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A simple model for the anisotropic energy gap in superconducting zinc is shown to be sufficient in de-
scribing microwave-absorption measurements. The value assigned to the energy gap near the ¢ axis is un-
certain because of the possibility of photon absorption occurring simultaneously with a diffuse scattering

of quasiparticles at the surface.

I. INTRODUCTION

HE results of microwave-absorption measurements
in single crystals of superconducting zinc suggest
that the dominant energy gap is 2A((=7T/T.=0.5)
= (3.02£0.1)%T,, whereas the energy gap near the ¢ axis
is much larger.! Noting the intersection of the free-elec-
tron”Fermi surface with the second Brillouin zone of
zinc, as in Fig. 1, one is led to assume that the larger
energy gap is associated with the caps along the ¢ axis.
Farrell, Park, and Coles? have found it necessary to
make the same assumption in explaining the effects of
impurity doping on T, the superconducting transition
temperature. In their calculation, a value of 37° was
taken for 0y, the polar angle which describes the inter-
section of the free-electron Fermi surface with the
second Brillouin zone. In our calculation of the ratio
of the surface resistance in the superconducting state to
that in the normal state, r=R/R,, 0, is an adjustable
parameter in the model for the anisotropic energy gap.
A value for 6, can be determined which gives the best
fit between the calculated and experimental surface-
resistance ratios corresponding to different orientations
of the microwave field to the zinc crystal.

II. CALCULATION

The minimum quasiparticle energy A, for an electron
of momentum p=p(h,$) depends on the polar and
azimuthal angles (6,¢). In our model for the energy
gap in zinc, we assume that A, is constant and equal to
A for 0<0<8,. For 6,<6<w/2, Ap is constant and equal
to A,. The magnitudes for A; and A, are fixed by the
thresholds in the microwave-absorption experiments.!

The expression for the surface-resistance ratio will
depend on whether or not photon absorption occurs
simultaneously with a diffuse scattering of quasipar-
ticles at the surface of the metal. For the latter case, 4,
in which momentum is conserved in the photon absorp-
tion, Clem? and Nam* have given expressions for R/R,
in the extreme anomalous limit. Since the photon mo-
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mentum for microwaves is much less than the Fermi
momentum, the final-state electron momentum for pho-
ton absorption is set equal to the initial-state momen-
tum. For the former case, B, in which momentum is not
conserved in the photon absorption (the direction of
electron momentum is randomized by a diffuse scatter-
ing at the sample surface), Garfunkel® has discussed the
calculation of R/R, as it applies to considering the effect
of a magnetic field. Here the final- and initial-state elec-
tron momenta are unrelated. We have calculated R/R,
for the two cases, based on the above model for the
energy gap. The density of electron states in the normal
state is assumed to be isotropic over the Fermi surface.

A. Initial- and Final-State Electron Momenta Equal

The extreme anomalous limit (Pippard limit) for
superconductors occurs for N/ £<<1 where X is the super-
conducting penetration depth and £, is the coherence
length. In this limit and assuming momentum is con-
served in the photon absorption, the surface-resistance
ratio is given by?

R/Ry=Re{(1+iV8)[(var/o2)—i(onn/an) T},
where
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Fi16. 1. Intersection of the second Brillouin zone of zinc with
the free-electron Fermi surface of two electrons/atom [after
Farrell ef al. (Ref. 2)7].

It is understood that w”’=w-+o’, f(w’) is the Fermi
function, [1+exp(w’/kT) 7, and $, ¢, and B, are unit
vectors in the direction of electron momentum, photon
momentum, and microwave electric field, respectively.
The § function §(5-¢) indicates that effective electrons
for photon absorption are those which move parallel to
the surface of the metal.

Calculations of the complex conductivity have been
made for three crystal orientations, relative to the
microwave field, with the parameters of 6y, 2A,(0.5)
=3.0kT, and 2A.(0.5)=3.9kT,.! Since the model has
only two angular regions for which the energy gap
differs, one can separate each of the integrals for o41/0x
and ¢42/0, into, at the most, two parts.

For a sample orientation in which the ¢ axis is parallel
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to q (perpendicular to sample plane), we find that
UsI,Z/O'n:Ul,Z(Aa,w)' (2)

For the ¢ axis perpendicular to q and parallel to E,,
we find that

01,2 4 bo
= —/ cos’p 1,2(Ac,w) dop
() m™Jo
4 /2
+ - cos?p a1,2(Ag,w) dpp.  (3)
mJ 6o

Similarly, for the ¢ axis perpendicular to both q and E,

Os1,2 4 T2
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On m™J 7/2—00
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For =0, we have calculated the surface-resistance
ratios from the conductivity expressions of Egs. (2)-(4)
for 6 values of 25° 30° and 35°. As discussed below,
we find that a reasonable fit of the calculated to the
corresponding experimental curves can be made for
o= (30£35)°. Figure 2 compares the experimental and
calculated surface-resistance ratios where ¢=0.5 and
0o=230°. 01,2(Ap,w) for £=0.5 was obtained from a tabu-
lation by Waldram.®

The calculated curves lie below the experimental
curves because the calculation was made in the extreme
anomalous limit. Miller” has calculated 7 for finite A/ &.

Surface-Resistance Ratio (R/Rp)

—

— —

F16. 2. Surface-resistance ratio for
zinc at £=0.5 as a function of photon
energy in units of &7, k being the
] Boltzmann constant. The experi-
mental results (solid lines) are com-
pared with the theory (dashed lines)
] for (a) the ¢ axis parallel to q (per-
pendicular to the sample plane), (b)
¢ axis perpendicular to both q and E,,
and (c) ¢ axis perpendicular to q but
parallel to E,.
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Fr1c. 3. Ratio 7/r., as a function of
photon energy where 7 is the experi- 3
mental surface-resistance ratio for q Ny
parallel to the ¢ axis and r, is the - 1.4k
surface-resistance ratio calculated in . -]
the extreme anomalous limit. For the
curves A(B), 7., was calculated for the
initial- and final-state electron mo-
menta equal (unrelated) in the photon
absorption.
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For aluminum, where \/&, is 0.03, the ratio of 7 to 7,
(r calculated in the extreme anomalous limit) is approxi-
mately 1.3 for photon energies near the energy gap.
Since we estimate N/ & for zinc to be near 0.03, we expect
7/7, for zinc and aluminum to be comparable.

Curve A of Fig. 3 displays the ratio /7, for zinc
where 7 is the experimental surface-resistance ratio for
¢ parallel to the ¢ axis and 7,, is the surface-resistance
ratio calculated in the extreme anomalous limit for the

ENERGY IN kT¢

same crystal orientation. The curve is somewhat higher
than one expects from theory, unless our estimate for
N/ o is too low.”

In determining the value of 8, which gives the best
fit of the calculated to the experimental surface-resis-
tance ratios, we have formed differences in R/R, for
three crystal orientations. The upper experimental
(solid) and calculated (dashed) curves of Fig. 4, (a-c),
correspond to the difference between R/R, for: (a)

0.3

F16. 4. Difference in the surface-
resistance ratios, for #=0, as a function
of photon energy. The upper experi-
mental (solid) and calculated (dashed)
curves, (a-c), represent the difference
between R/R, for: (a) the ¢ axis
parallel to q and (c) ¢ axis perpendicu-
lar to q but parallel to E,. The lower
curves, (a-b), represent the difference
between R/R, for: (a) ¢ axis parallel
to q, and (b) ¢ axis perpendicular to
q and E,. The calculated curves are
based on the model, 4, in which the
initial- and final-state electron mo-
menta are equal in the photon ab-
sorption. The curves denoted by the
crosses were obtained by multiplying
the calculated curves of 6p=30° by
the factor 7/r., of Fig. 3, curve A.
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¢ axis parallel to q, and (c) ¢ axis perpendicular to q but
parallel to E,. The lower curves, (a-b), correspond to
the difference between R/R, for: (a) ¢ axis parallel to
q, and (b) ¢ axis perpendicular to q and E,. We have
assumed that the differences in the experimental R/R,
for £=0.5 are nearly the same for #=0. The calculated
curves of Fig. 4 need to be corrected by the ratio 7/r,
obtained from curve A of Fig. 3. Applying the correc-
tion to the curves calculated for 6= 30°, we obtain the
curves denoted by the crosses. The fit to the experi-
mental curves is reasonably good for 6= (30%5)°.

B. Initial- and Final-State Electron Momenta Unrelated

It is of interest to consider the possibility of photon
absorption occurring simultaneously with diffuse scat-
tering of quasiparticles at the surface of the metal.’ We
consider two groups of quasiparticles that contribute to
the absorption: (1) those which are initially moving
nearly parallel to the surface and then scatter into any
direction within the metal, and (2) those which are
initially moving toward the surface in any direction and
then scatter into a direction nearly parallel with the sur-
face. One might expect Egs. (1a) and (1b) to be modified
such that for the first (second) group of quasiparticles,
cosflo (normalized solid angle) of the final- (initial-) state
terms would be associated with A, and (1— cosf,y) would
be associated with A.. The results of calculating R/R.,,
for =0, for different values of 6, are qualitatively the
same as our previous calculation except now the upper
threshold of Fig. 2 corresponds to w= A,+ A,. This im-
plies that 2A,(0)=3.1kT, and 2A.(0)=4.9%T..

In Fig. 5, we display curves of differences in R/R,
calculated from the above model. Applying the correc-

tion 7/7, of curve B in Fig. 3 to the curves calculated for
6o=30°, we obtain the curves denoted by the crosses.
We note that the fit is reasonable, although it could be
improved by choosing a somewhat smaller value for A,.

III. DISCUSSION

From the anisotropic energy gap model one can cal-
culate the results of other experiments on supercon-
ducting zinc. We compare other experimental results
with the energy-gap model of case A4, i.e., 24,(0)
=3.1kT. and 2A.(0)=4.0kT. and case B, i.e., 24,(0)
=3.1kT; and 2A.(0)=4.9%T..

Zemon and Boorse® have measured the microwave
absorption of polycrystalline zinc and find an energy
gap of (3.014-0.09)kT.. From tunneling experiments
with zinc films, Donaldson® finds an average gap
of (3.240.1)kT.. Averaging the experimental curves
of Fig. 2, we expect an energy gap of 2A,,(0)
= (3.1=:0.1)% T, for a polycrystalline sample. Assuming
that R, is not highly anisotropic, we can compare the
average of the three experimental curves of Fig. 2 with
the polycrystalline measurements. The average of the
three experimental curves of Fig. 2 is closely represented
by R/R, calculated in the extreme anomalous limit,
just as Zemon and Boorse8 found with their poly-
crystalline data.

Farrell et al.? and Boato, Gallinaro, and Rizzuto®
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Publishing House, Moscow 1967), Vol. IIA, p. 291.
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F16. 6. In(as/a,) versus T,/T where -
as/an is given by Eq. (6). Curves |
labeled A.(0)=2.00%7. and 2.45kT. c
are based on the energy-gap models 1)
of cases A and B, respectively, for
sound propagation in the basal plane. N
Both curves are reasonably approxi- U'”
mated by the curve denoted by tri-
angles which is based on an isotropic
energy gap of 2A(0)=3.4kT.. For
sound propagation parallel to the ¢
axis, the upper solid curve of A,(0)
=A.(0)=1.55%T, is expected for both
models.

8gl0)=1.55k T¢
B¢ (0)=2.00kTc
8;(0)=2.45kTc

44 (0) = Ac (0) = 1.55kT¢

N\ -

A

] il |

1072
1.0

have measured T of zinc as a function of nonmagnetic
impurity doping. From the theory of Markowitz and
Kadanoff,! one can determine a mean-squared anisot-
ropy parameter which is defined as

(@)= ((Ap— (Ap)av)?)av/(Ap)av* (5)

where the averages are over the Fermi surface.

For zinc, (a?) is experimentally determined to be 0.05
which is large compared with a typical superconductor,
i.e., 0.01-0.02. From our models, we calculate (a?) as
0.009 for case 4 and 0.033 for case B.

Farrell et al.,? have also determined the change in T,
due to a change in electron concentration while keeping
the impurity level fixed. Since the change in T, was
found to be strongly dependent on electron concentra-
tion, a model for the energy gap was assumed which is
similar to the model considered here. From their results,
one can calculate the ratio of the energy gap 2A. to 2A,
which provides the required dependence of 7. on elec-
tron concentration. This ratio is approximately 1.6
which is in reasonably good agreement with our ratio of
case B.

From ultrasonic attenuation measurements, Bohm
and Horwitz? have determined energy gaps of

11 D, Markowitz and L. P. Kadanoff, Phys. Rev. 131, 563 (1963).

2 H, V. Bohm and N. H. Horwitz, in Proceedings of the Eighth
International Conference on Low-Temperature Physics, London,
1962, edited by R. O. Davies (Butterworths, London, 1962),
p. 191.
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(3.8£0.2)kT,; and (3.440.2)kT, for longitudinal prop-
agation along [1210] and [10107, respectively. Mea-
surements by Lea and Dobbs!® give (3.64%0.1)%T, for
[12107, (3.7920.1)% T, for [1010], and (3.4120.1)kT
for [0001] or the ¢ axis. Our model for the two cases
would predict an energy gap near 3.1k 7', for propagation
along [0001] since only the thermal excitations in the
plane perpendicular to the sound propagation are effec-
tive in the attenuation. For propagation in the basal
plane, the attenuation will be determined by some
weighted average of energy gaps in the plane perpen-
dicular to the sound propagation. Claiborne and Eins-
pruch™ in ultrasonic studies of tin have introduced an
expression for the ratio of attenuation in the supercon-
ducting state to that in the normal state, as/a., which
describes the effect of multiple energy gaps on the
attenuation. For our models of two energy gaps their
expression becomes

as/ozn=Aa[1+6A““)/kT]“l-}—Ac[l—l-eAc(‘)/kT]_l, (6)

where 4,+A4.=2. We have calculated a;/a, for 4,=4%,

=2 (based on 0,=30°), A, ()= 1.55kT[A(£)/A(0)],
A.()=2.00kT [A®F)/A0)] for case A, and A.()
=245kT[A(t)/A(0)] for case B. The analytic expres-
sion for [A(f)/A(0)] was obtained from Clem.? Figure

13 M. J. Lea and E. R. Dobbs, Phys. Letters 27A, 556 (1968).
11, T. Claiborne and N. G. Einspruch, Phys. Rev. 151, 229
(1966).
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6 is a plot of In(a,/a.) versus T,/T for sound propaga-
tion in the basal plane. We have included the curves
corresponding to the isotropic energy gaps of 2A(0)
=3.1kT, (upper solid) and 3.4%kT, (triangles) for com-
parison with the curves calculated from the two models.
We find that the curves based on our models lie between
the isotropic energy gap curves of 3.3 and 3.5kT., the
best fit being 3.4kT .. We note that the anisotropy ob-
served by Lea and Dobbs® is approximately 0.327, the
approximate anisotropy expected from our models.

We have not compared the results of our two models
with electronic specific heat and thermal conductivity
measurements. However, such measurements on zinc
indicate that the anisotropy in the energy gap is ex-
pected to be larger than in most superconductors.

IV. CONCLUSION

We find that microwave-absorption measurements in
superconducting zinc can be described by a simple model
for the anisotropic energy gap. The minimum quasi-
particle energy, A, for an electron of momentum
p=Dp(0,0) is taken to be constant and equal to A, for
0<6<S /6. For m/6560<m/2, A, is constant and equal
to A.(0)=1.55kT,.. The magnitude of A, depends on
whether or not one assumes that photon absorption
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occurs simultaneously with a diffuse scattering of quasi-
particles at the surface of the metal. For the latter case,
A, in which the initial- and final-state electron mo-
menta are equal, A,(0)=2.00kT.. For the former case,
B, in which the initial- and final-state electron mo-
menta are unrelated A,(0)=2.45kT,.

We have compared our models for the anisotropic
energy gap with the energy gaps obtained from mea-
surements of various superconducting properties. Rea-
sonable agreement is obtained but we are not able to
decide, based on the present measurements, which of
our models is correct. Tunneling experiments with single
crystals should be decisive in determining the correct
model and, therefore, the nature of photon absorption.

We would like to emphasize that our models are
undoubtedly an oversimplification of the true aniso-
tropic energy gap. The models are based on microwave-
absorption measurements for which the angular aver-
ages involved can obscure any complicated variation of
the energy gap. In view of this, our models are only
descriptive of the gross features for the anisotropic en-
ergy gap.
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The energy gap (24) and transition temperature (7.) of aluminum films in Al-insulator-M tunnel junc-
tions was measured. The orientation and crystallite size of the aluminum film was changed for different
tunnel junctions by changing the substrate and/or substrate temperature at evaporation. The second metal
(M) was either aluminum or indium. It was found that the strain on the aluminum film due to differential
thermal expansion could account for most of the osberved variation in 7. If M was indium, both 2A and 7T,
were changed. Empirically, it was found that T, was increased by 3.2%, and 2A was decreased by 3.3, owing
to the indium film. This effect is not understood. The energy gaps of the aluminum films were 3.64£7 for
tunneling in the [100] direction, 3.52%7, for tunneling in “isotropic” material, and 3.41kT, for tunneling
in the [111] direction. This anisotropy is in approximate agreement with theoretical predictions.

I. INTRODUCTION

LECTRON tunneling between aluminum films
and other metals has been extensively studied for

the past several years, since aluminum films easily
oxidize to form a tunneling barrier. However, with few

* Work supported by the U. S. Air Force Office of Scientific
Research under Grant No. AF-AFOSR-1241-67 and by the
Advanced Research Projects Agency of the Department of
Defense to the University of North Carolina Materials Research
Center under Contract No. SD-100.
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exceptions, the characteristics of the aluminum films
have not been studied in detail. Blackford and March!
report the most extensive study of aluminum films and
show that the gap ratio 2A,/kT, for aluminum in Al-Al
tunnel junctions on glass and quartz substrates is 3.53,
the predicted weak-coupling value. In contrast to that
experiment, most other measurements of the gap ratio
in aluminum?~* have been made on Al-M tunnel junc-

! B. L. Blackford and R. H. March, Can. J. Phys. 46, 141 (1968).
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461 (1960).
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