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We have used the parallel-plate resonator technique to study the microwave surface resistance R, and
the penetration depth A of YBa,Cu;0;_, thin epitaxial films at 5.5 GHz in the presence of magnetic field
H <0.8 T and at 30 K< T <80 K. The magnetic-field dependence of R, and A allows determination of
the vortex viscosity 7, pinning constant a, and depinning frequency @, for different field orientations.
To the best of our knowledge, this is among the first measurements of the angular dependence of 7, a,
and w,. We find that the angular dependences of 7, @, and w, are fairly well described by the scaling
model of Blatter, Geshkenbein, and Larkin. We demonstrate that (i) the temperature dependence of 7 is
well described by the Bardeen-Stephen model with reduced normal-state resistivity, (ii) the pinning con-
stant is close to its upper limit at lowest temperatures and decreases exponentially with increasing tem-
perature, and (iii) the depinning frequency is of the order of 10 GHz, almost orientation independent and
weakly depends on temperature. We analyze the values of the depinning frequency for different type-II
superconductors and demonstrate that it is directly related to the quasiparticle scattering rate.

I. INTRODUCTION

When a vortex line in a type-II superconductor oscil-
lates under the influence of an alternating current its
motion is limited by frictional and pinning forces. The
simplest description of the linear vortex dynamics is
given by the equation of motion suggested by Gittleman
and Rosenblum:!

nx+ax=Jd,, (1)

where J is the driving current density, x is the vortex dis-
placement, a is the pinning constant (Labusch parame-
ter), 7 is the viscous drag coefficient (viscosity), and ® is
the flux quantum. One can show that Eq. (1) leads to the
vortex resistivity
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Examination of Eq. (1) indicates that pinning forces dom-
inate at low frequencies while frictional forces dominate
at high frequencies. The depinning (crossover) frequency
@, delineates between the low- and high-frequency re-
gimes. At o >>w, vortex resistivity is real, p, =H®,/7,
and the vortex motion is highly dissipative, while at
o <<w, vortex resistivity is imaginary, p,=ioH®y/«,
and the vortex motion is almost nondissipative. The de-
pinning frequency is also closely related to the attempt
frequency that determines flux creep.”? Hence, w, is a
very important parameter of the vortex dynamics. The
depinning frequency was found to be in the MHz range
for several low-T, superconductors."* There are very
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few experimental studies of high-frequency vortex dy-
namics in oxide superconductors which indicate that for
these materials o, is in the microwave range.> '

For low-T, superconductors the depinning frequency
was determined by measuring the frequency dependence
of the vortex dissipation.! This is practically impossible
for high-T. superconductors because of the major
difficulty to change the frequency through several orders
of magnitude in the microwave range. However, it is
possible to determine w, using Eq. (3), e.g., through
simultaneous measurement of the pinning constant a and
the viscosity 7 using the same sample and experimental
setup.

Several experimental studies were dedicated to the
determination of either a (Refs. 13-15) or 1 (Refs. 5-8
and 15-17) in oxide superconductors. There are, howev-
er, only few studies''? in which a and 7 were deter-
mined simultaneously for the same sample. To the best
of our knowledge, the angular dependence of 7, a, and w,
in anisotropic superconductors was not studied yet exper-
imentally. (However, in oxide'® and organic'® supercon-
ductors there were studies of the angular-dependent mi-
crowave absorption which is determined by the combina-
tion of the viscosity and pinning constant.) The general
scaling arguments of Blatter, Geshkenbein, and Larkin,”
Klemm,?! Hao and Clem,?? Kogan and Clem?® suggest
that in the limit of individual vortices, when 7 and a do
not depend on magnetic field, their angular dependence
should be the same and the depinning frequency should
be orientation independent. The experimental data con-
cerning these issues are controversial. The anisotropy of
the pinning constant in YBa,Cu,0,_, single crystals'* is
in striking contradiction to the scaling arguments,”® while
the angular dependence of the vortex viscosity in
YBa,Cu;0,_, thick films'® obeys scaling arguments.
Therefore, the available experimental data suggest that
the depinning frequency may have strong angular depen-
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dence in contrast to the theoretical predictions.?’ Cer-
tainly, new investigations are needed to resolve this
discrepancy.

The parallel-plate resonator (PPR) technique?* allows
estimation of depinning frequency by measuring pinning
constant and viscosity simultaneously. Recently, this
technique was used!! to study viscosity and pinning in
thick YBa,Cu;0,_, films at moderate fields of 0.35 T
and for fixed orientation of the field H||c at several tem-
peratures. We modified the PPR technique in order to
study angular dependences and to accommodate larger
fields. The purpose of this paper is the systematic study
of the vortex viscosity, pinning constant, and depinning
frequency in thin YBa,Cu;0,_, films as function of the
field orientation and temperature.

II. METHODOLOGY

A. Theory of operation

The parallel-plate resonator (PPR) is a very sensitive
technique to measure surface resistance and surface reac-
tance of superconductors.”* The resonator consists of a
pair of superconducting films and a thin dielectric spacer
in between. The Q factor of such resonator is determined
by the dissipation in the superconductor, by the losses in
the dielectric spacer and by radiation losses. For a reso-
nator with sufficiently thin spacer the dissipation in the
superconductor is the main source of losses. The reso-
nant frequency of the parallel-plate resonator is given by
Ref. 24 as follows:

2 2

<
ek

o
2L

m

fi= - ARE @

where € is the dielectric constant of the spacer, L and W
are the length and width of the films, n and m are the
mode numbers [for the fundamental mode (n,m)=(0,1)
or (1,0)], and K is a dimensionless complex factor that ac-
counts for the decrease of the phase velocity due to the
inductance of the superconductor and is given by

d

A

K=1+ 24 coth (5)

Here, s is the thickness of the dielectric spacer, d is the
film thickness and A is the complex penetration depth.
We define the complex frequency shift as
8f/f=Af/f+iQ !, where Q ~! is the loss factor of the
resonator due to the dissipation in superconductor, and

Af/f is the resonant frequency shift. Provided
|[K—1|<<1, the complex frequency shift is
8f/f =(K —1)/2. Then Eq. (5) yields
Af =Re &coth 4 ’ , (6a)
f s
“t=1m [ L coth | 4 ] (6b)
s A

In the thick-film limit A <<d, Eq. (6) reduces to
8f /f =A/s, while in the thin-film limit A >>d, it reduces

to 8f/f =A?/sd. Using experimentally determined pa-
rameters Af/f,Q !, and Eq. (6), one can find the real
and imaginary parts of the penetration depth and calcu-
late the surface impedance Z,=R,+iX,=iwu,h. We
note that in the thick-film limit the surface resistance R,
and reactance X; are directly related to the Q factor and
frequency shift Af, respectively,

R,=2wfsQ !, (7a)
X,=2msAf . (7b)

We estimate the vortex viscosity and pinning constant
from the magnetic-field dependence of the penetration
depth as follows. Neglecting quasiparticle skin depth, the
high-frequency penetration depth in a magnetic field and
not very close to 7, may be written as®
AXH,T)=AYT)+AX(H,T). Here, A, is the vortex
penetration length (complex) and A, is the London
penetration length in the absence of a magnetic field.
Penetration length is directly related to the resistivity
A’=ip/op, From Eq. (2) we find the real and imaginary
parts of A :

®

ReA)=—H L (8a)
apy 1+ (w/w,)
® /

Im(A2)= L 2% (8b)
apy 1+(w/w,)

Im(Al)

Re(A2) @ (8c)

In the actual experiment we measure the Q factor and
frequency shift Af /f of the resonator and calculate the
complex penetration depth A using Eq. (6). We deter-
mine A, A, and then we find o, from Eq. (8c). Using this
value of wy, we find a and 7 from Egs. (8a) and (8b).
Note, that we do not assume a priori any specific field
dependence of w,, a, and 7).

The above model presents the simplest approach to the
vortex dynamics. Equations (1) and (8) operate with two
independent parameters a and 7 (a and w,). For their
determination it is necessary to measure two independent
variables, e.g., Re(A2) and Im(A2). The more complicat-
ed Coffey-Clem model?® accounts for the flux creep and
introduces an additional parameter U,(T), namely, the
height of the pinning potential. This parameter can be
found from the frequency dependence of Re(A2) and
Im(A2). Very recently, Revenaz et al.'> measured fre-
quency dependence of the surface impedance of
YBa,Cu;0,_, striplines and analyzed their data in terms
of the Coffey-Clem model. Reference 12 demonstrates
that while flux-creep processes in YBa,Cu;O,_, thin
films might be relevant at 1 GHz, they are not that im-
portant at higher frequencies. Therefore, we work at the
frequency of 5.5 GHz and use the simplest model [Egs.
(1) and (8)] with the minimal number of fitting parame-
ters.

B. Experimental procedure

We used the PPR technique with the following

modifications.
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(a) The coupling to the parallel-plate resonator is usual-
ly performed by microstrips or gradient loops.?* These
methods have some drawbacks. In fact, coupling by mi-
crostrips is not very efficient, while for gradient loop cou-
pling there is uncertainty in the type of excitation (for
square samples the fundamental mode is degenerate).
Therefore, we adopted coupling with small loops (nongra-
dient) which we placed close to the centers of the film
edges in order to excite a single fundamental mode (see
Fig. 1).

(b) The PPR technique was originally developed to
study samples with very low surface resistance, not
higher than 1-2 mQ. For this purpose a very thin teflon
spacer (€=2, s =12.5 ukm) was used. This configuration
is not very suitable for measurements in magnetic field
because the surface resistance increases with the field and
the signal disappears. Therefore, we used MgO or sap-
phire spacers with a higher dielectric constant €=9.5 and
with a greater thickness s =350 pkm, in order to accom-
modate larger surface resistances. The resonance fre-
quency of such resonator with 1X1 cm? films is f~35.5
GHz.

A major difficulty in the PPR measurements is to
recognize the proper signal. Besides the parallel-plate
mode there are usually strong “stripline” modes. In such
a mode the superconducting plate forms the central con-
ductor of the stripline while the sample chamber forms a
ground plane. The resonant frequency of the stripline
mode is rather close to that of the parallel-plate mode
and is doubly degenerate (because there are two super-
conducting plates). The Q factor of the stripline mode is
determined by the losses in the superconducting plate
and in the sample chamber. Actually, this mode may be
used to estimate the surface resistance of the samples
close to T, when the PPR signal is very small. We distin-
guish between the stripline modes and PPR mode by tak-
ing out the dielectric spacer. In such a way the PPR
mode disappears, while the stripline modes do not. When
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adjustable
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\ flange
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cable
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FIG. 1. Experimental setup.

one of the superconducting plates is taken out, the PPR
mode and one of the stripline modes disappear, while the
second stripline mode does not.

The sample chamber was attached to the cold finger of
a closed-cycle refrigerator. We found that the vibrations
inherent to this method of cooling did not interfere with
measurements. The experiments were performed under a
pressure of 107> Torr and in a temperature range from
30 to 84 K (at higher temperatures the signal disappears
due to an increase of the surface resistance near T,). The
temperature was measured by a platinum resistor which
was attached to the copper sample chamber. The tem-
perature difference between the sample and sample
chamber did not exceed 2 K. The temperature was stabi-
lized by the Lakeshore-330 Autotuning Temperature
Controller. The magnetic field of up to 0.8 T was pro-
duced by an electromagnet which was mounted outside
the sample chamber. The microwave measurements were
done using an HP-83623A synthesized sweeper and an
HP-8473C crystal detector. The coupling could be varied
by moving the semirigid probes soldered to the bellows.
All the measurements were done under computer moni-
toring. At each value of temperature and magnetic field
the resonance curve of the PPR was measured. Using
on-line fitting procedure the Q factor and the resonant
frequency of the PPR were determined and the surface
resistance and reactance were calculated using Eq. (7).
The incident power was chosen as low as possible (—15
dBm) in order to be in the linear regime. Upon increas-
ing the temperature or applying a magnetic field the in-
cident power was automatically adjusted in order to
maintain a constant output signal. The resonator was al-
ways undercoupled, therefore, such a procedure main-
tains a constant amplitude of the microwave current in
the resonator. The magnetic field was changed by steps
of 0.05 T and the sample was kept at each field level for
one minute, so that the whole field sweep at fixed orienta-
tion took about 20 min. Then the electromagnet was ro-
tated (it was the only manual operation in the whole mea-
surement) and the field sweep was repeated for the next
orientation of the field. The rotation of the electromag-
net was done in such a way that the dc magnetic field was
always perpendicular to the microwave current. There
was no appreciable difference in results for the zero-field
cooled sample and for the field-cooled sample except at
low fields (less than 0.1 T).

The measurements were performed on three pairs of
laser-ablated 10X 10 mm? YBa,Cu;0,_, films on sap-
phire or MgO substrates received from Synergy Super-
conductive Technologies, Ltd., Israel, and on one pair of
3X 10 mm? YBa,Cu;0,_, films on LaAlO, prepared by
the “on-axis” rf sputtering in the Royal Institute of Tech-
nology, Stockholm. The thickness of the films is 300 nm.
The results obtained with these four film pairs were con-
sistent and reproducible.

III. EXPERIMENTAL RESULTS

A. Field dependence

Figure 2 demonstrates the temperature dependence of
the surface resistance R; and penetration depth A of a
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FIG. 2. Temperature dependence of the penetration depth A
of a pair of laser-ablated YBa,Cu;0,_, films at f=5.4 GHz
calculated from Eq. (6). The solid line is the two-fluid depen-
dence A=A[1—(T/T,)*]7'? with T.,=89 K and A,=0.27
pkm. Inset shows temperature dependence of the surface resis-
tance R;.

pair of YBa,Cu;0,_, films at 5.5 GHz and in the ab-
sence of magnetic field. Here, R, is defined using Eq. (7).
Figure 3 demonstrates the field dependence of the surface
resistance R; and surface reactance X, =pq,o Re(A) for
the same pair of YBa,Cu,0,_, films and for different
orientations of magnetic field relative to the c axis. Both
R, and X| increase with field. The effect of magnetic field
is strongest when H ||c and weakest when H lc.

The pinning constant a, viscosity 7, and depinning fre-
quency o, were determined as follows. First, we mea-
sured the temperature dependence of the resonant fre-
quency and Q factor of PPR without magnetic field and
found the penetration depth A(T) using Eq. (6) (Fig. 2).
Since we measure only frequency shifts, we have to esti-
mate A(T =0). We evaluated A(0) from the fit of A(T) to
the two-fluid model. Then we measured the resonant fre-
quency and Q factor of the resonator at several tempera-
tures in the presence of magnetic field and determined the
penetration depth A(H,T) in magnetic field. We found
that the dependence of both Re(A?) and Im(A?) on H is
close to linear at H>0.1 T (Fig. 4) in accordance with
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FIG. 4. Magnetic-field dependence of the real and imaginary
parts of the complex penetration depth A. Continuous lines
show linear approximation. Inset shows Im(A?) vs Re(A?). The
slope of this dependence yields w/w,. T =55K, H]|c.
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FIG. 3. Magnetic-field dependence of the surface resistance
R; and surface reactance X, of the laser-ablated YBa,Cu;O;_,
films at different angles between the field and ¢ axis. T=57 K,
f=5.4 GHz. Only field-dependent parts of R, and X, are
shown.

FIG. 5. Angular dependence of the pinning constant a,
viscosity 7, and depinning frequency w,/2m at T=57 K and 0.1
T<H<0.8 T. O is the angle between the field and ¢ axis. The
solid lines show approximations a(®)=a(0°)/e(®),
7(®)=n(0°)/e(®), €(®)=[cos¥(®)+y %sinX(®)]'/2, and
y=17.5. Full symbols in (a) demonstrate the data of Wu and
Sridhar (Ref. 14) for a YBa,Cu;0,_, single crystal at T=57 K
and H=<0.1T.
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previous observations in higher field.!*!® This observa-
tion suggests that a, 77, and o, are almost field indepen-
dent for 0.1 T<H <0.8 T [see Eq. (8)]. A small non-
linearity at low field H <0.1 T (Fig. 4) might be related to
the vicinity of H,, and to the difference between B and H.
Using Eq. (8¢c) we find the field-independent w, from the
slope of Im(A2) vs Re(A2) (see inset to Fig. 4). Using this
value of w, and Eq. (8a), we find the field-independent
pinning constant a from the slope of Re(A?) vs H (Fig. 4).
Then the viscosity 7 was found from Eq. (3).

B. Angular dependence

Figure 5 demonstrates the angular dependence of a, 7,
and w,. We note that the angular dependences of o and 7
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FIG. 6. Temperature dependence of the (a) pinning constant
a, (b) viscosity 7, and (c) depinning frequency w, for H|c. @—
present experiment (thin films, f =5.5 GHz, 0.1 T<H <0.8 T),
O—Pambianchi et al. (Ref. 11) (thick films, f=11 GHz,
H<0.35 T), O—Hebard et al. (Ref. 13) (thin films, f=1.25
kHz, 1 T<H <14 T), A—Owliaei et al. (Ref. 8) (thin films,
f =10 GHz, H <8 T). The solid line in (a) demonstrates the ap-
proximation a(:)=3X10°[1—(T/T,)*]* (N/m?) with T,=89
K, while the dashed straight line demonstrates the exponential
dependence a(t)=3X10%exp(—T/T,) (N/m? with T,=25 K.
The solid line in (b) demonstrates the approximation
(1)=1.6X10"%1—¢?)/(1+¢?) (kg/msec), where t=T/T,
and 7T, =89.

are very similar, while w, is fairly angular independent.
The viscosity and pinning constant exhibit maximum
values when Hlc and minimum values when Hljc. The
same angular dependences were obtained at other tem-
peratures and for other films. Note the different anisotro-
py of the pinning constant for thin films obtained in the
present experiment (a,/a;=7.5) and in the experiment
of Wu and Sridhar'* for single-crystals (a, /a,~0.1).

C. Temperature dependence

Figure 6 demonstrates the temperature dependence of
the pinning constant, viscosity and depinning frequency
at H>>H_, as found in the present work, as well as the
data of other experimentalists. The pinning constant and
viscosity strongly decrease with increasing temperature
while the depinning frequency is only weakly temperature
dependent. A remarkable observation from Fig. 6(a) is
that the values of the pinning constant obtained by vari-
ous methods and with different YBa,Cu;0,_, materials
are very close despite the enormous differences in the
measuring frequency and magnetic field (we do not plot
here the pinning constant values found in the work of Wu
and Sridhar'* because their data were obtained at low
fields, H =~H,,, and may be determined by a different pin-
ning mechanism).

IV. DISCUSSION

A. Angular dependence

The angular dependences of the pinning constant and
viscosity (Fig. 5) are in good agreement with the scaling
model.?’ This model maps the angular-dependent prop-
erties of a uniaxial anisotropic superconductor in the
mixed state (H,, <<H <<H_,) to the isotropic case by
means of replacing the magnetic field at an arbitrary an-
gle ® by a reduced field h=He(®). Here,
€(®)=[cos2(®)+7y %in}(®)]'/?, @ is the angle between
the field and the anisotropy axis, v is the anisotropy pa-
rameter. Using this scaling approach we recast Eq. (8) in
terms of the reduced field and obtain

h®,
po' (h)Y(1+io/wyh))

AX(H,0)=A(h)= )

where a'(h)=a(H,0°) and wyh)=wy(H,0°). We note
that if wy is field independent (e.g., wo(H,0°)=const) the
scaling approach [Eq. (9)] predicts that o, should be an-
gular independent (e.g., wy(H,®)=const). Indeed, we
observe that w, is almost field independent (see linear
dependence in the inset in Fig. 4) and is almost orienta-
tion independent [see Fig. 5(c)].

The experiment yields A2(H,0°) < H (Fig. 4). Then Eq.
(9) yields A2(h)<h/a’ where a' is field independent.
Therefore, A2(H,®)x< He(®)/a(0°), or, in other terms,
a(®)=a(0°)/e(®) in good agreement with the experi-
ment [Fig. S5(a)l. In the same way we find
7(®)=n(0")e(®) which agrees well with experiment [Fig.
5(b)]. The anisotropy constant ¥ = 7.5 found in our study
is in good agreement with other experiments.'® 26
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The angular dependence of a and 7 (for 30 K <T <80
K) found in the present experiment is in good agreement
with the angular dependence of the microwave absorp-
tion near T, (which is determined by viscosity and pin-
ning as well) in YBa,Cu;0,_, and Bi,Sr,CaCu,0j single
crystals.!®* However, the anisotropy of the pinning con-
stant as obtained in the present experiment is in striking
contradiction to the 6-MHz results of Wu and Sridhar'*
for YBa,Cu;0,_, single crystals. Specifically, they find
a,/a,;=y, while we find a|/a,=1/7. The difference be-
tween these results may originate from the fact that the
experiments of Ref. 14 are performed at a low field
H <0.1T, at which H=H,_,, while our data are collected
at a higher field H <1 T, at which H>>H_. We note
that the pinning mechanism at low fields may be different
from that at higher fields (for example, the low-field pin-
ning constant may be determined by surface barriers?’).
We note also that in the limit H =~ H,, the scaling model*
does not hold.

B. Temperature dependence

1. Pinning constant

An upper limit of the pinning constant a,,, may be ob-
tained by equating the energy density per unit length of
the vortex core, H2E%/8u,, to the elastic stored energy
oy £2/2.1%14 Then

_HX®) _ HX0)N1—£%)
4po 4uo '

A thermodynamic estimate?® yields H,(0)=1.2 T. Then
Eq. (10) yields ap,,(1)=ag(1—t2)* with a;=3X10°
(N/m?. This dependence is plotted on Fig. 6(a). At
lowest temperatures the experimental data approach this
upper limit while at higher temperatures the experimen-
tal data points lie lower than the model curve predicted
by Eq. (10). In contrast to the previous conjectures'>!*
we conclude that the experimental data are not well fitted
by the temperature dependence given by Eq. (10) even
with variable H,.. In fact, at T <60 K all the data are
much better described by an exponential dependence
axexp(—T/T,) where Ty=25 K. Similar exponential
dependence on temperature with the same value of T
was observed earlier for the critical current J (T) in
YBa,Cu;0,_, single crystals.” This exponential depen-
dence has a nice theoretical explanation that takes into
account the smearing of the pinning potential by thermal
fluctuations.?

We note that simultaneous measurements of the pin-
ning constant and of the critical current may reveal pin-
ning length 7, (radius of the action of the pinning poten-
tial). In fact, for the sinusoidal pinning potential
U="U,sin(x /r,) the pinning constant a=d>U /dx?, is
directly related to the critical current, J=® 14U /dx, as
follows, J.=ar,/®, Following Ref. 30 we invert this
expression and  estimate 7. Taking a=3
X 10° exp(—T'/25) N/m? [the data of Fig. 6(a) at T < 60
K] and J,=2.7X10°exp(—T/26)A/cm* (Ref. 29), we
find r, =2 A which is of the same order of magnitude as

al(t)

(10)

the radius of the vortex cross section (coherence length in
the a-b plane, £~20 A). This value of the pinning length
is much smaller than the distance between vortices in the
field of H=1T, e.g., r, <<(®,/H)'/*~45 A. That vali-
dates the individual vortex approximation assumed in
Egs. (1) and (8) above. The fact that the temperature
dependences of the pinning constant and of the critical
current at low temperatures are very similar suggests that
the pinning length might be temperature independent at
T <60 K. The anisotropy of the pinning length may be
also estimated using such analysis. For example, we com-
pare anisotropy of the pinning constant as found in our
present experiments (a,/a;=~7.5, T=30-80 K, H <0.8
T) with the anisotropy of critical current as found by
Walkenhorst et al’' (. /J,~4, T=30-50 K, H=1-4
T) and conclude that r, l/rpl,zO.S. Of course, these esti-
mates are very rough and to do precise ones it is neces-
sary to measure the pinning constant and the critical
current on the same sample.

2. Viscosity

Our experimental data [Fig. 6(b)] are well described by
the Bardeen-Stephen expression 71=®yH,,/p, assuming
H,,(1)=100 T(1—¢/(1+¢?) and temperature-indepen-
dent p,=11 pQcm. This value is smaller than the dc
resistivity just above T, [p,=(50-100)uQ cm] and may
indicate an increase of the quasiparticle relaxation time 7
in the superconducting state.’>** The spread of the
viscosity values as obtained in different experiments [Fig.
6(b)] may be related to the spread of 7 values in different
materials or to the vortex Hall effect.>!

3. Depinning frequency

Using the Bardeen-Stephen approximation for the
viscosity, Eq. (10) for the pinning constant, and the rela-
tion H,,=4wA*H?/®,, we estimate the depinning fre-
quency as follows:

_ B(tlp, _ B(t)n,(t)
0T TertaZ . 4r(ting

where B(t)=a/a,,, An., is the maximium pinning con-
stant [Eq. (10)], 7 is the quasiparticle relaxation time,
n,(t) is the concentration of the Cooper pairs, and n, is
the carrier concentration in the normal state. The tem-
perature dependence of w, as given by Eq. (11) is
governed by interplay between the temperature depen-
dences of B, 7, and n,. The account for the activation
processes>>3* (flux creep) also leads to the temperature
dependence of w,. However, the activation processes in
good YBa,Cu;0;_, materials in the fields of 1-10 T are
dominant only at several degrees below T.,** in the range
where the individual vortex approach of Gittleman and
Rosenblum [Eq. (1)] does not hold due to the vicinity of
the vortex-solid—vortex-liquid transition and the impor-
tance of collective effects.’>>36 Therefore, we do not dis-
cuss here experimental data above 80 K. The available
experimental data do not demonstrate strong tempera-
ture dependence of wy in YBa,Cu;0,_, films [Fig. 6(c)].

(11)
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TABLE 1. Vortex depinning frequency in type-1I superconductors.

Magnetic
Material T (K) wo/2m (Hz) field Method Ref.

Pb-In 1.7 7X10° Rf absorption 1
Nb-Ta 42 2.6X 107 Rf absorption 1
Nb,Sn 1.7 >3x%108 Rf absorption 1
Nb (annealed) 1.96 <10° Calorimetry 4
Nb (rolled) 1.96 ~10% Calorimetry 4
(BEDT-TTF),- 42-9.9 6x10"° Rf-penetration length; 37
Cu(NCS), estimate from the
single crystal Coffey-Clem model
Nd-Ce-Cu-O 5-20 10'°-10!"2 0.5-25 T Microwave absorption; 15
thin film estimate from the

Coffey-Clem model
T1,Ca,BaCu,04 76 ~4Xx10"2 06T Microwave absorption; 9
single crystal estimate from the

Coffey-Clem model
Bi,Sr,Ca,Cu,04 70-80 ~4x10'°2 0204 T Microwave absorption; 10
single crystal estimate from the

Coffey-Clem model
YBa,Cu;0,_, 4.2-80 ~4X%10'° <0.35T Direct microwave 11
thick film measurements
YBa,Cu,0,_, 4.3 (2—4) X 10'° <6T Direct microwave 12
thin-film stripline measurements
YBa,Cu,0,_, 30-80 (0.5-1)X 10'° <0.8T Direct microwave Our
thin film measurements study

*The estimate a priori assumes field-independent pinning constant and viscosity coefficient and is cru-
cially dependent on the applicability of the Coffey-Clem model (Ref. 25).

This might be evidence for the temperature-dependent
quasiparticle relaxation time 7(¢) which compensates for
the temperature dependence of n; and 8. We note that
measurements on organic superconductors®’ also suggest
temperature-independent w,.

Under the assumption of zero temperature and max-
imum pinning strength (8=1, n,=n,) the depinning fre-
quency is directly related to the quasiparticle scattering
time, wy~ ;7. In Table I we compare depinning frequen-
cies for different superconductors. We observe that the
depinning frequencies of low-T, superconductors are two
orders of magnitude smaller than those of high-T. ones
and that may be related to the low relaxation time of the
latter. From the application viewpoint it means that the
magnetic-field-induced losses in high-7, superconductors
in the microwave range are substantially smaller than
those for low-T, ones. Taking into account the high crit-
ical field of the high-T, superconductors it means that
high-Q resonators prepared from these materials may
work in magnetic fields unlike their Nb counterparts.

V. CONCLUSIONS

(1) The angular dependences of the vortex viscosity and
pinning constant in YBa,Cu;0,_, thin films are the same
in contrast to the experimental results in single crystals.!*
The viscosity and pinning constant are the lowest when
Hjjc and the highest when Hlc. The angular depen-
dences obtained in the present work are well described by
the scaling model.?°

(2) The depinning frequency in YBa,Cu;O,_, thin
films is angular independent and weakly depends on tem-
perature.

(3) The values of the pinning constant as obtained in
different works and for different YBa,Cu;0,_, material
are very close. The pinning constant is close to its upper
limit at lowest temperatures and decreases exponentially
with increasing temperature. Comparison with the criti-
cal current density reveals the pinning length.

(4) The temperature dependence of viscosity is well de-
scribed by the Bardeen-Stephen expression with reduced
normal-state resistivity.
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FIG. 1. Experimental setup.



