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Experimental Demonstration of a Fermi Surface at One-Half Filling of the Lowest Landau Level
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We report the first direct observation of the cyclotron motion of new quasiparticles in a 2D electron
system near —, filling factor. Just as electrons in a metal geometrically resonate with a sound wave when
a magnetic field is applied perpendicular to the sound propagation direction, near —, filling factor we ob-
serve resonance of a surface sound wave with cyclotron orbits of charge carriers. The presence of a F'er-

mi surface and geometric resonance of a sound wave with Chem-Simons gauge transformed fermions
were explicitly predicted in a recent theory of the half filled Landau level.

PACS numbers: 73.20.Dx, 73.40.Kp, 73.50.Jt

The two dimensional electron system (2DES) in low
disorder GaAs/AIGaAs heterostructures has produced a
wealth of experimental results that are changing our un-

derstanding of lower dimensional physics. When a large
magnetic field is applied to a 2DES containing little dis-
order, the electron-electron interaction will become mani-
fest at low temperatures. Our understanding of these in-
teractions has been limited largely to what has been
gleaned by examining the dominant finding in simple dc
transport measurements, the fractional quantum Hall
eA'ect (FQHE) [1]. Yet because the interactions are
present at more than the odd denominator filling factors
of the FQHE, our comprehension of the underlying phys-
ics in the electron system is lacking. A picture describing
the entire filling factor spectrum is a goal of both theory
and experiment. Such a theoretical picture has recently
been developed [2], as we outline below. Experimentally
it is important to examine the electron-electron interac-
tions throughout the spectrum with a technique that does
not destructively perturb the interaction. We have ac-
complished this and have explored the 2DES in a previ-
ously unreachable small length scale regime. In doing so
we have revealed a remarkable phenomenon new to the
2DES, and have critically tested this new theory.

A useful approach to the problem of the interacting 2D
electron system is that of the field theoretic construction.
In this method a singular gauge transformation converts
the electrons to a system of particles interacting with a
"fictitious" or Chem-Simons gauge field. A flux tube
containing an integer number n of quanta of Chern-
Simons magnetic field is attached to each particle. If n is
an odd integer, the transformed particles obey Bose
statistics, and if n is even they obey Fermi statistics. In
the 2DES the motivation for such a construction is that
in a simple Hartree approximation for some choice of n at
various rational filling factors the resulting ground state
is nondegenerate and as such has a chance of being an
approximation to the system's true ground state. While
these statistical transmutations have provided a new
means of examining the correlated 2DES in an abstract
sense, they have not in general presented explicit new
properties that are experimentally testable.

Recently, however, Halperin, Lee, and Read [2]
(HLR) have used the fermion Chem-Simons method to
examine the properties of a single layer 2D electron sys-
tem at v =

2 and at various other even denominator frac-
tions. Choosing n=2, at v=

2 in their construction the
average Chem-Simons field just cancels the external
magnetic field. The resultant Hartree ground state is a
filled Fermi sea of particles in zero magnetic geld with a
distinct Fermi wave vector kF =(4trn, ) ', and n, the
areal density of the electrons. Away from 2 filling, the
particles are expected to execute cyclotron motion with
radius R, =6 kF/eAB in an eA'ective magnetic field
AB =8 —8(v =

2 ).
The consequences of this Fermi surface are significant

in that they may explain the major observed properties of
the 2DES in the extreme quantum limit. For large
efTective 8 fields, the Shubnikov-de Haas oscillations of
these gauge transformed fermions are precisely the series
of observed odd denominator fractional quantum Hall
states at v=p/(2p+ I), p an integer: —,

'
filling for the

electrons is a filling factor p =1 for the gauge trans-
formed fermion, 5 is p=2, and so on. In the vicinity of
v= 2, where dc transport exhibits no quantum Hall
eA'ect, HLR explain previously reported anomalies in sur-
face acoustic wave (SAW) propagation. At v = —,

' it was
shown [3,41 that conductivity is markedly enhanced for
large wave vector (q) sound waves: In this technique the
2DES conductivity is probed on the length scale of the ul-
trasound wavelength. The conductivity at v= —,', a,„(q),
was found to be proportional to q, with the magnetic field
range of the enhanced conductivity also proportional to q.
Both of these findings are consistent with the fermion
Chem-Simons picture as developed by HLR. As such,
the theory has substantial support in the SAW derived
o,„(q).

However, a definitive piece of evidence for the HLR
theory has been missing: direct observation of the Chern-
Simons quasiparticles and measurement of the quasipar-
ticle Fermi wave vector. In electron systems measure-
ment of the Fermi wave vector has been accomplished
through several means. Two studies [5,6] used a periodic
density fluctuation imposed on a 2DES to extract the
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where the piezoelectric coupling constant (a /2) =320
X 10 for GaAs, and cr =v, (e+eo) [8,9]. By measur-
ing the sound velocity shift the wave vector dependent
conductivity of the 2DES is measured.

Figure 1 demonstrates the sound velocity shift versus

electron kF. A magnetic field is applied to the 2DES con-
taining this periodic density. Magnetoresistance oscilla-
tions are observed with the resistance a maximum for the
cyclotron orbit nearly a multiple of the imposed density
periodicity. From these resistance measurements kF was
extracted. Another technique has been demonstrated for
measuring the electron Fermi wave vector in normal met-
als [7]. When a magnetic field is applied normal to the
sound propagation direction, the absorption of ultrasound
oscillates as a function of B field due to geometric reso-
nance of the electron cyclotron orbit with the ultrasound
wavelength. It is explicitly predicted [2] that the gauge
transformed fermion should likewise display resonance of
its cyclotron motion with ultrasound waves or with a
periodic potential.

We report here the observation of geometric resonance
of the charge carriers in a 2DES near v= 2 with ul-

trasound waves moving perpendicular to the applied 8
field. We use these measurements to determine the kF of
the carriers. Our kF results are in close agreement with
kF=(4rrn, )'t as expected for the Fermi wave vector of
Chem-Simons gauge transformed fermions. These re-
sults emphatically demonstrate the presence of a Fermi
surface at v= 2.I

These experiments were performed on a set of
GaAs/A1GaAs heterostructures all cut adjacently from
the same wafer; electron mobility at zero magnetic field is
—3 && 10 cm /V sec and areal density n, -6.6 X10'

cm . Surface acoustic waves were generated and
detected using lithographically defined interdigitated
transducers evaporated onto the heterostructures. The
2DES was etched away in the vicinity of each transducer
and they were placed roughly 1 mm apart with a mesa
containing the 2DES between. The fundamental spatial
period of the transducer is the sound wavelength. Fre-
quencies ranged from 2.4 to 8.5 6Hz, corresponding to
wavelengths of approximately 1.2 to 0.3 pm. The high
end frequencies are to our knowledge the highest reported
SAW on GaAs.

The SAW is launched from one transducer at a fre-
quency f=v, /X =v, q/2rr where v, is the velocity of sound,
X is the SAW wavelength, and q is the SAW wave vector.
The sound wave traverses the 2DES where it is attenuat-
ed and slowed by the interaction of its piezoelectric field
and the 2D electrons, according to a simple relaxation
process. The sound velocity shift monotonically decreases
with increasing wave vector dependent sheet conductivity,
as shown in the following expression:
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FIG. 1. Top: sound velocity shift versus magnetic field at
T—400 mK for SAW frequency of 5.4 6Hz (solid line). The
dashed line is a similar measurement at 2.4 GHz. Note the
structure present near v 2 for the higher frequency. Bottom:
simultaneous dc transport.

magnetic field and the standard dc transport over the
same range. Using Eq. (1) the measured cr,„(dc) will

map directly onto the hv/v trace over the entire 8 field

range shown except at v= 2 and 4, demonstrating the
presence of enhanced conductivity at these even denomi-
nator v.

New structure is present in the hv/v minimum at
v= 2, and this is the focus of this Letter. Past results

have shown only a simple minimum in the sound velocity
at 2, as demonstrated by the dashed trace in Fig. 1. For
the higher frequencies featured here, one clearly sees lo-

cal minima, or resonances, in the sound velocity on each
side of 2. The two minima are symmetrically spaced
about v= 2 and correspond to resonances of the sound

wave and motion of the charge carriers. This eAect is

similar to geometric resonances found in the propagation
of acoustic waves in a direction perpendicular to an ap-
plied magnetic field in a 3D metal [7]. In the model of
this eA'ect and in our interpretation of our data a cyclo-
tron orbit (R, =hkF/eAB) resonates with the sound

wave. Therefore, a measurable cyclotron radius rejects a
distinct Fermi wave vector for the charge carriers, and
this implies a distinct Fermi surface is present. The data
show that the effective zero magnetic field for this cyclo

]tron motion is v= 2.
Figure 2 (and the trace in Fig. 4) shows how these res-

onances develop as the SA%' q increases. In general,
structure becomes more prominent as the SAW frequen-

cy (wave vector) increases. At low frequency (2.4 GHz)
no resonances are apparent in hv/v. As SAW q is in-

creased the side minima appear. Using B=O of the cy-
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FIG. 2. Development of the gauge transformed fermion
geometric resonance with increasing SAW frequency in sound
velocity shift versus magnetic field. T—200 mK.

FIG. 3. Position of the principal resonance in h, B versus
SAW wave vector. The dashed theoretical line assumes gauge
transformed fermion wave vector kF =(4nn, ) 't =93 pm

clotron orbit at v= 2 is dramatically supported by plot-

ting the resonance positions in AB =B—B(—,
' ) versus

SAW q, as shown in Fig. 3. Note that the data are con-
sistent with a line extrapolating through the origin, as ex-
pected for hB =0 at v =

& .
The results described above are explicitly predicted for

the Chem-Simons gauge transformed fermion at v= —, :I

An outline of this theoretical construction follows. Ac-
cording to the theory of HLR, enhanced conductivity
occurs at 2 because the quasiparticle will have a com-
ponent of linear motion in the direction of the sound

propagation. At 2 there is no magnetic field apparent to
the gauge transformed fermion, and therefore no Lorentz
force. For SA%' wavelengths small compared to the
quasiparticle mean free path l (q)) 2/l), the quasiparticle
conductivity is proportional to q: a,~ (q) = (q/kF ) (e /
8trh). As the magnetic field is tuned away from z, the
quasiparticle will now move in an effective B field AB.
With a distinct Fermi surface, the motion will be along a
cyclotron orbit of radius R,* =hkF/eAB. As AB increases
the cyclotron radius becomes smaller and the quasiparti-
cle will move more laterally rather than along the direc-
tion of the sound wave. This determines roughly the
width in AB of the overall enhanced conductivity eAect at

But the conductivity is actually more complicated.
This is due to the commensurability of the cyclotron orbit
with a wavelength, or wavelengths, of the surface acoustic
wave. It is this commensurability that allows us to mea-
sure the gauge transformed fermion kF and therefore
demonstrate the presence of a Fermi surface.

In a semiclassical sense, if the quasiparticle can tra-
verse an entire cyclotron orbit without scattering (e.g. ,

2trR,* (l) and if Xs~w —2R,*, then a geometric reso-
nance of the quasiparticle motion and the sound wave can
occur. This principal resonance manifests itself as a peak
in the conductivity (minimum in the sound velocity)

versus magnetic field as the orbit is commensurate with
the dimension of the wavelength. Note that the quasipar-
ticle Fermi velocity is much larger than the sound veloci-
ty; therefore the SAW is like a standing wave. As the
A.sAw is made smaller, higher order resonances can occur
if the mean free path is su%ciently large. Higher order
resonances appear when the orbit diameter passes
through higher multiples of the wavelength dimension.

While we have described the general concept of the
geometric resonance above, the actual conductivity (see
Ref. [21) may be approximated for appropriate l as

t yy(q) 1 1crxx(q) =, , pyy(q)
Pxy

and

[dJ„(X)/dX1 '
pon ——-- I+n (ql/X) 2

J„(X) is the Bessel function and X=qR,*. In the limit
q/)) 1, the semiclassical approximation predicts oscilla-
tions in a„,(q), (Av/v), with maxima occurring close to
the zeros of Ji(qR,*), or at AB/B =q/K~, ,kF where K~ „
is the position of the nth zero of J~.K ~ ~

=3.83. For
larger n, Ki „——tr(n+ 4 ). Therefore, the peak position
of the resonances as a function of SAW q gives a measure
of the quasiparticle kF.

The magnitudes of the first order resonances (n= I)
are dependent upon l, but the position in h, B is only very
weakly dependent upon I. This means that identification
of the resonance minima allows direct determination of
the quasiparticle kF. The small sample to sample varia-
tion in disorder may give varying prominence of the reso-
nances, but will not significantly aAect the resonance po-
sition.

From the resonance positions in hB plotted versus
SAW q in Fig. 3, the gauge transformed fermion Fermi
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FIG. 4. Sound velocity shift versus magnetic field for SAW
frequency of 8.5 GHz at T—200 mK. The dashed line is the
theoretical curve as described in the text including sample den-
sity in homogeneity.

wave vector is extracted. Using kF=q/(3. 83kB/B) for
the data and kF =(4trn, )'i for the theoretical line, the
figure shows the data to be just below the theoretical pre-
diction, almost within experimental error.

Figure 4 shows a comparison of the theoretical predic-
tion for the sound velocity shift near 2 and that mea-
sured at 8.5 GHz. The parameters for this theory curve
are extracted from the data as follows. We use the dc
resistivity value at v= 2 to give an approximation to the

gauge transformed fermion mean free path l-0.4 pm.
Using this I and the SAW wave vector value of Fig. 4 re-
sults in ql —8. This ql can be used in Eqs. (I) to (3) to
produce theoretical Av/v versus 8 Note t.hat we adjust
the minimum and background [10] theoretical Av/v to
match that of the data: The relative magnitude of the
resonances is set by qI. To compare this to the data we

must impose the density inhomogeneity which we know to
be present in the samples. This inhomogeneity can be
measured by plotting the width of the enhanced conduc-
tivity at v =

2 versus the SA W wave vector. This
straight line is oAset from the origin by a 8-field value
that directly reflects the amount of density inhomogeneity
in the SAW path. A value of —1.5% is derived from
these data, which is independently typically observed in

these heterostructures. We convoluted the original hv/v
with a Gaussian distribution of densities whose FWHM is
1.5%. The resultant theoretical curve is shown in the
figure to closely mimic the actual measured sound veloci-

ty. It is important to note that the convolution of the
density inhomogeneity into the theoretical trace moves
the resonances to smaller relative hB: In the theory trace
shown this reduction is about 5% of AB. The theoretical
line of Fig. 3 does not include this correction. Therefore,
the correction moves the theory into better agreement
with the data.

In conclusion, our experimental results demonstrate
distinct resonances in the measured sound velocity [and
therefore tT (q)] for large SAW q near v= —,

'
. These re-

sults obey all the properties expected of a particle with
kF =(4trn, ) ' moving in a magnetic field AB referenced
to 2, and driven by a sound wave with wave vector q.
These resonances are the sine qua non of a distinct Fermi
surface at v= 2 . Demonstration of this Fermi surface
provides conclusive support for the gauge transformed
fermion construction proposed by Halperin, Lee, and
Read.

Discussions with B. I. Halperin, N. Read, and J. P.
Eisenstein are gratefully acknowledged.
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