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Interaction between Moving Flux Lines and a Two-Dimensional Electron Gas
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A novel method is presented to study the dynamics of vortices in superconducting films at fields close
to the upper critical magnetic field. It is shown that moving flux lines in the gate of a superconductor-
oxide-semiconductor field-effect transistor are magnetically coupled to a two-dimensional electron gas,
leading to an induced voltage. The major part of this voltage is proportional to the magnetoresistance,
which is varied by changing the Landau-level filling. A second part is independent of the electron densi-
ty and is tentatively attributed to the Hall component of the resistivity tensor.

PACS numbers: 74.60.Ge, 73.40.Qv, 73.50.Jt

The recent discovery of high-critical-temperature su-
perconductors has led to a dramatic increase of interest in
vortex dynamics. Various models have been developed to
understand the collective behavior of a vortex lattice un-
der the influence of external driving forces and/or in the
presence of thermal activation [1]. For temperatures
close to the critical temperature (7,), or magnetic fields
close to the upper critical field (B.,), possible transitions
from the well-known hexagonal lattice to a glasslike or
liquidlike state have been predicted. Although these con-
cepts strongly influence our understanding of the vortex
dynamics, few techniques are available to resolve these is-
sues experimentally. Most researchers focus on a study
of the magnetization supplemented with a careful study
of current-voltage characteristics. Further progress in the
understanding of the dynamics of flux lines, either collec-
tively or individually, may greatly benefit from new ex-
perimental information.

The most convincing proof of flux flow has been provid-
ed by Giaever [2], who studied flux flow in two super-
posed superconducting films. He showed that current-
induced flux flow in one of the films (primary) induces a
voltage in the magnetically coupled secondary film. In
this Letter we describe a related system (inset, Fig. 1) in
which the secondary superconducting film is replaced by
a two-dimensional electron gas (2DEG). The 2DEG is
formed at the interface between silicon and silicon diox-
ide by applying a voltage between the superconducting
gate and the silicon. Compared to the original system
studied by Giaever this has two important advantages.
First, the magnetically coupled films are different in na-
ture and the viscous forces on the vortices in the primary
film are independent of the dissipation in the secondary.
Second, the dependence of an induced voltage in the
secondary on the electronic properties of the 2DEG can
be studied by varying the voltage between the gate and
the silicon. As expected [3,4], we find that moving flux
lines in the (low-T.) superconducting film induce a volt-
age in the 2DEG. Two contributions to this voltage are
found, one proportional to the magnetoresistance, which
is varied through the electron density, and one roughly in-
dependent of electron density. Apart from their use in
the study of vortex dynamics, these observations will also
raise interesting new questions with respect to the re-
sponse of a two-dimensional electron gas to a moving in-
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homogeneous magnetic field, in particular at fields where
the quantum Hall effect is present.

It has been shown by Meincke [3] that magnetic cou-
pling in the superconductor-oxide-superconductor system
studied by Giaever [2] is a special case. In principle, a
voltage will be induced in any metallic secondary film
provided that the material has magnetoresistance. From
this perspective a superconductor forms an extreme case
of magnetoresistivity. Meincke analyzes an idealized sys-
tem consisting of a conducting medium exposed only lo-
cally to a magnetic field. The region where the magnetic
field is present is moving with respect to the conductor.
Assuming that the local current density is in the direction
of the time derivative of the vector potential, he shows
that the electric fields induced by a moving magnetic field
cause local noncancellation of current density. To
preserve charge conservation, the secondary film responds
by the buildup of a charge distribution leading to an in-
duced voltage:

Via=22"P2 g1 sino, (1)
p2

where p, and p, are resistivities outside and inside the
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FIG. 1. ac flux-flow voltage V; as a function of dc current /qc
(I,.=0.1 mA, T=1.1 K, B=2.1 T). For the three points indi-
cated with a dot the induced voltage in the 2DEG is given in
Fig. 2(b). Upper left inset: The superconductor-oxide-semi-
conductor stack with penetrating vortices. Because of the thin
oxide the magnetic field is inhomogeneous in both superconduc-
tor and 2DEG. Lower right inset: The electric-field pattern
and the charges around a moving flux bundle in the 2DEG.
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magnetic-field region, B the strength of the magnetic
field, v the velocity of the moving magnetic-field domain,
6 the angle between the vector potential and the poten-
tiometric contacts, and L the width of the magnetic-field
region. Obviously a voltage will only be present if p, and
p2 differ. Also the potential drop is largest when the
magnetic-field domain moves perpendicular to the line
connecting the voltage contacts.

The crossover from the semi-infinite geometry of
Meincke towards a localized magnetic field of a moving
vortex changes this picture only slightly. A pattern of
quasicircular electric-field lines is induced along which
the electrons move (inset of Fig. 1). Merely motion of
electrons along these field lines does not give rise to a
macroscopic voltage drop, since no net charge is being
transferred. However, since the electrons experience a
change in resistivity as they cross the edge of the
magnetic-field region, the induced current density will
differ inside from outside. To preserve current continuity,
charge builds up resulting in an additional dipole field
directed perpendicular to the velocity direction of the
magnetic field. Hence if flux flow is induced in the pri-
mary film, i.e., an array of vortices moves in the super-
conductor, an array of moving dipoles is induced in the
secondary film. The electric field of this charge distribu-
tion is measured as a voltage drop across the 2DEG.
Note, however, that the boundary conditions for the elec-
tric fields associated with a moving flux bundle in a
2DEG are different from those in a superconductor [5],
because the supercurrent is absent.

For magnetic fields close to B.;, the modulation of the
magnetic field is small. The magnetic field around a vor-
tex extends to a depth of the penetration length A of
about 100 nm, while the mutual separation of the vortices
aop is about 30 nm. With these parameters the small
modulation of the magnetic field due to the vortex lattice
allows us to rewrite Eq. (1) as

1 dp
ind=—-1"6BV;. (2)
Vlnd p dB B K

Equation (2) predicts that the voltage induced in a mag-
netoresistive film V;,q is proportional to the flux-flow volt-
age V; in the superconducting film. The proportionality
factor is determined by the modulation of the field
strength 6B and the strength of the magnetoresistance
p(B) in the 2DEG.

We use in essence conventional metal-oxide-semicon-
ductor field-effect transistors to study the magnetic cou-
pling (Fig. 1, inset). The metal gate is replaced by a su-
perconductor, which still permits the use of the system as
a field-effect transistor by applying a voltage across the
oxide and measuring the conductivity between source and
drain contacts (not shown). The gate consists of 300-
nm-thick e-beam-evaporated Nb,_,Mo, alloy (with re-
sistivity p=1.4x10"7 @m and 7,.=7.6 K). The mo-
lybdenum concentration is approximately 5% as deter-
mined from the evaporation rates. No post-metallization
anneal has been applied. The width of the gate is 20 um
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and the oxide thickness is 36 nm. The 2DEG, acting as a
secondary film, has two sources of magnetoresistivity:
suppression of the weak localization (WL) contribution
to the resistivity at low magnetic field, and the Shub-
nikov-de Haas (SdH) oscillations at high magnetic field
due to the formation of Landau levels. The influence of
the inhomogeneity in the magnetic field on the suppres-
sion of WL has been studied recently [6-8]. In this re-
gime of magnetic fields very large currents are needed to
induce controlled flux motion in the gate and the superpo-
sition of an applied and a current-induced magnetic field
makes the interpretation of the experimental results
difficult. However, the transport mobility of the electrons
(u, =1 m?/Vs) is high enough to observe SdH oscilla-
tions well below the upper critical field of the supercon-
ductor (B.;=3 T at T=1.1 K). As we will show, in this
regime for small currents flux flow can be induced in the
superconducting film.

Figure 2(a) shows the SdH oscillations as a function of
gate voltage V,. No current is fed through the supercon-
ducting gate. The data have been expressed as dp/pdB to
facilitate comparison with Eq. (2). Since the resistivity p
of the 2DEG is only a weak function of ¥, in this region,
the data can be described by a sinusoidal dependence [9]:

-l——‘—IR=Ksin 27r(Vg Vl)

p dB AV
where V, is the threshold voltage. The Landau-level de-
generacy AV is 0.34 V at a magnetic field of 2.1 T (spin
and valley degeneracy are both unresolved). The experi-
mentally determined value of K is 2.0 T ~'. These results
are fully consistent with those obtained with a normal-
metal gate. Since the SdH amplitude depends on temper-
ature, it can be used to detect the rise in temperature due
to dissipation in the gate. We find, with a gate driven
normal by a magnetic field above B,,, that at the power
levels used to study flux flow the temperature rise at the
2DEQG is below 50 mK.

Because the coupling of the flux-flow voltage to the
2DEG is expected to be weak, the measurements have
been performed differentially with standard lock-in tech-
niques (f=9.5 Hz). To measure the flux flow in the
gate, a dc current /4. with an ac modulation 7,.=0.1 mA
is passed through the film. Figure 1 gives the ac flux-flow
voltage V; as a function of dc current I4.. As usual for
thin films at high magnetic fields, the flux-flow resistance
Vi/I,. is not a constant but approaches the normal-state
resistance gradually.

The coupling is studied by passing a constant dc cur-
rent with an ac modulation through the gate, while the
voltage Ving generated in the 2DEG is recorded as a func-
tion of gate voltage V, [Fig. 2(b)]. The current is kept
sufficiently low to ensure that the flux-flow voltage is low
with respect to the Landau-level degeneracy. The phe-
nomena reported here have been observed in four
different samples. For clarity we focus on results record-
ed for one specific sample. Figure 2(b) shows the in-

’ (3)
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FIG. 2. (a) Magnetoresistance of the 2DEG. For ease of
comparison, the data have been expressed as dp/pdB. The solid
line through the data is a sinusoidal approximation according to
Eq. (3). (b) The voltage induced in the 2DEG, Ving, as a func-
tion of gate voltage V, for the three values of dc current indi-
cated in Fig. 1. The solid lines are fits according to Eq. (4).

duced voltage for three values of the dc current Igc,
marked in Fig. 1 by dots. No out-of-phase component is
observed, and capacitive or inductive pickup appears to
be absent. To reduce low-frequency noise, three mea-
surements have been averaged. Clearly, the induced volt-
age is related to the electronic properties of the 2DEG
that vary with the gate voltage. Apart from the oscillato-
ry behavior, a (negative) background signal is present.
Additional damping of the vortex motion in the supercon-
ductor by the 2DEG should, in principle, influence the
flux-flow voltage observed in the superconducting film. In
practice, no difference can be observed between flux flow
with and without a gate voltage applied. This is con-
sistent with the large difference between the normal-state
resistivity p, of the gate and the resistivity of the 2DEG.

The oscillations in the induced voltage show the same
periodicity as the SdH oscillations in the longitudinal
resistivity of the 2DEG. However, they are 90° out of
phase, and therefore do not reflect the resistivity p, but
rather its derivative with respect to the magnetic field,
dp/dB. Hence, we seek a description of the measure-
ments through

gl Lldp
de A[de]+C, (4)

where the independently measured sinusoidal approxima-
tion [Eq. (3)] is used to describe the magnetoresistivity.
The constants 4 and C will be used as fit parameters. In
Fig. 2(b), the solid lines represent the fits to the data ac-
cording to Eq. (4). The dependence of the parameters 4
and C on dc current is given in Fig. 3(a). Since the value
of A should be determined by the flux-flow voltage
and the magnetic-field inhomogeneity [Eq. (2)], i.e., 4
=V,6B, the combination of the measured V; (Fig. 1) and
A [Fig. 2(a)] can be used to calculate 8B [Fig. 3(b)].

Before we discuss the size of this inhomogeneity we
would like to point out that the chosen temperature (1.1
K) and magnetic field (2.1 T) represent experimentally
found optimum values for the present system. An in-
crease in temperature is found to reduce the amplitude of
the induced voltage. This is to be expected since for a
fixed current both the magnetoresistance and the inhomo-
geneity are reduced. The magnetic-field strength is
chosen high enough to guarantee a flux-flow regime
without voltage jumps. At higher fields the signal dimin-
ishes until it disappears completely on approaching B,
proving that the observed coupling is absent when the
gate is in the normal state.

For a comparison of the measured inhomogeneity with
theory, we need to calculate the magnetic field in a vortex
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FIG. 3. (a) The fit parameters A (axis to the left) and C
(axis to the right) as a function of dc current /4c. (b) The com-
bination of 4 with the measured flux-flow voltage ¥V, yields the
inhomogeneity of the magnetic field 6B, which is as shown.
Solid lines in both figures are guides to the eye.
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lattice. An accurate theoretical calculation will require a
solution of the Eilenberger equations [10] for the present
thin-film superconductor. For simplicity we estimate the
inhomogeneity by superposing the magnetic-field contri-
butions of the surrounding vortices. The field of a vortex
is described by the second modified Bessel function out-
side the vortex core, and is constant within the vortex
core [11]. The spacing between the vortices ao=33 nm
for B=2.1 T and the effective penetration depth
A=hp/uorAp=143 nm. If we assume that the alloy
Nb;-xMo, has the same electron density as Nb, the
coherence length £ is 10 nm. With these parameters the
calculated inhomogeneity in the superconductor is
8B=5x10"* T. Outside the superconductor the inho-
mogeneity dampens [4] with a factor exp(—2nt./ao),
leading to an inhomogeneity in the 2DEG of 8B =1
x10 7% T. The experimentally found values fall between
these two estimates.

We stress that the derived expression (3) contains no
adjustable parameter other than the inhomogeneity of the
field. No assumptions have to be made about the number
or the velocity of the vortices, since this information is
contained in the experimentally determined flux-flow volt-
age V. Although the error in the determination of 6B is
large, a general trend is observed that 8B decreases as the
velocity of the vortices increases. We consider a substan-
tial change in magnetic penetration depth due to an in-
crease in temperature unlikely in view of the observed
small rise in temperature of the 2DEG. Instead the ob-
served decrease in 6B may indicate a situation in which
the vortices move closer together when their average ve-
locity increases. This would, for example, occur when the
vortices move in the plastic-flow regime instead of the
elastic-instability regime [12]. In the latter case, the
whole arrangement of vortices would move without
changing their mutual separation. This illustrates that
new information on vortex dynamics may be obtained
unaccessible to any other technique known to study flux
flow.

In addition to the magnetoresistivity-induced coupling,
another contribution is present that is independent of gate

voltage V. It has been accounted for in the fit by intro-
ducing the parameter C, and is given in Fig. 3(a) as a
function of dc current. This contribution is also only ob-
served when the flux lattice moves. The sign of the cou-
pling is negative, but its value seems correlated with the

flux-flow voltage V. To find the cause of this second con-
tribution, we recall that it was assumed that the electrons
move in the direction of the electric-field lines. For the
conditions used in the present experiment, the product of
the cyclotron frequency with the scattering time w.7 is
approximately 2, which means that the electron motion in
the 2DEG, unlike that in the superconductor, should be
regarded as a mixture of motion along and perpendicular
to the electric-field lines. The resistivity p must be treat-
ed as a tensor with components py, and py,. To show the
intricate nature of the problem we recall a number of

2728

relevant parameters. The separation of the vortices ay is
33 nm, whereas in the 2DEG the wavelength of the elec-
trons Ar =2n/kr=30 nm, the elastic length (h/eB)'?
=17 nm, and the elastic mean free path vFr =100 nm.
They are all of the same order of magnitude, and indicate
that electrons should not be treated within a classical
theory [4], while also nonlocal properties become impor-
tant. Of special interest is the quantum Hall regime,
where electron motion is only perpendicular to the elec-
tric field.

The first coupling mechanism that we have discussed is
associated with the magnetic-field dependence of the lon-
gitudinal resistivity. The second mechanism is not depen-
dent on the magnetoresistivity, and we tentatively ascribe
this to the magnetic-field dependence of the Hall resistivi-
ty. Obviously, an extension of the available theory [3-5]
is needed to reach a full understanding and to guide fur-
ther experiments.

In summary, we have shown that in a superconductor-
oxide-2DEG stack, a dc transforming behavior is ob-
tained resembling the Giaever coupler. The coupled
motion yields a new method to study flux flow in the su-
perconductor. Its sensitivity to the inhomogeneity reveals
information about the vortex dynamics that cannot be ob-
tained with any other technique. It gives simultaneously
important information on the local transport properties in
the 2DEG.
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