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Experimental evidence is presented for a supercurrent oscillation arising from vortex
motion in the flux-flow regime of superconducting films with periodically modulated
thickness. An essential condition for detecting the rf electric field associated with the
oscillation is matching of the vortex lattice to the periodic pinning structure represented
by the thickness modulation.

This Letter reports the observation of radiofre-
quency (rf) electric fields in the flux-flow regime
of type-II superconducting films with periodically
modulated thickness when vortex motion is driven
by a dc transport current. These oscillating volt-
ages are a manifestation of a Josephson-like su-
percurrent oscillation arising from coherent vor-
tex motion in the one-dimensional periodic pin-
ning potential represented by the thickness modu-
lation. ' Evidence for the oscillation is found when
the value of the transverse magnetic field II=B
corresponds to matching of the vortex lattice to
the periodic film structure.

Several years ago, Kulik' and Schwartz' sug-
gested that there is a close analogy between the
flux-flow state in type-II superconductors and
the ac Josephson effect in superconducting weak
links. In fact, a moving vortex la,ttice can be
thought of as a supercurrent density distribution .

oscillating both in space and time in a way very
similar to that sometimes observed in weak links
in connection with the ac Josephson effect.4 Ac-
cording to this picture, one would expect the ex-
istence of electromagnetic radiation from type-II
superconductors in the flux-flow regime. ' '

As pointed out by Meincke, ' however, the dra-
matic mismatch between the flux-flow velocity
(or phase velocity of the supercurrent pattern)
and the phase velocity of the electromagnetic
field almost excludes the possibility of detecting

ac Josephson effects in type-II superconductors.
Meincke's argument, however, is only valid for
uniform motion of an extended vortex lattice. Ac-
tually, by considering flux flow in the presence
of pinning, Schmid and Hauger' have shown that
the pinning potential introduces the necessary
mechanism for coupling electromagnetic fields
to the supercurrent oscillations. This coupling
can be significant only when the effect of pinning
results in a sufficiently coherent modulation of
the vortex velocity. In this case the correspond-
ing modulation of the supercurrent density distri-
bution leads to a net supercurrent oscillation
which can therefore interact with the electromag-
netic field. This interaction was first demon-
strated experimentally for weak random pinning
by Fiory' and recently for a periodic pinning
structure by Martinoli et al'. ,' who observed quan-
tum-interference phenomena when the flux-flow
state was driven by superimposed dc and rf cur-
rents.

At this point, the problem of the direct detec-
tion of the supercurrent oscillation associated
with the moving lattice arises in a quite natural
way. In this connection, we note that Clem' pre-
dicts the existence of characteristic structures,
related to the oscillation, in the noise power
spectrum. Such structures, however, were not
observed by Fiory' for flux flow in a random pin-
ning potential. In this respect our modulated
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films appear more promising, since a sufficient-
ly coherent motion is expected when the vortex
lattice matches the periodic film structure. A
simple model accounts for the essential features
of vortex motion in thickness-modulated films. '
Assuming a harmonic film profile d(x, y) = d +Ad
x sin(qx) (q =2II/A. , where A. is the period of the
thickness modulation) and neglecting background
pinning effects, the motion of the vortex lattice
will be the same as that of a single flux line when
the matching condition, q = g, is satisfied (g is a
reciprocal-lattice vector). The equation of mo-
tion can then be written (for Ad/d «1) as

qu(t) =qx(t) =fL+(&d/d)q4(q) sin[qx(t)], (1)

where q is the viscosity coefficient describing
flux-flow damping, fI. =y, jd, is the dc Lorentz
driving force, and the last term represents the
harmonic pinning force. C'(q) is the Hankel trans-
form of the free-energy density distribution with-
in a vortex line. ' '

Using Anderson's phase-slip mechanism, we
have previously shown0 that Eq. (1) can be easily
transformed into an equation predicting how the
relative phase between two points of the mixed
state evolves in time in the flux-flow regime. In
that form, Eq. (1) is very similar to that describ-
ing the so-called resistively shunted Josephson
junction, a two-fluid model appropriate for vari-
ous types of weak links. ' ' In our case, how-
ever, we are not dealing with a single weak link
but with a two-dimensional array of weak links"
acting coherently when the matching condition is
satisfied. It is straightforward to extend well-
known results of the resistive-junction model to
our particular situation. Since the total dc cur-
rent is conserved, Eq. (1) predicts that an oscil-
lating electric field E(t) (corresponding to nor-
mal fluid) is generated across the normal cores
by dissipative feedback of the supercurrent oscil-
lation [represented by the last term in Eq. (1)].
E(t) is given by the following Fourier expansion":

E(t)/@d. = 1 +2 ZG1 —(1 —n')'"]/~]'"

x cos(n~t), (2)

where Ed, =p~(j0,'-j,')", n =jJjd„and 4& =qEdJ
B =qvd, is the fundamental frequency associated
with vortex motion in the periodic pinning struc-
ture. p& is the flux-flow resistivity and the criti-
cal current density, j„ is given by j,=(&d/d)q
x4'(q)/y0. We note that for cI «1 the only signifi-
cant contribution to E(t) arises from the funda-
mental (n =1) component.
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FIG. l. Block diagram of the detection system. The
matching configuration selected for this experiment is
also shown. The dashed line delimits the low-tempera-
ture part of the apparatus.

It is the oscillating electric field described by
Eq. (2) which has been the object of our investiga-
tions. The experiments were performed on gran-
ular Al films. The technique used to obtain the
thickness modulation has been reported elsewhere. '
For the present experiments A, is 1.9 p. m and (Ad/
d) amounts to - 5%. Other typical parameters
characterizing our layers can be found in Ref. 1.
To detect the oscillating E field, whose fundamen-
tal frequency is typically in the high-frequency to
very-high-frequency region, we have coupled out
part of the energy associated with the oscillation
into the combined heterodyne-phase-sensitive-
detection system shown schematically in Fig. 1.
A resonant LC circuit, tunable to frequencies f~
varying from - 25 to - 50 MHz, is directly con-
nected across the voltage contacts of the modulat-
ed film and serves essentially as a selective
matching transformer between the low-impedance
Al film and the relatively high input impedance of
the detector. " The rf-detection system is induc-
tively coupled to the resonant circuit. So far,
we have not attempted to optimize the coupling.
Therefore the rf-power-transmission coefficient,
T,f, between film and detector input is only mod-
erate (somewhat less than 10 ').

As we shall see below, our experiments require
a relatively large sensitivity. This is achieved
with a standard phase-sensitive technique which
takes advantage of the mixing properties of the
modulated films. A small, low-frequency (- 300
Hz) ac current is superimposed on the dc current
and modulates the velocity of the vortices. This
is equivalent to modulating the intrinsic frequen-
cies of the current-controlled voltage oscillation.
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FIG. 2. Recorder traces of the detector output as a
function of the dc electric field for a modulated (A, =1.9
pm), granular Al film. Parameter is the transverse
magnetic field, B. Bz corresponds to the matching con-
figuration shown in Fig. 1. The signal positions (indi-—
cated by two dashes) satisfy Ed, =RES. & = T/7', .

Ed, Af~B/n—— . (3)

is satisfied. As already discussed in Ref. 8, Eq.
(3) is expected to be valid also when B deviates
from the matching value, &~, even though this
reduces the signal intensity. Recorder traces of
the rf-detector output (with fD =30 MHZ) for sev-
eral values of & are shown in Fig. 2 as a function
of Ed, . The matching configuration q = gy where
g, is a nearest-neighbor reciprocal-lattice vec-
tor, is that illustrated in Fig. 1 and corresponds
to Bs = (W3/2)(po/A2) = 5 G. The antisymmetric
shape of the signals is a result of the experimen-
tal method and is unimportant in the present con-
text. One can immediately verify that the posi-
tions of the signals in Fig. 2 agree with those de-
duced from Eg. (3) when n =1. This indicates that
we have detected the fundamental component of
the osci11ation. Simultaneously, we have also

After demodulation the signal can be detected
with a conventional lock-in amplifier. With this
technique signals of 10 "W can be easily resolved.
With a detector frequency fs, signals revealing
the presence of the E oscillation are expected
whenever the condition

verified the linear dependence on B predicted by
Eq. (3). Moreover, Fig. 2 shows that, as B de-
viates from B~, the amplitude of the signals de-
creases and gradually vanishes, as one expects
from the reduced coherence of the moving vortic-
es when the lattice distortions induced by mis-
match of the vortex lattice with the periodic pin-
ning structure become too important. Similar
signals obeying Eq. (3) for n =1 have been ob-
served when fo was gradually increased up to- 50 MHz. For the results shown in Fig. 2, n is
-0.3, so that appreciable contributions from
higher harmonics are not expected. Harmonic
generation should be present if fD could be sig-
nificantly reduced below 30 MHz, a frequency
range unfortunately not accessible to our detec-
tor ~

In our experiments the rf power available at the
detector input amounts to -10 "W. This is much
less then the expected rf power, T, f(R&I,')/8, cal-
culated from Eq. (2)" and the transmission coef-
ficient T,f. This turns out to be -10 '-10 ' W
for typical values of T, & (&10 '), Rz (-10 ' 0), and

I, (10 ' A). Although this discrepancy is not un-
derstood in detail, it is clear that partly uncorre-
lated vortex motion due to the random background
pinning is responsible. In this connection, addi-
tional information concerning vortex motion in
superimposed periodic and random pinning po-
tentials may be deduced from a detailed study of
the shape of the emitted rf signals.
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A new Bose-operator expansion of tensor operators is applied to the heavy-rare-earth
metals. The Er data for the cone phase have been analyzed successfully with single~on
anisotxopy and isot~opic exchange interaction. The Tb data can be understood on the
same basis. The previously found large two-ion anisotropy was due to an inadequate
treatment of the large single-ion anisotropy leading to an incorrect expression for the
spin-wave energy.

Recently very accurate and detailed experi-
ments of spin-wave spectra in the heavy-rare-
earth metals' ' revealed that the magnetic inter-
actions might be exceedingly complex. It is in
particular difficult to understand the origin of the
reported lar ge two-ion anisotropy. ¹icklow et
al. ' pointed out that this might be due to an in-
adequate model Hamiltonian. I shall show for the
first time that the complexity is nonphysical and
arises from an inadequate traditional treatment
of the model Hamiltonian.

The previous analysis of the spin-wave data
has been done on the basis of the theory of Niira'
for the ferromagnet and by Cooper et al. ' for the
more general case including the spiral and cone
phases. They included an anisotropic exchange

interaction arid the crystal field in the model
Hamiltonian. Several subsequent theories added
finer details and extra interactions, such as the
magnetoelastic effect. ' However, all theories
are based either on the Holstein-Primakoff' (HP)
transformation or on random-phase-approxima-
tion decoupled-spin Green's functions. ' The an-
isotropy is treated incorrectly to lowest order
by these theories.

A new transformation of spin (tensor) operators
in terms of Bose operators has been developed.
This makes it feasible to treat a strongly aniso-
tropic magnetic system consistently to a given
order of perturbation in the crystal field versus
the exchange interaction. In terms of Bose oper-
ators, the Hamiltonian can generally (when ne-
glecting higher-order terms) be written as'"

(2)

It is therefore not possible" from a measure-
ment of E, alone to determine A, and B, uniquely.
The neutron scattering intensity contains suffi-
cient extra information in principle"; however,
in practice it is difficult to measure with suffi-
cient accuracy. Experimental information about
A, and B, separately has been obtained for two
types of structure. For the cone structure E,

where A, and B, are wave-vector-dependent func-
tions. The spin-wave energy is then" cE, so that two functions are available to deter-

mine A, and B, from (2). This was done for Er
by Nicklow et al. For a ferromagnet the effect
of an external magnetic field II is (predominantly)
to change A, to A, +gp, ~II. It is therefore possi-
ble, although less direct to find A, and B, sepa-
rately by studying the field dependence of (2).
This was done for Tb by Houmann and co-work-
ers. ' Both experiments revealed a strongly q-
dependent B,. On the basis of the existing theo-
ries' "this could only be understood as a re-


