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Magnetic focusing in triangular electron billiards
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The classical ballistic magnetotransport in triangular electron billiards fabricated in a high mobility GaAs
heterostructure has been studied at 4.2 K. The sample geometry may be viewed as a double-slit structure with
a skewed injection angle. We observe a striking cancellation of the magnetic focusing spectrum compared to
the case of a perpendicular injection angle. From numerical and analytical analysis, we confirm that the
guenching is a fundamental geometrical effect, and identify two mechanisms responsible for the anomaly. The
focusing spectrum of the considered skewed geometry is remarkably sensitive to the angular distribution of
injected electrons as well as the overall injection angk163-182@99)06619-9

I. INTRODUCTION wherekg is the Fermi wave number in the 2D electron gas
(2DEG) ande is the electronic charge.

The availability of high mobility electron systems and  Previous studies considered geometries with perpendicu-
high resolution lithography techniques makes it possible tdar injection angle, i.e., where the injection cone is centered
fabricate structures far smaller than the elastic mean frearound a direction normal to the wall. We report, experimen-
path and with tolerances comparable to the Fermi wavetally as well as theoretically, the magnetic focusing effects in
length. Such structures are ideal for studies of ballistic trans? Skewed injection angle geometry, where the injection cone
port effects. In the classical regime, where the elastic meal$ tilted by an anglev,=7/3 with respect to the normal, and
free path but not the coherence length exceeds the line&ind @ number of new anomalies compared to the perpendicu-
dimensions of the structure, various types of transporfd’ injection angle geometry. We find the amplitude, shape,

anomalies have been reported over the past decade. Interegp-;j pelriod (t)tf] th.e _spﬁctrum flo r.? sll<fe\l/)vetd glgeorrzetry TO de‘iﬁ nd
ing examples are quenching of the Hall effecpllimatior3 1Ot 0Ny on the njection angie I1Selt, but aiso strongly on he

. - . shape of the angular distribution of emitted electrons. This
and non-Ohmic additidhof quantum point contacts, electro- o ) ;
static focusing, and magnetic focusing in double-slit anomal_o_us focusing " s_kewed gepmetrles_arlses f_rom the
a7 . _ .__competition of two ballistic mechanismi&cusingand aim-
geometrie$:” Recently, renewed interest in these classica

f h df heir i i th ng, which in geometries with perpendicular injection angle
transport effects has emerged Irom their importance In thg o yractically indistinguishable. The distinction between fo-

studies of composite fermlo_ﬁsand from their presence as ¢ sing and aiming is geometrical rather than physical; it is
background in interpretation of quantum interferenceyhe selection of injection angles that governs which of the
experiments:* Since quantum interference effects alwaysmechanisms dominate the transport behavior.

appear at lower temperatures than the corresponding classi-
cal effects, it is often necessary to elevate the temperature to
a few Kelvin in order to smear out the quantum effects rela-

tive to the classical effects. . . The starting point for the experiments is a
The magnetic focusing of two-dimension@D) electrons  GaAs/GaAj As, ; heterostructure with an electron mobility
in a double-slit geometry is a particularly robust example ofof 180 n?/V's and a carrier density ofi=2.1x 10*5 m~2
classical ballistic transport. A current is passed through tWqneasured at 0.3 K in the dark. Three hexagonal aluminum
openings in a wall, i.e., from an emitter to a collector. In aglectrodes are deposited on top of the heterostructure using
magnetic field perpendicular to the electron gas, the emitted|ectron-beam lithography. By applying a negative formation
electrons may perform skipping orbits on the walls, leading,ojtage ;= —0.3 V to the electrodes, a triangular electron
to resonant transmission whenever an integer numpbef  pjjliard is formed in the electron gas. The billiard has open
cyclotron orbit diametersR; equals the distande between  corners of lithographic widthesy, while the actual width of
the openinggsee Fig. 1a)]. This gives rise to a periodic the electron channel in the opening will be reducedato
sequence of peaks in the magnetoconductance with the pe-yy, at more negative gate voltages. Two such types of bil-
riod liards have been used in this work: a small billiard A with
the emitter-collector distande=0.7 um and a large billiard
B with L=1 um [see Fig. 1e)]. The corresponding pinch-
ABzﬂkF (1) off voltages arevV,=—0.50 V andVg=—1.0 V. In an ear-
eL ’ lier study’ we have estimated the carrier densities near pinch

II. MEASUREMENTS
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FIG. 2. (a) Magnetoconductance of samples A and B measured
at T=4.2 K (full lines) and a classical simulatiofdashed ling
using 100000 trajectories to compute each magnetoconductance
point. The parameters of the simulation correspond to samplb)A.
The measured magnetoconductance of sample A shown for 16 gate
voltages ranging from the formation voltagg=—0.30 V (top
curve to the pinch-off voltage/q= —0.50 V (bottom curve. The

FIG. 1. A narrow distribution of electrons emitted through a POsition By of the first conductance maximuffilled dots is re-
hole in a specularly reflecting surfade) Pure aiming: in a perpen- duced from 0.18 T to 0.1 T as the gate voltage is made more
dicular geometry ¢o=0, ama—0) @ narrow electron beam is re- Negative.(c) B, is plotted against gate voltage. The full lines show
flected at points along the surface located at integer tinRes 2o)  the limiting periodicities calculated faAb=1 (top line) and Ab
Pure focusing: in skewed and perpendicular geometrigs=0,  — /2 (bottom ling. B, is seen to move towards theb=1/2 limit
amax=2): caustics are formed at the same reflection points as fofS the gate voltage approaches pinch off.
the aiming.(c) Combined focusing and aiming effects in skewed
geometry (o= /3, ama,=6): no clear focal points are seeid)  magnitude in the studied range of gate voltages. Typical
Pure aiming effect in skewed geometry = 7/3, amax—0): focal  traces of conductance versus magnetic field are shown in
points appear with half periods compared to pure focusing. Thq:ig_ 2(@). A focusing spectrum composed of a strong central
distance between the reflection points is halveyl Micrograph of (B=0) conductance dip and one to two smaller peaks at
sample, with the skewed injection indicated by white arrow. Thehigher magnetic fields is observed in all samples, in contrast
thipk yvhite bgr i.s 1um. The drawing in the bottom right illustrates to the continued sequence of peaks observed in perpendicu-
skipping orbits in the triangular geometry. lar focusing geometrie%’ In Fig. 2b) the magnetoconduc-

tance traces for different gate voltages are shown for sample
off to ny~0.7X10"® m~2 andng~1.0x 10" m~2. The car- A. The positionB; of the first maximum is seen to change
rier densities without applied gate voltage were, after profrom 0.18 T to 0.1 T as the gate voltage is changed from
cessing, in the rangen,~1.3x10"® and ng~1.7 —0.30 V to the pinch-off voltage- 0.50 V. The two impor-
X 10" m~2, as obtained from the slopen¥ of the Hall tant observations are that the magnetic focusing spectrum is
resistance. much weaker than found in perpendicular injection studies

The samples were only cooled to 4.2 K where classicalvith comparable quality of 2D electron gasesand that the
transport effects still dominate over quantum transporfirst peak positiorB; is reduced by nearly a factor of 2 as the
effects? The two-terminal ac differential resistance\(/d1) gate voltage is approaching pinch off. Considering the long
was measured with lock-in technique at fixed currents of Imean free path~£15 um in bulk) and the quality of the
nA as a function of magnetic field. In order to allow com- sample lithographysee Fig. 1g)], it is clear that the quench-
parison of traces obtained with different gate voltages, maging is not caused by imperfections or disorder in the electro-
netoresistance is converted numerically into magnetoconduatatic potential. We have compared the measured magneto-
tance, whereby the variations become of comparableonductance curves to the result of a classical simulation of
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the electron transport in a disorder-free, soft-walledat the same reflection point$&@p (p=1,2,3,...) as for the
potentia? with a triangular shape similar to the studied aiming effect. This is illustrated in Fig.()) where classical
samples. An ensemble of trajectories is started outside one electron trajectories clearly form dense spots near the wall at
the three openings with spatial and angular distributions acequidistant points, despite the uniform angular distribution of
cording to the prescriptions suggested in Ref. 13. The tranghe emitted beam. Therefore, the distance between focal
port coefficients can then be calculated by counting the numpoints is R; independent of the width of the angular distri-
ber of trajectories leaving each of the three openingsbution. Since the aiming and focusing mechanisms lead to
whereby the conductance is obtained from a Landauerthe same transmission condition, the two mechanisms are
Buttiker formula®!1'? The result of such a calculation is practically indistinguishable.
compared to the measurements in Fig. 2. A strong damping This is, however, only true for the conventional case of a
of the simulated magnetic focusing spectrum similar to thaperpendicular injection axis. In Figs(dd and Xd) we have
of the experiment is evident, even though the simulation haglustrated a narrow and broad angular distribution injected in
been carried out with a disorder-free potential. a double slit where the injection axis is tilted layy= 7/3
Below we will introduce a simple, quantitative model for with respect to the normal of the wall. For the narrow distri-
the transmission through a generalized double slit in order thution the reflection points are spaced Ryp as predicted
show that the quenching behavior occurs even in ideal, hardy Eg. (2), while no clear focusing spots are observed for a
walled double slits with negligible widths of the openings broad distribution. Thus, for the skewed geometry the angu-
provided the injection angles are skewed, and that the varidar distribution is important, in contrast to the previous case.
tions of the first maximum positioB, (or the focusing pe- In order to investigate this further we derive an expression
riod) is in fact related to the detailed angular distribution of for the conductance of a double-slit with arbitrary collector

the injected trajectories. width and injection angle direction and distribution.
Consider a double-slit geometry with specularly reflecting
IIl. THEORY OF TRANSMISSION IN GENERALIZED hard walls and openings of wid. It is convenient to in-
DOUBLE-SLIT GEOMETRY troduce the dimensionless fidid= L/2R.., whereby the mag-

) ) _ netoconductance becomes periodichifjsee Eq.(2)]. We

Consider two openings through a specularly reflectingniend to calculate the probabilifjy of “direct” transmis-
wall that are separated by a distaricdf the magnetic field  sion from emitter to collector, by which we mean transmis-
is zero and the system is free of disorder, the electron beagjop, via any number of specular reflections on the hard walls,
injected from the emitter will propagate in the direction per-j ¢ ' pajlistic transport. By convention the transmission prob-
pendicular to the wall, and will therefore not reach the Otherability is scaled by the number of transmitted chanriéls
opening(collectoy, hence the current through the openingsith T =N corresponding to full transmission. The conduc-
will be zero. If a magnetic fiel@ is then applied perpendicu- (ance of two identical point contacts in series with a prob-
lar to the plane, the beam can be deflected towards the colyjjity T, of direct transmission through the collector is
lector, whereby the conductance increases for one choice of

magnetic field direction. In a magnetic field an electron withI'Ven by

initial anglea will perform skipping orbits with reflections at 1 T,

the points G= EGQPO( 1+ ()
x=2R;coda)p, p=123..., (2

whereGQpc=2(e2/h)N is the conductance of the individual

whereR; is the cyclotron radius, anp—1 is the number of point contact, and the factor of 2 is due to spin degeneracy.

reflections needed to reach the poinlf a reflection poini,  In the classical limit2 the channel index can be approxi-

coincides with the collectors,=L, the electron is transmit- mated byN=Kk-W/ .

ted, leading to an enhancement of the conductance. The transmission probability can be written as an integral
In the following we will consider the two limits of a nar- over anglea:

row distribution and a broad distribution of angles, related to

the already mentioned aiming and focusing mechanisms, re- ml2

spectively. By taking all electrons to inject in a narrow beam Tq(b)= f w,zd“ P(a)Ty(b,a), )

perpendicular to the reflecting walk,=0 for all trajectories,

we trivially arrive at a periodicity given by Eql). However, whereT4(b, @) is the scaled probability of transmission of a

trajectories injected from a point contact generally have arajectory with the angley, and P(«) is the initial angular

broad angular distributioh® which is symmetric around the distribution of the injected electron beam. An electron is

injection axis. The distancAx=x,—X,_1 between succes- transmitted if there exists a reflection poirt where L

sive reflection points of a single electron trajectory will then —W/2<x,<L+W/2. From Eq.(2) we can define an integer

depend on its injection angle and the cyclotron radiuR,  function p(x) counting the number of reflection points be-

as described by E@2). A certain distributionP(«) of injec-  tween the emitter and some pointlong the wall,

tion angles thus leads to a certain distributionAr. It is

therefore not immediately obvious how a sharp periodic con-

ductance can emerge from a broad distribution. This is re- p(x)=Int

lated to afocusingeffect of classical origin. As it turns out in

the case of a broad distribution of injection angles, a magi is seen from Eq(2) and Eq.(5) that the first reflection

netic field will lead to a high density of trajectoriésaustics  point that has reached the nearest edgeN/2 of the open-

©)

X
(L/b)c05a+1)'
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ing is x;= (L/b)cos@)p(L—W/2), so that the angular trans-
mission function can be written as

Tybya) [1 if x<L+W2

N 0 ©)

otherwise.

The integral(4) can now be evaluated numerically by

choosing an appropriate angular distributiB«) and the
relative point contact width/L. The two-terminal conduc-
tance is obtained from Ed3). With the classical angular
distribution P(a) =3 cos() for a “hole in the wall” type

opening® the results given in Ref. 6 for finite as well as

infinitesimal opening&V/L are reproduced.

The cosine distribution is, however, unrealistic in many
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practical situations due to collimation of the electron beam g5 3. (@) The direct transmission probabilif, /N for a per-

by passage through a narrow contaBor an idealized point
contact geometry in the adiabatic approximatitime injec-

pendicular geometry, plotted against the dimensionless lfieTthe
spectra are plotted for nine different widths of the angular distribu-

tion angular distribution is described as a cosine distributionion, with the top curve representing a broad distribution and the

P(a)=(f/2)cos@) truncated at the anglesay,=

bottom curve a narrow distribution. The spectra are remarkably

*+ arcsin(1f), with f depending on the shape and barriersimilar, despite the radical change of the injection angle distribution

height of the opening.Experiments and simulatiofshow-
ever, indicate a less abrupt cutoffat,,, than implied by the

function. (b) For a skewed injection angle geometry, a strong
guenching occurs as the distribution is narrowed. As the distribution

adiabatic approximation. This can conveniently be taken intdecomes very narrow, the focusing spectrum reappears with the half
account by convoluting the truncated cosine with a Gaussiaperiod Ab=1/2.

function of suitable widthw. To model a skewed geometry,

the symmetry axis of the angular distribution is offsetday

which leads to the following angular distribution:
(fl2)cog a— ag)

- 1+eXF{4W_1(|a— ol — Amax '

P(a) (@)

which for truncation angley,,,,>w gives a cosine distribu-
tion with soft truncations aty* a .. Using w~0.3 and

ag=0 distributions similar to the experimental results of

Ref. 2 are reproduced.

IV. RESULTS

We have comparedy(B) for perpendiculafFig. 3a)]

that the field period is changing smoothly froftb=1 to
Ab=1/2 as the injection angle distribution is narrowed, cor-
responding to the field period given by E(R) with «a
= /3. This behavior can be understood as a gradual transi-
tion from the focusing behavior characteristic of a broad
beam to the aiming behavior of a narrow beam. As a conse-
guence the amplitudes of the focusing spectra in the interme-
diate regime are significantly reduced.

We have plotted the experimentally found peak positions
B, as a function of gate voltage in Fig(Q. For the ¢
= 7/3 geometry, the peak positioris, = (2#27n/eL)Ab
are limited by the cases of pure aimingl{=1/2) and pure
focusing Ab=1). Due to the decreasing carrier density with
decreasing gate voltage, these limiting curves depend on gate

and skewedFig. 3(b)] injection angles as obtained from the voltage. Sample A has previously been estimated to have
described model. In each case, the transmission has beearrier densities changing linearly from K30 m~?2 at the

calculated for nine angular distributions with different cutoff formation to 0. 10 m~

anglesa,,, ranging from 0 torr/3 in steps of 0.1 radian. The

2 at pinch off> The limiting

curves forAb=1 andAb=1/2 are plotted as full lines in

distributions were then softened as described above, usirgig. 2(c). The experimental points are seen to shift away

w=0.3. The bottom curves of Figs(é88 and 3b) are for the
smallest cutoff anglesy,,x corresponding to the pinch-off
limit, while the top curves correspond to largg,,, and wide

from theAb=1 curve towards thAb=1/2 curve as the gate
voltage is changed from the formation voltagede P(«)]
to the pinch-off voltag¢narrowP(«)], similar to the calcu-

openings. The focusing spectra can be directly compared tiation shown in Fig. &). A more accurate calculation of the

those in Fig. 2 for samplé due to the simple relatio(8) of
GandTy.

The perpendicular injection angle geometry exhibits clear

focusing spectra with the periclb=1 independent of the

periodicity is difficult, since the exact shape of the angular
distribution as a function of gate voltage is not known.
Finally, we consider how the detailstiapeof the angular
distribution affects the focusing spectra. In the inset of Fig.

width of the angular distribution. For the skewed geometry4(a) we have plotted the truncated cosine distribution corre-
an altogether different behavior is observed: with a broadponding to an ideal adiabatic motlet a Gaussian softened
distribution (top curve$, the focusing spectra of the skewed distribution similar to those found by simulations and
and perpendicular angle geometries are similar, as a flat dixperiment$. The distribution width is in both these cases
tribution per definition does not have any particular direc-chosen to match the distributions obtained in Ref. 2. The
tion. As the distribution is narrowed down, the focusing focusing spectra obtained with these distributions and the
spectrum is gradually quenched. For a very narrow distriburelative opening widttW/L =0.1 are shown in Fig.(4) and

tion (bottom curve a clear focusing spectrum is again recov- Fig. 4(b). With a perpendicular injection angle geometry the
ered, however, with a smaller period. A closer study reveal$ocusing spectra for the two distributions are nearly identical.
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g 4 20 b 4 dominates the spectrum of the open billiard giving a period-
3 L 3 icity Ab=1, while the aiming mechanism dominates the
s ;9:2 s ;9:2 nearly closed billiard with the periodicitydb= cos(a). .
1 : ) 1 Therefore, a quenching of the spectrum as well as a transi-
0 il 0 tion of the first conductance maximum from 1 to agg(in
E ol e 18 z . 1 dimensionless field unite=L/2R.. Finally, we note from

tion is extremely important for the amplitude of the focusing
spectra. In conclusion, strong quenching of the focusing ef-
fect occurs under the conditions of skewed aiming angles
and realistic, softened angular distributions.

We have considered possible implications of these obser-
vations. Classical magnetoballistic effects play an important
o role in the interpretation of quantum interference effects in
FIG. 4. (a) The main figure shows two spectra calculated for aquantum billiardS° Based on our results, we find that
perpendicular geometry, with angular distributions of the samesamples can be designed with deliberately weak classical
width, but different shape. The dotted curve is an abrupt truncatiorfluctuations, thus allowing the quantum contributions to be
as in the adiabatic modésee text while the full line is the same observed more clearly. Another related aspect is the well-

glk?etlnguctJlfotTl’e?r?’gczg]:e;neﬂeb(;lis?ritﬁjetli%is:znseogn\/\got to(i)ﬁsf)lluc-ar:se th(la( nown appearance of sidelobes in the angular distributfons
pe ! 1ang -~ due to angular momentum quantization in the narrow emitter
focusing spectrum significantlyb) For a skewed geometry with

ao= /3, the amplitude is dramatically reduced for a softened dis-.opem.ng' In fact, egch .S|delobe acts as a separate SkeWEd

tribution compared to the abruptly truncated distribution, injection cone contributing to the magnetoconductance with
its own periodicity given by Eq(2), which we, from simu-

In contrast, the spectra for a skewed injection angle geomet tions, find leads to rather comphc_at_ed classu_:al contnbl_J-

are rather different. The periodicity is developed in the cas lons to the conductance. Though this is a classical effect, its

of the truncated cosine distribution while nearly quencheodeF)endenCe on momentum quantization will result in a larger

for the softened distribution, despite the fact that the distriremperature dependence than usually observed at the lowest

butions have the same width. The shape of the distributiof€ MPeratures. Finally,_ we consic_je_r magnetic focusing  of
thus affects the amplitude and shape, but not the period domposite fermion8 which were originally introduced to ac-

the focusing spectra, in the case of a skewed injection angl%Ount fc_)r (_—:‘Iectron-electron Interactions In a 2DEG at high
geometry. magnetic fields. The effective field experienced by these qua-

siparticles depends on the electron carrier density, and is
therefore sensitive to local carrier density fluctuatihsiich
V. SUMMARY AND DISCUSSION as in the narrow emitter opening. The resulting field varia-

We have fabricated and studied experimentally wwolions will effectively skew the average injection axis, which

samples in the shape of a triangle with open corners, whictfould lead to conductance asymmetries.

for the purpose of the new effect described here, represents a

double-slit geometry with skewed injection anglg= /3. ACKNOWLEDGMENTS

We observe a strong quenching of the magnetic focusing We are thankful to M. Persson at Chalmers University of
spectrum compared to conventional perpendicular geonifechnology, who performed thebeam exposure, to C. B.
etries, and a reduction by nearly a factor of 2 of the fieldStrensen at the @ted Laboratory for providing us with high
where the first conductance maximum occurs, as the injeaquality sample material, and to R. Jensen for technical assis-
tion opening is narrowed towards pinch off. Using a theorettance. The work was supported by I1I-V NANOLAB in a
ical model we explain in terms of the interplay of two com- MIC/NBIfAFG collaboration, by CNAST, by SNF, and by
peting transport mechanisms. The focusing mechanismlovo Nordisk foundation.

0.5

il % = 1.0
n & the model calculations that the shape of the angular distribu-
1

0.0
0

IM. L. Roukes, A. Scherer, S. J. Allen, Jr., H. G. Craighead, R. M.  A. Neves, J. R. Owers-Bradley, L. Eaves, M. Henini, O. H.
Ruthen, E. D. Beebe, and J. P. Harbison, Phys. Rev. bft. Hughes, S. P. Beaumont, and C. D. W. Wilkinson, J. Phys.:
3011 (1987; C. J. B. Ford, T. J. Thornton, R. Newbury, M. Condens. Mattell, 7505(1989.

Pepper, H. Ahmed, D. C. Peacock, D. A. Ritchie, J. E. F. Frost, °J. Spector, J. S. Weiner, H. L. Stormer, K. W. Baldwin, L. N.
and G. A. C. Jones, Phys. Rev.38, 8518(1988. Pfeiffer, and K. W. West, Surf. ScR63 240 (1992.

2L W. Molenkamp, A. A. M. Staring, C. W. J. Beenakker, R. 6H. van Houten, C. W. J. Beenakker, J. G. Williamson, M. E. I.

Eppenga, C. E. Timmering, J. G. Williamson, C. J. P. M. Har-  Broekaart, P. H. M. van Loosdrecht, B. J. van Wees, J. E. Mooji,

mans, and C. T. Foxon, Phys. Rev4R, 1274(1990. C. T. Foxon, and J. J. Harris, Phys. Rev38 8556(1989.
3C. W. J. Beenakker and H. van Houten, Phys. Re39B10 445 7. Spector, H. L. Stormer, K. W. Baldwin, L. N. Pfeiffer, and K.
(1989. W. West, Surf. Sci228 283(1990.

4D. A. Wharam, M. Pepper, H. Ahmed, J. E. F. Frost, D. G. 8 A recent overview of composite fermion experiments: R. L. Wil-
Hasko, D. C. Peacock, D. A. Ritchie, and G. A. C. Jones, J. let, Adv. Phys.46, 447 (1997).
Phys. C21, L887 (1988; P. E. Beton, B. R. Snell, P. C. Main, °p. Bggild, A. Kristensen, H. Bruus, S. M. Reimann, and P. E.



13072 P. BOGGILD, A. KRISTENSEN, AND P. E. LINDELOF PRB 59

Lindelof, Phys. Rev. B57, 15 408(1998.

¢, M. Marcus, A. J. Rimberg, R. M. Westervelt, P. F. Hopkins,
and A. C. Gossard, Phys. Rev. Le®9, 506 (1992; L. Chris-
tensson, H. Linke, P. Omling, P. E. Lindelof, I. V. Zozoulenko,
and K.-F. Berggren, Phys. Rev. 5, 12 306(1998; J. P. Bird,
D. K. Ferry, R. Akis, Y. Ochiai, K. Ishibashi, Y. Aoyagi, and T.
Sugano, Europhys. LetB85, 529 (1996); I. V. Zozoulenko, R.
Schuster, K.-F. Berggren, and K. Ensslin, Phys. Re85BR10
209 (1997; M. Persson, J. Petterson, B. von Sydow, P. E. Lin-
delof, A. Kristensen, and K. F. Berggreibjd. 52, 8921(1995.

M. Bittiker, Phys. Rev. B33, 3020(1986.

12p_ Bagild, A. Kristensen, P. E. Lindelof, S. M. Reimann, C. B.
Sérensen, and M. Perss@anpublishegl

13H. U. Baranger, D. P. V. DiVincenzo, R. A. Jalabert, and A. D.
Stone, Phys. Rev. B4, 10 637(199)).

14K, L. Shepard, M. L. Roukes, and B. P. van der Gaag, Phys. Rev.
B 46, 9648(1992.

153, H. Smet, D. Weiss, R. H. Blick, G. tjering, K. von Klitzing,
R. Fleischmann, R. Ketzmerick, T. Geisel, and G. Weimann,
Phys. Rev. Lett77, 2272(1996.



