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A theory for N-S sandwiches is developed for clean metals in perfect contact, where the thickness of N is
much less than that of S. Assuming spatially constant pair potentials in N and S, the exact double-layer
Green’s function is obtained. From this, we calculate the local density of states at the interface between N
and an oxide tunneling barrier. This tunneling density of states is examined in detail and compared with
experimental results. We find that at energies far above Ay and Ay, the local density of states contains a
BCS-like term depending on Ay, as well as types of oscillatory terms. The pair potential Ay also leads to an
energy gap, but produces no BCS behavior at Ay. A large peak in the local density of states is found at the
energy corresponding to a one-dimensional bound state in N. Between this bound state and the pair potential
in S, no states exist. Qualitative agreement with experiment is demonstrated over wide energy regions, but
quantitative agreement is unsatisfactory below Ag; sharp structure appearing near Ag in the experimental
second harmonic signal (d ?V/dI?) is also inadequately explained by the present theory. We make further
use of the double-layer Green’s function in obtaining the self-consistency conditions for the two pair
potentials. Considering the possibility of extracting detailed information on the electron-phonon interaction in
N from existing experiments, we conclude that the present theory must be modified in several respects, most
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notably by including normal scattering at the N-S interface.

L. INTRODUCTION

There has been much theoretical work on proxi-
mity- effect sandwiches in the Ginzburg-Landau re-
gime. It is our intention to investigate these sand-
wiches where the Ginzburg-Landau theory cannot
be applied, i.e., where at least one of the order
parameters is large. We choose to consider a
thin clean N metal in perfect contact with a thick
clean S metal. The thickness of the S metal is ta-
ken to be greater than its bulk coherence length.
Assuming the Fermi velocities of N and S to be
identical, we therefore require the thickness of
N to be at least an order of magnitude less than
this length. For simplicity, we assume that when
both N and S are normal, the transmission coef-
ficient of the N-S interface is unity.

This paper is based on the approach presented
by McMillan.! We have modified his work by al-
lowing for the possibility of a pair potential in N,
and restricting the N layer to be of finite thickness
d. Reference 1 was primarily concerned with the
magnitude of interference-effect oscillations found
by Tomasch? and Rowell® in the tunneling density
of states of N-S sandwiches. This work is designed
to describe the tunneling density of states of N-S
sandwiches, where the tunneling barrier is placed
against N, which is backed by S, rather than vice
versa. .

We consider three phenomena in N-S sandwiches:
(i) the pair potential induced by N; (ii) interference
phenomena for energies above the pair-potential
difference at the N-S interface; and (iii) bound
states in N below the pair potential in S.

As pointed out in Ref. 1, for a superconductor,
the excited states are mixtures of “quasielectron”
and “quasihole” states described by a two-compo-
nent wave function (we suppress the spin variable)

[”(")] , (1.1)
v(x) .

u(x) being the electron and v(x) being the hole am-
plitude. The quasiparticle obeys the strong coup-
ling analog of the Bogolyubov equations!

[(_h—Z/zm)vz - p.]u(x) +211(x)u(x)

+2,(x)v(x) = Eu(x), ' (1.2)
~[(~7/2m)V? — ulo(x) + T, (x)v(x)
+ 2, (x)u(x) = Ev(x), (1.3)

where Z(x) is the symmetric two-by-two matrix
self-energy for the quasiparticle, assumed to be
local in space. Note that when = ,(x) and =,, (x)
vanish, these equations reduce to two separate eq-
uations: one for quasielectrons and the other for
quasiholes. The crucial ingredient of superconduc-
tivity is the mixing of the quasielectrons and the
quasiholes. As pointed out in Ref. 1, this mixing
is understood to be a consequence of the possibility
of the pairing of a quasiparticle above the Fermi
sea with one below, leaving a holelike excitation.
The quasiparticle in a superconductor is therefore
an admixture of electronlike and holelike wave
functions.

As is well known, the interaction which produces
superconductivity arises from a difference of an
attractive electron-phonon interaction at low ener-
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18 THEORY OF THIN PROXIMITY-EFFECT SANDWICHES 1077

gies and a repulsive Coulomb pseudopotential in-
teraction. In a normal metal, there is no mixing
between quasielectrons and quasiholes. Hence the
self-energy is diagonal. In a superconductor, how-
ever, a quasielectron-quasihole mixing occurs.
This in turn leads to Z,,(x) and Z,,(x). The theory
is thus by nature a self-consistent one.

With these remarks, one can explain the genesis
of a pair potential in N. Assume initially that
there is a pair potential in S(A)), but none in N.

By assumption, this means that Z,,(x) and Z,, (x)
vanish in N. As Andreev* has pointed out, a nor-
mal quasielectron incident on an interface between
N and S will be reflected from this interface as a
quasihole. That is to say, the incoming quasielec-
tron is paired by the pair potential at the interface
(Ag) with a quasielectron beneath the Fermi sea,
leaving behind a reflected quasihole.

This local scattering potential at the N-S inter-
face thus provides a means by which quasielectrons
in N. may mix with quasiholes in N. One may pic-
ture a quasielectron emitting a phonon in N, for
example, and reflecting off Ag as a quasihole,
which then absorbs that phonon. This mechanism
provides the necessary quasielectron-quasihole
admixture even when N would otherwise by normal.
Therefore, the presence of a pair potential at the
N-Sinterfacenecessarily tends to induce a pair po-
tential in N. Full self-consistency for the pair po-
tential in the N-S double layer must be maintained,
however, so that while S influences N, we have N
also influencing S, leading to a smaller pair po-
tential in S at the interface. If N is thin compared
to S, however, the effect of N on'S is very small.

The manner in which quasiparticles in N are re-
flected from the difference in pair potential at the
N-S interface, Ag—-A,, for energies E >A leads
to two types of interference in the tunneling density
of states. McMillan and Anderson® showed that a
change in the pair potential of a superconductor
leads to the interference phenomena observed by
Tomasch® and Rowell.? A quasielectron in N is re-
flected from 6A,=Ag - A, as a quasihole, and the
two interact by means of A,. In Ref. 1, McMillan
finds (for Ag=0, i.e., when region S in Fig. 1 is
a normal metal and region N is a superconducting
metal) that the change in the tunneling density of
states due to a change 6A,=-A, in A, is (for E
> A,):

0N (E)=Re[(A,6A,/E)IQ2Z ,Qyd/fv )], (1.4)

where I(y) is an oscillatory function of y with de-
caying amplitude as Qy=(E2 - A2)'/2 increases [see
Eq. (4.16)]. The renormalization function Z,(E) is
energy dependent. It depends on the electron-pho-
non interaction in N [see Eq. (4.17)]. The occur-
rence of 2d in the argument is easy to understand,
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FIG. 1. Tunneling geometry.

since a quasielectron injected at x=—-d in N must
travel the length of N, reflect as a quasihole at the
N-S interface (x=0), and then return to produce
the interference via A,. For nonzero Ag, with E
> Ag and Ay, we obtain the above result, with 64,
=Ag—~ Ay,

Another type of interference phenomenon was de-
scribed by McMillan and Rowell.® A quasielectron
injected at x = —d travels to the N-S interface at
x=0, reflects as a quasihole, returning to the tun-
neling interface at x=-d. It then reflects normally
from this surface as a quasihole, propagates to x
=0 again, reflects as a quasielectron, and returns
to x=—-d, producing the interference. A total dis-
tance of 4d is involved, and two reflections off the
pair-potential difference at the N-S interface are
required. Note that no quasielectron-quasihole
coupling is necessary here. Thus for E>> Ag, A,
this interference changes the observed tunneling
density of states by the factor

ON ;(E)=Re{3[(Ag — A2 /E?I(4Z,, Q0 d/liv )} (1.5)

In Ref. 6, it is assumed that A,=0, and Z ,=1.
Otherwise, this expression is identical to Eq. 8 of
that work.

Quasiparticles with energies between A, and Ag
are in a quasi-one-dimensional “potential well” of
depth A;— A,. de Gennes and Saint- James’ showed
that there exists at least one bound state in this po-
tential well (they chose A,=0). Since the problem
is truly three dimensional, the quasiparticle states
with wave vectors which are not normal to the N-S
interface are also bound, but with effectively larg-
er values of d, hence lower bound-state energies,
since the length relevant for quantization of waves
traveling off the normal direction is greater. Thus
the density of bound states averaged over all an-
gles shows a large peak at each value of the one-
dimensional bound-state energies. Below each
peak the density of states decreases rapidly until
the next one-dimensional bound-state energy is
reached. Reference 7 incorrectly indicates that
between the highest- energy one-dimensional bound
state and Ag, some states exist. This is not true,
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as we will demonstrate in Sec. IV.

One can now sketch the general shape of the tun-
neling density of states N,.(E) for a thin N metal
backed by a semi-infinite S metal. Suppose that
only one bound state exists (thin N metal). If the
system were truly one dimensional, N ,(E) would
have a o-function spike at the bound-state energy
E,. As argued above, however, the three dimen-
sionality leads to a peak of finite height at E;, from
which N ,(E) rapidly decreases with decreasing en-
érgy. Certainly no states exist below A,, so N (F)
vanishes below A,. In fact we show in Sec. IV that
N ,(E) vanishes below (AgA,)*’2 In addition, there
is no BCS singularity at A,, because the quanti-
zation induced on the quasiparticle wave function
by the “pair potential well” does not allow a large
(so certainly not an infinite) density of states at
any energy below E,. Between E, and A there are
no states. At Ag there is no reason why the density
of states should be infinite, since the tunneling den-
sity of states is the local density of states at the
tunneling interface (in N). In fact we find that the
local density of states vanishes at Ag, rising rap-
idly (with infinite slope at Ag) to a peak at an en-
ergy slightly above A, For energies such that
E> Ag, A, the local density of states is approxi-
mated by unity plus the sum of (1.4) and (1.5). In
addition, we find that there is a BCS-like term

Re[z4y(E)*/E?],

due to the pair potential in N. This is exactly what
is obtained from an expansion of the bulk strong-
coupling density of states when E > Ay(E). Far
above the “pair potential well,” near phonon ener-
gies in N, the density of states may be entirely of
the bulk strong-coupling form because Z,(E) may
have a substantial positive imaginary part there
due to increased phonon scattering. This causes
the oscillatory terms to become very small, leav-
ing only the N metal dependence. This fact is pro-
pitious for the determination of the energy depen-
dence of A, (E) near phonon energies in N. Given
the correct self-consistent equation for A (E),
@’F for N might be obtained by “inverting” this eq-
uation, using a technique developed by McMillan
and Rowell and applied by them to tunneling into a
single S layer.®

We have calculated the exact Green’s function for
the N-S double layer. Assuming that N has thick-
ness d, and S is semi-infinite, we have solved the
Bogolyubov equations (1.2) and (1.3). The pair po-
tentials A, and Ag, in N and S, respectively, are
taken to be spatially independent. The technique
by which the double layer Green’s function is ob-
tained is outlined in Sec. II and Appendix A. In
Sec. III the Green’s function is obtained and the
one-dimensional bound- state energies are deter-

mined for various values of d. In Sec. IV the nor-
malized differential conductance (NDC) for the N-S
sandwich is calculated for all energies, and some
analytic approximations are employed to sketch the
NDC near Ag. The next section consists of the re-
sults of a computer calculation of the NDC and its
derivative for “specular” and “random” tunneling.!
Some comparison is made with experiments. In
Sec. VI the first corrections to the local self-en-
ergy are obtained, and agreement with Ref. 1 is
demonstrated for d—- «. Approximations for A,
which are appropriate for thin weak-coupling N
metals, are made in Sec. VI, allowing analytic
expressions to be obtained for A, at low energies
and near phonon energies in N. Consistency of
certain approximations made for A.(E) in this pa-
per is also verified in Sec. VII. In Sec. VIII an ap-
proximate result for Ag is obtained, and it is _
shown that, for thin N metals, the spatially depen-
dent correction to the ansatz A value is negligible.
Finally, Sec. IX discusses refinements of the mo-
del and the possibility of using tunneling in N-S
sandwiches to extract detailed information on the
electron-phonon interaction in N (e.g., a®F in N).

II. PROGRAM FOR THE CALCULATION
OF GREEN’S FUNCTION

The Bogolyubov equations for a system which is
invariant with respect to translation in the y and z
directions may be Fourier transformed to

£ - 10, B) ) “% P =0, 2.1)
v(x, E)
where
H(x,E)= [;—:z-n—(—:—x—i.. lix>:|73+ %(xE) , (2.2)

2(x,x',E)=I dyfdzfdteliu' @-F)+iEL/R

X Z(x,x’,y,2;t), (2.3)
k,=(0,k,,k,), 2.4)
We= = H%RE/2m. (2.5)

The two-by-two matrix self-energy for a quasi-
particle T(F,T’,¢) is generally a nonlocal function.
However, in a bulk system, it is found that the mo-
mentum dependence of the self-energy arising from
the electron-phonon interaction is negligible near
the Fermi momentum p F.g Since the self-energy
always is combined with functions which decrease
rapidly as the energy deviates from the Fermi en-
ergy, only momenta near p are important. There-
fore, in a translationally invariant system, it is

an excellent approximation to treat the self- energy
as momentum independent. One therefore has an
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effective self-energy which is local in space.

Even in a system which lacks translational in-
variance in one direction, the effective locality of
the self-energy should persist, since the momenta
of interest are still'near the Fermi momentum.
We therefore assert that the approximation

Z(x,x’,E)=Z(x,E)b(x — x*)

is a reasonable one.!°

In all cases the dependence of functions on %2 and
E will not be indicated unless the possibility of
confusion exists. The chemical potential will be
denoted by u, and the Pauli matrices are repre-
sented by 7,, 7,, and 7, in Nambu’s notation.*

By choosing a particular phase in two-dimen-
sional Nambu space,'! we can write the matrix
self-energy

E(x)# f1- Z(x)]E;:-X(x)73+ o(x) T, ‘ (2.6)

In Appendix A, using an approach based on that
developed by Feuchtwang,'? it is shown that the
two-by-two matrix Green’s function satisfying

[E - H(x)]G(x, x7) = 6(x — x*) (2.7

for two systems (N and S) in perfect planar contact,
can be obtained from the Green’s functions for the
two separate systems G y(x,x’) and G ¢4(x,x’).

We find that for x,x’<0 (in N, see Fig. 1),

G(x,x")= Gn(x,x') -Gy (x,0)
% [Gy(0,0)+ G5(0,0)]G (0, 7). (2.8)

The plane of contact is chosen to be at x=0. For
x,x’>0 (in S) we have

G(xyx')= Gs(xg x') - Gs(x’ O)
x[G(0,0)+G4(0,0]"G(0,x) (2.9)

These equations are strictly correct only when
the value of the self-energy chosen for N and S is
close to the value of the actual (self-consistently
determined) self-energy at the N-S interface (see
Appendix A). We shall rely on making an accurate
initial guess for the self-energy in N and S, leav-
ing the deviation from the true self-consistent val-
ue (which depends on G(x,x’), and therefore on
Zy-and ) as a small correction. The accuracy
of this procedure will be judged by obtaining the
first correction to Z(x) in terms of ¥, and =4, and
comparing with the initial guess.

The Green’s functions G ¢(x,x’) satisfy
[E-H, )]Gy, s(x,x7)=6(x - x7). (2.10)

The Hamiltonian in Eq. (2.7) has been separated in-
to two parts
H(x):{HN(x)’ <0,

Hg(x), x>0. (2.11)

The Green’s functions G, and G4 are then obtained
for the i¢solated layers N and S, respectively. The
boundary conditions on these functions at the N-S
interface are chosen to be

dG y ¢(x,x7) -0= dG  s(x,x') (2.12)
ax x=0 dx’ %20

Feuchtwang has shown!? that the interface boundary
conditions may be chosen in whatever way is con-
venient. We find that (2.12) is a convenient choice
for our problem. At free surfaces, the Green’s
functions must vanish.

As usual, the temporal boundary conditions on
the Green’s function G(x,¢,x’,¢’) may take two
forms. If we require the function to vanish for ¢
<t’, we obtain the retarded function. In order to
define the Fourier transform G(x,x’,E), we assume
that E possesses a positive infinitesimal imaginary
part, making the transform regular only in the up-
per-half complex E plane. Likewise, the Fourier
transform of the advanced Green’s function (non-
vanishing only for ¢>#’) is regular only in the lower-
half E plane, since E has a negative infinitesimal
imaginary part.

III. DOUBLE-LAYER GREEN’S FUNCTION
AND BOUND STATES

In Fig. 1 the tunneling geometry is sketched. The
metal electrode L is in the normal state through-
out the éxperiment. The metal oxide barrier B
separates L from the double layer R. In this geom-
etry one observes the local density of states in the
metal N at the interface between B and N (Ref. 8).
The metal electrode S is in the superconducting
state throughout the experiment. The metal N has
a bulk critical temperature less than that of S.

All contacts are perfectly planar.

In this section, we will obtain Green’s function
for the double layer (R). According to Feuch-
twang’s prescription, we must obtain Green’s func-
tions for the separate layers, with appropriate
boundary conditions, and then use expressions
like Eqs. (2.8) and (2.9) to obtain the Green’s func-
tion for R.

The most general form for Green’s matrix func-
tion is!

Glr,x) =) dg ¥y (x,)@1(x) . (3.1)
3

Here x, (x) is the larger (smaller) of the two vari-
ables x and x’. The two-dimensional vector wave
functions ¥,(x,) and ®(x ) satisfy the Bogolyubov
equations with the boundary conditions appropriate
for, respectively, the right boundary and left
boundary of the domain of the equation. The index
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g allows for degeneracy in the solutions. The con- constructed (using the “jump condition”)
stants d, are uniquely determined by requiring the -
satisfaction of the “jump condition” on the first Gy(x,x7) = Z +m
derivative of G(x, x’): T 72KYsin(KXd)
’ x=x’4+6 7Y |x'=x+6 a
7, dG(x,x) - .2_7;= 3dG(x,x) . (3.2) (Eﬂ: QN)/QN A,N/QN .
dx x=x’=6 7 dx’ x?=x-6 X

A/Q, (EFQ,)/Q,
Here, as throughout this paper, § is a positive in-
finitesimal. x cos(KLx,) cos[K ¥ (x +d)], (3.9)

The initial guess for the self-energy is
’ tm
- - G "=
Z(x):{(l ZWE+ ¢y1y, —-d<x<0, (3.3) s, x7) Z* RS cos(K3a)
(1-ZyE+ ¢g7, 0<x<a.
E+Q.)/Q A/

Since we are interested in the retarded Green’s x \:( )/ s/ ]
function, E contains a positive infinitesimal imag- Ag/Qg (EFQ4)/Q
inary part. With this guess for the self-energy,
the Bogolyubov equations in N or S take the form X cos(KSx,) sin[K$ (xy — a)]. (3.10)

ﬁz 82
[ZMSE+ <§_7}-’Z a—z—+ }.Lx> Ty — ¢N,ST1] \I/N,S(x)=0.

(3.4)

There are two solutions for each energy. The gen-
eral solutions are

¥, ox)= [ ) 8]

Ut(x)zv, s

=[REi9M5V9MSP”
KE*QMSVQMSP“}
x [A cos(KY Sx) + B sin(K)Sx)],”  (3.5)
where
ﬂN.s=(Ez— Az;v,s)l/z, (3.6)
K S= (2, 2 2m/R%Zy sy %, (3.7)
K, =2mu,/n% (3.8)

The boundary conditions on G ,(x,x’) are that it
have a vanishing derivative with respect to x (or
x') at —d and 0. The conditions on G¢(x,x’) require
a vanishing derivative with respect to x (or x’) at
0, but at the free surface (x or x’=a)G4(x,x’) van-
ishes. The two Green’s functions are now readily

J

The calculation of these Green’s functions and the
calculation of the double-layer Green’s function
[using Eqs. (2.8) and (2.9)] are sketched in Appen-
dix A. .

Throughout this paper we will assume that what
occurs at —c¢ and a (see Fig. 1), the free surfaces,
has no effect on the observed current, so that the
finite-sized sample may be regarded as effectively
infinite in extent. Thus the limits —c—~ -~ and a
—~+oare to be taken. In these limits, the temporal
boundary condition on the Green’s functions (re-
tarded) automatically leads to the outgoing-wave
behavior which is essential for a current-carrying
state. For example, the positive infinitesimal im-
aginary part in E allows one to obtain the limit!*

lim sin[KS (x, —a)]/ cos(KSa) = ¥ie*i¥Ex, (3.11)

a—> @
If these limits were not taken, the Dirichlet bound-
ary conditions which were chosen for the Green’s
functions at the free surfaces would lead to no net
current. Also, the case in which the S layer is
much thicker than the N layer, corresponds to the
experiments with which we will make comparisons
in Sec. V.

The results for the double-layer Green’s function
in this limit are, for (x,x’) <0 and (x,x’)>-d,

GR(x, xl): Z ﬁ:]:l [(Ei‘QN)/QN AN/‘QN :l [AN*(xQ B)v*(x>)j|
* Fx Ay/Sy (EF92,)/Qyd LB p(x;) Aylx,)
x cos[KY(x+d)]/[iF(E) sin(AK¥7) - cos(AK¥q)], (3.12)
where
. p(E)= Bz Bsh _E(ag- 4y
AKN:KY—KF,F(E)——QS‘Q-SN“E’ G(E)——?iﬁ;-'v—, (3.13)
Ay, (x,)=iF(E) cos(K¥x,+K¥d)Fsin(K ¥x, +K¥a) , (3.14)
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B, (%) =iG(E) cos[K¥(x,+d)];

for (x,x’)>0,

Gplx,x') = —_—
R =~ 21k gy

where |

AKS=KS _KS, (3.17)

Ag,(x)=cos(AKYd) + expix[2iK $x +i(K¥ + K¥)a]}
—iF(E) sin(AKYd), (3.18)

Bg,(x) =iG(E) sin(AK Vd) exp(i AK Sx.). (3.19)

The off-diagonal terms (mixing electronlike and
holelike wave functions) in the second matrices of
Eqs. (3.12) and (3.16) arise from scattering off the
pair-potential difference at the N-S interface.

As a quick check on the result for (x,x’)>0, one
can take the limit d— 0. It is a straightforward
matter to verify that this indeed reduces to
Gg(x,x’) in the limit a— « [see Eqs. (3.10) and
(3.11)].

For (x,x’) <0 the denominator of the double layer
Green’s function exhibits zeros for real energies
in the interval (AgA,)'/2<E<A . If we consider
only particles moving in the x direction, so that
in Eq. (3.7) we can replace k,y by &, then this
pole of thie Green’s function occurs when

oY)
N7y = SN
(A= o R oa,
N 27 ,dQ,)
~tan (_7‘/[7)_:‘> , (3_20)
where
Qy=(A% —E?)'/2, (3.21)

This pole indicates a bound state. For (r,x’)>0
(in S), the'denominator also vanishes but the bound
states decay exponentially as x or x’ increases,
whereas the states do not decay in N. This can be
seen by noting that for E<Ag we can write Ki=a
+ib where a and b are real, and b is positive. Us-
ing (3.16), (3.10) one finds that G g(x,x’) decays ex-
ponentially for E<Ag. No such decay is found for
Gg(x,x’) in N at these energies, as long as E >A,.

Because of the gap in the density of states on the
S side, particles from the N side with energies
less than A cannot travel very far into the S side.
Thus particles in N see an effective one-dimen-
sional potential well of depth Ag— A .. At least one
bound state will always be found in N. de Gennes
and Saint James” have studied these bound states
and their contribution to the tofal density of states
of an N-S double layer for A,=0 and E<Ag In

As*(x<)

im [(E iQs)/QS As/Qs [
Ag/Q (EF szs)/szs] Bg.(x)

(3.15)

oIS Gymxo)
iF(E) sin(AK"d) — cos(AKd) °

(3.186)

Bs*(x<) j|
As:(x<)

-
Sec. IV the effect of these states on the tunneling
density of states (which is a local density of states)
will be investigated.

Setting A, =0, it is easy to show by graphical
arguments that the number of bound states is given
by

M=1+[Rag/7]. (3.22)
Here, we have defined
2Z ydE/hv z=RE. (3.23)

The symbol [A] represents the greatest integer
less than A. Thus the relevant parameter for de-
termining the number of bound states is the ratio

RA,  2dAg 2d
T Tve/Zy — (TPENZy/Zg)°

where £ is the zero-temperature BCS coherence
length in S (based on the value of the pair potential
at the N - S boundary), and Z,/Z ¢ is approximately
(for low energies) equal to (1+X,)/(1+Xxg), g, 4
being the McMillan parameter for S or N.

A graph of the bound-state energy versus R is
given in Fig. 2 with Ag=1.4 mV (roughly the value
for bulk Pb) and R ranging from 0.1 to 4.0 mV™,
There is only one bound state for this case, as
long as R is less than about 2.24 mV™. When 1/R
is more than an order of magnitude greater than

1.0

E. (1L
(mV)
0.8

0.6

0.4

1 1
10 20

3'OR(I/ v;"o
m
FANCIR:Y.\Y)

FIG. 2. Dependence of bound-state energies E,(1) on
R=2Zyd/lv .
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Ag, the bound state is located so close to Ag that
it cannot be distinguished from Ag on the graph.

IV. NORMALIZED DIFFERENTIAL CONDUCTANCE

For normal metals, it is known®**? that the tun-
neling current is proportional to the local density
of states at the tunneling interface (in our case,
at x=-d). In Ref. 1, McMillan finds that the
NDC is proportional to

- 11_r- Im[G R(-d -d),,]

1 U, (A% (-d)
= Im(,; EE+i0 ) (4.1)

s
which is the local density of states of the double
layer at x=-d. Only the 11 component of the
Green’s function in R is needed. The wave func-
tion is the exact normalized wave function for the
double layer evaluated at x=-d, and the formal
sum over E’ includes bound states as well as
states in the continuum above Ag. We will demon-
strate in the following that the local density of
states exhibits structure arising from bound states
below Ag as well as from the interference of
waves scattering off the pair potential difference
at x=0, for energies above Ag. )
Following McMillan in Ref. 1, Eqgs. 33 and 37,
we assert that the tunneling density of states is
given in terms of the imaginary part of the 11
componenil: of Gy at the tunneling interface by

1 -1
NT(E)=J' d(c0s6) = ImG(~d~d)y,

x D(cos6)(3mHvg,) . (4.2)

McMillan defines D (cos#8) as “the normalized pro-
bability distribution of the tunneling electrons.”
Since

(-1/7) ImG g(-d - d),,

coso=(1-k}/kP)", (4.3)

one may interpret 6 as the angle made by the elec-
tron 2 vector in R relative to the normal to the
tunneling interface.

It is difficult to give an explicit form of the
function.D(1/x) (1/x =cos6) since it involves de-
tails of the tunneling interface which are not
known. Phenomenologically, McMillan has de-
fined this function in two limits: (i) Random
tunneling: In this case, all electrons of the same
energy have the same probability of penetrating
the tunneling barrier, regardless of the angle at
which they approach the barrier. McMillan,
therefore, chose D(1/x)=1 for this case. (ii)
Specular tunneling: Because the tunneling inter-
face is assumed to be perfect for this case and
the barrier is taken to be a simple rectangular
potential barrier, the transmission of electrons
with k-vectors normal to the barrier is strongly
favored. In this case, McMillan chose D(1/x)
=Bexp[B(1 - x)], where 8 is a large number (~40).

The differential conductance devided by its value
when all layers of the sandwich are normal is
given by'®

(), / (),

- [ am ) s L) - FE o))

(4.4)

at finite temperature.’” The magnitude of the
electronic charge is e, and V is the applied vol-
tage.

Using Eq. (3.12) we find that

=(-2/1hvp, ) Im({(E/Qy)[iF(E) cos(AK " d) + sin(AK " d) | +i(Ay/Qy )G (E)}/[i F(E) sin(AK "d) — cos(AK d)]) .

Note that if Ag=Ay, then G(E) vanishes, F(E) is
unity, and the above result reduces to

(2/mhvpx) Re(E/Qy) . (4.6)

This must occur because the entire region R is a
homogeneous superconductor with order para-
meter Ay.

‘There are five regions of interest.

(i) E<ay—Here Q, and AK ¥d are purely imag-
inary, F(E)>0 and real, and G(E) <0 and real, so

(4.5)

r

that the denominator has no zeros for real E.
Thus the right-hand side of (4.5) vanishes.

(i) Ay <E<(AyAg)Y?—Here 2y and AK ¥d are
real, F(E) and G(E) are positive and negative
imaginary, respectively, and the denominator in
(4.5) has no zeros because AK ¥d is positive. Thus
the right-hand side of (4.5) vanishes in this case
also.

It is interesting to note that there is no BCS-like
singularity at E = A, because of the quantization of
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quasiparticle energy levels induced by the presence
of a larger pair potential A at the N-S interface.
As will be shown below, the density of states shows
its first sharp peak at the value of the first bound
state in the pair-potential well of depth Ag— A,
and decreases rapidly below this. Thus even though
there is a finite pair potential in N, there is no
BCS behavior at A,

(iii) (AgAy)'/2 <E<Ag—In this regime, 2, and
AK¥d are real, and F(E) and G(E) are imaginary.
The denominator of (4.5) diverges when

2sz9,,) 8.,
T E

il (@)

tan(AK"d) = tan (
T gy
Expanding the denominator about the energies
which satisfy this relation [E,=E (cos6)], we ob-
tain (see Appendix C for details of the calculation):

- M 2Z,.d 2
2 (Em+AN) ( N B+ Ej+ AEA&')
TR gy %= 70 gy E Qg
XIm(E - E,+16)™. (4.8)

The integer M is the index of the bound state of
maximum energy. In the above expression the en-
ergy variations of Z,, Ag, and A, have been neg-
lected. The imaginary parts of these quantities
have also been assumed to vanish. These assump-
tions are correct as long as the metal N is as-
sumed to be clean, because the energies of inter-
est here are far below typical phonon energies in
N and S, at which the neglected features should be
prominent.

The imaginary part of the denominator in (4.8) is
-78(E -~ E,(cos6)). The cosd dependence of the
bound- state energies can be used to convert the
integration over cos@ in (4.2) to an integral over
E,(cos6) using

RQ,
mu+arctan[QQ,/(E? - AgA,)]

- RQ,
T omm+ ¢>(E )

cosf=

(4.9)

[the m7 in this equation arises from the possibility
of multiple solutions for AK¥d in (4.7)], and

dcosf

5 —R< 2 [+ ¢(E,)]

(E—.-F—AJA”'—)/[m'rH H(EDE, (4.10)

where Qg and Q, are evaluated at E=E,. We thus
obtain, using the 6 function

Nz(E)=TR Z ( mf: :(E)F)

m=0

(ﬁ%) O(E,(1) - E). (4.11)

L Rin(mv)"

NDC

05 Emv) 10 1.4

FIG. 3. NDC as a function of energy for E<A g=1.4mV
in the random tunneling model for three values of R.

The energies E (1) are the solutions to equation
(2.20), which is just equation (3.7) with v o5

=v ,c080=v, The unit step function 6(E,(1) - E)
vanishes for E>E _(1).

‘This result differs from that of de Gennes and
Saint- James” who have (for A,=0) an extra factor
1+ Qg/[mm+ ¢(E)] and implicitly take D(cosg)=1
for all 6. The difference can be traced to the fact
that we calculate a local density of states at the
tunneling interface, whereas Ref. 7 calculates a
total density of states.

In Fig. 3 we show the local density of bound
states for A,=0, R=0.6 and 1.2. We have set the
function D(cosd) equal to unity. This corresponds
to McMillan’s “random tunneling” approximation.
In the “specular tunneling” case, where D(cos8)
is sharply peaked at cosf=1, one expects to see
a steeper rise in N (E) as the bound state energy
is approached from below; below Eo(l),D(RSZN/[mn
+ ¢(E)]) becomes exponentially small. In the ran-
dom tunneling case, the only thickness-dependent
quantities are R and E (1). Thus graphs for other
values of R may easily be constructed from those
shown once the bound state energy is determined.

Equation (4.10) may be used to determine the val-
ue of E,(1) as R -0 since E (1) satisfies

[ S_Ez 1)}1/2[ 1)2 A?V]”z)
E (1) _A A,

arctan <

=R[E,(1)* - a3 ]/2,
Since we know that as R -0, E (1) - Ag, we write
Ey,(1)=44(1-¢),e <1.
Thus we have
(2€)'/2=R(Ag - 4,),
which yields

Ey(1)= a1 - 3R*(Ag ~ A,)2]. (4.12)
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Near E (1), the variation of N ,(E) can be obtained
by letting E=FE,(1)(1 -y), where y << 1. Then

[R¥(Ag — A )7+ 2y]/3(A% — A2)!/?

¢(E)= AS - AN

so that, near E (1),
N (E)=7D()[R(Ag— AW/ [R*(Ag - A2 +2y].

Thus the value of N (E,(1)) for R(Ag- 4,) <1 (i.e.,
for thin N metals) is

N AE,(1))=1D(1)/R(Ag— A,). (4.13)

As d approaches zero, therefore, N (E) shows an
increasingly sharp maximum at E,(1), which is

-1 _ (EQg/mhv ) [E? — AgA, + Ay (Ag - Ay) cos(AKNd)]

very near Ag. Experimentallly, as the N metal is
made thinner, one should rapidly attain the point
at which the density of states due to the bound state
in N (where A,=0) cannot be distinguished from
the onset of the density of states, due to a BCS su-
perconductor of energy gap ~Ag in the presence of
thermal smearing. To show this, we must also
calculate the density of states for energies at and
above Ag.

(iv) Ag SE—Above Ag, a continuum of energies
contributes to the tunneling density of states. Far
below typical phonon energies in N and S, the im-
aginary parts of Z,, A,, and Ag are negligible, so
that Eq. (4.5) reduces to

(4.14)

s ImGR(-d - d)u =

The most striking fact about this result is that
it vanishes for E= Ay (24=0). However, for small
AKNd, one observes a sharp peak just above Ag.
* The vanishing at A is due to our assumption that
the N and S metals are perfectly coupled, meaning
that, in the normal state of S, the transmission
coefficient at the interface is unity. For strongly
coupled N and S layers, at finite temperature, we
expect [on the basis of (4.14)] that the NDC will ex-
hibit a “dip” near Ay, and a maximum at the bound
state in N, as well as at an energy just above Ag.

Consider the value of (4.14) near E= Ag for AK?d
=R(A% - A2)'/2/cosh «< 1. Letting

E=Ag(1+¢),

where € <1, we find, upon substitution of (4.14) in-
to (4.2), that

~ (" d(cosf)D(cos)(2¢)'/?
NT(A5(1+€))-IO 2¢(1+ C/cos?6) + I'?(1+C)/cos?6 ’

where

C=[(28% - 43)/(8% - A3)R*(85 - 8,)° <1,
assuming that A, is much less than Ag. Also, we
define

[?(1+C)=R*(Ag— A,)2
In expanding the trigonometric functions, we have
assumed that the dominant contributions to the
cosf integral occur near cosf=1. This amounts
to taking D(cos6) to be a very rapidly-decreasing
function as cos@ varies from 1 to 0 (specular tun-

neling). The integral may be evaluated approxi-
mately by replacing cos@ by unity. We find

N{Ag(L+€))= D(1)(2€)M2/(2€ + T).

This is a maximum at

Q% Q%+ E* (A5 - Ay)? sin*(AKTd)

r

e=T?/2«1,
where it has the value
D(1)/2R(Ag - Ay).

The ratio of the tunneling density of states at
Ey(1) [Eq. (4.13)] to this value at the maximum just
above Ag is equal to 27. For specular tunneling,
therefore, when R(A% - A2)'/2 «1 (thin N metals),
the maximum at the first bound state is more than
six times the maximum located just above Ag.
Clearly, for random tunneling, the ratio would be
even larger.

For thin N metals we conclude that, slightly
above Ag, there is a peak in N (E) of width T
=R(Ag~ Ay «1. The shape of N (E) for a thin
N metal near E = Ay is illustrated in Fig. 4 (note
the scale of the abscissas) for R=0.02, A =1.40,
Ay=0, and random tunneling. The slope of N ,(E)
at Ag is infinite [this may be shown using (4.14)].

100+

NDC

501

L 1 1 - 1 1.
1397 1398 1399 14 1401 1402 1403
E(mV)

FIG. 4. NDC near Ag=1.4 mV for R=0.02 mV~ 1.
(Note horizontal scale.)
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(v) Ag<E—At energies far above Ag, Eq. (4.5)
may be evaluated very generally by retaining only
the lowest-order nontrivial dependence on Ay and
A,. Insertion of this approximation into Eq. (4.2)
yields the following form for N (E):

N (E)=1+3 Re(A%/E?)
+3 Re{[(A5 - A,)?/E*]I(2RQ )}
+Re{[a, (a5 - A)/E?]I(RQ )}

The second factor in this equation is exactly what
one would obtain for tunneling into a bulk supercon-
ductor with pair potential A,(E), i.e., the first
term in the expansion of the bulk strong-coupling
density of states for E> A,. This is remarkable
because, as observed above, there is no BCS-like
singularity at A,. The explanation for this is that,
far above the step-like pair-potential difference,
the N metal behaves more like a bulk superconduc-
tor since, at these energies, the step potent1a1
can be treated as a perturbation.

When performing calculations in the preceding,
we have chosen to set A,=0 in all cases, for sim-
plicity. Our motivation for this arises from the
implicit assumption that N is a relatively weak
coupling material. As we will show below, for
such a material, A, (E) is negligible at energies
far below the typical phonon energies of N. Near
phonon energies in N, however, A,(E) exhibits
structure due to the rapid onset of virtual phonon
emission.’® Thus the appearance of the second
term in (4.15) is encouraging to one who might
wish to extract information on the phonon density
of states and the electron-phonon interaction in N
from proximity effect tunneling. We shall discuss
this possibility in Sec. IX.

The integral I(y), which occurs in the third and
fourth terms of (4.15), was considered by McMil-
lan in Ref. 1:

')1;)6 iyx

)= [ &
1

For either form of the angular distribution prob-
ability, D(1/x),1(y) is an oscillatory function of its
argument. Even for real y, the amplitude of these
oscillations decays. If y has an imaginary com-
ponent, the decay becomes quite rapid.

Recalling that R=2Z,d/hv,, one observes that
the third term in (4.15) arises from the “4d oscil-
lations” of McMillan and Rowell.® As discussed in
Sec. I, these require two reflections off the pair-
potential difference Ag— A, at the N-S interface
[hence (Ag— A,)?] and arise from the interference
of an incoming particlelike wave with its thrice-
reflected outgoing particlelike wave. The fourth
term in (4.15) arises from the “2d oscillations” of
Tomasch? and Rowell,® which require only one re-

(4.15)

(4.16)

flection from Ag— A,. The incoming particle-like
wave may interfere with the outgoing holelike
wave in this case, because A, couples the two and
allows them to interfere.

The renormalization parameter Z , also shows
structure at the phonon energies of N. This para-
meter has the form

Zy(E)=1- (1/E)[M (E) - iT y(E)], (4.17)
where M, (E) is the modification of the quasipar-
ticle energy due to electron-phonon interaction,
and T',(E) is the damping of the quasiparticle ex-
citation due to this interaction. Thus from the per-
iod and decay of the 24 and 4d oscillations, one
may be able to extract further information on the
electron-phonon interaction in N.

There are inherent difficulties in such an extrac-
tion, however, because of the presence of the an-
gular distribution probability D(1/x) in the oscil-
latory terms. As we stated above, this function
is not known. If the tunneling barrier is regarded -
as structureless, i.e., a simple potential barrier
of height V, then the “specular tunneling” case
definitely holds, and electrons with k vectors nor-
mal to the tunneling interface (cosf=1/x=1) will
be the dominant ones selected by the tunneling pro-
cess.

However, as Dowman, MacVicar, and Waldram?®
pomt out, the real case may be more complicated.
The k vectors selected by D(1/x) depend on selec-
tion rules which, even for perfect insulator- metal
interfaces, may select groups of electrons with k
vectors having significant components parallel to
the interface. Since

kpx= @mu,/B?)Y 2 = [2m (u - 7 2k3/2m)/R2]/?,

the observed period and damping of the oscil-
lations, which are inversely proportional to % .,
may be considerably increased by selection rules
at the tunneling interface which favor electrons
with nonzero &, values over electrons with 2,=0.
The extraction of information from the oscillations
is affected by these occurrences.?® It is encour-
aging to note that no such difficulties appear in the
extraction of information from the second term in
(4.15).

Finally, in this section we wish to make contact
with McMillan’s results in Ref. 1, specifically, Eq.
(40). Since he chose to treat two semi-infinite re-
gions with Ag=0,*! we must evaluate Eq. (4.5) in
the limit d— «. Since E contains a positive infin-
itesimal imaginary part, AK¥ contains such a part,
so that, as d -, we keep only the exp(-iAK ¥d) in
each sine or cosine. One readily finds
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—'ﬂi ImGg(-d - d),

iakNg
e (£
TV gy Qy  (E+8,)

Since A,/(E+,)=(E - Q,)/A,, we have obtained
Eq. (40) of Ref. 1, as required.

V. COMPUTER RESULTS FOR NDC WITH THIN
WEAK-COUPLING N METALS

A compact expression® for the quantity in Eq.
(4.5) is obtained by defining
tan(it) = iQs Qy/(E? — AgA,) = =(iF ),
and hence also

sin(i¢) = -(G)™ .

(5.1)

Then we have

-1 -~2 E
- v - - = AKY ]
p ImG(~d - d),, - Im(QN cot(AK¥d +i&)

A
+—X csc(AKNd + ig))
Qy

(5.2)
and N,(E) is

N (E)= f ld(cose)D(cose)[—lm(-g—Ncot(AK”d+i§)

Ay Ny )
+9Ncsc(AK d+1i¢) ] .

(5.3)

For simplicity, we will assume that A, (E)
<< Ag(E) at the energies of interest in this section.
These energies are from 1.4 to about 20 mV,
where Ag(E) shows significant structure (we take
Pb as the S metal). In Sec. VII we will show that
for thin weak-coupling N metals, the assumption
that Ay (E)<< Ag(E) for the chosen energy range is
reasonable. In the following, therefore, we shall
set Ay (E) equal to zero. In addition, we will al-
ways use the approximation for AK¥d indicated
in Eq. (4.7). ’

For the random tunneling model, after making
the above-described approximations, we transform
the integral in Eq. (5.3) by changing integration
variable to y = (RE/27)(1 - cosf)/cosé:

. 1 -
No(E)= f dy%¢“’<—%§+ y)[—-Im cot(2my + RE +i¢)].
0 .

(5.4)

The trigamma function y‘*'(x) is defined by*

P (x) =i(n+x)'2-

n=0

(5.5)

Using the tabulated values of this function, we

evaluate (5.4) numerically. ;

In the case of specular tunneling, we have simply
evaluated the integral in (5.3) at cosf=1. This
corresponds to allowing only those electrons with
k vectors normal to the tunneling interface to be
transmitted.

At zero temperature, the NDC is equal to
N,(E=eV). Experimentally, one also measures
the second derivative (d*I/dV?)g, and divides by
the value in the normal state (d%/dV?),. This is
proportional to the first derivative of N (E). Be-
low, we examine results for N (E) and its deriva-
tive N4.(E) in the specular and random tunneling
models for various values of R = 2Zyd/hv .

A. Specular tunneling

In Fig. 5 is displayed a comparison of the extra
structure produced by the energy variation of
Ag(E) in N (E) for a proximity effect sandwich
with R =0.02 (solid lines) and for the bulk strong-
coupling density of states (dashed lines). The
featureless curves are the results for Ag(E)=1.4
mV at all energies.

As d-0, Eq. (4.5) reduces to (2/77wpy) Re(E /).
This gives the bulk result for N (E). Thus the
dashed curves may be regarded as the R =0 limits
of the solid curves.

Note that the featureless curves are rather in-
sensitive to the value of R, compared to the curves

R=0.02——
10

1o R=0.0---=--
-

Rin (mv)™!

1.051—
NDC [
1.00}—
075

TR IVRPUTEN | AR BT B

10 15 20 E(mV)

FIG. 5. Comparison of NDC curves with and without -
structure due to energy dependence of Ag(E) (S=Pb)
for two values of R in the specular tunneling model.
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FIG. 6. Change in the structure of NDC curves with
increasing R for specular tunneling.

with structure. The structure has shifted to slight-
ly lower energies in going from R =0 to R =0.02.
Further evidence of the extreme sensitivity to R

is presented in Fig. 6 (note scale change). The
structure continually shifts to lower energies as

R increases, and the shape of the curve alters
radically.

The curves for N%(E) when R =0 exhibit minima
at the dominant phonon energies of Pb shifted up-
ward by the Pb energy gap (~1.4 mV).'®* These
energies are 4.5 and 8.5 mV for the transverse-
and longitudinal-acoustical Pb phonons, respec-
tively. The curves of Fig. T show that for R =0.02,
the minima are nearly at the values expected for
R =0 with a gap of 1.4 mV. For R=0.06, the posi-
tion of the upper minimum has decreased by about
0.3 mV, while the lower minimum has dropped
by 1 mV. Succeeding values of R do not produce
any appreciable lowering of the position of the
lowest minimum, while the position of the higher
minimum continues to decrease.

Experiments (see Ref. 15) indicate that the three
peaks do shift to lower positions, but that the very
narrow peak at the higher energy gradually de-
creases in height compared to the central peak,
while the lower energy peak increases. These ex-
perimental observations do not agree with the re-
sults in Figs. 5~7. We therefore believe that the
strict selection rule on £ vectors implied by the
specular model is not applicable to the experiments
in Ref. 15.

B. Random tunneling

This case represents the other extreme, as far
as tunneling selection rules are concerned, since
it corresponds to the complete absence. of any

r
:
r
0.02
oof R(1/mV)
002 Py -
002 P —
0ol
-0.02}-
0.02[-
0ol
-002|-
0.02F-
ool
-o.oa:—
oNDC |
5 10 7 20 o)

FIG. 7. First derivative of the NDC (DNDC) for
various values of R with specular tunneling.

selection rule.

In Fig. 8 one observes that even the structureless
curve is significantly modified in the random tun-
neling case. Again, we also observe the sensitivity
to R of the shape and position of the structure in

\
\
\
i
\
1
\
\
110 i
) ' R=002——
- R=0.0-----
L . 1
Rin(mV)
L
.05
NDC |
1.0
0.95(-
NPT TR BTSN SR

10 15 20 E(mV)

FIG. 8. Comparison of NDC curve with and without
structure due to energy dependence of Ag(E) (S=Pb) for
two values of R in the random tunneling model.
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FIG. 9. Change in the structure of NDC curves with
increasing R for random tunneling.

the curves which include the energy variation of
Ag(E). In Fig. 9, N,(E) is plotted for various val-
ues of R. Note that the scale is twice magnified
above that of Fig. 6. The trend of the variation of
the structure is just that of Fig. 6.

In Fig. 10, one begins to see the effects of the

0.0
0.0
-0.01+

R(I/mV)
0.02
0.06-~=—

0.10 ———
(ORI e

0.01+
0.0
-0.01+

0.0l
0.0
-0.01-

0.01- i
oot i ‘~‘!'
-0.01} v

DNDC |

L1y PRV S T T T O s A A B 1

10 20 E(mV)

FIG. 10. First derivative of the NDC (DNDC) for
various values of R with random tunneling.

1.05| R(l/mV)
L 0I5 === .
0.20
NDC |
=
.00
0.95— .
.'[...1IIIIIIII|4LLI|lill
5 10 15 20

E(mv)
FIG. 11. NDC for higher values of R and random

tunneling, showing the movement of the first local mini-
mum to lower energies.

absence of selection rules in the more sensitive
N'(E) results. The two higher-energy peaks are
varying in accordance with the experimental*® ob-
servations: the highest-energy peak is decreasing
in size compared to the central peak. The lowest-
energy peak is also increasing in magnitude,
though it is becoming less sharp.

From Fig. 9 one observes that the lower-energy
peak for R=0.15 in Fig. 10 arises from a “kink”
in N,(E) at about 4.2 mV (see arrow). As R in-
creases, this kink approaches the position of the
first local minimum in N (E) (at about 5 mV for
R =0.15). It is interesting to see what happens to
this kink as R continues to increase. In Figs. 11
and 12, therefore, we have displayed N (E) and its
first derivative for larger values of R, ranging
from R=0.15 to R=0.25. At R=0.2, the kink coin-
cides with the first minimum. Note in Fig. 12 that
the first peak in dN(E)/dE is now positive. At
R=0.25, the kink has progressed beyond the first
minimum, making N7(E) even more positive. Also
note in Fig. 12 that the highest-energy peak con-
tinues to decrease as % increases, while the cen-
tral peak varies little in height, but shifts slightly
to lower energies.

In the experimental case, the curves in Fig. 10
would be smeared out somewhat due to finite tem-
perature and modulation-voltage effects. The
modulation voltage used in Ref. 15 is ~1 mV rms.
A reasonably good approximation of the smearing
effects is obtained by averaging the curves over
an interval of about 2 mV. An interval of this size
roughly accounts for both thermal- and modulation-
voltage effects (see Ref. 15). In addition to these
modifications, one must account for the fact that
the experiments actually measure d>V/dI®. As
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FIG. 12. First derivative of the NDC (DNDC) for
higher values of R and random tunneling.

shown in Ref. 15, to a good approximation this is
given by

A4V Ny(eV)
art [Npev)P"

In Fig. 13, we have plotted the right-hand side of
the above expression averaged over a 2 mV inter-
val centered at eV. The two higher-energy peaks
show the expected behavior as R increases, but
the lowest-energy peak gradually disappears.

R(1/mV)
S 0.02
0.01+ 006————
0.0r 3 ’ )
0.0F
0.0+
0.0
0.01F
DNDC
B WY N ¥ R TN N NS NN N W U AN N SN N TN N S S

5 0 5 20 E(my)

FIG. 13. First derivative of the NDC (DNDC) divided
by the NDC cubed, and averaged over a 2-mV interval
to give the experimentally measured d*V/dI? for various
values of R.

10.01-

R=0.02 (mv)™'

NDC|

5.0

B N S N Y (U SO R S W 1

!
1.4 15 E(mV) 1.6

FIG. 14. NDC for R=0.02 mV"~! averaged over an
interval of 0.02 mV.

A comparison of these results with Figs. 2, 3,
and 4 of Ref. 15 indicates that, while the theory
can probably fit the central- and high-energy be-
havior, the lowest-energy peak cannot be fit.
Necessary refinements of the model examined
here will be discussed in Sec. IX.

To conclude this section, we compare our re-
sults for the NDC near Ag (=1.4 mV) with the ex-
perimental observations of Freake?* on Cu-Pb
proximity effect sandwiches at temperatures be-
tween 0.06 and 0.11 °K, Freake found that the NDC
exhibited a dip between 1.1 and 1.4 mV before
rising to a broad peak at lower energies. For a
Cu sample of about 250 A thickness, the dip did
not appear, but at 540 A thickness and more, the
dip was pronounced (see Fig. 2 of Ref. 24).

We find that the qualitative features of the data
can be explained by our results. In Figs. 14 and 15
we display the NDC, calculated from Eqgs. (4.4)
and (3.11) for random tunneling, We have averaged

10.0+
L R=0.10 (mV)™'
NDC

50

0 1 1 1 L L ! | 1 1 1 1

1.4 1.5 ' E(mV) 1.6

FIG. 15. NDC for R=0.10 mV"! averaged over an in-
terval of 0.02 mV.




1090 GERALD B. ARNOLD 18

our results over an interval of 0.02 mV, which
corresponds to the stated resolution of the experi-
ments of Ref. 24, For R =0.02, which corresponds
to a Cu thickness of slightly less than 100 f&, we
observe a fairly sharp peak near Ag, and no dip.
For R =0.10, a Cu thickness of about 500 A, we
observe the appearance of the dip just below Ag,
Clearly, this dip arises from the absence of states
between the bound state in N and Ag, For very thin
N metals, the gap in the NDC cannot be resolved
because the bound state is too close to Ag. As the
N metal thickness increases, the bound-state
energy decreases, and the gap widens until it
surpasses the resolution. The peak of the NDC
occurs slightly below the bound-state energy (al-
lowing for resolution), and decreases in magni-
tude as R increases, in accordance with the re-

sults shown in Fig. 3.

Though we have obtained qualitative agreement
with the results of Ref. 24, we are far from quant-
itative agreement. The structures we have de-
rived in Figs. 14 and 15 are much sharper than
the corresponding ones of the experiments, and
the size of the peak at the bound-state energy is
too great. However, we suspect that these fea-
tures are sensitive to the degree of normal scat-
tering at the N-S interface, which should decrease
the amplitude of the bound-state peak, and smear
out sharp structure. We have neglected such scat-
tering in this work, although it is definitely pres-
sent, even with perfect contact between N and S.
In Sec. IX, we will speculate further on those fac-
tors which may bring our theory closer to quan-
titative agreement with experiment.

VI. FIRST CORRECTIONS TO THE LOCAL SELF-ENERGY

The local self-energy is determined via the equation

Z(x)=[1-Z(x)]E+¢p(x

The kernels K, (E, E’, x) are given by

KB, B x)= [ av oo, )F (o, { ING) + /(=B + E v & (8
(4]

f dE,J (Zk., (—-IIHG(x,x,E’))EXZ(WPZ)ZK*(E,E',x)
» (27)% ’ .

by (6.1)
—E+vy]
F[NW)+f(E")|[-E' +v+E) '+ (-E' +v - E)']}
(6.2)

— WH)OUE (x) - B fFE) - FE)].

The plus sign applies to the off-diagonal, and the minus sign to the diagonal part of Z(x). This expression
is semiphenomenological in nature, being based on the corresponding expression for bulk materials.'®
The local average electron-phonon interaction (squared) times. the local phonon density of states is

(v, x)F (v, x) = { ay(FyW), xeN,
’ ’
as(v)Fsv), xeS.
The local Coulomb pseudopotential is
“*(x):{ LE, X&N,
p¥ xeS.

(6.3)

(6.4)

The energy Eg(x) is a local value of the cutoff energy for the local Coulomb pseudopotential equal to Egy in
N and EgzginS. Both of these energies are presumed to be an order of magnitude greater than the Debye

energies in N or S.*

The symmetry of the matrix quantity in large parentheses in Eq. (6.1) [cf. Eq. (3.12)] yields

26)-1-5 [ [Th] (FRO E’>u>2(m>21:n e X o)
o)= f dE'f ((zzf)"z/ ("ImG(J;,x,E') >2(nﬁ)zlfnliE E’ x) 6

In both equations, the Green’s function contains terms which oscillate like exp(+2ikzx). These will intro-~

duce rapidly varying contributions to A(x)= ¢ (x)/Z (x).

Presumably, however, full self-consistency for A(x)

with respect to its spatial dependence will suppress such rapid variations. If one considers the effect of
these terms on the values of Z(x) and ¢ (x) averaged over x in region N, the terms which rapidly oscillate
are smaller than the other terms by a factor of E/E,. These terms will accordingly be neglected. This
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" being done, one obtains from Eq. (3.12) (See Appendix B for details of the derivation)

Zyx)=1- % [w dE’ -[ d(cos8) [—Im(fz—;cot(AK”dJrig)) - Irh <€—N"—cos[AK”(x+d)]

X csc(AK”d+i§9:] K (E,E"),, (6.7)

Pyx)= f " 4B fo ' d(cosb) [-Im(%;'— cot(AK¥d + iz)) - Im(—% cos[AK¥ (x +d)]

0

X csc(AK”d+i§))] K,(E,E")y (6.8)

for the self-energy in N. The seif—energy in S is obtained from Eq. (3.16) (see Appendix B)

( Agsin(AKYd) et 2x%
s sin(aKYd+ i0)]

Z)=1-% f dE’[Re—-— f d(cosh) Re )]K_(E,E')s, (6.9)

' [Re2 ((E'/ Q) sin(AK¥d) otaks '
bs(x) = f dE [Re?i- f d(cos) Re™——2 " Tir) )]K(EE Je. 610

The quantity ¢ is defined by Eq. (5.1).
Now we will examine the limit as d —«~. This limit exists in virtue of the positive imaginary infinite-
simal part of E (and therefore of AK” , AKS) as mentioned previously. One obtains

~iagNx-g

Zy)-1- [ dB [Re-- [ ateose) Re(—ﬁe—Q—N————ﬂK_(E,E’)N, (6.11)
where
':ze"p[ %1“<(§2E")32-_AASSA‘?,N-+§:$?: )] (E’)E-(i ANiNS)ZsQN
N(x)=f: dE’ [Reg—;’—+ le(cose)Re (E—e—%x———:)] K, (E,E),, (6.12)
zsoc)=_1_%f:dEr[Refz—;_fd(coseme(ﬁs—e-;{—sﬁ Nee e, ’ (6.13)
bslx) = fo ”dE’I:Re—SA-Zi—— fo 1d(cosG)Re<£€%;£—s—rf>]K,(E,E’)s. (6.14)

In McMillan’s (zero-temperature) theory (Ref. 1), A, is chosen to be zero at all energies as an initial
ansatz, and d is taken to be infinite. Since the theory was not concerned with describing phonon structure
arising from the energy dependence of the kernel near typical phonon energies, McMillan used the fact
that the dominant contributions to all the energy integrals occur at low energy. For this reason, he set E
and E’ equal to zero in the kernels, and introduced a cutoff E_ on the E’ integrals (assuming the cutoff to
be the same in N as in S). In this way he obtained the equations (the energy dependence of the self-energy
functions is explicitly indicated, for clarity)

oy $slx, E=0) , E'A [ -2iQx
aylr, E=0) = RELE 230 f dE f d(coss) Re[ 5 iy p\h_choso>] (6.15)
By(x,E=0)= A;(x)f dE'f d(cosG)Re[ 'A ex {ﬁfifose)] ‘ (6.16)

Here
A n(x)=K,(0,0)5 y/Zs,y(x,0).

is a dimensionless coupling parameter. The above equations correspond respectively to Eqs. (51) and (53)
in Ref. 1. Taking x - —x in Eqs. (6.12) and (6.14) (our geometry is the reverse of McMillan’s) with Ay =0,
and employing McMillan’s approximations for the kernels, one finds agreement with (6.15) and (6.16) since,
under these operations
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(E’/QN)e"AKN"" —~[ag/(E" + Q)] exp(+2iE'x /Fw z cosb)

with Ag/(E’ + Qg) = (B’ — Q5)/Ag in (6.12), yielding (6.16), while in (6.14):
(B /Qg)e* 8K ~ [E'Ay/Q5(E" + Qg)] exp(—2iQgx/ vy cosb) ,
yielding (6.15). Note that the E =0 limit of Zs,y is well-defined because the kernel K_(E, E’)s y approaches

zero linearly in E as E goes to zero [see (6,2)].

VII. PAIR POTENTIAL IN N FOR THIN
WEAK-COUPLING N METALS

We have already shown above (Sec. IV) that a
pair potential Ay may exist in N without giving
rise to any density of states for Ay< E<(AgAy)1/2,
where Ag, is the value of Ag(E) at E= A(E). This
novel feature of proximity-effect tunneling is a
consequence of the quantization of quasiparticle
energy levels which is forced on the N layer by
the existence of a positive pair-potential difference
at the N-S interface. There is an energy gap be-
tween E=0 and E =(AgA,)/2, but there is no BCS
singularity at the gap edge. Instead, the density
of states rises from zero at (A ,A,)'/? to a maxi-
mum at the bound-state energy E (1), as shown in

r
Fig. 3. )

We shall consider only thin®® weak-coupling N
metals. In the integrals of (6.7) and (6.8), the
most important energies are low energies (near
Ag,), where the density of states exhibits sharp
peaks. For weak-coupling materials, it is rea-
sonable to assume that energies of the order of
A, are far below typical phonon energies. Since
the maximum values of Ay(E) will occur near the
phonon energies in N, and since N is a weak cou-
pling material, we therefore expect that for low
energies Ay(E) will be negligible compared to
A (E). At higher energies (phonon energies in N)
we expect that this will not be true, but these en-
ergies have little weight in the E’ integral. Ne-
glecting Ay(E’) in the integrals of (6.7) and (6.8)
leaves

ZN(x)=ZN=1 —é f”dE' fld(cose) [-Im cot(AK"d+i¢)K.(E,EY)y , (7.1)
© 1 N
bylx)= [o dE’ fo d (cos®) [—Im(%%)lgw, E’)N]- (7.2)

The order parameter in N is given by
A}v(x)=¢1v(x)/z1v(x)- (7.3)

The spatial variation of ¢y(x), which predicts
that ¢,(x) increases as x approaches the tunneling
interface (x = —d), is spurious. It arises from the
fact that we have not solved for the Green’s func-
tion of the entive tunneling geometry (including
the L region and the B region in Fig. 2), Certainly,
were we to take into account the influence of the
other regions, we would find that A,(x) near x

J

0
Ay=

r

= —d would be depressed from its value at x =0,
just as we will find that A s(x) is depressed from
the ansatz (bulk) value Ag at x=0. For thin N met-
als, however, any spatial variation of Ay(x) is
suppressed, because such a variation over a small
distance would lead to a large free-energy contri-
bution. Since we wish to treat thin N metals,
where A,(x) is not expected to vary much, 'we
shall therefore calculate an average of AN(x) over
the width of N,

Averaging the ratio of (7.2) and (7.1):

sin(AKYd)

Unless cosfsRA <1, we may approximate
sin(AKYd)/AKYd by unity (AK¥d~RE'/cos#é) since
the dominant values of E’ are near Ag, and RAg,
< 1. The values of cos@<RA, account for a
negligible fraction of the total integration range
of cosf. Furthermore, over most of these values
of cos®, sin(AK™d)/AKYd oscillates rapidly, giv-

% , AN(x)dx=ZlN j:dE'fld(cosé)) [—Im((

AK”d)‘sin(AK”d+i§)>K+(E,E’)N] . (7.4)

r

ing a small total contribution. We may therefore
safely neglect the region where sin(AKYd)/AKYd
is not equal to unity in (7.4). Again, there are
two regimes for the energy integration

(i) E’< Ag,—Here we find the bound state
E (cosb). (We assume that the N metal is thin
enough that only one exists.) Expanding about the



bound-state energy [E,=Ey(cosf)]:

o (E' - Eo)Eo
arctan(Qg,/Ey)+ E,/Qg,’

(7.5)

where Q4,=[A%, — (E")*]/2, implicitly evaluated
here at E’=E,. One obtains this equation by using
(C.4) and (C.7) of Appendix C in Eq. (B.4) of Ap-
pendix B, setting Ay =0, and recognizing that
arctan(Qg,/E,) = 2Z ydE,/Twpy.

Changing the integration variable from cos#6 to
E(cos6) using Egs. (4.9) and (4.10) for A, =0, we
obtain the bound state contribution

—Im[csc(AKYd +i¢)]=

1 fE ,_TRE'K (E,E')y (7.6)
[ :

zZ, arctan(Qg,/E") P’
[

In order to check the accuracy of our guess for
Ay(E) at low E, we calculate A,(0). Since the im
portant E’ variations of the kernels K,(0E’), are
only in the vicinity of E’=%wy, where 7w, is a

typical phonon energy in N, and since the dominant

contributions to the integral are at low energies,
E'= Ag < 7wy, we set (following McMillan)®
K,(0,E’)y=2jtanh(38E"YO(Eoy - E') K_(0,E")y
=0, (7.7)
where A} is defined by'Eq. (6.17). Thus at E=0,
we have Z =~ 1.

Changing the variable in (7.6) from E’ to y =arc-
tan(R,/E’), we obtain [with (7.7)]:

/2 3 igA
%”KJ*GRAZSO_[ dy(sty)tanh[(zcosy)gB so]. (7.8)

y
RE,

In the limit RE (1)< 1, this is approximately
AMiTRAL In[1/RE(1)]. J (7.9)

Assuming that 2} =< 0.05 (A * for Pb is about 0.48)
and that RE (1)=RA4,< 0.1, we find that this is
less than or equal to about 0.04Ag,. Thus for thin
metals (RE,(1)=RA g, < 1) the assumption that 4,
< Ag, is correct as far as the contribution from
bound states is concerned. The remaining contri-
bution will be considered next. ‘(ii) Ag,SE'—
Since the most important contributions to the E’
integral in (6.4) are at low energies, we will ne-
glect the energy dependence of Ag(E), setting
Ag(E)=Ag and Ay =0. Using

ASO
E'sin(AKYd)+iQ g, cos(AKYd)

(7.10)

csc(AKYd +it)=

we obtain
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A

1 © 1 ( Q ¢, cos(AKYd)
_ E' 9 S0%*“ So
Zy -/l;so a -/(; d(cost) Q5o+ A% (AK"d)

in2
o Sin

X K,(E,E")y (7.11)

for the contribution to A,(E) in this regime. With
the approximation in (7.7), this becomes

Ecw 1 Qg cos(AKYd)
AEA f dE'f d(cos8 ( “50 S5 )
Y50 s s , & ) Q%+ A%, sin*(AKYd)

X tanh3BE’. (7.12)

Choosing kzT << A4, the hyperbolic tangént may be
replaced by unity. This integral is then less than
or equal to

ECN

AF¥A g, arccosh (—
A So

)g A;Asoln<2fc”> , (7.13)

which is the result in the limit R - 0. Using the
zero-temperature BCS value of Ag:

= and
Agy=2Ege™/?s,

S0

This can be written
A¥In(Eqy/Ecs)+ 1/ %A, . (7.14)

Since we expect E;y and E ¢ to be roughly com-
parable, this result is small compared to A, if
AF< ¥, as we have assumed.

Thus for RE, (1)< 1,3} 2\}¥, the initial assump-
tion that Ay(E) is negligible [compared to A4(E)]
at low energies is consistent.

Using arguments similar to those advanced
above, we can obtain a rough picture of the behav-
ior of Ay(E) when E is near a typical phonon en-
ergy (Fwy) of N and A (E) is negligible. In Ref. 15,
assuming that the phonon spectrum of N has one
peak at Zw, of width ~b,, it was argued that a rea-
sonable approximation for K,(E,E’), near 7w, is
(neglecting the Coulomb pseudopotential)

K,(E,E")y=a2(E' = E+Hhwy —iby)™" . (7.15)

For the integral over the bound-state region, the
temperature dependence must be considered. The
modification of (7.15) to include finite temperature
simply involves a multiplication by tanh(3B8E’).

One may now proceed as before to obtain the
bound-state contribution

1 T/2 i
z (Z—)QJZVWR Azsof dy (sz;ZZy) (Agocosy —E

N RE,

+Rwy —iby)t
X tanh(3BAg,cosy).  (7.16)

For by/Ag,> RE,, the variation of the E-depen-
dent term is slow compared to that of the other
terms in the integrand for y near RE,. In this
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case, (7.16) may be approximated by

1 1 U
(Z )aNﬂRAfgoln(RE )(ASO—E+ wy —iby)™? . (7.17)

An approximation for the contribution from states
above Ag, may be obtained by taking the limit R
- 0, yielding [compare Eq. (24) of Ref. 15]

ASO

1
—~a12,,[[(E S Hwy+1by)? - A?so]llz]
ZN

X 1“<[(E Wy +iby)* - A%~ B+ Twy ‘ib"> .

ASO

(7.18)

At the peaks of the real and imaginary parts of
the sum of (7.17) and (7.18), we find [setting Z
=1+, and neglecting the logarithm in (7.18)]

a? 1
7\ [‘lTRASO ln(RE )
Aso <5£Q>1/2]
><<b~)+ =)
(7.19)

In the limit RA g, —~ 0, this reduces to the result
in Eq. (25) of Ref. 15.

Inspection of Eqgs. (7.9), (7.13), and (7.19) in-
dicates that, in the limit as RA g, approaches
zero, and for A} <1} (so that Ay may be neglected
relative to Ag), the induced pair potential may be

ReAy(E), ImAy(E)~ o

Zs(x)=l—1%f dE'f d(cosb)

Aso

ARNOLD 18

determined by the equation

1o, AS(E")
AN(E)———ZN(E)_/O- dE (Rc[(El)z_SAS(El)Z]ﬂz)

X K,(E,E"), (7.20)
where
10~ E’
ZN(E)z 1 -z '/0‘ iE Re([(E,)z _ AS(E1)2]1/2>
X K_(E,E,)N . (7.21)

One may verify this exactly by evaluating (7.1) and
(7.2) in the limit as R - 0.

If it turns out that a calculation of Ay(E) from
Eq. (7.20) yields a Ay(E) which is comparable to
A(E) at low energies, then it is necessary to
carry out a full self-consistent treatment, based
on Eqgs. (6.7)—-(6.10). We will assume that the
coupling strength in N is so small (AF<<X¥) that
this is unnecessary.

VIII. PAIR POTENTIAL IN S FOR THIN
WEAK-COUPLING N METALS

In Egs. (6.9) and (6.10) we may again neglect
Ay(E’), since the energies contributing the most
to the E’ integrals are near E’'= Ay, where Ay(E’)
is small. Using Eq. (7.10), neglecting the energy
‘dependence of Ag(E), and taking the real parts, we
find

» <(E'/szso){92§9 - A% sin®(AK"d)[1 - cos(AK )] — A% (2

X K-(E’E,)S

o/ E')} sin(2AK"qd) sin(AK 5x )}
Q2+ A% sin®( AK" d)

(8.1)

<1>s(x)=]A‘wdE'fold(cos6)

S

( A 5o/ Qo) (W s_osinz(AK”d)—(E')zsinz(AK”d)cos(AK )—gE’ngsm(2AKNd)s1n(AK )])

Q%+ A% sin®(AKYd)

XK, (E,E')g. (8.2)
We are particularly interested in the values of these functions at the N-S interface, where the
deviation from their bulk values is maximal, so we set x=0. The cos#f integral in (8.2) may then
be approximately obtained in the limit of small RAg,:
A4 RE’ Qg
7 _.___...
 (E)= f dE ( so) [1- (4——950 arctan 3% )]K(E E')s. (8.3)

-

The energy integrals will be evaluated for E=0,
which is assumed to be far enough from phonon
frequencies in S that the approximations (Ag,

> kg T),

K*(O,E’)S=A§O(ECS—E’) s
K (0,E")g=0
are appropriate. Taking Z 4(0)=1, we have ¢ 4(0)
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=Ag,. The first term in (8.3) corresponds to the
value of Ag, in the bulk. The second term is the
modification of A, at the N-S interface due to the
presence of the interface. The result of the first
integral is

iAo In(2Eq /A, . (8.4)

One must compare this to the result of the second
integral, which may be written

€2 _ 1)1/2:]

YA RA fEcs/Asod ,< € ) ¢ [(
——) arctan | ———"—| .
s8s0R Ao ; €\ _1)arctan <RA,

(8.5)
This is less than or equal to

: E 1
A%Agm RAg [m <A°S) + ln<RAso> -1/2 1n2]

So
(8.86)

Thus if RA4 <1, as is assumed throughout this
paper, then the modification of Ag, at the N-S in-
terface is negligible, and Ag is equal to the bulk
pair potential in S.

IX. SUGGESTIONS FOR IMPROVEMENT
OF THE MODEL AND CONCLUSIONS

In our opinion, a complete picture of proximity-
effect tunneling has been obtained here for thin N
metals in perfect contact with much thicker S -
metals, where both N and S are clean. An exten-
sion of our results to thicker N metals may make
use of the Green’s functions derived here, but we
suspect that the spatial dependence of the pair
potentials in N and S will require a different ap-
proach in order to achieve self-consistency. For
this reason, we have restricted ourselves to thin
N metals.

It may be possible, however, to extend our ap-
proach to the case of a thin N metal and a com-
parably thin S metal by keeping a (the thickness
of S) finite in the Green’s function of Eq. (3.10),
and carrying out the calculation of G(xx’) for this
case. The thicknesses of both S and N should be
less than a coherence length, in order that the
pair potentials remain spatially constant. In this

~event, Ag would correspond not to the bulk value
of the pair potential in S, but to the final self-
consistently-determined value, which will be less
than the bulk value because of the influence of the
N layer. We also expect that Ay will be smaller
for this case because the A potential, which in-
duces the A, is smaller.

If the contact between S and N is not perfect,
i.e., if there is an effective potential barrier at
the N-S interface, as is probably the case in ex-

periments, the approach must be modified. The
behavior of the NDC at energies near and below

A ¢ should be most affected since the existence of
normal scattering (scattering present when both

N and S are in the normal state) will decrease the
height of the peak due to the bound states, allowing
states to exist in the region between A and the-
highest-energy bound state. The weaker coupling
of N and S will also cause the induced pair poten-
tial (Ay) to decrease.

Finally, it may be desirable to introduce a finite
amount of elastic impurity scattering and diffuse
surface scattering. In the bulk, there is a general
theorem that elastic impurity scattering does not
affect the energy gap. Hence no effects are ob-
served on the NDC for one superconducting layer.
As we have seen, however, proximity-effect tun-
neling is capable of measuring the renormalization
parameter Z(E) separately. Since elastic scatter-
ing does affect Z(E), its effects on the oscillatory
terms in the NDC may be observed.

At energies far above A, Eq. (4.15) indicates
that the NDC behaves in a relatively simple way
as a function of Ag and Ay. We believe that before
one attempts to extract information on Ay from the
NDC, however, the role of normal scattering at
the N-S interface must be determined. Upon in-
clusion of this into the theory, one should be able
to determine the energy dependence of Ay(E) from
the NDC by knowing A (E) and the transmission
coefficient at the N-S interface. A determination
of a?F for the N metal might then be made, based
on the “inversion” of an equation for Ay(E) like
Eq. (6.4). A knowledge of tunneling selection rules
for the tunneling interface would also allow one to
obtain separate information on the renormaliza-
tion parameter in N in the same experiment.

APPENDIX A: GENERAL EXPRESSION
FOR THE DOUBLE-LAYER GREEN’S FUNCTION

The Feuchtwang technique involves the application
of Green’s theorem over the region in which it is

. desired that the exact Green’s function G(x,x’)

be known. First, consider the equations

72 (a2
EG,(x,x’)+§-r—n <W - u,) Gi(x,x")T, =G, (x,x')Z;(x’)

=60 ~x")=G,(x,x")E -H;x")], (Al)

[E +?;fni (:—;2- - u,\) Ty —Z}(x)IIG(x,x')
=8(x —x')=[E -H®)]G(x,x"). (A2)

The index ¢ designates the layer occupying region
D;. Z;(x') is the ansatz matrix self-energy in this
region. The direction of the arrow indicates the
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direction in which the second derivative operates. One now constructs the identity

iL

fxx"‘ (66,2 N E =T, ()]G 01, 5") = Gy (v, % ) E = Blx )]G, 2N}, =G, x)0 (x € D;) - Gy (x,2")0 (&' € D) .

(A3)

The unit step function © (x € E;) vanishes unless x is in region D;, which has a boundary on the left-
hand side at x;;, on the right-hand side at x;z. The left-hand side may be partially integrated, yielding -

K 9 )
%(ﬁ: Gx, %,)T,Glx, x') - G (x, xl)Tsa—x';) Glxy, x")

Xir Xir
o[ T a6, )20 - 2,60, )
Xip YXiL '

=G{x,x")0x e Dy) -G;(x,x")0(x' € D;), (A4)

since both Green’s functions are solutions to a self-adjoint boundary value problem. A similar calculation

using

iL
yields

e 3 3 ,
3o (G002 g Gl ) = 2 Gl 1) 7,Gur)

It is convenient to assume that Z;(x) can be
chosen so that Z(x) —Z;(x) is negligible in the
region D;. An initial assumption of this type is
justified only if, using Z,(x) to calculate G(x,x’),
it is found that the value of Z(x), which depends
on G(x,x'), differs negligibly from Z;(x) everywhere
in D;. In the following, we assume that such a
%,(x) can be found. In the main text we verify how
good our initial guess for the self-energy Z,(x) is
by calculating = (x) with Green’s functions depending
on Z,(x) and comparing with Z;(x). If Z(x) is
spatially independent in the region D;, it is always
possible to choose Z;(x) to coincide exactly with
Z(x).

The appropriate boundary conditions on Green’s
function at interfaces are

ga;GN.s(x,x’) x=0=0=5?x-,GN'sbc,x') o (A7)

For the double layer function
Glx=a,x")=0=G{x,x"=a), (A8)
B Gw,x)|  =0=22Gu,an)| (A9)
ax x=—d 9x x?==d

where a and -d are defined in Fig. 1. Conditions
(A8) and (A9) must also be obeyed by Gg and Gy,
respectively.

The Dirichlet boundary condition (A8) at the free
surface must be taken to include the implied limit
a-+, as mentioned in the text after Eq. (3.10).
Otherwise, the absence of outgoing-wave behavior
at x =a would lead to no net current. The com-
bination of the a =« limit and the temporal bound-

X; - -
‘/)-: ) dxl{G(x:xl)[E ’Hi(x1)]Gl(xuxl) -G(x;xx)[E -H(xx)]Gi(xux')} (A5)

LR b, X3 = By )]Gy )

XiL
=Glx,x')O(x'e D;) -G;(x,x")O(xe D;). (AS)

r

ary condition on the retarded Green’s function
automatically produces the necessary outgoing
wave.

As Feuchtwang has shown, ** one is free to
choose whatever boundary conditions are con-
venient at the interfaces. He has also shown'?
that, in the normal state, the choice (A9) for
Green’s function for the right electrode (which is
an N-S double layer in our case), and a similar
choice for Green’s function for the left electrode
reproduces the tunneling Hamiltonian expression
for the current, of which we make use in this work.
This expression involves the product of the tun-
neling matrix element squared and the local den-
sity of states in the left electrode (assumed normal)
at —d times the local density of states in the right
electrode at —d. We have shown that the same
result holds in the superconducting state.?’

With these boundary conditions, (A4) and (A6)
reduce to single expressions depending only on
the first derivative of the double layer Green’s
function at the N-S interface. One now may obtain
the necessary first derivatives by differentiating
(A4) and (A6) at the N-S interface, leaving an
expression depending on the mixed second de-
rivative

32
— Gx,x’
ax0x’ b, %) xmxtg

which is continuous.
Using the discontinuity of G(xx’) at the source
point x=x"':
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aG(x.x’ 1=x"+ om 9 x'=x+
_G(—’) = — 7-3=__.;G(x,x/) ,
ax eexte 9x o

one may easily solve for the mixed second de-
rivative at x =x’=0. In this way, Eqs. (2.8) and
(2.9) are obtained.

The calculation of G(x,x’) from (2.8) and (2.9) is
a straightforward but algebraically complicated
affair. The only approximation employed is the
replacement

KES kg =[ @ /7)1~ ]2,
whenever KY'S is not involved in the argument of
a trigonometric function in the Green’s functions
of (3.9) and (3.10). Corrections to this approxi-

mation are of order A/E,. We also use (3.10)

~ in the limit @~ [see Eq. (3.11)].

We will illustrate the calculation of the Green’s
function for the double layer by using (3.9) and
(3.10) in (2.8), then taking the limit @ - +o.

First by defining .

Xn:(6) = cos(Kix,),
Xni(c+d)=cos[K¥(x . +d)], (A10)

d
Wys= (dx ax >XNJ:(x>)XN£(x<+d) )

I>=Z’<
we may write (3.9) in the form
(ExQy)/Qy Ax/Qy

M\ay/Qy (ExQy)/Qy
XXN:&(x>)XN1(x<+d)- (A11)

Gule,27)= Z e

The term Wy, is the Wronskian, and is therefore

spatially independent. By first replacing N by

S and then letting x . +d—=x, —a+7/2K5 and

x5 =%, Eq. (3.10) may be obtained from (A1l) and

(A10). Using this device, the “symmetry” in

N and S exhibited by (2.8) and (2.9) may be ex-

ploited, so that by finding (2.8) in terms of the

functions in (All), we may also determine (2.9).
For the matrix sum we find [using x 4 (0)=1]

J

e o [ (0t 47 ey 01)- 2 (BT

GN(07 0)+ Gs (0,0)

mIE E
G [QNDN'+QS Ds.

A
+(Dys +Ds +)Ts+‘<’A_IL Dy-+5% D -) 71] s

Qy Qs
(A12)
where
Z xwld) si{:[ (K¥+ K{I)q] §
Wy kpxsin(k¥d) sin(K¥d)
(a13)
and
Dgs = - sin[ (XS £ K%)a] (A14)

kpx cos(KSa) cos(KSa)

The approximate equality is due to the replacement
KY'S — bpy discussed above. The matrices 7,, 7,,
and 7; are the Pauli matrices in Nambu’s notation.
(The unit matrix is implied wherever necessary.)
The inverse of (A12) is easily obtained. Using

GN(x:O)=GN(O,x) (A15)

and

m E A
Gylx, 0)=F Z: t(—ﬁ;t T3+9—:T;) ANz, (AIG)

where
_ Xmx+d) _ cod KY (x +d)]
Ay Wy ke sin(K¥d) (A17)
and

e =X (0! +d)/WNi s

with (choosing x’ >x),

m E A ’ ‘
GNOC,x')=‘;i‘2‘ Z:i (5; T3+ {Z—: 1'1) Xws(x )aNi:

(A18)

one may now obtain the right-hand side of (2.8)
for x’ >x. In the expression thus obtained one
next rearrariges terms so as to obtain the co-
efficients of oy, and ay..

The result of these manipulations is, for x’> x:

My, b + 2 @)Luga;_o

No ~"No

2y,

A 7
* (QZ) @ =bv*=cn Xwo (') = 2( )MNOTIaNc +2 <E :;TI?N 3) LNoTla;I—c] az __‘;gc_’_ pel (A19)
where rand '
a= (E/QN)DN- + (E/Qs)Ds- ’ oMy, =a(E/9,N)— bo -C(AN/QN)
b=Dy, +Dg,, (A20) =Dy_ +F(E)Ds_ = (Dy, +Dg,)o (A21)

c= (AN/QN)DN- +(As/gs)Ds_ )

0Ly, =alay/Qy) =c(E/Qy) ==G(E)Dg.. (A22)
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Both F(E) and G(E) are defined in (3.13), and
o =*. We also note that

a?-b*-c*=2 F(E)Dy_Dgs_ —2Dy,Ds,

+Dy_ =Dy, +D§_—D5,. (A23)

In the limit as ¢~ we have (approximating 1/K$
by 1/kpy):
Dg,~0

Dg_~=2i/kpy .

Using (A.13) this gives for (A.23) (approximating
1/K% by 1/k,, throughout)

2 4[iF(E) sin(AK¥d) — cas(AK?¥d)]
¢ Fpx sin(K¥d) sin(k*d) :

Also in this limit we have

a®-p%- (A24)

40'AN0 (x,)
Rpy Sin(K¥ _d)
(A25)

(a2 - b2 —CZ)XNO (x') - 2MNoa’No_’

and
2L .0y - ~40By, (x’)/kf,x sin(k¥_d), (A26)

where A, (x’) and B, (x’) are defined by (3.14)
and (3.15), respectively.

If x> x’, the only modification of the above re-
sults is the interchange of x and x’. Thus (A19)—
(A26) remain valid when we replace x’ by x, and
x by x.. One now readily observes that (A19) is
equal to (3.12).

For (x,x’)> 0 one performs the transformation

described below (A11) on the results in (A19)~(A23).

Using (3.11) one observes that

Lim ag, =— (i0/kpy)e' oK%, (A27)

a—>o

The result (A24) is the same for this case [see
(A23)]. However, for the other terms we have

O.MSO =DS- +F(E)DN.- - (DN+ +Ds+)0' )

oLg, =G(E)Dy,_,

(@®—b%—c¥yxs, ) — 2Mg 0,

R _2e-lngx<Asc(x<)
k2, sin(K¥d) sin(K¥a)’

(A28)

and

- 2e—ioK§x'<BsO (x<)
ki sin(K¥d) sin(k¥d)’

where Ag  (x.) and By, (x.) are defined by (3.18)

and (3.19), respectively. Thus is Eq. (3.16) ob-
tained from (A19).

2Lg 05 4 (A29)

APPENDIX B: DERIVATION OF EQUATIONS
FOR THE SELF-ENERGIES IN N AND §

The quantity relevant to the calculation of the
self-energies is the matrix

-1/7 Im[G(x,x)]. (B1)

This matrix may be obtained from (3.12) and (3.16)
for x in the N layer and S layer, respectively. As
mentioned below Eq. (6.6) in this paper, the ele-
ments of this matrix contain terms which oscillate
rapidly as a function of x, going as exp(* 2ikyx),
both in the N layer and in the S layer.

For the N layer, the rapidly oscillating terms
must be separated from the following products of
trigonometric functions:

cos(K¥x +K¥d) cos[K¥ (x +d)]
=1{cos2K¥x + (KY +K¥)d] +cos(AK"a)},
sin(K¥x +K¥d) cos[K¥ (x +d)]
=3 {sinRKYx + (KY +K?)d]¥ sin(AK¥a)},
cos[K¥ (x +d)] cos[K¥ (x +d)]

=4{cos[K¥ +K¥)(x +d)] +cos[aAK¥ (x +d)]}.

When averaged over the width of the N layer, the
first terms on the right-hand sides of the above
equations give a relatively negligible contribution
due to their rapid oscillation. We will therefore
neglect these terms. Thus

Ay (x) cosK¥ (x +d)]= 3EF(E) cos(AK¥d) + sin(aAKYd)]
=3Py,

By (&) cos[KY(x +d)]= 3iG (E) cos|aAK¥ (x +d)] .

In a similar way, we find that the approximation

Ag . (x)= cos(aAK¥d) —i F(E) sin(AK"d)

is appropriate when considering (B1) for the S
layer. As discussed below Eq. (6.6) in the text
of the paper, we presume that in a fully self-
consistent treatment, rapidly oscillating contribu-
tions to the self-energy will be suppressed, justi-
fying the neglect of such terms.

With these approximations we find for the N layer
ffrom (3.12)]:

_.11; [é(xx)n] - ('—1> (—E—N P, +3—:iG(E)

Thvepyx/ \§2
x cosaAKY (x +d)]>/§ s
~ 1660l = (550) (B-i6(m) coslar(: +a)

Ay
+Q—N PN>/S,



where
=iF(E) sin(AK"d) — cos(AK"d) . (B2)

For the S layer, we obtain

—%[G(xx)u] = <—i—'> (g‘s 'i%f G(E)

TRV px

X sin(AKNd)et 8% 5 /S),

1 (it \(rs .E
~~[Gx),] = (mu”> (szs ~ia, 0@

X sin(AK”d)e‘N‘s"/S).
By employing Eq. (5.1), one observes that
P,/S =cot (AK¥d +i¢) , (B3)
iG(E)/S =csc (AK¥d +iL) . (B4)

With the transformation of the %, integrals to in-
tegrals over cos6 =[1 - (k, /k;)?]*/? the derivation
of (6.7)—(6.10) is completed.

APPENDIX C: BOUND-STATE CALCULATIONS

From Eq. (4.7), at any of the bound-state ener-
gies E,, we have

sin(AKYd) =Q¢Q,/E(6g —A,)=1/G, (c1)

cos(AKYd) =F/G, (c2)
where

G =iG(E), (c3)

F=(E®-agA) /050, =iF (E) (c4)

(note: F2+1=G?).
The expansion of the denominator of (4.5) about
is

S=iF(E) sin(AK¥d) — cos(AK™d)

E

m

dAKYq)

= <[F cos(AK¥d) +sin(aAK¥d)] i

+‘—1£ sm(AK”d))

3 (E-E,)- ’ (C5)

E=Ep

18 THEORY OF THIN PROXIMITY-EFFECT SANDWICHES 1099

Using (C1) and (C2), the right-hand side of (C5)
becomes

ar

d(AK”d)
Sw ( dE>E_Em(E -E,). ()

dE

Q" —

We neglect the possible energy dependence of Z,,
and (A ,,Ag), as well as any imagninary part of
these functions, nedr the bound-state energies
[see discussion below Eq. (4.8) of main text]. The
energy derivatives in (C6) thus yield

S~ <2ZNd E +E +A3AN

Tvpy Qy  ESlsSly >E=EM(E_E"‘)' (7

Evaluating the numerator of (4.5) at E,, using
(C1) and (C2) we find:

(?:2_:) G% iF(E) cos(AK™d)

g

L Ay,
. +sin(AK¥d)] +§;tG (E)>

-2 > (E — Ay —)
Sle——— ) |=—G+=—G . (C8)
<7Tﬁva Qy Qy  /p=p, (

The ratio of (C8) and (C7), summed over all
possible m, yields (4.8).
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