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theory by Ambegaokar and co-workers. "
The samples, 76 in. thick, were grown with

flat parallel faces from 99.99999% pure Hg"
and were not subjected to lapping or polishing.
Our experiments were carried out using the
conventional pulse-echo technique. " Att. enu-
ation measurements were made in both the nor-
mal and superconducting states. The echo pulse
was calibrated against a comparison pulse sub-
jected to the same electronic circuitry. At
the lower temperatures, magnetoacoustic os-
cillations were observed in the normal attenu-
ation, " however, these were very small com-
pared to the difference in attenuation between
the superconducting and normal states. Hence
no attempt was made to currect for them„a„
was measured for each temperature at the crit-
ical (transverse) field. No amplitude effects"
were observed in present experiments, although
several pulse voltages were used at various
frequencies. "

The authors wish to acknowledge valuable con-
versations with H. V. Bohm and R. W. Shaw,
and the assistance of J. Dooley and D. Snider
in obtaining and analyzing the data.
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The effect of a static magnetic field on the
electromagnetic absorptivity of superconduc-
tors has been studied extensively both experi-
mentally' ' and theoretically. ' ' These studies
fall into two groups: those in the frequency
region such that the photon energy is very
small compared with the energy gap (i.e. , kv
«26) '; and those where the photon ener-
gy is of the same order of magnitude as the
energy gap, '~' so that absorption can occur
with excitation of a quasiparticle across the
gap. In this paper we present experimental
results on the effect of electron free path on

the magnetic-field-induced anisotropy of the
superconducting energy gap as measured by
high-frequency (hv-2&) microwave absorption
in silver-doped aluminum. These results,
along with results for a similar experiment
on pure aluminum, ' will be shown to help sub-
stantiate the basic physical postulate used by
Maki in his theory of the magnetic-field de-
pendence of the low-frequency microwave ab-
sorption in superconductors.

In the work on high-frequency absorption in
pure superconducting aluminum with a static
magnetic field parallel to the surface, ' it was
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seen that the absorption spectrum corresponds
to that of an anisotropic energy gap. The an-
isotropy in the apparent energy gap was shown
to be caused by the anistropy in the kinetic en-
ergy given to the electrons near the Fermi
surface by the Meissner current. The Meiss-
ner current, with an associated electron drift
velocity v, changes the energy of those electrons
at the Fermi surface having momentum p, by
p v=-Pv cos8. It is known that microwaves are
absorbed in a metal with the simultaneous dif-
fuse scattering of the electrons from the sam-
ple surface. Thus there is an electron ener-
gy change given by hv+ vP cos8~-vP cos8f, where
8z and 8f are the directions of p before and af-
ter collision with the surface, respectively.
The effect of these considerations was shown'
to reduce the frequency of the initial onset of
absorption at Low temperatures, and to cause
the rise in absorption to be much more grad-
ual than in the absence of a magnetic field,
as can be seen in Fig. 1(b).

In Fig. 1(a) are shown results of a similar
experiment on an aluminum sample doped with
0.2' silver, reducing the electron free path
(and hence the coherence length) to 0.4 of the

superconducting penetration depth, X. There
are two important features to note: (1) There
is an anomalous absorption peak in the case
H = 0.8Hc, which appears just above the initial
onset of absorption; and (2) the anisotropy of
the energy gap is much less than in the case
of pure aluminum, as can be seen from a com-
parison of the ranges in frequency over which
the absorption rises from zero.

We do not know the origin of the absorption
peak. Both the amplitude and the frequency
of this peak change with field, although the
shift in frecluency is only about 0.5 Gc/sec
as the field is changed from 0.5Hc to 0.9IIc.

The change in absorptivity caused by the
magnetic-field-induced anisotropy for both
pure and silver-doped aluminum may be seen
in Fig. 2. The ordinate is the change in sur-
face-resistance ratio between zero field and
0 8Hc

Although the doping brings about several changes
in the aluminum (including reducing Tc from
1.175 to 1.121'K, and changing the microwave
absorption from the nonlocal nature of the anom-
alous skin effect almost to the local behavior
characteristic of the classical skin effect),
it seems that the changes in anisotropy are
most likely to be understood in terms of the
model of dirty superconductors proposed by
Anderson. ' According to this model, the elec-
tron states in the impure case will not be de-
scribed in terms of a single momentum state
but by an average over several such states,
reached by large-angle scattering from an ini-
tial state. Thus the kinetic energy term is
(v p) = v (p) which in the limit of very short«x s
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FIG. 1. Surface resistance {absorptivity) ratio ver-
sus frequency for (a) silver-doped aluminum, and

(b) pure aluminum. In both cases, H i.s parallel to
Crosses are for &=0; circles, for &=0.8&~.

These data were taken at T =0,34T~.

FIG. 2. Frequency dependence of the change in sur-
face resistance ratio caused by a static magnetic field
of &=0.8&~ —comparison of pure and impure (0.2 jg

silver) aluminum.
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free path becomes 2mv'. This is very much
smaller than vP cos9, and does not show anisot-
ropy. The electronic free path in the sample
used in the present experiment is not so short
that all anisotropy is washed out, but is an in-
termediate case. Nevertheless, in the absence
of data on an aluminum sample with shorter
electron free paths, the present data confirm
the model proposed as well as expected.

Richards and Tinkham' have also made some
observations on the effect of magnetic field
on the energy gap determined by the electro-
magnetic absorptivity, concluding that there
is no effect. Tinkham, ' basing his argument
on the observation above, suggested that con-
servation of momentum required that the p v
term be conserved in the absorption of.a pho-
ton and therefore could not effect the observed
energy gap. Our results imply that Tinkham's
suggestion" is incorrect. In terms of our mod-
el we can only understand the Richards and
Tinkham' observation if we assume that their
samples have short electron free paths.

Maki in his theory of the magnetic field de-
pendence of the low-frequency surface imped-
ance of superconductors changed the energies
of the quasiparticles by just the quantity v p.
In the low-frequency case, this energy shaft

affects only the absorption by the thermally
excited quasiparticles. Although Maki' has
worked out detailed formulas for the surface
impedance in various temperature domains,
it still seems worthwhile to discuss the effect
of the v p term in a more qualitative way that
may help in understanding the physical origin
of the "anomalous" behavior of the low-frequen-
cy microwave absorption in a static magnetic
field. We limit the discussion to a BCS super-
conductor" in the extreme anomalous limit.
Then the surface impedance ratio for H = 0
as given by Mattis and Bardeen" is

Z/Z =(o /o -io /o )-"',
n 1 n 2 n

where 0, and o', are the real and imaginary
parts of the conductivity in the superconduct-
ing state, on is the conductivity in the normal
state, and

0 2
1+o' kv „g E(E+kv)

x[p(E)p(E+kv)][f(E)-f(E+kv)]dE, (2)

o s
1+o' kv„g kv E(E ykv)

x [p(E)p(E +& V)] [1—f(E+kv)]dZ. (3)

In these integrals the first bracket in the in-
tegrand encloses the matrix element connect-
ing initial and final states. The second encloses
the product of initial and final density of states
where p(E) =E/(E' &')-'~' Th.e final bracket
contains the Fermi functions, where f(E) = [1
+eE/kT] 1-

At high temperatures and low frequency, the
integral for ol/o~ has a large contribution from
the neighborhood of the infinities in the densi-
ties of states; the smaller hv, the larger the
contribution (div erging in the limit k v -0).
The effect of a static magnetic field in a pure
superconductor is to change the energies of
the electrons near the Fermi surface by an
amount p V=Pv cos8. ' This affects all the fac-
tors in the integrand of Eq. (2) (and, in fact,
destroys the validity of this equation). How-

ever, in a qualitative way, we can see that
at high temperatures and low frequencies the
effect on the Fermi functions and matrix ele-
ment in o 1/o~ will be small compared to the
smearing out and reduction of the peak of the
density-of-states term near the edge of the
gap. Thus at high temperatures ol/o~ will
decrease with increasing field for low frequen-
cies. As we increase frequency in zero field,
the large contribution to ol/oz of the integrand
near the edge of the gap decreases and the ef-
fect of introducing anisotropy by a magnetic
field is thus reduced. This is just the frequen-
cy dependence that has been observed experi-
mentally' in the magnetic field dependence of
the absorptivity.

As we reduce temperature, the effect of the
anisotropy on the Fermi functions grows, even-
tually dominating the integrand. This factor
always tends to increase o 1/o~, causing a pos-
itive change at sufficiently low temperatures,
just as observed. ' Since impurities wash out
the anisotropy induced by the field, the reduc-
tion in ol/o~ at high temperatures and the in-
crease in o 1/o~ at low temperatures would

be expected to be reduced by short free paths.
In fact, the negative effect might be expected
to be eliminated, leaving only a positive effect
for all temperatures for sufficiently short free
paths. This is just the effect observed by Rich-
ards in his experiments on impure tin.
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Now it must be pointed out that, while we
have discussed the effect of magnetic-field-
induced anisotropy on vl/v~, this is not the
same thing as the effect on 8 and X, the real
and imaginary parts of the surface impedance.
In fact, if we consider Eq. (1) for the case
v,/v, «1 (approximately true for most of the
range we are concerned with), then

R /R =(v /v )(v /v )-~'
s n 1 n 2 n

X /X = 1/W3(v /o )' '
S tl 2 n

These equations do not obviously lead to the
observations discussed above unless the changes
in v2/v~ cause changes in Rs/R~ that are small,
zero, or have the same sign as those caused
by vl/v~. In fact, in the theory of Maki, ' the
expressions he obtains for X~/X~ (which is
dominated by v2/vz) do not agree with the re-
sults of experiment, suggesting that the ori-
gin of the effect of magnetic field on the sur-
face resistance (or on v2/v„) is not yet com-
pletely understood.
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