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Invariance of charge of Laughlin quasiparticles
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A quantum antidot electrometer is used to measure the charge of bulk Laughlin quasiparticlesfon the
=1/3 fractional quantum Hall plateau. We also report experiments performed on the integjeand 2
plateaus extending over a range of filling factors used to calibrate the electrometer, and to demonstrate
independence of the charge measurement of filling factor. We find the charge of the Laughlin quasiparticles to
be invariantlye/3, with a standard deviation of 1.2% and an absolute accuracy of 4%, independent of filling,
tunneling current, and temperature.
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I. INTRODUCTION applied current, and temperaturé. the charge of quasipar-
ticles is not a well-defined and invariant quantum number
The most conspicuous aspect of the quantum Hall éffectthroughout a plateau, then the “orthodox” theoretical proof
(QHE) is the constancy of the Hall conductance over a finiteof the exactness of quantization @f, in the QHE(Refs. 2
range of the filling factow. Indeed, this property defines the and 3 would require that there were corresponding large
phenomenon of QHE; thgquantizedvalue of the Hall con-  corrections to the Hall conductance too. Otherwiser,if is
ductanceo,, of a particular QH state in units a#?/h, f quantized exactly in some limit with only exponentially
= haxy/ez, is a principal quantum number of that quantum small corrections, as numerous experiments show, the valid-
Hall (QH) state called “exact filling.” Specifically, the elec- ity of the orthodox theory is under suspicion and additional
tric charge of the quasiparticles is expected to be determineitheory is required to explain the exact quantization of the
by the relevant quantum numbers, includfngnd thus is not Hall conductance even when the charge of quasiparticles is
expected to vary on a QH plateau wheiis varied from the  not well defined.
exact filling?® The exactness of quantization of the Hall con-  Although six years have passed since the first direct ob-
ductance is understood as a consequence of the gauge invasérvation ofie particles in quantum antidafQAD) elec-
ance of electromagnetic field and the exact quantization offometer experiment®, one crucial aspect of theory re-
the charge of electrorfsOn a plateau the charge of quasipar- mained untested: the invariance of charge &r from exact
ticles localized in thenterior of a two-dimensional electron filling. In this paper we report experiments performed on the
system(2DES is well defined! In the case of the integer QH integeri=1,2 and fractionaf=3 QH plateaus that extend
plateau at exact filling=i (i=1,2,...) thequasielectrons over a filling factorv range of 27% to 45%. The charge of
are simply electrons in the Landau level 1, and the quasi- the QAD-bound Laughlin quasiparticles has been measured
holes are the holes in thHeh level. It is easy to understand to be constant, independent nfover the entire plateau ex-
the properties of fractiona quantum H&FQH) quasiparti-  tent, with relative accuracy of 1.2% and absolute accuracy
cles using composite fermiondn the case of the FQH pla- of 4%. In addition, we observe no variation of the quasipar-
teau atf=i*/2pi* +1 quasielectrons are composite fermi- ticle charge upon a variation of temperature, tunneling con-
ons(an electron binding g vortices in the “Landau level”  ductance, or applied current in the experimentally accessible
i*+1 of composite fermions, and the quasiholes are théange.
holes in thei*th level. It has been predicted theoretic&fly
that th(_a electric _ charg_e qf these_ quasipart@cle_s gs IIl. QUANTUM ANTIDOT ELECTROMETER
=e/(2pi* +1). This fascinating fractional quantization of
electric charge is a fundamental property of the strongly cor- The QAD electrometé?™ is illustrated in Fig. 1. The
related FQH fluid. antidot is defined lithographically in a constriction between
However, the above-described *“orthodox” theory hastwo front gates in a 2DES. The antidot and the front gates
been questioned from two different directions. Jain has arcreate depletion potential hills in the 2DES plane and, in
gued that since fractional quasiparticles and quasiholes a@uantizing magnetic field8, the QHE edge channels are
extended composite objects, their properties, and in particiformed following equipotentials where the electron density
lar charge, are not well defined away from exact filling, whenis such thatv=hn/eB is equal to integei or fractional f
their density is high and “they can certainly not be assignecexact filling. The edge channels on the periphery of the
a well-defined charge or statistic§ Even more recently, ex- 2DES have a continuous energy spectrum, while the particle
periments measuring shot noise power in QH constrictionstates of the edge channel circling the antidot are quantized
without antidots have been reported; these experiments, iy the Aharonov-Bohm condition that the stakg with an-
terpreted as a measurement of Laughlin quasiparticle charggular momentun®:m, in each Landau level, enclosesp,
show variations ofy by factors of up to three and even six =m(h/e) magnetic flux. In other words, the semiclassical
depending on all: filling factor, two-terminal conductance, area of the staté, is S,,=me¢,/B. The electrometer appli-
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FIG. 2. In the experimen&; peaks occur each time the occu-
pation of the antidot changes by one particle, an electron for IQHE
and a Laughlin quasielectron for tffe=3 FQHE. The measured
chargeq of the particle is directly proportional tdg: it takes the
same electric field/gg/d to attract threee/3 quasiparticles as one
electron. The uppe®+ curve is offset vertically by 06%/3h.

FIG. 1. (@) Schematic of the quantum antidot electrometey.
Idealized summary of experimental observations. There is®pe
peak on theé =1 andf :% plateaus, and two peaks on the2 and

=§ plateaus observed per peridd, with the back gate voltage
held constantVgg=0. AB gives the size of the QAD:S
=¢y/AB. The sameGt peaks are also observed when a small

icul lectric fiel i li 2DE iasi . : .
fhegpbearlclil(;ua?é.?Fﬁztggril(fﬁ?//:g/tﬂeﬁ ;Fr)gclt(?; éic\)/es thg fga?g':z;ng capacitance correction due to finite compressibility of 2DES

the QAD-bound particles, in Coulombs, vig=(eeqd/d) (Refs. 15 a_nd 17§|s very smgll too~10°. Thqs, Fhe charge
X(AVge/AB). of one particleg is dlrectly given by the electric field needed
to attract one more particle in the arBaq= e€,SAVgs/d,
cation is made possible by a large, global “back gate” on thewhere AVgg is the change of the global gate voltage be-
other side of the GaAs sample of thicknedsThis gate tween two consecutive conductance pedi&n absolute and
forms a parallel plate capacitor with the two-dimensionalmore accurate determination @lises direct measurement of
(2D) electrons. areaS= ¢,/AB for each QH plateau, as described in Sec.
When the constriction is on a quantum Hall plateau, par{V.
ticles can tunnel resonantly via the QAD-bound states giving
rise to quasiperiodic tunneling conductar®e peaks:? see
Fig. 1. A peak inGt occurs when a QAD-bound state crosses
the chemical potential and thus marks the change of QAD We use low disorder GaAs heterojunction material where
occupation by one particle. The experimental fact thaGhe 2DES (density 1x10" cm 2 and mobility 2
peaks are observed implies that the charge induced in the10° cn?/Vs) is prepared by exposure to red light at 4.2
QAD is quantized, that it comes in discrete particles occupyK. The antidot-in-a-constriction geomettgomewhat differ-
ing the antidot-bound states; tii&; peaks mark the change ent from that of Refs. 10 and 1ivas defined by electron-
of the population of the QAD by one particle per peak. Mea-beam lithography on a pre-etched mesa with Ohmic contacts.
suring Gt as a function ofB gives the area of the QAD- After ~150 nm of chemical etching, Au/Ti front gate met-
bound state through which the tunneling occurS, alization was deposited in the etched trenches. Samples were
=¢o/AB, where AB is the quasiperiod in magnetic field. mounted on sapphire substrates with In metal which serves
On the v=~i plateau there aré peaks perAB becausei as the global back gate. All data presented in this paper were
Landau levels are occupied. The above discussion is easy taken at 12-mK bath temperature with the sample immersed
generalize forf =i*/(2pi* + 1) FQH plateaus by consider- in a *He-*He mixture. Extensive cold filtering cuts the elec-
ing “Landau levels” of composite fermions. tromagnetic background incident on the sample to 5
First, we neglect the smal{10%) change of the QAD X 10" W, which allows us to achieve a record low effec-
areaS upon change oB. The charge of the QAD-bound tive electron temperature of 18 mK reported for a mesos-
particles is then determined directly from the separation oftopic sample?®
the sameG; peaks as a function of the back-gate voltage Figures 3—5 show the directly measured four-termRgl

Vge, Fig. 2. The back gate produces uniform electric fieldvs B data for three QAD plateaus=2, i=1, andf= 3. We

E, =Vgs/d which induces a small change e¢yE, in the
2DES charge densify. Classical electrostatics statéshat
the charge induced in the QAD is exactly equal to the 2D
charge density inducefdr from the QAD times the area of
the QAD, e€yE | S. The classical correction due to finite size
of the antidot is very smallS/7d?>~107%. The quantum

IIl. RESONANT TUNNELING EXPERIMENTS
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use v to denote the filling factor in the constriction region. and dips forv>i (“forward scattering”.?1° Details of this
The front gates are biased negatively in order to bring thdehavior will be presented elsewhere.

edges closer to the antidot to increase the amplitude of the
tunneling peaks to a measurable level. This resulisleing
smaller thanvg in the rest of the sampl€‘the bulk”). A
QHE sample with twovg regions separated by a lower At severalv on each plateau we took high resolutiBn
region, if no tunneling occurs, haR,,=R ~R,(v) sweeps atVgs=0, and, having put the superconducting
—R,(vg). The equality is exact if botw and vg are on a magnet in the persistent current mode toBixwe took cor-
plateau, where the Hall resistances of all regions acquireesponding sweeps o¥gs. This constitutes an accurate
quantized values. Thus, seveRyl plateaugneglecting tun- measurement of QAD-bound quasiparticle charge, as de-
neling peaksare seen in Figs. 3—5. The tunneling peaks arescribed in Sec. Il. Representati@; vs B andVgg data are
superimposed on the smod® background, and we calcu- shown in the upper panels of Figs. 3—5. Note that the nega-
late G; as described previous.In some datgFigs. 3 and  tive Vg axis direction corresponds to the increasbgrhis

5) we observe bottRr,, peaks forv<i (“backscattering’) is so because increasirgyresults in incremental depopula-

IV. QUASIPARTICLE CHARGE

4 2 0 -2 4 Vgg(Volt) 2 0 2 4 6 -8 2 0 2 -4
o.10} (@) {qal(®) | (c)
By , [ ]L = A Y PN /
2 v ’
m Lo SV g s WA
( ) 0.05 ./\,.J\,J\,.,j\ L 4 04} i 1 o6l /\ /\/
000l ; A 00 /\/\/\/\/\/\/\/\' 00 5 _/\/\ FIG. 4. R,, vs magnetic field
200 204 g (Tesla) 236 2.40 ' 256 258 260 B for the antidot filling v on the
' . ' . | i=1 plateau. The upper panels
1.4 - !‘M\ (a)—(c) give the tunneling conduc-
(@ () () tance measured both as a function
R 12 v =0.946 v =0.805 v =0.742 [ ¢ B (back-gate voltagd/..—0
XX q=1.001e q=1.006e q=09%e| | | Il of B (back-gate voltage/pg=0)
(h/e2) T T T il and as a function oVgg (B is
1.0 ' ' vl h S held constant
0.8 | | N .
“Tlv=1.00] o R
06 l“.ll IIMA | |l| M ‘ I i ”'
..... oA
0.4 L :
1.8 2.0 B (Tesla) 2.4 2.6 2.8

085319-3



V. J. GOLDMAN, I. KARAKURT, JUN LIU, AND A. ZASLAVSKY PHYSICAL REVIEW B 64 085319

2 0 2 Vg (Volt) 0 2 0 2

0.04 F (a) T 40.06[ (b) [ 418

e NU\/\/\N VU\ o /\/\/\N\N\N \ 09 /:3/\/
A ). P,

FIG. 5. R,, vs magnetic field

000 ™ 816 8.0 B?Tc)esla) 9.04 908 %7028 10.32 10.36 B f?r the antidot filling» on the
— . . | T ! . f=3 pIe_1teau. The upper panels
6.0 | (@) (b) n (a)—(c) give the tunneling conduc-
Ll yv=0348 v=0313 1 tance measured both as a function
Rxx 5.0 ||q=0.342e q=0.350e {' \‘/‘“ of B (back-gate voltag&/ss=0),
2 I T and as a function oWgg (B is
(h/e”) 4.0 ! ! f VJ \ held constant

30— [v=13 | | ! "

20 | ;:I ﬁ © ]
~r W\f%‘ﬂ v=0.274__
1.0 ':TA i i 1 i ] q._0.344?
8.0 8.5 9.0 B (Tesla) 10.0 105

tion of QAD, independent of the sign of the particle charge:per electron, and that the characteristic“radius” of ef3
the states),,, move closer to the center of the QAD, that is, quasiholé is \6 7l ,~4l,, we conclude that under these con-
states move above the chemical potential and become unoditions the quasiholes do overlap; yet, as our data show, their
cupied. Negative/gg depopulates the QAD if the charge of charge is still well defined, being quantized to at least 3%.
the particles is negative. Thus the QAD electrometer meaThus Laughlin quasiparticles at low energies do behave as
sures not only the magnitude gf but also its sign. just particles. We should add that FQH quasiparticles are the
As discussed in Sec. Il, the charge of one QAD-boundelementary charged excitations of the FQH condensate, a
particle q is directly given by the electric field needed to distinct state of matter that is necessarily separated from all
attract one more particle in the ar& q=e€e;SAVgs/d,  noninteracting electron states by a phase transition. There-
where AVpgg is the change of the global gate voltage be-fore, FQH quasiparticles are composite objects vastly differ-
tween two consecutive conductance pegks.The magni- ent from electrons, and aret adiabatic images of electrons
tude of the chargey of the QAD-bound particles is then as are quasiparticle excitations of metals and band insulators

given by such as IQHE states.

' ceobo AVas - ) L _1.4 1..6 18 20 2;2 2;4-

= S0 22EC in Coulombs, ® 270 i=2 platea] _

11 F -

using the low-temperature GaAs dielectric constant 1.0 g4t @-pt+B 2o 1',____
=12.74(Ref. 20 and the measured thickness of the sample ook}
d~0.430 mm. The average of the 11 values obtained for the '
i =1,2 plateaugq)nege 0.965% is off by 3.5%, more than 08 [ : ]
the standard deviation of 0.00¢@or the combined dat#, 07 . - 100
and similar to the results from another electrometer device g/e 07 08 09 10 11 12 . o
reported in Refs. 10 and 11. We theormalizevalues ofq 040 ———— (mV/mT)
by setting(Q)inege—€- Thus determinedy are shown for L ]
(8—(c) data in Figs. 3-5, and summarized in Fig. 6. The - 1
striking feature of the data of Fig. 6 is that the values afe USF aay B8 1*°
constant to a relative accuracy of at least.2% throughout | T
the plateau regions where it was possible to measure the 030 k- ]
particle charge. The range of is about 45% for tha=2 L 440
plateau, 27% for thé=1 plateauthe combined normalized - T
vli range is 57%), and also 27% for tiie- 3 plateau. O o oso

For »=0.274 on thef = § plateauinset(c) in Fig. 5], the
density of quasiholes is 3(13»)~0.53; that is, on the
average there is one quasihole per two 2D electrons. The FIG. 6. Summary of the measured QAD-bound quasiparticle
average separation between these quasiholelgjsviierel,  chargeq in units ofe. The horizontal dashed lines give the valees
is the magnetic length. Given that I%SS the average area ande/3. The solid lines have the unit slope proportionabto

filling factor v
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We also note that the tunneling current=1G/oy, is  tions without antidots, which, interpreted as a measurement
proportional toG and thus varies much for peaks of differ- of charge, show variations of by factors of up to three and
ent amplitude. Heré¢ is the applied current used to measureeven six depending on all, I, G, andT. Thus, based on
Ry the f=1% plateau data of Fig. 5 was taken with our experimental results, we conclude that the charge of the
=50 pA, and we have measuréd/g/AB with | up to 1 bulk quasiparticles is indeed a well-defined quantum number
nA, which, combined with the variation ipeak G- by a  characterizing a particular QHE state.
factor of ~100 gives the range of %10 13 A<|,<2

710 .
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