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Superconductivity and Lattice Dynamics of White Tin
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We present the results of a tunneling investigation and the details of the electron-phonon
interaction in superconducting tin. From an iterative solution of the Eliashberg gap equations,
the phonon spectrum, weighted by the square of the electron-phonon coupling constant, is
determined. Comparison of this result with neutron scattering data suggests that, as in Pb,
off-symmetry directions must be considered carefully in any determination of the tin phonon
spectrum. The resolution and reproducibility of the tunneling technique is discussed at some
length; in particular, we show that the Coulomb pseudopotential u* is extremely sensitive
to small experimental errors. We suggest that a value of u* near the theoretical value of
0.10 can be taken as an indication of acceptably accurate experimental measurements.

I. INTRODUCTION

During the past six years a new technique for
the study of both superconductivity and lattice dy-
namics has been developed. This technique, using
electron tunneling into a superconductor, allows
us to probe the details of the electron-phonon in-
teraction that determines the superconductivity of
the material. In this paper we present the results
of such an investigation of the properties of white

tin. The phonon spectrum, weighted by the square
of the electron-phonon coupling constant, is deter-
mined. Comparison of this result with neutron
scattering data suggests that, as in Pb, off-sym-
metry directions must be considered carefully in
any determination of the tin phonon spectrum.

The first measurement of a superconducting
property using the tunneling technique was made
by Giaever! when he demonstrated the existence of
the energy gap and, above the energy gap, the
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square-root singularity in the electronic density of
states of Pb. Later measurements by Giaever et al.?
confirmed the close agreement between the normal -
ized conductance of the tunnel junction and the quasi-
particle density of states predicted by Bardeen, Coo-
per, and Schrieffer (BCS).? In the case of Pb, how -
ever, deviations from the expected density of states
were observed® over the energy range 2A4 to k@),
where A, is the energy gap and ®, the Debye tem-
perature. These were interpreted in terms of a
gap parameter which was made energy dependent
by details of the electron-phonon interaction, as
demonstrated earlier by Swihart? for simple phonon
distributions. A calculation of the density of states
by Culler et al.,® based on a Debye model for the
spectrum of the phonons involved in the electron-
electron interaction, was unable to reproduce the
double structure in the conductance observed by
Giaever et al. However, more detailed measure-
ments of this conductance and particularly its deri-
vative (d%I/dV?) indicated® that a more realistic
model of the phonon spectrum was necessary.
Schrieffer et al.” pointed out that the expression for
the tunneling density of states had to be modified
for a complex gap parameter. Using a model pho-
non spectrum of Lorentzian peaks in the transverse
and longitudinal regions, they calculated a density
of states which was in encouraging agreement with
the experimental result. This approach to the prob-
lem of understanding the superconducting properties
of a material, namely, to first find the essential
normal-state parameters from independent experi-
ments or from calculation, has been extended re-
cently by Dynes ef al.,® who used more accurate
phonon spectra. They calculated o?(w) Fw), in-
cluding the critical points in F(w), from neutron
scattering results. Hence, by a single solution of
the gap equation, they found the density of states
N(w) and its derivative to compare with experi-
mental tunneling derivatives.

We developed™!® an alternative, more direct,
approach to the problem of determining the gap pa-
rameter A(w), the phonon spectrum F(w) weighted
by the electron-phonon coupling parameter o?(w),
and the Coulomb pseudopotential u*. This is to
take the experimental tunneling result for N(w) and
derive, by an iterative procedure, the normal-
state parameters which, when used in a solution of
the gap equation, give derivatives of the tunneling
characteristic in exact agreement with experiment.
This method has been described in some detail
previously!® and applied to Pb most extensively.
The theory of the strongly coupled superconductor
has been reviewed by Scalapino'! in the same book.
In view of these two articles, we feel that it is un-
necessary to present the theory or the technique
at length again. However, measurements on tin,
which is not generally considered a strongly coupled
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material, present somewhat more of an experi-
mental challenge than Pb, as the deviations from
BCS behavior are five times weaker for Sn. We
report in this paper such a study of Sn which allows
us to estimate the accuracy (and reproducibility)

of the derivative measurements and the resulting
errors in o?(w) F(w). In particular, we find there
is a very simple way to judge the validity of the
derivative data and the significance of the calculated
o®(w) F(w). This is simply to check that the value
of p* obtained from the experiment falls within the
range 0.09-0.14. As we will show, this parameter
is remarkably sensitive to errors in the determina-
tion of the derivatives and the energy gap.

II. EXPERIMENTAL

A. Sample Preparation

The tunnel junctions used in the investigation of
tin were of two types: tin-tin oxide—tin (Sn-I-Sn)
and aluminum-aluminum oxide-tin (Al-7-Sn).
These were prepared in the conventional thin-film
form by evaporation in an oil-pumped vacuum sys-
tem at pressures ~10°® Torr. The junction ar-
rangement has been shown previously. !? In the Sn-
I-5n case the junction areas were ~ 2X10™% cm?; for
Al-I-5n this was increased to ~5%10°% cm? to ob-
tain junction resistances in the desired range (20—
100 ). The oxidation of aluminum was accom-
plished by exposing the freshly evaporated film to
air from the laboratory for about 1 min. The oxi-
dation of tin is a little more difficult and two ap-
proaches have been used. The earlier junctions
were prepared by thermal oxidation, usually by
heating the tin to ~ 100 °C in air for a few hours.

On occasion, damp air or oxygen was used; as the
success of this technique seems to vary from one
laboratory to the next it is misleading to be more
specific. The thermal oxidation of tin, and even
more so lead, appears to be a matter for individual
trial and error. A more reliable technique appears
to be “glow discharge oxidation”!? and this was used
for the recent Sn-I-Sn junctions. In our case, the
glass substrate, with its first tin film, was re-
moved from the evaporator and placed in a small
bell jar which was then evacuated using a rotary
pump only. The bell jar had an aluminum base
plate (anode, grounded) and aluminum cathode in-
serted through the glass. Using a leak valve a
pressure of 50 u of oxygen was obtained and a dis-
charge at 700 V maintained ~2 min. The tin film
was shielded from the cathode by a glass plate.

The small system was then vented with oxygen and
the sample again transferred to the evaporator.
This oxidation has been consistently successful and
is more reliable than thermal oxidation.

The tin films, ~ 2000 A thick, were evaporated
from tungsten conical baskets or molybdenum boats
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onto glass substrates at room temperature. The
evaporation rate was great enough to produce shiny
films, as opposed to the gray surfaces which re-
sult from a slow evaporation onto warmer sub-
strates. We have recently used only bulk tin and
lead for evaporations. Material in wire form, al-
though allegedly 99.999% pure, gave distinctly
poorer tunneling characteristics which will be dis-
cussed below. The completed junctions, with elec-
trical contacts of fine gold wire attached with indium
solder or silver paste, were immersed directly into
liquid nitrogen and then into liquid helium. Sub-
sequently, they were not cycled to room tempera-
ture, if necessary being stored in liquid nitrogen
until measurements were complete.

B. Junction Evaluation

With the junctions at ~1 K, an examination of the
I-V characteristics alone is generally sufficient to
determine whether further measurements are
worthwhile. The criteriaused are (a)that the resis-
tances of the five junctions should scale with their
area to +20%; (b) the superconducting conductance
at V=0 should be ~ 103 of the normal-state conduc-
tance; (c) the negative resistance region Ag, — A4,
< V< Ag, +Apy should be well defined in Al-I-Sn junc-
tions; (d) there should be only small currents
flowing for A< V'<2A in Sn-I-Sn junctions; (e) the
“zero-bias anomaly” in the normal state should be
small. The first two of these checks have been dis-
cussed before!? but the importance of the other three
has been realized more recently and some elabora-
tion may be justified. We have found that in some
Al-I-Sn junctions, although condition (b) above may
be met, an appreciable current may flow just below
Agy-Ayy and appears to increase with voltage. This
results in a smearing of the negative-resistance
region. The reason for this behavior in Al-I-Sn
is not known, but in the case of Al-I-Pb such “poor”
characteristics always resulted from evaporating
Pb which was supplied as wire, although the purity
was claimed to be 99.999%. Good characteristics
were obtained from the evaporation of bulk Pb (al-
50 99.999%) under similar conditions. The con-
taminant in the wire (introduced by the drawing
process ?) has not yet been identified. The junc-
tions with poor characteristics consistently showed
a reduction in the strength of the strong-coupling
density-of-states structure of 5 to 10%. This re-
duction was sufficient to affect the results of the
gap inversion program.

The problem of the normal-state zero-bias anom-
aly* is only encountered in our Sn-I-Sn junctions,
as it does not occur in our aluminum-oxide or lead-
oxide barriers. This zero-bias conductance peak
is explained!® in terms of scattering by localized
magnetic impurities in the tin oxide. The magni-~
tude of the peak, which depends on the oxidation
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procedure and the past history of the evaporator used
to make the films, varies from ~7% to <0.1% of

the background conductance at V=0. One immedi-
ately suspects that the superconducting properties

of the films would be affected by these magnetic

impurities, although our results are inconclusive
on this poinf. Experimentally, the main difficulty
in using these junctions is that, as the magnitude

of the anomaly increases, the conductance in-
creases'® more rapidly with voltage over the phonon
range (0-20 meV). This rapidly rising conductance
makes normalization of the first-derivative data
more difficult. In practice, we used Sn-I-Sn junc-
tions with 0.0-0.2% anomalies. The oxide pro-
duced in the glow discharge always had such small
anomalies. It may be worth noting that supercon-
ducting tunneling data obtained on junctions showing
“giant anomalies” are known to be in serious error
in some cases. For example, in Cr-I-Pb junctions
the gap characteristics is well resolved but the
phonon-induced structure is about one-fifth of its
correct size.'* In “doped” Sn-I-Pb junctions, Shen
reports!® that the phonon-density-of-states struc-
ture of the Pb is unobservable. In Ta and Nb junc-
tions, if the surface of the metal is not cleaned
carefully, !7 the phonon structure is nonexistent, the
gap characteristic is very poor, and the zero-bias
conductance anomaly can be very strong.

C. Measurements

The essential parameters which must be deter-
mined experimentally are the energy gap A, and
the normalized first derivative of the tunneling
characteristic from just above A, to an energy
greater than the maximum phonon frequency.

Although not essential, a determination of T, for
Sn is useful, as rather high transitions have been
reported for films. The T, for a Sn film made in
the same way as those in the junctions was deter-
mined, using the method of Feldmann and Rowell, '
to be 3.76 K. This is close to the bulk value of
3.72 K and the films in each junction were not in-
vestigated individually.

The energy gap A, was found by displaying the
I-V characteristic at low voltages for both bias di-
rections. Following the construction outlined be-
fore, !° the sum of the midpoints of the rise in cur-
rent was taken to measure 44 in the Sn-I-Sn junc-
tions. The gap values, given in Table I, range
from 0. 605 to 0. 62 mV. These are measured at
~0.95 K; the change in gap on extrapolating to zero
temperature is insignificant (* 1 in 10%).

Conventional modulation techniques were used to
measure the normalized first derivative.® As the
deviations from the BCS density of states are so
small, we used the ac bridge whose circuit is
shown correctly in Fig. 1 of Ref. 19. The second
derivative was also measured directly using the



4068

ROWELL, McMILLAN, AND FELDMANN

3

TABLE I. Details of the junctions used in this investigation and their method of preparation. We also give the energy
gap (&), the strength of the phonon induced deviations from a BCS density of states (Ny,), this strength normalized to
A2, three different averages over the phonon spectrum defined in the text (E, A%, and ), the Coulomb pseudopotential u*,
and three average phonon frequencies also given in the text ({w), @, and {w?)).

A E A? (w) ® {w?)
Sample Oxidation (mV) Non Npp/A (meV?) (meV) A (meV) u* (meV) (meV?)
Sn-I-Sn 92867 Thermal 0.62 0.6139 0.0362 38.9 3.48 0.77 9.04 0.109 11.2 101
Sn-I-Sn 8967 Thermal 0.61 0.0134 0.0361 37.6 3.32 0.71 9.35 0.090 11.3 106
Sn-I-Sn 121868 Discharge 0.609 0.0131 0.0354 41.1 3.57 0.77 9.27 0.133 11.5 107
Sn-I-Sn 31469 Discharge 0.606 0.0131 0.0357 39.3 3.42 0.72 9.50 0.111 11.5 109
Al-I-Sn 41769 Thermal 0.605 0.0131 0.0358 43.1 3.74 0.80 9.35 0.145 11.5 108

circuit of Thomas and Rowell. 2°

The importance of measuring both the normal-
and superconducting-state resistances with equal
accuracy is demonstrated very clearly in Fig. 1,
where we show the derivatives for an AlMn-I-Sn
junction at 0.35 K. (The AlMn alloy contained a
few percent of manganese before evaporation, but
this was not sufficient to give an entirely normal
film at 0.35 K.) It can be seen that the normal-
state resistance is very asymmetrical about zero
bias and also exhibits structure over this energy
range. It is believed that the asymmetry is pri-
marily determined by details of the tunneling bar-
rier, & and that the structure is due to excitation
of phonons of the electrodes by the tunneling elec-
trons. %1922 We also include in Fig. 1 the mea-
sured superconducting-state second derivatives for
the two bias directions, illustrating again that the
asymmetry of the normal resistance cannot be ig-
nored, even in second derivatives. It is also ap-
parent that the Sn positive bias is the preferred di-
rection, both for ease of normalization of the first
derivatives and for resolution of fine structure in
the second derivative. Even more detailed second
derivatives are obtained for Sn-I-Sn junctions with-
out going to such low temperatures (see, for ex-
ample, Fig. 12 of Ref. 12). Despite the asymme-
tries of Fig. 1, the only parameter whose magnitude
is important is the normalized first derivative,
which was determined for both biases and found to
agree within a few parts in 10%. This means the
strength of the phonon-induced structure is identi-
cal to within a few percent, which, as will be shown
below, appears to be the reproducibility of our
measurements.

A further problem arising from results such as
those shown in Fig. 1 is the question of what changes
in the phonon-emission structure occur when the
Sn becomes superconducting. For example, an
electrode phonon of energy w,, will give rise to a
step increase in conductance at a voltage given by
V=w,,,/ e in the normal state, but in the supercon-
ducting state the increase will reflect the square-
root singularity in the density of states above the

gap and will occur at a voltage V= (wyp+ Ay, + Agy)/e.
At one time we included!? a correction for this ef-
fect by determining the “barrier and electrode
phonon density” (the derivative of the even conduc-
tance), folding this with the appropriate gap sin-
gularities and shifting in voltage by A,; + Ag,. This
then gave a corrected “normal conductance” which
included the changes which would result from mak-
ing the electrodes superconducting. However, we
decided that the resulting corrections to the nor-
malized density of states were no larger than the
reproducibility of our measurements between dif-
ferent junctions.

D. Data Reduction

The first stage of calculation is simply to reduce
the dynamic resistances in the superconducting and
normal states (Rgand Ry), which are obtained as
punched-paper-tape output, to the normalized con-
ductance G,/G, (where G, is the superconducting-
state conductance and G, is the normal-state con-
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FIG. 1. Dynamic resistance dV/dI of an AlMn-I-Sn
junction at 0.35 K in both the normal and superconducting
states., The most rapid change in resistance occurs for
the Al positive bias. The lower part of the figure shows
the harmonic signal (roughly d21/dV? for the same junc-
tion. :
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ductance). Incorporation of the second-derivative
data assures that a point-to-point differentiation
of this normalized first derivative will reproduce
all the fine structure which is resolved most easily
in d?I/dV?. The magnitude of structure in this nor-
malized first derivative, however, is determined
solely from G,/G,.

From the normalized conductance, the density
of states of Sn is found in the second stage of cal-
culation. (The programs we used in all three
stages have been distributed rather widely and
copies are available as a technical report.2??) In
the case of Sn-I-Sn junctions the density of states
is assumed to be the same in each film, in Al-I-Sn
junctions the aluminum film is taken to have a BCS
density of states derived for the measured energy
gap of Al. Any phonon effects in Al are at least
20 times weaker than those in Sn, so the BCS den-
sity is a good approximation. Zero temperature is
assumed throughout.

The resulting density of states N(w) is shown in
Fig. 2, where it is compared with the density for
a BCS superconductor [N(w)ses] with the same en-
ergy gap. In order to display the phonon effects
(i.e., deviations from the BCS dependence) more
clearly, and to avoid the rapid rise in density at
low energies, we compute N(w)/N(w)gcs, Which is
shown in Fig. 3. This is a convenient point to de-
termine the reproducibility of our data as, in order
to obtain the plot of Fig. 3, we have used three
derivative measurements (Rg, Ry, d?I/dV?) and
our measurement of the tin gap A, (also A, for alu-
minum in Al-I-Sn junctions). Thus, all the errors
in the four essential measurements will be reflected
in Fig. 3. Rather than attempt to superimpose the
results for a number of different junctions, we have
shown the plot derived from Fig. 2 and at selected
energies have shown the magnitudes obtained for
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FIG. 2. Superconducting density of states in tin,

covering the voltage range from 4, to above the maximum
phonon frequency. The dashed line is the BCS density of
states for a superconductor with the same gap 4.
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FIG. 3. Superconducting density of states in tin divided

by the BCS density of states for a superconductor with the
same gap. The solid line is for one particular junction;
the symbols give the value of this ratio of densities at
selected voltages for four other junctions. The voltage
is measured from 4.

four other junctions. Details of the junctions are
given in Table I. The fine structure in the solid
line is reproduced in detail in each junction, and
the experimental resolution for any one junction is
considerably better than 1 in 10%, however, the
reproducibility of the data is approximately
+0.0004. As the total strength of the phonon ef-
fects is 0.0135, this is a total uncertainty of 6%.
More consistent data can be obtained for Pb as the
phonon effects are about five times stronger.!® A
large part of the variations between tin junctions is
apparently due to small differences in the gap of
the films (and presumably in 7,). This can be seen
in Table I where we have given the total strength
of the phonon effects N, as the sum of the maxi-
mum deviations from N(w)gcg Which occur at 3.6
and 17 mV, respectively. It is seen that this
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FIG. 4. Gap function A(w) vs energy in tin. The
solid and dashed lines show the real and imaginary
parts, respectively.
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FIG. 5. Pairing self-energy ¢(w) vs energy in tin.
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parts, respectively.

strength scales with the gap; in fact, it should be
proportional to Aﬁ. In Table I we give values for
N,/ A% and the total spread over the five junctions
is only 2.5%. This represents the accumulated
errors of our measurements.

The third stage of calculation, the iterative solu-
tion of the Eliashberg gap equation to obtain the
normal-state parameters [u*, o?(w) F(w), Alw),
etc.], has been described for Pb and, as mentioned
above, is available as a technical report.? The
number of iterations required is determined by
studying a plot of the experimental density of states
divided by the density calculated from the derived
parameters. For the junctions listed in Table I,

a ratio of 1.0 within 1X10* to 3x10"* is obtained,
again being at most 2.5% of the strength of the
phonon effects. Except at very low energies, the
lack of fit is generally independent of energy, in-
dicating a constant error in the normalization of
the superconducting and normal derivatives. This
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FIG. 6. Superconducting-state renormalization func-
tion Zg(w) vs energy in tin. The solid and dashed lines
show the real and imaginary parts, respectively.
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is not unexpected, as the change from supercon-
ducting to normal states can cause a redistribution
of current in the junction area.?*

The sensitivity of the Coulomb term p* to the
small errors in the data outlined above can also be
seen in Table I, where its value ranges from 0.09
to 0.145. Because of this sensitivity, we do not
believe that the tunneling technique can be used to
determine an accurate p*, but rather take a result
of 0.11+0.03 as a confirmation of the theoretical
value?® of 0.10 and also as an indication of accept-
ably accurate input data. This value of u*, name-
ly, 0.11+0.03, can be used as a general check of
experimental accuracy, as it has been shown by
Morel and Anderson® that u* for most supercon-
ductors will fall within this range.

III. RESULTS AND DISCUSSION

The iterative solution of the gap equation yields
both real and imaginary parts of the gap function
Alw) and also the pairing self-energy ¢ (w) and re-
normalization function Z (w) (both for w > Aq) with
Alw)=¢(w)/Zs(w). A further computation then
gives the renormalization function for the normal
state Z,(w). The four parameters are presented
in Figs. 4-7 and represent a complete description
of the dynamics of the electron-phonon interaction
in tin. The plots exhibit detailed structure, due to
multiphonon processes, up to roughly twice the
maximum phonon frequency. As the determination
of N(w) is confined to the energy range shown in
Fig. 3, this higher-energy structure is generated
by the multiphonon emission terms of the gap equa-
tion itself. We have shown, !° however, that for Pb
the calculated N(w) in this multiphonon region is in
good agreement with a measurement extended into
this region, thus confirming the accuracy of the
gap equation.

The renormalization function Zy(w), shown in
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F(w) weighted with the electron-phonon-coupling param-
eter @%(w). The solid line was obtained by an iterative
solution of the gap equations from the solid-line data

in Fig. 3. At 2, 3, 13.4, or 13.5 meV and at 17.5 or
17.6 meV the value of a?(w)F(w) is given for the four
other junctions included in Fig. 3. At all other energies
symbols are placed at a maximum or minimum in
oz'l)(w)F(w) and give the corresponding energy of this
maximum or minimum,

Fig. 7, is useful information for experiments, such
as the Tomasch effect, 28 which involve electrons
with sufficient energy to emit phonons. The elec-
tron velocity measured by the Tomasch oscillations
is v,,-/ ReZ N(w), but for oscillations to be observed
at all, the mean free path of the electrons

Lon=Twg/2TMZy(w)

must be comparable to twice the thickness of the
film.?" The electron self-energy = is equal to
[ZN(O)) - 1]w.

The most interesting result obtained from the ex-
periment is, of course, the product function
o?(w) F(w), which is shown in Fig. 8. The result
is derived from data of Fig. 3 and we again show
point values for other junctions. The low- and high-
energy extremes of the spectrum are the most seri-
ously affected by experimental errors, the low end
because the rising density of states makes the mea-
surement more difficult and errors in A, have their
greatest effect, the high end because, for a given
phonon density, the strength of the induced struc-
ture in conductance decreases as 1/w?. Again it
should be stressed that all the detailed structure
of the solid line of Fig. 8 is reproduced from junc-
tion to junction but the relative strength of the
peaks and over-all shape of the spectrum vary
enough to give the scatter indicated at each point.
In view of the relatively slow energy dependence
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expected for o?(w), **28 the plot of o?(w) Flw) is
essentially a measurement of F(w), especially if
one is interested in the fine structure of the spec-
trum rather than in over-all magnitudes. The third
stage of calculation also gives three useful aver-
ages over the weighted phonon spectrum which may
be defined as

E=[ o) Fl)dw,

A2=f0° ?(w) Flw)dw ,

and the dimensionless electron-phonon-interaction
strength

a?(w) Flw) do .

o
0 w

From these values, given in Table I, average pho-
non frequencies, used for example in recent T,
equations, can be defined as w =E/A?, (w )=24%/},
and { w?) =2E/A. These values are also given for
each junction in Table I. The lack of reproducibil-
ity in these parameters is somewhat disappointing
but again illustrates their sensitivity to the exact
shape of the phonon spectrum.

To our knowledge, tunneling is the only experi-
mental technique which, to date, has determined
a spectrum as detailed as that shown in Fig. 8. The
lattice dynamics of tin has been the subject of nu-
merous previous studies, both theoretical®®* and
experimental, 31737 the latter mostly using the more
conventional technique of neutron scattering. Gen-
erally, the measurements have been limited to the
symmetry directions of the crystal. The difficulty
of extending such measurements to off-symmetry
directions has recently been illustrated for Pb and
is expected to be even more severe for Sn. In the
case of Pb the neutron measurements®® were ex-
tended?®® using the Born-von Karman model and it
was apparent that the resulting F(w) was only in
moderate agreement with the o?(w) F(w) tunneling
result. For example, the transverse-phonon peaks
differed in energy by 17%. It was pointed out by
Dynes et al.?® that the critical points in most obvi-
ous disagreement with the tunneling result were,
in fact, generated by the Born-von Karman analysis
in off-symmetry directions. More detailed neutron
measurements by Stedman et al., ** who included
many off-symmetry directions, confirmed that the
earlier analysis led to these erroneous critical
points. Their extensive measurements allowed
them to construct a phonon spectrum without re-
course to a model calculation. Their resulting
F(w) is in remarkably good agreement with o?(w)
X F(w) from tunneling. %' In view of these difficulties
with Pb, the more complex lattice structure and
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FIG. 9. Comparison of the tunneling result a*(w)F(w) with the dispersion curves determined by neutron scattering.

The neutron measurements shown by symbols are from J. M. Rowe (Ref. 36), being taken at 110 K. The solid lines

are voom~-temperature measurements from Long Price (Ref.

Fermi surface of tin suggests that a model calcula-
tion of the phonon spectrum, based only on sym-
metry direction measurements, will never be suc-
cessful. This point has been stressed by Rowe, 3¢
who found that 20 parameters were required to
fit only one branch of the dispersion curves.
Despite the lack of a phonon spectrum from the
neutron data, we can compare o?(w) F(w) with the
dispersion curves themselves. We have done this
in Fig. 9, where we have used Rowe’s results taken
at 110 K. More extensive data at room tempera-
ture have been reported by Long Price® and we
have sketched in the extra branches he found. In
the dispersion curves of Fig. 9, regions of high
phonon density occur where the branches are rela-
tively flat. The agreement at the high- and low-
energy ends of the spectrum is good but in the in-
termediate energy range (6—13 meV) is less satis-
factory. The tunneling peak at 11 meV falls lower
than most of the 001 branch out to H, suggesting
that the true critical points for this branch may
occur away from this symmetry direction. More
serious is the observation of a tunneling peak at
8 meV which has no obvious origin in the dispersion
curves. From measurements made in off-symme-
try directions, however, Long Price® has evidence
that about midway between the 100 and 001 direc-
tions a critical poirf occurs at this energy because
of a maximum in the lowest transverse branch, or
crossing of the two lowest branches. In view of
this interesting apparent discrepancy between the
tunneling result and the dispersion curves, at least
along the symmetry directions, further, more de-
tailed, measurements of the dispersion curves

35).

away from the symmetry directions appear to be
in order.

A second way of obtaining F(w) is to measure the
incoherent scattering of neutrons. For a few ma-
terials, such as vanadium, * this has given F(w)
directly. For materials which scatter coherently,
an alternative approach is to use a polycrystalline
target. This method has been used for Te, Pb, and
Sn polycrystals by Kotov and co-workers, 3% and
for Pb and Pb,, Tl by Roy and Brockhouse, *® whose
targets were an assembly of pellets. Both results
for Pb are in good agreement with the tunneling
data while the spectrum for Sn obtained by Kotov
et al. shows a strong over-all similarity to our re-
sult of Fig. 8. However, the neutron result appears
to have more phonon strength in the 3- to 4-meV
range; unfortunately, it is not possible to make any
realistic comparisons of the positions of individual
peaks in the tyo spectra.

We have demonstrated the ability of the tunneling
technique to measure the weighted phonon spectrum
@?(w) F(w) of a material with a relatively compli-
cated lattice structure. We obtain more detailed
resolution of fine structure in the spectrum than
any other technique which is currently available.
The reproducibility, even for this relatively low-
T, material, is much better than that obtained be-
tween the spectra calculated using different models
and the dispersion curves. A comparison of our
result with the dispersion curves shows that a more
detailed neutron scattering study of the off-sym-
metry directions would be worthwhile, as some
peaks in o®(w) F(w) are not obviously connected with
the dispersion curves in the symmetry directions.
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