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Electron-Hole Correlation Effects in the Emission of Light from Quantum Wires
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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 the
low-temperature emission, even for high density, when a large gain replaces the excitonic absorption.
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Based on the singularity of the density of states (DOS) ofvas again considered [8]. In this paper, we assess the im-
massive particles at the band edge in one dimension (10jortance of electron-hole correlation on the propagation of
and the single-particle picture, large gains and significantarriers. We thus dress their propagators with the scat-
improvements in optical devices have been predicted fotering with other carriers to infinite order. The resulting
1D systems [1]. However, inclusion of the Coulomb cor-ladder approximation is solved self-consistently (SCLA).
relations among the photoexcited carriers resultsfinie It has been shown that multiple scattering between both
absorption at the band gap, i.e., in a vanishing Sommerfeldound and unbound pairs is thus effectively included [9].
factor [2]. This effect is related to the large exciton bind-These produce a frequency-dependent broadening that is
ing energy and oscillator strength, which strongly reducenot contained in the semiclassical treatment of scattering.
that available for free carriers: correlation between elecWe remark that the relevant energy scale for this correla-
trons and holes is therefore very important in 1D, and likelytion is the exciton binding energy, which can be signifi-
to persist up to large carrier densities. Time-dependentantly large in one-dimensional systems.
semiconductor Bloch equations (SBE) [3] and later devel- We consider one parabolic conduction band for elec-

opments successfully addressed the understanding of mggéns (creation operatoyg;r) and one for holes&j), with
optical properties of semiconductors under strong excitathe same masses. Charges interact through a simple con-
tion. These equations dynamically include the Coulomiact potentialV (x) = a8(x), wherea = 2E,ag, with E,,
interaction among carriers in response to the external trangmd ¢ being the binding energy and the Bohr radius of
verse electromagnetic fields, and thus also reproduce exne exciton. Electrons and holes are independent fermi-
citonic resonances at low density [3]. Extensions of thepns, and the corresponding operators commute. We intro-
SBE include screening of the Coulomb potential and scatduce dimensionless units, whef = 1/2, and lengths

tering terms between carriers, treated both at the semiclagre scaled with the 1D Bohr radius. Then, the Hamilton-
sical [4] and at the non-Markovian level [5]. Also, for the jan reads

wires, a satisfactory description of absorption and emis- 2

sion at large density was obtained, even without includ- _ N Kt T,
ing screening [6,7], which entails limited changes. In the H = Zk: g Leken T didi]
SBE, the existence of bound excitons or the correlation be-

tween electrons and holes is not taken into account in th&he choice of the contact potential makes fhanatrix
propagation of carriers. Bound pairs and correlations reself-consistency manageable for both numerical and ana-
sult from infinite scatterings between electrons and holefytical treatments. Because of the Pauli exclusion prin-
(and thus relate to a non-Markovian dynamics). We mayiple, electron-electron and hole-hole interactions are
expect that these effects are important in one dimension, absent for the same spin within this potential. If these
low density and/or temperatures. Electron-hole scatteringerms were included, direct and exchange terms would
to infinite order has been considered at the level of the opeancel out exactly to all orders, whereas they do not for
tical response, using ladder-type diagrams [ladder approxa long-range potential. We are thus missing long-range
mation (LA)] in the calculation of the two-particle Green effects, but have better focusing on the electron-hole cor-
functions [8]. However, this is equivalent to the station-relation alone. We also mention that screening cannot
ary (and quasiequilibrium) limit of the dynamical Hartree- be consistently introduced within such a restricted form
Fock equations, or SBE, as bare carrier propagation onlgf the potential. This is presumably a minor drawback
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in 1D, as remarked above. When the wires are opti-

iter 0, n=0.018

cally excited with a short light pulse, the electron-hole . iter 1. n=0.033
pairs are coherent with the excitation fields, and the sys- 10" £ ____ iter2 n=0.038
tem is strongly out of equilibrium. At later times, en- —-—-- iter 3,n=0.043 |/

ergy is exchanged among the carriers and with the lattice,
and coherences are washed out. Eventually, the electron-
hole gas reaches quasithermal equilibrium, and the den-
sity slowly varies in time as electron and holes radiatively
recombine. In the following, we consider only such a 10°
state of stationary quasithermal equilibrium, and we do
not address the coherence and the nonequilibrium dynam- ;
ics at short times. Standard finite temperature Green func- 10 g
tion techniques may thus be used to write the SCLA.
However, the solution of the self-consistent problem is
by necessity numerical, and the analytical extension t&!G. 1. The spectral function If6"] at k = 0, first four
real frequencies is numerically difficult, due to the com-Steps of iteration. Corresponding densities are also shown.
plex structure of the resulting Green functions [10]. For
this reason we work directly with real frequencies and/pears but contributions from larger exciton momenta are
or times, where the Green functions and self-energiealso evident. Further self-consistency steps significantly
are matrices defined by the Keldysh contour [11], anddroaden anahift both the single-particle and two-particle
their matrix elements are related by the Kubo-Martin-peaks. Discretization of the space toN, = 16 points
Schwinger relations for thermal equilibrium. This also helps to illustrate these effects. We thus understand that
allows for extensions to nonequilibrium conditions. Theinteraction among carriers shifts both exciton energies and
full SCLA reads single-particle energies.
Next, we introduce the optically measurable quantities,

Ti(w) =1+ f do' Y [iGi—g(0")Gy(w — ©)]Ti(®),  emission (or photoluminescence), and absorption. We

¢ a calculate them in the dipole approximation, and neglect

T=0.1, u=-0.3 <9

-Im[G "(E)]
=)

N,=16

Energy

Gilw) = G,(CO)(w) + G,io)(w)zk(w)Gk(w), (1) retardation in the electromagnetic interaction between
carriers (polaritonic effects). The polarizatigh is the
() = ZiTk(T)Gq—k(_T)~ linear response to the classical external transverse field,
q calculated within the dipole approximation. It is thus

The SCLA is aconserving approximatiofil2]: particle related to the two-particle electron-hole Green function
number and energy are conserved, making the SCL&» (k.. ky; k., — Q,k;, + Q), where k = (k, w), with
robust at any density, even when large scatterings produdbe external electron and hole lines closed onto the
significant renormalizations. A detailed study of SCLA interaction with the transverse photon:

for both the attractive and the repulsive (single-band)

Hubbard model at half-filling shows that the SCLA is P(k) = Z Goke, ks ke — Q. ki + Q) (2)
substantially close to the available exact solution in an QKo th =k

extensive range of temperatures and/or magnetizations = H(k) + Hk)T(k)H(k), 3
[13]. We expect this to be even more true for this case ofy;i Hk) = iY,G(k/2 — q)G(k/2 + q). Optical fre-

. . T . q .
negligible fillings (continuum model). quencies are measured from the gap. The first term of

In the low-density limit, using the bare particle propa- g4 (3) describes the usual band-to-band recombination
gators, +theT matrix shows a polze at the e>£<f|ton €N~ found in the single-particle picture, whereas the other
ergy, T'" (k, ) = [‘_” — (=1/2 + k7/8) + _217] - At term includes the correlation effects of bound electron-
the next self-consistency step, the particle propagatorge|e states in the optical properties. Here we notice that
show structures below the exciton energy thr_ough the seIqu. (2) gives the linear response of the system to the ex-
_energyE. H|gher orgjer terms in self-consistency theniarnal field only when the exack, is used [12]. How-
introduce exciton-exciton scattering effects [9]. These efgor we may expect that it is accurate also wiisnis
fe_cts are actually ove_restlmated for the contact potentialzculated within the SCLA [Eq. (3)] as this is quantita-
with respect to a realistic Coulomb potential due to thegyely close to the exact solution. We further checked that
lack of electron-electron (and hole-hole) interactions foryeyiations from current conservation are negligible.
equal spins [14]. We plot in Fig. 1 the spectral func- e absorptione, related to IiP*] [the (+) apex

tion at different steps of iteration f@f = 0.1, u = —0.3.  |apeling the retarded function], can be written as
At step 0, the spectral function shows the usual single- ®) ImLE* ()] 1T ()
o o — .

particle single peak, broadened ky= 0.02 for regular-
ization. At step 1, excitonic correlations appear. Becaus&hus, absorption in the excitonic limit (low densities)
of finite temperature, not only a single excitonic peak apshows a peak at the exciton energy. Moreover, by
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using the small density analytic expressidgh*(k = n = 0.38, when large gain is present in the exciton spectral
0,w) = —i/v2w + i0T, we find the absorption above region, the emission peak stays fixed clos&€jo~ —1/2,
the gapa(k = 0,w) = v2w/(1 + 2w), which clearly the low-density exciton energy. Fer> 0.4, the emission
shows cancellation of the 1D DOS divergencecat—  intensity saturates, and a peculiar structure of the emission
07", i.e., a Sommerfeld factor which vanishes linearly atpeak develops from the significant depth of the Fermi
o = 0. Emission is instead related to the correlationsea of electrons and holes. Significant density-dependent
function of the dipole operator and thereforeRo(k, w).  broadenings, increasing with are predicted.
It can be found from absorption through the Kubo-Martin- In Fig. 3 we compare the “exciton” energy [defined
Schwinger relations that as the |[T*|*> peak energy (TP)], the peak emission
< _ -1 i energy (EP), and the band gap renormalization [(BGR),
Pk, w) = [expB(w = 2p) = 1] IMLP (K, @)]. twice the shift of the single-particle energy]. We notice
(4) large negative BGR even at relatively small density.
It shows the typicaBoseoccupation factor for the emis- For n ~ 0.15, the BGR is comparable td,, but a
sion. We conclude that at low densities and/or temperasmall change in TP and EP is observed. hor 0.15
tures emission is excitonic, as also described in absorptioie BGR is larger tharEz = —1/2, and the exciton
by the poles off . unbinds. TheT matrix still shows a peak, originating
In the following, we discuss emission and absorption afrom a two-particle scattering resonance in the two-
intermediate and high densities, when a relevant numbegarticle continuum. However, the TP and EP show small
of unbound pairs coexist with bound pairs. Strongemlueshifts. The EP is shifting less than the TP, as a result
correlation effects are found at smaller temperatures, whe@f its skewness due to the Bose factor in Eq. (4) and
most of the carriers are bound into excitons, but outhe density dependence of the broadenings. Within the
aim is to show their relevance even in a less extremgontact potential, we compared the above results with the
situation. We solved Eq. (1) faf = 0.25 (corresponding dynamical Hartree-Fock (HF) results (Fig. 3). A fixed
to E,/2) and densities up ta = 0.8. In Fig. 2 we plot broadening had to be introduced by hand in the HF,
the resulting absorption and emission. The low-densityvhereas it is self-consistently calculated in our approach.
limit shows the excitonic absorption, and band-to-bandi) The BGR in this HF model stems from the Hartree
absorption as a long tail at higher energy. We also noticéerm alone, and is simply-2n. In the SCLA itis smaller
small excitonic gain below the exciton peak, which isfor » < 0.1, and then larger forn > 0.1. (ii) The HF
consistently predicted in the SCLA as are the broadeninggodel produces small EP blueshifts far< 0.15: the
[15]. For then = 0.06 curve, the maximum gain is 0.1 vertex correction (reduction of exciton binding energy) in
at E = —1. At larger densities, excitonic absorption is the emission of photons partially compensates the single-
bleached and substantial gain becomes evident. Even fgparticle energy shift [8]. This was also remarked for the
wires [7]. (iii) The blueshift is reduced in the SCLA.
This is related to the density-dependent broadenings of

-2 0 2 4

Energy

the SCLA. Introducing a density-dependent broadening
—_ in the HF model could mimic this result, but is clearly
%_ beyond the HF approximation, and the scope of the
£ present study. (iv) For > 0.8, shifts from the HF and
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FIG. 3. Emission peak energy (EP), emission peak energy in
HF (EP, t-HF), the exciton energy (TP), and BGR as functions

FIG. 2. The absorption and emission at various densities. of the density. Inset: An enlargement for the lower densities.
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the SCLA coincide, given the larger weight of (high- In conclusion, we have introduced the self-consistent

energy) uncorrelated carriers in the system. ladder approximation, simplified for a short-range poten-
Direct measurement of the BGR in the wires is prob-tial. For temperatures smaller or comparable to the ex-

lematic, as absorption is prohibitively weak: emission onlyciton binding energy, it includes important electron-hole

is usually measured. Moreover, the value of the BGRcorrelation effects on the propagation of carriers: These

is also sensitive to the structure of the realistic Coulomlresult in the formation and scattering of bound pairs at

potential, and critically depends on the strength of lateralow density, but they are also present at higher density

confinement [16—18]: in 1D, the exciton binding energywhen pairs unbind. These correlation effects show in

substantially increases with better lateral confinementhe optical emission as frequency- and density-dependent

[19]. In the first experiments of Cingolast al. [20], the  broadenings, relevant corrections to the band gap renor-

samples featured a relatively weak lateral confinementnalization calculated in the Hartree-Fock approximation,

and exciton binding comparable to 2D [19]. Thus,and a reduction of the overestimated vertex correction in

vertex corrections in the emission were presumablythe emission of light.

weak, and the fit of emission with simpler free-carrier We thank R. Ambigapathy, C. Ciuti, B. Deveaud,

models substantially reproduced accurate calculationa. Quattropani, V. Savona, P. Schwendimann, P. E. Selb-
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located well below the EP. In later samples, with strongestimulating discussions. The present work has been sup-

lateral confinement, the role of correlations and vertexported by the Swiss National Science Foundation, by the

corrections was enhanced. Grees al. [7], using the Swiss National Priority Program for Optics, and by the

SBE, noticed that it was difficult to extract the BGR from ERATO Quantum Fluctuation Project.
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