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Results from an angle-resolved spin-polarized inverse photoelectron spectroscopy (ARSPIPES)
study of Ni(001), ¢(2Xx2)O/Ni(001), and ¢(2X2)S/Ni(001) are presented. Inverse-photoemission
spectra for the clean Ni(001) surface are in good agreement with previous work. A minority-spin
character is found for a direct radiative transition into an unoccupied 3d band. No definitive spin
dependence is found for radiative transitions into the unoccupied 4sp band, a potentially un-
resolved crystal-induced surface state, or an image-potential surface state. A chemisorbed ¢ (2X2)
oxygen overlayer does not appreciably affect the measured spin dependence or spectral intensity of
the Ni 3d radiative transition. Little evidence is found for an oxygen-induced unoccupied state
above the Fermi level at the T point of the surface Brillouin zone. The persistent spin asymmetry
for the Ni 3d transition suggests that any magnetization decrease induced by oxygen is probably
confined to the Ni surface layer. In contrast to ¢(2X2)O/Ni(001), a c¢(2x2) sulfur overlayer in-
creases the spectral intensity just above the Fermi level, and drastically reduces the measured spin
dependence of the ARSPIPES spectra. These observations are tentatively assigned to a sulfur-
induced majority-spin state above the Fermi level at T'. The image-potential state remains fixed in
energy upon c(2X2) sulfur chemisorption. This behavior is in contrast to that observed for
¢(2X2)O/Ni(001), and indicates that the Ni(001) image-potential state energy need not shift with
adsorbate-induced variations in the work function.
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I. INTRODUCTION

The 3d-electron states in nickel are thought to be
quite atomiclike,! and screen the nuclear charge rather
poorly. Relative to the 3d electrons of elements with
lower atomic number, the 3d electrons in Ni experience
a large effective nuclear charge. Consequently, the cal-
culated? radial extent ( <0.75 A) of the 3d atomic wave
function is small compared with the nearest-neighbor
distance in Ni (2.49 A). The lattice potential does not
affect the 3d orbitals in Ni as much as the 4s and 4p
valence orbitals.! The result of these factors is a locali-
zation of the 3d valence electronic structure, and a con-
comitant narrowing of the valence electron bandwidth.
The narrowed bandwidth favors the correlated motion of
the 3d valence electrons. Two spectroscopic manifesta-
tions of electron correlation in nickel are valence-band
and core-level photoelectron satellites.>~7 Such satellites
are very prominent in nickel and have been extensively
explored with photoelectron spectroscopy.®’ A third
manifestation of electron correlation is perhaps the most
important—magnetism. The magnetic, electronic, and
chemical properties of ferromagnetic Ni(001) are the
subjects of this angle-resolved spin-polarized inverse
photoelectron spectroscopy (ARSPIPES) investigation.

The technique ARSPIPES reveals the spin dependence
of surface and near-surface unoccupied electronic struc-
ture in a wave-vector-resolved manner.® This permits a
direct investigation of the quantum mechanical basis for
magnetism, i.e., the spin-dependent energy band struc-
ture. Nickel has been a particularly suitable system for
ARSPIPES,? 10 since its unoccupied 3d band structure
is believed to be completely of minority-spin character.
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The spin dependence of the unoccupied electronic struc-
ture of clean Ni(001) is the initial topic of this paper.

The unoccupied band structure of nickel surfaces are
thought to determine in part their chemical reactivity.
This band structure'! 13 and its variation with oxygen
chemisorption!*~!7 has been the subject of several in-
verse photoemission (IP) studies of nickel surfaces. The
(001) face is a particularly attractive surface for further
experimentation. Although historically controversial,!®
the geometric structure of a ¢(2X2) oxygen overlayer on
Ni(001) is now thought to be known. With this structur-
al information, theorists have been able to make exten-
sive and detailed predictions for the electronic structure
of ¢(2X2)0O/Ni(001).=2¢ To understand more fully
the effect of a chemisorbed ¢(2<2) oxygen layer on the
magnetic and unoccupied electronic structure of Ni(001),
we also present here results from an ARSPIPES study of
c(2X2)O/Ni(001).

The chemisorption of sulfur on Ni(001) has been far
less controversial from a structural point of view.2”»28
However, comparatively few theoretical predictions have
been made for the c¢(2Xx2)S/Ni(001) system.?’~3! This
fact is particularly surprising given the importance of
sulfur in poisoning commercial catalysts. Angle-resolved
photoelectron spectroscopy measurements>® have provid-
ed information on the occupied electronic structure of
c(2X2)S/Ni(001). However, no information has been
available on the unoccupied valence-band structure. To
investigate the magnetic and electronic consequences. of
sulfur chemisorption on a clean Ni(001) surface, we have
also conducted an ARSPIPES study of
c(2x2)S/Ni(001).- It will be seen that c(2X2) oxygen
and c(2X2) sulfur have very different effects on the sur-
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face and near-surface magnetism and electronic structure
of Ni(001).

The remainder of this paper is organized as follows.
The experimental details will be described in Secs. IT and
III. In Secs. IV-VI, results will be presented and dis-
cussed from our ARSPIPES studies of clean Ni(001),
c(2x2)O/Ni(001), and ¢(2Xx2)S/Ni(001), respectively.
Conclusions are summarized in Sec. VII.

II. EXPERIMENTAL

The experimental geometry for our ARSPIPES mea-
surements is shown in Fig. 1. Electrons with 27% *+3%
[27(3)%)] spin polarization are emitted from a negative
electron affinity GaAs source.’> These electrons are
directed onto the Ni(001) sample at an angle 6, from the
[001] surface normal in the (100) mirror plane (defined
by the [001] and [010] axes). The quantization axis of
the electron spin was adjusted to be parallel or antiparal-
lel to the [010] magnetization axis of the sample, as
shown in Fig. 1. Photons of energy 9.7 eV are generated
via inverse photoemission at the sample, and detected
with a He-I, Geiger-Miiller tube.*® All of the reported
spectra were collected using a CaF, window as the
high-energy cutoff. This cutoff, combined with the pho-
toionization onset of I,, provides an instrumental energy
bandpass of 0.7 eV FWHM centered at 9.7 eV. Oc-
casionally, a SrF, cutoff window was used. This window
improved the energy resolution to 0.5 eV FWHM, and
shifted the mean of the detected photon energy to 9.5 eV
(Ref. 11). The increased spectral resolution, at the cost
of significant signal, did not appreciably enhance the in-
formation content of the spectra. All ARSPIPES spec-
tra were recorded by varying the kinetic energy of the
incident electron beam. Experimental angles are accu-
rate to within £1°. The divergence of the incident elec-
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FIG. 1. The experimental geometry. The Ni(001) sample is
magnetized along the [010] direction, as indicated by the vec-
tor M. Spin-polarized electrons are directed onto the sample
at an angle 6, from the [001] normal in the (100) mirror plane.
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tron beam is estimated to be +3° (Ref. 8).

Our sample was a high-purity nickel crystal that was
cut and oriented to within *0.1° of the (001) plane, and
mechanically polished (0.5 pum diamond paste) to a mir-
ror finish. The sample was cleaned in situ by prolonged
(=2 h) heating of the crystal at 973 K in 1x 1077 Torr
of oxygen. This procedure removed surface and subsur-
face carbon, but left a surface oxide layer. The oxide
layer was removed by annealing the crystal at 1023 K in
1 10~° Torr of hydrogen for 90 min. After this initial
treatment, the crystal was cleaned by argon-ion bom-
bardment (4 107¢ Torr, 1.0 kV) for =1 h, followed by
an anneal to 973 K. Occasionally, 1 langmuir (1 lang-
muir=1 L=1Xx10"% Torrsec) of oxygen was admitted
before the anneal to burn off residual carbon. Typical
contamination (S, C, and O) levels were less than 0.02
monolayers total, as measured with Auger electron spec-
troscopy.

After one hour exposure to the residual gases in our
chamber (operating pressure =2 X 107!° Torr), the crys-
tal surface became contaminated with adsorbed carbon
monoxide (CO). Flashing the crystal to 973 K for 3 min.
removed virtually all of this adsorbed CO. Frequent
flashing of the crystal in this manner permitted relatively
uninterrupted study of the clean surface for =5 h. At
the end of this time, the crystal was argon-ion bombard-
ed for one hour to remove accumulated impurities. The
crystal was then annealed at 973 K for 5 min to restore
order to the clean surface.

The sample was mounted on a horseshoe iron elec-
tromagnet and magnetized along the [010] direction, as
indicated in Fig. 1. In situ magneto-optic Kerr-effect
measurements indicated that the crystal could not be
remanently magnetized. We therefore magnetized our
sample by applying 0.75 A to the windings of the elec-
tromagnet. From Kerr-effect measurements, we estimate
the induced magnetization to be 35(5)% of saturation.
This incomplete magnetization, the uncertainty in the
spin polarization of the electron source, and the un-
known magnetic anisotropy of the Ni(001) surface limit
the quantitative polarization information obtainable
from any single spin-resolved spectrum. However, com-
parisons between ARSPIPES spectra are much more
quantitative.

Stray magnetic fields from the iron electromagnet pro-
duced vertical deflections of our low-energy incident
electron beam. By observing the field-induced energy
shifts of Ni(001) IP spectral peaks with known angle-
dependent energy dispersions, we estimate this deflection
to be 14° from the surface normal. This deflection was
present only for the spin-resolved measurements on mag-
netized samples.

A ¢(2X2)O/Ni(001) sample was prepared by expos-
ing a clean Ni(001) surface at 298 K to 20 L of oxygen,
followed by an anneal to 473 K for 3 min. This pro-
duced a clear c(2X2) low-energy electron diffraction
(LEED) pattern. A c(2X2)S/Ni(001) sample was made
by exposing a clean Ni(001) surface at 298 K to 20 L of
H,S, followed by an anneal to 523 K. The LEED pat-
tern for c(2X2)S/Ni(001) was particularly sharp. Gas
purities were monitored with a residual gas analyzer.
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For both oxygen and sulfur, the ARSPIPES spectra were
identical for annealed and unannealed samples. In this
regard, we note that the anneals following gas adsorp-
tion did not significantly improve the visual quality of
the already clear ¢(2X2)O/Ni(001) and S/Ni(001)
LEED patterns.

At lower gas exposures, we found no visual evidence
for the quarter-monolayer p(2x2) LEED patterns found
previously'® for the O/Ni(001) and S/Ni(001) systems.
Occasionally, these patterns were observed at the ex-
treme edges of our Ni crystal. While this puzzling result
does not directly affect the c(2X2) results presented
here, we speculate that for our sample the c(2x2) half-
monolayer structures developed from smaller ¢(2X2)
adsorbate clusters on the Ni(001) surface.

The photon detector counts n, and n, were recorded
in two separate channels, for the incident spin direction
parallel to the majority- and minority-spin directions in
the Ni crystal, respectively. The spin-dependent asym-
metry (in percent), A, in the photon production is
defined as®

ny,—n,
x 100 . (1

M= N 100
X 100= —\—
Pyln,+n,)

A=—1——
N,+N,

The factor P, accounts for the fact that the polarization
of our electron source is less than 100% (P, <1). The
photon counts N, and N, are the number of photons
that would be detected for a 100% spin-polarized elec-
tron beam, polarized parallel and antiparallel to the
majority-spin direction, respectively. The statistical un-
certainty A A4 (one standard deviation) is given approxi-
mately for the normal incidence geometry by
AA=1/[Py(n)*%], where n=n,+n, and P, is the
magnitude of the electron source polarization
P,=0.27(3).

III. QUESTIONS OF NORMALIZATION

By normalizing a spectral intensity we attempt to
correct data for known or measured causes of intensity
variation that are external to the physical system being
investigated. Sources of photon intensity variation in
our experiment are the electron current incident on the
Ni(001) sample, and the Geiger-Miiller photon detector
sensitivity. Ideally, one would like to monitor and nor-
malize for both of these variables. The current absorbed
by the sample may at first seem to be an indicator of the
incident electron current. However, as shown in Fig. 2,
the current absorbed by the sample varied smoothly as a
function of energy above the Fermi level Er. The total
change in absorbed current from E to 6 eV above Ef is
=~27% for clean Ni(001). This variation in absorbed
current could have both intrinsic and extrinsic causes.
Causes intrinsic to the sample could be changes in the
elastic or inelastic scattering processes with electron ki-
netic energy. An external cause could be stray magnetic
fields that deflect the low-energy portion of our electron
beam. Since these variations are neither known nor
measured, we do not normalize the spectral intensity
within a given IP spectrum to the absorbed current. We
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FIG. 2. The variation of the absorbed current with energy
for clean Ni(001) (solid line) and c¢(2x2)O/Ni(001) (dotted
line). The energy scale for the figure is that appropriate for an
inverse photoemission spectrum, i.e., the energy reported is the
final-state energy above Ej if the electron had made a 9.7-eV
radiative transition.

therefore choose not to make highly quantitative claims
regarding the relative photon intensities within a given
spectrum.

Several figures in this paper will compare IP spectra
for a given sample recorded at various electron incidence
angles 6,. These spectra were normalized to each other
via measurements of the IP count rate at normal in-
cidence (6, =0") for an electron energy 7.6 eV above E
(a featureless part of the IP spectrum). This one-point
normalization procedure ensures a proper correction for
the small (=2%) drifts in the electron source emission
(and therefore in the incident electron current), as well
as the larger (=20%) variations in the Geiger-Miiller
detector sensitivity. This normalization process will be
referred to as procedure A.

The problem of normalization is severe in comparing
spectra of different physical systems, in our case clean
versus chemisorbed Ni(001). The one-point normaliza-
tion procedure A described above cannot be used, since
the IP count rate at a given energy and angle can vary
with chemisorption. Furthermore, the absorbed current
at a particular point is not a suitable normalization stan-
dard. As shown in Fig. 2, the current absorbed by the
nickel sample changes considerably when a ¢(2X2) oxy-
gen overlayer is formed. Similar results were observed
for ¢(2X2)S/Ni(001). This variation probably results
from adsorbate-induced variations in elastic and inelastic
electron scattering processes. Such processes are intrin-
sic to the sample and are not characterized. We there-
fore choose to normalize the spectra at the unoccupied
3d energy to the incident electron current, whose stabili-
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ty is monitored via the total GaAs source emission
current. Normalization for drifts in the photon detector
sensitivity were also made by monitoring the detector’s
response to blackbody photons emitted from a nearby
ionization gauge. We call this normalization process
procedure B. The overall accuracy of such normaliza-
tions was measured to be £10%.

IV. RESULTS AND DISCUSSION: CLEAN Ni(001)

Figure 3 presents a spin-integrated IP spectrum of
clean Ni(001) taken in normal incidence (8, =0°). Three
distinct spectral features are observed. The spectral
features 1 [0.37(7) eV] and 2 [1.28(7) eV] have been pre-
viously assigned!!~!* to direct radiative transitions from
an initial ground-state unoccupied bulk conduction band
to unoccupied 3d and 4sp states, respectively. It has also
been suggested®*3® that feature 2 may originate from
transitions into both a bulklike Ni 4sp band and a nearly
degenerate crystal-induced surface state. Indirect evi-
dence for this assignment will soon be presented.

In the presence of inelastic processes,*® the initial-state
band dispersion in Ni may be modified from a ground-
state conduction band*’ toward the dispersion of a free
electron as indicated by the dotted line in Fig. 4. The
true initial-state band dispersion probably lies between
these two extremes. For the free-electron band we have
a kl(z& —1) dispersion®

k,=0.512(E,;, + Vo). )

1.5

104 Counts

05 |

| | l l

E. 2 4 6
Energy (eV)

FIG. 3. A normal incidence (8,=0°) spin-integrated IP
spectrum of clean Ni(001). The energy reported is the final-
state energy above E of an electron making a 9.7-eV radiative
transition. The sample was demagnetized prior to data collec-
tion.

0.0

KLEBANOFF, JONES, PIERCE, AND CELOTTA 36

12.0
9.0 - Maj.
- Min.

6.0 -

Energy (eV)

3.0 b 1

\\ ~

E-=0.0
(X-T)/2 k| X

FIG. 4. The k, assignment of the radiative transitions 1 and
2 along the [001] I'-X line near X. The solid and dashed lines
are the unoccupied Ni majority-spin and minority-spin E(k)
relations, respectively, predicted by Fuster and Callaway (Ref.
37). Only A, and As symmetry bands are plotted. The dotted
line is a free electron dispersion relation using an inner poten-
tial of 10.4 eV [see Eq. (2) of text]. The length of the vertical
arrows 1 and 2 corresponds to 9.7 eV.

Here, E,;, is the kinetic energy (in eV, relative to the
vacuum level) of the incident electron that produces a
spectral peak. The term ¥, (eV) is the “inner potential”
energy that represents the attractive exchange-
correlation energy felt by an electron within the solid.
For V, we use the value 10.4 eV derived from the
Ni(001) normal-emission angle-resolved photoemission
study of Eberhardt and Plummer.*® With the free-
electron band of Eq. (2), a k, value can be assigned to an
incident electron with energy E,;,. Figure 4 shows that
for the initial-state energies (with respect to Ep=0 eV)
observed for the spectral features 1 and 2, k  -conserving
and energy-conserving 9.7-eV transitions can take place
from the free-electron band to the calculated®’ unoccu-
pied Ni electronic structure. Thus, the free-electron ini-
tial state described by Eq. (2) provides an excellent ac-
count of the radiative transitions 1 and 2 both in terms
of energy and wave vector conservation. It is interesting
that Eq. (2) also accurately accounts for angle-resolved
photoemission®® from Ni(001). Due to the finite energy
and wave vector resolution of the IP measurement, the
elucidation of the true nature of the inverse photoemis-
sion initial state is beyond the scope of the present study.

The spectral feature 3 [4.70(7) eV] has been assigned
to transitions into a bound state induced by the Ni(001)
surface image potential.>>*° This type of state arises
from the repeated total reflection of an electron between
the crystalline potential and the surface image-potential
barrier.>>*~%2 Since the details of the image-potential
barrier are thought to determine the energy of this state,
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FIG. 5. The variation of clean Ni(001) spin-integrated IP
spectra with electron incidence angle 6,. The angle 6, is
varied in the (100) mirror plane. The spectral intensities are
normalized using procedure A (see Sec. III). The sample was
demagnetized prior to data collection.

the bound state is called an
“barrier-induced” surface state.
Figure 5 reveals the variation of the IP spectra as the
incident electron angle 0, is increased in the (100) mirror
plane. These spectra were normalized to each other us-
ing procedure A. As 0, increases, feature 1 loses intensi-
ty, but remains stationary in energy. Both the peak-2
and the image-potential state 3 lose intensity with angle,
and disperse to higher energy. The results of Fig. 5 are
in excellent agreement with the previous work of Gold-
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FIG. 6. A spin-integrated, nominally normal incidence (see
Sec. II) IP spectrum (solid line) of clean Ni(001) magnetized
along the [010] direction. Also plotted is the measured spin
asymmetry A [in percent, see Eq. (1) in text] for the spectral
features 1 and 2. The error bars on A4 (in percent) were calcu-
lated using the formula given in Sec. II.
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mann et al.'!

Figure 6 presents results from an ARSPIPES measure-
ment of clean Ni(001). We observe a —10(2)% spin
asymmetry for the spectral feature 1. This confirms the
previous assignment!! =3 of this peak to a minority-spin
3d band. No definitive spin asymmetry is found for the
spectral peak 2, as shown in Fig. 6. This lack of spin
asymmetry is consistent with a 4sp assignment of this
spectral band. One would not expect a sizeable spin
dependence (or magnetization) for the large bandwidth
4sp band. No evidence is found for a spin splitting of
the 4sp band like that observed previously*® for Ni(011).
It should be remembered that peak 2 may include spec-
tral intensity from an unresolved crystal-induced surface
state.

Figure 7 presents an ARSPIPES spectrum of feature
3. The spin asymmetries observed in Fig. 7 are rather
small and show statistical scatter. However, it is clear
from Fig. 7 that the spectral intensity associated with
peak 3 decreases the spin asymmetry of the ARSPIPES
spectrum. A careful analysis of the spin asymmetry data
suggests that the image-potential state 3 adds spin-
independent intensity to the ARSPIPES spectrum, to
within the experimental error. The spin independence of
the barrier-induced state 3 is easily rationalized. The
band gap in which the surface feature 3 is located is
theoretically independent of electron spin. Also, state 3
is thought to be a barrier-induced state, with most of the
amplitude of the associated wave function residing well
outside the surface layer in the vacuum.** Since the ex-
change interaction depends on the overlap of electron
orbitals centered on the same or nearest-neighbor sites, it
is not too surprising that a negligible exchange interac-
tion is experienced by an electron in the Ni(001) image-
potential surface state. If there were an intrinsic spin
dependence of peak 3, that dependence might be small
since even for bulk nickel, the exchange splitting 0.3 eV
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FIG. 7. A spin-integrated, nominally normal incidence (see
Sec. II) IP spectrum (solid line) of the surface feature 3. Also
plotted is the measured spin asymmetry (in percent) A4 for
feature 3. The error bars on A (in percent) were calculated us-
ing the formula given in Sec. II.
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FIG. 8 (a) A top view of the clean Ni(001) surface, and a Ni(001) surface with ¢(2x2) chalcogen overlayer. (b) The surface Bril-
louin zones (SBZ) for clean Ni(001), and for a Ni(001) surface with a ¢(2X2) oxygen or sulfur overlayer.

is not very large. These factors, combined with the
modest energy resolution of our measurement, probably
conspire to produce a negligible spin dependence of the
direct radiative transition 3 to the image-potential sur-
face state. It would be interesting to investigate the spin
dependence of an image-potential state on ferromagnetic
iron, for which the exchange splitting is =2 eV.

V. RESULTS AND DISCUSSION: ¢(2x2)0 /Ni(001)

The chemisorption of oxygen on Ni(001) has been a
controversial topic, both in terms of adsorbate geometric
and electronic structure.'® This is due in part to the
competition between chemisorption and oxidation at any
given coverage. Throughout the range of exposures over
which a ¢(2X2) LEED pattern is observed, the relative
amounts of oxide and chemisorbed oxygen can vary con-
siderably.'® It has been previously argued that the oxy-
gen overlayer is predominantly chemisorbed just after
the initial steep rise in the oxygen uptake curve.'® In
our experiments, this point corresponded to an exposure
of 20 L. 1t is this chemisorbed c(2 X 2) oxygen overlayer
that is the subject of this study. Figure 8(a) displays a
top view of a clean Ni(001) surface, and a Ni(001) sur-
face with a c(2X2) chalcogen half monolayer. The
relevant surface Brillouin zones (SBZ) for each are
shown in Fig. 8(b).

Figure 9 presents a comparison of normal-incidence
IP spectra of clean Ni(001) (solid line) and
c(2X2)O/Ni(001) (dots). These spectra have been nor-
malized at the 3d energy using procedure B. Note the
substantial decrease in the intensity of the direct transi-
tion 2, with little change in the peak-2 energy. In con-
trast with previous IP results!*'> we observe a small de-
crease in the spectral intensity at the 3d feature 1. This
decrease could be largely attributable to the intensity de-
crease of the nearby spectral peak 2, because of the mod-
est energy resolution of the experiment. Spin-resolved
measurements of feature 1 for c(2X2)0O /Ni(001) reveal

a —9(2)% spin asymmetry. This is the same spin depen-
dence (to within the experimental error) that was ob-
served for this feature on the clean surface.

The surface feature 3 decreases in intensity somewhat
with chemisorbed oxygen and shifts to higher energy by
~0.47(7) eV. The Ni(001) work function (¢y;=5.0 V)
is reported to increase by 0.36 eV with ¢(2X2) oxygen
chemisorption.** The observed energy shift for the
image-potential state is thus qualitatively consistent with
the view*® that the energies of image barrier-induced
states track adsorbate-induced variations in the work
function. The  angular dependence of the
¢(2Xx2)O/Ni(001) IP is shown in Fig. 10. The 3d band

1.50
— Clean Ni(001)
- - c(2x2)0 ]
= 1.00 -
=
o
O
<H
= 050 -
OOO 1 i - { 1

E 2 4 6
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Energy (eV)

FIG. 9. A comparison of normal incidence (6, =0°) spin-
integrated IP spectra of clean Ni(001) (solid line) and
c(2X2)O/Ni(001) (dots). The spectral intensities were nor-
malized at the 3d energy using procedure B (see Sec. III). The
sample was demagnetized prior to data collection.
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FIG. 10. The variation of ¢(2Xx2)O/Ni(001) spin-integrated
IP spectra with 6,. The angle 6, was varied in the (100) mirror
plane (see Fig. 1). The spectral intensities were normalized us-
ing procedure A. The sample was demagnetized prior to data
collection.

transition decreases in intensity with 6,, but remains sta-
tionary in energy. Peaks 2 and 3 both disperse to higher
energy, and lose intensity with increasing 9,.

The intensity decrease observed in Fig. 9 at the energy
of the 3d radiative transition 1 is in contradiction with
the recent experiments of Scheidt et al.'*'> Scheidt and
co-workers report a 30% intensity enhancement of the
3d spectral intensity with 20 L oxygen exposure. This
enhancement was attributed'*'> to an oxygen-induced
antibonding feature just above Er at I''. From the
spin-dependent measurements, and the intensity varia-
tion shown in Fig. 9, we find little evidence for an
oxygen-induced antibonding state above Ep at T’ for
¢(2X2)O/Ni(001). This state has been reported to pos-
sess As symmetry.!” Our photon-detection geometry is
not optimal for the measurement of this group represen-
tation. However, As-symmetry states are to some extent
detectable, as indicated by the observation of the As-
symmetry 3d band transition 1 on clean Ni(001).

A priori, one would not expect a bulklike transition to
display the surface sensitivity exhibited by peak 2 in Fig.
9. For the inverse photoemission transition 2, the in-
cident electron kinetic energy is =11 eV with respect to
Er. By extrapolation of existing inelastic mean-free-path
(IMFP) measurements*”*® for Ni, we estimate the IMFP
of the incident electrons responsible for peak 2 to be
~6 A or =5 atomic layers. Scheidt and co-workers'*
attributed the adsorbate-induced decrease in the peak-2
intensity to strong electronic rearrangements in the sur-
face region of Ni(001) that destroy the coupling condi-
tions in the initial state between the vacuum-free elec-
trons and the initial state within the Ni solid. However,
if the spectral transitions 1 and 2 both originate from the
same initial state, then one would also expect this break-
down in the coupling conditions to lead to the same de-
crease in the intensity of the 3d transition 1. Such a
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large decrease is not observed. A bulk transition can
theoretically*® have a small IMFP if the transition takes
place near a Brillouin-zone boundary. Again one would
then expect an analogous sensitivity for the 34 transition
1, which is not observed.

Surface umklapping could be responsible for
differential adsorbate-induced intensity decreases of
bulklike transitions. Surface umklapping is the term ap-
plied to the variation of an electron wave-vector by a
surface reciprocal-lattice vector g,. When these g are
small, as is the case with a large real-space adsorbate
unit cell such as c(2X2), the umklapp effect can dramat-
ically alter spectral intensities in angle-resolved photo-
emission spectra.’® Surface umklapping could in princi-
ple affect inverse photoemission spectra. However, Fig.
11 shows that the 4sp band sharply decreases in intensity
with only a 3 L oxygen exposure. This exposure pro-
duces an oxygen coverage of =~0.3 monolayers. Since
the normal Ni(001) LEED pattern [p(1Xx1)] is still ob-
served at this exposure, surface umklapping cannot ex-
plain the extreme surface sensitivity of the spectral tran-
sition 2.

We are left with final-state explanations for the sur-
face sensitivity of peak 2. One could assign the
phenomenon to a significant alteration of the Ni 4sp
electronic structure in the near-surface layers of Ni upon
chemisorption. It will be seen in Fig. 12 that a c(2X2)
sulfur overlayer almost completely removes the spectral
peak 2. This suggests that a chemisorption-induced dis-
ruption of the near-surface electronic structure would
have to be exceptionally strong and delocalized over the
~6 A depth sensitivity of the IP measurement. This
scenario, though possible, seems unlikely.

It has been theoretically predicted®*3° that an n=0
crystal-induced unoccupied surface state should be

1.50

— Clean Ni(001)

. 3L0 ]
2
1.00

104 Counts

0.00

F 2 4 6
Energy (eV)

FIG. 11. A comparison of normal incidence (6,=0") spin-
integrated IP spectra of clean Ni(001) (solid line) and Ni(001)
exposed to 3 L of oxygen (dots). The spectral intensities were
normalized at the 3d energy using procedure B.
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FIG. 12. A comparison of normal incidence (6, =0°) spin-
integrated IP spectra of clean Ni(001) (solid line) and
¢c(2x2)S/Ni(001) (dots). The spectral intensities were normal-
ized at the 3d energy using procedure B. The sample was
demagnetized prior to data collection.

present on Ni(001) at the T point of the SBZ and that
this state should have nearly the same dispersion rela-
tions as the Ni 4sp band. If the spectral intensity of this
surface state were significantly larger than that of the
4sp band, the surface sensitivity of transition 2 could be
easily explained as the quenching of an unresolved sur-
face state. We feel that this surface state scenario is
quite consistent with the existing data, and we tentative-
ly interpret the spectral peak 2 as radiative transitions
into both a Ni 4sp band and an n =0 surface state.

One might have expected that a chemisorbed oxygen
layer would decrease the magnetization of the surface
and perhaps the near-surface layers of Ni(001), and
therefore decrease the spin dependence of the IP spectra.
It is important to note that the ARSPIPES spectra are
generated by very low energy electrons. For the 3d radi-
ative transition 1, the incident electron kinetic energy is
~10 eV with respect to the nickel Fermi level. From
existing inelastic mean-free-path (IMFP) measure-
ments*"*® for Ni, we estimate the IMFP of an incident
10 eV electron to be =6 A. Despite this level of surface
sensitivity, the spin asymmetry of the 3d spectral peak 1
displays little variation with ¢(2X2) oxygen chemisorp-
tion. This suggests that any magnetization decrease in-
duced by oxygen is probably confined to the surface layer.

VI. RESULTS AND DISCUSSION: c(2x2)S/Ni(001)

The geometric structure of c(2X2)S/Ni(001) has
been much less controversial than for oxygen.?”?® For
sulfur, only a single, well-defined ¢(2X2) chemisorption
phase exists at half-monolayer coverage. Figure 12
presents a comparison of normal incidence IP spectra of

Energy (eV)

FIG. 13. The variation of ¢(2X2)S/Ni(001) spin-integrated
IP spectral with 6,. The angle 6, was varied in the (100) mir-
ror plane (see Fig. 1). The sample was demagnetized prior to
data collection. The spectra have been first normalized using
procedure A, and then rigidly shifted in intensity to clarify the
presentation.

clean Ni(001) (solid line) and c(2X2)S/Ni(001) (dots).
These spectra have been normalized at the 3d energy by
procedure B. Note the almost complete disappearance
of the spectral peak 2. Again, this surface sensitivity is
very surprising for a bulk transition, and indirectly sug-
gests that peak 2 involves transitions into an unresolved
crystal-induced unoccupied surface state at T on clean
Ni(001). In contrast with the ¢(2X2)O results, we ob-
serve an increase of the intensity at the 3d feature 1.
This enhancement is accompanied by a fourfold decrease
of the spin asymmetry at the 3d energy to —2(2)%. This
asymmetry variation is in marked contrast to the results
for oxygen chemisorption that produced an insignificant
variation in the feature-1 spin asymmetry.

We attribute the intensity enhancement at peak 1 to a
sulfur-induced antibonding state at T’ in the c(2X2)
SBZ. If this assignment is correct, then the fourfold de-
crease in spin asymmetry indicates that this state would
be primarily of majority-spin character. Since the spec-
tral composition of the intensity at the 3d energy is
changing, the chemisorption-induced magnetization dis-
ruption could be confined to the surface layer and still
produce the observed dramatic decrease in the spin
asymmetry. Recent spin-resolved calculations®® for the
c(2Xx2)S/Ni(001) electronic structure do not, however,
predict a sulfur-induced unoccupied electronic state at
r-.

The surface feature 3 shows an interesting response to
sulfur chemisorption. In contrast to the behavior ob-
served for oxygen chemisorption, the image-potential
state energy is remarkably unaffected by the presence of
a ¢(2X2) sulfur overlayer. This lack of energy shift is
surprising. Work function variations were not moni-
tored in the present investigation. However, the Ni(001)
work function is reported*’ to increase by 0.38 eV with
¢(2x2) sulfur chemisorption. If true, then the IP re-
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sults suggest that changes in the energy of the Ni(001)
image-potential state cannot be predicted from adsorbate-
induced variations in the work function. The variations
of the ¢(2x2)S/Ni(001) spectra with 6, are shown in
Fig. 13.

VII. CONCLUSIONS

An ARSPIPES study of Ni(001) revealed spectral
transitions that were in good agreement with previous
work. “Bulklike” spectral peaks could be readily as-
signed to k, -conserving radiative transitions between a
free-electron initial-state band and theoretical bulk final
states. A minority-spin character was observed for a ra-
diative transition into the unoccupied Ni 3d band. No
definitive spin dependence was found for transitions into
the unoccupied 4sp band, a potentially unresolved
crystal-induced surface state, or an image-potential sur-
face state.

The presence of a chemisorbed c(2X2) oxygen over-
layer does not appreciably affect the spin dependence or
the intensity of the Ni 3d IP transition. Little evidence
is found for an oxygen-induced state above the Fermi
level at T’ in contrast with previous work.'*!> The per-
sistent spin asymmetry for the 3d transition suggests
that a magnetization decrease induced by oxygen, if
present, is probably confined to the Ni(001) surface lay-
er.
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A c(2X2) sulfur overlayer almost completely
quenches the radiative transition previously assigned to
the Ni 4sp band. The sensitivity of this transition to
both chemisorbed oxygen and sulfur provides indirect
evidence for the coexistence of an intense unresolved
n =0 image-potential surface state. In contrast to
¢(2X2) oxygen chemisorption, sulfur increases the spec-
tral intensity, and drastically decreases the spin asym-
metry at the 3d transition 1. This finding probably re-
sults from the presence of a sulfur-induced majority-spin
unoccupied state at I'. The energy of the image-
potential state remains fixed upon sulfur chemisorption,
even though c¢(2X2)S reportedly*® causes a 0.38 eV in-
crease in the work function. This behavior is in contrast
with that observed for ¢(2Xx2)O/Ni(001), and indicates
that the energy of the Ni image-potential state need not
reflect adsorbate-induced variations in the Ni(001) work
function.
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