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Multiple-quantum resonant reflection of ballistic electrons
from a high-frequency potential step
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It is shown that ballistic electrons of energy E impinging on a high-frequency potential step of the
height V cos~t undergo resonant reHection when E —/her (/ = 1, 2, . . . ). The major contribution
to the quasienergetical wave function at these resonances is made by the harmonic of nearly zero
energy. For E = ~, V &( Ru, transmission coefBcient T = 0.5 is obtained. At ~ ( E the
conversion of incident particles into cold ones with emission of a quantum fun is up to 40/0. To
observe these efFects an experimental scheme with an n+-Al Gaq As/GaAs structure is suggested.

Recently the interference in transmission of ballis-
tic electrons has been observed in a double slit experi-
ment with n+-Al Gai As/GaAs structures. The struc-
tures included a strip metal gate over a two-dimensional
electron gas (2DEG). i Resonant transmission via ei-
ther virtual states of a quantum well ' or over-barrier
resonances ' has been also observed in similar struc-
tures. Therefore, it has been experimentally confirmed
that for such structures the phase of the electron wave
function of energy E & E~ can be controlled by the sta-
tionary bias at the gate which creates one-dimensional
(1D) wells or barriers across the path of ballistic elec-
trons. In this paper we are discussing how this phase
can be controlled in an analogous structure in which a
stationary obstacle is replaced with a high-frequency (hf)
potential step. Such a hf potential step can be realized
by means of metallic gates separated with a narrow slit, .
The hf step emerges in a 2DEG beneath the slit when
the gates are exposed to microwave radiation. This ex-
perimental scheme is similar to the modern application
of high-frequency microwave techniques which are used
for investigation of electronic transport in nanostructures
with a quantum point contact ' and quantum dots.

Several theoretical investigations of the eKect of hf
Belds on electron transmission through a barrier, multi-
barrier structures, and a potential well suggest ideas for
the solution of the problem of electron reBection from a hf
step. Up to now, quantum-mechanical reBection of par-
ticles from the regions with hf potential V(x) cos~t and
zero stationary potential has been almost unanalyzed,
except for Refs. 10 and 11. This is due to the fact that in
many real situations hf potential is only a small addition
to nonuniform stationary potential, whereas the uniform
hf Beld itself is known not to reBect particles because of
the momentum conservation law. Nevertheless, as will
be shown below, the simplest nonuniformity of a hf Geld
in the shape of a sharp potential step becomes a semi-
transparent mirror for incident particles of the energy
E lou (l = 1, 2, . . . ), even without stationary field.
This effect resembles multiquantum resonant reflection
&om a potential well in a hf Beld.

It should be noted that some peculiarity in dynamic
conductance at E = ~ has been recently predicted by

iko~ —iEt + & —ik~z —i(E+n~)t ( pr~e

—i —sinwt & ~ iJe a—i(E+nw)t & p~n&

where Ic = gE+ nu. When the wave numbers Ic are
real, the amplitudes r and t determine the reBection
and transmission with absorption (n ) 0) or emission
(n ( 0) of n quanta of alternating field. The harxnonics
with imaginary k describe solutions vanishing exponen-
tially &om the point x = 0 and thus not contributing to
reBected and transmitted Bows. Nevertheless, these har-
monics are not to be rejected because of their importance
for matching conditions,

~+0=~ 0
@I @l

Substituting the expansion exp[ —i(V/ur) sin ut]

modeling a barrier-&ee interelectrode gap driven by hf
voltage within perturbation theory approximation.
This approximation was successfully used earlier in Ref. 7
for electron tunneling through a high potential barrier
in a hf Beld provided that V && fun (& E. However,
for Lu = E the electron wave function undergoes too
strong perturbation by a small hf step without a barrier.
Therefore, the perturbation theory cannot be applied for
this case.

In contrast to Ref. 12, our analysis is based on the
exact solution of the one-dimensional Schrodinger equa-
tion for quasienergetical wave function @(x,t + 2m/u) =
exp[—iEt/5] 4(x, t) in a stepwise potential by the algo-
rithm developed in Ref. 8. This approach usually re-
quires numerical realization, so we restrict the analyt-
ical treatment to the case of a sharp hf potential step:
U(x, t) = V e(z) cos ut, where O(x) is the unit step
function. The wave function can be represented with a
discrete set of harmonics of energies E+n~, n = 0, +1,
+2, . . .. Thus, as we consider the resonance E —Lu = 0,
this set covers both positive and negative energies of a
particle. If a particle of energy E falls on the hf step &om
the left, the solution is given by (we put 5 = 2m = 1 here
and below)
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P J (V/u) exp[—immit], where J is the Bessel func-
tion, into (1) and equating the terms with identical time-
dependent parts, exp[—immit], in Eq. (2), we obtain the
infinite set of linear equations. Within N-quantum ap-
proximation ( N—& n & N) the set is reduced to the
system of 2(2N + 1) equations with the same number
of unknown amplitudes r and t . Let us analyze this
system for E u assuming that only three harmonics
strongly interact: the elastic channel of energy of inci-
dent particles E, the harmonic n = —1 of energy close to
the bottom of the continuum, and the harmonic n = —2
of negative energy. As opposed to two-channel approxi-
mation (n = 0, —1), taking account of these three har-
monics gives the correct estimate of the dip in the trans-
mission coefficient. Numerical tests show that such a
choice of the essential harmonics is justified, since addi-
tional channels with n ( —2 do not a8'ect the results for
V/ur « 1, and transitions with absorption of one, two,
etc. , quanta become unlikely (about 1% for V/id =0.2)
so all the channels with n & 0 may be rejected.

The system of six equations resulting &om (2) in the
three-channel approach is given by

2

t = J„+) r J+ (n=p, —1, —2),

r zl = alrpl
kp 1+ (1+a)2

@(x & p t) ko& —xkox —~k qx+a~t
) Tp e — e
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When a = ~2, the value R q takes its maximum
R q „——~2lrpl = (~2 —1)/2 = 0.207. This means
that 40% of particles (20% in refiection and the same
part in transmission) are scattered into inelastic channel
n = —1, at the certain 6.equency u of the hf field, with
emission of a quantum Ru and reducing the energy by a
factor of (2Jp/Jq) /2 —128 (u/V) . Thus, near the res-
onance with the bottom of the continuum the effective
conversion of rapid particles to almost still ones takes
place. At u ) E the channel n = —1 is closed. There-
fore, the transport becomes elastic and is determined by
the coefficients Rp and Tp. The profile of the total re-
Hection coefficient (as well as of the total transmission
coefficient, Fig. 1) is asymmetrical with respect to the
line m = E as a result of the addition of R q(u) = alrpl
to the symmetric profile Irp(u) I

for u & E.
Consider the wave function in transmission (x & 0)

and reHection (x & 0) regions. As w & E, it is given by

2
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where ot = (2Jp/Jq)2(k q/kp). In the resonance k
0, and Irpl ~ 0.5, i.e., one-half of the incident particles
are reflected &om the high-&equency step (Fig. 1).

Consider the contribution of the channel n = —1 into
total transmission and reBection. As E ) ~, this channel
is opened and the re8ection coefficient R z is given by

1.0—

and is easily solved by excluding t . As the result, for
the amplitudes Tp, T» T 2 and tp 4» C 2 near the
resonance E = ur, in the case of low ratio Jq/Jp « 1, we
obtain

g@( & p t) ikon etkox + eik xx+iwt

—e
—rc, 2 a+2i cut —iRte

Here Z = exp[(iV/ur) sinurt] and tc 2 = /2' —E. As
seen &om (6), for Jp/J] » 1 the contribution of the
channel n = —1 dominates in the wave function and the
probability density approaches large values. This results
&om the continuity of probability density How through
the high-frequency step, since there appear many par-
ticles with the speed reduced almost to zero. As x is
small, channels E and E —2' periodically compensate
each other with the &equency 2~. Probability density
oscillates both in space and time with respect to a large
constant value. When Ixl ) I/tc 2 = I/~~, the value
I@I2 could be written as
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FIG. 1. The coeKcients of total transmission (T), elastic
(Ro), and inelastic (R q) refiection of particles of energy E
from hf step VO(x)

cosset,

for V/E = 0.5.

4J2
I+(x t)I' = R. ,' — 'I»l

x (cos [kpx —cut —h ] + lrp Icos [kpx + cut]),
1

tanb„, =—
1+o. '

where the upper sign is taken for x & 0, and the lower one
is for x & 0. A similar solution, but with the evanescent
tails of the wave function, emerges for imaginary k
(Fig. 2).

Concerning the sensitivity of investigated resonance to
the parameters of the hf potential, we can note the fol-
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FIG. 2. Probability density at t = 0 (thin) and averaged in
time (thick) for elastic scattering of particles of energy E by
hf step VO(x)

cosset,

for V/E = 0.5 andhu/E = 1.001. The
amplitude of incident wave is taken to be 1. Unit of measure
along the x axis is the de Broglie wavelength, h/+2mE, of an
incident particle.

lowing. By means of numerical simulations we proved
that the profile of the hf step should not necessarily be
rectangular; it can be smoothed and stretched over some
interval. However, to reach reBection up to Bp ——0.5, a
quarter of the wavelength of incident particle, A/4, must
be greater than the width of this interval. Calculations
performed with the software described in Ref. 13 demon-
strate how hf step broadening affects T(u) (Fig. 3). Par-
ticles do not reQect &om a wide step. The presence of
a scatterer in the form of a nonzero stationary poten-
tial (e.g. , stationary potential step, b well, or h barrier)
makes the dip in the transmission coefficient narrower
and shallower. Thus, for observation of the resonance
with the bottom of the continuum an abrupt enough hf
step and absence of Quctuations of stationary potential
are required.

As the amplitude of alternating field increases, for
V/u & 1 the width of the resonance E = u becomes
larger and there appear simultaneously other dips in
T(u) which correspond to E = lu, t = 2, 3, . . . (Fig.
3). In this case, the time dependence of l@(x,t) l2 indi-
cates that generation of the second, third, etc. , harmonic
possible. To describe correctly these multiquantum res-
onances up to the fifth one it is required to use up to 25

channels in calculations.
The predicted dips in the transmission coefBcient could

be revealed in the hf response of n+-Al Gai As/GaAs
semiconductor split gate structures with 2DEG and bal-
listic electrons. In perfect structures with a h-doped n+
Al Ga~ As layer and thick spacer, at the temperature
near 10 mK, the electron mean-free path exceeds 10 pm,
which is two orders of magnitude higher than the dis-
tance between charged impurities in the b-doped layer.
Thus, Huctuations of potential due to nonuniform charge
distribution in the b layer are suppressed in an electron
gas. Numerical modeling confirms this fact, since the
average amplitude of Buctuations of potential is much less
than 0.1 meV (for E~ = 3.7 meV in the structure with
a 40-nm spacer). This level of Huctuations is tolerable
to observe the discussed reBection from the hf step. Fur-
thermore, the width of the hf step cannot be less than the
width of the slit between gates, and the latter is greater
than or about 10 nm, as attainable by present technol-
ogy. Thus, we need to install a hf step with the width less
than or equal to a quarter of the de Broglie wavelength,
A/4 nm 37 5/QE .meV. Hence, the energy of motion
of ballistic electrons in the normal direction to the slit
should not exceed-1 meV. ' Since the total energy of bal-
listic electrons is greater than E~ —Ep 3.5 meV, Ep
being the bottom of the 2DEG conduction band, their
falling to the hf step must be oblique. Then the depen-
dences T(E) and B(E) obtained above will hold, with E
being the energy of motion normal to the slit.

A suggested scheme of a possible device is shown in
Fig. 4. We think it will allow us to observe transmission,
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FIG. 3. Multiquantum resonances ~ = E/I, l = 1, 2, 3, 4
in total transmission coefficient for rectangular (thick curves)
and smoothed (thin curves) hf steps for E = 1 meV, and
m = 0.067m, . Each pair of curves is marked with its V. For
thin curves, the smoothing width is A/4 = 37.5 nm.

FIG. 4. Suggested scheme of experiment. Strip gates trans-
fer the alternating voltage from the area exposed to microwave
irradiation to the slit (at the top). The size of the light spot
is about 1 mm while the slit is less than 40 nm wide. Be-
neath the slit, in the 2DEG plane, 12 point contacts (PC's)
are formed by etching around a dial which is about 6 p,m
in diameter (magnified, at the bottom). The dark lines that
outline the gates of PC's denote the grooves less than 100 nm
wide etched in the n+ Al Gai As/GaAs -structure up to the
spacer layer. Control and measurement contacts to difFerent
regions of 2DEG are marked with circles and triangles, respec-
tively. Quantum PC's used as the emitter (1) and collectors
(2—4) are shaded, while other PC's are kept open to apply the
voltage V between the emitter and base. The forked arrow
specifies the Hows of ballistic electrons.
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reflection, and abrupt cooling of electrons at the same
time. For this purpose, the point contacts are placed in
such a way that electrons are emitted at an angle (30'
in Fig. 4) to the slit. Under microwave irradiation the hf
step appears beneath the slit which is acting as antenna.
Similar antennas were already used to impose a hf addi-
tion to the potential of a quantum point contact and of
a quantum dot. In our case the amplitude of the hf step
is expected to be 0.1—1 meV at the &equency 1 THz. In
other words, the power of the irradiation source should
be sufBcient to provide hf charge redistribution at the
surface of the structure, in the b-doped layer and in the
2DEG (at least near the slit). This assumption has been
already made in application to split gate structures irra-
diated with microwaves. '

In the device proposed, the emitter (1) and collector
(2—4) point contacts are made by etching. Their penetra-
bility is controlled with the voltages V~ applied to nar-
row 2DEG regions. These regions are separated &om the
base, emitter, and collector by etching. To supply ballis-
tic electrons with kinetic energy 5 meV in the base, it
is biased by 1.5 mV with respect to the emitter. The cur-
rent I —10 A through the multimode quantum point
contact (1) with resistance R = 10s 0 determines the en-

ergy spread of ballistic electrons, LE = eIB 0.1 meV.
The collector point contact (2) serves to receive ballis-
tic electrons passed through the hf step elastically. It

is placed opposite to the emitter contact. The electrons
which are elastically reBected &om the hf step and turned
by 60' are received by the contact (4). The contact (3)
serves for catching the electrons deHected by 30 due to
the abrupt decrease of the normal velocity component
via inelastic reQection and transmission. As in Ref. 3,
the response of a collector contact to an electron hit is
measured by the voltage difference between the base and
a collector (2—4) whereas the emitter current is kept con-
stant. Each contact can be calibrated by the How of
ballistic electrons &om the opposite point contact in the
absence of the hf field. The device also allows impinge-
ment angles of 60 and 90 .

In summary, it is shown analytically and numerically
that a hf potential step acts like a semitransparent mir-
ror for the particles of energy E = /~. An experimental
scheme is suggested to observe elastic and inelastic reso-
nant re6ection of ballistic electrons &om the hf step. The
hf step appears at the electron path in the 2D electron gas
of n+-Al Gai As jGaAs semiconductor heterostructure
below the narrow slit between strip gates when it is sub-
jected to microwave irradiation.
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