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k-resolved inverse photoemission spectra taken on Ni(001) and Cu(001) show a weak peak at

an apparent energy within a bulk band gap and close to the vacuum level. Comparisons with the
energy-loss function ~im(1/a) ) show that it may be due to an energy-loss satellite. Surface
states associated with the long-range nature of the image potential are also expected to occur at
the observed energies, and may therefore also be responsible.

This report is an addendum to a previous paper'
which described the development of k-resolved in-
verse photoemission spectroscopy (KRIPES) and its
application to band-mapping studies on Cu(001),
Ni(001), and Ni(110). In the cases of Cu(001) and
Ni(001), the energies E of the strong peaks in the
spectra and their dispersion as a function of parallel

Ni (001) [110]

CO

X

wave vector k~~ could be interpreted adequately in
terms of direct transitions within the bulk band struc-
ture. Some weaker features were observed in the
spectra, however, whose origin was left for further
investigation. There are two main interpretations for
these features; they are due to either surface states or
energy-loss processes. Consideration of the surface-
state possibility leads us into a discussion of the class
of additional surface states which arise through the
long-range nature of the image potential. The avail-
able information at present does not permit a defini-
tive conclusion. We shall therefore simply list the ar-
guments for and against both interpretations.

For convenience we repeat in Fig. 1 the KRIPES
data for Ni(001) from Ref. 1. Three features A, B,
and C are seen. Feature A is associated with the
unoccupied part of the Ni d-band density of states.
Peak Band its dispersion to higher energies with in-
creasing angle of incidence 8 can be understood in
terms of direct transitions into the unoccupied s,p
band. Peak C is the feature which we shall be con-
cerned with in this report. It also shows dispersion
with 8. Measurements on Cu(001) show a similar
feature. '

SURFACE-STATE HYPOTHESIS

o 2

ENERGY ABOVE EF (ev)

FIG. 1. Variation with angle of electron incidence 8 of the
KRIPES data on Ni(001) at the photon energy tr»=9 7ev. .

The energy of feature C falls in an absolute gap of
the bulk band structure projected onto the two-
dimensional Brillouin zone, as illustrated in Fig. 2.
This is very suggestive of a surface state. Counterar-
guments to the surface-state interpretation, however,
are that the sensitivity of peak C to surface contam-
ination is about the same as that for features A and 8
and also that available theoretical calculations place
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the surface states just above the lower edge of the
band gap rather than at midgap as observed.

The above counterarguments are not insuperable if
one considers the class of surface states associated
with the long-range nature of the image potential
which have been reviewed recently by McRae. 4 The
bound states of the image potential constitute a Ryd-
berg series converging on the vacuum level E~. In
fact it was the proximity of peak C to Ey that pro-
voked this particular hypothesis. In one theoretical
approximation, the energies and k~~ dispersion of the
bound states are given by4'

E(ks) =Ev+ en+it kii /2m,

where the binding energy (in rydbergs) is

—e„=I/[16(n +a)'], n =1,2, ... , (2)

and the "quantum-defect" parameter a may take
values between —

2
and + —,. Some theoretical

curves are shown in Fig. 2 for the case a =——,; this

gives —e~ =3.4 eV, close to the experimental value
of 3.5 eV obtained for Ni(001) by McRae et al. using
elastic electron scattering. In this approach, we in-
terpret peak C as the unresolved composite of the
n =2 and higher components of the Rydberg series.
The wave functions of these higher components have

[1QQ] = ksao/7r = [11Q]

FIG. 2. Experimental E{k~~) dispersion relations for
peaks C and B (full and open circles, respectively) compared
with the theoretical predictions for the image-potential states
{full curves). "The dashed curves are the predictions for
direct transitions within the bulk band structure. The
hatched area represents the projection of the bulk band
states onto the two-dimensional surface Brillouin zone.

ENERGY-LOSS SATELLITES

Inverse photoemission spectra have an inelastic
background of "secondary photons" which arise as
shown in Fig. 3. The incoming electron decays non-
radiatively, losing energy 5, and then emits a detect-
able photon. If there is a particularly strong radiative
transition between energies E; and Ef and if the
energy-loss process through energy 5 is also strong,
we expect to see a satellite at an apparent final energy
Ef +A.

The well-known energy-loss function is written

]. 62
rm

e(q, ~) e2t+e22' (3)

where e=e~+i~2 is the dielectric function. In the
long-wavelength limit q =0, we may use tabulated
optical values' for e~ and e2. The resulting energy-
loss functions for Cu and Ni are compared with the
experimental KRIPES data for k~~ =0 in Fig. 4. The
zero of the energy-loss scale has been set at the max-
imum of peak 8. In both Cu and Ni, the feature C
occurring in the 4—5-eV range above EJ: matches
very well with a feature in [Im(1/e) ~.

The structures in ~Im(1/e) ~
are not plasmons (i.e.,

their highest amplitudes well removed from the sur-
face plane. The lack of sensitivity to surface contam-
ination is therefore not a serious embarrassment.

The lack of agreement with typical surface-state cal-
culations2 3 is also no longer a problem. The surface
state near the bottom of the band gap predicted by
those calculations can be loosely identified with the
n =1 state of the present discussion. The n =2 and
higher Rydberg components, however, are a conse-
quence of the long-range nature of the image poten-
tial and cannot therefore be reproduced in essentially
short-range theories such as those of Refs. 2 and 3.
The curve for the n = 1 component falls close to the
experimental points corresponding to peak B. How-
ever, we have discussed in Ref. 1 how the dispersion
of peak 8 can be adequately explained in terms of
direct transitions within the bulk band structure
(dashed curves in Fig. 2). It would be desirable to
perform experiments at a different photon energy in
an attempt to remove this near degeneracy between
the bulk and surface predictions.

The strongest argument against the surface-state
hypothesis arises because of its generality. Since the
existence of the Ryberg series arises through the
long-range nature of the image potential and the
presence of a bulk band gap, we would expect to see
such states on many metals. KRIPES measurements
on various faces of Pd, Pt, Au having such band
gaps7 performed after those reported in Ref. 1 do not
indicate the existence of a general feature just below
Ev at k~~=0.
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FIG. 3. Transitions contributing to the inverse photoe-
mission spectrum. The inelastic background or secondary
photon spectrum is due to transitions such as those on the
right, where the radiative decay is preceded by a nonradia-
tive transition due to electron-electron scattering.

CONCLUDING REMARKS

not associated with the condition st =0), but are as-
sociated rather with interband transitions. In the case
of Ni, the optical absorption eoe2 has a peak at
Ace =4.7 eV which is due to direct interband transi-
tions from states near the bottom of the Ni d band to
states just above the d band. These occur primarily
along the X line in k space. In the case of Cu, eoe2

has a peak at about 5 eV which is a composite struc-
ture due partly to direct transitions from the bottom
of Cu d band and partly to direct transitions between
the s,p bands in the vicinity of the l. gap. '

There are two arguments against the energy-loss
interpretation. The first concerns the observed
E(ks) dispersion of feature C. In the energy-loss
process which precedes the radiative transition, one
would expect to lose memory of kII for the incident
electron, leading to a dispersionless satellite. Second-
ly, there are no indications from ordinary photoemis-
sion work on Cu and Ni for the existence of energy-
loss satellites in the 4—5-eV region.
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FIG. 4. Comparisons between the KRIPES data for Ni
and Cu at kII =0 with the electron energy-loss function
~Im(l/a) ~

(dashed curves). The zero of the energy-loss
scale has been set at the maximum of the most prominent
peak. Ey indicates the vacuum level.

loss phenomena, on the other hand, have been docu-
mented for many years. It would be desirable to
demonstrate the existence of the image-potential
states by some technique other than elastic electron
scattering. Since the states are unoccupied and reside
partly in the region below the vacuum level, the
KRIPES technique is particularly well adapted to this
purpose. It should be pointed out that recent stud-
ies" indicate that the threshold fluctuations in elec-
tron scattering are due not so much to resonances
but to interference effects. KRIPES may therefore
be the only unambiguous way of detecting the
image-potential bound states. Further work, prefer-
ably at higher sensitivity and higher resolution, would
be desirable to resolve this issue.

Unfortunately, we cannot at this time conclude de-
finitively in favor of either of the two main interpre-
tations, image-potential surface states or energy-loss
satellites. The surface-state interpretation is clearly
the more interesting because of its novelty. Energy-
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