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Optical properties of a two-dimensional electron gas at even-denominator filling fractions
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The optical properties of an electron gas in a magnetic field at filling fractionsn51/2m (m51,2,3, . . . ) are
investigated using the composite fermion picture. The response of the system to the presence of valence-band
holes is calculated. The shapes of the emission spectra are found to differ qualitatively from the well-known
electron-hole results at zero magnetic field. In particular, the asymmetry of the emission line shape is found to
be sensitive to the hole-composite fermion plane separation.@S0163-1829~97!06411-4#
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I. INTRODUCTION

Recent theoretical studies of the properties of a tw
dimensional electron gas at filling factorn51/2m ~Refs. 1
and 2! have shown that the system of electrons at finite m
netic field can be mapped onto different quasiparticles, co
posite fermions~CF!, which do not experience any magnet
field. An additional bonus of this mapping is that the resu
ing CF have weak interactions, even though the origi
electrons were strongly interacting. These remarkable res
are obtained by applying a singular gauge transformatio
the electron system; this transformation has the effect of
taching 2m quanta of magnetic flux to each electron. At t
mean-field level, the ground state of the system is now
of a Fermi liquid of CF. Studies have centered on the tra
port properties of the CF gas~to our knowledge, no work ha
yet been published regarding its optical properties!. This is in
spite of recent experiments which optically probe the tw
dimensional electron gas in the fractional quantum Hall
gime aroundn5 1

2 ~e.g., Refs. 3 and 4!.
The purpose of this paper is to investigate the opti

signature of a CF gas at even denominator filling fractio
n51/2m. The CF in this paper are treated at the mean-fi
level only. As a consequence, the CF are noninterac
particles;1,2 this simplifies the treatment of the CF-hole inte
action since there will be no dielectric screening by the
gas. In the seminal paper of Halperin, Lee, and Read,1 the
response of the CF gas to impurity potentials is conside
The localized potential causes density fluctuations in the
gas and consequently a fluctuation in the magnetic field
the experimental heterostructures of Turberfield a
co-workers,3 however, the valence-band hole is delocaliz
i.e. the corresponding hole potential is not localized. Con
quently we do not expect the effect of the induced vec
potential to be so important. The valence hole can there
be reasonably described as a weak~delocalized! probe with
the interaction strength taken as a parameter dependen
the plane separationd. Within the mean-field approximation
therefore, the problem reduces to that of a gas of CF, wh
experience no magnetic field, interacting with valence ho
that ‘‘feel’’ the full n51/2mmagnetic field~see Fig. 1!. This
feature makes the problem different from the case of e
550163-1829/97/55~11!/7141~7!/$10.00
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trons and holes interacting at zero magnetic field. As we w
show, this has an interesting effect on the shape of the o
cal spectra, which depends on the competition between
effects due to the dipole matrix elements and those due to
CF-hole interaction.

In accordance with the experimental Ga12xAl xAs hetero-
structure systems containing delocalized holes,3,4 our model
considers CF and holes constrained to parallel planes s
rated by a distanced. The CF-hole interaction depends o
this separation and as a result the optical properties are
tered by a change ofd. The treatment of many-body optica
effects presented here does not address some of the
subtle issues concerning hole self-energies that have b
discussed recently in connection with Fermi-edge enhan
ment effects in the two-dimensional electron gas. Howev
the simplifications employed here do allow a number of a
lytic results to be obtained, thereby reducing the buildup
numerical errors. The general qualitative features obtai
here should also arise in a fuller treatment. It is known t
the hole self-energy diagrams contribute greatly to the s

FIG. 1. Effective composite fermion~CF! and hole band-
structure diagram.
7141 © 1997 The American Physical Society
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7142 55LEONARD, JOHNSON, NICOPOULOS, AND RODRIGUEZ
pression of the Mahan exciton into a Fermi-edge singula
as a result of the orthogonality catastrophe.5–9 This effect is
crudely taken into account here via the broadening of
hole spectral function from ad function to a Lorentzian. The
form employed here permits ananalytic calculation of the
zeroth-order CF–dressed-hole Green function at finite t
perature; this function represents the building block fo
ladder-approximation treatment of CF-hole interactions.

The plan of the paper is as follows. In Sec. II, we revie
the relevant single-particle results. Section III provides
formal expressions used in the calculation of the opti
properties, in particular, the dielectric function~Sec. III A!,
the dipole matrix elements~Sec. III B!, and the CF-hole
Green function~Secs. III C and III D!. Specific optical spec-
tra are discussed in Sec. IV at half filling, with Sec. V pr
viding the conclusions.

II. SINGLE-PARTICLE PROPERTIES

A. Composite fermions

The construction of the CF~Refs. 1, 2, and 10! from the
conduction-band electrons atn51/2m is achieved by mak-
ing a gauge transformation that attaches 2m magnetic flux
quanta to each electron. At the mean-field level this can
out the externally applied magnetic field and screens c
pletely the interaction between the particles. In the picture
CF presented by Jain,10,11 the many-electron wave functio
of interacting electrons in a magnetic field is construc
from the wave function of noninteracting particles in
smaller magnetic field by attaching vortices to each parti
thereby introducing zeros into the wave function. The vo
ces have the property of keeping the particles apart fr
each other, thereby modeling the effect of the repulsive
teraction and also of decreasing the filling factor. The
result is that the original interacting electron system at e
denominator filling fractions is mapped on to the nonint
acting CF system at zero effective magnetic field~cf. Fig. 1!.

At even denominator filling fractions the CF wave fun
tions, normalized to an areaL2, are taken to be

F~r !5
1

L
eiK•r, ~1!

with energyE[\v(K )5\2K2/2mCF
! 1Egap; r and K are

the two-dimensional position and momentum vectors,
spectively. CF creation and annilihation operatorscK

† and
cK satisfy anticommutation relations$cK ,cK8

† %5dK ,K8 . Ig-
noring the fluctuations of the gauge field and assuming
CF form a Fermi liquid with a renormalized effectiveoptical
mass mCF

! one may write the CF spectral function a
ACF(K ,v)52pd„v(K )2v…. The CF chemical potentia
must be determined by the fact that the system is at fill
factor n51/2m. Since for spinless particles in two dimen
sions the number densityn is related to the Fermi wave
vector by 4pn5kf

2 and related to the filling factor by
n52p l 0

2n, then atn51/2m one sees thatkf51/l 0Am.

B. Hole states

The valence band holes~Fig. 1! are taken to have a single
particle Hamiltonian
y

e

-
a

e
l

ls
-
f

d

,
-
m
-
t
n
-

-

e

g

H5
~P2eA!2

2mh
! . ~2!

Choosing the Landau gauge withA5Bxj leads to states de
scribed by a Landau level indexn and ay momentumk,

C~x,y!5
1

A2nn!Ap l 0L

eikyHnS x2kl0
2

l 0
D

3expF2
1

2
S x2kl0

2

l 0
D 2G , ~3!

which have energyE5\vc(n1 1/2) with vc5eB/mh
! and

l 0
25\/mh

!vc , the functionsHn(x) being the Hermite poly-
nomials. An extremely important many-body effect gover
ing the optical properties is that the hole statesun,k& can
scatter from the low-energy CF excitations at the Fer
level. This results in a self-energy that can be written a
Lorentzian spectral function. One can crudely, but effe
tively, model this effect by approximating the spectral fun
tion as

Ah~k,v!5
2g

S v2
1

2
vcD 21g2

, ~4!

where typicallyg;1022vc . The hole creation and annihila
tion operators satisfy the anticommutation relatio
$dn,kh,dm,l h

† %5dn,mdkh ,l h. In this work the Landau level in-

dex is always zero and hence can be dropped.

III. OPTICAL RESPONSE

A. Dielectric function

The optical response of a system to an external light fi
is characterized classically by the dielectric function, whi
gives the refractive index and an absorption coefficent.5,7,12

Classically

e~v!511x~v!, ~5!

wherex(v) is the susceptibility in the long-wavelength ph
ton limit and quantum mechanically

x~v!52
e2

e0V
R~v1 id!R~v1 id![^^r ~ t !;r ~0!&&v1 id

irr .

~6!

Writing e(v)5e1(v)1 i e2(v), then the refractive index

n(v)5A 1
2 $e1(v)1@e1(v)

21e2(v)
2#1/2% and the absorp-

tion coefficientA(v)5ve2(v)/cn(v). It is common prac-
tice to takeA(v)}e2(v) close to the band gap; howeve
this is an approximation since there can be an appreci
dependence ofn(v) on v in this region. In order to calcu-
lateA(v) one must have exact details of the system stud
such as the size and the dipole matrix elements linking
valence and conduction band Bloch states. Typically the
tual function plotted is just proportional toe2(v). In the
region of the spectrum wheree2(v) is negative, one has ne
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optical gain sinceA(v),0; we label this as the emission
spectrum. Similarly we label the region whereA(v).0 to
be the absorption spectrum.

B. Dipole matrix elements

The dipole operator correlation function in Eq.~6! is ex-
panded in the CF-hole basis and reduces to

R~v1 id!5 (
K ,k,K8,k8

r cv
! ~K ,k!r cv~K 8,k8!

3@G~k,K ;K 8,k8;v1 id!

1G~k,K ;K 8,k8;2v2 id!#, ~7!

where the two Green functions can be calculated using
usual Matsubara formalism assuming quasiequilibrium co
ditions for the number density of particles. The CF states a
labeled by the two-dimensional wave vectorK , whereas the
hole states are labeled by a wave vectork in they direction.
The interband matrix element in the envelope approximati
for a transition from the hole stateu 0,k& to the conduction-
band stateuK & is given by

r cv~K ,k!5r cvd2k,Ky
A2l 0Ap

L
S~K !,

S~K ![eiKxKyl0
2
2~1/2!~Kxl0!2, ~8!

wherer cv is the matrix element ofr̂ between the valence and
conduction band Bloch states, assumed to be independen
K . The different feature of the present matrix elements,
compared with those obtained for the well-known situatio
of plane-wave valence and conduction states, is that ther
only conservation of momentum in they direction; the
damping of the matrix element inKx is exponential and leads
to a damping in the optical emission spectrum.

C. CF-hole Green function

1. Notation

The procedure to determine the optical response is now
calculate the Green function

G~k,K ;K 8,k8; ivn![2E
0

b

dteivnt^^Tdk~t!cK~t!;cK8
† dk8

† &&

~9!

FIG. 2. Diagrammatic expansion ofG(K ;K 8; iv) in the ladder
approximation. The diagrams are closed by the dipole matrix e
ments, which conservey momentum; since this is just the photon
momentum, the only diagrams required are those where the to
y momentum is zero.
e
-
re

n

of
s

is

to

in a perturbation expansion.5,7 Due to the presence of th
y-momentum-conserving terms in the dipole correlati
function, the hole wave vectork52Ky , whereKy is the CF
y wave vector. Thus the Green functions are dependen
only four labels, i.e., the four components ofK andK 8.
Hence the notation for the Green function to be calcula
can be simplified by defining

G~K ;K 8;j![G~2Ky ,K ;K 8,2Ky8 ;j!,

G~K ;j![G~K ;K ;j!. ~10!

Defining

P~j!5 (
K ,K8

S!~K !S~K 8!G~K ,K 8;j!, ~11!

one can write

A~v!}2ImB~v!, B~v![P~v1 id!1P~2v2 id!.
~12!

2. Perturbation expansion of G(K;K8;iv)

The perturbation to be introduced is the interaction b
tween CF and holes. CF and holes have equal and opp
charges; a natural assumption for the interaction form mi
be an unscreened Coulomb potential that conservesy mo-
mentum. The nature of the wave functions implies that
form of the subsequent potential matrix elements is pecu
to the system,

V~K ,k,k8,K 8!52
e2

e0e r

e2uK2K8ud

uK2K 8u
expF2

1

4
l 0
2uK2K 8u2

2
i

2
l 0
2~Kx2Kx8!~k1k8!G , ~13!

where e r'13 is the bulk Ga12xAl xAs dielectric constant
andd is the CF-hole separation in the direction perpendicu
to the CF plane. Unfortunately, the complexity of these m
trix elements makes subsequent analysis extremely diffic
even numerically. Our approach will therefore center on
use of a constant~i.e., momentum-independent! matrix ele-
mentV0 which allows one to sum the diagrammatic expa
sion of the Green function in the ladder diagram approxim
tion easily and yet still retains the essential qualitat
features of the true interaction.5,6 This produces a simple
analytical expression for the Green function in terms of
tegrations overK of the zeroth-order CF-hole Green fun
tion. Poles of the Green function indicating possible bou
states, which leads to the observation of excitonic effe
such as the Fermi-edge singularity, are then easy to find
order to choose an appropriate value forV0, we set the mo-
mentum transfer in Eq.~13! to be uK2K 8u;kf51/l 0Am,
i.e., typical for scattering across the Fermi surface; we a
ignore the final oscillatory term in Eq.~13!. The resulting
matrix elementV0 is then seen to scale withd like e2kfd.
The interplane separation is therefore a parameter that ca

-

tal
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used to scale the value of the potentialV0. Spectra can be
generated for different values of the scaling factore2kfd;
hence the effect on the spectrum of different ratiosd/ l 0Am
can be determined.

The diagrammatic expansion ofG(K ;K 8; iv) ~see Fig. 2!
in this approximation becomes

G~K ;K 8; iv!5G0~K ; iv!dK ,K81
G0~K ; iv!V0G0~K 8; iv!

12V0(K9G0~K 9; iv!
,

~14!

where the zeroth-order CF-hole propagator isG0(K ; iv).
Hence, from Eq.~11!,

P~ iv!5(
K

uS~K !u2G0~K ; iv!

1
V0(KS

!~K !G0~K ; iv!(K8S~K 8!G0~K 8; iv!

12V0(K9G0~K 9; iv!

~15!
is the basis of the calculation of the optical response. A
lytically continuing iv→v1 id and2v2 id generates the
correct functionsP(v1 id) and P(2v2 id) from which
B(v) results. However, it is only necessary to calcula
P(v1 id), which is the ‘‘resonant’’ term, not
P(2v2 id), for the study of the optical response.7 Since the
matrix elements are an important quantity in determining
shape of the spectra, it will also be interesting to examine
spectra when the matrix elements are constant overK , i.e.
S(K )51. This results in

P8~ iv!5(
K

G0~K ; iv!1
V0(KG0~K ; iv!(K8G0~K 8; iv!

12V0(K9G0~K 9; iv!
.

~16!

D. Zeroth-order CF-hole propagator

The zeroth-order CF-hole progagatorG0(K ,iv) can be
written in the spectral representation5–7 as
y

G0~K ; ivn!5E
2`

` dv1

2p E
2`

` dv2

2p

ACF~K ,v1!Ah~2Ky ,v2!F12 f S v12
mCF

\ D2 f S v22
mh

\ D G
ivn2\v12\v2

. ~17!

The functionf (v)5(eb\v11)21 is a Fermi-Dirac distribution factor for the number of particles at a given energy;mCF and

mh are the chemical potentials for the CF and holes, respectively. Making a change of variables tox5 1
2 K

2l 0
2 and

V5v2vg2
1
2 vc and withmh5\( 12 vc2vD), we obtain

\G0~x,V1 id!@~V2vc
!x!21g2#5F12 f S vc

!S x2
1

2mD D2 f ~vD1 ig!G~V2vc
!x!2 igF122 f S vc

!S x2
1

2mD D
1 f ~vD1 ig!2 f ~V2vc

!x1vD!G1
g

p
ReFcS 122

ib\

2p
~V2vc

!x1vD! D G
1

i

2p F ~V2vc
!x1 ig!cS 122

b\

2p
~g2 ivD! D2~V2vc

!x2 ig!cS 121
b\

2p
~g1 ivD! D G ,

~18!

where the digamma functionc(z) is defined as

c~z![2C2 (
n50

` S 1

z1n
2

1

11nD , ~19!

with C being Euler’s constant. In terms ofG0(x,V1 id) andW52V0 /2p\vcl 0
2, which is the ratio of the Coulomb energ

to the kinetic cyclotron energy, we obtain

P~V1 id!5
1

2p\vcl 0
2F E0fdxe2xI 0~x!\vcG0~x,V1 id!2

W~*0
fdxe2 ~1/2! xJ0~A3/2x!\vcG0~x,V1 id!!2

11WE
0

f

dx\vcG0~x,V1 id! G , ~20!
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55 7145OPTICAL PROPERTIES OF A TWO-DIMENSIONAL . . .
wheref is a cutoff determined by the size of the Brillou
zone associated with the bulk semiconductor environm
The Bessel functionsI 0(x) andJ0(x) are defined as

I 0~x![ (
n50

`
1

~n! !2 S x2D
2n

, J0~x![ (
n50

`
~21!n

~n! !2 S x2D
2n

.

~21!

We note that we have reduced the problem of calcula
P(V1 id) to a relatively straightforward one-dimension
integral overx. For the case of constant matrix eleme
S(K )51 the corresponding result is

P8~V1 id!5
1

2p\vcl 0
2F E

0

f

dx\vcG0~x,V1 id!

11WE
0

f

dx\vcG0~x,V1 id!
G .

~22!

IV. RESULTS AT HALF FILLING

In this section the imaginary part of the dielectric functi
is calculated atn5 1

2 for parameters taken in accordance w
the Ga12xAl xAs heterostructure system studied in Ref.
The areal density of electrons~CF! is 1015m22, the hole ef-
fective mass is taken as 0.45me , and an electron and hol
temperature of 0.1K is used. One further parameter
needed, which is the CF effective mass. On the basis of

expectation that atn5 1
2 the emission spectrum should occ

over the Fermi surface, we can equate the width of the p
observed in experiments in Ref. 3 to the Fermi ene

Ef5
1
2 \vc

! ; the particular data used implymCF
! 50.70me,

with vc
!50.64vc . The chemical potential of the holes is s

so that the hole number density is small compared to
number of CF and yet there is still a measurable emiss
spectrum; we usevD50.02vc , which givesnh /nCF50.15.
The spectra are plotted against a photon energy\V in units
of the Fermi energy.

Enhancements of the optical properties of the CF occu
a result of the attractive interaction between the CF and
holes, which try to form CF excitons. It is clear from E
~21! that there is an excitonic enhancement of the opt
response when

11WE
0

f

dx\vcReG0~x,V1 id!50. ~23!

The frequencies for which this is true are the Mahan exci
states,5 these being the equivalent of the two-particle excit
states when there is a large number density of CF. Th
excitonic states only form when the potential is sufficien
strong to bind up CF and holes. Since the strength of
potential is determined by the separation of the CF and h
planes d, then the separation is crucial in deciding t
strength of enhancement and hence the line shape of
optical spectra. Figure 3 shows the real and imaginary p
of *0

fdx\vcG0(x,V1 id); it also shows plots of21/W
~dashed lines! that arise from differentd as indicated, and
condition ~23! is satisfied when these dashed lines cross
t.

g

t

.

is
e

ak
y

e
n

s
e

l

n
n
se

e
le

he
ts

e

solid curve, with the Mahan exciton frequencies being
points of intersection. As can be seen from the figure,
potentials used here arenot strong enough to create boun
Mahan excitons; however, it is clear from the plots of t
imaginary part of the dielectric function that the interacti
enhances the spectra at the Fermi surface due to the inc
ing overlap of CF and holes, even if the potential is n
strong enough to bind them up.

Figure 4 shows the emission part of the spectrum for
and holes separated by various interplane distancesd. We
note that the dipole matrix elements will, in principle, also
dependent on the overlap of the parts of the CF and h
wave functions that lie in thez direction, i.e., perpendicula

FIG. 3. Real and imaginary parts of the integrated CF-h
Green function~solid lines! together with plots of the inverse of th
CF-hole interaction strengths21/W for different CF-hole plane
separationsd ~dashed lines!. The magnetic lengthl 0 is typically
89 Å at B58 T with n5

1
2 andne51015 m22. The Fermi energy

Ef50.7 meV.

FIG. 4. Emission spectrum@i.e., A(v),0# obtained from the
imaginary part of the dielectric function, plotted with differen
plane separationsd and with the fullK dependent matrix elements
Input parameters correspond to the Ga12xAl xAs heterostructure.

The magnetic lengthl 0 is typically 89 Å atB58 T with n5
1
2 and

ne51015 m22. The Fermi energyEf50.7 meV.
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to the planes; however, these will mostly affect theintensi-
tiesof the spectra butnot the line shapes. We are only inter-
ested in the variation of the line shape with the separa
d. The curve showing emission when there is no interact
exhibits an intrinsic asymmetry in the line shape with aleft
bias; this results purely from the dipole matrix elements a
henceS(K ). As a comparison, Fig. 5 shows the emissi
when this factor is taken to be constant, i.e., from Eq.~22!.
Figures 4 and 5 illustrate the difference that the CF-h
matrix element has on the line shape. One can also m
comparisons between the intensities for lines with the sa
d; it is noticeable that the emission intensity is reduced
the inclusion of the correct factorS(K ). Switching on the
interaction changes the asymmetry fromleft to right asd is
decreased; this results from enhancement appearing a
Fermi surface, which is essentially of logarithmic-divergen
character.5 The interaction potential has not been allowed
be strong enough to cause the Mahan exciton to bind,
Eq. ~23! is never satisfied. This is because such a singula
is always suppressed in practice by the orthogona
catastrophe5,6,8 into a straightforward Fermi-edge enhanc
ment. The results shown in Fig. 4 can also be applied
other even-denominator fractionsn51/2m after a simple res-
caling ofvc* . Interestingly, the predicted asymmetry in th
emission line shape~see Fig. 4! seems consistent with rece
photoemission experiments,4 where either a left- or right-
biased line shape can be observed according to the spe
heterostructure sample and fraction 1/2m being studied, i.e.,
according to the magnitude ofd/ l 0. A detailed comparison
with this experimental data will be presented in a futu
paper.13

Figures 6 and 7 show the absorption part of the spec
As with Figs. 4 and 5, Fig. 6 is calculated including th
correct factorS(K ), while Fig. 7 has this factor set to unity
The effect of theK dependence is not as clear here as it is
emission, but it is still evident. Consider the spectra when
interaction is turned off; in Fig. 7 the curve is constant abo
about 1.2Ef , which is consistent with the step function as
sociated with absorption at zero temperature and with
hole broadening.5 However, there is a decay at higher ene

FIG. 5. Emission spectrum@i.e., A(v),0# obtained from the
imaginary part of the dielectric function, plotted with differe
plane separationsd as in Fig. 4, butwithout K dependent matrix
elements. Input parameters are the same as in Fig. 4.
n
n

e
ke
e
y

the
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ific

a.

n
e
e
-
o
-

gies in Fig. 6 associated with the factore2xI 0(x) in Eq. ~21!
resulting directly from the matrix element factorS(K ).
When the interaction is turned on, one observes the enha
ment at the Fermi edge resulting from the tendency to fo
Mahan excitons, with the spectra in Fig. 6 being smaller
amplitude than in Fig. 7, again as a result of theK depen-
dence of the matrix element.

In this paper the effect of CF-CF interactions is not co
sidered. These interactions would tend to screen the true
hole interaction in a nontrivial fashion, as a result of t
induced vector potential that accompanies density fluct
tions caused by the presence of the hole. However, the
clusion of CF-CF interactions should not significantly alt
the qualitative line shapes presented here for two reas
First, the CF-CF interaction cancels within the mean-fie
approximation in the absence of a localized external pot
tial. Introducing the hole will therefore, at most, introduce
residual CF-CF interaction that is smaller than the electr
electron interaction in the more familiar electron-hole pro

FIG. 6. Absorption spectrum@i.e.,A(v).0# obtained from the
imaginary part of the dielectric function, plotted with differen
plane separationsd and with fullK dependent matrix elements. Th
input parameters correspond to Fig. 4.

FIG. 7. Absorption spectrum@i.e.,A(v).0# obtained from the
imaginary part of the dielectric function, plotted with differen
plane separationsd as in Fig. 6, butwithout K dependent matrix
elements. The input parameters correspond to Fig. 4.
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lem. ~In the electron-hole problem atB50 it is known that
electron-electron interactions change the functional form
the line shape at the edges, but not the overall shape.! Sec-
ond, our model uses a constant effective CF-hole interact
as a first approximation, this constant potential can
thought of as including CF-CF screening effects by rep
senting an effective, screened CF-hole interaction.

The subtleties of a modified form of the screened CF-h
interaction due to CF-CF interactions should not, therefo
affect the primary result of this paper, which is that there w
be some degree of Fermi-edge enhancement. Instead
CF-CF interactions are likely to affect the detailed line sha
at the Fermi edge.5,8 The effect of CF-CF interactions on th
effective mass of the CF would be such as to cause a di
gence at the Fermi surface. This will influence primarily t
edge behavior of the spectra. The broadening of the spe
at the Fermi energy essentially depends on the ratio of
CF effective mass to the hole effective mass.5,6,8 Since the
latter is infinite while the former is finite except at the Fer
energy, there is likely to be little effect as a result of t
infinite CF mass at the Fermi edge. The optical respo
probes all CF states, therefore the use of a singleoptical
effective mass to describe all the CF is reasonable. This m
mCF

! is chosen to fit the experimental data3 equating the
Fermi energy\2kf

2/2mCF
! to the width of the line in emission

We emphasize that we found its fitted value to be of a sim
order of magnitude to CF masses obtained using trans
measurements. This paper also does not address the que
of how the hole Green function is renormalized by the int
actions with the CF. This is an interesting, but difficult que
tion in itself; the fact that the hole is mobile, i.e., it is n
localized as an impurity state, precludes the use of the te
nique introduced by Nozie`res and de Dominicis.8 These au-
thors’ approach considered the only effect of the hole
being the introduction of a static perturbation to the CF g
for a finite-time interval, thereby decoupling the proble
into scattering of a single CF from an impurity potential, pl
the renormalization of the~single-state! hole Green function.
The consequence of renormalizing the localized hole is
broaden its spectral function, thereby leading to a supp
sion of the Mahan divergence in the optical response.
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inclusion of a phenomological Lorentzian broadening fo
mobile hole only addresses the fact that physically th
should be a similar suppression of the Mahan exciton du
the hole shakeup of the CF sea. Assuming the hole spe
function to be Lorenztian then allows one to perform so
of the integrals analytically, thereby producing simple clos
forms for the optical response in terms of one-dimensio
integrals. A more complete calculation of the hole renorm
ization could be performed in the situation where the h
state were bound to an impurity; this would allow one
determine the effect of the orthogonality catastrophe on
spectrum taking into account the dielectric properties of
CF gas. However, our focus in this paper was to consider
the class of experiments in heterojunctions with~at least!
nominally delocalized holes.

V. CONCLUSION

This paper has calculated the optical signature of a co
posite fermion–hole system at even-denominator filling fr
tions n51/2m. The shapes of the emission and absorpt
spectra have been found to differ from the well-know
electron-hole results at zero magnetic field. The results s
gest that emission line shapes measured in photolumi
cence experiments on Ga12xAl xAs heterostructures a
n51/2m can be used to extract information concerning t
electron-hole plane separation. Future work will focus up
including effects of gauge fluctuations~i.e., effective CF-CF
interactions! into the formalism; of particular interest is th
question of how such gauge fluctuations will affect the op
cal spectra.
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