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Effect of electron-hole separation on the Landau-level photoluminescence in layered
structures in a tilted magnetic field: Magneto-Stark effect
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~Received 11 May 1998; revised manuscript received 24 July 1998!

We show that the photoluminescence~PL! intensities of the interband transitions between the electron and
hole Landau levels (ne ,nh50,1,...) in a perpendicular magnetic fieldB' are modulated strongly by a super-
imposed in-plane fieldBi in type-II quantum wells due to electron-hole separation:Bi suppresses the inten-
sities of thene→nh5ne diagonal transitions initially and generatesne→nhÞne off-diagonal transitions that
are forbidden atBi50. The intensities oscillate at higherBi . An additional electric fieldEi parallel toBi

modifies the effectiveBi and introduces a magneto-Stark shift in the PL line. This new Stark shift requires
BiÞ0 unlike the ordinary Stark shift in perpendicularE' . @S0163-1829~98!51040-5#
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I. INTRODUCTION

Photoluminescence~PL! in quantizing magnetic fields ha
been a useful tool for investigating electronic structu
of semiconductor quantum wells~QW’s! and heterostruct-
ures.1–3 In the presence of an applied magnetic field perp
dicular to the QW plane, the electrons inn-doped systems
and photogenerated holes are quantized into low-energy
dau levels~LL’s ! ne andnh50,1,2... . When the carrier tem
perature is high enough for the occupation of seve
valence-band LL’s by the holes, the electron-hole recom
nation goes through the allowedne→nh5ne direct transi-
tions. On the other hand, when all the holes are in the gro
level nh50 at low temperatures, the electron-hole recom
nation goes through thene(50,1,2,...)→nh50 transitions.
In this case, the off-diagonal transitions (ne.0) are very
weak because they are zeroth-order forbidden and o
only through higher-order processes involving impur
interactions.4 Simultaneous determination of the electron a
hole masses has been possible by combining the data
the direct and indirect transitions.2 In this paper, we show
that strong~i.e., zeroth-order allowed! off-diagonal transi-
tions can be induced by applying an in-plane componenBi

to the perpendicular fieldB' , when the electrons are spa
tially separated from the holes. The theory is applied t
low-density sample at low temperatures where this effect
be observed.

Electron-hole separation occurs in many systems suc
asymmetrically doped double quantum wells~DQW’s!,
type-II heterostructures, or DQW’s with a bias electric fie
E' applied in the growth~z! direction. In Fig. 1, we show a
57-46-53-Å GaAs/AlxGa12xAs DQW structure~sample 1!,
where the conduction and valence band edges are raise
12 meV at the centers of the right QW’s relative to those
the left QW’s byE'511.9 kV/cm. The electron-hole recom
bination is represented by a thick arrow. Recombination
tween the electrons and the holes trapped inside the left
is also possible, yielding higher energy photons. Th
single-well transitions are well understood as discus
above and will not be discussed here. Unfortunately, ther
no systematic technique available to determine the degre
PRB 580163-1829/98/58~16!/10187~4!/$15.00
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the electron-hole separation. TheBi-induced PL selection
rules combined with the magneto-Stark shift predicted in
present theory can be utilized to determine the distance
the sign of the electron-hole separation.

In B5(Bi ,B'), the intensities of the directne→nh5ne
transitions~allowed atBi50! decrease to zero initially and
oscillate with increasingBi under a fixedB' . In contrast, the
intensities of the off-diagonalne→nhÞne transitions~for-

FIG. 1. A 57-46-53 Å GaAs/Al0.3Ga0.7As DQW structure
~sample 1! with a E'511.9 kV/cm bias in thez direction. The band
offsets are 250 meV for the electrons and 116 meV for the he
holes (u3/2,63/2&). Light holes are not populated due to a larg
confinement energy. The electrons~solid circles! and photogener-
ated holes~hatched circles! are separated byd5100 Å. The wave
functions are shifted by the amount of the sublevel energies. O
parameters are given in the text.
R10 187 © 1998 The American Physical Society
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bidden atBi50! increase from zero, reach maxima, a
oscillate similarly withBi . TheBi-dependent oscillations o
the transition intensities are determined approximately
B' /d2 at low fields. Hered is the expectation value of th
separation distance between the electrons and holes. Th
fect of an additional in-plane dc electric fieldEi applied in
the x direction parallel toBi is to modify the effectiveBi

linearly and to introduce a magneto-Stark shiftdeEiBi /B'

in the PL line. Heree5ueu is the electronic charge. Thi
unusual Stark shift requires a nonzeroBi . It can be positive
or negative and larger or smaller than the ordinary Stark s
induced by a purely perpendicular electric fieldE'5Ei .

II. SELECTION RULES AND MAGNETO-STARK SHIFT
IN TILTED MAGNETIC FIELD

The Hamiltonian in a direct-gap structure is given by

Ha5
\2

2ma*
S ky1

e

\c
AyD 2

2
\2

2ma*
]2

]x2 1saeEix1Hz,a ,

~1!

wherema* is the effective mass,se51 for the electrons,sh

521 for the holes, andAy5B'x2Biz is the vector poten-
tial. The effect of the confinement HamiltonianHz,a in Eq.
~1! is to confine the electron and hole ground-sublevel w
functions ua1& aroundza5^a1uzua1&. Here thei th eigen-
state ofHz,a is denoted asua i & ~e.g.,e1, e2, h1, h2,...!. Only
the ground sublevelsi 51 are populated at low temperature
We therefore approximatez5za in Ay . This approximation
neglects~1! the LL-sublevel mixing in the limit the magneti
length l i5(\c/eBi)1/2 is larger than the QW width and~2!
the field-induced distortion ofua1&. This approximation is
valid for small magnetic energies\v'a5eB' /ma* c, \v ia

5eBi /ma* c. These conditions are satisfied in typical narro
QW’s in magnetic fields up to several tesla. The accuracy
this approximation is assessed in Sec. III, where a full ex
numerical solution is presented and the domain of validity
derived for the fields.

Equation~1! is then simplified to

Ha
~0!52

\2

2ma*
]2

]x2 1 1
2 ma* v'a

2 ~x1xa!21«a1Hz,a , ~2!

wherexa5x01sadx,

«a52kysaeEil'
2 1zasaeEiBi /B'2ma* ~eEil'

2 /\!2/2,
~3!

x05kyl'
2 2~ze1zh!Bi/2B'1~me* 2mh* !eEil'

4 /2\2, ~4!

and

dx5zheBi/2B'1eEil'
2 /2\v'M . ~5!

In Eqs. ~2!–~5!, zhe5zh2ze is the algebraic distance be
tween the electron and hole layers,l'5(\c/eB')1/2, v'M

5eB' /Mc, and M5me* 1mh* . The electron-hole separa
tion is given byd5uzheu. The eigenvalues of Eq.~2! are
given by Ea(na ,ky)5\v'a(na11/2)1«a . The resonance
photon energy for thene→nh transition is then given, apar
from the gap plus the ground-sublevel energies ofHz,a , by
y

ef-

ift

e

.

f
ct
s

«PL~ne→nh!5\v'e~ne1 1
2 !1\v'h~nh1 1

2 !1D«, ~6!

where

D«52zheeEiBi /B'2~eEil'!2/2\v'M . ~7!

Note that the sign of the magneto-Stark shift, namely,
first term ofD« in Eq. ~7!, depends on the signs ofzhe and
Ei . This unusual Stark shift requires a nonzeroBi and can
be larger or smaller than the ordinary Stark shift induced
E' depending on the relative magnitudes ofBi andB' . The
quadratic term in Eq.~7! was obtained earlier by Aronov5 for
bulk semiconductors in the crossed fields ofE andB and is
much smaller than the linear magneto-Stark shift term
small Ei .

The origin of the magneto-Stark shift is understood in t
following way. The potential energies of an electron and
hole at the ky-dependent part of the centroidx52x0,1

[2kyl'
2 are given by2x0,1saeEi52sakyl'

2 eEi, which is
the first term on the right-hand side of Eq.~3!. In the pres-
ence of Bi , the wave numberky is displaced byDky

52za / l i
2, yielding a shift sazal'

2 eEi/ l i
25sazaeEiBi

/B' . The latter is the shift of the potential energy of th
electrons and holes at the centroid of the wave function
to Bi andEi . This is the second term on the right-hand si
of Eq. ~3!. The magneto-Stark shift for the PL energy is t
sum of the contributions from the electron and the hole.

The eigenfunctions of Eq.~2! are the harmonic functions
wn(x1xa) with the centroid atx52xa . The total wave
function is given by Ca5Ly

21/2exp(2ikyy)wna
(x1xa)ua1&,

whereLy is the length of the sample in they direction. The
argumentxa5x01sadx contains a uniform partx0 and a
relative partsadx. The role ofdx is then to shift the har-
monic wave functions of the electrons and holes relative
each other, introducing oscillations in the overlap functi
^fne

(x1dx)ufnh
(x2dx)&. The probabilityP(j) for the ne

→nh transition is proportional tou^CeuCh&u2 and equals,
apart from the overlap factor̂h1,e1&2,6

Pne ,nh
~j!5Pnh ,ne

~j!5 z^wne
~x1dx!uwnh

~x2dx!& z2

5
n,!

n.!
e2jj~n.2n,!Ln,

n.2n,~j!2, ~8!

wherej52(dx/ l')2 is dimensionless,n.(n,) is the larger
~lesser! of (ne ,nh), and Ln

m(j) is the associated Laguerr
polynomial. The first term ofdx in Eq. ~5! is proportional to
d. The effect of the second term linear inEi has been studied
earlier by Aronov5 in bulk semi-conductors in the crosse
fields of E andB and is independent ofd.

In Fig. 2, we plot the relative transition probabilit
Pn,n8(j) for sample 1~i.e., d5100 Å! in dashed curves as
function of Bi for low-lying levels n5ne and n85nh and
Ei50. At Bi5j50, the probabilityPn,n8(j) equals unity for
the n→n direct transitions and vanishes for the off-diagon
transitionsne→nhÞne . TheBi-dependent oscillations aris
from ~1! the orthonormality of the harmonic wave function
in the conduction and valence bands and~2! the relative
Bi-induced displacementdx of the centroid of the harmonic
wave functions of the electrons and holes due to their se
ration. The effect ofEi is to linearly shift the effectiveBi for
the oscillations according to Eq.~5!.
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III. DOMAIN OF VALIDITY AND FULL
NUMERICAL SOLUTION

In this section, we give an exact numerical solution
the total Hamiltonian, assess the accuracy of the ana
results in Sec. II, and derive the domain of their validi
These results were obtained by approximatingz5za in Eq.
~1!. The correction term is given by

Ha
~1!5ma* v ia

2 ~z2za!2/21sama* v iaeEil'
2 ~z2za!/\

2ma* v'av ia~x1xa!~z2za!. ~9!

The total HamiltonianHa5Ha
(0)1Ha

(1) can be diagonalized
using wna

(x1xa)ua i & as a basis set. It is sufficient to us
several LL’s and two to three sublevels. The first two ter
in Eq. ~9! are diagonal inwna

(x1xa) and the last term ha

off-diagonal matrix elementŝnux1xaun8&5 l'(Andn8,n21

1An8dn8,n11)/&. Before presenting full numerical solu
tions, we derive the conditions that the corrections caused
Ha

(1) are negligible.
The first-order correction from the first term in Eq.~9!

should be much smaller than the LL energy:

~ma* /4mza* !~\v ia!2

\2/„2mza* ^a1u~z2za!2ua1&…
!\v'a . ~10!

FIG. 2. Relative PL intensity for directne→nh transitions for
~a! B'51 T and~b! B'54 T for sample 1 withd5100 Å andEi

50. The dashed curves are fromPn,n8(j) and the solid curves are
from the full numerical solution. Zero-temperature transitions for
n-type sample are marked by bold labels and thick solid lines.
wriggles for the 0-1 curve in~b! are from numerical fluctuations.
r
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The denominator in Eq.~10! ~defined asZaa! has an energy
scale of the sublevel energies. For example,Zaa
51.03D«za2 for an infinitely deep QW andZaa5D«za2 for
a parabolic QW, whereD«za i is the separation between th
ground and thei th sublevel. For sample 1,Zee5101.5 meV
andZhh554.07 meV, yielding 0.0043!B' /Bi

2 for the elec-
trons and 0.0015!B' /Bi

2 for the holes. Here,B is in tesla.
These conditions are easily satisfied except at extrem
small B' and largeBi . For the massesme* 5mze* 50.067~in
units of the free electron mass!, mh* 50.11, andmzh* 50.45,
the magnetic energies are\v ie5\v'e51.73 meV, \v ih
5\v'h51.06 meV atBi5B'51 T.

The second term in Eq.~9! yields a second-order correc
tion [l1«a- to «a- , which is the quadratic term~in Ei! of «a

in Eq. ~3!. This correction should be small:

l15(
i .1

~ma* /4mza* !~\v ia!2

D«za@\2/~2mza* ^a i u~z2za!ua1&2!#
!1.

~11!

Again, the energy in the square brackets in the denomin
is large. For sample 1, Eq.~11! yields Bi!36.1 T andBi

!92.2 T, respectively, for the electrons and holes. Th
conditions are relevant only for theEi

2-dependent PL shift in
Eq. ~6!.

For thenath LL, the third term in Eq.~9! yields a second-
order correction[2l2\v'a which should be small:

l25 (
i .1,6

3
~ma* /4mza* !~\v ia!2na,6

~D«za i6\v'a!@\2/~2mza* ^a i u~z2za!ua1&2!#
!1.

~12!

Herena,65na11/261/2. For sample 1, Eq.~12! yields Bi

!69.5 T andBi!144.6 T for na50 and B'54 T for the
electrons and holes, respectively.

We have also performed similar numerical studies
asymmetric 57-48-53-Å GaAs/Al0.3Ga0.7As DQW’s with the
same 12 meV mismatch between the left and right QW’s
in sample 1 but with flat QW bottoms and withE'50. Very
similar numerical results were obtained.

In order to assess the accuracy of the approximate res
in Sec. II, we have performed a full exact numerical diag
nalization of the HamiltonianHa for sample 1, using four
sublevels and ten LL’s for both the electrons and holes.
expected from the error analysis presented in Eqs.~10!–~12!,
the fan~i.e., «PL(ne→nh) vs B'! diagrams show no visible
deviation from the slopes given by Eq.~6! below Bi , B'

,10 T for sample 1. Also, the shift of the PL energy atB'

50 is negligible belowBi55 T, while it is about 0.6 and 0.3
meV for the electrons and holes atBi510 T. The full nu-
merical transition probabilities~solid curves! are compared
with Pn,n(j) in Fig. 2 for Ei50. Only thene→nh50 tran-
sitions ~thick curves with bold labels! are relevant at low
temperatures for ann-type sample. The deviation of the fu
numerical result fromPn,n(j) is small at low fields as see
in Fig. 2~a!. However, the deviation is significant at hig

n
e
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Bi’s as seen aboveBi54 T in Fig. 2~b!. In Fig. 2, the 0-1
transition shows more deviation than the 1-0 transition.

The corrections toPn,n8(j) at higher fields in Fig. 2 can
be understood in the following way. The perturbationHa

(1)

admixes a small amount of higher-energy (i .1) sublevel
states toua1&. The transition overlap integralsu^h1uei&u and
u^hiue1&u of these higher-energy states are, however, m
larger thanu^e1uh1&u, yielding a significant correction to
Pn,n8(j) outside the low field regime. The first two terms
Eq. ~9! admix only the sublevels without affecting the L
state. The first-order effect of these terms is to modify
transition rate ne→nh by a factor (11b1Bi

2

1b2EiBi /B')2, where b1520.006 andb2520.057 for
sample 1 withBi , B' in units of T and inEi units of
1 kV/cm. In contrast, the last term in Eq.~9! admixes the
ne61 st LL’s to the initialneth LL, thereby adding ‘‘ne61
→nh50’’ type oscillations to thene→nh50 PL transition.
The PL energies are, however, given by Eq.~6! as long as
the conditions in Eqs.~10!–~12! are satisfied.

IV. CONCLUSIONS

We have shown that the LL PL intensities in a tilted ma
netic fieldB5(Bi ,B') depend strongly onBi when the elec-
trons and holes are separated. The intensities of the d
ne→nh5ne transitions~allowed atBi50! decrease to zero
initially and oscillate between zero value and maxima w
increasingBi under a fixedB' . In contrast, the intensities o
the off-diagonalne→nhÞne transitions ~forbidden at Bi
-

P

.

h

e

-

ct

50! increase from zero, reach a maximum, and oscill
similarly with Bi . The in-plane dc electric fieldEi modifies
the overlap of the LL functions and introduces a line
magneto-Stark shift plus a quadratic shift given in Eq.~7! in
the PL line. This unusual Stark shift requires a nonzeroBi

and can be larger or smaller than the ordinary Stark sh
The results are applicable to thin type-II QW’s where t
electron and hole ground sublevels are spatially separate
low fields. The analytic results obtained in Sec. II are va
only for smallEi , Bi , andB' while the full exact numerical
results in Sec. III show similar behavior outside this range
shown in Fig. 2. Rigorous criteria for the domains of validi
of the fields for the PL energies given in Eq.~6! were pre-
sented in Eqs.~9!–~12!.

An estimate of the relative separation of the electron a
hole layers can be obtained from the magneto-PL data f
the magneto-Stark shift as well as from theBi-dependent
oscillations of the transition intensities at low fields.
type-II structures, however, the PL intensity is much wea
than in the type-I systems due to a small electron-hole ov
lap ^h1ue1&, unless either the electron or the hole effecti
mass is small enough to allow the confinement wave fu
tions to penetrate deeply into the center barrier.
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