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Calculation of Landau levels in semiconductor quantum dots in a high magnetic field
and at a high optical excitation
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Landau-level formations are studied theoretically for highly optically populated InP strained self-organized
quantum dots for magnetic fields below 45 T. A self-consistent Hartree calculation is performed in real space
with the higher-order finite difference method. A transition of the discrete states due to a potential confinement
at 0 T toLandau-level-like structures for high magnetic fields is demonstrated.@S0163-1829~98!07435-9#
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High magnetic-field effects in quantum dots~QDs!,1 are
interesting because two limiting cases are realized by cha
ing magnetic-field strength. At 0 T, discrete electronic sta
are formed by geometrical confinement by a QD poten
structure, while at the high-field limit, magnetic confineme
dominates over the potential confinement, forming electro
states with level spacings determined by a cyclotron mo
of electrons.

In this paper, we consider the intermediate case, wh
both potential and magnetic confinement play roles in de
mining electronic states. We use a numerical method to
plain previously observed Landau-level-like structur
~LLSs! in photoluminescence~PL! spectra of InP/InxGa12xP
(x50.5) strained QDs under high optical excitatio
conditions.2 The electron-hole system in the QD is model
as realistically as possible to reproduce the experimental
ditions, in the framework of the Luttinger Hamiltonian wit
deformational coupling to strain fields. A higher-order fin
difference method is used for calculating the electron a
hole states.

Magnetic-field effects in QDs, using a quadratic confin
ment potential, has been done in Refs. 3–9. However, th
are only a few reports10 on QDs with a square confineme
potential in the presence of many electrons and holes per

In this paper, we present theoretical calculations of L
in QDs at high carrier density and in high magnetic field
PRB 580163-1829/98/58~11!/6744~4!/$15.00
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Our results show that for increasing magnetic field, ab
100 excited states in QDs evolve from discrete states at
to LLSs at high magnetic fields. This effect is an interpl
between the external magnetic field, the built-in strain fie
the static confinement potential, and the Coulomb interac
between electrons and holes.

We treat the electrons and holes in a QD by a se
consistent Hartree calculation.10,11 The model Hamiltonians
are

He5He
0~H,ei j !1VH~r !1Ve

0~r ! ~1!

and

Hh5Hh
0~H,ei j !2VH~r !1Vh

0~r !, ~2!

respectively. He
0(H,ei j ) andHh

0(H,ei j ) are noninteracting
single-particle Hamiltonians for an electron and a hole w
terms depending on the external magnetic fieldH and the
strain tensor elementsei j ,12–14 VH(r ) is the Hartree term,
andVe

0(r ) andVh
0(r ) are the bare confinement potentials f

an electron and a hole, respectively. Realistic bare confi
ment potentials are considered in the calculation to rep
duce the experiment in literature.2 The geometry of our
simulated InP QD is shown in Fig. 1~a!. In the following we
only discuss this fully developed QD, while there is a pop
lation of partially formed smaller QDs. The magnetic fieldH
6744 © 1998 The American Physical Society
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is taken to be parallel to thez direction. The Landau gaug
A5(0,Hx,0) was used. The strain tensor elementsei j were
obtained using finite difference method. We used a cu
grid for the strain fields on the same grids that were used
the electronic structure.15,16 A linear deformational potentia
coupling of the strain fields to the electrons and holes w
used. The valence-band mixing effect was considered b
434 Luttinger Hamiltonian. The Hartree potential is give
by

FIG. 1. ~Color! ~a! Perspective~i! and bottom~ii ! views of the
shape of a calculated InP QD.~b! Calculated charge density plot
for vertical ~i! and horizontal~ii ! cross-sectional views of a QD at
T for NS592.

FIG. 2. ~Color! ~a! Magnetic-field dependence of the energy
states~solid curves! and a contour plot of DOS~background in
color!, and DOS at~b! 0 T and~c! 40 T of the electron~above! and
hole ~below! for NS592. The energy axis of the hole is taken to
negative.
ic
r

s
a

VH~r !5e2/~««0!E d3r 8@ne~r 8!2nh~r 8!#/ur2r 8u, ~3!

wherene(r ) andnh(r ) are the electron and hole densities
The strained conduction-band offset was assumed to

0.23 eV which has been experimentally determined by de
level transient spectroscopy.17 Since the QDs are highly
strained, the conduction-band minimum is 0.25 eV high
than in unstrained InP. Thus a bare conduction-band offse
0.48 eV is used forVe

0(r ). The composition of GaInP may
also vary giving a change in the strained conduction-ba
offset of 0.23 eV. This effect is considered to be negligib
though, since no fluctuations in the band-gap emission
ergy was observed using microphotoluminescence wit

FIG. 3. ~Color! ~a! Contour plot of JDOS forNS592. Experi-
mental results from Ref. 2 are also shown.~open circles!. ~b! JDOS
at ~i! 0 T, ~ii ! 10 T, ~iii ! 20 T, ~iv! 30 T, and~v! 40 T for NS

592. Zero points of they axis are shifted as shown by the horizo
tal lines. The photon energy is shifted 120 meV lower for the p
pose of comparison with the experimental results from Ref
shown~blue dots! at ~i8! 0 T, ~ii 8! 10.2 T,~iii 8! 20.8 T,~iv8! 31.4 T,
and ~v8! 40.9 T.

FIG. 4. ~Color! JDOS at 40 T forNS5(i) 12, ~ii ! 23, ~iii ! 46,
and ~iv! 92 are shown~black dots!. The photon energy is shifted
120 meV lower for the purpose of comparison with the experim
tal results from Ref. 2 shown~blue dots! for incident excitation
power densities of~i8! 90 W/cm2 at l5488 nm,~ii8! 90, ~iii 8! 180,
and ~iv8! 360 W/cm2 at l5514.5 nm.
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spatial resolution of about 1mm.18 The values for the defor
mational potentials were used from Ref. 16. Material para
eters used in the calculation areEg51.424 ~1.944! eV; me

50.079 (0.079)m0 ; gc51.31 ~1.31!; g154.58 ~4.58!; g2

51.32 ~1.32!; g352.00 ~2.00!; k50.66 ~0.66!; «512.61
~12.61!; ac525.1 ~25.1! eV; an52.9 ~2.9! eV; b522.0
~22.0! eV; d525.0 ~25.0! eV; a050.58687~0.56532! nm,
Cxxxx510.22 (12.17)31011 dyn/cm2; Cxxyy55.76 (6.01)
31011 dyn/cm2; Cxyxy54.60 (5.82)31011 dyn/cm2 for InP
(Ga0.5In0.5P). Some parameters are assumed to be the s
for InP and Ga0.5In0.5P for simplicity.

The coupled Schro¨dinger-Poisson equations@Eqs. ~1!–
~3!# were solved iteratively. Typically 40 iteration loop
were made to give convergence of the eigenenergies of
than 0.1 meV. The wave functions were obtained by a re
space higher-order finite difference method of order 4 for
kinetic operator expansion.19 A von Neumann boundary con
dition was used. The number of the grids was taken to
51351339 and 70370349 for the Schro¨dinger and Pois-
son equations, respectively, and the accuracy of the eige
ergies better than 0.1 meV were obtained. The grid spac
were fixed to 0.9375 nm for the former, and varied fro
0.9375 nm inside and near the QD to 18.75 nm in the reg
far from the QD where spatial variation of the Hartree p
tential is small for the latter. Both the number of electro
and holes in a QD were fixed toNS .

The calculated charge density shown in Fig. 1~b! for ver-
tical ~i! and for horizontal~ii ! cross-sectional views, revea
that the QD is spatially type II, i.e., electrons inside a Q
surrounded by holes partially outside the QD. The electr
hole recombination is nevertheless quite high, with a reco
bination time of about 1 ns.20 Because of the large strai
fields, the average effective potential for a hole is rais
more than 40 meV in a QD. The electron-hole Coulom
interaction attracts holes to the center of a QD; however,
effect is smaller than the strain-induced effective potentia
about 130 meV near the highly strained region of the top
the QD.

Figure 2~a! shows the magnetic-field dependence of en
gies of the electrons for the case ofNS592. NS is deter-
mined by the condition such that the joint density of sta
~JDOSs! spectra agree with the experimental results2 as will
be shown later. The states are seen to converge to se
ladderlike structures with increasing magnetic field, formi
LLS in QDs. As shown in Fig. 2 there are energy leve
between the LLSs in contrast to the situation in higher
mensional structures, which is caused by a distortion of
cyclotron orbitals by the lateral confinement potential. T
energy levels approach to those of three dimensions~3D! in
the limit of a high magnetic field, where confinement by t
crystal potential is negligible.

The density of states~DOSs! shows more clearly the for
mation of the LLS as shown in Figs. 2~a!, 2~b!, and 2~c!.
Here, a Gaussian distribution with a full width at half max
mum of 12 meV is assumed for each level to account for
inhomogeneous width due to the fluctuations in the heig
the lengths of the long and short axis of about610%, and a
possible increase of the carrier temperature. The chang
the broadening parameter gives rise to the partial chang
the width of the LLS; however, the dominant part of th
width is determined by the confinement potential as will
-
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discussed later. Calculations were made from 0 to 45 T
steps of 5 T, and linear interpolations were made for val
in between. At 0 T the peaks in the DOS of the electron
correspond to the quantum-confined states in a QD as sh
in Fig. 2~b!. With an increase in the magnetic field, the spe
trum at 0 T evolves continuously to nearly equidistant stru
tures by the magnetic confinement, forming the LLS fro
the lower energy as shown in Fig. 2~a!. The striking differ-
ence with the Landau levels in 2D or 3D is that the DOS
between the LLSs is intrinsically not zero even without i
troducing the width. This can be seen in Figs. 2~a! and 2~c!
for the electron, at around 0.37 and 0.43 eV. This is beca
both the magnetic confinement and the potential confinem
affect the energy spectra at magnetic fields less than 4
Thus the change in the broadening parameter gives rise
minor change in the width of the LLS. In the extreme limit
the large magnetic field, the DOS approaches to that of a
system.

The DOS of the holes shows no significant features a
and 40 T. The change in peak position in the DOS of
holes between 0 and 40 T is 2.8 meV, which is negligible
comparison with the change in energy of the electrons. T
is due to the heavy mass of the holes in addition to the st
induced localization of the holes. Thus the hole states c
tribute only a broadening of the spectral width of 15–
meV in the JDOS, calculated below.

Optical selection rules, which are important for mode
with high symmetry are relaxed in our case, due to the l
symmetry of the QD and also due to the localization of ho
around the QD, caused by the effective potential includ
the strain fields and the Hartree term. Hence the optical tr
sition spectra can be approximated by the JDOS.

Figures 3~a! and 3~b! show the magnetic-field dependen
of the calculated JDOS for the case ofNS592. The photon
energy is shifted 120 meV to lower energy, for the purpo
of comparison with the experimental results. This shift
caused partly by the uncertainties of the values of deform
tional potentials, and partly by the overestimate of the po
tive shift by the Hartree potential. The quasicontinuum se
at low magnetic fields will at high magnetic fields be r
placed by a LLS. Initially for a small magnetic field, LLS
are not evident, as in Fig. 3~b!, ~i! and~ii !. The first and the
second LLSs are beginning to be formed at 20–25 T, wh
the states with higher energies, which have larger confi
ment energies, are less affected by the magnetic field
remain QD-like, as shown in Fig. 3~b!, ~iii !. Finally at 40 T,
three LLSs are seen in Fig. 3~b!, ~v!, showing the magnetic
confinement is dominant in all the states within a QD f
NS592.

PL spectra and their peak positions from Ref. 2 are a
shown in Figs. 3~b! and 3~a!, respectively. Our calculated
results are seen to reproduce the results in Ref. 2 quite w
especially the peak profiles of the PL spectra, shown in F
3~b!, ~iii !–~v!.

Nonequispaced LLSs observed are also reproduced in
3~b!, which is caused by the effective confinement poten
due toVe

0(r ), the Hartree potential, and the strain fields. Th
is one of the significant features of the LLSs in a QD w
nonparabolic confinement potential as compared with
bulk, 2D, or a parabolically confined QD, where the ener
spacings between Landau levels are equal.
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Here two aspects of the approximations made in the
culation are noted. First the JDOS is plotted instead of
optical transition probability in Figs. 3~a! and 3~b!. The
JDOS spectra reproduce well the formation of peaks by m
netic fields, but fail to reproduce relative intensity of ea
peak. At 40 T the peak height of the lowest peak is sma
than the second and third lowest peaks in the calcula
while the lowest peak is larger than the second and t
lowest peaks in the PL spectra at 40.9 T. The error in
relative intensity of these peaks is considered to be ma
due to the neglect of calculating the optical transition pr
abilities and partly due to the fluctuation in the number
electrons in each QD. Second, a parabolic dispersion is
for the electron calculation. The energy spacings between
first and second peaks, and between the second and
peaks in the JDOS spectra at 40 T are 53.5 and 62.0 m
while the counterpart of them in the PL spectra at 40.9 T
48 and 52 meV, respectively. The disagreement with
experiment is larger for the higher energy peaks as show
Fig. 3~a!. The overestimate of the energies of higher exc
states in the calculation is due to the neglect of the nonp
bolicity of the conduction band.

Figure 4 shows theNS dependence of the calculate
JDOS at 40 T. It is seen that the LLSs are successi
occupied with increasingNS . While the exchange and co
relation terms are known to be important for a small num
of electrons or holes in a QD,3,8 a good agreement betwee
experiment2 and calculation, shown in Fig. 4, is neverthele
obtained here. This agreement implies that the correla
and exchange terms play small roles at high carrier dens
and high magnetic fields in these QDs. PL studies of sin
QDs have also demonstrated that many-particle effect
this material system are weak.18
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The discrepancies that do exist, e.g., the shift of the sp
tra with increasing carrier density seen in the calculatio
which are not observed experimentally,2 are ascribed to ex-
change and correlation effects. The positive energy s
caused by the Hartree energy is considered to be partly c
celed by the negative energy shift by the band-gap renorm
ization, due to the self-energy of the electrons and ho
Finally we note that due to the variation in the QD sizes a
fluctuations in the composition in GaInP, it is not presen
feasible to discuss finer spectral structures than those
cussed in the present paper. With the micro-PL techniq
under high magnetic fields, more detailed comparison of
theory with experiments is expected to be made possible

In summary, we have studied the energy levels in a QD
a function of a magnetic field. The evolution of LLS in a Q
has been modeled using a self-consistent Hartree calcula
with a realistic shape of the QDs including the strain fie
which clearly shows how the discrete states at 0 T evolve
into a LLS at 45 T. Contrary to 2D or 3D cases, only the fir
LLS is recognized for the low magnetic field, while the se
ond and the third LLSs appear for higher magnetic fields
the calculated JDOS spectra, due to a competition betw
the cyclotron energy and the lateral confinement energy.
calculated JDOS spectra show nonequispaced LLSs, w
are caused by the nonparabolic effective confinement po
tial due to the bare confinement potential, the Hartree pot
tial and the strain fields.
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