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We report a theoretical study of image-potential states at a (001) surface of Ag, done with the
help of a simple tight-binding model having an electronic band of finite width. The wave function
associated with these states is calculated at the center of the two-dimensional (2D) Brillouin zone.
The energy dispersion of these states is studied along symmetry directions of this 2D Brillouin zone
and the deviation of this dispersion from its usual parabolic form is discussed. Inside a tunnel junc-
tion Ag(001)/vacuum/Ag(001) the energies of these image-potential states were shown to depend on
the width of the vacuum slab. Finally, we report how the energies of these image-potential states

vary when a voltage is applied to this junction.

I. INTRODUCTION

The observation of image-potential states with inverse
photoemission and two-photon photoemission has stimu-
lated interest in the fundamental character of these
states. References to most of the past experimental and
theoretical papers devoted to these image-potential states
can be found in recent papers.!”’

The paper is mostly devoted to the study of these
image-potential states within a Ag-vacuum-Ag tunnel
junction. The energies of these electronic surface local-
ized states are shown to depend on the width of the vacu-
um slab and are also a function of the magnitude of the
voltage applied to this junction.

But before going to the case of the tunnel junction, we
present first the principal characteristics of the image-
potential surface states, within an original approach.

II. IMAGE POTENTIAL SURFACE STATES

In a previous paper® we studied surface states of a met-
al which was described by a tight-binding model. The
influence of work function on the surface states was taken
into account assuming a square potential barrier outside
the surface. In such simple models we were able to study
the properties (dispersion) of crystal-induced surface
states. Here we study the image-potential surface states
of a metal within a tight-binding aproximation. It is as-
sumed that outside the metal surface there is an image
potential of the following form:

E,+cz for 0<z<zy,,
3.57

7 —

¢y forz>L ,

for z;, <z<L , (1)

d(z)= {do—

where E, is the minimal energy of an electron in the crys-
tal, ¢, is the work function (Fermi energy E=0), and L
denotes the range of the Coulombic part of the potential.
The constant ¢ is determined from continuity condition
at z=z;, and the parameters z;,, and z, are usually
chosen to fit experimental data.>® The units of energy
and distance are electron volts and angstroms, respective-
ly.

The surface states of the model are examined here us-
ing the interface response theory of a composite sys-
tem.®° In order to find the response function of the sys-
tem the potential (1) is replaced by a steplike one for
0<z <L. The latter is constructed by introducing N pla-
nar interfaces which are parallel to the metal surface and
equally distant one from each other. Hence there are
N —1 vacuum slabs between z =0 and z =L with the
same width. The height of the rectangular barrier in
each slab is determined by the value of the image poten-
tial at the position of the left interface.

In this approximation the system consists of semi-
infinite metal (z <0), semi-infinite vacuum (z > L), and
N —1 vacuum slabs between them. Because the response
functions for all mentioned subsystems were already cal-
culated® it is easy to calculate the response function of
the system but the details are omitted here.

The method is applied to study the properties of sur-
face states of Ag(100). We have chosen z;;, =1.1 A and
zo=—0.6 A which provides a good agreement of the cal-
culated binding energy e,=E,—E, of these surface
states (see Table I) with experimental data for k”=0:5
€,=0.52%+0.02 eV, &,=0.16%£0.02 eV. If Ex=0 here,
then E,=¢,. The number of localized surface states de-
pends, in this approach, on the range of the Coulombic
potential, L (see Fig. 1). The energies ¢, in Table I were
calculated for L =1400 A and we have not listed the
states whose energies were still L dependent. The hydro-
geniclike image states form the series with binding ener-
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TABLE I. The calculated binding energies €, for k; =0 of lo-
calized image-potential states for Ag(100) and their difference
with the value &, given by Eq. (2).

€, €,
— (%)
a=0.268 a =0.256
n g, (eV) b=0 b=0.016 eV
1 0.5287 0 0
2 0.1639 0.84 0
3 0.0787 1.09 0.07
4 0.0461 1.21 0.12
5 0.0300 2.00 0.57
gies well described by the formula
0.85—b
g, = . (2)
(n+a)

Putting b =0 into (2) one gets the commonly used expres-
sion since the work of Echenique and Pendry.!® The pa-
rameter a is called a quantum defect. The comparison
between the results calculated from (2) for b=0 and
those obtained by the present theory are presented in
column 3 of Table I. The last column shows that fitting
with b0 leads to differences lower by 1 order. The
crystal-induced surface state was found at energy
E,=—3.724 eV below the Fermi level.

Applying the method for calculating eignevectors of
the composite system!! we have obtained the wave func-
tions of the surface states. The crystal-induced state [Fig.
2(a)] shows that the electron with energy E, is confined
near the surface inside the metal but in the image-
potential surface states E,, E,, and E; [Figs. 2(b)-2(d)]
the electron is localized outside the metal.

The three-dimensional model presented above allows
us to study the dispersion of surface states E, (k) within
the two-dimensional Brillouin zone of the square lattice.
The results presented in Fig. 3 show that the dispersion
of the crystal-induced state is similar to the dispersion of
the top of bulk band whereas the dispersion of the
image-potential surface states resembles the free-electron
parabolic dependence of k. However, a detailed exam-
ination yields the difference between the dispersion of
image-potential states and the dispersion of free electrons
(see Fig. 4) but this difference is below the experimental
accuracy.” The dispersion of the crystal-induced state
also exhibits deviations from cosine-type dependence up
to £0.1eV.

Similar calculations were performed for the metal in
the free-electron approximation with the potential (1).
The agreement with the experimental data was found for

Eb]+clz for 0<z <Zim ,

o n(L —2z,)
b(2)=do—7.14 1. 0
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FIG. 1. Dependence of image-potential surface states ener-
gies E,, E,, ..., on the range L of the Coulombic part of the
potential. E,=4.42 eV denotes the vacuum level with respect
to the Fermi level E-=0.

30 40

zy=0.47 A and the dispersion of all surface states includ-
ing the crystal-induced one is like the free-electron
dispersion.

Finally we want to emphasize that taking into account
the dispersion of the bulk band leads to small deviations
from the parabolic dependence of the energy of image-
potential surface states on the wave vector parallel to the
metal surface. With the actual experimental accuracy
these deviations from parabolic dependence were not ob-
served.>®

III. SURFACE STATES OF THE TUNNEL JUNCTION

It was shown'?"!'* that the image potential plays an

important role in the interpretations of vacuum tunneling
experiments. Here we discuss properties of surface states
of a system which consists of two similar metals separat-
ed by a thin vacuum slab of width L. The metal is de-
scribed by a tight-binding model and in the vacuum there
is the following image potential:

1

2(z —zg)

n=1

E,,+cy,z for L —z, <z<L .

[n(L —2z)P—(z—z, n(L—2z,)

for z;, <z<L —z,, , (3)
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FIG. 2. The wave functions of the surface localized states.

E,,, and E,, are, respectively, the minima energies of
electrons in the two metals. ¢; and c, are determined
from continuity conditions at z=z,, and z=L —z;,, re-
spectively.

It is worth noting that the potential (3) reduces the
height and the width of the rectangular barrier character-
ized by the work function ;. '

Fitting the potential (3) by a steplike potential, in a
similar way as above, we can again calculate the localized
states using the interface response theory.®® The method
is applied to the Ag-vacuum-Ag junction with the same

10
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T T T
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FIG. 3. Dispersion of surface localized states of Ag. The

dashed area represents the bulk band and the dashed line the

dispersion of free electrons with energy E, at k;=0.
E=K; /K max> Kmax =T /ay, where ay is the lattice constant.

parameters z,, z;,, and @, as in the preceding section.
For very small distances between the metal surfaces,
L=6 A, there are only two localized states (crystal-
induced states) with an energy separation of 0.002 eV.
With increasing the distance L new image-potential states
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FIG. 4. The deviation AE, (eV) from free-electron dispersion

of the first image-potential state

AE,=E,(0)+#k} /2m —E, (k) .
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FIG. 5. The energies of localized surface states of the
vacuum-Ag tunnel junction as a function of the distance L be-
tween metal surfaces. The dot-dashed line ¢,, represents the
maximum value of image potential, whereas ¢, is the work func-
tion in the case of a rectangular barrier.

appear, E| and E, (see Fig. 5), which for L > 35 A can be
considered as one twofold degenerated state. A further
increase of L leads to an appearance of new states, E;
and E,, which are also degenerated for L >80 A. A
comparison between Figs. 1 and 5 shows that the levels of
the degenerated states are nearly the same as the levels of
the corresponding states in Fig. 1. This means that for
each quantum number n of the surface states there exists
a characteristic distance L,. If the distance between the
two metals is greater than L, the surface states of the
tunnel junction E’, and E, become similar to the states
of the free surface.

Another interesting problem we want to discuss is the
tunnel junction with an applied voltage V. The potential
can be written as a sum of the image potential (3) and of
the external field potential

¢ex: V. 4)

It is assumed that the Fermi level of the positively biased

electrode moves down linearly with applied voltage V.
The dependence of surface-state energies on voltage V'

for the distance between electrodes L =20 A is presented
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FIG. 6. Dependence of the energies of surface states of a tun-
nel junction Ag(001)/vacuum/Ag(001) on the voltage V for
ky=0and L =20 A.

in Fig. 6. The behavior of the crystal-induced states E
and E; is different from the behavior of the image-
potential states, whose energies vary nonlinearly with V.
Moreover when the voltage increases one observes the
appearance of new image-potential states.

IV. DISCUSSION

Using a simple tight-binding description of the (001)
surface of Ag matched to the image Coulombic potential
given by Eq. (1), we obtained the properties' ~7 of image-
potential surface states: their energy dispersions (Fig. 3)
and departures from parabolicity (Fig. 4) and their wave-
function localization (Fig. 2). This model also provides
crystal-induced surface state whose energy lies just above
the bulk band of Ag (see Fig. 2).

Then we studied how the energies of these states vary
in a Ag(001)/vacuum/Ag(001) tunnel junction. When
the distance L between the two electrodes diminishes the
wave functions of the image-potential states overlap,
starting from the highest in energy image-potential states.
This overlap produces first a shift in the energies of these
states (Fig. 5). Then for a given value of L, each image-
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potential state disappears. For L =6 A, only the two
crystal-induced states remain. Finally, in Fig. 6, we
show, for kH =0 and L =20 A, the nonlinear value in ap-
plied voltage variation of the image-potential state ener-
gies.
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