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Abstract. An expression for the probability of transmission of an electron from an ordinary
metal into a medium with a finite quasiparticle lifetime is derived. The derivation is based
on using a certain matrix, analogous to the transmission matrix for the elastic transport case,
assigned to each region of the sample being investigated. This matrix is determined by the
functional shapes of the electronic reciprocal-effective-mass tensor, the one-particle potential
energy and the retarded self-energy in a given sample region, as well as by the energy and
direction of motion of the incident electron.

As an example of an application, the differential conductance is calculated for a tunnelling
contact between an ordinary metal and an anisotropic marginal-Fermi-liquid metal for various
characters of the contact interlayer zone.

1. Introduction

The quantum-mechanical electronic transmission coefficient, representing the probability
of transmission of an electron from one electrode through the vacuum or some solid-state
structures into another electrode, plays an important role in a variety of physical problems.
For example, it occurs in various forms of Landauer’s formula, allowing one to calculate
the conductance of a sample from its transmissive behaviour [1-3], in an expression for the
current in scanning tunnelling microscope theory [4], and in formulas for the differential
conductance in some approaches to tunnelling spectroscopy or point-contact spectroscopy
theory (see, e.g., [5]). In all of these cases, to predict the results theoretically or to interpret
experimental data it is necessary to calculate the transmission coefficients for particular
situations.

In the case of elastic electronic transport through layered planar structures, i.e. when
the system parameters (electronic effective mass, potential energy) are varying only in one
spatial direction and the behaviour of an electron can be described by a one-electron wave
function governed by the one-electron Safinger equation, there is an efficient method
for calculating the electronic transmission coefficient—the so-called ‘transmission matrix
approach’ [6].

In this approach, a certain matrix (called a ‘transmission matrix’) is assigned to each
sample region with constant electronic effective mass and potential energy. This matrix is
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determined only by the effective-mass and potential-energy values in the region considered,
and the energy of an incident electron. The matrix connects the values of a wave function
and its derivative at the two ends of a given region. Any real smooth potential-energy and
effective-mass functions are approximated by multistep functions havisggments. Each

one of these segments represents a single region with constant parameters. The transmission
matrix is calculated for each such segment. The overall transmission matrix is found by
multiplying the transmission matrices for all partial segments. This overall matrix is used
for calculating the transmission coefficient.

However, very often the behaviour of one particle in a many-particle system is described
by means of a one-particle Green’s function instead of a one-particle wave function. The
marginal-Fermi-liquid model represents an important illustration of such a situation.

Marginal-Fermi-liquid (MFL) phenomenology [7, 8] was proposed to correlate many
normal-state properties of high-temperature superconductors as well as the appearance of a
Fermi surface by means of a single hypothesis. In this approach, the crucial role is played by
a strongly energy-dependent and momentum-independent retarded one-particle self-energy
of a special form. The imaginary part of this self-energy reveals itself in, for example,
tunnelling experiments.

Within the Green’s function formalism, in some cases the quasiparticle energies can
be evaluated by solving the so-called ‘effective wave equation’ for the auxiliary ‘wave
function’. This ‘effective wave equation’ is obtained from the original Green’s function
equation of motion (with the self-energy givenpriori) by replacing the Green’s function
(a function of two space-time points) by an auxiliary ‘wave function’ (a function of only
one space-time point) and putting the right-hand side of the equation equal to zero [9].

In general, if the self-energy is a complex function of the energy (with a non-
zero imaginary part), the ‘effective wave equation’ represents a non-linear non-Hermitian
problem. In such a case it is impossible to use the bilinear expansion of the Green’s function
in auxiliary ‘wave functions’. Then it is not permissible to interpret and treat the auxiliary
‘wave function’ as a real one-particle wave function and the ‘effective wave equation’ as
a Schbdinger equation describing the quasiparticle behaviour, with all the corresponding
consequences [9]. So, we cannot use the simpler wave-function formalism for investigating
the electron tunnelling. We are forced to deal with more complicated Green’s function
formalism to evaluate the quantities needed.

In the present paper we are dealing with inelastic electronic transport through a layered
planar structure, so the behaviour of an electron is described by a one-electron retarded
Green'’s function with a finite self-energy imaginary part. To take into account possible
lattice anisotropy we also introduce into our consideration the anisotropic reciprocal-
effective-mass (REM) tensor.

The method derived retains the advantages and efficiency of the ‘elastic’ ‘transmission
matrix approach’. The transmission coefficient is also calculated by means of a certain
matrix (analogous to the transmission matrix), assigned to each region of the sample.
This matrix is unambiguously determined by the functional shapes of the REM tensor, the
potential energy and the self-energy within a given sample region, and by the energy and
the direction of an incident electron. If the many-particle effects are negligible, i.e. the self-
energy vanishes, our matrix becomes identical with the conventional transmission matrix.
The structure of our matrix enables us to express the entire matrix as a product of particular
matrices assigned to the sub-regions of the region considered. So it is possible to use
efficient numerical procedures for evaluating the transmission coefficients for various solid-
state structures or to make some deductions about the effects of particular barriers on the
total transmission probabilities, and so on.
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A slightly different method leading to the same result (the same matrix) was used in a
very abridged and less consistent form in our earlier article [10].

As an illustrative example of the applicability of the method presented, the differential
conductance for tunnelling contact between an ordinary metal and an anisotropic MFL
metal was calculated for different situations (various orientations of the symmetry axes with
respect to the interface, various functional forms of the transitions of model characteristics
from ordinary-metal bulk parameters into the MFL ones, etc).

Although initially developed for MFLs, the method presented can be used for calculating
the transmission coefficients not only for MFLs, but also for any system with momentum-
independent self-energy (momentum independence reflects strongly spatially localized
interactions), e.g. heavy-fermion compounds [11].

2. Theoretical derivation of an expression for the electronic transmission coefficient

To study the probability of the transmission of an electron from an ordinary metal to
some material of interest, we consider a model system represented by a sample consisting
of a macroscopic electrode made from the material of interest and filling up the whole
half-space, with a ‘barrier’ layer and an ordinary-metal layer of macroscopic thickness
(serving as the other electrode) deposited on its planar surface (parallel with-fiiane).
Because this geometry has been adopted, the physical properties of our sample are expected
to vary only in the direction perpendicular to the layers, i.e. they are functions only of
the coordinate;. With respect to the spatial changes of these properties, the sample can
be divided into three principal regions (ignoring the changes near the free surface of an
ordinary-metal electrode which are irrelevant for the phenomena investigated, due to the
macroscopic electrode thickness): the region of constant bulk ordinary-metal parameters
for —L < z < 0; the interlayer region with varying parameters fok0z < Z; and the

region of the material being investigated with constant bulk parametet for; < oco. In

the interlayer region the parameters vary from those of the first region to the ones of the
third region. The changes need not be continuous; jumps can occur. The interlayer region
contains, besides an ‘artificial’ barrier layer, also several ‘degraded’ surface atomic layers
of the two electrodes.

We suppose that the low-temperature behaviour of an electron in the above-mentioned
model system is described by a one-electron zero-temperature retarded Green'’s function. As
we are interested in non-ferromagnetic materials and situations without an external magnetic
field, the Green’s function is a diagonal matrix in the spin space and so we will omit the
spin indices. The relevant model parameters are those occurring in the Green’s function: the
‘band’ reciprocal-effective-mass tensofm(z), the one-electron potential ener@y(z) and
the retarded self-energ¥(E; z, z’). In our approach we assume that these characteristic
parameters are known.

The ‘band’ REM tensor is introduced to take into account the symmetry of a crystalline
lattice. The ‘band’ attributes reflect the fact that this tensor reflects only the interaction of an
electron with the static lattice (with a periodic potential field) and no many-electron effects
or corrections are considered. For the elements of the REM tensor we use the notation
(1/m);; = 1/my;.

Many-particle effects are included in the self-energy term. We are interested in systems
with momentum-independent bulk self-energy (see the introduction). This reflects strongly
spatially localized interactions. We suppose that this strong localization persists also in the
surface layers, but that the ‘amplitude’ of these processes can change. So we assume that
within the interlayer region the self-energy term has the f&£, z)§(z — z'), whered(z)
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is the Dirac delta function. In an ordinary metal no many-particle effects are expected, so
in this part of the sample the self-energy vanishes.

The one-electron potential-energy tertn(z) describes the electron potential-energy
changes due to the applied external electric field, the ‘artificial’ barrier layer, degradation
of the near-interface layers, etc.

As a starting point for calculating the transmission coefficient, we use the relation

P(f.i) = [(f1D)% @
The quantityP( f, i) can be interpreted as a probability of a sudden transition of the system
from the normalized statg) to the normalized statgf). With respect to the goals that
we want to achieve (to calculate the probability of transmission of one electron from an
ordinary-metal electrode to the electrode made of the metal being investigated, the rest of
the system remaining unchanged), we write these state vectors in the form

I€) = (Z lm, N + 1)(m, N + 1|c] |0, N))/\/Z |(m. N + 1] [0, N)|2

for E < E,,(N + 1) — Eo(N) < E +dE. (2)

Here the|m, N) are the exact normalizet-electron eigenstates of the Hamiltonian
describing our model system and thg (N) are the exact energies of the system in these
states. The value: = 0 is reserved for quantities belonging to the ground state. The
operatore;, £ =i, f, defined as

cf = /dV @ (M)W (r) (3)

creates the electron in a one-electron statér). Wt (r) is an obvious ‘field’ operator
creating an electron at a point The integration in (3) runs over the volume of the sample.

The vector|¢) can be interpreted as a state vector corresponding to the following
situation: anN-electron system is in its ground state and an ‘additional’ electron is in
the statep:(r) and has an energf > Ep (in the sense that the energy of the whole
(N + 1l)-electron system i¥,,(N + 1) = Eo(N) + E). Ef is the Fermi energy of the
N-electron system:Er = Eo(N + 1) — Eo(N). To obtain the ‘pure’ probability of an
electron transmission from one state to another (without complications connected with the
‘creation’ of the states considered), the vedtgris normalized to unity.

Now we need to express the relation (1) in terms of the retarded one-electron Green's
function G(r — t'; f, i), defined in the usual way:

Gt —1'; f.i) = —i0(t — )0, N|[cr () (1)) + ¢ (e )] 10, N).  (4)
Here 6(¢) is a step functiond(r) = 1 for ¢t > 0, 6(tr) = 0 otherwise). cg'(t) is the
Heisenberg representation of the operagbr
Comparing the form of the spectral representatioiGoE; f,i) (the Fourier transform
of G(t —t'; f,i) int — ') (see, e.g., [12]) with the structure of our states (2), we see that
P(f,i) can be expressed as
|G(E; f,i) = G*(E; i, )P ©)
4IMG(E; f, f)IMG(E;i,i)
To evaluate this expression we need to know the Green'’s function. The retarded one-

electron Green’s function for the above-described model system obeys the equation (in the
r-representation)

P(E; f.i) =

]le 1 / / 7. /
[E+ EV- (m(z)> -V -U(z) - Z(E,z)} G(E;r)—r,z,2)=hé(r—7). (6)
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As in the case investigated the Green’s function is a function,of |, equation (6) can
be rewritten in the form

"2 9 i7? qx qy 0
[E T g D+ 2(mzx(z) * mw<z>> 5 DIy — U@ = =(E, Z)}

x G(E,q;z,2") =hé(z —2)). )

Here G(E, q; z, Z') is the partial Fourier transform of the Green’s functioiiE, r —
r‘/‘; 7, z') and satisfies the following boundary conditions:

G(E +i0%, g); £00,z") = 0. (8)
The energyE) (g, z) is defined as

R q? 4x4y i
E ,Z) = — d 2 : :
1(qy. 2) 2 (m”(z) + Myy(2) - myy(Z))

To abbreviate the notation, we introduced the operétdyg,, z) defined as

H CIx CIV 1 3
D = - —.
. 2) '(mzx(z) m;«z)) m.(z) 0z ®)
The solution of equation (7) can be written in the form [13]
G(EQ 2.2y = 2(1-0(z = 2))f<(EQ 2) f> (EQ 2') + 0(z — 2') /> (EQ; 2) f< (EQ; 2)
o h f-(EQ 2))D.(qy.2) f-(EQ z') — f-(EQ; 2)D.(qy, z') f<(EQ 2')
(10)

whereeQ = E, gy in this expression. Botlf-functions obey the common equation (7) with
zero right-hand side and each one satisfies just one boundary condition:

f<(E+i0%, q; —00) =0 (11a)
f-(E +i0%, g); +00) = 0. (11b)
Taking into account the boundary condition (11), tfigunctions have the following
forms forz < 0, i.e. the region of constant ordinary-metal bulk parameters:
f<(E, q; 2) = explig; z) forz <0 (129)
f-(E,qp:2) = aexpligPz) + bexpiq!z) for z < 0. (12b)
The coefficients: andb are chosen in such a way that the full solutifin satisfies the

boundary condition at-oc.
The wave-vector components are of the form

0 0 0.0
m m m. v (E, qp)

qu(”)(E, qH) — _<qx éz +q, (z)z) 4 ezt I
m m h

zx 7y
2(E — E%qp) — U 2
W2(E, qu>=J ¢ 5 0)+EZ< 9 by >

m?,
0 is the absolute value of the.component of the electron group velocity in an ordinary
metal. The superscrigt indicates the wave-vector component with the plus sign before
the group velocity term, while the superscripindicates that with the minus sign. M?z
is positive,q? corresponds to the state with the positireomponent of the electron group
velocity andg! to the state with the negative one. For brevity, the dependenge afd
v? on E andgj is not written out explicitly in the following.
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The quantityP ( f, i), equation (1), represents the reflection coefficient if the initial state
@;(r) is chosen in the planar-wave form describing an electron moving with a velocity
that is the positive;-component of a group velocity from an ordinary-metal electrode to
the interface and the final statg (r) is chosen in the planar-wave form describing an
electron moving with a velocity that is thecomponent of a negative group velocity from
the interface to the ordinary-metal electrode. So the initial and final states are chosen in the
forms

1 .
vi(q),2) = i3 expip?z)(L—60(2)d(q) — k) (13a)
1 .
or(q), 2) = i3 expip?z)(1—60(2))5(q) — k) (13p)
with
2
.= —n n=0,%1,+£2 ...
N L

Using (13), (12), (10), (3), (4), (5) and performing the corresponding integration, in the
limit L — oo we obtained that the reflection coefficient is of the form
2

b
R(ky, k. (E, ky); ky, k! (E, k) =

(14)

and the non-zero transition probabilities are only for transitions between states with the
same parallel with the interface component of the wave vector. The wave vector of an
incident electron determines unambiguously the wave vector of a reflected electron and so
also the possible reflection channels.

Now we need to evaluate the coefficientsand b appearing in the functiory. for
z < 0 (equation (18)). The functionf. obeys the modified equation (7) and satisfies the
boundary condition (14). From the character of equation (7) (with zero right-hand side) it
follows that the functionsf. (E, kj; z) and D, (ky, z) f~ (E, ky; z) are continuous functions
of the coordinate;. We construct a two-component column vector with the components

h
Fi(E, ks 2) = f-(E, k5 2) Fo(E, ks 2) = hTODz(kn,Z)ﬁ(E, k; 2). (15)

The pre-factor in the definition af, ensures that the two vector components have the same
physical dimensions. Considering (7), we find that fevector obeys the equation

d .
afZF(E,k”;Z)=|U(E,k||;Z)F(E,kH;Z). (16)
The U matrix is of the order Z 2 and has the following components:
kx ky
Un(E, k5 2) = Up(E k5 2) = _mzz(z)( + — > (172)
my(z)  mzy(2)
vom,.(z)

Ua(E k5 2) = % (170)

h|2
U (E, k5 2) = UO[}_lQ(E —Ey(k),2) —U(x) — X(E, 2))

z

2
+mzz(Z)< oy K )} (17c)

mz.(2) mzy(z)
The solution of equation (16) can be written in the form

F(E, kj;2) = a(E, k32,2 )F(E, k3 2). (18)
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This expression connects the values of fi@ector at two points. We can assume that
the value ofF'(E, k; z’) is known and serves as the ‘boundary condition’. So, using (18),
we are able to evaluate tlé-vector at any other point. From (18) it follows that the matrix
«a has the following properties:

(1) «(E, k);z,z) =1 and
(2) a(E, k||§ 72,7) = a(E, k2||; z,7)a(E, k”; 7", 7).

Using (16), the matrixa can be formally written in the form

Z
(E. ky;2.7) = exp[—i/ du (kx Mz (1) -I—kym”(u))}A(E,k”;z,z') (1%)
7 mz(u) mz(u)
and forz >z’
C o — [ 0 Uo(E, ks u)
AE k;;z,2) =T, exp[l /Z du <U21(E, ey 10) 0 . (19%)

Here T, represents the space-ordering operation. When applied to a product of matrices it
arranges them from the right to the left in the order of increasine. it puts the matrices

with largerz to the left of those with smaller. So, the matrix with the smallestappears

on the right-hand margin of the chain of matrices and that with the largagpears on the
left-hand margin.

The coefficients: andb (or more accurately the ratib/a) can be expressed in terms
of the matrixa using equation (18). To do thig/ is chosen deep in the ordinary-metal
electrode(z’ < 0) (f.(E, ky; z') has the form (1B)) andz deep in the electrode made of
the metal being investigated > Z) (the function f. (E, k;; z) has the form of a wave
propagating from the interface).

As |b/a|? is the reflection coefficient and there is only one reflection channel, the
transmission coefficient is evaluated as-1b/a|?. After some algebraic operations, the
following expression is obtained for the transmission coefficient of an electron incident in
the state characterized by the wave vedtor (k, k7 (E, k))):

. Tr[A+(E, k”; Z, O)V(E, kH)A(E, kH; Z, O)] )
Ty, k7 (E, k) = 2/(1_ TriirA+(E, ky; Z, OV(E, k)A(E, k: Z,0)] ) (20)
Here
_ (01 _ (o —we /o
T= <1 0) VIE, ) = ( —w/vP 1 )
and

U)(E, kH) = ]’_l< kx ky Qp )

m(00)  my(00)  my;(00)

Q7 is the solution of the equation

ke ky 0" [WOUn(E, ky; 00)
mz, (00) my(00) m_;(00) B hm(o0)

with Im Q? > 0.

Tr(A) means the sum of diagonal elements of maf&pA™ is the Hermitian conjugate
of matrix A.

As is seen from (20), in the resultant expression there are Aniyatrices for the
region 0< z < Z, i.e. for the sample region with varying parameters. So, the result is
independent of the particular choice of the pointsand z used in the intermediate stages
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of the deductive process. This is due to fact that the contributiods tmatrices from the
‘constant-parameter tails’ (i.e. regions with< 0 andz > Z), appearing in the intermediate
stages, cancel one another out in the final expression (20).

3. Discussion and conclusions

The aim of the work presented in this article was to find the expression for the transmission
coefficient, i.e. the probability of transmission of an electron from an ordinary-metal
electrode through the planar interlayer region into the electrode made of the material being
investigated, for the case of inelastic transport. Inelasticity is characterized by a finite
guasiparticle lifetime in the interlayer region and in the electrode made of the material
being investigated, represented by the finite imaginary part of the retarded self-energy.

In the general derived expression (20), the crucial role is played by the matd) (19
assigned to the sample region with varying parameters. This matrix is unambiguously
determined by the functional shapes of the relevant parameters. In the case presented, these
parameters are the reciprocal-effective-mass tensor, the one-electron potential energy and
the one-electron retarded self-energy.

Unfortunately, in general, the relevant matrix pJ&annot be expressed in an explicit
analytical form. But its properties (in particular the property 2) enable us to write this matrix
as a product of ‘partial’ matrices assigned to the individual sub-layers (real or imaginary)
constituting the relevant sample region. If the ‘division’ of the region into sub-layers is
sufficiently fine, i.e. the number of sub-layers is large enough, we can treat each sub-layer
as a region of constant parameters. In this case each partial matrix has the form

J
17 177 Nt IR sy
€0S,/ U;i,Usql; | ———— siny/ U3,Ux;
UlLUj
Aj — . ) 12~21 . (21)
iUy, . — —
————siny/UjpU3, cos,/ U3,Uzyl;

UiaUz
The quantitiegji"2 andU'z"l are defined by equations (@)7and (1) with constant parameters
introduced that relate to th¢th sub-layer, and; is the thickness of this sub-layer. The
total matrix can be expressed as

A=AA,_ 1 AA;. (22)

The sub-layers are numbered in the direction of motion of a transmitted electron.
If the imaginary part of the self-energy vanishes, i.e. we are dealing with elastic transport,
expression (20) can be transformed into the simpler form
w/v? 0

T(kH, kf(E, kH)) = 4/ {2+ Tr |:< 0 vo/w)A(E, k”; Z, O)A+(E, k:H; Z, O)] }

(23)

The quantityw is defined above.

To demonstrate the use of the derived method for evaluating the transmission coefficient,
the differential conductance for a tunnelling contact between an ordinary metal and an
anisotropic MFL metal is calculated.

We consider the case in which the Fermi enefyof an ordinary metal is sufficiently
high compared with the range of the applied voltdge (Er > ¢V,,) and the tunnelling
regime is well establishedJz > eV,,, whereUp is the height of a rectangular potential



Transmission coefficients for inelastic tunnelling 335
barrier). Then the low-temperature differential conductaGggV) = dI(V)/dV can be
expressed as [14]

Gp(V) _
Gp(0)

/2 21
(/ do sino d(p (COS@)T(kFII’ k;(EF +eV, kiF”)))
0 0

-1

/2 21
X (/ do sin@/ dy (cos@)T(kF)) . (24)
0 0

Here the transmission coefficiefft corresponds to the situation without an applied bias
(zero potential energy due to external fieldg8)and ¢ are the polar and azimuthal angles

of the incident-electron wave vector (theaxis serves as a polar axis and thaxis as an
azimuthal axis)kr is the Fermi wave vector of an ordinary-metal electron. To deal with
electrons transmitted from an ordinary metal into a MFL metal (the case investigated in this
article), we take into account only the positive bias (a positive bias means that the MFL is
positive).

At low temperatures, the MFL is characterized by a one-electron retarded self-energy
of the form [7, 8]

S (k, Ep+e)=)\<g|n|8|—i”|g|). (25)
& 2
Here i is a coupling constant ang is a high-energy cut-off.

The real Cu-O-based high- superconductors are anisotropic ‘layered’ structures
with an isotropic effective mass:,, within the a—b planes and a different and much
higher effective mass:. in the direction of thec-axis, perpendicular ta—b planes (see,

e.g., [15, 16]). Moreover, the normal-state conductivity is hole like and the charge-carrier
concentration is much lower than in an ordinary metal. To model this situation in a simple
way, we assume that in the MFL the Fermi level is near the top of the conductionAyand
(Eo — EF ~ 0.1 eV; low ‘hole’ concentration) and the conduction electrons have negative
effective masses. So, the ‘band’ electronic dispersion relation in the MFL is chosen in the
form

(k) =E h_zk ! k (26)
ek)=Ey— k- — - k.
7 2% m(oo)
The components of the symmetric REM tensor are
11 1 sify cosy
m . (00) "jlah myy(oo) me Map (27)
1 sify coy _ 1
= + = Siny cosy - — .
mzz(oo) Map me mxy(oo) Mmap me

The other elements are zerp.is the angle between theaxis and the-axis; thex-axis
is chosen to lie in the—b plane.

In this section we simply aim to illustrate the method used for calculating the
transmission coefficient, not to verify that the MFL is a suitable model for the normal state of
high-T,. superconductors or to search for optimum model parameters. So we accept without
discussion some of the values presented by other authors [15-H]0(3, ¢, = 0.1 eV,

Eo= Er+0.1eV,my = (5/6)m,, m. = (100/6)m.; m, is the free-electron mass). For the
ordinary metal we use the parameters corresponding toFAg= 5.48 eV, ky = 12 nnT1)
and an isotropic effective masgy = m..

For particular calculations we use, for simplicity, a slightly artificial model with a sharp

interface between a high rectangular potential barrier and a MFL metal as regards the REM
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tensor but not the self-energy. The MFL REM tensor of the form (27) is constant up to the
interface; the effective mass in the barrier is the same as in the ordinary-metal electrode
and is also constant up to the interface. For the self-energy the interface is not sharp, in the
sense that the coupling constantan be a function of the distance from the interface and
reach its bulk value at a distanée> 0.

Calculations were performed for various situations. The differential conductance was
calculated according to (24) and the transmission coefficients according to (20)—(22). The
region with the parametex varying was divided into ten sub-regions. This degree of
division was found to be sufficient; finer division does not lead to substantial changes.

1.2 1.0
.//—_ 0.8 4
S o8 )
S S 06-
o %)
> S
%, 9 04
O 044 O
0.2 1
1
0.0 — T — 0.0 T T T T
0 2 4 6 8 10 0 2 4 6 8 10
V [mV] V [mV]

(a) (b)

Figure 1. The normalized differential conductance versus the applied voltage for a contact with
sharp interfaces. The curves presented correspond to situations in which the barrier thicknesses
are 0.1 nm (a) and 1 nm (b) and with the following values of the apgle = cosy) between

the MFL c-axis and the normal to the contact (from top to bottom): @annelling in thea—b

plane direction), 6Q 30> and O (tunnelling in thec-axis direction).

First, the effect of the barrier thickness on the differential conductance was investigated
for the case of a sharp ‘self-energy’ interface (the self-energy is constant up to the interface).
For high(U = 2EF) thin barriers, the5 5 (V)s are nearly linear functions &f with positive
slope for all angles’ between the MFLc-axis and the normal to the interface. The slopes,
as well as the absolute values of the differential conductance, decrease with decreasing
angley. So, the highest slope and differential-conductance values are for tunnelling in the
a—b plane direction, the lowest for tunnelling in theaxis direction. But as the barrier
thickness increases, the slopes of thg(V) curves decrease and finally become negative.
This effect is illustrated in figures 1(a) and 1(b).

Such behaviour of the differential conductance is caused by two different processes. For
electrons incident almost vertically onto the clear surface of the MFL, with our parameters,
the transmission probability decreases with increasing energy due to the increase of the
difference between the wave vectors of the incident and transmitted electrons (see dispersion
relation (26)) (figure 2). This tendency is only slightly affected by the many-particle effects
in the relevant energy region. On the other hand, for electrons incident non-vertically, the
transmission probability (vanishing at the Fermi level) increases with increasing energy just
due to the inelastic many-particle effects (e.g. the finite lifetime of an electron in a given
state) (figure 3).

The thin potential barrier in front of the MFL surface transmits electrons incident at
various angles with nearly equal probabilities. Electrons incident non-vertically can be
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Figure 2. The transmission coefficient versus the energy for an electron incident onto a clear
sharp interface perpendicularly. The curves presented correspond to tunnelling:ibthiane
direction (solid line) and in the-axis direction (dashed line). The energy is measured from the
Fermi level.
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Figure 3. The transmission coefficient versus the energy for an electron incident onto a clear
sharp interface non-perpendicularly. The direction of incidence is characterized by the polar
angle 60 and azimuthal angle°0(the normal to the interface serves as a polar axis and the
azimuthal axis is perpendicular to the normal to the interface as well as to thechkis). The
curves presented correspond to electrode configurations characteristic of tunnellingzirb the
plane direction (solid line) and theaxis direction (dashed line). The energy is measured from
the Fermi level.

revealed in the resulting conductance and their contribution outweighs the contribution of
electrons incident nearly vertically. So, in this case the differential conductance is an
increasing function of the voltage.

On the other hand, a thick barrier strongly reduces the transmission probabilities for
electrons incident on the barrier non-vertically. So, only the electrons incident nearly
vertically are manifested and the differential conductance is a decreasing function of the
voltage.

A similar effect is also caused by suppressing the inelastic many-particle effects (the
imaginary part of the self-energy) near the MFL surface. The MFL region with a suppressed
self-energy imaginary part acts as an additional effective barrier suppressing the contribution
of ‘non-vertical’ electrons. This situation is illustrated in figures 4 and 5.
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Figure 4. The normalized differential conductance versus the applied voltage for a contact
containing a sub-layer with a linearly increasing coupling-constant value. The curves presented
correspond to tunnelling in the-» plane direction for a barrier thickness of 0.1 nm and with the
following values of the sub-layer thicknegs(from top to bottom): 0 nm (the sharp interface),

0.2 nm, 0.5 nm and 1 nm.
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Figure 5. The normalized differential conductance versus the applied voltage for a contact
containing a sub-layer with a coupling-constant value increasing according to a power law. The
curves presented correspond to tunnelling indké plane direction for a barrier thickness of

0.1 nm, a sub-layer thickness &f = 1 nm and with the following values of the exponent
appearing in the power lav¢/L)" Ay, describing the coupling-constant increase (from top to
bottom): 0 (the sharp interface), 0.25, 0.5, 1 and 4.

Figure 4 presents the differential conductances for contacts with linearly increasing

self-energy intensity (coupling constant, from zero to the bulk value, for various rates of
increase, i.e. various lengths of regions with varying self-energy. The slope of Jh€)
curve decreases with increasing length of this region.

In figure 5, the differential conductances for various functional shapes of the self-energy
increase in regions of the same length are presented. We again see that the slope decreases

with decreasing rate of the coupling-constant increase near the surface, i.e. with extension
of the region of suppressed self-energy values.

Differential-conductance curves for tunnelling contact between an ordinary metal and a

MFL, similar to those in figures 1(a) and 1(b), were calculated in [17] by another method
based on the tunnelling Hamiltonian approach. In that article, tunnelling incvds
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direction was investigated. Dispersion along thaxis was neglected, i.e./ik. = 0,

and within thea—b plane the electron-like parabolic band dispersion relation was used (in
contrast to our hole-like dispersion relation (26)). In that case the positive slope of the
Gp(V) curves decreased with decreasing barrier thickness, in contrast with our results. A
small negative slope of th& (V) curves was expected for tunnelling in theb plane
direction.

In [18], tunnelling measurements on cubic Ba—Pb(K)-Bi—O superconductors were
presented. The normal state of these materials is also expected to possess marginal-Fermi-
liquid character. The differential-conductance curves presented in [18] (all with positive
slope) are similar to our dependencies shown in figure 1(a). Discussion of the applicability
of the marginal Fermi liquid as a model for the normal state of Cu—O-based or Bi—O-based
superconductors, as well as the search for optimal MFL parameters to fit the experimental
data, are beyond the scope of this article. But the derived method for calculating the
transmission coefficient (and so also the differential conductance) represents a good starting
point for our further work in this field.

Acknowledgment

The author is grateful to the Slovak Grant Agency for Science (grant No 2/1359/97) for
partial support of this work.

References

[1] Landauer R 199@nalogies in Optics and Micro Electroniexd W van Haeringen and D Lenstra (Dordrecht:
Kluwer) pp 243-57
[2] Bittiker M 1990 Electronic Properties of Multilayers and Low-Dimensional Semiconductor Structdes
J M Chamberlain (New York: Plenum) pp 51-73
[3] Datta S and McLenmaM J 1990Rep. Prog. Phys53 1003
[4] Van de LeemptL E C and VanKempen H 199Rep. Prog. Phys55 1165
[5] Kirtley J R 1990Int. J. Mod. PhysB 4 201
[6] Zebda Y and Kan'a A M 1992 J. Appl. Phys72 559
[7] Varma C M, Littlewood P B, Schmitt-Rink S, Abrahams E and RuckensfeiE 1989Phys. Rev. Let63
1996
[8] Varma C M 1989Int. J. Mod. PhysB 3 2083
[9] Bonch-Bruevid V L and Tyablikosr S V 1961Green’s Functions Method in Statistical Mechan{boscow:
Fizmatgiz) (in Russian)
[10] Kupka M 1996Solid State Commur®8 869
[11] Varma C M 1985Phys. Rev. Lettt5 2723
[12] Abrikosov A A, Gor’kov L P and Dzyaloshinskii | Ye 196Quantum Field Theoretical Methods in Statistical
Physics(Oxford: Pergamon)
[13] Lukes T 196%olid State Theory. Methods and Applicati@asP T Landsberg (New York: Wiley) pp 405-506
[14] Kupka M 1991Phys. Lett.154A 54
[15] Schneider T and Frick M 1998arlier and Recent Aspects of SuperconductieitlyJ G Bednorz and K A
Mdller (Berlin: Springer) pp 501-17
[16] Kresin V Z and Wolf S A 1990Phys. RevB 41 4278
[17] Littlewood P B and Varma C M 199Phys. RevB 45 12 636
[18] Sharifi F, Pargellis A and DyrseR C 1991Phys. Rev. Let67 509



