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In this article we report the observation of a peak in the microwave surface resistance~at frequencies
;10 GHz! of laser ablated DyBa2Cu3O72d films in magnetic field ranging from 2 to 9 kOe (ic)
close to the superconducting transition temperature@Tc(H)#. The exact nature of the peak is sample
dependent but it follows a general behavior. The peak shifts to lower temperature when the magnetic
field is increased. It has strong frequency dependence and the peak is pronounced at frequencies
close to the depinning frequency of the flux line lattice. From the observed temperature and field
dependence we argue that this peak is associated with the order–disorder transition of the flux line
lattice close toTc(H). © 2001 American Institute of Physics.@DOI: 10.1063/1.1356046#

The phenomenon of ‘‘peak effect’’ associated with a
peak in the critical current (Jc) below the superconductor-
normal boundary in type-II superconductors has attracted
widespread attention in order to understand the order–
disorder transition1 in the flux line lattice~FLL! in type-II
superconductors in the presence of pinning arising from de-
fects in a crystallographic lattice. In varying temperature or
field measurement this peak is manifested in both transport
and magnetic measurements such as resistivity,1

magnetization,2 or ac susceptibility.3 Whereas the static mea-
surements such as magnetization probe the response of the
static FLL to an external applied field or temperature, the
dynamics of the vortex lattice is probed by applying a small
time dependent perturbation and measuring the response of
the FLL or by measuring the transport properties above the
critical current@Jc(H)# when the flux lines are moving. Both
kinds of measurements have yielded useful information in
recent times regarding the process of disordering of the FLL.

The peak in the critical currents occurring due to the
order–disorder transition of the FLL is rationalized within
the Larkin–Ovchinikov4 scenario where the effective pin-
ning force on the FLL is given byBJc(H)5(np^ f 2&/Vc)

1/2

wherenp is the density of pinning centers,f is the elementary
pinning force parameter, andVc is the Larkin volume over
which the FLL maintains its spatial order. With increasing
temperature or field̂ f 2& decreases thereby decreasing the
critical current density. However, at an order–disorder tran-
sition of the FLLVc goes to zero thereby giving rise to the
peak inJc(H). The exact details of the order–disorder tran-
sition have remained an issue of intense debate. Several sce-

narios, such as the melting of the FLL5 or its amorphization
to a state with quenched random disorder6 have been pro-
posed as the mechanism governing the peak effect phenom-
enon in type-II superconductors.

In typical ac susceptibility measurements used to study
the dynamics of the FLL the measurement frequencies vary
from a few hertz to a few megahertz. These measurements
do not reveal any frequency dependence of the peak effect in
agreement with a true phase transition.7 There are, however,
no reports of peak effect in microwave frequencies. Recently
we have been able to observe a pronounced peak effect in
epitaxial thin films of DyBa2Cu3O72d ~DBCO! at gigahertz
frequencies.8 In a typical microwave measurement the small
microwave excitation induces a current which is smaller than
the critical current of the superconductor. The vortices there-
fore move back and forth close to the minimum of the pin-
ning potential (V) and experience a restoring force close to
the potential minimum. The motion at these frequencies is
described by the equation of motion of a massless harmonic
oscillator in a viscous medium given by9

h ẋ1kx5F, ~1!

whereh is the Bardeen–Stephen viscous drag coefficient,k
is the pinning force constant, andF is the external force on
the vortex which is given byF5JF0 . It can be shown that
the vortex impedance is given by

Zv5
F0H

h

1

~11 ivp /v!
, ~2!

wherevp is the depinning frequency given byvp5(k/h). It
follows from Eq. ~2! that the vortex motion crosses over
from inductive for v!vp to resistive for frequenciesv
@vp giving rise to dissipation. To understand the origin ofa!Electronic mail: p.raychaudhuri@bham.ac.uk

JOURNAL OF APPLIED PHYSICS VOLUME 89, NUMBER 11 1 JUNE 2001

74900021-8979/2001/89(11)/7490/3/$18.00 © 2001 American Institute of Physics

Downloaded 26 Jun 2009 to 129.125.63.96. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



the peak using Eq.~2! we have to note that in the collective
pinning scenario the vortices within a Larkin volumeVc

move together like a semirigid body. Therefore the effective
restoring force constant on the vortices will be given by the
effective restoring force on all the vortices inVc . Therefore
the effective restoring force constant on the vortices within

Vc will be given byk}(np^ f 2&/Vc)
1/2 and will show a peak

at the order–disorder transition of the FLL.9 Since h de-
creases monotonically with an increase in temperature, this
will give rise to a peak invp . Therefore if the measurement
frequencyv is close to the depinning frequency the surface
resistance will show a dip~corresponding to the peak invp!
as one crosses the order–disorder transition. On the other
hand this effect will be much less prominent if the measure-
ments are done much below or above the depinning fre-
quency, namely, forv@vp or v!vp . In high Tc cuprates
with 123 structure the depinning frequency has been reported
to vary in the range 5–40 GHz.10

In this article we report the microwave response of two
superconducting DyBa2Cu3O72d films ~with c perpendicular
to substrate! grown by pulsed laser deposition on single crys-
talline LaAlO3 substrates. They are denoted as samples S1
and S2. The films were grown in 250 mTorr ambient oxygen
pressure. The substrate temperature was kept between 750
and 780 °C and the target substrate temperature was fixed at
4 cm. TheTc of both films measured through ac susceptibil-
ity using flat coil geometry was 9060.2 K. The films were
subsequently patterned into striplines with a width of 175
mm and a length of 10 mm. The measurements of microwave
surface resistance were carried out using the stripline reso-
nator technique using a Hewlett–Packard scalar network
analyzer.11 All the measurements were carried out at the
same relative incident microwave power level. Magnetic
fields up to 9 kOe were applied parallel to thec axis using a
conventional electromagnet.

Figures 1~a!–1~d! show the surface resistance (Rs) as a
function of temperature measured at 4.75 and 9.5 GHz~cor-
responding to the fundamental and first harmonic excitation
of the striplines! of the S1 and S2 samples, respectively.
Both display a pronounced peak followed by a dip in theRs

measured at 9.5 GHz. The evolution of the peak inRs with
magnetic field shows a common behavior in both samples.
With increasing magnetic fieldRs increases and the peak
shifts to lower temperatures. For theRs measured at 4.75
GHz the peak becomes much less prominent. However, the

FIG. 1. Rs vs temperature at 9.5 GHz for~a! S1 and~b! S2 for different
fields. The same at 4.75 GHz for~c! S1 and~d! S2.

FIG. 2. Rs vs temperature for the YBCO film at 4.75 GHz at different fields;
the inset shows the same for 9.5 GHz.
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peak inRs at 9.5 GHz is sharper in sample S2 than in S1. On
the other hand the peak inRs at 4.75 GHz is more pro-
nounced in S1 than S2. Also in addition to the main peak, the
surface resistance at 9.5 GHz shows a broad hump like struc-
ture before the main peak. This kind of complex structure is
not uncommon near the peak effect region and has been re-
ported earlier in ac susceptibility and transport measure-
ments.

To understand the difference between S1 and S2 we first
note that though samples S1 and S2 have nominally the same
Tc they contain different amount of disorder since they were
grown in separate runs. Consequently,np and therefore the
effectivek andvp are different in the two samples. We have
shown earlier that the peak in microwave will be most
prominent close tovp . From the present results it can be
argued thatvp is smaller in S1 than S2 though both lie in the
range of a few GHz to tens of GHz since at lower frequen-
cies the peak is more prominent in S1 and at higher frequen-
cies it is more prominent is S2. This implies that S1 has a
smaller density of disorder than S2 which is seen from the
value of theRs at 75 K at 4.75 GHz in zero field which is
300 mV for S1 and 900mV for S2. It is, however, to be
noted that Eq.~2! is not strictly valid for temperatures close
to Tc where large scale motion of the vortices can take place
due to thermal excitation. This could be in part the reason
why the peaks at 4.75 and 9.5 GHz do not occur at the same
temperature and fields.

In order to check whether the magnetic ion Dy has any
particular role in the peak effect observed in microwaves we
have also carried out these measurements in a laser ablated
film of the isostructural superconductor YBa2Cu3O72d

~YBCO! ~Fig. 2!. The peak effect in the YBCO film is simi-
lar to the peak effect in S2. The peak in theRs at 9.5 GHz is
sharp. Though less pronounced a clear peak effect is ob-
served in theRs at 4.75 GHz.

In summary we have observed a pronounced peak effect
in the microwave surface resistance of superconducting 123
films in the presence of a dc magnetic field. From the tem-
perature and field dependence of the peak we have argued
that the peak is due to the order–disorder transition of the
vortex lattice. Though related, this, however, is different
from the peak inJc observed from transport or magnetization
measurements since the microwave excitation induces a cur-
rent which is smaller than the critical current of the super-
conductor. From our observation we also conclude that the
depinning frequency is;10 GHz which matches reasonably
well with earlier estimates of depinning frequency in
YBCO.10
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