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Abstract

‘We have used a superconducting gate on the top of a two-dimensional electron gas (2DEG) to partition an external magnetic field
into a distribution of submicron flux tubes (vortices) and measure the weak localisation contribution to the 2DEG conductance
versus spatial separation of the vortices. It is found that the effect of a vortex extends far beyond its actual size. The experiment is
discussed in terms of size scaling of the quantum conductance. The measured minimum size of an independent region of a 2DEG is
in agreement with the phase-breaking length of electrons as deduced from the weak localisation magnetoresistance.
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1. Introduction

There has been a growing interest in a hybrid
superconductor-two-dimensional electron gas
(2DEG) system in which an extremely inhomogen-
eous magnetic field created by a type II supercon-
ducting gate is projected down onto a 2DEG
below. An applied magnetic field is segregated
within and near the superconductor into a distribu-
tion of magnetic-flux tubes (vortices) with a charac-
teristic diameter d of only ~0.2 um (see Fig. 1). A
number of novel phenomena have been reported
for this system, including non-local weak localisa-
tion [1], conductance fluctuations due to a single
vortex in a mesoscopic conductor [2], and diffrac-
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tion of 2D electron waves at vortices [3]. A point
of fundamental interest here is the fact that charac-
teristic relaxation lengths in a 2DEG can be much
longer than the size of vortices, in which case the
transport is essentially non-local.

Fig. 1. The 2DEG-superconductor hybrid system.
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In this work, superconducting vortices have been
employed to study size-scaling in zero-field resistiv-
ity of a 2DEG. For a vortex concentration N=
L2, each LxL square of the 2DEG is “ear-
marked” by a vortex (d<« L) which slightly changes
the resistance of the square. As the vortex concen-
tration increases, the 2DEG effectively becomes
divided into smaller and smaller squares. Up to a
certain concentration of vortices, the total resis-
tance of the 2DEG is found to be proportional to
the number of vortices. However, as the concen-
tration is increased further, the linear dependence
breaks down indicating that we have reached the
minimum size L, (>d), below which simple
scaling is violated. In other words, it is impossible
to put a vortex inside the 2DEG (or do anything
else with the 2DEG) without changing the proper-
ties of the entire region L., xL. .. We have
measured the size of the minimum square for a
number of 2DEGs and compared L., with the
phase-breaking length of electrons L, extracted
from fitting the curves for weak localisation magne-
toresistance in a uniform field. It is found that
Lunin ®2L4. We note that our experiment appears
to be a very close implementation of the well-
known gedanken experiment, where a conducting
plane is divided into square of sequentially decreas-
ing sizes. Instead of cutting a macroscopic sample
into pieces as the size-scaling experiment infers, we
have effectively divided the 2DEG by tagging its
parts with vortices. Thus, we have been able to
give a concrete physical significance to Ly in terms
of our vortex mesh size, in stark contrast to all
previous work where Ly only enters as a fitting
parameter in theoretical models.

2. Experimental

Our experimental system is shown schematically
in Fig. 1. A lead superconducting film (~0.1 um in
thickness) was deposited on the top of
GaAlAs/GaAs heterostructures with a 2DEG at
distances of 60—80 nm from the surface. Lead films
of these thicknesses are type II superconductors
and have a very small value of magnetic-field
penetration depth A~60 nm at 1.3 K. Taking into
account spatial broadening of vortices when they

emerge from the superconductor, we estimate
d~0.2 um [1-3]. The vortex concentration in the
2DEG is controlled by the external magnetic field
B as N =B/¢, where ¢, =h/2e is the superconduct-
ing flux quantum. Vortices in the 2DEG remain
well-separated in applied magnetic fields up to
100 G. At larger fields, the distance between indivi-
dual vortices, L{um)=(¢o/B)"”* =5[B(G)] "2,
decreases to a value comparable with the vortex
diameter, and magnetic fields due to adjacent
vortices overlap strongly. Consequently, the field
inhomogeneity rapidly smears out, even though
the lead gate remains superconducting up to
~1kG. In this paper we discuss results for three
heterostructures with electron concentrations of
~5%x10*m~2 and mobilites 3, 3.7 and
59m?/V-s. The relatively low mobility of the
2DEG has been chosen intentionally to avoid the
ballistic effects discussed in Ref. [3]. These effects
give rise to an extra resistivity due to scattering of
electrons at the vortices, but this contribution is
negligibly small for all data presented below. For
further experimental details we refer to Refs. [1-3].

3. Results and discussion

Figs. 2a and 2b show the magnetoresistance of
one of the samples in magnetic fields below 25 G
at temperatures of 1.3 and 4.2 K. For brevity, the
experimental data are presented directly in terms
of 2DEG conductivity A¢ and in units of the
conductance quantum e?/h. In the uniform mag-
netic field (solid curve) the sample exhibits a con-
ventional negative magnetoresistance due to
suppression of the time-reversal contribution to
electron interference [4-6]. This magnetoresis-
tance is well described by Kawabata’s formulae for
weak localisation (dashed curve), which is applica-
ble for our samples with a relatively long ballistic
mean free path /~0.5 yum comparable with L, [4].
The fit allows us to find L,. We note that the
Hikami—Larkin—Nagaoka theory [5], valid for
I«Ly, gives us a slightly worse fit and yields
somewhat smaller values of L, (typically 20%
smaller). The symbols in Fig. 2 correspond to the
case of the non-uniform field created by the super-
conductor. The initial linear increase in conductiv-
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Fig. 2. Magnetoconductivity of the 2DEG in uniform magnetic
field (solid curves) and in the distribution of vortices (crosses)
at temperatures of (a) 4.2 and (b) 1.3 K. The electron mobility
is 3m?/V-s and the electron concentration is 5.3 x 10'* m~2.
The short-dashed curves are the best fit to the theory of weak
localisation in homogeneous field. The long-dashed lines
indicate the linear vortex magnetoresistance in low fields.

ity of the 2DEG is due to the linear increase in
vortex concentration when B increases. Note that
the same field B influences the 2DEG much more
strongly when the magnetic flux is segregated into
a distribution of submicron tubes. This enhance-
ment of the magnitude of the weak localisation
magnetoresistance has been reported earlier [1]
and is discussed in detail in Ref. [6].

Below, we will concentrate on another striking
feature in the additional resistivity due to the
presence of vortices in the 2DEG. For the plotted
interval of vortex concentrations in Fig. 2, mag-
netic fields due to adjacent vortices do not overlap.
Nevertheless, the curves for the uniform magnetic
field and the inhomogeneous field of vortices con-
verge when the vortices are as far as several um
apart. At lower temperatures, the difference
between the two cases disappears at even lower
fields, i.e. for larger vortex separations (see Fig. 2).
The observed behaviour indicates that a vortex

. !
~
3
4 j/
P &
4, 3

’/’é
alee’ ,
4] 1 2
L, (p,m)

Fig. 3. Dependence of the size of a 2DEG region affected by a
vortex (L) on the phase-breaking length of electrons (L,)
deduced from the weak localisation magnetoresistance in the
uniform field.

suppresses the weak localisation in the 2DEG at
distances far beyond the region whete its magnetic
field is present. When the extended regions of the
2DEG affected by adjacent vortices overlap, the
dependence Agoc N breaks down. We define N,
as the vortex concentration when deviations from
the linear dependence exceed a level of the scatter
in the experimental data. In Fig.2 such concen-
trations are shown by arrows. The value of N,
yields the size of an independent unit of the 2DEG
as Ly =Ngi2 Fig. 3 plots Ly, versus L, using
data for all three 2DEGs at temperatures of 1.3
and 4.2 K. We have also included here the results
from Ref. [1] for non-local weak localisation in
thin Bi films. The dotted line in Fig. 3 shows the
best linear fit to the experimental data, which
yields Ly, ®2L4+d. This dependence shows that
the influence of vortices extends over the distance
~ L4 outside the region of the magnetic field, in
agreement with the nature of the effect.

We note that the observed spatial enhancement
of the effect of vortices is not due to the vector
potential, which of course extends outside the
region of the magnetic field. Weak localisation is
due to the constructive interference on time-
reversal trajectories and the superconducting flux
quantum h/2e cannot destroy it since the acquired
phase shift is equal to 2n [4-6]. Therefore, only
those trajectories which pass through the region
of the magnetic field, and hence envelop a part of
the superconducting flux quantum, are influenced
by vortices. The origin of the observed spatial
enhancement lies in the statistics of diffusion in
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two dimensions, where a diffusive electron trajec-
tory circles any point in space an infinite number
of times. Although in reality this divergence is
suppressed due to the finite phase-coherence
length, the statistics dictate that every trajectory
within a phase-coherent sample can pass through
a vortex located inside [6]. The influence of vorti-
ces becomes non-additive (adjacent vortices begin
to “feel” the presence of each other) when the
phase-coherent trajectories pass through more
than one vortex.

Finally, we note that several features in the
observed behaviour remain to be explained. First,
it is not clear whether the coefficient 2 in the
empirical expression for L., is meaningful or
relates to our definition of N,,;,. We speculate that
electrons with the highest probability of interacting
with two' vortices will have their origins midway
between them. Thus the scaling behaviour would
be expected to start to break down when such an
electron has its origin at the distance L, from two
adjacent vortices, or when the centre-to-centre
vortex spacing is 2Ls+d. The second surprising
feature is a very small interval between N, and
the vortex concentration where the curves for the
uniform and non-uniform fields converge com-
pletely (see Fig. 2). It is also worth mentioning that
we have not seen the spatial extension of the effect
of vortices for the case of ballistic scattering of 2D
electrons at vortices [3]. In that experiment, the
vortex resistivity disappeared only when the field
inhomogeneity smeared out.

4. Conclusion

We have realised the size-scaling gedanken
experiment for the case of weak localisation.

Placing a number of vortices inside a macroscopic
2DEG we effectively divide it into a number of
smaller samples, each ear-marked by a single
vortex. As the vortex separation is decreased, a
distinct change in the effect of vortices on the
2DEG is observed, indicating the size of the mini-
mum independent region in the 2DEG. This size
is found to be of the order of the phase-breaking
length of electrons L, deduced from the weak
localisation magnetoresistance. Although the
importance of this scale has followed from the
theory and experiments on weak localisation and
mesoscopics, the gedanken experiment has never
been realised, primarily because of the problem of
electrical contacts to small quantum devices.
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