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Magnetoluminescence from strain-induced quantum dots
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We have calculated the effects of valence-band coupling on the magnetoluminescence spectra from an
In xGa12xAs/GaAs quantum-well dot induced by an InP stressor island. The theory is based on the single-
particle Luttinger-Kohn Hamiltonian using a realistic confinement potential. The band coupling strongly in-
fluences the calculated spectra. The numerical results were compared with experiments and a good agreement
was obtained. Numerical results predict a reversal of the mesoscopic Zeeman splitting for the ground state and
an avoided crossing of excited states.@S0163-1829~97!12016-1#
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Recently an approach to fabricate quantum dots~QD! of
high optical quality has been introduced by Lipsanenet al.1

The three-dimensional~3D! confinement is obtained by sel
organized growth of InP islands with very homogeneous s
distribution on the surface of an InxGa12xAs/GaAs quantum
well ~QW!. A local 3D energy minimum appears inside th
In xGa12xAs layer under an InP island, forming an effectiv
QD free of any damage caused by the processing. The
duced inhomogeneous broadening in these QD’s has ma
possible to resolve several excited energy levels as sep
spectral lines in the luminescence spectrum. A well resol
magnetoluminescence spectrum displaying a diamagn
shift of the ground-state line and a prominent splitting of t
first excited state line was measured in these struct
by Rinaldi et al.2 In similar measurements in etche
In xGa12xAs/GaAs QD structures reported by Bayeret al.,3

the energy levels were not resolved.
The magnetic interactions have been previously stud

mainly in field effect quantum dots, which confine only ele
trons. Recently Darnhoferet al.4 have considered theoret
cally the far infrared absorption~FIR! of QD’s confining
holes only. Their analysis, assuming a parabolic lateral c
finement, accounted for band coupling and predicted the
istence of an anticrossing of spectral lines in the absorp
spectrum. However, since the FIR spectrum involves dip
allowedintrabandtransitions, the results presented in Refs
and 5 cannot be used as such to analyze magnetolum
cence spectra involvinginterbandtransitions.

In this work we will extend the calculations presented
Refs. 2 and 6 by analyzing, within the coupled valence-b
model, the magnetic interactions in QD’s confining bo
electrons and holes. The confinement potential is assu
axially symmetric but not necessarily parabolic, nor mirr
symmetric vertically. Also the general conservation laws a
symmetry effects governing the interband radiative recom
nation in strain induced QD’s are investigated. The res
are compared with the experimental data of Rinaldiet al.2

In the materials we are considering, the valence bands
characterized by an atomic angular momentumJ53/2,
formed by coupling the spin and the angular momentum
550163-1829/97/55~15!/9275~4!/$10.00
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thep-type band orbital. The Luttinger-Kohn Hamiltonian in
cluding the strain-induced confinement and the magn
field7 is then given by

H5S HHH1VHH b c 0

b† HLH1VLH 0 c

c† 0 HLH1VLH 2b

0 c† 2b† HHH1VHH
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1v̄~x2 iy ! D 2, ~1d!

wherem0 is the bare electron mass andv̄5eB/2\. In Eq.
~1b! and below the upper~lower! sign corresponds to heav
hole ~light hole! @HH ~LH!#. The nondiagonal terms of th
Pikus-Bir strain Hamiltonian8 were found to be small, espe
cially for the few lowest states, and the HH and LH confin
ment potentials are given byVHH,LH(r ,z)5Vh

QW(z)
1Vh

H(r ,z)6Vh
S(r ,z), whereVh

QW(z) is the hole band edge
confinement potential,Vh

H(r ,z)5an(exx1eyy1ezz) the hy-
drostatic deformation potential, andVh

S(r ,z)5bn@ezz
2(exx1eyy)/2# the shear deformation potential. The thic
ness of the In0.1Ga0.9As/GaAs QW~7 nm! and the cladding
layer ~5 nm! as well as the dimensions of the cylindrical
symmetric InP island, bottom radius 40 nm, top radius
nm, and height 20 nm, correspond to the sample used in
experiment of Rinaldiet al.2
9275 © 1997 The American Physical Society
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FIG. 1. The valence-band dispersion as
function of the field strength.~a! Numerical cal-
culation including the band coupling,~b! numeri-
cal calculation excluding the band coupling, an
~c! analytical values normalized to the numeric
calculations atB50. Anticrossing states in the
case of a vertically mirror symmetric QW poten
tial denoted by dashed lines. The zero of the ho
energy is at the QW HH1 state.
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The z component of the total angular momentum

Ĵtot5 Ĵz1L̂z , where L̂z is the mesoscopic angular mome
tum, is a conserved quantity. The four-component envel
function in cylindrical coordinates is of the form
cmj

(r ,z,f)5ei (M2mj )fxmj
(r ,z), where \M is the eigen-

value of thez component of the total angular momentum
M must be a positive or negative half-integer~but not an
integer! andmj takes the values63/2,61/2.

When the width of the top barrier layer of the QW stru
ture is increased, both the QW band edge potential and
strain-induced potential become approximately mirror sy
metric relative to the center plane of the QW. In this limit t
eigenstates can be assigned a definite parity. The eigenv
of the inversion operatorP are61, and in the correspondin
energy eigenstate the63/2 and71/2 components are eve
in z and the73/2 and61/2 components are odd.

The numerical calculation of the eigenvalues and eig
functions of Eq.~1a! consists of the following four steps:~i!
Determining the strain from the theory of elasticity,~ii ! con-
verting the strain into a deformation potential according
the theory of Pikus and Bir,8 ~iii ! adding the deformation
potential to the band edge confinement potential to prod
the total potentials appearing in the envelope Hamiltoni
and ~iv! solving the resulting eigenvalue problem nume
cally using the finite element method.

By studying the magnitudes of the four compone
mj563/2,61/2 of the valence-band envelope functions,
found that either themj53/2 or mj523/2 component is
much larger~in absolute value! than the other components
However, we use the expressions ‘‘HH- and LH-like states’’
because the band coupling plays an important role. The c
pressive strain in the InxGa12xAs well layer lifts the ener-
gies of the LH-like states clearly above the first few excit
HH-like states. The total effective potential for the LH’s
above the GaAs band edge and, therefore, it is question
if the LH-like states are confined in the QD, or even in t
QW. Because the coupling between the HH and LH state
reduced, the mesoscopic angular momentum is appr
mately a constant of motion. Therefore, a mesoscopic an
lar momentum numberm is a useful tool to identify eigen
,
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states from the experimental spectrum and we can label
valence-band states byNS↑↓ ,NP↑↓

6 ,ND↑↓
6 , . . . in analogy

to the electron states.
The mesoscopic angular momentum numberm is defined

as the nearest integer to^L̂z&/\ and used as a label for th
valence-band state. We can haveM'm13/2 or
M 8'm23/2 corresponding to the samem: both states exist
and have different wave functions and energies. Whene

the x63/2 component dominates, we have^Ŝz&'61/2\, re-
spectively. We denote the dominant HH component
↑(↓) formj53/2(23/2). The numerical calculations showe
that this leads tom5M23/2 for the ↑ states and
m5M13/2 for the↓ states.

For the valence band the calculated magnetic field beh
ior becomes rather complex when the band coupling is
cluded, as shown in Fig. 1~a!. As for the conduction band
~with spin included!, the HH-like states atB50 form groups
with approximate degeneracies, 2, 4, 6,. . . , starting from the
ground state. In Fig. 1~b! all off-diagonal terms in Eq.~1a!
have been set to zero and the result is similar to
conduction-band case~not shown!. The coupling drastically
changes the magnetic field dependence of the energy le
especially for the excited states.

The magnetic field dependence of the HH-like states
dominated by the linear Zeeman-like behavior, which is
lated to the mesoscopic angular momentum~the contribution
from the atomic Zeeman term is small!. The numerical re-
sults show that also the two lowest states have a weak lin
B dependence. TheB dependence and the removal of dege
eracy are due to the band coupling.

Since the confinement in thez direction is strong, for an
analytic approximation it is reasonable to assume, for
first few QD states, that the well potential is infinite and th
only the ground state of the QW is important. The rad
confinement potential is not as strong, but can be appr
mated by a parabolic potential close to the minimum of
potential. In this limit the momentumpz is large and of the
order ofAg1\/L'A2m0Ez

0, whereL is the well width. In
the second-order perturbation theory the problem splits
two independent blocks for the states with angular mome
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(3/2,1/2) and (23/2,21/2), respectively. The expansio
gives the approximate spectrum for the HH states in the fo

En,m
63/25Ez

06D\vB
06

3

2
kvB

01~g11g212D!

3S \vc~2n1umu11!1\
vB
0

2
mD , ~2!

where vB
05eB/m0 is the bare cyclotron frequency an

vc5Aj/m0(g11g212D)1(vB
0/2)2, j being the strength

of the parabolic confinement. For an infinite rectangular
tential well in thez direction,

D52
3g3

2

2pg2
S 4p

12b2
2
16bcot~pb/2!

~12b2!2 D , ~3!

where b5(g112g2)
21/2Ag122g22(ELH

0 2EHH
0 )/Ez

0. The
exact value ofD depends on the actual form of the potenti
These expressions, even if not numerically accurate, s
@see Fig. 1~c!# that the ground-state degeneracy (n5m50)
is broken and a splitting linear inB appears because of th
second term on the right-hand side of Eq.~2!. If the band
coupling is neglected by setting off-diagonal elements
zero, the ground state becomes degenerate~except for the
small splitting due to the atomic Zeeman term! in analogy to
the conduction band. If the atomic Zeeman term domina
the splitting of the ground states would be in the rever
order. This reversing was not observed in experiments
Bayer et al.9 for etched In0.1Ga0.9As/GaAs QD structures
However, in these materials the effective carrier potent
are very different from those in the strain-induced QD
studied here. For excited states with nonzero mesoscopic
gular momentum, the last terms in Eq.~2! dominate in the
linear splitting of the states, becauseD/g1'1/10 in our ap-
proximation.

AroundB52 T, where one of them511 levels meets an
m522 level from the next group, we see an avoided cro
ing. Both levels correspond toM521/2(M13/2511,
M23/2522), which makes the avoided crossing possib
In a mirror symmetric potential the levels would cross b
cause they would have different parities. In our case, h
ever, the potential is slightly asymmetric in thez direction
and the crossing is avoided because the parity is not c
served exactly and mixing of states with different parities
possible.

By following the lower of theM521/2 levels@solid dia-
monds in Fig. 1~a!#, which at B50 corresponds to
m511, we can observe how the dominant compon
changes fromx3/2 to x23/2, when the level goes through th
avoided crossing and changes tom522. An experimental
observation of the avoided crossing in luminescence spe
would be a direct proof of the existence of the band coupl
in QD’s. The analog of this phenomenon in the far-infrar
response of parabolic QD’s has been predicted by Darnh
et al.4 Excluding these anticrossing levels, the compon
structure of valence-band states, governed by weight fac
^xmj

uxmj
&, changes only slightly as a function of fiel

strength. Typically the weight of thex3/2 component in the
1S↑ state decreased gradually from 0.98 atB50 to 0.92 at
B56 T.
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The luminescence intensity is given by

I}Ue•(
smj

ms,mj

cn E cs
e~r !cmj

h ~r !drU2, ~4!

wheree is the polarization vector of the emitted photons an
s is the spin index. The envelope functionscs

e(r ) and
cmj

h (r ) correspond to conduction- and valence-band sta

with specified quantum numbers. The dipole matrix eleme
ms,mj

cn is calculated using the atomic Bloch states at theG

point. To analyze the magnetoluminescence spectra of Re
we consider a special case in which the luminescence
emitted orthogonally to the QW plane (ez50) and the po-

FIG. 2. The luminescence energies for the ground states and
lowest excited states. Calculation with coupled bands~solid line!,
single band calculation~dashed line!, and experimental data~solid
dots!.j The arrows atB577 correspond to the spin states of th
single band calculation.

FIG. 3. The luminescence spectrum corresponding to the exc
states 1P↓↑

6 and 1D↑
2 . A Lorentzian line shape with a half-width of

1 meV was assumed. The transition energy (,0) is defined as the
difference between the QD and QW luminescence energies.
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larizations are summed over. In the magnetic field each c
bination of initial and final quantum numbers corresponds
different transition energy.

In Fig. 2 we show the transition energiesEei1En j of the
QD luminescence lines for the ground state and the few l
est excited states. The transitions 1P↑↓

6→1P↑↓
6 and

1P↓
1→1D↑

2 were selected because the corresponding lu
nescence lines are well resolved in the experiment of Rin
et al.2 Figure 2 shows that the inclusion of the band coupl
~solid line! leads to a much better agreement with expe
ment. The single valence-band calculation in Ref. 2 ma
use of a semiempirical lateral massmr

h/m050.143, whereas
the noncoupling results~dashed line! in Fig. 2 are based on
mr
h/m051/(g11g2)50.094. The use of a semiempiric

mass in the single HH band calculation reduces the Zee
effect and the calculated splitting of the luminescence line
Ref. 2 is somewhere in the middle of our coupled band a
single HH band results.

The relative intensities of the corresponding luminesce
lines are given in Fig. 3 as a function of field strength. Sin
the anticrossing of the levels 1P↓

1 and 1D↑
2 takes place

aroundB52 T, we present the relative intensities of bo
1P↓

1→1P↓
1 and 1P↓

1→1D↑
2 luminescence lines. The

simple structure of the intensity distribution in the coupl
band calculations is due to the approximate conservatio
mesoscopic angular momentum and spin in the interb
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transitions. The luminescence spectrum is dominated
transitions that take place between states having the s
principal quantum number, mesoscopic angular moment
and spin.The transitions that do not satisfy the approxim
conservation laws are very weak, i.e.,~i! transitions between
states having the same symmetry but different princi
quantum number, such as 2S↑→1S↑ and~ii ! transitions be-
tween states with different symmetry, such
1P↑

1→1P↑
2 . The former are weak because of the almo

perfect orthogonality of the lowest electron and valence-b
states having the same mesoscopic angular momentum
B50, the relative intensity of the indirect transitio
I (2S↑→1S↑) is 0.008, whereas for a typical direct trans
tion, I (1S↑→1S↑)50.432. Transitions which would corre
spond to an approximate spin flip are strictly forbidden b
cause of the vanishing of the dipole moments. In contr
there is a finite probability for the change of the mesosco
angular momentum in the luminescence emission, e
I (1P↓

1→1P↓
2)50.003. The relative intensities are small b

cause the envelope functions in the overlap integral h
approximately different parities in thez direction. Except for
the anticrossing states, the changes in the line intensities
fairly small forB,6 T. Since the indirect transitions are n
strictly forbidden, they may be visible in spectral regio
where there are no direct transitions.
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