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Precise linewidth and frequency measurements of transverse acoustic modes propagating along the [001]
and [110] directions were performed on single crystals of niobium in the normal and superconducting
phases (T, = 9.2°K). For transverse phonons propagating along the [110] direction changes in linewidth
are observed when the superconducting gap 2A(T) equals the phonon frequency. This behavior agrees with
Bobetic’s calculation for the attenuation of high-frequency sound waves in superconductors and the magnitude
of the change enables us to calculate the electron-phonon interactions. In addition to linewidth changes,
anomalous temperature dependence of the peak position of some acoustic modes is also observed. The [001]
transverse phonons exhibit a decrease of ~ 15% when T is decreased from 300°K to T,. Below T, there is
an additional softening of 3%. This softening extends along the [£00] direction to { = 0.5, the limit of our

measurements.

I. INTRODUCTION

The electron-phonon (e-p) interactions play a
fundamental role in the occurrence of supercon-
ductivity.! The interaction between the electrons
which leads to the formation of Cooper pairs is
mediated by the ever-present phonon fields, Knowl-,
edge about the e-p interactions in metals can lead
to a more complete understanding of superconduc-
tivity and ultimately guide us in the selection of
materials to combine to form high-7, superconduc-
tors.

Within the BCS theory of superconductivity? the
e-p interactions have been parametrized in several
ways. The electron-phonon spectral function
o?(w)F(w) is the square of an average electron-
phonon interaction, a?(w), times the phonon den-
sity of states, F(w). This product is related to.
the dimensionless electron-phonon coupling param-
eter,x,?

xszfowowdw, (1)

where the integration is over the phonon frequen-
cies. X corresponds roughly to the product N,(0)V
of BCS, where N,(0) is the electronic density of
states at the Fermi surface for a single spin orien-
tation and V is the pairing potential arising from
the e-p interaction. McMillan® has derived a re-
lationship between X and 7, which enables one, in
principle, to calculate 7, from the material prop-
erties of the normal state,

Measurements of the e-p interaction in super-
conductors have been limited mainly to tunneling
experiments,® where, in favorable cases, a?(w)

X F(w) can be deduced. If F(w) is known from other
measurements, a%w) can be obtained. Unfortu-
nately, in addition to this being an indirect method
of measuring the e-p interaction, the results are
often dependent on junction preparations.

Recently Allen® has shown that the parameter X

12

-atoms in the crystal.

is related to the linewidth of the phonon resonance
in the dynamical structure factor S(g,w), as mea-
sured by scattering experiments, The additional
linewidth 2T'¢"* given to the phonons due to coupling
to the electrons is basically the imaginary part of
the phonon self-energy due to the e-p interaction
and is given by

215 = 27N, (0) iw? X, (2)

where 2, is the contribution to X from the phonon
q, i.e., x=(1/3N)3 A, and N is the number of
With the above relationship,
a measurement of a phonon linewidth plus knowl-
edge of other properties such as the density of
electron states can yield a measurement of the
electron-phonon coupling parameter A.

At a given frequency 2T¢ is proportional to the
sound-attenuation constant a.® The BCS theory de-
scribes « in the superconducting (S) and normal
(N) states. The ratio of the sound attenuation in
the S and N states is’

ﬁa=_1_f(1 - ;Ez,>[f(E>—f(E’)]

ay hw,

X N,(E)N,(E')dE, ®)

where the integral is over the electron energies
measured relative to the Fermi energy. The
Fermi factor f (E) is

f(E) - (eE/hT i 1)-1

and E' = E + Iiw, with #w, the phonon energy. N,(E)
is the density of electronic states in energy with

N,(E)=0, |E|<a(T)
N,(E)=E/(E?- A%)V2 |E| >A(T)

with 2A(7) being the temperature-dependent super-
conducting gap. In most ultrasonic experiments
the phonon frequencies are much less than the gap
energy [Zw,<< A(0)] and we set E = E’ within the in-
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tegral except for the exponential, Integration
yields

as/ay=(4)/1(0)=27(a). )

This simple relation results from the fact that in
the ultrasonic frequency regime the sound wave in-
teracts only with quasiparticles that are thermally
excited above the 2A(T) gap. Below T, the low-
frequency sound wave has insufficient energy to
break up the Cooper pairs and the attenuation de-
pends only upon the number of particles thermally
excited above the Fermi energy which is given by
f(A). The relation has been shown to fit observed
attenuation data in several metals with simple
Fermi surfaces” and has been a useful method of
measuring A(7) and its anisotropy even in more
complicated metals., So far as we are aware only
measurements of the ratio ag/a, have been made
ultrasonically, which does not determine the elec-
tron-phonon coupling strength.

Privorotskii, ® Bobetic,® and others'® evaluated
Eq. (3) for phonon frequencies approaching 2A(7T),
In this frequency regime the results are not as
simple as Eq. (4) since the phonon now is energet-
ically able to break up the Cooper pairs and an ad-
ditional damping mechanism is available. One ex-
pects sharp discontinuities of the attenuation su-
perimposed upon the f(A) behavior as the resonant
condition 7Zw,=2A(T) is approached.

Although the theoretical results®® for arbitrary
7w, and temperature 7 cannot be obtained in closed
form, one can calculate the jump & in the ratio
ag/ay at iw=2A(T):

(ag/ay)=37[1-2f(a)]. ®)

The jump is very small at temperatures near 7,
and has a maximum value of 1,57 at 7=0. Thus
we expect to have an attenuation exceeding that of
the normal state when the pair-breaking energy
condition 7Zw,=2A(T) is satisfied. This is due to
the large density of electronic states at the gap en-
ergy resulting in more quasiparticles to interact
with than on either side of the 2A gap. This sim-
ilar enhancement, ag/ay>1, persists for 7w,
>2A(0). Here the phonon always has sufficient en-
ergy to break up the Copper pairs. For fixed fre-
quencies only slightly larger than 2A(0), the sin-
gularity in the electronic density of states at 7w,
=2A(T) will be approached as 7 is decreased and
correspondingly, the attenuation will increase,
The increase in phonon linewidth is directly re-
lated to the pair-breaking processes and can be
used to obtain a measure of the A, parameter via
Eq. (2). One has a more direct method than tun-
neling for measuring the e-p interactions.

For high- T, superconductors, 2A(0) is much
larger than obtainable ultrasonic frequencies and
pair-breaking contribution to the above theory has

been difficult to confirm. Only in materials where
T,~1°K or less can ultrasonic methods probe the
pair-breaking mechanism of the phonon, and in
these experiments the complete predictions of the
theory have not been confirmed. !

Inelastic neutron scattering has been shown to
be a useful tool for measuring the phonon linewidth
at frequencies near the gap energy.!?> The “tuning”
of the frequency is achieved by varying the wave
vector = da/2m of the phonon. By studying sev-
eral directions of propagation, the anisotropy of
the linewidth and A can also be measured.

The first experiment of this sort was performed
on NbySn, a strong-coupling high-7, material. 12
The increase in linewidth near 7_is large but the
single crystals were extremely small (~0.05 cm?)
and prevented any precise verification of the theo-
ry. In an earlier paper, we measured the phonon
linewidth on large single crystals of niobium and
showed these results to be in qualitative agree-
ment with BCS theory.'® Below, we describe in
more detail an estimate of 2I'’* which can be com-
pared to that calculated by Allen. In addition the
effects of a magnetic field and the frequency depen-
dence of the linewidth are explored.

In measuring the phonon linewidth we are prob- .
ing the imaginary part of the phonon self-energy.
A natural question to pose is: ‘“What happens to
the real part of this self-energy when a metal be-
comes superconducting?” Ultrasonic studies*
have shown for Nb, Pb, and V that the elastic con-
stants decrease by <0.01% when the sample is
cooled to the superconducting state, in contradic-
tion to what is expected from anharmonic lattice
contributions. '* The reason for this is not as
physically apparent as in the linewidth case, but
there have been some recent calculations!® show-
ing the behavior of the phonon frequencies near
the superconducting transition. We shall show be-
low that for some transverse modes propagating
along the [001] direction, there is a large decrease
(~15%) in the frequency of the phonons as the crys-
tal is cooled down from 7'=300 to 1, 6 °K.

II. EXPERIMENTAL

The inelastic neutron scattering measurements
were performed on a triple-axis spectrometer at
the Brookhaven High Flux Beam Reactor. Pyro-
lytic graphite crystals were used as the monochro
mator, analyzer, and filter. Two single crystals
of Nb were obtained commercially'” and specially
selected for their narrow mosaic. They were
cylindrical in shape with a diameter of 1 cm and a
length of 3 cm. The sample mosaic spreads mea-
sured with a perfect analyzer were 5 and 12 min,
The narrower mosaic crystal has its cylindrical
axis along the [110] direction and was used for the
linewidth measurements. The other crystal has
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FIG. 1. Triple-axis spectrometer resolution function
calculated (Ref, 18) for 13.5- and 5, 0-meV incident-
neutron energy demonstrating the effect of focusing.

the cylindrical axis along the [001] direction and
was used for most of the frequency-shift measure-
ments.

The typical value of 2T in Nb has been estimated
to be § of that for Nb;Sn.® Thus, in comparison
with Ref. 12, an observed linewidth considerably
smaller than in NbySn was expected, It would have
been impossible to observe the linewidth had it
not been for the availability of excellent quality
single crystals of Nb and the “focusing” of the neu-
tron spectrometer’s resolution function. This
focusing effect is shown in Fig. 1. The cross-
hatched ellipses are the w-g projection of the
triple-axis spectrometer’s resolution function for
a transverse scan,!® The sloping lines represent
the phonon dispersion curve for acoustic modes
with a velocity of 15, 5x10* cm/sec nearly the
same as that of the resolution ellipse for incident-
neutron energy of 13.5 meV monochromatized and
analyzed by pyrolytic graphite crystals with 20-min
horizontal collimation throughout the instrument,
A constant-Q’ energy scan essentially moves the
resolution function through the dispersion curve.
For this “perfect focusing” condition (sound veloc-
ity equals neutron velocity) and assuming no in-
trinsic phonon width, it is easily seen that the en-
ergy linewidth of the observed peak will be the en-
ergy width of the center of the resolution function,
I the phonon now has an intrinsic width, the ob-
served linewidth will be the convolution of the
known instrumental resolution with the phonon re-
sponse function. K the intrinsic width is large
enough, one should be able to detect it and proper-
ly subtract the resolution part of the observed
width,

If one relaxes the focusing condition and makes
the resolution slope less than the sound velocity by
changing the incident energy a linewidth broader

than the central part of the resolution function
would be observed. The smaller hatched area
shows the resolution function for 5.0-meV inci-
dent-neutron energy. For a constant-@ scan with
this incident energy, the observed width corre-
sponds almost to the total height of the resolution
function, which is nearly the same as the central
part of the 13.5-meV resolution function, Thus
one gains only in momentum resolution by using
the lower incident energy and one loses consider-
able intensity owing to the decreased size of the
resolution function and the lower reactor flux at
5.0 meV,

III. RESULTS
A. Linewidth measurements

The bulk of the linewidth measurements were
made on the [110]T, branch of the narrow mosaic
crystal since it is for this branch that the focusing
occurs. Figure 2 shows the spectra of the [110]T,
mode obtained at 7="7.5 °K, where Zw,=2A(T),
and at 7=2.5 °K, where 7w, <2A(7). Thata
broadening occurs is most obvious from the in-
crease in the peak intensity as T is lowered. Since
the integrated intensity is proportional to the oc-
cupation factor 1+n(w), with n(w)=(e?®/*T - 1),

a decrease in T causes a decrease in total inten-
sity. The increase in the peak intensity for lower
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T logically implies a narrower linewidth.

A measure of the peak positions and linewidths
was determined by calculating the first and second
moments of the intensity distribution. The rela-
tive statistical accuracy is of order 1/VN, where
N is the total number of counts in one peak: ~5000
counts. This method of determining the position
and width is a sensitive way of measuring changes
as a function of temperature (or field) where the
scans are always over the same region. By mul-
tiplying the linewidth obtained from the moment
technique by 2v21n2, which converts the 1/e
width to a full width at half-maximum (FWHM) of
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FIG. 4. Temperature dependence of the linewidth of
two phonons on the [¢ ¢ 0]T¢ branch in Nb, For ¢=0, 06,
hw,<2A(0) and £ =0, 08, kw,>2A(0).
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a Gaussian distribution, we obtain good agreement
with the observed width.

Figure 3 shows the observed linewidth 2T vs
temperature for several [110]T, phonons, Curves .
A and B are for phonon energies less than 2A(0)
and the resonance condition Zw,=2A(7) is achieved
for T<T,. Curve C has a phonon energy greater
than 2A for all temperatures. The linewidth at the
lowest temperature for A is assumed to be that of
the instrumental resolution, implying that at these
low temperatures, any phonon-phonon interaction
is small. It was approximately verified by com-
paring the linewidth generated by a modified ver-
sion of a computer calculation'® which analytically
performs energy scans through an infinitely sharp
dispersion surface using the full four dimensions
of the resolution function, The measured linewidth
was 20% narrower than the calculated value and is
presumed to be due to improper consideration of
the vertical collimation.

We use this low~-temperature Gaussian width as
the instrumental resolution. Since the intrinsic
line shape of the phonon is most likely Lorentzian,
the contribution to the observed linewidth from the
e-p interaction can be extracted by numerical tech-
niques.?® The right-hand sides of Figs. 3 and 4
show the intrinsic e-p interaction., At the resonant
condition %Zw,=2A(T), the electron-phonon contribu-
tion to the linewidth is 2I'*?=0.06+0.01 meV for
£=0.07. For temperatures 7> 7, in the normal
state, the linewidths of the three phonons mea-
sured are different owing either to an increase in
phonon-phonon interactions or a ¢ dependence of the
electron-phonon interaction. Because of the un-
certainty of this contribution it is not possible to
properly normalize the three curves. Quantitative
values are valid only for ¢=0.07.
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We also measured the temperature-dependent
linewidth of the T, mode propagating along the [110]
direction with polarization along [110]. This mode
has a higher velocity than T,. ‘The experiments
were performed with 30.0-meV incident-neutron
energy, with pyrolytic graphite [004] for mono-
chromator and analyzer in order to approach the
focusing condition and still have a relatively good
resolution. The results are shown in Fig. 4 for
two phonons: ¢=0,06 with %w,<2A(0), and £=0.08
with Zw, >2A(0). The results are similar to that
observed in Fig., 3 for curves A and C. Because
of the higher resolution the observed intensity was
less and the accuracy of the measurements is re-
duced. Nevertheless the change in linewidth due to
the onset of superconductivity is apparent.

The e-p contribution of the phonon linewidth can
also be studied by keeping the sample at a constant
temperature and varying the phonon frequency (see
insert in Fig. 5). An additional contribution to the
linewidth is again expected at the resonance condi-
tion 7w, = 2A(T) of the size given in Eq. (5).° If
these measurements are performed at sufficiently
low temperatures the technique is ideal for mea-
suring the superconducting gap 2A(0) and its anisot-
ropy. Figures 5 and 6 show the results for trans-
verse phonons propagating along [110] and [001] di-
rections, respectively. Curve A is a scan made
at low temperature where the resonant condition
ﬁwp=2A(T) can be achieved. Curve B corresponds
to scans in the normal state. The increase in line-
width for increasing frequency in the normal state
may be due to an increase in phonon-phonon inter-
action or a g dependence of the e-p interaction.
Curve A shows an abrupt increase in the linewidth
as the 2A curve is crossed. In these measure-
ments, the important factor in determining the
abruptness of the change is not the focusing condi-
tion, but the total energy height of the resolution
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function. This is most easily seen if we consider
the energy axis in the insert of Fig. 5. I the total
height of the resolution function is large, the finite
size of the resolution function will sample energies
above and below the 2A curves, This contributes
to the rounding near the 2A value,

The frequency position of the abrupt change is a
measure of 2A(7T). The results in Figs. 5 and 6
give a measure of 2A(7'=1.61 °K) along [110] and
[001], respectively. We observe 2A;y;4;=3.1£0.1
meV and 2A4;;=3.20+£0.5 meV, which is consis-
tent with a slight anisotropy and in agreement with
ultrasonic results” and the latest tunneling mea-
surements. !

B. Magnetic field effects

It is well known that the superconductivity can
be destroyed by application of a magnetic field as
well as by increasing temperature. Figure 7
shows the linewidth measurements of [110]T, as a
function of field. These measurements were per-
formed at a slightly lower incident-neutron ener-
gy, with a slight defocusing condition which ac-
counts for the broader linewidths at zero field. In
this experiment the sample temperature was 4.4
°K and the magnetic field was varied, The same
three phonons were measured as in Fig. 3 and we
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from Ref, 22.
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for phonon energy 7w, >2A(H=0). The field where
the linewidth changes corresponds to the critical
field Ho, =1300+ 100 G for Nb.# These results are
qualitatively understood if there exists below H.,
an intermediate state where, because of geometri-
cal effects, the field can penetrate the sample and
normal regions develop in the superconductor.
As H increases, the normal regions become larg-
er and there are, averaged over the crystal size,
more “broken” Cooper pairs for the phonons to
interact with,
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FIG. 9. Low-gq behavior of phonon dispersion curve

along [001] and [110] directions for Nb, Room-tempera-
ture data is from Ref, 24.

FIG, 10. Temperature dependence of the [00¢]T,
£=0.2 phonon showing the anomalous softening for 7,
<T<300°K and an additional softening for T<T,,

C. Line-shift measurements

After having studied the temperature dependence
of the energy linewidth of the [110]T, branch we
now examine what happens to the real part of the
self-energy of the phonons as Nb becomes super-
conducting. Figure 8 shows the behavior of the
peak positions of the three phonons studied above.
They show essentially the same behavior: an in-
crease of phonon energy near 7, and then a subse-~
quent decrease for 7 less than 7,. The changes
are quite small, ~1%, but are larger than the ac-
curacy of the measurements and are reproducible.

A more dramatic effect is observed in the [00Z]T
branch., Figure 9 shows the low-g region of
the phonon dispersion curves in the [001] and [110]
directions. Room-temperature data are from Ref.
24 and our results for 4.2 °K are given. There is
an unusual curvature of the [00¢]T (4A;) branch from
£2 0.1 which persists up to 1056 °K,?® but decreases
with Mo alloying. ?® The temperature dependence of
this branch is anomalous; for ¢ >0.1, the frequency
decreases with decreasing temperature, contrary
to the expected behavior. Figure 10 shows the be-
havior of the phonon energy for ¢=0.2 from 300
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down to 1.6 °K. Between 300 and 10 °K there is
~15% decrease in frequency. An additional, unex-
pected 3% softening is seen as Nb becomes super-
conducting for 7<9,2 °K. Figure 11 shows the
spectra above and below 7,. The shift, though
small, is quite evident and this figure reveals the
sensitivity of our measurements to changes in peak
position of the spectra. The insert in Fig, 10
shows the temperature-dependent behavior of this
phonon within the superconducting region. This
low-temperature behavior was studied for phonon
momentum up to £=0.50 along the [001] direction,

Because of this anomalous behavior in the dis-
persion curve it was impossible to obtain reliable
measurements of the linewidth along this branch.
Since the dispersion changes as a function of tem-
perature the contribution due to intrinsic broaden-
ing of the phonon and broadening due to the change
in curvature within the resolution function are dif-
ficult to separate.

It was not possible to measure any broadening of
longitudinal modes because of the much larger in-
strumental resolution for longitudinal scans. !®
However,, the dip in the [001]L branch?* was studied
at 4.35 °K and also showed a 3% softening com-
pared to room temperature.
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IV. DISCUSSION

The linewidth measurements shown in Fig. 3
confirm the results of Bobetic’s calculations for
high-frequency sound. In Fig. 12, we show the
theoretical behavior of the attenuation of sound at
the frequency corresponding to curve A in Fig, 3
and compare it with the data. The infinite slope
at Zw,=2A(T) is due to the square-root singularity
of the density of states, The smoothing of the dis-
continutities in the observed data is partly due to
the finite height of the resolution function, since
for temperatures near where 7w, =2A(T), part of
the resolution function samples energies greater
and less than 2A." The temperature region where
this is calculated to be important is indicated in
the figure. This accounts for some of the smooth-
ing of the discontinuity but not all. The additional
contribution may be a measure of the gap anisot-
ropy since I'™? at these small q’s samples a belt
around the Fermi surface,

The theory also predicts the magnitude of ‘the
jump in the absorption at 7w, =2A(T) [Eq. (5)]. For
the frequency of Fig, 12, the calculated jump is

ag/dy)ewre=1.2 at 2A=2,4 meV,

T T T I T
tzs/aN vs TEMP
—— CALCULATED
—e— OBSERVED
1.4 - Tc=9.2 °K —
fwp=2.4 mev
N
12k =1.54 A(0) | \ -
1.0 |- |
=z 0.8
3
~
%)
]
0.6 -
0.4}
0.2t
|

6
T (°K)

FIG. 12. Temperature dependence of the ratio of the
attenuation of sound in the superconducting state (ag) to
the sound attenuation in the normal state (ay) for phonon
energy hw,=2.37 meV: hw, /2A(0)=0,76., Dashed line
is from Bobetic’s (Ref, 9) calculation, Solid line is the
temperature dependence of the phonon linewidth (curve
A in Fig. 3).
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The observed value is
G(QS /aN)obs: 1.1x0. 1;

in good agreement with theory. An initially sur-
prising result of the theory, confirmed in the ex-
periment, is that for Zw,=2A(T), the attenuation of
sound exceeds that in the normal state. This more
subtle feature of high-frequency attenuation was
not observable in the earlier experiments'!''? and
provides a convincing confirmation of the theory.

There still remain a few comments to be made,
however, The theory®'° considers attenuation of
longitudinal sound waves and implies a simple
spherical Fermi surface. Our results show that
the effect also exists for transverse modes and a
system where the Fermi surface is not simple,
For transverse modes one has to also consider the
electromagnetic effects of attenuation due to eddy-
current damping of the magnetic fields set up by
the transverse phonons. In the superconducting
state this field is reduced by the Meissner effect
and a discontinuous drop of the transverse-acous-
tic attenuation is expected upon entering into the
superconducting state,?” Because of the enhance-
ment of the attenuation observed just upon entering
the superconducting state, we conclude that the
pair-breaking mechanism dominates the attenua-
tion,

We can compare our measurements with the
theory presented by Allen.® Using the data for
[££0]T,, £=0.07 we obtain

2re?/w,=0,03+0.01,
q Q

If one uses the average quantities in Eq. (2) and
the appropriate values in the literature,?® we ob-
tain (2T¢?/w,),,=0.025, which is in agreement
with the observation,

Allen recently tried to estimate the importance
of a phonon for 7T, by considering the reduction in
T, if the electron-phonon interaction of the partic-
ular phonon is turned off.?® He found that the low fre-
quency phonon studied above has 33 times as much
influence on T, as the average phonon, a result
consistent with the larger e-p interaction. Allen
further emphasized that the occurrence of super-
conductivity in Nb,Sn represents a more extreme
case of the anomalous behavior seen in Nb. A
more complete understanding of the latter may
yield the required knowledge to explain the high T,
of the former. ‘

Selection rules for acoustic-phonon damping in
cubic metals have been calculated for a near-
neighbor tight-binding metal.®® For a bcc metal
such as Nb, no contribution to the linewidth from
the electron-phonon interaction for the [110]T1
phonon is expected. It is clear in Fig. 4 that we
are seeing an interaction of about the same strength
as for the [110]T, phonon.

SHIRANE, AND J.

D. AXE 12
A complete understanding of the temperature-
dependent behavior of the phonon energy as shown
in Fig. 10 is lacking. It appears the behavior can

be divided into two temperature regimes: 7T<T,
and 7>T,. For T<T, the data are summarized in
Fig. 13, where we plot the percentage change of
the frequency along the [001]T branch where the
normal frequency is taken as the value at 10 °K,
For phonon frequencies less than 1.5 meV there
is no change as a function of temperature., As the
frequency increases the softening increases and
there seems to be a minimum near 7w, ~3.0 meV
which closely corresponds to the 2A(0) value.
Schuster!® has calculated the real part of the self-
energy within the BCS theory and his results show
a maximum downward shift at Zw =2A in qualitative
agreement with the observations of Fig. 13, Early
ultrasonic experiments,* working in a much lower
frequency regime have also shown a decrease in
the velocity of sound on entering the superconduct-
ing phase. The effect is much smaller than ob-
served in the present experiment but was observed
in Pb, V, Ta, and Nb. Recent inelastic neutron
scattering experiments®! on Nb,Sn have also shown
a small decrease in phonon frequency on cooling
into the superconducting phase, It thus appears
that when a metal becomes superconducting, there
is a renormalization to lower frequencies of the
small-g acoustic phonons.

Even less well understood, and perhaps more
fundamental, is the more drastic softening of the

T T T T T
Niobium
(l)s -w vs
w
wy N
[oo) T
[0} . -
[
-0.01 _
{ L] L[]
[ ]
-0.02+ . -
p=4
3=z
wnl|3
3
-0.03 |- _
-0.04 - —
T I | L 1 L
1.0 2.0 3.0 4.0 5.0

wy (meV)

FIG. 13. Fractional change of the frequency of the
[00¢ T phonons as a function of energy. wy is taken as
the value of the frequency at T=10°K and wg is the value
near 1,2°K, Minimum corresponds closely to the value
of 2A(0).
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[00¢]T branch that occurs for T'>7,. The strange
q dependence of this branch for ¢>0.1 also is not
well understood. Unusual phonon dispersion has
been observed in several other transition met-
al®?-% and some transition-metal carbides.®® The
correlation exists that the more unusual the dis-
persion curve the higher the 7,.%° Recently Weber
et al.®® and Weber®” have explained the anomalies
in the longitudinal branches of the transition-met-
al carbides and succeeded in predicting an anomaly
in the transverse-acoustic branches which has
since been observed.®® The anomalies Weber et
al. have treated, however, are localized in a
small region in g space. There is no theory as
yet to explain the anomaly in the [001]T branch,
which is extended over most of the zone. It is un-
doubtedly related to some form of electron-phonon
interaction, Chui has been able to explain the dip
in the [001]L branch of Nb and its absence in Mo,
but he did not explain the behavior of the trans-
verse branches.*® A more complete understanding
of the electron-phonon interactions at temperatures

well above T, and its relation to superconductivity
is needed.

V. CONCLUSION

In conclusion, we have confirmed via inelastic
neutron scattering several features of the BCS
theory of high-frequency sound attenuation in su-
perconductors. The attenuation is composed of
two parts: (i) the smoothly temperature-dependent
behavior due to interaction of the phonon with
thermally excited quasiparticles, and (ii) a pair
breaking at %Zw, > 2A(7) which is due to the ener-
getically favorable breakup of Cooper pairs by the
phonon. A discontinuity occurs at Zw,=2A(T) and
agrees well with the calculation,
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