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Classical dynamics of electrons in quantized-acoustoelectric-current devices
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We present a numerical study of the classical dynamics of interacting spinless electrons in quantized-
acoustoelectric-current devices. In these devices, a surface acoustid$4W@ captures electrons from a
two-dimensional electron gd8DEG) and transports a fraction of them through a narrow depleted constriction.

If the same number of electrons are transported in each cycle, a quantized current will result. In our model,
each SAW minimum captures 30 electrons as the SAW maximum behind it passes through the 2DEG
chemical potential. It then moves toward the center of the constriction losing on average one electron every 3
ps as it becomes smaller. For temperatures beldw7 K the electrons form a crystal, which heats up to this
temperature through the equipartition of excess potential energy produced by the loss of electrons. Thermal
excitation out of the minima then results in variations in the number of electrons transported. At temperatures
above~1.7 K the electrons are in a more liquidlike state and evaporative cooling occurs. The dependence of
acoustoelectric current on the constriction potential and the temperature are found to be in good agreement
with experiment.

DOI: 10.1103/PhysRevB.63.165418 PACS nuni®er85.35.Gv, 73.23.Hk, 73.50.Rb, 45.5Q.

l. INTRODUCTION electric properties of GaAs and /8a, _,As cause a wave of
electrostatic potential to travel along with this SAW. The

Quantized acoustoelectric current devices are currentlpotential modulation due to the SAW, together with the po-
being developed as agpossible means of producing a standagghtial due to the constriction, produces a series of quantum
of electrical curreni.‘_ These devices operate at gigahertzdots, each one corresponding to a particular minimum of the
frequencies and a single device delivering one electron pesAw potential, which pass through the constriction. Each
cycle can produce a current large enough to be measurggjantum dot fills with electrons on the left side of the con-
with an accuracy suitable for metrological applications.sgriction (see Fig. 1, and empties on the right, thereby pro-
Competing devices such as the electron pdfiidwhich at ducing a current. Each such event is independent because the
prgsent are more accurately qugntlzed, are fundamentally resaw wavelength is approximately the same as the length of
S.mCtEd to megahertz frequenme; so that thousands of d‘aﬁe constriction so that the constriction only contains one
vices would need to be operated in parallel in order to pro- uantum dot at a time
duce a_3|_m|Iar current. The_reallzatlon of a s“tandard o In principle these devices could produce a standard of
current is important because it would close the metrolog|-Current because each quantum dot that passes through the

cal triangle” of resistance, voltage and current measurements, iriction should be described by an essentially identical

or could altemnatively be used to obtain a measure of th(ﬁme-dependent potential function, and therefore over some
charge of an electron.

Metroloaical licati ideall ire th frange of external parameters it should be possible to ensure
etrological applications 1deally require th€ accuracy oly,a'aach dot captures and transports the sategernum-

current-standard devices—the precision to which the currenior of electronsn from the left 2DEG to the right 2DEG
they pr.oduce IS defmeql—to be better than one hundreq Partghis would produce a quantized currdnt nef, wheref is
per billion. For a quantized-acoustoelectric-current device e SAW frequency ane is the electronic ch’arge Experi-

operate at this level c.)f precision, the dgsign will need to tak‘?nentally the depth and size of the dots are altered by sweep-
into account all possible error mechanisms, and hence evemg the éplit—gate voltage or SAW power, and a series of
aspect of the dynamics of the electrons as they are trans- '

ported through the constriction will need to be understood.

The properties of quantized-acoustoelectric-current de-  Inter-digitated transducer Ohmic contacts
vices have been extensively investigated since the first real-  ©Produce SAW | g | _ ' 2DEG
ization of such a device in 1996° A schematic diagram of \ — ,/

a typical device is shown in Fig. 1. It consists of a \

GaAs/AlLGa _,As heterostructure containing a two- SAW

dimensional electron gg2DEG) that is formed into a mesa IIUT.l.m”. > M
by wet etching and further patterned with a metallic surface

split-gate. When a sufficiently large negative voltage is ap- /
plied to the split gate, a narrow depleted constriction is de- /
fined that connects two regions of 2DEG.

An interdigitated transducer powered by a microwave fre-
quency source is used to launch a surface acoustic wave FIG. 1. Schematic diagram of a quantized-acoustoelectric-
(SAW) toward and parallel to the constriction, and the piezo-current device.

Transducer Metal surface ~Mesa containing 2DEG
contact pad split-gate
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current plateaus corresponding to a range of values isf and use experimental observations to parametrize it. The
observed. scheme used to calculate the acoustoelectric current and the
The best quantized-acoustoelectric-current devices to datele of chaos are described in Sec. lll, and in Sec. IV we give
have produced current plateaus that were flat to within 10@ detailed account of the motion of the electrons as they pass
parts per million*=’ although as yet the current on the pla- through the constriction. In Sec. V we give results for current
teau has only been demonstrated to be equadftao ap-  VErsus barrier height and compare our res_ults with published
proximately 160 parts per milliohHowever, many devices €xperimental data. The transport on the first current plateau

have shown much poorer plateddsThe theoretical maxi- is investigated in Sec. VI by analyzing the variations of the
mum possible accuracy of these devices is not known anBotential and kinetic energies of the electrons with time, and
indeed, even the nature of the error mechanisms is not full{?€ Origin of errors in the number of electrons transported is
understood. explained. In Sec. VIl we discuss error mechanisms on
When the first observation of quantized current produced!gner current plateaus, and Sec. VIl describes the depen-
by a SAW-based device was reported by Shikorl,* they dence on the initial temperature of the electrons that our
suggested that the mode of operation of the devices is dgodel predicts. Section IX gives a justification for the use of
follows: each quantum dot formed by the SAW and the con® classical model and Sec. X is a summary of our findings.
striction initially contains more than one electron; as it
moves toward the center of the constriction its potential Il. THE EFFECTIVE POTENTIAL

minimum passes above the 2DEG chemical potentials and its The precise form for the effective potential in a split-gate

size decreases; the decrease in size causes electrons to be =" ="~ ° e
_~constriction is still a matter for debatéThe contribution of
forced to leave the dot because of the Coulomb repulsiot} . .
i . . . - __trapped electrons on the semiconductor surface, the location
between them; and the Coulomb interaction fixes the fina ST .
. and state of ionization of donor atoms, and the strain around
number of electrons left in each of the dots.

Recent theoretical works have added to this understandini%g)“t'gate are all unknowns for a specific device. However,

by considering quantum mechanical tunneling as an error f OUr purposes a precise form for the effect!ve potential is
. : . . ot important since we are only concerned with understand-
mechanism. An exact time-dependent one-dimensional

single-particle model by Maksyl finds that the electrons Ing the processes that occur when electrons are forced

that are transported through the constriction are those in thtgrough a constriction by a SAW and are not attempting to
S model specific experimental devices to high degrees of accu-
lowest energy states of the SAW minima. The error mecha-

nism for the first plateau is tunneling through a “leaky” racy.

Landau-Zener procesé:when a state in the dot anticrosses . Typically, the metallic surface split-gate used in the de-

with a continuum state in the 2DEG, some part of the elecy'CeS 1 0.7um long with a 1um-wide gap, and the 2DEG

tron probability escapes. Flensbergal X consider a model is situated 0.1um below the surface. The split-gate is oper-

; . : A ated well beyond conductance pinch-gffy typically a
that includes both tunneling via the WKB approximation andcouple of tenths of a volt beyond the pinch-off voltage in the

the Coulomb-blockade effect. In their model, they propose bsence of a SAWo that the edge of the depleted region is

that the rapid decrease in tunneling coupling that occurs aftej‘veII away from the edge of the surface metal and therefore

the definition of the quantum dot prevents thermal equilib—h mooth sh In this reaime. th tential from th
rium between the dot and the 2DEG. This then leads to fluc- 2> & Smooth shape. S regime, the potential fro c

tuations in the occupation number of the dot and therefore tég:ﬁkﬂﬁ;ié?qagf bcfaﬁrs)rs)ir;r)](I?Jﬁtzetil(})/nrsep'rr?\faegf\?vﬁl21?1 dig'gg)lae
deviations from the quantized values of the acoustoelectri€’ :

current. Sine wave, producing a total potential,

A third study consists of two papers by Aizin and 2912 y2jon2
co-workerst®*’ Of particular significance is that they find VioXy) =TTV = (V1= V= Vo)e V2]
that electrons are transported through the constriction out of — Acog (2mx/\) — 2 ft] -V, (1)
equilibrium with the 2DEG’s in a manner similar to that
proposed in the original experimental papén calculating ~Where thex andy axes are in the plane of the 2DEG with the
the acoustoelectric current, Aizin and co-workérd use a  x axis parallel to the direction of propagation of the SAW
quasistatic approximation, and tunneling out of the dot isand the point (0,0) is at the center of the constriction. In the
calculated in the WKB approximation. The first paper con-absence of the SAW/, is the height of the barrier under the
siders just a single electron, but in the second paper twsurface metal and well away from the constrictidf, (the
electrons are considered and the exact Coulomb interactiotbarrier height”) is the height of the center of the constric-
between them is included. All of the above works show thation above the 2DEG chemical potentialg =0, and—V,
if tunneling could be made to be the dominant error mechais the limiting value of the potential a%|— <. The length of
nism then current quantization in these devices which satisfthe constriction is determined byw determines its widthA
the requirements of metrologists. is the SAW potential amplitude, is the SAW wavelength,

In this paper we develop a 2D interacting classical modehndf is the SAW frequency.
for the study of quantized-acoutoelectric-current devices that Below the 2DEG chemical potentialy/,,; will be
allows us to look in detail at electron dynamics in the capturescreened by electrons, but we do not include thisvig,
process. In Sec. Il we discuss the form of the effective pobecause the form of the potential in the 2DEG region is
tential produced by the constriction and the moving SAW,irrelevant to our calculations since we are only interested in
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potential in the constriction is of the order of 1 meV for the
values of SAW power used to generate quantized currents.
Figure Zf) shows a contour plot df,,; att=0.73 ns, which

is close to the instant when there is a quantum dot at the
center of the constriction. The 2DEGs are indicated by gray
shading and the split gates by white rectangles.
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The sequence of potentials in Fig. 2 shows that the SAW
is capable of transporting electrons through the constriction
since a local minimum is present throughout the cycle. An
isolated quantum dot containing a number of electrons forms
to the left of the constriction in Fig. (3). This dot then
passes through the constriction taking a fraction of those
electrons with it. Since the length of the constriction is ap-
proximately the same as the SAW wavelength, only one
minimum passes through the constriction at a time so that in
FIG. 2. Effective potential through the center of the constrictiongur calculations we can treat each minimum separately. For a

in the direction of SAW propagation for timgg) 0.595 ns,(b)  |onger constriction it would be possible for an escaping elec-
0.645 ns,(c) 0.695 ns,(d) 0.795 ns ande) 0.845 ns(the zero of  {ron to interact with, or be caught in, the next minimum and
potential has been chosen to be at the 2DEG chemical potential, aqdis would affect the transport.

in the 2DEG region the screened potential is represented schemati- o, calculation of the current through the constriction

cally), (f) contpur plot of the potential at time 0.73 ns and relation .\ «icte of a series of simulations in whiglightly) differ-
to surface split gatetgray shows 2DEG ent configurations of electrons are started in the quantum dot
at the instant of its definitiofiFig. 2(@)]. Their classical dy-
the behavior of electrons in the dots, and within each dot alhamics is then calculated until the dot has passed the center
of the interactions between electrons are treated explicitly. Inf the constriction, at which instant the rear barrier of the dot
addition to this dynamic screening, the SAW amplitude will js so large that it is not possible for any electrons to escape
be affected by the presence of the split-gftesnd the back to the left 2DEG. The current is calculated from the
2DEG. A position-dependent SAW amplitude could be trivi- total charge transported through the constriction in a given
ally incorporated into our model, but we do not believe thattime.
this is necessary for our purposes since in our model the Consideration of the dynamics prior to the definition of
basic features of the dynamics rely only on the number othe dot is fundamentally problematic in a classical model. In
electrons that the dot can hold decreasing to some minimunhe experiment the 2DEGs form Fermi liquids but in a clas-
value after the dot defines. sical model the 2DEGs would form an electron crystal at low
Solving the 3D Poisson equation using a Fourier methodemperatures and a Coulomb liquid at higher
to obtain the potential in the plane of the 2DEG, we find thatemperature&®2! Unlike in an electron crystal or a Coulomb
for the device dimensions given aboves 0.4 um andw liquid, electrons occupying states well beneath the chemical
=1.5 um provide a good representation of the potential inpotential in a Fermi liquid are not free to scatter. It is there-
the region of interest. Experimefitsuggest that the opti- fore reasonable to expect that once the combination of a
mized conditions for producing a quantized current in theseSAW minimum and the constriction potential confines some
devices are an unscreened SAW amplitddaf a few tens of  electrons beneath the chemical potential, these trapped elec-
meV and a barrier potential of,~100 meV. Typical split-  trons will evolve with little or no excitation until they pass
gate voltages of- —3 V give V;~3000 meV, and the SAW through the chemical potential. At the instant of definition of
wavelength and frequency are typically approximataly the quantum dot the configuration of the electrons would
=1 um andf=2.7 GHz respectively. then be a small random perturbation away from the instanta-
Figures 2a)—(e) show the effective potentidl,,, through  neous gquantum-mechanical ground state. For our classical
the center of the constriction at 0.05 ns intervals during onenodel we therefore choose the initial configuration of the
cycle, for a SAW amplitudéh=40 meV, a barrier potential electrons in the quantum dot to be a small random perturba-
with  V,=100 meV and V;=3000 meV, a valueVy, tion away from the classical instantaneous ground state. By
=55 meV so that the length of the pinched-off region isvarying the size of this random perturbation we can choose
approximately 1um with no SAW present, and values for the initial temperature of the electrons in the dot.
the other parameters as given above. For regions where We use simulated thermal anneafifigo determine the
2DEG exists, this figure incorporates screening by theground state configuration—the number of electrons and
2DEG'’s schematically by using a “screening factor” that their positions—of the quantum dot at the instant it becomes
varies linearly with the local 2DEG density. Experiments ondefined. An example is shown in Fig. 3 for a dot containing
the effect of a SAW on the conductance of an open quasi27 electrons and as expected it has a crystalline form with
one-dimensional chanrtéf® suggest that the screened SAW triangular coordinatiod>?* For greater than ten electrons
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FIG. 3. Typical initial configuration of a dot containing 27 elec- center of the consriction.

trons.

electrons only 0.05 ns later, and a detailed check for conver-
this method often results in different initial random seeds fordence has been necessary. In reality the system would have a
the anneal producing different values for the maximum numfinite temperature and would be continually disturbed by
ber of electrons that the dot can hold, and/or different elecPhonons, electromagnetic pickup on the surface gates and
tron configurations. This is simply because the large phaséonnecting wires, and so on, causing the average number of
space for a large number of electrons means that the sim@ectrons transported to be nonintegral. The initial ground-
lated thermal anneal often tends toward a local minimum oftate positions, which typically have electron separations of
energy rather than finding the absolute minimum. This prob9-05—0.1um, are therefore calculated to a precision of only
lem is alleviated by trying a large number of different initial 10 * xm using the simulated thermal anneal. These posi-
random seeds and then choosing the final configuration th&ions are then perturbed by 16 um in random directions
has the largest number of electrons, and the lowest potentiand the resulting number of electrons transported is averaged
energy for that number. The precise Conﬁguration of thedver many simulations of the motion. These perturbations
many-electron initial state is not found to affect the meanaway from the ground state correspond to an increase in
number of electrons transported through the constrictiorenergy equivalent to less than a few millikelvin.
when only a small fraction of the initial number of electrons
are transported.

The initial velocities of the electrons are determined by
evolving the dot backward in timgackward so that the dot For the values of the parameters we have been discussing
is still large enough to hold the electron®r a short time  and a barrier height of 104 meXthosen so that a single
interval while keeping the electrons in the ground state byelectron is transportedthe dot initially contains 27 electrons
repeatedly minimizing their energy. The velocities are therin their classical ground stat&ig. 3). Figure 4 shows how
simply calculated as the difference in positions divided bythe depth and curvature of the dot vary with time for our
this time interval. Note that because the dot is continuallychoice of potential. The curvature is the sum of the second
changing shape, the initial velocities are of different sizesspatial derivatives of the potential in tikeandy directions at
and are in different directions. The electrons, which havehe bottom of the dot. A smaller curvature means that the
effective massn.4=0.06/m,, are subjected to the force due potential in the dot is less steeply sloping, and for a given
to the potentiaV,,, and the bare Coulomb forces from all of depth of dot the curvature therefore relates to the area of the
the other electrons in the dot. The relative dielectric constantiot. As can be seen, from the instant when the dot defines at
of the medium is taken to be 13.0. Newton’s equations 0f0.595 ns to approximately 0.68 ns the depth and curvature of
motion for the electrons are then solved using a standarthe dot decrease. The decrease in depth dominates and has
library routine(NAG DO2PCH until the SAW minimum of the effect that electrons are ejected from the dot during this
interest has passed through the constriction, and the numbgiterval. The rearmost electron is ejected only 2 ps after the
of electrons transported through the constriction is therdot defines, and leaves so quickly that the other electrons do
counted. For a given initial configuration, the calculationnot have time to adjust and are left in an excited configura-
must predict that a well-defined integer number of electronsion. The electrons move toward new equilibrium positions
should be transported in each cycle since the equations d&fut because the dot continues to become more shallow, fur-
motion are solved exactly. However, the result is found tother electrons are ejected at an average rate of approximately
have an extremely sensitive dependence on the initial posbne every 3 ps. The result of this process is that initially the
tions and velocities of the electrons, indicating that their dy-motion is characterized by portions of the crystal structure
namics is chaotic. In fact changing the initial positions by“flowing” as the electrons try to rearrange themselves into a
only 10 % um can significantly alter the positions of the configuration with lower potential energy, but once the num-

IV. DESCRIPTION OF ELECTRON DYNAMICS

165418-4



CLASSICAL DYNAMICS OF ELECTRONS IN ... PHYSICAL REVIEW B53 165418

il e ]| X
o

o )

0

(8) 6

<

o
{

—
(=1
fast

g
(=3
<

Current (ef)

<

]
1
]
=
=

==
D@<
Current (ef)

<

—
i
2

0.1

hl e

0.1

hl (@)
e

y (m)

L N oo 0

<

10.25

&

0 I L 1 1N
80 85 90 95 100 105 110 115

V,(meV)

<o

-
&

FIG. 6. Current versus barrier height determined by averaging
>>>(‘) over 10 000 simulations per point, and upper inset a close-up of the

<

01 N

center of the first plateau. Gray line: standard deviatioof the
° N\ number of electrons transported by individual dots, right axis.
O 08 oS 403 56 05 04 03 Lower inset: initial number of electrons in the dot for each value of
X (um) barrier height considered.

@

—

f=4

FIG. 5. Positions of the electrofislack dot$ during a particular . . o .
simulation for a sequence of times fra@a 0.644 ns through in 1 ps that the linear relationship is valid and that the constant of

intervals to(l) 0.655 ns. The position and shape of the dot is shownproportionality is of the order of 1 eV/V. .
by contour plots of the effective potential. Figure 6 shows a plot of current against barrier helght

for the parameters given in Sec. Il obtained by averaging
ber of el d below 10 Il of the el over 10000 initial configurations per barrier height value.
er of electrons drops below 10 most or all of the electrons e ¢ rrent is the mean number of electrons transported

are seen to vibrate about local equilibrium positiong. For thi§hrough the constriction per cycle multiplied ky. In order
particular set of parameters, the dot holds only a single elec[-

. X o show how well quantized the transport is at the level of
tron ?y ?'68;5’ and thlsbelectrorll |sttk:angp:)rged throug: thﬁ1dividua| dots, this figure also shows the standard deviation
constriction because subsequently the dot becomes U€eRglia hymper of electrons transported per cycle. We see that
and can easily accommodate it. Figur€s)5(1) illustrate the

on the first current plateau, the standard deviation drops to a

sequence of escape and excitation by showing the posnmrggw value, indicating that the plateau results from the major-

of the electrons during one particular simulation for a set of y of the dots being singly occupied rather than there being

random occupation that averages to one. For higher pla-
eaus the minima of the standard deviation curve are at suc-
cessively higher values, indicating that the performance of
the device is decreasing. The standard deviation curve also
V. CURRENT VERSUS BARRIER HEIGHT shows that when the current is€ 3)ef, each dot transports
either n electrons orn+1 electrons, so that the standard
Experimentally the current produced by a quantized-deviation of the number transportedsis These results could
acoustoelectric-current device is measured as a function dfe verified experimentally by measuring the shot noise pro-
split-gate voltage. The principal effects of changing the split-duced by these devices.
gate voltage are to change the height and gradient of the The upper inset shows just the central region of the first
barrier, which for our choice of potential function corre- plateau(the “noise” arises from statistical errors due to the
sponds to changind/,. Dzurak et al? found that for a finite number of calculationsand the lower inset shows the
pinched-off 0.3xm wide split-gate, the height of the barrier initial number of electrons in the dot for each value of barrier
in eV is approximately three quarters of the difference be-eight. From the smoothness of the current versus barrier
tween the gate voltagén volts) and the value of the gate height curve we see that the fluctuations in the initial number
voltage at conductance pinch-off. It is plausible that such af electrons due to the performance of the simulated thermal
linear relationship should hold for the wider split gates usedannealing method used does not noticeably affect the current
in quantized-acoustoelectric-current devices, although thealculated.
constant of proportionality would be expected to be depen- The computation time required for these calculations has
dent on the gate geometry. The data presented in this papesstricted the number of barrier height valueaVp
has “barrier height” as the independent variable; for the=0.25 meV) and the number of simulations per barrier
purposes of comparing this data with experiments we assunteeight (10000 that we have considered. For a particular

times from 0.644 ns when the dot is just about to lose one o
eight remaining electrons through to 0.655 ns when it is los;
ing one of five remaining electrons.
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value of barrier height, the accuracy to which we can specify 500 —— - - " 30
the current and the standard deviation of the number of elec- i
trons transported per cycle, is therefore limited. The pre-
cision to which we can specify the values of barrier height
where the slope of the plateaus is minimized, or wherie
minimized, is also limited. However, the data in the inset to
the figure shows that the first plateau does not occur at
=ef to within the accuracy of our calculations, so that in-
creasing the numerical accuracy is not necessary. The flattest
part of the first plateau is seen to be between approximately
103.5 meV and 105.25 meV, the slope of the plateau in this 0
region being approximately 0.1%/meV. The current at the 06 062 Til‘;‘:“(ns) 066 068
center of this region is approximately 0.1% beleW. The
minimal value for the standard deviation of the number of FIG. 7. Approximately horizontal solid lines: ground-state ener-
electrons transported per cycle=0.0099995, was found gies versus time—the lowest curve is for one electron, the next
at a barrier height of 103.5 meV—at the edge of the flatteshighest for two electrons, etc. Solid line: mean total potential en-
region. The current here was calculated to be 0.8998ut ergy versus time from time-dependent calculations, averaged over
this value and the value far are subject to statistical errors 10000 calculations, standard deviation indicated by line thickness
arising from only one out of the ten thousand dots considere@nd vertical bars. Dashed line: curve from a single simulation, off-
fa|||ng to transport an electron. Note that experimenta”y, un_Set by 0.02 ns for Clarit)-/. Thick solid line: mean number of elec-
less an accurate measurement of the shot noise can be ma#@ns in the dot, right axis.
the point where the plateau is flattest rather than where _ . .
minimized will have to be chosen as the point where a sAw-vary with time. We use the parameters given in Sec. Il and a
based current standard device is operated. barrier of height of 104 meV SO that the mean number of
The dependence of acoustoelectric current on barrief|€Ctrons transported per cycle is close to one.
height in Fig. 6 has a number of features that are in agree-
ment with experiment:>®°The plateaus have a characteris- A. Potential energy

tic asymmetric shape and finite slope. Their flattest points are Figure 7 shows the potential energy of different numbers
below the ideal “quantized” values, with higher plateaus of electrons in the dot at a series of times for electrons that
becoming successively more steeply sloping and further begre in classical ground-state configurations. These energies
low the ideal values. Experimentally, the points where thegre determined by simulated thermal annealing and are the
current takes the valuds=0.5ef andl =1.5ef are typically  sum of the potential energies due\tg,, plus the total Cou-
separated by 20 mV in gate voltage, and the first platealbmp potential energy of the electrons. For each time, the
occurs roughly 200 mV beyond conductance pinchoff. Inzero of potential is chosen so that a single electron in the dot
Figure 6, the separation between the0.%ef andl=1.5%ef  will have zero potential energy. Unlike conventional Cou-
points (approximately 10 me)/compared with the distance |omb blockade devicéS there is no compensating positive
of the first plateau beyond pinchoffapproximately 100 packground charge because the dot-potential minimum is far
meV) is in agreement with these experimental values. Thexhove the 2DEG chemical potentials and therefore the in-
decreasing separation between the corresponding points fgfease in potential energy when an electron is added is larger
the higher plateau also agrees with experimental data. Thegethere are more electrons in the dot. The curve for a par-
quantities do not reflect the flatness of the plateau, but rathejcular number of electrons terminates when the dot is too
the form of the potential in the constriction and its variationsmall to hold that number.

with gate voltage, and this agreement therefore provides a Figure 7 also shows the total potential energy of electrons
partial justification for our choice of potential function. For in the dot when in motion, as a function of time obtained by
our data, the flattest 1 meV of the first plateau has a slope Gfveraging over 10 000 simulations, vertical bars indicate the
approximately 0.1%/meV; experimentally, the flattest 1 mVstandard deviation of this quantity; an example curve from a
observed so far had a slope of approximately 0.04%/m\single simulation; and a plot of the mean number of electrons
(Ref. 4 but other published data has slopes for the flattest In the dot versus time.

mV of approximately 0.09%/meV, 0.2%/meV? and The potential-energy curve obtained from a single simu-
0.4%/meV? We note that the plateaus in these papers wergation of the motion shows that the number of electrons
optimized to produce a-100 uV long region over which  within the dot is the dominant factor in determining the total

N
=
(=3

I

W
<
o

200

Total Potential energy (meV)

S
3

the current varied by-100 ppm. potential energy. This is because there are distinct steps in
the total potential energy corresponding to electrons leaving
VI. THE FIRST CURRENT PLATEAU the dot, and these steps are aligned with the ground-state

energy values. We know that the steps correspond to elec-
In order to understand what causes deviations from pertrons leaving the dot from inspecting the steps in the number
fect quantization on the first plateau and to understand furef electrons in the dot, as illustrated by the curves for the
ther details of the transport, this section looks in detail atmean number of electrons and the mean total potential
how the potential and kinetic energies of electrons in the doénergy.
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25 : - : - striction, and after 0.74 ns some cooling occurs. The increase
0,625 15 in temperature observed up to approximately 0.68 ns arises
because when an electron leaves the dot it leaves so quickly
that a hole is left behind in the electron crystal. Such a con-
figuration has a higher potential energy than the instanta-
neous ground state energy for the number of electrons left in
the dot. This results in heating because the interactions be-
tween electrons rapidly causes half of this excess potential
energy to become kinetic energy: heating through equiparti-
tion of excess potential energy. When there is only one elec-
tron left in the dot, a further increase in temperature occurs
due to adiabatic compression. This can be understood from
, , _ Fig. 4, which shows that the curvature of the dot increases
06 0.65 Time (2;; 075 08 from approximately 0.68 ns to 0.74 ns. Note that this mecha-
nism does not explain the rise in temperature during the first
FIG. 8. Boltzmann temperature versus time, with error bars at art of the motion because the curvature actually decreases
selection of times. Vertical lines indicate the times when electronsIp to a time of approximately 0.68 ns. The decrease in the
are most likely to leave the dot; the numbers indicate the meampparent area of the dot that occurs while electrons leave is
occupation at these times. Insets: the distribution of kinetic energiesimply a result of the decrease in the depth of the dot; it does
(in units of kg X 1 K) at three chosen times, averaged over 10 000not reflect the shape of the potential within the dot and does
simulations and with the number of electrons plotted on log scalesaot lead to adiabatic compression. After the dot has passed
Each of the insets shows the straight lines used to obtain the Bolthe center of the constriction a reduction in temperature oc-
zmann temperature and its error. curs due to adiabatic expansion.
) . . For some calculations, the chaotic nature of the motion
~ From the data obtained by averaging over many simulagnaples the last electron left in the dot to gain enough kinetic
tions we see that for the bulk of the motion there are MOr&nergy to be ejected from the dot despite the fact that the
electrons in the dot than the dot can actually contain in eqUiheight of the rear barrier is-0.75 meV(see Fig. 4 Even
librium. This is because the electrons that leave are not prenough the Boltzmann temperature of the last electrons left in
cisely at the edge of the dot, and hence they take a finite timgye qots is 1.7 K, corresponding to an energy of only ap-
to leave. Note that we are taking the edge of the dot to be gloximately 0.15 meV, the Boltzmann distribution ensures
the local maximum oW, which neglects the effect of the that some of these electrons escape. It is this mechanism that

Coulomb potential from the electrons. The smoothness of thgayses the first current plateau to have a finite slope and be
curve for the mean number of electrons within the dot showsnostly below the correct value.

that the chaotic nature of the motion causes the times when
electrons leave to vary significantly between different calcu-
lations. VIIl. HIGHER PLATEAUS

"In(N)

051

As the height of the barrier formed by the split-gates is
reduced, the dots formed by the SAW and the constriction

Figure 8 shows the Boltzmann temperature of the elecean transport more and more electrons through the constric-
trons in the dot versus time. For each time, it was calculatedion. For our choice of potential this is because the slope of
from the kinetic energies of electrons within the dot in athe potential due to the constriction decreases, leading to an
frame moving with the instantaneous velocity of the mini-increase in the minimum depth of the dot during the trans-
mum of the dot. Histograms of these kinetic energies wergort and a related increase in the area of the dot. Larger
produced from 10000 simulations and were fitted to thecurrents are desirable for metrological applications, but for
Boltzmann distribution. The insets show log plots of thesethe devices tested to date the accuracies of the higher pla-
histograms at three times, and each plot forms a gootkaus have always been considerably poorer than that of the
straight line showing that the distribution of kinetic energiesfirst plateau. It is important to understand the reason for this
of electrons in the dot is close to the Boltzmann distribution.since it may then be possible to design devices where this
Note that a temperature of 1 K corresponds to a speed ddffect is reduced or absent.
approximately 21000 m/s¢approximately seven times the At a value of barrier height for which in ideal operation
SAW velocity) or an energy of approximately 0.09 meV. each dot should transport electrons, our model suggests

From this figure we see that at the start of the simulationsthat errors arise for the following reasons: a dot may trans-
the electrons have close to zero temperature. As the dgtortn+1 electrons if the paths of the electrons are such that
moves toward the center of the constriction and electronshe extra electron does not pass close to the rear of the dot
leave the dot, the temperature of the electrons still in the dobefore the dot deepens again; and the dot may transport only
tends to rise. At 0.685 ns the well contains exactly one elecn— 1 electrons if one of the electrons close to the back of the
tron for all the simulations and the temperature is approxi-dot gains enough kinetic energy to leave, or if the electrons
mately 1.7 K. Some further heating occurs up to 0.74 ns ahdopt a configuration where one of the electrons can be
which instant the dot is precisely in the center of the con-‘pushed out” by the others. It is “easier” for a dot to lose

B. Kinetic energy
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an electron than to transport an extra electron, and this re- L1
sults in the current plateaus having an asymmetric shape. ¥
The magnitude of the errors produced by the above |
mechanisms will depend on the following: the kinetic energy LOSE Ry
gained by the electrons as the dot moves toward the center of
the constriction; the minimum height of the rear barrier of
the dot that the rearmost electron séehich is not the same
as the minimum depth of the dot since it must include the
potential contribution from the other electrons in the)dtite 095}
shape of the dot; and the time scale on which changes in the
depth or shape of the dot occur. For our choice of potential, 0.9 . . . . MR
these quantities are roughly constant for the different pla- 102 _to4 106 108
teaus and probably do not explain the worsening of higher
plateaus. Indeed the effective temperature of the electrons is
found to be slightly lower for higher plateaus. Instead the
poorer quality of higher plateaus appears to be directly
caused by the increase in the number of electrons being
transported. For higher plateaus an electron is more likely to
leave the dot when ideally it would be transported through
the constriction for the following reasons: with more elec-
trons there is a greater probability of one of them having
sufficient kinetic energy to leave; the kinetic energy is con- R .
stantly being transferred among the electrons by collisions, 0 96 100 104 108 112
so that with more electrons there is a greater probability of Barrier height (meV)
the rearmost electron being given enough kinetic energy to
leave at some time: and with more electrons there are more FIG. 9. Current vs barrier height for different initial tempera-
possible configurations that do not closely resemble thduUres, obtained by averaging over 5000 calculations per barrier
ground-state configuration so that the electrons are mor@e'ght point, top: unbroken line 0 K, long-dashed line 1 K, dashed

likely to arrange themselves in a configuration where thd™e 2 K. dotted line 3 K, dash-dot line 4 K, and bottom: solid line
rear)r/nost elect?on is “pushed out.” 9 0 K, long-dashed line 50 K, dashed line 100 K.

Current (ef)

Current (ef)

amount of heating present, the thermal contact between the
sample and its holder, the rate at which heat from the 2DEG
is carried away by its connecting wires, and on the rates at
Finite initial temperaturel can be incorporated into our which the electrons can emit or absorb phonons.
model by starting the electrons with a Boltzmann distribution Figure 1@a) shows the Boltzmann temperature versus
of kinetic energies at temperaturd 2The factor of 2 arises time for dots with electrons given initial Boltzmann distribu-
because for simplicity we can still start the electrons off withtions of kinetic energies characteristic of a series of tempera-
positions close to the ground-state configuration since afteiures between 0 and 200 K. The parameters given in Sec. Il
just the first 0.01 ns the electrons have undergone a fewvere used, and a barrier height of 104 meV so that the cur-
collisions and the motion is thermalized, with energy equallyrent was close tef for the lower temperatures. In these
partitioned on average between kinetic and potential termsurves, it can be seen that above a temperature bf7 K
Figure 9 shows current versus barrier height for the paramthe electrons are cooled in the initial part of the motion. This
eters given in Sec. Il for different temperatures. cooling is due to the fact that above this temperature the
In agreement with experiment, we conclude that the placlassical electron crystal melts and there is an increased
teaus do not improve significantly belowl K because the probability of an electron with high kinetic energy leaving
curves fo 0 K and 1 K lie on top of each other to within their the dot. The transition from crystal to liquid does not occur
errors. This is easily explained using the results of Sec. VIsuddenly at~1.7 K in our calculations: the transition tem-
even if the electrons start off with zero temperature, theiperature is greater when a smaller number of electrons are
final temperature is greater than 1 K. Some caution is adpresent; and we observe that portions of the crystal may flow
vised because it is not clear how the measured experimentat break up at lower temperatures and that portions can retain
temperature corresponds to the initial temperature of therystalline characteristics at higher temperatures. At low
electrons in the dot. This initial temperature will depend ontemperatures electrons are trapped in the electron crystal and
the temperature of the 2DEG and on the details of how th&lo not have sufficient kinetic energy to move over the whole
electrons in the dot respond to the reduction in screening asf the dot. It is then just the rearmost electrons that leave
the dot becomes defined. In addition, since significant heaffirst, not the most energetic and no net cooling results. Figure
ing by the applied microwave power or by attenuation of thelO(b) showsI’, the ratio of the potential energy of the elec-
SAW may be present, it is not known how the measuredrons to their kinetic energy for the same set of temperatures
temperature corresponds to the lattice temperature or thésed in Fig. 1(g). In classical 2D systems, for values bBf
2DEG temperature. These temperatures will depend on the 127 the electrons form an electron crystal and for

VIIl. DEPENDENCE ON EXTERNAL TEMPERATURE
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10° g - ; - y - : can be deduced approximately from Fig. &t 1 K, the
”] | | (@) formula above then gives that the energy picked up by each

| | 3308 15 electron will be 3<10™ % meV, an amount that could not
| | | significantly change our calculations. However, at 7 K each
P ; electron would pick up 5 meV, which would be a very sig-

nificant amount of energy and suggests that at this tempera-
\/ ture the electrons in the dot would be well equilibrated with

~— the lattice.

—_
<

Temperature (K)

—_
(=]
=3

IX. CLASSICAL VERSUS QUANTUM MECHANICAL

This section looks at the connection between the expected
. true quantum mechanical behavior of our system and the
" (b) classical dynamics that we present. The aim is to provide a
justification for, and an understanding of, the quantitative
agreement between experimental data and our classical simu-
lations. We discuss the initial conditions, dynamics, and es-
cape processes for the quantum mechanical and classical
cases and consider the role of decoherence. This enables us
to suggest that the heating effect discussed in Sec. VI B, the
principal error mechanism at low temperatures, is relevant to
10 ] experimental quantized-acoustoelectric-current devices.

10°

=127

;

102.

A. Initial conditions

100 s . . . In our calculations we start with the quantum dot formed
06 062 064 066 068 07 072 074 by the SAW and the constriction containing the maximum
Time (ns) number of electrons for its size and shape. These electrons

FIG. 10. (a) Boltzmann temperature vs time for a dot with elec- € arranged in a configuration that minimizes the total po-
trons given an initial Boltzmann temperature of 200uppermost  tential energy, and are given velocities so that as the dot
curve, 100 K, 40 K, 20 K, 10 K, 4 K, 2 K, 1 K, and 0 Klowest ~moves they initially remain close to a configuration of mini-
curve, obtained by averaging over 10 000 calculations. HorizontalmMum potential energy.
lines indicate temperatures of 1.7 K and 7.25(K).T', the ratio of Time-dependent  noninteracting  quantum-mechanical
the potential energy to the kinetic energy of electrons in the dot focalculations® have shown that it is the lowest-energy elec-
the same temperaturéhie uppermost curve is 0)KThe horizontal ~ trons that are transported through the constriction. In these
line indicatesl'=127. calculations, these electrons start in the lowest-lying bound

states of the SAW minima at the entrance to the constriction.
<127 they form an interacting electron liquiiOur simula-  Experiments on the effect of a SAW on the conductance of
tions show that this is approximately the case for our systeman open quasi-one-dimensional chahfi&l suggest that the
provided the number of electrons in the dot is large. screened SAW potential in the constriction is of the order of

In our model, we have not included any mechanism forl meV for the values of SAW power used to generate quan-
electrons in the dot to absorb phonons and this has the effetized currents, so that many electrons could be trapped in
that the current plateaus persist untill00 K as can be seen such bound states. Electrons in these states are then brought
in Fig. 9. At this temperature, however, the evaporative coolup through the Fermi energy by the moving SAW potential.
ing we have described above cools the dottd K, whichis  If Coulomb interactions were introduced into these calcula-
consistent with the temperature at which experimentally theions, the electrons trapped in the quantum dot should remain
plateaus are lost. Shiltogt al. observe a trace similar to the in the ground state because below the Fermi level there will
lowest trace in Fig. ®) at approximately 7 K. This suggests be no free states for them to scatter into. The capture of the
that at 7 K the coupling to phonons is very strong and thdowest-energy electrons is consistent with a physical picture
electrons in the dot are able to equilibrate with the lattice, busince the SAW would not expel these electrons in favor of
the good agreement at low temperatures between our resultapturing electrons with much greater velocitiéise Fermi
and the experiments suggests that bete® K they do not velocity is typically 50 times the SAW velocity
have time to equilibrate. This is consistent with recent mea- Classically, the ground-state configuration for a quantum
surements of electron-phonon coupling in GaAs systems usiot formed by the SAW and constriction potentials is a
ing thermopower measuremefitsand with the theory of Wigner cluste®?* whereas quantum mechanically the
acoustic phonon production in GaASThey quote the heat ground state is an interacting liquid for the densities we are
production by phonons aQ/dt=270T°n_*?in eV/s forT  considering®~* However, the quantum-mechanical ground
in K and n, in units of 13° m~2. We take the time over state has the following connections to the classical ground
which the dot in our calculations sheds its electrons to be 0.&tate: the two-particle correlation function is nearly identical
ns and take the electron density to be>X0ID'* m~2 (this  to the classical two particle correlation functitht>*>owing
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to the asymmetry of the SAW quantum dot the points wheréhold is the regime where the SAW amplitude is very small.
particles are most likely to be found will correlate well with In this regime each minimum of the SAW potential is only
the points where classical electrons are fothtr.and the capable of capturing one electron from the 2DEG, but if the
number of electrons that the dot can hold will be very similargradient of the constriction potential is sufficiently shallow
to the classical result since this is governed by the Coulomithen classically each of these electrons is successfully trans-
energy>2~3° ported through the constriction. If tunneling were included

then the electrons would always escape from the dots

B. Dynamics through the small rear barriers of the dots.

The dynamics of an interacting many-particle system such
as the one we are considering have never been calculated
guantum mechanically to our knowledge, but it is likely that In general, the effect of decoherence on a quantum-
the time evolution of the two-particle correlation function mechanical system is to cause it to behave more classitally,
would be very similar to that of the classical two-particle and therefore the dynamics of the quantum dot we have been
correlation function. We would expect there to be analogiesonsidering can be determined classically provided the dot is
of classical effects in a quantum-mechanical treatment, andubject to sufficient decoherence. This could be a further
indeed there must be two important similarities between thgustification for expecting our results to be consistent with
two cases. The first is that at any time during the transportexperiment. Experimentally, the principal sources of deco-
the Coulomb energy and the depth and size of the dot musterence in our system are expected to be from the process of
be the dominant factors determining the number of electronkosing electrons, coupling to acoustic phonons, and from un-
in the dot. Second, the processes by which electrons leavacreened microwave radiation. Using the results of Sec. VIII,
the dot occur too quickly for the remaining electrons to stayfor temperatures belo2 K each electron should pick up less
in the ground state. The velocity derived from the uncer-than 4 ueV of energy from phonons during the 0.1 ns from
tainty principle for a confinement of 0.0Zm (the typical when the dot defines to when it arrives at the center of the
separation of the electrons in our simulatips approxi-  constriction. This therefore should be a negligible decoher-
mately 25000 m/s, and our calculations show that electronsg factor. The density of microwave photons in the cavity
leave the dot on a time scale of only a picosecond. A dis€ontaining the device should be small since the dimensions
tance of only 0.025%wm can be traveled in this time at this of the cavity are much less than the wavelength of the radia-
speed, and hence we do not expect that the wave functiaion, and they should therefore give rise to negligible deco-
would be able to respond adiabatically to these changes. herence.

We believe, however, that intrinsic decoherence resulting
C. Tunneling from electrons exiting the dot cannot be neglected. When

electrons leave the dot by tunneling or excitation over the

Tunneling ultimately leads to an increased depopulation, g rier, they will initially remain entangled with the electrons
of each SAW quantum dot over the classical result. This IS the d0#8 but on contact with conduction electrons in the

because classically there is a sharp cutoff between states thafiacent 2DEG they will decohere. This will have the effect
have sufficient energy to escape the dot and those that dfat the electrons remaining in the dot will also partially
not. Quantum mechanically, electrons with lower energiegjeconhere. From Fig. 7 it can be seen that on average elec-
than the classical cutoff energy may escape and electrong, s |eave the dot every 3 ps and the proximity of the left
above the classical cutoff may be reflected back. For a par&pe will cause decohering events to occur on this same
bolic barrier, if there was an even distribution of electronyime scale. If at some point in the motion, each electron were
energies about the classical cutoff point then there would bg,hfined to an area given by the mean interparticle spacing
no difference on average between the number of electrons_ 7 nm) then the standard uncertainty relation would pre-
that escape classically and the number that escape quantyj; that in 3 ps they could not expand to fill the dot. This

mechanically. However, our calculations predict that the enyqeq not prove that the motion is classical but it suggests that
ergy distribution closely follows the Boltzmann distribution, ;¢ decoherence arising from losing electrons were to make it

with a characteristic energysT<0.2 meV, which is much  ¢|5ssical then losing electrons at such a rate would cause it to
less than the depth of the d(fig. 4). This means thatin @ | amain classical.

guantum-mechanical treatment there would be more elec-
trons attempting to leave the dot below the classical cutoff
point than above it, resulting in more electrons leaving the
dots on average than would classically. Nevertheless, the Within our model, the principal error mechanism causing
probability of an electron at the bottom of the dot tunnelingdeviations from quantized current plateaus is a temperature
out must be rather small because of the experimentally obeffect: at low temperatures the trapped electrons form a crys-
served accuracies of these devices, and since the tunnelit@ that warms up as it passes through the constriction. The
probability depends exponentially on the energy of atemperature at the instant when the dot has minimum depth
particle®® then excitations of the form predicted by our model then crucially determines the error through Boltzmann statis-
must be very important. tics. The value ofr~7 for the electrons in our dot is an
This suggests that tunneling should not change the generatder of magnitude smaller than that necessary for Wigner
form of our results, but an example of where this does notrystallization to occur, but as we have said abdvethe

D. Decoherence

E. Temperature effects
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guantum-mechanical and classical two-particle correlatiornt passes through the constriction it becomes smaller and
functions are likely to be similagji) decoherence from elec- electrons are forced out at an average rate of approximately
tron loss will make this more true, andi) in a quantum- one every 3 ps leading to a complicated and chaotic pattern
mechanical treatment, electrons would still be lost very rapof motion for the remaining electrons.
idly thereby leaving the system with excess potential energy. At low temperature, when an electron leaves the dot it
The increase in temperature arises from the equipartition deaves so quickly that a hole is left behind in the electron
this excess potential energy. A many-particle system thatrystal, resulting in a configuration that has a higher potential
suddenly loses a single particle will find some way to relax,energy than the instantaneous ground state. This results in
and in the absence of the possibility for it to give up acousticheating because the interactions between electrons rapidly
phonons to the lattice or radio-frequency photons to the cavweause half of this excess potential energy to become kinetic
ity it will probably relax by putting energy into plasma energy. We find that even if the electrons initially have close
waves in the electron system. Classical and quantumto zero temperature, this mechanism causes them to become
mechanical plasma frequencies are comparable and therefoggcited to a temperature of approximately 1.7 K. This pro-
this process would be expected to occur on the same timéuces errors in the number of electrons transported through
scale as our simulations. This is the heating effect we havexcitation out of the dot. This error mechanism accounts for
been describing and is likely to lead to full equipartition. the experimentally observed flatness of the current plateaus,
the significant worsening of higher plateaus, and the satura-
X. SUMMARY tion of the performance of the devices at a temperature of

) ~ approximately 1 K.
We have presented a study of the classical dynamics of

interacting electrons in quantized-acoustoelectric-current de-
vices. In these devices, electrons caught in a SAW potential
minimum are forced through a short, narrow, depleted con-
striction. We find that at any instant of time the combination ~We thank Valery Talyanskii, Andy Schofield, Chris Ford,
of the SAW and the constriction produces a single movingDavid Khmel'nitski and Greg McMullan for useful discus-
guantum dot, the minimum of the dot corresponding to asions and acknowledge the help of the Hitachi HPCF.
minimum of the SAW potential. At the instant when a dot is A.M.R. thanks the National Physical Laboratory for financial
first defined, it is relatively large and contains many elec-support and C.H.W.B. thanks the EPSRC for finanical sup-
trons(for our choice of potential the number-is30), butas port. This work was funded by the EPSRC.
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