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Characteristic scaling parameters for tunneling in strong time-dependent electric fields
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Tunneling through a single driven barrier is studied where the ac potential on either side of the barrier is of
the general formV,(z,t)=(a""z+b""coswt (I,r: leftright). Analytic expressions for the transmission and
reflection amplitudes are obtained in thévarrier limit. Thew ! characteristic scaling behavior of the Tien-
Gordon theory is recovered in the special caseanfishingac fieldsa'"=0, while anw 2 scaling is found for
finite ac fields,a""#0, which isnot contained in the Tien-Gordon theory. An analogy with the Fabry-Perot
interferometer is used to extend the theory to multiple barriers. Implications for experiments are discussed.
[S0163-182697)50916-7

Atoms exposed to intense time-dependent electric fieldsage of this approach is that one reduces the complex prob-
have been the subject of interest for some two decéskes  lem of tunneling through a multiple-barrier heterostructure to
for instance, the reviews in Ref),1but only recently have that of finding the transmission and reflection amplitudes of
technological advances made it possible to study artificiagingle driven barriers. After generalizing the Fabry-Perot
nanostructures in intense driving fields. By engineering thénethod to include driving ac fields, taking a double-barrier
confinement potential and the band structure, photon-assistéiode as an example, we will study the characteristic scaling
tunneling (PAT) is now being investigated in a wealth of Parameter of single driven barriers more closely.
different driven systems, such as quantum point corftacts We denote the partial transmissiareflectior) amplitude
and quantum doté with ac voltages fed to the gates, super- of a single driven barrier flr(r)m Icrhannpl(l.e., with mmdept
lattices exposed to free-electron lasersand resonant tun- €NE€rgyE;) to channel ast;i" (r)’), where the superscripts
neling diodes subjected to THz frequendiesluch of the I, r _|nd|cate f'rom wh|ck]‘ S|d.e tr’!e electron impinges on the
analysis of these experiments is based on the theories HJA'Tier (see Fig. 1. The “optical” path across the quantum
Tien-Gordor and Tucker® developed for tunneling through Well of width d carries th%phase factdp); = &i;exp(kid)

a single barrier, where the collector side haspatially uni-  With Ki=v2m(Eq+ 1% w)/%."" The transmission amplitudes

form ac potentialV,.cosst superimposed on it. Essentially, through the double-barrier diode for an electron incidpnt
these theories predict “photonic” sidebands in the transmis]crom the Ieft'can. be calculatgd by summing over all optical
. . . o paths, resulting in a geometric series,

sion probability, due to multiple photon emission and ab-
sorption, with amplitudes proportional &(b), whereJ, is t=t2(1+ R+ R+ - )QtM =21 —R)10tY, ()
the Bessel function of the first kineh the sideband index,
andb=V, /o the characteristic scaling of the driving ac With the kerneR=Qr*Qr?! describing one reflection cycle
potential. However, in most experiments the ac potentiain the quantum well starting and ending at the left wall of the
does vary in space, and hence the applicability of the Tienright barrier. Note that while in the static caRe's a scalar,
Gordon-Tucker theory is in doubt.

To address this point we study in the present paper the

characteristic scaling properties of PAT in ac potentials that Ist barner 2nd barrier
depend on the spatial coordinate. In particular, we show how .

the V,./fiw scaling parameter of the Tien-Gordon theory ) uh ) ) 21 1 )
relates to the recently discussed 2 scaling found in iso- _J__>t1j J__)tlj

lated quantum wells driven witlV,.(z,t)=eF zcoswt.}11? 0=8:01

The polarization and spatial behavior of the ac field is shown < L >

to have a profound impact on the characteristic scaling of j >
PAT, which is highly relevant to experimental designs. 1
Various transfer-matrix techniques have been used to cal- <—
culate the transmission and reflection probabilities for driven
tunneling structure$’>~*®Here we take advantage of an anal-
ogy with optics and introduce a Fabry-Perot approach to tun- FIG. 1. Schematics of the notations used for the transmission
neling in driven systems which, so far, has only been appliednd reflection amplitudes and the optical p&tthat underlie the
to static double-barrier diodé&§The main conceptual advan- Fabry-Perot approach.
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it is a matrix of infinite rank for finite ac driving. Similarly, 104 . : : : . : : :
the reflection amplitudes at the double barrier are found as S
10~ ¢
1) 1r 2] -1 1) 3
r=r~+t-'Qr'(I-R t. 2 F
Qr2'(1-R)™*Q ) 106 |
This example shows how, in principle, the Fabry-Perot - 107 :
method can be employed to reduce the analysis of complex [~ E
tunneling structures to that of single driven barriers. Let us 108 |
therefore first discuss the scaling behavior of the sideband 0 F
spectrum in single barriers. For simplicity, we consider an 10-

opaqueds-function barrier at the origin with static transmis-
sion and reflection amplitudég, andr 4, respectively® We

assume that the photon energy is small compared to the in- 10-1 _
cident energy, i.ey =% w/Ey—0, so that all sidebands have
the same wave vectd{, and there is no disturbing effect 10-2 i
from the conduction-band edge. On the Idftight-) hand -

side of thed barrier, the ac driving potential is taken to be of o3
the general form V,(zt)=(a""z+b"")coswt with

a'"=a""mw?/k, andb""=b""% w. After matching the wave 104
functions at the origin, the transmission amplitudes in the

sidebands are found to obey the relatidor an electron 105

incident from the left

> te Met=t,exdi(a —a')coswt]
n FIG. 2. Transmission and reflection probabilitie¥,
=|t,|?|kn/ko| and R,=|r,|?|kq/ko| for a single barrier driven by
eFzcoswt calculated using a transfer-matrix method. Transmission
occurs mainly via the center bam=0, whereas areFky/mo?
scaling is seen in the reflection.

xexfi(b"—b")sinwt], (3)

which has the solution

r_ i
ty=tud"J,[ \/(a’—a')2+(br—b')2]ex+n arctar( br_br” Note that in all cases thietal transmission and reflection
a-—a probabilities for as-function barrier are, respectively, given

(4 by |ted? and|ryd? i.e., theydo notdepend on the ac poten-

The reflection amplitudes, on the other hand, turn out not tdi@! to the lowest order i =fw/E,. The requirement for
depend at all on the ac potential on the other side of th@&" experimental verification of PAT through single barr.n_ars
barrier is therefore thapartial transmission or reflection probabili-

ties of individual sidebands be measured. Furthermore,
Fn=rad —i)"Jn(2a'). (5)  knowing the polarization and spatial behavior of the ac po-

tential is not only crucial for determining the characteristic
Equation(4) has a number of interesting limiting cases: Forscaling parametei,./% » versuse Fk,/mw?), but also for
no driving on the left- and spatially uniform driving on the decidinghowto measure PAT: In a Tien-Gordon configura-
right-hand side, we recover the Tien-Gordon solution tion, e.g., as realized in a tunnel junction between metals, it
th=tgcdn(— Vac/hw) andr,=rq5,0 with its w ! scaling is best to measure theansmittedPAT electrons, while for a
behavior. By contrast, homogeneous driving wéthzcosst ~ homogeneous ac field across the barrier, one must monitor
on either side of the barrier yields,=ty4.6,0 and thereflectedPAT electrons, since in this case, according to
r=red—i)"J,(2eFky/mw?), which shows the same Eq. (4), all sidebands except for the center band vanish in
w2 scaling as an ac field driven isolated quantum Well. transmissiont,,=t45,0.
Figure 2 illustrates the “numerically exact” results of a  To illustrate the dramatic effects that subtle changes in the
transfer-matrix calculation for this case, but using a barrieac driving potential can have, we now come back to the
of finite height. It clearly shows the dominance of the driven double-barrier diode and examine two special cases:
n=0 channel in the transmission and the highly oscillatoryln the first case, the driving ac fiel is taken to be homo-
behavior in reflection. The fact thatt,=t4.6ng is not  geneous across the entire structure, yielding an ac potential
strictly fulfilled in the exact solution is due to higher- V_.(z,t)=eFzcoswt, while in the second case the ac field is
order effects resulting from the scaled photon energy assumed to be the same in the quantum well, but zero out-
being finite, which have been neglected in the approxiside. Similar systems have also been studied using the tun-
mate analytical solution&) and (5). Finally, if the driving  neling Hamiltonian formalism?® but without analyzing the
ac field is continuous across the barrier, one finds w dependence of PAT.
t,=tgd"Js(a’'—a'), and agaimr,=rq(—i)"J,(2a"). As we Assuming high, opaque barriers, we may use the trans-
shall discuss in more detail below, Ed) also describes the mission and reflection amplitudes of drivéafunction bar-
crossoverbetween the two scaling factots=V,./fw and riers, which withV,.(z,t)=eFzcoswt and Egs.(4) and (5)
a=eFk,/mw?. are given by



55 CHARACTERISTIC SCALING PARAMETERS F@& . .. R10 219

eFd/hw

FIG. 4. Transmission probability as a function of the ac voltage

g drop across the quantum well for a double-barrier diode. In this
~ case the ac driving potential increasearly inside the quantum

well as eFzcoswt, while it is flat outside, V,(|z|>d/2)
==*eF(d/2)coswt.

addition, it is more amenable to introducing a phase-breaking
mechanism by randomizing the phase in the optical-path ma-
eFk/mm>2 trix Q traversing the quantum weff. o _ _

0 Now let us assume that the ac potential rises linearly in
the quantum well, but is flat outsidsee inset of Fig. %

FIG. 3. Transmission probability in the lowest few sidebands
through a driven double-barrier diodsee inset in top paneas a
function of driving strength for an incoming electron at the energy
E, of the lowest resonance in the static quantum well: Fabry V,ao(z,t)= eFzcoswt, |z|<d/2 (9)
Perot,(b) transfer-matrix method. ac™ eFd2 coswt, z>d/2.

—eFd/2coswt, z<—d/2

1r_  1ril—j .
M =racl Ji-j(2a), One might think that the scaling parameter for this scenario

is againa=eFk,/mw?, since this is the characteristic scal-
ing found for the sideband amplitudes in an isolated quantum
tle—tl2g ©6) well driven by eFzcoswt.!' However, numerical analysis
1j 7 Fde A shows that for a driving potential of the for(8), the scaling
Here a=eFk,/mw? with k, being the wave vector of the parameter i® Fd/%w, which is of the Tien-Gordon typesee
incident electron. The kern& then becomes Fig. 4). The explanation for this result lies in the different
transmission and reflection amplitudes through a single bar-
rier in the two scenarios.
In both cases, the ac fields are the sansdethe quan-
tum well and, hence, according to E&), lead to the same
xexp(ik; 1 nd)(—i)"J,(2a). (1) reflection amplitudes at tHanerwalls of the barriers, result-
In the limitv =% w/Ey<1 we can expand the wave vector of INg in identical kernelR= Qr,l'rQrz'l' Any difference, there-
sideband! as k,=koy1+Tv~ko(1+Iv/2), allowing us to fore, must arise from the different transmission amplitudes
perform the sum analytically, through the barrlers._For hom_ogeneous driving th_e;e are
given byt,=t4.0,0, While for a Tien-Gordon type of driving
R = égrggeikod[z‘*v(:ﬂ+|)/4]Jj7|(|4asin(k0dv/4)|)_ (8) in the outside region with the ac potential being continuous
across the barriers, one hgs=t4d"J,(a). The latter situa-
Using Egs.(4), (6), and(8) we have plotted in Fig. (&) tion is thus characterized by an injection of the incident elec-
the transmission probabilities for tunneling through a driventron into all sidebands of the quantum-well resonance,
symmetric double-barrier diode which displaye&k,/mw?  weighted by the Bessel function factors, while in the former
scaling behavior. For comparison, we also present in Figcase injection occurs primarily into the center band AAly.
3(b) the results of a calculation using transfer matrices. ThéVe conclude that even though the driven state in the quan-
agreement is excellent, with minor discrepancies appearintum well, a Floquet state, is the same in both cases, a tun-
in the asymmetry of the “mirror” sidebands |n|. Apart neling “spectroscopy” of this state yields different results
from being computationally faster by one or two orders ofdepending on the behavior of the ac field in thesidere-
magnitude compared to the transfer-matrix method, a majogions. This result is at first somewhat counterintuitive, but
virtue of the Fabry-P®t approach lies in the fact that for finds its explanation in the observation that this spectroscopy
generating Fig. @) we have only used the dc transmissionis not done with a monochromatic energy but rather a series
and reflection amplitudes of a single, undriven barrier. Inof energieE+ n# w. Consequently, the nature of the driven

rlzj,lzrgg -)'713,_(2a),

Rj|:régr§g; eX[Xikjd)ijilin\]j_|_n(2a)
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state in the quantum well with ite ~? scaling behavior may the numerical analysis of a symmetric drivelouble-well
be completely masked if the amplitudes of different channelsunneling diode reveals that while the photonic sidebands in
interfere appropriately. Finally, with=%w/Ey, the two  the transmission probability exhibit@ 2 scaling behavior,
driving scales relate asx eFky/mw?~eFd/f o, implying  the tunnel splittingA of the two lowest states—as deter-
that for the same ac driving fiel inside the quantum well mined by the corresponding resonances in the total transmis-
the homogeneous driving is much more effective. sion probability as a function of energy—shows the typical
Let us briefly discuss the question under which conditionsA = A ,J,(uF/% ») dependence of a driven two-level system
an ac driving potentialeFzcoswt, which diverges as for E,>%w>A, and provided that higher-lying levels do
z— * o, is a realistic description for a particular device, andnot interfere.
hence, whether the scaling paramei&ik,/mw? can be ob- In conclusion, we have used the Fabry-Perot method to
served experimentally. Evidently, a finite electric field thatreduce the problem of coherent transmission and reflection in
extends to a considerable distance beyond the tunnel barrieomplicated driven tunneling structures to that of single
requires the screening length to be larger than the charactedriven barriers. Assuming an ac potential of the general form
istic size of the device. Therefore, the carrier concentratior‘/ac(zyt):(él,rz+f,l,r)co5wt on either side of the barrier, we
in the outside regions should be low. Also, the ac field  fing an analytic expression for the characteristic scaling pa-
should be constant over the phase coherence length of thgmeter of the photonic sidebands that exhibits a strong de-
electrons. Both of these constraints are within reach of tOpendence on the spatial behavior of the ac potential, indicat-
day’s technology. _ ~ing that the Tien-Gordon theory isiot applicable in
The characteristic scaling parameters we have studied igyperiments involving finite afields rather than flat apo-

this paper are the ones relevant foansport as they are tentjals While the former shows a2 dependence, the lat-
based on the analysis of transmission and reflection prolys, yaries asp 1.

abilities. It should be noted that the parameters characteristic

for the energy spectrunof driven systems are, in general, One of us(M.W.) gratefully acknowledges the warm
different. For the “coherent destruction of tunneling” in a hospitality of Professor Kotthaus’ group, in particular, D.
driven quartic quantum well one fingsF/%# w, whereu is ~ Wharam, and is thankful for the scientific discourses he en-
the dipole moment between the two lowest stateshile the  joyed during his stay in Munich. Discussions with C. Barnes
“collapse of minibands” in a driven superlattice is governed are much appreciated. This work was supported by the
by eFd/7w, with d being the superlattice peridd.In fact, ~ Sonderforschungsbereich 348.
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