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Table I. Comparison of the anomalous photoemis-
sion peak with observed low-energy characteristic
energy-loss peaks. Ez refers to the energy of the
anomalous peak with respect to the Fermi level, &d1
to the highest-energy d -band photoemissive peak,
and &E

&
to the lowest energy-loss peak. All ener-

gies are in eV.

Metal

Fe
Co
Ni
Cu

Ag
Pd

-5.5
5 1a

—4.6
—6.2

&—7.0b

—7.07

-0.3a
-0.3
—0.3
-2.1
-4.2
-0.2

5.2
4.8
4.3
4.1

&2.8
6.8

5.3 + 0.4
4.6+ 0.4c
4.3 + 0.4
4.5 ~0.2'
4.1+0.1
6.8 +0.2

effect and not a lowered plasma loss. Although
photoemission data do not extend to this ener-
gy, Yu and Spicer' indicate the presence of an
optical ref lectivity peak at -7.0 eV and do not
rule out the possibility of a photoemission peak
at this energy.

It should be emphasized that our proposed
explanation of the observed anomalous peaks
does not attribute them directly to the electron-
ic density of states. On physical grounds, we
argue that such peaks should occur as a conse-
quence of energy loss to secondary excitations,
and therefore that the observed "optical" den-
sity of states should correspond qualitatively
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to the result of folding the characteristic loss
spectrum into the true density of states. The
relative magnitude of these secondary peaks
depends on the strength of interactions that are
not directly related to the true density of states.
This is compatible with the observed wide vari-
ation of the relative strength of the anomalous
peaks in different transition metals. '

The authors are indebted to Professor W. E.
Spicer for several valuable discussions.
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A recent Letter by Larsen and Saermark'
describes the electromagnetic generation of
acoustic waves in aluminum. They explain their
experimental results on the basis of the heli-
con-phonon interaction. The present paper
presents evidence that rf -ultrasonic coupling
can occur near the surface of a metal in the

presence of a magnetic field, independent of
helicon propagation. The results of our exper-
iments are consistent with a model which as-
sumes that the external electromagnetic fields
couple directly with the electromagnetic fields
of the acoustic wave.

The experimental arrangement is shown in
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FIG. 1. The sound wave generated by an rf pulse in

the coil propagates through. the sample and the 3-cm-
long X-cut quartz delay rod to the 10-MHz AC-cut
quartz transducer. The experiment was performed at
4.2'K in a 50-ko superconducting solenoid.

Fig. 1. The rf fields generated by the coil ex-
cite an acoustic wave at the surface of the sam-
ple. The acoustic wave is detected by a piezo-
electric transducer after propagating through
the sample and the quartz delay rod. The pulsed
eleetronies system is similar to that. used in
conventional ultrasonics.

We have studied a number of samples using
a 1-p,sec burst of 10-MHz carrier; carrier
frequencies up to 40 MHz were briefly surveyed.
We have found it possible to excite an ultrason-
ic signal in the sample by pulsing the rf coil
and using the quartz transducer as a receiver
(the quartz delay rod is used to obtain a time
separation of several microseconds between
the transmitted pulse and the received signal).
Conversely, the electromagnetic fields of a
sound wave generated in sample by the quartz
transducer induced a voltage in the coil. The
amplitude of the transmitted ultrasonic signal
was found to be proportional to the magnetic
strength. In general, the signal-to-noise ra-
tio was less than 2 for Bo&5 kG.

The effect can be seen most simply be treat-
ing the metal as a two-component plasma of
electrons and ions. Let n (N) be the number den-
sity and m (M) the mass of the electrons (ions)
of charge -e (+Ze). In aluminum, the square
of the electron plasma frequency &up'(= 4wne'/m)
and of the ion plasma frequency Qp~(=4~2'Ne'/
M=4wnZe'/M) are 5.6X10" sec ' and 3.6x10"
sec ', respectively. The cyclotron frequency
&uc [=eB,/(mc)] at 10 kG is 1.8&&10". A charac-
teristic transverse sound velocity s is 3.4&&10'

cm/sec in Al and a typical frequency of the ap-
plied ae field is 10 Hz. Take the static field Bo
in the z direction; use the + notation (e.g., E
=E~+iE&) for all transverse fields and currents.
Then the Fourier components in space (k) and
time (tu) of the ionic and electronic currents

(d(d

4m i&a& = + E.-el
C

(2)

In the expression for the electronic current
we have supposed, for simplicity, that ~c7
»1, +7, or vFk7, where v is relaxation time
of electrons and vF is the Fermi velocity.
Furthermore, we have neglected Shubnikov-
de Haas effect in electrical conductivity. Like-
wise for simplicity (and not necessity) we have
neglected the attenuation of the acoustic waves.

These two equations must be consistent with
Maxwell's equations and boundary conditions
at the surfaces. For simplicity we circumvent
the boundary value problems by a self-consis-
tent treatment of the electric field. That is,
we write E =Eext+Eind, where Eext is the ex-
ternally applied ac electric field of the coil
and Eind is the field induced by the currents
via Maxwell's equations. Hence, in the low-
frequency limit, the wave equation becomes

mi~J~ = c2k2g
1nd

where J =J ++8ion
Solving for the ionic current, we find that

2C%2

4niJ = — '. E
ion D~(k, &u) ext

'

The denominator

(3)

= (u'+ (0 /(u )'(u(u, "acoustic. "
p p c (4b)

The poles (4a) correspond to helicon (k ) and
the damped wave (k+) of opposite helicity. The
shift in the helicon wave vector due to the ions
is less than 0.01%. The effect of the electrons
on the acoustic poles (4b) is much larger and
is demonstrated most clearly by calculating
the residue of the ionic current at the acous-

D (y &u)=(sQ -M)(CP yRR /N )-Mg
P c P

has poles at

/S (d 4l Q 43(d cls'k '=—+l + I "heliconlike" (4a)
C (d &dc
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Table I. Materials in which electromagnetically generated acoustic waves have been observed.

Sample Structure
Thickness, d

(mm) Remarks

Ag
Al

110
110
111

Polycrystalline
foil
100

6.3
3.0
4 5
0.02

2.1

sound
d ~~ ~sound

d « ~sound

~sound = &he].icon

tic poles (4b):

cQ k
p

4m i Res (fJ. (A' ')j= ~ ——— (o E
ion + s + c ext

Hence, the coupling of the ionic current to the
applied electric field (Ee~) is linear in the
static magnetic field as observed.

In a field of 10 kG, a 10-MHz helicon would
not propagate because of damping via the mech-
anism of Doppler-shifted cyclotron resonance
absorption. This form of nonlocal damping
occurs when kvF & w, which is never the casec'
for the acoustic poles for the range of frequen-
cies and static magnetic fields used in this ex-
periment.

Since the time delay of the transmitted ultra-
sonic signal does not vary (within a measure-
ment accuracy of approximately 2%) as a func-
tion of magnetic field, and because the ultra-
sonic signals may be seen below the magnetic
field strength of the "helicon edge, " it is evi-
dent that the interaction is not dependent upon
the generation of helicon waves in the conven-
tional sense. Further, the amplitude of the
ultrasonic signals does not change significant-
ly when the sample is tilted with respect to the
magnetic field up to an angle of approximate-
ly 15' (the largest angle for which data have
been obtained).

Table I gives a brief summary of our obser-
vations. The measured transit times through
aluminum agree mell with previous measure-
ments. ' To date we have not investigated in
detail the parameters governing the generation
of various types of ultrasound. For example,
in the aluminum-foil sample we found that the
only signal received by the quartz transducer
was a slow shear wave in the quartz delay rod
(vs=3.2 &&10' cm/sec), whereas as in the [111]
single-crystal aluminum sample we have ob-
served the sound velocity in the quartz delay

rod to be the fast shear wave (v = 5.1 x 105 cm/
sec). We have also received signals using an
X-cut (i.e., longitudinal wave) quartz transduc-
er; it is, however, very possible that these
signals were due to mode conversion at vari-
ous boundaries. Theoretical considerations
suggest that both shear modes and possibly
the longitudinal mode may be generated in the
sample. The detection of these various modes
depends strongly upon the relative orientation
of metal sample (if it is a single crystal), the
delay rod, and the shear axis of the quartz trans-
ducer.

The amplitude of the signal produced in the
single-crystal aluminum samples (resistivity
ratio of 5000) displayed the usual Landau-lev-
el oscillations for Bo ~25 kG. The periods of
these oscillations are in agreement with the
known Fermi surface of aluminum. The ampli-
tude of the oscillations increased as the tem-
perature was reduced to 2'K.

In the metal samples, the phase velocity of
the sound wave is much greater than the heli-
con phase velocity; thus the two modes are
essentially independent. However, the helicon
and sound-wave velocities are nearly equal in
the PbTe sample, and hence there is a strong
mixing of the two modes. The observed signals
were qualitatively different in the case of PbTe.
The pulse amplitude was not linearly related
to Bo, and there mere indications that there
mas acoustic generation throughout the bulk
of the sample.

It is a pleasure to thank Professor N. W. Ash-
croft for many stimulating discussions.
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The observations of a Peltier effect' and
an Ettingshausen effect2 in type-II supercon-
ductors in the flux-flow state have been ex-
plained in terms of the motion of individual
fluxoids by the original authors and in subse-
quent, more detailed treatments. s ' We wish
to report detailed observations of both effects
in pure niobium, which cannot be explained
in terms of a simple fluxoid model, and which
moreover suggest that in the flux-flow state
the normal current makes a contribution to
the entropy flow.

This investigation was made possible by
Dr. R. W. Meyerhoff of the Union Carbide
Corporation, ' who provided us mith a speci-
men of pure niobium with a ratio of 3000 be-
tween the room-temperature resistance and
the value at 9.5'K. The specimen was in the
form of a strip 2.5 cm long by 0.52 cm wide
by 0.02 cm thick. A uniform magnetic field
could be applied perpendicular to the plane
of the strip. The specimen was clamped at
its ends to current leads of high electrical
conductance made of a slightly impure indium
alloy, and these leads were in the normal
state at all temperatures at mhich measure-
ments were made. All the data were taken
with a current density of 1330 A/cma. Quan-
tities measured in the direction of current
flow will be given a subscript &, while those
transverse to the current mill be denoted with
a subscript y.

Carbon resistance thermometers and Con-
stantan heaters of matched resistance were
mounted at each end of the specimen at the
In-Nb junctions. With current flowing, the
power dissipated in the heater at the cold junc-
tion was adjusted so that the thermometer

readings mere unchanged when the current
direction was reversed and the power moved
to the opposite junction. This power equals
twice the Peltier pomer. The temperature
difference across the specimen never exceed-
ed a few millidegrees. The Peltier power was
divided by the current to yield the usually de-
fined Peltier coefficient, '~' Hz. We estimate
the relative accuracy of the values of II& in
the flux-flow state to be better than 5%.

Thermometers were also mounted on each
edge of the specimen at its center, and the
temperature difference &T& determined for
each current direction. Appropriate power
was dissipated in the heaters at the ends to
nullify the effects of Peltier heat. The ther-
mal conductivity of the specimen, K, mas al-
so measured as a function of magnetic field
while the current was flowing through it. In-
stead of the Ettingshausen coefficient, ' we de-
fine a quantity 11& = -(4T )v/mZ„, where w is
the width of the specimen and J„the curr ent
density, which is the analog of II&. The rela-
tive accuracy of these measurements is esti-
mated to be 10%.

In addition, appropriately placed probes per-
mitted the longitudinal voltage (see Fig. 3) de-
veloped across the specimen to be measured,
as well as the Hall voltage near each junction.
The two Hall voltages so determined were av-
eraged to allom for slightly different behavior
at each junction. The voltages were convert-
ed to a longitudinal electric field, Z~, and a
Hall field, F&. These data are similar to those
published" for niobium. We remark that be-
tween about 0.950~2 and II~2 both electric fields
show a relatively rapid increase compared to
their rates of change at lower magnetic fields.
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