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make it possible to pump paramagnetic salts
at low temperatures at the optically active
phonon frequency, producing acoustic phonons
at half the pump energy with anomalously large
amplitudes. These phonons could then be de-
tected in abso'rption as vibronic sidebands on
the low-energy side of the no-phonon line.
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A new type of structure in the tunneling char-
acteristics of Al-A10~-Pb film diodes (Al and

Pb both superconducting) has been reported
recently for diodes employing very thick Pb
films (2.9-9.7 p.).~ The structure consisted
of damped oscillations in d'V/dI2 vs V which

were periodic in V and reflected weak period-
ic structure in dI/dV. Evidence was present-
ed indicating that the structural period Av de-
pended only on Pb film thickness d(Pb). Spe-
cifically, hv was found to be proportional to
1/d over the range investigated. When inter-
preted in terms of a standing wave phenome-
non, the slope of hv vs 1/d yielded a charac-
teristic velocity comparable to the Fermi ve-
locity.

Similar oscillations have now been observed
with thick In films (5.8-32.2 p,), demonstrat-
ing that the effect is not restricted to strong-
coupling superconductor s and hence may occur
rather generally. Furthermore, preliminary
measurements indicate that the structural am-
plitude can be greatly enhanced (factors of five
or more in d2V/dI2) by deposition of a rather
thin "overlay" of silver (-0.2 p, ) on the exposed
In or Pb film surface, even though the silver
may be tens of microns away from the A10X
barrier at which tunneling occurs. Prelimin-
ary indications are that Av is insensitive to
the presence of the silver overlay for the rel-
atively thin silver films employed so far. Fin-
ally, measurements on very thick films (33 p.

for In and 26 p, for Pb) suggest the absence
of an energy gap in the excitation spectrum
in the long-wavelength limit.

Diodes were prepared by standard methods'
and exhibited room-temperature resistances
in the range 2-100 Q. Thin Al films (-300 A)
allowed the influence of longitudinal magnetic
fields to be studied with both Al and In super-
conducting. Diode pairs (sisters) fabricated
simultaneously, and differing only by one hav-
ing a silver overlay, were employed in struc-
tural enhancement studies. All films were
deposited on glass substrates nominally at room
temperature. Preliminary x-ray studies have
disclosed that the resulting polycrystalline In
films exhibit a, strong (101) texture, i.e., (101)
crystallographic planes tend to be aligned par-
allel to the glass substrate. ILead films be-
have similarly but with (ill) planes involved. j
Weighing techniques were utilized to determine
In film thicknesses. Conventional modulation
methods were employed to measure dV/dI a,nd

d V/dI2.
Plots of dV/dI and d'V/dI' for an In film 8.5 p

thick are presented in Fig. 1. These data are
for a diode unit with a silver overlay. The
structural amplitude (d'V/dI2) is approximate-
ly five times greater than for a sister unit with-
out silver. To within experimental accuracy,
hv was the same for both units. The corres-
ponding structure in dV/dI is much stronger
than previously reported for Pb (without sil-
ver), ' but is comparable to that observed with
Al-A10x-Pb diodes having a silver overlay.

Matters now proceed much as for the case
of Pb. Structural features in d V/dI' have been
indexed by integers g with q=1 corresponding
to the first and strongest peak of the series.
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FIG. 1. Voltage dependence of dV/dI and d2V/dI2 for
an Al-A10&-In tunnel diode. Modulation levels were
14 pV (rms) and 70 pV (rms), respectively. The In
film had one surface covered with a relatively thin

( 0.2 p) film of silver. The structural amplitude in
d V/dI was approximately 5 times greater than for a
very similar diode without silver. Integers q index
peaks in d V/dI2 with q = 1 corresponding to the first
peak of the series (not shown). Voltages && denote
points of maximum negative slope in d V/dI and cor-
respond to local maxima in dI/dV. For the relatively
thin films of silver employed, hv did not appear sensi-
tive to the presence of silver, The relationship be-
tween the encircled feature and the main structural
sequence is not clear at this point.

(Only oscillations corresponding to 2 ~ q
~ 7

have been included for clarity. Structure cor-
responding to g =9 was discernible in the or-
iginal d'V/dI' data. ) Under conditions of the
experiment, points of maximum negative slope
correspond to local maxima in dI/dV and are
labeled V&. A plot of V&(q) yields a straight
line of slope hv and intercept Vo=b, (ln)+b. (Al).
This is taken as evidence for the presence of
assisted tunneling processes corresponding
to quantum emission. ~~ A new feature of the
present data is the sharp dip in d V/dI (encir-
cled in Fig. 1) occurring between V, and V, .
Preliminary observations suggest that the
strength and form of such features are sensi-
tive to the presence of silver, while the volt-
age at which they occur depends primarily on
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FIG. 2. Variation of oscillation period g p with in-
verse In film thickness d(In).

d(ln). ~ The relationship between such features
and the main structural sequence is not clear
at this point. ' Figure 2 depicts the proportion-
ality between hv and 1/d for the range covered
and indicates that any energy gap in the exci-
tation spectrum (as 1/d tends to zero) must
be less than 0.07 meV. (For Pb, the gap must
be less than 0.05 meV. )

There appears to be a strong analogy between
the general behavior of Al-A10~-In and Al-
A10X-Pb diodes. Both In and Pb have hv insen-
sitive to voltage polarity, specific junction im-
pedance, and the presence of longitudinal mag-
netic fields less than the bulk critical value.
Both behave similarly with respect to thermal
smearing and annealing effects. Both show
structural enhancement with silver. (Structure
of the type under consideration is observed
only when both diode members (Al/In or Al/Pb)
are superconducting. )

In view of the foregoing evidence, it appears
reasonable to ascribe a common origin to the
structure associated with In and Pb. It has
been tentatively suggested that the effect in
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Pb may be attributable to collective electron-
ic excitations involving Cooper pairs. ' A key
point underlying this view was that if one a,s-
sumed a, standing wave model, the observed
slope of hv vs 1/d yielded a velocity v compar-
able to the Fermi velocity uF. Table I indicates
a similar result for In. Values v, and v, for
In were calculated from the data of Fig. 2 on
the basis that the wavelength equaled either
d or 2d. Three values of uF have been includ-
ed for comparison'. uF1 corresponds to the
free-electron value with m*=rn, uF2 to the
free-electron value with calorimetric values
of m* (1.35m for In and 2.1m for Pb), and uF3
to experimental values obtained from anoma-
lous skin-effect data. (Valences of three and
four were assumed for In and Pb, respective-
ly. ) It is interesting to note that In and Pb have
ratios v2/uF2 approximately equal to v3 /2
(0.85 and 0.86, respectively).

It is difficult to assess the importance of
crystalline texture at this juncture since all
tunneling experiments have involved strongly
textured In and Pb films. Repetition of such
measurements with single-crystal laminae
(perhaps epitaxial films or recrystallized foils)
as a function of orientation would be of consid-
erable interest, as would measurements with
randomly oriented polycrystalline laminae.
Both approaches pose challenges with regard
to experimental technique.

Generally speaking, the present results con-

Table I. Comparison of velocities v~ and v2 (calcu-
lated from h v vs 1/d plots) with various values of the
Fermi velocity. a

c
2

5.5
3o7

10.9
7.5

17.3
18.2

12.8
8.7 5 ph

aAll velocities are in units of 10 cm/sec.
Wavelength taken equal to d.
Wavelength taken equal to 2d.
Free-electron prediction assuming m*/m to be

unity.
Free-electron prediction using m~/m ratios from

specific-heat data (1.35 for In and 2.1 for Pb),
Values obtained from anomalous skin-effect data.

gP. N. Dheer, Proc. Roy. Soc. {London) A260, 333
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hJ. Bardeen and J. R. Schrieffer, in Progress in Low
Temperature Physics, edited by C. J. Qorter (Inter-
science Publishers, Inc. , New York, 1961), Vol. III,
Chap, VI, p. 243.

tinue to support the view that thick films of
certain superconductors exhibit geometrical
resonances (standing-wave modes) to which

tunneling electrons may lose energy in quan-
tum-assisted transitions. Since the effect has
now been observed in both strong- and weak-
coupling superconductors, there may be in-
creased reason to anticipate its general occur-
rence.

Perhaps the most interesting and potential-
ly useful aspect of the present investigation
stems from the apparent sensitivity of the struc-
tural amplitude to the presence of an overlay.
At best, this could mean that two new control-
lable variables —overlay species and overlay
thickness —have become available. With regard
to the former, the normal metal (Ag) could
be replaced with a superconductor, ferromag-
net, semiconductor, insulator, or even a com-
posite laminar structure. If she overlay does
indeed produce its effect by changing the con-
straints imposed on an excitation wave, then
investigations of this type might shed light on

the generalized displacement associated with
the excitation. The actual merit of such an
approach remains rather. problematical for
the moment. Returning to silver, whether the
thin overlay produces structural enhancement

by providing unpaired electrons at the thick
superconductor's boundary or whether other
factors are involved cannot be decided on the
basis of the limited information currently avail-
able. It is clear, however, that a number of
possible experimental continuations are avail-
able.

The author is indebted to T. Wolfra, m for val-
uable discussions, and to R. R. Hargrove for
preparing the diodes studied.

Note added in proof. —It ha, s recently been
brought to the author's attention that W. I .
McMillan and P. W. Anderson have formulated
an alternative explanation for the origin of the
observed structure including the enhancement
effect. Their explanation involves the birefrin-
gent propagation of single-particle excitations,
and appears capable of accounting for the ad-
ditional structural feature encircled in Fig. 1.

)Based on work sponsored by The Division of Re-
search, Metallurgy and Materials Programs, U. S.
Atomic Energy Commission, under Contract No.
AT-(11-1)-GEN-8.
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Transitions corresponding to quantum absorption
[O- lVl - l&(1n) +&{Al)l] have not as yet been observed.
As in the case of Pb, this is thought to reflect the low
equilibrium excitation of the energy reservoir (at
1.1'K) to which tunneling electrons couple.

4Similar effects are observed in Pb although there

the situation is further complicated by the apparent
multiple-gap behavior associated with thick Pb films.

5It is conceivable that such features may be related
to the type of infrared-absorption structure observed
for single crystals of Sn. P. L. Richards, Phys. Rev.
Letters 7, 412 (1961).
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The accepted model for the Fermi surface
of cadmium is the modified single-orthogonal-
ized-plane-wave (OPW) surface first proposed
by Harrison. ' This surface must be described
in the single-zone scheme since the degeneracy
of the energy bands across the AIIL symmetry
plane of the hexagonal-close-packed Brillouin
zone is removed when spin-orbit interaction
effects are considered. ' The results of a num-
ber of previous experiments' pertinent to the
electronic band structure of cadmium have
been interpreted in terms of this model. Our
de Haas-van Alphen (dHvA) and magnetoresis-
tance investigations in cadmium indicate that
this description of its Fermi surface in incor-
rect in certain essential details. The purpose
of this Letter is to describe the model which
fits our data (as well as data previously pub-
lished) and, in addition, to discuss some in-
teresting magnetic breakdown4 effects which
we have observed.

The dHvA measurements were taken in mag-
netic field strengths extending to 38 kG utiliz-
ing low-frequency field-modulation techniques. '
The crystals used in these investigations were
purified by zone refining and had residual re-
sistance ratios (R300~/Rl 1~) of 39000. The
extremal cross-sectional area branches which
were derived from the observed dHvA frequen-
cies' and which are pertinent for this discus-
sion are shown for the major crystallographic
planes on a semilog plot in Fig. 1. The angu-
lar variation of each of these branches was
determined from field-rotation diagrams. '
The data are accurate to 0.1Vo.

The extremal-area branches o.' and p, in Fig. 1
have been observed in previous experiments.
However, they were thought to be degenerate
along (0001) and hence consistent with a six-

fold set of cylinders whose major axes were
tilted 28.5' from (0001) toward (1120). These
were assigned to diagonal arm modifications
of the hole sheet in the second zone of the sin-
fle OP%' model. ' Our measurements show that
these two branches are not degenerate at (0001)
and that in fact they arise on sheets of the Fermi
surface which have an axis of symmetry along
(0001). Branch o. arises on a. closed sheet of
the Fermi surface. We have assigned it to the
hole sheet in the first zone of the single-OPW
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FIG. 1. The extremal dHvA cross-sectional area
branches associated with the sheets of the Fermi sur-
face in the first and second Brillouin zones of cadmium.
The polar angle, 8, measures the angle between (0001)
and the magnetic field direction. The azimuthal angle,
y, measures the angle between (1010) and the direc-
tion of the magnetic field when the latter is in the bas-
al plane. The unit of area is reciprocal square ang-
strom s.


