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Optically induced coherent intraband dynamics in disordered semiconductors
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On the basis of a tight-binding model for a strongly disordered semiconductor with correlated conduction-
and valence-band disorder a coherent dynamical intraband effect is analyzed. For systems that are excited by
two specially designed ultrashort light-pulse sequences delayed byt relatively to each other echolike phenom-
ena are predicted to occur. In addition to the interband photon echo which shows up at exactlyt52t relative
to the first pulse, the system responds with two spontaneous intraband current pulses preceding and following
the appearance of the photon echo. The temporal splitting depends on the electron-hole mass ratio. Calculating
the population relaxation rate due to Coulomb scattering, it is concluded that the predicted new dynamical
effect should be experimentally observable in an interacting and strongly disordered system, such as the
Quantum Coulomb Glass.

DOI: 10.1103/PhysRevB.65.085306 PACS number~s!: 72.40.1w, 78.47.1p, 72.80.Ng
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I. INTRODUCTION

Echo phenomena, the prototype being the Hahn s
echo1 for spin-1/2 systems, rely on the generation of a c
herent ensemble of excitations with a continuous distribut
of frequencies. After pulsed excitation the macroscopic
sponse of the ensemble decays as a consequence of de
tive interference effects in the continuum of excited frequ
cies. A second delayed excitation pulse induces a repha
of the individual excited species such that at twice the de
time the ensemble shows a spontaneous macroscopic
sponse, the echo. A necessary requirement for the observ
ity of this coherent dynamics are sufficiently weak dephas
interactions on the time scale of the pulse delay. The mic
scopic reason for the appearance of an echo is that the
ond pulse causes phase conjugation of the coherent ex
tion generated by the first pulse. In close analogy to the s
echo also photon echoes have been observed in ensemb
two-level absorbers.2 There are also phonon echoes3 and
temperature echoes,4 even classical mechanic ensembles
pendulums can show echo phenomena.5

Photon echoes have also been studied in more com
cated systems, such as ordered6 and disordered7 semiconduc-
tors. The optically excited interband transitions in a semic
ductor cannot be considered as an ensemble of indepen
two-level absorbers due to the strong interaction of
electron-hole pairs. Photon echoes therefore may show a
cay as a function of the delay time due to the Coulo
interactions, due to disorder, and due to combin
interaction-disorder effects.6,8–10In Ref. 11 an echo phenom
enon has been proposed for disordered conductors or An
son insulators. On the basis of a noninteracting o
dimensional tight-binding band with diagonal disorder fill
with a low density of carriers the current response to sh
externally applied voltage pulses was calculated. Assum
excitation with two short voltage pulses att50 and t5t,
wheret was chosen larger than the typical elastic scatter
time tel , it was predicted that the system spontaneously
sponds with a current pulse exactly at timet52t. In contrast
0163-1829/2002/65~8!/085306~8!/$20.00 65 0853
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to spin echoes and photon echoes this current echo is
related to phase conjugation.

The influence of Coulomb interactions on the current ec
was investigated in Ref. 12. The numerically exact calcu
tion for a small tight-binding system showed that the curr
echo should remain visible in the presence of the many-b
interaction, however, so far no experimental observation
been reported.

In a series of papers van Driel, Sipe, and co-workers h
shown that in semiconductors currents can be induced o
cally on an ultrashort time scale using a coherent con
scheme.13 In addition, a resulting current pulse could pos
bly be observed using THz-detection techniques.

Stimulated by these results, we studied optically induc
current phenomena in disordered model systems.14 By solv-
ing the equation of motion for the intraband current in
noninteracting tight-binding model we concluded that on
basis of the coherent control scheme it should be ind
possible to generate a current pulse also in a strongly di
dered semiconductor. The current pulse decays due to el
scattering. In addition, the current traces show signature
Anderson localization~in a one-dimensional noninteractin
disordered system all states are localized!. The application of
two delayed optical pulses, both generating a current pu
was found to result in a sizable echo in the intraband curr
that appears att52t. At the same time the interband pola
ization shows the conventional photon echo.

Continuing our earlier work14 and making our mode
more realistic we were surprised to discover that the o
cally induced intraband dynamics in a disordered semic
ductor with correlated conduction- and valence-band dis
der shows features that differ profoundly from both t
photon and the current echo. By allowing the effecti
masses of the electrons and holes to differ from each ot
we find that the related spontaneous signals appear at d
ent times. While the interband photon echo always shows
at t52t, the intraband signals split into an advanced an
retarded signal current pulse. This splitting depends on
mass ratio. For the semiconductor model we find that th
two current pulses appear only if the disorder is correla
©2002 The American Physical Society06-1
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for electrons and holes, which is often at least approxima
valid in real low-dimensional semiconductor nanosyste
where disorder may be due to the fluctuations of the confi
ment potential.

We furthermore find that only the first excitation pulse
t50 has to be designed according to the coherent con
scheme, which is necessary to generate an intraband cu
For the second pulse att5t a normal resonant optical exc
tation is sufficient. This simple excitation pulse does not g
erate a current pulse att5t, however, it is still able to ini-
tiate the pair of spontaneous signals. These signals are
prominent for high excitation density. Since the man
particle Coulomb interaction has been ignored in these
culations, one might suspect that Coulomb scattering lead
sufficiently rapid dephasing such that the new dynamics is
longer observable. The consideration of the Coulomb in
action for the situation at hand requires one to calculate
response at least up to fifth order in the external light fi
and to treat the interaction consistently with all the relev
correlations~for a third-order treatment in a disordered sem
conductor model see, e.g., Refs. 10,15,16!. Even for a one-
dimensional system this task is beyond present compute
pacity. In order to get a feeling for the relevant time sca
we consider a much simpler case. For a strongly disorde
one-dimensional single-band model we calculate the pop
tion relaxation time due to Coulomb scattering by treat
the many-particle interaction in second Born approximat
on the basis of Hartree-Fock states. The situation envisa
is the so-called Quantum Coulomb Glass model, one of
most challenging problems in modern many-particle phys
The results we obtain can be taken as an indication tha
fact strong disorder leads to a slowing down of the dyna
cal Coulomb effects. For the time being this suggests that
current echo should be observable in experiment.

This paper is organized as follows. In Sec. II the mode
introduced. The relevant observables, the interband and
traband currents and the polarization, are defined in Sec
The equations of motion are given in Sec. IV and the coh
ent control excitation scheme is described in Sec. V. Fina
in Sec. VI the numerical results are presented and discu
in Sec. VII. In the concluding Sec. VIII we consider th
possible influence of the Coulomb many-particle interact
and give evidence for the observability of the predicted s
nals in experiments.

II. THE MODEL

We consider a one-dimensional two-band tight-bind
model with nearest-neighbor couplingJl defined to model a
direct gap semiconductor. TheN sites i have nearest-
neighbor separationuRW u and periodic boundary conditions a
applied. Every sitei at positionRW i carries two energiese i

c

and e i
v . They are distributed randomly according to a bo

shaped distribution of widthWl. In the electron-hole picture
all electron energies and hole energiese i

l as well as the cou-
plings Jl are positive quantities if the energy is taken to
zero in the gap between the valence and the conduction b
The Hamiltonian matrix for bandl is then
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Ti j
l 5d i j e i

l2Jl~d i j 211d i j 11!. ~1!

For an ordered situation (e i
l5e0

l ,Wl50 eV) we have a di-
rect semiconductor with cosine bands and a gap in the ce
(kW50) of the Brillouin zone. Close tokW50 the bands are
characterized by effective massesml related to the couplings
Jl

ml5
\2

2JluRW u2
. ~2!

In the disordered case the relevant disorder parameter is

hl5
Wl

Jl
. ~3!

In our one-dimensional system all single-particle states
localized for nonzeroW. The disorder is called uncorrelate
if the site energies are distributed independently from e
other in the two bands. It is called correlated if

e i
c2^e i

c&

Jc
5

e i
v2^e i

v&

Jv
, ~4!

where^e i
c,v& are the expectation values of the site energi

In this work we exclusively treat correlated disorder. It mo
els, e.g., a disorder potential in a semiconductor heterost
ture with effective dimensionality less than three, which
produced by local fluctuations in the confining potential.

The total Hamiltonian then reads

H5H01HI , ~5!

H05 (
i , j

l5c,v

T̃i j
l al i

1al j , ~6!

HI52EW ~ t !•dW . ~7!

al i
1 , al j are electron creation and annihilation operators,

spectively. The couplingsT̃ in the electron picture are un
changed for the conduction band, i.e.,T̃i j

c 5Ti j
c , whereas a

change of sign is required for the valence band, i.e.,T̃i j
v

52Ti j
v .

dW 5 (
i

l,l85c,v

dW i i
ll8al i

1al8 i ~8!

and

dW i i
ll852e~RW idll81rWll8! ~9!

rWll8 is the interband optical dipole matrix element~see Table
I!.

III. THE OBSERVABLES

The total polarization is given by

PW 5
^dW &
V

~10!

and the total current by
6-2
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jW5^dẆ &5
1

i\
^@dW ,H0#&

5
ie

\ (
l i j

~RW i2RW j !T̃i j
l ^al i

1al j&

1
ie

\ (
ll8 i j

rWll8~ T̃i j
l82T̃i j

l !^al i
1al8 j&

5
ie

\
RW (

l i
J̃l~^al i

1al i 11&2^al i
1al i 21&!

2
ie

\ (
ll8 i

rWll8~ ẽ i
l2 ẽ i

l8!^al i
1al8 i&

1
ie

\ (
ll8 i

rWll8~ J̃l2 J̃l8!~^al i
1al8 i 11&

1^al i
1al8 i 21&!,

whereRW 5RW i 112RW i . These observables have both intraba
and interband contributions due to the first and second t
in Eq. ~9!, respectively.

Denoting the expectation values of the operators by

pi j 5^av i
1ac j&, ~11a!

ni j
c 5^aci

1ac j&, ~11b!

ni j
h 5d i j 2^av j

1 av i&, ~11c!

wherepi j is the interband coherence related to the interb
polarization~and the interband current! and ni j

c and ni j
h are

the intraband coherences (iÞ j ) and densities (i 5 j ) related
to the intraband current.

The intraband currentJW intra, the interband currentJW inter,
and the total polarizationPW are given by

JW intra5
2eRW

\ FJc(
i

Im@ni 11,i
c #2Jv(

i
Im@ni 11,i

h #G , ~12!

TABLE I. Parameters of the semiconductor model and the li
pulse.

^ec&1^ev& 1.316 eV
Jc 34 meV
r cv 3.0 Å

uRW u 20 Å

Disorderh 2
Number of sites 71

Light field described in Sec. V
f12 p/2
Central wavelength of full-gap pulse 1.316 eV
08530
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JW inter52
2erWcv

\ (
i

~e i
c1e i

v!Im@pii #

1
2erWcv

\
~Jc1Jv!(

i
Im@pi 21,i1pi 11,i #, ~13!

PW 52
e

V (
i

@RW i~nii
c 2nii

h 11!12rWcvRe@pii ##, ~14!

respectively. In Eq.~14! the first and second terms refer
the intraband and interband polarization, respectively.

IV. EQUATIONS OF MOTION

Using the Heisenberg equation of motion and taking
expectation values everywhere we obtain

d

dt
pi j 52

i

\
~e i

v1e j
c!pi j 1

i

\
Jv~pi 21 j1pi 11 j !

1
i

\
Jc~pi j 211pi j 11!

1
i

\
eEW ~ t !@~RW i2RW j !pi j 1rWcv~ni j

c 1nji
h 2d i j !#, ~15!

d

dt
ni j

c 5
i

\
~e i

c2e j
c!ni j

c 1
i

\
Jc~ni j 21

c 1ni j 11
c 2ni 21 j

c 2ni 11 j
c !

1
i

\
eEW ~ t !@~RW i2RW j !ni j

c 1rWcv~pi j 2pji* !#, ~16!

d

dt
ni j

h 5
i

\
~e i

v2e j
v!ni j

h 1
i

\
Jv~ni j 21

h 1ni j 11
h 2ni 21 j

h 2ni 11 j
h !

2
i

\
eEW ~ t !@~RW i2RW j !ni j

h 1rWcv~pi j* 2pji !#, ~17!

which differ from the conventional optical Bloch equation
for a noninteracting tight-binding model10,15,16by the terms
containing the positionRW i of the sites. We numerically solve
these equations using the standard fourth-order-Runge-K
algorithm.

V. CURRENT EXCITATION BY COHERENT CONTROL

We apply the coherent control scheme developed
the Toronto Group13 in order to optically generate a sho
intraband current pulse in both bands. The first excitation
time t50 is chosen to be due to a light field

EW ~ t !5EW 1e2(t/tL1)2
cosFv2 t G1EW 2e2(t/tL2)2

cos@vt1f1,2#,

~18!

whereEW n are the amplitudes,tLn the temporal widths, and
f1,2 is the relative phase of the two contributions havi
frequencyv ~called full-gap pulse! andv/2 ~called half-gap
pulse!. We takev to be larger than the band gap, where

t

6-3
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v/2 is smaller than the band gap. In a previous paper14 we
have shown, using the above model, that this excitation
sults in a current depending on sin@f1,2# that decays due to
scattering at the disorder. This decay is modulated by os
lations which are a fingerprint of Anderson localization.
was also shown there~see Fig. 1! that a second identica
pulse, arriving at timet5t, leads to a spontaneous curre
echo at timet52t having opposite direction. In that wor
identical electron and hole masses have been taken, i.eJc

5Jv. The process of generating a current is of at least th
order in the field amplitudes. The current echo requires
ditional excitation with delayed pulses and is therefore
higher order. The analysis presented in the following sec
shows that the appearance of an echo is at least of fifth o
in the external fields. Although the current pulses have b
generated optically, the dynamics seems to strongly resem
the current echo as it was originally suggested11 for a single
band model with current generation by voltage pulses.
will be shown in the next section, however, the intraba
dynamics initiated in a semiconductor is profoundly differe
from the current echo in a single band situation.

VI. NUMERICAL RESULTS

A. Dependence on disorder and on electron-hole mass ratio

There are three main findings which point out that t
dynamics initiated by the coherent control excitation char
terizes a new coherent phenomenon.~i! A spontaneous signa
pulse is completely absent if instead of correlated disor
according to Eq.~4! we consider a model with uncorrelate
disorder. It should be mentioned, that in this case for a sin
disorder realization current fluctuations are excited even
normal band-band excitation. These can be suppressed
by extensive configurational averaging over a large num
of disorder realizations. After sufficient averaging no dete
able signal can be seen in the resulting current traces.~ii ! The
spontaneous response results even for a simplified excita
sequence. The first pulse att50 is taken to generate a cu
rent, i.e., it is given by Eq.~18!. However, for the second

FIG. 1. The negative peaks are spontaneous responses follo
a succession of two positive current pulses generated by coh
control. The effective masses of electrons and holes are iden
Note the correct shift of the spontaneous signal with 2t. The excit-
ing light pulses have the pulse areaAn50.64p ~Sec. VI B! and a
duration of tLn520 fs. Each curve has been averaged over 1
disordered realizations. From Ref. 14.
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pulse att5t we take a simple full-gap pulse with only
single central frequencyv. In order to have an influence o
the dynamics of intraband quantities, this pulse has to e
the equations of motion at least in second order. As a re
we still see a spontaneous response at the timet52t, see
Fig. 2~a!. We conclude, therefore, that the spontaneous sig
does not require excitation by two current pulses. Inste
only one current pulse is necessary and the second
pulse can be a single full-gap pulse. The current pulse ha
precede the full-gap pulse, since the reverse order of pu
does not yield a spontaneous response. Because of this
ing we avoid to call the spontaneous response an echo in
following. ~iii ! For different electron and hole masses E
~2!, Jv/Jc,1, we find that, surprisingly, there are two sep
rate intraband responses, one precedingt52t and one fol-
lowing t52t. In particular, the delayed contribution is du
to the valence band and appears at

tv5S 11
Jc

JvD t ~19!

while the preceding contribution is due to the conducti
band and appears at

tc5S 11
Jv

JcD t. ~20!

ing
ent
al.

0

FIG. 2. ~a! Spontaneous response in the intraband current a
excitation att50 with coherent control pulses and att5800 fs with
a single full-gap pulse. For different electron and hole masses
spontaneous response splits into a pair of signals according to
~19!,~20!. ~b! The interband current~and also the polarization! for
the same excitation scenario continue to rephase att52t. Pulse
areas areA150.5p, A250.5p, A45p, the pulse durationtLn

510 fs. The curves are averages over 64 disordered model rea
tions.
6-4
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Note that the interband photon echo in all these cases alw
appears att52t, as shown in Fig. 2~b!.

B. Dependence on excitation density

The amplitude of the spontaneous signal depends
excitation intensities of the various pulses in different wa
Figure 3 shows the amplitude as a function of t
pulse area An of the pulse No. n, defined by An

5ueEW •rWcv /\u*2`
` dt exp@2(t/tLn)

2#. A pulse withAn5p cor-
responds to complete inversion of a two-level absorber
cited resonantly by pulse No.n.

It is seen that in particular the half-gap contribution has
be strong enough, while the first full-gap pulse does not n
to have such high intensity. While in the limit of low excita
tion intensity the amplitude of the signal depends linearly
the area of the first full-gap pulse, the dependence is q
dratic for both the half-gap pulse and the second full-g
pulse, reflecting the lowest relevant order of the vario
pulses. Therefore the spontaneous intraband response
least of fifth order in the external light field.

VII. DISCUSSION

The appearance of the spontaneous intraband signa
systems with correlated disorder can be easily understoo
the basis of a simplified model. Let us assume that we d
onalize the conduction and valence band Hamiltonians,
sulting in eigenstatesuvn& anducn& having energiesevn and
ecn for the valence and conduction band, respectively. T
Hamiltonian is then given in the Appendix, Eq.~A1!. The
optical Bloch equations describing the dynamics of the in
band polarizationpnn85^avn

1 acn8& and the intraband vari
ablesnn8n

h
5dnn82^avn

1 avn8& andnnn8
c

5^acn
1 acn8& after exci-

tation with fieldE(t) are given in Eq.~A4! in the Appendix.
Here we are interested in the response ofnn8n

h andnnn8
c to the

excitation sequence. We assume thenn8n
h andnnn8

c have been
created by the coherent-control pulse and are now subje

FIG. 3. Dependence of the amplitude of the spontaneous si
on the pulse areas. Solid line: variation of first half-gap pulse,A2

50.1p, A450.2p; dotted line: variation of first full-gap pulse
A150.1p, A450.2p; dashed line: variation of second full-ga
pulse,A150.1p, A250.1p. tLn510 fs in all cases. The data ha
been extracted from averages over 64 disorder realizations.
effective masses of holes and electrons are equal.
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the excitation with the second full-gap pulse. This excitati
is resonant in the terms proportional to the interband dip
matrix elementmW and off-resonant in all terms proportiona
to the intraband dipole matrix elementDW nn8 . Thus we omit
all terms proportional toDW nn8 in Eqs. ~21! and ~22!. Note
that because of the correlated disorder only interband dip
matrix elementsmW are nonzero between pairs of correspon
ing states, i.e., there is a strict selection rule. For tuto
reasons we consider in the following only two states in ea
band, i.e.,uv1&, uv2& and uc1&, uc2&, Fig. 4. The equations
of motion for nn8n

h andnnn8
c for n51, n852 read

dn21
h.

dt
1 idvn21

h.5
i

\
mW •EW ~ t !@p21* 2p12#,

dn12
c.

dt
2 idcn12

c.5
i

\
mW •EW ~ t !@p21* 2p12#, ~21!

where dv5(ev12ev2)/\ and dc5(ec12ec2)/\ with dv,c
.0. These equations of motion describe the intraband
namics after the second full-gap pulse. Just before the arr
of this second pulse then21

h, andn12
c, have acquired phase

according todv anddc , respectively, due to their free motio
in the interval between the first pulse and the second pu
see Fig. 5. Just after the first excitation pulse their pha
were such that~for the total ensemble ofM levels in each
band! a macroscopic intraband current was present. We
denote these phases as initial phases. Now our aim is to
the time when the phases ofn21

h. andn12
c. again equal these

initial phases. We assume for simplicity that the second pu
has the formd(t2t), i.e., it arrives after a delay timet
following the first pulse~at t50) and is extremely short
From the equation of motion forp we find the values of this
variable at timet5t which enter the driving term on the
right-hand side of Eq.~21!:

al

he

FIG. 4. The four-level model we are using in Sec. VII to expla
how the second excitation pulse att5t induces spontaneous signa
in the intraband current at later times. Note that there is a dip
moment between the two levelsv1, c1 and the levelsv2, c2 only.
6-5
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FIG. 5. ~a! The evolution of
phases for the case of microscop
polarizations which cause the pho
ton echo.~b! Phase evolution of
electron and hole intraband cohe
ences that give rise to the spont
neous signals of the intraband cu
rent. Note, that the phases o
electron and hole coherences a
interchanged by the second excit
tion pulse.
-

r-
s
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ases
and
dp12

dt
1 idc2 v1p1252

i

\
mW •EW ~ t !~n21

h,1n12
c,!,

dp21*

dt
2 idc1 v2p21* 5

i

\
mW •EW ~ t !~n21

h,1n12
c,!, ~22!

where dc2 v15(ec21ev1)/\ and dc1 v25(ec11ev2)/\. If
these functions, taken at timet5t, are inserted into Eq.~21!,
we find that the equation forn21

h. has a driving term propor
tional to 2n12

c,(t) while that for n12
c. has a driving term

proportional to2n21
h,(t). Note that due to correlated diso

der the free dynamics in the upper and lower pair of state
identical up to a global scaling factor given bydv /dc . Con-
sequently, n12

c.(t) has acquired the initial phase o
2n21

h,(t) at time tc5(11dv /dc)t andn21
h.(t) has acquired

the initial phase of2n12
c,(t) at time tv5(11dc /dv)t. This

is schematically shown in Fig. 5~b!. Turning back to the
ensemble of more than two eigenstates in the bands we
that all these particular terms add up at timestv andtc to an
08530
is

ee

intraband dynamics showing the initially generated intraba
current, while all other terms interfere destructively. This e
plains the new intraband phenomenon. We also learn fr
this consideration, i.e., the sign of the driving terms, why t
spontaneous signals have the opposite sign to the first cu
pulse.

In contrast, the interband photon echo relies on the ph
conjugation of the interband polarizationspnn8 , as shown in
Fig. 5~a!. This interband-phase conjugation leads always t
restoration of the initial phases at timet52t. If, however,
one is interested in the dynamics of the intraband quantit
we have to consider that not only the interband phase fac
are conjugated by the second pulse, but in addition also
intraband phases.

VIII. CONCLUSION

The experimental verification or observation of the ph
nomena discussed in this paper should be possible in c
where dephasing interactions do not destroy the electron
6-6
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hole coherences generated by the laser pulses. Interac
with the environment via phonons and for elevated excitat
intensity, in particular, Coulomb scattering provides the m
jor causes of fast loss of phase information in these syste
Therefore it is necessary to discuss the circumstances u
which these dephasing processes may still give enough
for the coherent spontaneous signals to occur.

Coulomb scattering in ordered or weakly disordered s
tems is a rapid dephasing process.17,18 The question here is
how is this fact modified if disorder gets stronger. As w
have seen, strong disorder proves to be more effective fo
realization of a current echo. It is expected that in the loc
ized regime the Coulomb scattering between single part
states will be strongly suppressed due to the very small o
lap of these states.

In order to have a feeling of what the interplay betwe
strong disorder and Coulomb scattering might be we h
performed numerical simulations of a one-dimensional o
band quantum Coulomb-glass model19 with half-band filling.
After obtaining the mean-field approximation by treating t
disorder exactly but the Coulomb interaction on a Hartr
Fock level, we study the relaxation process of an initia
nonequilibrium occupation probability distribution over th
Hartree-Fock basis towards equilibrium caused by Coulo
scattering. This was treated within the second order B
approximation. The initial nonequilibrium distribution wa
meant to be ‘‘generated’’ by a laser pulse.

Increasing the strength of disorder we see a very fast
crease in the relaxation rate as can be seen in Fig. 6.
effect is attributed to the fact that with increasing disord
the single particle states become more localized and th
fore reduce the probability of Coulomb scattering. At the e
of the relaxation process the equilibrium distribution
achieved to be a Fermi-Dirac distribution with an effecti
temperature that increases with the excitation energy tow
the band center.

The fact that the efficiency of Coulomb scattering can
reduced due to the presence of disorder, may make it
sible to have the intraband dephasing times sufficiently lo
in order to observe the spontaneous current response
dicted here. Ideally suited experiments should be perform
at low temperatures to reduce scattering with phonons
samples that are characterized by not to weak disorder w
needs to be correlated in the valence and conduction ba
Semiconductor quantum wells with a significant amount
well width fluctuations seem to be good candidates for
08530
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APPENDIX

The Hamiltonian for a system ofM states with energiesẽn
v

being occupied in the ground state andM upper unoccupied
states with energiesẽn

c reads

H05 (
l5c,v

(
n51

M

ẽlnaln
1 aln . ~A1!

In the electron-hole pictureen
v anden

c are positive quantities

In the electron picture we haveẽn
v52en

v and ẽn
c5en

c . The
light-matter interaction is given by

HL52EW ~ t !•dW ~A2!

with the electric fieldEW (t) and the dipole operator

dW 5mW (
n51

M

~acn
1 avn1H.c.!1 (

l5c,v
(

n,n851

M

DW nn8aln
1 aln8 ,

~A3!

whereDW nn8 is the intraband dipole matrix element betwe
pairs of upper or lower states andmW 52erWcv :

FIG. 6. Population relaxation rateG/D as a function of disorder
W/J for a single-band tight-binding model withN520 sites. The
initial population is a Gaussian centered around the lower b
edge.D is the inverse Heisenberg time~mean level spacing divided
by \! andJ is the nearest-neighbor coupling. The curves are par
etrized according toU/J, the Coulomb potential at the neares
neighbor distance.
dpnn8
dt

1
i

\
~evn1ecn8!pnn852

i

\
mW •EW ~ t !~nnn8

c
1nn8n

h
2dnn8!1

i

\
EW ~ t !•(

g51

M

~DW n8gpng2DW gnpgn8!,

dnn8n
h

dt
2

i

\
~evn82evn!nn8n

h
5

i

\
mW •EW ~ t !~pn8n

* 2pnn8!1
i

\
EW ~ t !•(

g51

M

~DW n8gngn
h 2DW gnnn8g

h
!,

dnnn8
c

dt
2

i

\
~ecn2ecn8!nnn8

c
5

i

\
mW •EW ~ t !~pn8n

* 2pnn8!1
i

\
EW ~ t !•(

g51

M

~DW n8gnng
c 2DW gnngn8

c
!. ~A4!
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