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Measurements of the microwave surface resistance on samples of Y-Ba-Cu-O and Bi-Sr-Ca-Cu-O
at different frequencies (23 and 48 GHz) indicate a universal behavior of the dissipation due to the

vortex motion as

a function of temperature, at

low magnetic field. A temperature

T;=(0.97%0.01)T, separates two regimes such that for T < T, the dissipation increases with T’
while, for Ty < T < T, the dissipation decreases with increasing T. The role of fluctuations is ex-
pedient for explaining the experimental data near T..

I. INTRODUCTION

The appearance of a finite resistivity in the presence of
an external magnetic field is a property of high T, as well
as of the conventional type-II superconductors. This
feature, which is also important from a practical point of
view, has been the subject of a number of works, both ex-
perimental and theoretical, on type-II superconductors.
It is known that the finite resistivity is a consequence of
the motion of the vortices, which are produced at a
sufficiently high magnetic field (mixed state). When a
transport supercurrent flows around a vortex or fluxon, a
Lorentz-like force works between the current and the
vortex. If the current is sufficiently high to suppress the
action of pinning centers, a fluxon motion results that in-
duces an electric field directed along the transport
current, so that a finite resistivity appears and power is
dissipated: flux-flow regime.

The microscopic theory of superconductivity is able, in
principle, to calculate the resistivity in the mixed state for
any temperature 7 and magnetic field H. However, the
resistivity has been calculated for the entire interval of
temperatures both at low and high magnetic fields, only
for alloys with a high concentration of paramagnetic im-
purities.>3 In general, relatively simple analytic expres-
sions can be obtained in limited ranges of temperature
(I'—0 or T—T,., T, being the transition temperature)
and of magnetic field (H—0 or H—H,,). A review of
calculations and comparison with experimental results
for type-II superconductors can be found in the paper of
Gor’kov and Kopnin* and in the work of Huebener.>

Two methods have generally been used for the mea-
surement of the flow resistivity: the direct-current (dc)
method and surface-resistance method. In the first
method, a transport dc density j,, is made to flow along
the major side of a flat rectangular-shaped sample placed
in a magnetic field H (with H,,<H <H_,, H,, and H,,
being the lower and the upper critical fields, respectively)
orthogonal to j..® A potential difference V along the
current intensity 7, is then measured and the slope of the
linear section of the voltage-current (¥ —1I) characteristic
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allows us to deduce the flow resistivity p,. The behavior
of p f(H, T) at low temperature and low magnetic field, as
shown by a number of experiments, is in agreement with
the expression p,=p,B/H_,, where p, is the normal-
state resistivity and B is the magnetic induction (B =n ¢,,
n being the density of vortices and ¢, the flux quantum).
A review of the results can be found in the paper of
Kim.” The dc method presents some disadvantages,
namely the large transport current used to overcome the
strength of the pinning centers (j,, > j., with j, the criti-
cal current density for depinning) produces a heating of
the sample and a self-field which bends the vortex fila-
ments. In the surface resistance method an ac electric
field produces flux motion at current densities several or-
ders of magnitude below the critical values, provided that
its frequency is higher than the pinning frequency w,.%°
For type-II superconductors, w, lies below the mi-
crowave range’ and the microwave surface-resistance
method has been frequently used to measure the flux-flow
dissipation.

At microwave frequencies a phenomenological ap-
proach, based on the London electrodynamics and on the
vortex-motion equation, which does not contain the re-
strictions present in the microscopic formulas, has often
been employed.’ !> The calculations are in good agree-
ment with experiments'"!® provided that the external
magnetic field is not close to H,.

In the microwave-frequency range, the flux-flow re-
gime in high-T, superconductors has been first found in
Y-Ba-Cu-O samples.* In the present paper, we apply
the phenomenological approach to high-T, superconduc-
tors for the calculation of the microwave surface resis-
tance R, under flux-flow conditions (Sec. II) and find that
the measurements of R, show a universal behavior as
predicted by the theory (Sec. III).

II. CALCULATION
OF THE MICROWAVE SURFACE RESISTANCE
IN THE FLUX-FLOW REGIME

As well known, in the mixed state, for a spatially con-
stant harmonic time-dependent exp(—iw?) electromag-
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netic field, the supercurrent J is given by

2
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where the second term in parentheses is connected to vor-
tex motion. In Eq. (1), A; is the London penetration
length, E the electric field, v the vortex velocity, B the
magnetic induction (B=ng¢,, with n the two-dimensional
vortex density and ¢, the flux quantum) and f (=1) the
fraction of the weakly pinned vortices. The equation of
motion for the unity of length of a vortex is
d’X , dXx IX ¢

m, " +n i +pX P ()
where m, is the vortex mass per unit length, 7 the
coefficient of viscosity, and p a constant which restrains
the vortex displacement X (i.e., pX is the pinning force).
At microwave frequencies, both the vortex mass and the
pinning force can usually be neglected®!® (a discussion of
this point will be made in Sec. III B), so that, in a pure
viscous regime, we have (v=d X /dt)

I X ¢,
nv= .

(3)
c

Assuming J1B and eliminating the vortex velocity from

Egs. (1) and (3), one obtains, for the flow resistivity

py=E/J, the expression

$.fB  4mopli @
= .y ,
Pr ¢’y )

which is valid when the vortex lattice is sufficiently
rarefied, i.e., for the Ginzburg-Landau parameter x >>1
and B < H_,, conditions normally satisfied in high-T, su-
perconductors. By inserting Eq. (4) into the expression of
the surface impedance

z =(—4Tria),uc_2pf)1/2 ,
one obtains
172
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which yields the surface resistance

R,=Re(Z)
dmouh, 6ofB  |2]V72 )72
= 1—1+ |[1+ |— , (6)
V2c? droprin

which coincides with the analogous expression found by
Gilchrist!! by means of a different procedure. The viscos-
ity coefficient is given by*
$o
n=y C2 ch H (7

n

where p,, is the normal-state resistivity and y a coefficient
which, in the most general case, depends both on the field
and the temperature (in the case y =1 one obtains the
viscosity coefficient given by Bardeen and Stephen.!” Us-
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ing Eq. (7), Eq. (6) can be cast in the more expressive

form
172112
] , (8)

where R, is the surface resistance in the normal state
a=ui;V'2/p,, and b =uf/R2a’y is a quantity much
larger than unity.

For bB << H_,, we obtain a behavior linear with B; that
is,

bB |°

c2

R;=aR}!—1+ |1+

S0
Ry(t,B)=B0B =~

= B 9
27(, B)AL () H 5(1) ©

where we have put into evidence the dependence of the

various quantities from the reduced temperature
t=T/T,.
For bB >>H_, we have
R 172
-f B LB , (10)
Rn '}’ch

so that, after writing the resistivity in the general form
pr=p,B/yvH, Eq. (10) becomes

1/2
R,

Pr
3 , (11)
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which coincides (for f=1) with the analogous formulas
for the resistance obtained by other authors.*!>!® One
usually refers to Eq. (11) to describe the flow-dissipation
data in a number of type-II superconductors (e.g., Pb-In
and Nb-Ta alloys). 1318 However, the experimental be-
havior of R, is a linear function of B for small B, this
linear behavior persisting for about the first 5% of the
range of variation of B/H,,. Thus, in the superconduct-
ing alloys as Pb-In and Nb-Ta for which H,, is of order
of a few kG, the dominant behavior is given by Eq. (10),
while in high-7. superconductors, as Y-Ba-Cu-O for
which H,, is of order 1 MG, the linear behavior de-
scribed by Eq. (9) prevails up to a few kG (provided the
temperature is not close to 7). It is to be noted that the
London penetration length A, is present at low fields [Eq.
(9)] but not at high fields [Eq. (10)]. Therefore, the
description of the behavior of R, at low fields cannot
leave the superconducting electrons out of consideration.
In the following we will rely on the linear behavior (9) in
order to fit our experimental results.

II1. EXPERIMENTAL RESULTS AND DISCUSSION

We have made use of the method of microwave surface
resistance to detect the flux-flow motion in high-T,
granular superconductor samples of Y-Ba-Cu-O and Bi-
Sr-Ca-Cu-O at low magnetic fields (H <<H_,) and in the
range of temperatures between 40 K and 7,. Measure-
ments were made by means of two microwave apparatus,
one working in the K band (23 GHz), the other in the Q-
band (48 GHz). The disk-shaped samples were the bot-
toms of cylindrical cavities tuned in the TE;;; mode. The
microwave apparatus was made sensitive to the absorp-
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tion of the cavity and the power reflected from it was
detected. In this condition, the reflected power is propor-
tional to surface resistance of the sample and the ap-
paratus allows us to measure the variations of the surface
resistance with the external magnetic field. In Fig. 1, a
sketch of the experimental setup is shown.

For granular superconductors, the absorbed power ex-
hibits a rather complicated behavior, due to presence of
various effects depending on the range of temperatures
and/or of magnetic fields. Part of the absorption is due
to the decoupling of weak links (Josephson junctions or
proximity effect links, among grains or twins) and in-
creases with the increasing of the magnetic field H. This
absorption, which has an exponential-like behavior, is
present at low magnetic fields (H <100-300 G) and in
the entire temperature range below T; (the temperature
T, located a few K below T, is defined the temperature
above which all the junctions are decoupled at H=0).
This phenomenon has been quantitatively studied in pre-
vious works.!*?® Furthermore, at low temperatures
(about liquid-helium temperature), a sufficiently high
magnetic field (of order of some kG) is able to drive the
set of junctions in a frozen state.?®2! Another cause of
the microwave absorption, which shows a hysteretic be-
havior, is connected to flux-creep effects and, as measure-
ments in progress seem to show, is present at sufficiently
high magnetic fields and at temperatures lower than
0.5T,.

At higher temperatures (7 >0.57, ), the measurements
show that the microwave absorption is reversible and
connected to motion of free or weakly pinned vortices, as
we will describe below; in other words, we are in the pres-
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FIG. 1. Sketch of the cryogenic section of the experimental
setup. In the inset, a detail of the microwave cavity and the
sample arrangement is shown.
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ence of a flux-flow regime. This regime has the feature to
be a general property of the mixed state of a supercon-
ductor. The dissipation should be, apart from scale fac-
tors, a universal function of the temperature and of
B /H _,; more precisely, the phenomenon should be mag-
netically reversible, independent from the type of materi-
al and from the microwave frequency (at least, within
certain limits). Thus, to test the model, the resistance R f
as a function of temperature 7" has to be measured with
different types of samples at different frequencies.

A. Expression of the viscosity coefficient 7(z)

The first measurements based on the surface-resistance
method, which have shown the existence of a dissipation
due to the vortex motion in high-7, superconductors,
have been carried out by some of the authors in Y-Ba-
Cu-O at 23 GHz.!* Successively, measurements have
been repeated in Bi-Sr-Ca-Cu-O, again at 23 GHz.22 Due
to the large value of H,,, the behavior of Eq. (8) is nearly
linear for T not strictly close to T,. Therefore, at low
fields, the best description of flux motion with the tem-
perature is obtained through the slope B(¢) appearing in
Eq. (9). Using Eq. (7), from Eq. (9) one obtains
f()

=—tFo SO 12
BO="3B = 2c nin, .

The experimental results for the slope, obtained in Y-
Ba-Cu-O and Bi-Sr-Ca-Cu-O at 23 GHz, were fitted in a
previous paper?? by means of Eq. (12) under the assump-
tion that the viscosity coefficient 7 was the sum of two
terms

b0
Nt —
cpy

() =1, +ngs()= H,(1),

where 7gg(?) is the ordinary Bardeen-Stephen viscosity
coefficient which is obtained by Eq. (7) with y =1. The
coefficient 77, is an additional viscosity term, empirically
given by the expression 1, =ny(1—¢)!"? (with p >3) and
arbitrarily introduced in order to avoid the divergence of
Eq. (12) caused by 7gg(t) when T—T,. As will be seen,
the divergence is not present in the measurement of 3(¢)
which, on the contrary, vanishes when T'—T7,. This ex-
perimental behavior of B(z) can find a physical explana-
tion if the temperature dependence of 7(¢) close to T, is
reexamined. In the following we will give two expres-
sions for B(t), one valid for T not close to T, (¢ <1), the
other for T'close to T, (t—1).

Let us first examine the case ¢t < 1. The fraction f(¢) of
weakly pinned fluxons is given by

Ul(t)
kyT

f(t)=exp , (13)

U(t)=(H?2/8m)&® being the Anderson-Kim energy ac-
tivation.?> Assuming for the Ginzburg-Landau coher-
ence length the expression

£=0.74£(1—1)"172

and for the thermodynamical critical field the expression
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H,=H_|(1—1?), Eq. (13) becomes

Uy (1=t (1—1)73?
T t ’

c

f(t)=exp |— (14)

where U,, the energy activation at t=0, is expressed in
K. For the London penetration length, the strong-
coupling expression is used,?*

Ap()=Ag(1—2H 172 (15)

Finally, for the viscosity coefficient 7(¢#) we assume the
Bardeen-Stephen expression which is obtained by Eq. (7)
with y =1; that is,

n(t)=-?°—ch<t) . (16)
c

n

By means of Egs. (14—-(16) and by using, for H_,(¢), the
ordinary expression

H(t)~(1—t)(1+1),
the slope B(t) given by Eq. (12) assumes the temperature
dependence

(1—t4)1/2
[(1—8)(1+1)?]
Yo (1= (1—0)73
T, t ’

c

B(1)=pB,

Xexp |— 17

where U, is a parameter of the fit and 3, is a factor de-
pending on the electronic amplification chain.

In the second case (¢ — 1), the influence of fluctuations
on the temperature dependence of 7n(¢) must be taken into
account. As it was shown by Gor’kov and Kopnin,* ow-
ing to the enlargement of the vortices when T'— T, the
relaxation of the order parameter is slower than that pro-
posed by Tinkham? and the Bardeen-Stephen viscosity
coefficient has to be substituted by the expression*

o

2
c’py

n()=1.1(1—¢)" 172 H (1), (18)

which is obtained from Eq. (7) with y=1.1(1—¢)"!/2,
Besides, in view of recent experimental results, the tem-
perature dependence of H_,(¢) in Eq. (18) has to be reex-
amined. In high-T, superconductors, because of the
small coherence length, the fluctuations play a much
greater role than in traditional superconductors and one
can expect an exotic power law for H,,(¢) when T—T..
The accurate measurements carried out by Fang et al.?®
on the reversible onset of the magnetization in Y-Ba-Cu-
O show that, from a few K near the transition, H,,(¢) has

the behavior
H (t)~(1—)1?,

Also, the data by Athreya et al.?’ seem to show the same
trend. Then the right-hand side (rhs) of Eq. (18), with
H,(t)~(1—p'?,

becomes a constant near T,.. Thus, for t—1, assuming
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n(¢t)=const and using Egs. (14) and (15), the slope [(t)
given by Eq. (12) becomes

—(]£ (1_t2)2(1__t)—3/2
T t

c

E(t)zﬁz( 1 —t4)1/2exp _

(19)

On the basis of the preceding arguments we will use two
expressions in order to fit the experimental results: Eq.
(17) for t <1 and Eq. (19) for t —1.

B. Experimental results

To test the consistence of the experimental data with
theoretical expectations, a numerical check of the range
of validity of the theory is in order. Equation (3) is ob-
tained from Eq. (2) neglecting both the vortex mass m,
and the pinning coefficient p. Let us write Eq. (2) in the
harmonic regime [exp (—iwt)]

PR

X[(p —w?*m,)—ion]= (20)
The vortex mass m, seems to show an appreciable dy-
namic effect only when the ac frequency v =w/27 is
larger than the reciprocal 1/7 of the normal-state elec-
tron collision time.!®!” For high-T, superconductors,
1/7 is estimated to be ~10° GHz or larger, well above
our frequencies of measurement (23 and 48 GHz). Then
Eq. (20) can be written

X
(0, —i0)X= % @1
cn

®, =p /7 being the pinning frequency. A crude estimate
of w, can be made following Gilchrist.!' If the pinning
extends to a distance 7, the maximum restraining force is
pr and it has to be equated to J.¢,/c, J, being the critical
current density. Thus, we have pr=J.¢,/c or
w,mr=J.¢y/c, that is & =c2J,p,/rH,,. At low temper-
ature, assuming J. =10°A /cm?* p,=0.1 mQ cm, H,=1
MG, and r=£=10"" cm, one obtains cop%lo11 rad/s,
which is of order of the measurement frequencies. There-
fore, we should not be in a pure flux-flow regime for
which the condition 0>, has to be satisfied. However,
one has to take into account that there is a distribution of
the pinning distance r (the value r=¢, i.e., the vortex
core dimension, is the minimum value that r can assume)
and that only a fraction f (¢) of fluxons, dependent on the
temperature, will be free or weakly pinned at the work
frequencies w. Hence, in Eq. (21), for the fluxon fraction
S (2), one can assume ©>w, and Eq. (20) reduces to Eq.
(3), used to fit of experimental results. On the other
hand, doubling the microwave frequency, we do not ob-
serve a different behavior of the surface resistance slope
B(t) as a function of the temperature and this implies that
0>,

Let us now examine the magnetic response of the speci-
men. The influence of the sample shape may be described
by a demagnetizing coefficient n. In our arrangement the
specimen is equivalent to a thin slab with the external
magnetic field H parallel to the surface and hence n=0



2944

and H;=H, H; being the magnetic field in the material.
Besides, since the Ginzburg-Landau parameter « is very
large, the susceptibility of the material is small if
H > H,,. Therefore, in the following we will assume
B =H in discussing the experimental results.

In Fig. 2, typical behaviors of the microwave surface
resistance R, as a function of the external magnetic field
H at various temperatures 7T are shown.

In Fig. 3 the entire set of measurements of the slope
B(t)=AR ;/AH of the surface resistance R, at low exter-
nal magnetic fields as a function of the reduced tempera-
ture ¢ is shown. Data in the figure refer to samples of
YBa,Cu;0, (T,=90.5 K) and Bi,Sr,Ca,Cu;0,, (axis
c~ 371&, T,.=109.5 K). For the specimen of Y-Ba-Cu-O,
the measurements are performed at two frequencies, 23
and 48 GHz. It is clearly seen that, within the scattering
of measurements, the slope [B(¢), as it was predicted
above, has univeral behavior which seems to be a truly
remarkable result.?®

In the same figure, the best fit of the experimental re-
sults (solid lines) carried out by means of Eq. (17) for
t <0.97 and of Eq. (19) for ¢ >0.97, is reported together
with the experimental data. A fairly good agreement be-
tween theory and experiment is found with U,=0.8T,
assuming U, to be the same for both Egs. (17) and (19).
This low value of U,, as compared to those reported in
literature under conditions of flux creep,?’ shows that we

875K
86.0 K
82.5K
775K
64.5 K

(arb. units)

f

1 87.5 K

H (kG) 10 15

0 5

FIG. 2. Typical behaviors of the surface resistance R, as a
function of the external magnetic field H for various tempera-
tures. The measurements refer to a sample of Y-Ba-Cu-O at 48
GHz.
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FIG. 3. Behavior of the microwave surface-resistance slope
B(t)=AR;/AH at low magnetic fields as a function of the re-
duced t =T /T, temperature. Symbols refer to experimental re-
sults, solid lines to the best fit carried out by means of Eq. (17)
for t <0.97 and of Eq. (19) for ¢t > 0.97 with U,=0.8T,.

are at the edges of the pure flux-flow regime, in the sense
previously explained.

As it can be checked, a temperature 7T,=(0.97
+0.01)T, separates two regimes of dissipation. Above
T, fluctuations seem to play a fundamental role in reduc-
ing dissipation. Should it be experimentally confirmed,
an interpretation could be found in the Nelson model of a
transition from a disentangled to an entangled vortex
fluid. *

IV. CONCLUSIONS

(1) In high-T, superconductors (Y-Ba-Cu-O and Bi-Sr-
Ca-Cu-0), measurements of the microwave surface resis-
tance R, have shown the presence of a dissipation due to
vortex motion, analogous to that of conventional type-II
superconducting alloys.

(2) The dissipation can be described by a simple phe-
nomenological model based on the London electro-
dynamcis and the vortex-motion equation in the flow re-
gime.

(3) The dissipation is a universal function of the re-
duced temperature t =T /T, and of the reduced magnetic
field h =B /H_,. In particular, it is magnetically reversi-
ble and independent (at least, within certain limits) from
the material and the microwave frequency.

(4) The behavior of R, with H scales as H,,. Thus, ow-
ing to the large value of H,,, R, can be considered a
linear function of the magnetic induction B [see Eq. (9)]
for external magnetic fields up to a few kG (provided the
temperature is not close to T,). In this frame the pres-
ence in Eq. (4) of the imaginary term due to the supercon-
ducting electrons is expedient for the agreement between
theory and experimental results.

(5) Since the pinning frequency w, seems to be not
much lower than the employed microwave frequencies, a
thermally supported flux-flow dissipation must be con-
sidered [see Eq. (14)] to fit the data.
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