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Induced nonequilibrium currents in the magnetization of mesoscopic dots
in the quantum Hall regime
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We have measured the magnetization of a two-dimensional electron system that has been laterally patterned
to an array of mesoscopic dots. In our experimental data we observe sawtooth-like de Haas—van Alphen
(dHvVA) oscillations of the equilibrium magnetization and induced nonequilibrium current signals which are
superimposed on the dHvVA signal at a small integer value of the filling factor. The nonequilibrium magneti-
zation is found to be independent of the rate of magnetic-flux change which allows us to determine the critical
current of nondissipative edge transport. We find that the magnitude of the critical current is directly related to
the characteristic microscopic energy scales of the interacting many-body system.
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A two-dimensional electron syste(@DES subjected to a state energy of the many-body system. We have performed
strong perpendicular magnetic fieBdshows a unique behav- magnetization measurements on 2DES’s, which have been
ior at integer and fractional filling factors=ngs/N_ (ngis  laterally patterned on a micrometer scale. In particular we
the sheet carrier density amd] =eB/h). In particular, such  report on data which have been obtained on an array of
systems exhibit the quantum Hall effect, which is characterg.-,m-diameter dots. We find that in these small systems the
ized by a Hall resistance which is quantized in units ofnonequilibrium magnetization signal is caused by a critical
h/e.* Aremarkable property of the quantum Hall systems iscyrrent, which at different even and odd filling factors is
the nondissipative nature of the current which causes thgjrectly related to the Landau quantization and many-body
longitudinal resistance to vanish in the limit of zero gnnanced spin-spliting energy, respectively.
temperatur_é. An elegant picture of the quantum Hall ef- g glectron system was formed in an AlGaAs/GaAs het-
fecfQHE) is based on quasi-one-dimensional channelg, . \ction which was grown by molecular-beam epitaxy.

which are formed at the edge of the sampfdn these the- The samples were patterned through standard optical lithog-

oretical treatments closed sample geometries without any. : . X
. ! aphy and wet chemical etching. For comparison, a sample
contacts have been considered. Experiments on the magneti-

zation of a 2DES in the quantum Hall regime have ShOwnwith an unpatterned 2DES has been prepared from the same

that at integer value of the filling factor de Haas—van Alphenwafer' The total area of the investigated structures Wgs
=1.28 mnt. The “active area’A,, was smaller by a factor

(dHVA) oscillations occur:® At low temperature and small _
value of the filling factor these were found to be accompa®f 0-3 in the dot geometry. The samples have been mono-
nied by nonequilibrium magnetization signals which havelithically integrated to micromechanical cantilever magneto-
been attributed to induced currents in the quantum Hall syseters. These quasistatically detect the torgeid/l X B act-
tem. Both types of signals have also been observed in thi&g on the magnetic-mome of the 2DES in an external
fractional quantum Hall regimé® It has been proposed that magnetic-fieldB. This requires a finite tilt angle between the
the nonequilibrium currentNEC) signals are closely related 2DES normal and the magnetic field, which in our experi-
to the nondissipative current transport which is characteristienents was adjusted to values below 20°. For clarity in the
to the QHE and the fractional QHE. In this picture their following, we only refer to the component of the magnetic
magnitude is limited by the critical current or critical cur- ~ field which is perpendicular to the 2DES, denotedBoyur-

rent density at which the nondissipative transport in the QHRher details of the technique are described in Refs. 13,14. All
breaks dowr? It is known that current contacts as well as data discussed in this paper have been obtained after a brief
voltage probes have strong impact on the dissipation in th#lumination with a red light-emitting diode. The carrier den-
guantum Hall systemésee, for example, Refs. 11)12ZThe  sity and mobility from magnetotransport under similar con-
investigation of the nonequilibrium signals in the magnetiza-ditions wasng=2.5x 10'* cm™2 and u=1.3x 10° cn?/V s.

tion of a 2DES thus provides interesting information aboutThis means that in terms of transport characteristics the
elementary dissipation processes without connecting the sy8-um-diameter dots may be considered as ballistic. The
tem to external reservoirs such as contacts. Furthermore, aamples were cooled by placing them on the cold finger of a
the same time one directly obtains relevant information orvacuum loading®He refrigerator. On the mesoscopic dot ar-
the characteristic energetic structure of the system througtay additional low-temperature experiments were performed
the equilibrium magnetization, i.e., the dHVA effect, which atby placing the sample directly in the mixing chamber of a
low temperature is determined by the changes in the ground®*He-*He dilution refrigerator.
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30 TABLE |. Characteristics of the dHVA oscillation at=2: car-
rier density, and oscillation amplitude in absolute units and normal-
ized to the carrier numbeéd=nA, in units of the effective Bohr

25 — @ magnetonug = efi/2m* .
1 ne AM AMI/N
20 + (10" cm?) (10712 3/T) (k)
E Unpatterned 2.82 0.66 1.33
< 15 Dot 2.39 0.20 1.57
z l 0.3K
. [
104 signals due to the induced NEC are significantly smaller
4 even at the lowest experimental temperatureTef0.02 K
. and the equilibrium dHVA effect predominates. Nevertheless,
7] the nonequilibrium signals can be clearly resolved.

E v=2 We first briefly address the equilibrium magnetization,
0 M 15K ; i.e., the dHVA effect. The carrier densities of the samples and
— T T T 71 the oscillation amplitudes at=2 are summarized in Table I.
4 6 8 10 12 The absolute amplitude is found to scale with the total elec-
B (T) tron numbeMN=ngA.. In Ref. 15 it was demonstrated that

the amplitudeAM of the dHVA oscillation at integer filling

FIG. 1. Experimental magnetization of the reference 2DES. Thdactor is a measure of the jump in the chemical potential, i.e.,
curves taken al=0.3 K andT=1.5 K have been offset for clarity. the “energy gap”AE, through the relation
The arrows indicate the sweep direction of the magnetic field. The
inset illustrates the contribution of multiple current paths to the total AE=AMBI/N. (1)
induced current in an inhomogeneous 2DES.

At v»=2 this yields a gap which is about 70% of the cyclo-

Experimental magnetization data of the unpatterned 2DE&on energyfw., the value expected for a noninteracting
are shown in Fig. 1. Two features have to be distinguishedideal 2DES. According to the previous studies such a reduc-
The sawtoothlike dHVA oscillations of the equilibrium mag- tion is explained by the presence of disordersAt1, where
netization and the peaked signals at integer filling factorsthe 2DES becomes spin polarized, we find that the gap cor-
which are due to the induced NEC’s. The magnetization ofesponds to a value which is enlarged by a factor of 16 with
the mesoscopic dot array is shown in Fig. 2. Here the strongespect to the bare Zeeman energy. Like the enhanced spin

splitting which is deduced from magnetotransport
0.2 studiest®!’it is due to the Coulomb-exchange interaction. In
v=2 OO our case we would infer an enhancgdfactor of g*=7.
1 Later we will use these important results for the interpreta-
________ O OO tion of the nonequilibrium magnetization signals.
% =] sim OCOCCOCO We now turn to the signals due to the NEC’s which, in
N contrast to the equilibrium dHvVA effect, reverse their polarity
T CCCOC when the direction of the magnetic-field sweep is reversed,
i.e., they are negative farB/dt>0 and vice versa.

In a macroscopic 2DES one can expect that the main con-
v=1 tribution to the magnetic signal is from current paths with
large enclosed area, i.e., from NEC'’s that flow in close vi-
01 cinity to the boundary of the 2DES. In the simplest model,

the NEC is driven by the change of flap/dt through the

J X 2DES areaA andd¢/dtecdB/dt. Surprisingly, one finds in

the experiments that the magnitude of the signals depends
02 - only very weakly and in a nonlinear way ¢dB/dt|. If the
magnetic-field sweep is stopped at a value close to the maxi-
mum of such a peak, a remarkably slow decay is observed,
2 4 6 8 10 12 which has been shown to be approximated by a two-
component exponential decHyFor the slow component at
v=2 we find a time constant which 8=0.3 K is of the

FIG. 2. Experimental magnetization of the mesoscopic dot-arrayprder of 20 min. This behavior underlines that the system is
sample afT=0.02 K. The arrows indicate the sweep direction of in @ nonequilibrium state and approaches thermal equilib-
the magnetic field. The inset illustrates the geometry of the dofium in a very slow characteristic equilibration procé$s.
array and the path of the nonequilibrium current. Our results on the unpatterned 2DES are in agreement with
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TABLE 1l. Nonequilibrium magnetization signaMgc in 1.0
10 * J/T averaged between upward and downward sweeps of the
magnetic field, critical currents, in A, and ratio ofMygc in the

dot array and in the unpatterned sample. 0.8 -
v Mnec I Mnec I Mdot/Munp T
Unpatterned Dot e |
1 930  7.27 62 017 0.004 S | D:2{T/iR
2 1080 8.44 12.0 0.33 0.006 g.o
3 440 3.44 1.3 0.05 0.001 = 04
4 610 4.77 9.1 0.28 0.007 =

0.05 T/min

the earlier works concerning the nonequilibrium magnetiza-
tion of a large-area 2DE%>*8

Following these works and assuming that the nonequilib-
rium magnetizationM ygc is due to a critical current, 0.01 T/rmin
=M\ec/A flowing at the edge of the mesa, we evalukte i : : _ :
directly from our experimental data. For our unpatterned 44 4f6 4?3 5?0 5f2 5.4
sample this yields values in the order of several 4@ at
T=0.3 K. We attribute the small asymmetry between up-

Ward. and down\(var_d sp|kes in Fig. 1_t0 a different micro- FIG. 3. Magnetization of the mesoscopic dot-array sample at
scopic current distribution when the direction of the current, _5 cyrves taken with different sweep rates of the magnetic field

is changed in a magnetic field. In the mesoscopic dot samplgave been offset for clarity. The maximum and minimum sweep
the currents are smaller by more than one order of magnirates correspond to induced voltages of %36 4V and 1.18
tude. The values of the nonequilibrium magnetizatiec  x 10715V, respectively. The dashed line in the lowest dataset is the
at the lowest experimental temperature, averaged betweeiverage of both sweep directions, the dotted line the difference.
both sweep directions, and the calculated critical currents are
summarized in Table Il. For the unpatterned sample the minig_ gx 10-4. This would be a very strong reduction of the
mal temperature wad ,;,=0.3 K and for the dot array nonequilibrium signal, even stronger than that observed in
sampleT,;;=0.02 K. The ratio ofMygc in the dot and un-  the experimentsee Table ). However, if one assumes that,
patterned geometriesMy,/M,p, takes values between independent on the 2DES size, the current reaches a univer-
1072 and 10°2. This is significantly smaller than the geo- sal critical valuel . one would expect a reduction by a factor
metric factor of 0.3 introduced through the patterning. Forof NpAp /Ay, which, for our samples, is a factor 0.3, i.e.,
unpatterned 2DES samples we find that the temperature dene ratio of the active area in the dot array as compared to the
pendence of the NEC signal at=2 is approximately linear reference 2DES. This effect would be too small to explain
between 0.3 and 2 K. We do not observe a saturation of thgur experimental observations. Furthermore our data show
NEC signal belowl'=1.5 K like in Ref. 9. If the linear tem-  that the NEC signal in the magnetization of the mesoscopic
perature dependence is extrapolated'te0.02 K a further  dot array is due to aritical current In Fig. 3 the magneti-
increase oM yec of about 20% can be expected. This would zation aty=2 is shown for different rates of the magnetic-
correspond to an even smaller value Mfy,/Mn,. The  field change. The hysteresis of the magnetization which is
main result here is that even at the lowest temperature theaused by the NEC signal is independenfa®/dt| within
nonequilibrium magnetization of the dot-array sample rethe experimental accuracy. In Fig. 3, for the slowest sweep
mains smaller by more than two orders of magnitude if comrate we also show the averaged signal of up and down sweep
pared to the unpatterned 2DES. directions  MgoutMy)/2 and the difference signal

To discuss possible mechanisms for this strongly differentm . .— M /2. The former is the dHVA oscillation of the
behavior, let us first assume that we can describe the inducegyuilibrium magnetization and the latter is the superimposed
current in a dissipative channel along the edge of a 2DES byonequilibrium signal due to the induced NEC. Both contri-
lina= — R; *d¢/dt, whereR; is the resistance of the edge butions are of the same strength. This is important because it
channel. The corresponding magnetic moment is given byicely demonstrates that our observation of a strongly re-
Mnec=lingA, Which in an array consisting di, dots sums duced NEC signal in the dot-array sample is not an effect of
up to a total magnetic moment dfi;Myec. In our case the the smaller induced voltage combined with a small but finite
total number of dots iblp=51 200. In the diffusive limit one resistivity. Given that in the smaller systems the basic
would expect the edge-channel resistaRzeto scale with mechanisms of dissipation remain the same as in the macro-
the channel length, i.eR.xAY2 ComparingM\gec for an  scopic system, one rather must conclude that this is an in-
array of dots, in which the single dot has an afeg to a  trinsic effect due to a different distribution of the current.
large-area 2DES which covers the same aggaas the dot In the following we explain our observations within the
array one would expect a reduction by a factor ofedge-state picture. In a homogeneous dot, edge states de-
Np(Ap /Ay 2, which for our dot-array sample is a factor of velop at the outer boundary. Non-equilibrium current flow

B(T)
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requires a redistribution of electrons between bulk and edgpaths in the interior of the 2DES, the main contribution to
states, i.e., the Hall voltadé,,, builds up between the edge the nonequilibrium magnetization still comes from current
and the bulk of the system. Whexl,;,, exceeds the char- paths which have a large enclosed area, i.e., which are lo-
acteristic level spacind E, dissipation via interlevel transi- cated near the outer boundary of the 2DES. The importance
tions becomes energetically possible. The critical current isf inhomogeneities for the formation of the NEC's is further

then defined by stressed by the observations of Wiegetsl. who find that
the magnitude of the NEC signal is typically reduced by
Unn=p"1—] :A_E_ ) illumination and depends in a nonmonotonous fashion on the
el e2° e sample mobility?® This means that the ratio of the critical

_ currents determined from our magnetization experiments on
In the scenario of one current path near the edge of thehe unpatterned 2DES and the dot-array sample may be iden-
dot, this model provides an upper limit for the critical cur- tified with the number of different current paths which con-
rent. If we use Eq(l) to determineAE at v=1 andv=2  yipyte to the nonequilibrium magnetization of the unpat-
from the equilibrium magnetization and estimate the maXigrneq sample. For example, &t 2 this gives a number of
mum NEC according to Eq2), we find1.=0.17 #A and g 44/0.33-30. The dot-array sample presented in this paper
lc=0.52 uA, respectively. These values are in fair agree-is the smallest feature size we have investigated which has
ment with the currents deduced from our experimental dat@early shown the NEC signals. In experiments on smaller
on the mesoscopic dotJable I). Within the experimental s with lateral dimension below &Zm we observe that the
accuracy, a similar consistency is also foundvat3 andv  gquilibrium magnetization exhibits an oscillatory behavior
=4, where the model predicts a critical current bf \\hich js drastically different from the dHvA effect of the
=0.10pA and 1.=0.47 uA, respectively. Forv=2 the ,npatterned 2DES and of theam dots investigated here. In
measured values df; are systematically smaller than the hege small structures the NEC signal vanishes, showing that
theoretical ones. This is possibly due to the finite width ofihe small dots can no longer be considered as a quantum Hall
the edge states in a real sample, which would distribute thgysiem. In such structures the interplay of the quantum con-
current over a broader region and shift the current distribugnement and the Coulomb interaction gives rise to an oscil-

tion away from the edge of the dot. This would reduce th&aiory equilibrium magnetization which is drastically differ-
corresponding magnetic signal. We find that in the dot geomgnt from the dHVA effect of a 2DEY-
etry at each of the filing factors the value of the critical |, conclusion, we have demonstrated that the magnitude
current is determined by the characteristic microscopic enelss the NEC, which is a signature of nondissipative transport
gies of the many-body system. We conclude that our mesqy 5 2DES under conditions of the quantum Hall effect,
scopic dots are smaller than the characteristic length scale %Erongly depends on the size of the system. This behavior is
the inhomogeneities in the 2DES and only one peculiar patfynd to be in contrast to the equilibrium dHVA effect, which
in the periphery of the dot contributes to the NEC, asgcales with the area of the system and can be considered as a
sketched in the inset of Fig. 3. . bulk effect. We have shown that in a sufficiently small 2DES
In the unpatterned sample we find valued ofvhich are  {he critical current of nondissipative transport which is
larger by more than one order of magnitu@ble 1). I eyajuated from the nonequilibrium magnetization can be un-
Ref. 8 the filling-factor dependence bf was described by gerstood in the edge-state picture. The strength of the critical
assuming a definite scattering mechanism involving quasizyrent is determined by the characteristic microscopic en-

elastic inter-Landau-level scattering processes. However, tgrgy scales of the system. In particular it reflects the proper-
explain the absolute signal strength the authors introduced @es of the interacting many-body system.

phenomenological factor accounting for “domain forma-

tion.” Accordingly, the large signals in the unpatterned 2DES  We wish to acknowledge financial support from the Deut-
can be explained by the formation of multiple current pathssche Forschungs Gemeinschaft via Grant No. SFB 508 and
which arises from local inhomogeneities. This scenario isvia project No. “GR 1640/1-2" in the “Schwerpunktpro-
illustrated in the inset of Fig. 1. While it implies current gramm Quanten-Hall Systeme.”
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