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Photoluminescence spectra ofn-doped double quantum wells in a parallel magnetic field
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We show that the photoluminescence~PL! line shapes from tunnel-split ground sublevels ofn-doped thin
double quantum wells~DQW’s! are sensitively modulated by an in-plane magnetic fieldBi at low temperatures
(T). The modulation is caused by theBi-induced distortion of the electronic structure. The latter arises from
the relative shift of the energy-dispersion parabolas of the two quantum wells~QW’s! in kW space, both in the
conduction and valence bands, and formation of an anticrossing gap in the conduction band. Using a self-
consistent density-functional theory, the PL spectra and the band-gap narrowing are calculated as a function of
Bi , T, and the homogeneous linewidths. The PL spectra from symmetric and asymmetric DQW’s are found to
show strikingly different behavior. In symmetric DQW’s with a high density of electrons, two PL peaks are
obtained atBi50, representing the interband transitions between the pair of the upper~i.e., antisymmetric!
levels and that of the lower~i.e., symmetric! levels of the ground doublets. AsBi increases, the upper PL peak
develops anN-type kink, namely a maximum followed by a minimum, and merges with the lower peak, which
rises monotonically as a function ofBi due to the diamagnetic energy. When the electron density is low,
however, only a single PL peak, arising from the transitions between the lower levels, is obtained. In asym-
metric DQW’s, the PL spectra show mainly one dominant peak at allBi’s. In this case, the holes are localized
in one of the QW’s at lowT and recombine only with the electrons in the same QW. At high electron densities,
the upper PL peak shows anN-type kink like in symmetric DQW’s. However, the lower peak is absent at low
Bi’s because it arises from the inter-QW transitions. Reasonable agreement is obtained with recent data from
GaAs/Al0.3Ga0.7As DQW’s. @S0163-1829~99!00411-7#
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I. INTRODUCTION

Physical phenomena in tunnel-coupled quasi-tw
dimensional double quantum well~DQW! structures have
received increasing attention recently. These systems s
novel electronic and transport properties, which are absen
single QW’s. Although the effect of the Landau quantizati
in perpendicular magnetic fields in the growth~i.e., z direc-
tion! has been examined extensively in the past, interes
effects due to purely in-plane magnetic fields (Biix) began
to be discovered only recently.1–14 In weakly coupled
DQW’s with a wide center barrier, tunneling conductan
can be tuned byBi .1–4 In strongly coupled DQW’s with a
thin center barrier,Bi introduces anticrossing in the energ
dispersion curves,5 yielding modulations in the transpo
properties such as the resistance5–11 and the cyclotron
mass.11–14 In this paper, we calculate the photoluminescen
~PL! line shapes from tunnel-split ground-sublevel doubl
of strongly coupledn-doped DQW’s and show that the lin
shapes are sensitively modulated byBi at low temperatures
(T). Our theoretical results yield strikingly differen
Bi-dependent behavior of the PL spectra for symmetric
asymmetric DQW’s. The PL line shapes, evaluated
GaAs/AlhGa12h As DQW’s with h50.3, agree with recen
data.

The effect ofBi is to displace the origins of the transver
crystal momentaky in the two QW’s away from each othe
in kW space byDky5d/l i

2, where d is the center-to-cente
PRB 590163-1829/99/59~11!/7600~10!/$15.00
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distance between the QW’s andl i5A\c/eBi is the mag-
netic length. Carrier motion in thekx direction is undis-
turbed. As a result, the energy-dispersion parabolas of
two QW’s, in the effective mass approximation, interse
each other. The degeneracy at the crossing is removed d
tunneling, thereby yielding an energy gap in theky direction
as illustrated in Fig. 1 for symmetric DQW’s and in Fig.
for asymmetric DQW’s. The lower edge of the gap becom

FIG. 1. PL energies~shown by vertical arrows! in n-doped sym-
metric DQW’s~a! at Bi50, ~b! in high Bi’s and low temperatures
and ~c! in high Bi’s and high temperatures. The quantityDSAS in-
dicates energy splitting between the symmetric and antisymme
ground sublevels. The splittings for the holes are negligibly sm
7600 ©1999 The American Physical Society
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a saddle point at a sufficiently highBi as shown in Figs. 1~b!,
1~c!, and 2~b!, with a logarithmic singularity in the density o
states. With increasingBi , the two paraboloids move farthe
away from each other, passing the anticrossing gap thro
the chemical potentialm indicated by the horizontal lines in
Fig. 1.10–12The bottoms of the parabolas rise in energy w
Bi due to the diamagnetic energy. The holes here are he
holes~i.e., u3/2,63/2&). Light holes have larger confinemen
energy and are not populated at lowT.

Qualitative understanding of the key features of t
Bi-dependent PL between the majority electrons and
photogenerated holes in the ground doublets can be ga
from inspection of the in-plane energy-dispersion curves
the momentum-conserving interband transitions illustra
by the vertical arrows in Figs. 1 and 2 for symmetric a
asymmetric DQW’s, respectively. In symmetric DQW’s
Bi50, the interband transitions between the ground lev
~i.e., lower branches! and the excited levels~i.e., upper
branches! yield two PL peaks separated by the gap ene
DSAS. The doublet splitting of the hole energy is negligib
small due to the large confinement mass of the heavy ho
The saddle point is formed atky50 above a sufficiently high
Bi ~;4 T in our example! in the conduction band due t
strong tunnel-induced repulsion between the upper and lo
branches. At this field, the minima of the electron ene
move away fromky50 abruptly as shown in Fig. 1~b!. On
the other hand, the repulsion between the lower and up
branches is weak in the valence band. The hole ene
minima move away fromky50 continuously asBi in-
creases, depopulating the holes from theky50 area at low
temperatures and reducing the PL intensity from the up
peak. As a result, the upper PL peak energy as a functio
Bi shows anN-type kink, namely a maximum followed by
minimum, and merges with the lower peak at higherBi’s as
observed recently.15 The maximum arises from the initia
rise due to the diamagnetic energy. At high temperatu
however, the holes still populate the area near the anticr
ing gap atky50 even at highBi’s, yielding three~two! PL
peaks when the chemical potential is above~inside! the gap
at high~low! doping densities. This behavior is illustrated
Fig. 1~c!.

FIG. 2. PL energies~shown by vertical arrows! in n-doped
asymmetric DQW’s~a! at Bi50 and~b! in high Bi’s. The energy
splitting in ~a! is mainly due to the energy mismatch between
bottoms of the QW’s. The holes in~b! are localized in the right QW
at low temperatures as shown by the black dots and become
calized at high temperatures as illustrated by the empty dots.
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In asymmetric DQW’s, on the other hand, holes are loc
ized in one of the QW’s at low temperatures as shown in F
2. Electron-hole recombinations then occur mainly in t
QW where the holes reside, yielding a single PL peak at
Bi’s as illustrated in Fig. 2 and observed recently.15 At high
temperatures, however, more PL peaks can occur as i
trated by broken arrows in Fig. 2~b! due to thermal excita-
tions of the holes.

The organization of this paper is as follows. In the ne
section, we present a self-consistent density-functio
theory for the eigen energies and eigen states. A formal
for the PL line shape is given in Sec. III. Numerical resu
and discussions are presented in Sec. IV for theBi2, T2,
and G2dependent behavior of the PL line shapes of sy
metric and asymmetric DQW’s, and for the band-g
narrowing.16,17 The paper is concluded in Sec. V with som
brief remarks.

II. EIGEN-ENERGIES AND FUNCTIONS
FOR ELECTRONS AND HOLES

Let us consider a double quantum well~DQW! structure
in which the width of both quantum wells isLW . These two
quantum wells~QW’s! are separated by a center barrier w
thicknessLB . Both the left and right QW’s are modulationd
doped with the sheet densitiesND

L and ND
R at the left and

right sides of DQW outer edges. The thickness of the spa
layer betweend-doping layer and the outer edges of th
DQW’s is LS . The well material is GaAs and the barrie
material is AlhGa12h As with h50.30 being the alloy com-
position. An external magnetic fieldBi is applied in thex
direction parallel to the planes of the QW’s. In this paper,
will study both symmetric and asymmetric DQW’s. Fo
asymmetric DQW’s, either the widths of two quantum we
are not identical or thed-doping densities on the left an
right are not the same.

It is well known that the ground state of electron and ho
gases in quantum wells can be accurately calculated by
Kohn-Sham density-functional theory at low temperatur
In this paper, we calculate the PL spectrum from the tunn
split ground states of electrons and heavy-holes. The e
functionf j ,ky

e (z) and energyEj
e(ky) for electrons in the Lan-

dau gauge can be calculated from the Kohn-Sham den
functional theory

F2
\2

2

d

dzS 1

me* ~z!

d

dzD 1VDQW
c ~z!1

\2

2me* ~z!
S ky2

z

l i
2D 2G

3f j ,ky

e ~z!1$VH
e ~z!1VXC

e @ne~z!#%f j ,ky

e ~z!

5Ej
e~ky!f j ,ky

e ~z!. ~1!

In Eq. ~1!, me* (z) is the position-dependent confineme
mass of the electrons in thez direction, which equals
0.0665m0 inside the GaAs wells and~0.066510.083h! m0
in the AlhGa12hAs barriers, andm0 is the free-electron mass
j is the sublevel index, andVDQW

c (z)50.5731.427h ~eV! is
the conduction-band offset. The total electron energy is

lo-
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Ej
e~ki!5Ej

e~ky!1
\2kx

2

2mj
e~ky!

, ~2!

wherekx is the electron wave vector in thex direction. The
in-plane effective mass of electronsmj

e(ky) in the j th sub-
level is given by

1

mj
e~ky!

5
Pj

e~ky!

mW
e

1
12Pj

e~ky!

mB
e

. ~3!

Here, the dwelling probability for the electrons in the DQ
region is

Pj
e~ky!5E

DQW Region
@f j ,ky

e ~z!#2dz, ~4!

and mW
e 50.0665m0, mB

e5(0.066510.083h)m0 are the in-
plane effective masses of the electrons in the QW and b
ers, respectively. The Hartree potentialVH

e (z) for the elec-
trons is determined from Poisson’s equation

d

dzFeb~z!
d

dz
VH

e ~z!G5
e2

e0
F (

a5L,R
ND

a d~z2za!2ne~z!G ,
~5!

and the exchange-correlation potentialVXC
e @ne(z)# for the

electrons in the local-density approximation18 is given by

VXC
e @ne~z!#52

e2

8pe0eb~z!a0* ~z!
H 110.0545r s~z!

3 lnF11
11.4

r s~z!G J F 2

p~4/9p!1/3r s~z!
G . ~6!

In Eq. ~5!, za ~with a5L,R) is thed-doping layer position.
In Eq. ~6!,

a0* ~z!5
4pe0eb~z!\2

me* ~z!e2
~7!

is the effective Bohr radius and

r s~z!5H 4

3
p@a0* ~z!#3ne~z!J 2 1/3

~8!

is the dimensionless electron density parameter. Here,eb(z)
is the dielectric constant that equals 12.04 in the QW’s a
~12.0422.93h! in the barriers, respectively. The electro
density function is calculated from

ne~z!5
2

A (
j ,ki

@f j ,ky

e ~z!#2f 0
e@Ej

e~ki!#, ~9!

whereA is the sample cross-section area. The Fermi-Di
distribution functionf 0

e@Ej
e(ki)# for electrons in the equilib-

rium state is

f 0
e@Ej

e~ki!#5FexpS Ej
e~ki!2me

kBT D 11G21

, ~10!

and the electron chemical potentialme is determined by the
charge neutral condition
ri-

d

c

ND
L 1ND

R5E
2`

1`

ne~z!dz5
2

A (
j ,ki

f 0
e@Ej

e~ki!#. ~11!

Here, the small photo-excited electron-hole density is
sumed to be negligibly small and the semiconductor surfa
are assumed to be far away.

In III-V semiconductors, such as GaAs and AlxGa12xAs,
mixing between the electrons and holes is extremely sm
due to the large energy band gap. However, there still ex
mixing between the heavy and light hole states, which c
ates nonparabolic energy dispersions of heavy and l
holes.19–21 It is well known that these nonparabolic energ
dispersions are only important for the hole states with la
in-plane momentum. Here, the density of photo-excited ho
is so low that only the hole states with very small in-pla
momentum at low temperatures are occupied. As a res
mixing of the heavy- and light-hole states can be neglec
in our calculation. The eigen functionf j ,ky

h (z) and energy

Ej
h(ky) for the holes can be determined from the followin

Schrödinger equation in the Landau gauge

F2
\2

2

d

dzS 1

mh* ~z!

d

dzD 1VDQW
p ~z!1

\2

2mh* ~z!
S ky2

z

l i
2D 2G

3f j ,ky

h ~z!1$VH
h ~z!1VC

h @ne~z!#%f j ,ky

h ~z!

5Ej
h~ky!f j ,ky

h ~z!, ~12!

wheremh* (z) is the confinement mass of the holes in thez
direction and equals 0.4535 in the QW’s and~0.4535
10.14h! in the barriers. In Eq.~12!, VDQW

p (z)50.43
31.427h ~eV! is the valence-band offset. The Hartree pote
tial for the holes isVH

h (z)52VH
e (z), and the correlation

energy is18

VC
h @ne~z!#52

e2

8pe0eb~z!a0* ~z!
F3

4
10.6213us~z!

3H ~11us~z!3!lnS 11
1

us~z! D
1

us~z!

2
2us~z!22

1

3 J G
3F 2

11.4p~4/9p!1/3us~z!
G , ~13!

whereus(z)5r s(z)/11.4. The total hole energy is

Ej
h~ki!5Ej

h~ky!1
\2kx

2

2mj
h~ky!

, ~14!

where the effective mass of holesmj
h(ky) in the jth sublevel

is given by

1

mj
h~ky!

5
Pj

h~ky!

mW
h

1
12Pj

h~ky!

mB
h

. ~15!

Here, the dwelling probability for the holes in the DQW
region is
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Pj
h~ky!5E

DQW Region
@f j ,ky

h ~z!#2dz, ~16!

and mW
h 50.09, mB

h5(0.0910.10h) are the in-plane effec
tive masses of holes in the QW’s and barriers, respectiv
The effective masses and the band offsets are summariz
Table I.

III. PHOTOLUMINESCENCE SPECTRA

The PL spectrum is determined by the following spon
neous emission rate:22,23
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TABLE I. Band offsets and effective masses in units of t
free-electron mass and band offsets for the electrons and hole
GaAs/Al0.3Ga0.7As DQW’s, wheremW

h ' andmB
h ' representmh* (z)

in the QW’s and barriers, respectively.

DEc ~eV! DEv ~eV! mW
e mB

e mW
h mB

h mW
h ' mB

h '

0.244 0.184 0.0665 0.0914 0.09 0.12 0.4535 0.49
Rsp~v!5
Aebv e2

p3\m0e0c3Lz
E

E1
h
~ky

min
!

\v2Eg2E1
e
~ky

min
!
dE8 f 0

e~\v2Eg2E8! f 0
h~E8!

3
2

A (
j , j 8;ki

S@\v2Eg2Ej
e~ky

min!2Ej 8
h

~ky
min!#F uM j , j 8

e,h
~ky!u2

m0
G

3
GeGh

$Gh
21@E82Ej 8

h
~ki!#

2%$Ge
21@\v2Eg2E82Ej

e~ki!#
2%

, ~17!
e
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where \v is the photon energy,Eg51.52425.405
31024T/(T1204) eV is theT-dependent energy gap o
GaAs material,T is in kelvin, E1

e,h(ky
min) are the minimum

ground-state energies of the electrons~e! and the holes~h!,
andLz5LB12LW is the total length of the active region i
the DQW’s. The quantitiesGe andGh are the homogeneou
broadening of the electron and hole states. The line sh
of the photoluminescence spectrum is a very complica
issue.24,25 In general, it depends on electron-impurit
electron-phonon, electron-interface roughness, and elec
electron scattering. Scattering mainly causes a finite lifet
for electrons and holes and the shift of band edges that
insensitive to the magnetic field. Here, we study t
magnetic-field dependence of the PL peak energy posit
Therefore, constant level broadening for electrons and h
is adequate for studying the magnetic-field dependenc
the PL spectra. The quantityeb is the average dielectric con
stant of the system. The Boltzmann distributionf 0

h@Ej
h(ki)#

for nondegenerate holes is

f 0
h@Ej

h~ki!#5expFE1
h~ky

min!2Ej
h~ki!

kBT G , ~18!

where the prefactor in Eq.~18!, which can be determined b
the hole density, is omitted. Therefore, we only get the re
tive strength of the peaks in the PL spectra. The dip
transition-matrix element is

uM j , j 8
e,h

~ky!u2

m0
5S m0

mW
e

21D Eg1D0

2~Eg12D0/3!
EgQj , j 8

e,h
~ky!,

~19!

where the oscillator strengthQj , j 8
e,h (ky) is given by
pe
d

n-
e
re

n.
es
of

-
e

Qj , j 8
e,h

~ky!5U E
2`

1`

dzf j ,ky

e ~z!f j 8,ky

h
~z!U2

. ~20!

We include the z-dependent effective mass in th
Schrodinger equations, Eqs.~1! and ~12!, for electrons and
holes. There is another effect ofz-dependent effective mas
on the overlap of electron and hole wave functions.26 How-
ever, this effect is expected to be very small when the e
tron and hole states are well confined due to the expon
tially small penetration of wave function into the barri
regions. In our calculation, we study the PL spectra betw
the tunneling split electron and hole ground states, which
both well confined inside the well region. When the cen
barrier is very thin, the penetration is moderate. Even in t
case, however, the effect of thez-dependent effective mas
on the overlap integral of the electron and hole wave fu
tions in Eq.~20! is small because the domain of the integr
tion from this narrow region is small. The broadened s
function S(x) in Eq. ~17! is given by

S~x!5
1

2
1

1

p
tan21S x

AGeGh
D . ~21!

In Eq. ~19!, D050.343 eV is the spin-orbit splitting of GaA
material.

IV. NUMERICAL RESULTS AND THEIR DISCUSSIONS

A. Symmetric Double Quantum Wells

We first discuss the result for symmetric DQW’s~sample
A! with the following parameters:h50.30,LW5100 Å, LB

535 Å, LS550 Å, andND
L 5ND

R51.231011 cm22. We ap-
proximateGe5Gh5G and assume thatG is a constant for
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simplicity. Figures 3~a! and 3~b! present two groups of reso
nant photon energiesEj , j 8

e,h (ky) for the momentum-
conserving interband transitions, namelyEj

e(ky)1Ej 8
h (ky) as

a function ofky . The successive curves from the bottom
the top showBi-dependent behavior asBi is varied from 0 to
9 T. The curves in Fig. 3~a! represent the transitions betwee
the lower branches (j 5 j 851) of the tunnel-split ground
doublets of the electrons and holes, while those in Fig. 3~b!
arise from the transitions between the upper branc
( j 5 j 852). The interesting gradual development of the ce
ter peak atky50 aboveBi53 T in Fig. 3~a! is due to the
formation of the saddle point as the two minima move aw
from ky50 as discussed in the Introduction. In additio
there is an increase in energy for allky due to the diamag-
netic shift.

WhenBiÞ0, the symmetry of the system is broken. As
result, the forbidden transitionsE1,2

e,h(ky) andE2,1
e,h(ky) at Bi

50 become possible whenBiÞ0, although they are rela
tively weak in strength compared to the transitionsE1,1

e,h(ky)
and E2,2

e,h(ky). The oscillator strength is proportional t
Qj , j 8

e,h (ky), which is defined in Eq.~20!. In Figs. 4~a! and

FIG. 3. Energy separationsEj
e(ky)1Ej

h(ky) between~a! the
lower (j 51) and~b! the upper (j 52) branches of the ground dou
blets of the electrons and holes of sampleA as a function ofky with
variousBi from 0 to 9 T. The curves with specific symbols from th
bottom (s) to the top (.) at ky50 correspond toBi50 to 9 T, in
1 T increasements.
s
-

y
,

4~b!, we display uM j , j 8
e,h (ky)u2/m0}Qj , j 8

e,h (ky) for the transi-
tions between the lower branch in the conduction band~i.e.,
j 51) and the lower (j 851) and the upper (j 852) branches
in the valence band for variousBi’s. In the absence of the
magnetic field ~i.e., Bi50), we have Qj , j 8

e,h (ky)5d j j 8 ,
namely, only the transitions between the states with the s
parity are allowed for allky’s as shown by the empty circle
in Fig. 4. With the application ofBi , however, only the
states atky50 preserve parity, yieldingQj , j 8

e,h (0)5d j j 8 . For
asymptotically large values ofky , the separation between th
unperturbed energy parabolas of the two QW’s are v
large, yielding negligible mixing~i.e., tunneling! between the
two wells. Forky.0 (ky,0), the confinement wave func
tionsf1ky

e (z) andf1ky

h (z) approach the wave function of th

noninteracting right~left! well, while f2ky

h (z) approaches

that of the left~right! well. As a result,Q1,1
e,h(ky) approaches

unity andQ1,2
e,h(ky) becomes small at largeukyu as shown in

Fig. 4. For intermediate values ofky , the quantityQ1,j 8
e,h (ky)

has two minima forj 851 and two maxima forj 852. The
extremum points move towardky50 for increasingBi as

FIG. 4. Oscillator strengths}Qj , j 8
e,h (ky) for the transitions be-

tween the lower branch (j 51) of the electrons and~a! the lower
( j 851) and~b! the upper (j 852) branches of the holes as a fun
tion of ky for variousBi from 0 to 9 T at 4 K. Thesymbol on each
curve is the same as that used in Fig. 3.
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shown in Fig. 4, because the above discussed asymp
behavior develops at smallerky values at higherBi’s due to
a larger displacementDky .

Figures 5~a! and 5~b! display theBi dependence of the
product of the populations of electrons and holes in
ground doublets as a function ofky for the transitions studied
in Fig. 3. The minima atky50 in Fig. 5~a! aboveBi>2 T
are caused by the depopulation of the holes which was
ready illustrated in Fig. 1~b!. At Bi59 T, the electrons are
also completely depopulated from the saddle point, beca
the saddle point has passed through the chemical poten
At this field, the hole population atky50 is still a few per-
cent of theBi50 population due to thermal effects. Th
change in the product of the populations of electrons
holes in the lower branch is dominated by the holes at
fields and by the electrons at high fields. In Fig. 5~b! we find
that the product of the populations of electrons and hole
zero atBi58 T because the chemical potential lies with
the gap region. The gradual narrowing of the curves in F
5~b! for increasingBi is due to the gradual depopulation
the upper branches, which starts in the large-ukyu regions and
ends atky50. This depopulation is dominated by the hol
at low fields and by the electrons at high fields.

Figure 6 shows the profiles of the single-particle~SP!
conduction- and valence-band edges on the right axis,
their shifts due to the self-consistent Hartree~SCH! potential
~dash-dotted lines! and the density-functional~DF! result
~solid lines! on the left axes atBi53 T. The latter includes
the exchange-correlation effect for the electrons and the

FIG. 5. Products of the electron and hole occupation functi
for ~a! the lower and~b! the upper branches of the ground double
at 4 K, as a function ofky for variousBi from 0 to 9 T. The number
on each curve representsBi value in tesla.
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relation effect for the holes. Note that the left and right ax
have very different scales. The SCH shift is identical in t
conduction and valence bands, resulting in no visible s
for the PL energy. However, the exchange-correlation ene
lowers the conduction-band edge and raises the valence-
edge relative to the SCH energies as shown by the solid l
in Fig. 6, yielding a band-gap narrowing and a considera
reduction of the PL energy. The energy lowering in the co
duction band due to the exchange-correlation effect is m
pronounced inside the QW’s due to their higher electron d
sities, resulting in a peak for the DF energy inside the cen
barrier. The same effect, together with the fact that holes
more localized inside the QW’s due to their heavy effect
mass, yields a more pronounced dip for the DF energy in
valence band inside the center barrier as shown in Fig
This peak-dip effect is more pronounced for a largeBi where
the electrons are more localized inside the QW’s.

Calculated PL spectra are displayed in Fig. 7 for vario
Bi’s from 0 to 9 T. TheBi development of the two PL peak
is indicated by dotted and dashed linesU and L. It is clear
that the upper peak~dotted line! disappears above 6 T due to
the gradual depopulation of the holes from the upper bra
aroundky50 as seen from Fig. 5. ThisBi-dependent behav
ior of the peak energy is plotted in Fig. 8. The upper pe
shows anN-type kink and merges with the lower peak. Ear
observed spectra15 with large linewidths did not resolve th
upper and lower peaks clearly but showed a flatBi depen-
dence of the peak below 5 T, consistent with the result
Fig. 8. More recent data with narrower linewidths show
two-peak behavior27 similar to that shown in Figs. 7–9. Th
calculated peak energy rises rapidly~e.g., nearly quadrati-
cally! as a function ofBi above 6 T ingood agreement with

s

FIG. 6. Conduction- and valence-band edges~right axis! as well
as the Coulomb potentials for the electrons and holes~left axis! in
symmetric double quantum wells as a function of the distancz
along the growth direction atBi53 T. The dash-dotted and soli
lines represent the results calculated from the self-consistent
tree theory and the density-functional theory at 4 K, respective
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the observed data.15 The Bi-dependent evolution of the P
spectra is more clearly seen in Fig. 9 obtained for sma
dampingG50.5 meV. In this case, splitting of the two pea
is more clear, showing the abrupt switching of the stren
from the high-energy peak to the low-energy peak at ab
Bi;3 T. At low Bi’s near 0 T, the high-energy peak of th
non-Lorentzian line shape appears much stronger than
low-energy peak because of the superposition of tail of
low-energy peak. The strength of the high-energy peak, h
ever, diminishes rapidly at higherBi due to the depopulation
of the carriers from the upper branch. The depopulation
curs first for the electrons in the upper branch for a sys
with a low-doping density. In a high-doping density syste
the depopulation occurs first for the holes atky50 at low
temperatures.

Figures 10~a! and 10~b! display the comparison of th
relative PL peak strengths of the upper and lower peaks@in
~a!# and PL peak energies@in ~b!# extracted from Fig. 9 as a
function of Bi from SP ~dashed-dotted line!, SCH ~dotted
line!, and DF~solid line! calculations. In Fig. 10~a!, we find
that the switching of the strength between the two PL pe
occurs aroundBi53 T. The Coulomb interaction does no

FIG. 7. Photoluminescence spectra atT54 K for various Bi
from 0 to 9 T andG51.0 meV. The dashed and dotted lines a
guides to the eye for the lower and upper PL peaks.

FIG. 8. Extracted PL peak energies from the calculated PL sp
tra in Fig. 7 as a function ofBi . The solid square on the line
represents the data from our calculation. The dashed line is
guide to the eye for the diamagnetic energy of the lower PL pe
r

h
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s

alter this switching feature in Fig. 10~a!. It slightly reduces
the strength of the high-energy PL peak asBi approaches to
zero and that of the low-energy peak asBi becomes large.
However, the exchange-correlation potential greatly redu
the PL peak energies by about 17 meV as shown in F
10~b! by the solid curves. The reduction in the peak energ
from the SP to the SCH approximations in Fig. 10~b! arises
from the fact that the holes can maximize their energy lo
ering by situating themselves near the SCH potential m
mum ~see Fig. 6! without paying high confinement energ

FIG. 9. Evolution of the PL spectra at 4 K for G50.5 meV and
for variousBi from 0 to 9 T.

FIG. 10. Comparison of the relative PL peak strengths~a! and
peak energies~b! in Fig. 9 as a function ofBi calculated from the
single-particle theory~dash-dotted line!, self-consistent Hartree
theory ~dotted line!, and the density-function theory~solid line!.
The peak due to PL from the saddle point is indicated with
arrow.
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because of their heavy confinement mass. As a result,
sublevels in the valence band move up in energy more t
those in the conduction band, yielding the net reduction
the PL energy. Note that this SCH reduction is more p
nounced for the upper peak than for the lower peak in F
10~b!. This is due to the SCH narrowing of the anticrossi
gap in the conduction band. This narrowing arises from
fact that the electrons in the lower symmetric branch w
relatively a large amplitude in the center barrier region fee
larger repulsive Hartree potential than the electrons in
upper asymmetric branch. The dips in Fig. 10~b! aroundBi
53 T are the result of the competition between the enhan
ment of the band-gap narrowing due to theBi-induced local-
ization of the carriers into the QW’s and the diamagne
energy. The latter dominates aboveBi53 T.

Figure 11~a! exhibits the PL spectra as a function of th
energy with variousBi from 0 to 9 T for a large homoge
neous broadeningG52.0 meV. Figure 11~b! displays the PL
peak energies extracted from Figs. 9, 7, and 11~a! as a func-
tion of Bi for G50.5, 1.0, and, 2.0 meV. From Fig. 11~a! we
find that the doublet structure in the PL peak energies sh
in Fig. 7, as well as theN-type feature observed in Figs. 8
are completely smeared out by the large homogene
broadening. From Fig. 11~b!, we further see that the homo
geneous broadening not only affects the line shape of the
spectra, but also modifies the PL peak energies.

So far, we have discussed the PL at low temperatures.
main effect of high temperature is to thermally populate
holes nearky50 and the electrons at the bottom of the upp

FIG. 11. ~a! Evolution of the 4 K PL spectra withG52.0 meV
for variousBi from 0 to 9 T.~b! The peak energies as a function
Bi for G50.5 meV~dotted line!, G51.0 meV~solid lines!, andG
52.0 meV ~dash-dotted line!. For G50.5 meV, the upper~lower!
curve is from the high-~low! energy PL peak.
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branch even at high fields as illustrated in Fig. 1~c!. As a
consequence, the ratio of the strengths of the upper pea
that of the lower peak rises with the temperature. This eff
is shown in Fig. 12, where the calculated PL spectra foG
50.25 meV are plotted at 4 and 20 K atBi54 T. The effect
of the thermal broadening and theT–dependent band nar
rowing is also seen clearly. The upper peak becomes stro
than the lower peak atBi50 T as in Fig. 9. At 20 K, there is
an additional contribution to the PL from the electrons ne
the saddle point indicated by an arrow in Fig. 12 and illu
trated in Fig. 1~c!. The PL energy from the saddle point
close to the lower peak in Fig. 12 because the saddle poi
barely formed atBi54 T. However, at a high field, the PL
energy from the saddle point cannot be resolved from
upper peak, since the anticrossing gap is small~;2 meV!.

B. Asymmetric Double Quantum Wells

When a dc electric fieldEdc is applied to the symmetric
DQW’s, it changes into an asymmetric DQW becauseEdc
lifts both the conduction- and valence-band edges of the r
QW compared to that of the left QW. Figure 13 presents
PL spectra of an asymmetric DQW for various magne
fields in three different situations. The parameters chose
our calculations are the same as those in sampleA. We fur-
ther chooseT54 K and G51.0 meV and vary the doping
densities.

In Fig. 13~a! we show the evolution of the PL spectra as
function of Bi for medium doping densitiesND

L 5ND
R51.2

31011 cm22 andhigh dc fieldEdc510 kV/cm. In this case,
only the lower branches are populated for both the electr
and holes. The electrons are distributed in both QWs, w
the holes occupy only the right QW for 0<Bi<9 T. The PL
spectra show a wide-band emission with the low-energy
high-energy peaks prevailing, respectively, at low and h
Bi’s. This behavior can be understood from Fig. 2. At lo
Bi’s, the dominant transitions are the low-energy transitio
indicated by a dashed arrow in Fig. 2~a!, since the upper
branch is empty. These transitions are inter-QW transiti
and are weak. At highBi’s, on the other hand, the dominan
transitions are the high-energy transitions indicated by
solid arrow in Fig. 2~b!. These transitions occur inside th
right QW and yield a strong high-energy peak.

Figure 13~b! presents the evolution of the PL spectra w
various Bi’s for lower doping densitiesND

L 5ND
R50.3

FIG. 12. PL spectra forG50.25 meV at 4 and 20 K atBi54 T.
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31011 cm22 and at the same dc fieldEdc510 kV/cm. The
basic difference between this low-density example and
above considered intermediate-density case is that the
trons are restricted within the left QW. The PL spectra sh
a narrow-peak emission, arising from weak low-energy
terwell transitions only. Compared with Fig. 13~a!, high-
energy intrawell transitions have been completely suppres
in the whole range ofBi considered here. The scale for th
intensity is about an order of magnitude smaller in Fig. 13~b!
than that in Fig. 13~a!.

We display in Fig. 13~c! the evolution of the PL spectra a
a function of Bi for high-doping densitiesND

L 5ND
R53.0

31011 cm22 and low dc fieldEdc56 kV/cm. In this case,
the holes populate only the lower branch, while the electr
populate both the lower and upper branches. At lowBi’s, the
strong peak in Fig. 13~c! arises from the intra-QW transition
from the upper branch shown by a solid arrow in Fig. 2~a!.
At high Bi’s, these transitions come from the upper edge

FIG. 13. Evolution of the 4 K PL spectra withG51.0 meV for
variousBi from 0 to 9 T for asymmetric DQW’s. For~a! we have
ND

L 5ND
R51.231011 cm22 and Edc510 kV/cm; For~b! we have

ND
L 5ND

R50.331011 cm22 and Edc510 kV/cm; and for~c! we
have ND

L 5ND
R53.031011 cm22 and Edc56 kV/cm. In ~b! the

scale for the intensity is about an order of magnitude smaller tha
~a!, while in ~c! the scale is about an order of magnitude larger th
in ~a!.
e
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the anticrossing gap as indicated by a shaded arrow in
2~b!. The intensity of this high-energy peak decreases
higher Bi’s because the holes become less available. N
that these transitions between the upper electron branch
the lower hole branch are allowed by the asymmetry of
DQW’s. At the same time, stronger intra-QW transitions
dicated by a solid arrow in Fig. 2~b! split off, yielding a
stronger PL peak at a somewhat lower energies as show
Fig. 13~c!. This behavior is similar to that shown by sym
metric DQW’s except that the lower PL peak is absent. N
that the scale for the intensity is about an order of magnit
larger in Fig. 13~c! than that in Fig. 13~a!.

A single-to-double PL peak transition induced byBi was
observed in a previous experiment28 from undoped asymmet
ric DQW’s with a wide QW and a narrow QW separated
a thin barrier. The electrons and holes, generated in the
row QW, tunnel and relax quickly into the wide QW wit
lower ground sublevel energies at low temperatures. A
result, only the low-energy PL peak was observed from
wide QW at Bi50. At high Bi’s, however, the interwell
tunneling is quenched, yielding an additional higher-ene
PL peak from the narrow well. The transition here is of
dynamical origin and is very different from that of th
presentn-doped system, where the electrons reside in b
QW’s at aBi’s.

V. CONCLUSIONS AND REMARKS

In this paper, we have demonstrated that the PL spe
from tunnel-split ground sublevels of DQW’s are sensitive
controlled byBi at low temperatures due to theBi-induced
distortion of the electronic structure. With the densit
functional theory, PL spectra with large band-gap narro
ings have been found as a function ofBi, T, andG. In sym-
metric DQW’s, two PL peaks have been obtained atBi50,
as a result of the interband transitions of the upper and lo
branches of the ground doublets of the electrons and ho
WhenBi is increased, the upper PL peak develops anN-type
kink and merges with the lower peak at largeBi . At low-
doping densities, however, the upper electron branch
empty, yielding only one PL peak. Asymmetric DQW’s, cr
ated by applying a dc bias field, are also considered. In
case, the following three different types ofBi-evolution of
the PL spectra are obtained.~1! At a low-doping density
where the electrons and holes are separated in the left
right QW’s, respectively, the PL spectra show a single we
low-energy peak @see Fig. 13~b!# which arises from
inter-QW transitions.~2! At an intermediate-doping densit
where the electrons are still only in the lower branch but
in both QW’s, the PL peak shifts from the above low-ener
peak at lowBi’s to a much stronger high-energy peak at hi
Bi’s @see Fig. 13~a!# arising from the intra-QW transitions in
the right QW, indicated by a solid arrow in Fig. 2~b!. ~3! At
a high doping density where the electrons populate b
branches, a single peak with anN-type kink behavior@see
Fig. 13~c!#, similar to that of symmetric DQW’s, is obtained

In our calculation, mixing of the heavy- and light-ho
states is neglected due to small in-plane momentum
photo-excited hole states. The exchange-correlation is
cluded in the density-functional theory, which is expected
lead to a relatively accurate result for the tunneling split el

in
n
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tron and hole ground states at low temperatures. The e
of z-dependent effective masses of electrons and holes on
overlap of electron and hole wave functions is also neglec
due to the strong confinement on the electron and h
ground-state wave functions. The effect of the scattering
electrons and holes by the impurities in the doping layers
included phenomenologically inG. We emphasize that th
conclusions drawn in this paper will not be changed by
approximations used in our calculation. The impurity scatt
ing is responsible for the complicated magnetic-field dep
dence of the spectral broadening.27 This can alter the line
shape of the PL peaks and can slightly shift the peak e
gies. A more complete theory, which includes the impur
st
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scattering in the self-consistent Born approximation is n
essary for a more detailed comparison between the the
and experiment.
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