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Observation of Screening in the Magneto-Coulomb Drag between Coupled
Two-Dimensional Electron Systems
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The coupling between two spatially separated two-dimensional electron gases is studied as a function
of magnetic fieldB. We find oscillations in the transresistivit®7, which are up to 2 orders of
magnitude enhanced compared to the= 0 case. Ry vanishes in the regime of a quantum Hall plateau
and shows a twin-peaked structure in the inter-plateau regions. This observation is in good agreement
with a recent theory by M. C. Bgnsagetral. [Phys. Rev. Lett77, 1366 (1996)] who predicted a similar
behavior caused by the interplay of screening and Landau quantization. [S0031-9007(97)02546-5]

PACS numbers: 73.50.Dn

A great deal of attention has recently been devoted tof the layers being 500 nm. Standard optical lithography
double layer systems in which quasi-two-dimensional subwas used to pattern single devices into Hall bars, to form
systems of electrons or holes are placed in parallel planesuGeNi Ohmic contacts to the electron gases, and to
separated by a potential barrier thick enough to preverdeposit TYAu Schottky front-gates located 80 nm above
particles from tunneling but still allowing for interactions the upper 2DEG. With front- and back-gates covering the
between the particles on both sides. An ideal tool forcentral Hall bar the electron densities in the two layers
experimentally probing these interlayer electron-electrorcould be changed independently from each other.
interactions has been the so-called “drag” measurement Independent contacts to the layers were achieved us-
[1-3], where a current is passed through one layer therehing a “selective depletion” scheme [6,7], where negative
inducing a frictional drag voltage in the other nearby layervoltages were applied to appropriate side front- and back-
These experiments have stimulated many theoretical irgates crossing the mesa arms. In this independent con-
vestigations (see [4] and references therein for a compreact configuration an interlayer bias of 30 mV could be
hensive overview), both in explaining the already observedpplied with temperature- amgtindependent leakage cur-
phenomena and also in predicting new phenomena of whaénts<<100 pA. This corresponded to a barrier resistance
might happen in magnetic fields, where to our knowledgeof more thars00 MQ showing that tunneling between the
no data have been published so far. In this Letter, we nowayers was negligible. Measurements were carried out in
present measurements on the dependence of the frictionat*He cryostat equipped with a variable temperature in-
drag between two coupled two-dimensional electron gasesert which made it possible to control the temperature ac-
(2DEGSs) as a function of magnetic field. We show thatcurately over a wide range. Standard lock-in techniques
the coupling between the layers is determined not only byvere used to detect the signals with a constant cufignt
the Landau quantization, but also by the screening propsf typically 200 nA at a frequency of 1.51 Hz. This low
erties of the coupled electron gases. If, in particular, thérequency was used to minimize the capacitive coupling
Fermi energy of both systems is in the middle of the Lan-between the layers.
dau levels, we observe due to the then enhanced screeningWhile the drive current is passed through one layer,
a reduction of the interlayer coupling, as recently theoretiit induces a voltage drop in the other layer when its
cally predicted [4]. contacts are not shortened. This drag voltage, is

Results are presented from samples which consist afaused by momentum transfer from the current driven
two Si-modulation-doped 20-nm GaAs quantum wellslayer to the closely spaced second layer. For the here
separated by a 30-nm #:;Gay67As barrier, the whole investigated system of two coupled electron ga¥gs, is
structure being grown by molecular-beam epitaxy (MBE)expected [4] to have the opposite polarity as the resistive
on (100) oriented substrates. The upper 2DEG had awoltage drop in the drive layer and can be related to the
intrinsic carrier density ohlmzz 3.5 x 10" em 2 and a transresistanc®; by
mobility of u = 2.5 X 10° cn?/V s, the respective values _
for the lower 2DEG wera, = 3.2 X 10" cm 2 andu = Ry = W/L)Varag/arive » (1)

2.5 X 10° cn?/V's. The wafer also had a buried GaAs  where (W /L) is the width to length ratio of the sample
back-gate, which had been pattermadsituby wet etching  (this is 1/11 for our Hall bars with a width 080 wm).

and after a thorough cleaning procedure reloaded into the The traces of the transresistankBe as a function of
MBE chamber, where the remaining structure was growmmagnetic field are shown for three different measurement
[5]. This back-gate was separated from the lower 2DEGemperatures in Fig. 1, together with the Shubnikov—de
by a highly insulating low-temperature grown GaAs layerHaas (SdH) oscillations of the upper 2DEG, which served
followed by an A} 33Gay¢;As barrier, the total thickness here as the drive layer. The electron densities in this
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Finally, one of the most fundamental checks which
must be made to ensure that the measurements have
been done correctly, is to verify the reciprocity of the
system. This means the results have to be the same
on interchanging the driven with the dragged layer as a
consequence of Onsager’s relation for linear networks. In
our measurements we could verify this relation within the
experimental uncertainty.

After having ensured that the observed signals have
their origin in frictional drag, we want to move on to the
discussion of the magnetic field dependenceRgf As
can be extracted from Fig. 1, strong oscillations in the
transresistance can be observed. The peak values of the
oscillations are for high magnetic fields more than 2 orders
of magnitude higher than &= 0. For comparison, & =
3.1 K this zero field value isRr =8 mQ. This strong
increase with magnetic field is in agreement with the
theoretical prediction [4]. We want to point out here that
the drag voltag€/y..,, from which Ry is calculated, has
for both B=0 and for nonvanishing always the same
and theoretically expected “correct” sign. Another striking
feature is that in the plateau regime of the quantum Hall
effect (QHE) the coupling between the layers is so small
that within our experimental resolution the transresistance
virtually drops to zero. In the inter-plateau regions, we can
observe a twin-peaked structure, which is for the lowest

B [T] measured temperatu®= 1.55 K visible up to a filling
. . ~ factorv =15. For increasing temperature, this twin peak
FIG. 1. The transresistancBy as a function of magnetic g getting faded, and its first appearance moves to lower

field B for a coupled electron gas with a separation barrierg . . . .
of 30 nm, shown for three different temperaturgs(plotted filling factors. From a simple comparison with the SdH

with offset for clarity). The electron density of both 2DEGs trace, it is apparent that this double peak cannot simply be
is n =3.2 X 10" cm™2. Also shown for comparison is the related to the spin-splitting. This comparison with the SdH
longitudinal resistance of the upper 2DEG for the correspondingscillations is based on the assumption that, due to phase
temperatures (plotted with offset in the same succession). Thgpace reason®; is mainly proportional to the product of
filing factor » = 2 is indicated. the density of extended states of both 2DEGs. We believe
therefore that this double-peak structure has a different
measurement were matched by applying appropriate fronbrigin.
and back-gate voltages. To achieve this, the electron First, one observes a strong dip Ry at v =3/2 at
density of the lower 2DEG, which was the drag layer, hadB =9 T, where the spin levels are already separated. The
to be calibrated in a separate measurement before. As tligps at the higher filling factors = 5,7,9, ... can then be
mobilities of the two electron gases are very similar, theseen as the natural expansion to spin-degenerate Landau
SdH traces do not differ very much from each other. Thatevels (LLs). The situation around filling facter= 73 is
is why we have shown here the exemplary traces of oneore complicated. Simply, one would expect to see also a
2DEG only. double-peak structure at=5/2 andv =7/2. However,
Before we start to discuss the shape of the trace ithe spin-splitting that we observe here is far from being
particular, we want to add some comments why wecompletely developed. Thus it is at present not clear if it
think that the measured signal is really the transresistands really justified to speak in this situation already about
and not any side effect. To check for possible heatinga complete spin polarization as it is the case for
effects, we have examined the SdH traces at differerd/2. From our experimental observations, the following
temperatures and with different currents. This provectonstellation seems furthermore to be necessary for the
that for our measurement temperaturés>1 K and double-peak structure to occur: As a functionRBfboth
for the finally used currents of 200 nA the electron2DEGs simultaneously undergo a transition from a region
temperatures did virtually not change, as also expectedf localized states (manifested in clear zeros in the SdH
from recent experimental and theoretical investigation®scillations) to one of extended states in the middle of a LL.
[8]. The used currents were furthermore low enoughThis clear transition, however, is for both 2DEGs definitely
that the drag voltage was linear in applied currentnot given at filling factorv = 3.

n = n =
1 2

4 3.2x1011 cm-2

- upper 2DEG
is 'drive'-layer
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A possible interpretation of our results is represented ' ' _ '_32 101'1 o 16
by a recent theory by Bgnsaget al.[4] who have al M= M= 2o
investigated the frictional drag in perpendicular magnetic T=185K 15
fields for a system consisting of two 2DEGs separated = |
by a barrier of 30 nm, similar to our samples. They & ,| =
have found that the transresistarte fulfills roughly the N ] N5
following relation: o P

Ry = g1g2lWial?, (2) 1r i -
where g; is the density of states (DOS) at the Fermi .
energy Er) of theith electron gas, an@,, is the matrix A "
element of the screened interlayer interaction. However, %.o 0.2 0.4 0.6
they have not included spin-splitting and the effects of 1/B [T-1]

Iocal!zed states resulting in the QHE. As they point Ogt’FIG. 2. Calculated interlayer interactidi¥,|*>/72 (full line)
localized states do not contribute to transport propertieg,, 7 — 155 K in arbitrary units as a function of inverse

such askr. Therefore, the main effect of applying Eq. (2) magnetic field (see text for details of the calculation). The
to our experimental situation should be just to replacecalculated product of the DES of the 2DEGEG, is also

g; by the density ofextendedstates (DES) atEy in shown for comparison. The dips iWy,|*/7? for half-filled

the sample, which we namé;. Having this in mind LL caused by the enhanced screening are visible up to a filling
Ll I L) p—
it becomes clear that in the regime of the QHE, wherefactor ofy = 15.

the DES drops to zero, the electrons have not sufficienth, f' L byi h ; he off
energy to be excited over the QHE gap into extended’'S figure it is now obvious that even aiter the effects
states, resulting in a negligibly small transresistance, a&f SPin-splitting have been eliminated, the estimation of

we have observed it in our experiments. the pure interlayer interactiofW;,|* still shows clearly
The most striking features, however, they predict ind€veloped minima in the middle of a LL up w0 = 15.

their theory are the effects of screening. They state that "iS SUPPOItS our assumption that this behavior is likely
G(B) and the screened interlayer interactiohi»|> work to be caused by the interplay of Landau quantization and

in opposition; i.e., a large DES weakens the interlayefnhanced screening. _

coupling due to screening. In fact, they present calcu- 1hiS double-peak phenomenon is not only observable
lations, where in the middle of a filled Landau level (LL) fOr Systems that have equal carrier densities, as can
the screening becomes so strong that it more than compepEe extracted fror?l F|g._23. Here we have lrlneas_gRed
sates for the basically quadratié dependence in Eq. (2). 10F 71 = 3.2 X 107 cm = andn, = 2.0 X 107 cm™~ at

Therefore, the transresistance is suppressed in the middle = 3-0 K. As expected from Eg. (2), the transresistance
of a LL, resulting in a twin-peaked structure. It is exactly X7 (Solid line) follows mainly the product of the density
this effect which might be attributed in our experimentalOf €xtended states of each 2DEG, which is also shown

traces to the observed dips in the middle of a LL. This(dotted line). This leads to a vanishidg whenonly one

is supported by the fact that our experimental data noPf the systems is in the regime of the QHE. However, for
only give an overall qualitative agreement with the calcu-

lations of Ref. [4], but also a very good quantitative one w71 g-a | 11.6
in the observed signal size. 6o ' PN
A further insight in the understanding of our observa-

i i - i = i 11.2
tions might be gained by really calculating the screened 3
interlayer interactiodW,|? from the measure@&;. Do- 24 -
ing this exactly would mean to solve a complicated inte- £ _ 10.88
gral [4]. However, the simple relation of Eq. (2) should ©
at least serve as a good basis for qualitative arguments. 2

i 10.4
In a first step one has to calculate the DESB) from the
pxx trace of SdH oscillations of the 2DEGs. This can to
a good approximation be done, using the relation [9] 0 4 5 0.0

pu = GBP(N + 3), 3) B M)

whereN is the number of the LL aE. FIG. 3. Transresistanc®; as a function ofB for a system

Having calculated the DES for both 2DEGs, one can tovith different carrier densities a’ = 3.0 K, together with

a constant factor roughly estimate the screened interlaydpe calculated product of the DES of the 2DEGs. The
interaction|W,|2. In Fig. 2 we present fof’ = 1.55 K arrow atB = 2.4 T indicates the position where the interlayer
In 120 2 g. P . L coupling is suppressed due to enhanced screening. Inset:
such a calculatetW,|* trace as a function of inverse, Longitudinal resistance,, of the 2DEGs in K, with n, =

together with the product of the two DES,G,. From 3.2 X 10! cm 2 andn, = 2.0 X 10! cm™2,
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a situation where both 2DEGs undertake (as a functiomannot be neglected in any way and should thus be part of
of B) a transition from a region of localized states tofuture theories.
one of extended states near the center of a LL band (at We want to add at this point that we have also
B = 2.8 T in Fig. 3), this can also lead to a double-peakdone measurements on samples, where the 2DEGs were
structure inRy due to possible screening. separated by an fM;Gae;As barrier with a width of

The temperature dependence of the screening minim@0 nm. We have observed there a very similar behavior
appearing in the middle of the LLs was also a topic ofof the transresistance in magnetic fields with clearly
the theoretical investigations [4], as this enables one twisible screening dips. The main difference was that
learn something about the kind of screening involved. Fothe overall magnitude of the coupling was by roughly a
simple static screenin® is according to theory expected factor of 3 smaller. We will discuss the details of that
to have an overall’” dependence. Therefore, deviationsdependence on the separation width elsewhere [11].
from this screening mechanism can best be observed whenlIn conclusion, we have presented measurements of the
R7 is scaled byf'?. In Fig. 4 we have plottefiv,|?>/T%>as frictional drag between two coupled 2DEGs as a function
a function of T /Tr for three different filling factors [10]. of magnetic field. We observe a vanishing coupling when
For the lowest filling factow = 3, there is a maximum at one of the systems is in the regime of the QHE and a dip
aroundT /Ty = 0.03, which was also predicted by theory. in the transresistance when the Fermi energy of the two
It was argued that this enhancement Wi,|*>/7? is due  electron gases are both in the extended states in the middle
to dynamic screening, which is becoming more importanbf a Landau level. We have shown that this behavior can
with increasing temperature and is also less effective thahe explained by an interplay of Landau quantization on
a static one. For higher filling factors, this maximum isthe one hand and the screening properties of the coupled
observed to shift to loweF. This is not surprising as for electron gases on the other hand.
high filling factors correspondingly lower temperatures are We would like to thank R.R. Gerhardts for useful
required to resolve the Landau quantization. This cleadiscussions and for critically reading the manuscript. This
guantization, however, seems to be crucial in order tavork was supported by the German Ministry of Education
observe this competition between the increasing DES andnd Research (BMBF) with Grant No. 01 BM 621.
the thus enhanced screening.

Though our data agree quite well with many aspects
of the cited theory, a final decision if the observed
double-peak structure can really be attributed to screenin 1] P.M. Solomon, P.J. Price, D.J. Franck, and D.C.
and not to any other phenomen_a so far not cqn_S|dere La Tulipe, Phys. Rev. Lett63, 2508 (1989); B. Laikht-
that would enhance the resolution of spin-splitting in man and P.M. Solomon, Phys. Rev.4, 9921 (1990);
drag measurements cannot be taken. In any case our y. sivan, P.M. Solomon, and H. Shtrikman, Phys. Rev.
experiments have shown that the aspects of spin-splitting  Lett. 68, 1196 (1992).

[2] T.J. Gramila, J.P. Eisenstein, A.H. MacDonald, L.N.
20 ' . ' . ' . ' . . . ' Pfeiffer, and K.W. West, Phys. Rev. Let66, 1216
nen < e m v=3 (1991); Surf. Sci.263 446 (1992); Phys. Rev. Bl7,

4 te oo A ] 12957 (1993).

y 3:2x10' em? [3] H. Rubel, E.H. Linfield, D.A. Ritchie, K.M. Brown,

15 \"\. y M. Pepper, and G.A.C. Jones, Semicond. Sci. Technol.
3 \ 10, 1229 (1995); Surf. ScB61/362 134 (1996).
© [4] M.C. Bgnsager, K. Flensberg, B.Y.-K. Hu, and A.-P.
:‘10 L A i Jauho, Phys. Rev. Leff.7, 1366 (1996).
oy [5] H. Rubel, A. Fischer, W. Dietsche, K. von Klitzing, and
o K. Eberl (to be published).
;“5_ 1 [6] J.P. Eisenstein, L.N. Pfeiffer, and K.W. West, Appl.

Phys. Lett.57, 2324 (1990).
[7] K. Brown, E.H. Linfield, D.A. Ritchie, G.A.C. Jones,
M.P. Grimshaw, and A. C. Churchill, J. Vac. Sci.
L L L L o Technol. B12, 1293 (1994).
0.00 0.01 0.02 0.03 0.04 0.05 0.06 [8] E. Chow, H.P. Wei, and S. M. Girvin, Phys. Rev. Létt,
T/T, 1143 (1996).
[9] T. Ando, A.B. Fowler, and F. Stern, Rev. Mod. Phy4,

FIG. 4. Temperature dependence of the interlayer coupling 437 (1982)
with Er in the middle of the LL bands for a sample with : 2 o -

matched carrier densities, the corresponding Fermi temperatuftCl We have used hergV,|*/T* instead ofR;/T" in order
Tr being~130 K. The data for the filling factorss = 3 and to exclude (especially for = 3) a possible enhancement
v = 5 have for reasons of clarity been scaled by factors of 10  ©f the screening dips due to an onset of spin-splitting.
and 2, respectively. The interpolation curves through the datél1l] H. Rubel, A. Fischer, W. Dietsche, K. von Klitzing, and
points serve only as a guide to the eye. K. Eberl (to be published).

1766



