VOLUME 80, NUMBER 8 PHYSICAL REVIEW LETTERS 23 EBRUARY 1998

Coulomb Drag in the Extreme Quantum Limit
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Coulomb drag resulting from interlayer electron-electron scattering in double layer 2D electron
systems in a high magnetic field has been measured. Within the lowest Landau level the observed drag
resistance exceeds its zero magnetic value by factors of typically 1000. At half-filing of the lowest
Landau level in each layew (= 1/2) the data suggest that our bilayer systems are much more strongly
correlated than recent theoretical models based on perturbatively coupled composite fermion metals.
[S0031-9007(98)05365-4]

PACS numbers: 73.40.Hm, 72.15.Qm, 73.20.Dx

Double layer two-dimensional electron systems (2DESkffect have given evidence for the oscillatory screening
have been the subject of intense recent interest, especiaklijfects expected from Landau quantization [8,9].
at high magnetic fields, owing to the diversity of many- In this paper we report the first Coulomb drag results
body phenomena they exhibit which are not found infrom the extreme quantum limit, focusing especially on
ordinary single layer systems. These new phenomenthe situation where in each 2D layer the lowest Landau
arise from the interplay of the intralayer and interlayerlevel is half-filled. Our measurements show that even
Coulomb interactions and the tunneling amplitude in thehough the separation between the two layers is too
system. A particularly interesting case arises when théarge to yield ther,,, = 1 quantized Hall state, the drag
individual 2D layers are at Landau level filling fraction is considerably stronger than recent theories predict for
v = 1/2. If the separation between the layers is largeweakly coupled composite fermion (CF) liquids.
the system behaves as two independent 2DES’s, each of The samples employed in this work are modulation-
which is widely believed to be a Fermi liquidlike state of doped GaAgAl, Ga —,As double quantum wells grown
Chern-Simons composite particles. On the other handyy molecular beam epitaxy. They consist of two 200 A
when the layers are close together, they behave aswide GaAs quantum wells separated by a thin undoped
single system and exhibit a ferromagnetic quantized HalAl,Ga —,As barrier layer. Although we have obtained
state at total Landau filling factar,,, = 1/2 + 1/2 = 1.  qualitatively similar results with samples having barrier
The nature of this remarkable transition from two gaplesshicknesses of 175 and 100 A, most of the quantitative
Fermi liquids to a single gapped quantum Hall phase isesults presented here were obtained using the latter. For
not well understood and remains a frontier topic in thethis sample the barrier is pure AlAs (i.e.,= 1). Small
field [1]. differences in the sheet densities of the two wells were

The strength of the Coulomb interaction between elecremoved using a Schottky gate electrode on the sample
trons in opposite layers is obviously a key ingredient oftop surface. So balanced, the 2D density in each quantum
the physics. Recently a technique has been developesell was N = 1.38 X 10'! cm™2, and the average low
which provides a simple way to directly obtain the in- temperature mobility wag: =~ 1.7 X 10° cn?/V's. For
terlayer electronic momentum relaxation rate and therebthese measurements simple Hall bar mesas were fabricated
assess the strength of these critical interactions. In thiwith width w = 40 um and lengthl = 400 gm.
technique the frictional drag between the two 2DES’s is Separate electrical contacts to the individual 2D layers
measured by observing the voltage which develops in oneere established via the “selective depletion” technique
layer when a current is driven through the other. Thig10]. Drag measurements were performed by injecting a
voltage, which exists even though the two layers are elecsmall drive current{ = 10 nA at 13 Hz) down the bar in
trically isolated, is directly proportional to the interlayer one of the 2D layers and recording the differential voltage
momentum relaxation rate arising from the scattering ofV, appearing along the bar in the other layer. Spurious
electrons in one layer off those in the other. At zerosignals arising from the capacitive coupling of the two
magnetic field drag studies have yielded a quantitativéayers were minimized by keeping the measurement fre-
measure of the Coulomb scattering rate between electrompiency low and the common mode voltage of both layers
in the two layers [2], provided evidence for momentumsmall. Direct measurements [11] of the tunneling resis-
relaxation due to the exchange of phonons [3], and retances in our samples leave us confident that tunneling is
vealed the predicted plasmon enhancement of the dragpt influencing the drag data presented here.
[4-7]. Recent drag experiments performed in magnetic At zero magnetic field the drag data obtained from the
fields large enough to induce the integer quantized Hall75 A sample is in good agreement with that obtained
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earlier by Gramilaet al.[2,3]. As in this earlier data, in the data of Fig. 1 for any QHE abtal filling factor
the temperature dependence of the drag scattering raig, = 1/2 + 1/2 = 1. In the present samples the layer
7p' [calculated from the measured drag resistivityspacing is too large to support this intriguing quantum
pp = —(w/)Vp/I = (m/Ne?)p'] exhibits an anomaly Hall (QH) state [1].
around7 = 2 K due to momentum relaxation resulting  The similarity between the ordinary and drag resistivi-
from the exchange of phonons. Inthe 100 A sample, howties disappears when their temperature dependences are
ever, the zero field drag is roughly twice as large as in thexamined. As is well knowry,, exhibits a strong varia-
175 A sample and the phonon peak is thus less significantion with temperature only in the vicinity of quantized
This is expected since the Coulombic part [2,12] of theHall states. At non-QHE filling fractions, like = 1/2,
drag is very sensitive to the separation between the layeys., is only weakly dependent on temperature. Indeed, for
while the phonon part [13] is not. At low temperaturesour samplep,, at v = 1/2 varies (increases) by only 6%
the Coulomb drag between two ordinary Fermi liquids inwhen the temperature is reduced frdim= 4 to 0.2 K.
zero magnetic field should vary quadratically with tem-In contrast, over the same temperature rapgeat this
perature:rp! o T2. For the 100 A sample we find the filling factor decreases by about a factor of 40.
ratio 7' /T? to be constant to better than 15% over the Figure 2 shows the temperature dependence ofat
temperature range2 < T < 8 K and on average equal to B = 11.45 T, corresponding to filling factor = 1/2 in
T /T? =~ 4 X 100 s K2, each layer. These data illustrate the huge enhancement
On applying a magnetic field perpendicular to the 2Dof frictional effects on going to high field: AB = 0
planes we find, in agreement with earlier work [9], thatthe drag atT = 4 K is only pp = 0.1 /00 while at
the magnitude of the drag between the layers increases = 1/2 it is some 2000 times larger. In addition to
dramatically. As at zero field, theign of the induced this, the drag at high field exhibits a different temperature
drag voltage is opposite to that of the resistive voltagegdependence than & = 0. In particular, in neither the
drop in the current-carrying layer. This is consistent with100 nor 175 A barrier sample does the= 1/2 data show
a momentum transfer mechanism which sweeps carrie@ny evidence of a “phonon peak” inp' /T2 similar to
along in the dragged layer in the same direction as those iifat seen aB = 0. While phonon-mediated drag at high
the drive layer. We have also observed that the magnitudeagnetic field has not been theoretically studied, it seems
of the induced voltage is unchanged when the roles of thplausible that such a peak might be observed when the
drive and dragged quantum wells are interchanged. thermal phonon wave vector matches: for the CF's.
Figure 1 compares the drag resistivity, to the or- The absence of such a feature, plus the vast enhancement
dinary longitudinal resistivityp,, of one of the 2D lay- of the drag itself, suggests to us that phonons are relatively
ers atT = 0.6 K and magnetic fields > 5 T. (These unimportant in our samples.
data, and all that follow, were obtained using the 100 A Recent theoretical work [14—16] has concluded that at
AlAs barrier sample.) Over the field range shown thelow temperatures the Coulomb drag resistivity between
(per layer) Landau level filling factor = hN/eB < 1.  two clean 2DES’s, each in the = 1/2 CF metallic state,
Qualitatively, the two traces are quite similar: Whereought to scale with temperature &/ and not as 7
P exhibits a minimum due to a quantized Hall effectas expected for simple Fermi liquids. This result has
(QHE) (e.g.,» = 1 and 2/3), so doespp. This is not been traced to the unusual wave vector and frequency
surprising since both depend on the density of stategependence of the conductivity,, of the CF liquids. In
available for scattering. If a gap develops in the en-
ergy spectrum, then both electron-impurity and electron-
electron scattering will be suppressed and so therefore 5, |
will be p., andpp. Note also that there is no evidence
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addition, Ussishkin and Stern (US) [16] have calculatechormalized by the value observed with = 0. The
the magnitude of the drag, its dependence upon density; = 0.6 K trace shows well-defined features [18] around
and the leading corrections to ti#é/3 law within a model V; = =10 mV that can be associated unambiguously
of two perturbatively coupled 2DES’s. In agreement withwith one layer being driven into the = 2/5 fractional
experiment, they find the drag at high magnetic fieldQH state while the other goes into the= 3/5 state.
to be far larger than aB = 0; they attribute this to These features provide a simple calibration of the density
the very slow relaxation of charge density fluctuationsshift AN/(N) vs V;. Qualitatively, the data support the
characteristic of the extreme quantum limit. There istheoretical prediction of a quadratic increase of the drag
not, however, good quantitative agreement between thewith AN. It is clear, however, that the observed strength
theory and our experimental results. The two brokerof the effect is much larger than the theoretical prediction
lines in Fig. 2 show the results of the US calculation(the dashed line in the figure). For tlie= 0.6 K data
for two reasonable choices of the CF effective massa least squares parabolic fit giv@s= 6, some 40 times
The theory substantially underestimates the observed drageater than the theoretical value. We fi@do increase
[17]. US have also argued that disorder actually reduceas the temperature is reduced; frdm= 0.2 to 6 K our
the drag and thus further degrades the comparison wittesults are well fit by3 ' =~ 0.08 + 0.16 T.
experiment. Turning again to the temperature dependence of the
Predictions have also been made for how the dragrag atv = 1/2, we note that while at all temperatures
should vary when the densities of both layers are changeolur data exhibit a subquadratic variation with they do
symmetrically (adjustingB to maintain » = 1/2) and  not provide compelling evidence for the predict&d3
asymmetrically where, at fixeB, the density of one layer dependence. This is not surprising since it is known
is increased and the other equally decreased [16]. For tH&5,16] that corrections to this power law occur both at
symmetric case theory gives, « N~ %3 at low tempera- high and, owing to the disorder in the sample, at low
tures. We find a significantly stronger dependence. Byemperatures. More importantly, our data exhibit unex-
combining a negative voltageV{z = —0.4 V) on the pected behavior in the low temperature limit. As the in-
top gate covering the drag mesa with a small dc biaset to Fig. 2 reveals, the drag appearsdmain finiteas
voltage ¢; = 15 mV) appliedbetweenhe two 2D layers, T — 0. This peculiar result, which is at odds with the
we were able to reduce the density of each layer frontonventional picture of drag as resulting from inelastic
1.38t01.08 X 10'' cm 2. This produced a roughly 70% scattering events for which the phase space vanishes at
increase in the drag, whereas the chang&'i/3 isonly 7 = 0, led us to reexamine our measurement scheme in
39%. For smallasymmetricdensity changes US find a search of spurious effects. In particular, the possibility of
quadratically increasing dragdpp/pp = B(AN/{N))?  capacitive and resistive leakage effects was carefully con-
with AN the total density difference between the layerssidered. No dependence on the measurement frequency
(N) the average single layer density, ad= 7/48. To  or the precise grounding configuration of either 2D layer
produce such asymmetric density changes requires onlyas found in the in-phase resistive drag signal. Capaci-
the voltageV; applied between the layers. Figure 3 showstive coupling was likely responsible for thguadrature
the results, at two representative temperatures, of sudignal which was generally present, but its small mag-
experiments atB = 11.45 T where atV; = 0 each 2D nitude and linear frequency dependence made it easy to
layer is at filling factorr = 1/2. The data have been discriminate against. Finally, although a nonzero drag in
theT — 0 limit was observed over a range of filling fac-
tor aroundr = 1/2, it was not a ubiquitous feature of

Interlayer Voltage (mV) our results. Very much smaller low temperature drag re-
-15 -10 -5 0 5 10 15 : o
- . . . - . T sistances were observed Bt= 0, inside QH states, :_;md,
2.0 - Vtot=V1+v2=1 1 interestingly, at and around = 3/2. These observations
suggest that simple circuital coupling effects are not re-
@Q sponsible for the residual drag effect.
NI L/2e1/2 _ If the 2D electrons are heated out of equilibrium
5 with the system thermometer, then an apparently nonzero
3 drag atT = 0 would result. To examine this possibility
we studied the dependence of the drag resistance on
10 E excitation current. Above about 0.5 K no nonlinear
06 —04 —0z 00 oz 04 o6 effects were found at any magnetic field. Below this

An/(n) temperature nonlinearities do appear, but in a way that

FIG. 3. Normalized dependence of drag on shifts of charg ls unexpected and not consistent with simple heating.

density from one 2D layer to the other At= 11.45 T. Total igure 4 compares the drag resis_tivi-ty observed’at
Landau filling factor remains ab = »; + »» = 1. The 0.3 Kusing/ = 7.5 and 1.5 nA excitation currents. Over

dashed line is the theoretical prediction [16]. most of the field range shown, these two currents yielded
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We have also observed that the Coulomb drag does not
always appear to vanish in the linfit— 0 and that in the
vicinity of the half-filled configuration remarkable nonlin-
ear effects can appear. These effects, which recall charge
density wave depinning, are not understood. It is inter-
esting to speculate on whether they point to the existence,
perhaps only in isolated regions of the sample, of an un-
expected bilayer ground state [19].
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