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ABSTRACT shown that the side—band peaks depend on the screening

We investigate the nonlinear ac transport through a quaﬁfolo.ertIeS of the systt_eﬂl_?], moreover theoretical inves
. . . - . igations for superlattice microstructures showedar?

tum wire with an impurity in the presence of finite range C .

dependence of the transmission probability spectrum of

electron—electron interactions. We discuss the influen? e photonic sidebands (that is the argument of the Bessel
of the spatial shape of the ac electric field onto transpoéncptions) when a nonlocalized (a fin?[e range) ac drivin
properties of the system and find that the scaling behavior ' 9 9

s taken into accourft [lLB,]1[9) 20.

of the occupation probability of the sidebands depends ‘19 this paper, we investigate how 1d electron—electron in-
the range of the voltage drop.

teraction, in the framework of the Luttinger modEl[Zl,
3, [23], nonlinearities, due to the presence of an impu-
1. INTRODUCTION rity, and a finite range ac electric field affect the photo—

) induced current. We will show that the TG formula is
Time dependent quantum transport has attracted a lot g yalid, but the argument of the Bessel functions is not

interest since the works of Tien and Gordgn [1] and Tuanymore linearly dependent ari€).

cker [@]; more recently, theoretical findind$ [3, 4] and exyp, the time dependent regime the nonlinearity of the sys-
periments on quantum dotf [5] and on superlattifes [§km gives rise to frequency mixing and harmonic gen-

renewed the interest in photon—assisted transportin sef@iation. Earlier treatments of the ac transport consid-
conductor nanostructures. In particular, the possiblility oeq voltages, dropping only at the position of the barrier
investigate experimentally time—dependent transport t ']' and zero range interactions between the elec-
rough mesoscopic systems has opened the way to a deqpgiis~ Here, both of these are generalized to the more
understanding of new effects strongly relying on the spaegjistic situation of finite range of both, the electron—

tiotemporal coherence of electronic states. Moreover, igjactron interaction and the electric field. As a matter

most time—dependent experiments like electron pumps fact previous calculation§ [6] showed clearly that the

. B photon—assistgd—tqnnelirﬁ B, 10], and lasergyatial shape of the electric field does influence ac trans-
[L1] require an analysis going beyond the linear responsgiyt.

theory in the external frequency. Thus, many efforts have
been devoted, in last years, to the theoretical investigati 2. MODEL
of nonlinearities in semiconductor nanostructufeb[[1, 13 '

electronic correlation§ [14, [L5], and screening of ac fields, | o oo oo o Luttinger liquid of length (>

[E’]' . . oo0) with an impurity and subject to a time—dependent
The Tien—-Gordon formula_l, according to VthCh the dcelectric field iSH = Ho + Hinp + Hac Where
component of the photo—induced current is given by a
superposition of static currenfg (the currents without

the ac field) weighted by integer order Bessel functions,

is represented by the following formula

Hy =Y hw(k) bfb,. )
k+£0

The dispersion relation of the collective excitations,

oo eV
o= 3 2 (G nhrmes @ :
o= 2 R wi = velk|\/1+ Ve () /irop,

n=—oo

the argument of the Bessel functions is linearly deperdepends on the Fourier transform of the finite range inter-
dent on the ac voltage intensityf and on the inverse of action potential@G]. We assume a 3d screened Coulomb
the driving frequency (or subharmoni@) A selfconsis- potential of rangex—! projected onto a quantum wire of
tent theory, based on the scattering matrix approach, hdmmeterd ~ a~'. The interaction decays exponentially
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and one get¥..(z) = (Via/2)e~l#l, with interaction Furthermore, the effective driving voltage is related ® th
strengthVg, [@]. Fora — oo, one obtains a zero—rangeelectric field by ]

interaction. - .
The tunneling barrier of heigltf;,,;, is localized atz = 0 Vg(t) = / d:c/ At E(z,t)r(z,t —t)
(B8, 291, —o  J-oo
hQ

Himp = Uinp cos (2y/70(z = 0)) , (3) = Vo+ ?|z| cos (1t — ¢,), (6)

with the phase variable of the Luttinger model wherer(z,w) = o(z,w)/o(z,w), || andy, are, respec-
, tively, modulus and argument of
—ikx
=i Z segn(k 2Lw(k) e (b]C + b_k) .
k#0 z= hQ/ dzE, (z)r(z, Q). (7

The coupling to the external driving voltage yields
With the above assumptions about the shapes of the driv-

Hae= e /OO dzo(z)V (z,1). ing field and the interaction potential one obtains

o eVi 1 Q  k(Q)
The electric field is related to the voltage drop by differ- 2| = ) \/W (vp—a o’ 0‘@) , (8)
entiation,E(z,t) = —9,V (z,t), and the charge density

is o(x) = kp/m + 0,9(x)/+/7. The space—time depen- wherek(12) is the inverse of the dispersion relation and
dent electric field F(z,t) = Egc(z) + Eq(z) cos (), )

such thatf, (z) = Eye~1#l/2, gives a voltage drop; = A2 (4,0, 0) = [1 42 (u+ wv)
[Z_dxE,(x) = 2Eya. The spatial dependence of the o 14 u? (uw + v)?
dc part of the electric field does not need to be speC|f|e
as only the overall voltage dropy = ffo dxEge(x), is

of importance in dc transporﬂZG].

]. 9)

?r’l the following, we concentrate on the results for the dc
component of the current which does not depend and
is directly given by the current at the barrier, for which we

only need to know onlyz|,
3. METHODS AND RESULTS

- hQ
2
The currentat the barrier is given by the expectationvalue ~ {dc = Z J5 (I2]) Lo <V0 + "7) : (10)
I(z = 0,t) = (j(x =0,t)), where the current opera- =m0
tor is defined via the continuity equatiofl,j(z,t) = The important point here is that the driven dc current is

—edyp(z,t). For a high barrier, the tunneling contribu-completely given in terms ofy(V;), the nonlinear dc
tion to the current can be expressed in terms of forwarglrrent-voltage characteristic of the tunnel barrier,
and backward scattering rates which are proportional to .

the tunneling probabilityA2. The latter may be obtained T —S(7) o . [ €VoT

in terms of the barrier heigtity by using the instanton Io (Vo) = eA /0 dre sin Ri(7) sin < h > - (1)
approximation Ep]. The result can be written in terms o
the one-electron propagatsr+ iR [P3],

Eqs. ), (111) generalize results which have been ob-
tained earlier|[[1] buwithout interaction between the tun-
neling objects, and also for the Luttinger model with a
zero-range interaction, together with-function like dri-
e [t ving electric field [2}4].
X sin [—/ dt’VCﬁ-(t’)] , (4) For Vo much smaller than some cutoff-voltage whi-
I Je—r ch is related to the inverse of the interaction ranfgex
with Vog/g_l. This recovers the result obtained earlier fer
02 [emex function interaction and zero-range bias electric figlf§[28
S(1) +iR(T) = / —Re{o(z=0,w)} WhenVj > V., the current becomes linedr [32]. For in-
wh w termediate values dfy, Iy exhibits a cross-over between
the asymptotic regimes with a point of inflection néar
For zero-range interactioy V.’ " for anyVj.
Figure|] shows the currenfs, 1. and the differential

wheref = 1/kgT, wmax the usual frequency cutoff that
. conductancelly./dV} as functions okV; /7€) for g =
d hly to the F 31], and th c
corresponcs roughty 1o the “erm ener[ I, and the %CQ andg = 0.5 for zero-range of the driving electric

conductivity of the system without impurity IEZG] field. Forg = 0.9 one observes sharp minima in the
2

—ivpelw coskx differential conductance at integer multiples of the driv-
o(z,w) = B2 ]EdeQ(k) —(w+i0+)2" ®) ing frequency in certain regions of the driving voltdge

I(x=0,t) = 6A2/ dr e sin R(7)
0

X [(1 — coswT) coth %J + isian} ,




the figure, the depths of the cusps depend on the driving
8 1.1 voltageV; (x |z|) which can also be understood from of

Eq. (I3) which shows that the values of the differential
< conductances at the voltage®, = mhf) are approxi-
112 matelyl — J2 (]z|).
= It is therefore instructive to look into the behavior |ef
as a function of the frequency. FigLI]e 2 shows the scaling
0.9 exponent determined from
, ‘ dlog|z|
4 vV = —vpQ . 13
yd " dlog 0 (13)
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Figure 2: Scaling exponentof the argumentz| of the
Bessel functions as a function@f for ranges of the driv-
ing field (curves from right to leftha = 1073, 1072,

Figure 1: Currentdy, I4. and differential conductance 1071, 1, 10, 10%, 103, andg = 0.5.

dl4./dVy at zero temperature as a function of the ratio

eVo/hQ for g = 0.9 (top), g = 0.5 (bottom) for values We observe a non-universal cross-over betwggnx

Q = vpa, a = 0, andeVy /hopar = £ (¢ = 5 dotted, !, the case discussed by Tien and Gordgn [1] which

¢ = 6 dashed{ = 7 dash-dotted lines). Currents in unitscorresponds to a driving field of zero-range & 0),

of hupa/eRy; differential conductance in units @, ';  and|z| oc Q=2 which is obtained for a homogeneous ex-

tunneling resistanc®; = 2hw?,_, /me?A2, ternal field ¢ — oo) [[Lg]. Although the behavior of
depends strongly on the parameters of the model in the

h b q dasfoll henth hcross—over regime, this does not influence qualitatively
These can be understood as follows. When the strengt tﬂfe occurrence of the cusps. Their existence depends cru-

f[he Interactionis nottoo I_arge, the region whefg. /dVo cially on the finite range of the interaction, and the condi-

is much smaller than 1 is small compared V‘Mz/tﬁgs tion g > 2/3. However, by varyingz|, the depths of the

foreVo ~ 1Y, dlac/dVp o< (2/g — 1) leVo — hQIF/772. minima are changed due to the variation/if(|2]).

Then, Eq. @O) yields neaity = mi) Finally, we have demonstrated that the result which has
dgc 5 5 been obtained by Tien and Gordon for tunneling of non-
av 1= Jiu(|2]) + const - Jn, (|=1) interacting quantum objects in 1D driven by a mono-chro-

x eVp — th|2/g72 ' (12) matic_ field localized at _the tunnel barrier_remains valid
even in the presence of interactions of arbitrary range and

Forg > 2/3, this yields for integem the cusp-like struc- shape, and for an arbitrary shape of the mono-chromatic

tures observed in Fid] 1. For < 2/3, no cusps oc- drivingfield. The central pointis that the frequency driven

cur anymore. In addition, the curreh. is depleted so current is completely given by a linear superposition of
strongly and over such a large region of the bias voltthe current-voltage characteristics at integer multiples
ages that the regime of almost vanishihg;,./dV, be- the driving frequency, weighted by Bessel functions.
comes larger thah{2 and in general no minima near in- The argument of the latter contains the amplitude of the
teger multiples of the frequency exist. As can be seen idriving voltage only linearly but the dependence of the
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