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Transverse-ultrasonic-attenuation determination of the energy gap
between the normal and suyerconducting states of zinc*
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Transverse-ultrasonic-attenuation measurements have been conducted on a high-purity zinc single crystal in
the normal and superconducting states for certain polarizations with propagation parallel to the [0001], f 1010],
and [1120]directions. The anisotropic superconducting energy gap, total electronic attenuation, and residual
electronic attenuation have been determined as a function of frequency in the 10-100-MHz range for these
orientations. This study was made to compare the results with those of previous longitudinal-ultrasonic-
attenuation measurements by Cleavelin and Marshall which indicated the existence of a highly anisotropic
energy gap dependent on the value of ql 1 in the same zinc crystal. The present results with greater
interaction selectivity further indicate this same behavior.

I. INTRODUCTION

In a previous paper' the anisotropic energy gap of
superconducting zinc was determined from experi-
mental measurements of the attenuation of longi-
tudinal ultrasonic waves propagating along three
independent directions. Multiple gaps and fre-
quency-dependent behavior of the energy gap were
indicated for ultrasound propagating parallel to
the [1010]and [1120]directions for ql =1, where
|I is the ultrasonic wave vector (2v/X) and I is the
electron mean- free-path. '

Leibowitz' has discussed the "effective zone"
specifying which electrons on the Fermi surface
will interact with a longitudinal or transverse
ultrasonic wave. Utilizing the free-electron model
and ql ~1, the "effective zone" for either longi-

tudinal or transverse waves can be determined
from

cos8 = v, /vz+ 1/qf,

where 8 indicates the angle between the Fermi
velocity v„and the sound velocity v, parallel to
q. For large values of ql, the "effective zone" be-
comes a narrow band of electrons with Fermi ve-
locities perpendicular to the direction of sound
propagation (q). In addition, Leibowitz states
that for transverse ultrasonic waves, the interac-
tion is weighted toward the electrons on the "ef-
fective zone" having Fermi velocities parallel to
the polarization vector (e).

Thus, it became desirable to extend the previ-
ous longitudinal study' by determing the anisotrop-
ic energy gap from experimental measurements of
the attenuation of transverse ultrasonic waves in
the same zinc single crystal.

II. SAMPLE

The sample used in these measurements has
been discussed previously. ' It is a smaller crystal

machined from a high-purity (99.9999%) zinc single
crystal obtained from the Materials Research
Corp. ' The structure of crystalline zinc is hexa-
gonal closed packed (hcp), allowing three indepen-
dent directions to be chosen for study ([0001] or
c axis, [1010], and [1120]}.Since these three di-
rections are mutually orthogonal, the sample was
machined with an Elox TQH-31 electric-discharge
machine into the form of a rectangular parallel-
piped with approximate dimensions of 4.2 && 5.8
x 7.9 mm', respectively. The sample was oriented
along the desired axes using the Laue backreflec-
tion technique. '

The average electron mean free path (I} at im-
purity-limited temperatures (less than 4 K) has
been estimated by the previous work' to be approx-
imately 0.1 cm for the c axis, 0.003-0.006 cm for
the [1010]axis, and 0.001-0.005 cm for the [1120]
axis. These approximate values were obtained by
two methods. First, by fitting the normal-state
longitudinal ultrasonic attenuation data to the Pip-
pard theory, ' and secondly, by a method proposed
by Deaton and Gavenda, ' and previously used by
Deaton' in a study of zinc and cadmium. This
method is basically a magnetoacoustical analysis
of the high magnetic field attenuation of longitudi-
nal ultrasonic waves utilizing the free electron
model. More discussion is given elsewhere. '

During the course of this study, a dependence of
the transverse ultrasonic attenuation on the wave
amplitude (amplitude dependence) was observed
for propagation parallel to the c axis. Therefore,
the sample was etched to clean its surface and
then annealed to remove some of the dislocations
which produced the amplitude dependence. The
etching solution was 4% by volume of concentrated
nitric acid in methanol. The sample was annealed
under vacuum in a Thermolyne electric furnace
type 10500 for 24 h at 340'C. The new approximate
dimensions of the sample were 3.9 x 5.5 && 7.5 mm'.
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4802 BREASHEARS, CLEAVELIN, AND MARSHALL 13

III. EXPERIMENTAL

The method used to obtain the transverse ultra-
sonic attenuation in the zinc sample was the stan-
dard single-ended transducer pulse-echo tech-
nique. ' A block diagram of the complete continu-
ously measuring ultrasonic system is shown in
Fig. 1. This system makes use of phase-sensitive
detection to increase the signal to noise ratio in
the amplification of the echoes. This system was
used to record the variation in height of a given
echo as a voltage on the Y axis of the Moseley
model No. 2D-2A X- Y recorder. A detailed dis-
cussion of the operation of the complete system is
reported elsewhere. ""

The stable low temperatures (below 1 K) were
produced by a conventional 'He evaporative refrig-
erator. The cryostat incorporated an rf trans-
mission line for generating the ultrasonic waves.
This refrigerator could reach and maintain a mini-
mum temperature of about 0.37 K. This 'He re-
frigerator cryostat is also discussed else-
where""

The primary temperature reference in this study
was the 'He vapor pressure as measured by a
Wallace and Tiernan (W Ih T)model No. FA-160
absolute-pressure gauge. The range of 1.00-20.00
Torr was monitored. The temperature of the 'He
liquid and consequently the sample could be de-
termined by finding the corresponding 'He vapor

pressure in the T62'He thermometry tables pre-
pared by Sherman, Sydoriak, and Roberts. " Two
&-W Allen Bradley carbon-resistance thermome-
ters (CRT) with nominal room-temperature resis-
tances of 2.7 and 5.1 0 were employed as secon-
dary thermometers. The resistance was deter-
mined by the four-terminal measuring method,
using a constant current of 1.000 p, A as shown in
Fig. 1. The constant current through the CRT's
was set by reading the voltage drop across a 0.05%
standard resistor (SR) in a series with the CRT's
as shown in Fig. 1. The system recorded temper-
ature variation (resistance) on the X axis of the
X-Y recorder. The CRT's were calibrated direct-
ly against the W ST pressure gauge. A least-
squares fit of these data to the Clement Quinnell
equation" was used to extend each calibration to
lower temperatures. Transverse or "Y-cut" pie-
zoelectric quartz transducers vibrating at a funda-
mental frequency of 10 MHz, or an odd harmonic of
this frequency were used to generate the trans-
verse ultrasonic waves. The transducer was bond-
ed to the sample face with a thin layer of Dow
Corning DC-11 silicon grease.

It was desired to eliminate the effects of the
earth's magnetic field on the sample. " This was
accomplished by constructing two sets of constant
current-carrying coils around the outer Dewar,
so as to individually cancel the vertical and hori-
zontal components of the earth's magnetic field.
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IV. ANALYSIS OF DATA

A. Transverse ultrasonic attenuation in normal metals

Pippard" has developed an expression for the
impurity-limited electronic attenuation (n„)of
transverse ultrasonic waves in normal metals.
These metals are considered to be isotropic and
to conform to the free-electron model with a well-
defined relaxation time (r). The expression is

Nm 1-g
pVs~

where

(ql)'+ 18=,
( (r. , tan- (q(( (),

N is the number of electrons per unit volume, m
is the effective electron mass, p is the density,
and v', is the transverse wave velocity.

If q/~1 and the trequency of the wave is less
than about 10' Hz, the expression reduces to
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FIG. 1. Block diagram of the ultrasonic attenuation
and temperature measurement systems.

For this case, a„should be proportional to the
frequency, and independent of the value of ql. If
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ql =1, Eq. (2) with Eq. (3) must be used to give
the frequency dependence.

Since these expressions were developed for an
isotropic metal, they should be modified for a real
anisotropic normal metal. This has been discussed
by Morse, " and again by Pippard. "

B. Transverse ultrasonic attenuation in superconductors

Some experimental observations'" "'"of the
behavior of the attenuation of transverse ultrasonic
waves as a function of temperature in supercon-
ductors with q/~1 have indicated two distinct re-
gions. The first, characterized by a sharp de-
crease with temperature near T, (superconducting
transition temperature), is called the "rapid-fall"
region. It is thought to be an electromagnetic at-
tenuation contribution, and is denoted by aE. The
second, characterized by a more gradual decrease
with temperature, is called the "residual" attenua-
tion region. It is denoted by nR.

The Bardeen, Cooper, and Schrieffer" (here-
after BCS) theory of superconductivity predicts
that the ratio of superconducting to normal elec-
tronic attenuation for low-frequency longitudinal
ultrasonic waves when ql & 1 is given by

G (t) = 1.7367(1 —t)'i '[1 —0.4095(l —I)

—0.0626(1 —t)'] . (7)

u, log, g V, (0)/V, (T)]
o.

„
log„[V,(0)/V, (T,)]

' (6)

This form has been shown to reproduce MQhl-
schlegel's values for G(t), with an error of less
than 0.1% for t & 0.4.

As can be observed from Eq. (6), a plot of
In(2a„/o., —1) vs G(t)/t should yield a straight
line with a slope of &(q, 0}expressed in units of
kT, . Also, the straight line should pass through
the origin, that is, the point (0, 0). If multiple
energy gaps do exist, they should appear as dif-
ferent slopes in this plot.

Figure 2 is representative of the voltage data
reproduced from the X-Y recorder. In order to
analyze this data, , the "rapid-fall" (if present)
and the "residual" attenuation regions must be
separated. This can be done by defining a voltage
in the superconducting state at the transition
temperature, V, (T,), as shown in Fig. 2. The
ratio of superconducting to normal-state elec-
tronic attenuation of a given echo for the "resid-
ual" region is given by

Q 2
(r) par+ 1-2f(A(T)) (5)

The "residual" attenuation in dB/cm is given by

20 V, (0}
gzo V(T)

where k is Boltzmann's constant, T is the absolute
temperature, f is the Fermi function, and n(T) is
the BCS temperature- dependent energy gap. The
value of A(T) varies from 0 at T, to a maximum
value 1.76kT, at absolute zero for isotropic super-
conductors. A(T) is a measure of the energy re-
quired per electron to completely disassociate a
Cooper pair. " For a real anisotropic supercon-
ductor, the value of b(0) may vary with crystallo-
graphic direction, and depart from the BCS result
of 1.76kT, . This can be expressed by A(q, O},
where the phonon wave vector (q} indicates propa-
gation parallel to that direction.

Tsuneto" has shown that Eq. (5) correctly de-
scribes the "residual" region of transverse ultra-
sonic waves for impurity-limited attenuation. In
order to make the determination of A(q, 0) more
convenient, Eq. (5) can be rewritten as

where n' is the echo number and I is the sample
length in cm. In the same manner, the total elec-
tronic attenuation is defined as

20 VB (0)
2n'L ' V„(T,) (10)

&E = &n —&R ~

( voLT)

RESIDUAL

vs(o)

It should be noted that the electromagnetic attenu-
ation contribution is given by

n„a(q,0) G(t)
n, kT,

(6) Vs&Tc } RAPID- FAL L

where G(t) = A(T)/A(0) for an ideal superconductor,
and t= T/T, is the reduced temperature. The func-
tion G(t) has been tabulated from the BCS theory
by Muhlschlegel. " It has been found to be more
convenient to use the analytical expression de-
veloped by Clem,

I

0.2

v„(T,)

O.e

Vs( T)

0.6 0.8 I.O I.2
TEMPERATURE {K)

FIG. 2. Representation of the transverse voltage data
vs temperature, as reproduced from the X-Y recorder
withql «1.
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However, Eqs. (8)-(10) cannot be determined
unless the values of V, (0) and V, (T,) are known
for each experimental curve. To overcome this
problem, a program for the IBM VS/370 computer
was used to analyze the data. The value of V, (0)
was varied to minimize the standard deviation of
a least-squares fit to In(2u„/o., —1) vs G(t)/t with
V, (T,) = V„(T,). This would yield a straight line
with a large positive value for the In(2o. „/ee,—1)
intercept. The value of V, (T,) was increased, and
a new V, (0) was determined. This process was
repeated until values of V, (0) and V, (T,) were
found to give a ln(2o. „/a,—1) intercept of approx-
imately zero, and a minimum standard deviation
for the least-squares fit to Eq. (6). The slope or
&(q, 0) could then be found. If more than one slope
is found to occur, the V, (0) is determined from
the slope occurring at the lower reduced temper-
atures. This slope then corresponds to &(q, 0).
The slope at the higher reduced temperatures,
called 4e(q, 0), is calculated from the same V, (0).

It should be noted that this technique does not
uniquely determine the functional form of a, (T),
although it does provide experimental verification
for the consistency of the experimental observa-
tions with the BCS relation, Eq. (5). Another
functional form has been observed for longitudi-
nal ultrasonic waves in several elemental super-
conductors investigated in this laboratory. It is
given by

(12)

B. Results for q )(t0001] and e 1(f1010]

REDUCED TEMPERAT URE
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Representative plots of In(2ee„/o., —1) vs G(t)/t
at the indicated frequencies for q([ [0001] and
Z()[1010] are shown in Fig. 3. It was observed
that the plots could be fit with one slope over the
entire temperature range for each frequency. The
values of &(q, 0), u„and ees are tabulated for this
and other orientations in Table I, for each of the
frequencies. The stated error shown with each
value of &gj, 0) has been estimated from the scat-
ter between the values obtained from all plots of
In(2a„/a., —1) vs G(t)/f at a given frequency. The
error associated with a„and n& has been esti-
mated in the same manner to be about +1.00 dB/
cm. This large error comes about in the com-
puter extrapolation to determine V, (0) and
V, (T,), and does not represent the sensitivity of
the attenuation measurement system for any given
measurement. The system has an approximate
accuracy of 0.1 dB/cm, with a resolution of 0.01
dB/cm.

These data can be found in Fig. 2 of Ref. 1. In
the present work, it has also been observed that
transverse ultrasonic attenuation data fit this
same functional form.

Some amplitude dependence was observed in this
study, especially for propagation parallel to the
c axis. This was minimized by the process of
annealing and by keeping the ultrasonic wave am-
plitude as low as possible. The largest measured
voltage (peak to peak) applied to the transducer
was never greater than 10 V.

2.0—

I.O— ' — 9.1 MHz

V. RESULTS

A. Value of T,

The critical or superconducting transition tem-
perature (T,) was found to be 0.840+0.005K, in-
dependent of propagation direction. It was also
found that there was essentially no difference in
the value of T„orin the shape of the "rapid-fall"
attenuation region between data taken with and
without the elimination of the effects of the
earth's magnetic field on the sample.

l2
0

o —30.8 MHz

0 SO I 8Hz

I.O
G(t)/t

I

2,0

FIG. 3. Representations of 1n{2 n„/e, -1) vs G{t)/t at
frequencies of 9.1, 30.8, and 50.1 MHz for q I [ [00011
and ~ ))[1010].



TRANSVERSE- U LT RASONIC- ATTENUATION DE TE RMINATION. . . 4805

TABLE I. Superconducting energy gap A(q, 0), apparent second gap A*(q, 0), total electronic
attenuation n„,and residual electronic attenuation n& as a function of frequency and direction.

Frequency
(MHK)

9.1
30.8
50 ~ 1

(dB/cm)

2.7
5.0
6.6

(dB/cm)

qll [OOOi] and e II [ioiO]

2.1

3.2
4.4

A*(q, 0) D(q, 0)
(a r~)

1.64 +0.20
1.66 + 0.20
1.64+ 0.20

10.1
30.7
48.5

2.4
4.6
7.4

qll [0001] and e jl [10T0] annealed

1.8
3.3
6.1

1.46 +0.15
1.59 +0.15
1.51 +0.15

q]] [000i] and e [] [ii20] annealed

10.8
29.8
48.0

3.0
6.6
8.6

2 ~ 5
5.2
6.2

1.50 +0.20
1.50 ~0.10
1.51 +0.20

10.7
30.6
50.0

1 4
4.2
5.6

q ]] [iOIO]»d P I [ [i i 20]

1.2
3.3
4.3

1.68 + 0.10 1.42 +0.20
1.52 +0.15
1.63 + 0.15

10.7
30.0
49.5
70.0
89.2

2.0
2.3
2.5
2.4
4.3

q][[ii20] and e ]][000i]

1.3
2.3
2.3
1.3
3.5

2.11 +0.20

2.26 +0.20

1.45 + 0.20
1.57 +0.20
1.52 + 0.20
1.65 +0.20
1.75 + 0.20

C. Results for q [)[0001]and e ([[1010]annealed E. Results for q [)[1010]and e )[[1120]

Representative plots of ln(2n„/a, —1) vs G(t)/t
at the indicated frequencies for q]] [0001] and

Z[][1010]with the annealed zinc sample are shown

in Fig. 4. It was found that the plots indicated one
value of &(q, 0) for each frequency. The total
electronic attenuation (a„)was found to vary lin-
early with frequency. The electromagnetic atten-
uation (ns) increased with frequency. It was ob-
served that the annealing process lowered the en-
ergy gap by approximately 0.154T, for each fre-
quency.

D. Results for q )([0001]and e ([[1120]annealed

Representative plots of ln(2n„/a, —1) vs G(t)/t
at the indicated frequencies for q[] [0001] and

e [[ [1120]with the annealed zinc samples are shown

in Fig. 5. Only one value of &(q, 0) was indicated
for each frequency. o.„wasfound to vary approx-
imately linearly with frequency, with n~ increas-
ing with frequency.

Representative plots of ln(2n„/a, —1) vs G(t)/t
at the indicated frequencies for Q[[ [1010]and

e [[[1120]are shown in Fig. 6. It was found that
the data for 10.V MHz indicated two different
slopes. The value d ~(q, 0) was found to occur in

the higher-temperature range from 0.98 & t & 0.80.
A smaller slope b, (Q, 0) was found for t& 0.80.
&*(q, 0) tended to the value of 6($, 0) as the fre-
quency was increased above 10.7 MHz. The slopes
at 30.6 and 50.0 MHz are each represented by only

one value of &(q, 0). The value of &@,0) increased
slightly with frequency, while e„varies linearly
with frequency and n~ increases with frequency.

F. Results for q (([1120]and e ()[0001]

Representative plots of ln(2a„/a, —1) vs G(t)/t
at the indicated frequencies for q [[ [1120] and

Z[][0001]are shown in Fig. 'I. The best fit for the

data at 10.7 and 89.2 MHz required two energy
gaps. &*(q, 0) was found to occur at higher re-
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duced temperatures in the range of 0.98& t&0.88
for both frequencies. The lower value of b(q, 0)
was found to occur for t&0.88. The plots at other
frequencies were found to require one value of
h(q, 0) over the entire temperature range. The
values of &g, 0) were found to increase with fre-
quency.

The frequency dependence of o.
„

in the study of
this orientation was found to be unlike that theo-
retically expressed by Eq. (2} with Eq. (3}for ql
~ 1. Based on the previous longitudinal data for
/II[1120]', a portion of the "hump" was indicated.
More importantly, the value of a~ does not neces-
sarily increase with frequency. The data taken at
30.0 MHz does not show a "rapid-fall" region of
attenuation, whereas the data for 10.7 MHz does.

G. Other orientations

Energy gaps were not determined for the other
orientations. Some information for q II [1010]and

REPUC EP TEMP ERA TURE

1[[[0001]can be found elsewhere. 's Values of the
electronic attenuation and energy gaps for / II [1120]
and s [[ [1010], as well as for qII [1010]and s II[1120]
can also be found elsewhere. "

VI. CONCLUSIONS

Electronic thermal-conductivity measurements
conducted by Zavaritskii25 have indicated a maxi-
mum energy gap of about 1.75kT, parallel to the
c axis and a minimum of 1.20kT, perpendicular to
the c axis in superconducting zinc. Microwave
absorption measurements by Evans et al."have
shown that an average energy gap of about 1.5k T,
is associated with most of the Fermi surface of
zinc. However, a small part can be associated
with an average energy gap of about 2.0kT, near the c
axis. Qther nonultrasonic measurements" "
have indicated an anisotropy consistent with the
above values.

Several longitudinal attenuation measurements
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FIG. 4. Representations of 1n{2 o.„/n, -1) vs C(t)/t at
frequencies of 10.1, 30.7, and 48.8 MHz for q I I [00011
and s I I [1010), with the annealed sample.

FIG. 5. Representations of In{2 0„/0., -1) vs C {t)/t at
frequencies of 10.8, 29.8, and 48.0 MHz for q I I [00011
and Z I I [1120]with the annealed sample.
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of the energy gap of superconducting zinc have
been made. Dobbs et a/."have found values of
1.71, 1.90, and 1.62 in units of kT, for qII[0001],
qII [1010], and qII [1120], respectively. Bohm and
Horwitz" have found values of 1.704T, and 1.90kT,
for q II [1010]and q II [1120], respectively. Work con-
ducted by Goncz and Neighbors (refer to Ref. 1) indi-
cates an energy gap of about 1.60k 7, for q II [0001].
Cleavelk and Marshall' (ref er to Table II) have pre-
viously measured the limiting energy gaps of this zinc
sample to be 1.50, 1.41, and 1.90 in units of kT,
for qII[0001], qII[1010], and qII[1120], respective-
ly. Lou and B6mmel" have recently obtained an
energy gap of approximately 1.50A, T, for either
longitudinal waves with qII[0001] and qII[1010], or
for transverse waves with qII[1010] and XII[0001].
The measurements were made on their zinc sam-
ple with the smallest concentration of impurities.
More recently, Almond et al.'4 have found energy
gape of 1.60kT, for qII[1010] and e II[1120]and
1.55kT, for qII [1120]and Z II [1010].

The complex Fermi surface of zinc as presented
by Gibbons and Falicov" is composed of first and
second bands of holes (caps and monster) with
third and fourth bands of electrons (lens centered
on I' and needles centered on K). The third and
fourth bands of electrons centered on L (butter-
flies and cigars) are raised above the Fermi level
and are void of electrons. " The lens appears to
be nearly free electron like. A comparison based
on the interaction "selectivity" as given by Leibo-
witz' can now be made between the previous longi-
tudinal' and these transverse measurements of
the energy gaps of this zinc sample.

The "effective zone" for qII[0001] should be a
narrow band perpendicular to the c axis since
ql »1. The weighting of the interaction toward
any particular part of this band should not change
the value of the energy gap. This was found to be
true using the annealed data for q II [0001].
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FIG. 6. Representation of In(2 o'.„/n, -1) vs G(t)/t at
frequencies of 10.7, 30.6, and 50.0 MHz for q I I [1010]
snd e I I [11201 .

FIG. 7. Representations of In(2 G.„/n, -1) vs G(t)/t at
frequencies of 10.7, 30.0, 49.5, 70.0, and 89.2 MHz for
q I I [1120[ and e I I [0001[ .
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TABLE II. Effective energy gap 26(q, 0), and apparent second gap 24*(q, 0), in units of k T&
as a function of frequency and direction. Also given are the total electronic attenuation f2~ in
units of dB/cm, and the average ql value at each frequency studied (Ref. 1).

Average
ql

Frequency
(MHz) (dB/cm)

2S*(q, 0)
(k Z, )

26(q, 0)

180
650

1010

9.0
32.0
50.3

4.5
19.8
33.0

3.00 + 0.10
3.00 +0 ~ 10
3.02 +0.10

0.39
1.15
1.92
2.69

9.0
31.5
51.1
70.6

0.3
1.8
3.9
6.4

2.48 + 0.20 2.74 ~0.10
2.78 +0.10
2,94 +0.20
2.82 +0.10

0.13
0.38
0.64
0.90
1.15
1.41
1.67
1.92
2.18

9.4
31.5
53.0
70.6
90.5

110
130
150
170

q I I lit zo l

0.6
0.2
4.4
6 ' 5
7.3
6.9
6.2
7 ' 5
9.2

3.58 +0.20

4.66 +0.20
4.80 ~0.20
5.00 + 0.20
4.42 ~0.20

2.96 +0.10
3.20 +0.10
3.52 +0.10
3.98 +0.10
4.02 +0.20
3.96 +0.20
3.76 +0.10
3.74 +0.10
3.80 +0.10

The "effective zone" for q [[[1010]should be a
wide band perpendicular to the [1010]direction,
since q/a 1. This band contains electrons repre-
sented by small energy gaps and a weighting of the
interaction toward either the [0001]"or [1120]"
direction should give the minimum value. The "ef-
fective zone" for q [~[1120] should be a wide band
perpendicular to the [1120]direction since qla 1.
This band contains electrons represented by small
energy gaps perpendicular to the c axis, as well
as electrons represented by large energy gaps
parallel to the c axis. A weighting of the interac-
tion toward the [1010]direction'' should yield low

values of the energy gaps, while a weighting to-
ward the [0001] direction should yield higher val-
ues for the energy gaps. The energy gaps deter-
mined in this study and tabulated in Table I do show
these effects.

The assignment of multiple energy gaps for
transverse ultrasonic attenuation measurements
is at most tentative, since the average apparent
gap over the "effective zone" at the higher reduced
temperatures approaches the value of the average
gap at the lower reduced temperatures as all parts
of the "effective zone" approach q l & 1. This most
likely indicates that the appearance of multiple

gaps in the data analysis, and the dependence of
the gaps on q L in zinc probably arise due to anisot-
ropy associated with each piece of the Fermi sur-
face studied, and not to multiple energy surfaces
found in higher Brillouin zones. Thus, as the
transverse sound wave becomes more selective
and interacts with a smaller portion of the Fermi
surface, the average gap associated with the por-
tion or "effective zone" becomes less anisotropic.
This being due to the "effective zone" becoming a
very narrow band as indicated by Eq. (1), as all
parts of the "effective zone" approach q/&1. Thus,
some limiting average value of the energy gap will
be obtained which depends on the "effective zone"
and the weighting on the "effective zone, " due to
the polarization of the transverse sound wave.
This is the type of behavior observed in the exper-
imental data.

All plots of the total electronic attenuation ver-
sus frequency, except q[[[1120]and ed[[0001],
were found to fit the functional form given by Pip-
pard within the indicated error. The plot for
q [) [1120]and Z ([ [0001]was believed to be a portion
of the "hump, " as observed by Cleavelin and Mar-
shall. ' Claiborne and Morse" have indicated that
a& should increase with frequency. This was
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found to be true for all the data except qii [1120]
and Xi[[0001]. The anomalous absence of a "rapid-
fall" region of attenuation at 30.0 MHz, while one
did exist at 10.7 MHz, warrants further investiga-
tion.
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