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Energetics of quantum antidot states in the quantum Hall regime
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We report experiments on the energy structure of antidot-bound states. By measuring resonant tunneling
linewidths as a function of temperature, we determine the coupling to the remote global gate voltage and find
that the effects of interelectron interaction dominate. Within a simple model, we also determine the energy
spacing of the antidot-bound states, self-consistent edge electric field, and edge excitation drift velocity.
[S0163-18208)50512-1

Quantum antidots in quantum HaH) regime were suc- the total electromagnetic background at the sample’s con-
cessfully used to demonstrate charge rigidipantizatiopn  tacts is~1 wV rms. The four-terminal magnetoresistance
of a QH condensate and to measure the charge of elementaRy; was measured with a lock-in amplifier. Tunneling con-
excitations, both in the integer and fractional QH effetn.  ductanceG; between the two edges can then be calculated
these experiments the quantized states were controlled eletem R,r, as discussed previousty.
trostatically by a remote global gate, and therefore determi- Figure 1b) shows schematically the self-consistent en-
nation of the coupling parameter between the gate voltage ergy landscape near the antidot in the QH regime. There is an
Vs and the energyE,, of the antidot-bound state at the edge channel around each of the front gates; at these edges
chemical potentiak, a=|d(E,,—u)/dVg|, is necessary for the energy spectrum is continuous and there is no gap for
guantitative interpretation of the results in terms of energycharged excitations gi. Because of the electron Coulomb
In the case of quantum ddtshis coupling is usually dis-
cussed within a phenomenological noninteracting electron
model, which givesx in terms of geometrical capacitances (@) 3 ﬁ
only. On the other hand, for quantum antidots no attempt to

| 4
measure or model the effect of a remote gate on energetics
has been reported. D@C_J
7/ N

In this paper we report experimental results on the energy , N 1
structure of a quantum antidot in the quantum Hall regime. S/ AN Vea
We study the energy spectrum of the antidot-bound states > l // \;\J ]
using the technique of thermal excitation. By measuring ' |
resonant tunnelingRT) linewidths as a function of tempera- y N
ture, we determine the coupling constaat and find S/ AN
a)=12+4 peV/V at filing factor »=1 and
a13=37=1 peVIV at v=1/3. Surprisingly, these values
are equal to the value afy=du/dVg obtained in the model Py >
of two-dimensional noninteracting electrons at magnetic
field B=0: «(;) is equal to ap=12.2 ueV/V, and
a(13=3ag. Thatis,a(y/3) has the value of,, for chargee/3
particles with density of states equal to that of free spin-
polarized electrons in ze®. This observation does not ap- (b)
pear to be a numerical coincidence, but is not fully under-
stood at present. Our results suggest that self-consisten
electrostatics ointeractingelectrons forming the edge chan-
nel should play a central role in the microscopic understand-
ing of this problem.

Samples were fabricated from very low disorder GaAs/
AlGaAs heterostructure material. The antidot-in-a-
constriction geometrisee Fig. 1a)] was defined by standard
electron beam lithography. A global back gate is separate

FIG. 1. (a) lllustration of the sample. Numbered rectangles are
hmic contacts, black areas are front gates, and arrowed lines show

f the two-di . | elect {4BDES b ; dge channels. The back gate extends over the entire sample on the
rom the two-dimensional electron systd S by an in- opposite side of the insulating substrate. Dotted line represents tun-

sulating GaAs of thickness-430 um. The two front gates ajing path (b) Schematic self-consistent energy landscape near the
were contacted independently and were used to bring the tWeytidot. The ladder of quantized states around the antidot has filled
edges close enough to the antidot for tunneling to o¢t\e (®) and empty Q) states. Tunneling from left edge at chemical
prepared 2DES witm~1x10" cm™2 and a mobility of  potential, to the right edge afs occurs through thenth single
2x10° cm?V s by exposing the sample to red light at 4.2 level if u, — pur, ke T<AE=E,, ;—E,. The QH gap forms the

K. Experiments were performed in a dilution refrigerator two tunneling barriers. The enlargement shows the quantized edge
with sample probe wires filtered at mK temperatures so thathannel of widtha circulating the antidot.
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FIG. 3. Width of a quasiparticle RT peak as a function of

FIG. 2. Tunneling conductance of quasielectrons vs back gat@jectron temperatur€ at »=1/3. The solid line is the one param-

voltage and magnetic field at=1/3.

eter linear fit giving the value for energy to voltage coupling pa-
rametera. The inset shows the electrdnhas a function of the bath

interaction, the self-consistent potential is flat where theser, ;. The dashed line giveB= Ty, the small deviation at lowest
edges crosg. The size of the antidot is small enough that temperatures is accounted for by electron Joule heating, as shown
the particle states encircling the antidot are quantized. Thed® the solid line fit.

guantized states are the levels through which resonant tun-

neling occurs, and for small enough Hall voltage—ur  determined from an electron Joule heating model fit tohe
and low enough temperatur&, tunneling takes place vys T, .. data® whereT,uy is the LHe bath temperature, as
through a singlemth level at energyEy,. The spectrum of  shown in the inset in Fig. 3. Note that the deviationTof
charged excitations is discrete in antidot-bound states evefiom T,_,, is small and seen only at lowest temperatures.
for interacting electrons, thus the self-consistent potential i&imjlarly, we determine(;)=12+4 ueV/V for the v=1

not perfectly flat atu. In other words, even though the ex- integer QH platead.

ternal(confining potential is screened by 2DES in the com- | et us now consider the action of a global remote back
pressible edge channélshere still remains a finite slope, as gate on a uniform two-dimensional electron syst@DES.
shown in Fig. 1b), when the screening length is comparableThe inverse capacitance per unit area is given by the sum of

to the circumference of the channel.
The resonant levet ,, can be moved in energglativeto
u by changing either the magnetic fieBlor the back gate

two contributions, a large geometric part and a small term
related to finite compressibility of the 2DES: Cl/
=1/C; s+ 1/(e’Dg). HereC,«= €€, /d is the capacitance per

voltageVgg, and thus line shapes of RT peaks can be meagnit area of the thicknesd insulator separating the 2DES
sured. Figure 2 shows representative experimental condugom the gate, andg=dn/du is the thermodynamic den-

tanceGr as a function oVgg andB at v=1/3. We clearly  sity of stateyDOS) at u, in a magnetic field3. Then
observe an interval of quasiperiodic resonant tunneling peaks

on top of the QH plateau, and see the equivalence between
Vgs- and B sweeps. As we showed in Ref. 4, thermally
broadened Fermi-Dirac line shape Gy

du du dn Cg 1 AC
ag= = =— —+e—,
dVgeg dndVgg € Dy Co

2

xcosh [ (E,— w)/2kgT] fits all the RT peaks extremely well
at all temperature$In terms ofVgg, the line shape is writ-
ten

OZ(VQG_VBG)

=2
Grxcosh 2kaT

: D

where a=|d(E,,— n)/dVg| as before, and¥/g is the posi-
tion of the mth peak. Equationl) shows howa can be
measured in our experiment by studying Thdependence of
the line shape of the RT peak.

In Fig. 3 we plot the widthV of a RT conductance peak,
defined byGrecosh 4 (Vgs—Vga)/W], as a function of elec-
tron temperaturel. Comparing with Eq.(1), we see that
a=2kgT/W. W is directly proportional toT, as expected,
and the slope gives the valugy/3=37=1 ueV/V. T was

whereAC=C,—Cpg, and subscripts 0 anB refer to zero
and finite magnetic fields, respectivély.et us examine this
result more carefully. First of all, aB=0 we simply get
ag=Cy/(eDy). Since for noninteracting spin-polarized elec-
trons, Do=m*/(2742), we can compar@?D, with Cins.
For our sample, since the back gate iemote
e’D,=0.82X10°C;,s. Therefore Co=C;,{1—O(10 )],
and to a 10° accuracy

_ Cins 2hH?
_? m* )

)

ag

Similarly, at finite values oB and for particles of charge,
we can write
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FIG. 4. (a) The energy to back-gate-voltage coupling (b) ) .
energy to magnetic-field coupling, and(c) their ratio as a function FIG. 5. (@) The energy spacind E=Ey,_,—Ep, (b) radius of
of magnetic field. The horizontal lines (@ give the values ofx, Fhe antidotr,,, and(c) .radlal electrlc.flel.dS, obtained as described
for v=1, and 3, for »=1/3. The line in(b) gives B=1/¢;Do. in the text, as a function of magnetic field.
The horizontal lines in (c) give the expected value of . .
@l B=Cirabo /. shape data of a single RT peak, in contrast to the measure-
ment of the charge of tunneling particles, which was ob-
C tained from the periodAB and AVgg between consecutive
ap=—= (4)  RT peaks:'°
9Ds This nontrivial result, thaty 1z~ 31y~ 3ay, is not fully

with error of the order of 10°. Equation(4) shows thatry ~ Understood at present. The only plausible explanation in the
of a gated 2DES sample in a largguantizing B is not absenceof electron Coulomb interactions would seem to be
expected to be related to the zero field result, By.in any loss of Landau quantization, which is ruled out by the simple
simple manner, since DOS will develop peaks at Landadact that we do observe QH effect. On the other hand, for
level energies. interacting electronsPg at u depends sensitively on the
Comparing the experimental valueseto Eq.(4) we can ~ Self-consistent edge electrostatics. In an edge chaifiig!
solve forquasiparticle D3 by usingg=e/3. Surprisingly, 1), the self-consistent raQ|aI electric fiefds smaII'but finite.
we getD 1/3~Dg (ag=36.7 ueV/V for /3 particles, that & can change as a function Bfto produce a particular value
is, it appears as if the DOS for quasiparticle excitations in thdor Dg, and therefore fora. In fact, an argument can be
QH edge equals the DOS of spin-polarized noninteractingnade that action of aemotegate on a 2DES, wheaVgg
electrons aB= 0. We note that this result is distinct from the > and all other relevant energies in the problem, should be
charge quantization reported in Ref. 1: the charge quantizai€arly independent of an applied magnetic field and presence
tion is implied from the periodicity of the conductance peak©r absence of the QH effect.

positions inVgg, while here we use oné-function-like The values ofa and B can be used to obtain several
antidot-bound state to measure the thermal excitation spegroperties of the antidot-bound states within the linearized
trum on the edgewithin one conductance pedk. model depicted in Fig. (b). The energy separation between
We have also analyzed RT conductance peaks=al  the two consecutive states @t AE=E,,_;—E, is obtained
and atv=1/3 at different magnetic fieldglifferentbulk fill-  from eitherBAB or «AVp. Figure %a) shows these results

ing factors.® This data was taken at constaft which is  for AE at v=1 and atv=1/3 with different bulk filling
justified by the fact that phenomenologically all peaks arefactors® AE~20 ueV remains approximately constant as a
well described by Fermi-Dirac distributidrtHowever, so de- function of B, even when we go from integer to fractional
termineda is less accurate. In addition, the coupling param-QH regime. This is different from thAE«1/B dependence
eter B=|d(E,— u)/dB| was determined from thB-sweep expected for an antidot with strong confinement potential,
data: G cosh 4 B(B™"—B)2ksT]. These results are summa- and as was seen in other experiments.

rized in Fig. 4. As can be seen in Figal a(y3 is approxi- To calculate from « and 8, from the Aharonov-Bohm
mately constant in the range<@<12 T (within the experi- quantization condition for a circular antidot-bound state with
mental uncertainty and agrees with the one obtained in theradiusr, szmB:mQSo, we derive:

more accuratd -dependent analysis, Fig. 3. We obtain the

value of a(;y approximately three times less thagys, in- _ 5¢0rmcins,

5
dependent of magnetic field, while the couplifgstays ap- “ 2B ©®
proximately constant, Fig.(8). In fact, the value of the ratio
al B approximately equalg,Ci.s/q, as shown in Fig. &). _ qEr m

Again, the values otx and 8 were obtained from the line 2B ° ©)
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Since the values of,,, Fig. 5b), can be determined inde- v,=1X10* m/s for v=1 andv.=3x10* m/s for v=1/3.
pendently from the period of RT conductance peak&oth  These values are somewhat lower thar 1I0° m/s often
Egs.(5) and(6) can be used to calculafe which is shown in  used in theoretical estimat&s.

Fig. 5(c). The value o£~2x 10* V/m for »=1 is consistent

with estimates for quantum dots in integer QH regir}fe& We would like to thank D. V. Averin, J. K. Jain, B. I.
although it is an order of magnitude higher fe=1/3. Ap-  Halperin, and S. A. Kivelson for interesting discussions and
parently, one factor of 3 is needed to account for cha/@e B. Su for help in the sample fabrication. I. J. M. thanks the
particles, and another factor ef 3 comes from the ratio of Finnish Cultural Foundation for partial financial support.
magnetic fields. Finally, the drift velocity of edge excita- This work was supported in part by the N.S.F. under Grant
tions,v.=&/B in our sample can be determined; we obtainNo. DMR-9629851.

1v. J. Goldman and B. Su, Scien267, 1010(1995; V. J. Gold- B. B. Goldberg, P. J. Stiles, and M. Heiblum, Phys. Re\BB
man, Physica Eto be publisheg 2696 (1989; S. V. Kravchenko, D. A. Rinberg, S. G. Se-

2For recent reviews, see U. Meirav and E. B. Foxman, Semicond. menchinsky, and V. M. Pudalobid. 42, 3741(1990.
Sci. Technol.10, 255 (1995; L. P. Kouwenhoveret al, in 9Similar analysis of a quantum dot was reported in V. J. Goldman,
Advanced Study Institute on Mesoscopic Electron Transfert B. Su, and J. E. Cunningham, Int. J. Mod. Phys6B2321
ries E (Kluwer Academic, MA, 199Y. (1992

3In the experimenty in the constriction is smaller thang, the 10g= ¢,Cins(AVgc/AB) was first used in Ref. 1 to measure charge
filling factor in the bulk, as discussed in Ref. 1. of the tunneling particles.

1. J. Maasilta and V. J. Goldman, Phys. Rev5§ 4081 (1997. 1A, s, Sachrajda, Y. Feng, R. P. Taylor, G. Kirczenow, L. Hen-
5D. B. Chklovskii, B. I. Shklovskii, and L. I. Glazman, Phys. Rev. ning, J. Wang, P. Zawadzki, and P. T. Coleridge, Phys. Rev. B
B 46, 4026(1992. 50, 10856(1994; J. D. F. Franklin, I. Zailer, C. J. B. Ford, P. J.
6As has been shown in Fig. 3 of Ref. 4, the difference between Simpson, J. E. F. Frost, D. A. Ritchie, M. Y. Simmons, and M.

Fermi-Dirac and Luttinger line shapes is less than 1%, and is not Pepper, Surf. Sci361, 17 (1996.
observable under our experimental conditions; thus, use of &P. L. McEuen, E. B. Foxman, Jari Kinaret, U. Meirav, M. A.
specific line shape for data analysis does not affect results of this Kastner, N. S. Wingreen, and S. J. Wind, Phys. Rev4®

work. 11419(1992.
"The sample was optimized for the fractional, rather than the inte?3r,,= ¢, /(wAB), or r ,= o/ (wCAVgg).
ger QH regime. 14C. de C. Chamon, D. E. Freed, S. A. Kivelson, S. L. Sondhi, and

8A. L. Efros, Solid State Commur&5, 1281(1988; T. P. Smith, X. G. Wen, Phys. Rev. B5, 2331(1997.



