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A microscopic theory of impurity-assisted tunneling is constructed in which the current-
carrying (extended) eigenstates of the average one-electron potential in a tunnel junction are
utilized as the basis functions which are mixed by the Hamiltonian associated with the pres-

ence of a static or dynamic impurity anywhere in the system.

In such a system, the one-

electron propagator and its concomitant current across the junction can be calculated at zero

bias by standard techniques for manipulating temperature Green’s functions.

The presence

of a finite bias across the junction is incorporated into the theory via the principle of rigid
occupancy; i.e., the equilibrium occupation of the (current-carrying) many-body eigenstates

of the system is taken to be unaffected by the presence of the bias.

Therefore the rigid-oc-

cupancy hypothesis relates the nonequilibrium current flow to the equilibrium (zero-bias)

properties of the junction system.,

Thus, we obtain a theory of nonequilibrium current flow

which is not based on linear-response theory. This hypothesis isincorporated intothe Matsu-
bara perturbation theory by treating the chemical potentials of the left- and right-hand elec-
trodes as separate Lagrangian mulitpliers determined after the completion of all Matsubara
sums to be related by pgr=uy —eV. Therefore, for purposes of constructing and solving Dy-
son’s equations for the renormalized one-electron propagators, the theory reduces to the con-
ventional equilibrium theory defined using distorted-wave (i. e., non-plane-wave) states. The
perturbation theory is shown to yield the conventional one-electron-theory results for the

case of a static impurity potential in the barrier.

Resonant elastic tunneling through impurity

states of energy E, near the zero-bias Fermi energy ¢ causes conductance minima (maxima)

for E,(0)>¢ [E,(0) <&l
transmission probability.

I. INTRODUCTION

The transfer-Hamiltonian theory'? of current
flow in a tunnel junction originally was developed
to explain observations of the superconducting ener-
gy gap and bulk density of states in normal-metal-
oxide-superconductor tunnel junctions. 8 It pro-
vided the theoretical framework within which
J osephson" made his prediction that phase coher-
ence exists between two weakly coupled supercon-
ductors. One of the most recent successful appli-
cations of the transfer Hamiltonian has been the
interpretation of cusps occurring in the conduc-
tance measured in metal-oxide-homopolar semi-
conductor junctions (e.g., heavily doped In-SiO,-
Si junctions®9) in terms of “self-energy effects”®?
due to the interactions of electrons and holes with
optical phonons in the bulk semiconductor electrode.

Regardless of its successes the original momen-
tum-representation version of the transfer-Hamil-
tonian (TH) theory exhibits certain conceptual weak-
nesses and seems incapable of describing certain
recent experiments. %1% It is formulated!® by con-
sidering a tunnel junction to consist of two isolated
electrodes, between which electrons are inter-
changed by matrix elements which form the “trans-
fer Hamiltonian.” The tunneling current is evaluat-
ed by a linear-response analysis in which the trans-
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The transfer-Hamiltonian results are recovered by expanding the

fer Hamiltonianis treated asan “external” source. **
There are several difficulties with this procedure.
First, the set of basis functions used in construct-
ing the linear-response analysis is overcomplete,
since these basis functions are direct products of
the basis functions of the two isolated electrodes, *°
each of which individually forms a complete set.
Second, the TH theory is formulated so that the oc-
cupation numbers of electrons in its many-body
eigenstates are those of the isolated-electrodes
system.® Consequently, the linear-response
analysis is restricted to a first-order-perturba-
tion-theory treatment® of the electron transfer
probability from one electrode to the other. A
related difficulty with the linear-response analysis
is that the diagrammatic expansion of both the
elastic and inelastic contributions to the current

in the TH theory®® contains only diagrams which
represent the transfer of an electron from one of
the electrodes to the other. Thus, the predicted
current does not include contributions from “reflec-
tion” diagrams, which describe processes in which
an electron localized in one of the electrodes is re-
flected back into the same electrode after inter-
acting in the barrier. Such processes contribute
to the total current. They are important when, for
example, an electron interacts with a local mode?®
near one of the electrode-barrier interfaces. Also,
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the TH theory does not describe processes in which
the electrons in both electrodes interact with the
same (nonlocal)boson elementary-excitation field. *°

A final difficulty with the linear-response analy-
sis results from the asymmetric fashion in which
it treats electrode and barrier effects.’® Each of
the electrodes is described by a Hamiltonian which
contains dynamic interactions of electrons localized
in that electrode with, e.g., bulk phonons. Bar-
rier effects, on the other hand, are described sole-
ly through potential matrix elements which couple
electrons in both electrodes. Thus, the energies
of electrons in the electrodes are renormalized by
the interactions with bulk phonons, and the electron
dispersion relations are reflected in the conduc-
tance as self-energy effects.® The matrix elements
for the transfer of electrons from one electrode
to the other, however, are insensitive to the re-
normalization of the tunneling electrons’ energies
by many-body interactions.® Another consequence
of the description of barrier effects solely by trans-
fer matrix elements is the resulting inability of
the linear-response treatment to describe pro-
cesses which involve real intermediate states!®®
in the barrier. In the case of elastic processes, ¥
for example, the current is evaluated to first order
in the barrier transmission coefficient |S;,12 and,
therefore, is inaccurate in the case of resonant
elastic-tunneling processes, 2! for which [S;,1%~1.

The conceptual difficulties noted above are di-
rectly related to the fact that the TH theory has
proven incapable of describing certain recent ex-
periments. For example, observations of light-
sensitive conductance characteristics in GaAs tun-
nel diodes, ° doping-dependent reverse-bias pho-
non line shapes in the conductance measured in a
variety of semiconductor junctions, 1°~*2 and im-
purity-band effects in metal-insulator-semiconduc-
tor junctions®® suggest that resonant impurity-as-
sisted processes in the barrier are important tun-
neling mechanisms. Other (related) experimental
effects whose description has eluded analysis via
the TH are the observations of light-sensitive sub-
harmonic structure in the current in Josephson
junctions, * real intermediate-state tunneling cur-
rent!® 1% in metal-insulator-metal junctions in
which small metal particles are embedded in the
oxide, and resonant field emission'”!® due to ad-
atoms in metal-vacuum systems.

As one might expect, these fairly well-recog-
nized difficulties with the original formulations?'2
of the TH theory have motivated several workers
to attempt to correct them. We classify these at-
tempts into three broad categories: improved ver-
sions of the TH theory, collision theories, and
Green’s-function theories.

The most recent improved version of the TH
theory is that of Appelbaum and Brinkman.® They
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attempted to remedy part of the asymmetry be-
tween the description of “barrier” and “electrode”
effects by constructing a coordinate representation
(Green’s-function version) of the TH theory. In
their discussion, they formally include the pos-
sibility of assisted tunneling through barrier ex-
citations. Their result takes the form of a con-
volution of the product of the two spectral func-
tions® of the isolated electrodes with a transfer
matrix element which depends upon both energy
and momentum. Therefore, their results retain
the form expected for elastic tunneling and, con-
sequently, still exhibit the difficulties associated
with overcomplete sets (i.e., the possibility of
overcounting) and linear-response theory (i.e.,
the restriction to first-order perturbation theory).

The only serious attempt to construct a many-
electron collision theory is that of Davis.” A sim-
pler version, in which no explicit provision is made
for the many-body (i.e., exclusion-principle-im-
posed) aspects of the theory has been given by
Adler et al.® However, Davis’s calculation is al-
gebraically quite complicated. It is valid only at
zero temperature and restricted to a particular
model (avibrating 6-function impurity). Noaccount
is given of resonant-tunneling phenomena which we
believe dominate the impurity-assisted inelastic
processes he considered. #® As will be discussed
in a following paper, # the theory developed in this
paper, when applied to his model, predicts results
similar but not identical to his.

Turning to the Green’s-function theories, the
first was that of Zawadowski?® which led to results
identical to Appelbaum and Brinkman’s coordinate-
representation version® of the TH theory. The
second, which is conceptually more closely related
to our analysis than any of the others, was that of
Davis.? By deriving a form for the current anal-
ogous to that of the TH theory, !° he was able to
show that an electron tunnels with the total re-
normalized energy and not the bare energy. 2 Most
recently, Caroli et al.? have proposed a non-
equilibrium Green’s-function theory based on a
cellular model in which the hopping matrix element
connecting one part of the junction to the next is
small. This theory differs substantially from its
predecessors. It has not yet been explored in
enough depth to recognize any new consequences
which it might have and to examine their experi-
mental realization. %

The sketch of the literature presented above is
designed to indicate the nature of the difficulties
with the TH theory, the experimental manifesta-
tions of the phenomena whose description is pre-
cluded by these difficulties, and the attempts to
avoid them which have been presented previously
or independently. This is the first in a series of
two papers in which we also develop a new micro-
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scopic theory of tunneling. In the present paper,
we derive the theory and calculate the current for
tunnel junctions which contain static impurities.

In a subsequent paper, ® we derive the current for
barriers containing vibrating impurities and study
the consequences of static impurity potentials
whichpossess “quasibound” states and which produce
a resonance in the barrier transmission coefficient.
We explore their effects upon both the one-electron
and many-body contributions to the current in that
paper. The fact that using our theory we have
analyzed successfully previously uninterpreted
phenomena in semiconductor tunnel diodes has been
documented elsewhere. #

The physical assumptions from which the theory
presented in this paper is derived differ from those
underlying the transfer-Hamiltonian theory. These
assumptions are: (i) The tunneling electrons are
not in states localized in either electrode, !° but
are in doubly degenerate current-carrying eigen-
states of the whole junction, 2°'3° one of which car-
ries current fromleft to right (left incident) and the
other carries current from right to left (right in-
cident); and (ii) the statistics of current flow in
the junction are not determined by transfer of an
electron from a filled state in one electrode to
an empty one in the other, *® but are determined
by the occupancies of left-incident and right-in-
cident states, which are separately associated
with the left and right electrodes, respectively.

In this “stationary-state” picture, if both left- and
right-incident states of total energy E are occupied,
there is no net current contribution from these
states because the current from left to right ex-
actly cancels that from right to left. We refer to
this assumption as the “rigid-occupancy hypoth-
esis” (ROH). It results in a model of the tunnel
junction in which the only effect of an imposed
bias (aside from changing the one-electron poten-
tial) is that of rigidly translating the energies of
the eigenstates associated with the left and right
electrodes up and down with respect to each other.
In the absence of many-body interactions, this
picture is precisely the conventional one-electron
stationary-state model. ¥

The ROH is applied via a temperature Green’s-
function technique?® in which the chemical poten-
tials p, and pjp of the left and right electrodes,
respectively, of a junction with a voltage imposed
across it are replaced by Lagrangian multipliers
2. and A, respectively, whose difference is a
boson index?: A, — A= 2mm/~if, in which m is any
(i.e., positive or negative) integer and B=1/k5T
(kg is Boltzmann’s constant and T is the tempera-
ture). The current is calculated using intermediate
steps depending only on equilibrium perturbation
theory, after which the Lagrangian multipliers are
analytically continued to their physical values so
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that the total current flowing from left to right is
associated with uy, while that from right to left
is associated with ug: Ay — 4y and A g~ py (i.e.,
Xp — Az~ eV according to the conventions in Fig. 1).
The value of this procedure is that the diagram
techniques of equilibrium-temperature Green’s-
function® theory can be applied prior to the ana-
lytic continuation of the Lagrangian multipliers (be-
cause it is not necessary to know the occupation
numbers of electrons carrying current either to
the right or to the left in this first step of the cal-
culation). Therefore, the central feature of our
theory is the replacement of the complete non-
equilibrium transport problem with a prescription
for using equilibrium propagators plus an analytic
continuation procedure to evaluate a nonequilibrium
current. The theory is viable because of the spe-
cial feature of a funnel junction that although cur-
rent does flow, it is sufficiently small that the ex-
ternally imposed voltage drop occurs across the
barrier region of the junction.

We proceed by specifying some preliminary re-
sults about the basis functions in Sec. II. Then
in Sec. III, we develop a many-body theory of tun-
neling in which the currents are calculated in equi-
librium, after which the bias is imposed via the
ROH by making the analytic continuation Ay —Ap
—eV. The theory developed in Sec. III is applied
to a simple d-function model of static impurities in
Sec. IV, In that section it is shown that the per-
turbation theory developed in Sec. IO produces the
correct expression for the one-electron current in
the presence of static impurities. The applications
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FIG. 1. Schematic typical tunneling junction illustrating
the conventions used. The average barrier potential is
denoted by Vix) (0 =x =b) and all energies are measured
from the bottom of the left conduction band. The bottom
of the right conduction band is Vy=¢; —eV —{g. Positive
or forward bias is defined by raising the Fermi level of
the left electrode relative to that of the right.
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of the theory to describe vibrating impurities® and
experimental data® are given elsewhere.

'I. EXTENDED BASIS FUNCTIONS

Two fundamental physical assumptions underlie
the tunneling theory which is developed in this
paper. The first of these is that the electrons in a
biased tunnel junction are in states of the whole
junction, rather than localized in either electrode.
The second assumption is that a tunnel junction
across which avoltage hasbeen imposedis a steady-
state system. The mathematical formulation of
the first of these assumptions is given in this sec-
tion.

A. Definition and General Properties of Extended-Basis
Functions

According to the assumption that the electrons
are in extended states of the whole junction, we
construct such states as the solutions of the Schro-
dinger equation for the whole junction. We con-
sider, as our one-electron Hamiltonian, a model
consisting of electrodes which can be described by
the effective-mass approximation!® separated by
a barrier such as that shown in Fig. 1. In this
model, which is convenient, even if there is some
question®® as to its validity, the Schrodinger equa-
tion of the eigenstates corresponding to the total
energy E is specified by

ko) X(E,T)=EX(E,T) .

The one-electron Hamiltonian 4, is defined by

g—(h‘z/ZmL)Vg, x<0

ho)= { = (t¥/2mp)V2i+ V(x), O<x<b (2.1b)
2 = (h’z/sz)V 2 Vi,

(2.1a)

x>b .

Equations (2. 1b) are derived from the assump-
tion that the effective masses are isotropic in the
left (m ;) and right (my) electrodes and in the bar-
rier (mp) region. The barrier potential is repre-
sented by V(x) and, from Fig. 1,

Vi=t, - eV- &g 2. 1c)

The quantities ¢; and ¢y are the Fermi degenera-
cies of the left and right electrodes, respectively.
We adopt the conventions, indicated in Fig. 1, that
energy is measured from the bottom of the band in
the left-hand electrode, and eV >0 (forward bias)
when the left Fermi level is raised with respect
to the right.

Under the assumption of specular tunneling, '
the eigenstates are specified by

X(E, )= UE, K, x) e *?= x(E,k,, F), (2.1d)

in which E, and D are the components of k (total
momentum) and T (position), respectively, in the
plane of the junction. The traveling waves in the

direction parallel to the planar junction are nor-
malized to (27)%5(k, - K,).

For E>0 and V,<0, the ¥ and X are doubly de-
generate.?® We choose the linearly independent
set of solutions defined in the following equations®’:

- A
¥, (E, Ky, x)= (Erﬁ_fi—)ﬂ?

(e'* +8,e7%), %<0
x<[CLU(x)+C3U_(x)], O<x<b (2.2)
(vL/vR)llasmeia(x-b), b<x
k%= (2m E/R%) - K},
q%= [2m x(E - V) /n?] - K2,

ne d? &
(-E;n;z;”(")*zm

(2. 3a)
(2. 3p)

vy=hk/my
vp=hg/mg

—E)U(x)=0, 0<x<b.

(2.4)
In the above equations, Ag;, is a normalization con-

stant and U,(x) are decaying (growing) solutions
of Eq. (2.4)* [for instance, the U,(x) are parabolic
cylinder functions for Schottky barriers, Airy
functions for trapezoidal barriers, and exponen-
tials for square barriers]. ¥

The function ¥, (E, k,, ) defined by Eq. (2.2) is
an extended-basis function (EBF) which carries
current from left to right (left incident). Similarly,
we define an EBF which carries current from
right to left (right incident) for E> 0 and V,<0:

> A
wR(Ey ky, x) = (Zﬂh—:;z)l 2

(vp/vy)2Spe ™, x<0
x [CHU,(x) +CRU(x)], 0<x<b (2.5)
[e-ia(x-b)+saaeiq(x-b)], b<x .
In the case that 0> E > V;, we obtain the wave func-
tion in this case by letting ¢k ~% in Eqs. (2.5) (Y5

does not carry current for 0>E=>V,). Thus, the
set {¥;, ¥z} is complete for all E> V,. In accor-

~dance with the effective-mass approximation, the

wave functions are obtained by imposing the match-
ing conditions®® that ¢, and ¥/ /m(x) (6= L, R) be con-
tinuous across the left-electrode—barrier and bar-
rier—right-electrode interfaces [m (x) represents
the effective mass in the different regions of the
junction, and ¥’ denotes the derivative of ¥].

When we let A; =Ap=1, one can derive®

W8, k) | ¥(E', &)= 6,6 ~E"), (,1)=(L,R).
(2.6)
Since any two of the functions {4, ¥%, ¥g, ¥4}
(¥* is the complex conjugate of ¥) are linearly in-
dependent, ¥ we can define Wronskians for E> 0:

vvab(E: Eu, x)= [ll)a'(E, -12,,, x) d)b(E, Eu, x)
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- d)a(E, 1-;”, x)d),'(E, EI’ x)] ’ (2.7

where (a,b)= (L, R) and a subscript a* denotes ¥

From the continuity of 3’/m(x) throughout the junc-
tion, we see that the quantity

W,o(E, K, x)/m(x)= W,(E,K,)/m, (2.8)

is constant throughout the junction, where the sub-
script 7 indicates that W,, is evaluated in region ¢
(left, barrier, or right region).

B. Single-Particle Propagator

Turning next to the evaluation of the (three-di-
mensional) Green’s function, we firstnote that the
equations for the basis states can be written

[ho(®) - E1x(E, k,, F)=0, i=(L,R) (2.9)

where X; is specified by Eqgs. (2.1)-(2.5).
Since the set of functions {X;, Xz} is complete,
we can define a one-electron Green’s function

E Xi(E kﬂ, l') Xf(E ku,r )
Bk z-E;

in which the symbol E; is the label for both the
total energy of a state and the direction in which it
carries current. The summation conventions are

Gﬂ(f’ -fly Z)— ’ (2-10)

specified by
2 d%, =
@n?’ dE+ dE= +27 (2.11)
E{ Ep ER

for fixed K,.
The advanced and retarded Green’s functions
G* and GF, respectively, are given by

GE(F, F’,z)EﬁiﬁGo(?, ¥,z+i0),
(2.12)
GH(F, T, 2)=1im G(F, ¥, z - i6).
6-0*
We can Fourier analyze Go""(r , 2) according

to Eq. (2.1), since we assume K, conservatmn
and derive

GRAF, T, 2)=2ue™ PP GEA(x, x' k), 2),
ky

(2.13a)
ééﬁ,A(x’ X, %, 2) E Uy(E, ]Zu, E);/:’i(fﬁ Ky, ! )
i=(L,R). (2.13b)
The quantity G&4(x, «', k,, z) satisfies
[ro(x) = 2JGE A(x, «' Ky, 2) == B(x = «') , (2. 14)

where hy(x) is given by
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n®_ a® %
T 2my d T 2my ki x<0
. a®  n*
n)= (™ oy dx? * By P+ VO 0 x
i d2 ﬁa
—Zde k,,+V1, x>b .

(2. 15)
A more useful form for the Green’s function is
derived by solving the differential equation [Eq.
(2. 14)] directly to give, 3 for E> 0,

wp o T gy — P
GO(xyx )klls )= WLR(E,I-;H)/ml
x[0(x = ¥V, (E, Ky, X¥&(E, K,, ')

+0(x' ~ x)Yg(E, Eu:xw)L(E’ Eu, x’)] ’

(2.16)
and Ga=(G®)*. In Eq. (2.16) we choose the bound-
ary conditions that the outgoing waves are ¥, (¥z)
for x -+ (x=—), The quantity © is the unit
step function [i.e., ©(Ix1)=1, ©(= Ix|)=0, and
e(0)=3].

III. EXTENDED-BASIS-FUNCTION THEORY FOR
CURRENT

The extended-basis functions, which reflect the
assumption that tunneling electrons are in states
of the whole junction, are specified in Sec. II.
In this section, using the assumption that a tunnel
junction across whichalow voitage isimposedis a
steady-state system, we constructa description of the
statistical properties of the junction, through the
use of the temperature-Green’s-function formal-
ism, %

We first derive an expression for the current as
a functional of a perturbation theory of the tempera-
ture Green’s function.?® A prescription is given
for the evaluation of the current via perturbation
theory. This prescription is applied to the cal-
culation of the current in a junction consisting of
noninteracting fermions. We show that, in this
analytically solvable case, the calculated current
is identical to the result of the conventional one-
electron tunneling theory!® in both an/average-bar-
rier model and a model in which a static impurity
potential is treated by use of our perturbation
theory.

In accordance with the assumption that a tunnel
junction is a steady-state system, we construct
a theory in which, by definition, we neglect changes
in the Fermi distribution function due to nonequi-
librium effects, and assume that the statistics for
electrons carrying current to either the right or
left is determined by the equilibrium occupation of
either the left or right electrode, respectively.
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We refer to this assumption as the rigid-occupancy

hypothesis (ROH). The ROH is the hypothesis basic

to the one-electron tunneling theory, !° and gives

the lowest-order contribution to the current ex-

panded as a functional of the distribution function.
The total Hamiltonian is given by

20

30 =30(t) + ¥orne(®) (3.1a)

where the operators are defined in the Heisenberg
representation:

o(t) = e'®toe %t | (3. 1b)

In the occupation-number formalism, we write

o(t) =Kot +5pn(t) (3. 2a)

CfC,h(t)Egb;h(t)bm(t)(ﬁwa,ﬁ%). (3. 20)
3C,pn is the Hamiltonian of a gas of bosons (e.g.,
phonons) of momenta p and polarization X (b, de-
stroys a phonon momentum P and polarization ).
3y is the Hamiltonian of a gas of electrons in
states x;(i=L,R) of the type defined in Eqs. (2.5):

Hoolt)= 22 CNE,k,, CY(E, K\, DE; i=(L,R).
Ejiky
(3.3)
The quantities C;(C}) are the annihilation (creation)
operators for the electrons.

The interaction Hamiltonian %C;,; may consist of
either electron-electron, electron-phonon, or
elastic electron-impurity interactions (or some
combination thereof). In this paper we study the
last case, for which the interaction Hamiltonian
assumes the form

HCint ®= Z;

 CUE, Kk, Cy(E", K}, D)

Ey ij'fkqulf

x [ d% Xt (B, &, DIV (F - R0x,(B", ki, F),
(3. 4)

where V; is the static impurity potential and R is

the impurity’s equilibrium position. Only simple

“schematic” models of the impurity potentials are
considered in this and subsequent papers.

The discrete Fock representation which provides
the basis for the Hamiltonians in Eqs. (3.3) and
(3. 4) is constructed from the continuum states de-
fined in Egs. (2.2)-(2.5) in the usual manner by
subdividing (E,, k,) space (i. e., phase space) into
unit cells and by letting each one-electron state
in the Fock representation correspond to a unit
cell in phase space. ¥ The continuum limit is re-
trieved, at the end of the calculation, by letting
the volumes of these unit cells approach zero.

The Fock states, which are eigenstates of the
electron Hamiltonian ¢y given in Eq. (3.3), satis-
fy the following equations:

oo | Eayn%,n%)=Eq | Eq,ng, ng) , (3.52)

NY| Ea,ni,ng)=n% | Eq,n%,n3), (3. 5b)
N%’Ea;ngyn;>=n% lEm;ng,ng> ’ (3.5¢)
la>E ’Ea’ng’n?& ’ (3. 5d)

in which @ is an index which distinguishes between
different eigenstates of %, and N? and N2 are
operators which measure the occupation numbers
ng and ng of electrons in left- and right-incident
EBF, respectively. The number operator N mea-
sures the total number of electrons in the system,
and in our basis can be decomposed according to

N=N%+NgQ. (3. 6a)

N is a constant of motion and is independent of the
representation in which it is expressed. In the
occupation-number formalism,
Ni= 23 NYB,k),
Ejky (3. 6b)
NY(E, EII)E CI(E; k,)C;(E,k,), i=LorR .

Therefore, NYE ,E,.) is the operator which mea-
sures the number of electrons (0 or 1) in the state
(E iy kn)-

The electron many-body Hamiltonian in Eq. (3. 3)
can be written, in the absence of interactions, in
a time-independent form

,}COO:—'—"}‘COL +~K30R ’ (3. 7a)

Hgi= 21 E,NYE,k,), i=L orR. (8. )

Ejky
In the Schrodinger representation, the density
operator® p(t), which contains the statistical prop-
erties of a many-body system, obeys the equation

5 o],

(3.8)

where 3C is the Hamiltonian of the system. In the
unperturbed system, characterized by Hamiltonian
349, a time-independent solution of Eqgs. (3.8) is
given by the density operator
p(t)=po’se5<“LN%*“R”9e)e'3’€oo ’ (3.9)
which is in the same form as the density operator
of a gas of two different independent species of
particles (8= 1/k3T, kpis Boltzmann’s constant,
and T is the temperature). Thus, in the absence
of interactions, the electrons inleft- and right-in-
cident states are statistically independent. In this
case, which represents the unperturbed system,
the electron system can be considered as a com-
posite gas of electrons consisting of two statistical-
ly independent subsystems of electrons in left-
and right-incident states with chemical potentials
Mz and U, respectively. According to the energy
conventions of Fig. 1, pyy=%¢; and yg=¢,~eV.
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In the case that the Hamiltonian includes many-
body interactions, such as the electron-phonon
interaction, we cannot diagonalize the Hamiltonian
as in Egs. (3.7). Thus, we find neither operators
N2, N%, in the form of Egs. (3.6) which commute
with the Hamiltonian, nor the density operator
which describes the nonequilibrium system of a
tunnel junction with a bias imposed. Finding the
appropriate number operators for the general non-
equilibrium system (here a tunnel junction) is the
central unsolved problem of transport theory.  The
transfer Hamiltonian theory deals with this prob-
lem by applying linear-response theory to the de-
coupled-electrodes system. The density operator
of this system?® involves the number operators
which measure the number of electrons in the iso-
lated electrodes.

Our proposed method for solving this nonequilib-
rium problem is an essentially heuristic analytic
continuation method. ROH states that the currents
which flow separately from left to right and from
right to left in a tunnel junction are the same in
the cases when the junction is in equilibrium and
when the junction is biased (i.e., only the one elec-
tron potential used in the definitions of the EBF
changes in these two cases). However, the net
current is different in these two situations; i.e.,
the separate left and right currents cancel exactly
in equilibrium, but they do not cancel when a volt-
age is imposed. Therefore, if we could compute
the many-body wave functions of the system, this
model would permit us to evaluate nonequilibrium
currents using equilibrium methods. In effect,
this procedure is the one we follow using the Green’s
function theory.

The ROH is our model for the statistics in a tun-
nel junction. From it, we can derive conditions
which the expression we derive for the current
must satisfy. These conditions are as follows:

(i) Since the ROH model describes a steady-state
system, the current does not depend upon time.

(ii) The perturbation-theory techniques of the tem-
perature-Green’s-function method, " which describes
the junction in equilibrium, also must describe the
junction when it is biased. In particular, the
perturbation-theory analysis of the one-electron
current for static perturbation potentials must
agree with the results of the usual analysis in
which the exact one-electron basis states are used
a priori in evaluating the current. (iii) The statis-
tics of current flow to the right (left) are deter-
mined by the statistics of the isolated left (right)
electrode with chemical potential py (Kg).

In order to derive the ROH perturbation theory,
we introduce the imaginary-time Heisenberg pic-
ture. We develop the algebra in detail to display
the differences from the equilibrium theory. An
operator in the imaginary-time Heisenberg repre-
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sentation is?

t =%T

o(r)=e*0e™", ol(r)=e*0’e™", (3.10)

where 0< 7< g and ¥ is the total many-body Hamil-
tonian. An operator in the interaction picture is
defined by??

8(1) = e e ™0, ¥(r)=e™ 0" ol %07, (3.11)

where 0 <7< . The transformation from the imag-
inary-time Heisenberg picture of Eqs. (3.10) to
the interaction picture is indicated by

e* =% 0ms(7), (3.12a)
where 3 =%, +%C;,, and 3¢y is given in Egs. (3. 2)
and (3.3). Therefore,

o(r)=S"Y7) &(1)S(7). (3.12b)

A tunnel junction in equilibrium is described by
the grand canonical density operator

e-B(CK"uN) e-B(RD-uN)s(B)
Pea™ T[] = el P 0 Vs(g)]

The expressionfor p,, interms of the unperturbed
equilibrium density matrix and S(B) is central to the
treatment of an equilibrium system in the tempera-
ture-Green’s-function perturbation theory. 22 From
the ROH, we assume thatthe currentflowingina
biased junction also can be described using a tem-
perature-Green’s-function formalism. Thus,
using Eq. (3.9), we define a density operator p
which satisfies the following equations:

(3.13)

pEeB()«,LN%+hRN%)e-BJC/a=p§(B) , (3. 143.)
Po= BNy +)¢RN%)8-BJCD/2’, (3. 14b)
3= Tr(eB(ALNS{ ) 8%y (3. 14c)

The quantities N%, N% are defined in Egs. (3.6)
and Az, A are Lagrangian multipliers which are
to be determined from the requirements of the
ROH [i.e., (i) and (iii)].

We next introduce the temperature Green’s func-
tion in the imaginary-time Heisenberg representa-
tion?2

S, ¥, 7,7)= = Te{pT Y, W' F, 7))}

= (T, ¥, &, 7)]), (3.15a)

in which % and ¥ "are fermion field operators and
T, is the 7 ordering operator. The “temperature
current” is defined by

/> (2s +1)eri

J(r, T)E - Wﬁ, - 6,:)9(-1:, .f" y Ty T') |‘}:= -‘u‘
= Tro} o, (F, )1/3 (3. 162)

where s is the spin and the current operator is
given by
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er(2s +1)
2im (x)

&, DVIE, 7)

-j’op(-f; T)=

-9, IVIE, )] . (3. 160)
The arrows on the gradient indicate the operand of
differentiation and m(x) is the effective mass at

the point where the current is evaluated [i. e. , m(x)
is not to be construed as a continuous differentiable
function of x].

From the ROH, a tunnel junction which is biased
is a steady-state system (i.e., the first require-
ment). The current, therefore must be indepen-
dent of the time when it is measured, so that, from
Eq. (3.16a), we require

SE, 7, 7,7)=
In the Appendix, we prove that g is translationally
invariant in 7 if AA=Xg =2 =2m7/ —iB (m is an

integer).
From Eq. (3.6a), we can write

SE ¥, 7-17). (3. 15b)

ANY +ARNS = A N+ AANR = N — AANY | (3.17a)
AX=Xg =Ap=vy,, (3.17b)
in which v, is a boson Matubara index, % v,,= 2mn/

- iB, and m is any integer.
rent can be written

I, )= (1/3)Tr {[*VRles @22 (F, 0)}

The temperature cur-

=(1/3)Tr {[e-mxug]e-s(:e-xRN>‘jop(F, o).
(8.17c)

We have used the 7 translational invariance of G to
write Eq. (3.17c). The form of J above is analo-
gous to the equilibrium average of the current oper-
ator?? except for the exponentional factors in square
brackets. The boson indices in these factors ap-
pear also in the linear-response analysis of the
TH theory. !® In that theory, the difference in
chemical potentials eV is treated as a boson index
v,, until all Matsubara sums have been performed. 1
At the end of this calculation the boson index v,
is analytically continued to the physical voltage,
i.e., vy~ eV+id, 6-0",

Because e®m=1, it is not necessary to know the
exact form of N and N% in Egs. (3.17) in order
to calculate J. It is sufficient to know only that
N9 and N% are the operators which measure the
occupation numbers of left- and right-incident EBF
in some representation of many-body states of the
type defined in Eqs. (3.5). Thus, J is independent
of the particular representation in which the number
operators are diagonal.

It is evident from Eq. (3.17%) that we have lost in-
formation about the nonequilibrium statistics by
making AA=yp,. By using the ROH model, however,
we assume that the statistics of current flow are
associated with the directions of current flow (i.e.,
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the third condition). Consequently, these statistics
are determined by associating the current which
flows from left to right (right to left) with u, (ug),
the chemical potential of the left (right) electrode.

The fact that A=Ay +v,, which is equivalent to
time translational invariance, results in imagi-
nary-time boundary conditions (from the Appendix,
theorem 2), which are identical to the usual equi-
librium imaginary-time boundary conditions of
Kadanoff and Baym. 3¢ Thus, we can use all of the
temperature-Green’s-function diagram techniques?
for equilibrium systems when we evaluate §. We
then calculate 3, and getg, the physical current,
by letting A ;—~ uy, Ap— Ly at the end of the calcu-~
lation. (Inotherwords, Ag—A =v,~ g -l =—eV.
According to the conventions of Fig. 1, u;=%;
and IJ«R= IL —eV.)

Let us next examine the T-representation con-
tinuity equation for the current:

e(Zs+1) n(r )4V Jw(r 7)=0, (3.18a)
where

n(E, =9¥F, E, 1) , (3. 18b)

nE, N=gF ¥, 7= 7)1 - (3.18¢c)

Ti=T1t
Thus, from Eqgs. (3. 16) and (3.18), we have
V.- JF, 7)=0, (3.192)

or the x component of the temperature current is
position independent in a tunnel junction which is
translationally invariant in the plane parallel to the
junction. Equation (3. 19a) is merely a mathemati-
cal consequences of the fact that, in steady state, the
density is independent of the time at which it is
evaluated. The current and density operators
Jop(F, t) and n(t, t), respectively, defined in the real-
time Heisenberg representation of Eq. (3.1b), obey
the continuity equation
e(2s +1)£~n(?, 1)+93,F, 0 =0. (3. 190)

The ROH states that a tunnel junction is a steady-
state system, even if it is biased. We, thus, ex-
pect that the thermal average of the density,
@ (T, t)), which is measured at (%, ¢), is 1ndependent
of time. Therefore, the measured current j(%, #)
= Go,,(r, t)), also must obey Eq. (3.19a). Conse-
quently, any analytic continuation of the Lagrangian
multipliers which relates the “temperature” current
in Eq. (3.17) to the “physical” current in a biased
junction must preserve the vanishing of the diver-
gence of the current.

In order to relate the temperature current to the
physical current f, let us write

I&, 7)= Tr[et " VR T, 7)/8) , (3. 202)



o

(3. 20p)

From the time translationally invariant form of
G (derived as theorem 1 in the Appendix) and Eq.
(3.16a), it is clear that J(¥, 7)=J(¥,0). Therefore,
the prescription for relating J and? is stated as
follows: (i) calculate g with A\g= py +v,, (ii) evalu-
ate J with this G, and (iii) let A~ u; (for states
carrying current to the right, which are associated
with N?) and Az~ iy (for states carrying current
to the left, associated with NJ) at the end of the
calculation, so that Eq. (3.19a) applies after ana-
lytically continuing A, andA;. From theprevious dis-
cussion, A;and A, are defined to within a boson
index. For convenience, we set A;= iy and ana-
lytically continue the variable v,, i.e., v,—~0
(- eV) for states carrying current to the right (left).
We next derive the perturbation-theory expres-
sion for the temperature current. From Eqgs.
(3.15a) and (3. 14), we can write the temperature
Green’s function in the form?%

SF T, 7= 1) == (TISBE, NI'E, 7))o ,

where the subscript 0 indicates an average over
Pg, the unperturbed density matrix. Before ex-
amining the equation of motion of g, let us consider
G, the unperturbed temperature Green’s function
(i.e., 3C,:=0), in the @ representation of Egs.
(3.5) (eigenstates of 3y, N2 and Ny),
Go(F, ¥, 7= 7)== Tr{p T [F, NI'F, )]} . (3.22)
In the @ representation,

IF = 2, €&k, DN(E K, T)

By ok,
where {x;} (=L, R) is the set of extended ortho-
normal one-electron basis functions from which
the o representation is constructed. Thus, from
theorems 1 and 2 in the Appendix, G, can be written
in the form®®
GF, ¥, 7-7)= %Ee"ﬂ”""Go(i’, T,z ,
Zn

2,=71(2n+1)/(-iB) + X . (3. 24b)

We define the quantity X by x=pu,+v,, sothat z,
is defined to within a boson index v,. The quantity
G, is defined by

AR=XL+Vm .

(3.21)

(3.23)

(3. 24a)

8
G(F, 7, z,) Efo dr§o(F, ¥, 1)e®”

5 M(E, K, F) X (E, ki, T)
By = El

y , (3.25)
Ejky

whichis the expressionfor the one-electron Green’s

function in Eq. (2.10).

The unperturbed case provides a good example

of use of the prescriptionwhichfollows Egs. (3. 20).

We shall, therefore, trace through the algebra.

Using Eq. (3.24a), we perform the Matsubara sum
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T SISy g X{(E,Eu, f) X (B, &, T')
GoF, ¥, 7)= B,Z";e EE” o

’
(3.26)
by converting it into a contour integral as shown

in Fig. 2,° where C is the (counterclockwise) con-
tour of integration:

- "' 1 -
§F, 7, )= i dzerryto

X 2 X{(E, kn, F) X?(E, EH’ F)
z -Ei

E k),
= 23 f(E)e Bi"x,(E, k,, F) X (B, k,, '),

By ok
(3.27a)
(3. 2M)

and A=y +v,, [i.e., v, is a boson index and Eq.
(3.27) is written to indicate that f is defined to
within a boson index v,]. The temperature cur-
rent, evaluated using Eq. (3.27a) is given by

Fo_ (2s + 1)eni
" 2m(x)

f(Ei)E (1+ea(E;-h ))-1 ,

Z; f(Ei)($r' er’)d)i(E’ EII, %)
E 45k

X PXE, K, &) e OB L (3.28)
and we have used Eq. (2.13b), for E;>0. The
current in the transverse plane vanishes because
of‘translationa.l invariance in that plane (ﬁ,, and
-k, contributions cancel). Thus, normal to the
junction

. CONTOUR

=0

FIG. 2. Counterclockwise contour used in converting
the Matsubara sum in Eq. (3.26) into the contour integral
in Eq. (3.27a).
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FIG. 3. Schematic Dyson’s equation with generalized

self-energy.

W *(E, Eu)/mj .

(3. 29)
In writing Eq. (3.29), we have used the fact that
W;*/m; is a constant throughout the junction, so
that, for the extended-basis functions of Eqs.
(2.2)-(2.5),
WLL * (E) EII)

m;

Jo=-3[(2s +1)eri] 23 f(E)W

Eky

; - Wee*(E, kK
- N_Zﬁ__z_ | Slz(E’ k”) |2= _ RRm(. ) ku)
(3.30)
The physical current Eo is derived from J, o by letting
vs— 0 for current flowing to the right and vy~ —eV
for current flowing to the left, so that

jo= 23;1 edeE[fL(E)—fL(E+eV)]
0

I(z )l |Sw(E, k) |2 (3.31a)
The quantity [S;, 12 is the barrier transmission
probability!® and

fr(E)= (P Frr) 4 1)? (3. 31b)

The current given in Eq. (3. 31a) is precisely that
predicted by the conventional one-electron tunneling
theory. 9

In order to derive the Dyson’s equation for the
Green’s function, we examine the equations of mo-
tion of the temperature Green’s function?? g

(ai +h0(r)> GF, ¥, 7-7)=-0(r-17)0(F - F)

= <T1'{I;}Cint(7')) d)(F; T)]lpf(?", T' )}> . (3- 32)

The commutator on the right-hand side of Eq.
(3. 32) depends on the specific form of the inter-
action.

The elastic electron-impurity interaction gives,
from Eqs. (3.4),

[3¢,1(7), ¥(F, 7)]= = V(F - R)W(F, 7) .

The static d-function impurity is treated in Sec.
v,

Writing Eq. (3.32) as an integral equation in the
interaction picture, we have Dyson’s equation in
(¥, 7) space, % which is represented schematically
in Fig. 3. The X in the diagram is a generalized
self-energy whose form depends on the particular
interaction. Consequently, Dyson’s equation cor-
responding to Eq. (3.32) is

§G, , 7 )= GF, ¥, 7 7)

(3.33)
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+f d372f:d'raf d:’rlfsdv'l SF ¥, 7-1)

X E(Fl, .fz, T Tz)g(.fg, ¥, Ty~ 1), (3.34)

The imaginary-time boundary conditions of theor-
em 2 of the Appendix allow us to Fourier transform
Eq. (3.34)% to give the “energy” representation
of Dyson’s equation'

G, T, 2,)=G(F, 7,z )+fd31’2fd 71Go(F, Ty, 2,)

X 2(1‘1, Ty, Zn) G(rZ’ r’ s Z,,) ) (3. 353,)
Glz,) = foB are* () , (3. 35D)
§(7)= % 22 e G(z,) . (3.35¢)

The self-energy Z involves intermediate -state
sums over boson indices in the case of the elec-
tron-phonon interaction, %

Since A; and Ay differ by a boson index, accord-
ing to Eq. (3.16), the perturbation expression in
Eq. (3.34) is precisely that obtained using the
equilibrium temperature -Green’s -function meth-
od. 2% 1In order to extend our analysis to the non-
equilibrium system of a tunnel junction across
which a bias is imposed, we must specify a pre-
scription which allows us both to analytically con-
tinue the Lagrangian multipliers in Eq. (3.17) and
to impose the correct spatial boundary conditions
for current flow.

The prescription consists of the following set of
instructions: (i) The cuts of the functions §,, =,
and G appearing in Eq. (3. 35a) occur in the same
order as the T arguments: That is, as we proceed
from left to right (from ¥ to ¥') in Eq. (3. 35a), the
cuts of the associated functions move up in the up-
per-half of the complex z plane, as illustrated in
Fig. 4. Using this ordering, Eq. (3.35a) becomes

RIGHT

Re(z) =0

order of |order of
spatial cuts in
arguments | complex z
in Dyson's | plane.
equation

Im(z) K8 ==
Im(z)=J8 =)

Im(2)=18 === ———————— Im(z)=0

S

~

LEFT

s=0t
K>J>I
FIG. 4. Schematic illustration of the relation between

the order of the cuts in the complex z plane and the
spatial arguments in Dyson’s equation. This cut ordering
is used in order to preserve the correct spatial boundary
conditions for the current in the prescription following
Egs. 3.35).
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G(F, T, 2,-iK0)=Gy(F, ', 2z,-iKO5)
+ [ @y [@*ryGy(F, Ty, z,~il0)
XT(¥,, Ty 2,-1J0)G(F, T', z,-iK0), (3.36a)

I<J<K, and 6=0". The cuts of the functions with-
in ¥ also are ordered according to this prescrip-
tion. We show, in Sec. IV, that this ordering
satisfies the spatial boundary conditions for elec-
tron-static~-impurity scattering.

(ii) Perform the Matsubara sum as in Eq.
(3. 27a) with the above prescription.

(iii) Calculate the temperature current in Eq.
(3. 16a) before analytically continuing the Lagrangian
multipliers Az and Ay (i.e., before letting v,,
- —eV):

> ihe2s+1 = =
- _ NS(F T —_? s
J 2 (x) (:r Vr) (ry r ’ T T ) ;':‘;
(3. 36b)

The position independence of the temperature cur-
rent is required by Eq. (3.19a). This position in-
dependence must be preserved in the analytic con-
tinuation.

(iv) Analytically continue A; and Ay by taking
v,,— 0 for states carrying current to the right,
i.e., terms involving

2, Yt
EL . ky
from the discontinuities in G, or = across the re-
spective cuts, and v,,~ —eV for terms involving
25 Vbt
ER.ky
in the cut discontinuities.
 Instructions (i)-(iv) are applied to the calculation
of the current in a junction with static impurities
in Sec. IV. The results [i.e., Eq. (4.10a)] are
shown to agree with those of the one-electron tun-
neling theory. '®

A further justification of the ROH method results
from studying the relation between the temperature
and real-time Green’s functions for a system of
noninteracting quasiparticles. ** In other words,
we can examine the consequences of the assump-
tion that the many-body Hamiltonian of a tunnel
junction (including interactions) of Eq. (3.1a) can
be diagonalized in the form of the Hamiltonian of
a gas of current-carrying noninteracting quasi-
particles whose energies have been renormalized
by the interaction. In this model, we can con-
struct the exact many-particle states which cor-
respond to the single-particle EBF, without re-
course to perturbation theory. The Lehmann rep-
resentations? of the exact nonequilibrium real-
time and temperature Green’s functions calculated
with these many-particle states can be related
with the preceding perturbation-theory prescrip-
tion. 3% This prescription permits us to decom-
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pose the Lehmann representation of the exact tem-
perature Green’s function into a sum of two terms
associated with left- and right-current-carrying
states in analogy with our decomposition of the
free-particle Green’s function in Egs. (3. 27)-
(3.31). In all other theories of tunneling, ®!° ex-
cept those of Davis, "® this association is made on
the basis of defining an “unperturbed” Hamiltonian
describing two noninteracting electrodes. In such
theories, the tunneling current is calculated by
treating the transfer of electrons between elec-
trodes by some variant of linear-response theory.
Therefore, the analytic continuation procedure
presented above is the central new feature of our
theory which permits the association of separate
“electrode” chemical potentials with the compo-
nents of current flowing to the left and right in a
biased tunnel junction without the need for treating
the interaction between these components via
linear -response theory.

IV. APPLICATION TO STATIC IMPURITIES: §-POTENTIAL
MODEL

An examination of the consequences of the elec-
tron-static-impurity interaction is interesting for
several reasons. First, the theory presented in
Sec. III can be applied to analyze the tunneling
characteristics due to this interaction, and the
results obtained can be compared to those of the
conventional versions of one electron-tunneling
theory'®; second, the mechanism of resonant
elastic tunneling!®® % can be described within the
framework of the static §-function-impurity model.
Finally, our model of resonant elastic tunneling
can describe zero-bias anomalies in the conduc-
tance which are observed in many types of junc-
tions, 1°

A. Calculation of the Current
Let us examine the model in which we have N

static impurities per unit area whose potentials
are V;(¥ -R,), where R, is the equilibrium posi-

tion of the ion at the site labeled by ». For sim-
plicity, we choose the model potential
Vi(F-R,)=Vodlx -d)6(5 -5, (4.1)

which describes the localized electronic potential
of the ion at R,=id +p, (i is the unit vector in the
x direction and p, is the component of the impuri-
ty’s position in the plane of the junction). Further-
more, let the ions be periodically arranged in a
plane parallel to the junction located at x=d.
Substituting Eq. (4.1) into Eqgs. (3.32) and (3.33)
and employing (3. 35) yields the following equation:

G(F; -f'l’ zm)=G0(f, T, Zm)+2n VOGO(Fy R,, zm)

XG(R,, T, z2n), (4.2a)
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2m=(2m + D)1/(=if)+ 1,

from Eq. (3.24b), and A=pz +v,, as in Eq.
(3. 24b), so that z,, is defined to within a boson in-
dex.

Since we assume k, conservation throughout the
junction, we can Fourier analyze G, in accordance
with Egs. (2.13), and neglect umklapp scattering
from the planar array of impurities to give

G(x, x’, Eu, Zm)=Go(x; x'; En: Zm)

(4. 2p)

+U060(x, d, E;, Zm)G(d’ x,y EII; Zm)y (4.33)
Up=NV, . (4. 3b)

J
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According to our prescription, we must order
the cuts of the quantities appearing in Eq. (4.3a)
along the imaginary z axis in increasing order
from left to right as illustrated in Fig. 4. Equa-
tion (4. 3a) admits the solution
Glx, x', k,, 2, —iK0)=Gylx, x', K,, 2, —iK0)
+U0G0(x: d, Ell? Zm_iIé)GO(d’ x” EII’ zm_iKé) .
1-UGyd, d, ki, 2, ~iJd)
(4.4)

where I<J<K, 6=0",

We find G (7 — 7’) by performing the Matsubara
sum in Eq. (3.35c), where the contour C is given
in Fig. 2:

- 1 (7 - ) -
S(x, x’, ki, T)=—§T;j dzf(z)e™ (2iIm[GF(x, ', ki, 2)]+Us{2i[C,(R, 4, x, x', k, 2)

"CI(A’ R, x', x, Eu, Z)]+Cz(R, A, x, x', Eu, Z)‘-ca(A; R, x', x, Eu; Z)}) , (4.5a)

cl(Ry A: X, x,, EII, Z)E

Im[GR(x, d, k,, 2)]G4d, ', k), 2)

(22(12! 14: j{, 171? izu, Z) =

We have used the fact that G&* is symmetric under
interchange of its spatial arguments in writing
Egs. (4.5) in the compact notation above. The
quantity f(z) is the distribution function defined in
Eq. (3.27b). The discontinuity in G, across its

cut is given by

Im[Gg(x, x', En, z)]
E(l/Zi)[G{;(x, x’, En, z) —Gﬁ(x, x'y E"’ 2)]
J

S(x, x', E", T)=E f(E{)e-E'T[A(E{, Ely X, x')"UOF(Ei; Eu, X, x,)]: i:(L’ R)
By

A(Eﬁ EII, Xy x')El])g(E, En, x)IPTO(E, EII’ x") s

1-UyG5d d, ki, 2) ’ (4.5b)
G,Dji(x’ d’ Elly Z)G‘a(d, x,, E", Z) (4 5 )
1 _Uocg(d’ dy Ell, Z) ¢ .0C

r

=—w§ WUE, &, xWIE, k, x")6(z~E,),
i

(4.6)

in which ¢=(L, R). We have used Eq. (2.13) and
1° is the unperturbed wave function for the junction
indicated in Fig. 1. Inserting Eq. (4.6) into (4.5)
and performing the integral over z prior to the
sum over E,; gives our final expression for G:

(4.7a)

(4.70)

F(E,, Eu, X, x')E{Bl(E,, E.,, X, x’)+B’{‘(E‘, Em x’, x)+U0[B2(E,, En’ X, x')+B§(E,, Eu: x', x)

"BS(EH EI’ Xy x')]}[ll—UoGg(d, d, Em Ei)l]-a’

BI(EI9 EIU X, x’)EA(Ei; Elly X, d)Gg(d, xl, EIly Ei) ’

(4.7d)
By(E,, ky, x, x')=B,(E,, k,, x, x")G§(4, d, k,, E,),
(4. 7e)
Bs(E;, k,, x, x')=B,(E;, k,, d, x")G§(x, d, k,, E;).
(4. )

When we apply

(4.7¢)

r

Ty = - ei’iz(?.s+1)(_d_ d )

2m (x) dx ~ dx’

x’=x
/=7t

individually to the terms withZ=L (or {=R) in Eqgs.
(4.7), we obtain position-independent currents

[the quantity » (x) indicates the effective mass in
the region of the junction where the current is
evaluated, and is not a continuous differentiable
function of x] . We obtain a particularly simple
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FIG. 5. (a) Schematic metal-oxide-semiconductor (M-

0O-S) junction with an attractive impurity potential, U(x)
=U, (x—d), so that the impurity potential is completely
localized at x =d. Ty (Tg) is the probability for trans-
mission of an electron from the impurity site to the left
(right) electrode. In the drawing, Ty =Tg, so that the
impurity potential is resonant. (b) The same junction

as in (a), except that the conventions of the WKB approxi-
mation in Sec. IV B are illustrated.

form if we use Eq. (2.16) to show that, for E> 0
(suppressing k, arguments),

¥9(E, d)Gs(x, d, E)=3%(E, x)G§(d, d, E), x-==
YR(E, d)G§(x, d, E)=y%(E, x)Ggd, d, E), x~-
(4. 8)

V¥°%E,d)Gid, x',E)=y¥%E, %) G4, d, E), x'~
VE°E,d)Gd, x' E)=y§* (E,x')Gd, d, E),

x> =00,

The temperature current is, from Eqs. (3. 16a),

b 2s +1 - = - -
=a (v,~-V,.)§S ! -7/
J 2m ) i(V,= V)G (r, ¢, 7-7) .
T'=
2s + 1 L =
= - 2 (%) ehri(V,-V,,)

X TG (x, «, Ky, 07)e B e (4.92)

k,

Inserting Eqs. (4.7) and (4. 8) into (4. 9a2) and per-
forming some algebraic manipulations yields

C2s+1[/d d
J=—ehi 2m(x)[(dx dx’)

f(E)ZPO(E,E",x)d)*o(E’E",x,)
prZ;" IliUOG{f(d,d,‘E,,,E)Iz ],.=,,'

(4. 9b)
The current due to the L (R) terms is evaluated at
x - (x-—»)inEq. (4. 9b). The physical current j,
which flows when a bias is imposed, is derived
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from Eq. (4.9) by letting A— u; (1) for the L(R)
terms according to our prescription [i.e., v,-0
(-eV) for L(R) terms]. Thus,

= B anlrue)-rumev)]

(]
x dzku ls?z(E, K\1)‘2
(2m? 11-U,Gs(d, d, k,, E)I®’

(4. 10a)

fLE)=@Q+efEun)t (4. 10b)

In deriving Eqs. (4.10), we have used the wave-
function definitions in Eq. (2. 2)-(2.5) and the sum-
mation convention in Eq. (2.11). The expression
in Eq. (4.10a) is the one-electron current for the
average barrier shown in Fig. 5. Equations (4. 10)
agree exactly with the predictions of the ordinary
one-electron theory. **

B. Some Features of Resonant-Impurity-Assisted Tunneling

Real intermediate states in tunneling processes
can produce zero-bias anomalies in the conduc-
tance, %1162 1t ig interesting, therefore, to ex-
amine the effect of resonant-impurity potentials
upon the tunneling characteristics.® Since the
resonant-barrier-penetration probabilities for dif-
ferent barrier and impurity potentials are Lorentz-
ian in form, *® we calculate the resonant transmis-
sion coefficient for a general barrier potential in
the WKB approximation, in which we describe the
static impurity potential by a Dirac 6 function.

The WKB treatment is valid for either high or thick
barriers. ®" This approximation permits us to study
the general features of resonant-elastic-tunneling
line shapes.

A typical barrier containing a resonant impurity
is illustrated in Fig. 5. For such a barrier, the
WKB barrier-penetration probability is calculated
by writing the current-carrying WKB wave function
Ywxs as in Eq. (2. 2), and by applying the following
matching conditions for a static §-function potential
Uyd(x —d) in the barrier:

113)1 [Ywks@+ €) - Yyks(d - €)]=0, (4.11a)
115.1 [Wixsd+ €)= Yhxp(d - €)] = E%né‘gl dwgs(d) .
(4.11b)

The resulting WKB transmission coefficient is
given by®?

|S12(E, &) |?= [S1a(EL)[?

KZ
= IS?Z(EJ.)'Z (KD‘KO)f"’ r\ZrIKB )
(4.12a)
Kp={2m[v@)-E )/} | (4. 12b)
Ko=-mUy/H® (4.12¢)
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KE[/ T \Y2 /7. \/272
Tiks = T"[(‘ff) +(‘771:T> ] T, Tg,
(4.124d)
5% |2= (@/k) T, Tx . . 12¢)

The wave numbers g and 2 are defined in Egs.
(2. 3), and we have made the effective mass con-
stant throughout the junction.

The quantities T, and T are, respectively, the
tunneling probabilities from the impurity site to
left and right electrodes, as illustrated in Fig. 5.
The transmission coefficient in Eq. (4.12a) is reso-
nant when the width I'ygg is minimum, which, in
turn, requires that

TL Ee-ZJL = TRE e'zJR , (4 133.)
/

7, Esd dx(%[v(x)_&])l : (4.13b)
%0

Jp= J’x” dx (%2— (Vr) - 1])”z , (4. 13c¢)
d

E,=E-12k2/2m , (4.13d)

V(xo)= V(xe)= (4.13e)

The quantities x¢ and x, are the classical turning
points. * In deriving Egs. (4.12) and (4.13), we
have made the effective mass constant throughout
the junction for simplicity.

Equation (4. 12a) can be separated into resonant
and nonresonant terms

Ky(2Kp - Ky) -
A N

I-‘%’IKB
- K0)2+ rxznxs '

(4. 14a)
In order to simplify the calculation, let us note

that, for a sharp resonance (i.e., TIyxp < Kj),
r
m ~ 16(Kp—Kp) . (4. 14b)

The current is evaluated by a straightforward
substitution of Eqs. (4.14) into Eq. (4.10a):

J=do+3, - (4. 15a)

The ordinary one-electron current without reso-
nant effects at zero temperature is given by'®

o= 2 (% e (" az, |s%ED 2, (@ 150)
Jo = W . A IR STAC DY ) .

eV m
E,=min(0, - Vy) . (4. 15¢)

The resonant contribution to the zero-tempera-
ture current is given in the following equation”:

4 3

. e |°L Ky
= 2 dE =0
Ir h sz T'wks

L-eV

|S%(E,) |*6(E, ~E,.)6(E - E,) ,

(4.15d)

E, =V(d)-1*K%/2m . (4. 15e)

The WKB resonance energy E, is the bound-

AND STAKELON

o

state energy of a 6-function well with respect to
the top of the barrier.
Neglecting the voltage dependence of the term
3180, 12/ Tyxp in Eq. (4.15d) (which is slowly vary-
ing compared with the step function terms), we
can derive the resonant conductance

G,

Gr(ev) = d(eV) = Gg [(R+1)e(£L_eV"Er)
_Re(gL‘Er)] ’ (4' 168)
GO = heK" Is%(E,) 2, (4. 16b)
dE,  dv(d)
=) T d(evy - (4. 16¢)

From the conventions in Fig. 5, 0=>R=> -1,

In Eq. (4.16a), we have identified the right (left)
electrode with a metal (semiconductor), so that
E,=0in Eqs. (4.15b)=(4.15d).

Equations (4.16) are true in the WKB approxi-
mation. In a more general treatment of resonant
impurities in junction barriers (i.e., the square
barrier, * for instance), the barrier-penetration
probability is Lorentzian in form®® and the expres-
sion for the resonant conductance in the case of a
sharp resonance [i.e., Eq. (4.14b)]is identical in
form to Eq. (4.16a). In the general case, however,
Eq. (4.16c) is only approximately satisfied. This
approximation is adequate for 187,12« 1, however,
so that we confine our discussion to junctions which
have either high or thick barriers.

If the average barrier potential in an experiment
is given, we can deduce the resonant impurity posi-
tion from the value of R which fits the experimental
results. In most cases, however, this potential
is not known. We treat R, therefore, as an inde-
pendent parameter which gives the variation with
voltage of the average barrier potential at the posi-
tion of the impurity. Consequently, we write

E,=Ey+ReV, 02R=-1, (4.17)
where E, is the position of the resonance energy
at zero bias with respect to the bottom of the left-elec-

trode’s band (i. e., the semiconductor ina metal-semi-
conductor contact). The totalconductanceis

GEeV)=GyeV)+G, V), (4.18a)
GoeV)=djo/d(eV), (4.18b)
R+1)GY, ev< mm( )
0: V g A<0
R 1 ’
G (eV) = "
0 A A
-RG,, eV>ma,x<R T R)’
0
G,, R<eV<R+1’ A>0,
(4.18c)
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FIG. 6. Resonant-elastic conductance of Eqs. (4.18)
illustrated for R=dE,/d(eV) =—3 (i.e., E, is the reso-
nance energy). E, is the resonance energy at zero bias
(i.e., E,=E,+ReV) and A={; —E, in the conventions of

Fig. 1. In (@), Ey> ¢, and in (b), Ej<¢;. Therefore, the

resonant channel opens in (a) [closes in (b)] when |eV]

>2|Al. The schematic tunnel junctions in the figure illus-

trate the switch concept. The black dot represents the
resonance energy and the cross hatching indicates the
range of energies for which resonant tunneling can occur.
This convention is also used in Fig. 7.

Asg,-E,. (4.184d)

The thresholds in Eq. (4. 18c) appear as zero-
bias anomalies in the conductance. In Figs. 6 and
7, we illustrate schematically the zero-bias anom-
alies (ZBA) which occur in resonant elastic tun-
neling for R= -3, and R=0, — 1, respectively. We
can understand these structures by examining Eq.
(4.15d): The step function indicates that current
flows in the resonant elastic channel when either
£ >E,>{; —eV (forward bias, inthe conventions of
Fig. 1)or £, -eV>E,>{, (reverse bias). This
threshold behavior is a reflection of a “switch”
effect: The resonance is an extra tunneling channel
through the barrier, since Sy, 12~1, when E ~E,,
from Egs. (4.12) and (4.13). Therefore, tunneling
electrons with total energy E >E, are always able
to tunnel through the resonance. When one of the
Fermi levels is above the resonance, the resonant
elastic channel is opened. Thus, if the resonance
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energy at zero bias E; is above (below) the Fermi
level so that A<0 (A>0), resonant-elastic tunneling
(RET) does not (does) occur at zero bias. In par-
ticular, when R= - 3, E, moves equally in forward
and reverse biases, so that the structure in the
conductance near zero bias is symmetric with re-
spect to zero bias. In this case, the conductance
appears to have a minimum centered at zero

bias when A<0, because the (RET) channel opens
only when E, passes below either of the electrode
Fermi levels. The threshold for this process is

at leVl=-2A, When A>0, the zero-bias anomaly
takes the form of a conductance maximum, because
the RET channel closes partially when E, passes
above either of the electrode Fermi levels. The
threshold here is at |eV|=2A. These results are
illustrated in Fig. 6.

In the case that R=-1 (i.e., the resonance ener-
gy moves with the right Fermi level), the contri-
butions to the conductance from RET occur only
when E, <¢,, since we have neglected the voltage
dependence of the barrier penetration factor in
Eq. (4.15d). Therefore, the resonant elastic
channel is open when eV < A and closed when eV > A
for all A. By an analogous argument for R=0
(i.e., the resonance energy moves with the left
Fermi level), RET occurs only when E, <¢; —eV.
Thus, the RET contribution to the conductance ap-
pears for eV < A for A positive and negative. These
conclusions are illustrated in Fig. 7.

(a) (b) S goot,

R=0

ev<O Al evV>0

(d)

ev<0 -lAl  ev>0 ev<0 1Al ev>0

JF J1

FIG. 7. Resonant-elastic conductance of Egs. (4.18).
In (a) and (c), R=~1 (i.e., the resonance energy moves
with the right Fermi level). The resonant elastic chan-
nel opens when either Fermi level passes above the
resonance energy. In (a) and (c), the resonant elastic
channel is open only in forward bias, while in (b) and (d),
it is open only in reverse bias.
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A more realistic treatment of the voltage depen-
dent barrier penetration factor in Eq. (4.15d) and
the finite resonance width in Eq. (4.12a) changes
the details of the current characteristics, but the
qualitative features of our conclusions remain
true. %

We conclude this section with a brief discussion
of the experiments of Zeller and Giaever, who
observe resonant (or two-step) tunneling through
real (or localized) intermediate states.!®!® Their
system consists of small metal (Sn) particles em-
bedded in the oxide of an Al-insulator-Al junction.
Although our model of resonant tunneling makes
no explicit provision for multiple-electron occupa-
tion of quasibound impurity states and the con-
comitant electron-electron Coulomb repulsion, it
can be related® to the (semiclassical) capacitor
model of Zeller and Giaever.!®!® The key to this
relation is the fact that both models involve con-
tinuous ranges of energies for which two-step tun-
neling is allowed as well as threshold energies for
the two-step processes. In the capacitor model,
the one-electron eigenvalue spectrum of a metal
particle is assumed to be continuous so that tun-
neling electrons which “hop” on or off a particle
have a continuous range of energies for which this
hopping is allowed.!®!® In addition, in order for
two-step tunneling to occur, the battery must sup-
ply enough energy (i.e., the activation energy) for
the charge on a metal particle to change by e. The
ROH model of tunneling through resonant static §-
function-impurity potentials also exhibits a contin-
uous spectrum of total energy E for which resonant
tunneling is allowed. The K, integral in Eq.
(4.10a), which produces the step functions in Eq.
(4.15d), is a phase-space integral which results
in a “pband” of eigenvalues E (i.e., there is a con-
tinuous spectrum of E > E, for which resonant tun-
neling occurs, so that E, is a threshold). Averag-
ing over the activation energies in both models pro-
duces identical conductance line shapes.%

C. Comparison with Transfer-Hamiltonian Theory

In order to derive the transfer-Hamiltonian

(TH) expression® for the current with our method,
we apply the method of “left” and “right” effective
Hamiltonians introduced by Bardeen.! These Ham-
iltonians, which are denoted by subscripts / and 7,
respectively, are defined in the case of a constant
effective mass and k, conservation in the following
equations:

& nt

ﬁa

hi(x)E-z—y;; ;i?‘+§;;kﬁ+V,(x), i=(,7) (4.19a)
‘0, x<0

Vi(x)=<V(x), O0<x<b (4.19b)
v(b), x<b

AND STAKELON §_
SV(O), x<0

V,(x)= {V(x), 0<x<b (4.19¢)
el[,_ev_gg ’ b<x.

The quantity V(x) in Eqs. (4.19) is the exact
barrier potential in Eq. (2.15), so that V,(x)
=V,(x)= V(x), when 0<x<b. The left, right, and
original electrode potentials are illustrated in
Fig. 8. According to the TH theory,! we must first
calculate the nondegenerate eigenfunctions ¥, and
¥, of the approximate Hamiltonians %, and #, , re-
spectively, and then use perturbation theory to ex-
pand the current-carrying eigenfunctions of the
exact Hamiltonian 4(x) in Eq. (2.15) in terms of
¥, and 9, (which correspond to the localized elec-
trode standing wave functions'®). The eigenfunc-
tions of the Hamiltonians in Eqs. (4.19) are de-
fined by

Py (X0 (%) = E(RW (%) (4.20a)
1 (X0 (%) = E(qhp g (x) . (4.20b)

The indices k2 and ¢ are the wave numbers defined
in Eqs. (2.3) for total energy E and K,.

In the TH method, we are instructed to use per-
turbation theory to expand the eigenstates of x(x)
with fixed k,,:

NI SR ALD)
lpL(Eyku’ X)~d)kl(x) %2 E(q*)—E(k)—ié zpq*r(x) ’

V(x) V(b)
ORIGINAL
PROBLEM
V(o)
b X
0
Vi=b-eV-Lg
Vi(x) V(b)
LEFT
PROBLEM V(o)
0 b *
Vg(x)
RIGHT V(b)
PROBLEM /—
V(o)
b
0 X
V|=§L—eV—§R

FIG. 8. Schematic illustration of the original and “left”
and “right” effective potentials used in the derivation of
the transfer-Hamiltonian current in Sec. IV C. The po-
tentials are defined so that V() =V,(x) =V, () for 0= x=<p.
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E()=E (4.21a)
g e laveldry) |
V(B Ky, )29 (x) E E<(’;e* AI;(lq)> Yxe (x)
E(g)=E (4.21b)

in which 3, and 3, correspond to the same k, as
oy and ¥g, AV,=h(x)=-n(x), and AV, =h(x) - h.(x).
We use the method of Bardeen to rewrite the ma-
trix elements in terms of currents:

<qr| AV:I"’:)EI dx 9t (h = hy) Yy

=S dx ¢ar lpkl [E(q) E(k)] qu (b) ’
h

(4. 22a)
T ()= 8 00) 2 () — G4y ) d—‘f; x(x), (4.22D)

<kl|AVrlqr>EI dxlpzl(h—hr) I,L‘q,

1 ’
F= -? 20 -z (zl)m(x) ) -

B 1 N R?
F,=-2J Q) -z (ll)qr(x) P (x )-2—

q

I eg(xg) P, (&) B2
¢k’(x)2E( *)—E(k)+i6 _2m

2 P (%) I J* ()
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0 2
[ arutio, (B0 -E@1+ 5 7500
- (4. 22¢)
Using the forms of the matrix elements in Eqgs.
(4. 22), we obtain
_ h’ Z) J*(B) P*, (%)
* E(g*)-E(k) -5 ’
(4. 23a)

_ﬁ_z Z; Ekk*l(x)J*ﬂk* (0) ’
2m ‘x E(k*)-E(q) -5
(4. 23p)

where we have used the closure relation resulting
from the fact that {¢,,} and {9,,} are complete sets
of nondegenerate orthonormal functions.

Substituting Eqgs. (4. 23) into the expression for
the unperturbed one-electron Green’s function in
Eq. (2.13b), we can expand G, in terms of i,; and
Y- The Green’s function for 0 <y, %' <p is given
by

d’L(E, E,,, x) = Zl)k,(x)e(b—

bR(E, Ky, %) =, (x) O(x) -

Golx, ¥',K,,2)=F,+F, , (4. 24a)
I ey () dx (%
Z*;E(q*) E(k) - z6>
O<x<b (4. 24b)

CI D D) ) *(’")
zm ar '

~E(q) - 46 w E(k*)—E(q)+i0

0<xy<b. (4.24c)

In deriving Eq. (4. 24), we have replaced the sum over E, (Ey) states in Eq. (2. 13b) by the equivalent sum
over & (g) and denoted the total energy for fixed k, by E(k) [E(g)], since the ranges of energies of ¥, and

Ye (5 and 9,,) are identical.

We have dropped terms of order J2 and used the fact that J (%) is position

independent for 0 < x, < b [i. e., since k;(x)) = ,(x) = h(xy) for 0< x,< b, ¥, and y,, are linearly independent

in the same region].

Go(x, x/’ l-{.n ,2)=

~ o #al0) G, (s, %', By, EGR) ~i0)) +

- 1
=) 57 Gyl =0, Ko BG4 i0)) | -2 B =

From the definition of J,, in Eq. (4. 22b), we can write

1 —
-?m[lﬁm(x) Yor (6) = zﬁz Pea (%) ( iln) o G (x=2%, x',K,, E(k) - i6)

AN A ~
2 W0 (2 a0 6,5, 30, o, ECE)+ )

[l v, k~q], 0<x<b (4. 25a)

q) =

where we denote the g, » terms schematically, and we define the one-electron Green’s functions for the left

and right problem as follows:

Gy(x, x,, Eu, = ? ¥ ESZZZP () ,

G,(x, x',K,, E)=

- er () P ()

B —E (4. 25b)

q

The retarded and advanced Green’s functions are given by Gf (E)=G,(E+5) and G{=G,(E - i), 6=0", re-

spectively, for i=1, 7.

According to our method, we calculate the physical (or measured) current via the following steps: (i)

Derive the temperature Green’s function by performing the Matsubara sum in Eq. (3. 35¢c).

(ii) Calculate
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the temperature current from Eq. (4. 9a).

(iii) Make the analytic continuation v,~0 (-eV) in the terms in-

volving sums over & (g) as stated in the prescription directly following Egs. (3.35). Denoting the analytic
continuation by A -~ u; (A\g~ ug), the physical current calculated at x=x, is then

. _(2s+1)emi
=" 2mn

ky

eri®(2s +1)

2mn

82

(vr - Vr') Z ettt =21 j azf (2) Im[GOR(x, x,’ Kk, Z)] ‘;=;'=;0, AL=krs ARTikp

strj a*r’ o(x - xy) o(x’ —xo)j dE[f,(E) -f,(E+eV)] (% ImGE(r, T, E) —Blmcg(?, T, E)

ox’

32

-—— ImGE(T, T, E)ImGE(¥', T, E) -ImGE(r, ', E) —— ImGE(¢', T, E)

9x9x

9x9x

9 - 9 - -
*od ImGX(r, r', E) P ImGE(r', r, E)> , (4.26a)

fr(B)=(fE*0) 1 1) (4. 26b) that the junction is symmetric, i.e., V;=0 in Fig.
1. In this case the TH current at 7=0 is, from
G’f(;, 1-7', E)=) g ikn (3-3") Gf(x, X, 1'{'"’ E), elementary calculation (with spin degeneracy in-
¢ i cluded),
4 E
i=(,7) . (4.26c) ; em (°F 16R°K* 20
Jan=gpgs) ) AR TgE e
In deriving Eq. (4. 26a), we have used the fact that Ep-ev 0
(4. 27a)
© R 7 gl .
Joo 4B f E) G, ', K, B) '] {(K -k -t (g ) (e e
== [* dE £(E) 2, dus (%) vt (x") 0[ E — E(R)] ,
(4. 26d) K K \2 -
with an analogous term for GF. '(K_QK_)(X’ﬂ%> e'z’“’] } ., (4.27b)
Equation (4. 26a) is precisely the expression il -t
given by Appelbaum and Brinkman® for the current, _ 2
except for the spin degeneracy factor, which these Ko= -mUy/R*, (4. 27¢)
authors omit. _ 2 1/2
Let us apply Eq. (4. 26a) to the square-barrier K=[@m/m®) (Vo - EJ]V?, (4.27d)
model of the average barrier [i.e., V(x)=V,, _ an1/2
0 <x <b] in which there is a 6-function impurity k=(@mE, /H7)" . (4.27e)
potential Uyd(x — d). For simplicity, we assume For the same case, the exact current is
I
. em (L E 162 K* o72K?
=523 dE dE
e L L LRI - e 2P (K4 i)/ (K =012 D (4. 282)
_lf K+ik> oK dody - (K+ik)2 ] -2
D= K- _ ATk @-b) 2K d -2Kb
H( Ky) Ko[(K—ik (e re (o) e (4. 28b)

From our derivation of the Appelbaum-Brinkman
formula for the current in Eq. (4.26a), we observe
that the result does not depend upon the explicit
form of the average barrier potential. The deriva-
tion does depend critically upon the assumption that
V,= V,= V in the barrier and that 1J,,/2< 1. The
first of these assumptions is necessary to make the
left-flowing current subtract exactly from the
right-flowing current; i.e., the first assumption is

necessary to derive the f,(E) —f,(E +eV) form for
the current in Eq. (4. 26a). It is, therefore, in-
consistent to assume a priori that the potential of
an impurity near the interface between the left
electrode and the barrier, for example, can be
omitted from the Hamiltonian of the right electrode
(as done, e.g., in Ref. 8).

The second assumption (i.e., |J1%2< 1) is neces-
sary for the series truncation involved in the step
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of the derivation between Eqs. (4.23) and (4. 24).

In the case of a resonant-impurity potential in the
barrier |J1%~1, and this truncation is invalid.
This point is emphasized in the expressions for the
TH and exact currents in Egs. (4. 27) and (4. 28),
respectively, calculated for the case of a 5-function
impurity in a symmetric square barrier. One of
the conditions for resonance is that K ~K,. In
this case, the term multiplying ¢ % in Eq. (4.27b)
becomes very large, which contradicts the re-
quirement that the width of the resonance be very
small. By comparing Eqgs. (4. 27) and (4. 28), we
see that the TH theory is an inadequate description
of resonant tunneling.

V. SUMMARY AND CONCLUSIONS

We have developed a new microscopic theory of
tunneling from the two physical assumptions that
electrons are in states of the entire junction and
that a tunnel junction across which a bias is im-
posed is a steady-state system. In Sec. II we em-
ployed the first assumption in order to define the
extended-basis functions (EBF). In Sec. ITII, we
used the second assumption to develop the statis-
tics of current flow. That is, we used the equilib-
rium temperature Green’s function in the deriva-
tion of the “temperature current” of Egs. (3. 16),
and then obtained the physical current by treating
the bias as a boson index vy, which is analytically
continued: v,—~0 (-eV) for right (left) flowing cur-
rent. In the discussion following Eq. (3. 35), we
gave a prescription for calculating the current in
perturbation theory.

We displayed explicitly the two simplest applica-
tions of the method. The first is the calculation of
the average-barrier one-electron current in Eq.
(3.31a). The second application, described in Sec.
IV, was the calculation of the current in a junction
containing static-6-function impurity potentials.
This current was derived in Sec. IV [i. e., Egs.

(4. 10)] and the expression shown to agree with the
“exact” one-electron current in Eq. (3.31a). Al-
though the static-6-function model is a special case
in which the perturbation-theory series can be
summed explicitly, our perturbation-theory pre-
scription obviously agrees with the one-electron
theory of tunneling for any model of the static im-
purity potential.

We next examined the effect of resonant static
impurity potentials upon the current. In this case,
a new channel for current flow, i.e., a resonant
elastic tunneling channel appears. Resonant elas-
tic tunneling can produce zero-bias anomalies
(ZBA) in the conductance. The shape of a ZBA
depends upon the position of the resonance energy
at zero bias relative to the Fermi level as well as
the variation of the resonance energy with applied
bias.
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Finally, for the static-impurity model we dis-
played explicitly the limits in which our theory re-
duces to the TH method. As anticipated, we find
that our method adequately describes resonant
elastic tunneling for all types of junctions whereas
the TH does not. We find additional differences
between the two methods in our analysis of inelastic
tunneling,. %2

APPENDIX: GENERAL THEOREMS
Theorem 1
From Egq. (3. 15a),

g(r, v, 7,7)=- Tr{pT,[(r, 7) $'(¥', )},
if
g(;v ;’: T, T’)’—‘ g(;r ;’; T= 'T,, 0), (Al)
then x =1z +2mm/(-if), where m is a positive or
negative integer.
Proof. Let 7>1', then, from Egs. (3. 14) and
(3. 15),

- 1 0
g (I', F” T, Tl) = _3 Z <C¥| eBO‘LN‘}:*ARNR) e'm e’c’
«

% d)(;) e:icrr‘-r) ¢?(;')e-3c-r'| Ot) ,

where we calculate the trace in the (complete)

Fock representation in Egs. (3.5) (i. e., eigenstates
of N and N%, but not of 5¢). Invoking cyclic in-
variance of the trace and inserting a complete set
of intermediate states | 8) in the same occupation
number representation yield

1 0 0
9(;, ;,, T, 'r')= _; E (a[e"’e" BN "*R”R)l B)Aga
a8

Aga=(Ble™*E y(T) * ™= Y!(x) | a) .
Define
AXEAg =)p - (A2)

Thus, A, N9 +xgN% =1, N+AxN%, where N=N9
+N% from Eq. (3.6a). Since [N, 5¢]=0, we can
write
- 1 . 0
g (r’ r/’ T, 'r')= -3 EB (ale':m eB("LN*M‘NR)‘ B)Agg -
Qy
(A3a)
At this point, let us note that for 7> 7', we can
trivially derive that

gr,1,7-7,0)

:___1_ E <a|eB()¢LN+ALNR9) e-ﬂCT'
] a,B

B)Ags .  (A3D)

Equations (A3a) and (A3b) are equal only if
(a|[e™®", e“”’?e]] B)Y=0
for all (a| and {8].

8 o
eBArnpenp) — 1

(Ada)
Equation (A4a) is true only if
(A4b)
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for all {a! and |B), where, according to Egs.

(3.5), ng is the eigenvalue of N} in the state | ).

The relation in Eq. (Al) is true, therefore, only if
AL =g +2mm/(-ip)

for m an integer. A similar proof applies for

<.

In the case that 3¢=3¢,, Eq. (A4a) is true, from
Egs. (3.5), for all | @) and | 8). Therefore, there
is no restriction upon A) in this situation and the
theorem is a truism here.

Theorem 2
Make the definition

g(r, v, 1)=¢g(r,1,7,0).
If

A =g +2mm/(-ip) ,
then

g(r, 1, 7<0)= - g(;, T, 7+p) (A5a)
and

g, v, 7>0) ==L g, v, 7-p) . (A5b)

DUKE, KLEIMAN, AND STAKELON 6

FProof. From cyclic invariance of the trace and
the definition of T,

g, v, 7)
== Tr[e(1) $'(") p3(¥, 7) =0 (= 1) (T, 7) py' (T")]

1 0. 0 0
=-3 Tr{eP PLVLMRNR) oK 5% -8 ALN+AMR)

- ] -
X[O(7) §1(F") e PLt SR 5% y(F, )

_ 6(-— T) (/)(I.", T) eﬁ("LN*AW?e) e-BJc lPT(F’)]} .

For simplicity, we refer again to the Fock rep-
resentation in Egs. (3.5), since the trace is invari-
ant. From Eq. (Ada),

0
<a“:eBAmR’ ¢]| B>=<a|[eBAW%: ZPT” ﬁ>=0 )
since we have assumed that A) is a boson index.
In addition,

e BN PN - o

B g ANyt gBALN - Ay

Therefore,

g(r, ', 7)== (1/3) Tr{e* ALNLARNR) o 8% (7) oz g (7 ) (T, 7) —0(=7) &L P(T, T+ B) ', 0)]}

1

Thus, theorem 2 is proved.

-0(n)e™L gf, ', 7= B -0(-1) ML g (T, T, T+5) .

_6(7) e-BAL S(;’ ;,, T B "e(" T) ePhL g(;y Fl, T+ 0) ’

(A6)
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Second-harmonic generation of ultrasound propagating transverse to a dc magnetic field in
a piezoelectric semiconductor is treated using a phenomenological approach which is valid when
either gR <1 or gl < 1. We find that the magnetic field can change both the magnitude of the
harmonic generation and the frequency at which the harmonic generation has its peak value. It
is found that at frequencies near or below the frequency of maximum gain the magnitude of the
harmonic generation has a maximum as a function of magnetic field. Therefore, the applica-
tion of a transverse magnetic field can lead to an enhancement of second-harmonic generation

in a piezoelectric semiconductor.

I. INTRODUCTION

When large-amplitude acoustic flux propagates in
a piezoelectric semiconductor, the acoustoelectric
interaction between the acoustic flux and the con-
duction electrons leads to frequency mixing of the
waves comprising the flux. One such frequency-
mixing effect of particular interest is second-har-
monic generation. Ultrasonic-second-harmonic
generation due to such acoustoelectric interactions
was first observed in photoconducting CdS by Tell. !
Recently, there has been a revival of interest in
such frequency-mixing effects, mainly because of
the role they play in the growth of domains of
acoustic flux under conditions of acoustic amplifi-
cation. 2= Most of the work involving the nonlinear
acoustoelectric interactions has concerned the sit-
uation in the absence of any external magnetic field.
However, in high-mobility semiconductors such as
InSb, the application of a strong magnetic field can
crucially alter the behavior of the acoustoelectric
interaction. -2 When such a field is applied trans-
verse to the direction of propagation of the ultra-
sound, the acoustic gain or loss due to the acousto-

electric interaction is greatly enhanced over its
value in the absence of the field. Moreover, the
types of acoustoelectric current oscillation which
occur in piezoelectric semiconductors are also
greatly altered by the application of strong mag-
netic fields. '® 1t is therefore of interest to investi-
gate the effect of a magnetic field on the second-
harmonic generation due to the nonlinear acousto-
electric interactions.

In Sec. II we present the theory of second-har-
monic generation due to the interaction between the
ultrasound and the conduction electrons in the
presence of a dc magnetic field. This is done using
a phenomenological theory which is valid when the
sound wavelength is much greater than the average
distance the carrier travels between collisions. In
weak magnetic fields wy7<<1, where the carrier
does not have much of a chance of being deflected
by the field before undergoing a collision, this dis-
tance is the carrier’s mean free path /. In strong
fields wy7>> 1, on the other hand, the carrier com-
pletes several orbits before being scattered and
this distance is of the order of the cyclotron radius
R.™ The theory is then applied to second-harmonic



