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valid at low vapor pressures. The surface con-
tour calculated by Kontorovich is a nonequilibrium
state which is detectable only in the limit of van-
ishing vapor.
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Bound- and virtual-state structure has been observed in the tunneling characteristics
of thick Cd films deposited over Pb. We observed amplitude effects displaying a temper-
ature dependence not previously reported. An important point is made concerning basic
spacings of bound and virtual levels. Amplitudes and level spacings appear to contain
retrievable proximity-effect information. Taking nonlinear effects into account, a value
of vp=1,30x10% cm/sec is obtained for the ¢ direction,

Oscillatory structure in the tunneling density
of states pg(w) of thick (d, =1 um) superconduct-
ing films (M,) results from interference between
degenerate quasiparticle states coupled by a pair-
ing-potential perturbation (6A =4, - A,) due to
the proximity of a thinner second metal (M,).'””
This Letter deals with the case in which M, is a
superconductor with energy gap 24,>24,2>0. A
quasiparticle wave incident upon the interface
M,/M, suffers partial reflection when it has en-
ergy w>4, and total reflection when w <4, (no
states available in M,). In either event, interfer-
ence produces standing-wave resonances associ-
ated with energies w=w,. For sufficiently long
mean free paths [, =d,/y, resonances contribute
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peaks to pg corresponding to bound-state (w<A4,)
and virtual-state (w>4,) levels. Fory>1, a
reasonably detailed theory due to Wolfram® pre-
dicts an average level separation (6w)=~hv/2d,,
where v is the renormalized Fermi velocity.
This is the same result as for virtual states when
54 <0 and y~1.%*% Leaving this limit, however,
Wolfram predicts a strong harmonic contribution
which adds a second series of peaks (w<A,, w
>4,), so that (6w =hv/4d,.

Early attempts to observe bound levels (A, >0)
employed In (M,) and Pb (M,).” These yielded
very weak structure, possibly because of inter-
diffusion of In and Pb. In at least one instance,
however, stronger structure was observed re-
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sembling that generally associated with quasi-
particle resonances. Structure was confined to
biases (V) corresponding to w <A, and exhibited
an average bias spacing (6V) satisfying e(6V)
~hvg/4d,. Because of experimental uncertain-
ties, this result could at best be considered sug-
gestive. Very strong bound-state structure has
been reported recently by Rowell for Zn (M,)
over Pb (M,),*® level spacings being interpreted
in terms of kvy/2d,. We wish to report some-
what weaker bound-state structure for Cd over
Pb, structure exhibiting a temperature depen-
dence not reported previously. Our results sup-
port the view that (6w)=hv/4d, for Cd, and quite
possibly for Zn as well. They also indicate that
relative amplitudes and nonlinear peak spacings
contain retrievable information concerning the
spatial and temperature dependence of A, and A,.

Strips of Pb (d,~0.3 um) evaporated onto glass
substrates (~77 K) were promptly covered with
3-6 um of Cd [(3-9)x 107 Torr] to form one side
of a tunnel junction. Films were later exposed
to air and their edges painted with Formvar. Pb
counter electrodes were then evaporated over the
natural oxide barrier. Derivatives V/(V)=dV /dI
and V”(V)=d?V /dI? were measured by the usual
ac method, junctions typically exhibiting ratios
V7(0)/(V')max = 100 at 0.3 K. Film thicknesses
were measured with a Michelson interferometer.
X-ray studies indicate strong c-axis texture in
these Cd films.

Maximum excess currents are anticipated for
biases V, which align the counter-electrode gap
edge (at Acg) with peaks in pg, each maximum
corresponding to a peak in V”.!° Data for two
junctions (A and B) are presented in Fig. 1, peaks
in V” having been indexed consecutively (A, + Acp
<V,<V,<etc.). For now, peaks above V,=A g
+A,=2A(Pb)~2.8 mV will be taken to represent
virtual-state structure. Junction A exhibits
stronger structure (~11% in the ac conductance
at 1 K) than B (1-2%).}' The Cd film of A is also
thinner (d, =3.9 um) than that of B (5.7 um). These
films display marked proximity effects above
T .(bulk)=0.54 K, A exhibiting well-developed gap
structure in I(V) by 1.0 K (A,=0.07 meV), B show-
ing definite signs of gap structure at 0.9 K. At
0.28 K, A and B yield values 24, in the range
0.15-0.19 meV.

Except for peak 24, an even-indexed peak at V,,
is never weaker than its neighbor at V, ,, provid-
ed 1<T<4.,2 K. Peak 24 is ~9% stronger than
3A at 4.2 K, but by 1 K, its amplitude is already
as in Fig. 1 (0.28 K). Unlike A, lowering B be-

Junction A

d°v/d1® ( arbitrary units)

1 1

2:2 2.6 3.0
Bias (mV)

FIG. 1. Second derivative data V” =d*V /dP for two
junctions exhibiting limiting types of behavior. Num-
bered peaks correspond to bound-state levels. Based
on ac conductance, A exhibits structure 6—10 times as
strong as B. Peaks 2B, 4B, and 6B become system-
atically weaker upon lowering T from 1.04 to 0.39 K.
For A, all amplitudes remain unchanged between 1.0
and 0.28 K.

low 1 K produces dramatic amplitude effects
(Fig. 1). Peak 2B, prominent at 1.04 K, virtual-
ly disappears by 0.39 K, while 1B and 3B become
stronger. All even-indexed peaks (2B, 4B, 6B)
are significantly weaker at 0.39 K, the effect be-
ing less pronounced at higher V. Lowering T to
0.28 K produces no further change. Amplitude
effects are not confined to bound levels. Weak
even-indexed peaks w >2.8 mV always accompany
weak even-indexed peaks w<2.8 mV, and vice
versa. A, B, and a junction of intermediate be-
havior (C) all yield very similar values of ¢(6V)
X4d,/h. Temperature effects will be interpreted
in terms of the reasonable assumption that strong
(weak) structure in pg produces strong (weak)
structure in V”, To this end we now examine the
properties of pg(w) as given by Eq. (24) of Ref. 5.
Four parameters (A, A,,y,c =4d,/hvy) com-
pletely specify ps(w) in terms of py =m*/mh%k;
(kr=Fkg).5 It is enlightening to examine the be-
havior of pg under simplifying conditions. For
y <1, ps(w) exhibits sharp peaks with maxima
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at energies (4, <w, <A,) satisfying*?
tan(mc®,) = - Q,W,/(5,4, - w?), (1)

where €, = (w? - 4,2)"2 and W, = (4,2 - w?)'/2. For
these energies w,, pg is given in terms of p,
=pr/Ql by

ps=pgy M1 +(=1)""1A /w].

Equation (1) has at least one solution, w,>4,,
even for c¢(4, - 4,)« 1. Additional solutions oc-

(2)

|

Ps-Po=2p.e [~ (A,/w)cosp(w)+e” 7 cos2¢(w)].

Maxima are contributed near ¢=n7 (n=1, 3, etc).
by — cos¢, and near ¢ =nm (n=1,2, 3, etc.) by
cos2¢. The approximate periods of these terms
are hvy/2d, and hv;/4d,, respectively. For 4,/
w~e”7, interference again alternately strength-
ens and weakens peaks depending on whether »n

is odd or even, the effect being less pronounced
for larger w. In Eq. (2), relative amplitudes are
controlled by A,/w, while in Eq. (3), v also plays
a role. For » and y fixed, the influence of A,/w
can be reduced either by decreasing A, (increas-
ing T) or by increasing w, (decreasing d,). Over-
all amplitudes are controlled by y. Comparing
experiment with theory involves some interpreta-
tion since the latter assumes A, and A, are con-
stant over d, and d,, whereas proximity phenom-
ena cause A, and A, to vary. We assume A, cor-
responds to a suitable average over d,, and 4,

to a somewhat depressed value appropriate for
M,/M,.

Figure 2 presents plots (I, II, ITI) of pg(w)/py
computed from Eq. (24) of Ref. 5 employing pa-
rameters suitable for A and B. Making allow-
ances for background, one notes a general re-
semblence to corresponding curves of Fig. 1.
Locations of maxima in V", E =eV, - A,g, are
also indicated. Values of A,z employed are ap-
propriate for Pb and compatible with I(V). Con-
siderations involved in selecting specific param-
eter values for pg demonstrate the interplay be-
tween peak locations and amplitudes. Peaks not
too near A, or A, are least sensitive to 4, and 4,,
and hence permit an initial estimate of c. Fits
to £, and E, can then be improved via A,. (In-
creasing A, raises low-lying peaks to higher w
even though d, remains constant.) Changing A,
may also cause marked amplitude effects (III—-
II). Spacings and relative amplitudes near w =4,
depend on A,. For I, relative amplitudes of 4
and 5 fix A, to within +2%. Values of A, obtained
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cur (A, <w, <w,<etc. <A,) as ¢ is increased by
increasing d,. Peaks are not uniformly spaced
and (6w) is commonly ~10% smaller than ¢!
=hvg/4d,. Amplitude effects are easily under-
stood in the limit of Eq. (2). The factor (-1)"*!
alternately strengthens and weakens peaks de-
pending on whether n is odd or even, the effect
being less pronounced for higher w,.

Amplitude effects persist to large values of
y (sinh®y > 1), p¢(w) exhibiting broad levels cor-
responding to

3)

[

are smaller than A(Pb)=1.39 meV and consistent
with V,=2.8 mV. All peaks (w<4,) become sharp
spikes for ¥y < 0.5, while all even peaks become
very weak for y 2 4. Larger y may also cause
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FIG. 2. Computed density of states versus energy
(w). Parameters are appropriate for corresponding
curves of Fig. 1. Locations of peaks in V” are indicat-
ed by dots placed on computed curves to facilitate com-
parisons. The dashed line draws attention to strength-
ening of even-indexed peaks with increasing w, a sig-
nature characteristic of both experiment and theory.
Levels are not uniformly spaced near w=A; and w=4,.
Curve III differs little from that obtained with A;=0.
The first peak (pg) of II (top left, encircled) has been
exaggerated for visibility. Values of Acg employed for
I, II, and III are 1.42, 1,35, and 1.36 meV, respectively.
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resolution problems (circle, Fig. 2). Initial pa-
rameters may be readjusted to improve overall
fit. Typical changes of ¢ during this process
amount to 1-2%. Since c is not very sensitive to
changes in y, values employed (y =1,2) are rath-
er approximate and probably do not represent the
best overall fit.

For B, peak locations and relative amplitudes
are accounted for satisfactorily provided 4, in-
creases from about 0.01 to 0.08 meV between
1.04 and 0.39 K. A has not been fitted quite as
well, peaks 3 and 4 being of different height. For
A, =0, odd and even peaks are of equal strength.
Observed weakening of peak 24 is presumably
caused by the increase of A, (averaged over d,)
as T is decreased from 4.2 K. Observed prox-
imity effects in A and B appear to qualitatively
support these interpretations. Based on thick-
ness measurements of three Cd films (4, B,C),
we obtain vy =1.30X10% cm/sec (¢ 3% scatter),
to be compared with 1.27X10® cm/sec obtained
by Rahn, Sabo, and Weir'® from magnetic sur-
face-state (MSS) studies.

Zn tunneling results also appear to exhibit a
weakening of alternate conductance peaks.® Since
our interpretation would resolve the factor-of-2
disagreement between tunneling®® and MSS* de-
terminations of vy (Zn, ¢ axis), one wonders if
the scattering argument of Ref. 8 (for M, super-
conducting) may not need modification. From
Eq. (3), relative amplitudes of even-indexed
peaks in pg(w) are very weak for e” ¥ «<1. They
are also very weak for 6A/A, <1, even when y
«1. Equation (2) then yields pg =< (0,/v)6A/A,

(n even) and pg=2p,/y (n odd), while Eq. (3)
yields ps —p,=2p£"7 cos¢. Hence one can force
(6wy=hvg/2d, by 8A/A, <1, or by y ' «1. This
suggests approximations valid only in these lim-
its may have been employed.® A quasiparticle
may suffer repeated scattering encounters with
6A. The simplest process S, involves a single
encounter® and yields 6w =hv/2d,. The scatter-
ing amplitude varies roughly as e”7A, 6A (w<4,).
For M, normal (A, =0), another process, S,, in-
volving two encounters can be employed,!® yield-
ing dw=hv/4d,. The scattering amplitude var-
ies roughly as e "27(6A)* (w<A4,). Both S, and S,
may be important when A, >0, the relative im-

portance of S, being measured by e”? 6A/A,.
Hence S, may be omitted if 6A/A, or y ™! are suf-
ficiently small. For Zn (M,) over Pb (M,), 6A/
A,~T7. The generally strong structure observed®®
suggests e ¥ 8A/A; ~1 may be reasonable. If so,
S, cannot be neglected, and dw =hv/4d, even
when M, is superconducting. The scattering de-
scription now yields a v (Zn) similar to that ob-
tainable from our interpretation, except for Wolf-
ram’s nonlinear corrections.

A truly critical assessment of the detailed ap-
plicability of Wolfram’s theory in its present
form would require a direct comparison between
an experimentally extracted tunneling density of
states and pg(w). This may well be possible. The
advantage of having a theory which treats spatial
variations of A, and A, in a more nearly self-con-
sistent way seems fairly clear in view of prox-
imity-effect information stored in relative am-
plitudes and nonlinear level spacings.
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