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Zeeman Effect in Parabolic Quantum Dots
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An unprecedentedly well resolved Zeeman effect has been observed when confined c
moving along a closed mesoscopic path experience an external magnetic field orthogonal
orbit plane. Large Zeeman splitting of excited higher angular momentum states is observ
the magnetoluminescence spectrum of quantum dots induced by self-organized InP islan
InGaAsyGaAs. The measured effect is quantitatively reproduced by calculations including the ve
quantum well confinement and strain induced, nearly parabolic, lateral confinement, together w
magnetic interaction. [S0031-9007(96)00469-3]

PACS numbers: 71.70.Ej, 73.20.Dx, 78.55.Cr
re
nc
e
s
a
a

he
[1
n

ce
o

s-
er
wi
r
h
to
ed
er
be

te
os

he

1)

e

a
tra

n-
w-

-
rst

ll.
cent

ots

tely
:
of
In the limit of strong confinement, the band structu
of a semiconductor quantum dot (QD) forms a seque
of deltalike states corresponding to the quantized lev
of a “macroatom.” The study of the electronic and phy
ical properties of these dots is of great relevance for
branches of fundamental physics. The interaction of
external magnetic field with the quantized levels of t
dot has been investigated in field-effect quantum dots
5] and in dots obtained by electron-beam lithography a
shallow etching [6]. In this Letter we report eviden
of the Zeeman effect occurring in the atomiclike states
parabolic InGaAsyGaAs quantum dots. Magnetolumine
cence experiments clearly show the splitting of the int
band transitions corresponding to quantum dot states
n1 j m j # 5, wheren is the principal quantum numbe
and m is the angular momentum quantum number. T
splitting occurs when the magnetic field is parallel
the symmetry axis of the structure. This is attribut
to the breaking of the degeneracy of states with diff
ent values of the angular momentum quantum num
induced by the external magnetic field (Zeeman split-
ting) [7–9].

State-of-the-art quantum dot samples were fabrica
by self-organized growth of InP islands on the topm
barrier of an In0.1Ga0.9AsyGaAs quantum well (QW)
[10]. The propagation of the strain field induced by t
InP islands through the GaAs barrier layer results in
parabolic potential in the QW plane (see inset in Fig.
The samples consisted of a6.5 nm In0.1Ga0.9As QW and
a 5 nm GaAs cap layer, covered by InP islands of20 nm
height and80 nm diameter. The resulting depth of th
lateral confining potential was about70 meV for electrons
and25 meV for heavy holes [11].

In Fig. 1 we show the cw photoluminescence spectra
a function of the excitation power density. The spec
0031-9007y96y77(2)y342(4)$10.00
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show up to five intersubband transitions involving qua
tized electron and hole states in the dots. At the lo
est excitation intensity (514 nm line of an argon laser,
Iexc  5 W cm22) the spectrum exhibits three well re
solved bands due to radiative transitions involving the fi
three quantized states. The luminescence line at1.439 eV
is the lowest excitonic line of the InGaAs quantum we
This signal arises from the sample area between adja

FIG. 1. Photoluminescence spectra of InGaAs quantum d
excited with an argon laser. ForIexc  75 Wycm2 we estimate,
on the basis of peak intensities, that there are approxima
6 8 electrons and6 8 holes in a quantum dot. Inset
schematic diagram of the strain-induced confining potential
the dots.
© 1996 The American Physical Society
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islands. With increasing excitation intensity, we obse
the filling of higher-energy quantized states, up to the fi
level. Under all pumping conditions, the separation
the recombination lines is rather constant (about17 meV).
The energy position of the observed transitions is con
tent with the calculated confinement energies, accor
to Ref. [12]. Clearly, these dots evidence strong thr
dimensional confinement properties.

In Fig. 2(a) we report the cw magnetoluminesce
spectra obtained underIexc  39 W cm22 excitation in-
tensity and with the magnetic field parallel to the grow
axis of the structureszd. The zero field spectrum ex
hibits four well resolved lines due to intersubband
combination of carriers from the four lowest QD ener
levels. With increasing magnetic field the recombinat
lines corresponding to excited states broaden and split
two or more lines of different amplitude and width. Th
is clearly observable in Fig. 2(a), where the split tran
tions arising from the single lines at0 T are connected
by dashed lines. Note that changing the magnetic fi
orientation by90± (B parallel to the quantum well layer
the excited transitions in the spectra exhibit neither sp
ting nor appreciable shift with increasing field, as sho
in Fig. 2(b).

In Figs. 3(a) and 3(b) we present the fan plots obtai
from the magnetoluminescence spectra under diffe
band filling conditions (i.e., different excitation intensity
All lines corresponding to excited states exhibit cle
splitting. The data can only be explained starting fr
the quantum mechanical treatment of magnetic interac
affecting a particle in a potential of axial symmet
[13], i.e., a system which can be described in terms
cylindrical coordinates.

As shown by us recently [12], the confinement en
gies of our quantum dot system can be reproduced
the Luttinger-Kohn model. The effective potential f
electrons and heavy holes includes the QW confinem
potential (vertical confinement) and the strain induced
formation potential (lateral confinement). Because of
axial symmetry, the envelope wave functions can be w
ten asRnmsr, zdeimf, where the principal quantum num
ber n specifies the number of radial modes andm the z
component of angular momentumLz  mh̄. The states
are labelednS, nP6, nD6 for m  0, 61, 62, 63, . . . ,
where states with the samej m j are degenerate at zero fie
Therefore our ground state is1S, the first excited stat
1P6, and the second excited state2S and1D6 (nearly de-
generate). Because of the decoupling of heavy and
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FIG. 2. Magnetoluminescence spectra in different configu
tions. (a) B k growth axis andIexc  39 W cm22 and (b)
B' growth axis andIexc  75 W cm22. The dashed lines in
(a) connect split transitions arising from single bands at0 T.

hole states the Schrödinger equation for electronssed and
holesshd in external magnetic field reads
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FIG. 3. (a) Fan plots extracted from the magnetoluminesce
data with B k growth axis with Iexc  5 W cm22 (symbols).
Transitions with the samen value are indicated by the sam
symbol. Curves are calculated according to Eqs. (2) and
The dashed lines indicate unsplitsj m j  0d transitions. Con-
tinuous lines indicate splitsj m j fi 0d transitions associated
with nP6, nD6, . . . states. Note that symbols associated w
j m j  0 transitions change slope at high fields due to an
crossing of different states. Inset: magnetic field depende
of the Zeeman splitting of the1P transition. (b) The same a
(a) but forIexc  75 W cm22. The}’s indicate the shift of the
QW transition on the highest energy side of the spectrum.

where isotropic electron mass is assumed for the elec
sme

r  me
z d. The radial and vertical heavy hole mass

are given in terms of Luttinger parameters bymh
r 

1ysg1 1 g2d  0.143m0 andmh
z  1ysg1 2 g2d, respec-
344
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tively [14]. V
se,hd
QW szd is the rectangular band edge con

finement due to the quantum well, andV
se,hd
strainsz, rd is the

approximately harmonic strain potential calculated by t
theory of elasticity [12]. ForB k z the Zeeman effect is
determined byH

se,hd
Z  2sey2m

se,hd
r m0dBLz, whereLz is

the angular momentum. The total Zeeman effect, linea
B, is thus given by

DEZ 
eh̄

2m0

√
1

me
r

1
1

mh
r

!
Bm . (2)

The diamagnetic shift determined by theHD term in the
Hamiltonian is given by

DED 
e2

8m0c2

√
kr2le

me
r

1
kr2lh

mh
r

!
B2

.
e2

8mc2
kr2lB2. (3)

The diamagnetic shift is quadratic in the field up to
few teslas before obtaining a linear asymptotic limit
very high field strengths [14]. If Coulomb interactio
is taken into account, i.e., electrons and holes fo
excitons, the total diamagnetic shift of the exciton will b
smaller than that forecast by Eq. (3), due to the additio
confinement of the exciton wave function in the dot. Th
effect has been neglected in the present calculations [1

Furthermore, the atomic part of the “atomic” Zeema
splitting should be taken into account (this is often call
spin splitting, although it also involves the interaction
the orbital magnetic momentum with the magnetic field
This effect is related to the electron magnetic moment
the atomic parts of the Bloch wave functions. For ele
trons we haveEe  geseh̄y2m0dmsB, wherems  61y2
and ge ranges between20.598 and 20.948 [14]. For
holes (at lowest order) we haveEh  gp

kseh̄y2m0dmjB,
wheremj  63y2 andgp

k is the atomicg factor. How-
ever, even with the higher order corrections, [14], this e
fect is of the order of1 meV, comparable to the quantum
well case. This cannot be resolved in the luminescen
spectra, and can safely be neglected here.

The results of the theoretical analysis are shown
the lines in Fig. 3, where we plot the transition energi
calculated by means of Eqs. (2) and (3) for states
different m value, split by the Zeeman effect. Th
selection rules for these transitions areDn  0 and
Dm  0 [16].

Figure 3(a) clearly shows the lifting of the degenera
of the1P6 levels. The experimentally observed splittin
of this level as a function of the magnetic field is shown
the inset. The dependence is clearly linear, as expec
for the Zeeman splitting of an axially symmetric quantu
dot. With increasing excitation power, it is possible
observe the splitting of several filled states (up to t
fifth luminescence peak consisting of3S, 2D, and 1G

transitions). It is worth noting that theS statessj m j  0d
do not split and exhibit only a weak diamagnetic shift
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the field [see dashed lines in Figs. 3(a) and 3(b)]. T
fine structure of the fan plots becomes more and m
complicated with increasing the quantum numbern.

The measured diamagnetic shift of the ground le
(2 meV at 8 T) is smaller than that obtained by Eq. (3
(4 meV at 8 T for free carriers), due to the neglect o
excitonic effects. If we add the experimental diamagne
shift to the Zeeman term [rather than Eq. (3)], we fin
an even better agreement between theory and experim
This indicates that excitonic effects could play some ro
in our experiment. A quantitative analysis of these effe
will be presented in a forthcoming study [17]. In th
opposite configuration (B perpendicular to the growth
axis) [Fig. 2(b)], the average magnetic energy due to
angular part of the wave function is zero because the an
between thez component of the angular momentum an
the magnetic field direction is90±. In this configuration
the magnetic field direction is no longer a symmetry a
for the Hamiltonian, and the magnetic field induced sh
of the photoluminescence bands is very small beca
the orbit of carriers crosses the rectangular well poten
boundary along thez direction. Very recently, Bayer
et al. [6] have reported the magnetoluminescence spe
of QD’s fabricated by shallow etching. However, the
interpretation was based on a Zeeman splitting given
s2h̄eymdB (for m  61 transitions) which is by far larger
than our experimental data and our Eq. (2).

In conclusion, we have presented the first well resolv
quantitative measurement and theoretical interpreta
of a fundamentally new phenomenon, the breaking
the degeneracy of quantum dots states with differ
angular momentum quantum numbers induced by an a
magnetic field. This Zeeman effect is peculiar to quant
confined nanostructures.

We gratefully acknowledge D. Cannoletta, A. Me
carne, and M. Corrado for expert technical help.
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