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Proposal for a quantum Hall pump
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A device is proposed that is similar in spirit to the electron turnstile except that it operates within a quantum
Hall fluid. In the integer quantum Hall regime, this device pumps an integer number of electrons per cycle. In
the fractional regime, it pumps an integer number of fractionally charged quasiparticles per cycle. It is pro-
posed that such a device can make an accurate measurement of the charge of the quantum Hall effect
quasiparticles.

The basic idea of a parametric pump is that some param- (d) Move the left edge state back to its original position
eters of a system are varied slowly and periodically such thafar from the antidotby uncharging the left gatesuch that
after each full cycle the system returns to its initial state withtunneling from the antidot to either the right or left edge is
the net effect being that some amount of a fluid is transferrednce again forbidden.
from a source to a drain. There are many examples of such (e) Move the right edge state close to the antidoy
pumps in a very wide range of contexts — from the humancharging the right gate negativelguch that the tunneling
heart to a firemens’ bucket brigade. Over the past few yearamplitude between the right edge and the antidot becomes
there has been increasing interest in parametric pumping dérge.
charge in mesoscopic systems both theoretitAlland (f) Uncharge the central gate such that the antidot be-
experimentally’~> One particularly interesting example of a comes smaller. As the potential on the central gate decreases,
parametric pump is the electron turnstiie—a device thathe quasiparticles from the right edge tunnel back to the re-
transfers a single electron per cycle from a source to a drairgion near the edges of the antidot, filling states that were
Such devices seem quite promising as metrological currerdgbove the Fermi energy.
and capacitance standaftfin this paper, | propose a device  (a) Move the right edge back far away from the antidot
very similar to the electron turnstile that operates in the(by uncharging the right gatdo return the system to the
guantum Hall regime. Similar to the electron turnstile, whenoriginal state.
operated adiabatically at low temperature in the integer Similar to the electron turnstile, the charge pumped in this
guantum Hall regime, the number of electrons pumped in &ycle is given by the difference between the charge on the
single cycle is quantized. However, in the fractional quantumantidots in stepga) and (d). It is important to note that in
Hall regime, it is an integer number @factionally charged stagega) and(d), when the tunneling to both edges is turned
guasiparticleghat is pumped in each cycle. Thus, this deviceoff, the charge on the antidot is quantized either in units of
has the potential to make measurements of the fractionahe electron chargén the integer regimeor in units of the
charge of quantum Hall quasiparticles. quasiparticle chargén the fractional regime Thus, we ex-

Description of the DeviceThe structure of the proposed pect that the charge pumped in a cycle will similarly be
device, shown schematically in Fig. 1, is quite similar to thequantized, at least at low temperature. More rigorous argu-
devices used in Refs. 6-9. ments for this quantization will be made below.

A full pumping cycle is shown in Fig. 2. Throughout the  If we then imagine that we fix the central gate voltage at
cycle, the source-drain voltage may be held at 28réhe  stage(a) and measure the charge pumped per cycle as a
cycle can be described as the following steps: function of the central gate voltage at stagg at zero tem-

(a) Begin in a state where the edges are far from theperature, we would obtain a step-like curve, illustrated as the
antidot. In this state, tunneling from the antidot to either thesolid line in Fig. 3.
right or left edge is forbiddefi.e., the tunneling amplitude is Quantization of pumping: integer casé general ap-
very close to zerp proach to understanding quantized charge pumping is remi-

(b) Move the left edge state close to the antilpt charg-  niscent of Laughlin’'s argument for quantized Hall
ing the left gate negativelysuch that the tunneling amplitude conductancé! Consider the Corbino geometry shown in Fig.
between the left gate and the antidot becomes lécgen- 4. In the integer quantum Hall regime, at low temperature,
pared to the pumping frequency the ground state of the system is unique and gapped at all

(c) Negatively charge the central gate such that the size dimes in the pumping cycle. If the deformation is made adia-
the antidot grows. Here, as the potential of the central gateatically, the system simply tracks the ground state.
increases, particlegor quasiparticlesthat were occupying (“Adiabatic” here is defined to mean that the system tracks
states near the edges of the antidot are shifted above tlike ground staje Thus, at the beginning and end of the
Fermi energy. As they cross through the Fermi energy, thegycle, the system is in the same state and the only net effect
tunnel out to the left edgéhey cannot tunnel to the right is that an integer number of electrons could have been trans-
edge because the right edge is insulated from the dot by ferred from the inside to the outside edge of the ann(bus
large region of quantum Hall flujd vice versa.

0163-1829/2000/624)/1632714)/$15.00 PRB 61 R16 327 ©2000 The American Physical Society



RAPID COMMUNICATIONS

R16 328 STEVEN H. SIMON PRB 61
Central Gate Antidot g> 3
Drain S 2 T>0 e
o T=0 ’
3 1 = B
Left Gate / g \
Rigtt Gate g o - 1
g W
s I % R
& 7
Source e 1
g
S 3

Central Gate Voltage at Step (d) (V ;)
FIG. 1. Cartoon schematic of the proposed quantum Hall pump.

The lightly shaded region in the center is quantum Hall fluid. The FIG. 3. Pumped charge as a function of central gate voltsliges
black areas are gates. Arrows at the edges of the fluid indicate edge step(d) in the pumping cycléschematig It is assumed that the
state propagation direction. The side gates can push the edges of thther parameters of the pumping cycle—and in particular the cen-
fluid closer to or further from the central antidot. The small gate intral gate voltage at stef@) are held constant ag, is changed. The
the center can change the size of the antidot. solid line is zero temperature, whereas the dashed line is finite
temperature withT roughly 10% of the single particle addition en-

For the simple case of noninteracting electrons, one caf'®:

write the dynamics in terms of a simple time dependent S .
Schroedinger equation. This can be integrated explicity ~ Statesiand the quasiparticle chargeés(2p+1)]. Because

actly, or perturbativelyto demonstrate the quantization of of this ground state degeneracy, the system need not return to

pumped charge as claimed above. This explicit approach i@e same ground state after each pumping period, but may

useful in that it allows us to study the effects of nonadiaba-”ﬁ's‘te"’Id cycle through thpground states. As a result, itis the

ticity in detail. Such a study is a subject of current researcrpumt.)er of ele_ctrons transferred across the systegcytles .
and will be reported elsewhere. that is quantized, rather than the number transferred in a

Fractional case In the case of the fractional quantum single cycle. Thus, the average charge transferred in a single

Hall effect, the Laughlin argument must be modified to ac-CYC€ iS guantized in units a#/q, which is the quasiparticle

count for fractionalization of chargé.lt now becomes pos- charge. Indeed, it is known t.hat adiabatic transfer of a qua-
sible to transfer a single fractionally charged quasiparticleSIpartICIe across such a Corbino system does indeed cycle the

: - degenerate ground states.
across the systenfAs usual, increasing the charge on the S e .
ysten g g Other than this minor modification of the above Laughlin-

antidot by a fractional amount results in the decrease of th ) ; .
charge on the edges of the system by the same amount, bei%e argument, we expect that the same con_S|derat|ons.as n
e above integer case will apply for all fractional quantized

that the bulk is incompressible and the total charge of th I We al h b h
system is conserveéd The argument given in the above a states.' € also expefctt. at,.as above, the tgmperature
cale at which the quantization is smeared out is roughly

section—which would seem to require transfer of an intege?_ . . . ”
number of electrons per cycle—fails in the fractional Hall 91Ven by the single quasiparticle addition energy. For a more

effect case because the ground state becomdsid dhetallﬁ‘? calct;Jlanon(,j we elxptlact thhat chiral Ic_juttlnger I|qu:q
degeneraté® with g a small integer related to the quasipar-t eory” can be used to calculate the pumped current explic-

ticle charge and the quantum numbers of the particular quaﬂt-ly' Th'g' tloo, 'ﬁ a subject of current research, and will be
tum Hall state. For example, for the simple case of a JaifcPoted elsewhere.

v=p/(2p+1) state, there arg=2p+ 1 degenerate ground Scattering matrix apprpac_hA r_ather elegant, more for-_
mal, argument for quantization is based on the scattering

matrix approach to adiabatic parametric pumgirig. this

= e . d = ! = approach, one writes the charge pumped in one cycler:
IS OO QLO UG- CtTep
FIG. 2. A full cycle of pumpinga-b-c-d-e-f-a. Each frame is a Q:ejTEE E |
top view of the device at a different point in the pumping cycle. In 02T “F &
frame (a), the direction of edge state propagation is also shown.
This pumping cycle transfers charge from the the sotiottom to ~ WhereS,4(t) is the scattering matrix at timefrom channel
the drain(top) at zero applied source-drain voltage. Note that thea t0 channelB. Here S(t) is to be calculated as if the pa-
antidot does not connect to both edges simultaneously, so at any
moment during the cycle the quantized Hall flighaded connects - Antidot
the source to the drain and the source-drain conductance is quan-
tized. Analogous to the electron turnstile, the antidot picks up
charge(holes from the left edge, moves over to the right edge, and
then releases the chargend then repeats the procgsSince the
amount of charge carried by the antidot is quantized, so is the
resulting pumped current per cycle. In the integer regime, the
charge on the antidaand hence the pumped current per cydte
quantized in units of the electron charge, whereas in the fractional
regime it is quantized in units of the fractionally charged quasipar-
ticle. FIG. 4. Quantum Hall pump in a Corbino geometry.
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rameters of the system are frozen at timand« is summed To generalize this scattering matrix approach to the frac-
only over channels at the source. In the quantum Hall retional quantum Hall regime, we imagine connecting a frac-
gime, so long as there is no direct tunneling across the quaitional Hall sample to integer Hall leads in a smooth
tum Hall bar(i.e., as long as the antidot is not simultaneouslyfashiort®, so that one can still ask about the scattering matrix
connected to both edgeshe structure of the scattering ma- for electrons injected into the system. Here, due to the above
trix is trivial—anything that comes into the left edge at the mMentioned ground state degeneratyhe system need not
source(bottom left of each frame of Fig.)2nust follow that return to its (_)rlglnal state after a single pumping cycle. In the
edge all the way to the draipper lefi. If we have a quan- ©8S€ of havingy degenerate ground states, the system can
tum Hall state with only a single edge channel=(1, for cycle through the grqund states returning to the original state
example the scattering matrix has only two nonzero only after q full periods of pumping. Thus, the pumped
elements—each with unit magnitudene element for the chargeQ in Eq. (1) need only be quantized in units of the

edge state leaving the source on the lower left side and en&_lectrqn charge aﬁeq c_ycles, so the pumped current per
cycle is quantized in units af/q.

Ing up at the upper left, and one leaving the drain at the ExperimentsThis experiment can thus be used as a mea-
upper right and ending up at the source at the lower Jight surement of the charge of the fractional quantum Hall qua-

Only one of these two nonzero elemefitse one represent- >~ ~ . )

ing the state leaving the soujcenters into Eq(1). We write siparticle. AIthough,_a number of previous works have mea-
; . ; (1) sured the fractional charge of quantum Hall

this relevant unit magnitudeJ (1) valued element ag™™, quasiparticle§;>*%7it is quite possible that the currently

such that we have the charge pumped per cycleQas . . : .
ey . proposed pumping experiment will be the theoretically clear-
=efq(dt/27) (d¢(t)/dt). In the integer quantum Hall re- est measurement yet.

gime, the system must return to ?ts ori_ginal state after a full The main experimental problem in carrying out this ex-
cycle. Thus,é(t) must ret.urn to |.ts original value quulo periment appears to be that temperature must be sufficiently
277. The pumped charge is Fhen just the number of tigtes low that the current step&ee Fig. 3 are not too smeared
wraps by ar per cycle. In this way we see that the.pumpedout_ As discussed above, this temperature scale is mostly
c_harge is quantized as a result of being a topological QUajetermined by the singléuasjparticle addition energy for
tty o . the antidot. It is thus quite useful to note that this energy
This quantization argument can be generalized 1o the Casgyje has in fact been measured for several similar experi-
of m copropagating c_han_nels per edge. In this casefhe o0 systems in both the integer and fractional regitngs.
epige channels can mix with each other as long as Fhey all YRithough the precise addition energy depends on the particu-
directly along the edge from the source to the drain and d(i’ar sample in question, the authors of Refs. 6—9 were able to

. . _ @chieve addition energies on the order of several hundred
scattering matrix then form&(m) =U(1)® SU(m) matriX. i tor hoth they=1 and»=1/3 states. For the case of

It can 'be shown that' the(1) part is again the only impor- =2/5, however, this energy seems to be somewhat I8wer,
tant piece(representing the total changand the pumped p,+ ay siill be high enolgh to successfully perform the
charge per cycle is again quantized as described above. proposed pumping experiment.

This scattering matrix formalism is easily extended to fi- Another experimental issue is how fast one can pump the
nite temper_atur?e(at Ie_ast for the integer caseOne _needs system and expect to have the pumped charge quantized.
only to define scattering matriceX(E,t) as a function of = thiq somewhat subtle issue is a subject of current research.
Incoming energy. Equation ,1 bgcorﬂésjependent resultlng. However, as estimates, one can expect that the tunnelling
in a charge transfeR(E) which is then smeared by a Fermi i from the antidot to the edge should set one time scale,
function to give the charge transferQ=/dEQ(E) e single particle addition energy sets another time scale,
[dne(E)/dE] with ne the Fermi function. In Fig. 3 this 44 the dissipation time yet another time scale. It is quite
smearing by a Fermi function is shown as the dashed(ime  gte 1o say that pumping at a rate slower than all of these
the figureT is taken to be 10% of the antidot single particle tjme scales will remain quantized. The effects of pumping

addition energy. _ _ faster will be discussed in a forthcoming paper.
For the noninteracting electrofintege) case and for

some simple interacting cases, it is possible to solve for the

scattering matrix explicitlygiven the energies of eigenstates | am indebted to B. Spivak for encouraging me to think
on the antidot and the tunneling matrix elements as a funcabout pumping in quantum Hall systems, and to C. Marcus
tion of time). Indeed, it can be established, as claimed abovefor encouraging me to turn these ideas into a paper. Helpful
that the charge pumped per cycleTat 0 is quantized and is  conversations with N. Zhitenev, R. de Piccioto, L. Levitov, J.
equal to the difference in the charge on the antidot betweeK. Jain, A. Moustakas, and C. Chamon are also acknowl-
steps(a) and (d). edged.
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