PHYSICAL REVIEW B

VOLUME 2, NUMBER 6

Impurity-Assisted Inelastic Tunneling: Many-Electron Theory

L. C. Davis
Scientific Reseavch Staff, Ford Motor Company, Deavborn, Michigan 48121
(Received 27 March 1970)

The one-electron theory of impurity-assisted tunneling is extended to a many-electron sys-
tem, A formal derivation of the wave function through second order in the interaction poten-
tial is given for an arbitrary barrier potential and an arbitrary interaction potential. Applica-
tion to a one-dimensional square-barrier model with energy-loss mechanisms confined to the
barrier region is made. The magnitude of the inelastic current resulting from the excitation
of a molecular impurity is in agreement with the results of the transfer-Hamiltonian model
if the appropriate current-carrying wave functions are used to calculate the transfer matrix
elements. Additional second-order terms which give rise to logarithmic singularities and
step-function decreases in the barrier-penetration factor are found for interaction potentials
which are large near the boundaries of the tunnel barrier. Numerical calculations show
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that, for a molecular impurity at the boundary, the line shapes in d?I/dV? versus V are
fundamentally different from those for an impurity inside the barrier by more than ~ 4 K.

I. INTRODUCTION

In a previous paper,’ a theory of one electron in-
teracting with a molecular impurity in a tunneling
barrier was given., We here extend the theory to
a many-electron system. The need for a many-
electron theory arises because the tunneling exper-
iments of Jaklevic and Lambe?? reveal structure
in the curves of d?I /dV? versus voltage due to the
energy-loss mechanisms in the barrier which ex-
plicitly involve the statistics of the many-electron
system,

In Sec. II, we derive a general theory of many
electrons interacting with a vibrator in first Born
approximation. (As in I, the vibrator is represen-
tative of the molecular impurity, or, in general,
of phonons, magnetic impurities in a magnetic
field, etc.) Since it is unnecessary to restrict the
formal analysis in Sec. II to one dimension or to
interactions entirely within the barrier, the results
of this section are quite general and may be useful
for problems other than that considered in this pa-
per. For simplicity, however, we first apply the
general theory (first Born approximation) to a one-
dimensional square-barrier model with the inter-
actions confined to the barrier region in Sec. III.
Since it appears that the results of first Born ap-
proximation are sufficient for the interpretation of
the experiments by Jaklevic and Lambe,?* and since
this provides a simple picture of the physical pro-
cesses involved, we calculate the current neglect-
ing any other terms which are of the same order
(second) in the interaction potential in this section
for the one-dimensional model. We also discuss
the results for a three-dimensional model. In Sec.
IV, the general theory of Sec. II is extended to sec-
ond Born approximation. In Sec. V, the general
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theory (second Born approximation) is applied to
the one-dimensional model of Sec. III. An exam-
ination of the second-order terms omitted from the
current in Sec, III is given and the implications of
such terms for the interpretation of a variety of
experiments are discussed. Our conclusions are
stated in Sec. VI,

II. GENERAL THEORY: FIRST BORN APPROXIMATION

In this section a general theory of many electrons
interacting with a single vibrator is formulated in
first Born approximation., The direct Coulomb in-
teraction between electrons is neglected except in-
sofar as it can be represented by an effective self-
consistent field which is contained in the one-par-
ticle Hamiltonian. The positions of the N electrons
comprising the system are labeled by 1,2,..., N.
The internal coordinate of the vibrator is £. The
Hamiltonian for the system is given by

31,2, ..., N; E)= 22,50, (1) +3C,(8) + 20, 3C,, (@, £),
(2.1)

where 3C,(¢) is the Hamiltonian for the ith electron,
3¢, (£) is the Hamiltonian for the vibrator, and
3¢,,(7,€) is the interaction Hamiltonian for the ith
electron interacting with the vibrator. We expand
the wave function ¥ (1, 2,...,N; £) for the system

U(1,2,... N;8) =20 x.(1,2, ..., N)®,(8), (2.2)
where ¥ satisfies the Schrddinger equation
*(1,2,...,N;6)¥(1,2,...,N; &)

=E¥(1,2,...,N;&), (2.3)
the vibrator eigenfunctions &, (£) satisfy Eq. (I2.3)
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2 INELASTIC TUNNELING: MANY-ELECTRON THEORY

(in paper I) and E is the total energy of the system.
If we restrict the sum in Eq. (2. 2) to the ground
state and the first excited state of the vibrator, we
find

20130 E)x o, 2, . v, N+ 22, UG) x1(1,2,...,N)

=€x0(1,2,...,N), (2.4a)

23, @) x,(1,2, . .0, N)+ 25, UG)xo(1, 2,00, N)

=(e-nw)x,1,2,...,N), (2. 4p)
where
UG) = [ dt ®(8)3c,, G, §) Bo(8) , (2.5a)
€:E-'l':vo l} (25b)
Fw=E, - E. (2.5c¢)

We assume that U(Z) is real and we neglect terms
such as

[ & ®4(9)3¢,, G, &) &4(E) .

We have not been able to find the exact solution
to Eq. (2.4) even for as simple an interaction po-
tential as Eq. (I3.1). The reason is that Eq. (2.4)
is not separable which means that the exact y, and
X 1 can not be taken as a simple product (or suitably
antisymmetrized linear combination) of the form
I0; ¥;(6). We can, however, use a generalization of
the first Born approximation (Sec. II of I).

In lowest order,

253, @) xP,2,...,N=exP(,2,...,N) . (2.6)
We assume that the eigenvalues for the system ¢
are essentially continuous so that € can be regarded
as a parameter. That is, for every solution of the
unperturbed problem with energy € [Eq. (2.6)],
there is a corresponding solution of the perturbed
problem [Eq. (2.4)] with the same energy €. A
solution to Eq. (2.6) is

x0'(1,2, .00, N) =9, (1)1 (2) + ¥, (N) (2.7)

where
3,00, (@) =€ ,,@), p=0a,8 ..., 0, (2. 8a)
€=€q +E€g+""° +€,. (2. 8b)

We assume that we know the eigenfunctions ¥, (i)
and eigenvalues €, of 30,(i).
In first order,

(22: 3¢, G) - e+ 7w X0 (1,2, ..., N)

==, UG (Q,2,...,N). (2.9)
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Equation (2. 9) is inhomogeneous with the sum over

i on the right-hand side representing a number of
(1)

sources. Clearly, the solution x%’ is a superposi-
tion of solutions, one for each source. Therefore,
we find
XP(L,2, 000, N)=94(1) 9 (2) o - P, (V)
+¢a (1)¢8 (2 Z/)w(N +° °'+¢a(1)¢3( ) ZPZ)(N) )
(2.10)
where
[36,(0) - €, +RwW]YP}, @)=~ UGWP,G) . (2.11)

We can find #/,() in a manner similar to that used
to find ¥’(x) in Sec. II of I,

To take into account the statistics of the electrons
correctly, we should write Eq. (2.7) not as a sim-
ple product but as a Slater determinant. It is
straightforward to show that if

x®@,2,...,N)
b (1) ¥g(1) b, (1)
S (1 (2) e (2) v, (2)
B(N) YV b, (N)
(2.12a)
=D(o¥g "+ ¥u) (2.12b)

[we use the symbol D to represent the determinant
in (2. 12a) made up of the functions ¢, , ¥z ,.... and

Yo 1,
then

xP@,2,...,N)=D@Lds **°¥,)

+D@odp o Pu) 4t +DWa st 9) . (2.13)

The wave functions ¥,(i) are to include a spin func-
tion, either spin up or spin down, in addition to a
function of position. We note that ¥/ (i) has the same
spin function as ¥,(7) if U() contains no spin-flip
terms. In general, U({) may contain a slip-flip
term if the impurity is magnetic, in which case
¥, @) will contain a term with a spin function oppo-
site to that of $,(i). The wave function ¥, (i) is
first order in U and Eq. (2.13) is called first Born
approximation in this paper.

To calculate the current of the system of elec-

" trons through order U? (the lowest order of the ef-

fects of the vibrator on the current) we ultimately
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must go to second Born approximation (to include
all of the terms of order U2%). To do so, we ob-
serve the following. In the first determinant of
Eq. (2.13), we can replace ¥,(i) by

Fol@)= 0Ui) = 20l D i0ni),

where the sum is over all occupied states. [By “oc-
cupied” or “unoccupied, ” we refer to states occu-
pied or unoccupied in ¥{®>. ] The prime on the sum-
mation sign indicates that only occupied states are
considered., This does not change the value of the
determinant, since we are adding to the first column
multiples of other columns in the determinant. The
term 7= q can be included because the (¢, |2y term
makes a negligible contribution to the sum on 7 for
the nearly continuous spectrum of eigenfunctions we
are considering, since there is a finite energy dif-
ference 7w between y, and y,. In general, then,

we can make the replacement

¥a @) ~£,0G),
where
Fu@)=,,G) = 220 | 000, (3)

(The sum on 7 is over occupied states. ) Clearly,
fu(@) possesses the same spin function as (i) and
¥, (i) if U(F) contains no spin-flip terms. Equation
(2. 13) becomes

(2.14)

Xl(l)(l, 2’ R N)zp(fa¢5"'¢w)

+DWefa" P+ + D@t e f).  (2.15)

In first Born approximation, then, the wave func-
tion for the system (electrons plus vibrator) is
given by Eq. (2.2) with y, obtained from Eq. (2.12)
and X, from Eq. (2.15). All other x, #=2,3,...)
are set equal to zero.

III. ONE-DIMENSIONAL MODEL IN FIRST BORN
APPROXIMATION

A. Calculation of x§°)

In Sec. III, we solve for the many-electron wave
functionfor a vibrator ina square barrier in first
Born approximation, suchaswedid for a single
electronin Sec. HofI. We again restrict the anal-
ysis to one dimension and ignore the spin of the elec-

trons for simplicity. We first obtain x{”(1,2,...,N).

The Hamiltonian for an electron is given by Eq.
(I2.2). The eigenfunctions of the Hamiltonian in
Eq. (I12.2) are of two types. The first is a current-
carrying state representing an electron approach-
ing the barrier from the left which we call a left-
hand state,

bk, )= (2L)* [+ R(k)e™™], x<0
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=@L)Y [ C(k)e **+ D(k)e"*], 0<x<b

_ -1/2 ik(x-b)
=(@2L)12T(k)e , b<x.(3.1a)

e(R)=n%E2/2m, K={2m[V,-e@®)]/n?}"2,
(3.1p)

We normalize in the interval — L <x< L(L >b).
R(k) is given by Eq. (I2.11b), D(k) by (I2.11c),
T(k) by (12.11d), and C(k) by (12.11e).

The second type of state is that corresponding
right-hand state which is found by replacing x by
b-xin Eq. (3.1)

0,(k, x)= (2L) 2T (k)e-1*,
- (ZL)-I /Z[C(k)e-K(b-x)+D(k)eK(b-x)], O0<x<b
= (2L) /[ 1¥x0) | R(R)ei* D]

x<0

b<x.

3.2)
If we restrict & to positive-integer multiples of
m/L, we find that the states (3.1) and (3. 2) form an
orthonormal set in the limit L - « which is com-
plete for our purposes.

In the limit that U -0, x -=x®’. Therefore, the
state x;*’ is the ground state of the electrons at
T=0 K with a net current flowing through the bar-
rier when there are no interactions between the
electrons and the vibrator. Such a state is made
up by filling all the left-hand states with energy less
than the Fermi level on the left and all the right-
hand states with energy less than the Fermi level
on the right., One can show that such a choice for
xéo’ gives the correct independent-particle current
as obtained by more conventional means. To avoid
complicating the wave functions of Eqs. (3.1) and
(3.2), the shift of the energy zero on one side of
the barrier relative to the other due to the bias
voltage will be neglected. We instead simulate the
effect of the bias voltage V across the barrier by
increasing the Fermi energy E on the side of the
barrier from which electrons flow. Thus, to make
up the state x{?, we fill all the left-hand states
with € (k) 2Ep, =% %k%,/2m and all the right-hand
states with € (k) <Ep, =7 %%,/2m. We let Ep, — Ep,
=eV; at equilibrium, Ep;=Eg,=Ep and V=0. This
is only a convenient simplification and is not es-
sential, but it is reasonably accurate for the low-
bias voltages of interest.

B. Calculation x{!)
In first Born approximation, we must solve equa-

tions of the following form [see Eq. (2.11)] for left-
hand states,
[3c,(x) — e®)+ 0 ], (k, x)= = U(x)y, (&, x). (3.3)
The solution is
i, %)= [ Pdx K(e(k) - Tiw, x, xYU(x N, (k, x"),
(3.4)



2 INELASTIC TUNNELING: MANY-ELECTRON THEORY 1717

where K(e, x, x') is given by Eq. (12.14).
£ and K appearing in Eq. (I2. 14) are determined by
Eqs. (I2. 14h) and (12, 14i) with e=€ (k) - 7iw. ] We
consider U(x) to be nonzero only for 0<x<b.

Qutside the barrier region, we find from Eq.
(12. 14a)

Dilk, x)= QL)1 2R |(R)e ¥ ¥,  x<0
= QL)1 2T (k)™ ¥ | <y (3. 5a)
where

k'={2mle(r) - Rw]/n?P /2, (3.5b)

R;(k)= (2L)* /2
X j("”dx'K(E(k)— nw, 0, x" YU ), (k, x'),
(3.5¢)
T!(k)= QL) /2.
X j(;bdx'K(e(k)— fw, b, x" YU ), (, x').
(3. 5d)

In a similar manner, we find for right-hand states
Wk, x)= ["dx'Kle(R) = iw, x, x" YU, (&, x")
(3.6a)

=@L) 2T (R)e ',  x<0
, L, (3.6b)

— (ZL)-I /ZRT(k)elk (x-b) , b<x

where

T!(k)= (2L)! /2

[Note that

X Jé”dx'K(e(k)— fiw, b, x" WU (&, x').
(3.6d)
We note that 7'/(%) is found from 7';(k) by replacing
¥k, x") by ,(k, x") and K(e(k) - 7w, 0, x') by
K(e(k)~ hiw, b, x') in the integrand of Eq. (3. 5¢).
Similar considerations apply to R;(%) and R/(%).

We now wish to find the f,(¢) functions of Eq. (2.14)
corresponding to ¥;(k, x). We must subtract out of
¥, (%, x) its projection on the occupied states. Con-
sider first the occupied left-hand states, letting ¢
run over the occupied left-hand states, we find

= 2, (2L)[R*(@)R,(k)

a<kpy

q k )L])

<Z Wi@)| 97 R)D, (g, x)

Fl

Ttk
s[eiqx+ R(g)e '], x<0
x(2L)1 /2 2[C(q)e-0"+D(q)eQ"] » 0<x<b
T(g)e' - , b<x (3.7a)
where
Q={2m[v, - e(q))/n2p /2,

[Weneglect terms «<{1 — exp[-i(g +~")L]} /(g +% ) since
the denominator never vanishes, and we neglect the
overlap in the barrier which is <b/L -0.] Consid-
ering x<0 and b < x first, we see that only those
states with ¢ ~%’ are important, so we can evaluate
the slowly varying functions R*(¢g) and 7*(q) at g=%"

(3.7b)

(slowly varying on the scale of 1/L). We next re-
><j(')"dx'K(e(k)— fiw, 0, xVU(x" Y, (k, "), place Jocey, *** by
(3.6¢) (L/7) j(;kmdq...
Rl(k)= (2L)* 7 Equation (3. 6) becomes
|
2 Gl | 9iEN, (g, x)= @mi) [R*(E" IR (k) + T*(")T (k)]
a<kpy
[ T*(kpy, k', %)+ R(E )™ ¥ *T~(kp,, k', %)), %<0
x(2L)1/? (3.8)

T(k')eikl (x-b)l+(kFl, k', x— b), b<x

[

where (£>0)

t(a’ k x) ja -k dz 2-1 uzx(l e-izL) (3.9a)

=Ci[| (a - k)x| ] - Cilk| x| ) 2 i{Si[ (a - &)x]+ Silex)}
-Ci[|[(a- L =x)|]+Cilk| L7 x]|)

+i{Si[ (@ = BNL 7))+ Si[R(L #x)]}. (3.9b)

The functions Ci(x) and Si(x) are defined as?

)f oS! at, x>0 (3. 10a)
Si(x)= / %3‘1 at (3. 10b)
0
and their limiting forms are*
Ci(x) -0, Si(x)—3msgn(x), x>1 (3.11a)
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Ci(x) -Inx, Si(x)-0, x<<1. (3.11Db)

In the region of x~1, Ci(x) and Si(x) oscillate
about 0 and %7, respectively. We are interested in
the region 0<< |x| < L where I*(a, #, x) becomes

I*(a, b, x)=27i0(a~ k)0 (2x), 0<|x|<L (3.12)

and 6(¢) is the unit-step function. Substituting into
Eq. (3.8) gives

2 @il | 0f RN, (g, )=[R*E" )RR+ T*R")T (k)]

a<kp g

R(')et¥'* ~L<x<0
X(ZL)-l /2
bk x<< L.

(3.13)

T(k')eik' (x-b)

[The factor 6(ky,~ ') is always positive, since &’
<k <kp, for left-hand states.] Equation (3.13) is
the projection of y;(k, x) on the occupied left-hand
states. The projection of #,(%, x) on the occupied
right-hand states is found in a similar manner.
Letting ¢ run over the occupied right-hand states,
we find

2 @A) w{®R)y, g, x)
a<kpy

=[T*R")R/(R)+ R*(R")T](R)]0 (kp, - k')

TR )em™* | —L<x<0
X(ZL)-I /2
R(R')eF &0 pxy<L,
(3.14)

Hence, from Eqgs. (2.14), (3.5), (3.13), and (3. 14),
we see that

f1ll,x)=0(T2)0(k' = kp,)e ¥ %, —L<«<xx<0

:(ZL)-I /ZT;(k)eik' (x-b) , b<< x<< L
(3.15a)
where
Ti(k)=[T{(k) = T(")R*(')R]()+ O(T*)Jo (R’ - ky,) .
(3.15b)

These steps follow because
|R(R)|?+ | T(R)|2=1
and
T*(R)R(k)+ R*(R)T(k)=0.

Let us remark that 7 ~¢ ¥?<« 1 and that we need to
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calculate quantities such as the current only through
order T'2, Therefore, we keep only those terms
which contribute to order 7 in any transmission co-
efficients, to order 7'2 in any reflection coefficients
which contains other terms of order 1, and to order
T in any reflection term which contains no terms of
order 1.

Now from Eq. (I2.11), (12.14), (3.1), and (3. 2),
for O<x’<b

K(e(R), 0, x")= (= mi /m?k)CL) 2y, (k, x') (3. 16a)

and
K(e (), b, x")= (= mi /n2R)(2L) 2y, (k, x"). (3.16b)
Thus, substituting into Eq. (3. 15g), we find

T1(k)= (- 2imL/k%k") jobdx'[zl)r(k', x")

= T(E"R*R ), (', x)U(x" ), (k, x')

+0(T%), Rk'>kp,. (3.17)

From Egs. (I12.11), (3.1), and (3. 2), it is easy to
show that

bk, x)= T(R)R*(R)Y,; (R, x)= R(R)Y} (R, x)+ O(T?).
(3.18)

Substituting into Eq. (3.17), we find, then, that
T4®)=[(= 2imL/m% R®") [P dx"pXk’, x")

XU W, (ky x")+0(T®)]0(R" - kp,). (3.19)

We note that the matrix element appearing in Eq.
(3.19) is between a left-hand state and a right-hand
state with the interaction potential. This result is
similar to the transfer-Hamiltonian model® except
that Eq. (3. 19) contains orthogonal current-carrying
states, whereas, the transfer-Hamiltonian model
uses nonorthogonal standing-wave states which are
eigenfunctions of a slightly different Hamiltonian
than Eq. (I2.2). (A complete discussion of this is
given in Ref. 5.) The result depends upon the re-
quirement of orthogonality of the scattered wave
with the rest of the occupied states. For one elec-
tron interacting with a vibrator, the inelastic-trans-
mission amplitude is just 7,() , and not 7;(%), which
is a somewhat different matrix element involving

,, and not ¥ [see Egs. (3.5d), (3.16b), and
(I2.15)]. It is found in the Secs. IV-VI, however,
that first Born approximation is sufficiently accu-
rate for the calculation of the current when all in-
elastic-reflection coefficients are negligible, and
therefore, in this case the distinction between 7'(%)



2 INELASTIC TUNNELING: MANY-ELECTRON THEORY

and T;(k) is unimportant for &’>kp,. [For k’'<kg,,
T,(k) vanishes. ]
In a similar manner, we find for the right-hand

states
fik, x)= QL) 2T (R)e ¥ ¥, -
=0(T?o(R' - kg,

LK<x<0

b<x<L (3.20a)

where

Tlk)=[TR) - TR )R*(R" R (R)+ O(T)]o (R - kpy) .
(3. 20b)

We can also show that

T,(k)=[(~ 2imL/7%")R(") Joax v, x")
(3.21)
J

X Ulx" e, x')  +O(TA]oR" - kpy) .
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When |eV| < 7w, all f,(k, x) and f,(k, x) vanish in
the regions — L <x<< 0 and b < x<< L because there
are no occupied states where %’ could exceed %, or
kp,, whichever is smaller. This means that there
are no electrons which inelastically tunnel by exci-
tation of the vibrator when |eV | <7Zw. In the region
of the barrier, however, f,(%, x) and f,(¢, x) do not
vanish, and can serve as sources for the second-
order terms considered in Secs. IV and V.,

C. Current, Conductance, and d2J/dV?

The current flowing in the negative x direction
for a system described by a normalized wave func-
tion W(x;, %, =+, %y; £)is

J( )”‘ fdx1fdx2 /de/dE Z (x].: xz, seey Xpy 5) (xb xz, sy Xys E)
—\If(xl, X2y ***y XNj g) (xl’ Xy **o*y XNy ‘E)]G(xi x) (3. 223.)
= Jo(x)+ J1(x), (3.22b)
where
' zeﬁ Xy
Jj(x) = dx, | dx, dx y ? (X500, %0, 00, x0y) =54 v (¥1, %5000, %y)
1
ex 7 .
_xj(xlsxz"°°’xN)'5;;L(xlfx2v"'va)]é(xi_x)a j=0,1. (3.220)
i

Since ¥ (x,,%,,...,%y ;&) represents a stationary
state, J(x) must be independent of x from the con-
tinuity equation, (In what follows, we retain only
terms through order U2 ) The normalization of the
wave function calculated thus far is not unity, but
is

Norm=1+2:{fu | fn) » (3.23)

where the sum on 77 runs over occupied states [see
Eqs. (2.2), (2.14), (2.15), (2.32), and (2. 34)].
Therefore, we must divide x , as given by Eq. (2. 32)
by (Norm)¥2 to be correct, For the wave functions
we have derived in this paper to make sense physi-
cally, S5 (fy | f,)> must be small compared to unity,
that is, the probability of finding the system in the
excited state relative to the probability of finding
the system in the ground state,

Jax, [dxy =o- [dxy | x,061,%5 ..., %5)12

Jaxy[dxy oo [ deyl Xoley, %z o0y Xx)|2

ﬁzl(fn Ifn> )

must be small. Now, in this paper we have solved

f

for the wave function of the many-electron-vibrator
coupled system. The physical system of interest
contains many electrons, a vibrator, and a contact
with a thermal sink which keeps the vibrator in the
ground state most of the time. Our theory does not
contain a contact with a thermal sink, We rely
solely on boundary conditions to stimulate the ther-
mal sink. In the one-electron theory, this presents
no difficulties since we imagine an electron as a
wave packet incident on the barrier with the vibra-
tor in the ground state, the wave packet being made
up of states y 4(x) like Eq. (I3.7a). The boundary
condition assures usthatthe vibrator is in the ground
state for the incident wave packet which, physically,
is what the thermal sink does. So long as the con-
tact with the thermal sink is not so strong as to
modify the nature of the vibrator states, the only
effect that the thermal sink has is to deexcite the
vibrator after the wave packet has been scattered
off the barrier. This subsequent deexcitation can
have no effect on the various scattering probabili-
ties of the wave packet. Inthe many-electron sys-
tem, if we imagine the occupied ¥, (x) as represent-
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ing wave packets, the best we can do is to put the
vibrator in the ground state before any wave packet
impinges on the barrier, Then, we scatter all the
wave packets in the system off the barrier. Physi-
cally, we would like to deexcite the vibrator (if ex-
cited) after each wave packet scatters off the bar-
rier, but we can not accomplish this in the solution
of the many-electron-vibrator coupled system. We
must, therefore, assume that the total probability
for the excitation of the vibrator by scattering of
all N electrons in the system is small, Obviously
in a large system, particularly a three-dimensional
system, this assumption is not valid. This is an
inherent difficulty in our approach, resulting from
our inability to solve the many-electron-vibrator
system with a thermal sink, We proceed formally
by assuming the smallness of 3, (f, | f,,) (by making
U as small as necessary), calculating the current
through order U2, and assuming that the answer is
correct for physically reasonable values of U.

If 2p; > kg, (V >0), it is convenient to calculate
J (x) in the region b < x < L and if kp, <kp,, it is
convenient to calculate J(x) in the region — L <x
<< 0. Under these circumstances, we find

Ty) =20 o [T [90)/ L+ Z0lFn |F2)) s (3. 24a)

T =20 Sy | T Fad + o [T 00)) (o (Fo 1£2)

(3. 24b)
where
_—del (o x \ 8%x) 8y (x)
Wl 19 = G2 (v 0 252 —a 2520)
(8. 24c)
We have taken into account Eq. (3.23). If we com-

bine the second term of Eq. (3. 24b) with Eq.
(3. 24a), we have

J@)=dolx)+J,(x), (3. 25a)
Tole) =20 by [T 80) (3. 25b)
Jl(x)zz7:<fnf=]‘fn> . (3250)

Now, Jy(x) is the elastic current and is quite clearly
the same for - L < x<< 0 and b < x < L; whereas,
Jy(x) [as given by Eq. (3. 25c)] vanishes for — L

K x << 0if V>0, and vanishes for b < x < L if

V <0. Yet we know that J(x) is independent of x.
The resolution of the difficulty is that in addition to
the term (f, | J| f, ), terms of the form

- Re Z,: <f17‘fu ><Zr/)u'J!¢7l>

should appear in Eq. (3. 25¢c). These latter terms
arise from the nonorthogonality of f, with f, (u#n),
It can be shown that these terms contribute to the
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current in the region — L < x < b when V> 0 (or in
the region b < x < L when V <0) the proper amount
to ensure current conservation across the barrier.
It can also be shown that these do not give a contri-
bution of O(T'2) to the current in the region b < x

<« L when V > 0 (or in the region— L < x << 0 when
V <0). So, Eq. (3.25c) is correct if J;(x) is evalu-
ated in the region b < x << L for V>0 and in the re-
gion - L <x <0 for V<0. This means that we do
have current conservation across the barrier in the
inelastic channel.

Consider V> 0 so that kg, > ky,. We calculate
Jolx) and J,(x) in the region b < x < L. We note
that only those states ¥,(k,x), kp, <k <kp;, can con-
tribute to Jy(x), since for every left-hand state with
k <kp,, there exists a right-hand state with equal
and opposite current. Hence,

Jo(x)= Z

kpp <k<kpy

@) T[4,(R) , bpy < B (0< V).
(3. 26)

We recall that f; (%, x) and f,(k,x) vanish for &’

= (k% - 2mw/h)"*<kp, in the region b < x < L. This
means that only the f,(%, x) for which 2’ >k, can
contribute to J,(x) (for V > 0), which requires eV
> iw for there to be any inelastic current when

V > 0. Hence,

L= 2 (AE|I|AHE),
rY, <R <kpp
(3. 27a)
kh = (k% + 2mw/B)<kp (Tw<eV)
=0 0<eV<Zw. (3.270)

’

From Eqgs. (3.1a), (3.15b), and (3. 24c), we find

Jolx)= 2 elik

kpyr< R<kFy m IT(k)lz7 V>0 (3283.)

enk’ |z, 12
Jik)= 2 [T/ ®)?, Hw< eV
Ry <R<Ep) 2mL
=0, 0<eV<iw. (3. 28b)

In a similar manner, we can show that

Jolx) = - <eﬁk )‘T(k)[z, V<0  (3.292)
kp, <k<kp\2ML
4 Pl
Jix) = - (—e’“ )lT/(k)lz, eV <=fiw
kil <R< Rpy 2mlL

=0, -7hw<eV <0, (3. 29D)

We recall that E,— Ep, =eV; and for V >0, E,
=Ep, kp, =kp, and for V <0, Ep; =Ep, kp=ky,
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where E, and k2 are the equilibrium Fermi energy
and momentum, We can rewrite Eqs. (3. 28) and
(3.29) as

e lev |
JO(V):sgn(V);l—f de Dye) , (3. 30a)
0
e levi
JI(V)=sgn(V)zf de Dy(e,V),  (3.30b)
0
where
Dyle)= | T() | ? (3. 30c)
De, V)=(®/R)| T{(®)|?, 0<V
=®/R)|TL(R)|?, V<0 (3.30d)
1/2
k:<2m(;+EF)> ,
,_ (2m(e+ Ep - hw)\"?
k '< nt > ’ (3. 30e)

where T, T}, and T/ are given by Egs. (2.11d),
(8.19), and (3. 21), respectively. (We drop the x
variable, since current is independent of x, and in-
dicate the dependence on bias voltage V. )

Let us now calculate the conductance in first Born
approximation

G(V):% (3. 31a)
=Go(V)+ G (V) , (3. 31b)

where the background conductance is [Eq. (I2.11d)]

Go(V) = (e?/H)Dy(| eV |) (3.32a)
:% e 2K (3.32b)

and now
kE=[2m(|eV| +Ep)/m%)"? (3.32¢c)
K =[2m(Vy~ |eV | +Ep)/n2] V2 . (3. 32d)

In the calculation of G,(V) when first Born approxi-
mation is valid for the calculation of the current, we
can replace T;(k) by T; (%) for B’ > kp, and V > 0,

and T/ (k) by T/ () for ¥ >k, and V<0, Hence,
G\(V)=(e/n)E/R) | T{ ()| 6(eV - Tiw)
+| T R)|20(-eV-Tw)] , (3.33a)

where

K =[2m(|eV|+Ep - hw)/H?) "2 (3. 33b)
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and Ty (k) is given by Eq. (3.5d) and T/ (k) by Eq.
(3. 6c).

Since we have considered a symmetric barrier
potential V (x), the background conductance Gy(V)
is symmetric about zero bias. The background is
assumed to be slowly varying for the bias voltages
of interest. (We can also allow V, to be a function
of V and to fit the background, if necessary.)

The inelastic conductance associated with the ex-
citation of the vibrator G,(V) vanishes for |eV]|
<7w (see Fig. 1), where conservation of energy
forbids the excitation of the vibrator (at 7=0K).

At eV=Nw, a step increase in the conductance oc-
curs which is proportional to the probability for
inelastic transmission | T; ()| 2. Likewise, at eV
=-T7w, a step increase occurs which is proportion-
al to | T/ (k)|2. Since T,'(k) is the same as T’ in I,
we see that inelastic current is relatively insensi-
tive to the position of the vibrator, and hence, the
step increases in the conductance at eV=+7%w are
approximately the same size, being slightly larger
for eV=nw if the vibrator is located near the right-
hand edge of the barrier, etc., which is in agree-
ment with experiment,??

Experimentally, d?J/dV?=dG/dV is often mea-
sured. The inelastic current contributes a positive
peak for eV=7rw and a negative peak for eV=-T7w.
The heights of the peaks are, of course, proportional
to the step increases in the conductance, The width
of the peaks depend upon temperature and the dis-
tribution of vibrator frequencies. We emphasize
again, that the above remarks are strictly valid
only when inelastic reflection is negligible.

D. Further Results

Let us quote the results in first Born approxima-
tion for the model which is a generalization of one-
dimensional model of Secs. I and II to three dimen-

G, (V)

-hw 0 +hw
e Bias Voltage,V e

FIG. 1. Inelastic conductance G;(V) versus bias volt-
age V. No inelastic current flows for |eV| <7iw by con-
servation of energy. Step increases in the conductance
occur at eV =+/w owing to the onset of inelastic tunneling
associated with the excitation of the vibrator.
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sions. We find by techniques similar to those used
for one dimension that for 6 < ¥ < L

&, T)=23 (2LA) 2 T] K, D)

x explip, (x —b) +iP, *p)0(e(K)-Fw- Eg,) ,
(3.34)

where the sum on P is over all p with 7z%2/2m

= (#°k%/2m) - hw. In the plane of the barrier, the
projections of p and ¥ are P, and 5. The area of
the barrier, equal to the area of the tunnel junction,
is A. (As before, the barrier extends from 0 to b.)
The amplitude for inelastic transmission from k on
the left to P on the right is

(a3

I, p)- —2mL f & UAE, FIUE,E, ),

7,[2
P (3.35)

The left- and right-hand states ¢, (B, ¥) and 9,(k, ¥)
are obtained from Eqs. (3.1) and (3. 2) by multi-
plying by the appropriate plane-wave factors AT
xexp(ip,- 7 )and A/ 2expik,- 5. We assume the
three-dimensional interaction potential U(¥ ) van-
ishes outside the barrier. Similar results hold
for £, (&, ¥).

The matrix element 77 (E,ﬁ) is similar to that
which appears in the transfer-Hamiltonian model,®
except that orthogonal current-carrying states oc-
cur in Eq. (3. 35), whereas, nonorthogonal stand-
ing-wave states occur in the matrix elements of
the transfer-Hamiltonian model. The difference
in most cases is, however, unimportant.

We conclude the calculations infirst Bornapprox-
imation by remarking that for interaction poten-
tials which do not give rise to significant inelastic
reflection, we can calculate the inelastic current
from the one-electron theory of I (or its appropriate
three-dimensional generalization) by the following
prescription. We calculate the amplitude 7’ for
inelastic transmission of a single electron by the
methods of I, We then calculate the inelastic cur-
rent for that electron. Now, the total inelastic
current for the many-electron system is the sum
of all the inelastic contributions from the single
electrons consistent with the initial state being oc-
cupied and the final state being unoccupied. Inone-
dimension, the result is Eq. (3.30b). In three
dimensions, the result for the inelastic current due
to a single vibrator for V > 0 is (including spin)

20 ST p T E D (3.36)
k 34

m
The sum on ﬁ, D is over all states such that 7%k% 2m

<E g, and %2%p%/2m = (i %%/2m) — hiw >Ep,, where
Ep;=Ep+eV and Ep,=Ey for V>0. Similar results

hold for V<0. The amplitude T",(l?, p) is given by
Eq. (8.35).

Finally, we make connection with the results of
Scalapino and Marcus® for molecular excitations,
Instead of evaluating the amplitude 7;(k, D) in Eq.
(3. 35), we obtain the inelastic current from the
three-dimensional generalization of I, The one-
electron elastic and inelastic wave functions obey
the coupled equations

[H, (T)- €] Xof) + UF)x,(F)=0, (3.37a)

[H,(F) - e+7w] x,(F)+ UF)xoF)=0, (3.37)

where U(T) is the dipole (plus image) potential ,®
UP,x)=2eP,x/(x? + p2)¥? (3.38)

(in our notation) and P, is the dipole moment in the
x direction of a molecule near x=0.
We write y (F) as

eiit ] vx) ,
where Et is the transverse momentum and ¥ ,(x)
is an incoming wave on the left [see Eq. (12.11)].

We take the electron energy to be €=7%2(k2 +£%)/2m .
It is straightforward to show that in first Born ap-

proximation

> d? ; -
XI(r):/ (——2—27‘?’ e’st'ﬁf d%p’ eitke =B B’

(3.39)

xfdx' Kle - fio - 22 /2m, 2, x") UGB, x Wl ")
(3.40)

where the Green’s function K(e,x,x’) is given by
Eq. (I12.14). Now, if U(p’ x’) is slowly varying in
', only B, ~k, will contribute to Eq. (3.40), so
we replace p, by b, in K(e — 1w —12p2/2m,x,x").
Hence we find for x > b

X 1(?,): T/eiit -Beik"‘(x-b) ,
where
T':fo” dx’ tle -nw —1n2kE/2m,x"\UB ,x") P(x")

and

x h~2
in analogy with Eq. (I2.15). We note that 7/ de-
pends upon p, so that the inelastic current due to
a single electron incident from the left with energy
€ and transverse momentum Et and one molecule
is

o <2m(€—1"2w —ﬁzkf/Zm)> v

[ @p (mel/m)| 1'% .

Similar results hold for electrons incident from
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the right. If we add up the inelastic current from
all electrons that can make inelastic transitions,
our results are equivalent to those of Scalapino and
Marcus.®

IV. GENERAL THEORY: SECOND BORN
APPROXIMATION

We now extend the analysis of Sec. II to second
Born approximation. In second order,

[2.H,G) -€]x@A, 2, ...,N)

==2 U6 P, 2...,N), (4.1)
where x{V is given by Eq. (2.15). As before, the
right-hand side is a sum of sources, each of which
gives a contribution to x¢®. There are two types of
terms on the right-hand side of Eq. (4.1), one of
which we call direct and the other indirect. As an
example of a direct term, consider a term of the
form

= U)fo(1) 962)- -9, (N) .

Such a term gives a contribution to x?
Vo (1) 5(2) -+ D (N)

where
[H (1) - €.]96(1)=-UD)fa(1) .

We can solve for ;b;'(l) in a manner similar to that
used to find 9’(x) in Sec. II of I. Clearly, ¥5(1)
possesses the same spin as f,(1) and 3, (1) [if U(:)
contains no spin-flip terms]. Similar considerations
hold for B, ..., w. It is straightforward to show that

the total contribution of the direct terms to x{% is

X62(1, 2+« o, Nagreet =G Y5+ -+ b,)

which is

+D@odp v o v P)+ee-+D@abge -+ V), (4.2)

where
[H () ~€, T, G)=-U@E)f,G) . (4.3)

In addition, there are source terms of the following
form which are called indirect,

- U(z)fa(l)d)ﬁ(z) d)y(3) e wa (N)

The contribution of this source term to {2 is of the
form
F(ly 2)2Py(3)'-'l/)w(N) ) (4-4)

where

[H,(1) +H,(2) — €, — €5 ]F(1, 2)= = U(2)fo(1) 5 (2) .

(4.5
Unfortunately, Eq. (4.5) is not separable and can-
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not be solved as simply as Eq. (4.3). Therefore,
we expand f,(1) as

FaD) =2 (Pa| fadVul1) . (4. 6)

(The sum is formally over all states.) Since f, is

already orthogonal to all occupied states ¢, only

unoccupied states need to be included in the sum.
Substituting Eq. (4. 6) into Eq. (4.5) gives

F(1,2)=2 (n|foddn(Dhgleg+€5—€,, 2), (4.7)
where for any €

[Hy(2) — €]hg (e, 2)= - U(2) P5(2). (4.8)

The contribution of such terms to x&

Zn<wn Ifa>D(“‘)nhB(€a+€B—611)1’)7‘ ¢ -l[)w) .

is of the form

(4.9)

The above terms involve only replacements in the
(a, B) pair among the states P bg- - P, . The total
contribution of indirect terms will involve all other
pairs formed from the occupied states of x”, such
as (v, B), (@, ¥), etc.

Now the principal contribution to the sum in Eq.

(4.9) corresponds to the states ¥, with energies €,

~¢ ,—7w. This means that for the y, of importance

(Up | (€ o+ €5 =€) = (W] g€ + 7)) . (4.10)

Such a term can be neglected in any sum over
states since there is a finite energy difference
7w between ¢ and hy(eg+iw).

Hence, in Eq. (4.9) we can make the replace-
ment

hg(€y + €5 —€,,1) = lg(€, +€5 — €, 7)

"'(‘Pa‘hﬁ(ea +€g _€n)> zl)az (l), (4'11)
where
loley +€5 — €,,1) =hgl€y +€5 — €, 17)
=200 | (hyleq + €5 =€) 1,6) (4.12)
the sum being over all occupied states. Substi-

tuting Eq. (4.11) into Eq. (4.9), we obtain two
terms

Zn(%‘fa) D(Pl5(€y +€5 ~ €;) Yye + + V)

= Yoy |fa ) (| Mg (e + €5 = €,)) Dy By By - ,,)
(4.13)

The sum on 7 is over unoccupied states since, ac-
cording to Eq. (2.14), the projection of f, on the
occupied states has been subtracted out. The first

term in Eq. (4.13) is doubly orthogonal to 2,
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i.e., both ¢, and l;(€, + €5 —€,) are each orthogonal
to ¥, and 3. In the calculation of the current, or
of a matrix element of any single-particle opera-
tor, any term which is doubly orthogonal to x{»
cannot give a contribution of order U? by interfering
with x{’. Therefore, we can drop such a term
because it will give only a term of order U* in the
current. The second term in Eq. (4.13) is only
singly orthogonal to ¢ and must be kept.

Consider now all pairs involving 8 such as (a, ),
(v,B), etc. We can combine these indirect terms
[such as the second term in Eq. (2.28)] to obtain

D(d)a Pg z/)'y' °e l/)w) ’
where
@)= =2 30 (al f) W g (€, + €5 =€) 9,6) .

The sum on p is over all occupied states and the
sum on 7 need be over unoccupied states only.

[The term v =g can be included in the sum since it
is negligibly small.] Now, %, has the same spin as
Ug SO @, will also have the same spin as §j [if U(7)
contains no spin-flip terms]. The remaining terms
can be treated in a similar manner which allows us
to write X§ ) mirect (With doubly orthogonal terms
omitted) as

x2(1,2, oy N)inairect = D(@g P+ ¥yy)

+D(¢a<p5° e lpw)+ e +D(szrx Ygr ° °(Pw) ’

(4.14)

where
(Pu,(i): - Z;Enw)n 'fv> <¢v!hu (6,, +€, —€,7)> Zp‘fl(z) .
(4.15)

Both 9./ and ¢, are second order in UZ.
In Eq. (4.2), we can make the replacement

W (@)~ g,00) ,

where

£u@)=9l@) = 237 W [9) 4,0 (4. 16)
The sum on 7 is over all occupied states. [The
n=uL term in gu(i) can be included since we can
always add a constant times the homogeneous so-
lution of Eq. (4. 3) to the inhomogeneous solution. ]

Through order U?, we can combine Egs. (2.12),
(4.3), and (4. 14) to obtain

Xo(1,2, ¢ .., N)=x{(1,2,...,N)

+x¥1,2,...,N) (4.17a)

:D(Z/)~a Zl’g" 'Zﬁw) ) (4,17]0)
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where
Du@)=9,6)+g,6) +9,6) .

From Eqgs. (4.15) and (4. 16), through order U? for
any occupied states u and v,

Wl 9 =04,
since g, and ¢, are orthogonal to §,. (We assume
the ¢, form a complete orthonormal set.)

Through order U?, x, is given by xi¥ [see Eq.
(2.15)], the next order term being order U®. This
completes the formal derivation of the many-elec-
tron wave function with a single vibrator through
second order in the interaction potential.

(4.18)

(4.19)

V. ONE-DIMENSIONAL MODEL: SECOND BORN
APPROXIMATION

A. Calculationof x{?)

We now calculate x2 for the one-dimensional
model of Sec. III. We must first evaluate Eq.
(3.7a) in the region 0<x<d. This we do by eval-
uating C(g), D(g), and @ at g=Fk’, but we must ap-
ply a cutoff to the ¢ <%’ since ¥,(g, x) decreases
exponentially as ¢ decreases (except at x=0). We
find

§ (@) |95 (R)) ¥, (q, x)

F1

= (2m)  [R*(R")R} (k) + T*(")T (k)] ¥, (', x)
x(ln

where %, is a cutoff.

+im6(Rp, -k’)), 0<x<b
(5.1)

kg, -k’
)

c

In a similar manner, we find

@) 9/®) v, %)

e <kp,

= @2mi) " [T*(" )R} (k) + R* (") T ()] (%, x)

x(ln

In Eq. (5.1), &’ is always less than kg, for left-
hand states. Hence, we never encounter the sin-
gularity at 2’ =k, in the 1n term or the step in the
6 term. Since we are concerned only with the sec-
ond-order terms which show structure (we cannot
distinguish slowly varying terms from the back-
ground), we can neglect the slowly varying contri-
bution Eq. (5.1) to f;(k, x) in the region 0<x <b
when we calculate §;’(k,x) using a source involving
f1(k,x). As for Eq. (5.2), we cannot, in general,
neglect this contribution to f,(#, x) since, for eV

> 7w, there exist left-hand states for which &’

—b!
kry =R +im0 (g, —k')) ,0<x<b .

(5.2)

c
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=kp,. This term will, therefore, give structure
to the second-order reflection and transmission
amplitudes. For convenience, we define

@4k, %, kp,) = — (2m) - [T*(%")R} (k) + R* (") T}(k)]

X, (k", X[ In|(kp, k") /ko| - im0 = p)],

0<x<b. (5.3)

The function ¢,(#, x, kp,) differs from the right-
hand side of Eq. (5.2) only in sign and in the neglect
of a slowly varying term associated with rewriting
the 6 term. Hence, in computing ¢’/ (k, x) from a
source involving f;(k, x), we keep only ¢,(#, x, kp,).
Likewise, we find for right-hand states the most
important contribution to f, (%, x) for 0 <x <b is

@k, %, bpy) = = (2m0) 7 [T* (k")R; (k) + R* (k") T; (k)]

x P, (&', x) [In] (bp; = ") /ko| —in0R" ~Ep))],
0<x<b . (5.4)

From Eq. (4.3), we see that the second-order
terms arise from equations of the form
[H,(x) — ()] 47 '(k, x) = = Ux)f, (R, %) . (5.5)

Neglecting all terms in f,(k, x) except Eq. (5.3),

we find
97k, x)= (2L)"2R{' (k) e” ™, x<0

=(2L)-Y2T)(R) ™D b<x  (5.6a)

where
R} (k)= (2L)"/?

XLb dx,K(E(k); 0, x’)U(xl)(pl(k:x':kFr) ’ (5'6b)
T;'(k)=(2L)'/2
x fo” dx'K(e(), b, ") Ulx') @, (k, 5", kpy) . (5.6¢)

Similarly,

Lk, x)=(2L) 2T (k) e **, x<0 (5.7a)

=(2L)-1/2R;/(k)eik(x~b), b<x (5.7b)

where
T;'(k)=(2L)"/?

xfob dx'K(e(k), 0, x"Y U)o b, x" kp) , (5.7c)

R;l(k) - (ZL)I/Z
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b
><f0 dx'K(e(k), b, x") U ¢, (k,x" kpy). (5.7d)

According to Eq. (4.16), we must find the func-
tions g, (i) which correspond to subtracting out of
1'(k,x) and ¥./(k, x) their projections on the oc-
cupied states. First, for left-hand states, we find
by methods similar to those used to find f; (%, x)

gk, x)=(2L)"Y2G, e **
=(2L) Y2 Gppe®® ? p<x<L (5.8a)

L <Kxk0

where

Gyy= - T*(R) G;5/R* (k) (5. 8b)

and
Gp=Ti'(k) - T(k)R*(R)R,'(R) +6(T®), k>kp,

=0, k<kp, .
(5.8¢)
We can rewrite G;; as

Gyp= (- 2imL /%%k)R(R)

xfo" a9 (o, XY U)o, &' k) +O(T2), B >kepy
(5.9)

where we have made use of Egs. (3.16), (3.18), and
(5.6). Substituting Eq. (5.3) into Eq. (5.9), we
find

-2 (mL

Gz= wkk-' 2

b
e R(k)f dx' ¥ (,x")UK") (R, x)
0

b
X f dx' ¥ (&', x") U(x") (R, x")

0

x [In|(kp, —k")/ ko | =i’ =kp,)] +O(T?), k>kp,

=0, k<kp, . (5.10)

In deriving Eq. (5.10), we have made use of the
results leading to Eq. (3.19). In a similar man-
ner, we find for right-hand states

gk, %)= (@2L)"Y2G,e" ®, ~L <x<0

=(2L)"YV2G, e®*¥"?, p<x<L (5.11a)

where
-2 [mL\ ’

b
XI ax'pr &', x")Ux') (R, x")

0



1726 L. C.

X [n)(kepy ")/ ko] = im0’ = lepy)] + O(T?), k>,

0, k<kp, (5.11b)

and
Gp = = T*)G,,/R*) .

r1-

(5.11c)

From Eq. (5.10) we note that G;, contributes struc-

ture to the transmission amplitude (coefficient of
e~ terms for x > b) for left-hand states, which
is second order in U and has a logarithmic sin-
gularity for k' =kg,. Likewise, G, contributes
similar structure to the right-hand states when
k'=kp,. It has been shown previously®~® that
whenever one has interactions with a boson of en-
ergy 7w (e.g., optical phonon) in the electrode
region (say b <x <L), it is possible to have logar-
ithmic singularities (suitably rounded off) in the
spectral weight function which is reflected in the
conductance of the tunnel junction in essentially
the same manner as the logarithmic singularities
in the transmission amplitudes above [Eqs. (5.10)
and (5.11)] are. (We explicitly calculate the con-
ductance below.) This result indicates that the
presence of a logarithmic singularity in the con-
ductance of a tunnel junction can arise from struc-
ture in the barrier-penetration factor as well as
in the spectral weight function. We note that no
such singularity appears in the one-electron the-
ory* since the singularity results from the sta-
tistics of the many-electron system.

In addition to the Eqs. (5.10) and (5.11), the
¢, () terms of Eq. (4.15) also contribute structure
to the transmission amplitudes in the form of
logarithmic singularities. In the Appendix, we
show that for left-hand states

@, x)=(2L)-Y2 Fie” **, —-L<x<0
1

=(2L)_1/2F,26ik(x-b), b<<x<<L

(5.12a)
where
Fyy= = T*(k) Fpy/R*(k) (5.12b)
and
24 LY i
Vo= 11_kki’7 <—%*) R(k)f ax’ pf (e, x") U(x") 9, ("7, x7)
0

b
XJ dx"Pf k", x") Ulx ") 9y (R, x*)
0
J
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X ( lnl k z L —in0(khy -k)) +0(T?), k>kp,
[

=0, k<kp, (5.12¢)

B = (k2 + 2mw TV 2 (5.12d)

By = (k% = 2mw/M)'? . (5.12e)

For right-hand states,
@, %)= (2L)"" 2 Fpe” ™,
=(2L)"Y2F, e® P p<x<L (5.13a)

L Kx<0

where

27 mL 2 ’ ’ ’ ’ re 0
F- 2 (?—) R(k)J;dx 9 (e, 2" UG 8,8, 2")

b

Xf ax' pF R, x") UK") (%, x")
0

x(ln k :

YA )
_—hk , —z716(k}~,—k)>+0(T2), k>kp

c

=0, k<kp (5.13b)

and

F,=—T*R)F,,/R*) . (5.13c)

We note that all of these terms [Eqs. (5.10), (5.11b),
(5.12¢), and (5.13b)] involve essentially reflection
matrix elements of the type [ dx ¢} Uy, or [dx P¥Uyp,.
Although these terms are present in the transfer-
Hamiltonian approach, they are usually not con-

sidered® except in the magnetic-impurity scattering.®!°

We are now in a position to evaluate the 3, (;)
of Eq. (4.18). Combining Egs. (3.1a), (5.8a),
and (5.12a), we find

ik, x) = @L)2R,(R)e” ™, _L «<x«<0

=@2L)"V2T,(R)e® P, b<x<L (5.14a)
where
R,(k)=R() - T*(k) (G5 + F;5)/R*(R) (5. 14b)
and
Ty(k)=T(k)+ Gy +Fyp . (5.14c)

If we substitute Egs. (5.10) and (5.12c) into Eq. (5.14), we find through order U?

| 7| = IT(k)lz+Re{< —im T*(k)R(k))[—:—, Mn(k,k')Mrz(k',k)<1n

a7 2

k — !’
—FkLk—‘ - in6(k’ -kF,))
(]
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k,,M,,(k" E)M,, (&, k")(ln'—ﬂ—‘ —sz(kF,—k)>:|+O(T3)} 0k —kgp,) , (5.15a)

where
M¢,(k,q)=2Lf0b dx ¥ (R, x) Ulx) 9 (g, x), 4,j=7,1 . (5.15b)

For k <kp,, we can see that ,(%, x)=9,(, x) for the regions —~L<<x <0 and b <x<<L. Inaddition, from Eq.
(5.14b) we see that | R,;()| can be determined from the condition of current conservation across the barrier
in the elastic channel

| Ry |+ | Ty6)|°=1 (5.16)

Also, Eq. (5.16) can be derived from the requirement of orthogonality of §,(, x) to states 9,(g, x), ¢ nearly
equal to 2. For right-hand states,

by, x) = (L)Y 2T, (R) e ™ =(2L) V2R, (k) e®*"") (5.17a)
where
{‘r(k):—'T(k)'FGra-FFra N (5n 17b)
R,(&)=R() - T*()(G,s + F,5)/R*() . (5.17¢)
From Egs. (5.11b) and (5.13b), we find
|7,00]° = |T<k>|2+Re{,( Sl T*(k)R(k)) [ & Mot e, 07, ) (1n] o=t )
k’f, M, B B) M, (R, k")< k ;ck' —ivrﬂk,’.-,—k))] +O(T3)} 0k —kp;) . (5.18)

Also, we can see that 3,(k, x)=9,(k, x) for k<kp;, =L <x<0 or b<<x< —L, and that an expression analogous
to Eq. (5.16) holds for the reflection coefficient.

B. Current and Conductance Due to xﬁz)

By reasoning similar to that of Sec. IIIC, it is straightforward to show that the additional current due to
(2) ;

X0~ is
e - leVi
TAV)=sgn(v) £ j de Dye, V) (5.19)
0
where
D (€ V) MRG k M (k kI)M (k/ k) 1 kF—k' . ’ k " '
2(€, 7R+ KD) R, r\R7, n - —in0(k’ - kg) k"M”(k JR) M, (R, k")
—[p2 — - 211/2 _ 1/2
xfm\k [£2 — 2m (fiw — eV) /1] _we[<k§_2m(7iw2 eV) -k]l,V>0
k. [ |
—4m®Ke™ *° k ' , kF—k' N R " '
= R ED Re| -7 My (B, R )M, (R k) e -6k’ —ky) -'EﬂMn.(k ,RYM,, (R, ")
2 _ 211/2
x(m\k [ zm(ﬁ;"wv)/ﬁ] —iwe{[k§—2m(h’w+eV)/h’2]“2—k}>], V<0 (5.20a)
c
and
k' =[2m (e +Ep - Tiw) /3" 2, (5.20b)

"= [2m(e +Ep+ hw)/H¥ M2, (5.20c)
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K=[2m(Vy-¢€ - Ep)/H?M? . (5.20d)

We also find that we can rewrite Eq. (3. 30) as

Dy(e, V)= | M, B)| 260" = kp), V>0

4kkl
h'4kk’ | M, )| 26" =), V<O (5.21)
To a good approximation, we can make the following replacements

_Ip2 _ 211/2 ;
| (&, k") ko] = In] (€ ~ 10)/Ey| | In b —[RE Zn;(}"iw FeV) /i’ L ml €+ﬁg¥ eV{ ,
c 0

E=7%pk,/m = energy cutoff.
Also, we note that
0" —kp)=0(€ - fiw), o{[k% - 2m(w ¥eV) /2] Y2 =k} =0(+eV —€ ~liw) .

Hence,

—dm’Ke ¥?

Dy(e, V)= W Re[:, M, (R, "), (', k)(ln‘ S—:‘z‘z—‘ -in6(e —ﬁw))

k € +liw —
—];,—;—M”(k”,k)M,,(k,k")(ln -‘“—%—ez —inbleV ~¢ -—h‘w))], V>0
- 4m’Ke™¥? k € —Tw
:n”ﬁ4k(k2+Kz) Re[_k_TMll(k’k')MZr(k ,’ k) lnl _E_O'—' —i1r9(€ "ﬁw))
kM, M ' €+liw+eV ,
k" r WM, (R, k') _T —inf(-eV-€-7w))|, V<0 (5.22)
2
Dyle, V=7 | M,y (&', £)|%0(e - hw), V>0 where \
. C,=~-F(eV)Re (-k-, M,y ' IM,, (R’ k))
s | M, (R, B)|%0(e - Tiw), V<O v
—ﬁ4kkl Vv, €—-hw), .
(5.23) +F(0) Re(-k—k,—rM,,(k", =M, (k, k")) ,
The inelastic conductance associated with the =0
excitation of the vibrator is (5. 25b)
2
—_— 2
60 =g (08", 1) otev =) Co==w(eV)Tmn{(s b Mo, £ W0 8", )
=e
+ | MR, B)|%0(-eV-7w)},  (5.24a)
k
where PO 7 2 8, D0, 7))
k=[2m(|eV|+Ep)/n? 1172 (5. 24b) (5. 25¢)
and k
Cy=—F(- eV)Re My, (R, R')M,(B', )
B'=[2m(|eV| - hw+ Ex)/m21H2. (5. 24c) e
The terms in the conductance of order U2 in the k " "
elastic channel are given by +F(0)Re(WM"(k » RM (ke R )>e=0 ’
Go(V)=Cy1In El%l*’_ +CofleV-Tw) , V>0 (5. 25d)
_ eV+hiw k
=Cyln &, +C0(=eV—rw), V<(g 25a) Cy=—mF(- eV)Im(FM,,(k, RIM, (R, k)>e=-eV




| Do

+ 1rF(0)Im<—kM,,,.(k", kM, (R, k")) ,
€=0

k”
(5. 25€)
F(e)=2e*mPhe ™™ /12 15k(K? + K ?), (5. 25¢f)

and in Eq. (5. 25)

k=[2mle + Ep)/n?] 12, (5. 25g)
k'=[2m(e - hw+ER)/m2t/2, (5. 25h)
k' =[2mle+hw+Ep)/H2H12, (5. 25i)
K=[2m(Vy-€ - Ep)/n?]/2 (5. 25)

Equation (5. 25) represents only those terms which
show some structure. Additional slowly varying
terms occur which have been omitted since they
cannot be distinguished from the background. We
note that if the reflection matrix elements M, (%, q)
and M,,(k, ¢) (k and ¢ arbitrary)are negligible, then
there are no second-order terms inthe elastic chan-
nel whichgive rise to structure in the conductance.
Furthermore, the inelastic conductance equation

(5. 24) reduces to Eq. (3. 33)if the reflection matrix el-
ements (and hence, inelastic-reflection coefficients,
such as R’) can be neglected. Hence, the results

of first Born approximation are valid when the re-
flection matrix elements (or inelastic-reflection
coefficients) are negligible. These matrix elements
are large only when the interaction potential U(x)

is sizeable near an edge(s) of the barrier.

The conductance G,(V) is due to an interference
between the direct elastic-tunneling process, rep-
resented by 7'(k), and a two-step process involving
the virtual excitation and deexcitation of the vibra-
tor. Such terms give rise to logarithmic singular-
ities in the conductance and step-function changes
in the conductance at eV =+7%w. The sign of these
effects depends upon the relative sizes of the vari-
ous matrix elements in Eq. (5.25).

To illustrate these effects, we consider an inter-
action potential

U(x)=Uyad(x) , (5. 26)

where Uya is a constant (units of energy-distance).
We find that logarithmic terms appear as in Fig.
2(a) and the step-function terms as in Fig. 2(b).
The ratio of the magnitude of the step decrease in
G,(V) to the magnitude of the step increase in
G,(V) is approximately 2E/V,, which is greater
than unity for typical metal-insulator-metal junc-
tions. (We neglect small changes in the magnitude
of the conductance between V>0 and V<0.) Hence,
there is a net decrease in the conductance above
threshold (| eV |>7%w) in addition to the logarith-
mically singular terms for the interaction potential
(5. 26).
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G, (V) (Log Terms)

|
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| +hw
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~hw +ha
e e

FIG. 2. (a) Logarithmically singular terms in Go(V)
for the case where Ulx) «&(x). Singularities at eV=xfw
arise from the interference of the direct elastic process
and a two-step process involving the virtual excitation and
deexcitation of the vibrator. (b) Step-function decreases
ateV =x7 w are larger than the increases of G{(V) at
eV==+Rw (Fig. 1) for typical metal-insulator-metal junc-
tions. Positive bias voltage corresponds to current flow-
ing in the —x direction.

The coefficients of the logarithmic terms are
given approximately by

C;=-C, (5. 27a)
=[(Vo-Ep)/Ept'2mtC, (5. 2b)
where
2,2 21,711 372
Cym - 64 e*m*(Uya)’k''R°K ¢ 2K (5. 27¢)

7 (R2+K2)*

where %, k’’, and K are given by Egs. (5.25g),

(5. 25h), and (5. 25i) for € =0. The coefficient C, is
approximately equal to C,. We have taken E,=7w

to ensure the continuity of G,(V) at V=0 because

we find that if all the terms to order U? are retained
(including the omitted slowly varying terms), the
conductance must be continuous at V=0.

If the interaction potential is changed from a &
function near x=0 [as in Eq. (5.26)], to a 6 func-
tion near x=b, the sign of the logarithmic terms
is changed, but the step-function terms remain the
same. Hence, we can obtain a term in the conduc-
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tance from inelastic interactions near the edge of
the barrier resembling a self-energy effect but
with the sign depending upon which edge gives rise
to the interaction. If the junction is symmetric with
identical interactions at each edge, then we expect
no sizeable logarithmic terms due to cancellation.
[it is possible to have a small symmetric (about
V=0) contribution from the logarithmic terms in
this case if we make no approximations in the eval-
uation of C; and Cs. ]

In the molecular excitation experiments of Jak-
levic and Lambe, %3 clear evidence of only G,(V)
has been reported. This is not too surprising since
the reflection-type matrix elements M,; and M,,
pick out only a small portion of the interaction po-
tential near the left and right boundaries, respec-
tively, of the barrier. For molecular excitations,
the interaction potential is the dipole (plus image)
potential®>® [Eq. (3.38)]. Hence, the overlap of U(x)
with §,(k, x) 9%k, x) or ¥,(k, x) ¥, x) is small.
(Numerical calculations based upon this potential
show extremely small effects which would be diffi-
cult to detect experimentally. Similar results hold
for the induced-dipole potential.) If these matrix
elements were large enough for G,(V) to be detected,
the logarithmic singularities in G,(V) would resem-
ble the self-energy effects described by Davis and
Duke® for optical-phonon interactions in degenerate
semi-conductor electrodes.

We now make an explicit comparison of the line
shapes in d?1/dV? versus V for a vibrator inside
the barrier far enough for the G,(V) terms to be
negligible (i.e., more than ~£K) and a vibrator at
the x =b boundary (using 6-function interaction po-
tentials). The conductance is given approximately
by (omitting the background conductance)

G(V)= n'lAGl(i/Zw)[l - (’7_‘%’2&) 70(|eV| - 7w)
0

-7

_ZEE VO_»_EF l/zln
eV +hw

Vo Vo

M’]’ (5.28)

where AG;(iw) is the size of the step increase in
AG(V) at V=7w (see Fig. 1), n=0 corresponds to
the vibrator inside the barrier, and n=1 corresponds
to the vibrator at the x=b boundary. AG,(7w) may
be thought to depend upon 71, also, since the poten-
tial of a vibrator at a boundary can be influenced
by screening, etc. To account for the finite width

of the spectral line (of the vibrator) we make the
replacements

m0(x) = 3 7+3 tan (x/T) (5.29a)

In|x| - 41In(x?+T?) (5. 29p)

The results of a numerical calculation for typical
parameters are shown in Fig. 3. We note that the
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line shape is essentially reversed for the vibrator
at x=b compared to the vibrator inside the barrier.
The occurrence of G,(V) terms associated with
the virtual excitation and deexcitation of phonons
in p-n junctions involving indirect semiconductors
is not allowed due to the lack of the parallel direct
process connecting the same initial and final states.
Only the inelastic current involving the emission
of phonons required by momentum conservation is
observed. ! The same considerations apply to the
phonon structure seenin metal-Ge (r-type) contacts.’
However, in p-n junctions made from direct
semiconductors and metal-semiconductor contacts
involving either direct or p-type semiconductors,
such effects could be important in addition to the
self-energy effects discussed in Ref. 6. The ex-
perimental data'® reported for highly doped metal-
semiconductor junctions are interpreted satisfac-
torily by the self-energy mechanism. However,
at lower doping, the changes in line shape with semi-
conductor carrier concentration may be due to the
effects discussed in this paper. !*

2

IV. CONCLUSIONS

In this paper we have formulated a many-electron
theory of inelastic tunneling based upon stationary

T T L L
Er /hw=25
20— vy /hw=35 0 7
- '/ hw =005 7
© 15 -
= n=1l
4
o 10 ~ =1
z
< 5 - —
1
=
® [}
o
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~ _5_ —
o~
>
° -10F ; ~
~ n=1
-
g -5+ n=0 =
-20 W
I SN T B A DO NN N
-1.3-12 -1l =10 -9 -8 8 9 10 LI 12 13
eV/hw

FIG. 3. Curves of d%I/dV? versus V are shown for a
typical parameter of a metal-insulator-metal junction.
(The background conductance is omitted.) 7= 0 corres-
ponds to a vibrator far enough inside the tunnel barrier
(i.e., more than ~3 K) for only the inelastic conductance
G;(V) to be important. 1n=1 corresponds to a vibrator
whose interaction potential is confined to a region near
the x = b boundary of the barrier. I is a parameter
representing the finite width of the spectral line of the
vibrator. The relative size of the n=1 compared to =0
line shape depends upon screening and other details of
the potential and no attempt has been made to estimate
these effects.
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current-carrying states. The theory was formally
derived for an arbitrary tunneling barrier with an
arbitrary interaction potential between the elec-
trons and a vibrator, which represents a molecular
impurity, a phonon, a magnetic impurity, etc. An
example of the theory was given for a square-bar-
rier potential with an interaction potential confined
to the barrier. Most of the results were for a one-
dimensional system for simplicity, but these re-
sults can be generalized to three-dimensions in a
straightforward manner as done, for example, for
the dipole potential of Scalapino and Marcus® in
Sec. HID.

Our results for the inelastic current indicate
agreement with the transfer-Hamiltonian method®
if the appropriate matrix elements of the interaction
potential are taken between orthogonal current-
carrying states instead of the nonorthogonal stand-
ing-wave states used in the transfer-Hamiltonian
method when the interaction potential is confined to
the barrier region. (Other cases were considered
only formally in Sec. II and IV.) The results of
Scalapino and Marcus® are in approximate agree-
ment with the transfer-Hamiltonian method and the
results of the present work.

By keeping all terms of second order in the
interaction potential, logarithmic singularities in
the elastic-transmission coefficient were found.
These singularities result from an interference be-
tween the direct elastic process (ordinary single-
particle tunneling) and a two-step process involving
the virtual excitation and deexcitation of the vibrator
(molecular impurity, phonon, etc.). Such terms
also occur in the transfer-Hamiltonian approach
but have never been considered except for magnetic-
impurity scattering.®!® In addition to the logarithmic
singularities, step-function terms also occur in the
elastic-transmission coefficient as well as in the
inelastic-transmission coefficient.

The processes leading to the logarithmic singu-
larities and step-function terms in the elastic-trans-
mission coefficient are probably not important in
the molecular excitation experiments®? because
the relevant matrix elements are not expected to
be large unless the impurities are sufficiently close
to the boundaries of the barrier. In this latter case,
the line shapes in d2I/dV? versus V are fundamen-
tally different. In some metal-semiconductor ex-
periments involving the optical phonons of low-
doped semiconductors such processes might be
important, *

APPENDIX
Let us repeat Eq. (4.15) as (v and 7 interchanged)

0u)= =T 0 Ty Wl @alhulerr €= €N B, (2)
(a1)
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where the sum on 7 is over all occupied states and
the sum on v is over only unoccupied states. We
note that @,| £,y = (@, |¥}) for v unoccupied and 7
occupied. Consider first the case where kp,>kg, .
For 1,(x) equal to a right-hand state ,(p, x), there
exist no unoccupied states ,(x) =9,(«, x) or ¥,(u, x)
which overlap appreciably with ¥.(p, x), since p’

= (p% - 2mw /M) 2 <kp, and all the unoccupied states
have u >kp,. Hence, the sum over 7 in Eq. (Al) is
a sum over left-hand ,(x) =9,(p, x), p <kp;, only.
In the sum over vy, only the unoccupied right-hand
states ¥,(x) =9,(«, x) can have appreciable overlap
with ¥’,(p, x), since the unoccupied left-hand states
have u > kg, >p’. So,

e )== 2 2 @,)|¥,0)

p<Rpy kp,<u

x@W,p) | h (@) +€, - €@, lu, x), kri>kpy -
(A2)
We need to consider only p equal to a left-hand
state 3 ,(k, x) since u equal to a right-hand state
would give (),(p)|k,)~ T and since (&, ) ‘;b’,(p))'“ T,
this would give ¢,~ T2 which we can neglect.

From Eq. (A2), we then find for left-hand states

hy(k, € x)= (2L)Y2H, e 0%

- (2 L)-I/ZHlaeiq(x—b), b<x

x<0

(A3a)

H, =@2L)Y? fob dx'K(e, 0, x" ) U(x") (R, %),
(A3b)
Hyp=(2D)Y2 [7ax' K(€, b, x') UG Uy, ')
(A3c)
q= (zmi/h—Z)l/z

Equation (A2) becomes

gull, x)=(nt)t [ du [T ap[R*p) Hyy
Fr

+T*(p) H o [ T*@)R, () + R* )T (p)]

1= i®-0L 1= g i)l
[ Jeen

(Ada)
q=[p*+R2-u?]2 (A4b)
p'=(p? - 2mw/m)M? (Adc)

The quantities H;; and H,, are evaluated for €
=%%%/2m in Eqs. (A2b) and (A3c). (We limit the
range of integration so that ¢2>0.) Now those states
for which u =~p’ and for which p ~¢q contribute the
most to the integral. This is equivalent to g = (k2
+2mw/M)Y2~p u=~k. We evaluate the slowly
varying functions R(p), H,,, etc., accordingly, so
that
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@ik, %)= [R¥(B?+ 2mw /1) /2)H 1y + TH(E%+ 2meo /1) Y)Y Hyp [T * (k) Ry (B2 + 2mw /1)) + R* (k) T}((R® + 2mw /70)"'?)]

s/ (R)e=*( - x)
X(ZL)-I /2

where

R[e‘i"""”’l(b — )+ RE) D (= )], x>b

© gy Lip-a)L -itu-p’)L
1-¢ 1-e
16)= (41,2)-{ duf a| ][
P b p-q u-p'

We evaluate H;, and H,, for e =€(k)+ 7w in Egs.
(A3Db) and (A3c) and we limit the range of integra-
tion so that ¢?>0. We define new variables of in-
tegration

t=u-Fk, s=u-p’. (A8)

Clearly, only those states where /~0 and s ~0 are
important. To a good approximation,

1/2
p—gq= kt/<k2+ 2’;“’ ) . (A7)

Substituting into Eq. (A5b), we obtain

© k _-itr’ _-isL
[(’y):(4712)"/ dt/ cdse””[l e ][1 ¢ ],
kl &y t S

(A8a)

ky=kp,—k, (A8D)

x<0

(A5a)
}ei(u-k)y‘ (A5b)
[
ko=k— (B3, - 2mw /B2, (A8c)
1/2
L= kL/ (k 24 ZZW > (A8d)

We also apply a cutoff %, since we have retained
nothing in the integrand to limit the contribution
from large s. For 0< |y| < L, we find

k- (B3, - 2mw /)2
ke

1) = 00k - kF,)( —In

+im0((k%, - 2mw /) /2 - k)). (A9)

Substituting into Eq. (A5), and making use of Eqgs.
(3.16), (3.18), and (3.19), we find the result
quoted in Eq. (5.12) of the text. ¢,(k, x) vanishes
for ky,>ky, (except near the barrier) as discussed
previously. Similar results hold for kg, >kg;.
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