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longitudinally polarized time-dependent field
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We have studied the quantum transport in a narrow constriction acted upon by a finite-range longitudinally
polarized time-dependent electric field. The electric field induces coherent inelastic scatterings that involve
both intrasubband and intersideband transitions. Subsequently, the dc condugtésmdeund to exhibit
suppressed features. These features are recognized as the quasi-boui@BSefeatures that are associated
with electrons making transitions to the vicinity of a subband bottom, of which the density of states is singular.
Having valleylike instead of diplike structures, these QBS features are different fro@® ¢haracteristics for
constrictions acted upon by a finite-range time-modulated potential. In addition, the subband bottoms in the
time-dependent electric-field region are shifted upward by an energy proportional to the square of the electric
field and inversely proportional to the square of the frequency. This effective potential barrier is originated
from the square of the vector potential, and it leads to the interesting field-sensitive QBS features. An experi-
mental setup is proposed for the observation of these fea{l8@$63-18209)01827-3

Quantum transport in mesoscopic systems has received Several methods have been developed to explore the time-
much attention in recent years. Among the most studied memodulated phenomena in QPC's. Earlier attempts expanded
soscopic structures is the quantum point con(@®C), due  the scattering wave function in terms of the adiabatic wave
to its simple configuration. In such QPC systems, the laterafunctions of the QPG3?°and converted the time-dependent
energy is quantized into subbands, giving rise to a quantize8chralinger equation into a set of coupled differential equa-
conductances.!~3 These QPC'’s can be created electrostati-tions for the expansion coefficients. In striving for an ana-
cally by negatively biasing the split gates located on top of dytic result, the authors had to ignore processes other than
GaAsAl,Ga, _,As heterostructur&:® one- or two-photon processes. Later on, a hybrid recursive

The QPC can be pictured as a narrow constriction conGreen’s-function method was propose€d® The formalism
necting adiabatically at each end to a two-dimensional elecallows, in principle, multi-photon processes to be incorpo-
tron gas(2DEG),*® as depicted in Fig. 1. The energy levels rated systematically and numerically up to many orders.
in the narrow constriction are quantized into one-However, their calculation has neglected #eterm in the
dimensional subbands, which density of stdi2©9) is sin-  Schralinger equation, whera is the vector potential for the
gular at a subband bottom. In the presence of an attractivime-dependent electric field. Thus intrinsic two-photon pro-
scatterer, such singular DOS gives rise to dip structures ioesses have been neglected. Recently, a transfer-matrix
G,°12which is associated with the impurity-induced quasi-method has been devised to study the effect of a longitudi-
band stat€s(QBS'’s) formed just beneath a subband bottom.nally polarized time-dependent electric field on photon-

Recently, there has been growing interest in the timeassisted tunneling in double barrier structuf&$he poten-
dependent responses of QPC structures. The time-depend¢ia that represents the electric field was sliced into piecewise
fields that act upon the QPC’'s can be transverselyuniform potentials, and the method involved cascading the
polarized*~?* longitudinally polarized? or without polar-  transfer matrices due to each of these piecewise uniform po-
ization but represented by time-dependent poterfifdi§in  tentials. The focus of the work is on the scaling characteris-
all these studies, the region acted upon by the timetics of the photon frequency in the photon-assisted tunneling.
dependent fields has dimensions shorter than the incoherelnt this work, we focus on the QBS characteristics instead. By
mean free path, so that electrons undergo predominately ceHilizing a vector potential to represent the electric field, we
herent inelastic scatterings within the region. Several interpropose a matching scheme that avoids slicing the region
esting effects have been studied. First, the mechanism of
time-modulated electron pumping has been proptsadan

unbiased asymmetric QPC, which is acted upon by a time- el >
dependent transverse field. Second, the effects of photon- SDEG — SDEG
assisted processes on the quantum transport is sttfti&d. w—

The QPC considered is unbiased, has varying widths, and is ny

acted upon by a time-dependent transverse field. More re-

cently, QBS features are predicted to occur in a narrow con- F|G. 1. Sketch of the gated QPC, which is connected at each
striction, which is acted upon by a time-dependentend to a two-dimensional electron-gas electrode. The narrow con-
potential?®?’ These QBS features are of similar physical ori- striction is acted upon by an external longitudinally polarized time-
gin as the impurity-induced QB%S? dependent electric field within millimeter wave range.
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covered by the electric field. Thus our method is efficient androm the square of the vector potential. This suggests that the
allows detail analysis of the QBS features. electric field causes an effective potential barrier in the time-

We note here that the situations we considered are differmodulated region, and this potential barrier depends on the
ent from those in which the source and the drain electrodeamplitude and the frequency of the electric field. Making use
are biased with an ac voltag&-3!In the latter situations, the of the complete set of the(x,t, ) functions, we can write
time-dependent fields cover a region also including the resdown the general form of the longitudinal wave function
ervoirs, which then is of a dimension longer than the inco-#(x,t,u,) in the time-modulated region. Along the entike
herent mean free path. Whether the QBS features shoulakis, the wave functiogs(x,t,u,) can be written in the fol-
remain robust in these latter situations is an interesting issuewing form:
and is left to further study.

In this paper, we study the quantum transport in a narrow  y(x.t, w,,)
constriction, which is acted upon by an external time-
dependent elecf[ric .field. Thi; electric field is chosen to be 'Mn( 'k(“")“rz () Kt malxg ,mwt]
polarized longitudinally, with E(x,t)= &, cost)®(L/2
—|x|)x, whereL denotes the range covered by the field and
x represents the transmission direction. The finiteness in the L
range of the electric field breaks the translational invariance, if x<-— > (4a)
and hence allows the coherent inelastic scatterings not to
conserve the longitudinal momentif?’ On the other hand,
the uniformity of the electric field in the transverse direction
allows only intrasubband transitions in the inelastic scatter- lﬂ(X,t,,un)—f de
ing processes and leaves the subband indentact.
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w

In the following we select the energy uniE* 5 28

=h2k§/(2m*), the length unita* =1/kg, the time unitt* +B(e)exr{ —ik(e)(x— —ZOCOS(wt)> H

=#h/E*, the frequency uniw* =1/t*, and the field ampli- w

tude&, in units ofE*/(ea*). Here— e denotes the charge of

an electronm* represents the effective mass, dndis a [{ 52
X ex 6+—

it [x<=
| X<z,
2w? 2

(4b)

typical Fermi wave vector of the reservoir. The time- t

dependent Hamiltonian is of the forht= 7, + H,(t), where

Hy=— 3% ay>+ wzy contains a quadratlc confinement. The

quantlzed transverse energy levels age-(2n+1)w,, and

the corresponding wave functions are denoteddig!(y) 32 _ iK(p+Mw)Xa—i(n+Mo)t
X n n

The time-dependent part of the Hamiltoniafy(t) is given POt =2 t(p)e €

by (40

i&3 (2000
exp ——si wt
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IXE.
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(1) Herek(e) = e denotes the effective wave vector alonépr

J  i&
ty=—|——— 10| - —
F) sm(w ) ( |X|) an electron with energy. To facilitate the matching of the

where the electric field is represented by a vector potentiavave functions at all times, we writg(e) andB(e) in the
For an nth subband electron incident upon the time-form

modulated region from the left reservoir with a total energy

w, the scattering wave functions are of the fory (x,t) ~

= (Xt 1) oY) EXP(ipirt), Where uy=p—s,, and the Fep=2 Fm)s
subband index remains unchanged. The longitudinal part
¥(x,t,u,) of the scattering wave function can be casted into
the form

52
0
6+E—Mn—mw>, (5)

where F(e) refers to eitherA(€) or B(e). Substituting Eq.
(5) into Eqg. (40) and using the identities ekpizsin(wt)]
=3 JIn(@expimwt), and exp—izcost)]==,In(2
(—i)"expimwt), where J(z) is a Bessel function, the
boundary conditions fors(x,t, ), which is continuous at
x==*L/2, and for the derivative ofs(x,t,u,) given by

2

&5 |
P(X,t, pwp) = €x mSIﬂ(Za)t)

e(X,tun), (2

« —2&, . d
ex o2 cos(w)a

Jd J
which, when being substituted into E@l) in the time- ¢ +—¢
modulated region, would lead to an effective Sclinger Xy K,
equation fore(x,t,u,), given by i& L
T—gqj =+ — =
y 2 g2 Fsin(wt) | X _z,wn) o ®
Ire(Xtun)=| — =5+ 55 e(X,t, pp)- 3

) can be imposed. After some algebra, we obtain the equations
The effective Schrdinger equation (3) satisfied by relating A(m), B(m), and the transmission coefficients
o(x,t,uy) has a constant potential terif/2w?, which is  t,(u,) given by
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where ,8(e)=k[6—€§/(2w2)] and K,(mm)=k(u, whichk(u,+mw) is real. The transmission probabilify’
+mow) = B(u,+ M o). Equationg7)—(9) show that the co- for an electron that is incident in the subbamdnd emerges
efficients depend on the field amplitudg, the photon fre- the sidebandn from the time-modulated region is given by
guencyw, the range. of the time-modulated region, and the

transverse confinement paramedgy. K( e+ M)
The zero-temperature conductance is given by Tnm=[ﬁ [tm(n) |2 (11
Mn
2e2 N—1
=— 2 2 T (100 solving Egs.(7)—(9) we obtain the coefficients, (),

A(m), and B(m). The reflection coefficient,(u,) is also
whereN denotes the total number of propagating subbands;alculated, and the conservation of current is checked.
and the primed summation indicates that the summation over In our numerical examples, the physical parameters are
the sidebands includes only those sideband procemsels chosen to be that in a high mobility GaAs;&a, _,As het-
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G [units of 2¢°/h]

FIG. 2. Conductancés as a function ofX for frequency w
=0.042 andw,=0.035 such thath X=0.6 wheng is changed by
fhiw. The length of the time-modulated region is chosen toLbe
=120 (=1 wm). The amplitudes of the electric field afa &,
0.004 (= 33.9 V/cm); (b) £=0.005 (=56.5 Vicm; and (c) &
=0.006 (=67.8 V/cm. The curves are vertically offset for clarity.

erostructure, with a typical electron densitpn~2.5

x 10" cm 2 and m*=0.067n,. Correspondingly, we
chose an energy unE*=ﬁ2k§/(2m*)=9 meV, a length
unit a* =1/kpg=79.6 A, a frequency unit* =E*/A=13.6

THz, and the field amplitudé€, in units of 11.3 kV/cm. In
the following, the dependence @& on w is more conve-
niently plotted as the dependence@bn X, where the inte-
gral value of

o
Ae *
gives the number of propagating channels. Hese=2w, is
the subband energy-level spacing.

We present theG characteristics for three field ampli-
tudes, with&, = 0.004, 0.005, and 0.006 in Figs.a?—2(c).
Here we have chosew,=0.035, such that the subband
energy-level spacing e =0.07 and the effective narrow con-
striction width is of the order F0A. We also chose the field
frequencyw = 0.042 (v=w/27= 91 GH2 and the length
of the time-modulated regioh=120 (=1 um). In theG
versusX curves,A u=#fw corresponds tdAX=w/Ae=0.6.

In addition, i is at theNth subband bottom wheX=N.

- 1
X= 5 (12)

From Fig. 2,G is found to exhibit two types of suppressed
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the other hand, the suppressed features near each integral
value of X start atX=N, whereG’s suppression is large,
with |AG|<2e%h, and end at aroundl+AX,, whereG

rises abruptly.

It is important to note that the widthsX,, of both types
of the suppressed features are the same on the same curve
when onlyu, or X, is varying. Furthermore, these suppressed
features are sensitive to the amplitugieand the frequency
w of the time-modulated field. In particular, we deduce, from
our numerical results, an explicit field-dependent expression
AXV=5§/(2w2As) for the widths of these suppressed fea-
tures. These findings aboitX,, suggest that the widths for
both types of the suppressed features must have been caused
by the same physical factor.

To probe further into this physical factor, we would like
to bring attention to two more facts. The first one is about the
X locations of the cusps in the valleylike structures, which
are atN+ AX. Recalling thatAX corresponds to an energy
of 4w, the incident electron in thBlth subband, and in this
energyu, can make an intrasubband transition to its unper-
turbed subband bottom by emitting oma». Such intra-
subband transitions to a subband bottom have been shown to
give rise to dip structures i when a time-modulated po-
tential acts upon a narrow chanélThese dip structures
signify the trapping of the carriers by the QBS formed just
beneath the subband bottom. Hence, the cusps in the valley-
like structures must also be a manifestation of the QBS fea-
ture. However, the QBS feature found in this work is quite
different from a dip structure. Instead of havi@gdrops and
rises within a very narrow energy widtkg drops gradually
over an energy intervah X,, before it rises again abruptly.
Thus, even though both longitudinally polarized time-
dependent fields and time-modulated potentials invoke only
intrasubband transitions, they have different effects on the
guantum transport.

The second fact we want to bring attention to is the oscil-
latory features inG. These oscillations are harmonics that
arise from multiple scatterings between the two ends of the
time-modulated region. The oscillation amplitudes increase
with the field amplitudeS, while the oscillation pattern re-
mains essentially the same. These harmonic oscillations ap-
pear and trail, on the higher-energy ends, every suppressed
feature inG. In each of these oscillation patterns, the loca-
tions A X,, of the peaks, referenced to the higher-energy ends
of the corresponding suppressed features, agree quite reason-
ably with that of the harmonic peaks, whidX, are given
by (n7/L)%/Ae and are of values 0.01, 0.039, 0.088, 0.157,
0.245, and 0.353 in Fig. 2. The locatiois, of these har-
monic peaks, whether they are = (N+AX,)+AX, or
at X,=(N+AXy)+AX+AX,, suggest the existence of an
effective subband threshold t+ AX,,. The latter harmonic
peaks are from electrons that have emitted an endrgy
Hence for each subband there are two thresholds; the unper-
turbed threshold ak=N and the effective threshold &¢

From the above results, we are led to the conclusion that

features—the valleylike structures in the plateau regions and potential barrier of heighA X/, in units of Ae, must be

the suppressed features near each integral value dhe
valleylike structures start with a cusp, dt=1.6, 2.6, and
3.6, and end at an abrupt rise &, at aroundX+AXy,

whereAX,,=0.065, 0.101, and 0.146, in Figg.aP-2(c). On

involved. Such a potential barrier is found to originate from
the longitudinally polarized time-modulated electric field. In

the region acted upon by the time-modulated electric field,
the vector potentialA contributes anA? term, given by
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[ & sin(wt)/w]?, in the Hamiltonian in Eq(1). This term can L o
0

be written in the form £3/2w?)[1—cos(2wt)], which con- o ® =0.07
sists of a term for the potential and a term that gives rise to [ ©.=0.07 7
2w processes. This is also the reason why sﬂél(sz) 6.0 g -
term appears in Eq3). €=0.014

We have checked the above findings by solving the prob- i i
lem differently. Instead of describing the electric field by the 5.0

vector potentialA, we invoke a scalar potential of the form
given by —&y(x+L/2) cost)®(L/2—]|x|)

—&oL cost)®(x—L/2). The method of solution is also dif-
ferent, which involves an extension of the scattering matrix
approach to this time-dependent probl&The results from
both methods of solution are the same. Thus we have estab-
lished all the features found in this work.

The existence of the static effective potential barrier
£%/(2w?) due to the time-modulated electric field is not at
all obvious if the electric field is represented by a scalar
potential. It is natural, though, if the vector potential were 1.0
invoked. Our previous studies show that a uniform oscillat-
ing potential alone does not produce an effective static po-
tential barrier. The effective potential must then come from 0.0
the longitudinal spatial variation in the oscillating scalar po-
tential. On the other hand, we may ask whether similar fea-
tures can be found when a uniform oscillating potential acts
Egzcweenr:gvggﬁ; jﬁi&p]% tremlizl :;ggegn%pz?]dthis??rftiilc- FIG. 3. Conductancés as a function ofX for frequencyw

) o =0.07 andw,=0.07 such that X=0.5 whengu is changed by: w.
.bOth types of the .Squressed feat 3’.hese understand- The field amplitude is chosen to k&=0.014 (=158.2 V/cm).
ings tqgeth_er provide us a coherent picture for the featureg, o lengths of the time-modulated regions afe) L=60
found in this work. _ , (=0.5 um); (b) L=120 (=1um); and(c) L=250 (=2 wm).

The physical picture for the features @is summarized  The curves are vertically offset for clarity.
in the following. As the longitudinally polarized time-
modulated electric field acts upon the constriction, an effecis involved, because the electron in the time-modulated re-
tive potentialA Xy, is induced in the time-modulated region, gion has to emitAX first, then tunnels out of the time-
thus setting up an effective potential barrier. The effectivemodulated region before it can reach the QBS. This process
potential barrier causes a transmittiNgh subband electron, leads to a suppression @, and it occurs more on the side of
with incident energfN<=X<N+AXy, to transmit via direct the time-modulated region where the electron is incident
tunneling, or to transmit via assisted transmission by absorbdpon. This emit-then-tunnel process dominatesGheharac-
ing mAX. The time-modulated region is very long so thatteristics in the regiolN+AX<X<N+AX+AX,,. Within
transmission via direct tunneling is totally suppressed, leadthis X region, the tunneling range of the emit-then-tunnel
ing to the largeG suppression. For the assisted transmissionprocess increases wity so is the extent that the electron is
the electron has to tunnel into the time-modulated region firsinvolved in this process. Hence the suppressionGirin-
before it can absorb the needed energy. In FigAX,, creases monotonically until its saturation nddr-AX,,
<AX, the minimum energy needed &X. As X increases +AX. The maximum suppression @ is a measure of the
from N to N+ AX,,, the electron can tunnel deeper into the effectiveness of the induced emission process. The abrupt
time-modulated region, so that the extent it obtains assisdse inG at N+ AX,+ AX demonstrates that there is another
tance is increased. Subsequen@yincreases monotonically. QBS formed just beneath the effective subband threshold in
The value ofG saturates nealN+AXy, showing that the the time-modulated region. The valleylike suppressed feature
saturated value 0B, which increases witlg,, is a measure is resulted from the combined effects of the two QBS's. Fi-
of the effectiveness of the assisted process. In additionXthe nally, beyond N+AX,+AX, the harmonic structure is
region betweerN and N+ AXy is tunneling dominated, as dominated by the electrons that have emittex.
shown by the absence of the harmonic structures. In Fig. 3, we present thés characteristics for three

When X increases beyondll+AX,,, direct transmission lengthsL of the time-modulated region with =60, 120,
process opens up, ai@rises abruptly. Meanwhile, the elec- and 250 in Figs. @-3(c). Here we have chosen=w,
tron with kinetic energy<— (N+ A X,/ can perform multiple =0.07, such that\e=0.14 andAX=0.5. The electric-field
scattering between the two ends of the time-modulated reamplitude&,=0.014 such that X,,=0.143. All the features
gion. This gives rise to the harmonic structure&inWhenX  discussed above can be found in these curves. In addition,
is equal toN+ AX, a new process comes into play, aBd except for the harmonic structures, the insensitivity of these
exhibits a cusp structure. The electron can et and features toL is clearly shown. The features will become
reaches the QBS that is formed just beneath the subbargénsitive tol only when it is short enough to allow appre-
bottom outside the time-modulated region. Again tunnelingciable direct tunneling.

>
o

G [units of 2¢°/h]
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submicron gap are deposited on top of the split gate device.
y The films and the split gates are separated by an insulating
]Lx AlGaAs layer of submicron thickness. The QPC, indicated by the
shaded area, is then within the near-field regime when a mil-
limeter electromagnetic wave is incident normally upon the
Nb Nb device. For our purpose here, the incident field is longitudi-

nally polarized, that is, the electric field is along thelirec-
tion. With this polarization, the two Nb films can function as
an antenna. Since the QPC is in the near-field region of the
antenna, the longitudinal field in the narrow constriction will
have a profile localized in the longitudinal direction and is of
submicron sizé®

The Nb films have the added function of protecting the
end electrodes from the incident millimeter electromagnetic
wave. For the millimeter waves, the skin deth 227 nm at
T=10 K for a normal-state single-crystal Nb fifth.This
GaAs Substrate skin depthéd is expected to decrease with temperature, and to
drop rapidly for T<T.,, when the film becomes
superconducting® The T.=9.5 K for bulk Nb, and

FIG. 4. Schematic illustration of our suggested experimentafi®/(2A)<1 for millimeter waves.” Therefore, a Nb thin
setup. Two Nb thin films separated between them by a submicronfilm of submicron thickness should be sufficient for keeping
sized gap are deposited on top of the split gate device. These filnffie electromagnetic wave from the end electrodes.
are at a submicron distance vertically above the split gates. The Given the availability of millimeter wave sourc&sthe
films and the split gates are separated by an insulating layer. In oguggested experimental setup would be manageable by the
numerical results, the incident electromagnetic waves are taken fgresent nanotechnology. The features reported in this work,
be in the millimeter wave regime. however, are not limited to millimeter waves.

) In conclusion, we have found interesting field-sensitive
~We note here that for the observation of the above pregyppressed features @ when a constriction is acted upon
dicted effects, the experimental setup needs to fulfill twopy 5 |ongitudinally polarized time-modulated field. The elec-
requirements. First, the bolometric effect due to the absorpgic field is shown to induce a static potential barrier, which
tion of photons in the QPC’s end electrodes has to be SUResults in two QBS's for each subband. The interesting field-

pressed or totally eliminated. Recent experiments show th"’gensitive suppressed features occur whenever an electron can

the transport characteristics are masked by the bolometr_%ake intra-subband transition to the energies in between that

effect when the entire QPC, including the end electrodes, 3¢ the two OBS's. In addition, we have demonstrated the
exposed to the incident electromagnetic fiélecond, in nontrivial role thatA? plays in affecting the quantum trans-

the above numerical examples, the .Ieng_th)f the region ort. We believe that the mechanisms studied in this work
acted upon by the electromagnetic field is shorter than thghould find their way of manifestation in other time-

mivf(l)in%;h cgettr\:\‘/aelennmtﬂeemetlgglgénzh:ngtiﬁosﬁoltso:}c; 't?crberZZEOdulated phenomena in mesoscopic structures, which sys-
. piing bety . . . P y m configurations are also within reach of the present nano-
ing the longitudinal translational invariance. That the Cou'technology

pling between the photon field and the conduction electrons
can be much enhanced, when either the electrons are con- The authors would like to thank Professor J. Y. Juang for
fined or the electromagnetic field has a localized profile, hasiseful discussions about our suggested experimental scheme.
been pointed out recently by Yakulet al® Thus the QPC  The authors also wish to acknowledge the National Science
needs to be in the near-field regime of the electromagneti€ouncil of the Republic of China for financially supporting
field. this research under Contract No. NSC87-2112-M-009-007.
We suggest accordingly an experimental setup as show@omputational facilities supported by the National Center for
schematically in Fig. 4. Two Nb thin films separated by aHigh-Performance Computing are gratefully acknowledged.
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