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It is shown that inverse photoemission cross sections of unoccupied surface states are subject to the same
intensity oscillations as are observed in ordinary photoemission studies of occupied surface states. In partic-
ular, we compare observations of the unoccupied surface-state intensity as a function of k; with a calcula-
tion of the bulk band structure obtained using a combined interpolation scheme. We are able to show that
the surface state peaks in intensity at the value of k; for which it lies closest to the bulk band from which

it is derived.

Electronic surface states have been the subject of numer-
ous investigations using both photoemission! and inverse
photoemission spectroscopies.? Most of these studies have
concentrated on measurements of the binding energies and
the dispersions of these states. In particular, the recent ob-
servation of a new class of surface state derived from the
long-range image potential has led to renewed interest in the
factors that determine the binding energies of these states.’

A different class of photoemission experiment has been
concerned with measuring the cross section of emission
from surface states as a function of photon energy. These
experiments have been interpreted in terms of simple
models which consider the surface state as derived from
close-lying bulk bands.*5 It has been observed in these ex-
periments that, as the photon energy is swept, the surface-
state intensity goes through a maximum at that value of k|
(the component of momentum perpendicular to the surface)
for which the surface state lies closest in energy to the band
from which it is mainly derived.

Such observations represent a transfer of spectral intensi-
ty back and forth between the bulk transition and the
surface-state peak. It has been shown that these experi-
ments may be used to furnish information regarding the de-
cay lengths of surface states and hence their wave func-
tions.’

In this study we show for the first time that similar inten-
sity oscillations may also be observd in inverse photoemis-
sion studies of unoccupied surface states. In particular, we
present inverse photoemission spectra at the X point of the
Cu(001) surface Brillouin zone (SBZ). Such a study is of
interest because there exists an earlier photoemission study
by Kevan, Stoffel, and Smith® of the intensity of the occu-
pied surface state in the same band gap. As we show later,
these two surface states are derived from different bands
and this is reflected in their respective cross sections as a
function of photon energy.

The spectra presented in this paper were obtained with a
new ultraviolet spectrometer designed specifically for in-
verse photoemission. This spectrometer, described in detail
elsewhere,” uses the focused spot from an electron source
as an entrance slit and achieves a resolving power of ap-
proximately 75 in the range 10-30 eV. Conventional low-
energy electron diffraction and Auger techniques were used
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to determine the azimuthal orientation of the sample and to
verify surface cleanliness. _

Figure 1 shows our measured spectra for the X point of
Cu(001). The seven spectra were taken at fixed electron
energies E, ranging from 20.5 to 26.5 eV above Ep, the an-
gle of electron incidence being selected so as to maintain
constant ky=m/a(1,1,0) corresponding to the X point of
the SBZ. These spectra are dominated by a surface state
(labeled S, in Fig. 1) at 3.97 eV above Er. The surface
character of this state is demonstrated by its lack of disper-
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FIG. 1. Inverse photoemission data for Cu(001) at k; = X taken
as a function of initial-state electron energy E., relative to the Fermi
energy Ef.
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sion with k; and by its sensitive dependence on surface con-
tamination.! We note that this state has previously been
observed at points away from the X point (ky < m/a) by
Dose, Kolac, Borstel, and Thorner® in a fixed photon energy
(isochromat mode) inverse photoemission experiment.

In Fig. 2 we plot the intensity of photon emission from
the surface state as a function of k;, where

k;=0.5123[E,—3.81(ky +gy)*— VolV2 | 1)

Here g, can be any reciprocal-lattice vector parallel to the
surface, but in the evaluation of Eq. (1) it is generally set
equal to zero;, ¥V, is the inner potential, for which the
nearly-free-electron value is —6.65 eV, and E, is the in-
cident electron energy with respect to the Fermi level.

The observed variation in strength of the surface state as
a function of k, is explained in terms of the bulk band
structure of Cu for k, equal to the X point of the Cu(001)
SBZ. This point is a projection of the line in the bulk Bril-
louin zone that passes through the 4 [7/a(1,1,0), on the
3 line] and L symmetry points. Shown in Fig. 3, bands 6,
7, 8, and 9 of the bulk band structure from A4 to L in the
reduced zone scheme are obtained using a combined inter-
polation scheme!® for Cu with input parameters from Ref.
11 optimized to fit the bulk L gap.'” These parameters are
appropriate because, as noted above, the X point of the
Cu(001) SBZ lies within the (001) projection of the bulk L
gap.

The intensity of the surface state, which peaks at
E.=24.4 eV in Fig. 1, corresponds to k; =3w/a from Eq.
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FIG. 2. Intensity of emission for the unoccupied surface state S,
(solid line) observed in the present experiment and the occupied
surface state S, (dashed line) from Ref. 6 as a function of k|, the
component of electron momentum perpendicular to the Cu(001)
surface.

(1) and coincides with the bulk L point in the reduced-zone
scheme. Band 7, from which this surface state (S, in Fig.
3) is mainly derived, comes closest to S, at the L symmetry
point, and its intensity is transferred into the surface state at
this value of k;. Similar behavior has been observed previ-
ously for the occupied surface state (S, in Fig. 3) in the
equivalent photoemission experiment.® We note that there
are no bulk transitions observed in Fig. 1, even though the
Gooz2 plane-wave component of the initial-state band-8 wave
function (to which the incoming electron wave function will
couple most strongly!®!4) is peaked at the L point, as deter-
mined by the combined interpolation scheme eigenvectors.

The X gap on the Cu(001) surface is capable of support-
ing two crystal-derived or Shockley-type surface states,!’ and
for comparison we show in Fig. 2 the cross-section effects
previously observed in angle-resolved photoemission data
for the occupied Cu(001) X surface state S;.° The mea-
sured intensity of that state was found to be largest at a
photon energy #w=10.6 eV corresponding to a value of
ky=2m/a. This perpendicular momentum coincides with
the bulk 4 point (see Fig. 3), where the surface-bulk state
energy difference (S;-band-6) is smallest.

Following other authors,** we anticipate that the widths
of the intensity peaks in Fig. 2 are related to the decay
lengths of the surface states. Kevan, Stoffel, and Smith’
applied a simple two-plane-wave model in an attempt to
derive the surface-state decay length from a photoemission
experiment that measured the intensity variation of the sur-
face state at the center of the surface Brillouin zone on
Al1(111). That model! does not easily transfer to the present
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FIG. 3. Bulk band structure calculated as a function of &, from
A to L for k) =X of the Cu(001) surface Brillouin zone from the
combined interpolation scheme (Refs. 10-12).
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ky=0 experiments where the surface state should be
represented by a wave function derived from four plane
waves rather than two. Thus the wave function of this state
(S,) has the form

u=-e"%cos(kyry)cos(pz+38) , )

where ¢, the complex component of the wave vector,
describes the decay of the surface state into the bulk and re-
lates to the decay length A by ¢=1/\A. The cosine terms
simply describe the characteristics of the wave function
parallel and perpendicular to the surface. However, further
complications arise from the involvement of the 4 bands in
determining the band-gap characteristics at the X point in
Cu(001). In fact, we determine from the combined interpo-
lation scheme that at the 4 point band-6 has 50% d charac-
ter, and at the L point band-7 has 25% d character. We an-
ticipate that extraction of quantitative decay lengths for
these surface states at points away from the center of the
zone will prove difficult. However, by comparison with the
photoemission measurements of the observed intensity of
the occupied Cu(111) surface state at the center of the
zone* we are able to make qualitative comments on the ob-
servations in the present study of the unoccupied surface
state. Any width of the intensity maxima in Fig. 2 due to
the localization of the surface state will be increased by the
momentum broadening of the electron in the final state in
photoemission or initial state in inverse photoemission. Us-
ing the experimentally measured mean free paths appropri-
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ate to the different final state/initial state energies measured
with respect to the Fermi level and allowing for the fact that
the experiments are made at different values of k|| we esti-
mate that the momentum broadening in the earlier Cu(111)
study is of the order of Ak—0.2 A" and in the present
Cu(001) X study Ak~0.1 A~'. The full width at half-
maximum Qf the intensity maxima for the two experiments
are 0§2_61 A~ for the Cu(111) study and approximately
035 A in the present case. Thus by deconvolving
Lorentzians of the appropriate width due to the momentum
broadening we are left with intensity maxima which indicate
that the decay length of the T’ surface state on Cu(111) is
shorter than that for the state in the X gap on Cu(001).
This is consistent with the fact that in the Cu(111) case the
surface state binding energy is displaced further from the
closest-lying continuum edge.

In summary, we have demonstrated that unoccupied sur-
face states show the same cross-section variations previously
observed for occupied surface states. Thus these states may
be expected to peak at values of k; at which their overlap
with their ‘‘parent’ bulk band is largest. We make the fur-
ther observation that in the present case these intensity
variations show a periodicity determined by the perpendicu-
lar component of the reciprocal-lattice vector that generates
the band gap (Gy;;) rather than the reciprocal-lattice vectors
that run perpendicular to the surface of the type Goo,.

We acknowledge useful discussion with S. D. Kevan,
N. V. Smith, M. Weinert, and J. W. Davenport.
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