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In the surface-sheath regime, the high-frequency surface impedance of a superconductor is a function of
the angle between the polarization plane of the incident wave's electric vector E„and the steady magnetic
field H. This anisotropy arises from collective fluctuations of the superconducting order parameter A(x). In
the ground state 6 (x) is a nodeless function. When E„and H are perpendicular, the incident electromagnetic
wave can couple to the intrinsic sheath currents and excite 6 (x) into states with a finite damping coe%cient.
No such excitations are possible when E„and 8 are parallel. The extra absorption predicted by theory in
the dirty limit explains experimental data obtained from two lead-based alloys very well. These experiments
should, therefore, be considered as direct evidence for the existence of collective fluctuations of the order
parameter in the surface-sheath regime of superconductors.

I. INTRODUCTION

'N a previous paper, ' to which we shall henceforth
~ - refer as I, we have reported surface resistance
measurements on Pb-In and Pb-Bi alloys in the surface-
sheath regime and presented a theoretical analysis of
such measurements. In I, we have deliberately con-
sidered only the parallel situation, i.e., the configuration
in which the static magnetic field H is parallel to the
plane of polarization of the electric microwave vector
E„,assumed to be incident perpendicularly on the plane
sample surface (see Fig. 1).

The configuration in which H and E„are perpen-
dicular to each other, but still both parallel to the
sample surface, is of great interest for the following
reasons: Caroli and Maki' have recently pointed out
that in a superconductor of type II with the Abrikosov'
vortex structure there exists a class of collective Huctua-
tions of the order parameter which appear, for example,
as an anisotropy in the surface impedance. When the
microwave electric vector E„ is parallel to the static
magnetic field H, the microwaves can not couple with
these fluctuations. When, on the contrary, the polariza-
tion vector E„is perpendicular to H, the microwaves can
excite a number of fluctuations and this results in an
additional electromagnetic absorption. More recently
one of us' (K. M.) has performed a similar calculation

*Present address: Departement de Physique, Universite de
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for the surface-sheath regime of dirty type-II puper-
conductors. The reason why the microwaves can couple
with the fluctuations of the surface sheath is easily
apparent in Fig. 1, where it is seen that in the J geome-
try the intrinsic sheath currents J, (x) flow in a direction
parallel to the microwave electric vector E„.In the

~~
ge-

ometry the vectors J,(x) and E„are J to each other,
and they do not couple. In the vortex state, Quctuations
of the order parameter are essentially the same thing as
vibrations of the vortex lines in the superconductor. The
condition for the microwaves to couple with these
vibrations is that the induced microwave currents can
exert a Lorentz force on the vortex lines.

In the numerical evaluation, use is made of the
eigenvalues of the linearized t inzburg-Landau equa-
tions, with the appropriate boundary conditions found
by Fink and Kessinger. 5 The calculation shows that
there is an appreciable anisotropy of surface resistance
R(H) in the surface-sheath regime as well, according to
the relative orientation of E„and H. In actual fact, the
observation of the predicted anisotropy must be looked
upon as a direct verification of the existence of these
collective fluctuations. 4

We believe that the surface-sheath regime has definite
advantages over the vortex state of a type-II super-
conductor when testing the theory. In the vortex state
it is not yet possible to take into account the modifica-
tion of the Abrikosov' vortex structure near the surface
and this precludes, as shown already in I, any exact
quantitative comparison. The anisotropy of R(H) in the

~ = 5.60&0. This correction applies to all subsequent calculations of
the above reference. We should like to thank Dr. H. J. Fink for
helpful correspondance on this point. Note that the effective
damping constant is not the above ~, rather it is given by ~& ——e —~0,
as in Eq. (1) of the text.' H. J.Fink and R. D. Kessinger, Phys. Letters 25A, 357 (1967),
and H. J. Fink, Phys. Rev. 177, 732 (1968).
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surface-sheath regime was already noted' long before
the full theory of the fluctuations was available, but the
attempts toward an explanation' were not very
satisfactory.

The aim of the present paper is both to present
experimental data of the anisotropy, and to give a
theoretical description of them in terms of the micro-
scopic theory of superconductivity. ""We then compare
experiment and theory.

In this paper we are not presenting a description of
the experimental side of the work reported, since this
has been done in detail in I to which we refer the reader.

II. THEORY OF THE SURFACE IMPEDANCE

In this section we set forth expressions for the surface
impedance in the surface-sheath regime at magnetic
fields H slightly below H, 3. Details of the derivation are
given in the Appendix.

We consider here an experimental configuration as in

Fig. 1 such that the metal occupies the half-space x)0,
the metal surface being then th.e plane x=0. A static
magnetic field H slightly smaller than H, 3 is applied in
the s direction. In this situation, the equilibrium order
parameter As(x) in a, dirty type-II superconductor is
given in terms of Saint- James and de Gennes's's solution.
This solution is visualized as a nodeless solution, as in
Fig. 1. However, the time-dependent C.inzburg-Landau
equations predict the existence of a class of collective
modes associated with Auctuations of the order parame-
ter. The modes are simply damped in time like exp( —e„t),
where the modes with the longest lifetime have'5

~i ——4.60&p &g=10.56p etc. ,

and where e&&
——1 18DeII, s(t). , with D. =angl the electronic

diffusion constant and t = T/T, the reduced temperature.
In considering the surface resistance, R(H), it is very

important to distinguish two different geometrical
conigurations:

(A) Parallel Geometry

This situation has been extensively discussed in I,
where we found for the slope of R(H) a discontinuity at
H =H, 3 given by

H, , r)R(H)
Ss«(t) =

R~ BH I II=II,3

~o= (2tr)'" tt2(ass(t) —0.334j '. (2)
&(t)

M. Cardona, G. Fischer, and B. Rosenblum, Phys. Rev.
Letters 12, 101 (1964).' M. Cardona and B. Rosenblum, Phys. Letters 8, 308 (1964).'B. Rosenblum and M. Cardona, Phys. Letters 9, 220 (1964).' G. Fischer and R. Klein, Phys. Rev. 165, 578 (1968}.

'" K. Maki, Physics (N. Y.) 1, 21 (1964)."P.G. de Gennes, Physik Kondensierten Materie 3, 79 (1964)."D. Saint-James and P. G. de Gennes, Phys. Letters, 7, 306
(1963).
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(x)

X X

In this formula its ——(c'/2troio)"' is the classical normal-
state skin depth, o the dc conductivity, oi/2tr the fre-

quency, and $(t) =Ltrc/1. 18eH,s(t)]'".

(B) Perpendicular Geometry

In this configuration we expect additional microwave
absorption because of the excitation of collective
fluctuations. This has the effect of reducing the slope of
R(H) at H=H. s, or in other words, it reduces the
discontinuity of the slope of R(H) at H, s. In. the Ap-
pendix we find for this slope discontinuity

~o
=A s(t) (2rr)'t' L2»ss(t) —0.334j t (3)

E(t)

2C e(-,'+5.60,) —e(-', + p)j
A, (t) =1—

(4.60)'p+ ' (-', +p)

where +(s) and +'"(s) are the di-y and tri-y functions&
and p is determined by

—Int =e(-', +p) —e(-', ) . (5)

The right-hand term representing deviations from
unity in Eq. (4) arises from the collective fluctuations.
The temperature dependence of the anisotropy function
3 s(t) is given in Fig. 2 together with some experimental
data. As the temperature decreases from T, to zero,
A s(t) increases from 0.565 to 0.84, i.e., the anisotropy is
most prominent at higher temperatures.

In deriving Eqs. (3) and (4), we have made two major
approximations4:

(a) We have assumed that only the f'trst excited mode
contributes to the absorption. A detailed numerica, l

analysis shows that the neglect of the higher excited
modes leads to an error of less than a few percent.

PARALLEL (I/) CONFlGURATION PERPENDICULAR(L) CONFIQURATION

Pio. 1. Sketch of the
~~

and J configurations. The microvraves
are incident perpendicularly with the propagation vector k on the
plane x=0. In the

j~
configuration the microwave electric vector

I:„is jt to the dc magnetic field H and, thus, J to the intrinsic
sheath currents J,(x). In the perpendicular geometry, on the other
hand, E„~~J,(x). Note in the right-hand

figure

sketch of J,(x) and
one of the order parameter A(x) in the left-hand figure.
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I'zo. 2. Anisotropy function A3(t) dehned by Eq. (4) of the text.
The full diamonds are experimental data from a Pbp. g&Bip, pg alloy
sample (sample No. 1).

(b) For the equilibrium order parameter there is
equipartition of energy between kinetic and potential
energy, just like in the ground-state wave function of a
harmonic oscillator.

The second assumption is necessary in evaluating the
matrix element associated with the couphng of the
microwaves to the first excited mode.

Making use of the above expressions we can analyze
the surface resistance data directly with Eq. (3), or
indirectly by taking the ratio ss'(t)/s3" (t) and comparing
it with the anisotropy function As(t).

III. COMPARISON BETWEEN EXPERIMENT
AND THEORY

From the experimental R(H) curves we have deduced
$3 '(t) and s8'(t) by taking the derivatives aR(H)/aH at
H H 3 The solid line for s,"(t) in Fig. 3 is taken from I
and the sohd line for sa'(t) represents expression (3),
i.e., the product of the experimental ss" (t) from sample
No. 1 and the calculated As(t). The experimental data
points for ss'(t) are from two samples: The full diamonds
are uncorrected data from sample No. 1, and the open
circles are data obtained from sample No. 2 after
multiplication by a factor of 1.10. From the plot of
Fig. 3 we see, then, that data obtained fron& one and the
same sample for ss" (t) and ss'(t) are in excellent agree-
ment with the theoretical prediction without any sort of
adjustment being made anywhere. This is particularly
evident in Fig. 2, which reproduces both the theoretical
result for the anisotropy function A 3(t) as given by Eq.
(4) and the uncorrected experimental ratios s, '(t)/s, "(t)
for sample No. 1. Unfortunately sample No. 1 was
destroyed while attempts were made to mount it into a
cavity more suited to measurements of s3'(t), and this
explains the scarcity of data points from this sample.

The uncorrected results from sample No. 2, on the
other hand, are about 1poro below the predictions of the
theory, i.e., we obta, in a larger anisotropy than expected.
We do not know the origin of this discrepancy, but

l 6.

l4.

l.2 .

l.o3 4 .5 .6 .7 .8 9 I.O

F .3. The functions s3l l (t) and s3&(t). s3l l (t) is the experimental
cu for Pbp, glBlp. pg samPle No. 1 and is taken from I. s3&(t) is the
c e calculated from the above s3li (t) and A3(t) of Fig. 2 and Eq.
(4). The full diamonds are uncorrected data from sample No. 1
and the open circles are 1.10 times the experimental s3&(t) data
from sample No. 2.

suspect sample No. 2 to be of poorer quality. We hope to
be able to clarify this point in the future.

It is interesting to note that, whereas strong-coupling
e6ects appear markedly in the large temperature de-
pendence of xu(t), and therefore also in s&" (t) and ss'(t),
they do not seem to influence the anisotropy ratio As(t).
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APPENDIX: CALCULATION OF THE SURFACE
IMPEDANCE IN THE PERPENDICULAR

GEOMETRY

We assume that the superconductor occupies the half-
space x)0 and tha, t the dc magnetic 6eld 8 is applied
parallel to the surface, pointing in the s direction. The
monochromatic plane polarized microwave is incident
perpendicularl~ to the surface, with its electric vector
K„perpendicular to H. In this situation the microscopic
calculation leads to the following expression4 for the
current induced by the microwave vector potential"

j (r) =Q, (r,cu)A (r)
with

"The calculation presented in the .Alipendix is carried out in a
system of units such that ti = 0H =c = 1, and wi th a time depen-
dence of the form exp(+isn't).
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Q [ [ (i' co) is the same function as in I and R (r,co) is given by the expression, assuming variation only along

coordinate x
1

——1

R(x,co) = 2oD—(2eH, )'(x —xp)'
~
tt(x) ~' 4 ——— +5.60p —4'(p+p)

2 47rT

1 'lM

X 4 —— +5.60p —4'(-', +p)
4.60&0—i~ 2 4x T

1 1 ZCd

+5.60p —4 —— +p, (A3)
4.60&0+i(o 2 47rT 2 27rT

where 0 is the normal-state dc conductivity,

p = pp/4m T, pp
——1.18DeH, p(t), D = iporl

is the electronic diffusion constant, and%'(s) and 4""(s)
are the di- and tri-y functions. A(r) is the space-
dependent order parameter, xp =k/2eH, p and k is as-
sociated with the y dependence of A(r) as given by

where

and

b '=tip/(1+i),

bp= (2xcpa) 'tP,

p'(x) =4xoe"* e
—"*'f,(x')dx',

f, (x',co) =fii(x', co) R(x',cp—)/o

(A7)

Z(r) =e"Jf(x)

a'A. (x)

ag2
=4xQ(x, cp) A. (x),

Expression (A2) is valid in the surface-sheath regime
near H, p (i.e., H, p

—H((H, p) and with A(r) as first
calculated by Saint-James and de Gennes. "

It is interesting to note that the term associated with
R(r,cp) comes from collective fluctuations of the order
parameter in the surface-sheath regime and this term is
present only in the perpendicular geometry. More pre-
cisely speaking, if the polarization vector E„has an
angle 8 to the dc magnetic Geld, we can still describe the
response by (A1) but now Q, (r,cp) has a similar form as
(A2) with the term R(r,co) multiplied by a factor sinP8.

In particular, in the parallel geometry (i.e., K ~~H,
which is the situation treated in I), we have no con-
tribution from the collective fluctuations of the order
parameter.

In order to calculate the surface impedance, we have
to solve the differentia, l equation

For f~f(x', cp) we have

~~(x) ~'

f c.' ) — p)) — +p)2~T 2 2~T

~ ~

2m T 27rT
+ +—10) —Ad+ 60

Ad

X + —— +p —+(-', +p)
2 2%-T

8D(2eH, )'
(x—xp)'i A(x) j'

(4.60pp)'

Xf% (-,'+5.60p) —4'(-', +p) ]+0 — . (A9)
pp(0)

f (x)= —+"i(p+p)—
7rT

Substituting (A9) in (A7) we find

In the microwave experiment the frequency co is much
smaller than pp(0)=1.18DeH, p(0). We can, therefore,
expand (A8) in powers of co and retain only the term
independent of co; f, (x) can then be approximated by

with appropriate boundary conditions. The surface
impedance is then given by

E„(0) A„(x)
Z=R+iX=47r = 4xicp — . (A5)

H„(0) BA (x)/Bco i,=p

The solution of (A4) in the surface-sheath regime has
been discussed in detail in I. Making use of the same
method, we can express the surface impedance as

XL2ccpP(t) —0.334j 'A p(t), (A10)

2L+( +5.60p) —+(l+p)j
Ap(t) =1— . (A11)

(4 60)'p+co (p+p)

In the estimation of the above integral we have ap-
proximated A(x) with the Gaussian form

Z= 4xicp/[b+ pp'(0) j, (A6) I ~(x) [
=

I a(0) I exp{—xP/2eP{t), (A12)
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and also made use of the normalization of (I (x)I'),
determined from the generalized Ginzburg-Landau
equations, '

IJ,3
—H

L+"'(k+t )&' (A13)
2~ '(t) —0.334

Finally, the surface impedance is given by

and from (A14) we can derive ss'(t):

H. 3 8R(H)
s,~(t) =

Art, BH

~

~

A, (t)= (27r)'&' (A15)
$(t) 2~/(t) 0 3—34.

It is also very easy to repeat the calculation for the
configuration when the polarization vector K„of the
microwaves spans an angle 8 with the dc magnetic field

H. A calculation similar to the one just performed gives

8p H, 3
—II

Z=R. 1+i—(27r)'t2 A, (t)
](t) H„

and

A, (t,8)
s, (t,8) = (2m)'"

t (t))2 ' (t) —tl l34
(A16)

Xl 2~$(t) —0.334j ', (A14)
2I +(-', +5.60p) —+(-', +p)]

A3(t, 8) =1—sin'8 . (A17)
(4 60)'t +"'(s+t )
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This study presents the results of an experimental investigation of Co~ y-irradiation eGects in single-
crystalline barium titanate. Two test groups of crystals were utilized in this study. Prior to being irradiated,
one group was etched in phosphoric acid at 145'C to remove a surface layer having properties v hich dier
from the bulk of the crystal. The second group of crystals was irradiated in the as-grown condition. Following
irradiation at various p doses, the ferroelectric hysteresis loop was determined, measurements were taken
of the optical absorption spectrum in the wavelength range 0.43—0.70 @,, and photomicrographs of the
domain structure were obtained. The temperature was maintained at 20'C during irradiation, and all
post-irradiation measurements were made at 23'C. The etched crystals were irradiated in the poled con-
dition to a maximum dose of 1.60X10 rad. The remanent polarization P, was una6ected by a total p dose
of about 2X10 rad. Irradiation to higher dose levels caused a reduction in P„.The coercive Geld E, was
reduced with initial irradiation. At a dose of about 5X10 rad, a minimum value was reached and E, then
increased with continued irradiation. The domain structure of the c-domain crystals was unaffected by a
total y dose of 1.60X10' rad. Xo absorption peaks were observed in the wavelength range studied as a
result of Co" y irradiation. The radiation-induced changes observed in the ferroelectric hysteresis loop of
etched crystals cannot be attributed to changes in the domain structure or to the presence of point defects
consisting of an oxygen vacancy with a single trapped electron. The unetched crystals were irradiated to a
maximum dose of 2.91X10 rad. With initial irradiation, the polarization reversal process was enhanced as
the remanent polarization increased and the coercive field decreased. With increasing dose above 2X 10 rad,
the hysteresis loop gradually deteriorated. The unetched crystals were found to be much more sensitive to
Co~ y radiation than were the etched crystals.

I. INTRODUCTION

HE details of radiation eGects upon the electrical
properties of single-crystalline barium titanate

are not well understood. A few investigations have been
reported; however, in most cases the results are not
consistent or in good agreement. The disagreement of

*Present address: U. S. Atomic Energy Commission Idaho
Operations Ofhce, Idaho Falls, Idaho.

experimental results has limited the development of a
satisfactory model for radiation damage in BaTio&.

Lefkowitz and Mitsui' studied the eGect of Co~ y-ray
and reactor irradiation on the hysteresis loop of single-
crystalline BaTi03. For a neutron (E)0.4 eV) dosage of
2.8X10"n/cm', they observed a decrease in coercive
fie]d and an increase iI1 spontaneous polarization. Similar

' I. Lefkowitz and T. Mitsui, J. Appl. Phys. 30, 269 (1959).


