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from right to left at a velocity v, for a time T,
=ma/v, (where m is some large integer). We then
imagine the motion to be reversed at a different
velocity v, for a time T,=ma/v,. The situation at
the end of these two successive motions is identi-
cal to that at the beginning. The total amount of
flux linking a loop contour taken within the super-
conductors and passing through the junction at two

points must be the same at the beginning and end.
It follows again from Faraday’s law that I' must
be independent of velocity, and hence of voltage or
frequency.

In summary, it seems that any deviations of the
Josephson voltage-frequency ratio from nonexotic
sources can only occur if Faraday’s law is incor-
rect.
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We have measured the microwave surface resistance of various Nb-Ta and Pb-In superconducting alloys
using a derivative technique to determine its rate of change with field near H ,. Previous dc measurements
of this slope have generally been interpreted to show agreement with the Caroli-Maki theory, which
Thompson has found to be incomplete. Our measurements show a region of constant slope somewhat below
H ., with a magnitude in agreement with the dc results, but also show that the slope increases rapidly to
approach the Thompson values in the limit H - H ,. Theoretical arguments are presented indicating why

the two theories can have different regions of validity.

I. INTRODUCTION

In recent years, some controversy has developed
concerning predictions of various microscopic de-
velopments of the theory of type-II superconduc-
tors. One area of particular interest is the dis-
continuity in slope of the flux-flow resistance of
“dirty” disordered alloys at H,,, the upper critical
magnetic field. Theoretical calculation in this lim-
it is greatly simplified since all quantities in the
microscopic theory may be expanded in powers of
the order parameter, which is not the case either
for lower fields or in general for “clean” well-
ordered crystals.

Application of the time-dependent Ginzburg-
Landau theory to the flux-flow phenomenon was
first attempted by Schmid.' Near T,, he calcu-
lated the slope of flux-flow resistivity variation in
H in the limit of H—~ H,, and compared the results

with the original flux-flow data obtained by Kim et
al.? Subsequently, Caroli and Maki® generalized
Schmid’s theory to all temperatures, and numerous
experimental results on flux flow have been com-
pared with the Caroli~Maki calculation. Prior to
this work, Caroli and Maki* had proposed a theory
of the time-dependent fluctuations of the order pa-
rameter which is also capable of yielding the flux-
flow resistivity. While this first theory of Caroli
and Maki represents an approach quite different
from that of Schmid, it predicts an infinite dc con-
ductivity in contradiction to all experimental obser-
vations on flux flow. Later, Thompson® found both
theories of Caroli and Maki incomplete and calcu-
lated the additional contributions which should be
added to each theory to obtain a new consistent re-
sult from both approaches. The necessity of
Thompson’s corrections to the Caroli—Maki theo-
ries has also been verified by Takayama and Eb-
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isawa.® Henceforth, we will ignore the first
Caroli—~Maki theory and only refer to the second
one, which is useful for comparison with experi-
ment, :

The contribution of Thompson’s correction term
increases from zero monotonically with the tem-
perature; at 7, it equals the Caroli—Maki terms,
thus doubling the slope of flux-flow resistivity at
H,,. Although a number of experiments have been
performed in various laboratories, so far the
spread in data has been too great to strongly sup-
port one theory over another. The circumstance
leading to this situation was reviewed by one of the
present authors.” In general, the observed resis-
tance slope near H,, is a strongly varying function
of field, and thus a considerable ambiguity arises
in determining which slope one should use in the
comparison with theory, Furthermore, the resis-
tance curves (particularly the dc data) often ex-
hibit kinks near H,,, which may or may not be re-
lated to the peak effect. In the face of such kinks,
one group of experimenters took the slope at mag-
netic fields preceding the kink while another group
took the slope past the kink., Such practices natu-
rally lead to a wide scattering of data among dif-
ferent experimenters, as demonstrated in Fig, 1
which contains some 50 data points obtained at sev-
eral different laboratories.

To circumvent these experimental difficutlies, in
the present work we adopted the derivative tech-
nique which graphically displays the slope directly
and permits extrapolation to H,;. This technique
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FIG. 1. Compilation of existing data for the slope of

the flux-flow resistivity relevant to type-II superconductors
of short mean free path. Some 50 data points are scattered
within the shaded area. Reproduced from Fig. 9 of Ref. 6.

enabled us to experimentally resolve the theoreti-
cal differences between Caroli and Maki, and
Thompson. Our measurements were made at mi-
crowave frequencies to minimize the effects of pin-
ning and Joule heating. High-concentration niobi-
um-tanalum alloys (Nbg,s Tag,5 and Nbg,q5 Tag,25)
were used since they are weak-coupled supercon-
ductors in the dirty limit as assumed in the theo-
retical treatments. In addition, measurements
were made on low-concentration alloys (Nb, o Ta,,,
and Nby, g5 Tay,q5) to observe the departure from the
dirty limit. We also measured three dirty lead-
indium alloy samples (Pbg,5Ing,5, Pby,g5Ing,17, and
Pby.oIng,,) to note any effects resulting from the
change to these strong-coupled superconductors.
The particular composition of Pby,g3Ing,4; was
chosen in order to duplicate extensive measure-
ments performed on this alloy in other labora-
tories.®

In Secs. II-IV we discuss the microscopic theory
as applied to the surface resistance in the vortex
state and then describe our apparatus and results in
detail.

II. THEORETICAL RESPONSE TO ELECTRIC FIELDS

In this section we use the response functions cal-
culated by Thompson to arrive at expressions for the
dc flux-flow resistance and the microwave surface
resistance. The difference between the Thompson
and the Caroli—-Maki theories is stated and rea-
sons are given indicating why, although the former
theory is correct in the immediate vicinity of H,,,
the latter theory may be correct in a region some-
what below H,, .

First we recall certain parameters introduced by
Maki® to describe the static vortex state. The first
generalized Ginzburg-Landau x parameter is

Ky (£)= Hoo(t)/V2 Hop(t) ; )

t=T/T is the temperature divided by the zero-
field critical temperature; H,p is the bulk thermo-
dynamic critical field, which was calculated in the
BCS theory; H,,(¢) is obtained from the equation

Int=y(z) -9 @G+p), (2)
where ¥ is the digamma function; and p=¢y/47T and
€o=2eDH (), where e is the magnitude of the elec-
tronic charge and D is the diffusion constant. (We
let Z=c=kp=1.) The second generalized k param-

eter is defined in terms of the slope of the mag-
netization M at H,,:

an (41—‘4-) ={1.16 [2k3(¢) - 1]+ 0} @)
dH Jy_,
n is the demagnetization coefficient, which equals
1 for our geometry of a thin disk perpendicular to
the applied field.
The microwave response may be calculated in a
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gauge where the scalar potential vanishes and the
electric and magnetic fields are derivable from a
time-dependent vector potential A(f)=A,e™*“*. The
current j flowing in the superconductor is related
to A by the response function @, such that j= - QA.
Since the electric field E is — 8A4/9¢ we see that the
conductivity o equals - Q/iw.

Only the leading correction Q' to the normal-
state response @, has been calculated near H,,:
@=Q,+Q'. The surface impedance Z then has the
appearance of an expansion of the usual local-limit
form??

4miw ( Q' )
Z=-——1z (1-5+). 4
@) 26, @
The surface resistance R is the real part of Z,
i.e,

R=R,[1 - (ImQ’' -ReQ")/2w0,] , (5)

where R, and ¢, are the normal-state values of R
and 0. The experimental data will be presented in
terms of the normalized slope S of R near H,:

Hy (R
S= R, ( 5 H) . (8)
Expressions for Q' are found in Ref. 5. In the
dc limit when w < 7#(T,o — T),
(ReQ")/w=0, (72)
(ImQ")/w=4eM Ly(t)/87Tp , (7o)
S=2k%(0) Lp(t)/{1. 16 [2k3(t) - 1] +n} . (7c)

The factor L,(t) is the only difference between the
Thompson and the Caroli-Maki results in this lim-
it. It varies smoothly from 1 at T=0to 2 at T,
and is expressed in terms of the first and second
derivatives of the digamma function, 3’ and o'’

Ly@)=2+p3" G+p)/9 G +p) . 8)

In the region near T,, where w becomes compar-
able with 7(T, — T), the alternate expressions of
Ref. 4 must be used, which require w << 77, and
Teo=T<Ty:

’_ 1_o? w1-2p ‘P”(z)/lp @]
ReQ ——4eM(§ W+ e 4et+ w? >
ImQ' =2eMw ( waioig 4¢[1 - iz:’; (f)zz)/zp @] 9)
39" ()
477T¢ @) )

Combining these expressions and replacing the ar-
guments of the various y functions by $ +p, which
is allowed near T, since p< } there, we obtain

S= 2k2(0) [x+1 LAx+2
116 [2kd(t) —1]+n | " Lx2+1 4x%+1

AND THOMPSON 7

(z +p) ‘;b"(% +p)
“(1-0 GBSl oo
where x=€y(f)/w. Note that this formula is in fact
good for the entire temperature range, since it re-
duces to Eq. (7c) for vanishingly small frequencies
at all temperatures.

* The above result for S is accurate only to zeroth
order in w/€,(0)~ w/nT,,. For the frequency 31.5
GHz and transition temperatures ~ 6. 85 K of our
experiments this ratio w/€y(0)=%. To be sure that
the error in the above expression is less than § and
is not several times this ratio, we have gone back
to Ref. 5 and reexpanded all the expressions for @’
keeping the next-order corrections accurately. The
more complicated expression for S which results is

2k%(0) 1
S=T 16 2xllt) ~1]om ["(1+4E+C+D)
(2+P) _
zp(‘+ ] (-A-B+C-D)
2 3" +p) 2.2
e _‘P'(;+P) (-A+B+%C+3%D)
209 (3+p)  4x*(Q2x+ 1)]
TG+ 30) -9 +p)  (T+4x2E |’
with (11)
A=1 1 2x
t1vdx? T1+4xZ

16x3
PLANTIW LR

1 1 8x2
T1ixt1+4x2 (1+4x%?% °

and x=€,(f)/w as before. The error in this ex-
pression is of order [w/¢,(0)]? =4 for our experi-
ments. The simpler expression [Eq. (10)] results
in a value for S which deviates from the Eq. (11)
calculation by a maximum of 7% for w/€y(0)=1,
which would be accurate enough for our purposes.
However, we have evaluated the more accurate re-
sults using Eq. (11) for comparison with experi-
ment., Equation (11) is plotted in Fig. 2 for various
ratios of frequency to transition temperature.

Fischer et al. ® used a solution for S derived
from the Caroli-Maki approach and found a fre-
quency correction in the form of a multiplying fac-
tor so that

ZKI(O) 1+y
1,16 [2k3(t) - 1]+n 1+y%

where y=w/2€y(t). We have also plotted this equa-
tion for various transition temperatures with our
data in Sec. IV.

Finally, we wish to discuss the basic difference

S=

(12)
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FIG. 2. Normalized slope S(w, t) of the surface resis-
tance at H,, calculated from Eq. (11) of the text, assum-
ing 2«2>0.16. The parameter v/T, is the ratio of the
frequency in GHz to the zero-field transition temperature
in K. The corresponding energy ratios w/€;(0) are listed.

between the Thompson and the Caroli-Maki theo-
ries in order to understand why they can have dif-
ferent regions of validity. As discussed in Ref. 5,
the Caroli—Maki calculation includes only those
parts of the response which are entirely “regular,”
consisting of products of only retarded or of only
advanced Green’s functions. The region of validity
of expansions of these expressions in powers of the
order parameter A is A< 7T,, the same as for
static thermodynamic quantities. Expressed in
terms of magnetic fields this restriction requires
only that 1 - H/H,,(t)<<1, a reasonably large range.

The term Thompson found that Caroli and Maki
had neglected is “anomalous,” containing products
of both retarded and advanced Green’s functions.
Such quantities arise only for dynamic quantities,
like the conductivity, and have a much narrower
range in which expansions in powers of the order
parameter converge, requiring A << €(¢) or, equiv-
alently, 1 - H/H,,(t)<< H,,(¢)/H,,(0)~1 ~¢.

Our experiments confirm Thompson’s analysis
in this very narrow region near H,,. However, in
the broader range where expansions of the anomal -
ous terms in powers of A are not valid our experi-
mental results tend to the Caroli-Maki results, in-
dicating that the contribution of the anomalous -
terms is then apparently suppressed relative to the
regular ones.

Exact calculations of the conductivity have not
been made for this region. However, we can per-
form a heuristic comparison with another situation
which has been well-understood theoretically, i.e.,
a superconductor containing a pair-breaking inter-
action such as with paramagnetic impurities but
with a uniform A. For the comparison the actual
effects of the magnetic field and the spatial varia-
tions of A are replaced by a pair-breaking interac-
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tion which gives the same shift of 7, from T, and
|al?is replaced everywhere by its spatially aver-

aged value. In the w~- 0 limit, the leading contri-

bution to the conductivity from the anomalous term
Q. mentioned above gives for T near T,

ImQ! /w=4eM/2¢, (13)

in the region A < ¢, just as in Eq. (7b). This anom-
alous contribution just equals the leading regular
contribution here, which accounts for the total in
Eq. (7b) being twice the Caroli~Maki results near
Tep. Incontrast, in the region €;<< A << 7T, one
finds™

ImQ!/w=4eM(2/371A) In(16A/¢,) . (14)
Since the regular term @, is unchanged, the ratio is
ImQ, /ImQ, = (4¢, /371A) In(16A/¢,) . (15)

This ratio tends to zero since ¢;<<A, If all anom-
alous contributions are similarly suppressed rela-
tive to the regular ones, then the Caroli—-Maki ex-
pressions become correct.

We caution that this demonstration is not a rig-
orous proof. In fact, we run into divergence dif-
ficulties when we try to calculate corrections to the
conductivity proportional to A(r) —{|Al%)1/2, taking
into account the spatial inhomogeneity. A similar
heuristic model giving similar results has recently
been proposed by Takayama and Maki. 2

III. EXPERIMENTAL DETAILS

The surface resistance measurements were per-
formed in the Andonian Dewar shown in Fig. 3, The
Dewar was positioned so the microwave cavity in
the Dewar tailpiece was centered between the pole
pieces of a 12-in. magnet. This magnet was
equipped with tapered pole pieces and modulation
coils to provide dc field levels up to 15 kOe and
modulation levels up to 80 Oe peak to peak, The
temperature in the experimental chamber was var-
ied by adjusting the throttle valve connection to the
liquid-helium reservoir and controlling the power
to the heater. With this arrangement, temperature
could be varied between room temperature and ap-
proximately 2 K.

A. Microwave-Cavity Design

The samples were disks located in the center of
the end plates of a right-circular-cylindrical cavity
operating at 31.5 GHz in the TEy,; mode. The cy-
lindrical wall of the cavity had a diameter/length
ratio of 2. 09 and was machined with a groove 0. 002
in. deep and 0. 1 in, wide around its center. This
groove lifted the degeneracy of the TM,;; and the
TEgy; modes by about 0. 15 GHz and was sufficient
to prevent any effects of double moding from being
observed.

The cavity was made of brass to minimize eddy-
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current heating by the modulation field, and was
silver plated approximately 0,003 in, thick to re-
duce microwave losses. Some end plates were
made of oxygen-free high-conductivity (OFHC) cop-
per without seriously affecting the lowest tempera-
tures attainable.

A variable coupling network was used to optimize
coupling for each sample run. The coupling was
adjusted by changing the effective length of a cutoff
waveguide section by varying the insertion of a di-
electric plug. While this device was very conve-
nient to use, it did introduce variable losses which
made it difficult to make absolute measurements of
surface resistivity. Since the main interest was in
relative measurements (changes between the nor-
mal and superconducting state) this effect was not
detrimental.

Samples were held in place in a shallow recess
in the end plates with Apiezon type-N vacuum
grease. A 0,410-in.-diam recess was used for the
Nb-Ta samples, while a 0. 600-in.-diam recess (the
full inner diameter of the cavity) was used for the
Pb-In samples.

B. Carbon-Resistor Thermometer

Two +-W Ohmite carbon resistors of nominal
270-Q resistance were sealed in a 0, 062-in. -diam
hole in the cavity body with GE 7031 varnish for
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FIG. 3. Cross section of the variable-temperature
Andonian Dewar used to cool the measurement apparatus
to liquid-helium temperatures. The temperature of the
superconducting sample mounted in the microwave cavity
was measured by determining the resistance of a carbon
resistor embedded in the cavity wall.

temperature measurement. One of the resistors
was used to measure the temperature of all sam-
ples during the various runs. It was calibrated
against the liquid-helium vapor pressure in the
range 2-4. 2 K and against a calibrated germanium
thermometer in the 4-25 K range. The data were
least-squares fit to a three-parameter logarithmic
function so that

I 2.9718
" logo(R) +4.2377/10g,0(R) —4.1993

(16)

In the range 2-15 K, the experimental points fit
this equation to within + 30 mK,

Apparent temperature changes of approximately
10 mK, which were ignored, were produced by ap-
plied magnetic fields of 15 kOe or by absorbed rf
powers of about 25 mW. In sample runs, the mi-
crowave power was restricted to convenient levels
of less than about 4 mw.

C. Microwave Circuitry

The microwave measuring circuit for obtaining
derivative measurements of the cavity response is
shown in Fig. 4, The output of the klystron is cou-
pled into the sum arm of the magic T while the
power reflected from the cavity is coupled out the
difference arm into the crystal detector. The
slide-screw tuner mounted on the fourth arm of the
magic T is calibrated to present a mismatch which
cancels the reflection of the waveguide window used
to seal the waveguide entering the Dewar. The po-
sitions of the tuner and window are such that the
calibration holds over a reasonably broad frequen-
cy band. The tuner was calibrated in 0.1-GHz in-
crements and was found to vary only slightly within
this range.

The crystal detector output was used to drive a
klystron stabilizer to keep the klystron frequency
centered on the cavity response and to drive an x-y
recorder via the phase-lock detector. The x axis
of the recorder was driven by the output of the ro-
tating-coil gaussmeter and thus was provided with
a voltage linearly proportional to the impressed dc
magnetic field. This gaussmeter was calibrated
against a nuclear-magnetic-resonance fluxmeter
at the high-field settings.

A ten-turn pickup coil with mean diameter of
4.11 cm was taped to the center of one pole piece
to measure the modulation amplitude. At 40 Hz
the peak-to-peak modulation was 3 G per peak-to-
peak mV.

In order to calibrate the recorded-crystal-detec-
tor modulation as a function of field, the dc output
of the crystal detector was occasionally plotted
versus field with zero modulation. The slope of
this curve was then compared with the phase-lock
detected modulation signal, The modulation drive
was not constant with dc field owing to saturation ef-
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fects of the magnet iron core, so periodic calibra-
tions were also made of this quantity. The output
of crystal detector was determined to be square
law over our usual operating voltage range of 1-35
mV.

A plot such as that shown in Fig. 5 was made
during each sample run to allow a determination of
the relative power incident on the cavity at reso-
nance. In a frequency range such that only one
mode of the cavity is appreciably excited, the ratio
of the reflected to the incident microwave power as
a function of frequency is!®

P,(f) _ P fo)/Pi( fo) +4(f = fo)*/(af)?
Pi(f) 1+4(f-fo)?/(af ) ’

where P,(f,)/P;( f,) is the ratio at the resonant fre-
quency f, and Af is the half-width of the resonance.
The incident power at several frequencies was de-
termined by iteratively fitting the equation to the
resonance curve.

In addition to the complete absorption curves dis-
played in Fig. 5, there are several partial curves
displayed. These indicate the effect of the helium
gas present inside the cavity due to the tempera-
ture-regulation system. The frequency shifts are
in accord with those calculated from the Clausius—
Mossotti'* equation. The pressure was held rela-
tively constant during a run to minimize the effect
of these shifts,

amn

D. Data Reduction

We represent the cavity as a simple R-L-C cir-
cuit in series with the waveguide impedance z;.
The loaded @ of this circuit is just

Qr=woL/(R+29)=Qy /(1+2/R), (18)

POWER resistivity. The rotating-coil gauss-
SUPPLY . «
meter provides a linear measure of
the applied dc magnetic field.

where @y is the cavity unloaded @. By definition,
the @ of the coupling hole @,, representing radi-
ated power loss from the cavity, is related to @y
and @ by

1/QL =1/QU+1/Qn . (19)

Multiplying Eq. (19) through by @, and then com-
paring the results to Eq. (17), we find that

Qu/Q.=2,/R, (20)

or for the undercoupled case, @,>Qy, Q,/Qu
= VSWR at resonance., Separating the sample sur-
face resistance Rg from the rest of the cavity los-
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FIG. 5. Typical cavity response made using a tunable
crystal-controlled klystron stabilizer. The partial reso-
nance curves illustrate how the cavity frequency is af-
fected by changes in the helium-gas pressure and tempera~
ture. The filled and open circles were derived from the
normal and superconducting-state responses accerding to
a procedure described in the text to determine the inci-
dent power level.
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ses, represented by Ry, we can relate the losses
to the reflection coefficient at resonance I' by the
relation

(RN+BRS)/A= 1+ 1")/(1 - F) ) (21)

where A and B are geometric factors. By letting
I'=T, at low temperature and zero field when R
=0, and I'=Ty when Rg = Rg5(H,,) is the normal-
state surface resistance, we can solve the resultant
equations for the ratio

Rs(H) _(I-Tg)(1-Ty)
Rs(H;) (1-T)([Ty-Ty) °
Substituting V'/2/v¥? for T and differentiating

Rs(H)/Rs(H,,) with respect to H, we get the final
result

(22)

5= H(v}e/z _ V(]i/z)
ZVIIV/a(VIIV/Z _ V%’/Z) (V}elz _ VL/Z)

vV

X ( ﬁ
in terms of the various crystal detector voltages.
Referring again to Fig. 5, V, is the voltage we
measure in the resonance null at the lowest tem-
perature reached and Vy is the voltage of the reso-
nance null when the superconducior is in the nor-
mal state. Vy is the detector voltage correspond-
ing to the input power to the cavity. We thus see
that the quantity we record in our measurements,
9V/8H, is directly proportional to the slope of the
surface resistivity.

S(w,

(23)

Hez

IV. EXPERIMENTAL RESULTS

We have made measurements of type-II super-
conductors in the vortex state with samples from
three different type-II superconductor categories.
Our main interest was on weak-coupled supercon-
ductors in the dirty limit since these conditions are
assumed in the theoretical developments. The al-
loys of niobium and tantalum with niobium concen-
trations between 50 and 80 at.% fit in this category.
Pure niobium is a clean-limit type-II superconduc-
tor while alloys with greater than 80% niobium are
in a category between the dirty and clean limits.
We have measured various alloy samples ranging
from 50- to 95-at.% Nb.

Alloys of lead are, in contrast, strong-coupled
type-II superconductors with the high-concentration
alloys in the dirty-limit category. We include
measurements on dirty-limit Pb-In alloys, that is,
alloys with 10- to 50-at.% In.

A. Determination of T, , H , and dV/3H at H,

o’

Figure 6 shows typical measurements which il-
lustrate the advantages of the derivative technique.
While most of our measurements were made with
the applied magnetic field perpendicular to the
sample, this figure shows the differences which
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FIG. 6. Measurements to illustrate the differences in
response between the magnetic field perpendicular and
parallel to the sample surface. The smooth lines are
recordings of the crystal-detector output vs field and the
noisy curves are corresponding recordings using the de-
rivative apparatus. P-P means peak to peak.

occur in parallel fields. The smooth curves in
each case are the detector voltages versus field
and the noisy curves are their derivatives. The
relative ease in determining the slopes and transi-
tion fields from the derivative data at H,, and H,,
(=1.69H,,) is quite evident. (The derivative curves
for the parallel-field case also illustrate an inter-
esting phenomenon. Although the detector voltage
increases monotonically with increasing field, the
slope data starts out negative and then reverse near
H=2kOe. The modulated signal was observed on
an oscilloscope to make a smooth 180° phase re-
versal in the region 0.5-5.0 kOe. This observa-
tion was not pursued in detail.)

A plot of the slope data for a Nby, 5 Ta,, .5 Sample
is shown in Fig. 7. These data are typical of those
obtained for all samples and will be used to illus-
trate the techniques used to obtain values for T,
H,,, and 8V/0H at H, to evaluate S at H,, from
Eq. (23).

It will be observed that the slope at a constant
temperature is a slowly varying function of the ap-
plied field H for moderate values of H. As the
critical field is approached, the slope begins to in-
crease almost linearly with the field and then rath-
er abruptly it begins to decrease, again more or
less linearly. Finally, at large fields the sample
is normal and the slope is zero.

Instead of displaying a discontinuity in the slope
at a well-defined transition field, the curves indi-
cate a broad transition and thus present some dif-
ficulty in providing a comparison with theory. The
broadening may be due partly to sample inhomo-
geneities, in addition to the unavoidable intrinsic
thermodynamic fluctuation broadening. (The Nb-Ta
samples were all annealed at 1800 °C for 2h and then
at 1900°C in an attempt to reduce inhomogeneities.
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FIG. 7. Tracing of some of the recorded slope data
for a Nby,75Ta,,55 sample showing the construction used to
obtain H,, and the slope at Hy,. Lines A-B and A-S are
drawn through the data and a perpendicular is erected in-
tersecting A-B at its midpoint M. The coordinates of the
point S are taken to be the values for H,y. The solid lines
are recordings made for the increasing field while the
dashed lines are recordings obtained with the decreasing
field.

The annealed samples did have a slightly narrower
transition than unannealed samples.) In any case,
a technique was devised for obtaining consistent
repeatable values for Ty, H,,, and 8V/8H at H,,
from the data..

As seen in Fig, 7, the technique consisted in ex-
tending the linear portions of the slope-versus-
field curves in and near the transition region. H,,
was then defined as the field at the midpoint of the
decreasing H curve between the intersection with
the increasing H curve and zero slope. The value
of 8V/8H at H,, was then obtained from the extended
portion of the increasing H line at its intersection
with H=H,,. From the values of H, so obtained at
various temperatures, a least-squares fit of H,,
vs T? was made and extrapolated to H,,=0 to obtain
T

B. Nb-Ta Alloys

The data for the various Nb alloy samples are
plotted in Fig. 8. There is a definite difference
between the dirty-limit data (Nb, ; Tay,; and
Nby, 75 Tag,05) and the clean-limit data (Nbg,eTag,,
and Nbg o5 Tag,q5). The slope discontinuity for the
dirty-limit samples is high but not quite as large
as that calculated from Eq. (11). For comparison,
we have plotted both the Thompson result [Eq. (11)]
and the Fischer et al. modification of the Caroli—
Maki theory [Eq. (12)]. In both of these expres-
sions we have used the theoretical temperature
variation of k, as calculated by Caroli et al.

We have included two sets of measurements of
Nby.; Tag,5 samples. In one case, the measure-
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ments were made while two similar samples were
mounted in the cavity, one on each end wall. In
the other and more usual case, only one supercon-
ducting sample was used. The two sets of data are
in good agreement and illustrate the repeatability
of the measurements.

Within the accuracy of our measurements, the
slope in the vicinity of the H,, transition varied
linearly with field. This provides some justifica-
tion for our technique for reduci g the data. If we
choose to use the generally constant slope some
distance below the transition, the data fall in the
vicinity of the Caroli-Maki curves.

C. Slope Measurements of Dirty Pb-In Alloys

Our measurements of dirty Pb-In alloys follow
closely the theoretical curves of Thompson as
shown in Fig. 9. Thus, the present measurements
do not support the evidence for a possible strong-
coupling effect for the Pb-In alloys as suggested by
the analysis of Fischer et al.’ Just as in the case
of the weak-coupling Nb-Ta alloys, we can also ob-
tain low values of S(w, #) near the Caroli—Maki
curve by choosing slopes in the more constant slope
region of the transition curves. We have included
measurements on a Pby g Ing, 17 sample for compar -
ison with the extensive data of Fischer et al.® for a
similar sample; in general, our values for S(w, t)
are about 20% higher than their values.

T T T
o Nb0‘50 T00.5O (B)
® Nbyso Tagso (ABB)
311 © Nbo7s Tagzs (B) —
* Nbggo Tagyo (B)
o~ o N
8 bo.gs Tagos (B)
W A
I
— ©
x| 2»_ Q
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= hd ° ° %"
" - ° % s o032 o]
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& |
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0 0.2 0.4 0.6 0.8 1.0
t= /T,
FIG. 8. Slope data for the various Nb-Ta alloys are

plotted against various theoretical curves. The dirty-
limit samples (with Ta concentrations greater than 20%)
have larger slopes than the cleaner samples. The theo-
retical curves are all based on dirty-limit theory. The
A curves are based on Thompson’s calculations [Eq. (11)]
with the experimental parameters 31.4 GHz and the tran-
sition temperature extremes 5.8 and 8.5 K. Curve B is
also based on Eq. (11) but in the low-frequency limit
w—0. Curves C and D are similar but are based on the
calculation of Fischer et al. [Eq. (12)].



990 PEDERSEN, KIM,

3 T T T T T | T ] T
O Pbgsg Ingso (A)
L| 4 Pbggy Ing7 (B) N T 015002,
~ o Pbo.go Ing.0 (A) A\ 0
S
Lot o4 o’
J— A, o B o
£35S <o
Tl | N la |
a o
" o AA
D as
— B T Y
;* ! \:\:\D o SADAU ° ‘}Guuu
— =]
w
0 | | I | | |
0 0.2 0.4 0.6 0.8 1.0
t= /T,
FIG. 9. Slope data for the Pb-In alloys plotted against

the same theoretical curves described in Fig. 8. The
transition-temperature extremes used in the calculations
“of curves A and C are 6.2 and 7.0 K, corresponding to
the Pb-In data. In addition, data from the regions of rel-
atively constant slope somewhat below H, are indicated
by the smaller symbols.

D. Discussion of Results

Comparison of the slope data with theory is com-
plicated by the lack of a sharp transition at a well-
defined H,,, as well as by the observation that the
slope begins to increase with field just before the
transition region. If this change in slope is ig-
nored and the relatively constant value some dis-
tance below H,, is used for comparison with theory,
the results compare favorably with the Caroli-
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Maki theory. On the other hand, extrapolating the
changing slope to H,, as described earlier provides
results which compare well with the dirty-limit
theory of Thompson. An explanation for this be-
havior is contained in Sec. II where it is pointed out
that the Thompson correction is valid only near H_,
and the Caroli—Maki result may be accurate for a
range of fields somewhat below H,.

V. CONCLUSION

Measurements of the derivative of the normal-
ized surface resistance of samples of dirty type-II
superconductors with respect to the magnetic field
compare favorably with the theoretical predictions
of Thompson and Takayama and Ebisawa, when the
measured values of the derivative are extrapolated
to H,,.

If the derivative is obtained from the region be-
low the transition where its value is relatively con-
stant, results which support the Caroli—Maki the-
ory are obtained. Data collected without the bene-
fit of the derivative technique would tend to yield
such results. However, the data obtained by an
appropriate extrapolation in the immediate vicinity
of H,, support the Thompson correction to the
Caroli-Maki theory.
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