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Tunneling between two semi-infinite systems across an abrupt junction (of zero thickness) is discussed
without invoking the transfer-Hamiltonian formalism. A lucid and novel interpretation of the
significance of the transfer Hamiltonian is obtained. A rigorous and easily applied separation of the
junction into its two component subsystems is introduced. The current is expressed in terms of
characteristics of these two subsystems. Keldysh’s perturbation theory for nonequilibrium processes is
used to include the effects of the external potential V' to all orders. In this, the analysis is similar to
that of Caroli et al. The extreme-tight-binding approximation of these authors is avoided; this
less-restricted formulation differs in important details from the preceding work. It is shown that
tunneling current (density) within a differential energy interval can generally be expressed as
proportional to the product of appropriately defined “left” and *right” local densities of states (in
energy). This confirms the form of the extensions of the consequence of the transfer-Hamiltonian
formalism, proposed by Appelbaum and Brinkman and by Caroli et al. The new formulation of
tunneling manifestly applies in the zero-thickness extreme-strong-coupling limit, where the current
formulation of the transfer Hamiltonian fails. The extension of the formalism to junctions of finite
width has been worked out and is reported in a second paper, in which it is demonstrated that the
results for the abrupt junction follow from those of the finite junction in the zero-width limit, and
agree with them qualitatively. The formalism is specifically suited to include many-body interactions.

1. INTRODUCTION

A. Motivation for the study

The transfer-Hamiltonian formalism for the
study of tunneling between two electrodes across
an insulating barrier has enjoyed almost universal
acceptance ever since it was suggested by Bardeen’
and Cohen, Falicov, and Phillips® more than ten
years ago. The fundamental premise of the trans-
fer-Hamiltonian formalism is that tunneling be-
tween normal or superconducting electrodes can
be described by time-dependent perturbation theo-
ry involving an appropriately defined transfer or
coupling Hamiltonian. That is,

J=3C, + 3 + Hp =3C, +3Cr (1.1)

where the transfer Hamiltonian 3¢, is normally
taken in its second-quantized representation,

JCT:Z Vm;“ra;,,a“r+}l.c. (1.2)

kR, k'

The operators a;,,ag,’ are the destruction opera-
tors for the one-particle states which characterize
the unperturbed left and right Hamiltonians (elec-
trodes) 3¢, and JCg.

A more involved though not necessarily more
precise formulation of the tunneling problem asks
for the linear response of the system described by
3C, to the “external probe” represented by the
transfer Hamiltonian 3C;.3

It is the purpose of this paper to determine in
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what sense the preceding can be justified from
first principles, and the consequent limitations,
if any, on its applicability to tunneling in general.
In view of the considerable work that has been
done on these questions, we shall find it conven-
ient to summarize briefly the original motivation
for the formalism and subsequent attempts to
justify it, or at least interpret its significance.
Following this survey it will be relatively simple
to explain our approach and the novel results we
were able to derive. This discussion occupies
the remainder of Sec. L

The actual derivation, which involves a reason-
able amount of algebraic manipulation, is given
in Secs. II and I

B. Motivation for and main result of the
transfer-Hamiltonian formalism

The initial motivation for the transfer-Hamil-
tonian formalism was the empirical observation
by Giaever* that the current tunneling from a
superconducting electrode across an insulating
(oxide) barrier into a normal electrode could be
described in terms of a properly normalized
“tunneling density of states” 3,(V), namely,

() ()3

(1.3)

In Eq. (1.3), 3,(0) is the normal density of states
at the Fermi level. V is the potential difference
applied across the junction,
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de

Nr(E) =3,0) 7

(1.4)
and €, E are the single-particle energies in the
normal (N) and superconducting (S) electrodes
(measured relative to the Fermi level). It was
noted that Eq. (1.3) could be derived from a per-
turbation theory subject to some further, pre-
sumably justifiable, assumptions. The crucial
assumption is that the transition rate for an elec-
tron in an initial (Bloch) state k' of the normal
into a final quasiparticle state k of the supercon-
ducting electrode is given by the “Golden Rule” :

Py=(2n /i) My |26(eyr+V =Ey). (1.5)

If the junction is planar and exhibits translational
symmetry in that plane, then the transition rate
out of the £’ state can be written

dk, dey

27 .
p,,,=7f nlke) gt 7o M2 6(ey +V = Ey ) dk,

(1.6)

where k, is the component of kK normal to the junc-
tion. Equations (1.3) and (1.4) follow directly from
Eq. (1.6) provided we make the following simplify-
ing assumptions, which incidentally are not ger-
mane to the main argument: |[My,| is only weakly
dependent on k and k’, and hence may be removed
from the integral and replaced by a constant. This
constant is independent of the phase (normal or

J

According to the “Golden Rule” the total transi-
tion rate is

2
P=% >

R, Ryikgk’ ngens,

where V is the potential difference across the junc-

tion. We now introduce the zero-temperature
Green’s functions G*:

(2718)7 Gk, k' 5 w) =) 8w —€, X glay [7) (n|a]. |g)

=171 =f (W) [~} pk, B’ ; W)],
(1.11)
(27)7IG (b, k' w) =) 8(w — €, X gla] |n) (n|ay:| &)
= =17 (W) -5 p(k, k' ; w)]
(1.12)

Here f(w) is the Fermi distribution and p(k, 2’ ; w)
is a spectral density function. When the states
|#) are sharp in the index %, then G* are diagonal

superconducting) of the electrode.®’ °

The preceding discussion can be recast in a
Green’s-function formalism, which connects more
clearly with the particular form of 3¢, chosen in
Eq. (1.2), and which provides a calculational tech-
nique for evaluating N,. Since the discussion ap-
plies equally to normal and superconducting elec-
trodes, we shall henceforth restrict ourselves to
the latter.

The assumption concerning the transition rate
between electrodes immediately preceding Eq. (1.5)
may be replaced by a more formal statement, viz.:
The uncoupled electrodes are represented by 3¢,
and a system of product (many-body) state vectors
of 3¢,. In particular the ground state of 3¢, is the
product

1&)=|8c) |gx), (1.7)

and a corresponding set of exact (product) excited
states is

[n) =|ning). (1.8)

The transfer Hamiltonian 3C, couples the ground
state to these excited states; i.e., the probability
amplitude that a single bare electron be trans-
ferred from the right to the left is”

My =(f [3¢(i) =<"i"RIJCT|ELgn)

= Z Vm.u'("RIaIu |gr)nylagelgy).
" (1.9)

Vie, 1o (Veay, Lap)* Z G(Gnn‘v'eng)(gnlam,lnn) <"R|arulgn)<gz.|agn2|”1'.><”z',|au!|gz,>,

(1.10)

r

in k and can be expressed in terms of the retarded
Green’s function G”, i.e.,®

1 1 ’
o p(k, k' ; w) =plk; W)dgp+ = - ImG" (B, w)6yp .

(1.13)

In the following we assume the validity of Eq.
(1.13); hence we obtain for the net transition rate®

P=§h,I E R f_: [fL(w - V)"fR(w)]

'k

xpy(R'; w=V)pglk; w)dw . (1.14)

It is normally assumed that V,,- can be removed
from the sum so that'®
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P2 vl [T o= v)=f @)

Xpp(w=V)pg(w)dw, (1.15)

where the density of states

plw) =Z p(k, w)= -% Z ImG’ (¢, w).
] R

Recently a common phenomenological ansatz has
been to consider V an energy-dependent pseudo-
potential matrix element, and to write

p-2 V@) 2 f1 (@ = V) = £ glw)]

X p(w=V)pg(w)dw; (1.16)

such an expression has been derived by Appelbaum
and Brinkman using an extension of Bardeen’s
work. !

To conclude, we have indicated the heuristic
basis of the transfer Hamiltonian, and in Egs.
(1.13)~(1.15) the formal consequences of the theo-
ry. At this point two problems have to be con-
sidered: Can the operator satisfying Egs. (1.1)
and (1.2) be justified (derived) from first princi-
ples and applied to other scattering problems?
How is the matrix element V', to be computed?
These questions were considered by Bardeen,‘
Cohen et al.,? and Prange.”” More recently Duke,?
Appelbaum and Brinkman'! and Caroli et al.'® re-
considered the problem. In Sec. IC we shall re-
view this work.

C. Previous analysis of the transfer Hamiltonian

Bardeen considered tunneling to be the transfer
of a quasiparticle from a single (quasi) particle
state of the left electrode to one of the right elec-
trode. These states were localized within their
respective electrodes by means of a barrier of
finite height and infinite width.

The single-particle states of the actual Hamil-
tonian with a barrier of finite width (x, <x<x,) are
expressed as linear combinations of the right
states with a given left state'*:

me :am(t )¢L, me-‘Bm”h +an(t )(pR,ne-‘B"‘ /n .

(1.17)

Subject to the standard initial conditions of time-
dependent perturbation theory Bardeen obtains a
Golden-Rule-like result,'®

d_dtlbn(t)lzz% I<¢)R,n IEm—JCl¢L.m> Izo(Em—En)'

(1.18)

The integrand in the matrix element on the right-

hand side of Eq. (1.18) differs from zero only in
the right electrode x> x,; hence the matrix ele-
ment can be rewritten

f [ 95,4000 = E)bs m = b om0 = En 0.0 ) dx.
’ (1.19)

Conservation of energy and an application of
Green’s theorem now reduce the above to

n?
mp [ (OBaVOs = b AT OR s

== il d, (X pm - (1.20)

If ¢, and ¢, , are reasonably satisfactory ap-
proximate solutions of the Schrddinger equation in
the barrier, x,<x<ux,, then the precise location
of the boundary surface 8 anywhere in the barrier
is immaterial.

Bardeen argues that M;; of Eq. (1.5) is to be
identified with the expression given in Eq. (1.19).
Bardeen does not concern himself with iC,; rather
he makes contact directly with Eq. (1.5).'® Bardeen
is not concerned in interpreting the particular form
of M,; nor does he present an estimate of the er-
rors, if any, in his time-dependent perturbation
theory.

The formal assertion that Giaever’s experiment
was to be interpreted in terms of a transfer Hamil-
tonian which satisfies Egs. (1.1) and (1.2) was first
made by Cohen et al.?2 They follow Bardeen’s con-
vention in their choice of one-particle basis states.
They insist that the tunneling objects are normal
electrons, but beyond that their analysis provides
no further insight into the fundamental signifi-
cance of 3Cr.

Prange'? attempted to find a single-particle
basis set which would separate the general second-
quantized Hamiltonian for a particularly simple
case into three terms such as indicated by Eqs.
(1.1) and (1.2). His failure to do so led Prange
to suggest that ¥, is an effective interaction which
he expected to give strictly correct results only
if it is used in first order calculations. While this
conclusion has been challenged, Prange has un-
doubtedly successfully identified the major diffi-
culty of the formalism, i.e., the precise speci-
fication of the one-particle basis and of the as-
sociated JC, =JC, +3Cg.

Duke pointed out the formal similarity between
the transfer-Hamiltonian formulation of tunneling
and Oppenheimer’s discussion of field ionization
of hydrogen.'” Thus, writing

iiZVZ 22 eZ
~m —7—Fz=JC,—Fz=—7- +3C, , (1.21)

Oppenheimer writes
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llJo =a°(t )(pﬂ- Oe.-‘Eo”n +Z bn(t )¢b, n e-‘E" t/h ’

(1.22)
where
(¢ = Eo)ba,0=0, (G=Endsn=0.  (1.23)
An approximation equivalent to Eq. (1.18) is
dlb,|? _2m
ldz"l =5 [(®s,nl =Fz| b4, o) [*6(E, = Eo) .
(1.24)

Bardeen’s argument in proceeding from Eq. (1.18)
is identified by Duke as based on the assumption
that 3C is separable in the sense that

¥=3¢"=0(R, JC, +O (R, G, , (1.25)

where ©(R) is the characteristic function of the
domain R (it is unity on R and vanishes every-

where else). If Eq. (1.25) applies, then the ma-
trix element in Eq. (1.24) reduces to

(B0, 0= Eo[ 60,9 =~ [ Trpds,  (1.26)

where § is the boundary separating domains R,
and R,. Duke now points out that Eqs. (1.23) and
(1.24) are consistent only if the set {¢4 n; D, m}
forms a complete orthonormal product basis for
3, =3C, +3Cy, that is, if

[3¢c,,3c,]1=0. (1.27)

In this case, the transition rate from ¢, ,to ¢, ,
is given by the Golden Rule,

Pa,o:b.n:%” |<¢b,n IJCT|¢::,0> ,25(En—Eo),
(1.28)

and
Hp=3=3C,. (1.29)

Neither Bardeen’s nor Oppenheimer’s models
satisfy the preceding criteria. If they would,
both would involve the same transfer Hamiltonian

Jep=p2/2m. (1.30)

The preceding analysis leads Duke to suggest that
the transfer-Hamiltonian method be viewed as a
phenomenological formulation in which the trial
function defined by Eqs. (1.22) and (1.23) is sub-
stituted in Eq. (1.21) and where 3, of Eq. (1.28)
is defined by 3C - JC, .

In spite of this conclusion, Duke trusts the basic
consequence of the formalism, namely Eq. (1.14).
It therefore remains an open question whether the

formalism, in spite of its conceptual weaknesses,
does provide a reliable procedure for handling
tunneling. One of the purposes of this paper is to
adduce limits to the validity of this conjecture.

In this work we shall follow an approach similar
to that of Caroli et al.’® Duke and co-workers have
also recently discussed a new microscopic theory
based on Green’s functions, which, they argue,
overcomes the conceptual difficulties of the trans-
fer-Hamiltonian formalism.®

D. Outline of the present work

Recently Caroli et al. developed, in a series of
four papers, a “direct” formulation of tunneling.
They avoided the need to derive the transfer Hamil-
tonian, and in fact their work sheds light on possi-
ble fundamental shortcomings of that formalism.!®
This interestingwork relies heavily on an extreme-
tight-binding approximation which transforms the
differential Schrddinger equation into a difference
equation. The authors themselves were bothered
by the possible lack of generality of their formu-
lation and results. In the second of their papers
they attempted to demonstrate the generality of
their procedure. The rather indirect method used
by Caroli et al. suggests to us the desirability of
an independent analysis which would avoid any
recourse to difference techniques. Our results
partially corroborate those of Caroli et al. though
they differ from them in some important details.
We believe that the disagreement is due primarily
to the incorrect definition of the Green’s functions
used by Caroli, which violate some of the analyti-
city requirements on such functions.

We shall show that subject to the separability
criterion [Eq. (1.25)], the transfer Hamiltonian
may be introduced quite naturally, as a pseudo-
potential, in agreement with the original conjec-
ture of Prange. The operator has quite generally
the form of a current operator, as suggested by
Bardeen and Duke. However, this pseudopotential
should and can be treated beyond first-order (time-
dependent) perturbation theory; in fact, as already
indicated by Caroli, it has to be treated to all
orders.

In the present paper we restrict ourselves to an
abrupt planar junction between two semi-infinite
electrodes. Our approach consists of two distinct
steps.

First, in Sec. II, the exact one-particle Green’s
function, in the absence of an external potential,
is computed in terms of “zero order” or uncou-
pled Green’s functions for the two half-spaces.
The Green’s functions for the half-spaces are not
unique. The consequences of the resultant flexi-
bility in the description of the full Green’s func-
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tion are discussed. This work enables us to re-
solve the controversy concerning the proper defi-
nition of 3¢, and of the “right” and “left” propa-
gators. We also obtain a clear interpretation of
Bardeen’s matrix element (of the transfer Hamil-
tonian) as a device to assure the proper continuity
of the Green’s (and wave) function at the abrupt
junction.

Then, in Sec. III we follow Caroli et al. in apply-
ing a generalization of real-time Green’s-function
techniques, due to Keldysh,?° to calculate the tun-
neling current at an abrupt junction in the pres-
ence of an applied potential. It should be empha-
sized that by extending the perturbation theoretic
techniques for many-body systems inthermal equi-
librium to nonequilibrium processes, Keldysh’s
formalism enables us to go beyond the first-order
time-dependent perturbation theory which charac-
terized all work on tunneling prior to Caroli et al.
In the present paper we restrict ourselves to the
case of noninteracting electrons. Extensions to
include electron-electron and electron-phonon
interactions as well as the consideration of bar-
riers of finite width have been developed and will
be dealt with in future publications. Here it should
be stressed that the abrupt junction obviously
represents the limiting case of an infinitely thin
junction; thus, we are here dealing with the so-
called strong-coupling case, which is the opposite
extreme of the thick-barrier (weak-coupling) limit.
It was only in the latter limit that Duke was able
to demonstrate the agreement of the transfer-
Hamiltonian analysis of the tunneling of free elec-
trons across a (square) barrier with the exact
(single-particle) elementary solution.?! While it
is not clear how, if at all, the transfer-Hamiltonian
formalism, as currently formulated, can be ap-
plied to our case, we show in the second paper
of this series that the abrupt junction results de-
rived in the present paper are indeed obtained
from those for the finite junction in the limit of
vanishing width.?? Conversely our conclusions
are independent of the width of the junction.

In Sec. IV we discuss our conclusions and re-
sults, of which the three most important ones are
(i) a clear statement of the significance of the
transfer Hamiltonian; (ii) the precise limits of
the validity of the current formulations of tunnel-
ing in terms of this Hamiltonian; (iii) the develop-
ment of a formalism for tunneling which is no more
cumbersome to apply than the current transfer-
Hamiltonian formalism, and is free of the many
inherent difficulties of the latter. It is well known
that the transfer-Hamiltonian formulation fails
to explain several experimental observations.

This point has been made quite emphatically by
Duke in a recent publication.!®

II. EQUILIBRIUM GREEN’S FUNCTION

A. Definitions

We wish to compute the Green’s function for an
abrupt junction in the absence of an applied po-
tential in terms of the Green’s functions of the
uncoupled electrodes.

The abrupt junction is defined below,??

H=6(=x)C, +O(x)3Cx. (2.1)

The Hamiltonians ¥, , 3C; characterize the uncou-
pled, generally distinct, left and right electrodes.
It is convenient to include in the definition of the
Green’s functions g for the uncoupled electrodes
the fact that these are semi-infinite rather than
infinite systems. This is done by imposing on
these functions boundary conditions at the inter-
face. The Green’s functions for these uncoupled
electrodes are distinguished from the ordinary
Green’s functions (for the corresponding infinite
electrode) because they satisfy zomogeneous bound-
ary conditions at the interface, i.e.,

(fw =3C, ) gL (%, x" ; W) =6(x = x"), (2.2)

and at the interface,

)
ag; (0, x'<0; w)+p gg,‘(o, x'<0;w)=0

9
=ag; (x<0,0; w)+pB a—,g,‘(x<0, 0; w), (2.3)

while at infinity,

lim a_g;(x, x'; w)+b_ 5{-’; gr(x, x';w)=0. (2.4)
x> aw

Here the coefficients a, 8 are completely at our
disposal, and are to be chosen so as to simplify
the calculation of the full Green’s function. One
might expect that setting one of these coefficient
equal to zero could simplify the analysis. It is,
however, not clear which of two possible choices
is preferable. We shall see that choosing a =0
leads to a tunneling theory which is physically
more transparent.?

The coefficients a_, b_ do not have to be speci-
fied at all, but are understood to represent “out-
going waves” boundary conditions.

Note that g, exists everywhere. The “localiza-
tion” to the left half-space is not forced by making
g vanish identically on the right space, nor by
making it decay exponentially. The function has
no immediate significance on the right half-space.

This is the standard procedure for boundary-
value problems, and we emphasize it only because
of the incorrect choice of Caroli et al. to force
g; to vanish on the entire right half-space.

The Green’s function for the right half-space is
defined analogously,



4126 T. E. FEUCHTWANG 10

(iw = 3Cg) grlx, x' ; w)=8(x = x), (2.5)

where at the interface,
)
agR(or x’>0; w)+B a'—ng(O, x'>0;w)=0
)
-agg(x>0,0;0) +8;5x(x>0,0;w),  (2.6)

and at infinity

9
lim a,gg(x, x'; w)+b, o ERW X5 w)=0.
x>+ ®

(2.7

The Green’s function for the entire junction satis-
fies homogeneous boundary conditions only at ie:

(Fw =3C)G(x, x'; w)=0(x —x'), (2.8)

9
lim a,G(x, x"; w) +b; —

im Py G(x,x";w)=0. (2.9)

B. Determination of G

The Green’s function G can be represented in
terms of the functions gg, ; by two alternative
procedures: The direct procedure is to apply
Green’s theorem over the two half-intervals, and
to express G in terms of its “boundary values” at
the interface, x=0. Alternatively the “inhomo-
geneous boundary values” saticfied by G at x=0
may be treated as an inhomogeneous (source) term
in the differential equation. That is, one may in-
troduce a pseudo-Hamiltonian 3’ and represent G
in terms of an integral equation. The Hamiltonian
3’ is in fact just the transfer Hamiltonian whose
matrix elements were given by Bardeen.

Applying Green’s theorem to

f«) {Glx,, x'; w) [7w —30x(x,)] gr(x, x,; @)
()

- 8r(%, x5 w) [Aw =3¢(x )] G(x,, x"; w)]dw, (2.10)
we obtain, with help of Egs. (2.5)-(2.9),

Gx, x'; ) = gg(x, x’; w)O(x’)
ﬁz
+% {gR(x’ x;; O))

] 9 .
x—é;; G(x, x'; w) - a_xl[gn(x’ xy;w)]

X G(x,,x';w)}l,fo.», x20. (2.11)
Evidently we can rewrite Eq. (2.11) as
0 (x)Glx, x"; w) = gg(x, x"; w)O (x")O(x)

+ f gr(x, x5 w)O(¥)0(x,) ¥k (x,)

X Glx,, x"; w) dx,, (2.12)

where

S (x) = i jz—(zs(x-e) i) (2.13)
‘R e—> 0t om ’ ax R .
This, however, amounts to the statement that

(7w - (BCg +3CR)] Glx, x'; w)=6(x —x’) if x>0.
(2.14)

The same argument can be applied to the left half-
space, i.e.,

h—2
G(x, x5 w) =g (x, x"; w)O(- x’)——z-;n—(gL (%, x5 w)

3 ooy 9 .
X o] Glx,, x"; w) Bxl[g" (x, x,; w)]

X G(x,, %' w)) |,1=o_ , x<0. (2.15)

In the preceding we have followed the convention
that

G(x)={1’ x>0

0, x<0
and
1, %<0
O(-x)= {o, x>0,

While not the common definition of the unit step
function, this is the most convenient convention for
our purposes and will be followed throughout the
remainder of this paper.

An alternative version of Eqs. (2.11) and (2.15)
is

2
G(x, x'; w)=grlx, x; w)O(x) -:—m (G(x, x5 w)

9 . 9 .
X o) grlx, x';w) - o, [Glx, x}; w)]

Xgn(xl,x';w)>l,l=o+, x'=0 (2.11%)
and
2

Glx, x'; w)=g (x, x"; w)O(-x) + o

(G(x, x5 w)

9 ,. 9 .
S 3xlgL (xp X’ w) - axl [G(x: X1s w)]
XgL(xl,x’;w))I,fo-, x'<0.
(2.15")

Thus we conclude that the “boundary values”
G(0, x’; w) and 8G(x, x’; w)/8x|, -,, Which enter
Egs. (2.11) and (2.15), can be expressed in terms
of the constants
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G
G(O’ 0; w)’ W(x’ X135 w)lx=x}'=o’

G
a:(x,x,;w)l,ui»:o, (2.16)
892G

m(x,xl;w)l,,:xl_:o-

Here we note that G(x, x,; w) is continuous at x =x,
but has a characteristic discontinuity in its first
derivative,

+

2 (x, x;; w) x=:}_2m -—a—G—(x x5 w) n
ax Y T paar r: ax, 7Y —
(2.17)

Finally, the mixed second derivative 8°G(x, x; w)/
8x 0x, is continuous at x=x,. The same comments
apply to gg, (¥, x;; w).

Combining Eqs. (2.11) and (2.15) and Eqs. (2.17),
one can determine the constants listed in Eq.
(2.16); in particular one obtains

G(O, 0, QJ) = gR(O) 0; w)gL (0) 0; w)

22(0,0; @) +£, (0, 0; w) (2.18)

as well as an alternative equivalent expression,

9 - 9
G0, 0;w) = g (v, x,=x jw) 3-8 %, =57 w5 20

82 -1
X (’5;371[& (%, %,; w) +gg(x, x;; w)] lx=xl=0> .

(2.18%)

Equation (2.18) is formally identical to the “surface
Green’s function” derived by Garcia-Moliner and
Rubio.?®* When the general homogeneous boundary
conditions imposed on gg,, at the interface are
specialized by setting =0 in Egs. (2.3) and (2.6),
then Eq. (2.18) becomes indeterminate and Eq.
(2.18’) reduces to?®

2m

2
a2
G(0, 0; w) = — (F) <——axax L (x, x5 w)
1

+gR(x,x1;w)]>_l. (2.18")
For future reference, we note that Eq. (2.18'") was
derived by Caroli et al., using a totally different
approach.?” Thus we conclude that implicit in
Caroli’s analysis is the convention that gz,, vanish
at the interface.

We can combine Eqs. (2.11) and (2.15) into a
single equation,

G(x, x"; w) =g(x, x'; w) + f 8%, x5 w)

X3 (x,)G(x,, x'; w) dx,, (2.19)

where
g(x, x5 w) =[6(-x)0(-x")g; (x, x'; w)
+0(x)0 (x")gr (x, x"; w)]
x[1-30(O ()0 (=10 (-x")] ,(2.20)

%'(x)= lim %([5(96— €)-d(x+¢€)], %)Jr

(2.21)

Equations (2.19)-(2.21) enable us to identify
Bardeen’s “transition current” with the corre-
sponding matrix element of 3¢’. Evidently the role
of 3¢’ is to assure the continuity of G (and hence
also of the wave function y) across the discontinuity
of the potential at the interface.

Before concluding this section we shall indicate
the complete representation of G(x, x’; w) in terms
of g g for the two simple homogeneous boundary
conditions at the interface: When the Green’s
functions gg, , vanish at the interface, we need in
Egs. (2.11) and (2.15) the boundary values
G(0, x’; w), which according to Egs. (2.11’) and
(2.15’) are

n® 9
G0, x"; w)=F vy G(0, 0; w) ng'l‘(xv x'; w)l,‘l:o* ,
x'20 (2.22)
where G(0, 0; w) is given by Eq. (2.18").

When the normal derivative of Green’s functions
&r,1 vanishes at the interface, then we need in
Eqgs. (2.11) and (2.15) the boundary values
8G(x=0, x’; w)/8x, which are again determined
from Eqs. (2.11’) and (2.15):

3G |/

32
;;(x, x5 w)e=0= i<ﬁ> _—axaxl Glx, x; w)|x=0=x1

Xgr,1(0,x;w), x'20 (2.23)

where, by virtue of the characteristic singularity
of Gat x=x',
62
9x0x,

G(x, x,; <.o)|,,=(,=,,1

= —<%> [gR(O, 0;w)+gL (07 0; w)]-l M (2'24)

III. TUNNELING CURRENT

A. Generalities

We shall express the current across the inter-
face in terms of the Green’s function G*, to be
defined below, and then use the formalism of
Keldysh to express G* in terms of related left and
right functions.

It is a simple matter to verify that the average
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of J,

el R 9 3 ,
e = - gh L m (G- ) O 6 20)

=(J(0) . (3.1)

The last equation in Eq. (3.1) follows from the one-
dimensional equation of continuity. The Green’s
function G* is defined below:

G (x, b x', t') =i pT (x’, thP(x, B)) . (3.2)

Taking the Fourier transform of Eq. (3.1) with
respect to f, we obtain®®

- en im 216G (o
(J() = Y fBTx ax[G (%, x; w)

dw
-G (%, x"; w)] I,:o-ﬂ .
(3.3)

B. Summary of Keldysh’s formalism

Keldysh®® has demonstrated that for nonequilib-
rium processes, G* can be determined in terms of
three related Green’s functions which satisfy the
(matrix) Dyson equation indicated symbolically

To illustrate the preceding remarks, we have,
for instance,

below:

oca=0g-10+nz'oc°‘
T F gr f 0 1 za 0 r F)’
(3.4)

In Eq. (3.4) multiplication of matrix elements is to
be interpreted as an integration with respect to
both space and time variables. Using a more
compact matrix notation, we may rewrite Eq. (3.4)
as

G=g+gZ G . (3.5)

The Hermitian adjoint equation also applies; i.e.,
G=g+GZ'g . (3.6)

In the present discussion, the “unperturbed”
Green’s functions in Eqgs. (3.4)-(3.6) are to be
defined in terms of left and right functions by an
equation such as Eq. (2.20). For an instantaneous
interaction, such as the pseudo-Hamiltonian 3¢’
defined in Eq. (2.21), the self-energy matrix re-
duces to a symmetric matrix with vanishing diag-
onal elements.?® Since 3¢’ is a single-particle
operator, we obtain, furthermore,

§=<° A (3.7)
5 0

Ge(x,x";w)= [(gf (x, x"; w)O(-x') + fo &2 (%, x; w)3H'(x,)G % (x, x'; w) dxl)e(—x)

-0

+ <g£ (%, x'; w)O (x') + fou &R (%, %, W) 3" (x,)G® (x,, x"; W) dx,>0(x):| [1-3e@xOENO(-x)0(-x")].

It remains now to define the several Green’s
functions introduced above. In terms of the field
operators ¥ and yT,%

g x, tx', ) =i(pT (&, t)P(x, 1)) o,
& (%, & 2, #) = =iy(x, YT (27, ') o,
gz ', t)

(3.9)
=% i[y(x, 1), T (', 1)],) g0 £7 1),
glx, t; x', ') = — i{ T[y(x, ' (x*, 1)),
flx, 2, t)= = i[9(x, 8), T (7, )] 6.
From Egs. (3.9) it follows immediately that
g'=3(frg°%g"). (3.10)

The subscript 0 denotes that the average indicated
by the angular brackets is with respect to the

(3.8)

e

unperturbed density matrix. The full Green’s
functions G are defined by the same formal ex-
pressions [Eqs. (3.9)] except that the averages
are taken with respect to the full density matrix.

Below we shall find use for the following rela-
tions between the time Fourier transforms of the
several g’s3:

&' (x, x5 w)= - 2% flw)-%p(x, x'; w)], (3.11)
g (x, x5 w)=2i[1-flw)] [-3px, x;w)], (3.12)
gr (x,x’;w)=P p(x, x’;w') @: _ 1p(x’ x/;w)

w-w 27 2

=[g®(x, x5 )" =[g% (x", x; )]* .
(3.13)
In these equations,

flw)={1+exp[(iw - 1) (ks T)"1]}*; (3.14)
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P denotes the principal part of the integral; and
p(x, x’; w) is the so-called spectral-density func-
tion, which is discussed in Sec. IV. Here we only
wish to note that the function is in general com-
plex, but when x=x’ it is real and positive for real
values of w. Equations (3.11)-(3.14) apply only if
the unperturbed system is in thermal equilibrium .32

C. Calculation of the current

Using the formalism of Keldysh as summarized
in Sec. I B, we can determine G* in terms of the
unperturbed functions g, and thus express (J(0))
in terms of these quantities. In the following we
shall drop, whenever this causes no confusion, the
argument w.

Upon substitution of Eq. (3.7) and (3.10) into
Eq. (3.4), we obtain

G (x, x,)=g+(x7 x’) + fw dx1[g+(x: xl):}cl(xl)

XG®(x,, x")+87 (x, x,) 3" (x,)G* (x, x")] .
(3.15)

We note that if the uncoupled subsystems are de-
fined to be in thermal equilibrium when 3¢’=0, then
Eq. (3.11) implies that3?

im (22 2\ A )=
xl'lTx <8x ax,)g (x, x"; w)=0. (3.16)
Thus, the integrand on the right side of Eq. (3.3)
can be written with the help of Eq. (3.15) and its
adjoint,

2m .
ﬁ‘(J(O,w»

=319 (—g;f [G* (%, x; w)3e'(x,)gf (x,, x"; W) +GT (x, x,; W) I (x,)g} (x,, x'; w)] dx

=0~

1]
+ a‘i—'f [g7 (%, x5 w)3"(%,)G % (x,, x'; w) +&7 (x, x5 W) I (x,)G* (x,, x"; w)] dx1> .

At this point we shall drop the general homoge-
neous boundary conditions at the interface in favor
of the simpler requirement that the normal deriv-
ative of gz, ; vanish at the interface. In the Ap-
pendix, we outline the analysis in terms of Green’s
functions g, subject to the second “simple”
boundary condition at the interface, namely those
that vanish there.

we obtain from Eq. (3.17)

2

(J(O w) = (EL(O 0; w)

9xdx

——— G (%, x5 w)- g7 (0,0, w) ——

(3.17)
Using Eqgs. (2.21) and (2.24), the relation
G*-G"=G" -G, (3.18)
and the boundary conditions
ax &r,1 (%, %' Z0;w)|, -, =0
9
= a—x/ gR,L(xzo’x’;w)|:'=o) (3’19)
+ 1.
Py a - G (x, x ,w) I (3.20)

However, the left side of Eq. (3.17) could have been evaluated in the limit x—~ 0%, in which case we obtain

B (10,00 = 4 (8400, 0;0) 5557 (x5 0) -

(OOw)

G*(x,x w)) (3.21)
x=0%t=x""

The continuity of the mixed second derivative of Green’s functions allows us to drop in Eqs. (3.20) and
(3.21) the distinction between left- and right-hand limits, x=0",0".

Combining Eqs. (3.18) with the Dyson equation satisfied by G"* %, one obtains the following relation be-
tween the mixed second derivatives of G* and G~ at the interface:

h—z
2m ox ax

x{[g# (0, 0; w) +g¢ (0, 0; )] g7 (0, 0; w) +g7 (0, 0; )] } 1.

—— [ (x, x5 0) = G (%, " )] |y = goxv = h’2 7 [22(0, 0; ) +£1 (0, 0; ) - g5(0, 0; w) - £5(0, 0; w)]

(3.22)
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We can now eliminate G* between Eqs. (3.20)-
(3.22), and obtain

(J(0; ) = 2187 (0,0; ) +£7 (0, 0; )| 2
x[ g (0, 0; ) gz(0, 0; w)

- 87(0,0; w) gx(0, 0; w)] . (3.23)
Using Egs. (3.11) and (3.12) to eliminate g* in favor
of g7, we obtain

(0w} = 22 |47 ()] ImgZ (0, 0; )

xImgf (0, 0; w) £, (W) - fr(w)]; (3.24)

here, the right and left Fermi distributions fz,,
are defined in terms of the right and left chemical
potentials ug, ;, which are displaced by a potential
V. The “matrix element” A" (w) is given by

AT (w)=[gF (0, 0; w) +g7 (0,0; w)] ~*. (3.25)

In the Appendix we show that the energy density of
the tunneling current, (J(0; w)), can be expressed
in terms of the Green’s functions gg,;, Which van-
ish at the interface. In this case,

(J(0; w)
4 32 -
=2 R @)]* 55 (I (x5 0)]
X _axz;x' (Img? (x, x; )] |, =genr Lfy (@) = frl@)],
(3.26)
where
- 82 _
A (w)= (W g7 (x, x"; w)
+287 (%, x'; w)] I,,:.,=,;:>'1 . (3.27)

The two alternative expressions for J(0; w) are
compared and discussed in Sec. IV.

IV. DISCUSSION OF RESULTS

It is well known that the retarded single-particle
Green’s function is related to the energy density
of states p(w) as follows®

1= . 1 =
—;J._mlmg (x,x;w)dx=ﬂf_mp(x, x; w)dx=p(w),

(4.1)
where the complex spectral density, p(x,x’"; w),
is defined by the relation,
o . ’ 1
g7(x,x’"; w)=lim w-)iw—
>0t Jo w—w +i€ 27

_PJ‘ p(xx w')dw’

~Lpx, x", )
w—-w 27 pr,x,w,

(4.2)

and
Imp(x, x; w)=0.

Equations (4.1) and (4.2) suggest that for inhomo-
geneous systems, it may be convenient to intro-
duce the notion of a “local” energy density of
states,

plx, w) = —% Img’(x, x; w) >0, (4.3)
which satisfies the two sum rules,

| o, w)dx=ple)
and

fm plw)dw=1.
Evidently Eq. (3.24) can be written in the form

=2 " @or| M@ uw) - ()]

X p1,(0; )og (0; ) 22,

27 (4.4)

where we have now summed over spin orientations.
Equation (4.4) represents our version of Appel-
baum’s extension of the transfer-Hamiltonian for-
malism, except that the “matrix element” A"(w) is
inherently defined within our formalism in terms
of the Green’s functions gg,, and is strictly
speaking no matrix element at all.

Turning to Eq. (3.26), we note that here the
right-hand side does not depend on Img”(x, x; w)
but rather on

2
szae mE (6 X W) ey
This manifestly reasonable result follows from the
fact that g7(0, 0; w) vanishes; thus an expression
such as Eq. (3.24) would be indeterminate if we
were to replace g by g. In fact, one might inter-
pret Eq. (3.26) as resulting from Eq. (3.24) follow-
ing a repeated application of 1’Hopital’s rule. It
thus is obvious that besides Eq. (4.4), an equally
correct expression for the tunneling current is

(%)u )= [ 4wl B (@) 2L fy (@) - fa(@)]

X—;i—— lI —'f( ! )
axox’ \ 7 mgLix, x5 W
XL —lImE' (x x"w)> (2m)?
axox’'\ T Ry c=0=x’ :
(4.5)

However, Eq. (4.5) has the drawback that it no
longer displays an explicit dependence on the local



10 TUNNELING THEORY WITHOUT THE... . I 4131

densities of states. Instead, it involves a reason-
ably complicated functional of these quantities.

It should be emphasized, however, that the local
densities of states clearly depend on the arbitrary
choice of the particular homogeneous boundary con-
ditions imposed at the interface. More precisely,
the local densities of states entering Eq. (4.4) char-
acterize the semi-infinite electrodes provided we
impose on their wave functions the condition that
they have a vanishing normal derivative at surface
x=0.

We now turn to compare our results with those
of Caroli et al. As noted in the discussion of Eq.
(2.18"), Caroli et al. work in terms of the func-
tions which we designated g5 ,, which vanish at
the interface. In fact, our Eq. (3.26) agrees (with-
in a factor of 2, representing the sum over spin
orientations and minor errors) with Eq. (I1.40) of
Caroli.®® However, our analysis demonstrates that
the results derived by Caroli et al. for their dis-
crete model have a considerably more restricted
validity than claimed by them. This conclusion
follows from a comparison of our Eq. (3.26) and
Eq. (IV.13) of Caroli et al., which we rewrite as

(J(0; w)) =-47§-| A (w)T |2Img7(0,0; w)

XImg% (0, 0; w) £z (w) - fr(w)], (4.6)

where
| AT(w)T|? = |[1-T2g7 (0, 0; w)gR(0,0; w)]"1T|2.

(4.7)
T is asserted to be an appropriate matrix element
of the interaction which couples the two semi-
infinite electrodes between which the tunneling oc-
curs. In Egs. (4.6) and (4.7) we transcribed the
discrete indices used by Caroli as the first two
arguments of our Green’s functions. The compar-
ison of Eq. (3.26) and the physical significance of
T indicate that in the continuous limit, one should
interpret

2

=1(0.0: o) = — P
T Img (0,0,w)——zm sxox,

Img"(x, x,; w)|x=0=xl )

(4.8)
and in order to secure agreement between the
“matrix element” |A7(w)| and the corresponding
factor in Eq. (3.26), specified by Eq. (3.27), we
have to interpret
|1-T2g7(0,0; w)g%(0,0; w)|

=|1-7Tg1(0,0; w)TZ%(0,0; w)|
n2| 8 _,
B ol Powrwnl SACETH)

2m|dx9x, £=0=x;

2

+8x8x1 Ek(xrxn"‘-’)l;:u:,ll. (4.9)

Caroli et al. indeed claim to have proved these
relations, though while not committing themselves,
they seem to identify T with /?/2m. Without be-
laboring this ambiguity in the proper limit of the
discrete model of Caroli et al., we do have to
stress that contrary to their assertion, Eq. (4.6)
[which corresponds to Eq. (3.26)] does not depend
explicitly on the local energy densities of states.3®
Such a dependence is displayed only by the right
side of Eq. (3.24). Thus if we wish to interpret the
tunneling current in a “transfer-Hamiltonian-like”
fashion, or more precisely, if we wish to use tun-
neling experiments to study the local density of
states, we have to study the uncoupled subsystems
in terms of the functions gy ; which have a vanish-
ing normal derivative at the boundary.

To conclude, we have obtained a simple interpre-
tation of Bardeen’s matrix element of the transfer
Hamiltonian as a pseudopotential representing the
boundary conditions at the interface. We have ob-
tained a simple definition of the uncoupled subsys-
tems and we have derived from first principles an
expression for the tunneling current which formal-
ly agrees with an obvious generalization of the one
obtained by means of the transfer-Hamiltonian for-
malism. We have indicated the connection between
the rather arbitrary definition of the uncoupled
subsystems and the dependence of the tunneling
current on the local density of states. Our formal-
ism is inherently free of the justified objections
raised with regard to transfer Hamiltonian, and it
has the added advantage of containing an explicit
procedure for calculating the “matrix element”
which enters the transfer Hamiltonian in an ad koc
fashion. Our formalism avoids the ambiguities in-
volved in the extreme tight-binding approximation
of Caroli et al. and enabled us to detect a basic
inconsistency in their results.

We have checked our formalism by applying it
to the trivial case, where the two electrodes are
identical free-electron (Bohr-Sommerfeld) metals.
In this case we obtain, upon summing over spin
orientations,

=% [ Gl @ = ws V]de
2 (M 1@ f @) -f @+ Ve, (410
where
(hk)?/2m =hw=hK)?/2m +V. (4.11)

This result is obtained by substituting g,, into
Eq. (4.4) or gz, into Eq. (4.5); it is identical to
that obtained in the elementary analysis of the cur-
rent across a potential step whose transmission
coefficient is |7 |2. Incidentally, this elementary
problem cannot be handled in terms of the conven-
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tional transfer-Hamiltonian formalism.

While this check of our formalism does not con-
stitute an independent proof of its correctness, it
increases our confidence in it.

We have extended our analysis to a junction of
finite width, i.e., to a system consisting of three

distinct regions, rather than the two-region case
considered above. This work, reported in the sec-
ond paper of this series, confirms the conclusions
we have drawn from the simpler model. We are
presently extending our formalism to a full three-
dimensional analysis.

APPENDIX: CALCULATION OF THE TUNNELING CURRENT IN TERMS OF gx ;

If we wish to use the Green’s functions g ;, which vanish at the interface, then it is more convenient to

use the adjoint of the right side of Eq.(3.17),

2 . 3 (O . y ' r y .
—;;Z JO;w) = l,mi - (5,[ (g7 (%, %5 W) (x,)G(x,, 2" ; w) +8 5 (x, %,5 W) (x,)G* (%, ¥'; w)]dx,
x = -

x>0~

Using Eq. (3.18) and the boundary conditions,
8r.1(0,x'20;w)=0=g5 ;(x20,0;w).

We now obtain

9x8x,

+aix"J’o [G* (x, x,; )3 (x,)g £ (%), x5 W) + G (¥, x,; W (x,)gt (%), x; w)]dxx> . (A1)
(A2)
s (A3)

x=0" =xy

E’eﬁ(J(o ) = < & 2t (x, %3 )G~ (0, 0 w) — o srar B0 2, 06" (0,05 w))

and similarly, letting x- 07,

n® d
o (0300 = = g (5o B 245 0160,05 )

8xax gh(x:xlyw)c (0 O w))

x=0%=x;
(A4)

The continuity of the mixed second derivatives of
Zr.. and of the functions G at x =x' allows us to
drop in Eqs. (A3) and (A4) the distinction between
the limits x=07,0".

From the matrix Dyson equation, Eq. (3.4), we
obtain

Gix,x";w)=g"%x,x"; w)

+f &7 Y%, x,; W) (%,)G™ *(x,, x'; w)dx, .

(A5)

r
Thus, Eq. (2.18") defines G™ %(0,0; w) in terms of
g7%. Using Eq. (3.18) we obtain now

G*(0,0; w) -G™(0,0; w)

N EA A AR A A (G AT AT
(46)

where
n: 8t

y =—ﬁa—x—37c:g(x’ %15 0) | g=g=s, - (AT)

We can now eliminate G* between Eqs. (A3)-(AT),
and obtain

(JO; W) = |7, +75 | *Fi7z - Fiva)- (a8)

Using Egs. (3.11) and (3.12) to eliminate ¥* in favor
of ¥" we obtain Eq. (3.26) from Eq. (A8).
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this condition, and hence the relationship between the
functions G, .k and &7 p may be quite untransparent.
Furthermore, even if &, 2 =G the tunneling current
acquires a much more complicated dependence on the
local densities of states than that resulting from the
convention & =0. Thus it is doubtful whether the in-
creased complexity of the formal analysis following
from the convention Eq. (c) is warranted. However,
such a convention was indeed adopted by Garcia-Moliner
and Rubio (Ref. 25).
¥, Garcia-Moliner and J. Rubio, J. Phys. C 2, 1789
(1969). These authors defined their gg; differently.
We have not checked whether the two sets of Green’s
functions are equivalent.
2%[n deriving Eq. (2.18"), we used the fact that when &g
vanish at the interface, their characteristic singularity
implies that

_2m

2 - __9 s
ox &l ¥ =% ) B St 8r(x, %y =x7%)

=0 x=0

Y'See Eqs. (I1.22) and (II.30) in Ref. 13.

2Because the definition of G* (in terms of the left and
right Green’s functions) changes across x =0, the limit
x— 0 has to be one sided. The choice 0~ as opposed to
0* is arbitrary and of no consequence.

2See Ref. 13, Appendix A of Caroli I.

300ur definition of g "¢ follows the standard convention,
rather than Keldysh’s. In addition, the step function
O(t) involved in the definition of £7'? is the conven-
tional one rather than the one we have been using, i.e.,

1, t>0
1, t>0.

o(t)=



4134 T. E. FEUCHTWANG 10

31These equations can be easily obtained from Eq. (31.24)
of Fetter and Walecka, Ref. 8 above.

2Equations (3.11)—(3.14) are the configuration space
version of Eqs. (31.20), (31.25), and (31.26) of Ref. 8.

33This formal assertion is strictly obvious since in
thermal equilibrium there is no net current.

345ee A. A. Abrikosov, L. P. Gorkov, and I. E.
Dzyaloshinsky, Quantum Field Theory in Statistical
Physics (Prentice-Hall, Englewood Cliffs, N. J.,
1968), p. 64. Also Ref. 8, p. 294; note that most
textbooks consider only homogenous systems so that

1 00 ]
2—"[‘0 p(x,x;w)dx=/:wp(k,w)dk.

%Equation (I1.40) has the wrong sign, and as can be

checked by direct substitution of Eqs. (III.38) into

(I1.37), the denominator should be
82

9x 8x,

| v(x) +¥(x %2 = (72/2m)? g7 (x, xy; w)

+&7 (x,x4; W)

¥=x°=31

38In Ref. 13, Eq. (IV. 16), Caroli et al. rewrite Eq. (4.6)
of the present paper [i.e., (IV.13)] as

2e\"! 7.,
<T> <J>=flzm )

xpg(0; w)pg(0;w)dw.
where A” (w) is defined by Eq. (4.7).

2
[fL@)—frw)




