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We report on the selectivity to spin in a drag measurement. This selectivity to spin causes deep minima in
the magnetodrag at odd filling factors for matched electron densities at magnetic fields and temperatures at
which the bare spin energy is only one tenth of the temperature. For mismatched densities the selectivity causes
a 1B periodic oscillation, such thategativeminima in the drag are observed whenever the majority spins at
the Fermi energies of the two-dimensional electron gaseardiparallel, andpositivemaxima whenever the
majority spins at the Fermi energies goarallel.
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The physics of two-dimensional electron gag2BEG's) Coulomb or phonon interactions aaepriori not sensitive to
has spawned numerous discoveries over the last two decadgsin, as spin-orbit interaction is extremely weak for electrons
with the integer and fractional quantum Hall effects beingin GaAs.
the most prominent examples. More recently, interaction In a drag experiment a current is driven through one of
phenomena between closely spaced 2DEG'’s in quantizinivo electrically isolated layers, the so-called drive layer. In-
magnetic fields have found strong interest both experiierlayer carrier-carrier scattering through phonons, plasmons
mentally’ 3 and theoretically;> because of the peculiar role Or the direct Coulomb interaction transfers part of the mo-
the electron spin plays in these systems. Particularly interesffe€ntum of the carriers in the drive layer to those in the drag
ing is a measurement of the frictional drag between twdaver, causing a charge accumulation in the drag layer in the

2DEG's, as it probes the density-response functions in thdirection of th(_a drift_velocity of carriers in_the drive Iayer_.
limit of low-frequency and finite wave vectdsee Ref. 6, The drag py) is defined as minus the ratio of the electric

and references theraira quantity which is not easily acces- field ongma‘upg from this charge acpumulatmn, to the drive
sible otherwise. current density. Thept of layers with the same types of

carriers is thus expected to be positive, while that of layers

Experimental data of drag at zero magnetic field are rea; in different types of carriers should be negative.

sonably well understood. Seyeral puzzling issueglhoyvever We have studied transport in several double quantum
exist for the magnetodrag. F|rst, at matched densities in thﬁ/ells fabricated from three wafers that differ in the thickness
2DEG'’s, the magnetodrag displays a double peak around tl"@f their barrier only. The 20 nm wide quantum wells
odd filling factor’® when spin splitting is not visible at all in ;o separated by flGay-As barriers with widths of 30
the longitudinal resistances of each individual 2DEG. Thesgqg or 120 nm. The gensities per quantum well ére
double peaks were ascribed to either an enhanced screeniggically 2x 10 cm 2 and all mobilities exceed 2

when the Fermi energyEg) is in the center of a Landau 108 cn2 v-1s 1. The presented results are obtained on
level>” or to an enhanced spin splittifigSecond, at 30 nm barrier samples, and qualitatively identical results are
mismatched densities negative magnetodrag has beeybtained on samples fabricated from the other wafers. Mea-
observed? i.e., an accelleration of the electrons opposite tosurements were carried out on Hall bars with a width of
the direction of the net transferred momentum. This negativ80 xm and a length of 88Qum. Separate contacts to each
drag was speculatively ascribed to a holelike dispersion imuantum well are achieved through the selective depletion
the less-than-half-filled Landau levels brought about bytechniqué' using ex situ preparedn doped buried back-
disorder'® gated? and metallic front gates. Measurements were per-
In this paper we present data taken in a hitherto unexformed in a®He system with the sample mounted at the end
plored temperature-magnetic-field regime which clearlyof a cold finger. Standard drag testhanging ground in the
demonstrate the decisive role the electron spin plays in thdrag layer, interchanging drag and drive layer, current linear-
drag. We find thatboth the above issues have a commonity, and changing the direction of the applied magnetic
origin; they are caused by the fact that the drag is selective tbeld'® confirmed that the signal measured is a pure drag
the spin of the electrons, such that electrons with antiparalledignal.
spin in each 2DEG have a negative and those with parallel Figure 1 plotspt and p,, measured at temperatures of
spin have a positive contribution to the drag. At mismatched).26 and 1.0 K. With increasing magnetic figig, shows the
densities this selectivity causes a nove8 periodic oscilla-  usual Shubnikov—de Haas oscillations which, at 0.26 K, start
tion in the magnetodrag around zero with frequehdyn/2e, at a magnetic field of 0.07 T. Spin splitting becomes visible
with An being the density difference between the 2DEG’s.at a magnetic field of 0.51 T, and it is completely developed
Our finding that the drag is selective to the spin of the elecat 1.2 T. By contrast, at 0.26 K the oscillationsgin show a
trons is surprising since established coupling mechanisms vidouble peak in magnetic fields as low as 0.1LwF 77, see
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FIG. 1. p7 (bottom) and p,, (top) at 0.26 and 1.0 K and at FIG. 2. py (bottom and p,, (top) for both 2DEG's at mis-
matched densitiesng=n,=2.13x 10! cm™2), showing the ab- matched densitiesng=2.27 andn,=2.08< 10" cm ?) as a func-

sence of a double peak jr- for completely spin-split peaks i . tion _of_magnetic _field a_111’=0.25 (K). Two sets of oscillations can
The inset is a blowup op at 0.26 K, showing a double peak in be distinguished im+: (i) a quick one resulting from the overlap of
fields above 0.11 T. the Landau level in the 2DEG's and) a slow one which causes

) ] ] (positive maxima inpt whenever the filling-factor difference be-
insey. The appearance of a double peakpipat fields and  tween the 2DEG’s isven and (negativé minima whenever this

temperatures where,, shows no spin splitting yet has been difference isodd The inset shows; at fixed magnetic field of
predicted theoretically.The theory states thai; consists  0.641(T) (maximum inpt in Fig. 1) versus filling-factor difference.
essentially of the product in the density of stae®9) atEg

in each layer, multiplied with the strength of the interlayer
interaction. This strength supposedly strongly decreases

the center of a Landau level where, due to the large DOS ensity and density difference of the 2DE@the situation

Er, screening Is very effectlvg. The de_crease would the will be such that Landau levels with antiparallel spins will be
more than compensate for the increase in the product of th

DOS of the 2DEG's, thus resulting in a double peakpin &t Er in the 2DEG'’s, while at somewhat different magnetic

he th ) ith - q bed i fields Landau levels with parallel spin will be B . Alter-
The theory was consistent with experiments described in §jely we have fixed the magnetic field and used one of the
subsequent papérHowever, the most critical test for the

X gates in the sample to change the density in one 2DEG,
theory, namely the occurrence of a double peakimmea-  pyringing about the same effect. The first measurement is
sured at a fully spin-split Landau levéthat does not show pjotted in the lower part of Fig. 2 together with, of both
fractional featurels could not be performed due to the mod- 2DEG’s (top). As is apparent, for mismatched densitigsis
erate mobility of the sample and the accessible temperatuligo longer always positive. Instegd consists of the sum of
range. Our experiment does allow such a test and Fig. #wo 1/B-periodic oscillations: A quick one with the fre-
shows thaipr doesnot show this predicted double peak for quencyh(n,+ n,)/2e, which results from the overlap of the
spin-split Landau levels. We further note thatia T the  (in p; for B>0.17 T doubly peakedLandau levels of the
longitudinal conductivity in our sample is 50#igherthan  2DEG'’s, plus a slower one with the frequendy(n,
in the experimerftand the theoryand screening should thus —n,)/2e, which causeg+ to oscillate around zero. The ar-
be even more effective in our samples. The theory is thus nabws in Fig. 2 indicate the magnetic fields at which the
applicable to explain our experimental results and one idilling-factor difference between the 2DEG'S\ ¢=v;-v,)
forced to reconsider the possible role of spin. We note furequals an integen v is calculated from the densities of the
thermore that at 0.11 T and 0.26 K the bare spin energ2DEG's that are obtained from the positions of the minima
(gugB) is only one tenth of the thermal energy so there is an the Shubnikov—de Haas oscillationsgg, . It is clear that
significant thermal excitation between the Landau levels withwhenA v is odd p is mostnegative while whenA v is even
different spin. This rules out enhanced spin spliffit'®as  pr is mostpositive The inset of Fig. 2 confirms this even/
the cause for the double peakgn. In the following we will  odd behavior. It plotp at 0.641 T f;=13.5, maximunp+
nonetheless show that it is spin that is causing the doubla Fig. 1) versusA» which is changed continuously by de-
peak, through a mechanism where electrons with paralletreasing the density of one 2DEG with a gate. In such a
spin in each layer have a positive, and those with antiparalleineasurement the DOS in the other 2DEG is kept constant,
spin have a negative contribution . The minima at a thus removing the quick oscillation. However, the periodic
large odd filling factors then occur, because the positive andlow oscillation with alternating sign still remains and its
negative contributions cancel. amplitude increases upon decreasing the density in the sec-
In order to prove the above scenario we have measurednd 2DEG.

magnetodrag at mismatched densities. Then successive Lan-
dau levels in the 2DEG's pass through thEjr at different
agnetic fields. At certain magnetic fielddepending on
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the bareg factor in GaAs(—0.44), ug is the Bohr magneton,
eis the dielectric constanit is the magnetic length, and!

is the number of particles with spinand spirj. There is
some discussion in the literature whether in low fields the
relevant length scale fdg, is | g or (the much smalle)rk;1
(see Ref. 14 and references theyeln our simulation 0.5

is appropriate, i.e., the factor o2 is used as it reproduces
the experimentap,, traces. With a fixed enhancegfactor

(or even the barey facton, however, qualitatively similar
results forpt are obtained.

Figure 3 shows the results of the simulation. For bath
and p7, the overall agreement between simulation and ex-
. . . . . . periment is satisfactory. For matched densifiest shown

00 020408 (T)°'8 oo 12 4 using the same parameters the agreement is equally good. In
fields above 0.8 T the asymmetry in the height of the experi-

FIG. 3. Comparison of simulation and experimenpgf and p; mental spin-splifp,, peaks is not reproduced, but this could
(details can be found in the toxtTop traces show,,, upper  be due to a different coupling strength of spiand spir
curves are offset verticallisolid line is the experiment, dotted line edge channels to the bulR,which is not included in the
is the simylatiom Lower traces show the drag, the simulation is gjmulation. The asymmetry in the; peaks at matched den-
offset vertically. sities (Fig. 1, B>0.65 T) may have a similar origin. The

simulation also fails to reproduce some of the finer details in

The observation ofiegativepr atodd Av andpositivepr  the amplitude of the quick oscillation -, but we find that
atevenAv hints at the involvement of spin. If spin splitting this amplitude is quite sensitive to overlap between Landau
were fully developed, oddv corresponds to electrons with |evels in different layers which in turn depends on details in
anti-parallel spin at th&g’s in the 2DEG'’s. In our experi- their width and separation.
ment, however, negativer is observed in the regime of  The two sets of oscillations ip; are observed in all
incomplete spin splitting. One may then expect a maximunmsamples from all three wafers at mismatched densities. The
positive pr at Av=even and a maximum negatiyg atAv  slow oscillation can be recognized as such Tor~1 K
=event Avgpin, With Avg,;, being the filling-factor differ-  although a few negative spikes remain visible till 1.4-1.9 K
ence between spjnand spirj peaks inp,, (which equals 1  (depending on density differencélhe inverse period of the
only if spin splitting is complete A simulation of pr (see  slow oscillation is accurately given dy2ex An in the den-
below), assuming positive coupling between electrons withsity range studied Ane[0,1.2]x10* cm 2, n;=2.0
parallel spins and negative coupling between electrons wittx 10'* cm™2) confirming that the appearance of negatiye
antiparallel spins, shows however thgtis most positive for  for odd Av and positivep; for evenAw is not restricted to
Av=even and most negative fdrv=o0dd, irrespective of the one particular density difference.
magnitude of the spin splitting. This magnitude only influ-  The appearance afegativepr when Landau levels with
ences the amplitude of the oscillationsgn, but doesnot  antiparallel majority spin are &g in the 2DEG'’s is a puz-
alter its phase or periodicity. zling result, as it implies that electrons in the drag layer gain

Lacking a theory to compare our results with, we presenmmomentum in the directiooppositeto that of the net mo-
an empirical model, assumingp,,=(DOS +DOS")?  mentum lost by electrons in the drive layer. In the single-
and prxcB¥(DOS -DOS') ayer1X (DOS/-DOS) ayer2, With  particle picture, this can only occur if the dispersion relation
DOS ! being the density of states B for spin| and spiri,  for electrons has a holelike characfee., i°E/k2<0 (Ref.
and B is the magnetic field. To account for the unknown 10)] but we know of no mechanism through which spins can
change in the coupling between the layers with magneti¢ayuse that. The explanation for negative must then be
field, a factor ofB* (a~—3.9) is used to scale the amplitude sought for beyond the single-particle picture, possibly in
of pr(B) to approximately the experimental value. The DOSterms of spin waves or coupled states between the layers. We
at Er is given by the sum of a set of Gaussians with annote that our empirical formula describipg consists of the
intrinsic width (due to disorder and temperatupgus a width  three possible triplet spin wave functions and one could
that increases with/B. The intrinsic width(1.5 K) is ex-  speculate about an interaction between electrons with oppo-
tracted from the experiment through a Dingle analysis of thesite momentum in the different layers. Considering the ob-
oscillatory part of the low field Shubnikov—de Haas oscilla-servation of the effect in the 120 nm barrier samples, the
tions. The coefficient in front of thgB (2.7 K for the lower  coupling mechanism is most likely not the direct Coulomb
density 2DEG and 2.3 K for the otheis determined by interaction. In any case, our results at least convincingly
fitting the simulated,, to the measured one. In the simula- demonstrate the importance of the electron spin.
tion the densities are kept constdne., Eg oscillates and Our empirical model seems to accurately descrike
for the results shown in Fig. 3 we assume an exchangeFhere is, however, a limitation to its applicability: in fields
enhanced spin  gap:Ag,n= gugB+|(n"=nH/(nT+nb)] above 1.2 T the negative; vanishes in the 30 nm barrier
X 2E., with E, being the Coulomb energs?/4melg, gis  samples. For the density mismatch in Fig. 2 this is easily

n (9]
(=1 (=1
o o

=)
o
(syun -qae) *d

o

p; (arb. units)
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explained, as in fields abovel.2 T there is no more chance Moreover, as Fig. 2 shows, negatigg can be observed as
of finding an overlap between Landau levels with differentyel| when the(in p,, partly or almost completely spin split
spin. However, for larger density differences, such that therg ,4-., jevels are both less than half fileal2 T, 0.73 T

is the necessary overlap of Landau levels with different spinbr both more than half filed1.0 T). Our data ar’e thus -

ly fi iti f Il temperatur tudi . ; ) . . . .
z\gezgr;iTZioplf)SI\l/\\l/Z ﬁgteotrha? at surﬁ)swae:tfsm?):;teudre consistent with the interpretation given in Ref. 10, while our
(0.25 K the field of 1.2 T corresponds 10 a complete spin" L ™8 TEE (P FEPER (8 IEA 0 oL ek i the
splitting in pyy. Samples from the other wafers have similar 9 . P
spin splittings and the negative; vanishes at comparable magnetodrag, measured at fields and temperatures where the

1 longitudinal resistance shows no spin splitting at all, is the

fields. It is further worth noting that the upper bound for the ) . .
magnetic field below which negative; is observed, does result of the drag being selective to the spin of the electrons,

not depend on density or density difference of the 2DEG'SUCh that electrons with parallel spin in each layer have a
(provided an overlap exists between Landau levels with difPOSitive contribution to the drag, while those with antiparal-
ferent spin forB>1.2 T) and thus not on the filling factor. lel spin have a negative contribution. This selectivity to spin
Finally, we comment on the interpretation of negativefurther causes the occurrence ohegativedrag whenever
magnetodrag in Ref. 10. Due to the higher lowest temperalandau levels with antiparallel spin are&t in the 2DEG's,
ture (1.15 K), no spin splitting inp,, and no slow oscilla- resulting in a 1B-periodic oscillation in the low-field low-
tions in pr were observed. Nevertheless, the remains of halfemperature drag for mismatched electron densities with the
of a slow period which was filled up with the quick oscilla- inverse period given byhAn/2e. Our empirical model
tion, were visible. It thus seemed that negativeappeared assuming pr= (DOS -DOS)|aye11 X (DOS'-DOS)jayern
only when in one 2DEG the Landau level B was more quite accurately describes the results at matched, as well as
than half filled, while in the other the Landau leveEgt was  mismatched, densities. The origin of the negative coupling
less than half filled. It was argued that disorder induces @etween electrons with antiparallel spin, as well as its disap-

holelike dispersion in the less-than-half-filled Landau level,pearance when spin splitting jn,, is complete, remains to
leading to negativey. Our lower temperatures allow prob- pe explained.

ing the regime where,, shows spin splitting. The less-than-

half-filled, more-than-half-filled Landau-level explanation We acknowledge financial support from BMBF and Eu-
should hold for spin-split Landau levels as well, thus dou-ropean Community TMR network No. ERBFMRX-CT98-
bling the frequency of the quick oscillation . Our ex-  0180. We are grateful to L.I. Glazman for helpful discussion
periment shows no doubling, disproving such a scenarioand to J. Schmid for experimental support.
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