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The full random-phase approximation (RPA) spectral function is calculated for an electron gas
confined in a modulation-doped GaAs/Al„Gal „As quantum well. In the first subband we observe the

typical structure of the two-dimensional plasmaron. The renormalization of the chemical potential is

smaller than that of the edge of the density of states. In the second subband the single-state broadening

and the band renormalization are found to be smaller than in the first subband. When the depolarization
effect is neglected, the intersubband absorption line is narrower than the inhomogeneous broadening due

to the different effective masses in the two subbands for the noninteracting electron system. This result

is explained by the two-dimensional plasmaron structure in the first subband. The theoretical peak is

narrower than the experimental one. If in the spectral function the self-energy is taken at the energy of
the noninteracting electron, the corresponding absorption line is broader than the experimental one. If
the depolarization effect is included, the approximate linewidth is found to be narrower and the full

RPA linewidth broader than the experimental one.

I. INTRODUCTION

Intersubband transitions in a confined electron gas
have been intensively studied in the past decades. Exper-
imentally, they have been observed by absorption spec-
troscopy in Si inversion layers (see Ref. I and references
therein) and in GaAs/Al„Ga, „As quantum wells. '

They have also been studied with Raman-scattering ex-
periments. There are two main reasons for the large in-
terest in these transitions. First there is a technological
interest for their potential application as detectors and
eventually as emitters in a spectral range for which only
few tools are available. Second, they offer the opportuni-
ty to study a relatively simple system with a confined
electron gas and thereby provide us with a good bench-
mark for testing the validity of several approximations
that are widely used when dealing with electron-electron
interactions in a many-body system.

Several authors have calculated the position of the in-
tersubband absorption peak, including the effect of the
electron-electron interaction. Good qualitative agree-
ment was obtained. Concerning the line shape, attempts
were made to calculate the absorption line by approxi-
mating the single-state broadening function by a
I.orentzian. In this picture, the simplest approximation
for the broadening parameter (half-width at half-height
of the Lorentzian) is the imaginary part of the self-energy
calculated with the random-phase approximation (RPA)
and taken at the noninteracting electron energy. The
theoretical value extrapolated from the results reported
in the literature is larger than the value obtained by
fitting the experimental to the theoretical spectra. On the
other hand, the screening of the photon line by the polar-
ization of the confined electron gas (depolarization effect)
was shown to make the line narrower. ' But, at low tem-
perature, the effect is only about 20% and does not re-
move the discrepancy between experiment and theory.

In this work, the full RPA spectral function is used to
describe the broadening of the single state when the inter-
subband absorption coefficient is calculated. Without any
fitting procedure, a theoretical absorption line is obtained
that is narrower than the experimental one. It will be
shown that the origin of this result is in the structure of
the two-dimensional plasmaron excitation described else-
where. "

II. THEORY

The absorption coefficient a is obtained from the real
part of the electrical conductivity that is related by a
Kubo formula to the retarded form of the current-current
correlation function II(co), '

a(a)) = Im[II(co)] .
1

ncepco V

The refractive index is n, the velocity of the light in the
vacuum is c, the vacuum dielectrical permittivity is Ep,

and the volume of the crystal is V.
For the evaluation of II(co), we neglect the diagrams

that describe the final-state interactions (excitonic effect).
This effect was shown to be small for intersubband transi-
tions. In a first step, we also neglect the screening by the
polarization of the confined electron gas (depolarization
effect).

The Matsubara form of the current-current correlation
function is then given by the following expression:

The Fermi and Bose imaginary frequencies are ik„and
ice, respectively. The momentum matrix element be-
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a(co) =
ncepco (2~)

A2(k, E+co) A, (k, E)fX dk dE
2K 2'

X [nF(E) nF(E—+co)], (3)

where nF is the Fermi distribution function.
We obtain the spectral functions A (j=1,2) by solv-

tween the two levels for light polarized in the z direction
(perpendicular to the layers) is p,' . It is taken to be in-

dependent of the momentum k, which is a good assump-
tion for the conduction subbands considered in the fol-
lowing. The temperature T appears in P= 1/ks T, where
k~ is the Boltzmann constant. The dressed one-particle
Green's function in band j is 9 . We note that in expres-
sion (2) we keep only the main contribution when band 2
is at a higher energy than band 1.

After frequency summation and using the spectral rep-
resentation for the Green's function, we obtain the fol-
lowing expression for the absorption coeKcient:

ing the Dyson equation for a two-band system. In this
procedure, we neglect the vertices for the electron-
electron scattering in which an electron scatters from one
band to the other. The justification for this approxima-
tion is that the corresponding matrix elements of the
Coulomb potential do not diverge at q =0, whereas they
do diverge if the electrons stay in the same subband dur-
ing the scattering. The polarization in the second band is
also neglected. This assumption is acceptable if the
second band is almost empty, which is the case in the ex-
ample presented below.

The spectral functions can then be written as follows:

2S/J I(k E)
A)(k, E)=

[E g&(k)—$)J R—(k, E)] +[4 l(k, E)]
(4)

Measured from the chemical potential p, the kinetic ener-

gy of the noninteracting electron, in band j, with effective
mass mi, is g, (k)=Ep +(iri k /2m )

—p. The real

(S~~ „)and imaginary (S,J I ) parts of the self-energy are
evaluated in the RPA,

$„(k,E)=— f d q u„„(q) nF[g, (k+q)]+ f(2n. )

nz[g, (k+q)]+nii(E')
2ir ' ' E' g, (k+q)—+E+i5

1 uii22(q) dE nF[$2(lt+q)]+n&(E')
$22(k, E)= — f d q v2222(q)nF[(2(k+q)]+ f C, (q, E')

(2~)

where C, (q, E)=—2Im[1 —u»»(q)P", , '(q, E)] ' is the
RPA charge-density excitation function in band 1, and
P", , '(q, E) is the single-bubble polarization function in
band 1 whose analytical expression at T=O K is well
known. ' The Bose distribution function is nz.

The unscreened Coulomb potential, in mks units, is
given by the usual expression,

N

u, , ,,'(q) = 'g dz, dz2u(q, z, —z2)
nn-—i

X y'„J'"(z, )y'„&'(z, )

X P„'", *(z2 )y'„",(z2 ),
where

2 e 2

u(q z)= f d r e'q' = e 'i' . (8)
4me+r +z

The envelope functions for subband number j are given
by P'„J'(z) with n =1, . . . , N, where N is the number of
bands taken into account for the subband calculation.
The period of the superlattice is d and the background
static dielectric constant e. We assume that the envelope
functions P'„~' describing the noninteracting electron
states in the quantum well are independent of the
momentum k. This is a good approximation for conduc-
tion subbands, which is the case we consider below.

The transitions described by (2) are coupled by scatter-
ing events in which one electron jumps from band 1 to
band 2 while another jumps from band 2 to band 1. The
corresponding matrix element of the Coulomb potential
is u, 22, (0) and the current-current correlation function is

mI "(co)11(s)( )
—~P1, 2~2

1 —v, 22, (0)7r' '(p2)

where m'

'(ipse

)=II(ice )/~p, ' ~

. The absorption
coefficient is given by (1) with II' ' replacing 11. This
screening mechanism was first described in Ref. 14 and
leads to the well-known depolarization shift. In the next
section we shall compare the line shapes with and
without depolarization effect.

The subband energy dispersion is obtained by solving
the effective-mass k p equation self-consistently with the
Poisson equation. For the k.p Hamiltonian, we include
14 bands (I 6, I 7, I &, I'7, and I s) explicitly, which is

necessary if the nonparabolicity of the bulk material and
hence the effective mass of the subbands have to be
known with precision. ' For the calculation of the self-

energy, the subbands are assumed to be parabolic. This is
a good approximation for the charge density used below
for which the electron population at low temperature is
confined to small values of the momentum.

In our calculation, the chemical potential is given and



ELECTRON-ELECTRON INTERACTION AND INTERSUBBAND. . . 13 353

the charge density is evaluated with the following expres-
sion:

n&=
2 f d k f g A (k E)nF(E) . (10}

(2m. ) 2m'
i =I

As already discussed elsewhere, " a different procedure is
often used in the literature. The charge density is given
and the chemical potential is evaluated in the lowest-
order approximation, '

kF'
(0)P= +4» II (kF,O),

2m)

where kF=+2irns is the Fermi momentum. The super-
script (0) in SI,'II indicates that the self-energy is evalu-

ated using the chemical potential of the noninteracting
electron gas p' '=(fi kF)/2m&. In expression (11},it is

assumed that only band 1 is populated, which is the case
for the example treated below.

In Ref. 11 we have already discussed the lowest-order
approximation in connection with the band renormaliza-
tion. Here we shall study its impact on the intersubband
absorption line. %e shall compare our result with the
line shape obtained by using an approximate spectral
function A ' ' in which the self-energy function is taken
as S', '(k)=S,', '[(k fi (k —k )l2m )].

III. RESULTS
0

The electron gas is confined in a 80-A-wide GaAs well
surrounded by two 250-A-wide A10 356aAs barriers,

0
whose 50-A-wide central parts are n doped with a Si con-
centration of Xd = 1.6 X 10' cm . Solving the
effective-mass k p equation at T=O K self-consistently
with the Poisson equation gives two conduction subbands
whose energy separation at k =0 is EE=123 meV. The
corresponding effective masses are m, =0.0722m0 and
m2=0. 0874m0, where m0 is the mass of the free elec-
tron.

Using these parameters, we calculate the spectral func-
tion at T =0 K for the two subbands with a chemical po-
tential p = 19 meV, counted from the edge of the first sub-
band. The relative background dielectric constant is
e, =12.5.

Figure 1 displays the resulting curves for two values of
the mornenturn: k =0 and k=kF=0. 0231 A '. At
k =0, the spectral function for the first subband has two
peaks with approximately the same spectral weight. At
k=kF, most of the spectral weight is in the 5 function
situated at the Fermi surface (E =0). This behavior is
identical to that found for a pure two-dimensional (2D)
electron gas and has been described in detail in Ref. 11.
The low-energy peak at k =0 is ascribed to the plasma-
ron excitation that was identified for a three-dimensional
electron gas in Ref. 17.

The spectral function for the second subband also
shows two peaks with about 85% of the spectral weight
in the low-energy peak. This peak is a 5 function at
k =0, and an approximately 1-meV-wide peak at half
height at k =kF.

Figure 1 also displays the approximate spectral func-
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FIG. 1. Spectral function at T=O K for the first and second
subband in a modulation-doped quantum well for a charge den-

sity nz=8. 1X10"cm . (a) k=O and (b) k=kF=0. 023 A
solid line: full RPA calculation; dashed line: lowest-order ap-
proximation. The numbers next to the 5 functions indicate their
spectral weight for the full RPA calculation.

E,'~ ' —
g, (k) —Sj, (k, E,'~ ')=0. (12)

For the first subband, at k =0, there are three solutions
to (12). The low-energy solution is associated with the
low-energy peak in Fig. 1 and the two other solutions are
associated with the second peak in the spectral function.
The dispersion of the position of the first peak is nonpar-
abolic: it presents a high (low) curvature for low (high)
momenta. The dispersion for the second peak is parabol-
ic with a curvature close to that of the high-momentum
section for the first peak. Around k =0.015 A, the two
peaks of the spectral function merge.

For the second subband, there is only one solution to
(12) giving the low-energy peak of the spectral function
(see Fig. 1). The dispersion is parabolic with an effective

tion A' '. At k =0, for the first subband it is a Lorentzi-
an, narrower than the two peaks of A, and centered at
about the same position as the high-energy peak of A &.

For the second subband it is a 5 function positioned a lit-
tle above the 5 function in Az. At k =kF, A', ' is a 5
function centered at E =0 and A 2

' is a Lorentzian, a lit-

tle broader than and situated slightly higher than the first
peak in A2.

To explain the shape of the intersubband absorption
line, we display the dispersion of the quasiparticle (QP)
energy and width in Fig. 2.

The QP energy for band number j (E'O ') is given by
the solution of the following equation:
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FIG. 2. Quasiparticle energy and width d' pidth dis ersion at T=O
K for the first and second subband in a modulation-doped quan-
tum well for a charge density nz=
line: full RPA calculation; dashed line: lowest-order approxi-
mation. (b) So i ine: rS 1 d 1': first subband, full RPA calculation;
dashed line: secon su an, ud bb d full RPA calculation; dashed dot-

~ ~ ~

ted line: first subband, lowest-order approximimation' dotted ine:
second subband, lowest-order approximation.

The energy dispersion is parabolic for the twotwo subbands.
For the first subband it is very close to the dispersion of

second subband,
E' ' is a little larger than E2 ' and the dispersion is2

nearly parallel ~

The width dispersion for the first subband is i entica

increasing, reac es z
QP) ~ ~

again. For the second subband I 2 is slight y arger
I' ' but the shape of the dispersion is identica .

The charge density obtained from (10) is ns =8.
and the corresponding renormalization

'
n of the

= —8.5 meV.h
'

1 otential is b, '"'=IM —(IIl nnsjm.
I

The shift of the edges of the density of states (

given y eb the QP energy at k=0." The values for sub-
Dos) — (Dos) 24bands 1 and 2 are 6', '= —50 meV and h2

me, rV respectively. As reported in Ref.f. 19 the renormal-
ble frac-ization or ef th second subband represents a siza

20 ad dis-tion of that for the first subband. Also, as already is-
cussed in Ref. 11, the shift of the chemical potential is
smaller than that of the edge of the DOS.

The normalized absorption coefficient given by 3 is
presented in ig. a .F' 3( ) The complicated structure of the
QP energy an wid 'dth dispersion is reflected in the absorp-
tion coe%cient.

ran in fromWe observe a broad absorption band ranging rom

1.0

0.8

E,'o '(k)=g, (k)+4,' '„k,
k' —kF'

(13.)

and the width by

k2 kF2r'o"(k)=S"' k,
2m-

(14)

mass m2 =0.091m0, very close to that of the nonin-
1 Th origin of the second peak in the

t 1 f nction is a resonance in the imaginary part o
ement inthe self-energy that is associated with an enhancemen

the electron-plasmon scattering cross section.
h of the QP (I' ') is given by the imaginary

par o et f the self-energy taken at the energy of the P. or
the first subband, we give the dispersion of the w'idth for

in a re ion near k =0,the low-energy peak. It is small in a reg'
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reach zero at = F, ask =k as expected from the Fermi-liquid
h ' For the second subband, the widt, startingtheory. or e
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h f th QP energy and width dispersion for
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about 120 to 150 meV. It corresponds to the transitions
starting from the high-curvature section in the first QP
subband. The absorption occurs in a broad energy range
because the curvatures of the two QP subbands are quite
different in the corresponding low-momentum sections.

The sharp peak at about 120 meV stems from the tran-
sitions originating in the low-curvature section in the first
QP subband. Its full width at half-height is about b, = 1.5
meV. This is narrower than the width I' ' deduced from
the difference between the effective masses in the two sub-
bands for the noninteracting electron system ' ' (inhomo-
geneous broadening),

fi k
I(m)

2

1 1

m) m2
=4.7 meV . (15)

The reason is that the momentum range in which the
transitions contributing to the sharp peak occur is sma11:

[k, , kF] with k, =0.02 A . The corresponding inhomo-

geneous broadening is

I' "=BE'O '(k;) —bE'O '(k~)=0. 9 meV (16)

with bE' '(k) =E2 '(k) —E'& '(k).
The transitions in the range [k;,kF ] give a large contri-

bution to the absorption spectra because the QP sub-
bands are almost parallel in this region and because the
corresponding QP width in the first subband is small.

Concerning the single-state broadening, Fig. 2(b) shows
that the second subband gives the main contribution in
this momentum range: I z~ '-—0.4 meV and I',~ '=0.06
meV. To conclude, we see that the main contribution to
the width of the sharp peak is the inhomogeneous
broadening.

The position of the sharp peak is approximately equal
to the energy separation between the QP subbands at the
Fermi momentum [see Fig. 2(a)]. One could intuitively
expect that the absorption peak is positioned at the aver-
age value of the transition energies at k =0 and k =kF.
[bE' '(0)+DE' '(kF)]/2. We see that this is not the
case owing to the plasmaron-related structure in the first
QP subband.

The slow decrease on the high-energy side of the sharp
peak is attributed to the contribution of the high-energy
peak in the spectral function of the first subband.

Figure 3(a) also displays the intersubband absorption
line obtained by using the approximate spectral function
AJ' '(k, E). The peak is much broader and situated at a
higher energy than that obtained with the full calcula-
tion. Its full width at half-height is 6=7.2 meV. The
main contribution comes from the inhomogeneous
broadening,

I' '*=A,E'o '(0) —AE'O '(kF)=6. 6 rneV .

Its position is close to [hE~ '(0)+BE' '(kF)]/2,

which is the value one intuitively expected.
Figure 3(a) also displays the experimental absorption

line for the structure considered here. Its full width at
half-height is 6'" '=5.3 meV. It is important to note
that only the full RPA calculation gives a smaller
linewidth, leaving room for broadening mechanisms oth-
er than electron-electron interaction.

Figure 3(b) displays the absorption spectra obtained by
including the depolarization effect. As already shown in
Ref. 10 the line shape is strongly modified. The absorp-
tion line evaluated in the lowest-order approximation is
almost three times narrower than the peak without depo-
larization effect (Z' '=2. 5 meV). It is narrower than the
experimental peak. Qualitatively the effect is the same as
in Ref. 10, but it is much larger. The peak is at a 5=6
meV higher energy than without depolarization effect.
This depolarization shift is reasonably close to the experi-
mental value of 5'" '=9 meV.

The absorption line evaluated by using the full RPA
spectral function is almost four times broader than the
peak without depolarization effect (6' '=5.7 meV). It is
broader than the experimental peak. This behavior can
be intuitively understood from the coupling of the sharp
peak obtained without depolarization effect with the
broad absorption band associated with the high-
curvature region in the first QP subband. The peak is at
a 5=1.5 meV higher energy than without depolarization
effect. This is much smaller than the experimental value.

The discrepancy between the, in principle, more accu-
rate full RPA evaluation and the experimental data
shows that some of the effects that have been neglected
are important when the depolarization effect is included.
I believe that the excitonic effect could be important for
the line shape because it includes additional Coulomb
lines in the calculation of the current-current correlation
function, in a similar way as the depolarization effect
does.

IV. CONCLUSION

We showed that the full and the approximate RPA
spectral functions lead to an absorption line that is nar-
rower and broader, respectively, than the experimental
spectra if the depolarization effect is neglected. If we in-
clude the depolarization effect the approximate absorp-
tion line is narrower than the experimental one whereas
the full RPA line is broader. This implies that effects
that were neglected in this work, such as the excitonic
effect, have to be considered in future calculations.
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