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Resonant reflection, cooling, and quasitrapping of ballistic electrons
by dynamic potential barriers
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Resonances of full elastic and inelastic reflection of particles from one or several high-frequency barriers
V(x)coswt have been found. For the resonances to be observer tlmenponent of the energy of incident
particles h2k§/2m* must be close tdhw and the smoothing of the barriers’ edges should not exceed
Vi/(m* ). These requirements can be realized by an inclined impingement of ballistic electrons on dynamic
barriers in a two-dimensional electron gas of a GaAsgiBk, ;As heterostructurd.S0163-182006)05743-9

Recent experimental studies of electron transmissiophoton-assisted electron transmission through a quantum
through rind and double-slft lateral semiconductor nano- point contact, quantum wire blocked with a barriéror
structures have confirmed that the electron phase in spatiallguantum dof. However, unlike Refs. 2,5,7-9, in our case the
separated channels can efficiently be controlled by stationargonstant voltage at the strip gates must make stationary po-
magnetic and electric fields. In this work we predict that thetential uniform. Then the fluctuation potential of random dis-
interaction of a free ballistic electron with a submicrometertribution of charged impurities will be entirely screened by
region of a sharply nonuniform high-frequengyf) field can  the electrons of the 2DEG and the electron mean-free path
also lead to the full modulation of the transmission coeffi-Will exceed 10um.

cient as a result of resonant interference between different Generally, transmission of particles through a hf region is
channels of the quasienergetical wave function. It will bemul'uchanneled, that is, real or virtual emission and absorp-

shown analytically that in case there are no stationary obtion of n quanta of the hf. f|gld IS pos_S|bIe,':O, +1,x2,
..When the energy of incident particles is close to zero or

\s/tgc;l;a)s@ (% _oxr;i-odgﬁ\r/]i;ilophael aﬁcﬁﬁggg\lla; hiygzr:igithk;?me%é, the central role is played by the channel near the bottom
transmit or elastically fully reflectr?[he particles of the energyOf the continuum. Gettlr]g (o this c_hannel, an electron be-
o2 e , comes “ultracold” and interacts with the places of rapid

E=7%k/2m* =fiw, depending on the valugd. The effects  .hange of the hf potential as with stationasybarriers. At

appear to be more various for several equally spaced dypy hf field amplitudes only three coupled channels are im-

namic barriers. By means of numerical simulation we showhortant, with energiedw, 0, —% . Then the problem of

that under certain conditions the window of almost full in- transmission of the partides through the Simp|est hf field

elastic electron reflection with photon emission atobstacles like a rectangular stemr rectangular barrier of

(E—fiw)/E<1 occurs and quasitrapping of electrons to thethe heightV/fiw<1 can be solved analytically.

levels with small negative energi&s induced by the hf field For a particle impinging on the hf barrier

at the frequenciedi w;>E is possible when the inelastic U(x,t)=V0O(x)0 (d—x)coswt from the left, the wave func-

channel with energfE —# w;=E; is closed. Resonances of tion obeying the time-dependent Schiger equation is

the latter type are characterized by strong localization of thgiven by

particles in the hf field region, and resemble the capture-

escape resonances in the photon-assisted electron scattering glkox—i (E/h>t+2 rpe K EMt -y

on a hete4rostructure quantum welbr a nonuniform

constriction: . A A
To observe these effects, the smoothing of the edges of ¥ = 2 (age+be 'k )se ! B o<x=d

the hf barriers should not exceed a quarter the de Broglie

wavelengthh of a ballistic electron, that is, the barriers must >tk =i EAL g
be sufficiently sharp. Such barriers can be created by a few \
narrow strip gates placed extremely closely to each otheyhere E,=E+nfio, fik,=\2m*E,, and

above a uniform region of two-dimensional electron gasS=exd —i(V/4w)sinwt]==J(V/iiw)exp(—imwt), where J,,
(2DEG) between emitter and collector quantum point con-is a Bessel function.

tacts in a GaAs/A):Ga /As heterostructure. A similar ar- By matching the wave function at the points=0 and
rangement of split and strip gates has already been used j=d, we obtain the relation on the amplitudes of reflection
magnetotransport measureménter discussed in connec- ry, r,,, and transmissioty, t,

tion vs\gith development of electrostatic barriers with abrupt

edges. The high-frequency voltage can be applied to the T — + Fikpd
gates by means of a broadband antenna exposed to micrarL Km= Kol % Il Pl Kn) =tk ko) &0,
wave irradiation, which is analogous to experiments on D
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FIG. 2. (a) Frequency dependence of the elastic transmission
o ] ] ) coefficientT, at E=0.5 meV for rectangular and smoothed hf bar-
FIG. 1. The coefficients of elasticn0) and inelastic iers represented itb) by lines of the same kindc) The coeffi-

(n=—1) reflection Ry, R-,) and transmissionTo, T-1) VErsus  cients of reflectiorR,, R_; and inelastic transmissiofi_; versus
the thickness of rectangular hf barr@mear the opening threshold frequency for the barrier shown at the bottom(by.

of the channeh=—-1 (Aw=E) at E=0.5 meV m*=0.067"n,,

A=~213 nm andV/fw~0.2. The triangles and arrows denote the _ _ -1

valuesd=m\ and d=(m+ 1/4)\, respectively.(a) The elastic T-1=[2kodk-4(1=codod)JP™7, @
transmission coefficient for two nearby frequencies>E (bold _ _ 24 2622

curve for k= ks and thin one fork=0.4x,,). (b) The transmis- P=[2k_11kod(1~cogod) "+ y75%ko.

sion and reflection coefficients for a frequency <E. From (3) and (4) it follows that the hf barrier becomes

fully transparent,T,=1 and T_;=0, when kod=2mm
In the three-channel approximation fe~% o the indices [Fig. 1(b), marked with triangles In contrast, if the width
n andm take the values 0+ 1, —2. Thus(1) is the system of the barrier is an integer and a quarter wavelength
of six linear equations. kod=2mm+m/2 and k_;=(kod/2)[ 1+ exp(—2kod)]
Consider the solutions of this system in the limit of smallthe coefficient T_; reaches its maximum valud _;
6=J2/J3. WhenE<fiw the channeh=—1 is closed, trans- =[2+ 21+ exp(—2kyd)] 1~1/4. At these parameters the
mission is elastic, and the coefficieh is given by reflection into inelastic channel= —1, as well as transmis-
sion and reflection in elastic channels, is also about 25%
(ykod—2k)2 each[Fig. 1(b), marked with arrowk Thus, 50% of particles
0 . , (2)  undergo transition to the channel=—1 and decrease of
(7koS—2k)%+ 8%Kp(1— coskod)? energy to almost zero. When the energy of the incident par-
ticles is close to zero, the transmission coefficient for the

where y=(sink,d+e %9—1) andix=J2m*|[E—#w|. It is  particles with absorption of a quantum is found from E).

seen thafT,=1 whenky,d=2mm [Fig. 1(a), marked with by using the principle of detailed equilibrium
triangled. BesidesTo=0 whenx=y=0. For large widths T+1(E)=T_1(E+fiw).

of the barrier expfk,d)—0, and T, becomes zero at  The calculations with the help ofiuLTi-7ie (Ref. 11
kod=m/2+2m. The resonances of full reflection corre- show that analogous results are obtained when the edges of

spond to virtual transitions to the bottom of the continuumthe barrier are smoothed over the lengti/4 that is 53 nm
and back to the elastic channel. for E=0.5 meV andm*=0.067n, for electrons in GaAs

T, can also turn to zero ay>0 and k= yky8/2. With  (Fig. 2). Notice that taking into account high-frequency an-
E fixed, x takes extrema when dqgl=exp(—kyd). Since tiphase oscillations of the 2DEG charge near the balFiey.
x=0, we look for solutions of the equation only on the in- 2(b)] does not negate the main theoretical results, namely,
tervals [27m,27m+7/2]. The largest maximum is the possibility of full elastic reflection of ballistic electrons
Kmax~0.1%Kq 6 for kod=1.3, so that virtual transitions of the _[F|g. 2a)] and th? sharp COO_“”Q that accompanies the open-
particles occur to the channel with the small negative energjnd of the inelastic chann¢Fig. 2c)].
E_,=E—fw~—-0.01£8. For V/hw~0.2 and E=0.5 It is natural to expect that the influence of the hf region on

meV this case is shown in Fig(d with a bold curve(ef- @ moving particle is enhanced by replacing one hf barrier
fective masam* =0.067m,). When k< ks, there are two With a few barriers, as a result of multiple electron reflections

close values ofl for which T, turns to zero. For comparison, from their boundaries. This hypothesis was checked by mul-
the thin curve in the Fig. (B representsTy(d) for  fichannel numerical calculations. Figure 3 represents the re-
K= 0.4K . sult of modeling of transmission of ballistic electron through
WhenE=%w the channeh=—1 is open and transmis- Six hf barriers of the width=x/4 spaced from each other by
sion coefficientsT, and T_, are given by ~\/2 ath w=0.5 meV. Barriers were assumed to oscillate in
phase(standing wavg It's worth noting that both types of
5 5 o121 barriers, rectangular or smoothed with account of real charge
To=(4kZ +y°5°kg) P, (3 oscillations in the 2DEG, produce similar results. The graph
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83 o N S R FIG. 5. Suggested scheme of experiment on the base of an
x (200 nm/div) Al, Ga, /As/GaAs heterostructure. Solid lines denote the surface
ot gates that make static and dynamic modulation of potential. The hf
0.50 0.55 0.60 barrier across the base is created by means of the strip gates
E (meV) B, andC. GateB is driven with the hf voltage from the antenna

(shown on the topexposed to 120 GHz microwave irradiation.
FIG. 3. Results of calculation for transmission of ballistic elec- (Without irradiation these gates make no obstacle for the electrons.
trons through a series of hf barriers. Dependences of elastic tran&lectron flows from injector 1 to collector 3—5 contacts are shown
missionT,, elastic and inelastic reflectidy, R_; coefficients ver- by arrows. The dotted line represents the calculated directivity dia-
sus the energy of incident electroEsat #w=0.5 meV forV(x) gram for the flows of ballistic electrons of energy+# gener-
shown in the inset by lines of the same kind. For the smoothedited by the hf barrier of the middle profile from Figh2
barriersTy+ Ry+ R_1~1. The peaks marked with roman numerals

are brightened with coordinate distributions shown in Fig. 4. continuous spectrum to the quasibound state of negative en-

ergy induced by an alternating field and back to the con-
tinuum. The state of full transmission lexhibits, like I,
localization of particles inside the region of the standing
wave of potentia[Fig. 4(b)]. Thus, several hf barriers can
act as one shallow stationary potential well with uniform
é‘ggh—frequency field.

With increasing energy, when the channel of inelastic
aransmission with emission of a quantuiw is opened, the
feflection coefficienR_;(E) exhibits a wide 80% maximum
which is marked IlI[Fig. 3(@]. It should be noted that the
fiependenceR_l(E+ﬁw) andR;(E) are identical accord-
ing to the principle of detailed equilibrium; thus the reflec-
tion of particles of a small energy with absorption of a quan-
tum 2w also reaches 80% at the energy value that dis

To(E) shows two dips, | and Il, down to almost zero at the
energies below 0.5 meVFig. 3(b)] and respective sharp
peaks of elastic reflection up to 100Pkig. 3(c)]. The first
dip in transmission is preceded by the pedklike Fano
resonances. Time averaged probability densities for energi
I and Il that correspond to the minima df, (maxima of
Ry) become much greater than in the incident wave an
resemble corresponding distributions for the first and secon
bound states in a welFig. 4(a)]. However, particles are not
really trapped; it is rather quasitrapping, or a wholly coheren
process of virtual transition of the particle from the state of

2r- I below point IIl.
] (a) The effects shown in Figs. 3 and 4 have the interference
nature and, therefore, are sensitive to the changes of the

e 0 width and spacing of the barriers. For instance, when the two
U parameters ark/2, electron motion through the series of the
E hf barriers becomes almost free.
2 f _ il g To test experimentally the effects predicted here, includ-
20 (b) ing the cooling of “fast” electrons and heating of the
-0 “slow” ones, a possible scheme is suggested, as shown in

4L Fig. 5. As the typical energy of ballistic electrons of a 2DEG
V (0.1 meV/div) is E~3-4 meV, an inclined impingement of the particles on
- the barriers is necessary to increase the admissible smoothing
- M— of their edges, which always emerges in experimental real-
Il Il 1 1 | 1] Il 1 1 | Il Il Il Il | . . . . .
1 1 > ization. If the impingement angle is about 70° to the normal
x (um) of the slit then the transverse energy component decreases to
0.5 meV and respective wavelengtthecomes over 200 nm,
FIG. 4. The time-averaged probability density against the plot ofSO that the smoothing-A/4 of the edges of the hf barriers
the amplitude of the hf potentidht the bottorh for the peaks of should make the effects observable at the frequency of a
To. Ro, andR_; marked with respective roman numerals in Fig. 3. tunable microwave source~120 GHz.

Exponential decrease of curve Il witk inside the hf region is Shown in Fig. 5, the arrangement of quantum point con-
analogous to evanescent waves in a crystal at Bragg reflection. tacts allows one to detect directly both reflected and trans-
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mitted particles, as well as the particles that lost their normameV high to pass the “heated” particles that initially be-
momentum component after injection into the base and werlonged to the 2DEG.

on moving along the gates. A scheme of this process is In each case, the hits of ballistic electrons past the collec-
shown by the arrows. Moreover, this arrangement also allors are registered by the voltage drops between the base and
lows one to detect the particles that belonged initially to thén® €gions 2, 3, 4, and 5, that is by means of the respective
2DEG, moved with Fermi velocity almost along a tangent tophotovoltages.

X : . In summary, we have solved analytically and numericall
the barriers and, after absorption of a photon, had recelveﬁ]e time-depe¥1dent Schiimger equatign forydynamic poten-y

the normal momentum component. The angular distributionj5| parriers when stationary potential is uniform. We have
of the ballistic particles appearing in this process is reprefoungd strong interference oscillations of their transparency
sented by four directed flows and all the point contactsyhich are caused by stimulated electron transitions to the
shown in Fig. 5, except the fourth one, could serve as #ottom of the continuum. With changing the width of the

collector to register such particles. single hf barrier the period of these oscillations is teve-

By analogy with Ref. 5, to inject ballistic electrons with lengthof the incident electrons, ndialf the wavelengtlas in
kinetic energy~4 meV into the base, it is biased by the Fabry-Peot type interferometers. Modulation of transpar-
voltage a bit above 1 mV with respect to the emitter. Passin§ncY in our case ifull like that in double-slit and ring inter-
through the multimode emitter quantum point contact of th erometers, in contrast tpartial modulation at a stationary

resistanceR~1 kO the currenti~0.1 uA determines the arrier and/or well. The finite “crystal” of hf barriers can
energy spread for ballistic electro}m€=e|R~0 1 mev produce windows of almost full inelastic and elastic reflec-

Thus the minimal height of the barrier of the emitter quan_t|on corresponding to forbidden and allowed quasienergetical

tum point contact is close to 4 meV. The barriers of aImOStbanm(:jt)lgr:ir:;szc?cE% zzsaepfsleg‘%z)éﬁsssﬁggu:f: th; ?r/]-er
the same height are set at the entrance to collector ComaCtsggnverter for ballistic electrons. The caFr)] also’ ber)a, source gly
and 5 to provide for registering the elastically transmitted : y

and reflected ballistic electrons. For contact 4 the corre-Sharply directed beams of ballistic electrons.

sponding barrier must be 0.5 meV lower. With this setup the The authors wish to thank V. K. Ignatovich, M. Budant-
particles that have emitted a quantdm» and are moving sev, S. Studenikin, and |. Panaev for valuable discussions.
along the hf barriers still have an energy 0.5 meV above th&his work is supported by the program “Universities of
Fermi level in the baseHr~3 meV). The potential barrier Russia” and Russian Foundation for Basic Resedtant

of the collector quantum point contact 2 must be about 3.3No. 95-02-04583a
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