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The BCS theory of superconductivity is generalized to the case of a position-dependent energy gap (at
the absolute zero of temperature and in the absence of magnetic fields). The BCS integral equation for the
energy gap goes over into an integro-differential equation. The latter has nontrivial solutions (i.e., finite

energy gap) even for the case of normal material (V' =0). Expressions are obtained for the energy gap, for .

the volume energy density, and for the surface energy density at an interface, for both normal and super-
conducting material. These results are applied to a number of problems involving superconducting contacts.
When a thin slice of normal material is sandwiched between bulk superconductors, it is found that the
slice acts superconducting for thicknesses less than about 1075 cm. When a thin slice of superconductor is
sandwiched between bulk normal material, the slice acts like normal material for thicknesses less than
about 1075 cm. The energy gap at the free surface of a bulk superconductor may differ by as much as thirty
percent from its constant value deep inside the material, the former being either larger or smaller than the
latter, depending on the value of N(0)V, where N (0) is the density of one-electron states of a given spin
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at the Fermi level in the normal metal.

I INTRODUCTION

EISSNER! has recently carried out a series of
remarkable experiments on superconducting
contacts. By measuring the contact resistance between
plated superconducting wires, he has shown 'that a layer
of metal like copper, ordinarily not a superconductor at
any temperature, can be made superconducting by
being sandwiched between bulk superconducting ma-
terial such as tin. This can occur with layers as thick
as 105 cm. In addition, Meissner has verified older work
of Misener and others? by showing that a layer of tin
sandwiched between or plated on the surface of bulk
copper has finite electrical resistance at temperatures
well below the superconducting transition temperature
of bulk tin, here again for thicknesses as great as 10~
cm. This is in sharp contrast with well-annealed tin
films plated on an electrical insulator, since such films
display the bulk transition temperature even when as
thin as 5X10~7 ¢cm.? Meissner has pointed out that
these results are somewhat less startling when one
remembers that electrons in a superconductor can be
correlated with one another over distances as great as
£0=10"* cm, the Pippard coherence distance.*

In the present paper we shall develop the quanti-
tative theory of these effects. In order to do this, it is
first necessary to generalize the Bardeen-Cooper-
Schrieffer theory of superconductivity® to include spa-
tial dependence of the energy gap of the superconductor.
The general formulation will be developed in the fol-
lowing section. This will be applied to normal material

1H. Meissner, Phys. Rev. 109, 686 (1958); Phys. Rev. Letters
2, 458 (1959); Phys. Rev. 117, 672 (1960).

2 E. F. Burton, J. O. Wilhelm, and A. D. Misener, Trans. Roy.
Soc. Can. 28, 111, 65 (1934); A. D. Misener and J. O. Wilhelm 29,
1 (1935); A. D. Misener, H. Grayson Smith, and J. O. Wilhelm 29,
13 (1935); A. D. Misener, Can. J. of Research 14, 25 (1936).

3 A. 1. Shalnikov, Nature 142, 74 (1938). )

4 A. B. Pippard, Proc. Roy. Soc. (London) A216, 547 (1953).

®J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Phys. Rev.
108, 1175 (1957); henceforth this will be denoted BCS.

in Sec. IIT and to superconductive material in Sec. IV.
In Sec. IIT we will see that a superconducting energy
gap can indeed exist in a material such as copper which
is usually thought to be never superconducting. In Sec.
V we will calculate the volume energy density of a
superconductor and in Sec. VI the surface energy
density of both a superconductor and a normal metal.
Section VII will furnish a discussion of boundary con-
ditions. The final four sections will be devoted to the
superconductor-vacuum contact, the superconductor-
superconductor contact, the superconductor-normal-
superconductor contact, and the normal-supercon-
ductor-normal contact, respectively.

Throughout the paper we shall assume that no mag-
netic field is present. In order to keep the analysis as
simple as possible, we restrict ourselves to the absolute
zero of temperature. Nevertheless, we will be able to
draw certain conclusions concerning the supercon-
ducting transition temperature of the superconducting-
normal-superconducting contact and of the normal-
superconducting-normal contact. With regard to such
contacts, it will be seen that theory and experiment are
in good agreement, both in the size of the supercon-
ducting transition temperature 7', and in the depen-
dence of T, on the thickness of the middle layer.

The theory predicts that the energy gap near the
free surface of a bulk superconductor may differ
somewhat from its value in the interior of the metal.
The gap at the surface may be either larger or smaller
than the gap in the interior, depending upon the
strength of the effective electron-electron interaction.
This effect is a manifestation of the presence of a surface
energy density.

II. GENERAL FORMULATION

Consider the BCS theory of superconductivity® at the
absolute zero of temperature. The superconducting
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ground-state wave function is

Vo=TT [(1—Ae)H-Taters *c_rs ¥ ]®o.
&

®, is the vacuum-state wave function. The ¢;’s are the
usual electron creation and destruction operators. The
parameters /%y lie in the range 0 < /%, < 1. The normal-
state wave function is

dy= T cu*c_u*®o,
k<kp

kr being the wave vector at the Fermi level. Thus we
may write

Vo= I [(1—A)i+Ibem*c_n*]
¥>kF
X IT [+ (1—he)e_pecir 1P

k<kr

The energy density W associated with the ground state
is composed of the two terms Wi (interaction energy
density) and Wkg (kinetic energy density).

W1 = Z ka'[hk(l - hk)hkl (l—hkl):li,

kk’

(2.1)

Wrr=2 Z exhi+2 Z lékl(l'—hk)

k>kp k<kr

(2.2)

Vi is the effective electron-electron interaction poten-
tial. The one-electron energy e: is measured relative to
that of the Fermi level, i.e., on an effective-mass ap-

proximation
ex= (1*/2m) (K*— k#?),

m being the effective mass. Wy is the energy density
measured relative to that of the normal state.

We wish to generalize the theory to consider a
spatially varying energy gap. This implies a spatial
variation of the parameters /. Specifically, we assume
that %y is some function of the position of the center of
mass of the two electrons occupying states kt and
—k{ when k> kr, and that (1—4y) is some function of
the center of mass of the two holes occupying states
kt and —k| when k<kp. We designate by Vit the
gradient of %} with respect to its argument. Thus the
momentum operator of the ith electron acting on /3!
will give —2i%AV ki when the ith electron occupies k¢
or —k{, and will give zero otherwise. (Note the factor
of one-half, which results from the argument of i
being the center of mass of the electron pair.) We shall
assume that % is essentially constant over distances of
the order of the Fermi wavelength. (This assumption
will later be corroborated.) Thus, for k> kr, the term
exhir must be replaced by

(#2/2m)[ | (k—%iV) it |2 — kp?hin ]
= .ékhk-l— (h2/8m) (Vh;ﬁ)?

This represents the contribution of state k¢t to the
kinetic energy density at x (¥ being the argument of
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hr). Considering the pair of states kt and —kJ, the
total additional contribution is

7%/ 4m) (V hu?)2.

This may be looked upon as the center-of-mass kinetic
energy density of a Cooper pair of mass 2m.
Similarly, for k<kr, the term | e | (1—%s) is replaced
by
lex| (1—Fi)+ (7%/8m)[V (1— i) ¥ .
Thus

Wre= Y [Reht+30m= (V)]

k>kF

+k§c 2] &| 1—h)+iPm ' [v (1—-m)¥ T} (2.3)

The terms involving (V/7?)? and [V (1—/4)¥ 2 give the
modification of the BCS value of W, when 4; varies
with position. These terms are reminiscent to those
introduced by Ginzburg and Landau® in a generalization
of the London theory of superconductivity. The Ginz-
burg-Landau theory suffers from the fact that it
predates the BCS theory.

BCS obtained an equation for %, by minimizing W,
with respect to %y, i.e., setting W/ dk,=0. Because of
the presence of the gradient terms, we must use the
Euler-Lagrange equation,

[(8/0h)—V - (8/8V hy) TW =0.
For k> kr, we get
el — (72/8m) 3 V2h, ]
= (1=2) (1= I)™ ¥ Vi (1~ ) (1~ Tu) T,
’ (2.5a)

(2.4)

as the integro-differential equation which 7%, must
satisfy. Similarly, for k<kr, we get

2 | (1—Tw)— (72/8m) (1— 1) iV2(1— )]
=2~ Dl 2 Vi [ (1—hy)
Xy (1—h) . (2.5b)

In the expression for Wy, we are free to replace the
term

+@/4m) ¥ (Vi)? by —(#/4m) T miviy
k>kF k

>k
and the term
+@/4m) 3 [v(A—m)t]
k<kp
by —#/4m) 2. (1—m)V*(1— M)},
k<kp
8V. L. Ginzburg and L. D. Landau, J. Exptl. Theoret. Phys.

U. S. S. R. 20, 1064 (1950); V. L. Ginzburg, Nuovo cimento 2,
1234 (1955).



THEORY OF SUPERCONDUCTING CONTACTS

provided that at the same time we introduce the
~ surface energy density

Wso=3tm™n-[ 3 hivii+ 3 (1—h)iv (1—)}]
k<kr

k>kF

=®/8mn-[ L Vit T v(1—h)],

k>kr k<kp

(2.6)

nbeing the unit vector normal to the surface. W gowill con-
tribute to the total energy only at surfaces where there
is a discontinuity in V. Thus if Vi is everywhere
continuous, there is no surface energy. Replacing
(Vhi?)? by —htViht and [V(1—k) ] by — (1—he)?
XV2(1—hi)tin W,, and making use of the integro-
differential equation for /%x, we get

Wo = — Z h)}[hk ( 1— hk)___]_* Z ka'[}lk' (1 et hy)]*
k>kFp k'

‘-kg (A=) (1 =) T
XZ, Vi Ll (1— Ry ) T (2.7)

Equation (2.7) is formally identical with the corre-
sponding expression in the BCS theory, ie., (2.7)
contains no term involving V4.

III. ENERGY GAP IN NORMAL METALS

Throughout this paper, we make the assumption that
a normal metal such as copper can be characterized by
Vi =0 for all k, k’. This implies that W, vanishes for
a normal metal irrespective of whether or not 4; varies
with position. For a normal metal, the position-inde-
pendent solutions of Eq. (2.5) are trivial, namely 4z=0
for x>0 and 7:=1 for €<0; the position-dependent
solutions, however, are not trivial, there being two
possible types. The first of these is

c1 cosh[ (/%) (8m| ex| )¥ )= [hr(x) 3,
=[1—(x) 1%
¢1 being some constant. The second type is
ce sinh[ (/%) (8m | ex] )¥]=[hn(x) ]t
=[1—hu(2) 1,

In general, we define the k-dependent energy gap e
by means of the equation

he=3[1— ex(e+ €or®) 1.

x>0,
<0,

>0,
<0.

3.1)
This implies
1— th= €L (ék2+ eokz)"%,

2 (1 —Re) 1= eon (e eor®) 2.

We imagine a slice of normal metal lying in the range
—X <2< +X, with en(x) assuming the value eox(X)
%0 at x==X. Thus the first of the above solutions for
7 becomes

(3.2)
(3.3)
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I () =3{1— e[ e+ en? (x) 1}

1 € cosh(x/%) (8mer)t \2
=—(1—
2( [e,,2+eo,3(X)j%) (cosh(X/h)(8mek)*) ’
€k>0,

) . 3.4)
“t( )

(cosh(x/h)(Sml &)} )2
) €k<0
cosh(X/7) (8m|e|)?

Solving for eox(x), we find, in the limit of small | ez, that

1 1 8m
= —(X*—a)
€0k (x) €0k (X) H?
1 8m
= ——?, (3.5)
€0k (0) h2

Thus we have the remarkable situation of a finite
energy gap at the Fermi level in a slice of normal
material. As a result, the slice will have the electrical
properties of a superconductor.

On the other hand, let us take the second type of
solution for %, where

b () =3{1— e &+ e (%) I}

) ( sinh (x/%) (8mer)} )2
sinh (X/%) 8me)t/)

>0,

1(1 €
2 Le?+en?(X) ]H

1 ek (3.6)
- 1_5(1+m)

(sinh(x/h) (8m| e )? )2
, <0
sinh (X/%) (8 ] )}

Solving for egx(x), we find, in the limit of small | x|, that

cn(@)=|es|[1— (0/X)?T7, a?<X%  (3.7)
Thus the gap vanishes at the Fermi level where e,=0,
i.e., there is no gap separating the ground state of the
system from excited states. The electrical properties
will be essentially the same as in a bulk normal metal.

IV. ENERGY GAP IN SUPERCONDUCTORS
In general
hidVeht= %Vzhk— %hk"'l (ka)2,
(1—hk)*V2(1—hk)*= —%V‘*hk—i(l—kk)“l(vkk)?.

Equation (3.1) gives

V= —%Ek60k3(€k2+ em})**v (l/eok), (41)
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so that

g_fflo V= —3e&V (1/<), (4.2)

—lim (1—7)iV2(1— k) i=1im 7 3V20}
—0 &0
=—1¢V2(1/e), (4.3)
where we have defined

€o=1im €0k (44)
&0

In this limit, Eq. (2.5), the integro-differential equation

for &, becomes (for both positive and negative values

of Ek)

2 % (eonr/ €0) Vi (e €orr®) ™%

— (/16m)V2(1/e)=1. (4.5)

As in BCS, we now approximate g by € inside the
summation over %, we replace the summation by the
equivalent integration; and we we set Vi equal to
the constant V for |ex|, |ew| <%w (the mean phonon
energy) and equal to zero otherwise. We get

N(0)V arcsinh (iw/ e0) — (72/16m)V2(1/e) =1,

N(0) being the density of one-electron states (of a
single spin) per unit energy at the Fermi level in the
metal in the normal state. Since under all conditions
€0<<fiw, we may approximate

arcsin(fw/e) by In(2%w/eo).
Thus,
N(O)V In(2fiw/ e) — (72/16m)V2:(1/ &) =1. (4.6)

In case V=0, we immediately get the solution
[1/eo(w) 1=L[1/e0(0) 1= (8m/ ),

obtained previously for a slice of normal material.
For the case V finite, it pays to define the constants

€0(0) =2%we YN OV, 4.7)
1 % H
6=—(—————el’N(°)V) , (4.8)
8\ N(0)Vmw
and the variable
2(%) = eo( )/ (%), (4.9)
so that Eq. (4.6) becomes
26°V2z=Inz. (4.10)

In the one-dimensional case (which we consider ex-
clusively henceforth), this can be immediately inte-
grated once

8(dz/dx)=+[K+z(Inz—1) ]}

K being an integration constant. Thus

(4.11)

x=o6 f [K+7(ns—1) T,  (4.12)
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2o being the arbitrary value of z at x=0. The constant
€o(0) is just the constant value of ¢ to be found in the
interior of a bulk superconductor [i.e., e(%) is the
BCS value of ¢]. Thus in such a bulk superconductor
we want z2— 1 as x — . At the same time we want
(dz/dx) — 0. This means that for a bulk superconductor
we must take

K=1. (4.13)

For this case, a plot of 1/z versus 4=x/8 can assume the
two possible forms diagrammed in Fig. 1. The constant
6 can be written in terms of the Fermi wavelength

Ar=2n/kr (4.14)
and the BCS form of the Pippard coherence distance
do=[hvr/meo()], (4.15)

vp being the velocity of electrons at the Fermi level.
We have

d=3LENr/N(O)V I (4.16)

Taking as representative values £=10"% cm, A\p=4
X10~8 cm, N(0)V=4%, we get §=3X10"% cm, smaller
than & by a factor of two hundred. The energy gap in
a superconductor can thus change appreciably over
distances of the order of 10~% cm.

V. VOLUME ENERGY DENSITY

Let us return to Eq. (2.7), the expression for W,.
Expressing %; in terms of ¢, and making the same
approximation we made in the last section in solving
the integro-differential equation, we get

Wo=—3%V ,%; [(a*+e)i— | ]| 2
X[ (e2+e?) (e’ +e®) 3

=—[v (O)IIZV( j; hw(ez+eo‘*)‘*de)

X ( fﬁu [2(e+e’)t—2e— e’ (€4 eﬂ*{lde)
0

=—[N(0) PViw{[ (hw)*+ e’ 11—}
Xarcsinh (fiw/ €)

>~ —1VIN(0)e? In(2hw/ eo). (5.1)

We designate by Wo( o ) the value of Wy when eg=€o(«).
Thus Wo() is the energy density in the interior of a
bulk superconductor (i.e., the value computed by
BCS). We have

Wo(w)=—3N(0)[eo() P, (5.2)

and
Wo—Wo(0)=5[22—N()V Inz—1][Wo()|. (5.3)
As a result of the smallness of N(0)V in practice, Wy



THEORY OF SUPERCONDUCTING CONTACTS

F16. 1. Energy gap versus position for a bulk superconductor.

becomes larger (more positive) than Wo(«) whenever
€0 becomes smaller than ().
VI. SURFACE ENERGY DENSITY

Let us return to Eq. (2.6), the expression for W go.
Expressing %, in terms of €, and making the same
approximations we made in solving the integro-differ-
ential equation, we get

Wv=— 09/ 16m @/ Ted | (ei+e) )
= — (#2/16m)[ (d/dx) e Jes* N (0)
fiw
X f 2e(e+¢p?)"de

= — (#/8m)[ (d/dx) e Jea® N (0)
X {eo— [ (hw)>+ e? %}

=~— (71*/8m)[ (d/dx)es™ Jes? N (0). (6.1)

For superconductive material (V £0)

(d/dx)es™=[1/eo()](dz/dx)
==[6eo() [ K+z(lnz—1) ],

so that

W so= F ey )N (0) (8mdz2) [ K+z(Inz—1) |

=F8N)V|W(o)|6z2[K+3z(lnz—1)].  (6.2)

The sign of W g is the same as the sign of (dey/dx) at
the surface. Thus if e decreases as the surface is
approached, then W g, will be negative.

For a slice of normal material (V'=0) with a finite gap

(d/dx)ec'=—16mh2X (boundary at x=X),

so that

W so=2N (0) X ec2(X). (6.3)

Let us imagine a hypothetical superconducting material
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characterized by a bulk gap eo( ), bulk energy density
Wo(®), and in addition having the same N (0) as does
the normal material under consideration. Then (6.3)

may be written
Wso=4|Wo(°°)|XZ—2, (64)

where z=¢€(®)/e(X). (It will later be convenient to
specify that the effective mass m of our hypothetical
superconducting material is the same as that of the
normal material.)

The above expression holds only when the quantity

u=X#[Smeo(X) J=3[N () V2T H(X/5), (6.5)

is sufficiently small. The error at large # results from
assuming ¢ is independent of k in the normal metal.
To see this, we note that Alky(k>kr) and V(1—hs)
X (k<kp) are both given by

1
_(1
X

| e

—m) (;(87”] fkl)*)

Xtanh(%(Sm[ekl )%),

at x=X. Thus W is,
# el
(ot
8mX & [6k2+€k2(X):I%

xé(Sm[ekm) tanh(§(8m|ek ;)%)

4Z;N<O).£M(1_[?;_;&)_]i)

X(g(Sme)*) tanh(%@me)"f)de. (6.6)

W o=

For a slice of normal material with no gap (i.e., & is
a hyperbolic sine rather than a hyperbolic cosine), the
expression for Wgo is modified by replacing the tanh
by a coth,

4Z;N(0)j; ﬁw(l_[62+e;(x)]%)

X(%(Sme)%) coth(%@meﬁ)de. (6.7)

W so=

Comparing Eqs. (6.6) and (6.7), we see that they
become equal in the limit of large # where both tanh
and coth can be replaced by unity. In this limit W g,
is independent of # or X. Still considering the case of
no gap, when # is sufficiently small we may replace
the hyperbolic cotangent times its argument by unity,
so that
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hh)
Wso=#(AmX)"N(0) | {1—e{é+e?(X)TH}de

=7 (4mX)7N (0){ eo(X)+To—[ (Ao}t &0’ (X) '}
=72 (4mX )N (0)eo(X). (6.8)

In terms of a hypothetical superconducting material
having the same N (0) and 7 as does the normal ma-
terial under consideration, Eq. (6.8) may be rewritten
as

W so= (482N (0)V | Wo(0) | (Xz)~L (6.9)

We note that Egs. (6.4) and (6.9) assume the common
value, '
W s0=85[ N (0)V ]} Wo(e)| 24, (6.10)

when #=1; while (6.4) is smaller than (6.9) for #<1.
We shall henceforth make the assumption that Egs.
(6.4) and (6.9) hold for the gap and no-gap solutions,
respectively, whenever #<1, while Eq. (6.10) holds for
both solutions when # 2> 1.

VII. BOUNDARY CONDITIONS

It is appropriate at this point to summarize briefly
the rather formal developments of the past five sections.
If the parameters %, of the BCS theory of supercon-
ductivity are allowed to vary with position, then the

BCS expression for the kinetic-energy density is’

modified to that given by Eq. (2.3). This converts the
BCS integral equation for 7 into an integro-differential
equation, Eq. (2.5). Its solutions for a superconductor
are given implicitly by Eq. (4.12). For a slice of normal
metal (V'=0) there are two possible solutions, given by
Egs. (3.4) and (3.6), respectively. For the first of these
solutions, there is an energy gap at the Fermi level, so
that the slice has the electrical properties of a bulk
superconductor. For the second solution, there is no
gap, and the electrical properties are ‘“normal.”’ The
volume energy density W of a superconductor is given
by Eq. (5.1); W, vanishes for a normal metal, irre-
spective of whether or not there is a gap. The surface
energy density Wso of a superconductor is given by
Eq. (6.2). For a slice of normal metal characterized by
the parameter # of Eq. (6.4), the surface energy density
is given by Eq. (6.10) for #>1, and by either (6.4)
(gap) or (6.9) (no gap) for #<1.

Before we can apply these results to specific physical
problems, we must discuss the boundary conditions
which 7; must satisfy. This is the topic of the present
section. We consider a plane interface between two
metals. The electron trajectories making contact with
the interface can be divided into two classes: pene-
trating trajectories which pass through the interface;
nonpenetrating trajectories which do not pass through
the interface. The latter represent reflection at the
interface; the former in general represent a certain
amount of refraction at the interface resulting from
the simultaneous conservation of energy and of mo-
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mentum parallel to the interface. Let one of the metals
be characterized by effective mass m,, and Fermi wave
vector kpi, the other metal by ms and kro. We assume
kr2> kr1 (i.e., the conduction-electron density is greater
in metal No. 2). Let k; and k; be the wave vectors
associated with a penetrating trajectory, ki, charac-
terizing that part of the trajectory lying in metal No. 1
and k; that part lying in metal No. 2. Given either k;
or ky, the other member of the pair is specified by the
conservation conditions

(ﬁ2/2m1) (k12““ kp'lé) = (h2/2m2) (k22_kF22)’
k1u=k2n,

the subscript || denoting the component parallel to the
interface. When k; and k; lie at the Fermi level, the
orientation by k; is arbitrary, but the orientation of k,
is limited by the restriction

sinde < (kr1/krs), (7.1)

02 being the angle between kp and the normal to the
interface.

We shall assume the two following boundary con-
ditions for the A associated with a penetrating tra-
jectory.

1. & is a continuous function of position along a
penetrating trajectory; i.e.,

hri= hre at the interface. (7.2)

II. A penetrating trajectory makes no contribution
to the surface energy density Wgo;i.e.,

(ﬁ2/8m1) (al’hﬂ/a%)
= (1?/8my) (Ohyo/0n) at the interface. (7.3)

We shall assume the following boundary condition for
the 7 mever associated with a penetrating trajectory
[e.g., hxs when k; is such that (7.1) is not satisfied ].

III. The boundary value of an /; never associated
with penetrating trajectories is chosen to minimize the
total energy of the system. It might be thought that
condition IIT is already automatically satisfied by the
integro-differential equation for %. Such is not the case,
since Eq. (2.4) represents a minimization of W, subject
to arbitrary, specified boundary values of ;.

Although the above boundary conditions appear
eminently reasonable to the writer, it is by no means
obvious to him that they can be rigorously justified.
They should best be considered plausible assumptions.
As a practical matter, these boundary conditions are in
general too difficult to apply. The reason is easy to see.
The boundary value of % is determined by conditions
I and II for some orientations of k [those orientations
which satisfy Eq. (7.1)] and by condition III for other
orientations [those which fail to satisfy Eq. (7.1)].
This implies an orientation dependence of 4; at the
boundary. However, in the past five sections we have
assumed that %; is independent of the orientation of k,
an assumption which is necessary in order to make Eq.
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(2.5), the integro-differential equation, practicable to
solve. In order to avoid this difficulty, we will make the
drastic simplification of considering only interfaces
where the trajectories are either all penetrating or all
nonpenetrating. This implies either that the metals on
both sides of the interface have identical values of m,
kr, and N(0) (all penetrating trajectories) or that the
interface is one separating a metal from an insulator or
vacuum (all nonpenetrating trajectories). We will make
the additional simplification of assuming %w is the
same on both sides of a metal-metal interface. This is
necessary in order to satisfy condition I between two
superconductors. The difficulty arises from the ap-
proximation made in solving the integro-differential
equation that epr= € for | ex| <%w and eo=0 otherwise.
This last approximation also makes it impossible to
satisfy condition IT between a superconductor and a
normal metal even when 7w is the same for both. Thus
we shall replace condition IT by the weaker condition:

IT'. The sum of the contributions of all penetrating
trajectories to the surface energy must vanish. There-
fore at the interface between two metals the net surface
energy vanishes; i.e.,

W so1i+W s02=0, (7.4)

W so1 and W goe being the surface energy densities asso-
ciated with each of the two metals forming the interface.
Note that because of the simplifications already made,
conditions IT and II' are equivalent for an interface
separating two superconductors.

Summing up, we may say that only two types of
interfaces will be considered:

(1) Metal-vacuum (or metal-insulator) interfaces.

(2) Metal-metal interfaces where the two metals
differ only in the interaction potential V. Condition
IIT specifies the boundary conditions for (1) ; Conditions
I and IT specify them for (2).

Before concluding this section, it should be pointed
out that we are assuming that bulk properties of a
metal like m, fiw, N (0), and V are constants independent
of position inside a given metal. Any position depend-
ence of these quantities is probably restricted to
regions within a few lattice spacings of the interface,
i.e., distances small compared to §, so that it is a good
approximation to ignore their position dependence
within a given metal; ergo we assume they change dis-
continuously at an interface.

VIII. SUPERCONDUCTOR-VACUUM CONTACT

For our purpose, a metal-insulator contact is no dif-
ferent from a metal-vacuum contact. Furthermore, a
normal metal-vacuum contact is not of interest. We
therefore restrict the discussion of the present section
to superconductor-vacuum contacts. For simplicity, we
consider the interface between vacuum and a bulk
superconductor (as contrasted with a superconducting
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film). We assume the superconductor occupies the half-
space characterized by x<0; i.e., the interface lies at
=0, with superconductor to the left and vacuum to
the right.

We define W gy, the boundary surface energy density,
as the difference (per unit surface area) between the
total energy of the superconductor and its energy if
eo(x) were equal to e(w) throughout the supercon-
ductor. Thus

WBO=f [Wo(x)—Wo(w)]dx—i-W,go. (81)

—o0

Making use of Egs. (4.11), (4.13), (5.3), and (6.2), we
get,

Wpo=[sgn(z—1) 16| Wo()|

:[?2—N(0)V Ing'—1]
X (f dz’
1 21+ (Ing'— 1)

—8N(0)Vz2[142z(lnz— 1)]*) , (8.2)

where z is the value of z’=¢o()/e(x) at the surface
of the superconductor, and sgn(z—1) is the signature
of (z—1). When ¢ at the surface differs only slightly
from €(»), i.e.,

e(0)=e(=)(14x), |k|K1, (8.3)
we have
W Bo=V23|Wo() | {—«[2—5N(0)V]
+32[44+29N(0)V]}. (8.4)

Condition IIT of the previous section is equivalent to
the requirement that Wgo be minimized with respect
to 2z (or ). If we set dW po/ k=0, we find

k=3[2—SN(O)VT4+20N(O)VTE,  (8.5)
W po=—3V28| W ()|
X[2—5N(O)VI[4+29N(O)V]™ (8.6)

According to ‘the work of Pines,” N(0)V lies in the
range 0.2-0.5 for most superconductors. Thus, from
(8.5), k ranges from +0.3 to —0.08. This suggests that
(8.3) is not too bad an approximation. We see that the
energy gap on the surface of a bulk superconductor will
be either smaller or larger than the gap in the interior
when N(0)V is either larger or smaller, respectively,
than 0.4.

IX. SUPERCONDUCTOR-SUPERCONDUCTOR
CONTACT

Consider an interface at x=0 between bulk super-
conductors No. 1 and No. 2. The two superconductors
have differing values of V [and thus of €(%) and §].

?D. Pines, Phys. Rev. 109, 280 (1958).
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Let €(0) be the common value of e(x) at the interface,
and let z; and 2, be the values of z for the two super-
conductors at the interface. Condition I of Sec. VII
implies that

€0(0)=€01(0)/21= €02( )/ 2. 9.1)
Condition II’ implies, with the aid of Eq. (6.2), that
V151[1+ 21(11121— 1)]%2 Vsz[l—i—Zz(anz—' 1)]% (92)

For the metal with the larger €(e«), we must take
z>1; for the other metal, 2<1; so that ¢(0) is bracketed
between ep1(0) and (o). This is necessary in order
that W o for the two metals be opposite in sign so that
the net surface energy density can vanish. These two
equations serve to determine 2; and 2s, and thus €(0).
For example, when

enn(0)/en(0)=14x, [x]K1, (9.3)
we have
€0(0) = €01 (o )[ 14+ V181 (V1014 Vda) ]
= €g2( 0 )[1—V282(V 181+ Vado) % ]. (9.4)

X. SUPERCONDUCTOR-NORMAL-SUPER-~
CONDUCTOR CONTACT

Consider a slice of normal metal of thickness 2X
sandwiched between bulk superconductor (of the same
type on both sides). We recall that there are two solu-
tions to the integro-differential equation for the slice
of normal metal, one where there is a gap at the Fermi
level, the other where there is none. For the former
solution, a vanishing net surface energy density at
either normal-superconductor interface requires that

8N(0)V|Wo(o)|65 1+2(Inz—1) ¢
=4I W0(°°> |X2_27
=8N OV Wo(x) |z,

where % is given by Eq. (6.5). The case #>1 corre-
sponds to X 2> X, and =z, where X, and 3, are con-
stants which will be determined momentarily. The case
#<1 corresponds to X <X, and 2<2, where z is the
solution to the equation

u<l,
u>1,

(10.1)

(X/28)=N(0)V[1+42z(lnz—1)]%. (10.2)
The constant 2, is given by
2,=N(0)V[142.(Inz,—1) ], (10.3)

which, to an excellent approximation, may be rewritten
2,=N(0)Vz,(Inz,— 1),

or
Z,=eHUNOV, (10.4)

Combining (10.2), (10.3), and (10.4), we get
X,=25[N(0)VerH/N O VT3, (10.5)

For the no-gap solution, a vanishing net surface
energy density requires that
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8N () V| Wo(eo)|oz2[1+2(lnz—1) ]}
= (4N (0)V|Wo(x)| X5, u<l,
=8[N(O)V ]| Wo()|z u>1.
The case # > 1 corresponds to X 2> X, and z=2, just
as before. In contrast to the previous situation, how-
ever, the case #<1 does not correspond to X <X,, but

rather to X> X,. This can be seen as follows. For #<1,
we have

(X/28)=2[1+2(Inz—1) i< [N (0) V2,

(10.6)

(10.7)
or
14+1/N (0)V < z'+InzInz,

so that >3z, while X=26[2/(Inz—1) ]¥>X,. We con-
clude that there is no solution to Eq. (10.6) for X < X;
while there are two solutions for X > X, namely z=3,
and z given by Eq. (10.7). Of these two solutions, 2=z,
is the stable solution since it corresponds to the lower
energy of the system.

For X larger than X, the total energy of the system
is independent of whether we use the gap or the no-gap
solution in the slice of normal metal (since in either
case z=z,). However, at any finite temperature the
no-gap solution will have the greater entropy and thus
the lower free energy. This means that the no-gap
solution is the stable one for X> X,. In contrast, for
X <X., the gap solution is the only one which satisfies
boundary conditions, so that the slice has the electrical
properties of a superconductor. The slice will exhibit
normal resistivity only when the bulk superconductor
on either side of the slice reverts to the normal phase.
This implies that the superconducting transition tem-
perature of the slice is the same as that of the bulk
superconductor for X<X,. Since the transition tem-
perature of the slice is zero for X > X, we see that the
transition temperature is a discontinuous function of
thickness (at the critical thickness 2X,). This discon-
tinuity is probably an artifact of the approximation
embodied in assuming that Egs. (6.4), (6.9), and (6.10)
are correct in the intermediate range of #=~1. A more
accurate expression for Wgo in this range would
undoubtedly lead to the conclusion that, for X in the
vicinity of X, both the gap and the no-gap solutions
can satisfy boundary conditions with, at the same
time, the former having the lower energy. This would
probably remove the discontinuity in transition tem-
perature as a function of thickness. The essential
results would remain unchanged, however, these being
that for X appreciably greater than X, the transition
temperature vanishes, while for X appreciably less than
X, it is equal to the bulk transition temperature. The
critical thickness 2X, can be written in terms of the
Fermi energy Ep, the phonon energy 7w, and the
Pippard coherence distance £, i.e.,

2X,=m(e/2)%0(fw/Er)t. (10.8)
Taking Ep=400%w and £=10"% cm, we get 2X,=1.8
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X10~5 cm=2$go, in good agreement with the experi-
mental work of Meissner.

At the critical thickness, the gap at either interface
is smaller than the bulk gap by a factor of 2., while the
gap at the center of the slice is still smaller by a factor
of two. Thus the gap in the slice of metal is a couple
oders of magnitude smaller than the bulk gap. However,
the gap in the slice rises quite rapidly as X becomes
smaller than X,. To see this, take

z=2,(1—k), kK1, (10.9)
and substitute into Eq. (10.2). We find
k=[1+NO) VT [1— (X/X.)2].  (10.10)

Although (10.10) applies only when X = X, it indicates
that €(X) may be considerably greater than €(X,)
when X is appreciably smaller than X.,.

In concluding this section, we point out that in the
limit X = e we get the behavior of an interface between
bulk normal and bulk superconducting materials, the
gap at the interface being smaller than the bulk gap
by a factor of z,.

XI. NORMAL-SUPERCONDUCTOR-NORMAL
CONTACT

Consider a slice of superconducting metal of thickness
2X sandwiched between bulk normal metal (of the
same type on both sides). A vanishing net surface
energy density at either normal-superconducting inter-
face requires that

8N (0)V|Wo(0)|dz2[2(Inz—1)—2o(Inze— 1) ]}

=8NV Wo(e)|z3, (11.1)

where z is the value of €(®)/e(x) at either interface,
and 2, is the value at the center of the slice (where
deo/dx vanishes). Since the normal metal is assumed to
be infinitely thick, we have used Eq. (6.10) for deter-
mining the contribution of the normal metal to the net
surface energy density. Equation (11.1) becomes

1/NO)V=Inz—1—(20/2)(Inzp—1).  (11.2)

This, when combined with
X=5 f [#/(ing'— 1) — zo(lnzo— 1) Tdz', (11.3)
20

serves to determine 2, and z for a given value of X.
Numerical solution of these two equations leads to
the following results. For all values of X, there is the
solution zy=2= oo, corresponding to the slice being in
the normal phase. For X smaller than a critical length
X,, there are no other solutions. For X larger than X,,
there are two additional solutions. If X is appreciably
larger than X, then these two solutions are gzo=1,
g eIV OV and gg~z=1large number, the latter having
the higher total energy of the two. In the limit as X
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FiG. 2. Critical half thickness X. of superconducting slice (and
corresponding values of 2t and %) as a function of 1/N(0)V.

approaches infinity, this latter solution coalesces with
the normal-phase solution zp=2= . For X appreciably
greater than X,, the lower-energy solution is charac-
terized by eo(x)=2eo( ) over most of the volume of the
superconducting slice, so that the superconducting
transition temperature of the slice is presumably nearly
that of a bulk superconductor of the same material. As
X approaches X, from above, the two superconducting
solutions coalesce and disappear. A plot of X, (and of 2
and z at X=2X,) as a function of 1/N(0)V is given in
Fig. 2. Over the range of values of 1/N(0)V of interest
(i.e., 2-5), this X, is quite comparable with the critical
distance computed in the previous section for the super-
conductor-normal-superconductor contact, as can be
seen by comparing Fig. 2 with Eq. (10.5). This is in
agreement with the experimental results of Meissner.

Although it appears impossible to get an analytic
expression for X, as a function of N(0)V, it is possible
to show analytically that there is an X,, i.e., to show
that no superconducting solution exists if X is suf-
ficiently small. Let us assume for the moment that
2=120+p where p<<zo. Thus

[z(lnz—1)—zo(lnzo— 1) P p Inzo |}, (11.4)
(X /8)= f [p Inzc]dp' =2 p/Inze ], (11.5)

(p/20)=2(X/26)*(Inz0) /20,
1/N (0) V=2(X/25)*(Inz0)*/ 20

(11.6)
(11.7)

Equation (11.6) shows that our assumption p<Kz, is
indeed correct in the limits 20— 1 and 2, — «. Equa-
tion (11.7) shows that 1/N(0)V increases from zero as
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%o increases from one or decreases from infinity. This
strongly suggests that there is some maximum value
of 1/N(0)V as a function of 2. This maximum repre-
sents the value of 1/N(0)V for which X is the critical
length X,. For any value of 1/N(0)V smaller than the
maximum, there will be two corresponding values of 2o,
representing the two possible superconducting solu-
tions. For any value of 1/N(0)V greater than the
maximum, there corresponds no value of z, indicating
that no superconducting solution exists.

Let us assume that Eq. (11.7) holds for all values of
zo. Then we clearly see that there is a maximum value
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of 1/N(0)V equal to (X/ed)?, eccurring at zo=e¢?. This
gives

X,=ed[N(O)VTH, (11.8)
and

p/20=1/2N(0)V. (11.9)

Equation (11.9) shows that when 1/N(0)V<«<3%, it is
indeed true that p<<zo (so that Eq. (11.7) holds true)
for all values of z,. Figure 2 shows that X, varies as
[NO)V]? and z— 20— € as 1/N(0)V — 0. How-
ever, over the range of interest of 1/N(0)V (i.e., 2-5),
Eq. (11.8) is not a good approximation to X,.
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Calculations of the band energies at symmetry points in aluminum by Heine are extended into the zone
using the pseudopotential interpolation scheme in order to obtain constant-energy curves in the neighbor-
hood of the Fermi surface. In conjunction with this calculation, the lines of contact between various bands
are found in detail. The de Hass-van Alphen effect, cyclotron-resonance effect, anomalous skin effect, and
low-temperature specific heat are discussed in terms of these constant-energy curves and the results compared
with experiment. It appears from this comparison that the geometry of the Fermi surface is given quite well
by the band calculations, but that there is a discrepancy of a factor of order two between the derived and
measured effective masses. A “‘single orthogonalized-plane-wave approximation” is compared with the
more exact treatment and found to be a good starting approximation, suitable for semiquantitative treatment

of the electronic structure.

I. INTRODUCTION

OLLOWING the remarkable success of Gold! in

understanding extensive de Haas-van Alphen
data on lead in terms of a “nearly-free-electron approxi-
mation”, the author? applied the same method to
existing data on aluminum. Again, the data seemed
to fit quite closely that to be expected on the basis of
this very simple model. In view of the success of this
model in understanding the de Haas-van Alphen
effect, it is desirable to consider the band structure of
one of these metals in detail in order to see to what
extent the simple model describes the actual band
structure.

In the following sections the orthogonalized-plane-
wave (OPW) calculations for aluminum by Heine® are
extended to obtain constant-energy curves in wave-
number space. These are compared with a “single-OPW
approximation,” the latter being equivalent to the
“nearly-free-electron approximation” in its application.
Finally, the descriptions of the de Haas-van Alphen
effect, cyclotron-resonance effect, anomalous skin

1 A. V. Gold, Phil. Trans. Roy. Soc. (London) A251, 85 (1958).

2 W. A. Harrison, Phys. Rev. 116, 555 (1959).

3V. Heine, Proc. Roy. Soc. (London) A240, 361 (1957).
(Heine III).

effect, and low-temperature specific heat derived from
the two points of view are compared with each other
and with experiment.

II. ENERGY-BAND CALCULATIONS

Heine® has calculated the energies of the bands at
several points of high symmetry in the band using the
orthogonalized-plane-wave method. In order to con-
sider the behavior of the electron gas in aluminum,
we require knowledge of the energy bands at more
general points in the zone, and in particular near the
Fermi surface. Heine! has indicated that in the first
two bands the energy is quite close to the free-electron
value except near the zone faces. This suggests® that
in most of the band the wave functions may be fairly
well described by a single OPW. This further suggests
that near a zone face only two are necessary; near a
zone edge, three; and near a zone corner, four. Finally,
consideration of the zones in aluminum indicates that
the mixing of OPW’s in the region of interest should
be describable in terms of only two independent off-
diagonal matrix elements of the Hamiltonian. Thus

4V. Heine, Proc. Roy. Soc. (London) A240, 340 (1957).

(Heine I).
5 M. H. Cohen and V. Heine, Suppl. Phil. Mag. 7, 395 (1958).



