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Ballistic composite fermions in semiconductor nanostructures
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We report the results of two fundamental transport measurements at a Landau level fiIIing/faté:)rThe
well-known ballistic electron transport phenomena of quenching of the Hall effect in a mesoscopic cross-
junction and negative magnetoresistance of a constriction are observed c®seétand v= % The experi-
mental results demonstrate semiclassical charge transport by composite fermions, which consist of electrons
bound to an even number of flux quanta.

Among the many experiments which demonstrate the balexperience an effective zero magnetic field at precisely
listic nature of electron transport in a clean two-dimensional, = 1 34 Evidence continues to accumulate for the existence
sytem, reports by Fordt al. on quenching of the Hall effect
in a cross junctiohand by van Houteret al. on short con-

striction negative magnetoresistahege seminal. In this pa- Experimental results were obtained from split-gate-type

per we report the Qe_monstration 1of these fundament_al eﬁecﬁevices fabricated on two wafers, 1 and 2, grown by MBE.
ata Landau level filling factor of 7, where a Chern-Simons - \jeasurements were made after brief illumination with a red
gauge transformation maps the strongly interacting electropgp in a pumped®He cryostat at 300 mK. A current of 10
system onto a system of weakly interacting composite fermina and standard ac phase-sensitive detection was used for
ons in a zero effective magnetic field. the four-terminal resistance measurements. Wafer 1 has sheet

In a small magnetic field applied perpendicular to thecarrier densityns=1.3x 10'* cm~2, mobility u=3.0x 1¢°
two-dimensional electron ga&DEG), magnetic focusing c¢m?V "'s™! and a 2DEG depth of 300 nm; and wafer 2
experiments show that electrons travel with circular trajectohasng=1.2x10"cm 2, ©=1.8x10° cm?V "1s7! and a
ries with a radius ;=ve/w., wherevg is the Fermi velocity 2DEG depth of 300 nm. Figure(d) shows the geometry of
andw, is the cyclotron frequencyin a narrow wire, the Hall  the cross junction, which consists of four symmetric open-
voltage is found to “quench,” rapidly dropping below its ings each 0.8.m wide. Figure 1b) shows the device used to
classical value at some critical magnetic fil@ontrol over  study a constriction, which is comprised of six split gates in
the precise geometry of a cross-shaped sample can even gsries with a finger width of 0.am, a pitch of 0.5um, and
sult in a Hall voltage of opposite sign to that predicted clas-a constriction width of lum. In the experiment, split gates
sically, an effect attributed to a combination of ballistic elec-2, 4, and 6 are held at a gate voltage of 0.6 V, and split gates
tron transport and largely specular reflection from the devicél, 3, and 5 are held at a negative gate voltage to give a
edges channeling electrons into the “wrong” voltage prébe. voltage probe separation of Am. The split gates 2 and 4
In a mesoscopic Hall bar, electron collimation and a smallabove the voltage probes are held positive in order to ensure
amount of diffuse boundary scattering lead to a peak in théhat the sheet carrier density is not reduced below that in the
magnetoresistance at an intermediate magnetic field befoeenter of the channel, eliminating unwanted reflection of
the onset of negative magnetoresistance due to suppressiefige states in an applied magnetic figldhe assumption
of interedge scattering.A ballistic constriction exhibits that the voltage probes are ideal in this respect is justified
negative four-terminal magnetoresistance, because, with a@ver the measurement range, as shown by the presence of
increase in magnetic field, a larger fraction of the edge stategood zeros in the magnetoresistance.
in the unpatterned 2DEG are transmitfed. Figure 2 shows the Hall resistan®@g/l 5p with zero ap-

At higher magnetic fields, the Hall resistance is found toplied gate voltage for the cross geometry sample. The Hall
take on quantized valud®,=h/ve? with integral ».2 High
mobility, low-density 2DEG samples show a rich structure in

of a Fermi surface at= 3 and charge transport by composite

fermions 16

. ) < > T (@) 1))
magnetoresistance with minima at=p/q with integral
p.q, and an increasing number of predominantly odd de- E A B
nominator fractional minima have been resolved with their ﬁ 0.8 ym # @ m H
associated plateau in Hall resistance. The odd denominator — —
minima have been explained in terms of a hierarchy of S | 08um D S 1.0 um Loum| p

quasiparticle states

At v=1, there is a broad minimum in magnetoresistance | '2‘ 3 M H
without a corresponding Hall resistance plateau, and com- C Et T |
posite fermions are thought to be the principal agents of o

charge transport. These composite fermions, composed of FIG. 1. Schematic diagrams ¢ the cross-junction device, and
electrons bound to an even number of magnetic flux quantdb) the constriction device.
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v sistance Vpg/lgp of the constriction device with
643 2 ! 2335 12 V,=V,=Vz=0.6 V for fixed voltages ofV;=V3=Vs
22 TTT ' ] =-02,-10, —1.4, —1.8, —2.6, and—3 V. Measure-
2 @ ments using voltage probds and F were similar to those
2 /\ / using probesA andB. When the 2DEG is depleted beneath
1.8 g o gates 1, 3, and 5, the device resembles a mesoscopic Hall bar
16 ;; /\/ with a width and length of um and the present results may
2 be compared with those in the literature for such
I structures:*® The small size of the active region also mini-
< 10 0402 0 02 04 mizes unwanted effects due to wafer nonuniformity. A shift
§ ) BM of the v=1 Shubnikov—de Haas zefat about 5 J towards
\} 1 a lower magnetic field indicates that the sheet carrier density
A~ 08 586'199 8506 2613 in the channel drops from 1.2 to X110 cm~? over this
’ (b) o range of gate voltage. The magnetoresistance at the smallest
0.6 > éf negative defining gate voltage resembles that of a macro-
04 52 \/ Gf:f scopic Hall bar with a shallow minimum in magnetoresis-
' SO[J = tance aB=0 andv=3.
0.2 48 - Macroscopic 2DEG samples typically show a longitudinal

04-02 0 02 04 iativ/i i 1
B2 (D) resistivity two orders of magnitude greaterat 5 than at

RN NI BRI B=0.1% Random fluctuations in carrier concentration causing
B (T) a corresponding fluctuation in effective magnetic field and an

increase in effective mass at=3 both contribute to an en-
FIG. 2. Hall resistance of the cross-junction device with zeronhgnced scattering rate for composite fermions. We believe

applied gate voltage. Inset: Hall resistancieft scalo and  hat this is the reason for the presence of a single broad peak
dR.,/dB (right scal¢ with applied gate voltages of 4 ) 19 .
V,=V,=—1.7 V andVs=V,=— 15 V, (a) aroundB=0 and(b) atv=3, compared with the double peaksBat 0.”” There is

nearv=3. also a peak aw=3%, but it is less well defined than at

v=13, in a similar fashion to the observation of weak com-

resistance is linear both in the vicinity &=0 andv=3,  mensurability oscillations at= 32 by Kanget al*® Deleteri-

with well-developed quantized Hall plateaus away fromous effects due to the high series resistance of the unpat-
these magnetic fields. Using the sheet resistiyity, at terned 2DEG at=1 are minimized by the use of voltage
v=3; (400 Q/squar¢ we estimate the composite fermion prohes in close proximity to the constriction under
mean free path to be approximatelyudn, larger than the investigatior?®

distance across the junction. The insets of Fig. 2 show the g the defining gate voltage is made more negative, the
Hall resistance and numerical derivatid®,,/dB (a) near  gople peak structure develops closeBe-0 and broad
B=0 and(b) nearv= 3 when the cross junction is defined. 3

e ) ) single peaks develop at=3 andv= 2, indicated by circles
The magnetic-field scale of inséb) is reduced by a factor and triangles, respectively, in Fig. 3. The LandauéttiRer

V2 to account for the spin polarized enhancement in Fermjo;majism states that scattering of electrons is necessary to
wave vector ab= 3.*® Lithographic imperfections lead to a establish local equilibrium between voltage probe and
slight asymmetry in the Hall resistance abdsi=0 and sample?’??A difference in chemical potential between volt-
v=13 and so gate biases are adjusted to compensate, but thge probes is not established in a mesoscopic Hall bar at
same gate voltages are usedBat0 and atv= 3. With ap- B.= O. if collimation 'of ba”lSt.IC eIectron_s.occurs, and a lon-
plied gate voltages of V;=V,=—17 V and gitudinal four-terminal resistance minimum results. The
V3=V,=—15 V, a cross-shaped junction is defined andgoublelpeakhstr#cﬁjre closbe_l_B)=0 has be_enHotl)Issrved Ee'
guenching of the Hall effect is observedBt 0. Quenching ore only in the highest mobility mesoscopic Hall bars where
1. o . a nonspecular component of the boundary scattering gives a
close tov= 3 is not so strong, but the deviation from linear- peak in resistance whew/r .=0.55, whereW is the effec-
ity is shown qualitatively by a minimum iR, /dB at  tye Hall bar width’° In the present work, the measured
v=3, demonstrating the ballistic nature of charge transportpeak value at-0.050 T implies an effective channel width
When an electric current flows in a composite fermion sys-of 0.6 um, comparable with the lithographic dimension. The
tem, an induced effective electric field arises from the currentnagnetoresistance structure is symmetric al®&t0 and
of magnetic flux quanta paif§.The Hall resistance therefore this symmetry remains about= 1 andv= 2, particularly for
remains finite atv=73, with a value of 21/e?, and we only  the largest gate voltages and supports recent theory predict-

observed a minimum in the Hadlopeat v=3, compared to ing effective magnetic fields of opposite sign about 3.*

the zero in Hallresistanceat B=0. We suggest that composite fermion negative effective
We now discuss the results of measurements of the ballighagnetic-field effects are only observed when a semiclassi-

tic constriction. Figure 3 shows the longitudinal magnetore-cal trajectory does not cross a boundary between positive and
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6.5 . : where N, and N,.x are the number of occupied one-
dimensional(1D) subbands in the channel and unpatterned
2DEG, respectively.The enhancement of composite fermion

scattering results in broader single peaks at high magnetic

field. The peak heights @#=0, v=3, and v=3 increase

with an increase in gate voltage as the number of occupied
1D subbands in the constriction decreases, according to Eq.
(1). These results are consistent with ballistic composite
fermion transport and the formation of 1D composite ferm-
ion subbands in a constriction at= 3.

Low-temperature four-terminal magnetoresistance mea-
surements have been performed on a mesoscopic
cross junction and a constriction defined by Schottky gate
metallization above a two-dimensional electron gas in a
GaAs/Al,Ga; _,As heterostructure with low sheet carrier
density and high mobility. The longitudinal and Hall resis-
tance at small applied magnetic field are compared with that
close to Landau level filling factors of=3 andv= 2% as the
structures are defined.

For the cross geometry sample, the onset of quenching is
observed as nonlinearity in the Hall resistance both atBow
and near a Landau level filling factor éf For the constric-
tion, peaks in the longitudinal magnetoresistance are ob-

served both neaB=0 and wherw=3%. The effects are more
pronounced as the confining gate voltage is increased in
magnitude.
Lo Both phenomena occur due to the influence of sample
Magnetic Field (T) geometry on the semiclassical ballistic charge carrier trajec-
tories. We propose that analogous mechanisms apply both
FIG. 3. Longitudinal magnetoresistance of the constriction de'nearBzO and neanz:% andv= % with composite fermi-

vice with V,=V,=V=0.6 V for fixed voltages oV, =V3=Vs 1o o5 the principal agents of charge transport at high mag-
=-0.2,-1.0,-14, -1.8, —2.6, and—3 V from lowest to up- netic field rather than electrons.

permost trace, respectively. Curves are offset by Q0fbr clarity.
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