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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 delayedddgtively to each other echolike phenom-
ena are predicted to occur. In addition to the interband photon echo which shows up at ex&ectlyelative
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.
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[. INTRODUCTION to spin echoes and photon echoes this current echo is not
related to phase conjugation.

Echo phenomena, the prototype being the Hahn spin The influence of Coulomb interactions on the current echo
echd for spin-1/2 systems, rely on the generation of a co-was investigated in Ref. 12. The numerically exact calcula-
herent ensemble of excitations with a continuous distributiortion for a small tight-binding system showed that the current
of frequencies. After pulsed excitation the macroscopic reecho should remain visible in the presence of the many-body
sponse of the ensemble decays as a consequence of destrinderaction, however, so far no experimental observation has
tive interference effects in the continuum of excited frequenbeen reported.
cies. A second delayed excitation pulse induces a rephasing In a series of papers van Driel, Sipe, and co-workers have
of the individual excited species such that at twice the delayphown that in semiconductors currents can be induced opti-
time the ensemb|e ShOWS a Spontaneous macroscopic rga”y on an ultrashort time scale USing a coherent control
sponse, the echo. A necessary requirement for the observabichemeé: In addition, a resulting current pulse could possi-
ity of this coherent dynamics are sufficiently weak dephasing®y be observed using THz-detection techniques.
interactions on the time scale of the pulse delay. The micro- Stimulated by these results, we studied optically induced

scopic reason for the appearance of an echo is that the seg/Tent phenomena in disordered model systéhiy solv-

ond uis causes phase congaton of e coneent xcill 16 Ssor f eten 1 e reband ctrert 4
tion generated by the first pulse. In close analogy to the spi% 9 tg 9

echo also photon echoes have been observed in ensembles afsis of the coherent control scheme it should be indeed
P p%ssible to generate a current pulse also in a strongly disor-
two-level absorber$.There are also phonon echdesnd

i i hod lassical hani bl fdered semiconductor. The current pulse decays due to elastic
emperature echo€sgven classical mechanic ensembles o scattering. In addition, the current traces show signatures of
pendulums can show echo phenomgna.

o Anderson localizatior(in a one-dimensional noninteracting
Photon echoes have also been studied in more complyisordered system all states are localizdthe application of
cated systems, such as ordéredd disorderetsemiconduc- g delayed optical pulses, both generating a current pulse,
tors. The optically excited interband transitions in a semiconyas found to result in a sizable echo in the intraband current,

ductor cannot be considered as an ensemble of independeRit appears at=27. At the same time the interband polar-
two-level absorbers due to the strong interaction of thézation shows the conventional photon echo.

electron-hole pairs. Photon echoes therefore may show a de- Continuing our earlier wok and making our model
cay as a function of the delay time due to the Coulombmore realistic we were surprised to discover that the opti-
interactions, due to disorder, and due to combinectally induced intraband dynamics in a disordered semicon-
interaction-disorder effecfs®~1%In Ref. 11 an echo phenom- ductor with correlated conduction- and valence-band disor-
enon has been proposed for disordered conductors or Andeder shows features that differ profoundly from both the
son insulators. On the basis of a noninteracting onephoton and the current echo. By allowing the effective
dimensional tight-binding band with diagonal disorder filled masses of the electrons and holes to differ from each other,
with a low density of carriers the current response to shortve find that the related spontaneous signals appear at differ-
externally applied voltage pulses was calculated. Assumingnt times. While the interband photon echo always shows up
excitation with two short voltage pulses &0 andt=7, att=2r, the intraband signals split into an advanced and a
wherer was chosen larger than the typical elastic scatteringetarded signal current pulse. This splitting depends on the
time 74, it was predicted that the system spontaneously remass ratio. For the semiconductor model we find that these
sponds with a current pulse exactly at tilve2 7. In contrast ~ two current pulses appear only if the disorder is correlated
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forlele.ctrons and hqles, V\_/hlch is oftgn at least approximately Ti)\j =5 6?_3%(5” 1+ 41 )
valid in real low-dimensional semiconductor nanosystems
where disorder may be due to the fluctuations of the confineFor an ordered situationef = e ,W*=0 eV) we have a di-
ment potential. rect semiconductor with cosine bands and a gap in the center
We furthermore find that only the first excitation pulse at(k=0) of the Brillouin zone. Close t&=0 the bands are
t=0 has to be designed according to the coherent contraharacterized by effective massas related to the couplings
scheme, which is necessary to generate an intraband curregt.
For the second pulse && 7 a normal resonant optical exci- 52
tation is sufficient. This simple excitation pulse does not gen- m,=———.
erate a current pulse &t 7, however, it is still able to ini- 2JMRJ?
tiate the pair of spontaneous signals. These signals are most . : .
prominent for high excitation density. Since the many—'n the disordered case the relevant disorder parameter is
particle Coulomb interaction has been ignored in these cal- \ wr
culations, one might suspect that Coulomb scattering leads to 7 :JT- ©)
sufficiently rapid dephasing such that the new dynamics is no
longer observable. The consideration of the Coulomb intertn our one-dimensional system all single-particle states are
action for the situation at hand requires one to calculate thicalized for nonzer®. The disorder is called uncorrelated,
response at least up to fifth order in the external light fieldif the site energies are distributed independently from each
and to treat the interaction consistently with all the relevaniother in the two bands. It is called correlated if

2

correlationdfor a third-order treatment in a disordered semi- (e &~ (&)
conductor model see, e.g., Refs. 10,15, Hren for a one- ! 7_ ! , (4)
dimensional system this task is beyond present computer ca- Je Jv

pacity. In order to get a feeling for the relevant time scales e : . .
we consider a much simpler case. For a strongly disordere§n€re(€ ) are the expectation values of the site energies.

one-dimensional single-band model we calculate the popule{—” this work we exclusively_ tre_at correl_ated disorder. It mod-
tion relaxation time due to Coulomb scattering by treating®!S: €, & disorder potential in a semiconductor heterostruc-
the many-particle interaction in second Born approximatiorfur® With effective dimensionality less than three, which is
on the basis of Hartree-Fock states. The situation envisagdyjeduced by local fluctuations in the confining potential.

is the so-called Quantum Coulomb Glass model, one of the The total Hamiltonian then reads

most challenging problems in modern many-particle physics. H=Hy+H,, 5)
The results we obtain can be taken as an indication that in
fact strong disorder leads to a slowing down of the dynami- Ho= > -”ri%j a;fiaxj , (6)

cal Coulomb effects. For the time being this suggests that the
current echo should be observable in experiment. R R
This paper is organized as follows. In Sec. Il the model is H=—E(t)-d. (7)
introduced. The relevant observables, the interband and in-+
traband currents and the polarization, are defined in Sec. IIfN " © L i
The equations of motion are given in Sec. IV and the coherSPectively. The couplingd” in the electron picture are un-

ent control excitation scheme is described in Sec. V. Finallychanged for the conduction band, i.&;=Tf;, whereas a

in Sec. VI the numerical results are presented and discussethange of sign is required for the valence band, ﬁéj
in Sec. VII. In the concluding Sec. VIII we consider the = v

possible influence of the Coulomb many-particle interaction

and give evidence for the observability of the predicted sig- d= 2 aﬁk’a;a)\,i 8

nals in experiments. i
NN =co

a,; are electron creation and annihilation operators, re-

and

II. THE MODEL oyt > N
di* =—e(Ri +rn) 9

We consider a one-dimensional two-band tight-binding_
model with nearest-neighbor couplidy defined to model a T is the interband optical dipole matrix elemésée Table
direct gap semiconductor. Th#&l sites i have nearest- 1)
neighbor separatiofiR| and periodic boundary conditions are
applied. Every sité at position Ifii carries two energies
and ¢/ . They are distributed randomly according to a box-  The total polarization is given by
shaped distribution of width\V*. In the electron-hole picture

Ill. THE OBSERVABLES

all electron energies and hole energ&ésas well as the cou- R <&)

plings J* are positive quantities if the energy is taken to be P=< (10
zero in the gap between the valence and the conduction band.

The Hamiltonian matrix for band is then and the total current by
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TABLE |. Parameters of the semiconductor model and the light 2ef
pulse. Jinter— — TCU > (ef+e)Imlp;]
I
(%) +(e€) 1.316 eV oo
J¢ 34 meV er
- a0 A (0 IN 2 Imlpi gt pia], (19)
IR| 20 A
Disorder 2 5 € S0 ¢ h > )
Number of sites 71 P==-vy Z [Ri(nj—ni+1)+2rc,Rep;]], (14
Light field described in Sec. V respectively. In Eq(14) the first and second terms refer to
b1 w2 the intraband and interband polarization, respectively.
Central wavelength of full-gap pulse 1.316 eV
IV. EQUATIONS OF MOTION
IR Using the Heisenberg equation of motion and taking the
j=(d)=([d,Hol) expectation values everywhere we obtain
|e - >~ d — I v C I v
=+ gj (R—R)TH(ayay) giPi=— 7 (6 €)pij+ 2 3°(Pi-1j+ Pitaj)
; [
ie N —J%D: -
+— 2 (T =ThHiabay ) T (P -1t Pij 1)
AN
. i - o -
€.« ~ 4 — _RD:: + Cainh_s.
— zR% J)\(<a;ia)\i+1>_<a)Tia)\ifl>) A eE(t)[(R| Rj)plj rCU(an n]l §Ij)]1 (15)
i i [
e N ~ o~y c_ c C\<C c c c c
—5 2 hw(E@ - )@ian at " =g (I P Ny )
AN
. i L .
e NN — - —R.)n& L —p*
_l_% E r)\}\,(‘])\_‘])\ )((a)-fia}\’wl) +ﬁeE(t)[(R| R])n|1+r0v(p|1 pjl)]! (16)
AN

- i i
@i, G g (el =l )
whereR=R;,;—R; . These observables have both intraband i s
and interband contributions due to the first and second term — 7 EOL(Ri—Ry)n;; +re (P —Pji) ], 17
in EqQ. (9), respectively.
Denoting the expectation values of the operators by which differ from the conventional optical Bloch equations
for a noninteracting tight-binding mod&>€by the terms

b :<av+iacj>! (113 containing the posit_iorﬁ?i of the sites. We numerically solve
these equations using the standard fourth-order-Runge-Kutta
algorithm.

ni=(agac)), (11b

V. CURRENT EXCITATION BY COHERENT CONTROL

nf}zéij—(av*jaui), (110 We apply the coherent control scheme developed by
the Toronto Group’ in order to optically generate a short
wherepy; is the interband coherence related to the interbanéf"rabind current pulse in both bands. The first excitation at
polarization(and the interband currenand nicj and nihj are tme t=0 is chosen to be due to a light field
the intraband coherencesXj) and densitiesiE=]) related ©
to the intraband current. E(t)= Ele‘(”‘u)zcos{it
The intraband curreni™? the interband curreni™®",

and the total polarizatio® are given by

+ Eze‘(”tLZ)zcos{ wt+ ¢ 4],
(18

where En are the amplitudeg, ,, the temporal widths, and
el ¢, , is the relative phase of the two contributions having
- e
intra_ S Imnt. . 1= imn", 1|, (12 frequencyw (called full-gap pulseand w/2 (called half-gap
h Z RUESH 2 (N2}, (12 pulse. We takew to be larger than the band gap, whereas
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FIG. 1. The negative peaks are spontaneous responses following 'E' Ty = ’lngl b)
. . D I T =1.
a succession of two positive current pulses generated by coherent 5 _____ $h= 9 Oie‘
control. The effective masses of electrons and holes are identical. . 100 | no
Note the correct shift of the spontaneous signal with Phe excit- FEDE | A
ing light pulses have the pulse ar8g=0.647 (Sec. VI B) and a = b 1‘\“ )
duration oft, ,=20 fs. Each curve has been averaged over 150 g ¢ *r«’ D A |
disordered realizations. From Ref. 14. SH 1‘ l g
-100 ||
/2 is smaller than the band gap. In a previous p4pee 0 100 800 1200 1600 2000 2200
have shown, using the above model, that this excitation re- .
Time [fs]

sults in a current depending on [si ,] that decays due to
scgtterlng _at the dlso_rder. Thls decay is modulate_d b_y oscil- FIG. 2. (a) Spontaneous response in the intraband current after
lations which are a f|ngerpr|_nt of Anderson Iocal_lzathn. It excitation at =0 with coherent control pulses andtat800 fs with
was also.s.hown theresee Fig. 1 that a second identical a single full-gap pulse. For different electron and hole masses the
pulse, arriving at time =7, leads to a spontaneous current gpqntaneous response splits into a pair of signals according to Egs.
echo at timet=27 having opposite direction. In that work (19 (20). (b) The interband currerand also the polarizatiorfor
identical electron and hole masses have been takenJi.e., the same excitation scenario continue to rephase=ar. Pulse
=J". The process of generating a current is of at least thirhreas areA;=0.57, A,=0.57, A,=m, the pulse duratiort,,,
order in the field amplitudes. The current echo requires ad=10 fs. The curves are averages over 64 disordered model realiza-
ditional excitation with delayed pulses and is therefore oftions.
higher order. The analysis presented in the following section
shows that the appearance of an echo is at least of fifth ordgulse att=7 we take a simple full-gap pulse with only a
in the external fields. Although the current pulses have beesingle central frequency. In order to have an influence on
generated optically, the dynamics seems to strongly resembtbe dynamics of intraband quantities, this pulse has to enter
the current echo as it was originally suggestddr a single  the equations of motion at least in second order. As a result
band model with current generation by voltage pulses. Asve still see a spontaneous response at the tim2r, see
will be shown in the next section, however, the intrabandrFig. 2(a). We conclude, therefore, that the spontaneous signal
dynamics initiated in a semiconductor is profoundly differentdoes not require excitation by two current pulses. Instead
from the current echo in a single band situation. only one current pulse is necessary and the second light
pulse can be a single full-gap pulse. The current pulse has to
precede the full-gap pulse, since the reverse order of pulses
VI. NUMERICAL RESULTS does not yield a spontaneous response. Because of this find-
ing we avoid to call the spontaneous response an echo in the
L . . following. (iii) For different electron and hole masses Eq.
There are three main findings which point out that the(2), J'/J°< 1, we find that, surprisingly, there are two sepa-
dypam|cs initiated by the coherent.control excitation c_:harac—rate intraband responses, one precedin@ and one fol-
terizes a new coherent phenpmen@hA spontaneous S|gnal lowing t=27. In particular, the delayed contribution is due
pulse is completely absent if instead of correlated dlsorde{0 the valence band and appears at
according to Eq(4) we consider a model with uncorrelated
disorder. It should be mentioned, that in this case for a single ( 3
t. =

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

disorder realization current fluctuations are excited even by 1+—|7 (19
JU

normal band-band excitation. These can be suppressed only
by gxtenswe cqnﬂguraﬂonal averaging over a large numbe\5vhile the preceding contribution is due to the conduction
of disorder realizations. After sufficient averaging no detect-band and appears at

able signal can be seen in the resulting current traggJhe

spontaneous response results even for a simplified excitation

sequence. The first pulse &t 0 is taken to generate a cur- t.=
rent, i.e., it is given by Eq(18). However, for the second

J”)
1+ |7 (20)
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FIG. 3. Dependence of the amplitude of the spontaneous signal
on the pulse areas. Solid line: variation of first half-gap pufse,

=0.1m, A,=0.27; dotted line: variation of first full-gap pulse, . )
FIG. 4. The four-level model we are using in Sec. VIl to explain

A1=0.1m, A,=0.27; dashed line: variation of second full-gap how th d - | ind ‘anal
pulse,A;=0.17r, A,=0.1r. t_,=10 fs in all cases. The data has ' ow the second excitation pulsetat 7 induces spontaneous signals

been extracted from averages over 64 disorder realizations. THE the intraband current at later times. Note that there is a dipole
effective masses of holes and electrons are equal. moment between the two levald, c1 and the levels 2, c2 only.

Note that the interband photon echo in all these cases alwayBe excitation with the second full-gap pulse. This excitation

appears at=2r, as shown in Fig. @). is resonant in the terms proportional to the interband dipole
matrix elementz and off-resonant in all terms proportional
B. Dependence on excitation density to the intraband dipole matrix elemeﬁtu,,, . Thus we omit

Il terms proportional td5y,,, in Egs. (21) and (22). Note

The amplitude of the spontaneous signal depends o b f th lted disord v interband dipol
excitation intensities of the various pulses in different ways.t at necause o } e correlated disorder only interband dipole
Figure 3 shows the amplitude as a function of theMatrix elementgz are nonzero between pairs of correspond-

ing states, i.e., there is a strict selection rule. For tutorial

pulse areaA, of the pulse No.n, defined by A, o ) .

S o - 5 i reasons we consider in the following only two states in each
=|eErq, /ﬁ|f_mdtexq_—(t/tm_) I A pulse withA,=m cor- = papg i.e.Jvl), [v2) and|cl), |c2), Fig. 4. The equations
re_zsponds to complete inversion of a two-level absorber €X5¢ motion forn", andn® , for v=1, »' =2 read
cited resonantly by pulse Na. v'v vy

It is seen that in particular the half-gap contribution has to

be strong enough, while the first full-gap pulse does not need dnh>
to have such high intensity. While in the limit of low excita-
tion intensity the amplitude of the signal depends linearly on
the area of the first full-gap pulse, the dependence is qua-
dratic for both the half-gap pulse and the second full-gap i
pulse, reflecting the lowest relevant order of the various 212 e e x
pulses. Therefore the spontaneous intraband response is at dt OcNiz =7 M E(ULP21~ Pral, (21)
least of fifth order in the external light field.

_ i
dt +I5,,n21=%,u-E(t)[p§1—plﬂ,

where 6,=(€,1—€,2)/h and 5.=(e.1— €cp)/h with 6, ¢
VII. DISCUSSION >0. These equations of motion describe the intraband dy-
The appearance of the spontaneous intraband signals mics after the second full-gap pulse. Just before the arrival

i h< c< .
systems with correlated disorder can be easily understood o this second pulse the, andny, have acquired phases

the basis of a simplified model. Let us assume that we diagdccerding to3, ands. , respectively, due to their free motion
onalize the conduction and valence band Hamiltonians, rel the interval between the first pulse and the second pulse,

sulting in eigenstate® v) and|cv) having energieg,, and see Fig. 5. Just after the first excitation pulse their phases

e., for the valence and conduction band, respectively. The'ere such thatfor the total ensemble il levels in each
Hamiltonian is then given in the Appendix, EGAL). The and a macroscopic intraband current was present. We will

optical Bloch equations describing the dynamics of the inter—dheno_te theﬁe phhase::‘] ok phasecs>. Now our a”]“ Ihs to find
band polarizationp,, = (a’,a.,/) and the intraband vari- 1€ ime when the phases of; andni, again equal these

h _ + c s+ . initial phases. We assume for simplicity that the second pulse
ablesn, =4,,,—(a,,a,,)andn =(a;a., ) after exci-

. A ! . ' . has the formé(t—r7), i.e., it arrives after a delay time
tation with fieldE(t) are given in Eq(A4) in the Acppendlx. following the first pulse(at t=0) and is extremely short.
Here we are interested in the responsepf, acndnw, tothe  From the equation of motion fgr we find the values of this
excitation sequence. We assume e, andn® , have been variable at timet=r which enter the driving term on the

created by the coherent-control pulse and are now subject tight-hand side of Eq(21):
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'y | G — . : echo
free free
evolution evolution
FIG. 5. (a) The evolution of
phases for the case of microscopic
t=20 t=r1 t =27 polarizations which cause the pho-
ton echo.(b) Phase evolution of
electron and hole intraband coher-
b ences that give rise to the sponta-
( ) free neous signals of the intraband cur-
evolution rent. Note, that the phases of
electron and hole coherences are
interchanged by the second excita-
conduction- tion pulse.
f band-signal
A R
“It | . — -
conduction | : . . .
band 60 ! : e—ui,,-r N elﬁc(t—‘r) . e—lﬁ,,‘r
R — valence-
[ e band-signal
intraband i 5 ¢ <1 5c>
i = -} = + =7
dynamics | &= <1 + 60> L s,
| ¥ | I
valence . . 1 1
band 61) eusc-r —y e—lﬁu(t—-r) el&,;'r ! i
¥ v o e
dpy, intraband dynamics showing the initially generated intraband

W+ i 0¢2p1P12= — g/i E(t)(nf; +n5),

dp3;

gt (22

—18c1 2P = hM E(t)(ndy +nf3),
where 6, ,1=(€cot €,1)/A and 81 o= (€1t €,0)/h. If
these functions, taken at tinhes 7, are inserted into Eq21),
we find that the equation fmgf has a driving term propor-
tional to —ni?(r) while that for n{; has a driving term
proportional to—nj; (7). Note that due to correlated disor-
der the free dynamlcs in the upper and lower pair of states
identical up to a global scaling factor given By/é.. Con-
sequently, n{; (t) has acquired the initial phase of
- ngf(r) at timet.=(1+6,/6.)r and ngf(t) has acquired
the initial phase of-n§, (7) at timet,=(1+ 8./5,) 7. This

is schematically shown in Fig.(B). Turning back to the

current, while all other terms interfere destructively. This ex-
plains the new intraband phenomenon. We also learn from
this consideration, i.e., the sign of the driving terms, why the
spontaneous signals have the opposite sign to the first current
pulse.

In contrast, the interband photon echo relies on the phase
conjugation of the interband polarizatiops,,, as shown in
Fig. 5(@). This interband-phase conjugation leads always to a
restoration of the initial phases at tinhe27. If, however,
one is interested in the dynamics of the intraband quantities,
we have to consider that not only the interband phase factors
iare conjugated by the second pulse, but in addition also the
intraband phases.

VIIl. CONCLUSION

The experimental verification or observation of the phe-

ensemble of more than two eigenstates in the bands we se@mena discussed in this paper should be possible in cases

that all these particular terms add up at timgandt. to an

where dephasing interactions do not destroy the electron and
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hole coherences generated by the laser pulses. Interactions
with the environment via phonons and for elevated excitation
intensity, in particular, Coulomb scattering provides the ma-
jor causes of fast loss of phase information in these systems.
Therefore it is necessary to discuss the circumstances under
which these dephasing processes may still give enough time
for the coherent spontaneous signals to occur.

Coulomb scattering in ordered or weakly disordered sys-
tems is a rapid dephasing procés$® The question here is,
how is this fact modified if disorder gets stronger. As we
have seen, strong disorder proves to be more effective for the i 1 7 5 9 F
realization of a current echo. It is expected that in the local- W .

) X . . ! /J (disorder)

ized regime the Coulomb scattering between single particle

states will be strongly suppressed due to the very small over- g, 6. Population relaxation rafl&/A as a function of disorder
lap of these states. W/J for a single-band tight-binding model with=20 sites. The

In order to have a feeling of what the interplay betweeninitial population is a Gaussian centered around the lower band
strong disorder and Coulomb scattering might be we havedge.A is the inverse Heisenberg tinfsean level spacing divided
performed numerical simulations of a one-dimensional oneby #) andJ is the nearest-neighbor coupling. The curves are param-
band quantum Coulomb-glass modeftith half-band filling.  etrized according tdJ/J, the Coulomb potential at the nearest-
After obtaining the mean-field approximation by treating theneighbor distance.
disorder exactly but the Coulomb interaction on a Hartree-

Fock level, we study the relaxation process of an initiallyexperimental verification of the phenomena predicted here.
nonequilibrium occupation probability distribution over the

Hartree-Fock basis towards equilibrium caused by Coulomb APPENDIX

scattering. This was treated within the second order Born ~
approximation. The initial nonequilibrium distribution was  The Hamiltonian for a system & states with energies,
meant to be “generated” by a laser pulse. being occupied in the ground state avidupper unoccupied

Increasing the strength of disorder we see a very fast destates with energie"ég reads
crease in the relaxation rate as can be seen in Fig. 6. This
effect is attributed to the fact that with increasing disorder Mo .
the single particle states become more localized and there- Ho:x;U 2:1 Exr 80, - (A1)
fore reduce the probability of Coulomb scattering. At the end ’
of the relaxation process the equilibrium distribution isIn the electron-hole picture’, and e’ are positive quantities.
achieved to be a Fermi-Dirac distribution with an effective|n the electron picture we have’ = — €’ and é¢= €. The
temperature that increases with the excitation energy towardgyht-matter interaction is given by
the band center.

The fact that the efficiency of Coulomb scattering can be H =—E(t)-d (A2)
reduced due to the presence of disorder, may make it pos- R
sible to have the intraband dephasing times sufficiently longvith the electric fieldE(t) and the dipole operator
in order to observe the spontaneous current response pre-

. . . M M
dicted here. Ideally suited experiments should be performed . . 4 - 4
at low temperatures to reduce scattering with phonons on d:f“VZl (aCVaUV+H.c.)+X=ECU E Dyyray,an.
samples that are characterized by not to weak disorder which o=l (A3)
needs to be correlated in the valence and conduction bands. R
Semiconductor quantum wells with a significant amount ofwhereD ,,, is the intraband dipole matrix element between
well width fluctuations seem to be good candidates for thepairs of upper or lower states apd= —ef,, :

I'/A (relaxation rate)

Py Lo, e O 6t .S (6 5
dt %(EUV ECV’)pVV/_ ﬁﬂ (t)(nyv/ n,, Vv') g (t).'yzl( v"ypv'y 'yvpyv')!

dn, i i i N
dt B ﬁ(euw_fw)n:/u:%/*' E(t)(p:’v_ p‘”’/)—’_ gE(t)yZl (DV/ynr;V_Dyvn:')’)'
dn(:w’ i c [ * [ . =4 c =4 c
gt g Corm oI, = g B (RY, =)+ 7B 2 (Byyn,=Dnl, ). (Ad)

085306-7



SCHLICHENMAIER, VARGA, MEIER, THOMAS, AND KOCH

1E.L. Hahn, Phys. Re\80, 580 (1950.

2N.A. Kurnit, I.D. Abella, and S.R. Hartmann, Phys. Rev. Lé8,
657 (1964; 1.D. Abella, N.A. Kurnit, and S.R. Hartmann, Phys.
Rev. 144, 391 (1966.

3B. Golding and J.E. Graebner, Phys. Rev. L8 852 (1976);
J.L. Black and B.I. Halperin, Phys. Rev. 15, 2879(1977); J.E.
Graebner and B. Golding, Phys. Rev.1B, 964 (1979.

40.M. Becker and M. Karplus, Phys. Rev. LetD, 3514 (1993.

S\.V. Samartsev and Yu.E. Sheibut, Laser Phys482 (1991).

5 M. Lindberg, R. Binder, and S.W. Koch, Phys. Rev4B, 1865
(1992.

’G. Noll, U. Siegner, S.G. Shevel, and E.O 84 Phys. Rev.
Lett. 64, 792 (1990; Dai-Sik Kim, J. Shah, J.E. Cunningham,
T.C. Damen, S. Schmitt-Rink, and W. Sédi ibid. 68, 2838
(1992.

8Ch. Lonsky, P. Thomas, and A. Weller, Phys. Rev. L&é8. 652
(1989.

°D. Bennhardt, P. Thomas, A. Weller, M. Lindberg, and S.W.
Koch, Phys. Rev. B3, 8934(1991).

105, weiser, T. Meier, J. Maus, A. Euteneuer, E.J. Mayer, W.
Stolz, M. Hofmann, W.W. Rile, P. Thomas, and S.W. Koch,
Phys. Rev. B61, 13 088(2000.

PHYSICAL REVIEW B65 085306

Rev. Lett.71, 770(1993.

123, sauter-Fischer, E. Runge, and R. Zimmermann, Phys. Rev. B
57, 4299(1998.

3R, Atanasov, A. Hachel.L.P. Hughes, H.M. van Driel, and J.E.
Sipe, Phys. Rev. LetiZ6, 1703(1996; A. Hache Y. Kostoulas,
R. Atanasov, J.L.P. Hughes, J.E. Sipe, and H.M. van Dibél,
78, 306(1997); A. Hache J.E. Sipe, and H.M. van Driel, IEEE
J. Quantum Electror34, 1144(1998.

143, Stippler, C. Schlichenmaier, A. Knorr, T. Meier, M. Lindberg, P.
Thomas, and S.W. Koch, Phys. Status Solid?&l, 379(2000.

15¢C. Sieh, T. Meier, A. Knorr, F. Jahnke, P. Thomas, and S.W. Koch,
Eur. Phys. J. BL1, 407 (1999.

18D, Brinkmann, K. Bott, S.W. Koch, and P. Thomas, Phys. Status
Solidi B 206, 493 (1998.

17s.W. Koch, T. Meier, F. Jahnke, and P. Thomas, Appl. Phys. A:
Mater. Sci. Procesd.1, 511(2000; See also H. Haug and S. W.
Koch, Quantum Theory of the Optical and Electronic Properties
of SemiconductorgWorld Scientific, Singapore, 1994 G.
Khitrova, H.M. Gibbs, F. Jahnke, M. Kira, and S.W. Koch, Rev.
Mod. Phys.71, 1591(1999.

18) . Aleiner, B.L. Altshuler, and M.E. Gershenson, Waves Ran-
dom Media9, 201 (1999, and references therein.

1w, Niggemeier, G. von Plessen, S. Sauter, and P. Thomas, Phy¥l. Varga, P. Thomas, T. Meier, and S.W. Koc¢hnpublisheil

085306-8



