagnetic fields we observe that the polaronic correction de-
been obtained if there were no electron-phonon interactionsielops a minimum that becomes deeper and deeper and shifts
This suggests that the polaronic interactions would suppregswards smaller values dfwith increasing magnetic field.
the Zeeman effect in a quantum dot. To confirm this findingWe have furthermore shown that the polaronic effect sup-
we study the variation of the Zeeman splitting as a functiorpresses quite considerably the Zeeman splitting of the first
of a in a quantum dot. The results are shown in Fig. 3. It isexcited level of a 2D parabolic GaAs quantum dot if the dot
clear that the Zeeman splitting indeed decreases monotonsize is reduced below a few nanometers. This size-dependent
cally with increasinga in a linear way. The behavior can, Zeeman suppression is in our opinion a very interesting re-
however, become slightly nonlinear if higher-order perturba-sult which is a clear manifestation of the quantum size effect.
tive corrections are included. Finally we show in Fig. 4 howThe proposed size dependence of the Zeeman splitting
the Zeeman effect would depend on the size of a polar quarshould be observable through infrared magneto-optical ex-
tum dot which is the most crucial issue in the present invesperiments and would give an unambiguous experimental evi-
tigation. It is evident from the figure that in the absence ofdence of the existence of polarons in quantum dots.
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