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Image States: Binding Energies, Effective Masses, and Surface Corrugation
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We show that image-potential surface states are strongly affected by surface corrugation. In par-
ticular, their binding energy and effective mass are strongly coupled. New inverse-photoemission
measurements for Ag(100) indicate that neglect of the corrugation contribution to the binding in
previous work has caused (i) the confusion of the fundamental and excited image states and (ii)
underestimation, by a factor of 3, of the spatial extent of the states observed.

PACS numbers: 73.20.Cw, 79.20.Kz, 79.60.Cn

We are concerned here with a special class of unoc-
cupied electronic states that exist at solid surfaces.
The potential that binds an electron to the surface in
such a state is due to the response of the surface to the
presence of the electron, i.e., the electron is bound to
its own image.l'2 We want to emphasize that the phys-
ical origin of image states, which have now been ob-
served on several metal surfaces by LEED *>* and by
inverse photoemission,>-® differs qualitatively from
that of Shockley states® which are created at surfaces
by the breaking of crystalline interatomic bonds. Un-
like image states, the latter are part of the manifold of
atomic valence states, and emerge, e.g., in a tight-
binding description of a surface.!® Unoccupied Shock-
ley states have also been observed by inverse photoe-
mission.!!

Image states are bound weakly to the surface, imply-
ing that their amplitude is concentrated relatively far
away from it.»* The physical picture of these states
that we present is similar to that for electrons at sem-
iconductor inversion layers, i.e., the electron is local-
ized in one direction (z), but is nearly free in the
remaining two directions (xand y). In the case of im-
age states, because the localization is provided by a
Coulomb potential, the z dependence of the wave
function is fundamentally hydrogenic, with the crystal
surface playing a role analogous to that of the atomic
core in an alkali-metal atom (i.e., quantum defect).
Interaction with the surface also perturbs the x,y
dependence of the image-state wave function, causing
motion along the surface to depart somewhat from
free-electron behavior. This departure is measured
directly in inverse-photoemission experiments as the
effective mass.®® An important aspect of the present
work is the observation that comcomitant with any devi-
ation of the effective mass m,’ from unity is an increase of
the image-state binding energy Eg.

That the binding energy and the effective mass are
linked follows from general theoretical considerations,
but determination of the magnitude of the effect re-
quires either a detailed electronic-structure calculation
for the surface, or accurate measurements of both the
binding energy and the effective mass. Our measure-
ments of these quantities for the (100) surface of Ag,

shown in Fig. 1, indicate that, even on such dense sur-
faces, the surface-corrugation effect is not merely non-
negligible; it provides two-thirds of the image-state
binding energy, and has caused the misidentification
of image states previously observed on the (100) sur-
face of Cu®7 and Au.” These states were ascribed to

klt::m] (&-1)

0.0

015

0.31

0.38

INTENSITY (ARB.UNITS)

k HOO] (&—1)

0.0

0.28

0.4

B

[ [
-4 -2 ) 2 4
ENERGY RELATIVE TO Eyqc (eV)

FIG. 1. Inverse-photoemission data taken at hv =9.7 eV
for Ag(100) showing structure due to image states ~ —0.6
eV below vacuum. Data taken for several angles of electron
incidence permit a lower bound to be placed on the effective
mass for motion of the image electron along the corrugated
surface (m*=1.3m) in both azimuths.- Also note the in-
creasing width of the image-state feature (shaded) with in-
creasing k. The emission feature near Ef is mainly bulk
derived (Refs. 5, 6, and 8). For details of the experiment
see Refs. 8 and 11.
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the nodeless fundamental hydrogenic state (n=1 in
Fig. 2), whereas the present analysis shows that the
states observed on these surfaces at about —0.6 eV
below the vacuum level E,,. are, in fact, the first ex-
cited image state (n=2 in Fig. 2), possessing a nodg
at — 5 A from the surface and a maximum at — 12 A
(see Fig. 2). Note that the importance of surface cor-
rugation to the binding energy implies that the binding
energy observed experimentally does not directly indi-
cate the spatial extent of the image state. The latter is
determined exclusively by the hydrogenic component
of the binding energy €,. This distinction is particular-
ly important in the present context, because the spatial
extent of the states of a Coulomb potential varies
more strongly with energy than those of short-range
potentials.

The fundamental physical parameters characterizing
the problem; the geometry, length, and energy scales,
are shown in Fig. 2. Note that most of the amplitude
of the states with which we are concerned is concen-
trated at distances from the surface greater than those
characteristic of atomic valence states. It is not
surprising, therefore, that the z dependence of the
wave function is fundamentally that of a planar hydro-
genic atom. As Fig. 2 also indicates, for their ex-
istence these states require a gap 2A which serves as
the repulsive barrier that prevents the electron and its
image from combining to form a neutral bulk quasi-
particle.

In a one-dimensional model'>!3 containing the
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essential aspects of these quantum-defect surface
states, a gap in the otherwise free-electron spectrum of
the substrate is created by a single nonzero pseudopo-
tential coefficient. (The position of this gap is fixed by
the work-function and self-consistent band-structure
calculations.’?) The distance relative to the image
plane at which the single-particle potential becomes
imagelike is given by z, (see Fig. 2).!* This model is
solved here analytically to obtain states such as those
shown in Fig. 2. The model confirms our intuitive ex-
pectation that excited (n=2) image states are very
insensitive to the parameters characterizing the sub-
strate, the bandwidth, the band gap, and z;, because
the wave-function maximum is farther away from the
surface (cf. Fig. 2). This does not hold for the funda-
mental n =1 state.

Consider now the transverse (x,y) variation of the
wave function of such states. As stated, this aspect of
the problem should be an excellent candidate for
nearly-free-electron theory. If the surface is dense,
the corrugation will be small and the smallest surface
reciprocal-lattice vector G(1,0) =27/a, (a; is the sur-
face lattice constant) is large. Under these conditions,
we expect deviations from free-electron behavior to be
characterized by a single matrix element V,(1,0) of
the effective single-particle potential, and perturbation
theory to be adequate (V, <#2G%*m). In what fol-
lows, we take this corrugation matrix element to be a
parameter.'> Both the rigid displacement of the free-
electron parabolic dispersion curve EZ . (the contribu-

VACUUM —

¥n
04
03
0.2
(OX]

E
vac oA

\\«———»

- 12
Fe— k —X

30

€n=p = —049eV

= POTENTIAL

Ag (100)

—> d «—
SINTERPLANAR SPACING

DISTANCE (R)

FIG. 2. Energy and spatial scales characterizing image states on metal surfaces. Shown are the fundamental (n=1) image
state, with no nodes in the vacuum region, and the first excited (# =2) image state, with one node. Also shown are the effec-
tive one-electron potential and the bulk energy-band structure that produce these image states. The quantity z, (taken to be
~ 1 A) specifies the distance from the surface beyond which the potential is purely Coulombic (imagelike). The parameters
A, width of the gap, its position, and the Fermi energy Er have been taken from self-consistent band-structure calculations

(Ref. 12). The image plane corresponds to z = 0.
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tion of corrugation to the binding energy) and its devi-
ation from perfect parabolicity (the deviation of the ef-
fective mass from unity) are determined in second-
order perturbation theory directly by the single corru-
gation parameter; the formulas are

Ef=e€,+ EL, +72kE /2m,)}, 1
with

El. =8m|V,|¥r*G?, ()

my/m=(1—128m*V,|*/k*G*)~ . 3)

Figure 3 shows how the theoretical link between the
binding energy and the effective mass [Eqgs. (1)-(3)]
relates to available experimental data.5-8 In particular,
Fig. 3 shows the importance of the lower bound ob-
tained in the present measurements of the effective
mass to the question of the magnitude of surface-
corrugation effects. In our view, the fact that the ef-
fective mass for the image state on Ag(100) is at least
30% greater than unity can be reconciled with a bind-
ing energy near —0.6 eV only if the state is taken to be
the first excited image state (see Fig. 2), whose hydro-
genic binding energy €,—, is only about —0.2 eV.
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FIG. 3. Relationship between total image-state binding
energy and the effective mass. The lower bound of 1.3 for
the effective mass on Ag(100) obtained in the present ex-
periments, together with the binding energy of —0.6 eV ob-
served, shows that two-thirds of the total binding energy is
due to the corrugation contribution. The state considered is
the first excited image state. The corrugation matrix ele-
ment and the hydrogenic component of the binding energy
(—0.2 eV) deduced from the measurements on Ag(100) per-
mit the total binding energy and effective mass to be predict-

ed for the corresponding image state on other dense metal
surfaces.

Note that, since the hydrogenic component of the
binding energy must be negative, the theory places an
upper bound on the effective mass of 1.5. (The
theoretical upper bound on the effective mass, for any
binding energy, corresponds in Fig. 3 to 45° line pass-
ing through the origin.) Since the spatial extent of the
image state increases rapidly as the hydrogenic com-
ponent of the binding energy decreases, an effective
mass mj near the experimental lower limit of 1.3 and a
hydrogenic binding energy near —0.2 eV constitute the
most plausible interpretation of the data. Note that
the value of 1.2 estimated for the effective mass for
Cu(100) in Ref. 6 equals our predicted value.

Several independent factors support this interpreta-
tion: First, not only are our data for Ag(100) naturally
explained, but also the previously measured binding
energies for image states on Au(100) and Cu(100)
(see Fig. 3), with the similarity of the three binding
energies stemming from a weak dependence of the hy-
drogenic component of the binding energy on surface
properties (for the excited image state). Note that the
range of reasonable effective masses leads to only a
narrow range of total binding energies. Second, inter-
preting the state at —0.6 eV as an excited state leaves
the fundamental image state to possibly contribute to
the surface sensitivity observed for the mainly bulk-
derived emission feature near the Fermi level (— —4
eV) in Fig. 1. We observe that both the —0.6-eV and
the Fermi-level peaks diminish rapidly with small
amounts of adsorbed water; this has also been ob-
served for Cu(100) with Cl adsorption.® Third, if we
ascribe image-state feature in Fig. 1 to the superposi-
tion of all »=2 hydrogenic states, the increasing
width of the feature with k), is naturally explained,
since the more excited states » > 3 will have less per-
turbed masses (m,’— m). Finally, a single reasonable
value of the only significant parameter of our model,
V,(1,0), accounts for all existing data (Cu,Ag,Au)
and predicts that the binding energy and effective mass
for Ni(100) are the same as those of Cu(100), since
their lattice constants are similar.
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