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Abstract

In oxide coating metals, localized states exist,
which strongly hybridize with conduction electrons
forming interface states (IS). This hybridization
yields several qualitative and quantitative new ef-
fects typical for oxide coated metals. The Hamilton-
ians for these new effects describe the:

- enhanced coupling of IS to phonons,

- strengthened and weakened superconducting inter-
action of IS,

- additional - resonant - tunnel channels via IS..

1. Introduction

Localized electron states in oxides adjacent
(< 5 nm). to a metal hybridize with the conduction elec-
trons forming interface states (IS). IS have been pro-
posed as cause for:
- rf and phonon interface losses;l
- strengthened and weakened superconducting
interaction;
- tunnel Snomalies in the normal and superconducting
states.3»4
As shown by these proposals, the electron-phonon inter-
action (EPI) of IS and their observation by tunneling
is of primary importance for the understanding of
metal oxide interfaces. In this paper we analyze the
electron-phonon interaction (EPI) and non-phonon con-
tribution in the presence of localized states and res-
onant tunneling (RT) via such states. This includes
the formulation of the Hamiltonian describing EPI (Sec.
2), appropriate for the enhanced EPI of IS. The super-
conducting state is affected also by non-phonon mech-
anisms caused by the presence of localized states as
discussed in Sec. 3. In Sec. 4 a specific tunnel
Hamiltonian is presented able to describe RT including
EPI. Inelastic processes are discussed in Sec. 5.

2. Effect of Hybridization on
tiectron-Phonon Loupliing

Inelastic tunneling as well as superconducting
interaction is affected by the enhanced strength of
electron-phonon interaction (EPI) in interface states
(IS). According to Ref, 3, the hybridization of local-
ized electrons ¢y (r, Ry) and conduction electrons of
the metal (x < 0) decaying (~exp(-«xx)) fnto the oxide
yield as 1S: ~

Ve = a(E) &, +J dE'B(E')V(E")
with:

a(E) = & (E-¢p + e, + 1o (EN7 el =1 (1)
/v
and ag{E,x) = ag({E,0)exp(-2xx) with the decay constant
K = v’Z_m(-Ec-_EFTIS, where E_ is the lower edge of the
conduction band in the oxide and Ef is the Fermi

energy. 8cp and Ay are the shift and the decay width
of the localized state due to the hybridization with
conduction electrons.

The effective constant describing the electron-
phonon coupling can be noticeably affected by the for-
mation of interface states. In order to study this
problem, we use the general expression for A, obtained
in the adiabatic theoryd

k) Cuzﬂzys(c)
qda —T)——; (2)

with the phonon momentum q, kj = min (2pf, ap) depend-
ing on Fermi momentum pr and the Debye momentum ap and
with ws(q) being the adiabatic phonon frequency. The
summat?on in Eq. (3) is taken over the different phonon
branches, ug 1s the sound velocity, yg{a) is a slowly
varying function of ¢ and { is the Frohlich parameter

Te |H'|2 mpg/2en? wg(q)

where H' {s the electron phonon matrix element (see
below Eq. (5)). Hence the coupling constant ) (Eq.
(2)) can be written in the form '

2.2

3
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Equations (2), (3) are analogous to the McMillan
representation

A~ le'lz w25, (4)

The presence of IS affects all the factors. The
partial localization enhances the matrix element H'.
Indeed, according t9 the B0 approximation H' can be
written in the form

, nz * > > -
H ml'nv = I mk- fwm('" R) ‘ml(R)
k
v (¥, R) 2 (R) )
L] Lo ? - >
a N dr ok ,

->
R, nik

where the summation {s over the ions k. This expres-
sion i1s equivalent to the usual representation of EPI,
which contains the change of the potential of the
electron - fon interaction.

In the representation of EP! in Eq. (5) it is
obvious that delocalized states, which are character-
fzed by a weak dependence of ¥, on R, yield a small
EPI: H' = a¥p/aRy = 0. l.e., EPT for IS at Ef will be
proportional to the localized part (Eq. 1). This in-
crease of EP] with localization saturates and then de-
creases, because for a, < hwph and ag < su* nonadia-
batic processes, and hence H' (Eq. 5), diminish (au* is



the correlation energy,3:4; usually au* ~ 10-50 meV).

A rough estimate for EPI can be obtained by the
following consideration: Egs. (1) and (5) yield
H' - a/xg, where xg is the distance of the localized
state to the metal. If the concentration of the
localized states? up to a distance xg ~ 0.5 nm is about
ng ~ 1020/cm3, this can enhance the EPI up to 100% com-
pared with EPI of the bulk metal, e.g. Al.

Expression (4) contains also the density of states.
The increase of A can be caused by the size quantiza-
tion due to the granular structure of the interface
region., For example, the tunne; Junction A1/AT oxide/
Pb prepared in ultrahigh vacuum” {s characterized by
the formation of Al oxide crystals. As is known, the
size quantization leads to an increase of v. In
addition, the phonon frequency can be affected by the
stresses between metal and oxide.

~ 3. Non-Phonon Interaction

Beside the above discussed interaction strengthened
in IS as compared to bulk electr?gsizvirtual transi-
tions of localized electrons "£"*%+ < (see Fig., 1)
caused by interactions with delocalized - conduction -
electrons “c” result in an additional effective attrac-
tion of "c* electrons.

‘cZ RN J—
c, | — Aeg
A=Q+® -
Fig. 1. Non-phonon interaction: a) Cj, Cp are the

conduction electrons, Acy corresponds to the localized
states; b) self-energy part describing the pairing;
second term is due to the non-phonon interactions.

The superconducting order parameter contains an
additional term and can be written in the form

2, = ) I‘xl’x Fxl"' . (6)
A .’ n
1'"n
where o = (2n'+1)ekT and FAI'“' -
n _ .
) ?f& 245 ’2)'1 is the abnormal Green's function.
xl n Al Xl
r - gfP. + rc2 is the total vertex, which contains
A 9xlx ApA :

the usual term ggpl describing EP1 and an additional
1

term
. Loy e, (7
17 5 e A AT

where Vi%. is the matrix element of the Coulomb
interaction between the conduction and the localized
electrons; Hk.x. = ("A'°"A-)/(‘§"‘§~ + ho); ci are
the energy levels of the localized electrons and hw is
the transferred energy. The constant gCl describing
the non-phonon mechanism depends strongly on the

energy spacing Acz; for Acz > QD (= Debay frequency)
the method described in Ref. 12 yields o°* = c,V/ac,,
where ¢, is the normalized concentration of localized
states (c, ~ nLln )and V = (ezlqz)2 mp: I holds with

I = fexp(idF). X, (F) xx.(?) = (pFro)2 (a ~ pgp is

the transferred momentum, x, is the localized wave
function extended over a radius ro). The increase of
Te due to this additional coupling can be estimated for

gc" << gEPI on the basis of the step method. 2 One
For values Atl = 0.5 -

obtains T .= Teo exp(gcllgEPI).
1eVandcy ~ 10'2 - 10"3 one can obtain AT/ =
¢ 'co 4\

1/10. The above results can be qualitatively applied
to partly localized states, namely IS housing more than
1 electron. Thus, the non-phonon interaction due to
the presence of IS, results in an additional contribu-
tion to the Cooper pairing, as worked out above, and
compensates partly for the degradation due to pair
weakening discussed in Ref. 2.

Note that the existence of the localized states and
their hybridization with the conduction electrons is
similar to the situition in heavy fermion systems like
UBey3 (see, e.g.13,14),

The question arises: How one might separate the
contribution of the usual EPI and the non-phonon mech-
anism. According to Ref. 15, one can use two methods
05 the reconstruction of the function g(Q) =
ac(R) F(Q). One of them is the usual method_ based
on the fnversion of the Eliashberg equation. As 2
second method, the point-contact spectroscopy 7 or
the measurements of the electronic heat capacity can
be used. If the superconducting state is caused by
EPI, both methods give the same result. However, if a
non-phonon mechanism makes a noticeable contribution,
there will be a discrepancy between these two pictures.

4. Resonant Tunnel Hamiltonian

IS and their enhanced EPI can be detected most
directly by tunneling through the strong increase of
the tunnel current at the resonant energy ¢, of 1S, as
discussed in Ref. 3. In order to discuss tﬁe change of
resonant tunneling (RT) by inelastic effects or, e.g.,
by finite temperature, the treatment based on the sta-
tionary Schrodinger equation is not well suited. These
processes are more easilg described by the method of
the tunnel Hamiltonian:

-~ +
Hp = I Teae o (8)
i,f
where *i" and "f" denote the initial and the final
states. As will be shown below, RT yields for Hy: v
~ AD -~ ".v
HT-)lT""#OrTfi.Tg{*Tﬁi. (9) (‘/)
Here Tgi describes the direct tunnel channe115 and
(R T Ta (10)
f1 = Eoepee, " T8,

holds for RT, where "g" corresponds to the localized
state; &c, abd a, are the shift and the decay width of
the state due to the hybridization with the adjacent
conduction electrons - see Eq. (1) or Ref. 3. Consider
a barrier containing a localized state 2 sketched in
Fig. 2. Following Ref. 18, we introduce the wave func-
tion y4(r), which is the solution of the Schrodinger



equation in the region x < a and which is matched to an
exponentially decreasing function in the barrier region
x > a (Fig. 2). The function ¥; is thus a correct
solution of the Schrodinger equation for x < a and
almost everywhere in the barrier. This ¥; is not a
correct solution for x > d and in the sma‘] region xpc
housing the localized state. The function Y¢, being a
solution for x > d, can be written in a similar way.

In addition, let us introduce the wave function ¥, of
the localized state, which decreases exponentially for
x < b and x > ¢ - see Fig. 2.

L TTT
:;,/ ' ;///3‘7 - - X
oINS
Fig. 2. Resonant tunneling; sketch of the barrier.

Assuming the initial electron ¥; to decay into 9

and Y¢, one can ask for the total solution of the e
Schrodinger equation 13y/3t = Hy in the form:
-{E,t/h -1Elt/h
Y(t) = ci(t) ¥y e + cg(t) wve
(11)
-1Eftlh
+ cf(t) Ve e .

Substituting Ea. (11) into the Schrodinger equation,
we arrive after some manipulations at the following
equations:

= L

] ,'-

ic Chyn XP(-(E-E)tM); (k = 2,6) , (12)

where the matrix element Akn are given by:

® A . 3‘

Agn =l ¥ (H-E) ¥ dF. (13)
These Eas. (11-13) assume c¢ << cj - see also Refs. 18
or 19. Based on Eas. (12) and (1;) we obtain:

f ce(t) = Tey exp(-i (E4 - EF)t/M) , (12*)
with

oD R
Tei “Tey * Tey
D
Tei = Rei o (14)

R -
Tei = Aeg Agil(Ey - B * o),

with Eg = Eg *+ 8cy; 8¢ = ReAgg; & = Im Ags where
dcg and & descrige the shift and the broadening of the
level Eg gue to the hybridization - see Eq. (1). The
first term in Eq. (14) deicribes the direct tunneling
as obtained by J. Bardeenl8 - see also Ref. 19. The
second term describes tgnnsling via the localized state
being resonant at E4 = £,.3:20" The total tunneling
probability is given by éo. (12') and according to the
Golden rule we obtain: .

2% 2
Wige = 5 [Teql” 6(Ey - Eg) dv .
The resonant term makes a noticeable contribution to
tunneling for Ey * E; (Eq. (14)). The resonant contri-
bution Tp depends on the barrier thickness d roughly
1ike exp(-xd),3»4 i.e. more slowly than the direct tun-
nel contribution TO ~ exp(-2xd). Hence TR will domi-
nate with increasing d over TD, as discussed in Ref. 3.
For TR ~ 7D the interference between both will give
rise to interference patterns space or energy wise.

In summary, the total tunnel Hamiltonian
Hae T T, a; 2
1 °fF %4
i,f
is given by:
~ AD .A ..
fy =+
~0 D + "R R _+
HT s I Tif a, a3 HT = I T1f a a,. (15)
i,f i,f
It ts worth noticing that RT is not bound by the same
selection rules as direct tunneling.

In the paper2Z the method allowing to separate
the direct and resonant chsnnels, has been proposed.
According to the analysisZ¢ RT dominates if
el < 50 meV.

5. Inelastic Processes and Tunneling

Tunneling through a barrier is accompanied by dif-
ferent inelastic processes, which enhance the tunne)
current by opening new decay channels., Excitation of
vibrations of molecules, phonons are examples for such
a process. This is the foundation of the wel]l known
method of vibrational molecular spectroscopy. In
the presence of fnelastic processes the total tunne)
Hamiltonian (Ea. (9)) contains an additional term HY.

SRR e
with
PoPezed Mo Ra R (17)
2 2
9] S v
and aAc = Ei - EF {s the transferred energy. The matrix
element TD depends on the overlap of the wave function

01, ¥, and wf and the 1nteragtion with the sub-system.
An explicit expression for T has been obtained in
Ref. 24 for the. radiation of phonons and in Ref, 25
for vibrational excitations of molecules.

The tunnel current contains then the elastic terms

proportional to (Tg + T#)z. the inelastic terms
= (1 Tg +T Tg)z and the interference terms

« (12« 1R (2 1] + £ TR). According to Ref. 24, the
Jast term gives the largest contribution. For tunnel
barriers showing large resonant tunneling, the enhanced
EP1 of quasilocalized states - see Sec. 2 - enhances
the interface phonon signal in the tunnel characteris-
tic by modifying, e.g., the phonon spectrum deduced
from the usual tunneling. RT results in an appearance
of the additional channel, namely: for ax > 0.5 nm

the localized states become charaed during the time



T (x) = ﬁ/21{52(x)) (see Eq. (1)).  Thus during this
t1me T g 10~1¢sec the electrons and the localized
states attract each other and they are able to radiate
phonons. These inelastic processes may be related to
the measurgd phonon distribution in amorphous Si, Ge
barriers.?

Summary

In this paper interaction mechanisms of interface
states, caused by the hybridization of localized states
with conduction electrons in oxides adjacent to metals,
have been discussed. The main resuits can be summar-
ized as follows:

- The presence of interface states results in an in-
crease of the electron phonon coupling due to partial
localization at the surface. This increase affects
the superconducting properties and enhances the
phonon structure in tunnel current.

- The presence of the interface states results in an
appearance of a nonphonon interaction mechanism,
which influences the superconducting interaction.

- Interface states cause resonant tunneling. For this
resonant tunneling a tunnel Hamiltonian has been
developed in the representation of second
quantization.

- Inelastic processes are noticeably affected by the
resonant tunneling.
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