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We present a self-consistent treatment of the electron-hole correlations in optically excited quantum
wires within the ladder approximation and using a contact potential interaction. The limitation of the
ladder approximation to the excitonic low-density region is largely overcome by the introduction of
higher-order correlations through self-consistency. We show the relevance of these correlations in th
low-temperature emission, even for high density, when a large gain replaces the excitonic absorptio
[S0031-9007(98)08199-X]

PACS numbers: 78.55.–m, 71.35.Ee
im-
of
at-
g
).

oth
9].
at is
ng.
la-

fi-

c-

con-

of
mi-
tro-

n-

na-
in-
re

se
uld
for
ge
or-
not
rm
ck
Based on the singularity of the density of states (DOS)
massive particles at the band edge in one dimension (1
and the single-particle picture, large gains and significa
improvements in optical devices have been predicted
1D systems [1]. However, inclusion of the Coulomb co
relations among the photoexcited carriers results in afinite
absorption at the band gap, i.e., in a vanishing Sommerf
factor [2]. This effect is related to the large exciton bind
ing energy and oscillator strength, which strongly redu
that available for free carriers: correlation between ele
trons and holes is therefore very important in 1D, and like
to persist up to large carrier densities. Time-depende
semiconductor Bloch equations (SBE) [3] and later deve
opments successfully addressed the understanding of m
optical properties of semiconductors under strong exci
tion. These equations dynamically include the Coulom
interaction among carriers in response to the external tra
verse electromagnetic fields, and thus also reproduce
citonic resonances at low density [3]. Extensions of th
SBE include screening of the Coulomb potential and sc
tering terms between carriers, treated both at the semic
sical [4] and at the non-Markovian level [5]. Also, for the
wires, a satisfactory description of absorption and em
sion at large density was obtained, even without inclu
ing screening [6,7], which entails limited changes. In th
SBE, the existence of bound excitons or the correlation b
tween electrons and holes is not taken into account in
propagation of carriers. Bound pairs and correlations
sult from infinite scatterings between electrons and ho
(and thus relate to a non-Markovian dynamics). We m
expect that these effects are important in one dimension
low density and/or temperatures. Electron-hole scatter
to infinite order has been considered at the level of the o
tical response, using ladder-type diagrams [ladder appro
mation (LA)] in the calculation of the two-particle Green
functions [8]. However, this is equivalent to the station
ary (and quasiequilibrium) limit of the dynamical Hartree
Fock equations, or SBE, as bare carrier propagation o
0031-9007y99y82(4)y843(4)$15.00
of
D)
nt

for
r-

eld
-

ce
c-
ly
nt
l-
ost

ta-
b

ns-
ex-
e

at-
las-

is-
d-
e
e-

the
re-
les
ay
, at
ing
p-
xi-

-
-
nly

was again considered [8]. In this paper, we assess the
portance of electron-hole correlation on the propagation
carriers. We thus dress their propagators with the sc
tering with other carriers to infinite order. The resultin
ladder approximation is solved self-consistently (SCLA
It has been shown that multiple scattering between b
bound and unbound pairs is thus effectively included [
These produce a frequency-dependent broadening th
not contained in the semiclassical treatment of scatteri
We remark that the relevant energy scale for this corre
tion is the exciton binding energy, which can be signi
cantly large in one-dimensional systems.

We consider one parabolic conduction band for ele
trons (creation operatorsc

y
k ) and one for holes (d

y
k ), with

the same masses. Charges interact through a simple
tact potentialV sxd  adsxd, wherea  2EbaB, with Eb

and aB being the binding energy and the Bohr radius
the exciton. Electrons and holes are independent fer
ons, and the corresponding operators commute. We in
duce dimensionless units, whereEb  1y2, and lengths
are scaled with the 1D Bohr radius. Then, the Hamilto
ian reads

H 
X

k

k2

4
fcy

k ck 1 d
y
k dkg 2

X
k,k0,q

c
y
k2qd

y
k01qdk0 ck .

The choice of the contact potential makes theT -matrix
self-consistency manageable for both numerical and a
lytical treatments. Because of the Pauli exclusion pr
ciple, electron-electron and hole-hole interactions a
absent for the same spin within this potential. If the
terms were included, direct and exchange terms wo
cancel out exactly to all orders, whereas they do not
a long-range potential. We are thus missing long-ran
effects, but have better focusing on the electron-hole c
relation alone. We also mention that screening can
be consistently introduced within such a restricted fo
of the potential. This is presumably a minor drawba
© 1999 The American Physical Society 843
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in 1D, as remarked above. When the wires are op
cally excited with a short light pulse, the electron-ho
pairs are coherent with the excitation fields, and the s
tem is strongly out of equilibrium. At later times, en
ergy is exchanged among the carriers and with the latt
and coherences are washed out. Eventually, the elect
hole gas reaches quasithermal equilibrium, and the d
sity slowly varies in time as electron and holes radiative
recombine. In the following, we consider only such
state of stationary quasithermal equilibrium, and we
not address the coherence and the nonequilibrium dyn
ics at short times. Standard finite temperature Green fu
tion techniques may thus be used to write the SCL
However, the solution of the self-consistent problem
by necessity numerical, and the analytical extension
real frequencies is numerically difficult, due to the com
plex structure of the resulting Green functions [10]. F
this reason we work directly with real frequencies an
or times, where the Green functions and self-energ
are matrices defined by the Keldysh contour [11], a
their matrix elements are related by the Kubo-Marti
Schwinger relations for thermal equilibrium. This als
allows for extensions to nonequilibrium conditions. Th
full SCLA reads

Tksvd  1 1
Z

C
dv0

X
q0

fiGk2q0sv0dGq0sv 2 v0dgTksvd ,

Gksvd  G
s0d
k svd 1 G

s0d
k svdSksvdGksvd , (1)

Skstd 
X
q

iTkstdGq2ks2td .

The SCLA is aconserving approximation[12]: particle
number and energy are conserved, making the SC
robust at any density, even when large scatterings prod
significant renormalizations. A detailed study of SCL
for both the attractive and the repulsive (single-ban
Hubbard model at half-filling shows that the SCLA
substantially close to the available exact solution in
extensive range of temperatures and/or magnetizat
[13]. We expect this to be even more true for this case
negligible fillings (continuum model).

In the low-density limit, using the bare particle prop
gators, theT matrix shows a pole at the exciton en
ergy, T1sk, vd . fv 2 s21y2 1 k2y8d 1 2igg21. At
the next self-consistency step, the particle propaga
show structures below the exciton energy through the s
energy S. Higher order terms in self-consistency the
introduce exciton-exciton scattering effects [9]. These
fects are actually overestimated for the contact poten
with respect to a realistic Coulomb potential due to t
lack of electron-electron (and hole-hole) interactions
equal spins [14]. We plot in Fig. 1 the spectral fun
tion at different steps of iteration forT  0.1, m  20.3.
At step 0, the spectral function shows the usual sing
particle single peak, broadened byg  0.02 for regular-
ization. At step 1, excitonic correlations appear. Beca
of finite temperature, not only a single excitonic peak a
844
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FIG. 1. The spectral function ImfG1g at k  0, first four
steps of iteration. Corresponding densities are also shown.

pears but contributions from larger exciton momenta a
also evident. Further self-consistency steps significan
broaden andshift both the single-particle and two-particle
peaks. Discretization of thek space toNk  16 points
helps to illustrate these effects. We thus understand t
interaction among carriers shifts both exciton energies a
single-particle energies.

Next, we introduce the optically measurable quantitie
emission (or photoluminescence), and absorption. W
calculate them in the dipole approximation, and negle
retardation in the electromagnetic interaction betwe
carriers (polaritonic effects). The polarizationP is the
linear response to the classical external transverse fi
calculated within the dipole approximation. It is thu
related to the two-particle electron-hole Green functio
G2ske, kh; ke 2 Q, kh 1 Qd, where k  sk, vd, with
the external electron and hole lines closed onto t
interaction with the transverse photon:

Pskd ~
X

Q,ke1khk
G2ske, kh; ke 2 Q, kh 1 Qd (2)

 Hskd 1 HskdT skdHskd , (3)

with Hskd  i
P

qGsky2 2 qdGsky2 1 qd. Optical fre-
quencies are measured from the gap. The first term
Eq. (3) describes the usual band-to-band recombinat
found in the single-particle picture, whereas the oth
term includes the correlation effects of bound electro
hole states in the optical properties. Here we notice th
Eq. (2) gives the linear response of the system to the
ternal field only when the exactG2 is used [12]. How-
ever, we may expect that it is accurate also whenG2 is
calculated within the SCLA [Eq. (3)] as this is quantita
tively close to the exact solution. We further checked th
deviations from current conservation are negligible.

The absorptiona, related to ImfP1g [the (1) apex
labeling the retarded function], can be written as

askd ~ 2ImfH1skdg jT1skdj2.

Thus, absorption in the excitonic limit (low densities
shows a peak at the exciton energy. Moreover,
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using the small density analytic expressionH1sk 
0, vd  2iy

p
2v 1 i01, we find the absorption above

the gap ask  0, vd 
p

2vys1 1 2vd, which clearly
shows cancellation of the 1D DOS divergence atv !
01, i.e., a Sommerfeld factor which vanishes linearly
v  0. Emission is instead related to the correlatio
function of the dipole operator and therefore toP,sk, vd.
It can be found from absorption through the Kubo-Martin
Schwinger relations that

P,sk, vd ~ fexpbsv 2 2md 2 1g21 ImfP1sk, vdg .
(4)

It shows the typicalBoseoccupation factor for the emis-
sion. We conclude that at low densities and/or tempe
tures emission is excitonic, as also described in absorpt
by the poles ofT1.

In the following, we discuss emission and absorption
intermediate and high densities, when a relevant num
of unbound pairs coexist with bound pairs. Strong
correlation effects are found at smaller temperatures, wh
most of the carriers are bound into excitons, but o
aim is to show their relevance even in a less extrem
situation. We solved Eq. (1) forT  0.25 (corresponding
to Eby2) and densities up ton  0.8. In Fig. 2 we plot
the resulting absorption and emission. The low-dens
limit shows the excitonic absorption, and band-to-ba
absorption as a long tail at higher energy. We also not
small excitonic gain below the exciton peak, which
consistently predicted in the SCLA as are the broadenin
[15]. For then  0.06 curve, the maximum gain is 0.1
at E  21. At larger densities, excitonic absorption i
bleached and substantial gain becomes evident. Even
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FIG. 2. The absorption and emission at various densities
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n  0.38, when large gain is present in the exciton spect
region, the emission peak stays fixed close toEb , 21y2,
the low-density exciton energy. Forn . 0.4, the emission
intensity saturates, and a peculiar structure of the emis
peak develops from the significant depth of the Fer
sea of electrons and holes. Significant density-depend
broadenings, increasing withn, are predicted.

In Fig. 3 we compare the “exciton” energy [define
as the jT 1j2 peak energy (TP)], the peak emissio
energy (EP), and the band gap renormalization [(BG
twice the shift of the single-particle energy]. We notic
large negative BGR even at relatively small density
For n , 0.15, the BGR is comparable toEb, but a
small change in TP and EP is observed. Forn . 0.15
the BGR is larger thanEB  21y2, and the exciton
unbinds. TheT matrix still shows a peak, originating
from a two-particle scattering resonance in the tw
particle continuum. However, the TP and EP show sm
blueshifts. The EP is shifting less than the TP, as a re
of its skewness due to the Bose factor in Eq. (4) a
the density dependence of the broadenings. Within
contact potential, we compared the above results with
dynamical Hartree-Fock (HF) results (Fig. 3). A fixe
broadening had to be introduced by hand in the H
whereas it is self-consistently calculated in our approa
(i) The BGR in this HF model stems from the Hartre
term alone, and is simply22n. In the SCLA it is smaller
for n , 0.1, and then larger forn . 0.1. (ii) The HF
model produces small EP blueshifts forn , 0.15: the
vertex correction (reduction of exciton binding energy)
the emission of photons partially compensates the sin
particle energy shift [8]. This was also remarked for t
wires [7]. (iii) The blueshift is reduced in the SCLA
This is related to the density-dependent broadenings
the SCLA. Introducing a density-dependent broaden
in the HF model could mimic this result, but is clear
beyond the HF approximation, and the scope of
present study. (iv) Forn ¿ 0.8, shifts from the HF and
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FIG. 3. Emission peak energy (EP), emission peak energ
HF (EP, t-HF), the exciton energy (TP), and BGR as functio
of the density. Inset: An enlargement for the lower densitie
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the SCLA coincide, given the larger weight of (high
energy) uncorrelated carriers in the system.

Direct measurement of the BGR in the wires is prob
lematic, as absorption is prohibitively weak: emission on
is usually measured. Moreover, the value of the BG
is also sensitive to the structure of the realistic Coulom
potential, and critically depends on the strength of later
confinement [16–18]: in 1D, the exciton binding energ
substantially increases with better lateral confineme
[19]. In the first experiments of Cingolaniet al. [20], the
samples featured a relatively weak lateral confineme
and exciton binding comparable to 2D [19]. Thus
vertex corrections in the emission were presumab
weak, and the fit of emission with simpler free-carrie
models substantially reproduced accurate calculatio
of the BGR [16]. Even in this case, the band gap wa
located well below the EP. In later samples, with strong
lateral confinement, the role of correlations and verte
corrections was enhanced. Greuset al. [7], using the
SBE, noticed that it was difficult to extract the BGR from
emission, as the position of the peak is not directly relat
to it and stays rather fixed [7]. They also remarked th
large inhomogeneous broadenings, comparable to
subband separation, do not allow one to discrimina
fine features such as small blueshifts in the EP;n is
known with poor accuracy;T depends on time, and
has to be fitted from the emission, entailing addition
uncertainties in the comparison of theory with experimen
We reiterate that our results stem from a short-ran
potential, and important effects of long-range interaction
and dependences on lateral confinement are missed. T
have to be considered, with reserve for real systems,
giving interesting indications only for the strongly 1D
systems, featuring largeEB and correlations. We argue
that they clearly reinforce the conclusions of Ref. [7
that extracting the BGR from emission in the curren
samples is not trivial. Moreover, deducing the existenc
of (bound) excitons and the absence of BGR even at lar
densities from the observation of a peaked emission,
reported in Ref. [21], is also misleading, as we also pred
a peaked emission well after excitons disappear, and BG
is significant. Finally, we wish to mention that the larg
blueshifts predicted by both SCLA and HF within the
contact potential atn . 0.5 are related to a sizeable depth
of the Fermi sea, when the emission height saturates, a
peaks are considerably broadened and skewed to hig
energy (Fig. 2,n  0.68). Although a saturation of the
emission height as a function of density was observe
large blueshifts and skewness were not [7,20,21]. T
large blueshift could be thus an artifact of the mode
potential we use, showing that quantitative compariso
with experiment is beyond its purpose. Moreover, eve
for the latest measurements on samples with a subba
separation of about 20 meV [21], the higher subban
become populated well beforen . 0.4 in our units, and
a multisubband analysis should be carried out anyw
for n . 0.4.
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In conclusion, we have introduced the self-consiste
ladder approximation, simplified for a short-range pote
tial. For temperatures smaller or comparable to the
citon binding energy, it includes important electron-ho
correlation effects on the propagation of carriers: The
result in the formation and scattering of bound pairs
low density, but they are also present at higher dens
when pairs unbind. These correlation effects show
the optical emission as frequency- and density-depend
broadenings, relevant corrections to the band gap ren
malization calculated in the Hartree-Fock approximatio
and a reduction of the overestimated vertex correction
the emission of light.
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