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Electronic structure of ordered sulfur overlayers on Ni(001)
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Angle-resolved photoelectron spectroscopy is used to measure the dispersion, linewidth, and

photoionization cross section of the electronic valence levels of p(2 X 2) and c(2 X 2) S overlayers on

Ni(001). Polarized light from a synchrotron is used to identify the symmetry of the individual S 3p states

and to probe their intensity as a function of photon frequency. The data are compared to various theoretical

calculations of the energy levels and of the differential cross section for a Ni, S cluster as well as for ordered

S layers on a semi-infinite Ni(001) substrate. The p states of the c(2 X 2) structure exhibit about 1.5 eV

dispersion with k~~ whose qualitative behavior is well reproduced by the theoretical results using the layer

Korringa-Kohn-Rostoker scheme. The measured and calculated p levels of the p(2 X 2) structure, on the

other hand, show very little dispersion as a result of the relatively large S—S spacing. The observed

linewidth of the S levels is considerably larger (1—2 eV) than the calculated single-particle broadening of
the 3p levels due to hybridization with the Ni sp band (0—1 eV). Lifetime broadening associated with

Auger decay appears to be the main origin of the measured linewidth. The photoionization cross section for

normal emission from the p(2 X 2) structure exhibits a sharp resonance at about 18-eV photon energy which

is not present in the case of the c(2 X 2) structure. Theoretical analysis of the cross section suggests that

this resonance behavior is primarily due to the dominant S p-to-d transition coupled with strong multiple-

scattering interferences of the outgoing wave.

I. PVTRODUCTION

One of the main motivations for studying sur-
faces by means of angle-resolved photoemission is
to determine the nature of the chemical bond of
adsorbed species. ' In principle, angle-resolved
photoelectron spectroscopy can be used to deter-
mine both the electronic and geometrical structure
of the surface complex, i.e. , how and where the
foreign species is bonded to the surface. The geo-
metry could be determined by comparing theoretic-
al calculations as a function of the bonding site ei-
ther to the observed binding energy and dispersion
of the adsorbate levels' or to the photon energy de-
pendence or angular dependence of the intensity of
adsorbate peaks. ' In the latter case, it is the mul-
tiple scattering of the outgoing wave by the atomic
environment which leads to geometry-related mod-
ulations of the cross section.

Our objective in this work was to apply angle-
resolved photoelectron spectroscopy to an atomic
adsorption system with a known geometry in order
to obtain a detailed picture of the valence-electron-
ic properties of the adsorbate. The geometrical
structures of the chalcogens chemisorbed on
Ni(001) are well established. ~ The most frequently
studied system is ordered oxygen on Ni(001).' "
Oxygen adsorption on Ni(001), however, does not
seem to be a reproducible process. 'The reported
angle-resolved data are not compatible. Our initial
experience with this system was that obtaining a

c(2 && 2) structure as determined by electron dif-
fraction did not assure that the photoemission
spectra would be unique. There must be several
surface phases which produce a c(2 & 2) diffraction
pattern. Analysis of this system is made more
complicated due to the accidental overlap of the
oxygen-derived levels with the Ni structure near
the bottom of the d band and the two-hole state at
6 eV below the Fermi energy. " For all of these
reasons we have investigated the c(2 & 2) and

p(2 && 2) structures of sulfur adsorbed on Ni(001).
Very high exposures or a temperature treatment
far above room temperature can create the same
problem with c(2 & 2) S observed with c(2&& 2) O.'

Figure 1 shows the real- and momentum-space
geometry of the clean Ni(001) surface and of the
two sulfur overlayers. 'The S atoms are located
above the fourfold hollow sites with a Ni-S bond

length of 2.19 A, as determined by low-energy
electron diffraction4 (LEED). Both real and re-
ciprocal space unit cells are squares; the S-S
spacing of the c(2 & 2) [p(2 && 2)) structure is g2
[2] times the Ni-Ni spacing (2.49 A) of the (001)
face. The corresponding surface Brillouin zones
(SBZ) are accordingly smaller.

The electronic properties of these overlayer
structures can be visualized by starting with a
small cluster containing a single S atom above a
square of four Ni atoms in the same arrangement
as at the surface. Since this molecule has C4„
symmetry, the S p states will form two types of
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FIG. 1. Real- and momentum-space unit cells of the
two ordered sulfur structures p(2x2) and c(2x2) on
Ni(001). The small circles in the real space represen-
tation are the surface Ni atoms.

molecular orbitals with the Ni electrons: a single
orbital of a, symmetry which is constructed from
the S p, orbital (the z axis specifies the surface
normal) and the appropriate symmetric Ni states,
and two doubly degenerate orbitals of e symmetry
which are derived from the S p„and p„ levels.
When the Ni4S clusters are placed onto the surface,
three basic modifications of these molecular or-
bitals occur": (i}Due to the direct overlap be-
tween S states or due to indirect interaction via the
substrate, the p levels form two-dimensional
bands; i.e., the energies of the p levels might
show a dispersion with k11. Obviously, this disper-
sion reflects the lateral periodicity of the appro-
priate overlayer SBZ. (ii}As a result of the hy-
bridization of the p orbitals with the continuum of
substrate valence states, the sulfur levels may ex-
hibit a finite width. The size of this (single-par-
ticle} broadening depends strongly on k~~ and on the
symmetry of the p states. (iii) The symmetry of
the bands can not in general be characterized by
the symmetry of the initial cluster. Only at I' and
M in the SBZ (see Fig. 1) is it possible to disting-
uish states of a, and e symmetry. At X, the states
are characterized by a„a„b„and b, symmetry
(C,„), whereas along 1" to M or Z' to X only o and v

symmetric states exist (Q,„).
We have used angle-resolved photoelectron spec-

troscopy with the polarized light from a synchro-
tron to separate and identify the symmetries of the
S-derived bands for the two structures shown in
Fig. 1. Figure 2 shows a set of characteristic data
taken with a photon energy of 21 eV. All spectra
are recorded at a fixed value of parallel momentum
(k~~=0.6 A '). This value corresponds to the M'
point in the [110]direction (see Fig. 1). Each of

I I a I . I ~ I . I I I i I I ~ I I s I

16 1412108 6 4 2 0 16 141210
I I I, I I I . aL
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the four sets of curves compares the p(2X 2) spec-
trum with the corresponding c(2x 2) spectrum.
The collection notation is explained in Fig. 3,
which shows schematically the angular variables
at our disposal. 01 denotes the angle of incidence
of p-polarized light, g and (I5 are the polar and
azimuthal collection angles, and A, I

denotes the
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FIG. 3. Schematic drawing of the geometry of angle-
resolved photoemission measurements.
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FIG. 2. Characteristic angle-resolved photoelectron
spectra for Sp(2x2) and c(2x2). All curves are at a
parallel momentum of 0.6 P ~. In (a) and (b), only even
states can be observed; in (c) and (d), only odd states
are excited.
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orientation of the crystal with respect to the plane
of incidence. 1he binding energy scale for the
curves shown in Fig. 2 is given by

Es h+ —Eg;„-W,

where Av is the photon energy, E~ is the kinetic
energy of the excited electron with respect to the
vacuum level, and W is the work function.

The two sets of curves on the left of Fig. 2 are
for p-polarized light (gi =45') with the collection
in the plane of incidence (p =90'), which is also a
mirror plane of the crystal. In this geometry,
only states which are even with respect to the mir-
ror plane can be excited. The energy distributions
on the right are for s-polarized light (HI=0') with
a collection perpendicular to the electric field
(/ =0'). In this geometry, only states that are odd
with respect to the incident mirror plane can be
excited. In Figs. 2(a) and 2(c), A~~ lies in the (110)
mirror plane, in 2(b) and 2(d) in the (100) mirror
plane. The comparison of the S spectra with those
for the clean Ni surface in 2(a) and 2(b) (dash-
dotted lines) shows that the spectral features be-
tween 3 and 7 eV below the Fermi energy are pri-
marily caused by the adsorption of sulfur. The ap-
proximately 2 eV wide structure near the Fermi
energy is due to the Ni d bands, while the small
peak near 4 eV is caused by the top of the sp band.
The intensity of these peaks change when S is ad-
sorbed, especially the d-band peak at about 1.7 eV
below E„.

We have systematically investigated the position,
shape, and intensity of the S levels as a function of
kf( and photon frequency. We have also performed
several theoretical calculations for an Ni, S mole-
cular cluster and for ordered c(2 && 2) and p(2 && 2) S
overlayers on a semi-infinite Ni(001) surface in
order to analyze the experimental spectra. The
following is the main picture which emerges from
this work:

(i) The S p levels of the c(2 && 2) structure show
about 1.5 eV dispersion with k~) whose qualitative
behavior is well reproduced by corresponding cal-
culations using the layer Korringa-Kohn-Rostoker
(KKR) scheme. On the other hand, both experi-
mental and theoretical results indicate that the p
levels of the p(2& 2) overlayer are nearly k~, inde-
pendent as a consequence of the larger spacing be-
tween S atoms.

(ii) The experimentally observed width of the S
states for both overlayer geometries is significant-
ly larger (1-2 eV) than the calculated single-par-
ticle linewidth (0-1 eV). Lifetime broadening ap-
pears to be the dominant source of the observed
width.

(iii) 1 he cross section for normal emission from
the p(2 & 2) structure shows a pronounced reson-

ance at @&@=18eV, whereas the c(2 &&2) structure
exhibits a much less rapid frequency dependence.
The theoretical analysis indicates that the p(2& 2)
resonance is essentially a consequence of the
strong atomiclike S p-to-d transition and of con-
structive multiple-scattering interferences in the
outgoing wave. For c(2 && 2), final-state scattering
tends to obscure the atomiclike resonant behavior.

(iv) The intensity of the e state for both overlayer
structures becomes extremely weak for emission
in the (100) mirror plane. This "disappearance"
is also found to be a consequence -of multiple scat-
tering in the final state.

These experimental and theoretical results il-
lustrate the detailed electronic information which
can be obtained with angle-resolved photoemission
and tunable synchrotron radiation. The S levels in
Figs. 2(a) and 2(b) are considerably more intense
and narrow than the peaks seen in the angle-inte-
grated photoelectron spectra from the identical
systems. " 'The reason is that in angle-resolved
photoemission one can select specific directions
and photon energies at which only one peak domin-
ates the spectrum. For example, the very intense
peak near 4 eV binding energy in the p(2 && 2)
curves of Figs. 2(a) and 2(b) is due to the a, sym-
metric S-derived orbital which is characterized by
0 symmetry at this point in the SBZ. 'The photon
energy is chosen to maximize the cross section
from this level. Figure 2(c) shows a. geometry in
which excitation of the 0 symmetry state is forbid-
den: i.e., only the odd p„p„-derived orbital, which
has a different energy position and width than the
0 state, is observed. The consequence of angle in-
tegrating these spectra is a broad asymmetric
peak.

II. EXPERIMENTAL PROCEDURE

All of the measurements mere made at the 240-
MeV storage ring at the Synchrotron Radiation
Center of the Physical Sciences Laboratory of the
University of Wisconsin. The radiation from the
storage ring was dispersed by a 1-m vertically
mounted Seya-Namioka monochromator. The pho-
toelectron spectra were measured using a 180
spherical energy analyzer which has an angular
acceptance of +2.5'and which can be moved to any col-
lection angle. " The total resolution of the mono-
chromator and analyzer was normally maintained
at ~.3 eV, but could be improved mith subsequent
loss of signal.

The data were accumulated digitally in a multi-
channel analyzer. Adsorbate induced peaks in the
spectra were visually fitted to Gaussian peak
shapes using a digital computer program on a
PDP-11. This fitting procedure yielded the area,
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position, and width.
The ¹icrystal was cleaned by Ar-ion sputtering.

The order of the surface was monitored by a 5-keV
grazing incidence electron beam. S was adsorbed
as H, S and heated to remove the hydrogen. " We
observed that a c(2 x 2) diffraction pattern could be
formed in at least three ways, producing different
photoemission spectra: (i) The adsorbed H, S could
be heated to 200'e, during or after exposure. (ii)
The S overlayer could be heated to a higher tem-
perature (300'e). (iii) After repeated exposures of
H, S or before the crystal was completely clean, S
could be diffused from the bulk to form a c(2 x 2)
pattern. We choose to use treatment (i) since it
involves the least amount of heating. The S-de-
rived photoelectron spectra are reproducible using
this procedure. To specify this structure further
we should have measured the current versus volt-
age in one or more LEED beams, but we did not
have this capability.

The value of k„ in a spectrum measured at a po-
lar collection angle 8 and at a photon energy @co is

tkgl (A ') =0.512(Rcs E, —W-)'~'sing, (2)

where E, and W were defined in Eq. (1). Different
values of k,

~

can be probed by changing either 8+
or 8. We use both of these methods to assure con-
sistency of the data, but whenever possible spectra
obtained at photon energies near resonance-line
energies will be displayed to facilitate comparison
with other data.

Much of the analysis presented in this paper wi)l
be based upon simple symmetry selection rules,
utilizing polarized light and angle-resolved detec-
tion."' These rules can be easily understood by
analyzing the properties of the photoemission ma-
trix element

mal emission signal upon the angle of incidence 8,.
For 8, =0' only the e state can be observed. At an
angle of incidence of H5', the perpendicular com-
ponent of the field is maximized' and both the Qy

and e states are excited.

III. EXPERIMENTAL RESULTS AND THEORETICAL
ANALYSIS

A. Energy levels and dispersion

The binding energy of the a, and e symmetry
states at I' can be determined by the procedure
outlined above. Figure 4 shows this determination
for the p(2x 2) and q(2x 2) structures. All four
curves are for normal collection. The top curves
are for an angle of incidence of 45'. The bottom
curves are for 8I = 10'. We cannot get any closer
to 8I = 0' with our geometry because the analyzer
blocks the incident light. At 21 eV photon energy,
calculations show that ~A, /A~~~' has the value 0.04
and 0.8 at 8~ =10' and 45', respectively. Therefore
in the 8& =45' spectrum the intensity of the a, state
relative to that of the e state should be over an or-
der of magnitude larger than in the 8I =10' spec-
trum.

The p(2 x 2) spectra show that the a, state is
closer to the Fermi energy than the e state. The
measured binding energies of the g, and e levels
are 4.24+0.05 and 4.9+0.15 eV, respectively, with
widths of 1.0 and 2.0 eV, respectively. The shaded
portion of the top spectrum shows the e state con-
tribution as determined from computer fitting. Po-
sition and width of the e state are obtained from the
bottom spectrum in which the a, level is not ob-
served. This procedure gives a symmetric Qy

NORMAL EMIS$ION
M~(p~(A p(p(), (3)

where )I and p, are the final and initial states of
the system, p is the momentum operator, and A
the vector potential. If the collector lies in a mir-
ror plane of the crystal surface, then it can detect
only final states which are even with respect to this
mirror plane. Odd states have zero amplitude in
the mirror plane. The entire matrix element must
be even under reflection about the mirror plane;
i.e., the symmetry of A ~ p dictates the symmetry
of the initial state. Thus, by choosing A parallel
or perpendicular to the collection mirror plane, it
is possible to selectively excite even or odd initial
states, respectively.

Collection normal to the surface represents a
special case because of the higher symmetry at the
I" point. Since initial as well as final states have
C4„symmetry for k„=0, the u, and e states can be
identified' by measuring the dependence of the nor-
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FIG. 4. Normal emission spectra for p-polarized
light at two angles of incidence.
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FIG. 7. Measured peak position vs k/1 for p(2x2) and
g(2x2). The solid lines are the dispersion obtained from
curve resolving.

p(2 & 2). All four curves are for the same k,
~

value
near the X' point. The polarization is such that (a)
and (b) show only even states, (c}even and odd
states, and (d) only odd states. The vertical lines
indicate the positions of the g, and e levels for
c(2 && 2) at kI,

—-0. Clearly, not all spectra in Fig. 6
can be fitted using two Gaussians at these posi-
tions. This imples that there must be dispersion.
Furthermore, as curve (d) shows, the cross sec-
tion of the odd state at X' is very small at this pho-
ton energy, i.e., its contribution to curve (c) must
also be negligible. Thus, the three spectra (a}to
(c) consist of two peaks whose relative strength
depends on the polarization of the incident. light.
'Their apparent position for one particular polariz-
ation can obviously not be directly identified as
their binding energy. The importance of this point
is illustrated in the spectra (a) and (b). In both
cases, emission is in the plane of incidence, in

(a), however, away from the incident light direc-
tion and in (b) towards it.

Figure 7 shows four examples of our determina-
tion of the dispersion of the S energy levels. Pan-
els 7(a) and 7(b) are for p(2 && 2}S and panels 7(c)
and 7(d) are for c(2 & 2) S. Panels 7(b) and 7(d)

show the measured dispersion of the odd state for
p(2&& 2) and c(2 && 2), respectively. The intensity of
the odd band in the [100] direction is very weak for
both p(2X 2) and c(2X 2). This has already been il-
lustrated in Figs. 2 and 6. The structure in the
p(2 x 2) curve in Fig. 2(d) near 6 eV is probably ox-
ygen contamination. "

The determination of the dispersion of the two
even bands is much more difficult than the deter-
mination of the single odd band. Our procedure is
to measure the peak position or positions in the
raw data as a function of k~l kl is varied by chang-
ing both the photon energy and the collection angle
[Eq. (2)]. Figure V(a) shows the raw data for the
p(2X 2} even bands in the [100] direction. These
data span a photon energy range of 12 to 35 eV,
and there are three collection geometries utilized.
Since the odd band has no intensity in the [100] di-
rection, all of data should be decomposable into
two bands. The solid curves show this decomposi-
tion using a curve resolving program on a PDP-11
computer.

The procedure for curve resolving was the fol-
lowing:

(1}The dispersion had to have the periodicity of
the overlayer structure (Fig. 1}. For example,
the dispersion in Fig. 7(a} has to be symmetric
about X', so that X is identical to I". For example,
the energy level positions observed in the second
zone of Fig. 7(a) (X' to X}rule out the apparent
large dispersion seen in the first zone (0 to X'}.

(2) The widths of all peaks were assumed to in-
crease monotonically with the binding energy be-
low the Fermi energy, consistent with the mea-
sured widths of the odd states. The use of this en-
ergy-dependent width mill be justified later.

(3) The photon energy, collection angle, and po-
larization were varied to maximize the intensity of
the low-binding-energy narrow peak. (See Fig. 2)
The peak position and width of this peak was de-
termined and stripped from other spectra at the
same value of k„.

Figure 7(a) shows that this curve-resolving tech-
nique results in little dispersion for p(2X 2) S. Ta-
ble I lists the measured positions and widths. This
table shows that in the [100] direction there is a
small dispersion of the p, band of 0.11a 0.08 eV.
The largest measurable dispersion for p(2 && 2) is
shown in Fig. 2, between the [100] and [110] di-
rections. At k„=0.6 A ' the energy difference in
the p, band in the two directions is 0.19+0.06 eV.
The error bars on the p„,p„bands are larger than
the measured shifts in peak positions.

In contrast to the p(2&& 2) S overlayer the c(2 & 2)
S overlayer exhibits considerable dispersion as
can be seen in Figs. V(c) and V(d}. The odd p„p„
band in the [110]direction disperses by -1.5 eV
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TABLE I. Energies and widths of S(3p)-derived peaks.

Symmetry kjj (A ~) Energy (eV) FTHM (eV) Energy (eV) FTHM (eV)

Even

Even

Even

Odd

[1oo]
0.6
0.89(X')
1.78(X')

[110]
0.63 [M]
1.26 [M]

0.63 M'
1.26 M

4.24+ 0.05

4.35+0.03
4.37+0.08
4.25 + 0.06

4.16+ 0.03
4.18+0.08

P(2x 2)

1.0 + 0.02

1.18+O.O3

1.2 +0.1
1.0 +0.04

0.97+ 0.04
1.1 +0.15

4.9 +0.15

5.1 + 0.2

5.2 + 0.2

5.1 + 0.2
5.0 +0.2

2.0 + 0.2

2.1+0.3

2.0 + 0.3
2.0+ 0.2

Even 0
[1ool
0.3
0.6
o.9 [x']

4.65
4.90+0.05
5.0 + 0.15

1.4 +0.1
1.4 +O.15

c(2x 2)

4.44+ 0.09 1.35+ 0.13 5.86 + 0.2

5.5 +0.15
6.0 + 0.15
5.95+ 0.15

2.1+0.25

1.8+ 0.2
2.2+ 0.2

Even

Odd

f11o]
0.6
1.26 [M]

[110] 0
0.3
0.6
0.9
1.26 [M]

4.65 + 0.03
4.33+0.05

4.&4+ 0.09
4.75+0.1
5.4
5.75+ 0.15
5.85+ 0.1

1.26+ 0.08
1.4 + 0.18

1.35+ 0.13
1.7 +0.2
2.0 + 0.3
2.1 + 0.15
2.1 +0.1

5.8 +0.2
6.0 +0.2

1.8+ 0.3

[Fig. 7(d) j. The two even bands in the [100) di-
rection show dispersion and the appropriate sym-
metry about the c(2 && 2) zone edge at X'.

Figure 8 shows a comparison of the experimental
(a) and theoretical (b) dispersion of the 8 p levels
for the c (2 && 2) structure along the I'X and I'M di-
rections. 'The solid and dashed lines denote the
odd and even sulfur states, respectively. The
shaded area in 8(a) indicates the projection of the
even Ni sp band. The shaded region in 8(b) shows
the approximate (single-particle) broadening of the
even p states due to their hybridization with the
conduction band. The odd p state does not mix with
the sp band because of its symmetry. Outside the
energy range of the sp band, all three sulfur
states form discrete split-off states. All three S-
derived bands lie well below the ¹ip-bands. Away
from the high-symmetry points, the even p levels
hybridize with one another and exhibit a rather
broad, complicated spectral distribution. " The
dashed lines in 8(b) indicate only the approximate
position of this feature.

The theoretical results are qualitatively similar
to those obtained previously for a c(2 && 2) oxygen
layer on a semi-infinite Ni(001) substrate. " The
computational procedure is based on the layer-
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FIG. 8. Comparison of experimental (a) and theoretical
(b) dispersion of S levels for c(2x2). Solid lines: odd p
states; dashed lines: even p states. The shaded area in
(a) denotes the projection of the even Ni sp band. In (b),
the shaded region shows the calculated one-electron
width of the p levels.
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KKR method. The Wakoh potential is used for the
Ni atoms. The S potential is that derived from a
self-consistent Xe scattered wave calculation for
an Ni, S cluster whose geometry resembles that of
the Ni(001) surface

Since the theoretical results are not fully self-
consistent and since they do not include any relax-
ation shifts, no quantitative agreement with the ob-
served absolute level energies can be expected.
The overall trends and the essential qualitative
features of the dispersion of the S levels, on the
other hand, are reproduced remarkably well. In
particular, the reversal of their relative position
between the I' and M points is predicted correctly.
At I', the p, level has a higher binding energy than
the degenerate p„p, levels. Away from I', the two
even states hybridize and can be distinguished ex-
perimentally only with some difficulty. At M, how-
ever, the p states have again pure p, and p„p„
character, the latter two being degenerate on sym-
metry grounds. Therefore the polarization depen-
dence of these levels allows a clear identification
of the observed peak near 6.0 eV as p„,p„and of
that near 4.3 eV as p,. This implies that the or-
dering at M is opposite to that at I'.

A similar reversal is observed along I'X', how-
ever, in this case the experimental assignment is
less certain, since the p„p, levels are not degen-
erate at X' and since the odd p„state becomes too
weak for determination of its precise position. We
will return to this "disappearance" of the odd p
level in the [100] direction further below and show
that this phenomenon is caused by final state multi-
ple- scattering interferences.

The lack of any significant dispersion of the
p(2 & 2) sulfur levels suggests that the interaction
between p states, either directly or via the sub-
strate, is negligibly small. '~ However, some min-
or variations of the level energies with emission
angle are to be expected even for an isolated ad-
atom on a semi-infinite substrate: Because of the
anisotropic environment, the individual Fourier
components of the local density of states might
have their main weight at slightly different ener-
gies. Since the transition matrix element is rough-
ly related to the Fourier transform of the initial
state wave function, this anisotropy could lead to
an apparent "dispersion. " Simple estimates for S
on Ni(001) indicate that this effect might be as
large as a few tenths of one eVP'

A second mechanism which might lead to varia-
tions of level energies even for isolated adatoms
is the following: If the cross section varies rapidly
as function of kinetic energy on a scale given by the
intrinsic width of the level, then the line shape will
depend on photon energy'' As we discuss below,
the S p(2& 2) emission from the p levels shows a

reasonantlike frequency dependence with a FWHM
of about 4 eV. At photon energies below the reso-
nance maximum, the line shape of the p level will
be skewed toward lower binding energies but
toward higher binding energies at frequencies
above the maximum. This line-shape distortion
therefore amounts to an apparent increase in bind-
ing energy with increasing photon energy. Realis-
tic estimates based on actual linewidth and frequen-
cy dependence of the cross section for the p(2 x 2)
structure show that this effect can be of the order
of 0.5 eV. Thus the correct lateral periodicity of
adatom levels with the overlayer SBZ constitutes
a crucial experimental test if dispersion is to be
interpreted in terms of the formation of two-di-
mensional adsorbate-induced bands.

B. Level widths

Table I as well as Figs. 2, 4, 5, and 6 show that
there is appreciable broadening of the S 3p levels,
ranging from a width of less than 1 eV to greater
than 2 eV. There are several mechanisms which
could be responsible for this width:

(i) hybridization of the S 3p levels with the Ni sp
band,

(ii) lifetime broadening of the hole state,
(iii) vibrational excitation during ionization, and

(iv) hole localization.
The first mechanism is an initial-state effect

caused by the mixing of the two-dimensional S 3p
levels with the three-dimensional Ni bands. This
hybridization can occur at any point in the surface
Brillouin zone where there are two-dimensional S
states and bulk bands with the same E, k

g
and

symmetry. 'The qualitative variation of this hy-
bridization broadening with E and k~, can be under-
stood from symmetry arguments. The S 3p bands
that have odd symmetry in either mirror plane will
be discrete, since they cannot hybridize with the
even ¹isp band and the Ni odd bands extend only
3 eV below E~. The even S bands shown by the
dashed lines in Fig. 8 will also become discrete
bands near the zone boundaries (X and M) where
they emerge from the Ni ap band. We have calcu-
lated the detailed behavior of the hybridization
broadening of the even S 3p levels in the c(2 & 2)
structure using the procedure outlined in Sec. IIIA
and in Ref. 12. In Fig. 8(b) the center of the S
even bands are indicated by the dashed lines while
the vertical shading shows the width of the peak.
The calculated width is seen to vary greatly with
k„. The largest calculated single-particle width
(1 eV) is found for the p, state at k,

~

=0, in con-
trast, the width of the degenerated p„and p„states
at k„=O is zero.

The experimental evidence does not support the
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above mechanism for line broadening. The line-
widths do not vary with the band symmetry or the
value of k„, instead the width seems to depend only
upon the energy of the state below E~. Figure 9
shows a plot of the measured widths of both p(2 & 2)
and c(2 x 2) S from this study as well as S, Se, and

Te adsorption data from other work. "'" The open
circles are for values of k~~ or symmetries where
there is no possible mixing of the S states with the
Ni bands. Therefore, it is clear that hybridization
with the sp band of Ni does not represent the ma-
jor contribution to the observed linewidth.

The other three mechanisms listed above are re-
lated to the photoexcitation of an electron. The
linewidth that results from phonon excitation dur-
ing the ionization process would correspond to the
Frank-Condon envelope that is commonly seen on

gas-phase spectra. So far little is known about the
magnitude of this effect for atomic species chem-
isorbed on metallic surfaces. Naively, we would

expect the width to be largest for the bonding or
antibonding portions of a given band. This would

result in a width which was largest at I' and M and

smallest in the center of the zone. This behavior
is not observed.

Lifetime broadening due to Auger decay depends
roughly on the number of occupied states between
a level and the Fermi energy times the number of
empty states within the same energy interval above

EF. In general, the level width increases with in-
creasing binding energy. This trend is seen in the
data shown in Fig. 9 for the adsorbates as well as
for the peaks in the clean Ni spectra due to the gp
band (dashed line). 24 Neither vibrational not sin-
gle-particle broadening would exhibit this kind of
energy dependence. The preliminary conclusion
must therefore be that the observed width is pre-

2,0—
T
Se

SeS )(g

$0
I

4.0
I

5.0
I

60

INITIAL ENERGY (eV)

FIG. 9. Measured FWHM of chalcogen derived levels
on Ni as a function of binding energy. The symbol Se is
from data of Jacobi and Muschwitz (Ref. 22) for Se on
Ni(100). The S, Se, Te symbols are data from Capehart
and Rhodin on Ni(111) (Ref. 23). The open circles are S
data for values of k„or symmetries where there is no
mixing with the Ni bands.

dominantly a consequence of Auger decay of the
hole state.

An additional source of level broadening might be
the (partial) localization of the hole state due to
many-body interactions. As a result of this effect,
k& would no longer be a good quantum number and
dispersion might, to some extent, be transformed
into linewidth. In general, these relaxation pro-
cesses, as well as the decay of the hole state, con-
stitute some of the self-energy corrections which
account for the differences between calculated one-
electron energies and measured excitation ener-
gies. The data shown in Table I indicate that these
corrections for the S c(2 && 2} 3p levels depend on

kg on the binding energy, and on the band index
(i.e., the symmetry of the p states).

C. Photoionization cross section

One of the most dramatic effects observed in the
photoelectron spectra of p(2 && 2} S is the apparent
resonance behavior for emission normal to the
surface. Figure 10 shows a series of energy dis-
tributions normalized to the incident photon flux."
The intensity of the S 3p levels becomes very large
at a photon energy of about 18 eV. Figure 11 shows
plots the frequency dependence of the a, and e
states. The resonance occurs approximately at
8.5 eV kinetic energy for both states with an FWHM
of about 4 eV. Measurements at finite emission
angles show a much weaker signal near the reso-
nance energy. At Sco =17 eV, the FWHM in polar
angle for emission perpendicular to the plane of
incidence is roughly 20'."

'There is also a small enhancement in the sec-
ondaries in Fig. 10 at a fixed kinetic energy of ap-
proximately 9.2 eV (arrows) which nearly coin-
cides with the kinetic energy (8.5 eV) of the reso-
nance. Andersson" has observed a characteristic
energy loss in inelastic low-energy electron scat-
tering from S p(2 & 2) at about 18 eV. All of these
measurements suggest a high transition probability
for this system at excitation energies near 18 eV
coupled with a high density of states at about 9 eV
above the vacuum level. The second peak at 6.5
eV in the spectrum for Ace=37 eV in Fig. 10 is pri-
marily due to excitation from the pp band. 24

On the right of Fig. 11, the e-state resonance is
shown for nearly s-polarized light. The only dif-
ference between this spectrum and the one for p-
polarized light (left) is the absence of the peak
near 25 eV. This feature is presumably due to the
Ni sp band which is not excited by s-polarized ra-
diation. Direct transitions from the bulk sp states
are known to occur at about the same binding ener-
gy as the S 3p levels for photon energies near 25
eV 2
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ing Ni or S atoms are in an accurate description
of initial and final states.

In order to be able to answer these questions we
have calculated the differential cross section for
an Ni, S cluster geometry as well as for ordered
S c(2 & 2) and p(2 && 2) layers on a semi-infinite
Ni(001) surface. Several qualitative features of the
observed variation of the cross section with photon
energy and emission angles can be understood on
the basis of these models. It should be empha-
sized, however, that various aspects in these cal-
culations remain somewhat questionable: the non-
self-consistent nature of the one-electron potential
of the S-Ni system (the same potential is used for
initial and final states; posible modifications of P&

due to the presence of the hole are ignored), and ad
hoc treatment of the damping of the outgoing elec-
tron via a k-independent self-energy term, the
neglect of relaxation and other self-energy correc-
tions of the hole state (the introduction of a uni-
form self-energy into the hole propagator does not

Figure 12 shows a comparison of the normal
emission ionization cross sections for the p(2 && 2)
and c(2& 2) S structures. The presence of twice
as many sulfur atoms on the surface does not in-
crease the photoionization signal. Also, within ex-
perimental error, the c(2&& 2) structure does not
exhibit any resonancelike behavior.

In order to analyze the origin of the resonantlike
emission, we have performed several model cal-
culations. 'The aim of these calculations was to
determine the dominant contributions to the transi-
tion matrix element for a reasonable choice of po-
tential parameters rather than trying to obtain a
perfect fit of the experimental spectra. In particu-
lar, we wanted to determine (a) to what extent the
matrix element is influenced by initial-versus
final-state effects and (b) how well the electronic
excitation is spatially localized at a particular S
atom, or, in other words, how important neighoor-
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FIG. 12. Photoionization cross section of S a~ and e
states at normal emission for p (2 x2) and c(2 x2).
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basically improve the single-particle theory since
it only amounts to a Lorentzianlike broadening of
spectral features) and, finally, the neglect of mi-
croscopic spatial variations of the exciting optical
field in the vicinity of the surface. In view of these
difficulties, it is clear that our results can only be
taken as indicative of some general features of the
actual cross section.

Figure 13 shows normal emission distributions
for the g, and e states of an Ni, S cluster as a func-
tion of the kinetic energy of the outgoing electron
(relative to the vacuum level} Si.nce the cluster
potential is of the muffin-tin type, we use the
vV. A form of the matrix element, which can then
be written as a sum over the six atomic sites plus
a term due to the external region:

& y&l vV. Alp;&

y+ g3

LyL]

where n denotes the site index (the external region
has the index o), A~ are the projections of the ini-
tial and final states onto the atomic spheres, g«fylg
denote the radial matrix elements, and I specify
the Gaunt integrals which account for the selection
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FIG. 13. Ionization cross sections of Ni~S (a) a~ and

(b) e states at normal emission. Solid lines: actual
cross section; dashed lines: cross section if only S con-
tribution to matrix element is retained; dotted lines:
cross section obtained from S p-to-d transition. Also
shown in (a) are the squares of the Sp-to-d and p-to-s
radial transition matrix elements.

rules between the various partial waves L = (f, m).
The differential cross section in units of mega-

barns (Mb) is then given by the expression

2

=2(10 a }' — (/~i VV A lg, &
m S~ E~- E,.

where e is the fine-structure constant, Ef = g, and

all quantities except the Bohr radius a are mea-
sured in atomic units. (t)& consists asymptotically
of an un-normalized outgoing plane wave and vari-
ous incoming spherical waves.

The electronic states of the Ni, S cluster are de-
rived using an Xe-scattered wave scheme in

which, after iteration to self-consistency, the Ni
potential is replaced by the Wakoh potential which
represents a more appropriate choice for the
semi-infinite substrate. 'This S-Ni potential is
used in all our calculations for both initial and fin-
al state wave functions.

The dashed line in Fig. 13(a) indicates the a,
cross section if all but the S contribution to the
matrix element in Eq. (4) are suppressed. The
comparison with the full cross section (solid line)
shows that the Ni terms carry rather little weight,
since the amplitude of the initial state as well as
the transition strength at these sites is relatively
small. The S term can be further decomposed into
its partial wave components. The main sulfur P
-d and p - s radial matrix elements are also indi-
cated in 13(a). The a, cross section is seen to be
dominated by the intra-S p-to-d transition which
exhibits a maximum at about 6 eV and a Cooper
minimum near 21 eV kinetic energy. The detailed
shape of the cross section, however, depends
strongly on final-state multiple- scattering inter-
ferences, as is demonstrated by the dip at 4 eV:
The origin of this feature is entirely due to the en-
ergy variation of the d, 2 projection A~~ &»&(E~, k~)
of the outgoing wave onto the S sphere.

Analogous arguments hold true for the corres-
ponding e-state spectra shown in Fig. 13(b). For
this state, however, the interferences between the
S p-to-d and p-to-s transitions and between S and
Ni terms are more pronounced than those for the

Qy state . 0ne reason for this diffe rene e is the in-
teresting fact that the intra-S transitions interfere
with opposite signs for the a, ahd e states. 'This

point is illustrated by the comparison of the dotted
and dashed lines: Whenever the a, -state emission
is enhanced by this interference, that of the e state
is reduced and vice versa. (Slight modifications of
this rule occur, since the S term involves also
weak transitions from s and d states. ) This oppo-
site behavior can be easily understood on the basis
of selection rules. Keeping only the S p-to-d and
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p-to-s transitions in Eq. (3}, the matrix elements
for the g, and e states at normal emission have the
form (omitting constant factors):

M, - (0.89AfoR~+ A~~R~~) A,'0,

M, - [-~ (0.89A~DRq~}+ AOORp~)A, ' „, (6)

where explicit numerical values of the Gaunt inte-
grals have been inserted. Apart from the opposite
sign in these expressions, the relative weight of
the two terms also differs due to the factor —,'.
Thus the interference with the p-to-s transition
has a greater influence on the e-state intensity than
that on the intensity of the a, state.

These results demonstrate that the relatively
broad atomic p-to-d transition for an isolated S
atom cannot fully explain the observed resonance
behavior. 'The interaction of the outgoing wave
with neighboring Ni and S atoms considerably re-
duces the width of this transition so that it appears
effectively as a rather narrow resonance in the

ionization cross section. The comparison of the
experimental c(2 x 2} and p(2x 2} spectra in Fig.
12 indicates that not only the nearest neighbors of
an S atom take part in these multiple-scattering
processes but that also more distant S and Ni
neighbors must be involved. The effective range
of these interferences is essentially determined by
the mean free path of the emitted electron.

Figure 14 shows a set of normal emission distri-
butions that illustrate the effect of the extended na-
ture of intial and/ or final state on the differential
cross section. 14(a} and 14(b) show the emission
from the cluster a, and e states, respectively, in
the case where the final state is derived for an or-
dered p(2 & 2) overlayer on a semi-infinite sub-
strate. 14(c) and 14(d) show the analogous curves
for the c(2&& 2) structure. Finally, 14(e) and 14(f)
show the cross section in the case where both ini-
tial and final states are derived for the c(2 && 2}
overlayer. In each figure part, the full cross sec-
tion (solid lines) is compared to the sulfur term
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(dashed lines) and to the S p-to-d transition (dotted
lines). [In all three cases, the same final state is
used; in the latter two, however, only specific
contributions to the matrix element in E q. (3}are
retained]. As the mean free path, we have used in
all of these calculations the experimentally deter-
mined value for clean Ni. It is about 30 A at 1 eV
kinetic energy, drops to approximately 13 A at 10
eV, and levels off at about 10 A near 20 eV.

The calculated a, -state ionization cross sections
for p(2 X 2} as well as c(2 & 2) (top row) show rela-
tively narrow resonancelike features at about 6 to
8 eV kinetic energy. In the case of the c(2X 2)
structure, however, the interference between var-
ious S partial-wave transitions as well as between
S and ¹icontributions to the matrix element seem
to play a far greater role. Thus, the use of non-
self-consistent potentials in our calculations could
have a more serious effect on the c(2 & 2) results
than on those for p(2&2).

Similar results are obtained for the correspond-
ing e-state spectra at the bottom of Fig. 14. As in
the case of the Ni, S cluster, however, the inter-
ference between the S p —d and p- s transitions
and between S and Ni terms is much more signifi-
cant than for the a, states. For the p(2 && 2) e state
in Fig. 14(b), this effect does not alter the basic
resonance behavior; in fact, the e-state resonance
is even somewhat sharper than that of the p(2 & 2)
a, state. In the case of the c(2 && 2) structure, on
the other hand, this increased interference nearly
obliterates the resonance [see dashed lines in

14(d) and 14(f)].
Obviously, the calculated intensities depend sen-

sivtively on the details of the electronic states
which enter the matrix element. For our model,
the conclusion seems to be that a fairly pronounced
resonance exists for both a, and e states of the
p(2 & 2) structure, while for the c(2X2) overlayer
only the ay state exhibits a resonancelike cross
section. Unfortunately, the large intrinsic peak
width of the c(2 & 2) S a, and e states does not al-
low a complete experimental separation at normal
emission. A composite spectrum consisting of both

a, and e states would in our model exhibit three
peaks, since the maxima of the individual cross
sections do not occur at the same energy. 'The rel-
ative weight of the a, - and e-state cross sections
depends largely on the angle of incidence. In fact,
the ratio of their intensities is given by

o., lo. -I&,/A, ['. (7)

For the results shown in Figs. 13 and 14, the ratio
on the right-hand side has the value 0.7 which cor-
responds to an incidence angle of about 45'. For
smaller eI, the weight of the a, state relative to
that of the e state becomes accordingly smaller.
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about the surface normal between the f110] and f100]
azimuths.

Thus, while we cannot give a quantitative inter-
pre'tation of the data, the results of our calcula-
tions seem at least to give the correct tendency for
the p(2 x 2} and c(2 && 2} ionization cross sections.
'Two aspects which do not appear to be consistent
with the measured spectra are (i) the fact that the
larger amount of S in the c(2&& 2) overlayer does
not increase the signal [Figs. 14(a)-14(d) show in-
tensities per Ni, S cluster] and (ii) the existence of
the observed p(2 & 2) resonance only at relatively
small polar angles (FWMH = 20'). In our results,
the resonance intensity decreases far more slowly
as a function of polar angle. Both failures could
be related to uncertainties regarding the electronic
damping in the final state. For longer mean free
paths, the upper part of the p(2 x 2) a,-state reso-
nance near 8 eV [Fig. 14(a)] becomes very intense
and narrow, but only so at small polar angles. The
crosses in Fig. 14(a) indicate the increase in the
amount of finite structure for a self-energy of I"
=0.02 Ry. An additional source of discrepancies
bet ween theoretical and experimental spectra
might be the use of a neutral S potential in the
evaluation of g&. The presence of the hole could
modify this potential and lead to a lowering and
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narrowing of the S d resonance. A simultaneous
change in the interference between the p -d and

p- s transitions could also influence the cross
section.

W e conclude the discussion of photoionization
cross section by considering the weak intensity of
the odd state in the [100) direction compared to the
[110] direction. This behavior for p(2x 2) and

c(2 x 2) overlayers was shown in Figs. 2(b) and 6.
In Fig. 15 we show a crystal rotation measurement
for c(2 x 2) S at a polar angle of 30'

(k~~
= 0.86 A ').

'The light is s polarized with the polarization vec-
tor perpendicular to the collection direction. Two
observations are worth noting. First, the intensity
in the [100] direction is nearly zero, much weaker
than in the [110] direction. Second, when the col-
lection is not in a mirror plane the symmetry rules
break down. Therefore between the [100] and [110]
direction we could have observed three energy lev-
els. 'This would result in a shift in the peak posi-
tion, which is not observed.

The intensity variation can be explained theo-
retically. Figure 16 shows the calculated e-state
ionization cross sections for p(2 x 2) (a) and c(2 x2)
(b} at finite emission angles (8, =3K) along the
(110}azimuth (solid lines) and along the (100)
azimuth (dashed lines). In the latter case, the in-
tensity is extremely weak and nearly featureless.

0.24—

I I I I I I / I
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FIG. 16. e-state ionization cross section at Be=30
for f."(2x2) (a) and p(2x2) g) along [110] azimuth (solid
lines) and [100] azimuth (dashed lines). Experimental
data in (b) are for a collection angle of 25 . The cross
section of the experimental data in (a) is divided by two
compared to (b) because the calculation does not account
for the increased coverage.

Analysis of the contributions to the matrix element
suggests that this effect is mainly caused by multi-
ple-scattering interferences which reduce the S d
components in the outgoing wave. Thus the curious
"disappearance" of the e state in Fig. 15 for emis-
sion in the (100) plane seems to be also, like the
resonance behavior at normal emission, associated
with pronounced single-particle interactions in the
final state. The solid circles in Fig. 16(b} show
experimental data for the photon energy dependence
of the e state in the [110] direction. The two data
points in Fig. 16(a) show the intensity difference of
this state in the [110] and [100] directions for
c(2x 2) S.

IV. CONCLUSION

It has been demonstrated that angle-resolved
photoemission is capable of providing a detailed
picture of the electronic structure of chemisorbed
overlayers. The tunability of synchrotron radia-
tion and its high degree of polarization have been
shown to be particularly useful for the analysis of
complex adsorbate-induced spectral features. T he
electronic properties of the two S structures,
c(2x 2) and p(2x 2) on Ni(001), have been found to
exhibit important differences, both with regard to
the energy and momentum distribution of the S 3p
levels and with regard to the photon energy depen-
dence of their cross section. As we have shown,
the main aspects of these observations can be un-
derstood with the aid of realistic calculations.

While the primary aim of this work was the anal-
ysis of the S-induced states, it is clear from the
experimental spectra shown in Fig. 2 that the S
adsorption also causes significant changes in the
energy region of the Ni d band. These changes de-
pend on k(] as well as on the polarization of the
light; i.e., they are not caused by inelastic scat-
tering of the excited electron. " This behavior is
in striking contrast to the weak influence on the ¹i
d-band emission due to adsorption of H."' 'The

adsorption of H on Ni is believed to proceed mainly
via bonding to the Ni 4s band. " It is tempting
therefore to associate the observed d-band changes
in the case of S with a chemisorption bond that in-
volves primarily Ni 3d rather than 4s states. This
interpretation, however, would certainly be over-
simplified, since intensity changes in the d-band
region are not related in any direct manner to
charge redistributions on the surface Ni atoms.

In particular, it is not possible to determine
from the experimental spectra alone to what extent
weight of d states has been shifted to the S bonding
levels. Our theoretical calculations indicate that
the S orbitals have considerable 3d as well as 4s
character within the Ni muffin-tin spheres. Be-
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cause of the delocalized nature of the 4s electrons,
they form the dominant contribution in the inter-
stitial region between S and Ni spheres. Thus,
qualitatively we conclude from our results that both
Ni 4g and 3d states contribute to the S bonds. This
conclusion differs from theoretical results obtained
for small S-Ni clusters using the generalized val-
ence bond scheme. " These calculations suggest
that the 48 electrons dominate the bonding since the
3d orbitals are only weakly affected by the S ad-
sorption because of their small radial extent.
However, even in these calculations, S states were
found to have up to 1%~ d character on the Ni sites.

The major difference between the c(2 & 2) and

p(2&& 2) S overlayers is the amount of dispersion of
the 3p levels. The energy levels of p(2 && 2) S show
very little variation with k,j, while the overall
bandwidth of the c(2 & 2) levels is approximately
1.5 eV. Since the dispersion of the chemisorbed
c(2 && 2) S levels is about the same as that for a free
S layer with the same lateral structure, the dis-
persion is predominantly a consequence of the di-
rect S-S interaction. The average energy of the
c(2 & 2) p, band is 5.35 eV, which corresponds to a
1-eV larger binding energy than in the case of
P(2 x 2). The average energy of the p„p„states,
on the other hand, is about the same for both over-
layer geometries (4.9 eV). Overall, the binding
energy per S electron is 4.7 eV for p(2 && 2) and 5.1
eV for c(2 && 2). An interesting observation is the
fact that the vibrational properties of the two S
overlayers on Ni(001) are very similar" despite

the pronounced differences in their electronic
structure.

It has been proposed by Hagstrom" and by
Fisher" that the chalcogens adsorbed in the c(2 &&2)

configuration on Ni(001) are bonded to two Ni atoms
rather than four. The adsorption geometry is the
same as shown in Fig. 1, but the bond axes of two
adjacent S atoms are perpendicular. Such a struc-
ture would have p(2 && 2) symmetry with two S atoms
per unit cell, leading to a p(2 & 2) Brillouin zone
containing six S bands instead of three. However,
there would exist a degenerate structure with all
bound axes rotated by 90'. Both structures would

strongly interact with the result that the overall
symmetry is still c(2 && 2). The observed disper
sion shown in Figs. 7 and 8 for half-monolayer
coverage is clearly consistent with c(2 & 2) symme-
try. This result also agrees with LEED diffraction
patterns which show an overlayer structure of pure
c(2 & 2) symmetry.
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