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We study the theory of itinerant-hole photoluminescence of two-dimensional electron systems in the regime
of the magnetically induced Wigner crystal. We show that the exciton recombination transition develops
structure related to the presence of the Wigner crystal. The form of this structure depends strongly on the
separatiord between the photoexcited hole and the plane of the two-dimensional electron gasd \grssnall
compared to the magnetic length, additional peaks appear in the spectrum due to the recombination of exciton
states with wave vectors equal to the reciprocal lattice vectors of the crystadl laoger than the magnetic
length, the exciton becomes strongly confined to an interstitial site of the lattice, and the structure in the
spectrum reflects the short-range correlations of the Wigner crystal. We derive expressions for the energies and
the radiative lifetimes of the states contributing to photoluminescence, and discuss how the results of our
analysis compare with experimental observations.

[. INTRODUCTION in the Wigner crystal regime that applies to systems in which
the photoexcited hole is close to the two-dimensional elec-
Recent experimental studies of high-mobility GaAs/tron gas. We study the limit of strong magnetic field in
Al,Ga, _,As devices using itinerant-hole photoluminescencewhich all the electrons and the photoexcited hole are con-
have shown this to be a sensitive probe of the twodfined to states in the lowest Landau level. To represent the
dimensional electron systems formed in these deVidgema- asymmetry of the quantum well, the hole is assumed to lie in
tures in the photoluminescence spectra have been found foplane a distance away from the two-dimensional electron
correlate well with transport measurements of the integer anéias (which is also assumed to have zero thickpeSsich a
fractional quantum Hall effects;* and the insulating regime Model is common in theories of photoluminescence in the
observed at very low filling fractiof:’ These studies are fractional quantum Hall regim&~*° In that regime, the
particularly interesting in this low-filling-fraction regime, model presents an intrinsically strongly coupled many-body
where transport measurements can provide only limited inproblem, which, for the most part, has required numerical
formation on the state of the two-dimensional electron gasinvestigation. For very low filling fraction and fad small
In particular, they may provide information on the transitioncompared to the typical electron-electron spacing, certain
to the Wigner crystal, which is the expected ground statgimplifications arise. Under these conditions, we expect that
under these conditions. Related experimental studies of tH&e low-lying energy states in the presence of the photoex-
photoluminescence of intentionally acceptor-doped samp|e§’ited hole involve the formation of an exciton, with one elec-
in which the photoexcited hole becomes bound to an accegton strongly bound to the photoexcited hole. A well-defined
tor, have also found structure associated with the transitiogXciton can form provided the size of the exciton, set by the
to an insulating regim&® However, the signature of the in- magnetic lengthl=\#%/eB, is small compared to the
sulating state in those experiments is quite different from thaelectron-electron spacing. Moreover, since the exciton is
in the undoped devices in which the photoexcited hole is fre@eutral, it will couple rather weakly with the other electrons.
to move(“itinerant-hole” photoluminescenge In particular, we expect that for small the presence of the
In the undoped samples, the transition to the insulatingexciton will not significantly perturb the ground-state
regime is associated with the appearance of additional linedVigner crystal configuration of the other electrons, and the
in the photoluminescence spectrdm It has been suggested exciton will behave as a rather noninvasive probe of this
that the appearance of these lines does indeed indicate tleystalline state. This expectation is motivated by studies of
formation of a magnetically induced Wigner crystdlHow-  the classical ground state of a system of electrons in the
ever, the theory underlying itinerant-hole photoluminescencgresence of an ionized donor impurity located a distathce
in the extreme quantum limit is not well understood. Existingfrom the plane of the two-dimensional electron &adt is
theories of photoluminescence in the Wigner crystal regimdound that ford<0.2% (wherea is the lattice constant of
apply only to the limit in which the photoexcited hole is far the Wigner crystal the system adopts a ground-state con-
from the electron gas compared to the typical electronfiguration in which one electron is bound to the donor impu-
electron spacing®!! This condition is not appropriate for rity, while the remaining electrons lie close to the sites of a
typical devices in which itinerant-hole photoluminescence idriangular lattice.
observed: while the asymmetry of these devices does cause In this paper, we discuss how the photoluminescence
the hole to lie some distance from the electron gas, it ispectrum arising from the recombination of the exciton is
believed to be close compared to the electron-electromaffected by the presence of the crystal. We study a model in
spacing'? which the exciton moves in the static potential set up by a
We present a theory for itinerant-hole photoluminescencdriangular lattice of electrons. Our analysis neglects the dy-
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namical properties of the lattidg@honon coupling This ap-  coupling limits we derive expressions for the energies and
proximation is justified, as the structure that we will find is relative radiative lifetimes of the low-lying energy states. In
on a energy scale large compared to the typical magneSec. V we discuss how these results compare with existing
tophonon energyQ(1%e?/ea®): the lattice can therefore be photoluminescence measurements on GaA$l ,As
considered to be static on the time scale necessary to defif@terostructures in the extreme quantum limit. Finally, Sec.
these exciton states. In the present work we neglect exchandg@ contains a summary of the main points of the paper.
processes between the electron in the exciton and those

forming the lattice; these will be considered in a separate Il. FREE TWO-DIMENSIONAL EXCITON STATES IN

paper*’ STRONG MAGNETIC FIELD

The behavior of our model is strongly dependent on the The wave functions and the energy spectrum of a free

separa_tiord. Fo_r smalld, the com_J_pIing of the exciton to the two-dimensional exciton in a strong magnetic field have
lattice is weak; in this case, additional peaks appear to highebw di dbyL dL %ﬁkThg built th
energy of the main exciton line arising from the recombina- een discussed by Lerner and LOozo ey built on the

tion of exciton states with momenta equal to reciprocal Iat—W.(:LI.( cf[L Gofrfko;{ and Dzyaloshmsl&i Wh]? strrl]owed éhai!
tice vectors of the crystal. The spectrum effectively carries"! dm | €e %C |vde-mta;]ss apptroxmta tlon or be cdon u%lodn_
diffraction information on the crystal and is therefore sengj-2Nd vaience bands, the exciton states can be described in

tive to long-range crystalline order. Asincreases, the cou- t.erms of a conserved. twp-dmensmnal momentain the
limit of strong magnetic field, when the cyclotron energies of

ling becomes stronger and the low-lying exciton states be
Ping g ying both the electron and hole become large compared to the

come increasingly confined to the interstitial regions of the ™. . : X
pical electron-hole interaction energy, the exciton wave

crystal. These states are less sensitive to the presence of cr% tion | letel ified by th t@rand th
talline order, but depend on the short-range correlations o ncdlon IIS Colmpd? ely Sfpfrfl Iel %/ € mgn;]er Thn I € ¢
the electron gas. The crossover from weak to strong couplinéan au level indices of the electron and hole. The lowest
occurs when thedipole) potential energy of the exciton, nergy exciton state, in which the electron and hole are both

0(d2e% €a®), becomes larger than the kinetic energy cost to" the lowest Landau level, has the wave functfon

confine the exciton to a size of order the lattice constant

h2/Ma? (whereM is the effective mass of the excitorwe bttt A2t o) 24

- ! <re,rh|P>_ e etTh)/2glleXrh 229~ (Te~Th—rp)"/4
show that this crossover occurs when the separation between V27A
electron and hole planesbecomes larger than the magnetic (1)
length.

We compare the results of our model with experimentalVhere rezand r, are the electron and hole positions,
observations of photoluminescence in the extreme quantufip=2%PI“/%, A is the area of the system, and the vector
limit. We find that the energy scale predicted by our modelPOténtial has been chosen in the symmetric gauge,
for the splitting of the exciton transition is comparable to theA(r)=BXr/2. We have chosen units in whi¢h=1=1, and,
energy scale of the structure observed in experiment. W& the following, we express energies in units of
argue that the observed peak splitting that has been asso&-/47€€ol. To make the discussion more transparent, how-
ated with the Wigner crystal regime could arise from the€Ver, We reintroduce these units at appropriate points.
ground state and first excited state of a strongly confined 1he energies of the free exciton states, relative to the
interstitial exciton. However, other explanations for this Z€ro-point kinetic energy of the electron and hole, are given
splitting cannot be ruled out, and it may be that the structurdY the expectation values of the electron-hole interaction
that we predict is not seen due to a lack of population of the?otential.™ We study a situation in which the electron and
higher-energy exciton states. Further experimental work i§0lé move in planes separated by a distaceuch that the
required in order to identify this structure. We argue that thightéraction is
could best be observed in optical absorption experiments.

The paper is organized as follows. In the following sec- eh e’ 1
tion we review the theory of the free two-dimensional exci- Va(n=- 4rree, W
ton in a strong magnetic field. We derive expressions for the
binding energy and effective mass of the exciton for the cas&he interaction energy of the exciton stal is therefore
in which the electron and hole lie in planes separated by
In Sec. Ill, we study the coupling of the exciton to the peri- 20
odic potential set up by a Wigner crystal of other eIectFr)ons. Eu(P)=(PIVg(re—rp)|P)=— Jo e "% 1935(ulP)du,

We derive exact expressions for the matrix elements of the 3)
periodic potential of the crystalline lattice within the basis of

free exciton states, and study the resulting low-energy exciwhere Jy(z) is the ordinary Bessel function. We have not
ton states in the weak-coupling limi<I, using perturba- found a closed-form expression for this integgial the limit
tion theory about the free exciton states. In Sec. IV we studyl=0 it reduces to the expression derived in Ref). How-

the limit of strong couplingd=!. To do so, we develop an ever, in what follows, we are interested in exciton states with
effective Hamiltonian for the motion of the exciton in a wave vectors on the scale of the reciprocal lattice vectors of
smooth external potential. We apply this to the case in whichlihe crystal,O(1/a). At low filling fraction, this is much
the potential is due to the presence of a Wigner crystal, andmaller than the scale on which the ener) varies,
study the low-energy eigenstates close to an interstitial sit®(1/1), so for our purposes it is sufficient to work with an
of the electron crystal. For both the weak- and strong-expansion

@
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p2 been assumed to be zero. We have chosen a convenient nor-
Ba(P)=—Bg+ 5+ O(P%), (4  malization, which is arbitrary since we consider only relative
d radiative decay rates. We define the “luminescence
which may be interpreted in terms of a “binding energy” strength” of a transition between any pair 6hany-body
By and an “effective mass'Mg, states|i)—|f) by

By= /2692 erfo(d/2), (58 L =[] £:)

By~ V@l2—d+1/2ym/2d?>+0(d®), d<1, (5b)  For the free exciton states discussed ab@dyehe only avail-
able final state is the vacuum and we find
By~ 1/d+0(1/d?), d>1, (50
Lp=[(vadL|P)|2= 6p.
UM = 718621+ d?) erfa(d/\2)—d/2, (63 P=lvagLIP)=deo ©
Thus, due to momentum conservation, only 0 exciton
1M g~ /78— d+3/2\m/8d?+0O(d%), d<1, (6b)  state can emit a long-wavelength photon. Since the free ex-
citon states form a complete set of states for the exciton in
1M y~1/d3+0(1/d%), d>1. (6c)  the lowest Landau level, the luminescence strength of a tran-
8ition in which an exciton in a general stdi¢) decays to

In many ways the exciton behaves as a simple free partlclemit radiation may be found from E¢9) to be given by

with a massM . In particular, the velocity of an exciton in
the statdP) is JE4(P)/aP.%° In view of this, it is convenient L,—KP=0[ /)P (10
to think of the contribution tdEy(P) that is momentum de- s=KP=0[)".

pendent as the “kinetic energy” of the exciton, even thoughyye il use this expression in the following discussions,

this energy originates from the electron-hole interaction. Thgyhich concern the exciton states in an external potential, for
exciton is overall charge neutral, but it does carry a dipol§hich the momentum is not a good quantum number.
moment and therefore couples weakly to an external electro- pe yelative intensity of a photoluminescence transition is
static potential. The dipole moment is of sizexdz perpen- 555 rtional to its luminescence strength multiplied by the
dicular to the plane of the interface, and of sizerp paral-  hopapility for a photoexcited hole to be in the initial state of
lel to this plane. It is the dipole moment of the exciton thatihe (ransition. These probabilities are difficult to quantify:
will cause it to be scattered by the Wigner crystal of otherihe jifetime of the photoexcited hole can be shorter than its
electrons. The strength of the coupling of the exciton 10 gqyjjibration time, so one may observe recombination from
ngner_c_rystal with a lattice _const_aatls determined by th_e high-energy nonequilibrium states. Although we are prima-
competition between the typical dipole energy of the excitonyjjy interested in photoluminescence, we note here that the
de’/ea”, which is minimized at an interstitial site of the |yminescence strength;; also characterizes the strength of
lattice, and the k|n2et|c energy cost to confine the exciton {Qne transition, as observed in optical absorption, from the
such a site, 1Mqa%). Using the asymptotic expression for giate|f) to the statdi). In this case, uncertainties related to
the mass(60), it is found that these two energies becomep,nequilibrium populations do not arise as the lifetime of the

— 1/10 H H1H H .. . . e
equal wherd/l=1/v="", wherev is the filling fraction of the  gle does not limit the time available for the initial states to
two-dimensional electron gas. This condition is so Weaklyequilibrate.

dependent on the filling fraction that it is accurate to say that
one expects the exciton states to cross over from being
weakly coupled to the lattice whah=<| to strongly confined

to interstitial regions whed=1.

In order to understand the photoluminescence spectrum it \ye will now study the scattering of the exciton stat&s
is essential to know both the energies of the exciton stategy the electrons forming the Wigner crystal. As described in
and the rate at which th.ey d_ecay to emit radiation. Within thgpe Introduction, we neglect the exchange interaction be-
effective-mass approximation for the electron and holgyeen the electron in the exciton and those forming the crys-
bands, the radiative lifetime of an exciton state depends ogy \we anticipate that this is a good approximation at low

two factors: the band-to-band dipole matrix element of thejjing fraction, when the fraction of basis states excluded
host semiconductor, and a matrix element between the elegom the exciton wave function by the Pauli exclusion prin-

tron and hole envelope functions. The first contribution isciple is small; this is confirmed by numerical studies in
constant for all transitions. We study only the envelope termyyhich the effects of exchange are includédhe model we
which is sufficient to describe the relative recombinationgiscyss also correctly represents a situation in which the spin
rates of different exciton states. The operator that describes; sypband index of the electron in the exciton is different
electron-hole annihilation may be written in second quan{yom the corresponding index of the electrons in the two-

[ll. EXCITON STATES IN THE PRESENCE OF A
WIGNER CRYSTAL: WEAK COUPLING LIMIT

tized notation as dimensional electron gas.
512 Neglecting exchange interactions, the exciton is scattered
[=+/ Z j a2 drar) (1), (77 only by the charge density
wherefph andfpe are the field annihilation operators for holes p(r)= > _€ e(rRQ)2/2|2+F)5(Z) (12)
and electrons, and the wave vector of the emitted photon has 7 \2ml? '
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which represents a system of electrons in lowest Landau Although the free exciton state with zero momentum is an
level orbitals centered at the sitfR,} of a triangular lattice exact energy eigenstate of the systemdatO, other free
with a lattice constan@ [the filling fraction is therefore exciton states are not. There do remain nonzero off-diagonal
v=(4m/+/3)1%/a2]. The magnitude op is chosen to provide Matrix elements coupling these states. However, in the limit
a uniform neutralizing positive background. The resultingof small filling fraction, this coupling may be neglected for
external potential energies of the electron and hole are ~ the lowest-energy states: states with small momenta

|K|~1/a, are only coupled by off-diagonal terms of order
-1 (I/a)®, whereas the energy spacing between these states is of
order2/(My_oa%) ~ (I/a)2. We choose to work in an ex-
pansion in small filling fraction, and neglect terms of order
1 (I/a)® and higher. Within this approximation, the free exci-

d2r. (12)  ton states are eigenstates of the Hamiltoniad-a0.
We now study the deviations frooh=0 within a pertur-

+ —
bation expansion in the separatidn Expanding the Hamil-
The motion of the exciton in this potential is fully de- tonian in this parameter, we find

scribed by the matrix elements of all interactions within the
\/E g \/Edz
8 2Vg

basis of free exciton staté$):

. . N . . , +(1- 8¢ W rd+0(1/a%)+0(d%a?). (16
The first term is diagonal in this basis and gives rise to the ’
free exciton energy3), (4). The last two terms describe the To lowest order ind all states are coupled by a matrix ele-
scattering. Due to the discrete translational symmetry of thenent (1— 6k ) vd. This leads to a mixing of the radiative
crystal, the only matrix elements that are nonzero are thosstate,|K=0), with all other exciton states of reciprocal lat-
between states that differ by a reciprocal lattice vector of thdice vector; if these states become populated on photoexcita-
crystal,{K}. Since we are ultimately interested in states thation, each will contribute an additional line to the photolu-
can emit radiation, and which therefore from Efj0) must minescence spectrum. The strongest new line arises from the
contain some component of the zero-momentum free excitosix lowest-lying energy states, $K|=477/(\/§a). Within
state, we need only study the basis stdi€sin which the  degenerate perturbation theory, these states are split into a
wave vector of the exciton is a reciprocal lattice vector. Afterfivefold degenerate level shifted in energy byvd, and a

VE(re) + V(1) = J p(1)

4meeqg| |re—r]

HK’,K:(SK’,K

K2
_ + —
By >

Hpr p=(P'[Ve(re—1p) + VE(re) + V(rp)[P).  (13)

a lengthy but straightforward process we find single state shifted by-5vd. We now apply first-order per-
. turbation theory to calculate the mixing ¢€=0) into these
e S(K=K)74 states. This amplitude is zero for the five degenerate states,

Hic k= Ok kBa(K) + (1= k) v =i and equal to\6vd for the single state split off from these

R R five. The luminescence spectrum therefore consists of a
X [elKXK'-212_ o= [K-K'ldg=iKxK"-212] = (14  strong spectral line from what was the free zero-momentum
exciton state, at an energgelative to the band-gap plus zero
While the above expressions for the matrix elements ar@oint kinetic energyand with a luminescence strength
exact and therefore fully describe the behavior of our model,

in their present form they are not useful for analytic pur- Eo=—Bq, (17)
poses. To obtain some insight into the properties of this sys- )
tem we therefore introduce some approximations. In what Lo=1-0(d"), (18)

follows, we develop a perturbation theory @l, based on  4nq an additional line arising from the exciton states with the
the free exciton states, which is valid in the limit of low gmalest nonzero reciprocal lattice vector, with an energy and

filling fraction. o _ luminescence strength
Consider the casd=0 in which the hole moves in the
same plane as the electrons. In this limit, the zero- (4/+/3a)? T 3 [m,
momentum exciton state is not scattered by the potential, and E1=—Bq+ ———— g—d+ > §d +5vd,
is therefore an exact energy eigenstate (19)
Hk' k=0=Ed=0(0) 6k’ 0- (19 J6vd ‘2 36
— —— A2
All other energy eigenstates must be orthogonal to this state, L1= (1/2) /_77/8(477/\/§a)2‘ B 7r3d ' 20

so from Eq.(10) they must have zero luminescence strength.

There is therefore only a single line in the photolumines-The next line to higher energy arises from the six states at
cence spectrum. Moreover, this line appears at the same eli|=4w/a, and has a luminescence strength that is smaller
ergy as the exciton line in the absence of the two-than this by a factor of(4w/ \/5)/(477)]421/9.

dimensional electron gas. This recovers a restricted version Thus, for smalld the presence of the crystal causes peaks
of the general result that when electrons and holes are cotie appear in the photoluminescence spectrum to higher en-
fined to the lowest Landau level and move in the same planegrgy than the main exciton line. The energy spacing between
photoluminescence contains no spectroscopic information othese peaks is primarily determined by the effective mass of
the state of the two-dimensional electron §a% the exciton and the reciprocal lattice vectors of the Wigner
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crystal, with a small correction due to the coupling to the Mef o+ Myl

lattice potential. The luminescence strengths of these higher- Re= m+m. (23
energy exciton states are small compared to the lowest- e’ h

energy exciton transition, and will therefore give rise to B

much weaker spectral features. The luminescence strengths _ MhPe™ Mebn € M) (24)
of these features grow abkincreases. However, at the same Metm, 2 Me+my, )’

time, the exciton becomes more strongly coupled to the lat-

tice potential, so the energies of these states deviate from the =re=rp. (29

energies of the reciprocal lattice vector excitons. Once th
coupling is larger than the spacing between the free excito
states,vd=1/Mga?, the corrections to these energies be-
come large, and the above perturbation theory breaks dow
This condition is equivalent to the strong-coupling condition,

he center of mass and the internal coordinates behave as
independent, canonically conjugate pairs. In terms of these
new coordinates, the Hamiltonian is

e (P+eBxr)? (p+yel2BXr)?

d=lI, that we derived earlier. In the strong-coupling limit, a + +Vveh(r)
quite different approach is required to describe the low- 2M 2pn
energy exciton states. VRt )+ V(R 7ar), 26)
IV. EXCITON STATES IN THE STRONG-COUPLING where M=me+my,, pu=mem,/(Mmg+my), y=(m,—me)/
LIMIT: THE INTERSTITIAL EXCITON (me+my), and n,=m,/(Mg+my).

o _ . First consider the free exciton/®=V"=0. The Hamil-

We now turn to the ||m|t Of Strong eXC|t0n'|att|Ce COu- tonian is independent dRC, so the momentunt? is con-
pling, in which the kinetic energy of the exciton is small served and can be replaced by its eigenvalue to leave a
compared to its dipole potential energy in the lattice. If wepamiltonian for the internal coordinatesandp. If the in-
were to neglect the kinetic energy completely, then theeraction potentiaV®"(r) is neglected in relation to the ki-
ground state of the system would be the same as that of thstic energy, the internal motion consists of Landau level
classical ground state of electrons in the presence of an ionspits centered one=2x PI2/%. This is the neglect of Lan-
ized donor impurity® the exciton, with its weak dipole mo- gay level coupling, and is the simplification used in Refs.
ment, would position itself at an interstitial site of the lattice, 1g 19: in the lowest Landau level, it leads to the states that
and, ford<0.2%, the remaining electrons would form an e have discussed aboy®.
essentially undeformed Wigner crystal. The exciton does, \we now introduce the potentialg® andV", and follow a
however, have some residual dynamics. In this section Wgjmjjar approximation. The momentum is no longer con-
develop an effective Hamiltonian that describes the motiorseryed. However, provided the potential is sufficiently weak,
of the center of the exciton in a smooth external potentialihe momentum only changes slowly compared to the rapid
We then apply this to the potential close to an interstitial sitecyc|otron motion. The motion can then be treated adiabati-
of the Wigner crysta(12), and study the energies and lumi- ¢y with the fast internal motion fixed in the lowest Lan-

nescence strengths of the low-energy states. Those Who @@y, level and adjusting to follow the slowly changing
not care to follow the derivation of the effective theory may jmomentum. This procedure is analogous to the Born-

proceed to Sec. IV B without loss of continuity. Oppenheimer approximation in the theory of molecular
dynamics?! where the fast electronic degrees of freedom
A. Effective Hamiltonian are eliminated to provide an effective theory for the slow

. . - . atomic coordinates. In the same way, we obtairefiactive
In order to derive an effective Hamiltonian for the motion o .
Hamiltonian for the operatord® and R.. Before we write

of an exciton in a smooth external potential, we extend th%own this Hamiltonian. we make one last change of vari-
approach of Gor'kov and DzyaloshinsKito include the po- ' 9

. e h ables. It is convenient to work is terms of the coordinate
tential energies/*(r) and Vi(ry) felt by the electron and R=(r.+r,)/2 rather than the center of mass. This avoids an
hole. We start from the full Hamiltonian for the interacting .+ € N . y

- X o irrelevant mass dependence in our analySisrelevant”
electron-hole pair in a uniform magnetic field: since both electron and hole are restricted to the lowest Lan-
dau leve). This transformation does not affect the commu-

2 2
_ (Pet€Ae) . (Ph—eAp) FVE(r =)+ VE(r,) tation relation of the position and momentum coordinates.
2m, 2m, e 'h ¢ The effective Hamiltonian in terms of these coordinates is
found to be
+V(ry), (21)
and work in the symmetric gauge. We transform to a new set H=%hw,/2+E4P)+ f {VER+(r"+1p)/2]
of coordinates, the first of which is the momentum defined in
Ref. 19; the remaining coordinates are the position of the o 1'%2?
center of mass and a momentum and position describing the + VM R=(r"+rp)/2]} 512 d?r’, (27
a

internal motion

wherefiw, /2=%eB/2u is the zero-point kinetic energy of
_ _ ¢ _ the electron and hole, arigy(P) is the dispersion relatiof8)
P=Pet P 5BX(Te=Th), (22 arising from their mutual attraction.
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To convert this expression into a more convenient formfective Hamiltonian has a simple intuitive interpretation. The
we make use of the simplifications available in the problemfirst two terms simply represent the kinetic energy of the
As we are interested in small momenta(1/a)<1/l, we exciton and the dipole energy for the exciton to be centered
expand the dispersion relation to quadratic order. Also, proat the positionR. The final term is less familiar, but also
vided the exciton is not very close to a lattice site, the po-arises from a dipole energy: in this case, due to the in-plane
tentials V¢ and V" are smooth on the length scale of the dipole moment of the exciton, which is of a sizeerp for an
magnetic length, and it is a good approximation to expandxciton with momentuni. The resulting contribution to the
these terms in the integral of Eq27) to first order in  Hamiltonian resembles the first-order coupling of a charged
(r'+rp). We find particle to a vector potential.

We have argued that for largl the exciton is confined

2 at the interstitial sites of the triangular lattice. We now study

P
H=~fiw,/2—By+ 5:—+VE(R)+V(R)

2My the low-lying states of this effective Hamiltonian within the
L simplest approximation, in which the potential is expanded
_ b e/ o\ sh A to harmonic order about an interstitial site. Keeping only the
ZP [VWAR) = WAR) X2 (28) contributions to the confinement potential arising from the

. . ) ) _nearest three lattice electrons, we find
This is a general expression for the motion of the exciton in

smooth external potentials, and in a strong magnetic field. P2 12433 d? 93 1 .

An expression for the magd¥ly was calculated earlie(6). H=owm ts 1 ;Rz— — B (RXP)-z (30
Since the position and momentum operators are canonically d

conjugate coordinates, the energy eigenstates of the excitgus a constant energy of 11d#7a* due to the dipole en-
follow from the solutions of the Schdinger equation with —ergy at the interstitial site of the triangular lattittewe have

the Hamiltonian(28); it is to be understood that the final again see?/4meegl =fi=I=1. Due to the rotational invari-
term of this expression is symmetrized in the position ancance of this Hamiltonian, its eigenstates may be classified by
momentum operators, such that the Hamiltonian is Hermittheir angular momentaRx P-z. We restrict attention to
ian. Two approximations were used to derive this expressiorstates withzero angular momentum, since only these states
Firstly, the rapid cyclotron motion was assumed to adiabatican emit long-wavelength radiation. The zero angular mo-
cally follow the changing momentum; this is valid provided mentum states of the two-dimensional harmonic oscillator
the spacing between the energy levels arising from thdwave the wave functions and energies

center-of-mass motion is small compared to the cyclotron

energyfiw, (no Landau level coupling Secondly, we ex- <h 1
panded the external potential to first order mi+rp), ne- Y (R)= \/ﬁ
glecting terms of ordef?V?2V. 0

e FIR o (RYRD), (31)

E,=2Q(2n+1), (32
B. Motion in the Wigner crystal: harmonic approximation h
where
We now use the formalism developed in the previous sub-
section to study the motion of the exciton in a Wigner crys- 243/3d2 € 42
tal. We therefore introduce the electrostatic interactidr®y hQ= 7 51 o (333
as the external potentials in the effective Hamilton{as). meeo Vd
This expression for the effective Hamiltonian requires the
. - a1 [243/3 18 g2
external potential to vary slowly on the scale of the exciton _ o (33h)
size |. We therefore expect this formalism to provide an 4  a’d4meeyl’
appropriate description of the low-energy states wheti,
in which the exciton remains far from the interstitial sites. ( 4  A4rmeey ha° 1/a
However, we still assume thdfa<1, and expand the effec- 0= T 2 (343
. ! S - D M
tive Hamiltonian in this parameter to find 243/3 & d'My
p2 e? d? e’ I%P a1 4 g5\
= + + — D, 7 —— | |, 34b)
H= oM, T Breee™ [R-R.P | dreey 4 ; z T\ 2433 d° (340
R-R, and #,(z) are the Laguerre polynomials. The expressions
XS 3 (29 for d>1 follow from the asymptotic expansion of the effec-
IR=R,|

tive mass(6¢). Note that the two-dimensional harmonic os-
where the sums run over the triangular lattice sfies}, and  cillator states with zero angular momentum are spaced in
the final term should be interpreted as the symmetrized procenergy bytwice the oscillator quantumi Q).
uct of the momentum-dependent and position-dependent fac- Radiative recombination occurs from each of these states.
tors. We have dropped the constant binding ener@®y and  For consistency with the definition of the luminescence
the zero-point kinetic energyw /2 and have also neglected strength in the weak-coupling limit, we construct states con-
a constant energy- vd, which arises from the dipole mo- sisting of a superposition of harmonic oscillator states,
ment of the exciton in the electric field of the neutralizing placed at each interstitial site of a crystal with an ake&he
positive background. Each of the terms appearing in this efenly such linear combination with nonzero luminescence
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strength is the state in which all states are combined with thenagnetic length ofl=72 A and a lattice constant of
same amplitude and phase. From E®). we find that the a=600 A for the triangular Wigner crystal.

luminescence strength of such a state constructed tﬁﬁﬁﬁ The most uncertain parameter that enters our model is the
is spacingd. This distance is expected to depend on the details
of the band bending in the vicinity of the interface, and may
4 X 2 1677R3 even vary with magnetic fielt? We will assume values of
Lh= @ f d’Ry; (R) :W' (35  d=50and 100 A as small and large estimates for this quan-

tity. These are consistent with recent numerical studies of the

Note that this is independent of the index so the ground binding of an exciton to the interface of a single
state and all excited states have the same |ummescen@gter01unctlonl. Note that these values are also consistent
strength€? Such behavior contrasts with the weak-couplingWith the conditiond<0.29, which is required by our theory
limit for which the lowest-energy exciton state is much more" order that the exciton does not stro_ngly deform t_he crystal.
strongly coupled to radiation than the higher-energy states, 1he smaller of these two separatiomss 50 A, is less _
As the spacingl is increased from zero, so that the systemthan the magnetic length, so we expect our weak-coupling
evolves from the weak-coupling to the strong-coupling limit, formulas to be appropriate. In the weak-coupling limit, the
the higher-energy exciton transitions grow in luminescencélifférence in energy between the main exciton line and the
strength from zerdoptically inactive to eventually attain lowest-energy o_ptlcally active state is primarily determined
the same strength as the lowest-energy exciton state. by the free exciton energy at a wave vector equal to the
In summary, within the harmonic approximation for the Smallest nonzero reciprocal lattice vecidt =4/(\/3a).
potential at an interstitial site of the lattice, the exciton con-Taking the dielectric constant of GaAs to ke-12.53, we
tribution to the photoluminescence spectrum consists of dnd from Eq.(3) that the energy spacing is 1.3 meV.
series of lines that are uniformly spaced and have relative The larger spacingd=100 A, satisfiesd>I, and we
intensities given by the relative populations of the statesshould therefore use our strong-coupling formulas, which
This approximation is valid provided the typical size of the state that the energy spacing between adjacent optically ac-
exciton state is small compared to the lattice constant. Frortive exciton states is7) where# () is given by Eq.(333.
Eq. (34a, one finds that this depends only very weakly onUsing the appropriate value for the effective mass of the
the filling fraction, and occurs whett=|. This is the same €xciton(6a), this evaluates to an energy spacing of 0.7 meV
as the strong-coupling condition under which the perturbaatd= 100 A. Under these conditions, the characteristic size

tion expansion of the previous section failed. of the ground-state wave function Ry=150 A, which is
smaller than, but comparable to, the distance to the closest
V. EXPERIMENTAL COMPARISONS saddle point of the crystal potentia/\12=170 A. This

indicates that, under these conditions, the harmonic approxi-

Several groups have reported studies of the itinerant-holeation is at the limit of its validity.
photoluminescence spectra of the two-dimensional electron An exact calculation of the energy spacings predicted by
systems formed in high-mobility GaAs/fiBa;_,As our model for these two cases is likely to lead to energies
devicest*5~" Measurements on single heterojunctions andhat are slightly smaller than the above estimafedevia-
single quantum wells show qualitatively the same behaviotions from the weak-coupling limit will tend to push the
in photoluminescence: in the fractional quantum Hall regimeenergy spacing towards th@malle) energy spacing one
two spectral lines are observed; as the filling fraction is rewould obtain by using the strong-coupling theory, away from
duced below about=1/6, the higher-energy peak is found the strong-coupling limit, the use of the harmonic approxi-
to split to form a doublet. The filling fraction below which mation will overestimate the strength of the confinement po-
this doublet structure appears correlates well with the fillingtential and hence also overestimate the energy spacing. We
fraction at which transport measurements show a transitioalso expect a small reduction of both energies due to the
to an insulating state.This has motivated claims that the finite thicknesses of the electron and hole subband wave
doublet is associated with the formation of a magneticallyfunctions in a real device. Even allowing for these reduc-
induced Wigner crystat® However, the origin of this dou- tions, the resulting energy spacings remain larger than the
blet is still not well understood. In this section, we discussexpected zone-boundary magnetophonon energy,
whether this doublet can be accounted for in terms of th@®.2 meVZ Our neglect of the dynamical properties of the
structure that we predict. We will compare the energy split-Wigner crystal is therefore a consistent assumption.
ting of the doublet with the energy difference between the The energy separation between the lowest two optically
two lowest-lying exciton states of our model that are opti-active states in our model is on the same scale as the ob-
cally active. served energy splitting of the doublet, 0.5 meV.is there-

For numerical comparisons of our theory with experi- fore possible that this structure is due to the splitting of the
ment, we will focus on the results of Goldgs al. presented  exciton peak as described by our model. Note that, if it is
in Ref. 5. This paper reports studies of the photoluminesindeed correct to attribute this structure to the predictions of
cence spectrum of a high-mobility GaAsi@a; ,As het-  our model, one must assume that the experimental system is
erostructure with density 3:210'°cm2. Specifically we in the strong-coupling limit, in which the exciton is strongly
will concentrate on a field odB=12.5 T, which is appropri- confined to an interstitial site. There are two important rea-
ate for Fig. 4a) of Ref. 5 for which the doublet structure, sons for this, in addition to the fact that the experimental
with a splitting of 0.5 meV, is well developed. Under theseenergy spacing0.5 me\} compares more favorably with a
conditions, the filling fraction iss=0.1, corresponding to a spacing ofd=100 A than with smaller values. Firstly, it is
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observed that the intensities and the radiative lifetimes of the VI. SUMMARY
two peaks forming the doublet are simifathe lumines-

cence strengths of the two transitions must therefore be com- We have presented_ a mo_del of phot_olummescence in the
parable. In the weak-coupling limit, all higher-energy exci- presence of a magnetically induced Wigner crystal, for sys-

ton states have a much smaller luminescence strength th%ﬁ?es 'IPhivthrLC: dg;e r%r;?é?se);cgelcijtti?\deomllfr?ecéii(ietotr? ttrgislmg:
the lowest-energy exciton fine; one must go to the strong-due .to the scatter?n of the egcitor?b the electrons formin
coupling limit before these become eqlisée Eq.(35) and g y 9

the following discussioh Secondly, the observed energies of the Wigner crystal. We studied the behavior of our model as

the two transitions forming the doublet are independent of function of the separanod. For d<l, the exciton is
the temperature of the substrate over the range 8.K.5 spread over many unit cells of the crystal. Additional peaks

Since the Wigner crystal is expected to melt at a temperatur\évIth small luminescence strength can appear in the photolu-

of 0.3 K at these densitié§,one cannot attribute this struc- miqescence spectrum, arising from higher-energy states in
ture to a nearly free exciton state: the energy of this stat h'.Ch the excitan has a wave vector equal to a r_emprqcal
would be sensitive to the changing long-range correlations a ttice vector of the crystal. The spectrum carries diffraction
the melting transition. Instead, it is appropriate to attribute:::grggg?nlzi?gj t?ﬁ;eg(rgtsﬁnbséi\é?n?sIg?rg:alngfoﬁ?:ézl'
this structure to a strongly confined interstitial exciton, which A - : 1€s strongly .
is only sensitive to the short-range correlations of the elec'EO an mtgrstmal region. We studied this limit by developing
tron gas an effective theory for the center-of-mass motion of the ex-
A|'[hOL.Jgh it is possible that the doublet structure is due tociten. Within the harmonic approximation for the potential at

the splitting of the exciton transition, as described by ourdn interstitial site, the spectrum consists of an equally spaced

model, there are certain problems with this interpretationsfet of peakg, with relative i_ntensities determined by the rela-
' tive populations of the various states.

Firstly, it i.S not clear that one should even o_bserve any mea” - \ve discussed the photoluminescence experiments of Ref.
surable signal from the higher-energy exciton states: thesg and showed that the energy splitting of the doublet, which

states lie more than 0.5 meV above the lowest-energy eXCHas been associated with the presence of a Wigner crystal, is

ton transition, so, if the exciton were to be in thermal equi- omparable to the energy splitting we expect from our model
librium, the expected populations of these states would b or d~100 A. We argued that this could be due to the re-

vanishingly small. Secondly, assuming that there is som e . - .
gy y 9 combination from a interstitial exciton. However, other ex-

non-equilibrium population of the higher-energy exciton anations are also possible, and further experimental inves-
states, one would perhaps expect to see more than one ad?l— ) : 1SO POSSIDIE, ¢ P
igation is required to identify the structure our model

tional line (recall that for a strongly confined interstitial ex- redicts. In particular. this could best be observed in obical
citon all excited states have the same luminescence stt)engﬂ? - N p ’ P
absorption spectroscopy.

Furthermore, this is not the only possible explanation for this
structure. For instance, the recombination from a negatively
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