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We report swept frequency measurements �2–20 GHz� of the microwave resistivity in MgB2, in the pres-
ence of a static magnetic field. Through these data, we experimentally determine the region of the �H ,T� plane
in which the � band does not significantly contribute to the superfluid density. Within that region, we show that
data can be interpreted through standard models for vortex motion and quasiparticle resistivity. We obtain the
temperature-dependent � band superfluid density and the upper critical field. We find excellent agreement
between the dc and microwave estimates of the upper critical field. The temperature-dependent superfluid
density agrees with a BCS calculation based on independently obtained data for the large gap. We also measure
and discuss the vortex characteristic frequency due to pinning effects.
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I. INTRODUCTION

The complexity of the �H ,T� diagram of magnesium di-
boride �MgB2� has stimulated in the last years a large
amount of papers, related to the study of the various charac-
teristic magnetic fields of the material.1 The presence of two
electronic bands �� and � bands� is in this view a fundamen-
tal challenge, and a number of techniques have been used to
get information on the superconducting parameters of both
these bands and of the material altogether.2 Among other
studies, the electromagnetic response of MgB2 at microwave
frequencies has attracted the interest of researchers,3 due to
the large number of interesting physical parameters that can
be detected through the microwave measurements. A particu-
lar research topic is the response in presence of an applied
static magnetic field. When analyzing the microwave re-
sponse in a magnetic field, most of the reported analysis
relyies on the assumption of validity of the two-fluid model
and more or less standard dynamics for vortices.4,5 In the
case of MgB2, however, one has to take into account that the
presence of two coexisting superfluids �coming from the �
and � bands� makes the standard two-fluid model not neces-
sarily adequate for this material. In particular, the observed
temperature dependence of the zero field penetration depth
cannot be described by standard two-fluid expressions.3

Further, vortices are predicted to have more complex
structure than standard ones,6 suggesting that the standard
models for the flux dynamics could fail when applied to
MgB2. Finally, even in standard superconductors, the two-
fluid model is not reliable close to the transition to the nor-
mal state where different phenomena �fluctuations, coher-
ence effects� are expected to occur.7 The description of the
mixed state of MgB2 in terms of two fluid models and stan-

dard vortices might then be inadequate in large regions of the
�H ,T� phase diagram �see Fig. 1�.

A number of experimental works have shown, on the
other hand, that a relatively sharp crossover occurs, within
the mixed state, at low field. Scanning tunnel experiments8

showed that the superconductivity coming from the � band
is strongly suppressed by applying a field as low as 0.5 T.
Similar results have been observed by point contact
spectroscopy.9 It was also shown10 that the vortex lattice un-
dergoes a spatial rotation when the magnetic field becomes
of order 0.5–1 T, indicating that relevant changes on the
vortex interactions among themselves and with the underly-

FIG. 1. Main panel: regions of the �H ,T� phase diagram where
the two-fluid model could fail �shaded regions, see text� and ex-
pected values for the superfluid conductivity �2 of the two bands.
Inset: general shape of the curves �1��� �filled circles� and �2���
�open circles� according to Eq. �2�.
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ing crystal lattice occur in that field range. All these results
suggest that above a relatively low field H* the superfluid
fraction of the � band is strongly suppressed, and vortices
change their nature from the complex, composite structure
predicted at low fields to a more standard, “single-band-like”
structure.

In this paper, we present a large set of measurements of
the microwave complex resistivity �̃=�1+ i�2, as a function
of temperature T, magnetic field H and frequency �. These
measurements are performed on a MgB2 film through a
Corbino disk technique, which allows us to have information
on both the real and the imaginary part of the resistivity over
a continuous, wide band �2–20 GHz� spectrum. We will
show that through these data it is possible to experimentally
define a temperature dependent magnetic field H1, which can
be identified with the field H*. Further, we will show that the
microwave response above H* can be described by a gener-
alized form of the conventional one-band model for the re-
sponse of vortices, superfluid and normal fluid, in which the
“normal fluid” is given by the normal part of the � band plus
the � band, the “superfluid” is given by the superconducting
fluid of the � band, and vortices can be described as standard
ones. In the following, we will refer to this model as a “gen-
eralized two-fluid/vortex” �GTFV� model. We obtain the
physical parameters which characterize, within this simple
model, the normal fluid, the superfluid, and the vortices. We
find for the first time a good, quantitative agreement between
the parameters obtained through microwave data and those
obtained through independent measurements.

The paper is organized as follows: in Sec. II, we recall the
main results of the model that we use for the description of
the microwave resistivity data, and we discuss its applicabil-
ity to the case of MgB2. In Sec. III we summarize the exper-
mental setup used and sample characteristics. In Sec. IV we
describe and discuss the experimental results. Brief conclu-
sions are reported in Sec. V.

II. THEORY

Within the limit of validity of the two-fluid model, a very
general expression for the surface impedance of a semi-
infinite superconductor in the mixed state is11

Zs�B,T� = i��0�̃ = i��0� �2�B,T� − �i/2��̃v
2�B,T,��

1 + 2i�2�B,T�/�nf
2 �B,T,��

�1/2

,

�1�

where ��B ,T�=�0 /�ns�B ,T� is the London penetration
depth, ns�B ,T� is the superfluid fraction, �nf�B ,T ,��
= �2�nf /�0��1/2 is the normal fluid skin depth, �nf�B ,T�
=1/�nf =1/ �nn�B ,T��n	 is the �real� resistivity due to
quasiparticles,12 nn�B ,T�=1−ns�B ,T� is the normal fluid
fraction, �n=1/�n is the normal state conductivity, and

�̃v
2�B ,T ,�� is the complex penetration depth arising from

vortex motion. The surface impedance Zs is related to the
complex microwave resistivity of the superconductor �̃
through the standard relation Zs= �i��0�̃�1/2. One then gets

�̃=�1+i�2=i��0�̃2 and, after some algebra

�1

�n
=

1

1 + ��/�s�2�r1��,B,T� +
�

�s
r2��,B,T�� ,

�2

�n
=

1

1 + ��/�s�2�r2��,B,T� −
�

�s
r1��,B,T�� , �2�

where r1=Re��v	 /�n, r2=Im��v	 /�n+ ��nf /�n��� /�s�, �v

=�0��̃v
2 /2 is the complex resistivity due to the motion of

vortices, and �s�B ,T�= ��nf�B ,T�	 / �2��0�2�B ,T�	. It is easy
to verify that with this definition of �s, one has � /�s
= �� /�nf�2, so that �s is the frequency above which �nf be-
comes shorter than �. Equations �2� contains in a self-
consistent way both the quasiparticle contribution �through
�s and �nf� and the motion of vortices �through �v�. The
model is founded on the interaction between charge carriers
and a system of magnetic vortices moving under the influ-
ence of rf currents and pinning phenomena. Charge carriers
are thought as bearing superconducting currents, represented
by a single superfluid fraction ns�B ,T�, which gives rise to an
imaginary conductivity, and normal currents, represented by
a normal, real conductivity �nf. It is not clear at present
whether the model can be extended to include the interaction
of different supercurrents, coming from � and � superfluids,
with composite vortices, as predicted in two-band
superconductors.6 However, in the region of the �H ,T� phase
diagram above H*, we expect that the GTFV model �which is
founded on the same hypotheses from which are obtained
Eqs. �2�	 is an adequate description of the superconductor.
We then expect that Eqs. �2� can be safely used above H*.

Equations �2� are equivalent to expressions widely used
for the microwave resistivity of a superconductor in the
mixed state when some further approximations are satisfied.
In particular, they reduce to the conventional Gittleman-
Rosenblum expressions for the resistivity13 in the limit
� /�s	1 �that is, when the quasiparticle response can be ne-
glected� and using the standard expressions for the vortex
resistivity �v. However, this limit is oversimplified with re-
spect to the more general case of a superconductor in a mag-
netic field: the limit � /�s	1 is not always satisfied, while
different expressions have been proposed for the behavior of
�v as a function of frequency, magnetic field, and tempera-
ture, depending on the specific features of the potential seen
by vortices during their motion �pinning potential, surface
barriers, etc.�.14 Whichever is the model for �v, there are
however some general features that can be stated on the mo-
tion of vortices in different dynamical regimes: at rather low
frequencies, vortices are induced to move over large dis-
tances, thus probing the pinning profile. In the presence of
strong enough pinning or interactions with other vortices, the
mobility of vortices will then result lower than the free flow
value, so that Re��v	
� f f =�0B /� and in general Im��v	

��0. With increasing frequency, and above a vortex char-
acteristic frequency �0, the oscillation amplitude becomes so
small that the pinning potential is nearly ineffective, result-
ing in a purely dissipative vortex motion with Re��v	=� f f

and Im��v	=0. The real part of �v is then expected to in-
crease from the dc value to the free flow value � f f with
increasing frequency. More, in the frequency range in which
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the crossover takes place, Im��v	 presents a maximum
around the characteristic frequency �0, being essentially zero
both at zero frequency and at large frequencies. Interestingly,
Eqs. �2� present the same features around the second charac-
teristic frequency �s �an increase, followed by a plateau, in
�1 and a peak in �2 for �
�s� so that any variation of the
real part of �̃ as a function of frequency is followed by a
corresponding variation of the imaginary part, in the same
frequency range. Schematic shapes of the curves �1 and �2 as
obtained from Eqs. �2� are reported in the inset of Fig. 1
using for �v the frequency dependence obtained in Ref. 11
�the detailed shapes of �1 and �2 might be different around �0
if one considers different models for the vortex dynamics�.
We stress that, since both �s and �0 depend on T and H, the
section of the curve explored by measurements performed at
fixed frequency �or, as in our case, at fixed frequency inter-
val� might change with T and H, making the extraction of
physical parameters extremely difficult. In particular, should
the frequency �0 change abruptly as a function of field, any
measurement at fixed frequency �with �
�0� would hardly
give any information on the various parameters involved in
the expressions of the resistivity, unless very specific models
for the vortex dynamics are invoked.

III. EXPERIMENTAL SETUP AND SAMPLES

Measurements are performed on a square �l=5 mm�, thin
�d=100 nm� MgB2 film, grown by pulsed laser deposition
with a two-step technique on c-cut sapphire substrate. Details
on the sample preparation can be found in Ref. 15. The
sample is oriented both along the c axis �the FWHM mea-
sured from the rocking curve on this particular sample was
1.2°� and within the plane, with ��40 K�=5 �� cm−1. Esti-
mates of the critical fields parallel to the planes �Hc2,�

dc � and to
the c axis �Hc2,�

dc �, and of the critical temperature Tc
dc=36 K,

were obtained by resistivity measurements in magnetic field
up to 9 T, using standard four-probe technique and a crite-
rion of the 90% of the normal state resistance. Through this
definition, one gets an approximately linear behavior of
Hc2,�

dc �T� down to 4.2 K �see Fig. 5� and an anisotropy ratio

�=Hc2,�
dc /Hc2,�

dc 
3, decreasing with increasing temperature.16

Measurements in the microwave range are obtained through
a Corbino disk geometry: a swept frequency microwave ra-
diation is generated by a vector network analyzer �VNA� and
guided to the sample under study through a coaxial cable.
The sample, placed inside the cryomagnetic apparatus, short-
circuits the coaxial cable. Measuring the reflection coeffi-
cient �m of the whole system �cable and sample� through the
VNA, we then obtain the effective impedance of the sample
as a function of frequency, magnetic field �up to 12 T, al-
ways perpendicular to the film plane� and temperature. To
this end, a custom procedure is used to extract from �m the
part due to the sample only, that is the reflection coefficient
at the sample surface �0 which is related to the effective
surface impedance Zef f of the sample by the standard relation

�0 =
Zef f − Z0

Zef f + Z0
,

where Z0 is the impedance of the cable. Due to the small
thickness of the sample, the thin film approximation holds17

and one has Zef f = �̃ /d. Thus, contrary to the case of measure-
ments on crystalline or bulk samples, in the case of thin films
the real and imaginary parts of Zef f directly give the values of
�1 and �2. Details of the experimental procedure and tests of
the correctness of the approximations involved can be found
in Ref. 18. Corbino disk measurements are performed in a
static magnetic field up to 12 T applied parallel to the c axis.
Using this technique, we determine the complex resistivity �̃
of the sample in a one decade wide �2–20 GHz� frequency
range, over the whole �H ,T� superconducting phase diagram.

In Fig. 2 we report the real part of the complex resistivity
�̃, for H=0, as a function of temperature and frequency. As
can be seen, the resistive transition is reasonably sharp at low
frequency ��=2 GHz�, while it widens at larger �. This fea-
ture is common to other MgB2 films of the same batch, while
it is not observed in YBa2Cu3O7−� samples,18 indicating that
it is more likely due to some characteristic of MgB2 rather
than to some feature of the technique used.

FIG. 2. The frequency and temperature de-
pendence of the real part of the resistivity with no
applied magnetic field, normalized at 36 K. Iso-
thermal curves are plotted.
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IV. EXPERIMENTAL RESULTS AND DISCUSSION

As a first step, we present the measured data as a function
of magnetic field, at fixed temperature and different frequen-
cies. In Fig. 3 we report the measured �1 �upper panel� and
�2 �lower panel�, normalized to the normal state resistivity
�n, as a function of field for T=15 K. Similar results are
obtained at all temperatures.19 We first try to examine our
results within the somehow conventional view of the vortex
motion as the unique source of the magnetic response. In
other words, we try to analyze the data by assuming the
validity of the GTFV model for all fields and temperatures,
neglecting also the quasiparticle contribution �� /�s	1�. We
first focus our attention on �1. The observed behavior could
be, in principle, explained in terms of vortex motion only: as
expected from the general considerations mentioned above,
the real resistivity grows, at fixed field and temperature, as a
function of frequency, reflecting the lower and lower efficacy
of the pinning phenomena as the frequency is increased.
More, as the frequency is increased ���12 GHz�, the ob-
served frequency dependence of �1 becomes smaller and
smaller, while �1 becomes linear as a function of field, as it
would be expected for the flux flow limit predicted at high
frequency. However, in this framework the upper critical
field should be identified as the point where � f f /�n=H /Hc2
�obtained as the extrapolation of the linear slope at small

fields� is equal to one. The critical field obtained in this way
would result much lower than the Hc2

dc measured on the same
sample through dc measurements �see figure�. Further, the
linearity of � vs. H is restricted to rather low fields �H

3 T�, that is just to about Hc2

dc /2. If, on the other hand, one
assumes � f f =�nH /Hc2 at all fields, this would result in an
apparently field-dependent upper critical field. An analysis of
this kind has been performed in Ref. 20.

These puzzling results find a counterpart in the behavior
as a function of field of �2 /�n �see Fig. 3, lower panel�. Two
main features are clearly evident: the first one is observed at
low fields �H
H1, operatively defined in Fig. 3; see also
the next subsection� and high frequencies �in this case,
��15 GHz�, where the observed �2 /�n increases abruptly at
low fields, then smoothly decreases as the field is further
increased. The second one is seen at high fields �H�H2,
operatively defined in Fig. 3; see also the next subsection�
where �2 /�n, though clearly nonzero, is almost constant as a
function of frequency over a variation of one order of mag-
nitude for �. Both these features are difficult to be interpreted
in terms of vortex motion: in fact, a rapid growth of �2 at
high frequency can be explained only assuming that the char-
acteristic frequency for the vortex motion �0 is close to
15 GHz and strongly field dependent. However, measure-
ments of �1 in the same field range �see the upper panel of
the same figure� seem to indicate that the flux flow limit is
reached at the same frequencies, that is, �0 is sufficiently
lower than 15 GHz. On the other hand, a constant but not
zero value of �2 is never predicted over a one decade wide
range of frequencies, so that the dynamics of the supercon-
ductor at high fields, as resulting from our data, can hardly
be described in terms of conventional models. We note that
the raw experimental data here presented, if sampled at a
single frequency, are in substantial agreement with previous
single frequency measurements4 obtained through the reso-
nant cavity technique. In that case the rounding of the �1 vs.
H curves was interpreted as a signature of large effects of
fluctuations across Hc2. Discrepancies still took place, in par-
ticular the values of Hc2 obtained through a fluctuational
scaling procedure were found to be still lower than the val-
ues found in literature. We stress, however, that swept-
frequency measurements on one side highlight much deeper
inconsistencies with the identification of the response with
vortex motion alone, while on the other hand reveal a clearly
richer physics of the vortex state in MgB2. As we will see in
the following, the frequency-dependent measurements and a
proper analysis of these data lead to a consistent interpreta-
tion of the field, temperature, and frequency dependendence
of the microwave response in the intermediate field region.
In particular, we will see that it is essential to include the
temperature and field dependence of the quasiparticle contri-
bution.

A. Determination of crossover fields

As a first step, we analyze the low field data. We focus the
attention on the high-frequency data, since they are much
less affected by the severe complications arising from pin-
ning as can be inferred by the little frequency dependence of

FIG. 3. Upper panel: �1 /�n at various frequencies ��
=2,5 ,6 ,12,15,18 GHz�, at T=15 K as a function of field. The
extrapolated value for Hc2 �see text� results to be much lower than
the upper critical field obtained through dc data. Lower panel, main
panel: �2 /�n at the same frequencies and temperature, as a function
of field. The arrows mark the two characteristic fields H1 and H2

�see text�. In the inset, �2 /�n at different temperatures ��
=17.5 GHz� showing the evolution of the field H1 as a function
of T.
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�1 at these frequencies. As previously discussed, a steep in-
crease of �2 vs. H is observed, up to a temperature-dependent
field H1. The temperature evolution of this feature is pre-
sented in the inset of the same figure. The temperature de-
pendence of the field H1 is regular, and it is presented in Fig.
5. We now show that the field H1 can be identified with the
field H* above which the superfluid contribution of the �
band is expected to be negligible. To this end, we notice that,
as discussed above, the �1 data indicate that �0 is sufficiently
lower than 15 GHz. As a consequence, at high frequency and
low fields, if the GTFV model is applicable, one may take as
a first approximation r1
�0B /��n and r2
��nf /�n�� /�s, so
that one may write

�2

�n
=

�/�s

1 + ��/�s�2��nf

�n
−

�0

��n
B� 


2���0�2

�n
��nf

�n
−

�0

��n
B� ,

�3�

where for the last approximate equality we used the defini-
tion of �s and the fact that at low enough fields and tempera-
tures one expects �� /�s�2	1. In a single-band supercon-
ductor, at low fields the decrease of the term within square
brackets overcomes the increase of �, leading to a decreasing
�2 vs. B. The same behavior is expected in MgB2 above H*,
since in that case also there is only one field scale �H /Hc2�
for both the superfluid density and the free vortex motion. It
is then reasonable to identify H1 with H*, the traditional
behavior observed only above H1. This identification is fur-
ther confirmed by the behavior as a function of T of the field
H1 �see Fig. 3, inset of the lower panel, and Fig. 5�: as
expected, H1 decreases as a function of T, until at tempera-
tures close to Tc the peak for �2�H� disappears, and H1 can-
not be defined any longer. Further, the numerical values of
H* defined in this way are in good agreement with indepen-
dent estimates of the same characteristic field.8–10,21 The
rapid growth of �2 for H
H* can be qualitativley explained
as follows: being the vortex motion simplified to the flux-
flow limit �this is clearly true only at high frequencies� below
H* the field scale for the flux motion is given again by the
upper critical field, while � is expected to steeply increase as
the conductance of the �-band superfluid becomes negli-
gible, that is between H=0 and the characteristic field H*.
The behavior of �2 at low fields and high frequency can thus
be understood as a signature of the rapid growth of � for
H→H*, followed by the standard decrease as a function of
field when the material, at higher fields, becomes comparable
to a single-band superconductor. We note that at lower fre-
quencies the variation of �2 as a function of field is by far
more complex, involving also the variation of �0 with H.
Since it has been shown10 that the vortex lattice changes its
orientation across H*, it is reasonable to assume that also �0
�related to the pinning strength� might abruptly change
across H*, so that the response at low field can be rather
difficult to be described at lower frequencies. Again, the
frequency-dependent data are a key factor for a correct iden-
tification of different dynamic regimes.

We now come to the high field data. As discussed previ-
ously, we find an almost frequency independent, nonzero �2.
This finding cannot be explained in terms of Eqs. �2�, for any

choice of the parameters involved. Other contributions are
indeed expected to come into play as the normal state is
approached, such as fluctuations or coherence effects, so that
the failure of Eqs. �2� is not surprising at high enough fields.
On the other hand, it is reasonable that these contributions do
not come abruptly into play, rather their relevance grows
continuously as Hc2 is approached. We then interpret the ex-
perimentally defined H2 as being representative of a smooth
crossover line in the H-T plane above which the GTFV
model is no longer able to catch the main features of the
superconducting response: above H2, other contributions are
strong enough as to make impossible to safely apply Eqs.
�2�.

B. Determination of Hc2 and ns

According to the previous discussion, H1�T� and H2�T�
represent the border lines of the region in the �H ,T� plane
where the GTFV model could be applicable �see Fig. 1�. This
peculiar two-fluid is characterized by a superfluid fraction
ns�B ,T� which is related to the superfluid fraction of the �
band ns,��B ,T�=Ns,� /N� �that is, the superfluid volume den-
sity divided by the total volume density of electrons in the �
band� through the relation ns�B ,T�=Kns,��B ,T�, with K
=N� / �N�+N��, N� being the volume density of electrons in
the � band. The corresponding normal fluid resistivity is
given by an appropriate combination of the resistivities of
the normal fluid of the � band �nf ,� and the normal resistivity
of the � band �we neglect the small fraction of electrons of
the � band that might still be superconducting above H*�.
Within the same region, we assume that vortices are standard
�single-band� vortices, whose equation of motion is the same
as for traditional vortices. All these assumptions lead to the
validity of Eqs. �2�.

In order to reduce the number of free parameters, we
make some general considerations on the T and H dependen-
cies of the parameters �s and �nf describing the superfluid
and the quasiparticles. First, we notice that above H1, most
of the electrons of the � band are in the normal state. In this
case, � is determined by the � band only, so that �2�B ,T�
=�0,�

2 /ns,��B ,T�=K�0,�
2 /ns�B ,T�, where �0,� is the zero tem-

perature, zero field value of the � band penetration depth and
we have used the relation ��0,� /���B ,T��2=ns,��B ,T�. One
then gets

�s�B,T� = C
�nf�B,T�

�n
ns�B,T� �4�

�where C=�n /2��0K�0,�
2 �, so that the magnetic field and

temperature variations of �s are entirely determined by the
ratio �nf /�n and by the variation as a function of T and B of
ns.

Second, since it has been shown22 that the two bands in-
teract very weakly with each other, the overall conductivity
of the normal fraction of the generalized two fluid supercon-
ductor above H1 can be written as �nf =�n,�+ �1
−ns,��B ,T�	�n,�. Further, using the determination of the up-
per critical fields through dc measurements, it is possible to
estimate the normal state resistivities of the two bands: using
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the Gurevich model23 and the measured temperature varia-
tion of the anisotropy factor � between the in-plane and the
out-of-plane upper critical fields, we conclude that in our
sample the � band is characterized by a lower diffusivity
than the � band �D�
D��15,24 with a ratio �n,� /�n,�
0.25.
Both the normal state resistivity �n=1/ ��n,�+�n,�� and, to a
larger extent �due to the 1−ns,��B ,T� prefactor for �n,�	,
�nf =1/�nf are then close to �n,�=1/�n,�. We then conclude
that, to a good approximation, one may take �nf /�n=1 in all
the field and temperature region H�H1�T�, and that the T
and B variations of �s�B ,T� are entirely determined by
ns�B ,T�.

Finally, bearing in mind that we refer to the intermediate
field and temperature region �above H* and sufficiently be-
low Hc2�, we can reasonably take the field dependence of the
superfluid fraction as given by the standard expression for a
superconductor with a single, s-like gap,3,25 given by

ns�B,T� = ns0�T��1 − b� , �5�

where b=B /Bc2�T�
H /Hc2�T� and ns0�T�=Kns,��B=0,T� is
the �extrapolated� zero field value of ns. We stress that ns0�T�
is not related in a simple way to the value that is obtained
through experiments that measure the superfluid density at
B=0, being in that case ns

meas�B=0,T�=ns,��B=0,T�
+ns,��B=0,T�.

Once the general frame has been defined, we use the re-
sistivity data to extract the physical parameters defining the
superfluid state. According to the previous discussion, these
parameters are, for each temperature, the zero field �extrapo-
lated� superfluid density ns0�T� and the upper critical field
Hc2�T�. We will extract these values from microwave data
and compare them with the values that are obtained from
independent measurements. The values of ns0 and Hc2 for
each temperature can be obtained through a self-consistent
procedure. As a first step, we notice that, if the value of
�s�B ,T� is known at any fixed temperature and field,
r1�� ,B ,T� and r2�� ,B ,T� can be obtained from the measured
�1 /�n and �2 /�n by inverting Eqs. �2�. Although the fre-
quency, temperature, and field dependence of r1 and r2 are
not known a priori, the high frequency limit of r1 is known:
in fact, as discussed in Sec. II, at high enough frequency
R��v	→� f f so that, assuming the validity of the Bardeen
Stephen expressions for the flux flow resistivity, one should
have r1→b at large �. We then choose a given temperature
T0 and calculate, for any value of H, a tentative value of �s
through Eq. �4�, using for ns the value that can be obtained
through Eq. �5� by fixing the values of ns0�T0� and Hc2�T0�.
We then obtain for all fields r1�� ,B ,T0� inverting Eqs. �2�
and we check that they approach a constant value at high
frequency. The values of ns0�T0� and Hc2�T0� are then
changed until, for all fields, the high frequency value for r1 is
equal to b=H /Hc2�T0�.

In Fig. 4 we report the behavior of ns0�T�, normalized to
the lowest temperature value ns0�T=5 K�. Since ns0

=Kns,��B=0,T�, this behavior should be compared with the
temperature variation of ns,��B=0,T�, as obtained in an in-
dependent way. We then calculate ns,��B=0,T� using the ex-
pressions of the BCS theory,7 and the values of the gap

���T� measured by point contact spectroscopy.26 The agree-
ment between our determination and the theoretical predic-
tions is excellent and gives a strong support to the consis-
tency of the analysis performed in this paper.

We also notice that if one further assumes that ns,��B
=0,T=0�=1, one may obtain the value of the prefactor CK,
which is proportional to the ratio �n /�0,�

2 . In this way, using
the value of �n that can be obtained through the dc measure-
ment on our sample ��n=5�� cm�, we obtain �0,�

=370 nm. This value should be considered as an order of
magnitude estimation, due to the approximations used
through the analysis.

On the other hand, in Fig. 5 we report the upper critical
field Hc2 as obtained from our self-consistent procedure �full
circles� and the upper critical field obtained independently
from the dc measurements �open circles�. Again, the agree-
ment is excellent, further confirming the consistency of the
underlying model. This is an important result of this paper: it
is worthwhile to stress that previous analyses have never
been able to describe the microwave data using the same

FIG. 4. The behavior of the obtained ns0�T� normalized to the
low temperature value �full circles� together with the BCS calcula-
tion �open circles, see text�. Dashed line is a guide for the eye.

FIG. 5. The values of Hc2 �full circles� as obtained from the
self-consistent procedure described in the text. Values of H1 �full
diamonds� and H2 �open diamonds� and the behavior of Hc2,�

dc �T� as
obtained from the dc measurements �open circles�are also reported.
The dashed regions have the same meaning as in Fig. 1.
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parameters obtained from low frequency measurements. In
particular, the upper critical field was found to be field
dependent20 or anomalous field dependencies for the vortex
viscosity were invoked.5

C. Vortex motion parameters

As a last step, we extract from our data the temperature
and field dependence of the characteristic vortex frequency
�0, in order to check the validity of the assumption �0

15 GHz used in the discussion of Fig. 3 and to get infor-
mation on the pinning phenomena in our film. To this end,
we notice that Eqs. �2� can be inverted getting

Re��v	
�n

= r1 =
�1

�n
−

�

�s

�2

�n
,

Im��v	
�n

= r2 −
�nf

�n

�

�s
=

�2

�n
+

�

�s

�1

�n
−

�nf

�n

�

�s
.

Using the values of �s and �nf /�n obtained previously, it is
then possible to extract from our data the curves
Re��v	 /�n��� and Im��v	 /�n��� describing the resistivity due
to the vortex motion alone for any value of H and T. We may
then compare the resistivity due to vortex motion to some
specific expression for �v as a function of �, containing the
parameter �0. We make use of the theory developed by Cof-
fey and Clem,11 which takes into account both creep and
pinning for vortices. Within that theory, the real and imagi-
nary parts of �v are given by

Re��v	
�n

=
� f f

�n

� + ��/�0�2

1 + ��/�0�2 ,

Im��v	
�n

=
� f f

�n

1 − �

1 + ��/�0�2

�

�0
, �6�

where � f f is the free flow value of the resistivity, which is
given by �nB /Bc2, and � is a factor accounting for possible
creep effects. We fitted all the curves Re��v	 /�n���,
Im��v	 /�n��� at any given temperature and field, using as
fitting parameters the two values � and �0 �� f f /�n=b is de-
termined by the value of Hc2 obtained previously�. A typical
result of the fitting procedure for T=15 K and �0H=3 T is
reported in Fig. 6 �solid lines�. The obtained behavior of �0 is
reported in the inset of Fig. 6 for various temperatures, as a
function of the reduced field b. As can be seen, �0 never
exceeds 10 GHz, for any temperature and field. Moreover, it

results to be strongly field dependent, in agreement with pre-
vious findings,4 suggesting a collective nature of the pinning
forces in this material. This conclusion is also supported by
the scaling, at low temperatures, of all curves �0�b�. A de-
tailed analysis of the vortex contribution to the microwave
resistivity is left for future studies.

V. CONCLUSIONS

We have presented in this paper complex resistivity mi-
crowave data in a large range of frequency. These wide band
data allowed for the experimental determination of the re-
gion in the �H ,T� plane in which only one band contributes
significantly to superconductivity. Within that region, the
contributions to the resistivity coming from vortex motion
and quasiparticles are identified and discussed. The �-band
superfluid density, the upper critical field, and the vortex
characteristic frequency have been extracted and successfully
compared to dc results and to previous findings.
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