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Coherent control of electric currents in superlattices and molecular wires: Effect of relaxation
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We consider al-dimensional conductaia superlatticewithin the independent-electron one-band approach
taking into account relaxation processes. The nonperturbative nonlinear dc electric current in response to a sum
of coherent time-periodic electric fields with frequenciesand 2o and a phase shifp is studied in(a) the
guantum coherent “dynamic” regime aritd) the “kinetic” regime under the influence of scattering. For slow
relaxation the first one takes place at short time and the second at long time. We demonstrate that coherent
control of dc electric currents is possible in both cases, though the particular conditions and manifestations are
drastically different. We obtain a detailed picture of coherent control through intraband dynamics, and discuss
the role of scattering and the time evolution of the response.
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[. INTRODUCTION and two-photon excitation in bulk semiconductor GaAs have
been studied experimentally in Ref. 21. The most interesting
The usual way of producing a current in a semiconductosystems for the observation of coherent-control effects in the
is by applying an electric field, which changes the velocity ofsolid state include semiconductor dots and superlattices,
the carriers and their concentration in semiconducting IayersQPtiC%' lattices, ™ quantum wire$;” and molecular
A novel and promising alternative to a dc bias is coherenwires:=
control—the quantum effect of controlling the magnitude Typically coherent control is considered to determine the
and direction of the electric current through phase relationcurrent at the stage of photoexcitation of the carrier from the
ships of the applied coherent ac fields. Typically a laser fieldound donor state, Ref. 17, or from the ground state in the
» and its generated second harmonio @ith some phase Well to the continuunt? or across the band g&p.in our
shift ¢ are used—without any dc field component. ChangingdPproach, on the contrary, we consider the carriers to be
the phasep and the amplitudes of the componefgs, E,, a}lready present either mtrmsmglly or due to some unspeci-
one controls the magnitude and even the polarity of the profied mechanism, and focus on intraband propagation. One of
duced dc current. Many aspects of the effect have been stué?€ primary goals of the paper is to demonstrate that coherent
ied lately for semiconductors, superlattices, optical latticescontrol is possible through intraband evolution within simple

and molecular and quantum wires—both theoretically andonstant-time relaxation approach, both in the quantum

experimentally:3° relaxation-free case and in the case of slow scattering. The
Phase-coherent control of the dc current, generated ifomparison of the latter two cases reveals the role of coher-

shallow-level doped semiconductors by multifrequency lasefnce and relaxation in phase control and demonstrates the

excitation has been considered in Ref. 17. That was an exiontrivial time dependence of the response.

tension to solid-state devices of the previous work by the Closely related to the problem of coherent control is the

authors on Contro”ing gas phase reaction prod%&)her- effect of dynamic |Oca|izati0n, discovered in. Ref. 29. In the

ent control through the carrier photoexcitation from thePresent paper we use our results from the study of dynamic

ground state in the quantum well up to the continuum hadocalization;™*" extending Ref. 29, and relate this to asym-

been used for the interpretation of experimental data in RefMetric ionization of molecules with two-color laser

19. Calculations of phase-controlled interband transitions irfXcitation:===

bulk semiconductors have been performed in Ref. 20. Recti-

fication of the harmonic-mixing field in a single-band tight- Il. MODEL AND GENERAL SOLUTION

binding system with quantum dissipati¢roupling to a ther-

mal bath of harmonic oscillatordias been studied in Ref. ~ We consider ad-dimensional crystalline conductdi@

23. The space-time symmetry aspects of the directed diffusemiconductor/optical superlattice, molecular/quantum)wire

sion and dc current in ac field, both in the classical andvithin an independent-electron one-band approach. The lat-

quantum framework, have been investigated in Ref. 25tice structure is of cubic typglinear in 1D (one dimen-

Phase control of the emitted THz field in the calculation forsiona), square in 2D, cubic in 3P The overlap between all

the dynamical Franz-Keldysh effect has been demonstrategites is taken into account, and the transfer integrals might be

numerically for the two-band model of a quantum well with anisotropic, so that the electron dispersibi® (k) is of

the account of excitonic effectg. rather general type. The system is exposed to a two-mode
Experimentally phase-controlled currents in quantum-welime-periodic (period T, basic frequency w) space-

superlattices have been measured in Ref. 19 with the use #pmogeneous electric field

mid-infrared radiation and its second harmonic. Coherently

controlled directional photocurrents due to interband one- E(t)=E,;coq wt) + E,cog 2wt + ¢), (1)
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which may be strong compared to the second energy-typkition and subsequent discussion is good for a generic
parameteriw. In the Wannier basis the quantum Hamil- f(e(k)). The equation for the density matriqt) is of the

tonian reads form
(0) 9 (0) /
H(t)=2 HEO [y (n'[+eE() > nlnin.  (2) 7= (O=[H™, p() 0,0 +EM)(N—=N")pp (1)
Heren, —o<n;<o, enumerates the lattice sites. The sign —iah(1=8nn)pnn(t)
of the electron charge is incorporated in the equations here N
and below, so thag¢ is its modulus. Below we consider ex- —iahéy ol pan(t)— N—ef(s(k)) , (5
S

plicitly the electrons. The generalization to the case of holes

is Ostraightforward—by the change of the overlap integralyhere « is the relaxation rate. The density matrix has the
H nn IN the dispersion relation and of the sign of the chargenorm > p,, (t)=N,, whereN, is the total number of elec-
e However we do_not address the simultaneous presence @gbns andN, is the number of sites in the lattice. The equi-
both types of carriers, as that would need the account offprium distribution functionf (¢ (k)) is normalized to 1 and
correlation and excitonic effects beyond the adopteds symmetric in+k. The solution of Eq.(5) is (see, for

independent-electron approximation. example, Refs. 29 and B0
We are interested in the study of the dc response to the ac
electric field, Eq.(1). The former is characterized by the Pk k(0 ) ot
electric currenf(t)=—e(d/dt)A(R(t)), whereA(R(t)) is f dk Ve, & Vet (@hoaQ)

the average displacement of the electrons in the field,
summed over the band fillingA(R(t))=Xn[py (t)
—pnn(0)] (p—the density matrix The angular brackets
here and below denote quantum averaging in the dynamic
relaxation-free case, while in the kinetic regime it is averag- ><e“t/vH(emC)A(t),(e,ﬁC)A(t,) . (6)
ing with the quantum density operator over scattering and
fluctuations. Double angular brackets denote additional time Despite the different appearance, Eg).is in fact equiva-
average over the period of the field. lent to Eq.(4.5 of Ref. 29(generalized to the case of arbi-
The Schrdinger equation of the system without relax- trary lattice structure, long-distance overlap, and arbitrary
ation (2) can be solved exactly to givesee, for example, initial conditiong. However, the form of Eq(6) presented
Refs. 29 and 30 here is more convenient for analytical analysis and makes
transparent the relation to conventional formulas of solid-
prk(0) [t state theory.
A<R(t)>:J dk— J’ dt’ Viery s The first term in Eq(6) characterizes the exponential de-
cay of the initial coherent oscillations, damped by relaxation.
At low scatteringaT<1 (T is the period of the field and
short timeat<<1 the first term governs the evolution—it is
independent okx, while the second one is small witaT.
This limit in the main term is equivalent to the coherent
Here relaxation-free cas€3) when « is strictly zero and formula
(3) is good in the entire time domain. Now back in the ki-
t netic regimea# 0, the second term in E¢6) describes the
At)= —Cf dtE(t) standard kinetic evolution plus the transition process. It be-
0 comes dominant at long timet>1 when the first term

—eaNeJ dkf(s(k))e““jotdt’

Ve =V HOIKD], k(=K —AD). (3
KOTg Tk ’ Act

c c fades. The first relaxation-free regime we call dynattac
=— —E;sin(wt) — =—E,[sin(2wt+ ¢) —sing] short-timg, the second one kinetitong time). Note that it is
0 2w : . . . .
impossible to go back to the short-time dynamic regime from
(4) the long-time kinetic one even in the limit of vanishing scat-

tering. Indeed, the transition to the long-time limit at small

is the vector potential and(0)=0. The scalar potential is (put finite) damping implies that the electron during that time

identically zero.H®)(k) is the electron dispersion in the ab- has suffered many scatterings and thus has thermalized. This

sence of the field angy \(0) is the initial density matriX, precludes us in fact from going back to the dynamic

Pk = ZPnn€XP(—ik-n+ik"-n"). Vg7 is the volume of the  (relaxation-freg regime of electron evolution by subsequent

Brillouin zone. We take the intersite distang@s length unit  transition to vanishing scattering.

throughout.

Scattering by phonons is introduced by dephasing the
wave function and inducing relaxation to the thermal equi-
librium distribution f (e(k)).%***We do not specify the par- Let us analyze the possibility of controlling the dc elec-
ticular form of the equilibrium distribution function—the so- tron response by the applied coherent ac fields and the effect

Ill. COHERENT CONTROL AND RELAXATION
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of relaxation upon electron propagation/coherent control on
the basis of Eqs.3) and (6).

First, we exclude from the very beginning the case of
strong scatteringgrT>1 which corresponds to the conven-
tional kinetic regime with coherent effects vanishing—this is
not of interest to us.

For the study of coherence control the case of slow scat-
tering (¢T<<1) is of major interest, and it will be addressed
in the rest of the paper. At short timex{(<1) and for low
scattering the purely coherefdynamig results with no re-
laxation, Eqs(2) and(3), studied previousl{?~>*are repro-
duced. This is the first interesting case which we will address
in the following section, aimed at coherent control of dc
currents in the dynamic regime. The second important case
deals with the kinetic regime at long timet>1 and low
scatteringaT<1, which we will address in the following
section. In this second case the electron after many scatter-
ings has thermalized, but the probability of a scattering event
during one period of the applied ac field is still low, so that
coherent effects in electron evolution are still of primary im-
portance. The comparison of these two cases will reveal the
effect of slow relaxation upon coherent control of electric
currents.

To relate the present consideration to our previous study
of dynamic localizatio?f we note that the applied field, Eq.
(1), has no dc component, which positions the present case
as the “periodic” regime of the cited references. In the peri- (b)
odic case the quantum evolution of the electronic system
k(t)=k+(e/fc)A(t) during the period of the external field
drives it back tc_) the same stateskirspace it occupled_ be- range] — 7/2,7/2] and of the dimensionless field amplituglewith
fore. However, in position space the electron may shift dur-81:1 fixed, and(b) as function ofe;, ¢, for phase shifte
ing that time. This nonzero on average dc drift in ac figlts  __ 5
in other words, zero-harmonic generabias the subject of
interest for coherent control of electric currents.

FIG. 1. The dc electric currenf(j)) (arbitrary units in the
coherent dynamic regim@) as function of the phase shift in the

2
layn(€1,82;0)= d7sin e, sinT+e,siN(27+ )
A. Dynamic (or short-time) regime 0
The expression of the dc current in the dynamic —e,sing]. 9

relaxation-free regime follows readily from E(R). Besides,
we use the electron dispersion irdaimensional cubic-type We note that the same expressi@) can be obtained

lattice for the velocity in the band to give from the kinetic case below, Edq14), in the limit at<1,
aT<1.
2 To avoid unnecessary complications let us adopt the tight-
k=" nzo Hn sin(k-n). (7)  binding approximation when summation ovecorresponds

to nearest neighbors only.
Let us study the and¢ dependencies of the current. The

We also assume the initial band filling symmetrical-irk, symmetry properties ip:

pkk(0)=p_x —_k(0), no currents in the initial state in the

absence of the field. Then the expression of the average dc ) ) )
current is {ON]-==ON]e, <<J(t)>>|7r—‘p:<<J(t)>>|<p(10)
W) =— & S HOn follow readily from Eq.(9) and reduce the study to the range
h on 0= ¢<m/2. Fore=0 the current is zero identically. Clearly,

0) increasing the phase shift from — #/2 to #/2 one obtains
Pk.k . the change of the electric current from some positivega-
X .
f dk Vg7 cosk-Mlayr(e1,22;¢),  (8) tive) value to some negati@ositive) one, depending on the
values ofe; and e,, see Fig. 1a). Thus, in the dynamic
whereeg,;=n-eE;/fiw, e,=n-eE,/2hw are the dimension- regime both the directionality and the magnitude of the cur-
less field amplitudes, normalized by field frequencies, and rent can be changed far in the range— w/2<e<m/2 .
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The £4,e, dependencies of the currefij)) in the dy- (e/Ac)A(t)<1 (low field) the average of the velocity, Eq.
namic regime show current reversals, depicted in Fi) 1 (3), is proportional to the time-average/Ac<<A(t)>
for ¢=/2. Obviously, changing either one or both of the =¢,sing, Eq. (4).
parameters,e, along a suitable trajectory one can go from  Equation(13) can be compared to the drift velocity in
positive values of the current through zero to negative valtwo-color photoionization of simple moleculés® v 4(t,)
ues, or vice versa. For example, from the maximal value=(E;/w)sin(wty)+(Ex/2w)sin(2wty+¢), where wt is the
—lgyn=4.09... ate;=0,e,=1.03L... to theminimum  phase around the field maximufminimum) where ioniza-
—lgyn=—3.1&6 ... ate;=3.6HA...,e,=0963 ..., ¢ tion occurs mainly. In the present case the latter reduces to
= /2. As it can be seen from Fig(ld), the decrease of one the initial timety;=0. Obviously, the corresponding drift ve-
(or both componer(s) of the applied field may lead to coun- locity v4(to=0) agrees with the expansigh3).
terintuitive increase of the resulting dc current, and vice Next, we pass over to the kinetic regime with relaxation.
versa.

Explicit analytic expansions can be obtained for small B. Kinetic (or long-time) regime
values ofe. For example, fore,<1 and arbitrarye; one . . . L
gets In the periodic regime the integral over time in the general

kinetic solution, Eq{(6), for the electric current can be rep-
resented as a sum of integrals over periods of the applied

(12) field, and the corresponding geometric series can be easily
summed up®3! The dc current at timé=mT (wherem is

For e, strictly zero the curren{(j)) is zero identically. intege) is given by

The growth rate for smak, is linear, with the slope depen- T

dent on the value of; and sign and value of the phase shift L _ pr(0) e~ ™

@ <<J(t_mT)>>__e dk VBZ T

layn(€1,82;¢)=2me,Sine[Ja(e1) —Jo(e) ] — - - .

More interesting is the case <1 with ¢, arbitrary:

.
i i X | d(At)e” Aty
layn(e1,82; @)= — 27 siM&,5in@]Jo(&5) jo ( ket (elhc)A(An)

7T i i N.1— —a(m+1)T
+ > ei{sinle,sin@]Jo(e2) _eaNgl-e f dkF (6010}
T 1_e—aT
+singcoge,sing]di(ex)}—--- . ; .
X | d(At e*““f d(At’
12 f , 48y , dAt)
Here the current is nonzero even foy=0, first term in INL
. | ; el | | X e MV, ermeyaan —(ermoaary - (14)

Eq. (12). Thus, with the change of the magnitude of the only

components, with &,=0, we obtain the dc current whose  Note that in the absence of scatteriag: O the first term
v_alue chang(_es from positive to negative va}lu_es and back. Thgs Eq. (14) reproduces the dynamic result of the preceding
difference with the previous case, EQ), is in the phase section. However, as soon as we pass to the long-time limit
shift ¢ for the fielde,. This phase shift cannot be compen- 4ts1 in Eq. (14) the first term fades and there is no way
sated by the shift of the time origin, even in the absence ofack to the dynamic regime any more.

the other fielde; . In fact, ¢ determines the phase at which  aAg discussed above, of major interest to us is the long-
the applied field starts dt=0, and this effect does not die {jme at>1, low-scatteringaT<1 regime, when the elec-
away even at long time due to the absence of relaxation ifyons have thermalized, but coherence effects are still of pri-
the dynamic regime. Note that the solutions, E$and(6),  mary importance, as scattering during the period of the ac

imply that the vector potential satisfiéggt=0)=0. Thus in  fie|d is a rare occasion. Then the leading term of the dc
the simplest case;=0, ¢,#0 the coherent control of the cyrrent is

sign and magnitude of the current is due rather to the initial-

field-value effect. However, if both fields,;, ¢, are present, eN, T
their coherent interference comes into play as well. (iN=-= j dkf(s(k))f d(At)
The second term in the low; expansion(12) is not lin- T 0
ear, but quadratic is. T
Both expansions, Eq$11) and(12), reproduce correctly X JO d(At" Vit ernc)acan - (emc)a@ty - (15

the limits lgyn(e1,82;0—0)—0, and lgyn(e1—0.;

—0:¢)—0.The lowe,,z, expansion However, it can be shown easily that on a cubic-type lat-

tice with symmetric =k distribution function f(e(k))

=f(e(—k)) the expressior(15) is identically zero due to
signifies that the lowest-order contribution to the dc currentsymmetry relations for any periodic fiell(t) without dc

is the linear one ire,. The form of the last expansion is component.

quite transparent: for low quasimomentum transfer Next-order terms in the expansion éil are nonzero:

layn(e1<<1,8,<1,p)=— 2me,Sing+--- (13
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eaN
iV=o — % (0) .
(== 2 — 2 Hifin | ak t(etoncosn

Xlin(e1,82;9), (16

where the dimensionledg;, is

R

RN
RN
QS

21 21
lkm<sl,sz;<p>:fo ar | Tar (e 1)

17

For simplicity we again adopt the tight-binding approxi-
mation below.

Let us study thes and ¢ dependencies of the dc current.
In the kinetic case there are also symmetries with respect to
¢, which can be verified readily from Egdl7) and(4). This
time, however, the second equation is antisymmetric in con-

trast to Eq.(10), where antisymmetric was the first one: (b)
. Y . _ FIG. 2. The dc electric current(j)) (arbitrary unit$ in the
(GON] o= TONes GON 7 e==(GON],- kinetic regime(a) as function of the phase shift in the range

[0,7] and of the dimensionless field amplituggwith £,=1 fixed,

The symmetry propertie¢l8) reduce the study to the 2nd(P)as function ofe; e, for phase shifty=0.

range G< o< /2. For ¢=*7/2 the current is identically gt hat the d )
zero. Note the difference with the dynamic regime, when the 't ¢an be demonstrated from E@.7) that the dc current is
current was zero ab=0 instead. Increasing the phase shift 2670 if either one of the fields, or &, vanishes. In this
¢ from 0 to = one obtains the change of the dc electric "espect the situation differs from the dynamic regime when
current((j)) from some positive(negativé value to some the current was nonzero ¢f1=O_,82¢ 0. The reason is in the
negative(positive one, depending on the values of and fact that at long time relaxation smears out the effect of

€5, see Fig. Pa). The possibility to control both the direc- |n|t|a_\l-f|eld value, d|scusse_d n the preceding section.
tionality and the magnitude of the current in the kinetic re_EquwaIentIy, it restores the invariance of average quantities

gime is a fact, qualitatively similar to the dynamic Case.with.respect to th.e shift of the time o_rigin. Then in a single
However. this 'time<p varies in the range @<, and applied field nothing breaks the left-right symmetry on aver-

quantitatively the corresponding dependencies are drastical €, so t_hat there cannot be any d(? current. Obviously, the
different, cf. Figs. 1 and 2. mtroduction of the second coherent field breaks that symme-

Thee, e, dependencies of the currefdi)) in the kinetic 'Y @nd the dc current appears—away from the lings 0
regime are depicted in Fig.(#® for ¢=0. Changing either ande2=0. . . _
one or both of the parametets,e, along a suitable trajec- An explicit expansion can be obtained fof<1.e,<1:
tory one can go from positive values of the current through

zero to negative values, or vice versa. For example, from the lin(e1,80:0)=— 3 72 cos(pasiezwL cee (29
maximal positive value —1;,=18.37... at g,

=218 ...,e,=1.05L..., ¢=0 to the minimal negative It is linear ine,, quadratic ine;, and becomes zero fas
one —ljp=—6.70... ate;=2.377...,e,=299 ..., ==a/2, in agreement with Fig.(®). The functional depen-

¢=0. Obviously, the decrease of of@ both componer(s) dence of the currenfl9) on ¢4,e,, and ¢ agrees with the
of the applied field may lead to counterintuitive increase ofresult of Ref. 23, obtained for a different model of quantum
the resulting dc current, Fig.(), and vise versa. In com- dissipation in the incoherent sequential tunneling regime.
parison to the dynamic regime the shape of the kinetic surThe leading term of the dc current, E49), comes from the
face representing the dc current as function of field amplithird-order nonlinear resporfSé*23and thus is proportional
tudes, however, is drastically differefitote different ranges to the time average of3(t), Eq. (1), with coefficient
for ¢). o®)(w,»,—2w). Such dependence on electric-field ampli-
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tudes has been observed in experiments on coherent contffiéld and phase dependence, which enables the stuly ,of
in optical superlattice¥, semiconductor superlatticé$and  E,, ande dependence of the current in general form without
bulk semiconductoré specifyingpy (0) andf (s (k)).

We assumed the carriers to be already present in the band
either intrinsically or due to some unspecified mechanism,
and focused on the coherent control effect upon intraband

To summarize, we have considered the coherently corgvolution. Intraband propagation by itself provides the
trollable dc current (zero-harmonic generatipnin an ~ means for coherent control. However, carrier generation, for
independent-electron one-band conductor in two regimesexample, by photoexcitation from bound states on doHors,
dynamic without relaxatiorfor short timé and kinetic with ~ or via interband transitions;?° can also be incorporated by
the account of scatterinlong time). The applied field has substituting suitable expressions in placeNafand py (0),
two components with frequenciesand 2» with phase shift  the latter possibly becoming nonsymmetricdrk to incor-

. Explicit expressions of the dc current are obtained in botHporate the coherent control effect upon the photoemission
cases, with special emphasis in the kinetic case on the lowlrocess.

scattering nearly coherent regime. Coherent control is pos- The case of injecte#t electrons in the coherent dynamic
sible in either one. However, the field- and phase-shift deregime might be of some interest as well. All the field and
pendencies of the dc current in both cases are drasticallghase dependence of the dynamic current in(Bjis incor-
different. One of the reasons for that is in the fact that in theporated in the factotyyn(e1,e52;¢). Thus, all the injected
dynamic regime the effect of initial-field valugr initial ~ electrons provide similar dependencies @®ne,,¢, which
phase shifto) does not decay in time due to absence ofdiffer, however, by a numerical prefactor, provided by the
relaxation. In the kinetic long-time regime, on the contrary,initial distribution: the sign of the dynamic current will be
the electrons thermalize and the initial conditions play noopposite for electrons injected in the upper and lower parts
role. Another important difference is in the fact that the dcof the band through coy. This gives the theoretical possi-
current in the kinetic long-time regime arises due to the nonbility to find out where spectrally the electrons in the band
linear (starting with third-order response. In the dynamic are injected through the measurement of the sign of the cur-
regime the lowest-order contribution is first order in the fieldrent. If the whole band is populated uniformly, the dynamic
&,. Additionally, in the kinetic regime the result depends current becomes zero. In the thermalized long-time kinetic
considerably on the space symmetry of the lattice. regime (16) there is no such dependence on initial condi-

In the kinetic regime the dc current in an ac field oftentions.
vanishegfor example, in the cost) field, considered most ~ The change of coherent control, i.e., current magnitude
often], unless other coherent components of the applied fiel@nd direction, in going from the dynamic to the kinetic re-
break the space inversion symmetry. The same is true for thgime could serve as a monitor for establishing the presence
dynamic regime as well. However, in the latter case there i®f these regimes of nonlinear response.
an additional mechanism for nonzero current formation: co- Finally let us address the question of observability of the
herence effects in electron evolution, including the effect ofconsidered effects in experiments on GaAs/GaAlAs semi-
initial conditions, which do not decay due to absence of reconductor superlattices. The relaxation timne* we assume
laxation. The latter initial-field-value effect is quite transpar-~1 ps (Ref. 27 atT=10K, Refs. 22 and 28 To meet the
ent: The initial band filling is symmetric,p, (0)  slow-scattering conditiomT<1, the laser frequency should
=p_x —«(0), but thefield may have nonzero initial value be high enoughy= w/27=1/T>a=1THz, in our case. On
E(t=0)#0, which breaks the symmetry in electron evolu-the other hand, for the one-band approximation to be valid,
tion (similar to Refs. 32 and 33 the laser photon energy should be smaller than the band gap

Coherently controllable dynamic dc currents should bed, »<A/h. For the band gap to be bigger, the superlattice
observable on shorter time scales than the ones in the kinetf@aAs wells should be narrow enough and the spacer GaAlAs
regime; namely, which one takes place is determined by th&yers should be thick enoughut not too thick in order the
time of observation: at short time, comparable to interscatoverlap does not become too smakltor example, in Ref. 19
tering time the first one is realized, while for long time, ex- they are 5.5 nm and 32.5 nm, respectively, so that the band
ceeding the inverse relaxation rate, the second one should igap is 152 meV. For the interband transitions to be negli-
observed. gible, we assume the upper limiting frequeneyl0 THz,

The mathematical reason for the cited differences betweegorresponding to photon energy 40 meV. Thus there
the dynamic and the low-scattering kinetic regimes is theshould be a narrow range for the laser frequency in between
additional integral over time in Eq6) as compared to Eq. 10*? and 183 Hz, where our results for the coherent control
(3), which occurs due to the implicit averaging over scatter-through intraband evolution should be valid. The manufac-
ing events, entering the kinetic formulas. This additional in-ture of bigger band gap superlattices with longer relaxation
tegration cancels the contribution, linear in the field due totime (lower-temperature measuremegnssiould increase the
lattice symmetry in Eq(14) and thus raises the order of the range of its applicability.
contributing nonlinear processes. Let us estimate the peak value of the current in the kinetic

In the final expressions for the current, E¢8). and(16)  regime. For the carrier density,~ 10 cm™3, Refs. 8 and
within the tight-binding approximation the initial band filling 27, miniband width~2 meV, laser frequency~5 THz,
and the equilibrium distribution function factor out from the field amplitudesE; ~E,~ 10 kV/cm, phase shift,=0, and

IV. DISCUSSION
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the current density is~0.3 uA/um?, or for a spot size quire the time scale of only~1-10us Ref. 12, which
~50 um, Ref. 19, the estimated current-s0.6 mA, well  should be quite accessible. In any case, we hope the provided
within the range of measurements. In the dynamic regime théheoretical consideration of the short-time dynamic regime
analogous current fow=0 is identically zero, as noted will serve for the clarification of the nontrivial time evolution
above. Forp= /2 the peak value of the short-time dynamic of the response and coherent control in superlattices.
current density is estimated to bel uA/ wm?. We believe that the coherent control, exercised through
In optical superlattices the relaxation processes are mudintraband evolution, can be observed at low temperatures in
slower, so that the conditions for the observation of the conthe electromagnetic response of high-quality semiconductor
sidered effects are more favorable. For example, the apparestiperlattices; ®%"? optical lattices, ™ and quantum
deviation from the constant velocity at short time in the insewire$ in the mid-THz range.
of Fig. 2 of Ref. 12 obviously is due to the stated difference
in short-time and Iong—'time response. _ ACKNOWLEDGMENTS
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