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We report on surface-resistance measurements of bulk dirty type-II superconductors in the principal
orientations between the static magnetic field H, the micro~ave electric field, and the surface of the
sample. When the specimen is in the mixed state, we compare our results with those recently
published by Pedersen et al. and we emphasize the difficulties inherent in obtaining the conductivity at
H, 2. When H is parallel to the surface of the sample, the conductivity of the surface sheath is
strongly anisotropic. The anisotropy can easily be measured by the ratio of the slopes of the surface
resistance in the vicinity of H„ in the two orientations where the microwave electric field is parallel
or perpendicular to H. We find, as calculated by Thompson, that this anisotropy is temperature
independent within a large range of temperature, and equal to 1 at T, . These results are in agreement
with the formalism of the fluctuations of the order parameter which was first developed by Caroli and
Maki. A careful study shows that the anisotropy has a very sharp peak, higher than 1, in the vicinity
of T„depending on the v of the sample. The temperature dependence of the anisotropy, as previously
reported by Maki and Fischer, can be explained by the bad state of the surface of their samples, or by
a misalignment between H and the surface. We also discuss the notion of "nascent vortices" used as
an alternative explanation for the anisotropic conductivity of the surface sheath. Finally, we give some
results on the angular dependence of the surface impedance.

I. INTRODUCTION

In the last ten years, a great deal of theoretical
and experimental work has been done to explain the
nonequilibrium properties of type-II superconduc-
tors. In particular, one of the most important
problems was to understand the resistive behavior
of a type-II superconductor when a magnetic field
is applied perpendicular to it. Between the two
critical fields H„and &,~, the Abrikosov structure
of quantified flux lines or vortices is established,
and the transport properties can be described in
terms of vortex motion. ' The first theoretical
models treated the mixed state phenomenologically.
Bardeen and Stephen~ generalized the London theo-
ry and developed a model in which the current
transport flows directly through the normal cores
of the vortex lines; this theoretical explanation of
dissipation has also been proposed by Rosenblum
and Cardona to explain the microwave surface re-
sistance of type-II superconductors. Nozieres and
Vinen4 used a hydrodynamic model. For T=O,
these two models give the same empirical expres-
sion for the flux-flow resistivity as obtained by Kim
et al. , but these models apply only to pure super-
conductors. Sometime later, Schmid~ derived a
time-dependent Ginsburg -Landau equation (TDG L)
and found that near H, 2, in the presence of an elec-
tric field, the order parameter moves with uniform
velocity; he was able to calculate the flux-flow re-
sistivity in the vicinity of the critical temperature

T,. In the study of this problem, Caroli and Maki
have made two calculations: the first, ' (hereafter
referred to as CM-I) was the calculation of surface
impedance of dirty type-II superconductors within
the framework of the linear-response theory. They
studied the time dependence of the fluctuations of
the order parameter and made the important find-
ing that the microwave conductivity is anisotropic;
i.e. , it depends on the relative orientation of the
microwave field E„and the static applied field H.
When E„ is perpendicular to &, the microwave
couples the ground state to the excited states of the
order parameter, and the conductivity is higher
than when E„ II H. The second calculations (or
CM-II) was the static generalization for all tem-
peratures of the Schmid TDGL equation. But there
were some errors in the two calculations which
were corrected by Takayama and Ebisawa, as well
as by Thompson. ' In CM-I, some diagrams were
forgotten and the conductivity diverged when co- 0.
With the introduction of these diagrams, it was
found that the reactive part of the conductivity was
zero, but the dc limit of the absorptive part was
not the same as that obtained by the TDGL equa-
tions of CM-II. Thompson' showed that an "anom-
alous" term must be taken into account in the ex-
pression of the conductivity, so the two results
were identical in the dc limit. This "anomalous"
term was found by Gor'kov and Eliashberg" in
their calculation for any order of the response of a
superconductor to external fields. One part, the
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regular part, was expanded in powers in the order
parameter 6/T„and gave the corresponding static
expression when &-0; but they found a second or
anomalous part, strongly dependent on the ratio of
the order parameter to its frequency and momen-
tum, and this gave a finite limit when +-0. It is
this term which makes impossible a simple Gins-
burg-Landau theory as used by CM-II. ~'~ The
same difficulty appeared in the finite frequency
conductivity calculation of Fischer et al. '3'4 (or
FMMM), which was the extension of the static cal-
culation of CM-Q. The surface resistance obtained
differed by a temperature-dependent numerical
factor from that calculated by Thompson. 'o

When the magnetic field is applied parallel to the
surface of the superconductor, Saint-James and de
Gennes' showed that the superconductivity per-
sisted in a layer whose thickness was 1.18 times
the coherence length $(t) for the critical field H, ~

=1.695 H, ~. For the sake of generality, let us call
6 the angle between the sample surface and H, and

Q the angle between the microwave field E„and the
projection of H onto the surface. Until now, we
have been dealing with the perpendicular orienta-
tion (e=w/2). In the surface sheath regime (&
parallel to the surface), we have two possible ori-
entations: the lgggi@diggE orientation with 8 = Q = 0;
a,nd the transverse orientation, with 8= 0 and

P = v/2. The surface impedance in the longitudinal
orientation was calculated by Maki' and by Fischer
and Maki, ' and in the transverse orientation by
Maki and Fischer'8; but due to the same omission
as in CM-I, they found a temperature-dependent
anisotropy'9 measured by the ratio of the slope in
the two orientations of the surface resistance in the
vicinity of H, 3. Their experimental results also
bore this out. By correcting this error, Thomp-
son~0 found that the anisotropy was temperature in-
dependent when the corrections to the conductivity
in the order of &o/co(t) were negligible (ro being the
microwave frequency and zo(t) the intrinsic pair-
breaking parameter). We must also point out the
calculations of surface resistance using a phenom-
enological effective conductivity. Rosenblum~' cal-
culated the effective resistivity of the mixed state
as being the sum of the resistivity in the normal
regions (vortex cores) and the resistivity in the
superconducting regions. In the longitudinal ori-
entation, Rothwarf et al. ~~ used a two-layer model,
the surface sheath being approximated by a uni-
form-order-parameter layer superposed on the
normal bulk. With the values of thickness and the
order parameter calculated by Fink and Kessin-
ger, 3 and a Qorter-Ca, simir 4 temperature depen-
dence for the order parameter, Rothwarf et al.
found a rather good agreement between the theo-
retical variation of R(H, 2)/B„with the temperature
and their experimental results obtained for three

different frequencies. The same calculation in the
transverse orientation was made by Walton and
Rosenblum; but in order to get a realistic con-
ductivity of the superconducting sheath for fields
lower than H, z, they postulated the existence at the
sample surface of a third layer of vortexlike struc-
tures or "nascent vortices. " We shall discuss the
existence of this structure in Sec. V.

Experimental results~' exhibited a very sharp
minimum for 9 =0 in the surface-resistance mea-
surements. Kulik ' showed that, for an inclined
magnetic field (e v0), the surface sheath had a
vortex structure similar to that found by Abrikosov.
Taking into account these tilted vortices, Maki
calculated the surface impedance as a function of
9 in the two cases P =0 and P = v/2.

We report surface-resistance measurements on
bulk type-II superconductors whose thickness d is
much greater than the normal microwave penetra-
tion depth 50. 3' Our results on pseudobulk samples
with 10$(t) «d«50 were published earlier. ~ In
Sec. II we review the theoretical expressions for the
surface resistance from the more general response
functions of a superconductor to a microwave field.
In Sec. III we describe the experimental apparatus
and the samples used. In Sec. IV we present the
experimental data. We first discuss the results in
the mixed state. We find that, at low temperature,
the anisotropy in the surface sheath regime is tem-
perature independent; we can explain that the de-
pendence on temperature, as found earlier by Maki
and Fischer, ' is due to a misalignment of H and
the surface of the sample; the influence of a badly
polished surface will also be studied. The anisot-
ropy becomes equal to 1 at 2; when the fluctuations
of the order parameter cannot be excited by the
microwave field. A detailed study will show that
the anisotropy has a maximum higher than 1 in the
immediate vicinity of T,.

II. THEORY

We assume that the superconductor occupies half
the space z ~ 0, and that the surface of the sample
lies in the xy plane. The microwave is emitted
from z- —~. In the perpendicular orientation, the
static magnetic field is applied along the z axis.
When 8' is parallel to the surface along the x axis,
E„ is along the x axis in the longitudinal orienta-
tion, and along the y axis in the transverse one.
0 may be rotated in the xz plane, and has an angle
9 with the surface as shown in Fig. 1.

A. Response functions to the microwave field

In the general case, the relationship between the
microwave current and the microwave vector po-
tential A„(with the time dependence of the form
e ' ') is expressed by the formula
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FIG. 1. Two geometrical configurations when the static
magnetic field is tilted away from the surface of the sam-
ple which lies in the xy plane. $ is the angle between the
microwave field E„and the projection of 0 on the surface.
(a) & =0 (6=0 corresponds to the longitudinal orientation;
(b) 4 = 27( (6 = 0 corresponds to the transverse orientation).

where Q is the response function. j„is the sum of

two parts: j„=j„+j;j„=—QQ = —frua„A is the

current in the normal state, o„being the normal-
state conductivity of the superconductor, and j
= —Q A„ is the small perturbation due to the super-
conductivity which is proportional to the mean-
square average of the order parameter (lh I'). Q'

has been calculated by several authors;
I I

Q = Qs«~+QcM+Qr ~

Q,«, is the response function without the assumption
of a possible spatial variation of the order param-
eter. This is the response in the longitudinal ori-
entation. Q,«, was first calculated by Maki, ' and

its expression is given in the Appendix. In the

limit v«mT,

Q.~.~ = (&. I
~ I'/») 4'"' (p+ op) Q,'„, ,

with [Eq. (Al)]

p 1 —P&d 'EQ) —P(d 4' (p + Pp)
(2)

2 —f(d + ep 8&T Ad + ep 4' (p + pp)

pp = ep/4p T, ep ——28DHip,

Int = @( ) 4-.''( —+ppp) .
8 is the magnitude of the electronic charge, D= 3' l
is the diffusion constant, 4' is the digamma function,
and 4'" and 4'"' are the first and second deriva-
tives of 4' (we choose units h= c = k = 1).

Qc„ is the contribution calculated by CM-I, 7

taking into account the modes associated with the
fluctuations of the order parameter induced by the
microwave field. These modes are intimately con-
nected to the spatial variation of the order param-
eter, and their contribution exists only if E„LH.
The order parameter deviates from its equilibrium

value or from its lowest eigenmode 10). The mi-
crowave induces higher diffusive modes In) which

decay exponentially with time according to e '"o'
',

the damping coefficient a„o is equal to E„—Ep where
E'„ is the eigenvalue of the nth excited state. As
has been pointed out in Sec. I, CM-I, in their cal-
culation, forgot some very important diagrams in

the perpendicular orientation and Thompson' found
a correcting term Q~. The more general expres-
sion of Qc„[Eq. (31) of Ref. 7] and of Qr [Eq. (10)
of Ref. 10] is given in the Appendix.

Let us call QcM+ Qg =
Qgy &

In the low-frequency
limit co«mT„Q, y &

can be expressed by

'Qfluct —(o I I
/pT w (2 +Pp) Qf1uct ~

with [Eq. (A2)]

4 kd 4 (p +Pp)
Qnuct ~ n ~ 4&T y(1) (1 )n &nO 7T 2 +pp

where x„=Dl (nl2eA 10) I is the square of the ma, —

trix element of the vector potential between the nth

excited state a~d the ground state. Let us now ex-
amine the different orientations:

I. .4fixed state ((I)= Tr,I2)

The ground state &0 = 2eDH, 2 is the Abrikosov so-
lution, and the eigenvalues are those of the har-
monic oscillator e„=(2n+I)zp. The n=1 mode cor-
responds to a collective oscillation, at the fre-
quency (d, of the vortex lattice along E„&&H; the
only nonvanishing matrix element is x, = eDH, 2.

2. Surface sheath regime (e=o)

The ground state up=0. 59(2eH„) is the Saint-
James-de Gennes' solution. The excited states of
the surface sheath were calculated by Fink, ~3 who

gave their eigenvalues as a function of the square
of the distance between the nucleation site and the
surface. Near 8,3 the microwave can only excite
states with the same nucleation site as the ground
state. The energies of these states are 5. 6&o for
n=1 and 11.05&0 for kg=2. In the longitudinal ori-
entation, the matrix elements are zero and the
fluctuations are not excited. In the transverse ori-
entation, the matrix element Dl (1 12eHz 10) I

=0. 59eDH, 3. As the contribution of the excited
states decreases as e~'n™, the first excited state
almost gives the full contribution (within 7/p).
Physically, the fluctuations are induced by the cou-
pling between the microwave current and the
screening current in the surface sheath. The n=1
mode is along E„&H, and corresponds to an oscil-
lation (at the frequency ~) of the surface sheath it-
self perpendicular to the surface of the sample.

3. Tilted magnetic field

In the tilted ca.se (H in the rz plane) the order pa-
rameter for the equilibrium state and the excited



1930 Y. BRUNET, P. MQNCEAU, AND G. %AYSAND 10

TABLE I. Ground-state energy; damping coefficients &~=&„-&p, ~here &„ is the eigenvalue for
the nth excited state; the square of matrix elements x„=D (n I 2eA I 0) I of the vector potential between
the nth excited state and the ground state; and anisotropy for (a) the mixed state, (b) the surface
sheath regime in the longitudinal (ft) = 0) and transverse ((t) = ~2) orientations, and (c) when the magnetic
field is tilted away from the surface of the sample.

Ground-state energy

Mixed state

&p( H~ )

Surface sheath

/=0 (I5 = pX

0. 59~o(-H, )

Inclined magnetic field

Damping
coefficients

4. 6&p 2&o»n

62 —fp
~ ~ ~

4eo 10, 05~p 2. 7&
p cos~

Matrix
elements x2

1
2fp 12E'

p 2&p sine 0. 319 (2&o sine)

1.18&p cos~

Anisotropy A 0. 586

states has to be determined. It is much more com-
plicated, because the differential equation for
d (x, z) is not separable into operators depending
only on x or z. Makis constructed the ground-state
and excited-state wave functions in terms of the
product space ($0, Q, ) x(40, 4', ), where $0 and Q,
are the ground-state and the first-excited-state
functions for the Abrikosov state, and 4'0 and II,
are those for the surface sheath. The ground state
is a solution where, as Kulika showed, the surface
sheath has a vortex structure similar to the mixed

I

state. (Because in his calculation Kulik used a
linear Ginsburg-Landau equation, he could neither
calculate nor minimize the free energy and subse-
quently was unable to obtain information about the
geometrical structure of the vortex lattice in the
superconducting sheath. ) The lowest eigenvalue
n(8) determines the critical field H, ~(8) as

H, B(8)/H, z
= [2sin8+ l.95cos8 —[(sin6+ l. 36cos8)z + 0. 59sin6 cos6]1™)' .

This expression is only valid for small e and gives
(1/H, B)(dH, S/d8) I s=0= —l. 33 I 8 I, whereas the Saint-
Jamess result is —1.35 I 8 I. The eigenvalues and
matrix elements are given in Ref. 30 in the two ori-
entations 840, /=0 and 840, g =v/2. All coeffi-
cients are summarized in Table I.

B. Surface impedance calculations

Our calculations closely follow those of Thomp-
son, who has made a careful calculation of the
surface impedance g. Using the standard definition
of

Z= R —iX= 4&
H. (0)
H„(0)

8
= 4&i&v A„(z) —A„(z) ~,=0,8z

[E (0) and H„(0) being the electric and magnetic

l

components, respectively, of the microwave field
at z = 0], and the differential equation for the vector
potential inside the superconductor

8A

Thompson calculated the general expression of g

A, +2v5 f, e-'"f'(z)dz
Z 4vgQP5

A 2 5 Jyy gyp .P( (1)
0

5 is the complex penetration depth 5 = (-4vi&uo„) '~~

= —,'(1+i)5O and 50= (2v&uo„) 'i' is the normal-state
classical skin depth. j is calculated in the pres-
ence of the normal potential A08"' 6; as in the case
of our experiments on dirty superconductors, Q is
local, and j (z) = -AOQ (z)e *~~. We can develop the
expression (1) and

Z= —4via)5[1 —4v5 f, e "q'(z)dz] . (2)
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Let us look at the different orientations.

l. Mixed state

In this orientation, Q is constant and we find

4&iv) Q
(4zq„)'" 2q„

=)b,(0) ('e ' ~ "', we can write Eq. (2) a.s

Z= -4zuubi 1- —"4' ' —+ p q ((g)
4~so (g) t

m~ 2 O

(6)

The surface resistance is equal to

R R 1
ImQ'-Req

(3)

where R„ is the surface resistance of the normal
state. With the value of Q taken from the Appen-
dix, the coefficients from Table I, and Eq. (A3) of
(lb lz) in the mixed state, Eq. (3) can be expressed
as

2&i(0)Ln(f)
162 p 1

H-H~p ~, co 4

with

@'"(z+ po)LD(i) PO@(1)Il
'La +PoJ

Kg and K3 are the generalized Ginsburg-Landau pa-
rameters; n is the demagnetization coefficient;
Ln(t) equals one at T= 0 and two at T= T,. In the
static limit &u«w(T, —T)-zo(f), ReQ /&u=-0 and the
static conductivity is given by the ImQ /&u term.
f,(t, ro) gives the frequency dependence of R/R„as
a function of &u/z(T, —T) and ~/T, . Experimental-
ly, we measure the slope of the surface resistance
near H, p, and the results are presented in terms of
normalized slopes at H, p

Therefore we must consider two cases in which
becomes negligible for distances either great-

er or smaller than $(i).
a. $(f) «Reb. This condition requires

(o/w(T, —T) «2z2 .
The temperature range in which Eq. (7) is not satis-
fied decreases as ~ increases. Eq. (6) can easily
be i.ntegrated. With the expression for tht~ ob-
tained by Makis~ and given in Eq. (A4)

( )
(I+i)60 Hcs-H
2((f) H„

(R i' 'r i')).
2z& t —0.328

The real part of Z is

R=B„1-GReO *
)H„(i)

with

(8)

a=~ —, 1

$(f) 2tcz(f) —0.328

In the low-frequency limit (d «mT, , according to
Eqs. (Al) and (A2) in the longitudinal and transverse
orientations,

Hcp eR
8 R„SH „ (6) Re Q, = 1 + ~ (o /(uP + eo),

The temperature variation of s, for different values
of &u/wT, is shown by Pedersen et a/. " The only
difference between Eq. (4) and the expression ob-
tained by CM-II or FMMM" is the factor Ls(f).
However, we must recall the zone of validity of
these two theories. As pointed out by Thompson, '
the CM-II result consists only of regular terms
and the zone of validity is that of the Ginsburg-
Landau equations; i.e. , h«n'T, or, expressed in
magnetic field, 1-H/H, z(i) « l. On the other hand,
the Thompson term includes an anomalous term and
the zone of validity is reduced to d, «zo(t), or
1 H/H, z(f) «1 ——i. Finally, Takayama and Makiz'

have made calculations of the conductivity in this
region, taking into account the effect of higher-
order corrections of the order parameter.

- r
1

1 e 2&&4. 6&3o

2 up+ E (4. 6to)z+ &uz

& Po @ (z +Po)
4. 6z', q "'(-'+ p )

(10)

The calculation depends only on regular terms and
the zone of validity as expressed in magnetic field
is 1 —H/H, B(t) « l.

b. $(f)» Re6. We have to calculate the integral
in Eq. (6). This integral is complex and Maki
made some approximations; this leads to the fol-
lowing result:

Z=R„(1 —i)[l ——,'(I+i)n(l+iP)(ReQ +iImQ )j, (ll)
where

2. Surface sheath regime

Q is no longer constant, but decreases exponen-
tially inside the superconductor. If I d (z) I is ap-
proximated to a Gaussian variation I h(z) I'

2 ~ 1
vz 6, I+(2/vz)(t. /6, )

'
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The real part of Eq. (11) gives

B= A 1 —8 Re@ —PImQ
H„(f)

(12)

If $(t) «Red, Eq. (8) is again the result; if $(t)
» Re5, then P = 1, and we are in a situation where
Q is constant over the skin depth, as in the mixed
state. %'e experimentally measure the slopes of
the surface resistance near H, 3, and we can define
the normalized slopes:

I 8R
tr ~ fj tt'(lp ~)

H=Hc3
(13)

In Fig. 2 we have drawn the theoretical variations
of f«, (f, &g) for a Pbevins alloy at 9. 5 GHz and T,
= 7K (&o/T, = 0.064), emphasizing the region near
Tg 0

Z=R 1 —f —8(H 6)
H (6)

E &p
—g(d Epp —$(d

where a(H, 6) is the generalization of 8;

6&tH6=
i/2

=~'(f) 1.18 H o 6
1

X 0

1.16(2&r,'(f) -0.334 cos6- sln6} '

and &y xp Gap fop are in Table I. In the longitu-
dinal orientation,

B=R„1—8 H, 8 H„(6) -H
H, e 1++ (14)

3. Inclined magnetic field

Although it is possible to have the general ex-
pressions of g as a function of t, (d, 8 from the
general expression of Q, we shall study the sur-
face impedance within the limit of &u «eo(f). We
only have the contribution of Re@ . Z is equal to

2[q (-,
' + 5. 62p, ) —4(-,'+ p, )]
(4 62)&p @&&)(t

(17)

where this value was 0. 57 at T, and 0, 84 at T=O.
After Eqs. (9) and (10) we see that, near T„Re@„-Re@I and then A- 1. At T„when ~ & to(t), there
is no more anisotropy because the fluctuations of
the order parameter cannot follow the exciting field.
Physically, at 7, the order parameter ~ is homo-
geneous over the skin depth, and the fluctuations
being related to the spatial variation of 4 become
irrelevant. In Fig. 2 it is possible to see that the
two curves f, (f, &d) and f„(t, ur) intercept each other
near T,. There is a region where the anisotropy
is higher than 1. According to Eq. (12), the general
expression of the anisotropy can be expressed as

A —Re @~r —P Im@~r

Re@r —PIm@,
(18)

In Fig. 2 we have plotted the theoretical variation
of A near T, as a function of t at three different
values of e/T, =0.016, 0.07, and 0. 15 correspond-
ing to a critical temperature of 7 K to frequencies
of 2. 4, 9. 5, and 23 GHz.

When the magnetic field is tilted away from the
surface, the anisotropy is defined according to Eqs.
(14) and (15). In the static case,

C. Anisotropy

The anisotropy is measured by the ratio of the
slopes of R/R„ in the longitudinal and transverse
orientations. In the static limit &d «eo(f)

A = Ref&)I, /Re@, .
In the mixed state Re@„=-0and A =0. The anisot-
ropy is complete: there is no screening current in
the mixed state. In the surface sheath regime,
within the static limit, 2= 1 —2/4. 6=0. 57. Sum-
ming over all the excited states, Thompson found
A =0. 586. Maki and Fischer, ~8 in their incorrect
calculation, found a temperature-dependent anisot-
ropy

and in the transverse orientation, A = 0. 565 +0. 247~2 (19)

H O'-H 0 319

(15)

CO

4eDH sine ' (16)

When 6- 0 and &d «ao(f), we again find Eq. (8).
The surface resistance has a sharp peak for 8=0
and the width of this peak is of the order of ~/
4eDH; for the frequency of our measurements,
which is 2. 4 6Hz, and for H -3000 Oe, e is equal
to 0. 3'. lt is a clear indication of a very good
alignment which is necessary between H and the
surface of the sample.

we can plot A as a. function of &u '=4eDH, ~(sin6)/(u
= (3.38e'o/u)stn6. Near T„eo is proportional to
(1 —f). In Fig. 3, A is plotted as a function of f for
two different values of 8, 0. 5' and 1'.

III. EXPERIMENTAL TECHNIQUE AND SAMPLES

The surface impedance is measured by a reso-
nance technique. The specimen forms part or all
of a resonator. The inverse of the quality factor
Q is proportional to the surface resistance, and the
shift of the resonance frequency is proportional to
the surface reactance. For our measurements at
2. 4 GHz, we use a technique similar to the one used
by Pipparda and Waldram. The resonator is a
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FIG. 6. Our results on
lead-indium alloys at
2. 4 GHz with the same
theoretical curves as in

Fig. 5, calculated for the
frequency of our measure-
ments.
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slope up to the H=H, 2 line. Following Eqs. (4)
a.nd (5),

2x'(0)' 1.18[2x'(t) - I] (20)

In the case of high e~ values, and using the relation
x,(0) = x, (0), which is valid only for weak coupling
dirty superconductors, Eq. (20) can be written

s~ a 0. 882[xs(0)/K2(t)] Le (t)f~(&u, t) . (21)

In order to compare the experimental s, measure-
ments with the theoretical calculations, we need to
know the temperature variation of v~. This varia-
tion was obtained by Caroli et a/. for extremely
dirty superconductors. Eilenberger ' calculated
the variation of xs(t)/xs(1) and e, (t)/x, (0) for differ-
ent l/$0 ratios based on the following two principal
assumptions: (i) a spherical Fermi surface and (ii)
a weak electron-phonon interaction; the tempera-
ture variation of xs became more important as I/$0
increased. Usadel~~ showed that the strong cou-
pling correction to the variation of x2 with t was
very small. Pedersen et a/. measured s~ for two
different systems: Nb-Ta and Pb-In alloys. xs(t)
for Nb-Ta alloys was determined by Ikushima and
Mizusaki. '3 For concentrations higher than 19.7
at. %, they found a good agreement with the result
of Caroli et al. ; i.e. x~(0)/x, (1)=1.2. Consequent-
ly, the use of this theoretical variation of xm(t) in

Eq. (21) (by Pedersen et al. ~ in their Fig. 8) was

appropriate. Pedersen et al. found that
their experimental s, measurements were situated
between the Thompson and FMMM theoretical
curves. It is proved experimentally "4 that, for
Pb-In alloys, xz has a much stronger temperature
dependence than expected, according to the theory;
for example, zs(0)/x2(1) = 1.4 or l. 5. Figure 5

shows the results of Pedersen et a/. for Pb-In al-
loys, and the Thompson and FMMM theoretical
curves computed with x2(t) from Caroli et al and.
em(t) from experimental measurements. " Agree-
ment with the Thompson theory is no longer valid
and the results, as for the %)-Ta alloys, are inter-
mediate between the curves representing the two
theories. Figure 6 shows our results on Pb-In
alloys. The slopes are taken below 0„, where
R/R„has a linear variation with H and, as pre-
viously, '3 we find a better agreement with the
FMMM theory. We do not present results in the
mixed state for the Nb-Mo alloy because the R/R„
curves show a very large rounding near H, ~ which
prevents us from getting meaningful results.

Pedersen et a/. give a procedure for circum-
venting the inherent difficulties of measuring the
slope of R/R„near H, s, and their results provide
a strong qualitative support for the Thompson the-
ory. Other measurements, using their technique
with very-well-homogenized samples, will be use-
ful near T,. However, in this temperature range,
the measurements will always be complicated by
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rounding due to thermodynamic fluctuations. For
an appropriate interpretation of the results, it mill

also be necessary to obtain resistivity and magneti-
zation measurements on the same samples in order
to determine the true za(f) variation.

B. Surface sheath regime

According to Eqs. (14) and (15), it is necessary
to have an excellent alignment between H and the
surface of the sample. In Ref. 42, R/R„curves as
a function of 8 were shown for different values of

H in the transverse orientation. As pointed out in

Sec. III, we determine the position of the electro-
magnet to obtain the minimum value in R(e)/R„ in

each experiment.

l. Anisotropy

(18) has been drawn, together with the results of

Baixeras and Bodin for a similar specimen.
These workers measured A for Pb-In alloys at 600
MHz, the superconductor being the inner conductor
of a strip line. They have drawn a regular curve
across their experimental s„and s, measurements,
and the points plotted in Fig. 8 are the ratio of

s„/s, taken for regularly spaced reduced tempera-
tures on these ideal curves. The uncertainty in

their determination of A is indicated for one tem-
perature in Fig. 8. Our measurements show that
(not too close to T,) the anisotropy is almost tem-
perature independent, in good agreement with the
Thompson correction of the Maki-Fischer calcula-
tion. However we find that, for the Pb~gn, o and

PbgpInsp alloys, A is -0.45, which is 20% lower
than the theoretical value of 0. 586.

Typical experimental R/R„curves in the longi-
tudinal and transverse orientations are given in

Fig. 4. It can be seen that R/R„varies linearly
over a large range of the applied magnetic field,
and the slopes near H, ~ can be obtained without dif-
ficulty. The variation of R/R„with H between H, z

and H, 3 becomes more linear as ~ increases. For
the Pb, Din~0 alloy, when measurements are taken
not too close to T„R/R„ is a straight line between

H,~ and H, 3. The experimental values of s&, and s,
for Pb9Pn~o and Pb~lnz are shown in Fig. 7, and

their ratio A in Fig. 8. In the same figure, the

theoretical variation of A with t according to Eq.

2. Effect of a misalignment on anisotropy

In Fig. 9, we show results for two pieces of the
same Pb5oln~o alloy. Curve (a) is obtained for a
sample oxidized during the annealing process, and

consequently with a bad surface state after polish-
ing; its anisotropy is strongly temperature de-
pendent. In the same figure, we show the temper-
ature-dependent anisotropy function [Eq. (17)j found

by Maki and Fischer" [but calculated only in the
static range: m «c,(t)], together with their experi-
mental results for a Pb»Bie alloy which seemed to
support their theoretical predictions. Curve (b) is
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for a piece of the same Pb5oln~o alloy, but with a
well-polished surface~ its anisotropy is almost
temperature independent. It can be seen that the
values of anisotropy for these two samples are
identical for t&0. 95. We also measured the an-
isotropy for the Nb+//loao alloy. Although this sam-
ple may not have been very homogeneous, thus
preventing us from obtaining results in the mixed
state, the R/R„curves near H, r were linear enough
to get s„and s, without ambiguity. We measured
R/R„ in the longitudinal (6 =0, P =0) and transverse
(6 = 0, p = w/2) orientation, and w ith the magnetic

field tilted by 2' from the longitudinal orientation
(6=2', /=0). The variations of s, and s„, as well
as the variation of A with t, are shown in Fig. 10.
The anisotropy is much less temperature dependent
when 8 = 0 than when e = 2', and, as in Fig. 9, there
is no difference in the vicinity of T, in the two sets
of measurements. The results in. Figs. 9 and 10
can be explained in the same way. Previously,
Monceau and Gilchrist showed that it was unlikely
to have H strictly parallel to the sample surface,
due to irregularities or undulations of the surface,
as well as nonuniformity of H. They developed a

Pb50 In50 (bad sur face)
at 246Hz

b Pb50 In50 (good surface)

1 P + Pb91 Bi9 from Maki Fischer at 9.56Hz

h hing'~~ ~~a A~~ a

— m4qa~ i+ii~~

Anisotropy as
a function of t for two
pieces of the same PbzpIngp

alloy, (a) with a bad surface
state and (b) with a well-
polished surf ace. The
curve is the temperature-
dependent theoretical varia-
tion of A [Eq. (17)] accord-
ing to Maki and Fischer
and (+) denotes their ex-
perimental results at 9. 5
GHz for a Pbe&Bi& alloy.

0.0
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model in which the surface should be decomposed
into elements which make different angles with H.
If 80 is the average value of e between H and a
perfectly aligned surface, each surface element
makes an angle 8= 90+4 with H; they assumed that
4' had a Gaussian distribution. The theoretical
angular dependence of R/R„, as calculated from
Eqs. (14) and (15) for an ideal surface [(2('k~))'12 =0],
is much more abrupt than had been experimentally
found. The results of Fig. 9 correspond to e =0,
but (2(42))~+o0 because of important surface irreg-
ularities due to a faulty polishing process. The re-
sults of Fig. 10 correspond to 940, and ideally to
(2(4 ))'~'=0 (but, in a practica, l sense, as can be
seen from the residual temperature dependence of
A., (2(4~))'+ must be not equal to 0 in this alloy,
because of the difficulties i.n getting a good surface
state). We see that the theoretical temperature de-
pendence of A [when there is a, constant misalign-
ment between H and the surfa. ce], calculated by
Maki and shown in Fig. 3, is greater than was found
experimentally in Figs. 9 and 10. However, there
is a good qualitative agreement. In particular, we
find that, near T„a slight misalignment of H with
the surface has no effect on the anisotropy. This
is so because, according to Eq. (16), m is propor
tional to [(1 —t)sine] ', and ~ for a fixed value of
e becomes»1 near T,. Experimentally, we find
that this occurs for t=0. 95. Thus, the tempera-
ture dependence of A, as found earlier by Maki and
Fischer, ' can be-explained either by a constant
misalignment of H with the surface, or by a bad
surface state of their samples, both faults having
the same effect (we, however, must keep in mind
that at the frequency of 9.5 GHz the dependence of

l.5
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0
0.80
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0.90
I

0.95 1.0

FIG. 11. Anisotropy near T~ at 2. 4 GHz. For the
Pb~oln~o and P197In3 alloys, the anisotropy is higher than
1 before being equal to 1 at T = T . The curves are not
theoretical, but only to help the eye to follow the varia-
tion of A.

R/R„on ru is less drastic than in our experiments).

3 Behavior of anisotropy near T

In Fig. 11, on an expanded scale, we present the
results of the variation of the anisotropy near T,.
Because of the rounding of the R/R„curves near
H, 3 in the vicinity of 7, we determine the slopes
SR/&H for R/R„= 0.90. The experimental results
show that A=1 at T= T,. These are the first an-
isotropy measurements made in this temperature
range, and they give strong support to the theory
of fluctuations of the order parameter as an ex-
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planation of this anisotropy. Near T„ in the trans-
verse orientation, the spatial variation of the order
parameter [the relaxation time of which is - zo(f)]
cannot follow the exciting field at frequency ~, and
the response function is only the static one, as in
the longitudinal orientation. The expo, rimental
temperature dependence of A. near T, depends
strongly on the ratio ~/eo(f) and is less abrupt than
the theoretical temperature dependence as shown in
Fig. 2. Something similar was found in the study
of the dynamical fluctuations near 7, in the mixed
state. ' lt has been suggested that, because of the
strong coupling behavior of lead-based alloys, eo(t)
must be replaced by a renormalized eg(f)f with

Ef(t) = 2. 2&0(t), it was possible to reach better
agreement between experimental and theoretical
results. In Fig. 11, we see that, for the Pb~oInzo

alloy, A has no peak near T„ the Pb90ln, o alloy
has a small peak~ and the Pb»In3 alloy has a higher
and broader peak. In Sec. II, it has been pointed
out [see Fig. (2)] that A had a peak near T, when

Eq. (7) was satisfied; i.e. when $(t)» Re5 or,
similarly, when m/w(T, —T)» 2x22. Experimental-
ly, the Pb»In3 alloy has apeak at 1=0.993; for this
temperature $ = 4600 A compared to 5 = 16 000 A.
Moreover, the amplitude of this peak is much high-
er than its theoretical value. But the agreement
with the theoretical predictions is qualitatively
good. In particular we find, as stipulated by Eq.
(7), that the temperature range where a peak is
observed becomes smaller when a increases.

C. Inclined magnetic field

We now consider the angular dependence of sur-
face impedance when 9 is much larger than the
characteristic angle 8, = m/4eDH, &(f). In Fig. 12,
the normalized slope s(8) as a function of 8 in the
transverse orientation is drawn (it was impossible
to have large 9 in the longitudinal orientation be-
cause of the small perpendicular magnetic field
available). First, it is evident that s(6) does not
follow Eq. (15). According to Eq. (15), for 8&8„
~ /(I + ~ ) is negligiblef s(8) increases slightly due
to the 8 dependence of 8(H, 6). Experimentally,
we observe a regular decrease in s(6). The diffi-
culty arises from the constant term in Eq. (15).
Mathematically it is a consequence of the Hilbert
space (Qo, P, ) x(4o, @,), where $0, P, are the
ground-state and the first-excited-state wave func-
tions for the niixed state, and 40, 4', are those for
the surface sheath, chosen by Makim in order to
obtain the ground state and the first excited state
in the tilted orientation. But, a,s pointed out by
Maki, 3 there are many other states which have
smaller damping constants, and which are very
important in the transverse orientation; so it would
be necessary to construct more precise wave func-
tions within the space defined by ($0, P„..., P„)

x(40, 4', ). Physically, when H is tilted away from
the longitudinal orientation the Magnus force on the
tilted vortices, E„&&H is constantly in the surface
plane of the sample; but, when H is tilted away
from the transverse orientation, E„XH has a vari-
able angle v/2 —8 with the surface, and there is an
interaction between the tilted vortices and the sur-
face sheath. It is this interaction which is only
approximated by Maki and needs further investiga-
tion. Second, we do not find the peak structure
in the variation of s(8) that we observed in our
measurements on "pseudobulk" samples as defined
by $(t) «d «5O. These peaks are believed to be
some "geometrical resonances" between the tilted
vortex lattice and the surface sheath which occurs
for specific angles. It has been shown that this
peak structure was observed only if the slope s(6)
was taken in the subcritical regime very close to

H~( 6), and it disappeared if s(6) was measured in
the steepest part of R/R„below H, ~. R/R„ for the
bulk samples has an almost linear variation be-
tween H, ~ and H, 3; this differs from what happens
in the case of pseudobulk samples. The slopes in
Fig. 12 were taken over a large range of the mag-
netic field and, so, it is not surprising that s(8)
has a monotonic and regularly decreasing variation
as a function of 9.

V. CONCLUDING REMARKS

We have studied the dynamical properties of
type-II superconductors for the principal orienta-
tions between the static magnetic field H, the mi-
crowave field E„, and the surface of the sample.
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FIG. 12. Angular dependence of the slope of the sur-
face resistance near H (9) normalized for 9 = 0 as a func-
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tion of 9.
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The results can be successfully interpreted by the
oscillations or fluctuations of the order parameter
as first suggested by Caroli and Maki, but with the
Thompson corrections. ' ' We have noted that, in
the mixed state, it is very difficult to obtain mea-
surements close enough to H, 2 to get the "anomalous
term*' in the conductivity. This anomalous term
comes from the static limit of the imaginary part
of the response function. In the surface sheath
regime, our results show that the anisotropy is
temperature independent, as calculated by Thomp-
son. This anisotropy is the ratio between the real
part of the response function in the transverse and
longitudinal orientation, and includes only regular
terms. Walton et al. ~~ have recently tried to ex-
plain this anisotropy in microwave experiments
completely outside the scope of the formalism de-
veloped above, In the study of the superheated
state, Kramer'7 found some Ginsburg-Landau solu-
tions with zero values of the order parameter along
the surface. Walton and Rosenblum 6 postulated
the existence of these vortices or "nascent vor-
tices, " below H,~, in order to explain the hystere-
sis observed in their microwave measurements.
Rothwarf et gl. ~~ calculated the surface resistance
in the longitudinal orientation, above H,~, with a
two-layer model with the surface sheath on the top
of the normal bulk. Below H,» as seen in Fig. 4,
the surface resistance decreases very rapidly be-
cause the mixed state is not absorbing, the micro-
wave currents being parallel to the vortices. Wal-
ton et al. claimed that the high surface-resistance
value in the transverse orientation was not due to
the resistivity of the mixed state in this orientation
but to the conductivity of the surface sheath itself,
and that the model, below H,~, must be a three-
layer one: the nascent vortices layer, with a con-
ductivity equal to the one in the mixed state; the
surface sheath; and the bulk in the mixed state.
We should like to make some comments about this
interpretation. First, we have never observed in-
trinsic hysteresis in the transverse orientation as
reported by Cardona et al. "or Walton and Rosen-
blum. 26 The phenomenological model of Walton ef
al. ' is applicable to all magnetic fields between
H„and H, 3, whereas the Thompson~0 theory is re-
stricted to the Ginsburg-Landau range; i.e. ,
H, (f) 3—H«H, 3(0). But, for high x, the ft/H„curves
are linear between H, 2 and H, 3 and we think that the
Thompson theoretical expressions are valid between
these two fields. Walton et al. estimate that, on
the top of the surface sheath in which the order pa-

rameter is always in the ground state, a layer sim-
ilar to the mixed state exists; this layer would be
much more absorbing when the microwave current
is perpendicular to the vortices than when it is
parallel. The alternative explanation is that the
order parameter in the surface sheath is in the
ground state in the longitudinal orientation only,
whereas in the transverse orientation it is in the
excited state,' our results in agreement with theo-
ry are a strong support to this explanation. Qur
experimental results showing the disappearance of
the anisotropy near T, are also a confirmation of
the order-parameter fluctuations. Near 7„ the
oscillations of the order parameter with their re-
laxation frequency co(t) cannot follow the exciting
field at frequency and, consequently they are not
excited; the anisotropy there is equal to 1. But
we have also considered the existence of zero-
order-parameter regions in the surface sheath;
this is the Kulik or inclined vortices state, due to
a misalignment between H and the surface of the
sample. This structure, however, has the effect
of reducing the anisotropy. The dynamical prop-
erties of these inclined vortices have been studied.
The surface resistance is strongly dependent on the
parameter m =~/3. 4eosine, and it is only when
&»1 that it equals the result obtained when H is
strictly parallel to the surface. We have shown
experimentally that, at low temperatures, a slight
misalignment has a drastic effect on the anisotropy
of the surface resistance but, near T„when qo is
small, we find the same result as in the parallel
orientation. Finally, in the study of microwave
surface impedance, one of the remaining theoreti-
cal problems is to obtain expressions valid for
large 9 when H is tilted away from the surface.
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APPENDlX

The Q,«t response function is given by Eq. (29)
of Caroli and Maki7

a„lb I' 'I
«& 1 1 SCO 1

+po +2FT .— + . 4' — +p -Q(—+p )2.r j 'EGO $(d + %0 2 277+

If ~ «7t T„we can develop the digamma functions and
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qr is given by Eq. (10) of Ref. 10 as corrected in footnote 5 of Ref. 20:
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Qc„ is given by Eq. (31) of Caroli-Maki'
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There are important cancellations between Q~ and Q~
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this is Eq. (75) of Ref. (30). If (d«sT, we can
expand the above expression in powers of &u/T, and
we get the low-frequency expression of Qgy
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In the surface sheath Maki~' has calculated the
average value of )A)~ which can be written

The average value of the order parameter is de-
fined in the mixed state by the expression

(, ))g~ 0. 59e H, (t) H-
w 2x2(t) —0.328

(A4)
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