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ly if emission arises from an extremely small
energy surface or if a band gap occurs near
the Fermi surface. '&' In the case of molybde-
num and tungsten it appears that the energy
gap separating the upper and lower b,, bands
is the primary factor in producing the devia-
tion in J(E) from the expectations of the Som-
merfeld model. The resolution of the band gap
in Fig. 1 is not complete presumably because
of emission from the 6, and one leg of the 6,
band, both of which cross the gap region.

Further substantiation that the lower ener-
gy peak in Fig. 2 comes from the lower portion
of the 6, band is provided by the increase in
relative emission from this band as the field
strength is increased (see Fig. 1). This follows
from the larger relative increase in transmis-
sion with electric field for emission from the
lower energy band.

We therefore conclude from these results
that field emission TED measurements can
be employed to elucidate certain special fea-
tures of the bulk electronic structure of met-
als. Also, the close correlation of the TED
results with the internal band structure of mo-
lybdenum and tungsten suggests that bulk elec-
tronic properties are not greatly perturbed
by the presence of a nearby physical surface.
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ELECTROMAGNETIC EXCITATION OF TRANSVERSE MICROWAVE PHONONS IN METALS
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We have generated coherent transverse pho-
nons in indium films by direct excitation with
microwaves. We have also observed the con-
verse effect, electromagnetic radiation from
the surface of indium films when excited by
transverse microwave phonons. Just below
the superconducting transition temperature
T~ the effect rises slightly above the normal-
state value, and then on further cooling it de-
creases rapidly. The experimental results
can be explained semiquantitatively if it is as-
sumed that the major coupling mechanism be-
tween the lattice and the electromagnetic field
is provided by the normal electrons scatter-
ing at the boundaries of the film. ' The condi-
tion necessary for the occurrence of the effect
in a film or in a semi-infinite metal is that
the electronic mean free path be larger than
both the microwave penetration depth and the
phonon wave number. In that case the two op-
posing forces exerted on the ions, the electric
field and the impact of the colliding electrons,
do not cancel each other. In a recent Letter,
Houck et al.' presented evidence of rf-acous-
tic coupling near the surface of metals. How-
ever, their experiment differs from ours in
that it was performed at lower frequencies,

10-40 Mc/sec, and the presence of a dc mag-
netic field was required. No dc magnetic field
was used in this experiment.

The experimental arrangement is illustrat-
ed in Fig. 1. The indium films, several thou-
sand angstroms in thickness, were evaporat-
ed on an optically polished surface of a high-
purity single-crystal germanium rod. The
axis of the rod was along the [110]direction
and its end faces were polished parallel to 5
sec of arc. The germanium face, with the in-
dium on it, was pressed against the bottom
wall of a resonant rectangular microwave cav-
ity. The wall was provided with a 0.5-cm-diam
hole so that some of the microwave current
flowed through the film. The cavity was excit-
ed with 9.3-GHz microwave pulses, 1 p,sec
in duration, 10-W peak power, and 5x10
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FIG. 1. Schematic of experimental setup.
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FIG. 2. Echo amplitude versus the reduced tempera-
ture, (T&-T)/T&. The full points are calculated values
of e from Eq. (4) with A,0=600 A.

duty cycle. The reflected power from the cav-
ity was detected by a sensitive microwave de-
tector and displayed on an oscilloscope. Fol-
lowing the initial excitation pulse, several ech-
oes were observed, delayed by times corre-
sponding to the flight of slow and fast shear
waves through germanium. The insertion loss,
defined as the ratio of the amplitudes of the
strongest echo to that of the excitation pulse,
was 10 '3. In Fig. 2 a recording of the ampli-
tude of one of the echoes is shown as a func-
tion of temperature. The thickness of the film
in this case was about 2500 A and the normal
dc conductivity 2.3 &10' 0 ' cm '. We conclude
from these experimental observations that trans-
verse acoustic waves are generated in the pen-
etration region of the indium film by direct
interaction with the electromagnetic field, these
waves are propagated in the germanium rod,
and the echoes which are reflected back into
the indium film emit microwave radiation in-
to the cavity.

To estimate the conversion efficiency of the
above process, we consider a plane-polarized
transverse electromagnetic wave incident nor-
mally on a film bounded by the planes x = 0 and
x=d. The bulk mean free path / in the film
is assumed to be large compared with d, and
the normal conductivity o~ is determined by
diffuse boundary scattering. To compute rig-
orously the electric field E(x) in the film, a
nonlocal theory should be used. However, for
the purpose of the present calculation it is as-
sumed that E(x) is determined by the classical
skin effect,

E(x) = E(e xp[i(K x-(ut) ]

+ y exp[-i(Kx + &ut)]j/(1+@), (1)

where E, is the electric field at x =0, ~ is the
frequency, R = [4n&a(io, -v, )]'~2/c is the propa-
gation constant, o, is the real and v, the imag-
inary part of the complex conductivity o, and

y =exp(2iRd). We assume the two-fluid mod-
el' with o'1/vN = (T/Tc)' and o2/'oN [1-(T/Tc)']c'/
4~~$0'o~, where go is the penetration depth.

To determine the force exerted on the ions
by the electrons scattering at the boundaries,
we consider the transverse momentum acquired
by an electron in the electric field, —j, eEdt,
where e is the electronic charge and the inte-
gration extends over the time between collisions

The majority of the normal electrons trans-
fer this excess momentum to the lattice at the
boundaries. This transfer is coherent since
the electric field can be taken as stationary
(&T «1). The momentum transferred by the
electrons per unit time and unit area of the
boundary represents a shear stress I acting
on the boundaries. To calculate I' we take in-
to account only the contribution of the normal
electrons whose trajectories begin at one boun-
dary and end at the other boundary. The effect
of electrons which scatter in the bulk is neglect-
ed and superconducting electrons are assumed
not to transfer momentum to the lattice. The
shear stress I', acting on the two boundaries
x=0, d of the film, is then readily calculated
to be

F = exp(-i&et)Eoen [in(l/d) ](1-y)/(1 + y) 2iR, (2)

where n is the density of the normal electrons.
The stress E depends only weakly on / and we
take 1n(l/d) =1 as a reasonable estimate.

The transverse lattice displacement u(x, t)
is derived from the wave equation

ps'u/at' = C 8'u/sx'+Een,

and the boundary condition (2). Here en, is
the ionic charge density. We assume the film
to be deposited on a substrate rod which has
the same shear stiffness constant C and den-
sity p as the film and we neglect sound atten-
uation. The solution for u in the film is giv-
en by the superposition of the four waves,
exp[i(+qx-~t)] and exp[i(+Ex-&ut)], where q = ~/v
is the phonon wave number and v = (C/p)' ' is
the velocity of sound. In the substrate u is giv-
en by the wave exp[i(qx-+t)]. The conversion
efficiency o is defined by o. = fwdf/P, where
P is the microwave power absorbed in the cav-
ity, so = 2C I &u/&x I'v is the acoustic flux, su/sx
is the strain in the substrate, and the integra-
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tion extends over the area of the film. The
insertion loss is given by n', because the con-
version efficiency of microwaves to sound is
kqual to that of sound to microwaves. The ex-
pression for n can be written in the form

2+q Q 2&y sinqd
R'-q' q 1-y (4)

We have used the relation ED =Ho+(1+y)/(1-y)&c
to express Eo in terms of the magnetic field
at the surface IIO. The advantage this has is
that B, changes only slightly as the film is tak-
en through T .

The dimensionless factor c fHo'df/8nP appear-
ing in Eq. (4) represents the enhancement of
the field in the cavity. Its numerical value,
for the cavity used in the present experiment,
was estimated to be about 10. The first term
between the absolute value signs in Eq. (4) is
due to the normal electrons scattering at the
surface and is maximum when the film is nor-
mal (n =n, ) and when the resonance condition
qd =2Nv is satisfied (N is an integer). The
second term between the absolute value signs
results from the electric field driving the ions
directly. Using for the indium film the param-
eters C =1.2 x10" erg cm, p =7.3 g cm
q = 4.5 & 10' cm ', n, = 3.8 & 10" cm ', and oN

10is sec-x~ we obtain for the normal
state (n =n„o,=0, and o1 = aN) l& I

=4.1 x10'
cm ' and IR I/q -10 '. Thus the second term
in Eq. (4) is negligible in the present case.
When the resonance condition qd =2N& is sat-
isfied then a'=3&10 ". This result is 30 times
larger than the experimental value. However,
considering the crudeness of the theory and
the experimental uncertainties this discrepan-
cy is not considered significant. Some of the
discrepancy can probably be accounted for by
the acoustic mismatch between the film and

the substrate, by departure from the resonance
condition, by imperfections in the surfaces,
and by sound attenuation.

To calculate the value of n below T~ we as-
sume, according to the two-fluid model, n/n0
= (T/To) and we use A., as an adjustable param-
eter. We obtain good agreement between the-
ory and experiment, with the exception of the

small peak just below T~, if we choose A., =600
0
A. This value of ~, is in reasonable accord
with the values for indium of 500 A by Toxen, '
and of 600-780 A by Gittleman, Bozowski, and
Rosenblum. ' At the temperature at which the
peak occurs, (T/T )-1=2x10 ', the energy
gap' 6( =42 pV) is of the magnitude of the en-
ergy S~ of the applied microwaves. This sug-
gests that the peak is due to the breaking up
of superconducting pairs by microwaves. Sim-
ilar effects, due to the BCS coherence factors
in the absorption of electromagnetic radiation,
have been observed in nuclear magnetic relax-
ation' and have been predicted for transverse
ultrasonic attenuation. '

The author wishes to express his thanks to
G. Weisbarth for his skillful technical assis-
tance and to G. D. Cody, R. W. Cohen, G. Fish-
er, J. I. Gittleman, M. Lampert, W. Rehwald,
A. Rose, P. D. Southgate, and A. Rothwarf at
RCA, and W. Baltensperger and W. van der
Mark at EidengenOssische Technische Hoch-
schule for helpful discussions.

*Presently on leave of absence at the Heliumlabora-
torium der Eidgenossische Technische Hochschule,
Zurich, Switzerland.

~The coupling mechanism by boundary scattering was
suggested to the author by S. D. Southgate, RCA Lab-
oratories, Princeton, New Jersey.

J. R. Houck, H. V. Bohm, B. W. Maxfield, and J. W.
Wilkins, Phys. Rev. Letters 19, 224 (1967).

3M. Tinkham, in Low-Temperature Physics, edited
by C. DeWitt, B. Dreyfus, and P. G. de Gennes (Gor-
don and Breach Publishers, Inc. , New York, 1962).

4Since the films are probably polycrystalline a suit-
able average of the elastic constants should be used for
C. For simplicity we have used C=C86. [D. R. Wider
and Charles S. Smith, J. Phys. Chem. Solids 4, 128
(1968).] The value of no is based on the assumption of
an electron-to-atom ratio of 1.

5We have used the relation A,0 =~2' (0) [E. A. Lynton,
Superconductivity (JohnWiley @Sons, Inc. , New York,
1964), p. 52] to express A, o in terms of the London pen-
etration depth given by A. M. Toxen, Phys. Rev. 127,
382 (1962).

6J. I. Gittleman, S. Bozowski, and B. Rosenblum,
Phys. Rev. 161, 398 (1967).

VWe have used the relation, valid near the transition
temperature (Ref. 2), A(T) =3.2AT~[1 (T/To)]~2 with—
T'c =3 41'K

L. C. Hebel and C. P. Slichter, Phys. Rev. 113, 1504
(1959).

~James R. Cullen and Richard A. Ferrell, Phys. Rev.
146, 282 (1965).


