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“Whiskers” of Zn and Cd can support large elastic stress (~ 8 kbar). We have measured the change in the
superconducting transition temperature T, with stress o in these whiskers. In Cd we find (07./d0), _ ( to be
3.7 X 107! Km?/N for stress parallel to the hexagonal axis, and —0.46 X 107 Km?/N for stress perpendicular to
the hexagonal axis. For Zn, (0T./d0,), - ; was measured to be 5.1 X 107! Km?*/N and (97./90)), - , was
—1.0 X 107" Km?/N. An anomalous relation between T. and o was found in Cd and is attributed to changes
in Fermi-surface topology at high stress. As in other materials the large anisotropy in 97,/00 in Cd and Zn
can be explained by anisotropies in the stress dependence of the lattice and electronic properties.

I. INTRODUCTION

Studies of the uniaxial stress (o) dependence of
the superconducting transition temperature (Tc)
allow tests of the microscopic theory to be made
and yield information about the microscopic pa-
rameters of the superconductors. Whiskers are
small filamentary single crystals (about 1 um?
area by 1 mm long) that often have elastic limits
an order of magnitude or two above that of bulk
single crystals. Previous work in this laboratory
has used whiskers to study the o dependence of T,
in Sn,? In,® and some alloys®® based on these
materials. This work showed 87 ,/80 to be aniso-
tropic and T, to be often a nonlinear function of o.
It has been proposed that those nonlinearities and
those found in the hydrostatic pressure (p) de-
pendence of T, are related to changes in the Fer-
mi-surface topology.® 7’

In Sec. II we briefly discuss the experimental de-
tails. In Sec. III we show the results; T, is a high-
ly anisotropic functicn of stress in Zn and Cd, and
is a highly nonlinear function of o for ¢ in the a di-
rection in Cd. Section IV discusses the results in
terms of the stress dependence of the supercon-
ducting parameters and connects the nonlinearity
to a possible Fermi-surface topology change.

II. EXPERIMENTAL PROCEDURE

The Zn and Cd whisker samples were grown from
the vapor using the technique of Sears and Cole-
man.® The starting materials (Zn, 99.9998% pure,
United Mineral and Chemical Corp; Cd, 99.999+%
pure, Asarco) were triple distilled and sealed in-
a growth chamber under various fractional at-
mospheres of helium gas. Spectroscopic analysis
of the metal from the growth tube showed impuri-
ties below the 1 ppm level. Whiskers were formed
by diffusing the metal in a temperature gradient
until it deposited in the cooler regions. Growth of
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good samples of many crystallographic orienta-
tions required considerable variation of the tem-
perature gradient, the absolute temperature, and
the helium-gas pressure. Rotating crystal x-ray
photographs were taken of each sample. The Zn
samples had axes along the (1210), (1211), (1011),
(1722527, (5729), (1213), (3521), or (1012) di-
rections. The (17225 27) whisker was formed by
twinning a (3521) whisker, and a (1210) ribbon was
observed to twin® into a (1213) orientation. The Cd
samples had axes along the (1210), (1011), (1213),
or (1012) directions. In both Zn and Cd the (1210)
samples had an elongated cross section and will be
called ribbons.

A discussion of the stressing apparatus, mea-
suring circuits, and experimental procedure has
been given elsewhere.® The few variations from
this work were: (a) sample contacts to the ribbons
were made with silver epoxy (Acme Chemical and
Insulation Co. E-Solder No. 3201) since the usual
silver paint did not have sufficient mechanical
strength. Contacts with silver epoxy were ~ 100
pm wide rather than the ~40 um possible with
silver paint; (b) the samples were immersed in a
*He bath; (c) the temperature was measured by a
calibrated germanium resistor held close to the
sample. The absolute accuracy of the thermo-
meter was +5 mK, while the dc measuring circuits
could measure changes of 0.1 mK.

As usual, the whiskers were stressed in small
increments, and the resistive transition recorded
at each stress. Stresses were inferred from the
measured length changes, the low-temperature
elastic constants,!®!! and low-temperature c/a
ratios.'®'® The midpoint of the resistive transi-
tion was taken to be T,. A recorder tracing of
typical data is shown in Fig. 1. In all cases the
samples were strained twice to at least 1% to be
sure there was no hysteresis and that the sample
was completely elastic.
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FIG. 1. Recorder tracing of typical data. Resistance
of this (1213) Zn whisker is plotted against tempera-
ture with strain as a parameter. Values of strain for
several transitions are shown at the top of the transi-
tion curves.

III. RESULTS

Typical results of the T -versus-stress mea-
surements are shown for all orientations of Zn and
Cd samples in Figs. 2-5. In each case the results
of a particular sample is shown. Note that the
measured strain is not a uniaxial strain, as the
crystal is free to move in directions perpendicular
to the applied strain. The stress calculated from

200
a
Zn a
- a a
A
o
u a
[s]
o
N o
__loo |- s O
< s O
E . s o
A
3] [a]
5 i e}
5 AD
%
[y
- ]
o
&
ofy
%o
L o)
%o
o
L (o]
. . A A
0 05
STRAIN (%)

FIG. 2. Change in superconducting transition tempera-
ture, AT, of Zn as a function of strain. Symbols de-
noting the orientations are: A, (1213); 0, (10I1); 0,
(1210) . Orientations (1012), (17 22 527), and (5729)
are omitted because they lie directly over the (1213) .
(1211) orientation is omitted because it lies directly
over the (1011).
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FIG. 3. Change in the superconducting transition tem-
perature, AT, of Zn as a function of stress. Symbols
denoting the orientations are: m, (1012); A, (1213);

o, (1722527 ; +, (5729 ; 0, (1011); A, (1211); 0,
{1210y,
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FIG. 4. Change in superconducting transition tempera-
ture, AT, of Cd as a function of strain. Symbols denot-
ing the orientations are: m, (1012); A, (1213); 0,

(1011) ; 0, (1210) . Inflection in the (1011 data is not
believed to be real since that portion of the data did not
repeat upon restressing.
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FIG. 5. Change in superconducting transition tempera-
ture, AT,, of Cd as a function of stress. Symbols de-
noting the orientations are: m, (1012); A, (1213) ; (J,
(1011) ; 0, (1210).

this strain is uniaxial, however. The change in
transition temperature is shown both as a function
of stress and as a function of the measured strain
along the whisker axis.

The initial slope of the T ~vs-o curve is denoted
by (8T,/80),.,- This value is plotted versus cos?@
in Fig. 6 for Zn and Fig. 7 for Cd, where 0 is the
angle between the hexagonal axis and the whisker
or ribbon axis. Owing to crystal symmetry (87 ,/
80),., plotted against cos®9 should lie on a straight
line. A least-squares straight line is drawn
through the Zn and Cd data of this experiment.

Table I is a comparison of these Zn and Cd data
to the Zn results of Ott'* and some results of Zn
and Cd hydrostatic pressure work.'®"*® The pre-
sent work can be compared to the pressure data by

3Tc> <8TC> <3T >
- = +2 ¢
<8[) peo \90y /o0 90, u:o,

where p is the hydrostatic pressure and o, and o,
denote stress along the ¢ and a axes, respectively.
Since these data do not have samples in the (0001)
direction, parallel to ¢, values were calculated
from least-square straight-line fits of the data in
Figs. 6 and 7. Ott has not measured (8T ,/80),_,
for Cd because the T, for Cd is too low, but had
determined that (87 ,/980),_, is positive for the ¢
direction and negative for the a direction.'® Such
a conclusion is consistent with the results of this
work.
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FIG. 6. Dependence of (6T,/30), o of Zn on cos?s,
where 6 is the angle between the hexagonal axis of the
crystal and the sample axis. Symbols denoting the
orientations are: m, (1012); A, (1213); +, (5729 ; 9,
(1722527 ; 0, (1011); a, (1211); 0, (1210) . Solid line
is a least-squares fit to these data. Dashed line connects
the (97T,/00),= ¢ values of Ott for the directions parallel
and perpendicular to the crystal hexagonal axis.
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FIG. 7. Dependence of (8T ,/30),-  of Cd on cos?d,
where 0 is the angle between the hexagonal axis of the
crystal and the sample axis. Symbols denoting the
orientations are: ®m, (1012); A, (1213); (J, (1011); 0,
(1210) . Solid line is least-squares fit to these data.
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TABLE I. Comparison of (0T,/80)4-, values for Zn and Cd (units 10~ K m?/Nj).

a c+2a
(0001) (1210) (8T, /3p)p=¢

Present work (Zn) (5.1)1c -1.00+0.06 3.1+0.5
Ott (Zn) 3.1+0.2 -0.7 +0.1 1.7+0.4
Gross and Olsen (Zn) (Hydrostatic pressure) 1.6

(Ref. 15)
Berman, Brandt, (Zn) (Hydrostatic pressure) 2.4

and Ginzburg (Ref. 16)
Present work (Cd) 3.7) -0.46+0.,03 2.8£0.4
Alekseevskii and Gaidukov (Hydrostatic pressure) 3

(Cd) Ref. 17)
Brandt and Ginzburg (Cd) (Hydrostatic pressure) 1.8

(Ref. 18)

The (8T ,/80),., data in Figs. 6 and 7 exhibit a
scatter that is somewhat larger than the expected
experimental error, for reasons which we do not
understand. As stated above, the AT -versus-
stress data were repeatable for each sample after
the strain was released and then applied again.
However, the agreement of (87,/8a),_, between
samples of the same material and orientation in-
dicates a reproducibility only within +6% instead
of the experimentally expected + 3%.

All of the T, data appear as smooth functions of
stress with the single observable and reproducible
exception of the Cd a direction (Fig. 5). There is
an anomaly in this data at about 0.3% strain. This
is reproducible in all Cd (1210) samples; however,
the detailed structure is beyond the resolution of
the apparatus. In all measurements as strain in-
creased, the transition temperature initially de-
creased, increased slightly, and then decreased
again, clearly exhibiting in this region transition
temperatures which could be produced by three
different values of strain.?

A recorder tracing of the normal resistance as a
function of strain is shown in Fig. 8 for the same
Cd a sample included in Figs. 4 and 5. This shows
an abrupt change in the slope beginning at about
0.3% strain and ending at about 0.5% strain. This
region of strain corresponds to the region of the

anomaly in the T -versus-strain data shown in Fig.

4, and also in the data of all other Cd (1210) sam-
ples. This correlation between the effect of stress
on the low-temperature resistance and on T would
seem to imply that both anomalies are due to a
change in electronic structure.

A summary of data on all samples included in
this work is given in Table II. The cross-section-
al areas were calculated from the 300-K resis-
tances and resistivities, and the sample lengths.

An interesting effect noted in Zn is that Zn rib-
bons will exhibit superheating and supercooling,

whereas Zn whiskers were never observed to su-
perheat or supercool down to the lowest tempera-
tures available in our apparatus, 0.38 K. The rib-
bons have roughly rectangular cross sections, with
typical dimensions of ¥ X 4 pm? or greater. It may
be that this is caused by the difference in the ge-
ometry of the cross sections (the whiskers all
have a roughly hexagonal shape) or it may be re-
lated to the crystallographic orientation, since all
ribbons have their large faces parallel to the base
plane. The low-temperature limit of our apparatus
was not low enough to test the same effect in Cd.

IV. DISCUSSION

The simplest way to interpret the anomalies in
the data is by considering changes in the Fermi-
surface topology suggested by the 1-OPW (single
orthogonalized-plane-wave) model. The results
will be discussed in terms of the effects of the ex-
pected changes. A drawing of the 1-OPW Fermi
surface®' for Zn is shown in Fig. 9. The Fermi
surfaces for Zn and Cd are identical except for the
different ¢/a ratios. In the case of Zn the Fermi
sphere at low temperatures is only slightly larger
than the distance from I'" to K in the Brillouin zone.
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FIG. 8. Change of resistance as a function of strain
for the Cd (1210) sample shown in Figs. 4 and 5.
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TABLE II. Data on samples used in these experiments.

Length R3o Rypo—Ry 5 Area T, (9T,/90) 5=
Type  Orientation (mm) Q) T Rap (um)? (K) (107 K m?/N)
Zn (1213) 2.00 25.37 294 4 4.95 0.843 3.94
Zn (1213) 1.96  197.6 65.26 0.623  0.821 3.83
Zn (1213) 1.83 26.30 205.6 4.44 0.840 3.75
Zn (1211) 244 9.723 405.8 15.6 0.845 1.63
Zn (1012) 1.80 28.20 206.5 4.01 0.823 3.83
Zn (1210) 1.90 24.75 228.2 4,67 0.827 -1.00
Zn (1722 527) 2.29 42.28 184 4 3.39 0.839 3.11
Zn (5729) 2.03  137.0 116.6 0.930  0.828 2.79
Zn (1213) 1.77 60.06 150.9 1.85 0.833 3.72
Zn (1011 1.90  272.7 51.12 0.435  0.823 2.00
Zn (1012) 2.00 71.86 187.3 1.75 0.837 4.03
cd (1210) 1.82  157.8 267.0 0.807  0.494 -0.459
cd (1213) 1.97 41238 104.9 0.391  0.484 2.82
cd (1011) 1.84 92.33 116.2 1.56 0.489 1.84
cd (1012) 2.13 1285 268.3 1.37 0.489 2.89
cd (1210) 2.17  306.4 321.2 0.456  0.496 ~0.449
cd (1210) 1.64  173.8 502.8 0.660  0.506 —0.459
cd (1213) 1.54  157.2 202.9 0.801  0.486 2.53

This gives rise to the portion of the Fermi sur-
face called needles, centered at K (see Fig. 10).
Using the c¢/a ratio of 1.86 for Cd, the needles
just barely exist in the 1-OPW model. In the actu-
al Fermi surface of Cd the needles do not exist
and the part of the Fermi surface called caps, as
shown in Fig. 10, is almost connected.??

-de

FIG. 9. Second and third zones of the 1-OPW Fermi
surface of Zn with spin-orbit coupling included. Third-
zone electron surfaces called “needles” are centered at
point K. Point I', shown in the drawing for the second
zone, is located at the center of the Brillouin zone.

The outstanding feature of the Cd data is the
anomaly in T, as a function of o, as shown in Fig.
5. The 1-OPW model shows that stress in this
direction should produce needles in the Fermi
surface. This anomaly probably corresponds to
the appearance of these needles. Stress in any
other direction will not produce needles in this 1-
OPW model but will only make the caps move
closer together. There are no other features pre-
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FIG. 10. Location of the caps and needles in the Fermi
surface of Zn. (a) Free-electron sphere of the 1-OPW
model extending past point K on the Brillouin zone. Cap
and needle are almost connected in (b), where the Fermi
surface has been rounded to show that in the actual Fermi
surface the caps and needles are not joined.
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sent in the data of the other orientations. The
initial slope data, (87,/90),., Vs cos®9, yields a
straight line in Fig. 7 and the value of 87 ,/8p cal-
culated from these data is in fairly good agree-
ment with the values of hydrostatic pressure ex-
periments.

The Zn stress data do not exhibit any noticeable
anomalies. However, the initial slope data (Fig.
6) do not lie on a straight line even within the re-
producibility of this experiment. Drawing a best
fit straight line through these points yields values
in the ¢ direction much higher than those of Ott
and larger values of 3T ,/9p than those obtained for
hydrostatic pressure. The value of (87T,/90),, for
the a direction does agree closely with the value of
Ott, however. The 1-OPW model indicates that
there will be no change in the Fermi surface with
strain in the a direction. Stress in the other di-
rections should make the needles disappear but the
exact stress cannot be calculated from the 1-OPW
model. The measured strain required is expected
to be considerably lower than the 1.4% indicated by
the 1-OPW model for the orientations closest to
the ¢ axis. If the needles produce an anomaly or
slope change in the T, strain data, then it probably
occurs at very small strains. At low strains (of
the order of 0.1%) this experiment could not sepa-
rate any effect caused by the needles from the ex-
perimentally unavoidable low strain contact effects.
If such an effect does occur at low strains, then the
experimentally determined initial slope would not
be the actual initial slope and the straight-line re-
lation for the initial slopes would no longer hold.

These discussions do not take into account the
(1211) sample. In this direction low strains are
not expected to affect the needles. This sample,
however, has the worst fit to the straight line in
Fig. 6. There is nothing unusual about this sample
or its data that could justify its exclusion from the
other data.

There is no easy explanation for the larger error
in reproducibility, +6%, for these data than the
expected +3%. The problem is not believed to be
caused by the apparatus or experimental proce-
dure. However, these experiments did not repeat
measurements on any sample after it had been
warmed to room temperature and then recooled.
Problems with impurities or vacancies in the sam-
ples are possible but not probable. Impurities of
varying amounts would be expected to change the
initial slope. However, spectroscopic analysis
indicates there is no impurity problem. Vacancies
would only be a problem if strain properties de-
pended on this and the number of vacancies in the
samples depended on the rate of cooling.

Oxidation of the samples is a possible problem
that was observed. One very small Cd ribbon

doubled its room-temperature resistance as it was
heated to dry the silver-paint contacts. This per-
manent change in resistance was attributed to
oxidation of the ribbon. The effect such oxidation
has on the strain is not understood. Any oxide in
the sample might act as an impurity changing the
slope of the T, stress curves. A drastic change

in resistance was noted only in this one very small
sample, which was not included in these data. The
amount of possible oxidation in the other samples
is not known.

These Cd data are consistent with topology
changes provided by the 1-OPW model. This mod-
el cannot give the magnitude of the strains where
the changes occur. If a more rigorous calculation
of the Fermi surface, at least a 3-OPW model, is
made, several characteristics are expected from
the results of this experiment. The Cd needles
should appear at about 0.3% strain in the a direc-
tion. Strain in the other Cd directions should move
the caps closer to each other but not so close as to
touch in the range of strains covered in this ex-
periment.

A 3-OPW model calculation would be useful in
interpreting the meaning of the Zn data. If the
needles do disappear at low strains for the Zn
whisker directions closest to the ¢ axis, then the
data of the single Zn {(1211) sample would be more
suspect. Unfortunately good samples in this orien-
tation, like several others, were exceedingly rare,
making it impossible to repeat this experiment
with another sample of the same orientation. An-
other possibility for Zn is that T, may not be
strongly dependent on the Fermi surface so that
the scatter in the values of (87,/80),_, is due to
other unknown processes or problems.

If the shape of the AT -vs-0 curve depends sim-
ply on Fermi-surface changes, then alloying
should change the slope and the stresses where the
discontinuities appear. Experiments on alloyed
Zn and Cd samples should give a better indication
of whether the nonlinearity on the AT -vs-0 curve
is due to changes in the electron density of states
or the electron-phonon interaction.

Ott and Sorbello®® have shown that the anisotropy
of 8T,/90 in In, Sn, Ga, and Zn arises from aniso-
tropies in the lattice and electronic parameters.

In order to see if this anisotropy in Cd can be ex-
plained from the same anisotropies, we have used
the relations due to Ott and Sorbello. They used
the McMillan®* equation

T,=(©,/1.45)eV/¢,

where g= (A = p* = 0.62A*)/[1.04(1 +1)], @, is the
Debye temperature, A is electron-phonon interac-
tion parameter, and u* is the Coulomb interac-
tion parameter, to define



1376 WATLINGTON, COOK, JR., AND SKOVE 15

where ¢; is a strain. They derived a “theoretical”
relation for ¢

_(8a(lnr) - 2> by 1+0.38u*
‘7"< e P S 3 )T NS o 0.6

where 8(ln))/9¢ is the stress dependence of the
electronic specific heat, obtained from low-tem-
perature thermal-expansion data; 7y is an effective
Griineisen parameter which can be approximated
by the high-temperature Griineisen relation

‘;"'U')’ :ZL%_(.?_&
7 ¢,V 7

and S is the derivative 8{In[N(0)(J2)]}/8(InV) which
can be calculated from band theory. We have made
estimates of the quantities which go into this “theo-
retical” value of ¢ and have calculated an “experi-

mental” value of ¢ from our data and the low-tem-

perature elastic constants (see Table III). The re-

sults for Cd are

¢,(theor.)=5.51, ¢, (expt.)=5.57;
¢, (theor.)=2.44; ¢ (expt.)=2.63.

The good agreement is most probably only acci-
dental, as the values of 8(Iny)/8(InV) had to be
estimated from thermal-expansion data that does
not go to low enough temperatures to allow a de-
cent expansion to separate the lattice and elec-
tronic terms. Nevertheless, it suggests that the

TABLE II. Requisite data for calculations of ¢!"e°r,

Quantity  Value Source

0 209 K a

T, 0.52 K . This experiment

A 0.38 a

g 0.178 Calculated from 6 and T,

I 0.101 Calculated from g and A

S -1.4 Calculated as in Ott and Sorbello
(8lny/d¢), 4 b
(dlny/d€), 0.5 b

8W. L, McMillan, Phys. Rev. 167, 331 (1968).

b Estimated from the data of R. D. McCammon and
G. K. White [Philos. Mag. 11, 1125 (1965)] using the
procedure of T. H, K. Barron and R. W. Munn [ Philos.
Mag. 15, 85 (1967)].

large anisotropy in 87T,/80 is no mystery, but is
due to anisotropies in the electronic and lattice
parameter in Cd, just as Ott and Sorbello have
shown to be the case in Sn, In, Zn, and Ga.
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