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In this report we summarise the results of low temperature magneto-resistance studies, of
electron transport in ballistic quantum dots. Evidence for the ballistic nature of motion in
the dots is provided by the observation of: a clear linear form, to the weak localisation peak
at very low magnetic fields, and; by the temperature dependent behaviour of the aperiodic
fluctuations, observed over a much wider field range, which is found to be very different
to that typical of disordered systems. The square geometry employed in the devices is of
particular interest in studies of quantum chaos, since while the classical motion of particles
in the geometry at zero field is known to be regular; theory predicts a transition to chaotic
motion in a finite magnetic field, and in this report we also discuss the experimental evidence

for this transition.

I. Introduction

Recent advances in semiconductor processing tech-
nology have enabled the fabrication of quantum dot
devices, in which the effects of bulk disorder are effec-
tively eliminated. Large angle scattering of electrons in
such devices occurs only at the dot boundaries, and ex-
perimental studies have demonstrated the presence of
low field magneto-resistance fluctuations, due to inter-
ference between electrons ballistically confined in the
dotlh2], A semi-classical analysis of the fluctuations
suggests it should be possible to determine the elec-
trical characteristics of such conductors, simply from a
knowledge of their shapel®!. In particular, the magneto-

transport characteristics of small dots are expected to

take very different forms, in structures in which the
classical motion is either chaotic or regular, and much
recent interest has focused on the potential of such de-

vices, as a probe of the effects of quantum chaos!®l.

In this report we summarise the results of recent
experimental studies, of the low temperature magneto-
transport properties of ballistic quantum dots with
square geometry. The square geometry is expected to
be of particular interest, since while the classical mo-
tion of particles in the geometry at zero field is known
to be regular, theory predicts a transition to chaotic
motion in a finite magnetic field. Evidence for the bal-
listic nature of transport in the dots is provided by
studies, of the weak localisation peak observed close

to zero magnetic field. This shows a clear linear de-
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pendence on magnetic field, consistent with the regular
scattering of electrons within the dot[*]. Ballistic mo-
tion is also consistent with our observation of aperiodic
fluctuations, over a wider range of magnetic field, with
a temperature dependence very different to that typi-
cally observed in disordered systems(®l. In addition, a
Fourier analysis of the fluctuations is found to be par-
tially consistent with predictions for chaotic motion!?],
and therefore provides evidence for the expected field
induced transition, from regular to chaotic motion in

the square geometry.

II. Sample preparation and measurement tech-

nique

Split gate quantum dots were realised in a
GaAs/AlGaAs heterojunction, using standard electron-
beam lithographic techniques. The wafer was patterned
in to a Hall bar geometry, with a typical carrier density
4.10'% m~=2, and mobility 40 m?/Vs. The gates con-
sisted of a stub like design, in which a lithographically
square dot was separated from the source and drain
by quantum point contactsl®!. Independently tunable
dots with gate dimensions 0.6-, 1.0- and 2.0-ym were
defined within close separation on the same Hall bar
wafer. The dots were considerably smaller than the
calculated mean free path in the bulk wafer (5 pm),
and electron transport within them was therefore ex-
pected to be ballistic. The samples were clamped to the
mixing chamber of a dilution refrigerator, and magneto-
transport measurements were made at cryostat temper-
atures down to 10 mK. The four probe configuration
employed(®! included a series contribution due to the
source and drain regions, and at low magnetic fields
the resistance of this was much smaller than that of
the dot. Great care was taken to ensure good thermal
contact to the samples, and a source-drain excitation
of less than 3 pV was employed for the current bias

measurements.
III. Basic experimental results

As examples of the typical features observed at low
temperatures consider Figs. 1 and 2. Fig. 1 shows a
zero field peak in the magneto-resistance, with a lin-
ear lineshape at very low fields (<0.002 T). In con-

trast, Fig. 2 shows that over a wider magnetic field
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range the magneto-resistance is largely dominated by
aperiodic fluctuations. The fluctuations are reminis-
cent of those observed in the low temperature magneto-
resistance of disordered mesoscopic devices, in which
they result from interference between electrons, mul-
tiply scattered by sample impuritiesl”. In ballistic de-
vices there should be no bulk disorder, however, and the
fluctuations instead result from interference between
electrons, trapped within the dot and forced to undergo
multiple boundary scattering events®l. In this report
we focus on an analysis of both the zero field peak,
and the aperiodic fluctuations, to establish two impor-
tant features of electron transport in the dots: firstly
to show that motion is indeed ballistic, with large an-
gle electron scattering occurring only at the dot walls,
and; secondly, to provide evidence for the expected,
magnetically induced transition from regular to chaotic

scattering.
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Figure 1. Zero field magneto-resistance peak observed in a
0.6-pm quantum dot at low temperatures.
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Figure 2. Over a wider range of magnetic field than shown
in Fig. 1, reproducible aperiodic fluctuations are observed
in the magneto-resistance of a 1-pym dot. Note that this is
not the same dot as measured in Fig. 1.
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IV. Evidence for ballistic motion in the dots

Evidence for ballistic motion of electrons in the dots
is provided by the lineshape of the zero field magneto-
resistance peak. The zero field peak is understood to
result from weak localisation of electrons ballistically
scattered within the dot, and its lineshape has been
predicted to depend strongly upon the nature of scat-
tering in the dot!*5].

pected to show a linear dependence on magnetic field

In particular, the peak is ex-

when the scattering is regular, whereas a Lorentzian
form is expected for chaotic scatteringl’l. Motion in

the square geometry is expected to be regular at ex-
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tremely low magnetic fields, in which case the ballistic
weak localisation peak should show a linear dependence
on magnetic field. Since this is indeed what we observe
experimentally (Fig. 1), we conclude that large angle
electron scattering occurs only at the walls of the dots.
Further evidence for ballistic motion is provided by the
temperature dependence of the aperiodic fluctuations.
In particular, increasing temperature the fluctuations
are found to weaken, until they are no longer resolved
at temperatures in excess of a few degrees Kelvin (Fig.
3). In order to quantify the temperature dependent
characteristics of the fluctuations, we first define their

correlation function[®7]

F(AB) =< [¢(B)— < g(B) >] - [9(B+ AB)— < g(B) >] >, (1)

where g(B) is the conductance in units of e?/h at mag-
netic field B, and the angled brackets indicate an av-
erage over a suitably large field range. The correlation
field B, is then defined from the half-width F(B.) =
F(0)/2, while the root mean square fluctuation 8¢ =
\/m. Applying these considerations to our data
we find that ¢ decreases ezponentially with increasing
temperature, while B, remains unaltered®l. Such scal-
ing is very different to that observed for conductance
fluctuations in disordered systems, in which ég typi-
cally only decays as a weak power law of temperaturel8]
while B, shows a simultaneous increase. Such a differ-
ence between disordered and ballistic systems was pre-
viously theoretically anticipated, however, and is asso-
ciated with the absence of large scale disorder in bal-
listic dots®). In particular, the large number of impu-
rities in disordered systems ensure that, even if the in-
elastic scattering length of the electrons becomes much
shorter than the sample dimensions, there will still be
regions of the system which exhibit coherent interfer-
ence. In ballistic systems, however, once the inelas-
tic length becomes shorter than the dot dimensions, it
should not be possible to consider coherently interfer-
ing sub-segments, since the scattering of electrons oc-

curs only at the device boundaries. The fluctuations

are therefore expected to be much more sensitive to

temperature in ballistic systems.
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Figure 3. Temperature dependent decay of the conductance
fluctuations, obtained in the 1-pm dot of Fig. 2 (the higher
temperature trace has been shifted upwards by 0.75.e%/h
for clarity.) The traces were obtained by subtracting a
smoothed polynomial fit from the raw data, with an average
resistance of roughly 16 k€.

V. Evidence for a magnetically induced transi-

tion to chaos

The transport properties of ballistic conductors are
expected to be strongly influenced by geometrical con-
siderations. In particular, for geometries in which the
classical motion is chaotic, the Fourier spectrum of the

fluctuations should take the form[3l:

S(f) =S00) - [1 4 27a¢of] - exp[—2magof] , (2)
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where 1/« is essentially the average coherent area en-
closed by electrons, ¢ is the single flux quantum, and
the magnetic frequency f corresponds to an effective
electron path area A = ¢¢/f. Close to zero field we
have already shown above that motion in the square
geometry we study is regular. In a finite magnetic
field, however, recent calculations predict a transition
to chaotic behaviour and it is therefore of interest to
compare the spectral characteristics of the aperiodic
fluctuations with the predictions of Eqn. 2. In Fig.
4 we show the smoothed Fourier spectra of the fluctu-
ations, observed in measurements on 1- and 2-um dots
(each spectrum represents an average of eight individual
spectra, evaluated over half-overlapping ranges of mag-
netic ﬁeld[l].) The solid curves are least squares fits to
the form of Eq. 2. Interestingly, these only give good
agreement at low frequencies, corresponding to trajec-
tory areas much smaller that of the dot, while for larger
path areas significantly enhanced content is observed.
In particular, the Fourier amplitude is found to satu-
rate at high frequencies; at values significantly in excess
of the noise floor. Since the form of Eqn. 2 is derived
by assuming an exponential distribution of trajectory
areas within the dot[®!, deviation from this form at high
frequencies suggests a non exponential distribution of
large area paths in the dot. Further theoretical studies
are required to determine if this is in turn related to
some interesting intrinsic effect, such as the formation
of stable orbits within the dot[5].

10—

—r—
AREA:
1 ym x 1pm

AREA:
2 um x 2 um

NTRETIT EASE AT

(arb. units)
sy
—)

AMPLITUDE
—
<

NOISE FLOOR
-

[=
<
w

T T T

150 300 450 600 750 900
FREQUENCY (1/TESLA)

(=]

Figure 4. Smoothed Fourier spectra of the fluctuations ob-
served in 1-pm (crosses) and 2-pm (squares) dots at 0.01
K. The spectra were determined over the range from 0-0.4
Tesla, while the solid lines are single parameter, S(0), least-
squares fits to the form of Eq. 2. Arrows indicate the
frequencies at which the trajectory areas (A = f.¢o) are

calculated to be the same as that of the dots.
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V1. Conclusions

In conclusion, we have used low temperature
magneto-resistance studies to obtain important infor-
mation on the nature of electron scattering in ballistic
quantum dots, realised using a split gate technique. Ev-
idence for the ballistic nature of motion in the dots is
provided by the observation of: a clear linear form, to
the weak localisation peak at very low magnetic fields,
and; by the temperature dependent behaviour of the
aperiodic fluctuations, observed over a much wider field
range, which is found to be very different to that typical
of disordered systems. Since the linear form of the weak
localisation peak is consistent with regular scattering
in the dots at zero field, it also implies that the square
shape of the gates is reasonably well preserved in the
two dimensional electron gas layer itself. Evidence for
the expected transition from regular to chaotic motion
at weak magnetic fields was only partially conclusive.
In particular, the Fourier spectra of the fluctuations
were only found to be consistent with predictions for
chaotic dots, over a relatively small dynamic range, and
at higher frequencies an undetermined size effect gave
rise to enhanced power content. This in turn suggests
a non-exponential distribution of electron paths, with

areas comparable to or larger than that of the dot.

References

1. C. M. Marcus, R. M. Westervelt, P. F. Hopkins
and A. C. Gossard, Phys. Rev. B 48,2460 (1993).

2. J. P. Bird, K. Ishibashi, Y. Aoyagi, T. Sugano and
Y. Ochiai, Phys. Rev. B 50, 18678 (1994).

3. R. A. Jalabert, H. U. Baranger and A. D. Stone,
Phys. Rev. Lett. 65, 2442 (1990).

4. H. U. Baranger, R. A. Jalabert and A. D. Stone,
Phys. Rev. Lett. 70, 3876 (1993).

5. A. M. Chang, H. U. Baranger, L. N. Pfeiffer and
K. W. West, Phys. Rev. Lett. 73, 2111 (1994).

6. J. P. Bird, K. Ishibashi, Y. Aoyagi and T. Sugano,
Phys. Rev. B 50, 18678 (1994).

7. For a review see: P. A. Lee, A. D. Stone and H.
Fukuyama, Phys. Rev. B 35, 1039 (1987).

8. J. P. Bird, A.D.C. Grassie, M. Lakrimi, K.M.
Hutchings, J.J. Harris and C.T. Foxon, J. Phys.
Condens. Matter 2, 7847 (1990).



