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Layer-charge instability in unbalanced bilayer systems in the quantum Hall regime
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Measurements in GaAs hole bilayers with unequal layer densities reveal a pronounced magneto-resistance
hysteresis at the magnetic-field positions where either the majority or minority layer is at Landau level filling
factor one. At a fixed field in the hysteretic regions, the resistance exhibits an unusual time dependence,
consisting of random, bidirectional jumps followed by slow relaxations. These anomalies are likely caused by
instabilities in the charge distribution of the two layers.
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Hysteretic phenomena are widespread in nature. They are Data shown in Fig. 1 highlight some of the results of our
common in magnetic materials, and often indicate a nonequistudy. In Fig. 1a) we show a set of traces whepg, was
librium situation associated with a phase transition and theneasured for a sample with=11 nm asB was ramped up
presence of domairtsRecently, hysteresis has also been re-or down. For the traces of Fig(d) the total bilayer density
ported in various two-dimension&PD) carrier systems in p,., is kept constant at 5:610'° cm™2 while charge is trans-
semiconductor structures at low temperatures and high maderred from one layer to another using back-gate and front-
netic fields>~’ In these cases, magnetoresistivity, hyster-  gate biases. We define the charge transfer from one layer to
esis appears in the quantum H&DH) regime when two another as\p=(pg—pr)/2, wherepg and p; are the den-
Landau levelgLL's) with opposite spin are brought into co- sities of bottom and top layers, respectivilyAt a given
incidence. While the 2D systems studied have been notablyalue ofB, we define the filling factor of the bilayer system
different, the common thread in these experiments is thaas the ratio betweep,,; and the LL degeneracgB/h. We
there is amagnetictransition involving the carriespin® also introduce the filling factors for top and bottom layers,

Here we present hysteretig, data in GaAs bilayer hole andvg, respectively, as the ratio between the layer density
systems with unequal densities in the QH regime. The hysandeB/h.
teresis in these systems has a different origin and is caused The data in Fig. (a) show that when the bilayer system is
by a nonequilibrium charge distribution in the two layers. palanced Ap=0; top trace p,, is independent of the direc-
When the interlayer tunneling is sufficiently smail, of the  tion B is ramped. However, as soon as the system is imbal-
bilayer system exhibits a pronounced hysteresis at perpemmnced (Ap|>0) a strong hysteresis develops gn,. For
dicular magnetic-fieldB positions close to where either the values of Ap<4.7x10° cm 2, p,, displays hysteretic be-
majority or minority layer is at LL filling factor one. Most havior in two field ranges near=2, one nearr=1 and
remarkable is the time dependencepgf at a fixed field in  another neavg=1. WhenAp=4.7x 10° cm™2, the hyster-
the hysteretic regime, when the two layers are closelyesis exists only nearg=1. For sufficiently largeAp, no
spaced. As a function of time,, exhibits large, random, hysteresis is observed. The amplitude of the hysteresis also
sudden jumps toward higher and lower values, followed by alecreases a$% is increaseddata not shownand vanishes
slow decay in the opposite direction. The data may signal acompletely above =230 mK, roughly independent dfp.
instability in the charge distribution of the two layers, i.e., an  To probe the contribution of the spin degree of freedom to
instability associated with theseudospirilayen, rather than  the hysteresis in our bilayer systems, we performed measure-
spin, degree of freedom. ments in tilted magnetic fields. In this experiment the direc-

We studied nine GaAs bilayer hole samples from six dif-tion of the field was kept at an angkewith respect to the
ferent wafers, all grown on GaAs (31A)substrates and normal to the plane of the bilayer system. Baranging from
modulation doped with Si. In all samples, the holes are cong° to 80°, corresponding to a sixfold increase of the total
fined to two 15-nm wide GaAs quantum wells which arefield (and therefore of the Zeeman energy the hysteretic
separated by AlAs or AlAs/AlGaAs barriers with thickness region, the position of the hysteresis in perpendicular mag-
7.5<W=200 nm. The rather thick barrier combined with netic field did not change at all. If the hysteresis were caused
the large effective mass of GaAs 2D holes reduces consideby an instability associated with the spin degree of freedom,
ably the tunneling between the two layérds grown, the one would expeét’ that the applied parallel field would
samples have layer densities f7x10'°cm 2, and low change the position and magnitude of the hysteresis. These
temperatureT mobilities of ~35 m?/V's. Metallic top and results rule out spin as being responsible for the hysteresis.
bottom gates were added to control the densities in the lay- We then fabricated another sample from a different wafer,
ers. We studied several types of devices, including 2.Flso withW=11 nm, using a selective depletion scherhe,

X 2.5 mnf square samples and ones with patterned Halhnd aimed to independently probe each layer of the bilayer
bars. Except for one sample, as noted below, the ohmic corsystem. The data are shown in the right panel of Fig. 1bin
tacts contact both layers. The measurements were performeee plot p,, for the bilayer system, that is, when the ohmic
in a dilution refrigerator down td@ =20 mK. contacts are connected to both layers(dnand(d) we show
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FIG. 1. (Color onling (a) py, vs B traces for a GaAs bilayer hole sample with a barrier wMitk 11 nm. Data are shown for different
values of charge transfeXp while p,o; is kept constant at 5:610'° cm 2. The traces are shifted vertically for clarity. The dotted lines
indicate the positions of bilayer filling factois=2 andv=1. A strong hysteresis develops g, when the bilayer system is imbalanced.
The right and left tick marks in each trace indicate the estimated positions of filling factor one for layers with(bagtwm) and lower(top)
densities, respectively. The right panel shows data for a similar sample but with independent layer contpgs=40c8x 10'° cm™2 and
Ap=1.3x10% cm 2. (b) p, VS B traces measured when the ohmic contacts are connected to both (ayensd (d) p, of the top and
bottom layers measured individually. In all figures the bla@d) line represents the trace taken whHgiis swept up(down).

pxy traces for the top and bottom layers, measured separatelyon, the Fermi-levels of both layers oscillate. These oscilla-
but at the same pair of layer densities as in pghetraces. tions lead to temporary imbalances between the chemical
Two features of these data are noteworthy. First, the traces ipotentials of the two layers. The potential imbalance is par-
(b) exhibit hysteresis in two ranges Bf one between 1.45 ticularly abrupt and large when the high-mobility 2D elec-
and 1.8 T that matches well the position of the=1 QH  trons enter a QH state as their Fermi level jumps by a sig-
state of the top layer as seen(i), and another, between 2.5 nificant amount, equal to the separation between the adjacent
and 3.2 T, which overlaps the;=1 QH state of the bottom LL's. With increasing time, of course, the Fermi levels of the
layer [see(d)].}? This observation confirms that the hyster- two layers have to come to equilibrium since the latter are
esis inp,, of the bilayer system takes place when one of theshorted together via the ohmic contacts. But this equilibra-
layers is at filling factor one. Second, data (@ and (d) tion can take a long time in the QH effect regime: it has to
show that each individual layer exhibits hysteresis when théake place via the layers’ edges and the ohmic contacts since
other layer is at filling factor one, i.ep,, of the top layer the (bulk) states in the center of the 2D layer that is in the
exhibits hysteresis whemg=1, and vice versa. QH state are localized and the layer sheet conductivity is
The observation of hysteretig,, in unbalanced bilayer very small. As a resultp,,, which is recorded aB is swept
systems has precedence. Zéall® reported hysteresis in at a finite rate, can show a hysteretic behavior. Consistent
2D electron systems with a parallel conducting layer. In theiwith their model, Zhuwet al. found that when th® sweep is
case, the parallel layer was a parasitic, low-mobility, dopinginterrupted in the hysteretic region apg, is monitored as a
layer at a distance of 75—95 nm away from the high-mobilityfunction of time, it decays approximately exponentially to-
2D electrons. Similar to our data, they observed hysteresis iward an equilibrium value. Moreover, they found the time
pxx When the layer containing the high-mobility 2D electrons constant of the decay in reasonable agreement with estimates
was in a QH state. They also presented a simple model tbased on the parameters of their experiment.
explain the observed hysteresis. In their model, the hysteresis The hysteresis in our samples resembles what &tai.
comes about because of a nonequilibrium charge distributiohave observed and likely has a similar origin. Our data in
in the layers. ASB is swept, thanks to the Landau quantiza-Fig. 1 in fact explicity show that the hysteresis happens
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FIG. 2. (Color onling (a) pyy vs B traces for another sample
with W=11 nm, with p;,; and Ap as indicated(b) p,, vs time O 2.4 |
measured following an up-sweep Bfand stoppingB at 2.195 T. g )
pxx displays sudden jumps followed by a slow relaxation. The red %
lines represent double exponential fits to the slow relaxation com- < 2.2 L w=200nm
ponent of the data, with time constants~5 s and7,~90 s. ’ d/I_=15 1 B(T)
L B :
_ 10 2
when one of the layers is in a QH state, and it is the resis- 20k ptot_12'6’<190 CT -
tivity of the layer which is not in the QH state that is hyster- Ap=7.0x10" cm

etic. The interpretation that the hysteresis indicates a charg P ———
transfer between the two layers is also supported by our date 0 1000 2000 3000 4000 5000
the hysteresis observed jiy, of either the top or the bottom Time (s)

layer measured separately appears much like a horizontal
shift of the trace inB, as if the layer had slightly different
density when rampind® up or down[see, e.g., Fig. @)].

FIG. 3. (Color online Time evolution ofp,, in the hysteretic
region for samples with differerV, p;o;, and Ap, as indicated.

The ti luti . I h : i The insets showp,, vs B for up- and down-sweeps. The arrow in
t t'e Ilmed.(;fvo u E{Ofn Obx:hm Olér Sam{? es, ?szer\sr’lls qu(;i " each inset indicates the position at which the time evolution was
atively dirrerent rrom the observations o al, an recorded after an up-sweep Bf

points to a very unusual relaxation. In the remainder of the

paper, we describe this evolution and speculate on its pos-

sible origin. evolution ofp,, critically depends oW, as shown in Figs. 2
We studied a number of samples with varyipg., Ap, and 3. For samples witt/=11 nm(Fig. 2), the time evolu-

and barrier width 7.5W=200 nm. Samples withW tion is very unusual. It displays sudden, large jump,iq,

=7.5 nm do not show any hysteresis; this is likely becausdollowed by a slow relaxation after each junipote that

the interlayer tunneling is sufficiently large so that the twooutside the hysteretic regiop,, is independent of time to

layers stay in equilibrium during thB sweep. We observe within less than 0.3% Surprisingly,px, jumps towardboth

hysteresis for all samples with £W=200 nm, but the time higher and lower values, reminiscent of a bistability, al-
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though the jumps do not happen between fixed values dively similar to the observation of Zhet al11® Interest-

pxx- In between jumpsy,, follows a slow relaxation, almost ingly, for the samples of Figs.(B) and 3c¢), p,, continues to

always in the opposite direction of the jump, which can bedecay with an ever increasing time constant.

fitted well by a double exponentigéee Fig. 20) insef. We The time evolutions for the samples with thin barriers

emphasize that, even when measured over dagsto 2.5 (W=11 and 30 nmhare very unusual and cannot be under-

X 10° s), there is no tendency toward a settling of the jumpsstood in a simple model in which the bilayer system slowly
We have attempted to quantify the characteristics of thigyng steadily relaxes to an equilibrium state. In these samples,

evolution by two parameters: average frequency and amplil[-)xX displays sudden jumps that do not have any tendency to

tude of the jumps. At a fixe®, the average jump amplitude geje 4t least over a time scale of days and even in the

decreases as the temperature Increases, bEIT_dIIEtpende_:nce absence of current. The jumps may indicate a metastable
does not appear to follow a universal behavior for different

samples or at differer® values. Not surorisinalv. the iumps charge distribution in the two layers. Our data also suggest
P _ : P gu, JUMPS 1ot when a jump occurs, the charge density in the two layers
are no longer visible above the temperature where the hys-

teresis vanishes. On the other hand, the average frequenggangeS over a large area of the saniplEhese Jumps bear .
appears to be independent Bf Also, the jump frequency some resemblance to the so-called Barkhausen jumps, which

and amplitude are independent of the magnitude of th&ccur In :nf\gnetpl ng?tena(ljs when the systler; fmc!s a Irc:wer
sample current, as long as the current is kept sufficientlfnergy state available and one or several domains change

small (=10 nA) not to cause heating. Interestingly, the orientation. However, unlike t.h<.a Ba.rkhaus.en.jumps, e
ps in our samples are bidirectional, indicating a meta-

jumps and decays appear to continue even when the curreff™ . 9 ;
Jis cgmpletely tu%edpo%“ stable state rather than an evolution toward equilibrium. It is

The sample withW=30 nm shows a behavior qualita- possible that in the bilayer systems with small layer separa-
tively similar to the one with&/=11 nm, although both the tion, the interlayer interaction acts as a force opposing the

frequency and size of,, jumps are smalleiFig. 3a)]. Data charge_transfer caused t_)y the Fermi_—level differe?ﬁd.a.this

for the W=50 nm sample, however, are qualitatively differ- scenaro, the two opposing mechamsm; may medate a Iayer
ent[(Fig. 3b)]: there are by far fewep,, jumps (typically c_harge instability, Iegdlng to the creation of domains with
one jump every few 10s), andp,, appears to decay with different layer densities.

time. Finally, for theW=200 nm sampldFig. 3(c)], we We thank DOE and NSF for support and D. Huse and D.
typically observe a rather simple decay with tieualita-  Haldane for helpful discussions.
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