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A general study is made of the observation of size effects in type-II superconducting films by
microwave absorption. A new class of size effects is presented that we attribute to the interference of
tilted vortices (generated by a tilted magnetic field on the sample) with the surface sheath. A putative
geometrical model is presented, which is in good agreement with experimental data. An extension of
this model is made to multilayered superconductive compounds (dichalcogenides).

I. INTRODUCTION

When the thickness d of type-II superconducting
film is just equal to its critical value (that is to
say to 1.8 times the coherence length £) the elec-
tromagnetic properties just under the critical
parallel magnetic field, as it is known, exhibit a
discontinuity. This size effect has been observed
by tunnel effect.’ The purpose of this paper is to
show that with microwave absorption, not only
this size effect, but many others can be observed.

In Sec. II, we begin by reporting microwave ex-
periments on that effect which is due to the pene-
tration of a first row of vortices in the film. The
same behavior occurs when the film can accommo-
date two, three, etc., rows of vortices and this
also can be detected by microwave absorption.
From the discussion of these experiments, the
conditions of observation of size effects of vortex
lattice by microwave absorption are defined.

In Sec. III, we extend this technique to the study
of type-II superconductivity in tilted magnetic
field on the surface. The theoretical situation of
the subject is recalled. Then results are presented
on the angular dependence of microwave absorp-
tion of bulk samples (d> £). This dependence ex-
hibits many extrema. We interpret them in the
frame of a very simple but putative model as a
new type of size effects, namely, interference of
tilted vortices with the surface sheath. The rea-
sons why this model is only putative are discussed

as well as the reproducibility of the measurements.

In Sec. IV, we give other arguments in favor of
our model of tilted vortices by applying it to the
case of intercalated dichalcogenide superconduct-
ing compounds.

The experimental devices and the preparation of
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the samples are deferred to the appendix for con-
venience of presentation of the results.

II. SIZE EFFECTS IN PARALLEL FIELD
A. First entry in a thin film in the Ginzburg-Landau regime

The penetration of a parallel magnetic field
around its critical thickness has already been
studied by Guyon, Meunier, and Thompson® by
tunnel-effect measurements done in the frame of
the Ginzburg-Landau (GL) theory. A discontinuity
indI(V)/dV taken at a subcritical value of the
magnetic field is observed at the critical thick-
ness of the film d=1.8£. By varying the tempera-
ture, it is possible for a sample of chosen thick-
ness to go through the adequate value of £(7T). This
defines a temperature of first entry of the magnet-
ic field in the film, T,;. Thompson® has extended
this result to the case of microwave absorption.
The microwave conductivity of the sample,
0= 0, -10,, is expressed by
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¥" and ¥’ are the usual first and second derivatives
of the digamma function and €,= 2DeH,, (D= % V!
is the diffusion coefficient for the electrons).

The common amplitude coefficient of 0, and 0,
is expressed by
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J, and J, are two functions numerically calculated,
and J, exhibits a discontinuity at the critical thick-
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ness. In fact, J, and J, are the same functions
for the tunnel effect as well as for surface impe-
dance. The discontinuity in J, represents the pas-
sage from a nodeless variation of A(*) to a one-
node variation. This discontinuity has been
effectively observed by microwave absorption.®
Figure 1(a) shows the results of an experiment

on a PbIn (20 wt%) thin film of 2100 A at 2.45 GHz.
The reduced slope (H,,/Ry) (9R,/3H) taken in

the subcritical region is plotted as a function

of the reduced temperature, where R, is the
resistance of the superconducting film at H, T and
R, is the resistance of the film in the normal
state. The predicted discontinuity is observed.

It is of the same order of magnitude as the dis-
continuity of J, represented in the insert of Fig. 1.

The observation of the correct discontinuity
requires the following conditions:

(i) Since we are in the subcritical region, the
microwave absorption is controlled by the normal
skin depth 8. This length ought to be much larger
than the coherence length. Figure 2 represents
the results of a quite systematic study of IzBi
films in the X band. With these alloys and frequen-
cies, not only a jump but also a change of sign
occurs at T;;; as it was reported previously.* This
anomalous behavior of InBi films in the X band is
largely due to the fact that in that case d and 0 are
of the same order of magnitude. As a result, the
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FIG. 1. Variation of the reduced slope (H,;/Ry) Ry /H)
with the reduced temperature T/T. The discontinuity of
5 observed at Ty corresponds to the first penetration
of the magnetic field in the sample. By measuring H,
and H,;, we have verified that H,,/H,, =2 and that
[d/2£(T)1?=0.81 (by applying H,, =¢,/27%). For that
value of [d/24T)]? the insert shows that the function J;,
representative of the screening effect of the supercur-
rents, exhibits the same discontinuity.

plane-wave approximation is no longer valid,
contrary to what is assumed in Thompson’s calcu-
lations.

(ii) If the condition d <6 is fulfilled, the discon-
tinuity can be observed by microwave absorption
only for k> 1 superconductors. We never saw
the discontinuity at T, for PbIn films (2.3 wt%):
for this In concentration, k~ 1. Near H_, the
transition curves are rounded, consequently we
have not enough precision to determine the slope.

(iii) Because of the condition d <6, the substrate
and the wall of the resonator, on which the film
is glued, controlled the absorption. This probably
explained why, in contrast with the case of bulk
samples, the transition curves R(H) at a given
temperature are linear only in the first few % of
H starting from H_,. It is in this region that the
slope has to be taken if a comparison is to be
made with GL theory. For a slope taken on the
steepest part of the transition curve, the discon-
tinuity in (H/R ,)(8R/8H) is no longer observed.
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FIG. 2. Three upper graphs represent the variation
of the absorption of an In Bi sample of critical thickness
(d =1.8¢) but for various ratio of d/5 (6 is the normal
skin depth). The sign T refers to a magnetic field H
parallel to the surface of the sample but in transverse
orientation (E,,LH; E_, is the microwave electric field).
The sign L refers to a magnetic field parallel to the
surface in longitudinal orientation. A typical recording
of the d/6 ~ 1 situation is shown under the three graphs.
It should be noted that even for d/é N% the absorption
exhibits an anomalous behavior in the transverse orien-
tation. Thus, for the study of size effect, the condition
d/6 <<1 has to be carefully fulfilled.
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B. Generalization to size effects in
parallel magnetic field far from H

Starting from the critical thickness, one can,
by decreasing the temperature, go to a situation
where the film can accommodate not only one but
also two, three, etc., rows of vortices. This
was observed by tunnel effect by Sutton® in the
following way: at low temperatures PbIn (20-wt%)
films exhibit in the dI/d V curve versus H a series
of dips corresponding to the penetration of a row
of fluxoids. The same thing happens in the micro-
wave impedance curve as a function of H, of
equivalent samples as shown in Fig. 3. In this
figure, the effect of penetration of one, two, and
three rows of vortices can be seen. As for the
tunnel effect, the detection of these size effects by
microwave absorption is only possible for high-«
materials; we saw nothing but the regular plateau
in the surface-impedance curve of PbIn 5-wt%
films. Therefore, we can deduce from Secs. ITA
and II B that the observation of size effects by
microwave absorption requires high-k materials,
whether or not we are in the GL regime. This
is why we always use PbIn 10- or 20-wt% alloys
for the study of size effects. We can turn now our
attention to a new type of size effects: those of
tilted vortices.

III. TILTED VORTICES

A. Review of the theoretical situation of
type-1I superconductivity in tilted fields
1. Angular dependence of the critical field

A bulk type-II superconductor in high field ex-
hibits two remarkable regimes: (a) in perpendicu-
lar field, the critical field is H,, and, for every
field H<H_,, the most energetically favorable
structure against the flux penetrationis, as it
was shown by Abrikosov,® a vortex lattice; (b) in
parallel field; in that case as it was shown by
Saint-James and de Gennes, the critical field is
H_,=1.69H_,. Only a surface sheath, the width
of which is of the order of the coherence length,
is superconducting. We have “surface supercon-
ductivity.”

Thus, it is evident that superconductive proper-
ties are strongly dependent of the angle 6 between
the field and the surface of the sample. This is
true for the critical magnetic field itself. This
problem was first studied by Tinkham’ who pro-
posed a semiempirical formula to describe the
angular dependence of the critical field H,(6):

H 2
<_H&> cosf + I;I;(G) sinf=1. (4)
c3 c2

This was obtained by assuming that the parallel
and the perpendicular component of the critical
field can be treated independently of each other.
In fact, this is valid only for very thin films (d/&
<1). However, Saint-James® solved the Ginzburg-
Landau equations by a perturbation method.

In the linear approximation, this equation can be
written

2
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where the z axis is perpendicular to the surface

and D the diffusion coefficient.
The condition to impose on A is

oA
FZ-=O at 2=0. (6)

Saint-James’s calculation seeks for solution of
the form

A(F) = ¢, (x, 2) M

and considers two parts in the GL equation; one
is a “nonperturbed” equation
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FIG. 3. Surface impedance at 2.45 GHz and ¢ =0.447 of
a PbIn (10-wt%) films of 3150 A as a function of the
parallel magnetic field, each change of slope corresponds
to the penetration of a row of vortices. The insert repre-
sents the same effect detected by tunnel effect by Sutton
for a PbIn (20-wi%) of 3045 A at 4.2 °K.
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and the second part is the cross term in x and z,

H H
= 476— <ko— 2%__ z cos9> xcosf, 9)

\4
which is treated as a perturbation.

The series of perturbation is then completely
calculable in the limit 6 - 0. Saint-James was
able to express [1/H (6)][9H,(6)/96],. , as a func-
tion of the reduced thickness d/¢. For d/£—
this logarithmic derivative tends toward —1.35
(the same value was first found by Tinkham). The
variation of (1/H)(8H/80) exhibits a rupture for
d~1.8¢ (we recover here the situation of Sec. II
of this paper). Finally, the calculation confirms
the validity of the Tinkham’s expression for
d/E<1.

However, this method cannot be extended to
large angles. Yamafugi, Kasayanagi, and Irie
chose to treat the same problem by a variational
method.® They wrote the solution of the GL equa-
tion under the form

A(x,,2)= G(x)F(z)e** . (10)

Again is present the Tinkham idea of factoriza-
tion of the perpendicular direction (z) and the
parallel direction (x). G(x) is taken as a Gaussian
and F is then calculated; a Weber function is
found.

Finally, Yamafugi et al. proposed the following
formula for H(6):

Hc(e)
B

c2

(Ili'é—(e) cos9> “[1+ tand(1 - sind)] +

(11)

All those results are compared in Fig. 4.

2. Tilted vortices: generalization

These different methods admit a periodic vari-
ation of the order parameter along the surface.

In other terms, a vortex structure is assumed,
the tilted vortex structure, different from the one
created by the interference of the two surface
sheath in parallel field as soon as d >1.8¢ (Sec.
IIB). Naturally, this second structure is expected
to still exist if 6 ~0 but, as a first step, we can
neglect it as long as d/&>1.

In that case, Kulik!® has examined the vortex
structure in one surface sheath. The existence of
such a structure can be understood if one looks
to the variation of superconductivity in a bulk
sample when one rotates the magnetic field from
37 to 0.

For 6= 37, the critical field is H,,, supercon-
ductivity spreads all over the thickness of the
sample (the notion of surface sheath is meaning-
less in this orientation).  We have the well-known

sinf=1.
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FIG. 4. Angular variation of the critical field of a type-
II superconductor calculated for a thin film by Tinkham
for a bulk sample by Saint-James (perturbation method)
and Yamafugi et al. (variational method). The dots are
experimental points of a bulk sample.

Abrikosov structure of vortices. For 9~§1r, all
the sample is still in the superconducting state
but then we have yet tilted vortices (parallel to the
field). If 6 is decreased, the critical field in-
creases and surface superconductivity is more
and more present.

Under a given angle, the two surfaces sheath
are separated one from the other. One expects
to have two completely distinct surfaces sheath,
each of them with its own vortex array. The
tilted vortices or Kulik’s vortices look like the
fingers of a glove (Fig. 5). What is exactly this
vortex structure? To answer this question, it is
necessary to take into account, in Eq. (5), the
nonlinear terms, to evaluate the force energy
and finally to show that a periodic structure
minimizes it. Kulik, in his paper, does not go
that far. He simply shows that the linearized
equation near H(6) has periodic solutions. On
other terms, Kulik searches the periodic solution
of (5). However, the problem is still complex
thanks to the presence of the cross term V [Eq.
(9)]. Kulik writes the solution under the form of
Eq. (7) but points out that

A@r) = expli(ky+ k)] ¢ lx + (' p,/2 sinéb), z]
(12)

[where p,= (fic/eH)¥?] is also a solution.

The same remark was made by Abrikosov® when
he studied the notion of vortex array near H,,.
From this remark, Kulik concludes to the possible
existence of a vortex structure in each tegument
as soon as the magnetic field is tilted on the sur-
face.
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FIG. 5. Schematic representation of vortices in a bulk
sample (d>>£). The darkened zones represent the vor-
tex core. This is an oversimplification because near
the critical field, the notion of vortex cores is meaning-
less, the distance between vortices being of the order of
¢£. However, with this convention, case a (0 =37) is
the well known H,, situation; the vortex structure spreads
all over the sample. This is still true in case b when the
magnetic field is near the perpendicular direction. But
in case ¢, under a given angle, the surfaces sheath are
distinct and each of them has its own vortex structure.

In order to simplify the problem, Kulik con-
siders a semi-infinite sample. This approxima-
tion is valid if 6 is not too near from 3.

By analogy with the Abrikosov treatment, Kulik
writes

+ 00
Ar) ="=Z;mC,,exp [i <ko + %)y} d(x+nB,z). (13)
A periodic structure is assumed along the surface
with @ and B as lattice parameters. Like in
Abrikosov,® the value of different coefficients C,
determines the structure (i.e., for @= B and all
the C, equal the array is square, etc.).

For ¢, Kulik takes the variational form

2
d(x,2z)= exp(—%)exp(—%) , (14)
where
¥ 1/2 p
2= p0<2 cosG> s xo=m§ (15)

are deduced by a variational method from Eq. (5).

However, in contrast with Abrikosov, Kulik does
not take in account, as we said before, the non-
linear term, therefore he is not able to calculate
and minimize the free energy, and tis does not
allow him to determine the geomelrvical stvucture
of the vortex lattice. In fact, Kulik takes arbi-
trarily a square lattice on the surface; he writes
a= 8,

To determine @ and B8, one needs the equation

expressing the flux quantification: across one
cell of the lattice, the magnetic flux is equal to
one flux quantum ¢,= mkc/e.

For a square lattice, this is expressed by

?sinf= ¢ /H(H), (16)
a=[1/(sin)?]¢,/H(6), 1mn

a -~ when 8~0. This expresses the disparition
of the vortex structure in a parallel magnetic
field.

From the work of Kulik, we will use two results
for our model of tilted vortices: (i) the variation
of z, with 6 which is a consequence of the expres-
sion taken for the order parameter [Eq. (7)];

(ii) the condition of quantification that we write in
a more general form

pabsind= ¢ /H(0) = 103, (18)

where U= sin®, ¢ is the angle between the two
elementary vectors of the lattice. This equation
can be written as soon as the field is no longer
parallel to the surface. It expresses the quantifica-
tion of the perpendicular component H sinf of the
magnetic field. One can see the tilted magnetic
field situation as the superposition of a surface
sheath superconductivity resulting from the paral-
lel component H cos6 interacting with a vortex
structure determined by the perpendicular com-
ponent H sinf. However, this interaction cannot
be assimilated to a simple algebraical or vectorial
addition.

Another important remark about the condition of
flux quantification expressed by Eq. (18) is that it
does not imply a priori that a and b are both
varying with 6. It is only requested that their
product fulfils (18). When 6 -0, @ or b, or a and
b together — .

3. Microwave impedance and tilted vortices

Microwave absorption of a bulk sample is very
sensitive to tilted vortices. This fact was first
observed by Monceau'!; he was trying to adjust
the field parallel to the sample and he noted that
the best criterion for that was to maintain the
field constant, slightly under its critical value and
to look for a minimum resistance rather than for
the higher critical field. Figure 6 represents the
angular dependence of the microwave resistance
R, for a bulk sample PbIn (10 wt%) at 4.2°K and -
2.45 GHz for various values of the applied field.

A sharp variation of R, near the parallel orienta-
tion can be noted in the subcritical region (H
slightly under 1.69 H_,). To understand what
occurs, let us assume that in the parallel orien-
tation the electric component E ,, of the microwave
field is parallel to the magnetic field. In other
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terms, we are in the parallel longitudinal orienta-
tion (E, || H,) (see Fig. 7). As soon as the field
is tilted, a vector E, X H appears which puts the
tilted vortices in a collective oscillation.'* This
creates a supplementary absorption. The best
evidence of this supplementary absorption was
put in evidence by the so-called anisotropy of the
surface impedance'®; in the parallel orientation
(Hy= H,,) the microwave absorption is higher in
the parallel transverse orientation (H" 1 Ew) than
in the parallel longitudinal one (H, ||E,). This
surface impedance anisotropy is the continuation
in the microwave range of the flux-flow phenomenon
indc measurements. Bothtake place only whenthe
order parameter hasa spatial variation (vortexlat-
ticeor surface sheath). In that sense, the sharp
variationof R ,around the parallel orientationisan
indirect proof of the existence of tilted vortices.
However, to evaluate this variation, a theoretical
approach is needed. It was provided by Maki in
two different ways. The first is in the spirit of
the Yamafugi and co-workers’ calculation of
H_(6). The second'® follows the work of Caroli
and Maki on dynamic fluctuations of the order
parameter.’? As we will see hereafter, in both
methods Maki does not take into account the geo-
metrical structure of the lattice of tilted vortices.
Both methods lead to similar results. There is
only a difference in the transverse orientation.
Hereafter, we give the results of the second cal-
culation which is more precise according to Maki.
There are different cases because we have to
distinguish between the transverse and the longi-
tudinal orientation (Fig. 7). The surface impedance
introduces a second distinction. Effectively, we
have not only the three usual characteristic lengths
of a surface-impedance problem in superconduc-
tivity £(7T), d, & (the normal skin depth) but also
e,(0), the thickness of the tegument in the orienta-
tion 6. As we have yet noted, e, varies from a
length equivalent to £(7) in the parallel orientation
to e,(%w) ~ in the perpendicular orientation. Thus,
even if we are in a situation of extremely local
electrodynamics [£(T)< 5] by a simple rotation of

the field, one can go from situations where the
surface sheath is much smaller than the normal

skin depth to opposite situations: 6<¢,(6). In our
experiments, this situation is generally not real-
ized because we very often work on “pseudobulk”
samples: £(T)<d< 5 (we defined the bulk samples
by d >06). However, the electromagnetic absorp-
tion varies with e,/6. An approximate value of e,
can be obtained if, like Kulik, we assume a Gaus-
sian variation of the order parameter

22
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b 162H,

y'h — 0.98Hcz
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022H,,
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f= 245GHz
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0 45° 90° o

FIG. 6. Angular dependence of the microwave re-
sistance R, of PbIn (10 wt}) at 4.2°K for various
applied fields. Around the parallel orientation (9 =0°),
a sharp variation is noticed due to supplementary ab-
sorption created by dynamic fluctuations of tilted vortices.
This experiment was done in transverse orientation e, LH
when 6 =0.

L 22 (77 1/2
et—'[ dzexp< 2z> §> z,
_<5ng >“2=1.185(T>
"\ 4cosé

(cosB)12 *
In each orientation, the Maki results are, if we
denote the microwave impedance of a bulk sample

(19)

)

Zo=Ro+iXa, (20)
longitudinal case and e,(6)< 9,
(6) -H @2 )
0= Ryol1l= ) Hoyl0) -H
Ry RN( a(H,0) H (o 1+e%)° (21)
(0)-H &*
= -Q _4;3___
Xso= By (1-0, 0)BP=E L0 22
with
5 27 1/2
@(H, 0)= £(L)? <1.182H cosG>
x L (23)
1.16[242(¢) - 0.334 cos6 — sind] ’
®=w/4eDH sind and t=T/T, . (24)

B. Experimental discussion of Maki’s calculation on
microwave angular dependence

Experimentally, in the microwave range, it is
easier to look for the variation of the absorption
of a cavity than for its frequency shift. If in this
cavity one has a bulk sample of impedance
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FIG. 7. Orientation of the magnetic field H and the
microwave electric field e, in the tilted longitudinal and
the tilted transversal orientation.
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the absorption is proportional to R,. From Egs.
(21)-(24), we can deduce that for Maki there is a
characteristic angle 6, that we can define as

6, = w/4eDH (25)
for

0<6, Rgo™Xgu, (26)

=10, Rgwo=Xgow, 27

0>6,, Rsu<Xgaw. (28)

Qualitatively, this is in good agreement with the
initial work of Monceau! who has noted a very
sharp decrease of R, with 6. In his experiment
0. can be estimated to be of the order of 0.15°,

This value is too small to be quantitatively checked.

Even in the X band 6, hardly reaches 1° for PbIn
alloys. On the other hand, as R., decreases very
sharply, one cannot hope that it will be very easy
to measure precisely R.. Practically, there is
no easy experimental verification of Maki’s cal-
culation if one does not turn to “pseudobulk” thin
films, where £¢<<d<< 0. These samples are thick
from the point of view of the static properties of
superconductivity but thin for the microwave ab-

sorption.
It is shown in Appendix B that the impedance

Zy= Ry +iX, (29)

of a pseudobulk sample can be expressed, in the
high-field region [H slightly under the angular
critical field H,(6)] in terms of R., and X..

For the absorption, one finds

Ry= (1/2V2)(d/8) R+ X.o). (30)
In the domain 6 > 0, this implies

8R; _ 8X. .
w0 S H (31)
according to Maki 8R,/8H has the same angular
dependence in transverse and longitudinal orienta-
tion.

In other terms for a pseudobulk sample the ab-
sorption in the domain 6> 6, and for the high-field
regime is proportional to the imaginary part of the
impedance of a bulk one. Since X, does not de-
crease as sharply as R.,, this domain is easier
to explore with an electromagnet than the narrow
interval [0, 00]. Furthermore, if there is a mis-
alignment of the sample at 6 = 0°, it can be neg-
lected for large angles. The third advantage in
using (22) is the expression of 8X,/0H can be
simplified, and under the previous conditions, one
finds

90X
oH

(8) <H ~3/%(cos0)~/2(sing)™* (32)

valid as long as e¢,(0)<d (in our experiments this
is true up to 60 deg). In (32) all the quantities can
be measured by simple means in the same experi-
ment.

For the experiments we choose PbIn samples
(20-wt% In) of thickness d, 2000<d <3000 A. At
4.2 °K, the coherence length determined by the
measurement of H,, is £~210 A to be compared
with 6~ 3 um (estimated from the value of the
dc resistivity). We work at 9.45 GHz, a frequency
for which 6,~ 1° (the diffusion coefficient D is
determined via tunnel-effect measurements of the
same alloy). Results of one of our experiments
are shown in Fig. 8. The slope of the transition
curve is taken in the very high region. The ratio
8/% is larger than 10. One can see a good agree-
ment with Maki’s prediction up to 19° where a
different behavior takes place. However, this
type of experiment needs some comments. First
of all, we have taken very few points in the first
20 deg which are the most important due to the
fact that for #>30° it is very hard to determine
H,(9) with precision because the main variation
has taken place. This experimental imprecision
restrains the comparison with Maki’s calculation
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AH %_R&(arbun.‘,
Curve H%z f(g) for Pb 20% wt In

at 945 GHz

d=3000R % =15

a experimental points

H 83X following Maki
dH

0 20 40 60 80 [¢]
FIG. 8. Variation of the reduced slope of the supercon-

ductive transition detected by microwave absorption

(9.5 GHz, longitudinal orientation) as a function of the

angle 9. An agreement with Maki’s prediction is obtained

up to 19° but one should notice that few points have been

taken in the first 20 deg.

to the first 20 or 30 deg. This is why we turn to

experiments on same type of samples but with a

better angular resolution. Figure 9 shows one of
the typical result with a resolution of 0.8°.

The monotonic variation of (H /Ry)(R/eH) is
now “modulated” by a set of extrema. In Fig. 9,
the curve joining the experimental points is only
drawn to give an idea of what should be the actual
variation of the slope with the tilting angle. Before
discussing this type of curve in more detail, we
have to note that it shows that Maki’s calculation
cannot be fitted on a range of 20° in contradis-
tinction to what was concluded above. However,
if one considers the very first degrees of the tilt-
ing, the sharp variation of the slope predicted by
Maki remains qualitatively verified.

The relatively poor precision of our experiments
cannot be taken as an argument against the pre-
ceding conclusion. Itis true, that from one sample
to the other the curve is far from being reproduc-
ible in terms of amplitude of the slope at a given
angle. But this is not too surprising if one con-
siders the small value of the so-called character-
istic angle and the fact that the surface of the
evaporated sample has to be flat up to a fraction
of a coherence length (about 3C0 A for ¢ in our
experiments).

Furthermore, from one sample to the other, in

H 3R (4. uni
R, 3H (arb. units)

Pb-10wt% In
d=31508R
= 245 GHz
t = 0.447
He, = 3520 Oe
¥ =Hes 167
HC2

E(T)=307R
d.106
13

" error scale

L e°
-5 0 5 10 15 20

FIG. 9. Variation of the reduced slope of the normal-
superconductive transition in the first 20 deg with a
resolution of about 0.8° (for 2.4 GHz, transverse orienta-
tion). The variation represented in Fig. 8 is now strongly
modulated. We attribute this modulation to tilted vortices.
The arrows, the geometrical figures and the numbers
refer to the indexation of the singularities (see Sec.

I C5).

spite of all the uncertainties, the extrema in the
slope occur very often for the same angular value.
In the same range of ideas, it is very important
to remark that the curves are symmetrical under
the 6 to -0 transformation as it can be seen in
Fig. 9.

This has suggested the study of the variation of
the angular dependence when d/ ¢ varies. This can
be realized by repeating the experiment on the
same sample at two different temperatures. This
avoids the chief inconvenience of comparing sur-
face sheaths of different samples. However, the
fact that 6, varies with temperature means that
we cannot expect the curve to remain invariant.
One of the best results is shown in Fig. 9 and 10.

Figure 10 represents the angular dependence of
the slope of the microwave-transition curve taken
at the critical field on the same sample as in Fig.
9, but for d/&=8.35 (£=390 A) against d/&=10.6
and &= 307 A for Fig. 9. The two curves, though
they have the same shape, are not at all super-
inyposable. However, the comparison of the two
curves clearly shows that the extrema occur at
the same angles.

In Fig. 10, there is also a dashed line represent-
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\g; %E(qrb.units)

Pb-10wt % In
d=3150R

f= 245 GHz
t=0.657

He; = 2180 Oe

He |
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d.a35
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subcritical slope: \
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FIG. 10. Same as Fig. 9 but for a different value of
d/t. If the variation of (H/Ry)(8R /0H) is far to be equal
in both cases, it is important to see that the extrema
occurs for the same value of 6. The dashed line repre-
sents the normalized variation of the slope taken at the
steepest part of the transition at each angle. The extre-
mas are not observed on this variation that we call the
‘“average variation.”

ing a monotonic variation of the slope that we call
“the average variation.” It is, in fact, the value
(H/Ry)(8R/5H) not taken in the very subcritical
region but in the steepest part of the transition
curve. This procedure gives a second kind of
deiermination of (H/Ry)(@R/eH). We adjust it to
the subcritical determination by normalizing the
two determinations at 9 = 0° to the same value.
One can see from the dashed curve that the extrema
have disappeared; this shows that the “steepest-
variation” determination makes some kind of
average. This is very similar to what happens
for the size effect d = 1.8£ in parallel field (Sec.
II). This effect is observed only if the slope is
taken in the subcritical region. Thus, even if

we are not able to quantitatively discuss the exact
variation of (H/Ry)(8R/8H) we at least have the
task of explaining why the extremas of (H/R y)(8R/8H)
occur for definite angles whose values are inde-
pendent of d/¢ as long as d/£>1.8, as we will see
later. In other terms, the set of angular “reson-
ances” is related to the surface conductivity and
not to the thickness of the sample. The fact that
they are temperature independent also means that

the angular values are independent of the magni-
tude of the coherence length. This suggests that
we have the presence of a size effect due to the
presence of tilted vortices inside the surface
sheath as it will be seen in Sec. IIIC.

C. Calculation of the geometrical structure of tilted vortices

Let us return to the detection of size effects by
a surface-impedance measurement.

1. Remark on the sensitivity of microwave absorption

In Sec. II, we have seen that it is possible to
detect the entrance of the first row of vortices in-
side a thin superconducting film when d = 1.8&.
This is a size effect between the vortices and the
thickness of the film. In such a situation, if we
assume that the magnetic field is along the x axis
and vanishes at the points

z=3d, y==0/ko+ (2p+ 1)1/2k,, (33)

then the z axis is taken normal to the surface. ¢
is an arbitrary constant related to the arbitrary
choice of the origin. %k, is a parameter dependent
ond/& (=0 for d<1.8¢ and increases asymptotical-
ly towards 1.70 d2/4 —d/2& when d - ),

The microwave absorption is sensitive to the
transition from an isotropic to an inhomogeneous
superconductor. The inhomogeneity linked with
the spatial variation of the order parameter takes
place along the surface as well as normally to it.

For a normal isotropic semi-infinite metallic
sample in the normal skin effect, the dissipated
power P, inside the metal is

P,/Pi=4R/Z,, (34)

where P; is the incident power, Z,= 47/c is the
vacnum impedance, and R is the real part of the
surface impedance Z= R+ iX = 4nwo/c?. In the
normal skin effect, the wave may still be taken as
a plane wave near the surface inside the metal.

E, presents an “effective” node at a distance of

the order of 6 from the surface, while H , has an
antinode practically on the surface, where 1, is

the wavelength of the microwave field in avacuum.'®

Let us consider now an inhomogeneous metal.
This time, the skin depth is position dependent.
However, as pointed out by Fisher,' if the sample
is such that § is everywhere much smaller than
wavelength A, in the vacuum, the node of E, is
always very close to the surface, and H, has prac-
tically a node at z = 0 [the variation of H is of the
order of (5/A,)%.

P, is related to P; by relation (34) using the
fact that the wave is always quasiplane on the
surface. The impedance in the case of an inhomo-
geneous metal is still defined by the usnal relation
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Z=-— . (35)

But, now, this quantity varies along the surface.
Therefore, as we are not able to distinguish the

contribution of each point of the surface, the ex-
periment gives Z, but is averaged along the sur-
face.

Returning to superconductivity, this means that
in the case of a spatial modulation of the order
parameter, the microwave absorption is sensitive
only to its variation along the normal to the sur-
face (as long as d> £, see Ref. 3).

In the case of the tilted vortices in the surface
sheath, the surface impedance is also sensitive
to that which occurs along the y axis, since, as
soon as 6 is larger than one-tenth of a degree,
the distances between the intersections with the
surface of neighbor vortices are much smaller
than 6. On the contrary, the range of variation
of the order parameter along the normal is of
order &,

We are going to assume from now on that the
“angular resonances” observed in the subcritical
absorption are due to the modulation along the z
axis of the surface sheath by the tilted vortices.
By analogy with the case of the film of critical
thickness, we assume that each time the sheath
can be accommodated in its thickness and interval
between two consecutive rows of tilted vortices,
the absorption is affected.

Such events can occur because the surface
sheath is an increasing function of 6 (from 1.18&
at 6= 0 to » for 6= 37), while the number of vor-
tices that intersect the normal to the surface is
a decreasing function of 6 (it vanishes at 6= 37
since the vortices are parallel to z and increases
when 6- 0).

2. “Venetian blind” analogy

A very naive model can help to understand the
size effects induced by tilted vortices as well as
their difference with the situation of first entry
described in Sec. IIA. Let us consider a system
of blades alternatively normal and superconducting
tilted with respect to the surface. In first approxi-
mation, we can suppose that the electrical field
does not penetrate inside the superconducting part.
The wave comes from the left-hand side of Fig.
11(a). Aslong as 0>6,, 6, is a limiting angle de-
fined by the situation pictured in Fig. 11(b), the
wave can cross the normal blades from part to
part. When 6> 6,, a different behavior takes place;
the wave is not transmitted to the right-hand side.
If b is the width of a normal blade, 6, is given
by :

b/e,(6) = tan6 (36)

surface

<8y 0=6p 8>8,

FIG. 11. “Venetian-blind” model for tilted vortices.
The shaded areas or ‘“blades” are superconducting, we
assume in first approximation the electrical field does
not penetrate into them. The white blades are normal.
The wave comes from the left in A, Some light can cross
the blind since their tilting angle is 6§ <0;. 6; is defined
by B. As soon as 6 >0; no more light is transmitted,
this is shown by C.

(e; being the thickness of the surface sheath). It
is seen that, in spite of the fact that surface impe-
dance is sensitive only to the variations along z,
the size effect may be related to the surface “geo-
metry” of the inhomogeneity.

This presents a striking difference with the
critical-thickness case, where the condition d= 1.8¢
does not take into account the periodicity of the
order parameter along the surface of the thin film.

This optical model suggests also that other
changes of absorption occur when one goes from a
situation where any normal to the surface stands
inside the same cell to a situation where it crosses
many cells. This defines a set of 6,. We call them
remarkable angles.

3. Calculation of the remarkable angles for tilted vortices

On the surface, the origin may be chosen at will.
The most convenient choice is to set it so that the
plane xz, which contains the normal to the surface
and the magnetic field (see Fig. 7), be a plane of
symmetry. In that case, the x axis is privileged
and along it there is a periodicity. We restrain
our evaluation to the most simplest lattice: square
or equilateral triangular,

Two possibilities are then offered: (a) the struc-
ture is a square or equilateral triangular in the
plane of the surface (Kulik’s assumption); (b) how-
ever, by analogy with the behavior around H,,,
one can think of a square or equilateral lattice in
the plane perpendicular to H.
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a. Square ov triangular lattice in the plane of
the surface. In that case, the two parameters of
the vortex lattice are of the same order of magni-
tude and thus vary like (sin6)~*”2, while the surface
sheath varies like (cos6)™/2, Of course, we have
to abandon the Venitian-blind model and turn to the
exact geometrical situation. This is shown in
Fig. 12 where each vortex is represented by its
axis. It is seen that the remarkable angles are
defined by

e, = stané. (37

Square lattice: using the only case considered
by Kulik, one has

absinf= mpZ, (38)
with

b=a
thus,

@ = 1p3/sinb. (39)

In the plane of the surface, two lattice orientations
are possible: ag: the projection of H on the sur-
face plane is parallel to one of the directions of
the side of the elementary square; and b5: the
projection of H is parallel to the direction of one
of the diagonal of the elementary square. We do
not consider the case where the field is parallel
to other directions of translations of the vortex
lattice.

In the case “a_,” the singularities are associated
with integer multiples of a, that is to say (Fig. 13)

s=na, n integer, (40)
In the case “b,” s=na/2 or na/N'2. For s

=nav 2, the singularities correspond to vortex
axis which are in the xz plane perpendicular to the

%

FIG. 12. Representation in the xz plane of the geo-
metrical situation of the vortex lattice for a situation
of remarkable angle. s is a multiple or an under multi-
ple of one of the translations of the vortex lattice.

TILTED VORTICES IN... 3683

FIG. 13. Representation of the intersection of the tilted
vortices with the surface in the case of a square lattice.
ag and b, denote the directions for which the written
formula is valid.

film. For s=mna/V2, the vortex axis responsible
for the singularities are symmetrical with respect
to the xz plane.

All the different situations for the square lattices
are described by the equations

s=nu'a, (41)
where

p'=1,A/N2),V2.
The condition of singularity is

e3 = n?u'?(rp?/sinf)tan?6, (42)
as e?= mply/4cosé [from Eq. (27)]. We obtain a

very simple formula

Y

tan9=W.

(43)

Since p’ is given only by geometrical considera-
tions, (43) contains no adjustable parameter.

Triangular lattice: Figure 14 shows the possible
configurations: a,: the projection of H on the
surface is along the diagonal of the elementary
cell; b,: the projection of H on the surface is
parallel to the side of the triangle;

for a,, s=nav3/2 or s=na'3,

for b,,s=na/2 or s=na.

V3

__1

FIG. 14. Representation of the intersection of the tilted
vortices with the surface of the sample in the case of a
square lattice. a, and b, denote the directions for which
the written formula is valid.
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The condition of flux quantification is now
3V3a?sing=mp? (u=3V3), (44)

and one obtains a formula equivalent to (43),
namely,

1 y\/-g
an=T7mm g

with u’'= V3,31, 4.

b. Square ov trviangular lattice in the plane per-
pendicular to the magnetic field. In this case, the
condition of quantization is

wap=mp3, (46)

where a and 8 are elementary translations in the
plane perpendicular to H. We can again develop
the same discussion on the relative position of the
lattice in the plane xz.

The basic configuration in this plane is repre-
sented in Fig. 15. The quantity s is now replaced
by s’. The condition of remarkable angle is now

(45)

s'=e,cosf (47)
and we also have
s’ =na, n integer. (48)

Note that p’=1 since we are in a plane perpendicu-
lar toH.
Using expression (19) for e, yields

cosf = 42/ Ly . (49)

Even for n=1 and p = $V'3 (maximum value)
4n?/uy>1 so that no real value of 6 may be ob-
tained whatever » and p. This means that, if the
lattice is square or triangular in a plane perpen-
dicular to H, there is no remarkable angle. There-
fore, according to our hypothesis of interferences
between the tilted vortices and the surface sheath,
the vortex lattice cannot be square or triangular
in a plane perpendicular to #. Though his choice
of a square lattice along the surface was not justi-
fied by Kulik, our simple geometrical considera-
tions support the idea that the vortex lattice should
be square or equilateral along the surface.

4. Validity of the geometrical model

The above remark may be retained as an argu-
ment in favor of our model. A second argument
lies in the fact that Eqs. (43) and (45) are inde-
pendent of £, in agreement with the experimental
observations. Note, however, that any model
which relies on a “size effect” between tilted vor-
tices and the surface sheath, would bring, for the
remarkable angles, expressions independent of £,

A third argument is that, numerically, (43) and
(45) may account for the experimental results.
Indeed, as is shown in Sec. IIC5, the singularities

FIG. 15. Representation in the plane xz of a situation
of remarkable angle in the case where it is assumed that
the vortex lattice is triangular in the plane perpendicular
to the magnetic field.

of the absorption curves may be indexed without
any ambiguities. It must be kept in mind that our
model is only putative. Indeed, we have restricted
our discussion to geometrical considerations based
on the plausible assumption that the singularities
are due to the accommodation of vortex rows in the
surface sheath. We have not computed the reparti-
tion of vortices in the slab, and a fortiori the cor-
responding time-dependent absorption. As men-
tioned above, the determination of the vortices
configuration implies an involved process of energy
minimization and the solution of the Ginzburg-
Landau equation (5) in the presence of the cross
term,

5. Indexing of the remarkable angles

We shall now return to our geometrical assump-
tion. If the repartition of the vortices had been
computed from the Ginzburg-Landau equation, for
each value of H and @, the nature of the lattice
would have been determined. Therefore, for each
critical value 6 of the angle, one would have
known which “theoretical” formula (43) or (45)
holds. In the absence of such a calculation the
situation is reversed; we obtain from experiment
the values of 6_ and we check whether (43) or (45)
holds and deduce the nature of the lattice for each
particular angle.

The result of this indexing process is reported
in Figs. 9 and 10. The agreement is remarkable
for five singularities (better than 0.3°for an angu-
lar resolution of 0.8°), between 0°and 15°. How-
ever, two singularities at 4.2° and 10° cannot be
accounted by (43) or (45).

Despite of these two exceptions, the results
are surprisingly good, considering (i) the poor
precision of the determination of (& /Ry)(0R/3H);
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and (ii) the fact that (43) and (45) do not contain
any adjustable parameter. We consider this re-
markable agreement a further argument in favor
of our model. We have no satisfactory explanation
for the singularities at 4.2° and 10°.

In Figs. 9 and 10, we have represented the
geometrical situation for each indexed singularity.
The numerical values refer to the quantity nu’.
The geometry of the vortex rows which are accom-
modated is represented for each case. In these
representations, the projection of the magnetic
field on the surface is always the vertical axis.

It appears that for most of the singularities, the
projection of H is always along the diagonal. The
smaller the value of 6, the higher the number of
rows. We detect up to four rows in the surfaces.
According to this model, the vortex structure
seems to be alternatively triangular or square.
The first row of vortices in the surface sheath
appears for 20.1° in the triangular structure (u’
=1)and 22.9° (1’ = 1) in the square structure.
Only for this value of p’, the projection of the
fields is parallel to the side of the cell and we are
not able to distinguish between these two predicted
singularities. However, it is at this value of 6
that the “averaged” curve (H/Ry)(8R/9H) (the one
obtained with an angular resolution of 2° or 3°) no
more follows a Maki-type variation.!®

In conclusion, we might say that the indexing
works quite well and is an argument in favor of
our putative model. The reader may be somewhat
amazed that the vortex lattice in the sheath may
change alternatively from triangular to square.
An argument in favor of this possible alternative
may be found in a work by Lasher! who computed
the behavior of a small type-I specimen (d < ¢&)
and found that the system may easily go from tri-
angular to honeycomb lattices with several quanta
of flux per cell. Indeed the free energies of the
triangular and square lattices are very close to
each other (in the perpendicular situation) and it
is possible that, in the case of a sheath somewhat
similar to a thin film, the free energies of the two
type of lattices may be alternatively bigger and
smaller.

IV. TILTED VORTICES IN NONHOMOGENEOUS
SUPERCONDUCTORS

By nonhomogeneous superconductors, we mean
hereafter superconductors having a spatial modu-
lation of the order parameter. This is the case
for (i) thin films where d is of the order of some

coherence length, and (ii) multilayered compounds.

A. Tilted vortices in thin films
A priori, it is suggested to try an extension of
our model to films whose thickness is of the order

of a few coherence lengths. Such samples are no
more bulk samples and one may think that, in a
tilted field, there is an interaction between the
two surface sheaths. In fact, this interactionis
dominant and, if one considers (H/R )(8R/8H),
one gets a great number of singularities and we
are no more able to apply our model even at small
angles as soon as d= 5£. The situation can only be
described qualitatively; the notion of two distinct
surface sheaths is no more valid. A de Gennes—
Saint-James vortex structure is present in the
middle of the film and has an interaction with the
tilted vortices. As long as the angular resolution
of the experiments is not greatly improved, there
is no hope for a phenomenological description of
the vortex structure.

B. Multilayered compounds

In this case, the spatial modulation of the order
parameter is due to the fact that the bulk sample
is constituted by a stack of alternatively normal
and superconducting slabs. Thus, far from the
GL region, the superconductivity spreads all over
the sample and in a tilted field, we can have
pinning of the hard-core vortex by the normal
slabs. The discussion is analogous to that con-
cerning our previous model because this time the
z axis normal to the surface is also the c¢ axis of
the crystalline structure. As the problem is in-
variant in a translation parallel to a slab, we have
to discuss the equation of the singularities along
the ¢ axis (Fig. 16).

The two equations of the problem are the condi-
tion of singularity (pinning)

nd*=1, (50)

where ! is the distance between two vortices mea-

_______________ P .

c axis

FIG. 16. Geometrical situation of tilted vortices in a
multilayered superconducting compounds. The insert
represents the actual situation for TaS, +pyridine at
32 kG and 2.81°K.
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sured along the ¢ axis, d* is a characteristic
length of the crystal. d* is not necessarily equal
to d, the actual crystalline period, because the
section of the vortex might be of the same order of
magnitude as d. We expect d* to be equal to pd
(p integer); it has the meaning of the crystalline
period as “seen” by the vortex array.

We have also the flux quantification condition
expressed by Eq. (16) where, we have

l= p'atand (51)
and finally,

cils“z% = w'd* o Tf; : (52)
This geometrical formula introduces no adjustable
parameter but d*.

Let us apply (52) to the case of the recently pub-
lished dc resistive measurements on TaS, + pyri-
dine.?! The authors study the angular dependence
of the resistivity in tilted field. An unexplained
series of oscillations is found (Fig. 17).

The multilayered compound TaS, + pyridine has
the same thickness for the slabs of TaS, as for
the slab of pyridine, 6 A. Thus, this length is d
in spite of the fact that the actual crystalline
period is 12 A.? Due to that coincidence, the
model calculates pinning as well as antiminimum
pinning situations. It} a recent paper,’® a new
phase with d = 11.85 A is studied. This means an
uncertainty of 3% in d** which does not affect
significantly the quality of the results. The sizeof
one vortex is in the range 10~20 A (it is an ellipsoidal
vortex); thus d* canbe choseninthe 20-40-A range
(letus recall that inabulktype-II at H,, the spacing

between vorticesis 2.7 times the coherence length).

This left three values of d: 24, 30, 36 A,
We present in Table I all the possible values for
d*=30 A. The experimental 6’s are also given

T - T
@ Ta's, -(pyridine)- 3
S 20| 2.81°K i
> 32 kOe
>
x
<
[+
= sof .
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g wol 4
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ANGLE OF MAGNETIC FIELD

FIG. 17. Angular dependence of the resistance of a
sample of Ta$S, +pyridine as published in (19). The
plateau after 25° corresponds to the normal state. We
interpret the oscillations before as the pinning or anti-
pinning of tilted vortices by TaS, on pyridine slabs.

and the underlined values correspond to the choice
of indexing. Within the angular precision, we have
five indexed singularities. Since Eq. (52) has a
d*? dependence, this justifies the choice of d*.

In contrast with the situation of an homogeneous
bulk type-II superconductor, we see that the
model suggests (more experiments are needed)
that the lattice is square along the surface at
small angles but become triangular for higher
values. But again, it is only putative because we
made no evaluation of the energy. However, we
think that it shows that multilayered components are a
good candidate for periodic pinning.??

V. CONCLUSION

A detailed study of subcritical behavior of type-
IT superconducting films of various thickness
shows that microwave absorption provides infor-
mation on size effects in parallel field at the sub-
critical thickness (d= 1.8£). In tilted field, micro-
wave absorption exhibits a behavior quite different
from a theoretical prediction. Numerous singu-
larities are present where angular values are
independent of d/£, as long as this ratio is large.
We interpret these singularities as the interference
of tilted vortices lattice with the surface sheath.

A geometrical putative model is proposed that
is in good numerical agreement with the best ex-
perimental data. This model can be, with minor
modification, extended to multilayer supercon-
ducting compounds.
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APPENDIX A: MICROWAVE BENCHES AND
SAMPLE PREPARATIONS

We use two benches for microwave absorption
working, respectively, around 2.35 and 9.45 GHz.
Both are based on the principle of a four-post
device. The generator is in one post; the opposite
post contains the resonant cavity where the film
is sticken of the wall; the third post is used to
compensate the reflected power from the cavity
and the crystal detection is on the fourth post.

The klystron generator is frequency stabilized on
the cavity via a lock-in detector. The @ of the
resonant system is about 800 for the unloaded
cavity. By measuring the ESR linewidth of a
monovalent copper salt, we got an evaluation of
the sensitivity of the system: 10* spins/G (we
have no field modulation). The cavity is a parallel-
ipedic rectangular box at 9.45 GHz, a U-shape
resonator at 2.35 GHz. Each is isolated from the
helium bath by a thermostated box in which there
is a residual pression of helium. The tempera-
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TABLE L. 0° calculated from the model for d*=30 A and experimental 0’s.

Vortex intersection Square Equilateral
with a layer of thickness d* Square diagonal Equilateral diagonal
n=1 0.83 1.66 0.72 0.96
n=2 3.33 6.59 2.88 3.84
n=3 7.49 14.22 6.49 8.50
n=4 12.98 23.13 11.20 14.56
n=5 18.5 31.75 16.70 21.35
Experimental 6’s 1.13x0.4 6.60 11 14.83
3.44

tures are measured by a carbon resistor glued
near the sample and they are stabilized by a heat-
ing device supplied through an amplifier by the
signal constituted of the difference between the
fixed and the actual value of the resistor thermo-
meter 1073 °K stability is achieved. By measuring
the critical field H_, at the beginning and the end
of the recording of curves R(H) at T, 6 fixed, we
are not able to see a variation of its value. Due to
the field configuration of each resonator, the re-
cordings at 10 GHz are made in a longitudinal
orientation, whereas we are in the transverse
orientation with the 2.45-GHz cavity.

Preparation of the samples

The metallic films are obtained by evaporation
under vacuum (107® Torr) of a small quantity of
the PbIn alloy from a crucible heated by Joule
effect. The substrate of the film is a quartz slab
0.2X7XT mm optically polished and then heated
by a flame, During the evaporation, this substrate
is kept at 200 °K (with liquid-nitrogen cooling) or
at room temperature, The cooling is useful for
the realization of continuous thin films (d <800 A).

Each substrate is covered on its borders by
“Magic tape” in order to leave free for the deposi-
tion a 5X5 mm?, The “Magic tape” is removed
after evaporation and thus the film has straight
edges. This is not very useful for our experiments
since microwave absorption is proportional to the
area irradiated but it helps to measure the thick-
ness optically, A Normarsky interferometer is
used and a precision of +100 A is achieved for
films of thickness over 800 A.

The optical determination of the thickness is
compared with the value deduced from critical
film measurements by the formula

@ = (6¢,/mMH./Hf . (63)

The agreement between the determination is a
criterium of the film quality.
The crucible is at 250 mm of the substrate in

the evaporator, This authorizes a realization of
several films in the same process, When they are
side by side, we have verified that they exhibit no
differences in their superconducting properties.
Therefore, at the scale of one sample, we are
sure that the gradients of concentration are neg-
ligible,

APPENDIX B: SURFACE IMPEDANCE OF

PSEUDOBULK SAMPLES (¢ <d <6)

Maxwell’s equations are

divD=0, (54)

divB=0, (55)
- 47+ 18D

rotH = S J+ c 3L (56)
= 13B

rotE=- = . (57)

As it is explained in Sec. IIIC 1, we are in the
plane-wave approximation even when tilted vortices
are present. Thus, the microwave magnetic field
can be considered as the superposition of an inci-
dent and a reflected wave

H=Ae ™™+ Be**™ k= (1-i)/V20, (58)
The interface conditions are (see Fig. 18)

A+B=H,0) inz=0, , 59)

Ae ™+ B® - pH (0) inz=d, (60)

with | p|<1, The surface impedance is, in general,

__c dH, _ckeMye
Z”*GH,,,(O) dz |,., 0 eM_cR (61)

(we applied the relation J = 6E), For a bulk sam-
ple d =, thus

Zeo==Ck/o, (62)
For |kd| <1, we have at the first order in

Zy=Z(1=p)/kd. (63)
From (59) and (60) and the equation of continuity
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FIG. 18. Schematic representation of the microwave
magnetic field when a thin film (d <<§) is sticken on the
wall of the cavity (see Appendix B).

at the interface film cavity (we neglect the effect

of the quartz substrate because we are far from

optical wavelength),
(k/0)(—Ae™** + Be*) = — (k./0 )0 H,(0) (64)

(the index c is for the wall of the cavity), we got

_ (k/0)(1 + cothkd)e™*
" (k/o)cothkd + k /o,

(65)

Since we have “dirty” alloys, the conductivity
in the wall of the cavity is higher than in the film

k, 1 1k,

o Vo oy oy’ (66)
where N denotes the normal state of the film
Py~ (L + thkyd)e ™, (67)
For kyd <1, we got
py=1-3k%d2, (68)
N Jk,dzl, (69)

AND G. WAYSAND 12
In the superconducting state, the conductivity of
the film becomes o, and (66) is not necessarily
verified, However, in the subcritical region

oy ~0y and we can again neglect k,/o, before k /o,
and p, are given by (67), where k, is replaced by
k.
For a thick sample £ <<d in the surface sheath
regime, we cannot keep k,~%, and p as given by
(68). Roughly, we can consider the sample as
superconducting is a slab of thickness & and nor-
mal in the middle of the sample. The correction
Ak = k - ky is proportional to £/d; we have at the
first order

Ak~ (E/d)f (0= 0y). (70)

On the contrary, Z. remains a local quantity in
the sense that only the surface properties are
involved in its modification:

AZ.~go,~0y), (1)

where g(o, - oy) is a function of the same order of
magnitude as f; but the superconducting region is
only a small part of the sample so we can neglect
the correction to % and therefore to p, before the
correction to Z. (this means implicitly that we
stay in the subcritical region)

1=ps , pd  kyd 1-id

Fd T2 2 2735’ (12)
1 d .

Zd=m3[(Rm+Xm)+l(Rw—Xw)]. (73)

The expression is valid in the normal and the
superconducting state with the above restrictions.

In the normal state, R, =X., Z, is purely real
and

Re(Zd)=?1‘[—§§(Rw+Xm). (74)

Equation (74) is applied in the experimental dis-
cussion of Maki’s theory for angular dependence
of microwave absorption (Sec. III B).

!E. Guyon, F. Meunier, R. S. Thompson, Phys. Rev.
156, 452 (1967).
R, S. Thompson, Phys. Rev. B 1, 327 (1970).

3y. Brunet, E. Guyon, W. Holzer P. Monceau, and
G. Waysand, in Proceedings of the Thirteenth Inter-
national Confevence on Low Temperature Physics,
Boulder, Colo., 1972, edited by R. H. Kropschot and
K. D. Timmerhaus (University of Colorado Press,
Boulder, Colo., 1973), Vol. 3, p. 156.

‘W. Holzer, G. Waysand, and E. Guyon, in Proceedings of
the Twelfth Intevnational Conference on Low Temperva-

ture Physics, edited by Eizo Kanda (Keigaco, Tokyo,
1970), p. 497; and G. Waysand, thesis (Orsay, 1972)
(unpublished).

5J. Sutton, Proc. Phys. Soc. Lond. 87, 791 (1966).

6A. A. Abrikosov, Zh. Eksp. Teor. Fiz. 32, 1442 (1957)
[Sov. Phys. -—JETP 5, 1174 (1957)1.

M. Tinkham, Phys. Lett. 9, 217 (1964).

8p. Samt-James Phys. Lett. 16, 218 (1965).

%K. Yamafugi, E. Kusayanagi, “and F. Irié, Phys. Lett.
21, 11 (1966).

101,70, Kulik, Zh. Eksp. Teor. Fiz. 55, 889 (1968) [Sov.



12 STUDIES OF PARALLEL AND TILTED VORTICES IN... 3689

Phys.-JETP 2_8_, 461 (1969)1.

iip, Monceau, thesis (Grenoble, 1970) (unpublished).

2¢, caroli and K. Maki, Phys. Rev. 159, 306 (1967).

13K, Maki and G. Fischer, Phys. Rev. 184, 472 (1969);
and Y. Brunet, P. Monceau, and G. Waysand, Phys.
Rev. B 10, 1927 (1974).

14K, Maki, J. Low Temp. Phys. 3, 545 (1970).

15K, Maki, Tokyo Summer Lectures on “Physics of
Quantum Fluids” (Syokabo, Tokyo, 1971), p. 117.

16see, for example, J.'D. Jackson, Classical Electro-
dynamics (Wiley, New York, 1962), p. 239.

11G, Fischer, L’impédance de surface de métaux dans

les &tats supraconducteurs et normaux. Symposium de
Physique des Solides, Saint-Hilaire, Quebec (1970)
(unpublished). ’

18p, Monceau, D. Saint-James, and G. Waysand, in
Ref. 3, Vol. 3, p. 152.

19G. Lasher, Phys. Rev. 154, 345 (1967).

20A, H. Thompson, Solid State Commun. 13, 1911 (1973).

2lR, C. Morris and R. V. Coleman, Phys. Rev. B 1,
991 (1973).

22F, R. Gamble, F. J. Di Salvo, R. A. Klemm, and T. H.
Geballe, Science 168, 568 (1970).

233, H. Autler, J. Low Temp. Phys. 9, 241 (1972).



