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d'o/dfId~~ I+I'&m(~- &&.+~Np+~, ) -ir) ', (4)

where I"= v&[(((gyp+(dD) ) (MNp+Q)o)']. Note that
the resonance is at the average spin excitation
energy and the linewidth is directly proportional
to T~.

With the inclusion of orbital collisions in the
line-shape theory there is qualitative agreement
between theory and experiment for the linewidth
as a function of magnetic field, the general fea-
tures of the line shapes, and the relative peak
positions in the two geometries. Further exten-
sions of both the theoretical and the experimental
results are necessary before a quantitative com-
parison of theory and experiment for the details

'

of the line shape can be carried out. Resonance-
enhancement effects' which make the spin-flip
matrix element I' dependent on k, should be in-
cluded. Improvement in the resolution is also
necessary, particularly in the q H= 0 geometry.
Only qualitative observations of the effects of
varying temperature and electron concentration
have been made and are reported elsewhere. '
A microscopic theoretical treatment of the line
shape is clearly desirable. Some work on this
problem is presently being carried out. ""
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Observation of Second Sound in Bismuth
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We have observed the transition from ballistic to second sound to diffusive propagation
of heat (phonon) pulses in the semimetal bismuth in the temperature range of 1.2 to 4.0 K.
The saturated second-sound velocity is found to be independent of orientation and has a
a value of (0.78+0.05) &&10 cm/sec (3~3times the Debye velocity). The inverse of the
normal process phonon lifetime has a value 7& =4.49 &10 1' sec ~. Scattering due to the
hole-phonon interaction is observed for ballistic L modes propagating along the C3 axis.

In a pure dielectric solid, depending upon the
temperature, heat can propagate without interac-
tion (ballistic phonons), as a true temperature
wave (collective second sound), or by diffusion.
In this paper we report our observation of the
transition from ballistic to second sound to diffu-

sive heat propagating in bismuth and show that
the saturated second-sound velocity (at —3.5 K)
is the same for all three orthogonal axes. The
results indicate that the collective second-sound
mode is probably a true thermodynamic average
of all the different modes of the multiple polariza-
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tion system. In addition, we measure the orienta-
tion dependence of the intensities of the ballistic
pulses (at -1.3 K), and present evidence for hole-
phonon scattering for I. modes propagating along
the threefold axis.

Because of its unique properties as a semi-
metal with a relatively low Debye temperature
9, the electrical and vibrational properties of
bismuth have been extensively studied in the past.
Because of the relatively low carrier concentra-
tion (n, =n„= 3 x10"/cm'), the dominant mecha-
nism for thermal conduction at low temperature
is via the phonons. ' The isotopic purity and high
degree of chemical and physical perfection of
single-crystal bismuth make it a prime candidate
for the observation of second sound in a material
other than a dielectric solid. ' This fact has been
reiterated most recently in the low-temperature
thermal-conductivity measurements of Kopylov
and Mezhov-oeglin. ' The conditions for second-
sound propagation and observation have been well
documented theoretically, ' but experimentally the
only solids to display this mode of heat propaga-
tion to date are helium' and sodium fluoride. ' In
He this experiment has not been attempted at
temperatures low enough to see complete ballis-
tic flow, ' while in NaF the saturation of the velo-
city in the second-sound regime has not been ob-
served because of the onset of resistive (prob-
ably intrinsic) scattering processes In ad.dition,
the orientation dependence has not been studied
in either of these materials. Bismuth is a very
anisotropic solid elastically. The prospect of
observing second sound directly and probing its
evolution from the different ballistic modes as a
function of orientation in a highly anisotropic
medium, and the possibility of observing aspects
of the electron (hole) -phonon interaction motivat-
ed our heat-pulse work in Bi.

The Bi crystals studied were zone refined and
displayed electrical resistance ratios R(300 K)/
R(4.2 K) from 100 to 400. The crystals were
acid-string saw cut to avoid strain, and the sur-
faces were polished very gently using an electro-
mechanical etch. Insulating films of Ge and/or
SiO were evaporated onto opposite surfaces. A
Constantan heater (-1000 A thick) was deposited
on one end and a superconducting Pb bolometer
(-1000 A) on the opposite face. A magnetic field
of up to 1 kG was used to bias the bolometer.
Great care was taken to cool the sample slowly
(from 300 to 77 K over 8 h) and the sample was
hung from only one point to avoid strain. The
submicrosecond heat pulses were generated and
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FIG. 1. Heat puises in Bi a1ong the C3 axis.

detected using standard techniques. '
Figure 1 shows the temperature dependence of

heat-pulse propagation along the C, axis over a
distance of 3.86 mm. The input pulse powers,
for the data reported here, were small, and the
temperature rise above ambient at the heater
was typically less than 0.1 K.

At 1.38 K the arrival of a pulse corresponding
to ballistic propagation of a transverse phonon
group in this direction is clearly observed and is
labeled T. The velocity of this degenerate T
mode is in good agreement with ultrasonic mea-
surements' and confirms that we are, in fact,
seeing ballistic transverse-phonon propagation.
At earlier times where one would expect the ar-
rival of the longitudinal mode (L), careful study
of the data suggests that there is the slight hint
of a pulse, but it is more diffusive than ballistic
in nature, i.e., the signal rises at the expected
ballistic arrival time but keeps increasing rather
than reflecting the pulse shape. This lack of I.
mode (in a direction where we expect strong L
mode focusing) is due, we believe, to hole-pho-
non scattering. We will return to this point
shortly.

As the temperature was raised to 3.5 K, a
broadening of the pulse was observed and a de-
layed arrival of the peak position resulted (Fig.
1). Above this temperature the result of resis-
tive processes became apparent as the pulse lost
its form and the peak was further retarded in
time. This higher-temperature dependence of
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FIG. 2. Arrival time of the peak position as a func-
tion of temperature from the data of Fig. l. . Solid line,
calculated from the dispersion relation for second
sound (see text).

the heat pulse was consistent with the thermal-
conductivity data which exhibited dominant um-
klapp scattering above 3.5 K.

It is the time retardation and broadening of the
pulse below 3.5 K with maintainance of true
pulselike behavior that we associate with the on-
set of second-sound propagation. In Fig. 2 the
arrival time of the peak of the pulse is plotted as
a function of ambient temperature. It is seen
that the arrival time begins to saturate at about
3 K. Assuming a plane-wave solution for tem-
perature propagation in the second-sound regime
(T = T,e'~'" '~) and defining a "second viscosity"
in analogy with hydrodynamics, the heat-flow
equation can be solved and the dispersion rela-
tion for the resulting temperature wave is"

Ad l(dk T(C& —Cz )O'C, '= co'+ —-=-
7 g 1 —2(dT

with ~ ' = T~ '+ 7„' and where C, is the second-
sound velocity, C, is the ballistic phonon velocity
(assuming single-mode propagation), ws is the
resistive scattering time, and ~„ the normal-
process scattering time. The real and imaginary
parts of 4 determine the phase velocity and the
attenuation of the wave, respectively. From
this equation it is clear that the conditions for
observations of unattenuated second sound are
Cg7 N &&l and C]7g )&l, where l is the propagation
length.

Employing this dispersion relation and for
simplicity assuming in the region 1.5-3.3 K that
Tg —~ the experimental value for T„has been

T I ME (p.sec)

FIG. 3. Heat pulses in Bi along the twofold axis.

calculated from the velocity profile of Fig. 2.
The saturated second-sound velocity C, was
found to be v„/V3 = 0.78 &&10' cm/sec where v„ is
calculated from the 0 K value" of 8 (120 K). A

best fit to the velocity-profile data (solid line of
Fig. 2) was obtained using (1) and with i~ '
= 4.49 0&10 T"". It should be emphasized that
this value of v„ is strictly valid for the T modes
in the C, direction, although the T' dependence
is believed to hold for all modes. The estimate
of 7.~ from thermal-conductivity data" indicates
a similar temperature dependence but an average
numerical value some 7 times smaller than our
heat-pulse analysis for the T modes. The tem-
perature dependence observed by us is close to
that found by Rogers' for NaF, but is faster than
the T ' dependence for ~~ found by Ackerman
and Guyer4 for solid He4. Theoretically, Her-
ring" has predicted an +T' dependence for z~ '
for subthermal phonons. Measurements of the
explicit co dependence are planned.

The results for propagation in the twofold axis
over a distance of l = 9.06 mm are shown in Fig.
3. Unlike the C,-axis results, at the lowest tern-
peratures we observed the ballistic propagation
of all three modes. Note the large velocity dif-
ference between the two transverse modes. As
the temperature was raised, all th~ee ballistic
modes decreased rapidly in intensity as a result
of phonon decay by N processes. By 3 K most of
this intensity was transformed into a new peak,
the second-sound mode, propagating at a velocity
slightly slower than ST. This observation in-
dicated that the second-sound pulse consisted of
a true thermodynamic mixture of all the modes
of the system. This was further borne out by the
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fact that the saturated second-sound velocity
(at -3.4 K) was again found, within experimental
error, to be equal to C, =v„/W3=0. 78 &&10' cm/
sec. At high temperatures, (&3.5 K), the diffu-
sion pulse, as in the C, axis, began to dominate
the data.

The results in the bisectrix direction, although
different in detail, displayed qualitatively similar
behavior to that in Fig. 3 with all three modes
again decaying into a second-sound mode in the
vicinity of 3 K with the same velocity as above.
The orientation dependence reported here has
been seen both in the same sample and in three
different samples. In addition, in all directions
we observed the pulses on a long background
tail as is evident in Fig. 3. This we ascribe to
electronic effects associated with measurements
on metallic crystals, but the details are not
presently understood.

The question arises as to why the L mode is ab-
sent in the C,-axis results. We believe this is
because of hole-phonon interactions. It has been
shown that the frequency spectrum of phonons
emitted from a heater is blackbody in nature"
and can be simply described in terms of a char-
acteristic heater temperature T„. For a heat
pulse of 2 K, the average L-phonon wave vector
q is 4.5&10' cm '. The caliper dimensions of
the hole surface" (assuming it to be an ellipsoid)
are given as 2k, = 2k, = 2.74 && 10' cm ', while 2k3
= 9.4~10' cm '. Hence, for phonons propagating
in the C, axis, scattering is possible, while
orthogonal to this direction, conservation of
momentum disallows the process. In addition,
we know that the L-phonon mean free path A~ is
given approximately by"

1/Xz = (m*)'E„'v/pc~'k',

where & is the mass density, I*is the effective
mass of the scattered holes, v is the phonon
frequency, and E„ is the deformation potential.
For values of m*=0.2m, and E„=6.5 eV this
gives a X~ in the C, axis of the order of 0.01 mm,
not inconsistent with our results.

In the bisectrix direction we expect electron-
L-phonon scattering. The electron surface is an
ellipsoid tilted 6 20' from this direction. Using
an appropriate effective mass (-0.01m, ) for pho-
non scattering by a 2-K heat pulse, one obtains
an L-phonon mean free path -4mm, and not in-
consistent with our data. Because of the shapes
of the electron and hole surfaces, L-phonon scat-
tering in other directions is expected to be very
weak. Of course, since the phase space for um-

klapp scattering is so small, we do not expect
to see T-phonon scattering in any direction. Be-
cause of the highly directional nature of the L-
mode scattering, and the low density of states,
it is not surprising, then, that the second-sound
velocity is close to U„/v3.

In summary, we have observed the transition
from ballistic phonon to second-sound propaga-
tion in bismuth, with a saturation velocity in-
dependent of orientation and equal to v, /W3. The
velocity curve (as a function of temperature) for
the second-sound mode along the C, axis was
found to yield a T ' dependence for the normal-
process relaxation time 7„. Finally, we believe
we have seen a manifestation of hole-L-phonon
scattering along the long axis of the ellipsoid.
Electron-phonon scattering along the bisectrix
was found to be considerably weaker, consistent
with our theoretical estimates.
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Energies of isobaric-analog resonances in proton scattering on magic, transitional,
and strongly deformed nuclei have been measured with an accuracy of about 15 keV. A

simple phenomenological formula describes the deduced Coulomb displacement energies
of magic nuclei in the range & =48 to 208 with an average deviation of 8 keV. Deviations

from this formula for nonmagic nuclei are explained by the effect of nuclear deformation.

aZ 60 86 Z
o = ~vis + &+ I 1 —(- 1)'] (2)

where a =1394.1 keV and b = —416 keV have been
adjusted by a least-squares fit. All terms are
given in keV. Because' of the experimental er-
rors in Eo, formula (2) is accurate to about 20

We have measured one or more resonances in
the reactions "Sr(P,P), "Ar(P, P), '"Ce(P,P),
'"Pr(P, P), ' Nd(P, P), '"Sm(P, P), and ' 'Pb(P, P),
using the proton beam of The University of Texas
three-stage tandem accelerator and cooled semi-
conductor detectors. Considerable effort was
made to obtain an accurate energy calibration of
the analyzing magnet. The resonances were ana-
lyzed with the Breit-Wigner formula by methods
described by Seitz. ' Energies from excitation
functions at several angles were averaged for
each resonance. We found agreement with other
values for "Sr,' for '"Ce,"for '"Nd, ' for '"Sm, '
and for '"Pb, ' within the accuracy of about 15 keV.
The excitation curves on "Zr" had to be shifted
slightly to agree with our measured resonance en-
ergies. Energies of all strong and well-separat-
ed resonances were combined with the most accu-
rate Q values of the corresponding (d, P) reaction
presently available"" to give the Coulomb dis-
placement ener gies;

ED =E„,' '+Q(d, p) +2.225 MeV.

The average energies ZD for the above-mentioned
nuclei are given in Table I, together with the en-
ergies for ~ Ba- La derived by Seitz et al. and
for "Ca-"Sc." The theoretical energies, given
in Table I, were calculated from the formula

keV, whereas a and b separately are only accu-
rate to + 3 and + 40 keV, respectively. The first
term in this formula describes the direct and the
second, mainly the exchange Coulomb energy.
The third term describes the Coulomb pairing in-
teraction, "which is zero, except for odd-Z nu-

clei, and almost negligible for heavy odd-Z nu-
clei. The last term is an approximation to the
Coulomb spin-orbit term, "where we have set for
the nuclear radius R =1.2 A'~s, and t =((1 o)). For
the expectation values (l o) we have

(1 o) =
l for j)l,
—(l+1) for j &l.

TABLE I. Comparison of experimental and theoreti-
cal displacement energies for spherical nuclei.

Analog pair

expt
D

(MeV+ keV)

thcoI'

(MeV)
Deviation

(kev)

"Ca4'Sc
89Sr89Y

"Zr91Nb
139B 189L
141Ce141pr
142Pr142Nd

'4'Nd"'Pm
'4'Sm"'Eu
209pb 209B.

7.094 + 11
11.337+ 25
11.856 + 28
14.650 + 15
15.097+ 15
15.315+ 12
15.540 + 16
15.974+ 15
18.811+19

7.103
11.344
11.846
14.640
15,091
15.317
15.536
15.965
15.830

9
7

—10
—10
—6

2
4

—9
19

These values are averaged over the 2T+1 neu-
tron orbits, which constitute the analog state in a
shell-model description, to give t. In the case of
the closed-shell nuclei considered here, the
shell model gives very reliable configurations for
the analog states, since other configurations
would conflict with well-known level orders. For-


