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Unoccupied bulk and surface states on Ag(111) studied by inverse photoemission
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We present k-resolved inverse photoemission spectroscopy (KRIPES) results for Ag(111) in the
T K direction of the surface Brillouin zone. The spectra were taken as a function of electron energy
and angle of incidence at a fixed photon energy (9.7 eV) of the emitted radiation. The crystal-
induced surface state and the image-potential-induced surface state are observed with final-state
electron energies at T in good agreement with a recently proposed multiple reflection model and
with dispersion characterized by effective masses m*=0.7m and m * =m, respectively. The mea-
sured intensity of the surface state roughly follows a cos’a dependence, where a is the angle between
the sample normal and the polarization vector of the detected photons. Transitions into bulk-
derived final states are observed, with final-state electron energies ranging from Er to Er+20 eV.
The dispersions of these bulk-derived final states agree with very simple ‘“‘empty-lattice iso-
chromats” derived from free-electron bands of proper symmetry, as well as with results of a band-
structure calculation based upon a combined interpolation scheme.

I. INTRODUCTION

Inverse photoemission may be used to study both bulk-
and surface-derived features in the unoccupied region of
the electronic band structure. Direct k-conserving transi-
tions allow band mapping of the bulk states which com-
plements similar information for the occupied region of
the band structure derived from photoemission experi-
ments. This variant of the technique is known as
k-resolved inverse photoemission spectroscopy (KRIPES).

Unoccupied surface states have been identified on both
metal and semiconductor surfaces. These surface states
may be classified into two categories: those derived from
the crystal potential due to its termination at the surface,
and those derived from the long-range image potential
which the electron experiences outside the surface. The
former are of the “Shockley” or “Tamm” type, previously
observed in numerous photoemission experiments whilst
the latter, because of their proximity to the vacuum level,
have only been observed using inverse photoemission.

An occupied Shockley-type surface state has been ob-
served previously at the center of the zone on the Ag(111)
surface in several photoemission experiments. Away from
the center of the zone the state was found to disperse up-
wards towards the Fermi level before disappearing. In
this paper we show that this state may be observed to con-
tinue its dispersion above the Fermi level. We also show
that, as on other surfaces with similar band gaps, image
states exist below the vacuum level. We examine the
unoccupied bulk band structure and in Sec. V we present a
simple empty-lattice isochromat model as an aid to the
identification of the bands involved in these k-conserving
transitions.
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In Sec. II we give details of our experimental procedure
and in Sec. III we show the results of different experi-
ments. Surface-derived features are discussed in Sec. IV
and those arising from bulk transitions in Sec. V. The
conclusions of the paper are summarized in Sec. VI.

II. EXPERIMENTAL DETAILS

The two central elements of the experimental ap-
paratus, the electron source and the photon detector, are
described separately elsewhere.’> Briefly, the electron
source”® utilizes a low-temperature (~800°C) BaO
cathode emitter and features lens elements designed to .
minimize space-charge effects at low kinetic energy (< 10
eV) and provide a reasonable current into a well-focused
beam (5° full angular spread). For 6 eV electron kinetic
energy, sample currents of ~5 pA are routinely achieved
with the electron beam focused into an ~1.0-mm [full
width at half maximum (FWHM)] spot providing 0.1-
A~! momentum resolution (5—10 uA and 0.2 A~! for
20-eV electrons). As in all KRIPES experiments reported
so far, the component of parallel momentum is varied by
rotating the sample, which is held at ground potential. By
convention, positive angles correspond to rotations toward
the photon detector. The Geiger-Miiller-type photon
detector? collects less than 1% of the 27 sr flux from the
sample in a band pass of =~0.7 eV centered about 9.7 eV.
With such a small solid angle subtended at the surface it
is possible to observe spatial anisotropies of the emitted
photons due to polarization effects.

Sample cleanliness was achieved by repeated Ar
sputtering and annealing in ultrahigh vacuum. Low-
energy electron diffraction (LEED) and Auger-electron
spectroscopy were used to characterize the sample surface.
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III. RESULTS

Figure 1 shows our KRIPES measurements on Ag(111)
at #iw=9.7 eV as a function of electron incidence angle 6,
in the T K azimuth. In this azimuth it is possible to
check alignments and determine normal incidence by
comparing spectra taken on opposite sides of the surface
normal.

For 6, =5°, a prominent peak emerges above the Fermi
level and disperses to higher energy for |6, | <30°. This
state is identified as the continuation above Er of the oc-
cupied surface state (SS) previously observed in normal
photoemission by Roloff and Neddermeyer* and by
Hansson and Flodstrom.®> The fact that we observe this
surface state in inverse photoemission at the center of the
zone, i.e., for normally incident electrons, is associated
with the limited energy and angular resolution of the ex-
periment. In the earlier photoemission experiments this
state was observed to be less than 0.1 eV below the Fermi
level.

The set of small peaks that disperse upward from
Ey—0.7 eV at T (approximately 3.75 eV with respect to
the Fermi level) is identified with the »n =1 component of
a Rydberg series of image potential (IS) surface states, as
previously reported for a number of other single-crystal
surfaces."®~° The strong peak just above Ep for 6=45°
and the smaller peaks above Ej in all of the spectra are
attributed (as discussed below) to bulk-derived direct tran-
sitions. The dispersion of all of these features is plotted in
Fig. 2.
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FIG. 1. KRIPES data for Ag(111) taken as a function of
electron incidence angle in the T K azimuth at #iw=9.7 eV.
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IV. SURFACE-STATE DISCUSSION

We have recently demonstrated that a simple model
based on multiple-reflection theory may be used to ac-
count for the binding energies of surface states found
within band gaps at the center of the zone on low index
faces of Cu.

This model considers surface states as electron waves
trapped between a crystal barrier in the band-gap region
and the barrier associated with the electron’s image poten-
tial outside the surface. If rce' © and rgze  ? represent
the respective amplitude reflectivities from these barriers,
then bound or surface states correspond to poles of the
function

Yy={1—rcrgexpli(¢c+¢p)1} . (1

A necessary condition for the existence of a surface state
is therefore that the total phase change

d=¢c+dp=2mn, ()

where 7 is an integer.

We have shown that the image-potential-derived states
form a Rydberg series with binding energies accounted for
by this formula for n > 1. These binding energies relative
to the vacuum level E, are given by’ e,=(0.85
eV)/(n +a)?, where the quantum defect @ =+ (1—dc /7).
We have further shown that the contribution » =0 in Eq.
(2) leads to reasonable predictions for the binding energies
of surface states or surface resonances derived from the
crystal potential.

The phases in Eq. (2) are given by the expressions!®—!?
12
3.4eV

¢B o ‘E_‘V _—‘ E_ ( )
and

V'E tan —¢—29— =kgtand—q , (4)
where

28 =sin"! Gq (5)

G

Here G is the magnitude of appropriate reciprocal-lattice
vector perpendicular to the surface, g is the imaginary
part of the wave vector, and 2| Vg | is the width of the
band gap. (See Refs. 10—13 for further details.) Solving
Eq. (2) graphically, Fig. 3, we find that the first com-
ponent of the series of image states should have a binding
energy of 0.74 eV with respect to the vacuum level and
the crystal-derived surface state should be found ~0.04
eV below the Fermi level in the occupied region [the
Ag(111) work function is taken to be 4.46 eV (Ref. 14)].
Experimentally we find that the image state has a bind-
ing energy of approximately 0.7 eV, which is close to the
value predicted above. The dispersion of this state is
found by least-squares fitting to be free-electron-like as
expected. The crystal-derived surface state has been ob-
served previously below the Fermi level in photoemission
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FIG. 2. Experimental and theoretical E (k||) dispersion relations for Ag(111) in the T K azimuth. Cross-hatched area near E is
the gap in projection of the bulk band structure. Cross-hatched areas near 12 eV are initial-state gaps shifted down by #%w=9.7 eV.
The crystal-induced surface state lies in the band gap near L) for kj;=0 and disperses with effective mass m*=0.64m. Dashed line
in (b) is the dispersion calculated by Ho et al. (Ref. 15). The image-potential state follows a free-electron-like (m* ~m) dispersion.
Remaining features are all bulk derived and are to be compared with (a) isochromats resulting from the combined interpolation
scheme band-structure calculation (Ref. 17) and (b) the “empty-lattice” isochromats. The combined interpolation scheme band-
structure isochromats are labeled by the initial- and final-state band indices; the empty-lattice isochromats are labeled by the recipro-
cal lattice vectors which identify the initial and final free-electron states. aq is the lattice parameter (=4.09A).

By ! -~
@
530 .
x b7/
Z 5l /
i} /¢ -
3 N/
&k / _1
o /
“ /
i | FERMI LEVEL
SS
% Ag (il
T e
o e

T
PHASE

FIG. 3. Energy dependence of the phases ¢c, ¢p, and ¢
(=¢c+¢p) for the Ag(111) surface, which appear in the
multiple-reflection theory of surface states (see Ref. 1 and refer-
ences therein). Energy of the solid circle labeled IS is the ob-
served binding energy of the n =1 image-potential state. SS
corresponds to the measured energy of the crystal-induced sur-
face state on Ag(111) (Ref. 4).

experiments.*> Since this state is occupied at T it should
not be observable at normal incidence in inverse photo-
emission. The fact that we do observe the state under
such conditions is a reflection on the momentum resolu-
tion of our experiment. Figure 4 shows a plot of the in-
tensity of the surface state as a function of the angle of in-
cidence of the electrons. Derived from p,-type orbitals, it
would be expected that the intensity of emission from this
state would show a cos?a dependence where « is the angle
between the photon polarization vector and the surface
normal. The angle between the axis of the photon detec-
tor and the electron incidence direction is fixed at 45° and
thus the expected cos’a dependence translates into
cos’(0, +45°) where 6, is the electron incidence angle.
Figure 3 shows reasonable agreement for this cross-section
dependence for —20°< 0, <40°. At angles less than —20°,
grazing emission begins to limit the photon detection rate.
Note that the intensity does show a minimum in the re-
gion of the surface normal, where the surface state has
been observed below Ep.

Using the least-squares fitting procedure, the dispersion
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FIG. 4. Intensity of the crystal-derived surface state (SS) vs
the angle a between the sample normal and the polarization vec-
tor € of the detected photons. Angle between the axes of the
photon detector and the electron gun is fixed at 45°, therefore
a=0,+45°. SS intensity shows the expected cos’a dependence
(dashed line) as discussed in the text. Vertical dotted-dashed
lines at 6, ~+5° mark the Fermi-level crossings of SS.

of this state is found to correspond to an effective mass of
approximately 0.7m, which is in good agreement with a
first-principle calculation for this state by Ho et al.'®
[dashed line in Fig. 2(b)]. The fitting procedure gives a
binding energy ~0.04 eV below the Fermi level at the
center of the zone. As stated earlier, the value found- from
the model is also —0.04, in excellent agreement with the
experimental value. Previous photoemission experiments
have found values of this binding energy ranging from
—0.12 to —0.08 eV. There is therefore reasonable agree-
ment between all experiments. However, it should be not-
ed that a state lying so close to the Fermi level presents
problems for all of the experiments relating to deconvolu-
tion of the Fermi function. We have also demonstrated
elsewhere that the binding energy of these states depends
upon the local work function.!®

V. BULK BAND FEATURES

In addition to the surface features, a number of peaks
are observed in the KRIPES spectra which arise from al-
lowed transitions within the bulk band structure for
Ag(111). The electron energies of the final states range
from Ep to Ep+20 eV. The (E,k)) positions for these
measured peaks are plotted in Figs. 2(a) and 2(b): solid cir-
cles correspond to strong peaks, open circles to weaker
features. The band gap in the projected bulk band struc-
ture is shown, and the SS and IS features discussed above
are labeled. Superimposed on both Figs. 2(a) and 2(b) are
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isochromats defined by

E,—E;—#io=0, ©6)

- where E; and E; are the initial- and final-state energies

(using a direct transition model) and 7w is the energy of
the emitted photons. In Fig. 2(a), E; and Ej are deter-
mined using a combined interpolation scheme!” with the
energies at the Lj and L, critical points constrained to
the experimentally determined values.!®* The agreement
between the experimental points and the calculated iso-
chromats is good. The experimental points at E~Ep
+ 12 eV are most likely associated with isochromats
10—7 and 10— 8 which lie at ~0.7 eV lower energy and
below the gap in the initial states at E~Ep+24 eV
(shown shifted down by #iw=9.7 eV, shaded regions
within dashed outlines). Experimental points at
E—Ep=8 eV are associated with isochromats 87,
9—7, and 10—7 in that energy range. Below the final-
state gap (L5, L) there is good correspondence between
experimental points and bands 9—6 and 8—6.

In Fig. 2(b) we show “empty-lattice” isochromats deter-
mined within a free-electron model for Ag(111) for
#w=9.7 eV. The initial-state and final-state energies are
of plane-wave form:

E=(k+G,)?, (7)
Ef———(k+Gf)2, (8)

where #°/2m =1 and G; and Gy are the reciprocal-lattice
vectors associated with the lowest-lying plane waves for
the [110] direction (T K) on the Ag(111) surface, namely
(000), (111), (111), (200), and (111). Eliminating k,, the
momentum component perpendicular to the (11 1) surface,
the final-state energy is written as

G/ —G}—fio —2k)|(Gy —Gy)))
2(Gi—Gjy)

E=(k”—GfH)2+ —G}l.

9)

Initial states G;=(111) should be most strongly coupled
to the Ag(111) surface, i.e., isochromats with G;=(111)
should be most readily observed. The similarity between
the empty isochromats and the isochromats derived from
the combined interpolation scheme [Fig. 2(a)] permits as-
signment of the wave-function symmetries. For example,
the combined interpolation scheme isochromat 10—7 is
derived from empty-lattice isochromats (111—111) and
(111—1T1), while isochromat 10—8 is derived from
(111)—~(200). Both isochromats 10—7 and 10—8 con-
tain significant (111) initial-state character and are there-
fore observable experimentally. The strongest bulk band
feature is, as expected, derived from the (111—000) iso-
chromat.

VI. CONCLUSIONS

In this work we have again demonstrated the ability of
inverse photoemission to provide information about the
unoccupied states of a metal. We have shown that as in
previous work! the binding energies of surface states may
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be accounted for using a multiple-reflection model. We
have measured the effective masses of all surface states at
the center of the zone and in particular find good agree-
ment with a first-principles calculation of the crystal-
derived surface state on the same surface. The value of
the effective mass that we have determined for the
crystal-derived surface state on Ag(l111) is higher than
that previously found for the same state on Cu(111), the
latter being 0.4 m. It should be noted however that the
value for the Cu(111) surface was obtained from the mea-
sured dispersion close to the center of the zone. As one
moves away from the zone center the parabolic dispersion
of these states will gradually flatten out. Thus any effec-
tive mass derived from least-squares fitting will gradually
increase as the dispersion is sampled farther out in the

zone.!®

Bulk-derived features are interpreted in terms of both
the combined interpolation scheme and a simple model
based on a free-electron picture of the initial and final
states. The latter method is therefore valuable for predict-
ing the intensities of isochromats via their initial-state
symmetries.
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