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The mechanism which gives rise to the oscillatory structure in the quasiparticle density of states of
superconducting films with spatially varying electron-electron interaction is discussed. It is shown that
the Tomasch effect results from processes in which a quasiparticle is condensed into the sea of Cooper pairs,
leaving behind a different but degenerate quasiparticle. The tunneling density of states is obtained for a
composite two-region superconductor. The nature of the density-of-states structure depends strongly
upon the ratio of the energy gaps of the two regions. In the low-energy range, bound eigenstates characterized
by the quantization of the difference of the momenta of the degenerate quasiparticles are found for infinite
mean free path. Explicit results are presented for the composite film systems In-Al and In-Pb for several

values of the electron mean free path.

I. INTRODUCTION

HE observation of periodic oscillations superim-

posed upon the usual quasiparticle tunneling current
versus voltage characteristic of Al-insulator-Pb, Al-insu-
lator-In, and Al-insulator-Sn, Giaever-type tunnel junc-
tions, has been reported by Tomasch.'~* Deposition of
a thin layer of different material on the back side of
the second film leads to considerable enhancement of
the amplitude of the Tomasch oscillations. The experi-
mental situation is shown schematically in Fig. 1.
Typically, metal A is a very thin evaporated Al film
on the order of 10® & in thickness, which is oxidized
to form an insulating barrier. The second film, metal B,
on the order of 1 to 30 u, is then deposited. Fmally,
this second film is overlayed with a thin (~10% A)
film of dissimilar metal. The tunnel differential con-
ductance depends strongly upon the overlay material.
Tomasch has reported results using overlay films of
Ag, Al, and Pb.3#

Theoretical studies® have indicated that the oscil-
lations in the tunnel current and conductance are
manifestations of periodic structure in the density of
states of the composite film which result from the
spatial variation of the energy gap at the overlay inter-
face.

McMillan and Anderson®® and Wolfram and Leh-
man’ have formulated very crude models which are
capable of accounting for the voltage spacing of the
oscillatory structure. These models have shown that

1W. J. Tomasch, Phys. Rev. Letters 15, 672 (1965); 16, 16
(1966) ; Phys. Letters 23, 204 (1966).
(1292‘6,) J Tomasch and T Wolfram, Phys. Rev. Letters 16, 352

8 W. J. Tomasch, Bull. Am. Phys. Soc. 11, 190 (1966).

4W. J. Tomasch, NATO Advanced Institute on Tunneling
Phenomena in Solids, Danish Atomic Energy Research Establish-
ment Risd, Denmark, 1967 (to be published).

5W. L. McMillan and P. W. Anderson, Phys. Rev. Letters 16,
85 (1966).

8 The exact solution of the McMillan-Anderson model discussed
?%79’61‘6.)Wolfram and M. B. Einhorn, Phys. Rev. Letters 17, 966

7T, Wolfram and G. W. Lehman, Phys. Letters 24A, 101
(1967).

170

mixing of the degenerate quasiparticle states occurs in
systems with a nonuniform energy gap and that the
density of states for these hybridized quasiparticles
contains structure with the Tomasch oscillatory period.
The purpose of this paper is to clarify the mechanism
underlying the Tomasch effect and to investigate a
model sufficiently realistic to predict the amplitude
as well as the period of the Tomasch oscillations.

In Sec. IT we discuss within the BCS framework the
mechanism which gives rise to the mixing of the de-
generate quasiparticle states. It is shown that the
Tomasch effect is a result of processes in which a
quasiparticle interacts with, and is condensed into, the
sea of Cooper pairs leaving behind a different but
degenerate quasiparticle. In Sec. IIT the Green’s func-
tion for a composite system of two dissimilar metals is
discussed. It is assumed that the wave functions are
continuous across the interface of the two regions. Two
different sets of boundary conditions are considered
for the surfaces at a, and x,.

The case in which the mean free path in the overlay is
short is considered in Sec. IV. The average tunneling
density of states is calculated for metal B as a function
of the energy gap for metal B and for the overlay.
A power—serles expansion of the tunnelmg density of
states is discussed and interpreted in terms of multiple
scattering. Explicit results are obtained for energy
gaps corresponding to In overlayed with Al for several
values of the mean free path /; in metal B. The case for
which the energy gap of the overlay is greater than that
of metal B is discussed. It is shown in the limit of
long mean free path in metal B that bound eigenstates
occur at energies less than the overlay energy gap. These
bound states are characterized by the quantization of
the difference of the momenta corresponding to the two
degenerate quasiparticle states. Each discrete energy
level corresponding to a bound state contributes a
8-function peak to the density of states when the mean
free path I is infinite. For finite /; these §-functions are
smeared into resonance peaks of finite width and
amplitude. There are no bound states at energies above
the overlay energy gap A but there is oscillatory struc-
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Fic. 1. A schematic of a Giaever-type junction. Film A,
typically aluminum, on the order of 1000 A in thickness, is oxidized
to form an insulating barrier extending from x, to x5 Supercon-
ducting film B extending from x5 to x, consists of two regions of
dissimilar materials. Region 1 is1-30 u in thickness while region 2,
the overlay, is on the order of 1000 A. A bias V is applied across

the junction.

ture in the density of states. For a given /; the amplitude
of the structure in the density of states decreases
sharply for w> A, Explicit results are obtained for
energy gaps corresponding to In overlayed with Pb.
In both cases (In-Al and In-Pb) harmonics of the
fundamental Tomasch series are evident.

A brief summary of the results and conclusions is
presented in Sec. V. A very simple model for the tun-
neling process is described in the Appendix.

II. MECHANISM FOR THE TOMASCH EFFECT

In this section we show that the Tomasch effect is a
result of processes in which a quasiparticle interacts
with, and is condensed into, the sea of Cooper pairs,
leaving behind a different but degenerate quasiparticle.

In this discussion it is important to account for all
of the Cooper pairs and therefore we shall discuss the
BCS theory® strictly within the constraint that the
states of the system correspond to a fixed number of
electrons (eigenstates of the number operator). The
ground state |0, 2N) at zero temperature with 2NV
electrons has N Cooper pairs (¢T, —k|). The
particular electron quasiparticle state |KT) is a
(2ZN+4-1)-electron state consisting of N Cooper pairs
and a single unpaired electron in the Bloch state K T .
Starting from the ground state there are two ways to
obtain such a (2N+-1)-electron configuration. If the
pair (KT, —K ) is empty in the ground state then
an electron may be added directly to the Bloch state
K 7. The amplitude of the pair being empty is the
BCS coherence factor ug. There is also an amplitude
vg such that the pair (KT, —K |) is filled. In this
case we must first add a Cooper pair to the ground
state and then remove an electron from the state —K | .
The (2N+1)-electron quasiparticle state is a linear
combination of these two (2N-1)-electron configura-
tions weighted according to their probability ampli-

8 J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Phys. Rev. 106,
162 (1957); 108, 1175 (1957).
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tudes
| KT )= (uxCx t+—uC_g,R*) | 0,2N), (1)

(the minus sign results from the ordering of the opera-
tors). The operator R* transforms the N-pair ground
state |0, 2N) into an (N-+1)-pair ground state
| 0, 2(N+1)).2 A set of hole-quasiparticle states can be
similarly defined. We note that for a fixed number of
electrons in the ground state both terms in Eq. (1)
add one electron to the system. In many applications
it is not important to distinguish between | 0, 2V) and
| 0, 2(N—+1)) so that the operator R+ may be omitted
from Eq. (1). It then appears that | K1) is a linear
combination of (2N-1)- and (2N—1)-electron states,
and hence it is often stated that the quasiparticle is a
linear combination of electrons and holes. In our dis-
cussion it is important to keep track of the number of
Cooper pairs in order to understand the mechanism for
the Tomasch effect. In this section we shall need only
the electron quasiparticle states. The energy Ex for
the electron quasiparticle states is given by

Ex= (e + 20112, (2)

where ex is the electron energy measured from the
chemical potential u, ex= (A2K?/2m)—u, and A is the
energy gap. The four degenerate states +k*, 4k~ cor-
responding to a fixed energy E (see Fig. 2) have

| K | = Ft= [ 2/ (u=£Q) Jckp=t9/Fivp,
Q= (E2—A?) 12,

u="ks?/2m,
and
Up= ﬁkp/'m (3)

For energies a few millielectron volts above A, k* is
of the order of kp(~108 cm™) while kt—k~~10* cm™.
McMillan and Anderson® first pointed out that, while
an ordinary (Hartree-Fock-type) potential cannot
cause scattering between &+ and k~, a nonuniform en-
ergy gap function A(x) can lead to quasiparticle scat-

1
|
{

= e —

+ K—

3

F16. 2. The quasiparticle energy versus magnitude of the prop-
agation vector. The two propagation constants &kt and %7,
corresponding to the same energy E, give rise to four degenerate
quasiparticle states Fk*.

9 J. R. Schrieffer, Theory of Superconductivity (W. A. Benjamin,
Inc., New_York, 1964), pp. 24-60.



170

tering between these states. They showed that scat-
tering, | k*)2| k), from a perturbation in A, would
give rise to a quasiparticle interference effect in the
local density of states which is periodic in the argument
(k*—Fk™)d, a distance d in back of the perturbation. A
simple one-dimensional picture illustrates this feature.
Consider the quasiparticle | k%) propagating as the
plane wave exp(¢k*x). This wave arrives at the per-
turbation at x=d with phase k*d. The reflected wave
propagates like exp(tk~x) exp(ip), where the phase
factor ¢ must equal (A*—%7)d in order that the phase
of the incident and reflected waves match at x=d.
The total wave ¢ (x) is then

Y(x) =exp(iktx) +r exp[i (kT — k) d+ik=x], (4)
where 7 is the reflection coefficient. The wave density is
| ¢ (x) 2= 147427 cos(kt—Fk~) (d—x). (5)

The oscillatory component will also be manifested in
the local density of states (and hence in the tunneling
current).

Ordinarily a reflected wave has a & vector and velocity
equal and opposite that of the incident wave; scat-
tering from k+——k*, for example. We note from Fig. 2
that the group velocity, v,= (1/%)(dEx/dK), at k~
is equal and opposite that at k*. A wave packet com-
posed of quasiparticle states with wave vectors in a
small range about £+ moves with a velocity equal to
the group velocity at &*. If we were to associate with
this packet a momentum mv, then this wave packet
would experience simple reflection into the wave packet
(composed of quasiparticles centered about k=) with
velocity —v, and momentum —mv,. However, from
the point of view of the individual electrons involved,
this process is not simple reflection. One of the peculiar
things about the reflected quasiparticle is that it is
propagating in the same direction as the incident quasi-
particle and the magnitude of its propagation vector
is not the same as that of the incident wave. We may
conclude from this that the process involves more than
a single electron.

In order to understand the origin of this reflected
wave consider the Hamiltonian

H= Y &Cr'Ci,
k,o

+ 22 V (1,233, 4) Ciae*Ciss'ChsoCrirs (6)
1,2,3,4

where Ci,' creates an electron in the Bloch state &
with spin o and V is the part of the electron-electron
potential responsible for superconductivity. The BCS
reduced Hamiltonian® is obtained by keeping only
interaction terms which scatter Cooper pairs (with
zero net momentum) into other Cooper pairs:

Hyea= 2 &Cra"Crot 2 VieCtr—o'Cirs'CroCtiar (1)
ko

k,k! o

TOMASCH OSCILLATIONS

483

{*1 Pkt K'io\ ot
-k’ “o-k* -Kio” No-k*

(a) Amplitude v~ u, (b) Amplitude u,- v,

K'ta————"mkt Kie_ oK}

L+
_K;o/__—b.-m

(d) Amplitude v+ uy

s “o-Kt
(c) Amplitude uy+ vy

Fi6. 3. A schematic representation of the Bloch states which are
involved in the scattering from | 2+ 7 ) into | 5~ T ). The circles
represent the Fermi surface. The two configurations entering into
the wave function for the quasiparticle state | £+ T ) are shown in
(a) and (b). In addition the occupation of an arbitrary pair state
(87, —k]) is specified. The probability amplitude for each
configuration is given. A spacially varying electron-electron inter-
action transforms (a) into (c) and (b) into (d) as indicated by
the arrows. The configurations (b) and (d) are those entering into
the quasiparticle state | 2~ T ).

This form of the Hamiltonian implies not only the
pairing principle but also the assumption of transla-
tional invariance of the electron-electron potential. A
system in which the energy gap varies in space neces-
sarily lacks this invariance. As a result terms involving
nonzero momentum-pair operators will be important.
Most important to our discussion are terms of the form

> Vit {CiytCiy 1Ci-,City
%

+Ck‘ T*C_mC_HCk 1}+H.C., (8)

which are responsible for transitions of the system from
the electron quasiparticle state | k*7T ) to | k7 ). Con-
sider a superconductor in the state | k* 1 ). The states
pertinent to the discussion are illustrated in Fig. 3.
The configurations entering the wave function for the
electron quasiparticle state | k* 1 ) are shown in 3(a)
and 3(b). The first term of Eq. (8) transforms Fig.
3(a) into 3(c) by condensing k*T and —k—| into
the Cooper-pair state (7, —%| ), leaving 2~ T un-
paired. To the approximation that A does not depend
upon %, the loss of the binding energy associated with
the destruction of (5~T, —k~] ) is compensated by
the gain due to the new pair (27, —% | ). The second
term of Eq. (8) transforms configuration 3(b) into
3(d) by scattering the Cooper pair (T, —k| ) into
the Bloch states —k+| and k= 7. This exchanges the
pair (1, —k|) for the pair (k*7, —k*|) and
leaves 21 unpaired. The configurations 3(c) and
3(d) are those making up the quasiparticle state
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| E=1 ). Since | kt7 ) and | k=T ) are degenerate and
the number of pairs has not changed, the processes
conserve energy. The over-all probability of this quasi-
particle transition is

D Viktswitn { v+ vi -} 9)
%

The fact that D Vit =AwA in BCS theory®
suggests that

> Vst (10)
%

is roughly a measure of the average variation in the
energy gap of the system. The coherence factor u+v,-+

etur-= 1 since
Uy, 1 ( ek> ]1/ 2
= | — 1:& —_ N
( 'Uk) [2 E;

€~= —€Lt,
Up~= U+,
and
7}k—= uk-i-_ (11)

A similar analysis for scattering from | £~ 7 ) into
| 1) obtains for the Hermitian conjugate, H.c.,
of Eq. (8). The above result should be contrasted with
the process in which the electron in the Bloch state &+ 1
above the Fermi surface is scattered into the Bloch
state 2~ T below the Fermi surface. This sort of process
has the coherence factor u+uy-—uvp+vp-=0. The scat-
tering | k* T )—| k=T ) does not involve scattering the
electron in the Bloch state k¥ 7 into the Bloch state
k~ 7 . The process results from the electron £+ 7 inter-
acting with and being condensed into the sea of Cooper
pairs, leaving behind the unpaired electron 2~ 1 .

In the following sections we use the Gorkov theory to
calculate the effects of the processes discussed here. In
the application of the Gorkov theory, the role of the
Cooper pairs is not explicit and consequently the
mechanism for the Tomasch effect is obscured. It is
for this reason that we have separated the discussion
of the mechanism from the calculation.

III. GREEN’S FUNCTION

In the typical Tomasch experiment the second film,
metal B, is overlayed with a dissimilar material. In
this section we calculate the average tunneling density
of states for a two-region film. It is convenient (see
Fig. 1) to choose xp=—d, =0, and x,=d’. We refer

T. WOLFRAM
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to the region —d<x<0 as region 1 and to the region
0<x<d’ as region 2. The energy gap is A; in region 1
and A, in region 2. A; and/or A; may be zero so that we
include the cases in which one or both of the regions are
normal.’® The case in which region 2 is absent is equiva-
lent to A;=As. The Green’s functions for the system
satisfy Gorkov’s equations!!

{w— (p2/2m) L5} G, (ks; %, ') — AFF(ky; %, 27)
=6(x—a'),
{wtp2/2m—g} F,t(ky; 2, 2)— AG, (ky; %, 2')=0, (12)

and

pi=—T20%/dx2.
Here G,(ky; %, 2’) and F,*(ky; x, ") are defined as the
Fourier transform with respect to k1 and w of the cor-
relation functions (see the Appendix)

G(r, t'; ) =—i{0 | ¥ (x, )yt(r, 0) | O), >0
=40 [¢*(r', 0)¥(r, 1) | 0), t<0
and
F(r,v'; 1) =—10 | ¢*(x, DYt (, O)R| 0), >0
=4(0 [¢+(r', 0)y*(x, )R | 0), 1<0
(13)

where the operator R transforms the N-pair ground
state to an (N—1)-pair ground state. In Eq. (12)
is an energy measured from the chemical potential x and

A= (/2 R,
{ k. ‘= (ky2+kz2)1/2-

In order to calculate the tunneling density of states we
must solve Eq. (12) for the composite system and
evaluate G(ki;x,2") in region 1. It is necessary to
specify the boundary conditions at the planes x=—d,
=0, and x=d’. For simplicity we shall assume that
the chemical potential is uniform over the composite
system and that the electron effective mass is the same
for both regions. It then follows that the functions F
and G and their normal derivatives (3G/dx and 9F/dx)
are continuous across the x=0 plane. We consider two
possible boundary conditions at #=—d and x=d": (1)
F and G vanish, or (2) dF/dx and 8G/dx vanish. The
solutions in region 1 [with the = corresponding to
boundary conditions (1) and (2), respectively] are
of the form

(14)

Gi(ky; z, #') =G0(kys; %, ") FGL(ks; %, y1) + A (2) (w+) [exp(—ikitx) Fexp Gkt (2+2d) )]

+B(a") A exp (tkix) Fexp (— ik (x+2d) )],

Frt(kyy x, &) = B (ko x, ") FF by x, y1) +A (27) Al exp(—sktx) Fexp (ko (x4-2d) )]

+ B(x") (w+ %) [exp (ki) Fexp (—ik~(x+2d) )],

(15)

10 The self-consistent requirement on the spatial behavior of the energy gap function is neglected.
17, P, Gorkov, Zh. Eksperim, i Teor. Fiz. 34, 735 (1958) [English transl,: Soviet Phys.—JETP 7, 505 (1958) ].
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where

and in region 2
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n=—a"—2d;

Go(ks; %, ") =GP (ke %, &) FGL(ks; %, y2) +C (') (w+) [exp (thatx) Fexp (—ikst(x—2d") )]

+ D(x") A exp (—iksx) Fexp (ths (x—2d') )],

Fot(kyy w, &) = F (kvy %, &) FFL (ke x, y2) +C(2") Al exp (tksTx) Fexp (— ikt (x—2d') )]

+D(&') (w+Q) Lexp(—iksx) Fexp (—iks (x—2d") )], (16)
where
Yo=—x'-+2d'.
The functions G° and F% are solutions for the infinite uniform superconductors:
. im w-l—ﬂ, . w—Qj o
6ihss 3, 2) == e (S x| =3 )+ 222 exp(—ir | 9—21)
im fexp(ikit|x—3z|) = exp(—ikiy | x—2 |))
FM (o x 2/) = —
Pt (s 3, ) 27;29,-( kit = ’ (17)

where
Q= (®— A2, w>A;
=iW;=1(Af—u?)2, w<A;
and
kit={(2m/M?) (p£Q) ', j=1,2.

In Egs. (15)—(17) the subscript » has been omitted
from F+ and G. The coefficients 4 ('), B(%'), C(x'),
and D(x") are determined by the requirement of con-
tinuity at #=0. It is easily verified that the Green’s
functions defined above automatically satisfy the
boundary conditions at x=—d and x=d'. The (—)
sign corresponds to the solutions for which F and G
vanish and the (4) sign corresponds to the solutions
having 0F/dx and 9G/dx vanish.

In the case of the strong-coupling superconductor,
the expressions for F and G should be modified by
replacing w with Zw and A with ¢, where Z=2Z(w)
is the energy renormalization factor and o=¢(w) is
the complex energy gap function according to the
Nambu theory.? These factors are significant in the
case of Pb, as has been shown by McMillian and
Anderson.?

The function pp™ (k1, x) (for —d<x<0), the local
density of states, gives the density of available states at
x with energy w and transverse momentum k. and is
given by

P (ks %) = — (1/) TGy (ks; &, &) Jomer,  (18)

where Im indicates the imaginary part. The unper-
turbed local density of states,

o (ks ) = —(1/7)

XIm{G(ky; 2, &) FGO(ks; %, 1) } |omers, (19)

12 Y. Nambu, Phys. Rev. 117, 648 (1960).

will be the total density of states in the limiting case
that A1= Ag.

The finite lifetime of the quasiparticles due to bulk
impurity scattering may be accounted for approxi-
mately by adding an imaginary part to the propagation
constants

kiE—kti/l;, (20)

where /; is the average electron mean free path in
region 7. The case of scattering by magnetic impurities
has been discussed by Maki and Griffin®® and will not
be treated here. The strong-coupling superconductors
will have an additional energy-dependent imaginary
component for %;= due to the complex nature of ¢(w).

IV. SHORT MEAN PATH IN REGION 2

In this paper, we discuss only the case in which J, is
sufficiently small that

exp(—2d'/l) 1. (21)

In the solutions of Eq. (16) the terms proportional to
exp(—2d'/l) in region 2 at x=0 arise from waves
transmitted from region 1 which have been reflected
from the x=d’ surface and which return to x=0. If
the mean free path in region 2 is very short, these
waves are ‘“damped out” before they can return
to region 1. As far as the solutions in region 1 are con-
cerned, /y,—0 is equivalent to d'— .

The requirement of continuity at x=0 leads to the
solutions

A(a") =A{aBA exp(—iki | &' |)
—o?Ry exp(—2ikid) exp(ikit | &' |)
FRER, exp ikt | 2’424 )
Mo exp(—2ikid) exp(—iki | x'+2d|)},

18 K, Maki and A, Griffin, Phys. Rev. 150, 356 (1966).
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and
B(x')=A{aBR, exp(ikit| &' |)
—a?A; exp(2ikitd) exp(—iki | &' |)
FB2A; exp(—iki | #'+2d |)

FafRy exp(2ikitd) exp(ikt | &'+2d 1))}, (22)

where

A=[im/ FruRE) J[1—(a/B)? exp(2i(k*—F") )T,
a=Riy—Ridy,
B=RyRo— A1 Ay,

Ri=w+9;. (23)

In Egs. (22) and (23) we have made the approximation
that k*~’kr in amplitude factors but not in phase
factors. This is an excellent approximation for 2.k, a
condition well satisfied for electrons which are able to
tunnel from metal A to metal B. Also in Egs. (22)
and (23), for compactness, we have not introduced
the mean-free-path parameters. The replacement indi-
cated by Eq. (20) should be made when using Egs.
(22) and (23).

If the density of states is averaged over the variation
in the film thickness as well as the variation in the
insulator surface, one obtains

(o5 (kr; —d) )= (po™P)
— (2/7) Im[AR{aBA; exp(—2d/h) exp(i(kt—E™)d)
—ow exp(—4d/h) expi(kt—k7)d)}], (24)

where
(oo™ Y~Re (me/ Ti%er ) .

In obtaining Eq. (24) we have assumed that 7, the
distance over which we average p™, is large compared
to k! but small compared to (kt—%=)~, so that

71| dx exp[ ik Fx R0,
0
-t / de exp[ =i (bt — ki) a1 (25)
0

This condition is well satisfied for w corresponding to
energies in the millivolt range if 1078 cm<&r<<10~ cm.
It is usually supposed that variations in film thickness
are on the order of 1078 cm. It is important to note that
(o™ (kr, —d) ) does not depend upon which boundary

condition was used at the free surfaces.™
When | (a/8)% exp(—4d/L) |<1 we can write
{pt(ks, —d)) in a form which can be interpreted in

14 This result holds independent of the magnitude of /.
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terms of multiple scattering.’® The coefficient 4 can
be expanded in a power series with the result that

(s (ks; —d))

=Re {<p0(+)> [1_ i <g§ ¢2n—1—2¢2")]} , (26)

where
y=(a/B) exp[i(kt—Fk~)d—2d/h].

We may interpret Eqs. (26) in terms of a multiple
scattering picture. A wave traveling from x=—d and
scattering from the discontinuity in the energy gap
at x=0 has a reflection coefficient («/B8) and the re-
flected wave returns to = —d with a phase (k*—Fk7)d.
Since a distance of 2d is traveled in a medium with
mean free path I the amplitude is reduced by
exp(—2d/L). We must recognize, however, that if
the incident wave represented a single-particle Green’s
function (G wave) then the reflected wave represents

w/by
1.0 1.5 2.0 2.5 3.0
Un [ T T !
6H —~5
5 -4
Ay /B, =02

IS
:
{
o
,n(*, (wh? 'ﬁ'F/m)

P4 e K /m)

F16. 4. The averaged density of quasiparitcle states near x= —d
with transverse momentum iki[kp= (kp?—Eki2)V2] for a compo-
site film having A»/A;=0.2. The lower curve corresponds to an
infinite mean free path in region 1 (/= ) while the upper curve
is for l;=2d, where d is the thickness of region 1. The quantity
2md/h2k p is taken to be 16Q1/A;. For k1<<kp the parameters here
correspond approximately to a 10-u-thick In film with an Al
overlay. The dashed lines indicate the unperturbed density of
states.

15 Tt is important to recognize that there does not exist a one-to-
one correspondence between the #th term of Eq. (26) and the nth
term of a power-series expansion in the perturbation (A;—As).
In order to obtain the correct energy dependence for the coefficient
of exp [in(kt—k~)d] it is necessary to sum all terms in the pertur-
bation expansion which oscillate as exp [in (k" —k&~)d] regardless of
the power of (A;—As) which multiplies the term.
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a pair correlation function (Ft+ wave). Conversely, if
the incident wave is an F+ wave then the reflected wave
is a G wave. Reflection from a free surface at x=—d,
on the other hand, reflects G—G and Ft—F+. We can
understand physically why scattering from an energy
gap involves the G—F* conversion if we consider the
mechanism involved in the scattering process. In Sec.
II it was shown that in the scattering process the in-
cident unpaired electron is condensed into a Cooper
pair. The unpaired electron is described by G but after
it is condensed it must be described by F*. The other
mechanism involved in scattering from kte2%k~ was the
destruction of one incident Cooper pair in such a way
that one of the electrons of this pair becomes a quasi-
particle. This incident pair is described by an F* wave
but after scattering the remaining unpaired electron is
described by a G wave.’® Now consider multiple scat-
tering: A G wave, for example, can scatter into F+ at
x=0, travel to x= —d, reflect as an F+ wave, travel back
to =0, and be converted again into a G wave.

The density of states p™® depends only upon G, there-
fore (1) a G wave must be reflected from the gap per-
turbation an even number of times in order to con-
tribute to p, and (2) an F* wave must be reflected
an odd number of times by a gap perturbation in order
to contribute to p™.7

In Eq. (26) the series of waves y?* represents the
contribution to p™ from the incident G° wave, while the
terms y?*1 represent the contributions from the in-
cident F*r wave.

A A >A

The behavior of p™® is quite different, depending
upon whether A;>A; or Ay>A;. A case for which
A;> A is illustrated in Fig. 4, where (o™ (k1, —d) ) is
plotted for two values of the mean free path /. The
parameters are (kT— k™) d= (2m /A%y ) d= 16Q1/A; and
As/A1=0.2, corresponding approximately to an In-Al
film with d~10X10~* cm.

The weak harmonic series associated with the n=2
term is not resolved but causes considerable distortion
of the oscillations. Oscillations in the conductance of
Al-insulator-In-Al Giaever tunnel junctions of large
amplitude have been reported by Tomasch.®# The am-
plitude of the structure corresponding to /;= 24 in Fig. 4

16 The conversion of G and F* by this mechanism is basic to the
proximity effect whereby an energy gap is induced in a normal
metal in contact with a superconductor.

17 This is most easily seen in the 2-dimensional Nambu repre-
sentation, where the Green’s-function matrix @ has the single-
particle Green’s functions on the diagonals and the pair-correlation
functions on the off diagonals. In this representation the gap
perturbation is proportional to the off-diagonal matrix

01
T =(1 0).

T on G carries G into F* and F* into G.
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is comparable to the amplitude of the conductance oscil-
lations observed by Tomasch.

B. Ai<A,

In the case that region 1 is a normal metal (A;=0)
there is no F® and hence only the even-numbered
harmonics of the Tomasch oscillations occur in p™.
Rowell and McMillan®® first reported the observation
of effects associated with the #=2 term for an Ag-Pb
film. This effect has also been observed by Tomasch for
films with A;#£0, where it appears as a weak second
series of oscillations.3#

The case for which A;<A, is anomalous in the range
A<w<A, since quasiparticles in region 1 cannot
propagate in region 2. This means that the reflection
coefficient (a/8) must have modulus unity. That this
is in fact the case is easily verified making use of the
fact that R2R2*= A22 for w<< Az.

In the case that the mean free path in region 1 is
very long (l;r— ) we can expect the formation of
bound eigenstates for w<<A,. The energy of these bound
eigenstates is determined by the poles of 4. If we
write (a/B) =e€® then we find

tanf=— W,/ (A1As—w?), (27)

and the condition for the vanishing of the denominator
of 4 is

tan(k*—k~)d= —tand. (28)

Equation (28) shows that the bound states are char-
acterized by the quantization of the difference of the
momenta associated with the degenerate quasiparticle
states. This kind of quantization is characteristic of
superconducting systems with boundary conditions
imposed on F and 0F/dx." If we think of the quasi-
particle eigenstate as an admixture of the A+ and %~
waves it can be described as a beat modulated wave.
The rapidly oscillating wave with wavelength of the
order of £r! is modulated by an envelope wave with
wavelength of the order of (%+—%~)~L. These eigenstates
are characterized by quantization of the envelope
momentum. Wolfram and Lehman” have shown that a
theory of the Tomasch oscillation can be constructed
on the basis of this type of quantization. For infinite J,

(paP)e 2 d(w—w;)  (0<A),  (29)

where the w; satisfy Eq. (28). We note also that in this
case there exists no power-series expansion of the factor A
for w<A; and thus the usual expansion of the Green’s
function into a Born series is not valid.

For finite /i the bound states become scattering
resonances and the 6 function are smeared out. This
smearing process can be followed in Fig. 5, where we

8 J. M. Rowell and W. L. McMillan, Phys. Rev. Letters 1
453 (1966). y ev. Letters 16,



5 T T

b2 /A <2.6

p(”(-rrﬁz'iir/m)

N

p) (th-RF/m)

4.0

Sttt Pttt
1.0 1.5 20

Fi1c. 5. The averaged density of quasiparticle states near x= —d
with transverse momentum 7iki[%p= (kp2—ks2)2] for a com-
posite film having As/A;=2.6. The lower curve corresponds to an
infinjte mean free path in region 1 (/;= =) while the upper curve
is for Iy =2d, where d is the thickness of region 1. The quantity
2myd/h* p is taken to be 16Q/A;. For k1<Kkp the parameters here
correspond approximately to a 10-u-thick In film with a Pb over-
lay. The arrows indicate the energies of bound eigenstates. .No‘te
that the upper curve has a shifted vertical scale. The dashed line in
the upper curve indicates the unperturbed density of states.

have plotted {pp™) for the parameters 2mQy/A%r=
16Q/A; and As/Ay=2.6, corresponding approximately
to the case of an In-Pb film with d=10X10~* cm. The
locations of the bound eigenstates (corresponding to
li= ) are indicated by the short vertical arrows at
the base of Fig. 5. A 6 function in the density of states
is to be associated with each of these bound states. The
value w=As/A;=2.6 is the threshold energy above
which transmission into region 2 is possible. In the
case of finite /;, the 8-function peaks are smeared out
into sharp resonance peaks. The harmonic is clearly
resolved here even in the presence of damping. Two
features are to be noted. First, we see that the amplitude
of the harmonic grows with increasing energy relative
to the fundamental; and second, we note that the am-
plitude of both series are sharply reduced above thresh-
old. Tomasch has noted this sort of cutoff effect above
threshold in Al-insulator-In-Pb films.* When the mean
free path is long the scattering expansion [Eq. (26)]
converges slowly and it is more reasonable to describe
the system by introducing a small amount of damping
into the bound-state description. In fact, one may
regard all Tomasch oscillations as scattering reso-
nances associated with the formation of quantized
envelope states. If /; is small then the expansion of 4
converges rapidly and one need only keep the first few

terms of Eq. (26).
V. SUMMARY AND CONCLUSIONS

In the preceding sections we have discussed the
mechanisms which give rise to the Tomasch oscillations.

T. WOLFRAM

170

It was shown that a spatially varying electron-electron
interaction gives rise to quasiparticle-pair interactions
which cause transitions between the degenerate quasi-
particle states. The interference between the com-
ponents causes large scale structure to appear in the
density of states. Gorkov’s equations were employed
to make explicit calculations for the two-region com-
posite superconductor. Only the case in which the
overlay had a very short mean free path was treated in
detail. This situation can probably be obtained for an
Al or Ag overlay. On the other hand, there appears to
be evidence that In and Pb films anneal at room tem-
perature” so that the electron mean free path is long
in region 1. In the case of the In overlayed with Pb the
situation is complicated. The mean free path of the
quasiparticle in the Pb may be short because Pb is a
strong-coupling superconductor and the intrinsic quasi-
particle lifetime is short. Experimental difficulties occur
with the In-Pb system which appear to be associated
with diffusion. If diffusion occurs the mean free path
in region 1 will be severely reduced and correspondingly
the amplitude of the oscillatory structure will be re-
duced.

The results of a situation in which  is large can be
anticipated. (1) Additional oscillatory factors involving
exp[ (ks —ky)d'] will appear. If @' is small compared
to d such terms will be nearly constant over the low-
energy range for which the Tomasch structure is large.
(2) Bound states will appear for all ratios of Ay/A;
and at all energies when both /; and J, are infinite. The
low-energy states will be characterized by approximate
quantization of ky*—%;~ and the high-energy states by
the usual quantization of either &+ or k~. For finite
and /, the high-energy discrete spectrum will be washed
out, but the low-energy spectrum will show resonance
structure.

In order to make an accurate comparison between the
results of this theory and experiment it is necessary to
calculate the differential conductance. This involves a
numerical calculation of the derivative of the convolu-
tion of the density functions of metals A and B (this
problem is briefly discussed in the Appendix). Numer-
ical calculation of the conductance is presently being
carried out and the results will be reported in a sub-
sequent publication.
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APPENDIX: TUNNELING DENSITY OF STATES

In this section we discuss a very simple model for
the tunneling of electrons between two thin films. The
tunnel junction shown in Fig. 1 consists of two metallic

¥'W. J. Tomasch (private communication).



170

films separated by a very thin insulating barrier. The
films are infinite in the y and 2 directions and finite in
the x direction. At zero temperature a net current of
electrons flows from A to B because of the applied bias
V. Electrons in A making collisions with the insulating
barrier at x, have a small probability T of appearing at
%, in metal B. This tunneling process can be approxi-
mated by assuming that the systems A and B are con-
nected by a coupling term® in the Hamiltonian of the
form

Hp= Y T (ki)Y (b, x)¥t (b, %) +cc, (A1)

Wap=(2n/R) 2_ | (m | (n| Hr | O4) | Op) [%(EntEa—V)
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where y(k1, x) creates an electron at # with transverse
momentum 7ike (k1= (ky, k.)).

In Eq. (A1) it is assumed that k. is a constant of the
motion of the electrons and is conserved in the tun-
neling process. At zero temperature electrons tunnels
only from A—B. The systems A and B are in their
ground states | 0a) and | Op) initially. After an electron
tunnels system A is in an excited state | #) correspond-
ing to the loss of one electron while system B is in the
excited state | m) corresponding to the addition of an
electron. According to the “Golden Rule,” the rate at
which the electron transition occurs is

. (br/ﬁ)k}k:,ﬂkoT(kﬂ)*Z(oA | Wt ks, %) | n)(n | W (kL', %) | Oa)

X (08 | ¢(ku, ) | m)(m | yH(ks’, x) | Op)o(EmtEn—V).

(A2)

We note that (Oa|¢f(k1, x,) | #) will vanish unless the state | #) has transverse momentum ki and
(n | Y (ks, 25) | Oa) will vanish unless (% | has transverse momentum k.’ (since we have assumed the transverse
momentum is a constant of the motion). Therefore, the product vanishes unless k.=£k.’. Then, writing

8 (Bt B V) = f ® deod (0— Ep) 8 (0— V--E), (A3)
we have
Was= %’r _"’dw{;a T(ka) 2221 Oa |9 (ksy %) | 0) (0= VAEn) 20| 05 | ¥ (ks, 20) | m) [B(0—En) }.
(A4)

The two sums (over # and m) may be identified in terms of the Green’s functions for A and B. The Green’s func-

tion is defined as

G(r, rly f)= —1<0 l Y(1, t)\//T (' O) l 0))

where (0 | is the ground state. Since

¥ (r, 1) = exp(iHi/R)Y(r, 0) exp(—iH!/),

Eq. (AS) may be written as

G(r, 7', ) ==i2 (0| ¥(r0) | m)m | ¢ (r'0) | O) exp(—iEn/h),

=12 (0| ¢(#0) | n)(n | ¥(r,0) | 0) exp(iEut/R)

The transformed Green’s function is

Gy, ) oo { [t exption) [ [ ato=3)ate—#) expliba (=), =160, 7D | bwr

iy L0l [ s 10191, [

>0
=i(0 | ¢1 (', 0)¢(x, 1) | 0), t<0 (AS5)
(A6)
>0
t<0. (A7)
(A8)

m w"‘Em“}" 0 n

w+E,+16

®This tunneling Hamiltonian is essentially equivalent to the usual momentum space operator (see, for example, Ref. 9).
2oty Thoty Cr, Ciy c.c. if T depends only upon ki, The local property of the tunneling process has been emphasized by Mc-

Millan et al. (see Refs. 5 and 18).
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and
TG, (ks, @, &) Jomer= =722 | (0| ¥ (b, %) | m) (0= En), >0
=—m2 | (0[¢!(ks, 2) | m) Po(otEa)  w=0. (A9)
Using Eq. (A9) we find that "
Wap=2r f TS | T(hs) Poa® (s, 0—V, 52) 5P (b, @, 3), (A10)

—o0 ka

where

PO (ke w, &) =— (1/7) InGo(ks; 2, &) |pmw, <0

oM (b, 0, x) =— (1/7) ImG, (ks; 2, &') |omer  @>O0.
(A11)

p can be interpreted as the density of electrons at x
with energy » and transverse momentum k., and p™
is the density of states available for adding an electron
at ¥ with energy w and transverse momentum k..

The tunneling current will be proportional to Wag.
The metal-insulator interface will be irregular and
diffuse and the film thickness will vary so that in an
experiment one measures an average Wagp. In the
simplest model one supposes that tunneling from differ-
ent sections of the film and from different points x,
to xp are incoherent so that as an approximation we may
average the quantities po ™ and pp™? independently.

In Sec. IV we employ a simple linear averaging pro-
cedure for the density of states near —d:

+r/2
{o® (b1, w, —d) >=1"1/_d P (b, w, —x) dx,

—d—7r/[2
(A12)
where 7 should be on the order of the variation in the
film thickness. Furthermore, Harrison? has shown that

2 W, A. Harrison, Phys. Rev. 123, 85 (1961).

| T(ky) > decreases exponentially with increasing ks
so that the major contribution to the sum on %1 comes
for k1x0. Because of the fact that £z changes very
slowly with %o for ki<kp, the density of states
(psP (ks; —d)) will depend weakly upon k1. Conse-
quently, as a first approximation, the current will be
proportional to

I /mdw@A(_)(ki, W=V, %) Yo (1, w, %) ) [k1—0,
(A13)

and the differential conductance will be dI/dV. The
density of electrons ps for metal A may be taken to
be the simple (I'=0) BCS function

m|w—V]
O (s, w—V, %) = Re | —
PA ( L, W y X ) € {7rﬁ2kp[:(w—— V) 2 AA2]1/2}J
w— V<0
=0, w—V>0 (A14)

where Ay is the energy gap of metal A. In the case that
Ap=0 the differential conductance divided by the
normal-state differential conductance will be propor-
tional to pg™®. For nonzero A,, the ratio of the differ-
tial conductances will still be qualitatively proportional
to ps™. However, preliminary numerical results indi-
cate that there are significant differences.



