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Photoluminescence in integer quantum Hall systems
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Photoluminescence spectra in two-dimensional systems in the quantum Hall regithare studied using
a numerical diagonalization method, whergs the filling factor. The first moment of the spectra is understood
in terms of ther-dependent screening effect. The spectra of left-circularly polarized light usually exhibit a
double-peak structure when<<4, in qualitative agreement with recent experiments. Those of right-
circularly polarized light show only a single peak whers 2<3 and a double-peak structure wher: 38
<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.
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I INTRODUCTION lowest Landau leveH and the recombination operatgr, :
For the past two decades, photoluminesce(fee) has
been intensively studied both experimentalfy and
theoretically®~>° in two-dimensional(2D) systems in the _ _
quantum Hall(QH) regime. In this paper, we investigate Where gubscr:)p'@=— and + denote LCP and RCP light,
electron-electrorfe-8 and electron-holée-h) interaction ef-  respectively,E, is the PL energy in the absence of many-

fects on PL in QH systems characterized by the filling factofPdy effects, and, is the binding energy of a magnetoex-
2=<v=4, Exact spectra in finite-size systems are calculate iton consisting of an electron and'a valence hgavy hol_e n
using a numerical diagonalization method including theirthe lowest Landau level. Due to this commutation relation,

first moment. PL spectra are always proportional &E — Eg+ Eg) inde-

Experiments are performed in various type of systems: fop_endent of t_h_e glectron _f||||ng factor and the PL energy
example, quantum well§QW's),* 12225 normal single gives only trivial information on many-body effects.

. o 18 . . . . This symmetry is destroyed and PL spectra are directly
heterojunction$?~18 and single heterojunctions with an ac- dified in thei ) d h | d
ceptor monolayejrg_ﬂm this paper, we mainly discuss PL in modified in their energlgs an' structures when e ectrons an

Ws. Wh .W . fici tl, lect d a valence hole are confined in layers separated by a distance
QWS. nen a QW is sufficiently narrow, elec rons and 4y~ g or an excited Landau level is occupied by some elec-
photoexcited valence hole can be regarded as being confined 11,4 symmetry breaking at>2 is caused by inter-
in a same 2D plane as shown in Figall In this case, the | 5n4q,-levele-e scattering, where an electron in an excited
potential of e-e and e-h interactions satisfies the relation | 5nqau level is relaxed to the lowest one to fill the unoccu-

- h i i in o S .
v(r)=—v®(r). When the QW is skewed as is shown in pied state left after the recombination and another electron is
Fig. 1(b) due to one-side doping or an external electric field,excited to the excited Landau level.
electrons and a photoexcited valence hole are confined in Figure 2 shows some examples of the inter-Landau-level
layers separated by a distandeand thereforev®q(r)>  e-e scattering, which occurs after LCP photoemission at
—v®"(r). This e-h layer distanced can be controlled by an »>2. It can be classified according to the spin of scattered
external electric field applied normal to the interface with aelectrons. When relaxed and excited electrons have the same

[H,L,]=—(ES—EQ)L,, (1.2)

gate electrode structure. spin as shown in Figs.(B) and Zc), we call the process
When a conduction electron with spg=+#/2 and a
valence heavy hole with angular momentijiys — 3%4/2 are (a)

recombined, left-circularly polarize CP) light is emitted.

On the other hand, a recombination of an electron with spin
s,=—h/2 and a hole with angular momentujp= + 3#4/2
induces right-circularly polarize(RCP light. ;

Photoluminescence at>2 is intriguing from the point of

view of symmetry breaking. When electrons and a photoex-

cited valence hole are confined in the same 2D plane and all

of them belong to the lowest Landau level, the system pos- FIG. 1. Schematic figures of the quantum wéa). A narrow and

sesses a “hidden symmetry®=2° expressed by a commuta- symmetric quantum wellb) A wide and asymmetric quantum well,
tion relation between the Hamiltonian projected onto thewhered is the distance between the electron and hole layers.
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FIG. 2. Some examples of inter-Landau-lewste scattering FIG. 3. Some examples of inter-Landau-lewele scattering
which occurs after LCP photoemissid@) Just after the LCP pho-  yhich occurs after RCP photoemissida) Just after the RCP pho-
toemlssmn.(b),_(c) Inter-Landau-level scattering in wh_|ch the re- igemission when Z v<3. Inter-Landau-leve-e scattering is for-
laxed and excited electron have the same $game-spin scalter-  pjgden because there is no down-spin electron in the first excited
ing). (d) Scattering between electrons with different simsposite- | angau level.(b) Just after RCP photoemission whens3. (c)

spin scattering Same-spin scatterin@l) Opposite-spin scattering.

same-spin scattering. On the other hand, it is name&al diagonalization methatf;>*which has been used in pre-
opposite-spin scattering when they have opposite spins ad0us numerical studies on the fractional QH regime
shown in Fig. 2d). r=<13""%1The results show PL energy oscillations similar to
When the Zeeman splitting is large enough to polarize théhose obtained in perturbation calculations when &k
electron spin maximally, inter-Landau-levele scattering is  layer distance is smalld<l). In fact, photoluminescence
forbidden for RCP photoemission in the case 2<3. This ~ energy exhibits a downward convex curve whef i1<2
is because there are no down-spin electrons in excited La@nd 2<»<3 and an upward cusp at=2. When it is large
dau levels as shown in Fig.(&. In this case, the hidden (d>1), the magnitude of the oscillation is suppressed and PL
symmetry still remains and spectra become a sidflenc-  energy is shifted almost linearly as a function of the filling
tion located atE=E° —E,, when electrons and a valence factor.
hole are confined in the same layet=0). At »>3 inter- Unfortunately, such calculations are still unsatisfactory
Landau-levele-e scattering becomes allowed for RCP pho- because the electron spin sometimes drastically affects PL
toemission as is schematically shown in Fig)33(c), and  SPectra in line shape&:>®In fact, it is shown that spectra of
3(d). the LCP light around av=3 show peak splitting caused by
The screening effect is another keyword to understand PRPPOsite-spin scattering, which is absent in spinless systems.
in the QH regime. This has been the main interest of theSUch a double-peak structure in LCP spectra has been experi-
early perturbation theorie§;3*in which the many-body cor- mentally observed not only around at3, but in the wide
rection to the PL energy is approximately calculated as théange of the filling facton>22*"?°In this paper, it will be
sum of the electron self-energy® and the hole self-energy Shown that the LCP spectra exhibit a double-peak structure
s without Zeeman splittings. The hole self-enefg} de-  in the whole range of 2 v<4, even when there is only a
scribes the energy reduction by attraction of electrons aroungingle electron in the first excited Landau leve2").
the hole. The electron self-energy consists of two contri-
butions: the Coulomb hole teri2 g, and screened ex- Il. MODEL AND HAMILTONIAN
changeS §s. The hole self-energy" and the Coulomb hole
term X &,, show upward cusps around at even integer filling

factors v=2n (n: intege) and a downward CONVeX CUIVE thickness is ignored. A uniform magnetic fielis applied
when n<w<2(n+1). On the contrary,Xys exhibits  qrma] to the interface and a periodic boundary condition is
downward cusps around at=2n and an upward convex ysed in botrx andy directions®®-%3The area of the system is
curve when 2A<p<2(n+1). Because the magneto- not arbitrary, but given by

oscillations of%¢,, and =% are almost canceled ouk,®
shows only weak downward cusps at even integer filling A=a2=21-rI2N¢, (2.1

factors. Thus, when the-hlayer distancel is much smaller ) ] ) )

than the magnetic length the hole self-energy dominates Where the magnetic length is definedlby y#/eB with elec-

the filling factor dependence of PL energy. However, it istron charge—e and the integeN,, denotes the number of

determined by the oscillation of electron self-energy wherflux quanta passing through the system. _

d>1, because the hole self-enefg is strongly suppressed.  Using the Landau gaug&(r) =(0,Bx), the orbital wave
These diagrammatic theories in which the broadening ofunctions of a single electron and hole are defined by

Landau levels is introduced by disorder could qualitatively

In our model of the QW system, the electron and hole
layers have square geometri@s=x=<a, O<y=<a) and their

reproduce magneto-oscillation of the PL energy observed in Ix(r) = dnx(r),
early experiment$.Recently, PL spectra were calculated in N .
spinless systems without disorder for<3 by a numeri- PInx(r) = dx(r), 2.2
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with with

dnx(r) =

1/2 +
iy X—X—ma
N

> |

2NN!/7ral

=~ 1\ o
" Eﬁlo': €g0t+hwe(N+§ +§ge/~l’BB!
X+ma (x—X—ma)?
Xexpg — > —Yy— > , (2.3
I 2
whereHy is the Hermite polynomial an¥ is the x coordi- h _ h } g
nate of the guiding center, which takes the dischjevalues €No = €port ion| N+ 2 - 2 OnieB,

2712 a

X= a j=N—¢j (J=0,1,...,Ny,—1). (2.9

o 1 N
1] — 1 N1Ng A NoNg o X1 X4 X0 X3
The creation and annihilation operators of a conduction elec- V§1§z§3§4 Aqgo ”quq Aq qu Bq , (29

tron characterized by the orbital wave functigfi, and the
spinfio/2 are written asegg andeg, with £&=(NX), respec-
tively. Similarly, h}, andh,, are defined as the creation and Where indicesi,j=e,h denote electron and hole, respec-
annihilation Operators of a valence hole characterized by théVely, €, is the energy bottoms of the ground subbangdis
orbital wave functionj®, and spin % /2, respectively. For the cyclotron energy,g; indicates the g factor, g
charge neutrality, a background positive chaiye N,)eis ~ =(2mwm/a,27n/b) (m,n intege) denotes the reciprocal vec-
spread uniformly on the electron layer, whétgandN,, are  tor, Fourier components of Coulomb interaction are given by
the number of electrons and holes, respectively. Note that
Ne— Ny, is conserved in the photoemission process.

Because the hole-hole interaction is negligible in the limit e
of vanishing hole density, the Hamiltonian is written as Uq 2eq’

— T h Kt
H= ? €NoCioCroT ; enoNioNes
[oa o

eh_ e
1 . Vg = 7eq s—exp(—qd), (2.7
- ee )
"2 % § Véitya6,861086,0 Ot Ctyo
N e2d 5 the Landau-orbit form factor is defined by
+ {; 2’ V§1§2§3§4e§10h§30 hgzg,e§4g+ %A Nf,
I oo

(2.9

. N—N’

IN"1 +q)l
N (igy qy) LN/ (q )exp( q ) =N'),

, N! VI 2 4

ANN = , (2.8
! [N [Ga,—gpt]™ " q q

_,. # LN’ N<_)exr< _) N<N )
NI VI 2 4

with an associated Laguerre polynomiaf'(x), and the The last term ezd/ZEA)Nﬁ on the right-hand side of Eq.

guiding-center form factor is defined by (2.5 denotes the charging energy captured in the electron
and hole layers and negligible in the thermodynamic limit
XX _ i : (A—o).
By 5q 12,7 - x &X qu(x+x )| (2.9 Now, let us introduce the characteristic Coulomb energy
2
with the modifieds function _ ¢
EC_47T€| ' (2.1
= 1 (X=X'=nan: integey, (2.10 with the dielectric constante, and consider the high-
X710 (otherwisg. ' magnetic-field limitEc<fwe,fiw,. We also assumégT
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<hwe,hiw,, Wherekg is the Boltzmann constant anil de- IIl. SCREENING EFFECTS ON THE PL ENERGY

notes temperature. In these limits, the photoexcited valence | the high-magnetic-field limit, the first moment of the
hole belongs to the lowest Landau level. However, it has tqpectra is calculated as

be noted that the assumpti&iz <% w,, is not easily realized

in usual experimental systems due to the heavy mass of the " - 1 .

valence hole. It is possible that some substructures appear in Ea :f EPL(E)AE=— —(Lo[H . Lal)eq: (3D
spectra when the valence hole occupies excited Landau lev- “

els. Because it can be obtained without information of the final

The initial states are configurations Nf, up-spin elec- statelf), it is more easily calculated than the full PL spectra.
trons, N_ down-spin electrons, and a single photoexcitedin the regimev=2, we obtain
valence hole. The electron filling factor is given by v, " ;
+v_, wherev, =N, /N, andv_=N_/N, are the filling Eo =Eg—(9|LHL.|Q), (3.2

factor of the_ up-spin af.‘d down—_spln electrons, respectl_vglyat absolute zero temperature, whégeis the ground initial
In the following, we mainly consider the large Zeeman limit

in which the electron spin is maximally polarized. This im- state when the angular momentum of the hole is fixeg to
plies thatv, andv_ are given by =3fial2 andE, denotes its energy. The PL spectra are ex-

actly given byP,(E)=8(E—EYM), if £,/g) is an energy

(r—1,1) (2sv<3), eigenstate.
(vy,vo)= (2.12 Inter-Landau-leveé-escattering can contribute to the first
(2v=2) (3sv=4), moment of spectra when and only when it conserves both the

in the initial states. Experimentally, such a condition is real_number and<sp|nf of eIectrolns 'E ZaCh L:ndau level. In_the
ized in narrow gap semiconduct$t® The spin-flipping ef- '€9ime 2<v=4, for example,E, depends on same-spin

fects caused by small Zeeman splittings will be discussed igcattering where an electron is relaxed from the fir_st exc@ted
the last part of this paper. to the lowest Landau level and another electron is excited

The e-h recombination operators of LCPaE —) and from lowest to first excited. However, it is unaffected by both
RCP (@=+) photoemission are defined by opposite-spin and same-spin scattering where an electron is

relaxed from the first excited to the lowest Landau level and

another electron is excited from first excited to second ex-

L_= E eox+ hox_ y cited.
X Let us define the shifts of the first moment by

AEM=EM-E’+E,, (3.3
Ly=2 eox-hox: (213 _ . o .
X where the PL energy in the absence of interaction is explic-
respectively. Diagnonalizing the Hamiltonian numerically, itly written as
we obtain all initial and final states of the finite-size system. e2d
Then, LCP and RCP photoemission spectra are calculated as E‘;: e_ .+ fguﬂr SeA (3.9
€.
1 Ei d the binding energy of a magnetoexciton in the lowest
P (E)=3 Zexp — —=|[(f|£.|I}28(E—E +E,), and the g energy of a magnetoexciton in the lowes
o(E) .zf: Z k T)|< [Lalid]®o +E) Landau level with zero wave vector dt0 is defined by
(2.19
. . I , 1 002 ee m
wherei andf are the indices of initial and final states, respec- EO:KE |Aq | Vg — EEC (Ng—). (3.9
q#0

tively, E; and E; are their energies, and is the partition
function. Because the lowest Landau level is fully occupiedi the |arge Zeeman limit, we obtain
in the initial states, we obtain the intensity sum rule
AEY(v+1)=AEY(v),

|gnl ueB

2kgT |’ AEM(v+1)=AEM(»)-E,, (3.6

(2.15 )
with

where(: - -)oq denotes the thermal average. This means that

RCP spectra disappear in the low-temperature limit. How- 1 102 ee L \/;

ever, some experiments indicate that the spin relaxation time Ei=% ;O |Aq 170G 7 VzEc (Ny—==). (3.7

is very slow and thermal equilibrium for the hole spin is not a

realized beforee-h recombination, because RCP photoemis-Therefore, we have only to calculate the first moment of LCP
sion is observed even at low temperature. Therefore, we wikpectraA EM.

not discuss the intensity of PL spectra any more and focus on |f the e-h correlation is ignoredHartree-Fock(HF) ap-

the normalized spectrﬁa(E): P,(E)/1, in the following. proximation, AE'(‘," can be estimated as

1
|a=f Pa(E)dE=<L‘Z£a>eq=§ 1— atanh
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FIG. 4. Filling factor dependence of the first moment of LCP
spectra calculated at1=0, 1, and 5 is shown with circles, crosses,
and squares, respectively. Energy shifts are measured Ebm /
—E, in units of Ey, whereE® is the PL energy in the absence of -3 -2 -1 0
many-body effects an#, denotes the binding energy of a magne- .
toext):/iton i}rlw the lowest Eandau level. The dogtted Iir?}e/ shows tﬁe PL PL Energy (UI”IItS of EO)
energy shift in the absence of correlation between electrons and a
photoexcited valence hol@lF approximation

FIG. 5. LCP spectra af =0 calculated numerically in systems
with various sizegN,=6, 8, 10, 15, 20, and 30The thin dotted
lines show the histogram with widtA/100, and the solid lines
—(v=2)E; (2sv=3), exhibit the spectra broadened by a Lorentzian with half wititb.

M —
AE‘(HF)_{—El (3=v=<4),

AEM is dominated by that of the initial state and itde-
pendence exhibits a downward convex curve. On the other
(2sv=3), hand, this kind of scattering is absent ir=<4, because

(v—2)E, (3<v=4). (3-8 the first Landau level of the up-spin electron is completely
occupied. As a resultAEM becomes constant because the
At integer filling factors, where the Landau levels are com-screening effect is exactly canceled out between the initial
pletely occupied, these results become exact. and final states. _

The shift AEY calculated in a system with,=15 is At the intermediatee-hlayer distanced/| =1), the bow-
shown in Fig. 4. Numerical results at tieeh layer distance Nd effects in the region 2<»<3 are suppressed and the
d/I=0, 1, and 5 are exhibited with circles, crosses, andnoment shows an upward convex curve whema<4. As a

squares, respectively. The Hartree-Fock results are aldgSUllAEZ exhibits a downward cusp at=3. This is be-
shown by the dotted line. cause the attractive interaction between electrons in the first

When the electrons and the valence hole are confined ihandaq level and the valence hole is weakened byete
the same layerd=0), AE™ is discontinuously shifted to the ayer distance and the screening effect in the initial state is

. suppressed.
low-energy side av=2", shows a downward convex curve Yy

- : e When thee-hlayer distance is much larger than the mag-
for 27 <v<3, and becomes independent of the filling factor e length @/1=5), AE™ exhibits no clear bowing effects

for 3=v=4. In this case, the initial-state ener@y, is de-  3nq comes closer to the HF result though oscillating irregu-

creased by the accumulation of electrons in the first exute@any_ This irregular oscillation is presumably becaesere-

Landau level around the valence hotereening effegt The  pyisive interaction suppresses the accumulation of electrons

averaged final-state enerdy|L" HL_|g) decreases also around the hole and its effect changes sensitively as a func-

due to the attractive interaction between electrons in the firsion of » due to finite-size effects.

excited Landau level and the “conduction hole” left in the At v=2" and 3", AEM shows a large discontinuous

lowest up-spin Landau level after the LCP photoemission. lblueshift and large discrepancy from the HF result. In these

is expected that such screening effects are most enhancegiceptional cases, the initial stagg and the state after LCP

when the first excited up-spin Landau level is nearly half-photoemissionC_|g) are those of a single exciton. Because

filled. the binding energy of an exciton is larger in final states than
In the case & v<3, the screening effect in the final-state in the initial state, the first moment is blueshifted.

energy is partially canceled by same-spin scattering in which

an up-spin electron is relaxed from the first excited to lowest IV. PL SPECTRA IN FINITE-SIZE SYSTEMS

Landau level and another up-spin electron is excited from The full PL spectra numerically calculated in finite-size

lowest to first excited. As a result, the screening effect insystems will be shown by both histograms with width

0
AE’ﬁr"(HF)z{_
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FIG. 6. LCP spectra a=0 calculated ata) d/I =0, (b) 1, and FIG. 7. LCP spectra a=0 calculated afa) d/1=0, (b) 1, and

(c) 5 in the filling-factor range & v<3. The dashed lines show the (c) 5 in the case &v<4.
spectra in a spinless fermion system at the corresponding filling

factor V=V 1, WhiC.h are quivalent to those calculated Withqut smooth downward convex curve, while those of the high-
opposite-spin scattering. The first moments of spectra are also 'ndénergy peak show only a small bowing effect. WheneHe
cated by arrows. layer distance is larged{l> 1), the first moment of the spec-
tra is almost linearly shifted and two peaks show no clear
Eo/100 (gray spikeg and convolutions with a Lorentzian bowing effect in their energy shifts. In general, the magni-
with half width Eq/5 (solid lines. To investigate pure many- tude of the peak splitting is enhanced with the increase of the
body effect, PL energies are measured frBfhin units of  filling factor » and suppressed with the increase of &b
magnetoexciton binding enerdy, calculated in finite-size layer distance.
systems. The PL spectra suddenly split into two peaksvat2™
To check the system-size dependence of results, we calvhen thee-h layer distance is smalld{I<1). In this case,
culate LCP spectra in the case=3,d=0, andT=0 in vari-  the initial ground state is characterized by a finite wave vec-
ous system sizeN =6, 8, 10, 15, 20, and 30, as shown in tor (k#0) and the spectrum splits into tw®functions be-
Fig. 5. As the system size is increasédfunction peaks in- cause the opposite-spin scattering gives rise to a mode repul-
crease in their number and are shifted to the high-energgion of the final states. On the other hand, this splitting is
side. However, the broadened spectra always show a doublabsent and the spectrum is suddenly shifted to the higher-
peak structure independent of the system size as long anergy side av=2", when the distance is largel>1).
N,=6. In the following, PL spectra calculated in the systemThis is because the ground initial state is realizeki-a0 and
characterized byN,=8 are discussed in more detail. the opposite-spin scattering vanishes due to Kohn’s theorem.
A more detailed analysis of such behaviors will be given in
the next section.
A. LCP spectra at zero temperature The LCP spectra for & v<4 calculated atl/I =0, 1, and
The LCP spectra for <3 calculated atl/|=0, 1, and 5 are shown in Fig. 7. Again, the spectra consist of a huge
5 are shown in Fig. 6. We also show broadened PL spectraumber ofé functions, but it seems that they have a double-
calculated in spinless systems at the corresponding fillinggeak structure again, if a sufficiently large broadening is in-
factor vg=vr—1 with dashed lines. They are equivalent to troduced.
spectra calculated without opposite-spin scattering, because When electrons and the valence hole are confined in the
the Hamiltonian in the spinless fermion system is derivedsame layer §=0), the first moment has no filling-factor
when the spin of the electrons and the valence hole are fixedependence when2v<3. However, it seems that the low-
to +#/2, and—34/2 in Eq. (2.5), respectively. In general, and high-energy peaks exhibit shifts of downward convex
the spectra consist of a huge numberdofunctions. How-  curves and their intensity is transferred from one to the other.
ever, the spectra to which a sufficiently large broadening ighe first moment shows an upward convex curvel/at-1
introduced show two peaks with comparable intensitiesand an almost linear shifts atl>1. The shifts of the low-
when the electrons and hole have a spin degree of freedorand high-energy peaks are only weakly dependent oe-ihe
In contrast, they exhibit only a single peak in spinless syslayer distance atl/l =1 and show no clear bowing effect.
tems. This fact clearly shows that the double-peak structure
in LCP spectra is caused by opposite-spin scattering.
When thee-h layer distance is smalld{l<1), the first
moment of spectra shown by the arrows is shifted exhibiting The RCP spectra for2v=<3 calculated fod/I =0, 0.5,
an almost smooth downward convex curve as a function of and 5 also show interesting features as shown in Fig. 8.
The energy shifts of the low-energy peak show an almosThose ford/I=0 shown in Fig. 8a) consist of a singles

B. RCP spectra at zero temperature
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FIG. 8. RCP spectra af=0 calculated ata) d/1=0, (b) 0.5,
and(c) 5 in the case Zv<3.

function located atE=E° —E, independent of the filling FIG. 10. LCP spectra at high temperat(re:-Ec calculated at
factors, because inter-Landau-le\esk scattering is forbid- d/1=0 in the casesa) 2<v=3 and(b) 3<v=4.

den and a kind of the hidden symmetry still survivesdat hey consist of a large number @ffunctions, but show a
=0, as mentioned already in Sec. |. Screening effects in thgyo-peak structure if a sufficiently large broadening is intro-
initial and final states are exactly canceled out in the Plgyced. When the-h layer distance is smalld{I<1), two
energy. . o . . peaks have comparable intensities and are both shifted to the
When thee-hlayer distance is increased, this symmetry isjower-energy side, showing a downward convex curve in the
destroyed, because teehinteraction becomes small and the ,, dependence. As theh layer distancel/| increases, such a
cancellation is incomplete. In fact, the PL energy is Sh'ftedbowing effect in the energy shifts is suppressed and the
showing an upward convex curve fdfl~0.5, as shown in broadening of the spectra is enhanced.
Fig. 8b). At largee-hlayer distancel>1, spectra are highly  As will be discussed in Sec. V, the RCP spectravat
broadened and show no clear bowing effect, as shown in Fig=3+ zre similar to LCP av=2" in their structure. In fact,
8(c). Thisis presum_ably because astrcmgin?eraction SUP-  they show a two-peak structure wheil =0 and 0.5, but
presses the screening effect as has been discussed in the RBRly a single peak suddenly shifted to the low-energy side at

PL Energy (units of Eg)

vious section. d/I=5.
The PL energy is blueshifted discontinuously :at2*
for d#0. In this case, both initial and final states consist of a C. Spectra at finite temperature

single exciton. Because the binding energy of the exciton in
the initial state is smaller than that in the final state, the PLk
energy is shifted to the high-energy side.

Next, we consider the PL spectra at a high temperature
sT/Ec=1 in the large Zeeman limit. The LCP spectra cal-

The RCP spectra for 8v<4 calculated atd/I=0, 0.5, T — T 1
and 5 are shown in Fig. 9. As in the case of the LCP spectra, (a5 | @ L (b) |
— T v —— . — | RCP | v 1l kBT/Ec=1 ]
| | d/=0 (@) _ _| 0.5 b) | _| 5.0 (©) | :03 /' \ 24/8 /‘M/_S
RCP v ' " kgT/Ec=0 [= ‘
t it 1t S 1 = AT N 23/8
£ | ~—t~__32/8] o
5 31/8 8
e}
S _30/8 %‘
2 c
. o
c [
8 £
£ _|
= o
o
)
1 \24/8
-3 2 -1 0-3 -2 -1 0-3 -2 -1 0 -2 -1 0o -3 -2 -1 0
PL Energy (units of Eg) PL Energy (units of Eg)
FIG. 9. RCP spectra & =0 calculated ata) d/I=0, (b) 0.5, FIG. 11. RCP spectra at high temperatiire E calculated at
and(c) 5 in the case &v<4. d/I=5 in the cases$a) 2<v<3 and(b) 3sv<A4.
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culated atd/I=0 for 2=v=<3 and 3<v=<4 are shown in 0.1 — — T T .
Figs. 1Ga) and 1@b), respectively. Again, they consist of a
tremendously large number éffunctions, but it seems that
the broadened spectra show basically a double-peak struc-
ture. In the whole range of 2v=<4, the spectra show two
peaks and both low- and high-energy peaks show an almost
linear v energy shift.

The RCP spectra calculated foHl =5 at a high tempera-
ture kgT/Ec=1 are shown in Fig. 11. Because of the re-
maining hidden symmetry, the RCP spectraldt=0 for 2
< v=<3 show no temperature dependence and are still given
by Fig. 8a). Whend is increased, the peak is highly broad-
ened, but its average position is not so changed as is shown
in Fig. 11(a). In the case & v=<4, the single peak at=3
splits into two peaks as the filling facteris increased. 0 1 2 3 4 5 6

In short, the basic structure of specifihe number of Wave Number (units of 1/1)
peaks is almost independent of temperature. However, the
bowing effects in PL energy shifts, which are caused by the FIG. 12. Effective interaction between an electron in the first

screening effect at low temperature, are suppressed at a highkcited Landau level and a valence hole in the lowest Landau level.
temperature. The horizontal axiskl denotes thee-h distance of guiding center

coordinates projected onto tlg plane in units of. The results of
d/I=0, 0.4, 0.8, 2, and 5 are shown with solid, dotted, dashed,
dash-single-dotted, and dash-double-dotted lines, respectikely.

As has been shown in Sec. IV, the LCP spectra obtained 0 denotes the pair energy of an electron in the first excited Lan-
by the finite-size calculation af=0 show a sudden peak _dau_level ar_1d a hole in the lowest Landau level separated infinitely
splitting atv=2", when thee-hlayer distance is not so large I distance(i.e., d— or k—).

(d=<l). To treat this sudden splitting more rigorously, we _

analytically calculate the PL spectra in the thermodynamic P.(E)= 5(E—E‘2,+ Eo), (5.5
limit (N4—) at»=2 and 2". This analysis also gives us
physical insight into the origin of peak splitting shown in
LCP spectra av>2.

First, we consider the PL spectra justiat 2. The initial
states of the LCP and RCP photoemission hiyefold de-
generacy and are written as

Energy (units of Ep)

V. PL SPECTRA AROUND FILLING 2

independently of the-hlayer distance.

Second, we consider the spectravat2® andT=0. The
ground initial states of the LCP and RCP photoemission are
the exciton states with wave vectorwritten as

1 '
k), _=——> B¥el, hl, _|2),
X0, =hix|2) = Ry 5 S o2
[X)i,+=hix[2), (5.9 1 ,
| oo K= — 3 B el hie 2. (58
respectively, wheré2) denotes filled lowest Landau level. VN xx’

They have the energies Their energies are given by

_ h
Ei,-=E(2)+e-, E _(K=E(2)+ €, —E + el +EL(k,d),
— h
Ei,+=E(2)+ e, (5.2 E . (K=E(2)+e, —E +el, +EXK,d), (5.7
whereE(2) denotes the energy of the=2 QH state. The respectively, where the interaction between an electron in the
final states are also given by first excited Landau level and a valence hole in the lowest

level is calculated as
|X>f,—:£—|x>i,—:eox+|2>,

1 .
[X)i,4= L4 |X) 1+ =eox—[2), (63 Exkd)=g 2 vfAYALexT —i(kxa))?]
whose energies are given by

1 J“
R d llAOO ehJ k|2 N o0 ,
Er_=E(2)—€§, +Eo, 22 ), 49a AV Jo(akl) - (Ng—oe)

(5.9
Ef,=E(2)—ef_+E,. (5.4) _ _ _
' with the lowest-order Bessel functidiy(x). The energy dis-
Thus PL spectra are calculated as persion Ex(k,d) is calculated for various value af and
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shown in Fig. 12. When the-h layer distancel is smaller -0.6
than a critical valued., they show a minimum ak=kg .
#0 (a roton minimunm. If the e-hlayer distanced is larger u? 0.8
thand., they show a minimum &= 0. The critical distance “—
is calculated asl,/I=0.7773.... o 4.0
To obtain the final state of the LCP photoemission, we =
introduce the bright{optically allowed and dark(optically 3 42 -
forbidder exciton states as > A
o))
L g 1.4 Y
’ [n]
[K)p=L_|K)i-=——= > BXX'ely, eoxr+]2), Ll i 1
i N¢,Xx’ k IX+ + 1 16 Kﬁg A 18 ]
a Eg M x 30| .
1 , g1 . 1 . | T
K)g=— N > B el _egx_|2). (5.9 0 1 2 3 4 5
¢ XX’

e-h Layer Distance (units of I)
They are coupled with and only with each other through

opposite-spin scattering. On the other hand, same-spin scat- FIG. 13. Peak splitting at=2"* as a function of thes-h layer
tering gives their energy shifts. The effective Hamiltonian fordistanced/lI. The analytical result in the thermodynamic limit
the finals states is reduced to &2 matrix whose elements (N —) is shown with solid lines. The numerical results fdy,

are calculated as <9, N,=10, 12, 14, 16, 18, and 30 are shown with solid circles,
solid squares, solid triangles, inverted triangles, open squares, open
(K| H|K)p=g(K|H|K)q=E(2) + €5, —E;— €5, + Eq triangles, and crosses, respectively.
+Ex(k,0)+A(K), the first excited Landau level and the “conduction hole” in
the lowest Landau level at=2". Only the singlet exciton is
(K| H|K)g= g(k| H|K)p=—A(Kk), (5.10 influenced by thee-h exchange interactiof?.

The absence of inter-Landau-lewele scattering ak=0

whereA (k) denotes the inter-Landau-level scattering: is related to Kohn's theorem. which states

1
AK= 5z | AP, (5.11 Er (k)=Er(ki)=E(2)+ €5, —¢5,  (5.14

The coupling constanA (k) vanishes when and only when at k=0. [Note the identityEy—E;+ E>1<(0,O)= 0.] If the

k=0. In this case, the bright final statk&), becomes an initial state is always realized &= 0, Kohn’s theorem im-

energy eigenstate and the spectrum is given by a siAgle plies that the LCP spectrum consists of a single peak at

function. Otherwise, the bright and dark states are coupled te-2" and is suddenly blueshifted when the filling factor is

each other through opposite-spin scattering, and mode repuhcreased across>.In fact, we obtain

sion leads to a peak splitting in the PL spectrum.
Diagonalizing this effective Hamiltonian matrix, we ob-

D — _ =0 _ el 1
tain spin-triplet and -singlet states P_(E)=d[E-E-+Eo—Ex(0d)+Ex(0,0],

(5.19

which leads to a sudden blueshift due to the inequality
E%(0,0)<E%(0,d)<0. Note that a similar discontinuous
blueshift is also observed aroundiat 1.%6°°
1 However, when the-hlayer distancel is smaller thard,
Ik:s)=—(|k)p—|K)q), (5.12  and the initial-state enerdf; (k) shows a roton minimum
V2 atk=kg# 0, the spectrum suddenly splits into two lines with
an increase o from 2 to 2°. The spectrum av=2" is
given by

1
|k;t>f—25(|k>b+|k>d),

with energies

Er_(k;t)=E(2)+ €5, —E;— €5, + Eq+EX(k,0), ~
P_(E)=3% [E—E°® +Ey—EX(kg,d) + EX(kg,0)]

Ei_(k;S)=E(2)+ €5, —E;— €5, + Eg+ Ex(k,00+2A(Kk)
(5.13

These results are nothing but the energy dispersions of the +Ex(kp,0) +2A(Kg)]. (5.16
cyclotron mode obtained in Refs. 64—69. It is interesting to

note that the inter-Landau-level scattering can be regarded as The discontinuous peak splitting or blueshifts around at
the exchange interaction between the conduction electron in=2 is plotted as a function of the-hlayer distancal/| in

+32 E-E° +Eq— EX(kg,d)
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Fig. 13 together with corresponding numerical results ob- For the RCP photoemission, the final state is the bright
tained in finite-size systems. With the increasedoftwo  exciton statdk);, =L, |k);, with energy
peaks of the LCP spectra increase in energy, come closer

— 1
together, and finally merge into a single pealdatd,. The Err(K)=E(2)+€f, —E1— g +Eg+Ex(k,0).
numerical results for finite-size systems are in good agree- (5.17
ment with the analytical results. The spectrum is therefore calculated as

S E—ES +Eg—Ex(kg,d)+Ex(kg,0)] (d=<dy),

PrB)= sre—g0 + Eo—EX(0d)+EL0,0] (d>dy),

(5.18

which does not show an anomaly 0, but a discontinu- filling factor 2< v<4, e-hlayer distancel, and temperature

ous blueshift ford#0 when the filling factor is increased T Our calculation shows that the opposite-spin scattering
across_v=2. The_numerlpal results are consistent with this;g especially important in such a peak spliting. In fact, the
analytical prediction agam. L spectra in a spinless system, which gives spectra equivalent
The RCP spectra at=3 exhibit a behavior similar t0 - 1056 calculated without opposite-spin scattering, show
thaf[ 01_‘ LCP spei:tr.a azt/.=2 . The initial state for the RCP only a single peak.
emission a=3" is written as The origin of the double-peak structure is mode repulsion
between the bright final staté_|i) and dark final states
k)i + = 2 Béx’eix_héx,+l3>, caused by strong opposite-spin scattering. The analytical cal-
\/_¢xx’ culation aty=2" clearly supports this mechanism. When
the filling factor increases, dark states increase in their num-
ber and form an energy continuum. The mode repulsion re-
E (K=E(3)+ef_ —E;+ €g+ + E>1<(k,d), mains essentially same as long as the hybridization between
the bright and dark states is strong enough. This picture of

where|3) andE(3) denote thes=3 integer QH state and its peak splitting is essentially equivalent to that pointed out
energy, respectively. The ground state is realizedk-A0 previously aty=354

whend<d. and atk+:0 whend=d, . Similar to the case of There are two different types of same-spin scattering pro-
LCP spectra av=2", we can introduce the bright and dark ¢esses. In processes of the first type, an electron is relaxed
states defined by from the first excited to the lowest Landau level and another
is excited from the lowest to first excited. These processes
|k>b:£+|k>i+ziz B el e _|3), contribute mainly to the PL energy shifts as has been dis-
\/N_¢><><r cussed in Sec. lll. In the second type processes, an electron is
relaxed from the first excited to the lowest Landau level and
XXt another is excited from the first to second excited. These
[Kya=— WZ Br” €x+€1x +13), (5.19 processes play roles similar to opposite-spin scattering and
¢ XX cause mode repulsion between the bright and dark states.
which are coupled with and only with each other throughHowever, the coupling is not strong enough to cause peak
opposite-spin scattering. The coupling constant betweesplitting and leads to spectral broadening only as seen in

1

and its energy is given by

them is given by spectra in the spinless system. This is presumably because
same-spin scattering is much weaker than opposite-spin scat-
o(K|HK)g= — ZWIZA&OAl*Z"Uﬁe’ (5.20 tering due to Pauli's exclusion principle.

which vanishes when and only whdn=0. Therefore, the

B. Spin-flipping effects on PL spectra
RCP spectra av=3" have two peaks ai<d, caused by pIn-ippIng P

the mode repulsion and a single peakiatd, because of the In the numerical calculations shown above, we have fo-
vanishing of the mode coupling. cused on PL in the large Zeeman limit. However, experi-
ments are often performed in systems with a srgdtctor
VI. DISCUSSION such as GaAs/AlGaAs heterostructures. The numerical cal-
o culation shows that the ground state is maximally spin polar-
A. Origin of double-peak structure ized even in the vanishing Zeeman limit wher 2. More-

The numerically obtained LCP spectra in the large Zee-over, PL spectra calculated numerically for the fixed electron
man limit show a double-peak structure independent of thepin polarization show a weak temperature dependence in
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their basic features. Therefore, it can be expected that th8U, or OA,. They show that the low-energy peak is en-
main role of temperature increase is spin flipping in suchhanced with a decrease of the temperature.
systems.
To investigate this effect, we consider the LCP spectra VIl. SUMMARY
PSZ(E) at absolute zero temperature fixing theomponent

of total electron spir§, of the initial state. When we choose
a new spin axis in which all electrons in the first excited
Landau level have up spin, the conduction hole created b
the recombination becomes a linear combination—df/2

and +7/2 spin states, each of which contributes indepen

We study the PL spectra in quantum Hall systems of fill-

ing factor =2 using a numerical diagonalization method,
onsidering the spin degree of freedom for the electrons and
alence hole. The averaged energy of luminescence shows a
v dependence explained by screening effects. The calculated

dently to the PL spectra. The intensity of these contribution$PeCtra of the .LCP pho_toemission usually show a double-
is proportional tS, /S and (1 S,/S), respectively, wher& peak structure in the region2v<4. The RCP spectra show

denotes the total electron spin of the initial state. Therefor a single peak when %f’$3 and a double-peak structyre
we obtain when 3<v=<4. The origin of the double-peak structure is a
strong hybridization between the bright and dark final states

through opposite-spin scattering. The results explain the re-

S— : >
PSZ( E)= % PSZ:S(E) + TSZ Ps,- _§(E). (6.2 cent experiments qualitatively.
The LCP spectra #,=S are already calculated in the large ACKNOWLEDGMENTS
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