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Dynamic localization versus photon-assisted transport in semiconductor superlattices
driven by dc-ac fields
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Via the numerical analysis on the intraband dynamics of optically excited semiconductor superlattices, it is
found that time-integrated squared THz emission signals can be used for probing both dynamic localization and
multiphoton resonance in the coherent regime. Competition effect between dynamic localization and photon-
assisted transport has also been discussed.

Recently, semiconductor superlattic®8L) driven by ex- In the realm of ultrashort laser pul¢asually in hundreds of
ternal electric fields has been a subject of intensive investifemtosecond durationgenerated coherent regime, what
gations both theoretically and experimentally. The most sigphysical quantity can be used to probe the transport proper-
nificant example is Bloch oscillatioBO), which was ties induced by the pure ac fields? This question was an-
theoretically predicted many years ago and experimentallgwered in detail by T. Meieet al. with the help of the well-
demonstrated recently in SL driven by a uniform electricknown semiconductor Bloch equatioh$.They found by
field. Within the tight-binding approximation, an intense la- monitoring the time-integrated squared THz emission signals
ser field (ac fields can make a charged particle localized that even in the presence of excitonic interactions compa-
around the initially injected place, which is the so-called dy-rable to the miniband widths, the carriers driven by pure
namic localizatior. Then the natural subsequent questionintense laser fieldsac field$ reveal dynamic localization
will be the following: What will happen if the electrons in provided thaiedF, /2 » coincides with the roots of the ordi-
SL are subject to the combined dc-ac fields? Actually, thisnary Bessel function of order zetd.Inspired by their work,
question is answered by the recent several theoretical prediere, in this report, show by numerical simulations that in the
tions and experimental observations. For example, multidc-ac fields, the detection of time-integrated squared THz
photon absorptioA absolute negative conductivifyphoton-  signals not only can be used to probe the dc-ac-induced dy-
assisted transpott, fractional Wannier-Stark laddefs, namic localization but also be employed to probe the photon-
dynamic delocalizatiofl, excitonic Bloch oscillations etc.  assisted transport in the presence of excitonic interactions in
Particularly, the recent experiment on the multiple quantumthe coherent regime.
well superlattices driven by dc-ac fields has confirmed We begin with the following semiconductor Bloch equa-
through probing the statit-V characteristics that the elec- tions by including the longitudinal external driving fields
trons in SL can tunnel through the adjacent wells through thé(t)8°
stimulated emission and absorption of photbirs this facet,
the common action of the dc-ac field plays the constructive 5 )
role on the transport properties in SL. However, the dc-ac € I
field can also play the destructive role on the transport in SL, [E ~ 7 POV %[eC(k’t)_e”(k’t)]} Pk
which can be manifested in dynamic localization induced by
dc-ac fields, provided that the ratio of the Stark frequency
wg(=eFyd, dis the SL lattice constant arfé, is the am-
plitude of dc field$ to the ac field frequency is an integer
n, andedF, /%o (F, is the amplitude of ac fieldds a root @)
of ordinary Bessel function of the order J,(edF;/hw)
=0.! In this case, the electrons will become localized. P 2
Hence, the effects from both dc and ac fields play the dual {—_ —F(t)-Vy —
role in the transport properties in SL. a h

In the static regime, the usual method in the investigation ang (K, t)
of transport properties in SL under the influence of external Co)
fields is through the observation of staltiV characteristicé.
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In the above equations,(k,t) andn,(k,t) are the popula- In Egs.(3) and(4), we adopt the relaxation approximation by
tions in the conduction and valence bands, respectivelyintroducing the longitudinal timél; and transverse relax-
P(k,t) is the interband polarizatiore; (,)(k,t) = €c ,)(K;t) ation time T,, respectively, to replace the collision terms.
=2 V(kk")ng ,y(k',t) are the electron and hole energies The treatment of these terms beyond the relaxation approxi-
by taking into account the excitonic interaction, while, mation can be realized by several ways, for example, direct
€c.(k,t) are the corresponding energies of the conductiorintegration of the equations of motidn, Monte Carlo
and (valencé bands with no Coulomb interactiof)(k,t)  simulation’® etc.
=uE(t)+ 2 V(kk")P(K',t) is the renormalized Rabi fre- As mentioned previously, what we want to do is to calcu-
quency andV(k,k’) is the Coulomb potential in the quasi- late the time-integrated squared THz signal. The THz emis-
momentum spacé(t) is the optical field and assumed to be Sion signal in SL can be expressed 8g.,(t)d;j(t),
the Gaussian laser pulsk®.F(t) is the combined dc-ac Wherej@(t)=e/f3 [ dei(k)/aknP(k,t)dk (i=c,v) is the
fields: F(t)=Fy+F, cos@t). Incoherent dissipative pro- current due to the nonequilibrium distribution of electrons
cesses are phenomenologically described by the last terms @nd holes excited by the Gaussian laser pulses. This current
Egs.(1) and(2). can be rewritten in the following equivalent form with the
If the strength of the optical fiel@(t) is weak, the low help of accelerated basis
excitation regime can be produced. In this regime, the per-

turbation expansion of Eqgl) and (2) in terms of the e de[k—n(t)]-

optical field can be performed by the following proce- j@(t)= = > J'Tn(z)i(k,t)dk (i=c,v).

dure®® ng (k1) =n, (k,t) +n, (k) + - P(k,t) !

—PW(K,t) + PO(k,t)+---. The usual initial condition ©)

that electron dwell on the valence band before being excited|ying Eqs(3) and(4) in the accelerated basis kspace is

is adopted. _ _ more convenient than the direct integration in the usual qua-
For simplicity, we focus on the one-dimensional casegjmomentum space. In the following numerical simulation,

which is just the SL growth directiofessumed to be di- e yse the similar parameters as those used by T. Mgier

rection. Although we build our model on a simple one- 51 The combined miniband widtiA=A .+ A =20 meV
dimensional system, the contribution from the other two di'(here, we use the tight-binding model ascin Rue)f.(!aoulomb
rections (in k spacg which is perpendicular to the potential strengthV=10 meV. The central frequency of the
longitudinal electric field can be treated as |nhomogeneou§ptica| field is assumed to be located at 2 meV below exci-
broadening" This broadening does not influence the profile yonic resonance. The full width at half maximum of Gaussian
of the THz signal qualitatively? Another aspect for the rea- laser pulse envelopkE(t)|2 is chosen to be 100 . Both
sonability of this model can be found in Refs. 6 and 7. The|yirydinal T, and transverse relaxation tinfe have been
d_nvmg dc-ac field is also assumed to be along the grovytrget to be 2 ps. The energy quantum of the ac fieldis fixed
d|rect|on,, and we ad‘?pt the contact Coulomb pqtenfualto be 20 meV. To capture the information on dynamic local-
Vé(z—2'), _Wh3'Ch carries the most important excitonic j;ation, we set the ratio of the Stark frequensy to the ac
characteristics®> Under the above assumptions, the partialgg|q frequencyw to be an integer, e.gn=1, without loss of
differential eq(uz?tionsé for the first ordé?®)(k,t) and the generality. We change the raté;d/% w continuously, and
second orden*®(k,t)” can be reduced to the following in- yqnitor the time-integrated squared THz emission signal

tegrodifferential equations with the help of the acceleratethough the calculation of the following quantity:
basis in the quasimomentuka [by changingk to k— 7(t),

and 7(t) is defined asz(t)=e/A [{F(t")dt'] (Ref. 14
Tsx f d7 S 7% )
P@(k,t)

a i
{ﬁ—g[eak— 7().t)~ e, (k= 7(t).1) + V] o _ _
The plot of the time-integrated THz signal vs the ratio
_ P (k1) eF,d/iw has been shown in Fig. 1. In this figure, it can be
wEM)+VY, P(l)(q,t)}—_r—, (3)  clearly seen that when the rat®F,d/%» scans through
q 2 3.95, 6.95, 10.0, which are approximately the roots of the
_ ordinary Bessel function of the first ordek, the time-
an(c?()v)(k,t) 2 =1 integrated squared signal falls into valleys. While the peaks
— g txim [ {#E(tHVE P (q,t)} in the plot lie in the vicinity at those values ef,d/%  that
g make |J;(eF,d/%w)|? reach the local maxima. From the
~ ﬁgZ() J(k,t) above effect, it is obvious thad,(eF,d/%w)|? reflects the
xP(l)*(k,t)]—+, (4)  signal T4 profile qualitatively. All the above phenomena
L demonstrate that even in the presence of Coulomb excitonic
where we have introduced the following new notations forintéraction whose strength is comparable to the miniband
convenience: widths of SL, dc-ac induced dynamic localization still ap-
pears. This kind of dynamic localization can be probed
Bk t) = PO[k— n(1) ] through the observation of the sigriid just like the case of
’ N a pure ac field.

h

~(2) ) Another aspect of the combined dc-ac fields on the trans-
Ne vy (K ) =ng k= n(),t]. (5 port of the SL lies in that electrons/holes can tunnel through
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FIG. 1. The plot of time-integrated squared THz emission signal _F!G- 3. The same plot as that of Fig. 2, but we choose the ratio
vs the ratioeF,d/Q(Q=%w), showing the dynamic localization ©€F1d/Q (=7 ) to be 3.8, which is around the root of the first-
induced by dc-ac fields. The parameters used in this figure are d@rder ordinary Bessel functions.
clared in the text.

fractional Wannier-Stark ladders theoretically proposed
the adjacent wells through the photon emission and absorpecently®®18
tion, when the ratio of the Stark frequency of dc field to Let us look at the competition effect between the dc-ac-
the ac field frequencw is an integef. This phenomenon is induced dynamic localization and the photon-assisted trans-
the so-callednverse Bloch oscillatorswhich was found in a  port facilitated by coupling of the combined dc-ac fields. The
recent experimental study by Unterrairgiral. in the static  competition between these two effects is shown in Fig. 3,
regime? The coherent regime counterpart of this effect canyhere the plot of the time-integrated squared THz emission
_also _be found in _our_numerical cglculation, which was S_howrbignals vs the ratimg/w is given. In this figure, we set the
in Fig. 2. In this figure, we give the plot of the time- 4iineF. /7w to be 3.8, which is around the first root of the
integrated squared THz emission signal vs the raiido, ordinary Bessel function of the first order. It can be clearly

o tha the large peaks appear ai the location where the raje" 12t the signal shows a deep valley when the ratio
wg/w is an integer. The other distinctive peaks, which ap—wB/w reaches around the unity. While, the peaks appearing

pear at fractionalwg/w can be attributed to the dynamical at wB/w:z.’3 are still present. In other words, the one-
photon-assisted transport has been suppressed by this spe-

cific selection of field parameters, and the dynamic localiza-
| tion prevails over the one-photon-assisted transport. If we
16 4 shift the ratio from those values that are in the vicinity of the
14.] roots of the first-order ordinary Bessel function, the one-
photon-assisted transport can revive. This regeneration can
be clearly seen from Fig. 2. We can further suppress the
10 two-photon resonance by selecting the ratig/w to be 2,
and another ratieF,d/% o to be the roots of the ordinary
] Bessel function of the order 2, i.e., makik(eF;d/%w)
6 =0, which we do not show for saving space.
In summary, using the tight-binding model driven by
] dc-ac fields and perturbatively solving the semiconductor
2] Bloch equations in the accelerated quasimomentum space,
we found that the time-integrated squared THz emission sig-
] nal reveals both the dynamic localization and the multipho-
2 . : . . ton resonance in the coherent regime. The dynamic localiza-
0 1 2 tion can be fulfilled when the ratio of Stark frequensy of
dc fields to the ac field frequenay is an integem, and the
another raticeF,d/% w is located around one of the roots of
FIG. 2. The plot of time-integrated squared THz emission signafhe nth order ordinary Bessel functiad),. The dynamic lo-
vs the ratiowg /w, multiphoton resonance can be clearly seen. Wecalization is embodied by suppressing the oscillation ampli-
choose the rati@F;d/%w to be 2.0, which is well away from the tude of the THz emission signals. Multiphoton assisted trans-
roots of the first-order ordinary Bessel function. port (resonance can be identified when time-integrated

T, (arb. unit)

o /0
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squared THz emission signals reach peaks provided that tteeribed in the text accordingly, the theoretical findings in our
ratio wg/w is an integer, and another ratid-;d/A w is not  text should be revealed. The experimental arrangements can
in the vicinity of the roots of the ordinary Bessel function of be prepared in a similar way as those used by UCSB
integral order. Otherwise, the photon-assisted transport Wilgroup?v“

be destroyed by the dynamic localization. Experimentally,

one can choose GaAs/fGa, 7 p-i-n superlattices with well The authors thank Dr. T. Meier for stimulating and useful
width 95 angstroms and thin barriéabout 25 angstroms discussions. This work was supported in part by the National
(Ref. 19 biased by both dc and intense free electron léser Natural Science Foundations of China under Grant No.
field) along the lattice growth direction and excited by opti- 19724517, a grant of China Academy of Engineering and
cal pulses to be the realistic system. This choice is believe®hysics, and China Postdoctoral Science Foundation; also
to be able to produce the desired parameters declared in tlggants from Shanxi University Research Foundations; Youth
text. Adjusting the parametersdF,/fw, wg/w, as de- Science Foundation of Shanxi province.
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