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The magnetic field dependence of the microwave absorptivity of superconducting aluminum
single crystals has been determined in the frequency range 15-100 GHz, covering the spec-
trum near the superconducting energy gap. Measurements were made on samples of varying
purity, from the purest available alumimum to aluminum doped with 3-at. % silver. In the
pure case, the energy of the absorption edge was found to shift with static magnetic field by
an amount of the order pv, where p is the Fermi momentum and v is the drift velocity asso-
ciated with the Meissner current. The addition of impurities was found to reduce the shift in
the absorption edge as expected. Furthermore, the impurities coupled with the static field
to induce an unexpected effect, namely, an absorption peak near the energy of the zero-field
absorption edge. The amplitude of the absorption peak was found to increase monotonically
with both magnetic field and with concentration of the silver impurity. A suggestion is made
that impurities and magnetic field induce a change in the BCS coherence factors (from case II

to case I) which, in turn, is responsible for the absorption peak.

I. INTRODUCTION

For some years we have been making measure-
ments of the effect of a static magnetic field on the
microwave absorptivity of superconducting alumi-
num at photon energies 7w near the energy gap 2A.
Some of our early results have already appeared in

abbreviated form!™ and there have been several
papers dealing with the theory. ™" It is the purpose
of this paper to present a complete account of our
experiments,

The study of the microwave absorption of super-
conductors in a static magnetic field has consis-
tently caused difficulties in fitting the existing theo-
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ry. In the earliest experiment, Pippard® measured
the effect of a static field on the microwave surface
impedance of superconducting tin at 9.4 GHz and
found a small (a few percent) change in the surface
impedance which depended in a very complicated
way on temperature and field. This was followed
by a number of other experiments9 on various
materials at photon energies well below the energy
gap (i.e., 7w <0.1A), which showed the small ef-
fect to be very complex, with even the sign depend-
ing on frequency, impurity level, static field
strength, temperature, and relative geometry of
static field, alternating field, and crystal direc-
tion, There were also a number of unsuccessful
attempts at theoretical explanations!® of these low-
frequency experiments. Our technique' for making
absorptivity measurements was well suited to ex-
tend the frequency range of the static-field depen-
dence of the surface impedance since the supercon-
ducting sample is in the form of a disk with the
absorption taking place on one of the flat faces.
Thus, it is convenient to apply a static magnetic
field either parallel to or normal to the alternating
magnetic field and have both in the plane of the
surface,

The results of our experiments on pure alumi-
num, ' gome of which have already been reported
briefly, ' show that the energy of the quasiparticles
is modified by a p-V term, where p is the particle
momentum and ¥ is the drift velocity associated
with the Meissner current. The drift velocity V is

| related to the vector potential s by V = (e/mc)K,

where e and m are the electronic charge and mass,
respectively, and c is the velocity of light, This
P -V correction to the energy, ** proposed by Budzin-
ski and Garfunkel® to account for the field depen-
dence, was then used in theoretical treatments by
Maki, ® Budzinski and Garfunkel,? Pincus,® and
Garfunkel.” The last of these has calculated de-
tailed curves which are in qualitative agreement
with the experimental results on both aluminum?2:12
and zinc, 18

The results for impure aluminum, ***!* also part-
ly reported in preliminary form,3™® are not yet
quantitatively understood. It was expected that the
addition of impurities, reducing the electron free
path, would cause a reduction in the § -V correction
because the magnitude of the average value of P
(i.e., I{P)!) for a particle scattered by impurities
is smaller than for an unscattered particle, as has
been suggested by the Anderson theory of “dirty”
superconductors. !” We have been able to observe
this effect for aluminum doped with very small
amounts of silver, As the impurity level is further
increased, however, a peak appears in the absorp-
tion in a static field, occurring at a photon energy
equal to the superconducting energy gap. Although
there are still many unanswered questions about
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the details, we now believe that this absorption
peak may be related to a change in the coherence
factors of the BCS theory®® of absorption in super-
conductors. *°

The measurements consist of determining calori-
metrically the ratio of the microwave absorptivity
in the superconducting state to that in the normal
state at various frequencies between 15 and 100
GHz and at several values of static magnetic field
up to the critical field. For good conductors, the
absorptivity ratio @ /@, is indistinguishable from
the surface resistance ratio »=R/R,, where R and
R, are the real (and X and X, are the imaginary)
parts of the surface impedance in the superconduct-
ing and normal states, respectively. The surface
impedance is defined as Z=478(0)/H,,(0)=R +iX,
where 8(0) and H,,(0) are the amplitudes of the al-
ternating electric and magnetic field at the surface
of the sample.

II. EXPERIMENTAL TECHNIQUE
A. Apparatus

The measurements were made in essentially the
same apparatus that has been described in detail
by Biondi et al. ' Microwaves are generated in one
of a number of tunable klystrons capable of produc-
ing 10-100 mW of continuous power. The frequency
is determined to about +0. 2% by means of absorp-
tion-cavity wave meters, several of which we use
to cover the entire spectrum from 15to over 100 GHz.
The microwaves are then conducted through a K-
band waveguide (cutoff frequency about 14 GHz) into
the Dewar system and to the sample. The low tem-
perature is maintained by a multiple-Dewar sys-
tem: liquid nitrogen, liquid He* at about 1.1 K, and
liquid He® at about 0. 35 K. The low-temperature
portion of the apparatus, shown in a simplified
diagram in Fig. 1, is surrounded by liquid He? at
about 1.1 K, Liquid He®, in the toroidal container
shown, is pumped to a temperature of about 0. 35 K.
The cold section is thermally isolated from the He*
bath by having only poor thermal conductors con-
necting from one section to the other (thin-walled
stainless steel for tubes and waveguide, and fine
tinned-manganin wire for electrical connections).
Outside the Dewar system, but surrounding the
sample region, are a set of Helmholtz coils for can-
celing the geomagnetic field to less than 0.01 G
and a second set of Helmholtz coils for applying a
magnetic field parallel to the sample surface, For
calibration of all carbon and germanium resistance
thermometers marked 7, the temperature is de-
termined from the He®-vapor-pressure-vs—tem-
perature tables? using the measured pressure?!
above the liquid in the vapor-pressure bulb, The
microwaves, which enter at the input waveguide,
go through the mode suppressor (two plane vanes
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FIG. 1. Schematic diagram of the low-temperature

portion of apparatus. Boxes containing H and T refer to
100-Q manganin-wire electrical heaters and carbon (or
germanium) resistance thermometers, respectively. See
the text for a description of the operation of the apparatus.

across the long dimension of the waveguide) to as-
sure that only those waveguide modes with electric
field normal to the vanes are transmitted to the
sample. The “copper-monitor” section of the
waveguide serves to measure the incident power to
correct for power-level drift, The sample, a cir-
cular disk with a diameter of about 3.0 cm and a
thickness of 0.15 cm, is the electrical termination
of the waveguide. The sample and copper monitor
are only loosely connected to the He® bath through
heat leaks so that energy absorbed will raise their
temperatures, The coupler, however, is thermally
grounded to the He® bath. The temperature of the
base is controlled electronically using the ther-
mometer on the base as the sensing element while
power is dissipated in the heater H on the base to
maintain the desired temperature.

The power absorbed in the sample is determined
by measuring the extra power that must be dissi-
pated in the heater on the sample to establish the
same sample temperature as was established by
the microwaves., This is normalized to the incident
intensity by a similar measurement on the copper
monitor., The other thermometers and heaters
help to establish equivalent thermal patterns and to
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detect microwave leakage around the sample, For
a somewhat more detailed description of the ap-
paratus see Biondi et al. !

B. Sample Preparation

All samples were made from initially high-purity
aluminum® (less than 1-ppm impurity). To obtain
the desired levels of impurity, silver was added in
the melt of several ingots in various quantities to
obtain 0,02-, 0.2-, and 3-at.% silver impurity.
These ingots, as well as the pure ingots, were then
grown into single crystals (~ 3.2 cm diam and
~ 15 cm long) by cooling in a temperature gradient
from the melt in graphite crucibles. For the 0, 2-
and 3-at. % nominal impurity an attempt was made
to cool rapidly from about 500 °C by blowing cold
helium gas across the crucible., Rapid cooling is
necessary to prevent the silver impurity from pre-
cipitating out during slow cooldown, since at room
temperature silver is not soluble in aluminum in
the larger quantities. The single-crystal ingots
were oriented by x-ray back-scattering techniques
and a sample was cut to the desired size and shape
and with the desired crystal orientation (to within
about 2°) by spark machining, The front face of
each sample was mechanically polished flat using a
fine diamond-dust abrasive, and then chemically
polished with a solution of 94% orthophosphoric
acid and 6% nitric acid at 95°C. After polishing,
the samples were reannealed near the melting
point, well above the temperature at which the
solubility of silver is only 3 at.%. (The most im-
pure specimens were then cooled rapidly from
about 500 °C to try to maintain the high level of
impurity. At any rate, we measure the residual
resistance of the samples to determine the electron
mean free path, which is the quantity we are in-
terested in. The percentage of silver dissolved
should be considered only as an indication of the
impurity level.) The samples were then repolished
chemically before mounting in the apparatus. The
purer samples have a near-mirrorlike finish with
a light filming and a few pock marks, while the
most impure samples had a rather matte surface
and the 3-at. % Ag sample was also somewhat dis-
colored. We do not believe that the results were
very sensitive to the surface quality since the two
pure samples showed very similar results as did
the two samples with nominal 0. 2-at. % silver.
(This may be because all the surfaces were suffi-
ciently rough to cause diffuse scattering of electrons
at the surface. )

A measure of the level of purity of the samples
is the residual resistance ratio (RRR), which was
determined from the rate of decay of eddy currents
induced in the disk-shaped samples at room tem-
perature and at 4.2 K. The RRR values for the
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different samples are given, along with other prop-
erties of the samples, in Sec. III.

C. Measurements

The absorption measurements, taken as a func-
tion of both temperature and static magnetic field
at constant frequency, involve recording the read-
ings of the thermometers on the sample, copper
monitor, coupler, and isolator with the microwave
power on, Then with microwaves off, the powers
absorbed in the sample and in the copper monitor
are obtained from the current needed in the relevani
heaters to reproduce the temperature rises that
had resulted from the microwave energy absorp-
tion. In order to discount power-level drifts of the
incident microwaves, the power absorbed in the
sample is divided by the power absorbed in the
monitor, These ratios are then normalized to the
value of the same ratio measured just above the
superconducting transition temperature 7,, giving
the ratio of absorptivities (or the surface resis-
tance ratio 7) in the superconducting and normal
states, respectively.

The absorption measurements have been used in
several ways. In zero static magnetic field at a
low frequency (520 GHz), careful measurements
of the temperature dependence of the absorption
shows a sharp break at the transition temperature
T, of the sample, as shown in Fig. 2(a). Similarly,
the critical magnetic field is obtained from absorp-
tion measurements made as a function of static
magnetic field, as shown in Fig. 2(b). The tran-
sition temperatures and critical magnetic fields
for all of our samples were obtained in this way.
For the static field measurements we chose the
static field either parallel [H(parallel)] or perpen-
dicular [H(normal)] to the alternating magnetic
field H,,, as shown in Fig. 3.%

For a detailed discussion of the sources of error
of the measurements, we again refer to Biondi
et al.™ We note here that the temperature, fre-
quency, and magnetic field are all determined to
an accuracy well beyond that needed for our discus-
sion, The primary source of error of the measure-
ments is the leakage of microwaves around the
sample, or otherwise out of the waveguide, getting
to the back side of the sample, either on the sup-
port tube or on the thermometer and heater (see
Fig. 1). We expect that this limits the accuracy of
the absorption determination to about 1 at.% at
most frequencies, but with errors of several (2-4)
percent in the neighborhood of certain special fre-
quencies. These errors, of course, all indicate a
higher absorption than the correct one at the fre-
quency in question. We do not expect these errors
to depend appreciably on the static magnetic field.
It may be noticed in the results that at the lowest
frequencies and largest static magnetic field there
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FIG. 2. (a) Low-frequency temperature dependence of

the surface resistance ratio near the superconducting
transition temperature. The knee of this curve occurs
at the transition temperature. (b) Magnetic field depen-
dence of the surface resistance ratio. The critical mag-
netic field is the value of field at the upper knee.

is an appreciable absorption. This is probably
caused by the combination of two effects, namely,
the edges of the sample are in the intermediate
state at large field values, and there is appreciable
leakage of microwaves to the edge of the sample at
long wavelengths. We have discounted those points
which show this inconsistency.

IIl. RESULTS

The field dependence of the absorption is mea-
sured by fixing the frequency and temperature while
changing the static magnetic field. This method of
data taking makes the differences in absorption—
from one value of field to another—more accurately
determined than the individual values of the ab-
sorption. The results for the six samples are dis-
played in Figs. 4-9, where the surface resistance
ratio »=R/R,, is plotted as a function of frequency
at various values of the static magnetic field.

From the zero-field curve in each of these figures,
we derive the energy gap at approximately T=0.34
K, which is then extrapolated to 7'=0 K using the
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FIG. 3. Schematic diagram showing geometry of
sample, static magnetic field [either H(normal) or H
(parallel)], and microwave magnetic field (H,,).

temperature dependence of the BCS theory. The
values of the energy gap are presented in Table I
along with the transition temperature, nominal im-
purity level, RRR, crystal orientation, and several
derived properties of each sample.

There are several features of the curves that are
of interest. First, we note that for the pure sam-
ples Al-18 and Al-24, shown in Figs. 4 and 5, there

~is a large shift in the onset of absorption.

In order to compare the effect of a static field
on the two samples, we plot in Fig. 10, &7 =7(H)

- 7(0), the change in surface resistance ratio for

0.5 T T

Al - 18
t=0.34

® H=0 ,from Biondi,Garfunkel,and Thompson

x H=0 This
® H (parailel) = 0.65 H¢ Experiment
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FIG. 4. Surface resistance ratio vs frequency for Al-
18 (pure aluminum). The absorbing surface is a (110)
crystal plane. Thesolid-circle data are from the work of
Biondi, Garfunkel, and Thompson given in Ref. 11.
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FIG. 5. Surface resistance ratio vs frequency for Al-
24 (pure aluminum). The absorbing surface is a (100)
crystal plane: (a) H(parallel); (b) a comparison of
H(parallel) and H(normal) at 0.80H,.

H(parallel)=0. 65H, for both samples, Clearly, at
this value of field the shift in onset frequency
dvo=v,— v, (where v, is the gap frequency and v, is
the onset frequency) is about 35 GHz. The two
samples, having different crystal orientations,
show essentially the same behavior in this plot,
indicating that crystal orientation does not appre-
ciably affect the static field dependence, but only
has a small effect on the zero-field frequency de-
pendence (as was seen in Biondi ef al. ). Figure
11 shows plots of 67 for various values of the static
field for Al-24. The shift in onset frequency, 0y,
may be the same for both orientations of static
field, but since the value for 67 is smaller by at
least a factor of 3 for H(normal), it is not possible
to get an accurate measure of the shift for this
case. From Fig. 11(a) we obtain the shift in the
onset frequency 6y, as a function of field, which is
then plotted in Fig, 12, Although the scatter is
large, it can be fitted with a linear relationship be-
tween H(parallel) and the shift in the onset frequen-
cy dvg.

As can be seen in Fig, 13 for Al-29, the shift
dvg for 0.02-at. % silver doping at H(parallel)
=0, 65H, has dropped from its value in the pure
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FIG. 6. Surface resistance ratio vs
frequency for Ai-29 (aluminum doped
with 0,02-at.% silver). The absorbing
surface is a (100) crystal plane and the
static magnetic field is parallel to the
microwave magnetic field.
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samples. In fact, the decrease in 6v; would he

even greater if it were not for the long tail exhibited
by 67 as it approaches v, from above. This is in
agreement with the expectation that the PV correc-
tion is reduced when scattering reduces the effec-
tive magnitude of P for most electrons, while the
tailing comes from those few electrons that are un-
scattered. The reduction in 6y, is seen to continue
for the 0. 2-at. % silver—doped sample Al-26, shown
in Fig, 14, although the onset frequency is ob-
scured by the occurrence of the “resonance” absorp-
tion peak that has appeared clearly in Figs. 7 and
8 for these levels of impurity. As we go to our
most impure sample, Al-3000 in Fig. 9, the shift
ovy has become obscured because the large absorp-
tion peak dominates the frequency region near the
energy gap.

The most notable feature of the three dirtiest
samples is the absorption peak that occurs close
to the zero-field absorption edge., Furthermore,
if one examines Fig, 6, the curve for Al-29, there
is even in this relatively pure sample some evi-
dence of an absorption peak for the largest field
values near the zero-field onset frequency of about
82 GHz. It appears that the combination of static
magnetic field and short electron free path generate
the absorption peak as the most noticeable feature
for H(parallel). However, as we note in Fig. 7(b),
the H(normal) curve for Al-26, there is no evidence
of an absorption peak. The appearance of the peak
is thus seen to be a characteristic of H(parallel)
and not of H(normal).

The existence of the absorption peak is the most
puzzling aspect of these results, and although a
possible origin of the peak will be mentioned later

in this paper and discussed at length in a subsequent
paper, ' we are not at all confident that we have
made the correct identification. For this reason
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FIG. 7. Surface resistance ratio vs frequency for
Al-26 (aluminum doped with 0.20-at.% silver). The ab-
sorbing surface is a (100) crystal plane: (a) H(parallel);
(b) a comparison of H(parallel) and H(normal) at 0.80H,.
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FIG. 8. Surface resistance ratio vs
frequency for Al-200 (aluminum doped
with 0.20-at. % silver). The absorbing
surface is a (100) crystal plane and the
static magnetic field is parallel to the
microwave magnetic field.
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we present the data in several different ways,

hoping to shed some additional light on the problem.

First, in order to display the peak itself we sub-
tract from the H(parallel) data of Al-29, Al-200,
and Al-3000 a smooth curve having the same shape
as the zero-field curve for each, but shifted in fre-
quency to give a nearly symmetric bell-shaped dif-
ference curve. These three are displayed in Figs.
15(a)-(c) where the growth of the absorption peak
with impurity is clearly evident. From the curves
of Fig. 15, it is simple to construct the dependence
of peak amplitude on magnetic field and on impurity

level, These derived curves are shown in Figs.

16 and 17, respectively. The field dependence
(Fig. 16) is shown for each of the three samples
and fitted by a straight line—the scatter is too
great to say any more than that the results are con-
sistent with a straight-line dependence. By extrap-
olating each of the curves of Fig. 16 to H/H, =1,
and by plotting that peak amplitude against the
reciprocal of the electron mean free path ! in Fig,
17, we obtain a reasonably good straight line, This
suggests that the peak height is directly proportion-
alto (H/H,)/1 for all silver-doped samples, although

FIG. 9. Surface resistance ratio vs
frequency for Al1-3000 (aluminum doped
with 8.0-at. % silver). The absorbing
surface is a (100) crystal face, and the
static magnetic field is parallel to the
microwave magnetic field.
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TAFLE I. Properties of the samples and comparison of the energy gap at 7=0 K with the BCS theory (Ref. 18).
Minimum
Nominal silver Superconducting Electron superconducting

impurity concentration Crystaldirection transition free energy-gap 24
Sample (in at. %) of surface RRR temperature (K) path (cm) freq. (GHz) kT, K
Al-18 0.00% [110] 2200 1.175+ 0,003 3.5x 1073 74.4+0.5 3.04 0.010
Al-24 0.00% [100] 2600 1.175+0.003 4.2x 103 77.6+0.5 3.17 0.010
Al-29 0.02 [100] 92 1.152+0.003 1.5x 1074 82.0+0.5 3.42 0.019
Al-26 0.20 [100] 14.3 1.121£0.003 2,2x 107 81.4+0.5 3.48 0,070
Al-200 0.20 [100] 12.3 1.117+0.003 2.0x10°° 82.0+0.5 3.53 0,075
Al-3000 3.0 [100] 5.3 1.072+ 0,003 0,86 10°° 78.8+ 0.5 3.53 0.17
BCS 3.53

Made from 99.9999% pure aluminum ingot.

the scatter would make it just as good a fit to use
the coherence length £ in place of the electron free
path 7.

In Figs. 7-9 and 15, it can be noticed that as the
field is increased, the absorption peak moves to
slightly lower frequencies. Although this is a small
effect, amounting to only 5% in the most extreme
case, it appears to be clearly quadratic in field,
and to be greatest for the most impure sample
Al-3000. In Fig. 18, we show ov,=v,-v,, where
v, is the frequency at the absorption peak, as a
function of (H/H,) for Al-200 and Al-3000.

For the pure samples plotted in Figs. 10 and 11,
the shift in onset frequency was found to have a
linear dependence on H/H, (within experimental
accuracy) as can be seen in Fig, 12 for Al-24, If
we try the same plot with the dirtier samples
Al-29, Al-26, Al-200, and Al-3000, we observe
that the linear relationship no longer gives a rea-
sonable fit, but that the shift, dvy=v, - vy, is more

nearly quadratic in H/H,. For the purest of these,
Al1-29 (0.02-at.% Ag), the onset frequency is very
difficult to establish because there is a long tail
(see Fig. 13), and the question of whether the shift
is linear or more rapid cannot be settled from
these data. Nevertheless, the addition of small
amounts of impurity clearly reduces the shift oy,
continuing to do so until the wings of the resonance
dominate the onset frequency v,.

IV. DISCUSSION

A. Changes in Superconducting Properties with Impurity in Zero
Magnetic Field

In Table I we note that the superconducting tran-
sition temperature changes monatonically with
electron free path, the highest transition tempera-
ture corresponding to the purest aluminum, in good
agreement with results obtained by Chanin et al.?
on the same materials. Our most impure sample,

FIG. 10. Change in surface resis-
tance ratio at H(parallel) =0.65H,,.
Comparison of pure aluminum samples
Al-18 and Al-24.
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FIG. 11. Change in surface resistance ratio for pure
aluminum sample Al-24: (a) various values of H(parallel);
(b) comparison of H(parallel) and H(normal) at 0.80H.

Al-3000, however, has a slightly lower transition
temperature than would have been predicted by the
extrapolation of their data.?* Again referring to
Table I, we note that the energy gap®® increases
with the addition of small amounts of impurity but
finally decreases for our most impure sample,
Al-3000. This is consistent with the Anderson
theory of dirty superconductors,'? in which the ef-
fect of impurities is to reduce electron free path
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by scattering, destroying the usefulness of the di-
rection of the electron wave vector k as a good
quantum number., The result is that the anisotropy
of the energy gap is destroyed, increasing the
minimum energy gap towards the mean value, and
decreasing the maximum gap, which in turn de-
creases the superconducting transition temperature.
As the anisotropy is destroyed with increasing im-
purity, the ratio of energy gap to transition tem-
perature should approach the BCS *® value (24/kT,
=3.53).%8 From the column 2A/kT, in Table I we
see that the dirtiest samples have attained this
value,

B. Effects of Static Magnetic Field on Surface Resistance of Pure
Superconducting Aluminum

The data for the two pure samples Al-18 and
Al-24 displayed in Figs. 4, 5, and 10-12 show a
large shift in the onset of absorption with static
magnetic field, When these shifts were initially
observed, 1 it was proposed that they were caused
by the one-particle energy shifts associated with
the Meissner currents flowing near the surface of
the sample, The one-particle energy shift is given
by p -V, where p is the electron momentum (near
the Fermi surface for all electrons of interest) and
V is the electron drift velocity.

On the basis of this model for the energy shift,
Pincus® developed a theory which introduced a D« V
square-well potential for a distance equal to the
superconducting penetration depth A from the sur-
face. He was then able to show (using as the
boundary condition, specular reflection of elec-
trons at the sample surface) that there are particu-
lar surface states that exist in the static magnetic
field that permit absorption at energies as much as
ID11¥1=pv below the superconducting energy gap.
Unfortunately, to calculate the actual frequency-
dependent surface resistance using the Pincus
model® is both difficult and tedious, and for these
reasons has not been done. It would be very in-

FIG. 12. Shift in onset frequency vs
static magnetic field, H(parallel), for
pure aluminum sample Al-24,

60
- slope = 51GHz /{/
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teresting to see if the specular reflection boundary
condition can actually account for as much absorp-
tion as is observed.

In a semiclassical approach, Garfunkel’ used the
DV energy correction to modify the BCS'® expres-

sions for the bulk conductivity ratio®” ¢/¢,, where
0 =0, —1%0, is the complex conductivity in the super-
conducting state and o, is the normal-state con-
ductivity. The surface impedance ratio Z/Z, in the
extreme anomalous limit is then given by?’

0.30r Al -26
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° t =0.34
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! o.20f . 0.5 Hg
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FIG. 14. Change in surface resis-
tance ratio for Al-26 (0.2-at.% silver):
. r . . . v . . . . - - (a) H(parallel); (o) H(normal).
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RESONANT PEAKS IN ALUMINUM
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/2= (e/o) ) a2 (" co(p. )
Pure aluminum is sufficiently close to the extreme On W Jy
anomalous limit (i.e., the penetration depth X is A A2
much smaller than the superconducting coherence xs (1 +—E_E_7> [p(E)o(E")]dEdO  (2)
length £) for this to be an adequate approxima- A=hw=pv cosh
tion. In order to complete the model, Garfunkel’ and
used a modification of the Pippard ineffectiveness - 2 6o .
concept® and the boundary condition of diffuse scat- ;2 =i i cos®(B+6)
tering of electrons at the surface. The boundary "
condition is an essential part of this model. If “ a2 ,
specular reflection were assumed, the results x s nomp cost <1 + EE') [p(E)o(E")]dEd6 , ()

would be very different, yielding no shift in the on-
set frequency 6v,. The result of the above modifi-

cations is to change the BCS expressions?’ for 0,/0,
and 0, /0, at T=0 K to the form”’

where E'=E+pv cos+ 7w, p(E)=E/(E*- a2)1% is
the BCS density of states, B is the angle between
the static and alternating magnetic fields, 8 is the
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FIG. 16. Absorption peak height vs static magnetic field
for impure aluminum.

angle between p and v, and 6, is defined by cos 6,
=(2A - 7iw)/pv. Using Egs. (2) and (3) it is neces-
sary to have a relationship between the static mag-
netic field H and the product pv. Garfunkel’ defined
a quantity Hy, which is that value of magnetic field
for which pv=A, His results are given in terms

of hy=H/H,, a reduced magnetic field. Since H, is
defined in terms of the microscopic parameters p
and A, and is sensitive to the approximations of

the model, we do not expect to be able to accurately
evaluate it in terms of the actual critical magnetic
field. If, however, one were to take the model
seriously and use an appropriate estimate for p,%°
one finds that at T=0K, ay,=(Hy/H,);,~1.9 (where
the subscript th means that « is a theoretical esti-
mate®®). We will, however, treat the constant «

FIG. 17. Absorption peak height vs reciprocal electron
free path in aluminum.

as a parameter to be determined from the experi-
ment,

Equations (2) and (3) have been evaluated by
Garfunkel” and the surface impedance calculated
from Eq. (1). In Fig. 18 we display his results
for H(parallel). For comparison of theory with
experimental results, we find from Fig. 12 ag
=1, /2(6v)y. #, ~0.76 (where the subscript expt
means that the value is obtained from the data of
this work), and calculate the change in the surface
resistance ratio to compare with the experimental
data of Al-24. However, the energy gap in the
pure material is known to have anisotropy and this
strongly affects the resulting fit. It therefore
seemed better to evaluate a,,,, directly from the

0.8

R/Rp

04+t

FIG. 18. Theoretical sur-
face resistance ratios for
pure aluminum in a parallel
static magnetic field. The
three curves are for different
values of hy=H/H,.
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data, For a comparison of experiment and theory
we choose the =H/H,=0.9 curve of Fig. 11(a).
To fit this curve we choose hy=H/H,=1. 25 corre-
sponding to Qe ~0.72 (not very different from the
value above). The resulting theoretical curve is
shown with the experimental data in Fig. 19, The
theory is for T'=0 K, while the experimental data
are for T=0.34T,. This should be adequate since
the part of the absorption from thermal excitation
is smaller than the experimental error in the data.
The agreement is quite good, even allowing for the
one adjustable parameter «. The effect of the
anisotropy of the energy gap would be to widen the
main peak in the curve, The anisotropy of the en-
ergy gap of this sample was shown'! to be 10% or
greater, which would bring the theory and experi-
ment into closer agreement than shown in Fig. 20.
This agreement for aluminum along with the pre-
viously observed agreement between theory and ex-
periment for pure zinc'® gives some confidence in
the essential correctness. of the theory in this fre-
quency region,

There are several other experiments that are
related to the present experiment through the the-
ory.” Maldonado and Koch®® have measured the
static field dependence of the microwave absorp-
tion at low frequencies (7w < A) in superconducting
indium. They found that they could obtain the main
features of their results using the temperature-
dependent theory of Garfunkel,” although they had
to correct an error in his temperature dependence
of A, the superconducting penetration depth. His
model also predicts the temperature variation of
the field dependence of the superconducting pene-
tration depth. Measurements by Behroozi and

with the theory” using essentially the same value
for the proportionality constant o as found in the
present experiment, Finally, a series of mea-
surements in the low-frequency microwave region
(7w < A) made on superconducting aluminum by
Raynes® to explicitly test a number of features of
the Garfunkel theory’ shows reasonable agreement
with the theory, with some important disagree-
ments. The disagreements are presumably a con-
sequence of the simplifications made in the theory.

C. Effect of Impurities on Field Dependence of Surface
Resistance

The addition of the silver impurity has a number
of different effects which must be examined care-
fully to see which are significant. When discussing
the pure aluminum samples it was stated that the
extreme anomalous limit is an adequate approxi-
mation for both normal and superconducting states
since A < £ and the skin depth 6 </, As impurities
are added, £ and ! decrease, while X and § in-
crease. For our most impure sample, Al-3000,
however, we have 2S£ and 6/, which takes us to
the range intermediate between anomalous and
classical. This intermediate region has been
treated by Miller®® and by Ginsberg, 3* and shows
in the zero-field case a steeper rise in absorption
with frequency above the gap than either the classi-
cal or anomalous limit. Since our zero-field data
for the dirty samples show this same behavior, it
is evident that we are in this intermediate domain.
However, since k=2/{ is at most 0. 17 for the
dirtiest sample (see Table I) the samples are all
type I and tend to be closer to the anomalous re-
gion than the classical region. At any rate, we

Garfunkel®! on aluminum give detailed agreement assume that the important general features of the
Pure Aluminum
0.25f Lure fuminam t } 1
a  H{(poraliel) = 0.90H, for Al-24 .
: Theory with Q@ = 0.72 .{/\
_ 0.201 a 4
2 } {
,L 015 F 7 {_ FIG. 19. Change in surface re-
£ ™ aa sistance ratio at H(parallel) =0.90H,,.
: - :/‘ Comparison of theory and experi-
- AV a ment for a=Hy/H,~0.72. See text
Q0.0 at ~ for selection of @ and discussion of
agreement.
a A
0.05[ /‘ 1
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FIG. 20. Shift in absorption-peak frequency vs (H/Hc)2
for Al-200 and A1-3000. The nonzero intercept at (H/H,)?
=0 suggests that we have not selected the correct value
for vg, but the error is too small to be significant.

results do not depend on which domain we assume
and will be more or less the same in any of the
limits. Only if we are interested in the absolute
magnitude of the surface resistance ratio, or its
rate of rise with frequency above the gap, must we
concern ourselves with the details of the domain.
However, in one aspect the question of how well
the absorption is represented by the anomalous
skin effect has some significance. That is, the
“ineffectiveness concept” as used by Garfunkel® is
valid only in the anomalous region in the super-
conducting state. As the penetration depth ap-
proaches the coherence length (A~ ¢), more and
more of the electrons become effective and the
approximations made by Garfunkel” become less
and less valid. Nevertheless, we do not believe
that these effects are related to either the impurity
dependence of the shift in onset frequency with
field, or to the appearance of the absorption peak
in the impure samples.

The effect of the impurities that we believe to be
most significant is the change in the nature of the
one-particle electron states that was first sug-
gested by Anderson.!” For the pure material, the
free-particle momentum (B =7k, where K is the
free-particle wave vector) is an adequate quantity
with which to describe the state of the particle.
For a spherical model of the Fermi surface, p is
a vector of constant length p, and thus the energy
change -V has a value in the range — pv to +pv
for the electrons around the Fermi surface. As
we add impurities, this -situation begins to change
because the scattering brings electrons with two
or more parts of their trajectory (each piece de-

scribed by a different momentum 7K on the Fermi
surface) into the “effective ” region. That is, it

is no longer possible to describe the particle state
by a single plane wave (or even wave packet with
most momenta near a plane-wave state). Rather
one must make various combinations of these plane-
wave states coming from widely different parts of
the Fermi surface. For calculating the change in
energy in the Meissner current, the p in the p+¥
term must be replaced by an average value taken
over the various pieces of the particle trajectory
that are in the effective zone, i.e., p—~(P). Clear-
ly, as we add impurities so that there are more
and more scatterings, the magnitude of (p) (i.e.,
I{P)]) becomes smaller and smaller. The result
to be expected is that the shift dv, is smaller for
impure samples than for pure ones., Clearly the
sequence of samples from pure to 0.20-at. %-Ag
impurity shows this progression. For the most
impure sample, Al-3000, which has 3. 0-at,.%-Ag
impurity, the shift in onset frequency, dvg= I{p)lv/
277, is masked by the absorption resonance, which
although centered near v, has a width of several
percent. At least qualitatively, then, the reduc-
tion in 6y, with increasing impurity level can be
ascribed to the reduction in effective electron mo-
mentum when electron scattering is introduced.
This is, of course, a direct confirmation of the
Anderson theory, !

We now come to a discussion of the absorption
peak that appears for the most impure samples
Al-3000 in Fig. 9, Al-200 in Fig. 8, Al-26 in Fig,
7, and even in Al-29 which shows a hint of the
resonance at 82 GHz in Fig, 6. If one looks at
Figs. 7-9, the resonance peak appears to be at the
frequency of the zero-field gap. A more careful
examination (observe Fig. 15) shows that there is
a small shift with static field for the 0. 20-at, %-Ag
sample and a somewhat larger shift for the 3-at.%-
Ag sample. These are shown to be proportional to
H?in Fig. 20. If we assume that the peak occurs
at the superconducting energy-gap frequency v,,
then the shift indicates that the energy gap is a func-
tion of the static magnetic field. This is a known
result of the Ginzburg—Landau theory®® for materi-
als with k>0, In fact, for the special case of

0<k<1landl>§, Caroli®® gives the following ex-

pression for the field dependence of the energy gap:
A(r)=A0)(1 - kK2/4V2) . (4)

If we use the value of k for Al-200 and Al-3000 from
Table I to calculate the peaks, we get only about
one- half the shift shown in Fig. 20. It may be that
our method of data reduction to produce Fig. 15
overemphasizes the shift, or that Eq. (4) is no
longer valid for our dirtiest samples where £, >1.

Finally, the problem remains as to the origin of
the absorption peak. We noted that in the BCS
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theory!® there were two cases considered for ab-
sorption processes. The difference inthetwo cases
is in the coherence factor, which in Eqs. (2) and
(3) is the first factor in the integral over E, namely,
1+ A%/ EE’, This is the case-II coherence factor of
BCS.!® For casel, the signis changedtol - A%/EE’.
Case I is applicable to acoustic attenuation, while
case II is applicable to electromagnetic absorp-
tion. As shown in Fig. 21 for case II, the real
part of the conductivity starts slowly from zero as
the frequency is increased through the gap frequen-
cy. Case I, however, has a discontinuous jump in
the real part of the conductivity at the gap frequen-
cy. This led Garfunkel and Markley® to propose
such a change to account for the absorption peaks.

In a subsequent paper, !° the change in coherence
factors for electromagnetic ahsorption in dirty
superconductors in a static magnetic field will be
discussed in more detail and some calculations
show that with this change it is possible to generate
an absorption peak that disappears for H(normal),
as in our results, However, the justification for
the change is still somewhat uncertain, and there
may be, in fact, other possibilities for such an ab-
sorption peak,

1015
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1.OF
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FIG. 21. Effect of coherence factor on real part of

conductivity ratio 01/0',, in BCS theory (Ref. 18).
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The present paper deals with a study of the effect of paramagnetic impurities on zero-bias
Josephson currents through junctions with normal-metal barriers at 7=0°K. The ratio of the
barrier supercurrent of the impure-SNS (superconductor—-normal-metal—superconductor) junc-
tion to that of the pure-SNS junction is found to be equal to 1 —¢, where ¢ is a measure of the
impurity concentration. For { <1, the Josephson current is nonzero and decreases with in-
crease of impurity concentration, but in the gapless region (w,=0) when £ >1, the current is

zero for £ =1 and then becomes negative for £ >1.

with that of Ishii for the pure case.

I. INTRODUCTION

The supercurrent due to Cooper pair tunneling
through superconductor -insulator -superconductor
(SIS) junctions has been widely studied both theo-
retically and experimentally since the discovery
of the famous Josephson effect.! However, much
of the theoretical and experimental work done in
this direction pertains to junctions with insulating
barriers, and there exist standard techniques, like
the Green’s-function approach and the tunneling
Hamiltonian method, for theoretical study of these
junctions. However, not much attention has been
given to the theoretical study of the junctions with
normal-metal barriers. In the case of such junc-
tions, the usual technique of treating the tunneling
Hamiltonian as a small perturbation is not applica-
ble. Instead, one must adopt the Green’s-function
technique. Ishii® has recently applied this tech-

At £ =0, the result is in exact agreement

nique and determined the one-particle Green’s
function for pure superconductor -normal-metal—
superconductor (SNS) junctions in the thick-barrier
limit, choosing a simple model for the junction.?
He then calculated the dc Josephson current at
T=0°K, using the Green’s functions for the super-
conducting and normal regions.

Ishii does not take into account the effect of im-
purity scattering in either barrier or superconduct-
ing regions. The object of the present study is to
investigate the effect of paramagnetic impurities in
the barrier and superconducting regions on the Joseph-
son current through junction with normal-metal
barriers. For simplicity, we shall restrict our-
selves to the case of zero temperature, since all
fundamental properties of the Josephson effect are
already included in this case. Furthermore, we
shall consider the potential difference V between
the superconductors to be zero also; i.e., we are



