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Photoluminescence in integer quantum Hall systems
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Photoluminescence spectra in two-dimensional systems in the quantum Hall regimen>2 are studied using
a numerical diagonalization method, wheren is the filling factor. The first moment of the spectra is understood
in terms of then-dependent screening effect. The spectra of left-circularly polarized light usually exhibit a
double-peak structure when 2,n<4, in qualitative agreement with recent experiments. Those of right-
circularly polarized light show only a single peak when 2<n<3 and a double-peak structure when 3<n
<4. The origin of this double-peak structure is strong hybridization between optically allowed and forbidden
final states through inter-Landau-level scattering between electrons with opposite spins.

DOI: 10.1103/PhysRevB.65.115330 PACS number~s!: 73.43.2f, 78.55.2m
te

to
te
ei

fo

c-
n
a

fin

n
in
ld
d

a

p

ex
d
o
-

th

,
y-
x-

in
n,

ctly
and
ance
ec-

ed
u-
n is

vel
at

red
ame

l,
I. INTRODUCTION

For the past two decades, photoluminescence~PL! has
been intensively studied both experimentally1–25 and
theoretically26–59 in two-dimensional~2D! systems in the
quantum Hall ~QH! regime. In this paper, we investiga
electron-electron~e-e! and electron-hole~e-h! interaction ef-
fects on PL in QH systems characterized by the filling fac
2<n<4. Exact spectra in finite-size systems are calcula
using a numerical diagonalization method including th
first moment.

Experiments are performed in various type of systems:
example, quantum wells~QW’s!,1–11,22–25 normal single
heterojunctions,12–18 and single heterojunctions with an a
ceptor monolayer.19–21In this paper, we mainly discuss PL i
QW’s. When a QW is sufficiently narrow, electrons and
photoexcited valence hole can be regarded as being con
in a same 2D plane as shown in Fig. 1~a!. In this case, the
potential of e-e and e-h interactions satisfies the relatio
vee(r )52veh(r ). When the QW is skewed as is shown
Fig. 1~b! due to one-side doping or an external electric fie
electrons and a photoexcited valence hole are confine
layers separated by a distanced and thereforevee(r ).
2veh(r ). This e-h layer distanced can be controlled by an
external electric field applied normal to the interface with
gate electrode structure.

When a conduction electron with spinsz51\/2 and a
valence heavy hole with angular momentumj z523\/2 are
recombined, left-circularly polarized~LCP! light is emitted.
On the other hand, a recombination of an electron with s
sz52\/2 and a hole with angular momentumj z513\/2
induces right-circularly polarized~RCP! light.

Photoluminescence atn.2 is intriguing from the point of
view of symmetry breaking. When electrons and a photo
cited valence hole are confined in the same 2D plane an
of them belong to the lowest Landau level, the system p
sesses a ‘‘hidden symmetry’’26–29 expressed by a commuta
tion relation between the Hamiltonian projected onto
0163-1829/2002/65~11!/115330~12!/$20.00 65 1153
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lowest Landau levelH̄ and the recombination operatorLa :

@H̄,La#52~Ea
02E0!La , ~1.1!

where subscripta52 and 1 denote LCP and RCP light
respectively,Ea

0 is the PL energy in the absence of man
body effects, andE0 is the binding energy of a magnetoe
citon consisting of an electron and a valence heavy hole
the lowest Landau level. Due to this commutation relatio
PL spectra are always proportional tod(E2Ea

01E0) inde-
pendent of the electron filling factorn and the PL energy
gives only trivial information on many-body effects.

This symmetry is destroyed and PL spectra are dire
modified in their energies and structures when electrons
a valence hole are confined in layers separated by a dist
d.0 or an excited Landau level is occupied by some el
trons. The symmetry breaking atn.2 is caused by inter-
Landau-levele-escattering, where an electron in an excit
Landau level is relaxed to the lowest one to fill the unocc
pied state left after the recombination and another electro
excited to the excited Landau level.

Figure 2 shows some examples of the inter-Landau-le
e-e scattering, which occurs after LCP photoemission
n.2. It can be classified according to the spin of scatte
electrons. When relaxed and excited electrons have the s
spin as shown in Figs. 2~b! and 2~c!, we call the process

FIG. 1. Schematic figures of the quantum well.~a! A narrow and
symmetric quantum well.~b! A wide and asymmetric quantum wel
whered is the distance between the electron and hole layers.
©2002 The American Physical Society30-1
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same-spin scattering. On the other hand, it is nam
opposite-spin scattering when they have opposite spin
shown in Fig. 2~d!.

When the Zeeman splitting is large enough to polarize
electron spin maximally, inter-Landau-levele-escattering is
forbidden for RCP photoemission in the case 2,n<3. This
is because there are no down-spin electrons in excited L
dau levels as shown in Fig. 3~a!. In this case, the hidden
symmetry still remains and spectra become a singled func-
tion located atE5E1

0 2E0 , when electrons and a valenc
hole are confined in the same layer (d50). At n.3 inter-
Landau-levele-e scattering becomes allowed for RCP ph
toemission as is schematically shown in Figs. 3~b!, 3~c!, and
3~d!.

The screening effect is another keyword to understand
in the QH regime. This has been the main interest of
early perturbation theories,30–34in which the many-body cor-
rection to the PL energy is approximately calculated as
sum of the electron self-energySe and the hole self-energ
Sh without Zeeman splittings. The hole self-energySh de-
scribes the energy reduction by attraction of electrons aro
the hole. The electron self-energySe consists of two contri-
butions: the Coulomb hole termSCH

e and screened ex
changeSXS

e . The hole self-energySh and the Coulomb hole
term SCH

e show upward cusps around at even integer filli
factors n52n ~n: integer! and a downward convex curv
when 2n,n,2(n11). On the contrary,SXS

e exhibits
downward cusps around atn52n and an upward convex
curve when 2n,n,2(n11). Because the magneto
oscillations of SCH

e and SXS
e are almost canceled out,Se

shows only weak downward cusps at even integer fill
factors. Thus, when thee-h layer distanced is much smaller
than the magnetic lengthl, the hole self-energy dominate
the filling factor dependence of PL energy. However, it
determined by the oscillation of electron self-energy wh
d@ l , because the hole self-energySh is strongly suppressed

These diagrammatic theories in which the broadening
Landau levels is introduced by disorder could qualitativ
reproduce magneto-oscillation of the PL energy observe
early experiments.1 Recently, PL spectra were calculated
spinless systems without disorder for 1<n<3 by a numeri-

FIG. 2. Some examples of inter-Landau-levele-e scattering
which occurs after LCP photoemission.~a! Just after the LCP pho
toemission.~b!,~c! Inter-Landau-level scattering in which the re
laxed and excited electron have the same spin~same-spin scatter
ing!. ~d! Scattering between electrons with different spins~opposite-
spin scattering!.
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cal diagonalization method,52,53 which has been used in pre
vious numerical studies on the fractional QH regim
n<1.37–51The results show PL energy oscillations similar
those obtained in perturbation calculations when thee-h
layer distance is small (d! l ). In fact, photoluminescence
energy exhibits a downward convex curve when 1,n,2
and 2,n,3 and an upward cusp atn52. When it is large
(d@ l ), the magnitude of the oscillation is suppressed and
energy is shifted almost linearly as a function of the fillin
factor.

Unfortunately, such calculations are still unsatisfacto
because the electron spin sometimes drastically affects
spectra in line shapes.54,55 In fact, it is shown that spectra o
the LCP light around atn53 show peak splitting caused b
opposite-spin scattering, which is absent in spinless syste
Such a double-peak structure in LCP spectra has been ex
mentally observed not only around atn53, but in the wide
range of the filling factorn.2.22–25 In this paper, it will be
shown that the LCP spectra exhibit a double-peak struc
in the whole range of 2,n<4, even when there is only a
single electron in the first excited Landau level (n521).

II. MODEL AND HAMILTONIAN

In our model of the QW system, the electron and ho
layers have square geometries~0<x<a, 0<y<a! and their
thickness is ignored. A uniform magnetic fieldB is applied
normal to the interface and a periodic boundary condition
used in bothx andy directions.60–63The area of the system i
not arbitrary, but given by

A5a252p l 2Nf , ~2.1!

where the magnetic length is defined byl 5A\/eB with elec-
tron charge2e and the integerNf denotes the number o
flux quanta passing through the system.

Using the Landau gaugeA(r )5(0,Bx), the orbital wave
functions of a single electron and hole are defined by

cNX
e ~r !5fNX~r !,

cNX
h ~r !5fNX* ~r !, ~2.2!

FIG. 3. Some examples of inter-Landau-levele-e scattering
which occurs after RCP photoemission.~a! Just after the RCP pho
toemission when 2<n<3. Inter-Landau-levele-escattering is for-
bidden because there is no down-spin electron in the first exc
Landau level.~b! Just after RCP photoemission whenn.3. ~c!
Same-spin scattering~d! Opposite-spin scattering.
0-2
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with

fNX~r !5S 1

2NN!Apal
D 1/2

(
m52`

1`

HNS x2X2ma

l D
3expF2 i

X1ma

l 2 y2
~x2X2ma!2

2l 2 G , ~2.3!

whereHN is the Hermite polynomial andX is thex coordi-
nate of the guiding center, which takes the discreteNf values

X5
2p l 2

a
j 5

a

Nf
j ~ j 50,1,..., Nf21!. ~2.4!

The creation and annihilation operators of a conduction e
tron characterized by the orbital wave functioncNX

e and the
spin\s/2 are written asejs

† andejs with j5(NX), respec-
tively. Similarly, hjs

† andhjs are defined as the creation an
annihilation operators of a valence hole characterized by
orbital wave functioncNX

h and spin 3\s/2, respectively. For
charge neutrality, a background positive charge (Ne2Nh)e is
spread uniformly on the electron layer, whereNe andNh are
the number of electrons and holes, respectively. Note
Ne2Nh is conserved in the photoemission process.

Because the hole-hole interaction is negligible in the lim
of vanishing hole density, the Hamiltonian is written as

H5(
js

eNs
e ejs

† ejs1(
js

eNs
h hjs

† hjs

1
1

2 (
$j i %

(
ss8

Vj1j2j3j4

ee ej1s
† ej2s8

† ej3s8ej4s

1(
$j i %

(
ss8

Vj1j2j3j4

eh ej1s
† hj3s8

† hj2s8ej4s1
e2d

2eA
Nh

2,

~2.5!
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eNs
e 5ebot

e 1\veS N1
1

2D1
s

2
gemBB,

eNs
h 5ebot

h 1\vhS N1
1

2D1
s

2
ghmBB,

Vj1j2j3j4

i j 5
1

A (
qÞ0

vq
i j A

2q
N1N4Aq

N2N3B
2q
X1X4Bq

X2X3, ~2.6!

where indicesi , j 5e,h denote electron and hole, respe
tively, ebot

i is the energy bottoms of the ground subband,v i is
the cyclotron energy, gi indicates the g factor, q
5(2pm/a,2pn/b) ~m,n: integer! denotes the reciprocal vec
tor, Fourier components of Coulomb interaction are given

vq
ee5

e2

2eq
,

vq
eh52

e2

2eq
exp~2qd!, ~2.7!

the Landau-orbit form factor is defined by
Aq
NN855A

N8!

N! F ~ iqx1qy!l

&
GN2N8

LN8
N2N8S q2l 2

2 DexpS 2
q2l 2

4 D ~N>N8!,

AN!

N8! F ~ iqx2qy!l

&
GN82N

LN
N82NS q2l 2

2 DexpS 2
q2l 2

4 D ~N,N8!,

~2.8!
.
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it
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-

with an associated Laguerre polynomialLn
m(x), and the

guiding-center form factor is defined by

Bq
XX85dqyl 2,X82X

8 expF i

2
qx~X1X8!G , ~2.9!

with the modifiedd function

dXX85H 1 ~X2X85na,n: integer!,

0 ~otherwise!.
~2.10!
The last term (e2d/2eA)Nh
2 on the right-hand side of Eq

~2.5! denotes the charging energy captured in the elec
and hole layers and negligible in the thermodynamic lim
(A→`).

Now, let us introduce the characteristic Coulomb ener

EC5
e2

4pe l
, ~2.11!

with the dielectric constante, and consider the high
magnetic-field limitEC!\ve ,\vh . We also assumekBT
0-3



n
t

f t
ar
le

e

el
it
-

al

d

ly
m
d

c

ie

th
w
im
o
is
w
s o

e

al
ra.

x-

t
the
the
n
ited
ited
th
n is
nd
ex-

lic-

est

CP

KENICHI ASANO AND TSUNEYA ANDO PHYSICAL REVIEW B 65 115330
!\ve,\vh , wherekB is the Boltzmann constant andT de-
notes temperature. In these limits, the photoexcited vale
hole belongs to the lowest Landau level. However, it has
be noted that the assumptionEC!\vh is not easily realized
in usual experimental systems due to the heavy mass o
valence hole. It is possible that some substructures appe
spectra when the valence hole occupies excited Landau
els.

The initial states are configurations ofN1 up-spin elec-
trons, N2 down-spin electrons, and a single photoexcit
valence hole. The electron filling factor is given byn5n1

1n2 , wheren15N1 /Nf and n25N2 /Nf are the filling
factor of the up-spin and down-spin electrons, respectiv
In the following, we mainly consider the large Zeeman lim
in which the electron spin is maximally polarized. This im
plies thatn1 andn2 are given by

~n1 ,n2!5H ~n21,1! ~2<n<3!,

~2,n22! ~3<n<4!,
~2.12!

in the initial states. Experimentally, such a condition is re
ized in narrow gap semiconductors.8,9 The spin-flipping ef-
fects caused by small Zeeman splittings will be discusse
the last part of this paper.

The e-h recombination operators of LCP (a52) and
RCP (a51) photoemission are defined by

L25(
X

e0X1h0X2 ,

L15(
X

e0X2h0X1 , ~2.13!

respectively. Diagnonalizing the Hamiltonian numerical
we obtain all initial and final states of the finite-size syste
Then, LCP and RCP photoemission spectra are calculate

Pa~E!5(
i , f

1

Z
expS 2

Ei

kBTD u^ f uLau i &u2d~E2Ei1Ef !,

~2.14!

wherei andf are the indices of initial and final states, respe
tively, Ei and Ef are their energies, andZ is the partition
function. Because the lowest Landau level is fully occup
in the initial states, we obtain the intensity sum rule

I a5E Pa~E!dE5^La
†La&eq5

1

2 S 12a tanh
ughumBB

2kBT D ,

~2.15!

where^¯&eq denotes the thermal average. This means
RCP spectra disappear in the low-temperature limit. Ho
ever, some experiments indicate that the spin relaxation t
is very slow and thermal equilibrium for the hole spin is n
realized beforee-h recombination, because RCP photoem
sion is observed even at low temperature. Therefore, we
not discuss the intensity of PL spectra any more and focu
the normalized spectraP̃a(E)5Pa(E)/I a in the following.
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III. SCREENING EFFECTS ON THE PL ENERGY

In the high-magnetic-field limit, the first moment of th
spectra is calculated as

Ea
M5E EP̃a~E!dE52

1

I a
^La

†@H,La#&eq. ~3.1!

Because it can be obtained without information of the fin
stateuf&, it is more easily calculated than the full PL spect
In the regimen>2, we obtain

Ea
M5Eg2^guLa

†HLaug&, ~3.2!

at absolute zero temperature, whereug& is the ground initial
state when the angular momentum of the hole is fixed toj z
53\a/2 andEg denotes its energy. The PL spectra are e
actly given by P̃a(E)5d(E2Ea

M), if Laug& is an energy
eigenstate.

Inter-Landau-levele-escattering can contribute to the firs
moment of spectra when and only when it conserves both
number and spin of electrons in each Landau level. In
regime 2<n<4, for example,Ea

M depends on same-spi
scattering where an electron is relaxed from the first exc
to the lowest Landau level and another electron is exc
from lowest to first excited. However, it is unaffected by bo
opposite-spin and same-spin scattering where an electro
relaxed from the first excited to the lowest Landau level a
another electron is excited from first excited to second
cited.

Let us define the shifts of the first moment by

DEa
M5Ea

M2Ea
01E0 , ~3.3!

where the PL energy in the absence of interaction is exp
itly written as

Ea
05e02a

e 1e0a
h 1

e2d

2eA
, ~3.4!

and the binding energy of a magnetoexciton in the low
Landau level with zero wave vector atd50 is defined by

E05
1

A (
qÞ0

uAq
00u2vq

ee→Ap

2
EC ~Nf→`!. ~3.5!

In the large Zeeman limit, we obtain

DE1
M~n11!5DE2

M~n!,

DE2
M~n11!5DE1

M~n!2E1 , ~3.6!

with

E15
1

A (
qÞ0

uAq
10u2vq

ee→ 1

2
Ap

2
EC ~Nf→`!. ~3.7!

Therefore, we have only to calculate the first moment of L
spectraDE2

M .
If the e-h correlation is ignored@Hartree-Fock~HF! ap-

proximation#, DEa
M can be estimated as
0-4
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DE2
M~HF!5H 2~n22!E1 ~2<n<3!,

2E1 ~3<n<4!,

DE1
M~HF!5H 0 ~2<n<3!,

2~n22!E1 ~3<n<4!.
~3.8!

At integer filling factors, where the Landau levels are co
pletely occupied, these results become exact.

The shift DE2
M calculated in a system withNf515 is

shown in Fig. 4. Numerical results at thee-h layer distance
d/ l 50, 1, and 5 are exhibited with circles, crosses, a
squares, respectively. The Hartree-Fock results are
shown by the dotted line.

When the electrons and the valence hole are confine
the same layer (d50), DE2

M is discontinuously shifted to the
low-energy side atn521, shows a downward convex curv
for 21,n,3, and becomes independent of the filling fac
for 3<n<4. In this case, the initial-state energyEg is de-
creased by the accumulation of electrons in the first exc
Landau level around the valence hole~screening effect!. The
averaged final-state energŷguL2

† HL2ug& decreases also
due to the attractive interaction between electrons in the
excited Landau level and the ‘‘conduction hole’’ left in th
lowest up-spin Landau level after the LCP photoemission
is expected that such screening effects are most enha
when the first excited up-spin Landau level is nearly ha
filled.

In the case 2<n<3, the screening effect in the final-sta
energy is partially canceled by same-spin scattering in wh
an up-spin electron is relaxed from the first excited to low
Landau level and another up-spin electron is excited fr
lowest to first excited. As a result, the screening effect

FIG. 4. Filling factor dependence of the first moment of LC
spectra calculated atd/ l 50, 1, and 5 is shown with circles, crosse
and squares, respectively. Energy shifts are measured fromE2

0

2E0 in units of E0 , whereE2
0 is the PL energy in the absence

many-body effects andE0 denotes the binding energy of a magn
toexciton in the lowest Landau level. The dotted line shows the
energy shift in the absence of correlation between electrons a
photoexcited valence hole~HF approximation!.
11533
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DE2
M is dominated by that of the initial state and itsn de-

pendence exhibits a downward convex curve. On the o
hand, this kind of scattering is absent in 3<n<4, because
the first Landau level of the up-spin electron is complet
occupied. As a result,DE2

M becomes constant because t
screening effect is exactly canceled out between the in
and final states.

At the intermediatee-h layer distance (d/ l 51), the bow-
ing effects in the region 21,n,3 are suppressed and th
moment shows an upward convex curve when 3,n,4. As a
result,DE2

M exhibits a downward cusp atn53. This is be-
cause the attractive interaction between electrons in the
Landau level and the valence hole is weakened by thee-h
layer distance and the screening effect in the initial state
suppressed.

When thee-h layer distance is much larger than the ma
netic length (d/ l 55), DE2

M exhibits no clear bowing effects
and comes closer to the HF result though oscillating irre
larly. This irregular oscillation is presumably becausee-ere-
pulsive interaction suppresses the accumulation of elect
around the hole and its effect changes sensitively as a fu
tion of n due to finite-size effects.

At n521 and 31, DE2
M shows a large discontinuou

blueshift and large discrepancy from the HF result. In the
exceptional cases, the initial stateug& and the state after LCP
photoemissionL2ug& are those of a single exciton. Becau
the binding energy of an exciton is larger in final states th
in the initial state, the first moment is blueshifted.

IV. PL SPECTRA IN FINITE-SIZE SYSTEMS

The full PL spectra numerically calculated in finite-siz
systems will be shown by both histograms with wid

L
a

FIG. 5. LCP spectra atT50 calculated numerically in system
with various sizes~Nf56, 8, 10, 15, 20, and 30!. The thin dotted
lines show the histogram with widthD/100, and the solid lines
exhibit the spectra broadened by a Lorentzian with half widthD/5.
0-5
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E0/100 ~gray spikes! and convolutions with a Lorentzia
with half width E0/5 ~solid lines!. To investigate pure many
body effect, PL energies are measured fromEa

0 in units of
magnetoexciton binding energyE0 calculated in finite-size
systems.

To check the system-size dependence of results, we
culate LCP spectra in the casen53, d50, andT50 in vari-
ous system sizesNf56, 8, 10, 15, 20, and 30, as shown
Fig. 5. As the system size is increased,d-function peaks in-
crease in their number and are shifted to the high-ene
side. However, the broadened spectra always show a dou
peak structure independent of the system size as lon
Nf*6. In the following, PL spectra calculated in the syste
characterized byNf58 are discussed in more detail.

A. LCP spectra at zero temperature

The LCP spectra for 2<n<3 calculated atd/ l 50, 1, and
5 are shown in Fig. 6. We also show broadened PL spe
calculated in spinless systems at the corresponding fil
factor nsl5n21 with dashed lines. They are equivalent
spectra calculated without opposite-spin scattering, beca
the Hamiltonian in the spinless fermion system is deriv
when the spin of the electrons and the valence hole are fi
to 1\/2, and23\/2 in Eq. ~2.5!, respectively. In general
the spectra consist of a huge number ofd functions. How-
ever, the spectra to which a sufficiently large broadening
introduced show two peaks with comparable intensiti
when the electrons and hole have a spin degree of freed
In contrast, they exhibit only a single peak in spinless s
tems. This fact clearly shows that the double-peak struc
in LCP spectra is caused by opposite-spin scattering.

When thee-h layer distance is small (d/ l !1), the first
moment of spectra shown by the arrows is shifted exhibit
an almost smooth downward convex curve as a function on.
The energy shifts of the low-energy peak show an alm

FIG. 6. LCP spectra atT50 calculated at~a! d/ l 50, ~b! 1, and
~c! 5 in the filling-factor range 2<n<3. The dashed lines show th
spectra in a spinless fermion system at the corresponding fi
factor nsl5n21, which are equivalent to those calculated witho
opposite-spin scattering. The first moments of spectra are also
cated by arrows.
11533
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smooth downward convex curve, while those of the hig
energy peak show only a small bowing effect. When thee-h
layer distance is large (d/ l @1), the first moment of the spec
tra is almost linearly shifted and two peaks show no cl
bowing effect in their energy shifts. In general, the mag
tude of the peak splitting is enhanced with the increase of
filling factor n and suppressed with the increase of thee-h
layer distanced.

The PL spectra suddenly split into two peaks atn521

when thee-h layer distance is small (d/ l !1). In this case,
the initial ground state is characterized by a finite wave v
tor (kÞ0) and the spectrum splits into twod functions be-
cause the opposite-spin scattering gives rise to a mode re
sion of the final states. On the other hand, this splitting
absent and the spectrum is suddenly shifted to the hig
energy side atn521, when the distance is large (d/ l @1).
This is because the ground initial state is realized atk50 and
the opposite-spin scattering vanishes due to Kohn’s theor
A more detailed analysis of such behaviors will be given
the next section.

The LCP spectra for 3<n<4 calculated atd/ l 50, 1, and
5 are shown in Fig. 7. Again, the spectra consist of a hu
number ofd functions, but it seems that they have a doub
peak structure again, if a sufficiently large broadening is
troduced.

When electrons and the valence hole are confined in
same layer (d50), the first moment has no filling-facto
dependence when 2<n<3. However, it seems that the low
and high-energy peaks exhibit shifts of downward conv
curves and their intensity is transferred from one to the oth
The first moment shows an upward convex curve atd/ l;1
and an almost linear shifts atd/ l @1. The shifts of the low-
and high-energy peaks are only weakly dependent on thee-h
layer distance atd/ l *1 and show no clear bowing effect.

B. RCP spectra at zero temperature

The RCP spectra for 2<n<3 calculated ford/ l 50, 0.5,
and 5 also show interesting features as shown in Fig
Those ford/ l 50 shown in Fig. 8~a! consist of a singled

g
t
di-

FIG. 7. LCP spectra atT50 calculated at~a! d/ l 50, ~b! 1, and
~c! 5 in the case 3<n<4.
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function located atE5E2
0 2E0 independent of the filling

factors, because inter-Landau-levele-e scattering is forbid-
den and a kind of the hidden symmetry still survives ad
50, as mentioned already in Sec. I. Screening effects in
initial and final states are exactly canceled out in the
energy.

When thee-h layer distance is increased, this symmetry
destroyed, because thee-h interaction becomes small and th
cancellation is incomplete. In fact, the PL energy is shif
showing an upward convex curve ford/ l;0.5, as shown in
Fig. 8~b!. At largee-h layer distanced@ l , spectra are highly
broadened and show no clear bowing effect, as shown in
8~c!. This is presumably because a stronge-einteraction sup-
presses the screening effect as has been discussed in th
vious section.

The PL energy is blueshifted discontinuously atn521

for dÞ0. In this case, both initial and final states consist o
single exciton. Because the binding energy of the exciton
the initial state is smaller than that in the final state, the
energy is shifted to the high-energy side.

The RCP spectra for 3<n<4 calculated atd/ l 50, 0.5,
and 5 are shown in Fig. 9. As in the case of the LCP spec

FIG. 8. RCP spectra atT50 calculated at~a! d/ l 50, ~b! 0.5,
and ~c! 5 in the case 2<n<3.

FIG. 9. RCP spectra atT50 calculated at~a! d/ l 50, ~b! 0.5,
and ~c! 5 in the case 3<n<4.
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they consist of a large number ofd functions, but show a
two-peak structure if a sufficiently large broadening is intr
duced. When thee-h layer distance is small (d/ l !1), two
peaks have comparable intensities and are both shifted to
lower-energy side, showing a downward convex curve in
n dependence. As thee-h layer distanced/ l increases, such a
bowing effect in the energy shifts is suppressed and
broadening of the spectra is enhanced.

As will be discussed in Sec. V, the RCP spectra atn
531 are similar to LCP atn521 in their structure. In fact,
they show a two-peak structure whend/ l 50 and 0.5, but
only a single peak suddenly shifted to the low-energy side
d/ l 55.

C. Spectra at finite temperature

Next, we consider the PL spectra at a high temperat
kBT/EC51 in the large Zeeman limit. The LCP spectra ca

FIG. 10. LCP spectra at high temperatureT5EC calculated at
d/ l 50 in the cases~a! 2<n<3 and~b! 3<n<4.

FIG. 11. RCP spectra at high temperatureT5EC calculated at
d/ l 55 in the cases~a! 2<n<3 and~b! 3<n<4.
0-7
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culated atd/ l 50 for 2<n<3 and 3<n<4 are shown in
Figs. 10~a! and 10~b!, respectively. Again, they consist of
tremendously large number ofd functions, but it seems tha
the broadened spectra show basically a double-peak s
ture. In the whole range of 2,n<4, the spectra show two
peaks and both low- and high-energy peaks show an alm
linear n energy shift.

The RCP spectra calculated ford/ l 55 at a high tempera
ture kBT/EC51 are shown in Fig. 11. Because of the r
maining hidden symmetry, the RCP spectra atd/ l 50 for 2
<n<3 show no temperature dependence and are still g
by Fig. 8~a!. Whend is increased, the peak is highly broa
ened, but its average position is not so changed as is sh
in Fig. 11~a!. In the case 3<n<4, the single peak atn53
splits into two peaks as the filling factorn is increased.

In short, the basic structure of spectra~the number of
peaks! is almost independent of temperature. However,
bowing effects in PL energy shifts, which are caused by
screening effect at low temperature, are suppressed at a
temperature.

V. PL SPECTRA AROUND FILLING 2

As has been shown in Sec. IV, the LCP spectra obtai
by the finite-size calculation atT50 show a sudden pea
splitting atn521, when thee-h layer distance is not so larg
(d& l ). To treat this sudden splitting more rigorously, w
analytically calculate the PL spectra in the thermodynam
limit ( Nf→`) at n52 and 21. This analysis also gives u
physical insight into the origin of peak splitting shown
LCP spectra atn.2.

First, we consider the PL spectra just atn52. The initial
states of the LCP and RCP photoemission haveNf-fold de-
generacy and are written as

uX& i ,25h0X2
† u2&,

uX& i ,15h0X1
† u2&, ~5.1!

respectively, whereu2& denotes filled lowest Landau leve
They have the energies

Ei ,25E~2!1e02
h ,

Ei ,15E~2!1e01
h , ~5.2!

whereE(2) denotes the energy of then52 QH state. The
final states are also given by

uX& f ,25L2uX& i ,25e0X1u2&,

uX& f ,15L1uX& i ,15e0X2u2&, ~5.3!

whose energies are given by

Ef ,25E~2!2e01
e 1E0 ,

Ef ,15E~2!2e02
e 1E0 . ~5.4!

Thus PL spectra are calculated as
11533
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c P̃a~E!5d~E2Ea
01E0!, ~5.5!

independently of thee-h layer distanced.
Second, we consider the spectra atn521 andT50. The

ground initial states of the LCP and RCP photoemission
the exciton states with wave vectork written as

uk& i ,25
1

ANf
(
XX8

Bk
XX8e1X1

† h0X82
† u2&,

uk& i ,15
1

ANf
(
XX8

Bk
XX8e1X1

† h0X81
† u2&. ~5.6!

Their energies are given by

Ei ,2~k!5E~2!1e11
e 2E11e02

h 1EX
1~k,d!,

Ei ,1~k!5E~2!1e11
e 2E11e01

h 1EX
1~k,d!, ~5.7!

respectively, where the interaction between an electron in
first excited Landau level and a valence hole in the low
level is calculated as

EX
1~k,d!5

1

A (
qÞ0

vq
ehA2q

11 Aq
00exp@2 i ~k3q!zl

2#

→ 1

~2p!2 E
0

`

q dq Aq
11Aq

00vq
ehJ0~qkl2! ~Nf→`!,

~5.8!

with the lowest-order Bessel functionJ0(x). The energy dis-
persion EX

1(k,d) is calculated for various value ofd and

FIG. 12. Effective interaction between an electron in the fi
excited Landau level and a valence hole in the lowest Landau le
The horizontal axiskl denotes thee-h distance of guiding cente
coordinates projected onto thexy plane in units ofl. The results of
d/ l 50, 0.4, 0.8, 2, and 5 are shown with solid, dotted, dash
dash-single-dotted, and dash-double-dotted lines, respectivelE
50 denotes the pair energy of an electron in the first excited L
dau level and a hole in the lowest Landau level separated infini
in distance~i.e., d→` or k→`!.
0-8
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shown in Fig. 12. When thee-h layer distanced is smaller
than a critical valuedc , they show a minimum atk5kR
Þ0 ~a roton minimum!. If the e-h layer distanced is larger
thandc , they show a minimum atk50. The critical distance
is calculated asdc / l 50.7773... .

To obtain the final state of the LCP photoemission,
introduce the bright~optically allowed! and dark~optically
forbidden! exciton states as

uk&b5L2uk& i 25
1

ANf
(
XX8

Bk
XX8e1X1

† e0X81u2&,

uk&d52
1

ANf
(
XX8

Bk
XX8e1X2

† e0X82u2&. ~5.9!

They are coupled with and only with each other throu
opposite-spin scattering. On the other hand, same-spin
tering gives their energy shifts. The effective Hamiltonian
the finals states is reduced to a 232 matrix whose element
are calculated as

b^kuHuk&b5d^kuHuk&d5E~2!1e11
e 2E12e01

e 1E0

1EX
1~k,0!1D~k!,

b^kuHuk&d5d^kuHuk&b52D~k!, ~5.10!

whereD(k) denotes the inter-Landau-level scattering:

D~k!5
1

2p l 2 uAk
10u2vk

ee. ~5.11!

The coupling constantD(k) vanishes when and only whe
k50. In this case, the bright final stateuk&b becomes an
energy eigenstate and the spectrum is given by a singd
function. Otherwise, the bright and dark states are couple
each other through opposite-spin scattering, and mode re
sion leads to a peak splitting in the PL spectrum.

Diagonalizing this effective Hamiltonian matrix, we ob
tain spin-triplet and -singlet states

uk;t& f 25
1

&
~ uk&b1uk&d),

uk;s& f 25
1

&
~ uk&b2uk&d), ~5.12!

with energies

Ef 2~k;t !5E~2!1e11
e 2E12e01

e 1E01EX
1~k,0!,

Ef 2~k;s!5E~2!1e11
e 2E12e01

e 1E01EX
1~k,0!12D~k!

~5.13!

These results are nothing but the energy dispersions of
cyclotron mode obtained in Refs. 64–69. It is interesting
note that the inter-Landau-level scattering can be regarde
the exchange interaction between the conduction electro
11533
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the first excited Landau level and the ‘‘conduction hole’’
the lowest Landau level atn521. Only the singlet exciton is
influenced by thee-h exchange interaction.70

The absence of inter-Landau-levele-e scattering atk50
is related to Kohn’s theorem, which states

Ef 2~k;t !5Ef 2~k;s!5E~2!1e11
e 2e01

e ~5.14!

at k50. @Note the identityE02E11EX
1(0,0)50.# If the

initial state is always realized atk50, Kohn’s theorem im-
plies that the LCP spectrum consists of a single peak an
521 and is suddenly blueshifted when the filling factor
increased across 2.54 In fact, we obtain

P̃2~E!5d@E2E2
0 1E02EX

1~0,d!1EX
1~0,0!#,

~5.15!

which leads to a sudden blueshift due to the inequa
EX

1(0,0),EX
1(0,d),0. Note that a similar discontinuou

blueshift is also observed around atn51.56–59

However, when thee-h layer distanced is smaller thandc
and the initial-state energyEi 2(k) shows a roton minimum
at k5kRÞ0, the spectrum suddenly splits into two lines wi
an increase ofn from 2 to 21. The spectrum atn521 is
given by

P̃2~E!5 1
2 d@E2E2

0 1E02EX
1~kR ,d!1EX

1~kR,0!#

1 1
2 d@E2E2

0 1E02EX
1~kR ,d!

1EX
1~kR,0!12D~kR!#. ~5.16!

The discontinuous peak splitting or blueshifts around
n52 is plotted as a function of thee-h layer distanced/ l in

FIG. 13. Peak splitting atn521 as a function of thee-h layer
distanced/ l . The analytical result in the thermodynamic lim
(Nf→`) is shown with solid lines. The numerical results forNf

,9, Nf510, 12, 14, 16, 18, and 30 are shown with solid circle
solid squares, solid triangles, inverted triangles, open squares,
triangles, and crosses, respectively.
0-9
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Fig. 13 together with corresponding numerical results
tained in finite-size systems. With the increase ofd, two
peaks of the LCP spectra increase in energy, come cl
together, and finally merge into a single peak atd5dc . The
numerical results for finite-size systems are in good ag
ment with the analytical results.
d
is

s

rk

gh
ee

ee
th

11533
-

er

e-

For the RCP photoemission, the final state is the bri
exciton stateuk& f 15L1uk& i 1 with energy

Ef 1~k!5E~2!1e11
e 2E12e02

e 1E01EX
1~k,0!.

~5.17!

The spectrum is therefore calculated as
P̃1~E!5H d@E2E1
0 1E02EX

1~kR ,d!1EX
1~kR,0!# ~d<dc!,

d@E2E1
0 1E02EX

1~0,d!1EX
1~0,0!# ~d.dc!,

~5.18!
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which does not show an anomaly atd50, but a discontinu-
ous blueshift fordÞ0 when the filling factor is increase
acrossn52. The numerical results are consistent with th
analytical prediction again.

The RCP spectra atn531 exhibit a behavior similar to
that of LCP spectra atn521. The initial state for the RCP
emission atn531 is written as

uk& i ,15
1

ANf
(
XX8

Bk
XX8e1X2

† h0X81
† u3&,

and its energy is given by

Ei ,1~k!5E~3!1e12
e 2E11e01

h 1EX
1~k,d!,

whereu3& andE(3) denote then53 integer QH state and it
energy, respectively. The ground state is realized atkÞ0
whend,dc and atk50 whend>dc . Similar to the case of
LCP spectra atn521, we can introduce the bright and da
states defined by

uk&b5L1uk& i 15
1

ANf
(
XX8

Bk
XX8e1X2

† e0X82u3&,

uk&d52
1

ANf
(
XX8

Bk
XX8e2X1

† e1X81u3&, ~5.19!

which are coupled with and only with each other throu
opposite-spin scattering. The coupling constant betw
them is given by

b^kuHuk&d52
1

2p l 2 Ak
10A2k

12 vk
ee, ~5.20!

which vanishes when and only whenk50. Therefore, the
RCP spectra atn531 have two peaks atd,dc caused by
the mode repulsion and a single peak atd>dc because of the
vanishing of the mode coupling.

VI. DISCUSSION

A. Origin of double-peak structure

The numerically obtained LCP spectra in the large Z
man limit show a double-peak structure independent of
n

-
e

filling factor 2,n<4, e-h layer distanced, and temperature
kBT. Our calculation shows that the opposite-spin scatter
is especially important in such a peak splitting. In fact, t
spectra in a spinless system, which gives spectra equiva
for those calculated without opposite-spin scattering, sh
only a single peak.

The origin of the double-peak structure is mode repuls
between the bright final stateL2u i & and dark final states
caused by strong opposite-spin scattering. The analytical
culation atn521 clearly supports this mechanism. Whe
the filling factor increases, dark states increase in their nu
ber and form an energy continuum. The mode repulsion
mains essentially same as long as the hybridization betw
the bright and dark states is strong enough. This picture
peak splitting is essentially equivalent to that pointed o
previously atn53.54

There are two different types of same-spin scattering p
cesses. In processes of the first type, an electron is rela
from the first excited to the lowest Landau level and anot
is excited from the lowest to first excited. These proces
contribute mainly to the PL energy shifts as has been
cussed in Sec. III. In the second type processes, an electr
relaxed from the first excited to the lowest Landau level a
another is excited from the first to second excited. Th
processes play roles similar to opposite-spin scattering
cause mode repulsion between the bright and dark sta
However, the coupling is not strong enough to cause p
splitting and leads to spectral broadening only as seen
spectra in the spinless system. This is presumably bec
same-spin scattering is much weaker than opposite-spin s
tering due to Pauli’s exclusion principle.

B. Spin-flipping effects on PL spectra

In the numerical calculations shown above, we have
cused on PL in the large Zeeman limit. However, expe
ments are often performed in systems with a smallg factor
such as GaAs/AlGaAs heterostructures. The numerical
culation shows that the ground state is maximally spin po
ized even in the vanishing Zeeman limit whenn.2. More-
over, PL spectra calculated numerically for the fixed elect
spin polarization show a weak temperature dependenc
0-10
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their basic features. Therefore, it can be expected that
main role of temperature increase is spin flipping in su
systems.

To investigate this effect, we consider the LCP spec
PSz

(E) at absolute zero temperature fixing thez component

of total electron spinSz of the initial state. When we choos
a new spin axis in which all electrons in the first excit
Landau level have up spin, the conduction hole created
the recombination becomes a linear combination of2\/2
and 1\/2 spin states, each of which contributes indep
dently to the PL spectra. The intensity of these contributio
is proportional toSz /S and (12Sz /S), respectively, whereS
denotes the total electron spin of the initial state. Therefo
we obtain

PSz
~E!5

Sz

S
PSz5S~E!1

S2Sz

S
PSz52S~E!. ~6.1!

The LCP spectra atSz5S are already calculated in the larg
Zeeman limit and show double peaks located atE2E2

0 ;
2E0 and 22E0 . On the other hand, the LCP spectra atSz
52S are equivalent to the RCP spectra and exhibit a sin
peak atE2E2

0 52E0 . Thus the spin-flipping enhances th
high-energy peak located atE2E2

0 ;2E0 .
This result qualitatively explains the recent experimen

results.22–25 The experiments always show a double-pe
structure whenn*2. In Refs. 22 and 24, the high-energ
peak is labeled as LL0 and the low-energy peak is denoted
L.
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SU0 or OA0. They show that the low-energy peak is e
hanced with a decrease of the temperature.

VII. SUMMARY

We study the PL spectra in quantum Hall systems of fi
ing factor n>2 using a numerical diagonalization metho
considering the spin degree of freedom for the electrons
valence hole. The averaged energy of luminescence sho
n dependence explained by screening effects. The calcul
spectra of the LCP photoemission usually show a doub
peak structure in the region 2,n<4. The RCP spectra show
a single peak when 2<n<3 and a double-peak structur
when 3<n<4. The origin of the double-peak structure is
strong hybridization between the bright and dark final sta
through opposite-spin scattering. The results explain the
cent experiments qualitatively.
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