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A theory of photoluminescence from an interacting two-dimensional electron gas in strong magnetic fields
in the vicinity of integer filling factors is developed. The recombination spectrum turns out to be a discontinu-
ous function of the filling factor, related to spectral functions of the final-state excitations. The electron-
electron interactions are shown to lead to splitting and oscillations of the recombination line. The splittings,
associated with odd filling factors, are analogs of Anderson-Fano resonances, but in the Fock space of the
interacting system. The oscillations are related to the competition between the electron-valence hole and
electron-electron interactiongS0163-182807)04343-9

[. INTRODUCTION space and its effect on the spectral function of finite fermion
systems was recently investigated theoretically by Altshuler
Interband magneto-optics is a contactless probe of twoet al° The similarities illustrate the role of confinement and
dimensional electron ga$2DEG) in the integet™ and  magnetic field in the quantization of the kinetic energy of
fractionaf’ quantum Hall regime. In the recombination pro- electrons. The calculated splitting, after broadening by disor-
cess an electron recombines with a valence hole, emitting der, leads to filling-factor-dependent oscillations of the en-
photon. This creates a hole in the electron gas. The hole is aargy of the magnetophotoluminescence line. Such oscilla-
elementary excitation, the spectral function of which carriegions have previously been observed in strongly disordered
information about excitations of the electron system. Insample€ > and related predominantly to properties of the
Fermi liquids the hole weakly interacts with excitations of valence hole. The disorder broadens Landau levels, and elec-
the electron gas, and is a well-defined quasiparficldle  trons are capable of screening Coulomb interactions, renor-
calculation of the broadening of the spectral function can benalizing both their energy and interactions with valence
done by perturbative methods. In strongly correlated sysholes. Neglecting the Zeeman splitting, diagrammatic
tems, the spectral function of a hole need not resemble thealculations of the electron-valence hole correlation func-
spectral function of a hole in a noninteracting system. Recerntion identified oscillations of photoluminescence energy pri-
photoluminescence experiments in a high-mobility 2DEG inmarily with oscillations of the valence hole self-enetgyie
strong magnetic fields have shown discontinues jumps antb the smooth behavior of the electron enetdgshe valence
splitting of the recombination line at integer filling factdrs. hole self-energy is due to interaction of a valence hole with a
We relate these observations to the nonquasiparticle behaviéinite density of valence holes. The hole-hole interaction is
of the hole spectral function. screened by a finite density of electrons. A commonly used,
The recombination spectrum and the hole spectral funcbut untested in a magnetic field, quasi static approximation is
tion are investigated in the vicinity of integer filling factors. to split the self-energy into Coulomb hole and screened ex-
In strong magnetic fields and integer filling factors, electronschange part:** The screened exchange is proportional to the
condense into Hartree-Fock ground states, separated frodensity of holes, and becomes negligible in the low-density
excited states by either cyclotron or Zeeman gaps. Startinimit. The Coulomb hole term, on the other hand, reflects the
from Hartree-Fock ground states, we work out a theory ofenergy associated with correlations among valence holes.
interband recombination and of the spectral function of theThe correlations are due to the valence holes with parallel
optically created final states. The final states are calculatespin avoiding each other due to the Pauli exclusion principle.
using exact numerical diagonalization techniques. In particuThis creates a depleted charge around the valence hole, the
lar, we show that in the vicinity of odd filling factors>2,  electrostatic energy of which depends on the screening pro-
the spectral function of the hole in the lowest Landau levelvided by electrons. The Coulomb hole self-energy survives
splits into two peaks due to resonant many-body interactiomn the limit of vanishing valence hole density due to the finite
with a continuum of quasidegenerate excited states of thdensity of the electrons, and is responsible for the filling-
2DEG. Spin plays an important role in this recombinationfactor-dependent oscillations of the energy of the emission
process. The effect appears to be a many-body analog of thi@e.
Anderson-Fano resonance known from solid-state and The diagrammatic theory, applicable to compressible sys-
atomic physic€. A related problem of localization in Fock tems, appears to explain the oscillations of photolumines-
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cence in disordered systems. However, it clearly cannot be

applied to a very high-mobility 2DEG, where both cyclotron <0>
and Zeeman gaps exist. In clean samples an approximation

starting from Hartree-Fock ground states and treating the _——— = —— $—
electron-electron interaction first and disorder later appears filing factor 3

to be appropriate. This Hartree-Fock picture has already been —_——_——  — ) — —_—
successfully applied to the theory of cyclotron resonance in 'Y ¥ 3 Y Y %

the self-consistent excitonic approximatithto the recom-

bination spectrum at filling factar=1,13-1°

and to the filling
factor dependence of the donor-related far infrared *® 050 &4
absorption®’ L & 4 0 000
m=0 1 2
Il. MODEL
| | | ©) © ©
The eigenstatefm,n,o) and eigenenergies,,, ,= wc(n I
+3)+gugBo of an electron moving in anx(y) plane in
the presence of the perpendicular magnetic figsldh a sym- _ﬁ% o 5t~ X
metrical gauge, are that of two harmonic oscillators. Here
labels different Landau levelsn labels degenerate intra- _— -_ —_——
Landau-level states, anah—n is the angular momentum. 0 L 2 4 4
The cyclotron energy is.=(eB/m*c), lo=1/(m* w.)*?is
the magnetic lengthm* is the effective masg is an effec- 0 O+ o0
tive g factor, ug is the Bohr magneton, angugB is the o0 20 000

Zeeman energy. The Coulomb energy is measured in units of
exchange energlf,=Ry\2may/ly, where Ry is the effec-
tive Rydberg and, is the effective Bohr radius. The same  rig 1. A schematic picture of resonant electronic configura-
applies to photoexcited valence-band holes with appropriatgons for filling factor 3~ (a)—(c) and 3" (d)(f). The black dots
valence-band parameters. Since holes have the opposigrrespond to electrons occupying statesn,o). For eachm,

charge to electrons, the angular momentum of holes is opp@states with increasing Zeeman and cyclotron energy are shown.
site to the angular momentum of electrons.

After denoting the creatiorfannihilatio operators for
electrons (holes in states |[m,n) and spin |0} ([i)
=|m,n,a)) by ¢;"(c;),h;" (h;) the Hamiltonian can be writ-
ten as

m=0 1 2

determinant of occupied state$m,n), e.g., |v=3)
=TIN_oCm1_Crho+Cmo_|0), whereN is the number of oc-
cupied orbitals in a given Landau level. We consider recom-
bination from two initial statesi ) and|i ~), which differ
by changing one flux quantum. THe )=h. ,.|v) state
H= E Eicfci + Eihhﬁhi consists of a filled Landau level and a valence hole in orbital
! m of the lowest spin-up valence-band Landau level. This
configuration is illustrated in Fig.(&) for a filling factor v

+3 2 <i1vi2|Vee|i3,i4>Ci+1Ci+2Ci3Ci4 =3. The total angular momentuR=m-—2;m;—n; of the
1121314 electron-valence hole system is a good quantum number. We
_ _ can label our initial many electron states oy the angular
+ SEsi (i1,52|Venlss,ia)ci cihg hs,, () momentum of the valence hole. There arelegenerate ini-
1°2°3'4

tial states, occupied with probabilify; . It is important that
where (iq,i,|Vediz,is) are the electron-electron Coulomb Coulomb interactions do not mix differefit”)=|m) states.
matrix elements®'8% and (i;,s,|V.p/ss.i4) are electron- From Fermi's golden rule the recombination spectrum
hole Coulomb matrix element8.The positive background is E~ () is given in terms of the initiali =) and final|f) states
included in a standard way. The conservation of angular moby
mentum in the Coulomb scattering of electrons guarantees
that m;+my,—n;—n,=mg+m,—n3;—n,. The electron-
valence hole matrix elemeRtan be related to the electron- E (w)=_2, P{(fIP]i " )|?8(Ei+w—E)), 2
electron matrix elements  as(my,Sy|VerSs,My)= fi
—a(my,S;3|VedSo,my), Where a=|Vg/Vee measures the
ratio of the electron-valence hole to electron-electron interwhere the luminescence operat® =X hpnn _Cyn —
action. The parameter in one-side modulation-doped quan- +hy, +Cyn - removes electron-hole pairs without chang-
tum well depends on the well width and carrier concentraing total angular momentum or spin. Using the identity
tion. (fIP7|li")=(flcmo-|»), the recombination spectrum re-
duces to
lll. EMISSION SPECTRUM

Let us consider the recombination spectrum from filled E ()= P._l{flc 25(Ei+ w—E. 3
Landau levelgy). The filled Landau level is a single Slater (@) % l(flCmo- M)+ o=E). ()
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For a translationally invariant system, the recombination
spectrum should not depend om and therefore it reduces to
a spectral function of a hole created in the center of a filled
disk:

HF self—energy of hole in n=0 Landau level

E_(w)=2 [(flcoo-|)[?8(Es+ w—E)). (4) '?

-0.6

_08 -

E-w,/2)/E,

This spectral function has been investigated numerically
by a number of authof$2°in the fractional quantum Hall- %
effect regime. ~07- ﬁ_ 4_
Let us now reduce the number of flux quanta by one. Our
initial state|i *) consists of a filled Landau level, one elec- ﬁ H #
tron in an emptyn=1 Landau level, and a valence hole in
then=0 Landau level in the valence band. There are many %
such excitonic states mixed by Coulomb interactions. The %
initial state corresponds to the lowest state of {Bi¥) exci- i—
ton. Neglecting Landau-level mixing, the initial state can be -0.9
written as|i*)=Em,m/xﬁfﬁ":’g1h;yn:0’+c;,’n,=1v+|v), with
m—m’'=1, andxm",;”' the amplitude of the ground state of
the (01) exciton. The recombination spectrum from an exci- 1] +

ton state can be expressed solely in terms of electronic op-
erators, and fow=3 it is

PTliT)y= > medlcmyoy,cr;, PR F T () 1.2 3 4 5 6 7 8 9 10
m’,mi=m’—m . filling factor v
The spino is +/— for odd/even filling factors. The final

states in the recombination spectrum are therefore projected FIG. 2. Hartree-Fock energies of holes with spin-up and -down
on inter-Landau-level charge and/or spin excitationsas a function of the filling factor.

Cmo~Cm nr ol ¥), DUt Weighted by the initial exciton ampli-
tudesxm'ﬁ”': self-energies, measured from &2 for optically created
' holes in the spin-down lowest Landau leygbwn arrow$ as

2 . .y . .
) a function of the filling factor. For comparison, the energies
+ _ m’,1 +
E'(w)= Z (fl , 12_ . Xm, Cm,o,~ Cm’,l,zr| v) of holes with spin-up are also shown. One can think of these
mLm=meem energies as magnetic-field-modulated band-gap renormaliza-
X 8(Es+w—E;). (6)  tion. At even filling factors the energies are the same, but for

odd filling factors there is a splitting due to finite magneti-
The final states fow* are shown in Fig. (). These are zation of 2DEG. The finite magnetization causes oscillation
inter-Landau-level spin-flip excitations. Hence there is a dis-of the energy of the optically created hole as a function of the
continuous change across the filling factor in the recombinafilling factor. The energy of the optically inactive hole also
tion spectrum, from the spectral function of a hole to theoscillates but in opposite direction.
spectral function of collective excitations.

V. SPECTRAL FUNCTION OF A HOLE AT v»=1,2
IV. HARTREE-FOCK EMISSION SPECTRUM

. , The ch f th inati t the fill-
The energy of the removed hole, neglecting all fmal-statqn e change of the recombination spectrum across the fi

int . is the Hartree-Fock self f the elect g factor has important consequences at filling factors
interactions, is the Hartree-Fock self-energy of the electron, =, 4 5 55 pointed out in Refs. 13-15. A1~ a

in the lowest Landau level. The Hartree-Fock self-energy is .. wpination from thém=0,, n=0, o= — ) state creates a

given by final state with a single hole in the=0 Landau level, as
shown in Fig. 3. The completely filled Landau level of the
Eﬂﬁmr: > ((m'n”,mn|Vedmnm’n’) initial state is negatively charged to compensate the positive
m’.n’,o’ charge of the valence hole. The transition endimya disk
—(m'n’,mnVedm'n’,mn)é, ,)f(m’,n",o’),
@) w(v=1)" =E4+ 35— (N0,00V/NO0,00
wheref(m’,n’,o’)=1 for filled levels and 0 for empty lev- N
els. For example, for filling factors=1, 2, and 3, the self- + 2 (00m’ 0|V m’ 0,00 (1-a)
energy of an optically created hole = —1E,, —1E,, weo e " (N+1)

and—1.5E;. In Fig. 2 we show the calculated Hartree-Fock (8)
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Landau level. In contrast to th@®0) exciton involving only

filing factor 1 n=0 Landau levels, the lowest exciton state corresponds to a
nitid state final state finite angular momenturR= 1. The recombination from the
finite angular momentum exciton creates e 1 angular
— — — — — — momentum inter-Landau-level excitation. This is a collective

? -. -‘- .@. ,., ,._ excitation, a cyclotron mode, which by Kohn’s theorem has

only cyclotron energyw.. The transition frequency is given

by o' =Ey—Egr+ 267, whereEJ is the inter-Lanadau-

X ' XY level R=1 exciton binding energy, anBlff{=—E/2 is the
n=1 Landau-level Hartree-Fock self-energy at2. We
. ’ ‘ ‘ . find that the(01) exciton binding is half of th€00) exciton
binding energy. Therefore we expect a discontinuous redshift
A=Eo—E% —Ey/2=(Eo—E/2 at v=2 which is half of
the shift atv=1. If one includes the fact thdEy(v=2)
» I =Eq(v=1)/2"2, the value of the discontinuity at=2 is
filing factor 1 2x 22 smaller than the value at=1.

nitial state final state
VI. SPECTRAL FUNCTION OF A HOLE AT w»=3"

—_— —_— Let us consider in detail the spectral function of a hole at
v=3. The hole in them=0, n=0, o=— state is highly
'.' '.' " " excited. It can therefore be degenerate with other excited
states involving more than one quasiparticle. If many-
particle configurations, which are degenerate with the single
‘.‘ "' '. '.' "' hole, exist, they will mix via Coulomb interaction in a non-
-. ‘- -.- -‘- -.- -.- perturbative fashion. These configurations are shown in Figs.
1(a)—1(c). Figure Xb) shows configurations which have a
hole with spin-up in the lowest Landau level, while Figc)L
shows Auger-like configurations with holes in the second
FIG. 3. A schematic picture of initial- and final-state electronic | 3ndau level. Configuration®) are only possible in the vi-
configurations for filling factor I and 1" (d)—(f). The black dots cinity of odd filling factors, since only then can the spin of
correspond to electrons occupying statesn, o) of the lowest o hoje he compensated for by a spin-flip excitation. The
Lgnd.au Ievell in the valence and conduction band. For eastates final states can be expanded in terms of all possible degen-
with increasing Zeeman energy are shown. erate configurations with the same total angular momentum
) R=0 and spinc=—. These noninteracting configurations
can be expressed in terms of the ielf-energy oftked,  ;an pe classified by their kinetic energy. States with a finite
spin-polarized lowest Landau levél, = —Eo, and finite-  kinetic-energy (multiples of w,) give rise to a shake-up
size corrections, which slowly decay to zero as the size of th@ffect2:26 They can be treated perturbatively B, /w.<1.
ergy atv=1", o~ =E;—Eo is lowered from the bare gap as the single hole in the lowest Landau level, shown in Fig-

by the Hartree-Fock enerdgp. At v=1" the recombination yres 1a), 1(b), and 1c), the final states can be written as a
takes place from an exciton initial state to a zero angulagym of three contributions:

momentum spin-flip excitation as the final state, shown in

Fig. 3. The energy of the zero angular momentum spin-flip

excitation in the lowest Landau level is zero due to the in-

variance of the Hamiltonian to the rotation of the total spin. [fy=Ab-co_|v=3)+ > Brfnl,mz,m3~ C$3,1,+
Therefore, the transition frequency is given simply by o2

=E4—E., whereEX, is the (00) exciton binding energy. vl

excr exc
Since in a one-side modulation-doped quantum Vi), ><sz,l,—le,o,+|Vz3>
<Eqy, we expect a discontinuous redshift(v=1)=E,
— Egyc Of the recombination line at=1. 4 S cf c
At v=2~ a recombination from thén=0,n=0, o= —) my famg  M2eMs TMe 2
state creates a single hole in the=0 spin down Landau my+mp—mz=0

level (LL). The completely filled spin-up and -down LL'’s of n
the initial state are negatively charged to compensate for the
positive charge of the valence hole. After finite-size effects
are neglected, the transition energyuiér=2)" = Eg+25'5 The first term(a), is just a state of a hole with spin down.
=E4—Eq, whereE, is the exchange energy at the magneticThe second termb), illustrated in Fig. 1b), involves a hole
field corresponding tav=2. At v=2"% the recombination with spin-up(+) in the lowest Landau level, and a spin-flip
takes place from thé01) exciton state involving an electron excitation in the second Landau level. The last term, shown
in the n=1 Landau level and a valence hole in the0 in Fig. 1(c), involves two holes in the second Landau level

xcmz,l,fcm1,1,7|V:3>- 9
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n=1, and an electron in the third Landau levet2. The  These matrix elements are a sum of four different processes:
configuration involving a hole with spin opposite to the one(1) Hartree-Fock self-energies of one electron and two holes,
created optically is possible only in the vicinity of odd filling plus (2) attractive interaction of spin-flip excitations in the
factors. n=1 Landau level in the presence of a hole in Me0
The calculations of the hole spectral function involves aj andau level, plug3) attractive(direch and repulsive(ex-
diagonalization of the electron-electron Hamiltonian in thechangg inter Landau-level charge excitation in the presence
space of one- and three-particle excitations. Excitatis of 4 hole in the Landau levei=1, plus(4) repulsive scat-
and(c) do not mix, and the Hilbert space can be divided intotering of holes, one in the=0 and one in the=1 Landau
blocks_ corres_ponding t@), (b), and(c) cpnfigurations. State  |ayels.
(@ mixes with (b) and (c). _The m_atnx element_s .Of th_e The Hartree-Fock self-energy of an optically created hole
e!ectron—electron.Coulomb interaction can be d|V|deq into, $(0,0~)=—1.5E,, the self-energy of a hole with
different categories. Théb|H|b) matrix elements define . . — .
three-body scattering involving spin-flip excitations: spin-up isX(0,0,+) = — 1.0y, the self-energy of a hole in
the n=1 filled Landau level isX%(0,1,-)=—1.25,, and
mjmymj|H|mgm,m;) the self-energy of an electron in an empty 1 Landau level
e . . is 2(0,1+)=—0.5,. The energy of the final state with a
= 5mim15m’m25mém3{2m3,n:1_Emz,nzl_Eml,n:O} single spin-down hole i&€;= —2(0,0,-)=1.5E,, and the

2
) , energy of the noninteracting configuratié) is 3" — 3 HF
+5mim1(—(m31m21|vee| m,1msl)) my <m,

—3=175%,.
+ 5mém2( —(m41m;0|Ved m;0ms1) . Thg(c| Hlc) .matri>.< elemfnts define three-body sca.ttering
involving  configurationscy,  _Cm, 1 Cmy1,-|¥=3) with
+(m31m;0|Vedms1m;0)) two holes in then=1 Landau level, and one electron in the

YAy n=2 Landau level:
+ 5mém3(+<m21m10|vee|m10m21>)- (10

<m£mémé| H | m3m2ml> = 5mim15m’m25mém3{2:§,n=2_ 2:2,n=1_ 2:?,n=1} + 5mim1(<mézm21|vee| m32mél>

2
- <mé1m21|vee| m21,m32>) - 5méml(<mé2m21|vee| m32m11> - <mélm21|vee| m11,m32>)

+ 5mém2(<mé2mll|vee| m32m11> o <mézmll|vee| mll,m32>) - 5mim2(<mé2mlllvee| m32mél>

—(mg2my1{Vedmy1'mg2)) + Smimy(+ (m;1m;0[Ved my0my1) —(my1m;0[Ved my1m,0)).

(11
T
These matrix elements are the sum of three different pro- (a]H|b)={(m;0m,1|VJmOm1). (12
cesses:
(1) Hartree-Fock self-energies of one electron and two ) _
holes plus(2) attractive (direch and repulsive(exchange The (a|H|c) matrix elements describe a decay of a hole

interaction ofn=1 to n=2 charge excitations in the pres- With spin-down in then=1 Landau level, plus an inter-
ence of a hole in the=1 Landau level, including exchange Landau-level charge excitation into a single spin-down hole
of holes with parallel spin, plug3) repulsive (direch) and in then=0 Landau level via repulsive exchange and attrac-
attractive(exchangg scattering of holes in the=1 Landau tive direct scattering,
level in the presence of an electron in tive 2 Landau level.

The self-energy of a hole with spin down in time=1
filled Landau level 3(0,1,-)=—1.2%,, and the self-
energy of an electron( in arz empty:ZO Landau level is  (@lHI€)=(M11my1|VedmOms2) —(my 1m,1[Vedms2mo0).
3(0,2,-)=—0.812%,. Therefore the energy of the final 13
state with a single spin-down hole is E§ and the energy
of the noninteracting configuratiofe) is 1.687%,.

The (aJH|b) matrix elements describe a decay of a hole
with spin-up plus spin excitation into a single hole with spin- Let us consider the Hamiltonian describing three-body
down via repulsive exchange scattering scattering processes corresponding to configuratigms

Spin-flip processes atv=3"



56 THEORY OF PHOTOLUMINESCENCE FROMN . .. 12 391

These processes have been divided into three char(dgls: Anderson-Fano problem with the collective excited states.
n=0 hole plus spin-flip excitation in the=1 Landau level, This analogy will be exploited later.

(2) n=1 hole plus inter-Landau-level spin-flip excitation,
and (3) electron plus two holes. While all channels are im-
portant, on the basis of numerical calculations we find chan-
nel (1) to be the most important for the calculation of the
hole spectal function. These states, of the form The final state for a completely filled Landau-level:at
0;3’1,+cm2,1,_cm1,0,+|v=3>, can be thought of as a product =3 is the inter-Landau-level spin-flip excitation shown in
of a state of a hole with angular momentur and a spin-  Fig. 1(d). This excitation is degenerate with configurations
flip excitation with angular momenturm,—m;. The cou- Shown in Figs. I&) and if). Figure 1f) shows configura-
lomb interaction leads to the scattering of the hole into a neWions similar to those in Fig. (b), which have a hole with
angular momentum state by the spin-flip excitation conservSPin-up in the lowest Landau level. Configuratiofes are
ing total momentum. Because we are interested in the proiny possible in the vicinity of odd filling factors, since only

cess in which the hole flips its spin and becomes an opticall{’€n can the spin of the hole be compensated for by a spin-
active hole, we can force the hole tocg,.|v=3) state. lip excitation. The final states can be expanded in terms of

Only the zero angular momentum spin-flip excitations conAll possible degenerate configuration_s _With the same total
tribute and our states are of the f0@1+cm,1,700,0,+|7/ angular momenturR=1 and_spm._Retalnmg _only the lowest
—=3). There areN such states mixed by' Coulomb interac- nu_mber of degenerate conﬂgur_atlo_ns, the final states can be
tions. The lowest-energy state corresponds to a zero angul4fittén as a sum of three contributions:

momentum spin-flip modeS* = (L/\/N)EN_8Ch 1 Cma—

and a holgS)=S"cq .| v=3). The vertex correction to the

VIl. SPECTRAL FUNCTION OF A SPIN-FLIP
EXCITATION AT »=3"

energy of this state is Ify= 2 Drfn Ch i Cmo_|v=3)
my,m, 17772 21 1
mp—my=1
f + +
1 + E Eml,mz,m3,m40m4,1,+cm3,1,+
_ ’ ’ my, Mz, Mgz, My
<S|V|S>_N % E (_)<m 1,m1|V|m 1!m1> mp+my—mg—my=1
m/

1 XCm,,1,-Cm, 0.+ lv=3)
+= > (m1,00V|m1,00. (14)
N < > Ef
+m1,m2,m3,m4 My,My, M3, My
my+my—mg=1
From the fact thatS,,—(m’1mi|V|m’1m1)=3" and
S m—(m1,00V|m1,00=3{F, we obtain (S|V|S)=3!F
—(UN)SEE. In the thermodynamic limi{S|V|S)=3T=
—0.7%E,. The total self-energy of this configuration
is 1.7%,, so the total energy i6S|H|S)=1.75,—0.75, The excitations(e) can be thought of as the sum of the
=1.0E,. The energy of this state is just the energy of then=0 ton=1 chargen=0 hole with spin-up and=1 elec-
spin-up hole in then=0 Landau level, since the lowest- tron with spin-up and then=1 spin-flip excitation. These
energy spin-flip state carries zero energy. In other wordsgxcitations are degenerate with inter-Landau-level spin-flip
the vertex correction completely cancelled the self-energyexcitations.
contribution to restore the spin symmetry of the system. The calculations of the spectral function of the spin-flip
We can now calculate the matrix element between ouexcitations involves the diagonalization of the electron-
collective statgS) and a single statés) of an optically ac- electron Hamiltonian in the space of two- and four-particle
tive hole: (aH|S)=(1/YN)=N"2(00m1|V|m1,00. The excitations. Excitationge) and (f) do not mix, and the Hil-
sum over orbitalsn is finite and this matrix element scales as bert space can be divided into blocks corresponding to the
~1/y/N with the size of the system. Hence the interaction of(d), (€), and(f) configurations. The matrix elemer{i|H|d)
a hole with individual collective states vanishes in the limitdescribe spin-flip excitations:
of the infinite system. The finite response comes from the
growing number of collective states. The situation described
here is analogous to the Anderson-Fano problem of a local-
ized state interacting with a continuum of staté%or a one-
dimensional problem each state of the continuum is normal- . ,
ized over the size of the system and the hopping matrix (m31my0[Vedmy0m,1). (16)
element between the continuum and the localized state van-
ishes as 1/(L). Yet a finite and dramatic modification of the The equation for spin-flip excitation is identical to the equa-
density of states of the localized state is found. The analogtion for the (01) exciton.
between an Anderson-Fano resonance and our problem be- The (e|H|e) matrix elements define four-body scattering
comes apparent when we identify the extended states of thHavolving spin flip and charge excitations,

+ +
><Cm4,2,7cm3,1,+ Cm2,1,70m1,1,7| v=3). (19

HF HF
<m1mé| H | m2m1> = 5mim15mém2{2m2 n=1" Eml ,n:O}
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(mmymgmy[H[mymzm,my) = 5miml5mém25mém35m"1m4{2:':,1"' D) m;,l_ Eanz,l_ 2:50} + Smim,
X[ = 8 m, (M31M,1[Ved mpImgl) = Sy m (M 1MoL Ved mp1m, 1)
+ 5m2m3<m51m21|v94 m;1m,1)+ 5mém4(<m;11m21|v94 m;1m,1)]+ Smim,
X 8y m, (= (M31M;0|Ved m;0m31) +(mz1m; 0| Ved mi0mzl)) + Sym,
X S my(—(M;1my0|Ved m;0m, 1) +(m; 1m; 0[Ved m;0m, 1))
+ S m, Oy my (+(M3 1My 0] Ved m;0m, 1) —(mz1m; 0Ved m;0m, 1))
*+ Sy m, Omzm, (+ (m;1m;0[Vedmi0ms1) —(m;1m;0|Vedm;Omsl)y) + Simimy

X 5m4’1m4( + <mélm10|Ve‘J m10m21>) + 5m1m15mém2( + <mz,11mé0|VeEJ m31m41>

—(my1m50|Vedmu1msl)). (17

These matrix elements are a sum of the following pro-describes an interaction of a spin-down hole with, e.g., a hole
cesses(1) Hartree-Fock self-energies of two electrons andwith spin-up plus a spin-flip excitatiopconfiguration(b)].
two holes; plus(2) attractive or repulsive interactions of There is a continuum of such excitations and the hole energy
spin-flip excitations in the=1 Landau level in the presence falls into this continuum. Let us label all states of the con-
of a hole in then=0 Landau level and either one of the tinuum by |k) and the state of a hole 49). In Eq. (9) we
electrons in then=1 Landau level; plug3) attractive (di- expanded the eigenstatéiy of the interacting systenj)
rech and repulsiveexchangginter-Landau-level charge ex- =AJ|0)+Ajk) in terms of the localized and continuum

citation in the presence of a hole in the Landau lavell; : : ;
v . . ! states. The amplitude, andA, satisfy the eigenvalue prob-
plus (4) repulsive scattering of holes, one in Landau Ievellem. P k 9 P

n=0 and one in Landau levat=1; plus (5) direct and
exchange scattering of electrons.
The self-energy of a hole with spin down in tme=1 €oAh+ >, (O[H|K)AL=E;AL,
filled Landau level 2(0,1—)=—-1.2%,, and the self- k 21)
energy of an electron in an empty=2 Landau level is
2(0,2,-)=—0.812%,. Therefore the energy of the final
state with a single spin-down hole is Eband the energy of
the noninteracting configuratia) is 1.687%. _ o
The (d|H|e) matrix elements describe a decay ona Where € and e, are energies of excitations arf@|H k)
=0 ton=1 charge(n=0 hole with spin-up anti=1 elec- correspond to the Coulomb coupling of the localized hole

tron with spin-up and a spin excitation into an inter-Landau- State to the continuum of excitations. BecagsgH |k) in-

eAl+ > (KIHIK )AL, +(k[H|0)AL=EA],
k/

level spin-flip excitatiorc; ;¢ o-|v=3), volves scattering in the lowest Landau level ad|H|k)
o involves either inter-Landau level scattering or scattering in

(d[H[€)= 8} m,(m01m;1|Vedl;0ms1) the second Landau levelQ|H|k)>(k'|H|K). If we neglect

the small matrix elementék’|H|k), and assum&O|H|k)
= 31,my{mM0IM,1[Vedl;0m,1).  (18)  =uU, the eigenvalue problem now reduces to the Anderson-

) ) ] ] Fano eigenvalue problem describing the interaction of a lo-
In numerical calculations only configuratiofd) and(€)  cajized state with a continuufn,

were considered. The spectral function corresponds to a pro-

jection of the spin-flip inter-Landau-level excitation on the 1
interband exciton amplitude Uzz ——=(Ej—¢€p). (22
k (Ej—ew
2
SN
E+(w):Z > Xne Amay| O(Ei+o—E). If the energy of a single bound state,, falls into the

m,mm’-m=1 continuum, the interaction with the continuum leads to two

bound states outside of the continufiffihe spectral function
of the localized state shows two peaks associated with two
bound states outside of the continuum. This is a general be-

19

VIIl. SPECTRAL FUNCTIONS AS ANDERSON-FANO

RESONANCE havior associated with the structure of the Anderson-Fano
The spectral function of the hole Hamiltonian.
The diagonalization of the Hamiltonian for a single hole
E- _ Al |28(E(+ w—E)), 20 at. v=23" and its spectral function shows a s_imilar behavior.
(@) 2 | 0.0, OB+ o-B) 20 Figure 4 shows the calculated spectral function of the hole at
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FIG. 4. Spectral function of final states of the recombination
process at filling factor 3: (a) only auger processef) auger and

v=23". The top part of Fig. 4 shows the spectral function of
the hole with spin-down coupled only to Auger-like configu-
rations(c) for a disk with 48 electronsNL=16). The dis-
crete levels of the finite-size system were broadened using a
Gaussian. The spectral function shows a broadened and
slightly shifted peak. However, when the Coulomb interac-
tion between the single spin-down hole and a hole plus spin-
flip excitation is allowed, configurationéb), the spectral
function of the hole splits into two peaks of almost equal
weight. The splitting is proportional to the strength of Cou-
lomb interactionsg,. The spectral function is shown in the
second frame of Fig. 4. The position of two peaks is related
to the position of the edges of the continuum of spin-flip
excitations. The density of states of the spin-flip excitations
is shown in the bottom frame of Fig. 4. The bottom edge
corresponds to a hole with spin up andga0 spin-flip ex-
citation. The total energy of the complex is just the energy of
the hole with spin-up. The upper edge corresponds closely to
the energy of spin-up hole plus the binding energy of By/5
of the spin-flip exciton in th@=1 Landau level. This energy
is close to the energy of a spin-down hole. Hence a rather
complicated processes of a decay of a spin-down hole allows
us to see both the spin-down and spin-up holes, and the
splitting of energies between them as shown in Fig. 2.
A similar behavior, with a slightly smaller splitting is ob-
served forv=3%, as shown in Fig. ®). In Fig. 5b) the
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FIG. 5. Spectral function of final states of the recombination
spin-flip scattering processes, afal density of states of spin flip process(a) hole at filling factor 37, (b) spin-flip inter-Landau-level
excitations in then=1 Landau level.
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12 394 PAWEL HAWRYLAK AND MAREK POTEMSKI 56

energy of the spin-flip mode has been shifted by the energing to vicinity of integer filling factors has been discussed.
of the initial stateE%L + 3¢F=1E,. The recombination spectrum turns out to be a discontinuous
We conclude that the splitting of the density of final statesfunction of the filling factor, related to spectral functions of
at filling factor »=3 is a robust phenomenon. This robustthe final-state excitations. The electron-electron interactions
behavior of interacting electron systems is consistent wittare shown to lead to large splitting and oscillations of the
the physics of Anderson-Fano resonances. The origin of theecombination line. The splitting, associated with odd filling
splitting is the strong coupling of two holes with opposite factors, is an analog of Anderson-Fano resonances but in the
spin in the lowest Landau level. Therefore the splitting isFock space of the interacting system. The electron-electron
expected to occur in th_e_vicinity of odd filling factors. In Fig. interactions effectively “break” the single-particle spin se-
6 we summarize the filling factor dependence of the calCutection rules and make visible both the optically active and
lated emission spectrum. There is a striking resemblance Qfisa|lowed spin states of a hole in the lowest Landau level.

the emission spectrum to the Hartree-Fock spectrum showhpe hhenomena discussed here also apply to tunneling which

in .Fig. 2. '!'he many-body effects effectively “break” @he also probes the spectral function of the hole. The extension

Yf theory and experiment to partially filled Landau levels

active spin-down and optically disallowed spin-up states of 8emains a challenge

hole in the lowest Landau level.
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