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Coulomb drag near the metal-insulator transition in two dimensions
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We studied the drag resistivity between dilute two-dimensional hole systems, near the apparent metal-
insulator transition. We find the deviations from tiié dependence of the drag to be independent of layer
spacing and correlated with the metalliclike behavior in the single-layer resistivity, suggesting they both arise
from the same origin. In addition, layer-spacing dependence measurements suggest that while the screening
properties of the system remain relatively independent of temperature, they weaken significantly as the carrier
density is reduced. Finally, we demonstrate that the drag itself significantly enhances the Megtiendence
in the single-layer resistivity.
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I. INTRODUCTION dependence was observed. It was proposed that these devia-

) ) ) _ tions arose from many-body correlations in such a strongly
Two-dimensional2D) electron transport in semiconduc- interacting regimé:2

tor heterostructures has provided a rich venue for the study | this article, we study the density, temperature, and

of eIeCtron interaCtion phySiCS, eXh|b|t|ng SUCh eXOtiC State$ayer_separation dependence of the drag between Strong|y in-
as the fractional quantum Hall liquidHere strong interac- teracting 2D hole systems, in the vicinity of the apparent
tions, induced by a large perpendicular magnetic field, stabimetal-insulator transition. Using these data, we show that the
”Ze th|S non'Fermi |IG]UId State. Recently, mUCh attention indeviations from theTz dependence Of the drag are not a
the field has focused Upon dilute 2D SyStemS, which are Chaf'esu“ ofa phonon mediated drag proc&@-’but rather arise
acterized by large ratios of carrier interaction energy to Ki-from a novel mechanism related to the largevalue of the
netic energy(rs>10). These systems exhibit an anomaloussystem. We find these deviations to be independent of layer
metalliclike behavior and an apparent metal-insulatorspacing, implying that they arise from an intralayer correla-
transition? contradictory to the scaling theory of tion effect. Furthermore, we find that the deviations toThe
localization® To date, the origin of the metallic behavior is dependence of the drag are correlated with the metallidlike
unclear, with several fundamental questions regarding thigependence in the single-layer resistivity, suggesting that
regime still unanswered. Among the most important of thesgoth anomalies have the same origin. Our layer spacing de-
are the nature of the many-body correlations and screeningendence data imply that while the screening properties in
properties in this dilute limit. To gain insight into both of this regime remain relatively independent of temperature,
these issues, we have performed frictional drag measurghey weaken significantly as the carrier density is reduced
ments. toward the metal-insulator transition. Finally, we demon-
Drag measuremehallows one to directly study carrier- strate that the Coulomb drag effect itself can significantly

carrier interactions. These experiments are performed, ognhance the metallif dependence in the single-layer resis-
double layer systems, by driving a curréhy) in one layer, tjvity.

and measuring the potenti@V/p), which arises in the other
layer due to momentum transfer. The drag resistivjy),
given by Vp/lp, is directly proportional to the interlayer
carrier-carrier scattering rate. Furthermore, the layer spacing Four different samples were used in this study. Each
(d) dependence of the drag provides a powerful probe ogample contains a double quantum well structure, consisting
both the interlayer correlations and the screening propertiesf two Si dopedp-type GaAs quantum wells separated by a
which exist in the system. Any change in either of thesepure AlAs barriet? which was grown by molecular beam
properties will manifest itself in the layer spacing depen-epitaxy on a(311)A GaAs substrate. Sample A, which was
dence of the drag. Recently, the drag was measured betweesed in an earlier studyhas an average grown layer density
low density hole systenfswith rg approximately ranging and center to center layer separation of 2 B}° cm™ and

from 10 to 20° In this regime,pp showed a two to three 300 A, respectively. Samples B and C were similar to sample
orders of magnitude enhancement over the theory for weaklp, with the exception of having different center to center
interacting system&and the corresponding low density elec- layer separations of 225 and 450 A, respectively. Sample D
tron results® In addition, an anomalous temperatii® de-  was a higher density sample, having an average grown layer
pendence, which could not be explained in light of previ-density and center to center layer separation of 7.0
ously studied drag processes, was observed, with Xx10%cm? and 275 A, respectively. Explicit details of the
exhibiting a greater thai? dependence at low temperatures. parameters for each of these four samples are listed in Table
Upon further increase oF, a crossover to a weaker thdA 1. The samples were processed allowing independent contact

Il. EXPERIMENTAL DETAILS
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TABLE |. Sample parameters. Mobilities quoted at 300 mK. [T 5 ]
1000 [ o IE
Sample A B C D \\‘-E.,ioomK
Average layer densitfx 101° cm2] 25 25 25 70 100 - \ 1
Top layer mobility[ X10° cn?/V s] 1.5 19 29 57 ; . 80mK]]
Bottom layer mobility x10° cm?/V's] 15 13 17 7.7 g7 - : TR
Quantum well thicknesfA] 150 150 150 175 & 10f p, (10" cm?)
Barrier thicknes$A] 150 75 300 100 VQ F
Center to center layer separatiph] 300 225 450 275 < 1 __g 14 J
. . . <13 (b) ~ 230 mK

to each of the two layers, using a selective depletior 01k I ) o
schemé? In addition, both layer densities are independently v, mV) E
tunable using evaporated metallic gates. ' i 2 3 4 5 6 7

The data presented in this paper were obtained U%iteg
and dilution refrigerators. The densities in each layer were p_ (10" cm™)
determined by independently measuring Shubnikov-de Haas
oscillations. Drive currents between 50 pA and 10 nA were FIG. 2. pp Vs p, on log-log scale, af =300 mK. Data from

passed, in thd233] direction, through one of the layers, Samples Ad=300 A) and D(d=275 A) are shown by closed and
while the drag signal was measured in the other layer, usingPe" circles, reslpecltlvely. Tlhe s_ohdﬂgels alfgl(\)/vnh_sélope_r—_s. Inset
standard lock-in techniques at 4 Hz. To ensure that no sp a)ap??o\és o O i T scae,fivnkp_zta | o ot ’_?5_30 hed
rious sources were contributing to our signal, all the standar@n 200 M. S0ld Anes are Tits wi S‘_)pe close 10 =< . ashe

. . . . Ine indicates matched density. Insél): pp VS Vpias Pm=2.1
consistency checks associated with the drag technique WELE, 110 o2 and T=230 mK

performed?

behavior, showing a peak s,/ T? versusT, as was reported
1. RESULTS AND DISCUSSION earlie at d=300 A. In addition, the peak position s/ T2

We begin our presentation of the data by first looking atV€rsusT, marked by the dashed line, appears to be indepen-

the temperature dependence of the drag in the dilute reginfé€nt of layer separation. Although not shown here, we also
at different layer spacings. This is presented in Fig. 1, wher@Pserved this at lower densities. ,

we plot pp/T? versusT at matched densitie§p,) of 2.5 Before .d|:.scussmg these data, we would like to show that
X 101 cm 2, for d=225, 300, and 450 A. For clarity, the these deV|at|9ns from tHE” dependence are not a result of a
data from t,hed:450 A ,samp’Ie have been muItipIied,by a phonon mediated _dra_g proceéSs: It has been well estab-
factor of 6.5. The error bar shown for thk=225 A data is lished that a contribution fromk2 phonon exchange to the

due to a small interlayer leakage contribution. Note that botﬁjrag will produce dev_|at|_ons fr_om_ the expected dep‘?”' .
dence, which are qualitatively similar to those shown in Fig.

the d=225 and 450 A samples exhibit the same qual|tat|ve1. However, the fractional deviation froff? arising from a
phonon mediated process should decrease consideraldly as
d=1225 A is reduced. This stems from the fact thatdeis reduced, the

_ A | direct Coulomb component of th_e drag increases signifi-
d =300 cantly, whereas the phonon mediated component increases
d=450A with a much weaked dependencét The data in Fig. 1 show
that the fractional deviation frorii? is roughly independent
of d. Here, at all three layer spacings,/ T?> changes roughly
25% to 30%, from 0.5 to 2.0 K.

Furthermore, to conclusively rule out the phonon medi-
ated process, we present the relative density dependence of
the drag atd=300 A, in inset(a) of Fig. 2. Here we have
measurecpp as a function of one layer densitp,), while
. keeping the other layer density fixed ap,=2.15
X 10'° cm™. It has been demonstrated that the phonon me-
4 diated component of the drag is strongly suppressed as the

T(K) layer densities are mismatch&#! If 2k- phonon exchange
contributes to the drag in our samples, one would expect to

FIG. 1. pp/ T2 vs T at p,,=2.5% 101° cm2, for differentd. For ~ S€e some signature of a local maximum at matched density
clarity, data from thed=450 A sample has been multiplied by a in these density ratio measurements. However, as shown in
factor of 6.5. The dashed line marks the peak position. Open circlethe inset, whergyp is plotted on log-log scale againgt at
measured in the dilution refrigerator. both T=80 and 300 mK, the drag exhibits no signature of a
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local maximum at matched density, and is described by i 2.5
linear fit with slope close to —2.5, implyingp = (p,p,) "> at
low temperature$! The deviation from the fit at low density
in the 300 mK trace is a consequence of the density depet
dent crossover in th& dependence ofp.°

To provide yet further evidence against the presence @
2k phonon exchange in our samples, we have performe =
density imbalance measuremehfShese measurements are ¥
performed by measuringy as a function of interlayer bias ”\p
(Vpiag. Interlayer bias transfers carriers between the layers@ 15|
while keeping the total density in both layers fixed. Such &
measurement provides a very sensitive probe as to the pre
ence of phonon mediat&! (or direcf) 2ke scattering. A
series expansion of the power lamp,)~>? dependence de-
duced from our density ratio measurements implies that 1.0F L . 1 . .
will exhibit a quadratic increase with interlayer bias.pl 0.5 1.0 1.5 2.0
contains any significant contribution fronk2 phonon ex- T (K)
change, this will clearly lead to the drag decreasing as a
function of V5 In inset(b) of Fig. 2, we plotpp versus FIG. 3. (Color onling p(T)/p(To) vs T at p=2.5% 10%° cm2 for
Vyias @t T=230 mK. Here the layer densities are matched atifferentd. Inset:[p(T) = pp(T)]/[p(To) —pp(To)] vs T. Dashed line
2.1X 10 cm 2 at zero bias. It is clear from the figure thag ~ marks the peak position ipp/T? vs T. To=400 mK.
exhibits a quadratic increase with,,, consistent with our
density ratio results. Her&/ Tg=0.07, so thermal broadening pendence data for differentshown in Fig. 1 provides very
of the Fermi surface is negligible. These data conclusivelyuseful information regarding differentiating between these
show that & phonon exchand@!! (or direct ¢ scattering  two effects. If the deviations from th& dependence arise
processe$ do not yield any significant contribution to the from an interlayer correlation effect, we should expect them
drag atd=300 A. to exhibit a significant change as the layer spacing is varied.

In the main plot of Fig. 2, we investigate the matchedHowever, this is not what is observed. Both the fractional
density dependence @b. Here pp versuspy, is plotted on  deviation fromT? and the peak position are found to be
log-log scale for densities ranging fromp,=1.0 to 2.5 independent ofl, implying that interlayer correlation effects
X 10" cm?, taken from sample Ad=300 A), and atp,,  are not playing a role here, and that the deviations arise from
=7.0x 10%, taken from sample Md=275 A). We find that  something intrinsic within each of the single layers them-
these data are very well described by a linear fit with slope ogelves.
-5, implying that for this density range, corresponding to At this point, it is appropriate to compare the deviations
r=5.1 to 13.5(usingm’=0.17m,), pp, follows ap.> depen-  from the T2 dependence of the drag to the metalliclike be-
dence at low temperature, consistent with our density ratidvavior observed in the individual layers of the samples used
results. In the Coulomb drag theory for weakly interactingin this study. Many believe that this strong metalliclike tem-
systemsd, which is successful in explaining the results of perature dependence arises from correlation effects, which
drag experiments performed on high density electrorexist in such a largeg regime. By independently contacting
system$ with r~ 1, pp is expected to scale a@}f’. The  one of the layers in our double-layer system, we can measure
stronger density dependence we have observed here is caire temperature dependence of the single-layer resistivity.
sistent with earlier repoftghat the drag between low density However, it is important to realize that the resistivity ob-
holes exhibits a significant enhancement over this simpléained from such a measurement is significantly enhanced
theory, with the discrepancy increasing as the density is redue to the drag effect. Due to its large magnitude, the drag
duced. In this context, what is of particular interest is a re-effect will make a significant contribution to the single-layer
cent experiment, on low density electron double layer sysresistivity. Since the drag has a relatively strong temperature
tems withd=280 A, which studied the drag in a regime of dependence, this will significantly affect the strength of the
intermediate interaction strength, withranging from about metallic behavior obtained in a single-layer resistivity mea-
2 to 4.3% This study also found that the drag exhibited asurement. This is demonstrated in Fig. 3, where we have
power-law dependence on the matched electron defrsify plotted the normalized dependence of the single-layer re-
and observed that, > n~*. This result suggests that there is a sistivity, atp=2.5x 10*° cm™?, for differentd. For reference,
crossover in the behavior of the drag frompg’ to ap,>  the single-layer resitivities &=400 mK are 1.48, 1.83, and
dependence as the value of the system is increased. This 1.85k(}/[] for the d=225, 300, and 450 A samples, respec-
provides yet further evidence that the large enhancement dively. While all three of the samples here have intrinsically
the drag and the deviations from tfié dependence found in similar properties(resistivity and mobility, it is clear that
the dilute regime arise from correlation effects. the metallic behavior becomes much strongerdas re-

It is important to note that the deviations we have ob-duced, as should be expected from the increasing drag con-
served could arise from two different types of correlationtribution. Therefore, it is appropriate to subtract the drag re-
effects: either interlayer or intralayer correlations. Thde-  sistivity from the measured single-layer resistivity to obtain
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the intrinsic single-layer resistivity—that is the resistivity

which would be measured if the layers could be separate A 15x10°em? |

infinitely far apart. This is shown in the inset, where we 1k s 2.0x10" cm? |
subtractpp from p and plot the normalized@ dependence of = o 25210 om? ]
p—pp- Note here that the metallic behavior in all three curves SN ’ ]

shows roughly the same strength, confirming that the chang
in the metallic behavior of the single layer resistivity, shownl’j‘
in the main plot, arises from the drag contribution to the
resistivity. The most striking feature here is that the temperag4, 0.1k
ture at which the metallic behavior is suppresseg-pp is a
at roughly the same temperature at which the pealitiT?
versusT is observed, as shown by the dashed line in the I L
inset. In addition, in these three samples, the metallic tem [ .
perature dependence produces a roughly 20% to 25% chan [
in p—pp. This is extremely close to the 25% to 30% devia- (g1
tion from T2, which pp exhibits over the same temperature 200
range. These similarities seem to suggest that the deviatior
from the T? dependence of the drag are correlated with the
anomalous metallic behavior found in the single layer, and _

The fact that both the single-layer resistivity and the dragdata set T
exhibit similar anomalies is quite striking, since these are '
two extremely different transport properties. Although there ) ) )
have been numerous models attempting to explain the origift function of temperature for d|ff(3r9mxﬂ. We mention that
of the metallic behavior, here we choose to analyze our datf€ « found for p,=1.5x 101 e is deduced only using
in light of one of the most prominent: temperature-dependengata atd=225 and 300 A. Before discussing these data, we
screening?® In this model, the metallic behavior arises from Would first like to mention that due to the narrow range of
temperature-dependent changes in the static screening of ioflata we are not making any quantitative claims on the values
ized impurity potentials, which become important at large  ©f these exponents. On the other hand, a comparison of the
As the temperature is increased from |G the screening 'elative change ofx with temperature and density is per-
weakens significantly, leading to the metalliclike increase inf€ctly valid and independent of any of the systematic error in
the resistivity. It is possible to envision that such a screeningh€d values of our samples. The first point we make is that at
change could give rise to the enhancement toTthdepen- all Fhree_densmes, the expor)ent shovv_s a weak increase v_wth
dence ofp, found at lowT. However, here we are concerned T» implying that the dynamic screening properties in this
with the dynamic screening properties of the system as ifedime are relatively independent of temperature. If any-
screens the interlayer Coulomb potential. thing, Fhe screening strengthens slightlyTas increased, the

If the deviations from thd@? dependence of the drag arise OPPOsite of what should be expected from thelependent
from a temperature-dependent screening effect then this wificréening model. Another point which is clear from the data
surely manifest itself in the layer spacing dependence of th that the strength of thedependence weakens significantly
drag. The strength of the dependence gfp, is proportional @S the carrier density is .Iowered. This implies that the dy-
to the screening strength of the interlayer Coulomb potentialf@mic screening properties of the 2D system weaken dra-
If the screening is strong, the interlayer potential will drop
rapidly with d and pp will show a strong decrease aisis 6 — T
increased. On the other hand, if screening is weak the inter- " 2.5x10" cm”
layer potential will drop off much slower witd, andpp will 5F ° 1
exhibit a much weaker decreaseds increased. By inves- » A 1
tigating the strength of the dependence at different tem- 41 .

peratures, we can determine whether the dynamic screening A « °

Q

400 500 600

d(A)

300

properties of the 2D system in this regime exhibit any L i

temperature-dependent behavior. Using data from samples A,
B, and C, we have studieg, as a function ofd at various
temperatures, fop,,=2.5, 2.0, and 1.5 10 cm 2. A typical

data set, obtained dt=1.0 K and plotted on log-log scale, is
shown in Fig. 4. As expected, we observe thgtshows a
strong increase with decreasing layer spacing. The solid lines
are linear fits of each data set, and their slopes correspond to
the exponentw, where ppcd™. Using additional data at
different temperatures, which are not shown, we can deter-

=3

L 2.0x10" ¢cm”

L 1.5x10" cm™

0
0.0

05 1.0 15 20

T (K)

2.5

mine the strength of thd dependence at each density, for
differentT. We present this data in Fig. 5, where we plods

FIG. 5. a vs T for p,=1.5, 2.0, and 2.5 10'° cm 2. « deduced
from fitting pp vs d to ad™ fit.
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matically as the carrier density is reduced toward the metaleould possibly create the metallit dependence. This is

insulator transition. analogous to the double-layer system, in which only one
Finally, we would like to refer back to the single-layer layer carries current and the other layer causes dissipation

transport data presented in Fig. 3, which clearly show that ivia interlayer e-e scattering.

the dilute regime, the drag constitutes a significant fraction

of the resistivity. In contrast, at smail (Ref. 4 the drag

contribution to the resistivity is roughly 0.1% at these tem- IV. CONCLUSIONS

peratures. This demonstrates that in the dilute regime an

electron-electrolite-e scattering process can yield a substan ependence of the drag to be independent of layer spacing

tial T-dependent correction to the resistivity, and suggests th . ) .
possibility that the metallic behavior seen in so many diluteand correlated with the metallit dependence in the single-

2D systems might arise from an e-e scattering process. FORYE! resistivity, suggesting that both anomalies have the
example, a theory on the interaction correctiéns this re- ~ Same origin. Our studies of the strength of the layer spacing

gime has been shown to qualitatively explain the metalliclikedependence obp imply that the dynamic screening proper-
temperature dependence measured in experiméntsthis  ties in this regime are relatively temperature independent.
theory the disorder breaks the translational invariance of thElowever, they weaken significantly as the carrier density is
System, and allows e-e Scattering to make a finite Contribu[educed. Fina”y, in thIS d|lute I’egime, we haVe demonstrated
tion to the resistivity. Our data suggest that the magnitude othat the drag effect itself can significantly enhance the me-
this interaction correction could possibly constitute a signifi-tallic behavior in the single-layer resistivity.

cant fraction of the resistivity. Another possibility is that the

electron system forms two channels, with only one carrying ACKNOWLEDGMENTS
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