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Interlayer charge transfer in double-quantum-well systems
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As the front-layer density in a bilayer electron or hole system is depleted by the application of a biased front
gate, the density in the back layer increases due to the exchange term in the energy. For the sample parameters
we studied, a self-consistent calculation using the local-density approximation predicts a discontinuous charge
transfer that is not observed experimentally. We discuss possible origins of this discrepg@tg3-
182997)01416-1

Bilayer electron system@LES'’s), coupled by the inter- Shown in Fig. 2 are the results of an LDA simulation for
layer Coulomb interaction, are good candidates in which t@ BLES with different parameters, namely, lower layer den-
observe many-body phenomehd. For idealized two- sities and a slightly smaller interlayer distarisample B in
dimensional electron sheets, Ruden and Wu predicted that &gble ). For these low electron densities, a pronounced, dis-
sufficiently small densities and interlayer separations, th&ontinuous charge transfer to the back layer is predicted by
BLES would become bistable, with all of the charge residingthe LDA calculations. The experimental data, on the other
in one layer or the other, due to the dominance of the negdhand, are in good agreement with the calculation except right
tive exchange term over the positive kinetic-energy term aPefore the front-layer depletion. Specifically, they do not ex-
low densities*® It would be difficult to observe the bistabil- hibit the abrupt transfer predicted by the LDA simulation. In
ity directly, however, because the small density and interthe remainder of this paper we provide more experimental
layer separation required are very hard to achieve experimefiletails and data, and then discuss possible origins of the
ta”y Here we describe our Study Of a re|ated pr0b|em,diSCI’.ep_ancy between the eXperimentaI results and the LDA
namely, the behavior of the layer densities as one layer igredictions. For completeness, the results ofdeal BLES
dep'eted by a biased front gate_ We focus on the possibi“t?lmulatlon are alSO ShOWﬂ n F|g 2 as dOtted curves. In the
of an exchange_inducediscontinuoug:harge transfer from region Very near the depletion Of the front Iayer, these I’ESU|tS
the front layer to the back layer, as the front layer isappear to agree with the experimental data better than the
depleted’

Our study is motivated by previous work on this subject.
Katayamaet al® observed a sharp and significant $0%)
drop in the in-plane resistance of a BLES as the front layer
was depleted, and interpreted this observation as a signature
of a sudden interlayer charge transfer. Systematic
Shubnikov—de Haa&SdH) measurements of the layer densi-
ties in similar samples by Yingt al,” however, revealed
only a gradual charge transfer from the front layer to the
back layer. This gradual transfer also results from the domi-
nance of the exchange energy; indeed, Yen@l. found their
data to be in good quantitative agreement with the results of
self-consistent calculations which include the exchange en-
ergy via a local-density approximatiai.DA).”~® Figure 1
exhibits an example of the measured and calculated densities
for sample A, used in Ying's study. The sample parameters
are listed in Table I. Note that in the SdH measurement the
subbanddensities are measured; in Fig. 1 these are compared 5r
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entire density range, and in particular near the front-layer

depletion where both the data and calculations show a Total Density (10'° cm?)

gradual charge transfer from the front to the back layer. Also

shown in Fig. 1(dotted curvegare the results of a simulation ~ FIG. 1. The measuresymbol$ and LDA simulation results
where the layers are taken to lfeal two-dimensional elec- (thick solid curvegfor the subband densities in a double-quantum-
tron sheets centered in the quantum wells. This simulatiof/€!l sample. Note the excellent agreement between the experimen-
uses the same method as the calculations done by Ruden aifydata and the LDA results_qver the whole density range. The s_ohd
Wu?* and Katayamat al® It is clear that this simpler simu- curves show the layer densities deduced from the LDA simulation.

lation does not match the experimental data as well as th1e-he d.Otted curves are Trom a simulation where the layers are taken
. - to be ideal two-dimensional sheets.
LDA simulation.
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TABLE |. Parameters for the samples.

Npal “ Asas
Sample dA) WA (10%cm?) (1P cm?Vs) (K)
A(M229 10 180 23 1.0 10
B(MM083 33 140 9.3 0.2 1.7

LDA results do, but the fit is worse in the other regidhs.
We believe that the agreement near the depletion in Fig. 2 is
coincidental, and that the ideal BLES simulation is not
accurate??

Our samples were grown by molecular-beam epitaxy
(MBE), and consist of two GaAs quantum wells of width
W, separated by an AlAs barrier of width They are modu-
lation doped with a wide spacer between the Si dopant atoms
and the quantum wells. We studied double-quantum-well
samples containing either electrons or holes. They were
grown simultaneously on Gaf&E00 and (311)A wafers
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which were placed side by side on the MBE substrate P — 0 12
holder!® Contacts were made by alloying In:Sn for electrons . 02

or In:Zn for holes in a reducing atmosphere for 12 min at Total Density (107 cm™)
440 °C. We then deposited a CrAu film which we used as a

front gate. The measurements were made in a pun?rptﬁj lute bilayer electron system. The experimental data were taken at 25

. 4 . . -
SYStem and in &He/*He dilution refrigerator. Samples from mK. Note the excellent agreement at all points except those where
different areas of the wafer were taken. The relevant samplge giscontinuous charge transfer is predicted.

parameters, including the total balanced density, are
listed in Table I.
We measure subband densities by measuring the longituhe measuredNy,; VS Vg (for Ny>6.5x10° cm~2).4
dinal resistanc&,, as a function of perpendicular magnetic There is a small change in capacitance between the front gate
field B using a lock-in amplifier. The resistance measuremenand the BLES at the depletion of the front layer, resulting in
shows SdH oscillations at lo® and the quantum Hall effect a change of the slope of th&l,; vs Vgg curve for
at higherB. The frequencies of the SdH oscillations,  N,,<5.0x10'° cm~2. This change is only 3%, however,
directly give the subband densities by the relationand can only affect the experimental points’ positions on the
N;=(2e/h)f;. In the regions we are interested in, far from x axis of Fig. 2. Therefore it cannot affect the conclusion that
the balanced point, the subband densities are essentialtiie abrupt transfer was not observed.
equal to the layer densitiés? The LDA simulation in Fig. 2 We have repeated this measurement with various param-
shows clearly that the subband and layer densities are almosters changed. We made another electron sample from a dif-
identical near the abrupt charge transfer that we are lookingerent piece of the wafer with an identical Hall bar, a back
for. gate, and a front gate. We measured this sample at 0.3 K
The experimental results shown in Fig. 2 agree with thewith back-gate biases of 85, 0, and 90 V. With these back-
LDA simulation at all densities except for where the discon-gate biasesN,, was 7.2<10'%°, 9.4x 10%°, and 1.25¢10"
tinuous charge transfer is expected. We see that the backm™?2, respectively. For these densities, the LDA simulations
layer density smoothly increases until the front layer is fully predict discontinuous increases in back-layer density of 17%,
depleted, at which point the back layer starts depleting.  13%, and 10%. We also repeated the experiment on a bilayer
A few points regarding Fig. 2 are worth mentioning. The hole sample wittNp,= 1.4x 10** cm ™2, for which the LDA
data in Fig. 2 were taken at a temperature of 25 mK on amimulation predicts a discontinuous increase of 7% all
electron sample with a Hall bar geometry. The Hall bar hadcases, the results were similar to those shown in Fig. 2, with
100-um width, while the distance between tRg, contacts good agreement between experiment and simulation except
was 200um. To match the experimental data, the well width where the discontinuous charge transfer is predicted.
W in the LDA simulation was taken directly from the MBE  We also measureR,,, capacitance, and subband densi-
growth parameters, but we used a barrier width33 A, as  ties vsVg in an electron sample with van der Pauw geom-
compared to the nominal growth value of 30 A. Given anetry at 0.3 K. Results are shown in Fig. 3. This is a different
uncertainty in MBE growth of about-15%, this value is piece of sample B. Th&,, and capacitance measurements
reasonable. The subband densities were measured at parti@how features near depletion which provide further evidence
lar front-gate biase¥rg. The total densityN,, at each point that depletion happens not abruptly where the LDA predicts,
was obtained by adding the two measured subband densiti®ésit more smoothly at a more negatiVes. The capacitance
wherever we were able to measure both subbandshows a decrease at depletion because the system is essen-
(Nyo>6.5x 10" cm~2). To deduce the total density where tially a parallel-plate capacitor. When there is charge in the
we could not detect both subbands in the SdH oscillationsront layer, the capacitance is measured between the gate and
(Nr<6.5x 10'° cm~?), we used a line which was fitted to the front layer, but when the front layer depletes, the capaci-

FIG. 2. Experimental results and the LDA simulation for a di-
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Sample disorder is a plausible explanation for the discrep-
Sample B-2 ancy that we cannot rule out. The LDA predicts that once the
MMO83 A10 front layer reaches a density of less than roughby 10°
cm 2, it should deplete abruptly. This density corresponds to
) ) o uonE eLFermi ene;gy of roughly 0.&5 me\é, Whichki)s cgmgara%le to
Al ImnF the expected variations in the conduction band edge due to

disorder caused by impurities in the sample and/or well
/
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width fluctuations. It is therefore possible that the front layer
density is very nonuniform on a microscopic scale right be-
fore the expected discontinuous transfer, so as the gate bias
is changed some regions deplete before others, and the deple-
tion appears continuous as a result.

It is also possible that the absence of the abrupt charge
transfer is “intrinsic,” and that the LDA simulation results
are inaccurate. We note that the negative sign of the
exchange-energy term is what causes the transfer of charge
from the front layer to the back. If higher-order terms are
included in the energy expansion, they might reduce the size
o of, or possibly eliminate, the predicted discontinuous charge

~leo o transfer. Note that such higher-order terms are most impor-
1 n L 1 n 1 n 1 " 1 " 1 . . .
05 04 03 02 o1 o0 o4 tant when the front layer is very dilut@ear depletiop and
. should have little effect on the simulation results elsewhere.
Front Gate Bias (V) - . . .
It also may be that interlayer and intralayer interactions are

FIG. 3. Experimental data taken at 0.3 K, showing subbandc@using in-plane density variations which cannot be ac-
densityR,, and capacitance as a function\sfs. The capacitance counted for by a one-dimensional LDA simulation which
andR,, were measured &=0. The LDA simulation was fitted to assumes a uniform density in the plane. These in-plane den-
the experimental data. All three data sets show that the front layesity variations could eliminate the discontinuous charge
depletion happens at a more negafiig; than the LDA predicts.  transfer. In dilute single-layer electron systems, the in-plane

interactions are known to play a key role and can lead to

charge density wave(CDW) or Wigner crystal (WC)
tance is measured between the gate and the back layer, so #tates-®!In single-layer systems, such phenomena normally
distance between the plates is larger and the capacitancedppear at densities more than an order of magnitude lower
smaller. The front layer is not fully depleted until the capaci-than those at which the discontinuous charge transfer we are
tance reaches its smaller value. At the depletion of the frontliscussing is expected to occur. Although there is no con-
layer, theR,, trace shows a dip which may be explained ascrete theory, it is plausible that the presence of an additional
follows® Just before depletion, the low-density front layer nearby electron layer can enhance the threshold density for
has a low mobility, and electron-electron scattering decreasegbe formation of a CDW or WC. For the magnetic-field-
the mobility for the back layer as well. When the front layer induced WC, there exist data strongly suggesting a bilayer
depletes fully, the back-layer electrons no longer scatter offNC at higher Landau-level fillings than in the single-layer
of the front-layer electrons, so the mobility increadesfore  case’ Also, in an analogous system, a pair of parallel one
decreasing again at very low back-layer densjfiessulting  dimensional quantum wires, a longitudinal CDW has been
in a resistance minimum. All three measuremen®&+ ca-  predicted to mask a charge-transfer instability between the
pacitance, and subband densities—indicate that there is nwires® The possibility of such intrinsic many-body interac-
discontinuous charge transfer. tions causing in-plane density fluctuations and eliminating a

One possible explanation for the discrepancy between thdiscontinuous charge transfer is very interesting, and merits
LDA prediction and the experimental results is macroscopidurther study.
sample inhomogeneity, a variation in areal density due to
layer thickness and/or doping nonuniformities in the MBE
growth. We believe that this is not the case here. The LDA We thank Allan MacDonald for useful discussions, and
simulations for sample B predict an abrupt increase in backM. B. Santos for the MBE growth of sample A. This work
layer density of 13%. The density variation across a Hall bawas funded by the National Science FoundatiMRSEC
of the size we used is expected to be less than 1%, so Grant No. DMR-9400362 and Grant No. DMR-9623511
should not be sufficient to completely mask the effect. and the Army Research Office.
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