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An analysis of the apparent barrier height a1 a2 metal-vacuum-metal interface, as a function of
separation, is presented for different model poteatials. A parametrized model, consistent with
recent theoretical work on the barrier potential which 1akes into account both non-local and local
exchange and correlation effects is studied in detail.

1. Introduction

The scanning munneling microscope [1] (STM) has proved to be a useful tool
not only to obtain topographic images of surfaces [2) but also to provide a
measure of the barrier height the electrons see when tunneling between two
crystals [3]. A main problem, as regards this last point, is to understand why
the apparent barrier height, as measured with the microscope, is practically
independent of the tip-sample separation, and equal to the average work
function of the two crystals, when the image potential and the exchange and
correlation effects tend to reduce drastically the interface barrier [4]. On very
general grounds one can write the microscope tunneling current intensity, at
small bias, as follows [5]:

I=V, K(s) e™22%1, (1)
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where V, is the applied voltage, s the tip—sample distance, ® the mean
tunneling barrier, and X(s) a function of 5. Unless otherwise stated, we use
atomic units throughout.

Eq. (1) suggests that an apparent barrier height can be defined as follows:

®,,={[d(In 1)/ds]3,, (2)

so that it should coincide with the mean tunneling barrier if the dependence
on s of @ and the pre-exponential factor in eq. (1).could be neglected,

Eq. (2) has been defined for the ¥, = constant mode but, alternatively, one
could introduce @, using the current-stabilized mode (7 = constant) and write
[6]:

o, =1[d(In ¥,)/ds]3. (3)

Nevertheless, if ¥, is assumed to be small enough, egs. (2) and (3) yield the
same value for the apparent barrier height, as it has been shown by Coombs et
al. [7]. Accordingly, we will only discuss, for small bias, eq. (2) and its
relationship with the actual barrier height.

The purpose of this paper is two-fold. First we want to give new arguments
showing why the apparent barrier height, P,,,, is 50 much constant over such a
long range of tip-sample distances as experiments show. Second, we present
specific results for the apparent barrier height, calculated using an interface
potential consistent with that given in a previous calculation [4). The ad-
vantage of this interface potential is that it introduces both image forces and
exchange and correlation effects, and gives an appropriate description of the
actual barrier height that electrons see when tunneling between two metals.

2. General considerations

In this section, we shall discuss eq. (2), using a WKB approximation 10
calculate the tunneling current. More general results will be presented in
section 3. The calculations presented in this paper have been obtained for two
planar parallel metallic electrodes having Fermi energies of 8.0 and 5.5 eV and
work functions of 4.8 eV, and a given interface potential V(z) (z is the
direction perpendicular 10 the surfaces).

If the WKB approximation is used to evaluate the electron transmission
probabilities, the runneling current density can be written (measured in A
cm~?) approximately, for small bias, as [8]

J =848 X 107F, As™ B2 (1-1//28 As) e W04 (4)
where @ represents the mean barrier height:

— 1 S )
'i’"ZGf,, [V(2) - Ef] dsz, (5)
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and
As=s5,—15 (6)
is the distance between the classical turning points s, and 5, of the ¥(z)

potential at the Fermi level, Eg, which is assumed to be the same for the two
metals in the case of small applied bias.

Binnig et al’s argument [3] neglected the dependence on s of the whole
pre-exponential factor in eq. (4). Then, they consider the behaviour of the
exponent as a function of s, and assume:

As=1s, (73)
and the image potential reduced mean barrier:
=~ (In2)s, (7b)

where ¢, represents the average work function, that is,

¢D= .1'.(¢L+¢R)1
with ¢ and ¢p representing the work functions of the tip and the sample,

respectively.

For (In 2)/s5 smaller than ¢,/2, it is a good approximation to write:
(8)* = gf* - Hin 2) /s6y* + O(1/5%), (8)
showing that:
2V20 As=22¢8,5— (In 2V2) /¢l/* + O(1 /). (9)

This equation, eq. (2) and the assumption made about the pre-exponential
factor, yield the following result:

®,, = o+ O(1/s5?), (10)

which obviously differs from the mean barrier height given by eq. (7b), but
coincides with the barrier height, ¢, in the limit 5 — cc.

“n this section, we explore the effect of introducing in J the full behaviour
given by eq. (4). To this end, we use Simmons approximation [8]:

V(z)—Ep=¢,— (1.15In2 s5)/4z(s - z), (11)
and find

As=s[1~ (115 In 2) /¢os] ">, (12a)
D=~ f(s)/As, (12b)
where

f(s) = 252t Rs (12)
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Egs. (12), (2) and (4) yield the following result:
B, = ¢+ }(y2¢0 — 1.15 In 2)(1/s5) + O(1/s?), (13)

showing that the pre-exponential factor in (4) introduces, up to second order
in 1/s, the correction

\/'?'TO/Z:'

For typical work functions (¢, = 4.8 V) and 5= 10 A, the first order term in
(13) is approximately —0.15 eV, in such a way that this correction turns out to
be comparatively rather small, so that the apparent barrier height remains, for
gap widths large enough for second and higher order terms in 1/5 to be
negligible, nearly equal 1o the average work function, as the results of section 3
will show.

We should mention at this point that Coombs et al. [7] have neglected the

1-1/Y20 As

pre-exponential factor in eq. (4). On the other hand, the value of the apparent
barrier height deduced from (2) as a function of gap distance when the
tunneling corrent is calculated by (4), is in agreement with the calculations of
Payne and Inkson [6] obtained either in the ¥, = constant mode or in the
current-stabilized mode,

3. Exact results

In order 1o illustrate the discussion of section 2, in fig. 1 we show the

apparent barrier height, @,, for two interface potentials. In one case we take:

V(z) — Ep=¢o— (In 2)/s, (14a)
while in the second, we use Simmons approximation:
V(z)—Ep=¢;—(1.15In 2 5)/4z(s—z). (14b)

The transmission probabilities have been calculated by connecting the exact
solutions of the Schrédinger equadon through the barrier in question in the
first case, and using numerical methods in the second, thus obtaining the exact
result for the tunneling cwrrent density, by integrating over all allowed
energies. As fig. 1 shows, when the image potential reduced barrier is supposed
to be constant and equal to its maximum value (eq. (14a)), @, is, for s>2 A,
larger than ¢,, while it is somewhat smaller than ¢, when the more ap-
propriate potential of eq. (14b) is considered, in agreement with the discussion
of section 2. It is clear from this figure the important role that the image
potential plays in lowering the apparent barrier height, even though it is, for
all gaps widths, higher than the maximum barrier height (dash-dotted line). It

3,
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Fig. 1. Apparent barrier height as z function of gap disiance when the Schrodinger equation is

solved for the interface potentials of eq. (14a) (dashed curve) and eq. (14b) (solid curve). The

average work funcrion, ¢, (dotted curve), and the maximum barrier height (dash-dotied curve) are
given for comparison.

is also interesting to notice that @, is, for the more appropriate potential of
eq. (14b), rather constant and close to ¢, for distances larger than 5 or 6 A.
On the other hand, let us comment that in these calculations @, goes to zero
for s =1 A; this is a shortcoming of the potential models introduced in egs.
{14), which at very small distances do not describe the barrier that electrons
feel when they tunnel between the up and the sample. Indeed, as shown by
Lang [9] and Ferrer et al. [10], @, goes to zero for 5= 0.

In order 10 give a more realistic description of the barrier, we have
improved on these results, by using the following parametrized potential

barrier [11]:

.[_:_L: 250'
AL ﬁsl': + 1
1[1=e™%  1—e =D
3 = -t 2=z
V(z)= - : ) (15)
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Fig. 2. Model barrier of eq. (15) with .J\,_ =Ap=09a7" (ag=0.529 A), and g =0.5 (solid curve)
or p =1.0 (dashed curve), for 4 =10 A. Notice that in the tunneling region, far outside the image
planes. this barrier converges 10 the classical image reduced potential barrier (dotted curve) when

p=1.0: however. for distances smaller than 4 or 5 A it does not longer converge to the classical
barrier.

In this expression the potential is referenced to the tip vacuum level, A4,
By, Ag and By are determined by matching ¥(z) and its derivative at z = 0
and z=d, the gap distance, which is defined to be the distance between the
image planes of the two metals, U; and Up represent the values of the bulk
inner potentials of the tip and the sample, respectively, vy is the Euler number,
and ¥, the digamma function [12). The g quantity tells us about the depen-
dence of the barrier height on 4, and the quantities Ap and Ay determine the
range of transition from the vacuum potential to its value in the bulks.

In fig. 2 we show the model potential of eq. (15). In figs. 3 and 4, 9, is
exhibited as a function of 4. for the special case op=¢p =48 eV and for
significantly different values of ¢p and ¢g (¢ =3 eV and ¢ =6 V), when
the potential barrier parameters A and g of eq. (15) are considered to have the
values represented in tables 1 and 2, respectively, which fit the potential of de
Andrés et al [4]. These results also show that the apparent barrier height is
rather constant and quite close to ¢, for d> 6 A, although they differ, at short
distances, substantially from the ones calculated from eq. (14b). In particular,
the apparent barrier height. D,,. as calculated from eq. (15), goes to zero for
d =10, in agreement with refs. [5,10].
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Fig. 3. As in fig. 1, but when the model barrier of eq. (15) is considered, with ¢y =¢p=48 eV
and the parameters A and u represented in tzble 1. Also shown is the mean barrier height, as
defined by (5) (dash-dot-dot-dot curve).
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Fig. 4. Asin fig. 3, but with ¢; =3 eV and ¢r=06¢eV, and the parameters A and p represented in
table 2.




274 J.M. Pitarke et al. / Apparent barrier height for tunneling electrons in STAM

Table 1
Potential barrier parameters y, A, and Ay considered in our calculations of fig. 3. 2s a function

of gap distance

4 (A) p Ap=Ag(ag!) d(A) u AL=Agtag')
0.1 0.01 0.49 1.0 0.50 0.76

0.3 0.09 0.57 3.0 0.50 0.81

0.5 0.22 0.65 5.0 0.50 0.85

0.7 0.35 0.71 7.0 0.50 0.86

0.9 0.45 0.75 9.0 0.50 0.87

Table 2

Potential barrier parameters p, A and Ay considered in our calculations of fig. 4, as a function
of gap distance

d(d) @ A(az!)  Ax(agh) d(A) g Actagh  Ag(agh)
0.1 0.01 —1.59 2.99 1.0 0.50 0.44 1.04
0.3 0.09 -0.19 1.43 3.0 0.50 0.55 1.00
0.5 0.22 0.16 1.16 5.0 0.50 0.58 1.02
0.7 0.35 .33 1.08 7.0 0.50 0.60 1.04
0.9 0.46 0.42 1.05 2.0 0.50 0.61 1.05

In figs. 3 and 4 we show, as well, the mean barrier, @, as calculated from
eq. (5) using the potential model of eq. (15). The comparison of the two
barriers, @,; and @, show the large difference between the apparent and the
mean barrier for the actual potential of the interface. On the other hand,
notice that the apparent barrier height is always smaller than ¢4: this is the
main difference between the results of this paper and Lang’s calculation [13]
(that otherwise show a reasonable agreement with our results at short dis-
tances). The reason of this discrepancy can be traced back to the non-local
effects (image potential), not included in the calculations of ref. [13], which
play an important role in lowering the apparent barrier height. as it has been
shown above.
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