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Influence of a strong magnetic field on the Wannier-Stark states
of an electrically biased GaA#Al,Ga,_,As superlattice
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We present experimental and theoretical photocurrent spectra of a GaAs/AlGaAs superlattice under the
influence of electric and magnetic fields parallel to the growth axis. In this field configuration, the charge
carriers are subjected to zero-dimensional confinement. Depending on the fields, we observe a complicated
interplay of Wannier-Stark and Landau levels. The experimental spectra are found to be in good agreement
with numerical results.
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I. INTRODUCTION different magnetic quantum numbéfs’l-28|f the magnetic
field is applied parallel to the laye(Soigt geometry, strong
Since the first proposal of semiconductor superlattices bynixing effects are expectéd? and the structure of the
Esaki and Tsd,artificial crystals have been investigated in- spectrum is not understood at all.
tensively as model structures for the coherent dynamics of In this paper, we present an experimental and theoretical
electronic wave packets in a periodic potential. Applicationanalysis of the energy levels of a GaAsfAGa, ;As super-
of a dc electric field parallel to the surface normal leads tdattice subjected to electric and magnetic fields parallel to the
the splitting of the superlattice minibands into Wannier-Starkgrowth axis(Faraday geometjy We investigate the evolu-
ladders and finally produces quasi-two-dimensional confinetion of the spectrum with magnetic field and find a strong
ment of charge carriefs® Simultaneous excitation of sev- interference between Wannier-Stark and Landau levels. We
eral Wannier-Stark states generates wave packets performirghieve the closest agreement of experiment and theory one
spatial oscillations, known as Bloch oscillatichs.A thor-  can obtain in the parabolic band model.
ough discussion of the physics of semiconductor superlat- With respect to Gdn)As/AlGa(In)As superlattices, prior
tices is given in Ref. 10. More recent developments includeexperimental studies have focused on the following aspects:
spontaneous emission from Wannier-Stark laddecantrol (i) the diamagnetic shift of transitions and their low-electric-
of wave packets by ac and dc fieftfsand the Zener break- field anticrossing$® (ii) the influence of fully zero-
down in superlattice® dimensional confinement on the interband transitfGrend
In the last decade, much work has been done on the efiii) the magnetic-field dependence of the lower Landau lev-
fects of an additional magnetic field on the optiéaf*and  els (Landau-level indexn=<3) with respect to their spectral
transport>~3° properties of semiconductor quantum wells position”**?8and oscillator strengtf. Based on the classi-
and superlattices. Asufficiently strong magnetic field ap- fication suggested in Ref. 41, the superlattice structures in-
plied perpendicularly to the quantum-well layegiSaraday vestigated in the past were either short-period superlattices
geometry quantizes the motion of the carriers in the layer (with large miniband widths(Refs. 17,23, and 24or long-
plane and reduces the dimensionality of the semiconductoperiod superlatticegwith small miniband width (Refs. 28
In this sense, a bulk semiconductor in a magnetic field is onand 33. Our structure, in contrast, is intermediate between
dimensional, similar to a quantum wit@,and a quantum these two regimes. The different quantum-well coupling
well in a perpendicular magnetic field can be considered as strength allows us to observe features in our photocurrent
zero-dimensional semiconductor, comparable to a quanturspectra which could not be resolved or even were nonexist-
dot* In the case of a superlattice, the confinement becomesnt in earlier experiments. The most important of these are
intermediate between zero and one dimensions at sufficientlff) anticrossings between certain heavy-hole and light-hole
high field strengths, and the absorption spectrum is entirelynagnetoexcitons(ii) Landau fans with up to ten Landau
discrete?®?42728 |n a first approximation, assuming levels at maximum magnetic field for both the spatially di-
interaction-free electron-hole pairs, Wannier-Stark quantizarect and the strongest spatially indirect Wannier-Stark transi-
tion and Landau quantization are independent of each othetions, and(iii) spin-split transitions(in photocurrent mea-
The Coulomb interaction between electrons and holes leadsurements with polarized lightexhibiting a very strong
to a complicated interference between Wannier-Stark andplitting for the Z-exciton transitions.
Landau quantizations, which is presently not fully under- On the theoretical side, we point out that the treatment of
stood. Besides the reduction of the dimensionality, the symC€oulomb interactions and magnetic fields is numerically
metry is reduced, and one observes a splitting of states witbhallenging already for ideal two-dimensional semiconduc-
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tors14-161820.22or this reason, a number of theoretical pa-the first electron miniband is about 19 meV. An electric bias
pers on superlattices in a magnetic field applied in Faradafield can be applied between the doped GaAs substrate and a
geometry handle only discrete specitd®#’The Voigt ge-  semitransparent Cr/Au Schottky cont&ttnm/5 nm on top
ometry has been treated by Alexandetual.?® Dignam and  of the sample. A 200-nm-thick alloyed AuGe film serves as
Sipe® and Younget al.2° mostly for limiting cases. The backside contact. The superlattice structure is the same as
eigenvalue problem has been discussed for interaction-fragsed for the observation of Bloch oscillations in Refs. 7 and
particles'® Because of the large mathematical dimensionality8 and for the investigation of the Coherent Hall Effect in Ref.
of the eigenvalue problem, a simultaneous treatment of thd7.
Coulomb interaction and continuum states for a large range The photocurrent spectra are measured with the unpolar-
of parameters remains an open problem. ized light of a 30-W halogen lamp propagating along the
The numerical calculation of the optical absorption in su-growth direction and spectrally dispersed by a 0.5-m mono-
perlattices is particularly difficult because of the three-chromator with a grating of 1200 grooves/mm. The spectral
dimensional nature of the problem. First high-resolutionresolution is better than 0.28 meV. Using a low-noise
spectra of superlattices have been presented by Whittaker fourrent-voltage converter followed by a lock-in amplifier we
an electric field alonéno magnetic fielland show a strong reach a signal-to-noise ratio of up to 500:1 peak to peak in
Fano effect in the line shafé.The Faraday geometry was case of zero bias voltage. Because of the rather large excita-
treated by Barticevicet al, but their numerical method is tion spot (1.5 mnx8 mm), broadening of the spectral fea-
accurate only in the limit of large magnetic fiefdRecently,  tures by residual spatial inhomogeneities of the superlattice
a numerical method was developed based upon discretizatiggarameters is possible, but seems not to be significant. For an
in real spacé® which allows one to efficiently calculate ab- excitation power of 35 nW, we estimate an electron-hole-pair
sorption spectra of complicated geometries with high resoludensity of 1.3<10° cm™® (far below Mott density, if we
tion and should be able to treat the superlattice in Faradagssume a recombination time of 5 ns typical for bulk G&#s.
geometry. For the Voigt geometry, no reliable theoreticalUnder the influence of an electric field the recombination
spectrum has been published so far, and the problem is cutime should be much shorter. The sample is mounted in a
rently under investigatioff magnet cryostat with a superconducting split-coil magnet
The theoretical analysis presented in this paper utilizes thproviding magnetic fields up to 9 T and sample temperatures
exact Kane functions instead of tight-binding approximationsdown to 4 K.
as in Ref. 32. Hence, our results fully converge and are reli- The electric fieldr, as function of the applied bid4.,;, is
able even in all limiting casesF=0, B=0, no Coulomb
interaction) and not only for large field8=10 T. The non- Fe ~Vext— Vint: FLE )
parabolicity of the energy bands is carefully taken into ac- L exts T ints
count and proves to be important for a quantitative analysis . - .
of the experimental data. The observation that the energ)y-vhere Vint 1S the built-in voltage of the Schottky diode,

dependent mass is independent of the electric field is impoﬂ[EF‘X‘:. _YeXtt/.L ?n%':i”t:d’__\./‘mta‘ ?rte It?;‘. (la(xternalfatﬂd In-
tant. Furthermore, we discuss why the effective excitor INSIC €lectric Tields, and. 1S the total thickness of the in-
insic layer, which is 1.019m for the investigated sample

masses cannot be determined from the slope of particula{F A lied vol o=\ d
exciton transitions subject to the magnetic field. A fan chartructure. An applied voltage Ofeq= — Vin; COrresponds to

of the calculated data demonstrating the interference 0tihe flatband situation, where all Wannier-Stark states are de-

Wannier-Stark and Landau quantizations is shown. generate. The built-in voltage depends not only on the pure

The paper is organized as follows. Section Il starts with amplg structurg ' put also on the .contact resistance of the
description of the sample preparation and the experiment gck5|de metalhzatlon. Therefore different vaIueé_/Q,ﬁ for
setup. Subsequently we give a detailed analysis of the e lifferent pieces cut off from the same superlattice sample

perimental photocurrent spectra including a discussion of thi/afer are possible. The built-in voltage of the piece of the
Wannier-Stark ladder foB=0 and of measured angular mo- S2MPple used for the experiments at zero magnetic fedth
mentum splittings. In Sec. Ill we give a review of the main "W on called sample)lamounts 0V, =—0.55 V, corre-

theoretical aspects and show the calculated absorption speg?onding to an intrinsic electric field of abOUE iy
=5.5 kV/cm. For the piece used for the experiments with an

tra. In Sec. IV we summarize the major results of this study.” >: e i
additional magnetic fieldsample 2 we find V;;= —0.9 V
andF;;=9 kV/cm by comparing the data f@=0 for both
sample 1 and sample 2. The backside metallization of sample
A. Sample preparation and experimental setup 2 is ohmic as desired, sample 1 exhibits an additional voltage

The superlattice investigated in this study was grown byOﬁset resulting from incomplete annealing.

molecular beam epitaxy on an*-doped GaAs substrate
(doping density 18 cm™3). The undoped superlattice struc-
ture consists of 35 periods of 9.7-nm-thick GaAs wells and First, we study photocurrent spectra of sample 1 for zero
1.7-nm-thick Al Ga,-As barriers with 250- and 350-nm- magnetic field and different electric fields. The results are
thick undoped A} :Ga, ;As buffer layers above and beneath shown in Fig. 1.

the superlattice region, respectively. The growth direction is Figure Xa) shows photocurrent spectra for an electric bias
identical to thg001] crystallographic direction. The width of V., ranging from+0.3 V to —1.1 V in steps of 0.05 V. By

II. EXPERIMENT

B. Zero magnetic field: Wannier-Stark ladder
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(@)  1shhQ 1s1h0 eV. The 1s hh0 and X Ih0 lines show asymmetric absorption
23“*%\/?3"10 due to Fano coupling to the continua of lower Wannier-Stark
1shh-1 —— 49
N transitions:

Generally, one can distinguish between three different re-
gimes: the miniband regime, where the energetic spacing of

e

1
|
d \ é& the Wannier-Stark Ladder is much smaller than the width of
0.9V \//\' the minibands, a transition regime, where both energy scales
\//\' are comparable, and the Wannier-Stark regime, where the
\// Wannier-Stark-ladder spacing exceeds the miniband width.
&f\’m The transition regime is characterized by the coexistence of
Z 06 N % © 1sh+141.58  Franz-Keldysh and Wannier-Stark oscillations which leads to
5 E Dsih0. - a complex interference pattetf.
< \_,E\' R S In Fig. 1(c) the photocurrent peak energies are plotted
o \slh-1 LT —1.57 versus electric field. In the miniband regimg|—0, the
& 53V ~—] %w%%o%;ghq positions of the excitons are nearly independent of the elec-
. 1shh+ 1. 2shho tric field. In the Wannier-Stark regimé=| —, we observe
1s|:."1m'w" —-1.56 Wannier-Stark ladders, which originate not from the exciton
Tshh- ‘ = positions at-=0, but from the center of the minibands. For
‘ ‘ i moderate fields, as used in the experiment, the fan chart
0.0V 5 clearly shows deviations from a linear field dependence of
‘ the Wannier-Stark energies, especially of trehh0 and 3
__//\/ Ih0 lines. This is because we observe excitonic, not single-
-_/\’ particle, transitions: at higher electric fields the exciton bind-
] 0.3V I1'sr|1h Mslhtshhei™ — ) | | ing energies of the Wannier-Stark transitions with index
154 155 156 157 1580 3 6 9 12 15 18 =0 increase sublinearly with increasing field and approach a
E[eV] F [kvicm] constanf! The effect is much smaller for transitions with

#0, because the Coulomb interaction is smaller for spatially
indirect excitoné*®! There is no continuous transition be-
tween the miniband regime and Wannier-Stark regime be-
cause of an infinite number of level crossings for small
fields.

FIG. 1. (8) Measured photocurrenfPC) spectra of a GaAs/
AlGaAs superlattice vs photon enerdy for bias voltages from
+0.3 Vto—1.1V corresponding to electric fieldsfrom about 2.5
kV/icm to 16.7 kV/cm. The shift of the observed excitonic transi-
tions with the electric field is indicated by straight linélks) Sche-
matic drawing of the optical transitions in the superlattice For
=0 andF#0. (c) Transition energies as function of the electric C. Nonzero magnetic field: Evolution of Landau fans
fetd In order to investigate the influence of an additional mag-

netic field on the superlattice energy states we measured pho-
comparison of spectra for positive and negatWg,, the  tocurrent spectra of sample 2 for several external bias fields.
built-in voltage was found to be-0.55 V, corresponding to  As mentioned above, the built-in voltage of this sample was
a built-in electric-field ofF;,;=5.5kV/cm. Thus the electric found to be—0.9 V, corresponding to a built-in electric field
field range isF=2.5-16.7 kV/cm. The polarization of the of F;,;=9 kV/cm. Figure 2 shows the evolution of the spec-
light is linear, which is not relevant fd=0, because every trum with magnetic field for fixed electric fieldF
transition is twofold degenerate. =9 kV/cm (@) and F=12 kV/cm (b). The magnetic field

The nomenclature of the observed excitonic miniband andanges from 0 to 9 T and the polarization of the light is
Wannier-Stark transitions is as follows: hh and |h stand fodinear.
electron—heavy-hole and electron—light-hole transitions, re- Figure Za) shows photocurrent spectra at zero external
spectively; B, 2s, etc., represent the excitonic state, and thebias. In this case, the electric field is equal to the intrinsic
trailing number is the Wannier-Stark indéxcf. Fig. 1(b)]. field, F=F;,;=9 kV/cm. We reach a very good signal-to-

The spectra for low electric fields/(,= +0.3—+0.2 V, noise ratio of about 500:1 peak to peak. Therefore even
|F|=2.4-3.4 kV/cm) are dominated by the hh exciton of small photocurrent maxima represent real transitions. By
the first heavy-hole miniband at 1.5475 eV. At slightly higher comparing to the spectra at zero magnetic fi€lig. 1(a)] the
energies we can identify theslh exciton of the first light- peaks that are indicated in the spectrumBer0 T can be
hole miniband. The spectrum for-0.15 V bias € assigned to certain Wannier-Stark transitions. Figufa@ 2
=4 kV/cm) marks the transition from the miniband to the nicely shows the evolution of the Landau fan of the hhO
Wannier-Stark regime. With increasing electric field we ob-magnetoexcitonsn=1) up to the 18 hh0 transition: with
serve the evolution of theslhh Wannier-Stark fan fol= increasing magnetic field the transitions shift to higher ener-
—2,—1,0+1 and of the ¥ |h Wannier-Stark fan fol = gies while separating from each other. The observation of a
—1,0+1. In spite of their low oscillator strength we also magnetoexcitonic Landau fan is in agreement with similar
observe higher exciton transitions: the BhO exciton flank- experiments of Alexandrowet al. done on an undoped
ing the 1s IhO line and possibly the 21h0 exciton at 1.575 GaAs/Al ;Ga, g5As superlatticé?
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the next section, where we also make a comparison with

vertical Wannier-Stark transitionl €0) is more strongly
confined, its binding energy is larger, and the regioBdfor
which the shift is diamagnetic, should be larger, compared to

<
S
((

CYI \\ r o1~ 4~ inset 9T _ _

MV‘W . 8T results of a numerical calculation. o .

i \A“‘&Q 77 Results forF=12 kV/cm are shown in Fig. (®). This
T NW\A%Q 6T time, becaus&.,,# 0, a permanent dark current reduces the
c 1y b\\\'ﬁ 5T signal-to-noise ratio and fewer details can be observed. Be-
g \\"\\. t‘ 4T cause of the larger electric field, the exciton belonging to the
==V S\ '
O
o

5 SSsees

2
L

—Aslhti— ]

T X \2siho —— the casé==9 kV/cm. This is actually verified in the experi-
ishh1_nshhO1sthd . 1576 _1.580 mental spectra: foF =12 kV/cm the transition from dia-
154 156 158 1'68 [6\1,']62 164 1.66 168 magnetic to linear behavior takes place roughly at 4 T, for
o) F=9 kV/cm at 2 T. Otherwise, the qualitative behavior of
] 9T the spectrum as function of the magnetic field is the same as
! 8T observed in Fig. @).
= 77 The determination of effective exciton masses from the
-*g — L 6T spectra is difficult mainly for the following reason: because
g —+ 5T of their diamagnetic shift for small values Bf the slope of
[0
g

—- 4T the 1s-exciton energies cannot be used to determine the cor-
_/'/‘wa 3T responding effective mass; higher excitons, however, cannot
:,/JM:: 1 2T be identified unambiguously over the whole magnetic-field

‘/ji//\;//% T 17 range.
——\IA I 0T

T In Figs. 3a) and 3b) we try a detailed analysis of the
154 156 158 160 162 164 166 168 transitions for 9 kV/cm and 12 kV/cm, respectively, in the
E[sV] energy range between 1.538 eV and 1.590 eV, where the

FIG. 2. Measured photocurre(RC) spectra vs photon energy ~ SPEctra contain a number of well-resolved features.
for magnetic fields from 0 T to 9 T and electric fields of 9 kv/cm The spectrum at zero magnetic field in FigaSis domi-
(@ and 12 kV/cm(b). The dashed line indicates the bho transi-  nated by the & hh—1, 1s hhO, and % IhO transitions; more-
tion of the (2,2) subband. Inset ofa): fit of the experimental line  over, one can identify thas hhO (n>1), 1s hh-2, & |hO,
shapes to Lorentzians. and 1s Ih+1 features. With increasing magnetic field both
the 1s hh—1 and the & hhO transitions slightly shift to
In the limit of high magnetic fields the energies of a Lan- higher energies, while their energetic spacing decreases from
dau fan should behave 4s° 7.3 meV at 0 T to 6.8 meV at 9 T. Because of its smaller
exciton binding energy, theslhh—1 transition is influenced

1\ eB ) more strongly by the magnetic field so that its magnetic-
En(B)=Ei+|n+5 ﬁFHJFO(Bl 2, (2)  field-induced blueshift is stronger than that of the HhO
line.

where E, is the continuum edge of theh Wannier-Stark h In tvx{lcl)—dlmensmnil sefmr;condu.ctors,. in the “FBI_)T’ ith
transition anch is the Landau quantum number. A quantita- "€ Oscillator strengths of the excitons increase linearly wit

tive criterion for the high-field limit is that the cyclotron Magnetic field. However, especially for the &xciton with a
energy%ieB/m; be much larger than the Rydberg energy ofSmall spatial e_xtenTon, this limit is reacheq only fo_r ex-
the exciton. Assuming a reduced cyclotron masgs-0.08, tremely large field$* Generally, for low and intermediate
this is the case foB>2.4 T. Furthermore, there should be magnetic fields, the oscillator strength should increase more
two Landau fans for each Wannier-Stark transition, stemfapidly with field for excitons with a large spatial extension,
ming from the heavy-hole and light-hole band, and bandsuch as higher-order €2 3s,...) or spatially indirect (
mixing effects are expected in the intermediate-field region#0) excitons. Indeed, for theslhh—1 we observe an in-
For small magnetic fields clear deviations from the linearcrease of the oscillator strength by a factor of 1.9, compared
behavior emerg’ In particular, in the [imitB—0, the ex- to 1.1 for the & hhO transition. Further examples are the 1
citons show a diamagnetic shift quadraticBn hh+1 and & hho transitions: both can hardly be identified at
There is also a strong interaction of Wannier-Stark and) T, but with increasing magnetic field distinct peaks emerge.
Landau ladders on the account of Coulomb interaction. This As expected, we observe several transitions belonging to
interaction is particularly strong when the quantization enerLandau fans of Wannier-Stark states other than the transi-
gies are of the same order of magnitude. Witk 9 kV/cm  tions with the indexi=0. We can identify the & and =
anda=11.4 nm, the Wannier-Stark energy~|a amounts magnetoexcitons of the heavy-hole Wannier-Stark transitions
to about 10 meV, which equals the cyclotron energywith indices—1, 0, and+1, the Is hh—2 transition and the
he|B|/m; for electrons atB=5.2 T. We shall discuss the 1s Ih magnetoexcitons with Wannier-Stark indices2,
interference of Wannier-Stark and Landau ladders in detail in-1, 0, and+1. There is good agreement between the en-
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(a) 15lh-2 0 o 1shh+q 151D 2sh22hh+1 spectra qt high .magnetic fields, as discussed in detail at the
1shh-1 1slh_1\23 h-14 / \2hnety end of this section.
1shh-2 \ \ ﬁ p \ \ Though the photocurrent spectra for=12 kV/cm in Fig.
_QJ/\/ 1sih+1 77 3(b) are a little bit more noisy than those foF;y
/ / =9 kV/cm due to the increased current flow, real transitions
81 7 4 are well distinguished from features caused by noise. The
H/_/AA _f7/~\\ spectra forB=8.5T andB=9.0 T show a larger energy
] spacing between theslhh—1 and % hhO transition com-
Z 81— pared to the spectra at lower magnetic field. This suggests
E il/\ /] W that those two spectra correspond to a slightly higher electric
£ | Q field, the reason for which is unknown. At zero magnetic
olaT field we observe the same transitions as in Fig),3xcept
S for the 1s Ih+1 and Is hh—2 features. Because of the stron-
3 —_— ger electric bias field, interwell transitions have lost oscilla-
> /\/ h I~ tor strength. AsB increases from 0 to 9T, the oscillator
[ \' strength of the & hhO transition increases by a factor of
1 7 ! about 1.1. At the same time, the oscillator strength of the 1
_ﬂl | 11/ / hh—1 exciton even increases by a factor of 2.8. This might be
0 \1shh-1\15hh0 1sth0 \ explained by the dependence of the excitonic binding ener-

1sh-2 2slho 1sih+1 _ _ o 2
(1shh-2 1802 1slhpt nshh0 | =7, gies of the Wannier-Stark transitions on the electric bias
1.54 1.55 1.56 1.57 1.58 1.59

E V] field: with increasing electric field, the binding energy of the
transitions with the index=0 increases, whereas fbr

(b) 15|hjzshh° ZS“I“{;M 2shho, —1 it slightly _decrt_aase‘él. In the spectra for high magnetic
Tshn{ \/ﬁm \15h{1+1/_ Vi fields we can identify the 4 and 2 magnetoexcitons of the
9T .- ,W heavy-hole Wannier-Stark transitions with indiceg and 0,

4\///\,\/’\ pronounced anticrossing of thes 1h0 with the 2 hhO tran-
/\u\\/v\, sition at a magnetic field around 4 T and that of theli-1

I y W the 1s hh+1 magnetoexciton andsllh excitons with indices
BTJ\JA\:LL/;\,;\/L\_/M —2,—1, 0, and+1. As indicated in the figure, only the very
A\

6T /\ N with the 2s hh-1 transition are resolved in the photocurrent
7 W spectra. Further anticrossings of weak transitions above the
B 5—T/\—// \ iy 2s hh0 peak cannot be assigned to particular magnetoexciton
g ﬁ/\/ states.
g~ A

3T Am D. Spin splitting

|

12T ~_ ) / The experimental photocurrent spectfigs. 2 and 3
_T/\J\/l//}l taken with linearly polarized light, contain features caused

! / 7 by a spin splitting of states in the magnetic field. First, we
M\\/\{W observe a slight broadening of both the Hh0 and & hh—1
1ot 1o L Senn0” anho transition with increasing magnetic field. Second, itsehh0
181 155 188 157 188 159 magnetoexcitonsn> 1) split into double-peak features each
E[eV] with a small linewidth. This is quite in contrast to the experi-

FIG. 3. Detailed analysis of the observed transitions for an elecmental results of Alexandroet al.who observe a line broad-
.3 i 4 ; _
tic field of F=9 kvicm (a) and F =12 kvicm (b). Dashed fines S1iNg only:* Especially forF=9 kvjem the double peaks

o ) : are very well resolved. As shown in the inset of Fi¢p)2the
indicate anticrossings of states. 2s hhoO states have linewidths of about 2.2 meV and 2.4 meV.

In semiconductor heterostructures, in the presence of
ergy spacing of neighborings?hh excitons and of the cor- quantum confinement, thEg valence band j=3/2) splits
responding % hh excitons, corroborating the correctness ofinto a heavy-hole bandn;=+3/2) and a light-hole band
the above assignment. (m;==1/2). A magnetic field applied in the growtf001])

The valence-band coupling leads to anticrossings oflirection leads to Zeeman splitting of the heavy-hole, light-
heavy-hole and light-hole states. Besides the anticrossing d¢fole, and conduction band witln;=+3/2,—3/2, m;=
the fundamental light-hole transitiors1h0 with the 2 hh0  +1/2,—1/2, andm,= + 1/2,— 1/2, respectively. Then the ab-
state at a magnetic field around 4.5 T as a preeminent exorption (photocurrent, photoluminescence excitatispec-
ample, we observe anticrossings of thelti—1 with the Z  tra for o* (right circulan ando~ (left circulan polarization
hh—1 and of the 4 Ih+1 with the X hh+1 transition. Be- are different. The situation is shown schematically in Fig.
cause the experiments are carried out with linearly polarized(a). The Landefactor of the electron is negative because of
light, we observe a spin splitting of theszh0 state in the the strong spin-orbit coupling. Due to the Coulomb inter-
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(a Ill. THEORY

A I. Y A. Single-particle properties

The confinement of electro(e) and hole(h) is modeled

o* ;n"“\ . by the periodic potentials
hh -32. ¥ : ‘\G+ o 0 for Os<z<a-—b
b v.— 1 ¥ hh+3/2 Uep(z)= ’
: NG ’ Hepn for a—bsz<a,
Jh-2, \
:: _____________________ .!Llh +1/2 Ue,h(z):Ue,h(Z+a)v (3)

wherea is the superlattice periodh is the barrier thickness,
and H., are the band discontinuities. The motion of the
individual particles in an electric field in the growth direc-
tion is governed by the Schiinger equation

A G
B 2Me ny E*’Ue,h(z)ieFZ Yen(Z)=Eenten(2).
(4)

A set of eigenvalues with the propergy =E.po=eFal

and e n(2)=teno(z—na) with | integer is called a

Wannier-Stark ladder. Strictly speaking, the spectrum is con-

tinuous and the eigenfunctions are not square integrable.

For field strengths well below the Zener breakdown, the

1.54 1.55 1.56 157 1.58 1.59 eigenfunctions which correspond to below-barrier minibands
E [eV] are strongly localized and can be approximated by Kane

FIG. 4. (a) Schematic representation of the energy states of sufunctions?

perlattice electrons and holes in an external magnetic field and al- The I'; conduction band of GaAs is strictly parabolic in

lowed optical dipole transitions at excitation with", o~, and=  the limit of small Bloch wave vectors. For larger values of

polarized light.(b) PhotocurrentPC) spectra vs photon energyin K, the symmetry will only be cubic. The expansion up to

Faraday geometry at a magnetic field of 8 T and an intrinsic electridourth order ink, neglecting spin splitting, 74

field of about 9 kV/cm fora* (solid line) and o~ (dashed ling 212

circularly polarized excitation light. Eo(K)=

PC [arb. units]

omg aok®+ Bo(KKE+ KK+ KK + -+ . (5)
action between electron, heavy hole, and light hole, the situ-

ation is far more complicated than in the single-particle pic-To approximate the above expression by a parabolic disper-
ture, shown in Fig. @), and magnetoexciton spectra are sion, we follow the procedure of Ref. 55. We neglect the
generally very sensitive to the details of the band structurenonparabolicity of the perpendicular motion and sef;

In order to visualize the spin splitting, we repeat the mea=m,. For the in-plane motion, we average over the angle
surement with polarized light. The photocurrent spectra ararg(k,+iky) and take the expectation value over the eigen-
shown in Fig. 4b) for an intrinsic electric field ofF  functions of the perpendicular motion. Then the in-plane dis-
=9 kV/cm and a magnetic fielB=8 T measured withr* persion becomes
ando ™ circularly polarized excitation light. The spectra evi- -
dence that the broadening of the main heavy-hole transitions E . (K)= hok® ®)
and the doublet structure of the highes hh0 magnetoexci- el(Ky) 2mg’
tons are consequences of a spin splitting of these states. Tuﬁ'nere
splitting energy amounts to 1.0 meV for the hh-1, 1.2
meV for the Is hh0, and 2.5 meV for the<2hh0 transition, Me
which corresponds to measured and calculated splitting en- Mg = (7)
ergies obtained for uncoupl®&hnd couple® quantum wells 1+ﬂ(2a 4 B2
as far as they can be resolved. The splitting is strongerdor 2 h? 0 PO

excitons than for the corresponding Excitons, probably ¢ \hown as the energy-dependent effective mass. The in-

due to the stronger Coulomb interaction of the exCitoniCyeage of the parallel mass affects both the exciton binding
ground state. Higher excitons ¢34s, etc) cannot be iden-  gno095 and the energies of the Landau lev&ian the Kane
tified unamblguogsly in thg spectra,_but the spin s.pllttmg 'Sapproximation, the expectation value

not expected to increase linearly with the excitonic state

according to experimental observations for uncoupled quan- 5 +oo
tum wells?® Whether the spin splitting is stronger for the (k3)= fﬁm dz
heavy-hole than for the light-hole states cannot be answered

confidently because<light-hole transitions cannot be iden- is independent of the electric field, as can be shown from the
tified in the spectra. analytic properties of the Kane functiorfsFor a quantitative

2

®

d
d_z‘/’el(z)
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study, the correct in-plane electron mdgsis more impor-  Herep is the in-plane distance ang=\z.+(1—\)z, and

tant than the details of the valence-band dispersion, becauge- z.— z,, are the center and relative coordinates of the per-

the electron mass is much smaller than the hole mass.  pendicular motion. For the numerical solution by finite dif-
The effective masses for the heavy and light holes in thderencing it is useful to set=0 or A\=1 so that the mesh

growth ([001]) direction, expressed by the Luttinger param- points for the electron and hole coordinams z,, are iden-

eters, arempy, =M/ (y1—27y,) andmy,, =mg/(y1+27,). tical.

The in-plane dispersion of the valence band is generally For numerical reasons, we introducglarge finite do-

complicated. It is written by several authors that the in-planemain for the coordinatep and z with vanishing boundary

hole masses arenpy=mg/(y1+7v2) and my=my/(y, conditions. With the normalization of the eigenfunctions,

—1v,), known as mass reversal. However, these values are

correct only under the assumptions of perfect confinement f“’zd J*a’defR

(infinite barriers, zero thicknegand in the limitkj—0. The 2 z —al 0

first assumption is never fulfilled. For examptey, can be

negative(see, e.g., Fig. 24 of Ref. 58Furthermore, the ex- =0OAn" (12

tension of thenth eigenfunction i_rk” space is iq the order of 1o optical absorption is given by

VNN ag, Whereh o= (/e B)*2is the magnetic length. For

dp27mp®3(p,Z,2)P :(p,Z,2)

example, foB=5 T, the extension of the fifth eigenfunction 1 a 2

in k| space is of the order of:210" cm™* (about 6 times the O EA: J; dZ®,(0,2,0)

length of the abscissa in Fig. 24 of Ref.)58herefore, we

are in the limit oflarge k. The Landau levels of heavy and ke

light holes in the limit of large Landau quantum numbers are X > 5 (13
described by the cyclotron masses,, and my,. for (Ext+Eg—fio)™+(fe)

B|[001], which have a complicated dependence on the Lutyyhere £, is the band gap of the active layer ahé is the
tinger parameter¥. We shall use this approximation for the pomogeneous broadening, which is taken as a constant.
lowest (hh) miniband. In order to accurately treat the light p¢ eigenvalue probleni9)—(11) cannot be solved di-

hole, one would need to take into account the whole Lutyectly. Instead, we determine the absorption coefficiagy
tinger Hamiltonian. We neglect them in our calculations. Asby the equation-of-motion methda.

shown in the comparison with the experiment this is justified = A alternative to the solution in real space is the expan-

because they play only a minor role. sion into Kane or Wannier functions and the solution of a set
of ordinary differential equations. This is the standard
B. Optical absorption method so far and has been used by several

The optical absorption is related to the eigenvalue probfiumoré2‘43’41‘44’51 The numgrigal_ effort is_ .significantly
lem of an electron-hole pair, subjected to Coulomb interacSMaller, but the calculation is limited to a finite number of
tion and quantum confinem;ant. In the absence of electro subband pairgmostly ong and Zener tunnellng_ IS neglected.

e shall compare both methods: the calculation in real space

hole pairs, the Coulomb interaction is screened by a stati 4 th ion into Wannier funct Th trix ol
dielectric constantg, which takes into account the electronic an € expansion into vvannier functions. The matrix eie-
ents of the exciton Hamiltonian in the basis of Wannier

background and the ionic lattice. We assume a magnetic fiel ) . .
unctions are given in Ref. 13.

in the growth directionFaraday geometjy Taking into ac- The material parameters for GaAs ane,—0.067n,.

count the symmetry of the problem, we have to solve the
eigenvalue problem mhL: mhh_LIO.S?Wno, apg= —213.2 meV nrﬁ, BO:

—249.3 meV nrfh,>* my=my,=0.491m,* £=13.1, and
Ey=1.52 meV. The band discontinuities between GaAs and
Al,Ga _,As as functions of the Al molar fractior are H,
=79 meV and H,=460 meV.®° For the samples de-
scribed in Sec. Il we havex=0.3, a=11.4 nm, andb
=1.7 nm. For the homogeneous broadening we assuene

H®\(p,Z,2)=E,®,(p,Z,2), (9)

with the differential operator

2 2 2 2 2
ﬂ:_h_li<pi)_ h s h (9_+Ue(ze) =1 meV.
2myp dp\"dp) 2Me; gz2  2Mn; 572
" o2 i 02B2 , C. Numerical results
+Un(zp) ————=—=+eFz+ —p~. Figure 5 shows theoretical spectra of the superlattice un-
Amege\p+2° 8m der consideration for magnetic fields in the range Bof
=0-9 T and two different electric fieldE=9 kV/cm (a)
1 1 N 1 (10 andF=12 kV/cm (b). The spectra are calculated using dis-
m Mg My cretization in real space so that, in principle, all subbands are
taken into account. The only transition associated with
and the boundary condition higher subbands, which can be seen in the spectrum, is the
(2,2 transition, which is marked by a dashed line. Its relative
D,(p,2,2)=P)(p,Z+2a,z). (12) oscillator strength is very small, and for this miniband pair
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@) ical spectra show about half as many transitions as the ex-
perimental ones. Due to the assumption of a constant and

2L &wHNMMM rather small homogeneous broadening in the calculations,
BT \ ‘ Q“.'. distinct resonances can be observed in the whole energy
MW&*“‘ range. In contrast, in the experiment the line broadening in-

L ‘ creases with energy and the Landau fans are seen only for

CS

SRR A AR A AXIEL
; T LW‘**“ ‘J‘ ‘ large values ofB when the cyclotron energy exceeds the
s &k t@““““ m‘ “ homogeneous broadening.
°E M&& The theoretical spectra evidence the existence of separate
4 Landau fans for spatially direct and spatially indirect heavy-
5 hole Wannier-Stark transitions. As observed experimentally,

the Landau fan assigned to the spatially direct Wannier-Stark

W transitions is very pronounced whereas the Landau fans for

uj\,r\,w_ l' the spatially indirect Wannier-Stark transitions are much
L s 0 o+ ) 5 0 s B o 0 400 3o 0 weaker. In the energy range from 1.53 eV to 1.70 eV we can
154 156 158 160 E1[§\3] 164 166 168 170  jdentify the Landau fan of th@s hhO magnetoexcitonsn(
=1) up to the $ hhO transition. Between these strong fea-
(b) tures smaller peaks are resolved which belong to rike

| ‘V * hh—1 andns hh+1 Landau fans. The peaks right below in-
97 lf‘%t, “1,",‘7' A dividual ns hh0 transitiondmost pronounced in Fig.(8)]
E(b‘ b‘ “ “y‘%‘““‘ can be identified by their magnetic-field dependence as the
1‘."A1 (n—1)s hh+1 transitions. In the same way we identify the

E KN N Y small peaks just above thes hhO transitions as then
SRR I e <

o [arb. units]
[o)]
_|

‘ +1)s hh-1 states. In Fig.(5) the spatially indirect transi-
tions are even smaller than in Fig.abbecause of the stron-
5T g : :
‘ ger electric field, which leads to stronger charge carrier con-
4T ! finement in individual quantum wells. This is also observed

in the experimental photocurrent spectra for 12 kV/cm

21 \ AN [cf. Figs. Zb) and 3b)]. The 13 hh0 exciton lies beyond the
f_T/\JJ'\_/VV‘* plotted energy range because neighbornisghh0 transitions

wll\,wvm/vwvvwvm . .
M ! are separated by about 17 meV instead of about 15 meV in
a1 o 1 s 1 s ) s 1 s 0 1 4 the experimental spectra. Starting from energies of about
154 15 158 160 E1[-2\2,] 164186168 170 1.65 eV we find features belonging to higher subbands both

in the theoretical and in the experimental spectra. The stron-
FIG. 5. Theoretical absorption spectra of the investigated supeigest of these featureéndicated by dashed lines in Fig) 5

lattice structure in Faraday geometry for magnetic fi@deom 1 T can be assigned to thes hhO transition of the second mini-
to 9 T and for an electric fieldc=9 kV/cm (a) and for F band

=12 kV/cm (b). Dashed lines indicate the main second-miniband

) ey Finally, we make a comparison between measured and
electron—heavy-hole Wannier-Stark transition.

calculated fan charts. In Fig. 6, the derivative of the photo-
current(or absorption da(w)/dw is plotted as function of
no Wannier-Stark transitions other thian 0 are observed, in the photon energf (x axis) and the magnetic fiel® (y
agreement with the experiment as likewise indicated by axis). The electric field is fixed & =9 kV/cm. Experimen-
dashed line in Fig. @). Also, the broadening of the lines due tal results(a) are compared with the result of a numerical
to tunneling is negligible. This suggests that a projectioncalculation(b). The theoretical spectra were obtained using
onto the Wannier functions of the first electron and holeWannier functions as base functions, which is much less
miniband should also produce accurate results, which wasomputationally intensive than the solution entirely in real
found to be true by comparison of the numerical results. Thapace. For this reason, miniband transitions other thal)
energy-dependent mass for the first electron miniband waare absent in the calculated fan chart.
found to bemg=0.0704n,, which is about 5% larger than We observe good qualitative and, in part, quantitative
m. . With this correction and the hh cyclotron mass, we wereagreement between experiment and theory. In contrast to the
able to reproduce the experimental cyclotron energy for théndividual spectraFigs. 2 and 5 this representation allows
hh with an error of about 3%. It is worthwhile to note that a us to better observe the evolution of the peaks with magnetic
correct electron mass is more important than the details dield. One can clearly observe the diamagnetic shift of the
the hole dispersion. An error of 5% for the electron mass hatowest Landau levelsn=0) and the nearly linear shift of
the same consequences as an error of 35% for the mass of tthee excited Landau levels1{0). The differentiated spectra
heavy hole. reveal a number of anticrossings between Landau levels from
Let us now point out the differences between theory andlifferent Wannier-Stark transitions. Especially in the theoret-
experiment, which are related to the two-band model. As thécal fan chart, we observe interference patterns when
light-hole transitions are neglected in the theory the theorett w./eFa=p/q with p and q being small primes. In the
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) 9 theoretical approach is to neglect the light hole, rather than
perform separate calculations for heavy and light holes,
which tends to overestimate the light-hole transitions.

(a

IV. CONCLUSIONS

In summary we investigated the influence of a magnetic
field on the energy levels of a GaAs/AlGaAs superlattice
electrically biased along the growth axis. With increasing
magnetic field applied parallel to the electric field the exci-
tonic states of each Wannier-Stark level separate and shift to

B B p e e e e higher energies forming so-called Landau fans. For certain
1.54 1.56 1.58 1.60 1.62 1.64 1.66 1.68 values of the magnetic field anticrossings of states occur. The
E (eV) ,
photocurrent spectra show a coupling between thénlLand

2s hhl transitions. The magnetic field also leads to an in-
crease of the oscillator strength which is much stronger for
v / the spatially indirect than for the spatially direct Wannier-

Stark transitions. Therefore, Bloch oscillations as a result of
guantum interferences of spatially direct with spatially indi-
rect transitions should be difficult to observe. Photocurrent
measurements with circularly polarized excitation light evi-
dence a spin splitting of states for high magnetic fields. The
main features, observed in the experiment, can be explained
)77 > with good qualitative agreement by theoretical calculations
o-FL L B e based upon a two-band model. The absorption-photocurrent
154 156 158 160 1.62 164 166 1.68 spectra exhibit complicated patterns which are a conse-
E (eV) quence of the interference between Wannier-Stark and Lan-
dau quantization.

FIG. 6. Comparison between experimental and theoretical
(b) fan chart. Gray-scale plot of the differentiated photocurfabt
sorption as a function of the photon enerdy and the magnetic
field B. We gratefully acknowledge numerous discussions with L.

Banyai, G. Meinert, and H. Hau@niversita Frankfur). We
experiment, these patterns are visible only in part, because ase indebted to W. G. Schmidt for useful comments on the
a consequence of the line broadening, higher Landau levelsanuscript. This work has been supported by the Schwer-
are resolved only for large magnetic fields. Another impor-punktprogramm “Quantenkohtanz in Halbleitern” of the
tant observation is that the light-hole transitions play a minoiDeutsche Forschungsgemeinschaft. We acknowledge com-
role and there are hardly any features in the experimental faputing time from the John von Neumann-Institut fQom-
chart, which are absent in theory. Therefore, a more realistiputing, Forschungszentrumi|itin.
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