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The conductivity of a degenerate 2D electron gas with a large mean-free pathin a
microscopically nonuniform magnetic field of Abrikosov vortices has been
studied. A classical nonvanishing magnetoresistance has been observed. The Hall
conductivity is set by the average value of the magnetic field.

In the present letter we report the results of an experimental study of galvano-
magnetic properties of 2D electrons in GaAs/GaAlAs heterojunctions placed in a
nonuniform microscopic magnetic field. The field nonuniformity was produced by
depositing on the surface of a heterojunction of type-II superconducting film." The
uniform external magnetic field B applied at right angles to the heterojunction is
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partitioned in the superconductor and in the immediate vicinity of its surface into
single flux quanta ®, (Abrikosov vortices) which have a characteristic size =24,
where A ~0.1 um is the screening length (Fig. 1a). The flux density increases linearly
with increasing B and the characteristic distance between the vortices is
d=(®,/B)"* =5[B(G)] > um. At the same time, the mean-free path L of elec-
trons in GaAlAs heterojunctions may be as high as several microns. A case can thus
occur in the system we are studying, in which an electron will be affected by the field
only along a small part of its path, while the Abrikosov vortices will be the electron
scatterers'’ (see Fig. 1b). The vortex in this case is an essentially quantum scatterer,
since the classical angle of deflection of an electron which passes through the field of
the flux quantum is always of the same order of magnitude as the angle of the quan-
tum-mechanical diffraction (even when Ay €A, where A is the electron wavelength).
Furthermore, because of the presence of the vector potential, the scattering of elec-
trons occurs outside the vortex region. The scattering by vortices is expected to lead to
a peculiar behavior of the magnetoresistance of heterojunctions as a function of B. A
question which naturally also arises is whether such a system exhibits a Hall effect
and, if so, what is iis magnitude?

The samples were synthesized from GaAs/Ga,, Al ; As heterojunctions with an
electron density 5-6 X 10"' cm ~? and mobilities 2.3 X 10° cm?/(V's) (L = 2um) and
3Xx10% cm?/(V-s) (L=~0.3 um). The distance between the surface of the crystals and
the 2D layer is about 400 A. The mesa structure on the surface was etched in such a
way that a single crystal concurrently had two identical samples with the Hall geome-
try (see the inset in fig. la). A superconducting film was deposited on one of the
samples, while the other was the test sample used to compare the results with the case
in which the field was distributed uniformly. As a type-1I superconductor we used lead
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FIG. 2. The Hall resistivity of 2D electrons in a heterojunction in a uniform magnetic field (solid line) and
in an Abrikosov vortex field (points). In the inset the scale is increased by a factor of four.

films of thickness 0.2 ym with 4 =0.1 um, which was estimated from H,,~1.0 kg,
taking into account that the superconducting transition temperature of the films was
the same as the T, of pure lead: 7, = 7.2 K. The resistance in the vortex field was
measured when the samples were cooled in the magnetic field from T> 7, to the
temperature of the experiment: 4.2 K (Ref. 1).

Figure 2 shows the experimental curves of the Hall resistivity p,, in a uniform
field (the tested part of the structure) and in a vortex field. The curves for both
samples agree within experimental error ( < 1%), and p,, depends linearly on B. We
wish to note, in particular, that with an increase in B upon satisfaction of the condition
d <24, the fields of single vortices begin to overlap themselves and at B = 200 G the
field modulation is no greater than several percent. Consequently, a sample with a
superconductor in fields higher than 200 G can have a uniform field. An absence of
any deviations from linearity on the p,, curve in this sample in the region where a
nonuniform field distribution becomes a uniform distribution is the most direct proof
that the Hall effect in a vortex field obeys the same law as that in a uniform field:
Py = B /nec.

Figure 3 shows the experimental curves of the additional resistance AR (B) which
occurs in a vortex field and which is calculated as the difference between the resis-
tances p,.. (B) of the samples with a superconducting layer and those without it. In the
case of a heterojunction with L ~2 um in low fields we see a linear dependence AR (B)
which corresponds to a linear increase in the concentration with B, N = B /®,, of the
vortex scatterers. A further increase in B leads to a nearly uniform field distribution in
the superconductor, and the difference between the samples under investigation and
the test sample should vanish, as was observed experimentally. In the case of a hetero-
junction with L=0.3 um no difference has been observed between the samples in
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FIG. 3. Additional magnetoresistance in a vortex field. Open circles—for a sample with an electron mean-
free path of 2 pum; filled circles—ZL=0.3 pym.

question within the same experimental measurement error limits AR /R (Fig. 3). It
should be emphasized that the positive value of AR which was observed is not related
to the change in the slightly localized negative magnetoresistance in a vortex field. The
weak localization in a vortex field was studied in Refs. 1 and 2. This localization
accounts for the qualitatively different behavior of the additional resistance AR, which
is seen only in fields B<®,/L 2 =1 G (L,, is the length of the phase-coherence disrup-
tion of 2D electrons).

To explain the behavior of p,, and p,, in a vortex field, let us consider a simple
model in which the field inside the vortex, B,, does not depend on the coordinates:
B, = ®,/mA* (Fig. 1b). The mean-free path and the vortex spacing are assumed to be
large in comparison with 4. Upon passing through a vortex an electron is typically
deflected through an angle 8, = wi7,, = A./mA €1, where & is the cyclotron fre-
quency in a field B, and 7, = 24 /v, is the transit time. The value of 6,, is approxi-
mately equal to 0.07 under our experimental conditions. A deflection of the electron in
the same direction after sequential passages through several vortices suggests that the
average force of the vortices acts in the direction perpendicular to the electron motion.
Let us estimate this force Fin the field term of the kinetic equation: F X df/dp. Clearly,
F=~Ap/7*, where 1/7* = 2ANv;. is the frequency of collisions with the vortices, and
Ap=p;0,, is the variation of the transverse component of the momentum of the
electron upon passage through a single vortex. We thus find F~ (e/c)v;B, consistent
with the Lorentz force in a uniform external field. An exact quantum-mechanical
calculation® (for A>A.) gives a value of unity to the numerical coefficient in this
formula. For the Hall resistivity we therefore obtain the standard formula: p,,
= B /nec. A random vortex distribution in space leads, even in the absence of any
other scattering, to a finite resistivity, p,, = m/ne’r,., where 1/7, =~ (1/7*) 62, < B.
A classic nonvanishing magnetoresistance thus appears in a degenerate electronic sys-
tem with an isotropic spectrum. This magnetoresistance, which is linear in B, occurs as
a result of an increase in the vortex concentration due to an increase in the external
field. Such a behavior of the magnetoresistance is in good agreement with that ob-
served experimentally. For a sample with L =2 pm in a 25-G field the theoretical
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value AR /R = L /vy, corresponds, however, to =~10 3, which is approximately an
order of magnitude larger than the value obtained experimentally.

We wish to thank L. I. Glazman, M. 1. D’yakonov, and 1. B. Levinson for useful
discussions.

Y The idea that at L>» A vortices can be viewed as auxiliary scatterers was advanced by I. B. Levinson.
2 The theory will be published elsewhere.
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