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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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We show that the photoluminescen@d.) intensities of the interband transitions between the electron and
hole Landau levelsr,n,=0,1,...) in a perpendicular magnetic fiddd are modulated strongly by a super-
imposed in-plane fiel®, in type-1l quantum wells due to electron-hole separatioB; suppresses the inten-
sities of then,—n,=n, diagonal transitions initially and generates— n,,# n, off-diagonal transitions that
are forbidden aB;=0. The intensities oscillate at high&;. An additional electric fieldg, parallel toB;
modifies the effectiveB; and introduces a magneto-Stark shift in the PL line. This new Stark shift requires
B,#0 unlike the ordinary Stark shift in perpendicular . [S0163-182698)51040-3

[. INTRODUCTION the electron-hole separation. Ti-induced PL selection
rules combined with the magneto-Stark shift predicted in the
Photoluminescenc@L) in quantizing magnetic fields has present theory can be utilized to determine the distance and
been a useful tool for investigating electronic structureghe sign of the electron-hole separation.
of semiconductor quantum wellQW’s) and heterostruct- In B=(B;,B,), the intensities of the directe—n,=n,
ures=3In the presence of an applied magnetic field perpeniranSitionS(a||OW€d atBH=O) decrease to zero initially and
dicular to the QW p|ane, the electrons m:doped systems oscillate with inCl’eaSin@” under afixeCBJ_ . In contrast, the
and photogenerated holes are quantized into low-energy Ladptensities of the off-diagonafhe— n,# ne transitions(for-
dau levelgLL's) n, andn,=0,1,2... . When the carrier tem-
perature is high enough for the occupation of several _
valence-band LL's by the holes, the electron-hole recombi- 250 1 2 11 e - 250
nation goes through the allowet,— n,=n, direct transi- T
tions. On the other hand, when all the holes are in the ground __ 200 B - 200
level n,=0 at low temperatures, the electron-hole recombi-
nation goes through the,(=0,1,2,...}»>n,=0 transitions.
In this case, the off-diagonal transitiona e&=0) are very ,
weak because they are zeroth-order forbidden and occuih 100 - /\ N._e2 -100
only through higher-order processes involving impurity "‘_"j"/'/* N T
interactions! Simultaneous determination of the electron and 50 -

150 - BJ_ TN 150

ergy (meV

- 50

hole masses has been possible by combining the data fron
the direct and indirect transitiodsln this paper, we show 0 4 -0
that strong(i.e., zeroth-order allowedoff-diagonal transi- ,
tions can be induced by applying an in-plane compoiignt o 4 / Lo
to the perpendicular fiel®, , when the electrons are spa- __ T
tially separated from the holes. The theory is applied to a3 50 | 5o
low-density sample at low temperatures where this effect cani ——
be observed. = |

Electron-hole separation occurs in many systems such aG 100 r100
asymmetrically doped double quantum well®QW'’s), e
type-1l heterostructures, or DQW's with a bias electric field 150 7] r150
E, applied in the growthz) direction. In Fig. 1, we show a 200 -100 0 s 200

57-46-53-A GaAs/AlGa _,As DQW structure(sample }, A
where the conduction and valence band edges are raised by z (A)

12 meV at ,the centers of the right QW's relative to those in £ 1 A 57.46-53 A GaAs/AlGa-As DQW structure

the left QW's byE, =11.9 kV/cm. The electron-hole recom- (sample 1 with aE, =11.9 kv/cm bias in the direction. The band
bination is represented by a thick arrow. Recombination begtsets are 250 meV for the electrons and 116 meV for the heavy
tween the electrons and the holes trapped inside the left QWojes (3/2,+3/2)). Light holes are not populated due to a larger
is also possible, yielding higher energy photons. Thes@onfinement energy. The electromlid circles and photogener-
single-well transitions are well understood as discussedted holeghatched circlesare separated by=100 A. The wave
above and will not be discussed here. Unfortunately, there ifunctions are shifted by the amount of the sublevel energies. Other
no systematic technique available to determine the degree phrameters are given in the text.
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bidden atB;=0) increase from zero, reach maxima, and
oscillate similarly withB, . The B;-dependent oscillations of
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epi(Ne—Np) =fw, o(Ne+3) +hiw, n(Np+3)+Ae, (6)

the transition intensities are determined approximately by'nere

B, /d? at low fields. Hered is the expectation value of the

Ae=—2,£EB/B, — (el )*/2fw . 0

separation distance between the electrons and holes. The ef-

fect of an additional in-plane dc electric fiel, applied in
the x direction parallel toB; is to modify the effectiveB,
linearly and to introduce a magneto-Stark shi#EB, /B,

Note that the sign of the magneto-Stark shift, namely, the
first term of Ae in Eq. (7), depends on the signs af, and
E,. This unusual Stark shift requires a nonz&pand can

in the PL line. Heree=|g| is the electronic charge. This be larger or smaller than the ordinary Stark shift induced by

unusual Stark shift requires a nonzd@p. It can be positive

E, depending on the relative magnitudesBafandB, . The

or negative and larger or smaller than the ordinary Stark shifduadratic term in Eq(7) was obtained earlier by Arondvor

induced by a purely perpendicular electric fiflgd=E,.
Il. SELECTION RULES AND MAGNETO-STARK SHIFT
IN TILTED MAGNETIC FIELD
The Hamiltonian in a direct-gap structure is given by

2 e 2 ﬁz (92
Ha:ﬁ(k)ﬁl—ﬁ—cpxy) —ﬁa—xz—ksaeEﬂx—l—sza,
1)

wherem? is the effective masss.=1 for the electronss,
= —1 for the holes, and\,=B,x—B,z is the vector poten-
tial. The effect of the confinement Hamiltonidt, , in Eq.

(1) is to confine the electron and hole ground-sublevel wav

functions|al) aroundz,={al|z|al). Here theith eigen-
state ofH, , is denoted akai) (e.g.,el,e2,h1,h2,..). Only

the ground subleveis=1 are populated at low temperatures.

We therefore approximate=z, in A, . This approximation

neglectg1) the LL-sublevel mixing in the limit the magnetic

length|,= (Ac/eB)Y? is larger than the QW width an®)
the field-induced distortion ofal). This approximation is
valid for small magnetic energigsw, ,=eB, /m’c, hw,

=eB,/m’c. These conditions are satisfied in typical narrow
QW’s in magnetic fields up to several tesla. The accuracy o

bulk semiconductors in the crossed fieldstohndB and is
much smaller than the linear magneto-Stark shift term for
smallE,; .

The origin of the magneto-Stark shift is understood in the
following way. The potential energies of an electron and a
hole at thek,-dependent part of the centroid=—xg;
=—k,I? are given by—xS,6E = —s,k,|ZeE, which is
the first term on the right-hand side of E®). In the pres-
ence of By, the wave numberk, is displaced byAk,
=—z,/1f, yielding a shift s,z,|%eE/I’=s,z,6EB,
/B, . The latter is the shift of the potential energy of the
electrons and holes at the centroid of the wave function due
to B, andE,. This is the second term on the right-hand side
of Eq. (3). The magneto-Stark shift for the PL energy is the

%um of the contributions from the electron and the hole.

The eigenfunctions of Eq2) are the harmonic functions
on(X+x,) with the centroid atx=—x,. The total wave
function is given by W ,=L, YZexp(-iky)e, (x+x,)|a1),
whereL, is the length of the sample in thedirection. The
argumentx,=Xqy+S,0x contains a uniform park, and a
relative parts,dx. The role of 6x is then to shift the har-
monic wave functions of the electrons and holes relative to
each other, introducing oscillations in the overlap function
§¢ne(x+ OX)| b, (X— 6x)). The probabilityP (&) for the ng

this approximation is assessed in Sec. Ill, where a full exact” M transition is proportional td(;PGeI‘I’hH and equals,
numerical solution is presented and the domain of validity i@Part from the overlap factdih1,.e1)<,

derived for the fields.
Equation(1) is then simplified to

% 9
1. % 2 2
o —&X2+5mawm(x+xa) +e,tH, ., (2
[e3

H(O):_

wherex,=Xg+S,0X,

eq=—k,S.6E1%+2,5,6EB, /B, — mg(eauf/h)z/z,(S)

Xo=kyl? —(2ze+2,)B/2B, +(mE —mf)eE|1/2h2, (4)
and

&(:ZheB\|/ZBL+eE||Ii/2thM . (5)

In Egs. (2—(5), zhe=2,— 2. is the algebraic distance be-

tween the electron and hole layets=(#%c/eB,)? w,

=eB, /Mc, and M=mZ +mj; . The electron-hole separa-

tion is given byd=|z,J. The eigenvalues of Eq2) are

P, (£)=Pn, n (&) =Ken (X+8X)|@q, (x— X))

_n<! —Ee(Ns—n) N>"Nep g2

_Ee 55( > <)|_n< (€)?, (8)
where&=2(6x/1,)? is dimensionlessn-.(n.) is the larger
(lessey of (ne,ny), andL]'(€) is the associated Laguerre
polynomial. The first term obx in Eq. (5) is proportional to
d. The effect of the second term linearky) has been studied
earlier by Aronov in bulk semi-conductors in the crossed
fields of E andB and is independent af.

In Fig. 2, we plot the relative transition probability
Pnnr(€) for sample 1(i.e.,d=100 A) in dashed curves as a
function of B, for low-lying levelsn=n, andn’=n,, and
E,=0. At B,=£=0, the probabilityP,, . (&) equals unity for
the n—n direct transitions and vanishes for the off-diagonal
transitionsn.— n,# n.. The B;-dependent oscillations arise
from (1) the orthonormality of the harmonic wave functions
in the conduction and valence bands a@l the relative
B,-induced displacemenix of the centroid of the harmonic
wave functions of the electrons and holes due to their sepa-

given by £,(n, ky) =fiw, ,(n,+1/2)+&,. The resonance
photon energy for th@.— n;, transition is then given, apart
from the gap plus the ground-sublevel energiesigf,, by

ration. The effect of, is to linearly shift the effectiv®, for
the oscillations according to E¢G).
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1.0 The denominator in Eq10) (defined a<Z,,) has an energy
scale of the sublevel energies. For examplg,,
0.8 =1.03A¢,,, for an infinitely deep QW and ,,=Ae¢,,, for
= a parabolic QW, wherde¢,; is the separation between the
g ground and theth sublevel. For sample Z..=101.5 meV
E 0.6 andZ,,=54.07 meV, yielding 0.0043B, /Bf for the elec-
T trons and 0.0018B, /B for the holes. HereB is in tesla.
2 0.4 These conditions are easily satisfied except at extremely
> smallB, and largeB,. For the masses; = m}.=0.067(in
« 0.2 units of the free electron massn} =0.11, andmj,=0.45,
the magnetic energies arew .=fw, =1.73 meV, fioy,
00 =hw, ,=1.06 meV atB =B, =1T.
' The second term in Eq9) yields a second-order correc-
10 tion =\,e” to &, , which is the quadratic terrtin E)) of &,
in Eq. (3). This correction should be small:
0.8
g (A /4mE,) (hwja)®
5 0.6 >\1=E A 2 Y 7o <l
= : 51 Aeg[h%1(2m7(ail(z2=2,)|al))]
S (1D
g 0.4
s Again, the energy in the square brackets in the denominator
d 02 is large. For sample 1, Eq1l) yields Bj<36.1 T andB;

<92.2 T, respectively, for the electrons and holes. These
conditions are relevant only for tHgf-dependent PL shift in
0.0 Eq. (6).
For then,th LL, the third term in Eq(9) yields a second-
B, (M order correctior= —\,hw, , Which should be small:

FIG. 2. Relative PL intensity for direat,— n; transitions for
(@ B,=1T and(b) B, =4 T for sample 1 withd=100 A andE, Np= 2

=0. The dashed curves are frdfy, . (£) and the solid curves are i>1x

from the full numerical solution. Zero-temperature transitions for an - 2

n-type sample are marked by bold labels and thick solid lines. The (M /4mz,) (A wja) N, = <1

wriggles for the 0-1 curve irfb) are from numerical fluctuations. (A it H[A%(2mE (ai|(z—2,)|al)?)]
[ll. DOMAIN OF VALIDITY AND FULL (12)

NUMERICAL SOLUTION .
Heren, .=n,+1/2=1/2. For sample 1, E(12) yields B,

In this section, we give an exact numerical solution for<69.5 T andB;<144.6 T forn,=0 andB, =4 T for the
the total Hamiltonian, assess the accuracy of the analytiglectrons and holes, respectively.
results in Sec. I, and derive the domain of their validity. \We have also performed similar numerical studies for
These results were obtained by approximatigz, in Eq.  asymmetric 57-48-53-A GaAs/QlGa, -As DQW'’s with the
(1). The correction term is given by same 12 meV mismatch between the left and right QW’s as
in sample 1 but with flat QW bottoms and wihy =0. Very
similar numerical results were obtained.

In order to assess the accuracy of the approximate results
in Sec. Il, we have performed a full exact numerical diago-
The total HamiltoniarH ,=H(®+H(? can be diagonalized nalization of the HamiltoniarH, for sample 1, using four
using ana(X+Xa)|ai> as a basis set. It is sufficient to use sublevels and ten LL's for both the electrons and holes. As
several LL’s and two to three sublevels. The first two termseXpected from the error analysis presented in Et~(12),
in Eq. (9) are diagonal inp, (x+x,) and the last term has the fan(i.e., ep (Ne—np) vs B, ) diagrams show no visible
off-diagonal matrix element$n|x+xa|n’>=ll(\/ﬁﬁnrvn_l deviation from the slopes given by E¢(6) below B;, B,

. _ <10Tf le 1. Also, the shift of the PL t
+\/ﬁ’5n,,n+l)/\/§. Before presenting full numerical solu- or samp'e S0, e shitt of "he energyenf

. d " : =0 is negligible belowB;=5 T, while it is about 0.6 and 0.3
tions, we derive the conditions that the corrections caused by .\; tor the electrons and holes Bf=10T. The full nu-

H(al) are_negl|g|ble. ) i i merical transition probabilitiegsolid curve$ are compared
The first-order correction from the first term in E®)  \yith P, (&) in Fig. 2 for E,=0. Only then,—n,=0 tran-
should be much smaller than the LL energy: sitions (thick curves with bold labejsare relevant at low

(M 14m* ) (Fray )2 tempefatures for an-type sample. The deviat_ion of the full
B i L <tho,,. (10)  numerical result fronP, ,(£) is small at low fields as seen
hel2my (all(z—2,)% al)) in Fig. 2@). However, the deviation is significant at high

HY =m} of(z—2,)%2+ s,m} 0,6 E12 (2 2,) 1%

_meLaw\\a(X+Xa)(Z_Za)- (9)
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B,’'s as seen abovB,=4T in Fig. Ab). In Fig. 2, the 0-1
transition shows more deviation than the 1-0 transition.
The corrections td®,, (&) at higher fields in Fig. 2 can
be understood in the following way. The perturbatidff
admixes a small amount of higher-energy>() sublevel
states tdal). The transition overlap integraléhl|ei)| and

|(hilel)| of these higher-energy states are, however, muc

larger than|(el|h1)|, yielding a significant correction to
P..n (&) outside the low field regime. The first two terms in
Eqg. (9) admix only the sublevels without affecting the LL
state. The first-order effect of these terms is to modify th
transition rate n.—n, by a factor (& ,8le
+B,E,B,/B,)? where 8;=—0.006 andB,=—0.057 for
sample 1 withB;, B, in units of T and inE; units of

1 kVicm. In contrast, the last term in E¢Q) admixes the
nex1 st LL’'s to the initialngth LL, thereby adding Hh,*+1
—n,=0" type oscillations to then,—n,=0 PL transition.
The PL energies are, however, given by Eg). as long as
the conditions in Eqs(10)—(12) are satisfied.

IV. CONCLUSIONS
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=0) increase from zero, reach a maximum, and oscillate

similarly with B;. The in-plane dc electric fiel&;, modifies

the overlap of the LL functions and introduces a linear

magneto-Stark shift plus a quadratic shift given in Ef).in

the PL line. This unusual Stark shift requires a nonzgro

and can be larger or smaller than the ordinary Stark shift.
he results are applicable to thin type-ll QW’s where the

electron and hole ground sublevels are spatially separated at

low fields. The analytic results obtained in Sec. Il are valid

only for smallg, B;, andB, while the full exact numerical

eresults in Sec. lll show similar behavior outside this range as

shown in Fig. 2. Rigorous criteria for the domains of validity
of the fields for the PL energies given in E&) were pre-
sented in Egs(9)—(12).

An estimate of the relative separation of the electron and
hole layers can be obtained from the magneto-PL data from
the magneto-Stark shift as well as from tBg-dependent
oscillations of the transition intensities at low fields. In
type-1l structures, however, the PL intensity is much weaker
than in the type-I systems due to a small electron-hole over-
lap (h1]el), unless either the electron or the hole effective
mass is small enough to allow the confinement wave func-

We have shown that the LL PL intensities in a tilted mag-1ions to penetrate deeply into the center barrier.

netic fieldB=(B,,B,) depend strongly oB, when the elec-

trons and holes are separated. The intensities of the direct

ne— Ny =N, transitions(allowed atB,=0) decrease to zero
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