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Spin-resolved angle-resolved photoemission spectra have been measured for the adsorption sys-
tems Fe(001)-p (1 X 1)O and Fe(001)-c(2X2)S. Adsorbate-induced features in the spectra display ex-
change splittings (AE) and linewidths which vary with k|, with orbital symmetry (p, or p.), and
with spin character. For adsorbate p, orbitals, the measured AE is larger at the center of the sur-
face Brillouin zone (1.3 eV for O, 0.5 eV for S) than at the zone boundary (0.25 and 0.2 eV, respec-
tively). The results are compared with the predictions of tight-binding simulations and first-

principles calculations.

I. INTRODUCTION

The magnetic characteristics of surfaces and thin films
is currently an area of considerable research activity.
This interest is a reflection of the unique properties that
the lower dimensionality of these systems frequently pro-
duces.! Of particular interest, however, is the effect of
foreign atoms or impurities adsorbed on the surface.?” !¢
Such adsorption can have two principal effects: (i) a
modification of the magnetic structure of the outermost
atomic layers of the substrate, and (ii) a possible induce-
ment of a magnetic moment in the adsorbate layer.
Several studies concentrated on the influence of the ad-
sorbate on the substrate magnetization. Earlier studies>*
of atomic oxygen and sulfur and molecular CO adsorp-
tion on nickel surfaces tended to conclude that either
magnetic dead layers were formed or the magnetic mo-
ment in the surface region was reduced. In a later study®
of oxygen and sulfur adsorption on Ni(110) and O on
Fe(110) it was concluded that the adsorbate might well be
polarized in the direction of the substrate and that any
loss of polarization from the substrate would reflect spin-
flip exchange scattering in the overlayer.

More recently attention has turned to the adsorbate it-
self. Several theoretical papers have concluded that for
oxygen>’ and sulfur'® adsorption on Fe(001) the adsor-
bate itself would carry a magnetic moment, 0.24u 5 in the
case of oxygen and 0. 14u 5 for sulfur. Several experimen-
tal studies!®”!2 have arrived at a similar conclusion.
These photoemission and inverse photoemission studies
have identified exchange-split adsorbate bands which, if
the bands are partially occupied, may be taken as an indi-
cation of the presence of a magnetic moment on the ad-
sorbate.

In this paper we report further angle-resolved spin-
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polarized photoemission measurements on the Fe(001)-
p(1X1)O and Fe(001)-c(2X2) S adsorption systems, a
preliminary account of this work having already ap-
peared.” As reported earlier, the adsorbate-derived
bands show an exchange splitting, which varies
throughout the zone, in marked contrast to the results of
calculations. Here we present a more extensive data set
and compare these observations with both a tight-binding
simulation and a new first-principles calculation. On the
basis of this comparison we are able to discuss possible
sources of the discrepancy between theory and experi-
ment. We also report the observation of a spin depen-
dence for the photoemission peak widths. These widths
reflect the lifetime of the photohole and point to spin-
dependent excitation effects. After outlining our experi-
mental methods (Sec. II), we present in Sec. III a selec-
tion of typical results. Section IV is devoted to a closer
analysis of the results, focusing on E (k) dispersion rela-
tions, peak widths, and adsorbate-induced features within
the substrate d band. Section V presents the results of
theoretical calculations of the O/Fe system.

II. EXPERIMENTAL METHOD

The spin-polarized photoemission measurements were
performed at the National Synchrotron Light Source
(Upton, N.Y.) on the USU undulator beam line. The sys-
tem has been outlined previously,!' and will be described
in detail elsewhere.!” The estimated angular resolution is
+1.5° and the estimated overall energy resolution (from
both photon monochromator and electron-energy
analyzer) is 0.3 eV. Spin analysis is performed by use of
one of the recently developed miniature spin detectors,'®
Fig. 1.

The sample, a single-crystal Fe “picture frame” is also
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shown in Fig. 1. This frame, cut with each arm along a
(100) direction, was mounted to allow measurements
with k;, the parallel components of the electron wave
vector, along the TX azimuth of the substrate surface
Brillouin zone (SBZ). Spin-polarized photoemission spec-
tra were obtained in the manner described by Kessler.'’
In order to eliminate instrumental asymmetry, the sample
is first magnetized in one direction and the intensities
scattered left and right (I;",1 ) in the spin detector mea-
sured. The measurements are then repeated with the
sample magnetized in the opposite direction (I, ,Ig ).
All measurements are made with the sample remanently
magnetized. From these four measurements the polariza-
tion P, the spin-up intensity I'', and the spin-down inten-
sity I are obtained via
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FIG. 1. (a) Schematic diagram showing the geometry and

orientation of the Fe(001) picture-frame sample; light is incident
at angle 6, and electrons are collected at angle 6,, in a plane
containing the [010] azimuth (T'X direction in the surface Bril-
louin zone). (b) A more detailed diagram of the miniature spin
detector (after Ref. 18) mounted on the exit lens of the
electron-energy analyzer. Spin sensitivity is due to the spin-
orbit effect in low-energy (150 eV) diffuse scattering.
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where (I) is the mean of (I;",Ig,I; ,Iz ) and S is the
Sherman function.

Low-energy electron diffraction (LEED) and Auger-
electron spectroscopy (AES) were used to monitor the
surface order and cleanliness, respectively. The substrate
was cleaned by repeated Ar*-ion bombardment and an-
nealing cycles until carbon and sulfur were undetectable
with AES. At this stage further cleaning cycles removed
contamination peaks from the photoemission spectra and
revealed a new surface resonance feature.”’ Thereafter
observation of this surface resonance was used as an indi-
cation of a clean sample. An ordered sulfur ¢(2X2)
structure on Fe(001) was achieved by annealing the Fe
substrate to 800 °C for one hour to segregate sulfur to the
surface. At coverages greater than 0.5 monolayer the
half-order spots were observed to split into a cluster of
four spots, indicating an incommensurate overlayer. The
sulfur ¢ (2X2) system was found to be particularly inert
to contamination and could be left for several hours with
no significant CO contamination. Oxygen forms an or-
dered p(1X1) overlayer at one monolayer coverage.
This was achieved by exposing the clean substrate to 6 L
[1 langmuir (L) =107° torr for 1 sec] of O, and then
flashing to 550°C. Larger quantities of O, produce a
diffuse LEED pattern with a strong background. Previ-
ous studies?"?? of these systems indicate that for both or-
dered overlayers the adsorbate occupies the fourfold hol-
low site with the oxygen atom 0.48 A above the surface?!
and the sulfur atom 1.0 A from the surface.??

III. RESULTS

A. Non-spin-resolved data

The experimental configuration confines the electron
emission direction to the mirror plane (xz) defined by the
surface normal and incident-light direction. The incident
light is linearly polarized in this plane. The spectra
presented below will show states that are even with
respect to this plane and therefore only p, and p, adsor-
bate states are observed. Figures 2(a), 2(b), and 2(c) show
the spin-integrated spectra as a function of emission angle
from clean Fe(001), Fe(001)-p(1X1) O, and Fe(001)-
¢c(2X2) S, respectively. The different photon energies
are indicated. A photon energy of 60 eV and emission
angle of 18° corresponds to the X point in the clean and
O/Fe(001) surface Brillouin zone, while a photon energy
of 52 eV and emission angle of 20° corresponds again to
the X point of the substrate SBZ but now the M point of
the sulfur ¢(2X2) SBZ. Peaks in the range 4-9 eV bind-
ing energy are derived from the adsorbate 2p (oxygen) or
3p (sulfur) orbitals while emission from between 4 eV
binding energy and the Fermi energy reflects the iron
substrate 3d levels. The adsorbate-derived two-
dimensional band structures obtained from Figs. 2(b) and
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FIG. 2. Spin-integrated photoemission spectra as a function of emission angle for clean Fe(001) and for Fe(001) with ordered O

and S adsorbate layers.

2(c) show close agreement with those obtained in earlier
studies.?2*

The broad structure observed in Fig. 2(a) at a binding
energy of ~10 eV is the Fe M, ;M , sM, s Auger line. It
contributes a smooth background to the spectra in Fig.
2(b), but will otherwise not change the results and will
not be discussed further. It does not affect the spectra of
Fig. 2(c) where the photon energy of 52 eV is lower than
the threshold energy for excitation of the Fe 3p level.
However, it should be noted that at the photon energy
used in the latter spectra and because of cross-section
effects a sizable component of the substrate sp band ap-
pears in the peak at 6 eV binding energy near the center
of the zone.

Comparing Figs. 2(a) and 2(b) it can be seen that ad-
sorption of oxygen results in a strong modification of the
Fe 3d bands. In particular a new feature at X and 1.7 eV
binding energy is observed for oxygen exposures as low as
0.2 L. This feature and another at approximately 3 eV
binding energy for normal emission have not previously
been observed in studies carried out at lower photon en-
ergies. In the case of S/Fe(001) [Fig. 2(c)] there appears
to be very little modification of the Fe d levels.

B. Spin-resolved data

The adsorbate-induced features are much more readily
observed in the O/Fe system than the S/Fe system; a
reflection of both the higher coverage and the cross-
sectional dependence. Our presentation will therefore
emphasize the former, but will offer comment on any
differences in the behavior of the latter.

Figure 3 shows the spin-resolved normal-emission
spectra obtained from Fe(001)-p(1X1) O for two angles
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FIG. 3. Spin-resolved photoemission spectra for normal
emission (k;=0) from Fe(001)-p(1X1) O. Solid upward-
pointing triangles (A ) correspond to majority (1) spin, and
open downward-pointing triapgles (V) correspond to minority
(1) spin: (a) angle of light incidence 6, =70° gives predominant-
ly p-polarized light; (b) 6, =35° gives larger proportion of s-
polarized light. Lines are drawn to guide the eye.
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of photon incidence. In Fig. 3(a), the angle of incidence
of the light, 6,=70°, gives predominantly p-polarized
light and therefore favors excitation of the oxygen 2p, or-
bital together with the Fe A, band. In Fig. 3(b), for
6, =35° the light contains more s polarization and both
the oxygen 2p, and 2p, orbitals are excited. Thus vary-
ing the angle of incidence of the light allows the separate
identification of the p, and p, orbitals in both the
majority- and minority-spin spectra. Having made this
assignment it can be seen that at the center of the zone
the oxygen 2p, peaks are exchange split by 1.3 eV while
the 2p, peaks are split by 0.35 eV. The minority-spin
peak at 0.4 eV binding energy is assigned to the bulk T,
minority-spin Fe band and the majority-spin peak at 0.8
eV binding energy is assigned to the bulk I';, band.
These identifications are in accord with those of earlier
studies on clean Fe(001).?* The majority-spin feature at
2.9 eV binding energy shows little sensitivity to the light
polarization and we therefore believe it to be adsorbate
derived. On the clean surface a majority-spin feature at
similar binding energy, which is preferentially excited by
s-polarized light, represents the majority component of
the exchange-split I, , pair.

The adsorbate-derived peaks for the Fe(001)-c (2X2) S
system show similar behavior to the oxygen adsorption
system. Figure 4 shows the two spin components of the
sulfur 3p, bands, at the center of the zone, T', where the
exchange splitting is 0.5 eV, and at the zone boundary,
M, where the exchange splitting is 0.2 eV.

Some spin-resolved spectra of the O/Fe system includ-
ing the Fe 3d region are displayed in Fig. 5 as a function
of angle of emission. These show, for example, that the
new feature observed in the spin-integrated spectrum at X
[Fig. 2(b)] at 1.7 eV binding energy, is entirely minority-
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FIG. 4. Spin-resolved photoemission spectra of Fe(001)-
c(2X2)S at T and M (hv=52 eV, 6;=70". For clarity, the en-
ergy scale is restricted to the adsorbate region. ( A , majority
spin; V, minority spin).
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FIG. 5. Angular dependence of spin-resolved photoemission
spectra from Fe(001)-p(1X1)O (hv=60 eV, 6,=35°) corre-
sponding to Fig. 2(b).

spin character. A second feature, unresolved in the spin-
integrated spectra, at 2.7 eV binding energy is also found
to be of minority-spin character. Both of these features
persist halfway into the zone center.

IV. ANALYSIS AND DISCUSSION

A. Qualitative preliminary

The obvious inference from the data in Figs. 3-5 is
that the adsorbate-induced peaks for both O and S are ex-
change split and that the majority-spin component is
more deeply bound than the corresponding minority-spin
component, i.e., showing the same alignment as the sub-
strate Fe (‘3d’) features. For partially filled bands it may
therefore be concluded that there is an induced magnetic
moment on the adsorbate atoms and that these moments
are ferromagnetically aligned with each other and fer-
romagnetically aligned with the substrate magnetic mo-
ments. Other workers have arrived at similar con-
clusions. %12

B. Adsorbate E (k) dispersion relations

The E (k) dispersion relations for the spin-resolved
oxygen p, and p, orbitals for Fe(001)-p(1X1) O are
shown in Fig. 6(a). The binding energies were obtained
by a Gaussian line fit with an appropriate background
subtraction. The data used for these fits were not broad-
scan spectra such as those shown in Fig. 5, but were spec-
tra taken over a more limited energy range with higher
counting statistics. Example fits are shown in Fig. 7,
which will be discussed in Sec. IV C below.

Figure 6(b) compares the observed exchange splittings
with those obtained in the theoretical work of Refs. 3 and
7. The calculations predict an exchange splitting which
is essentially independent of k; the experimental results
show a strong k; dependence of the oxygen p, exchange
splitting, a discrepancy that will be discussed in what fol-
lows.

As evidenced in Fig. 4 the sulfur p, bands also display
an exchange splitting that varies throughout the zone.
While the sulfur atom is displaced further from the sur-
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face than the oxygen atom, 1.0 A rather than 0.48 A, the
distance to the iron atom immediately below is only 20%
larger. With the increased radius of the sulfur 3p orbital
as compared to the oxygen 2p orbital it is surprising
therefore that the measured exchange splitting for the
sulfur p, bands at the center of the zone is much less than
that of the equivalent oxygen orbital. This may in part
reflect the presence of the strong substrate sp band contri-
bution in the sulfur spectra at this angle and energy.

C. Linewidths

We find that the linewidths of the adsorbate-induced
peaks show interesting variations with orbital character,
spin direction, and k. These variations are highlighted

BINDING ENERGY (eV)
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0.25

FIG. 6. (a) Spin-resolved E(k;) dispersion curves for
oxygen-induced features on Fe(001)-p (1X1)O; data points are
given as solid (open) circles for the majority- (minority-) spin
systems; the smooth curves are offered merely as a guide to the
eye. (b) Comparison between the experimentally derived ex-
change splittings and those generated in the calculations of Ref.
3 (= —.—. and —-—- for p, and p,, respectively) and Ref. 7
(+--and — — —).
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FIG. 7. Gaussian least-squares line fit to normal (I') emission
spectra on Fe(001)-p(1X1) O. (A, majority spin; V, minority
spin). The background, a simple cubic polynomial, was fitted
along with the peaks.

in Fig. 7 which shows, after background subtraction,
adsorbate-derived features taken in normal photoemis-
sion from Fe(001)-p (1X1)O. Also shown are the results
of Gaussian fits to the individual p, and p, orbitals. For
both spin systems, the p,-orbital peak displays a larger
width than the p, -orbital peak. Such an effect is expected
on the grounds that the p,-orbital hybridizes more
strongly with substrate orbitals, as demonstrated previ-
ously both theoretically?® and experimentally.?*

Symmetry, on the other hand, does not allow the p,-
orbital to hybridize with the substrate at the center of the
zone. Its linewidth should therefore be determined al-
most entirely by the lifetime of the photohole. This is ex-
plored further in Fig. 8 where the half-width (or inverse
lifetime) of the p,-orbital peak is plotted as a function of
binding energy relative to Er. Also plotted are the half-
widths of the p,-orbital peak wherever it falls outside the
projected bulk continuum.

The photohole will decay primarily through Auger-like
processes involving electrons at lower binding energies.
Several earlier studies?”?® of photohole lifetimes have
found a linear dependence in the inverse lifetime as a
function of binding energy. The present data are, howev-
er, better fitted by parabolas as shown in Fig. 8. Interest-
ingly, in the simplest quasiparticle picture, the linewidth
should vary as (E—EF)2 but only for states close to E.
The difference between the present study and the earlier
experimental studies may well reflect the fact that in the
adsorbate case the photohole is relatively localized and
its decay is therefore more akin to the decay of a core
hole.
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FIG. 8. Energy linewidths (or inverse lifetimes) of the

oxygen-derived features typified in Fig. 7 plotted as a function
of binding energy. Solid (open) triangles and squares represent
the majority (minority) p, and p, components, respectively. The
solid curves are parabolas drawn close to the majority- and
minority-spin data points.

The linewidths are smaller for the minority-spin states
than the majority-spin states. Indeed the relative scaling
factor between the two parabolas in Fig. 8 is 1.8, close to
the ratio of occupied majority-to minority-spin states for
the substrate. This is consistent with the notion that the
lifetime of a photohole on an adsorbed oxygen atom is
determined by interatomic Auger processes in which the
hole is filled by an electron of the same spin from a neigh-
boring Fe atom.

D. Adsorbate-induced features within the Fe d band

So far we have focused on the adsorbate-induced peaks
which occur below the Fe d-band manifold. Adsorbate-
induced peaks appear also within the Fe d-band. These
are already indicated in Fig. 6 which shows the E (k)
dispersion relations for a number of features in the energy
range 1.5-3.5 eV below E.. The experimental data used
for these plots are exemplified in Fig. 9, which shows
spin-resolved photoemission spectra at T' for Fe(001)-
c(2X2)S and at X for Fe(001)-p(1X1)O. The S-
adsorption data will not be analyzed further here, but are
offered as an illustration of how spin-detection can reveal
adsorbate-induced features (in this case the weak
minority-spin peak at 1.4 eV) not apparent in the spin-
integrated spectra. The O-adsorption data exhibit three
noteworthy features. The strong peak at 1.7 eV seen in
spin-integrated spectra is, as already mentioned, of en-
tirely minority-spin character. At approximately 3 eV
there is in clean Fe(001) [see Fig. 2(a)] a feature which be-
comes significantly enhanced on O adsorption [see Fig.
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FIG. 9. Adsorbate-induced features within the Fe d band: (a)
at ' on Fe(001)-c(2X2) S; (b) at X on Fe(001)-p(1X1) 0. ( A,
majority spin; V, minority spin, lines are to guide the eye).

2(b)]. The spin-resolved spectra of Fig. 9 show that most
of this enhancement occurs in the majority-spin system
(the adsorbate-induced peak occurring at 3.2 eV) but re-
veal also a weak adsorbate-induced feature at 2.8 eV in
the minority-spin system. These three features (at 1.7,
2.8, and 3.2 eV at X) and their dispersions away from X
have been plotted in Fig. 6(a). The theoretical origin of
these features will be presented in Sec. V B.

V. THEORETICAL COMPARISONS

To gain some insight into the experimental results, we
have performed two kinds of theoretical calculation:
tight-binding simulations and first-principles siab compu-
tations. These are now discussed.

A. Tight-binding simulations

It was shown some time ago®® that first-principles cal-
culations of E (k) dispersion relations for O adsorbed on
Ni(001) can be made intelligible in terms of a tight-
binding-like E(k;) band structure for an isolated O
monolayer distorted by hybridization with the orbitals of
the metal substrate. We have therefore set up a tight-
binding simulation to investigate what happens when the
substrate band structure is spin split.

The tight-binding parameters for the isolated O over-
layer were obtained by first fitting to the results of
Liebsch,2® and then scaling to the new O-O lattice param-



41 SPIN-POLARIZED PHOTOEMISSION STUDIES OF THE . . .

eter appropriate to Fe(001)-p(1X 1)O according to the re-
cipes set forth in the book by Harrison.? The results of
this procedure are shown as the E (k) plot of Fig. 10(a).
To model the adsorption system the bulk Fe-Fe parame-
ters were two center nonorthogonal parameters taken
without modification from the book by Papaconstanto-
poulos;*® the Fe-O parameters were obtained from Har-
rison.?

The main effects of switching on the Fe-O interactions
was to lower the mean energy of the O p-orbital manifold,
to broaden its energy width, and to convert the crossing
of the p, and p, bands into an avoided crossing. All these
features are in agreement with experiment and are
achieved with no parameter adjustment. The downward
shifts are different in the spin-up and spin-down mani-
folds, bringing about an exchange splitting of the O p-
states. This is readily understood in terms of second-
order perturbation theory in which the respective energy
shifts would be |h,,|*/(E;;—E,) and |h,y|*/(E; —E,)
where h,,; is the appropriate hybridization matrix ele-
ment, and E;;, E; |, and E p» are the unperturbed substrate
d and adsorbate p energies. Since E,; and E;| are nonde-
generate (AE. ~2.2eV) the energy shifts will differ.
This differential hybridization shift results in the ex-
change splitting of the O p levels and since a part of the
hybridized d states crosses the Fermi energy also results
in an associated small magnetic moment on the adsor-
bate.

The particular simulation of Fig. 10(b) has been con-
trived to reproduce the exceptionally large exchange
splitting for the O p, orbitals at T. This is achieved by
noting that at T the principal adsorbate-substrate in-
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FIG. 10. Tight-binding simulations of the two-dimensional
band structure of (a) an isolated layer of O atoms, and (b) the
same layer hybridizing with a spin-split Fe substrate.
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teractions are between the O p, orbital and the d22 orbital

on the Fe atom directly below in the Fe second layer (o
bonding), and between the O p, orbital and the first layer
Fe d,, orbital (7 bonding). The main effects of simply in-
creasing the p, —d , (pdo) interaction with the Fe atom
directly below the oxygen are to increase the p, exchange
splitting uniformly across the zone and to shift the p,
bands to deeper binding energies. The simulation in Fig.
10(b), however, is achieved by reducing the o interac-
tions; by a factor of approximately 2 for the ppo interac-
tions and a factor of 6 for the pdo interactions. The 7 in-
teractions were left unchanged except for pdw between
the oxygen and the Fe atom directly below, which was in-
creased by a factor of 3.5. Unfortunately, the intuitively
appealing insight provided by such modeling does not
survive in first-principles calculations. (See Refs. 3 and 7
and Sec. VB immediately below.) It should be em-
phasized, however, that our original (i.e., uncontrived)
sets of tight-binding parameters gave k -independent ex-
change splittings in accord with the first-principles re-
sults.

B. First-principles results

We have also performed first-principles calculations
for Fe(001)-p(1X1)O using the full-potential linear
augmented-plane-wave  (FLAPW) method.’!  The
configuration was a 49-layer O/Fe(001) slab with atoms
in the positions known from LEED analysis.?! The po-
tential and density for this thick film were obtained by a
stretching technique that makes use of thinner slab and
bulk results. Although the calculations are not self-
consistent enough for total energy purposes the bands are
stable. The results of these calculations for the E(k )
dispersion relations are shown in Fig. 11, and should be
compared with the corresponding experimental data
shown in Fig. 6.

A significant advantage of such thick films is that the
bulk projected bands and gaps are obvious. The
majority-spin and minority-spin projected bands show
important differences in width and overlap: the two
lowest majority-spin bulk bands are both narrower and
overlap each other more than the corresponding minority
states.

The oxygen p, and p, orbitals discussed above are seen
below about 3.5 eV. These states are true surface states
near X and are extremely localized around the oxygen.
The O p, level is again well localized at I, but between
the where the level crosses the bulk continuum and T, the
orbital becomes more delocalized. This type of delocali-
zation due to hybridization with the substrate is even
more obvious in the case of the O p, orbital. As the ad-
sorbate orbital crosses the bulk continuum it becomes a
resonance with its spectral weight spread out over an en-
ergy range of ~0.5 eV, consistent with the increased
linewidth seen experimentally and found in earlier calcu-
lations.?® Further, in agreement with previous theoretical
calculations®>’ we find an exchange splitting of these
predominantly oxygen-derived states which remains
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FIG. 11. First-principles 49-layer slab calculation of the

E (k) dispersion relations for the adsorption system Fe(001)-
p(1X1)O for states of A, symmetry. Surface states are marked
with circles whose size increases with increased localization in
the surface region. The diagram on the left shows states of
majority-spin character, the right minority-spin character.

essentially independent of k| and is significantly too
large. (The p, exchange splitting at I' does increase, due
mainly to the majority-spin member being forced to
greater binding energy reflecting level repulsion with the
surface resonance at 2.8 eV.) A possible explanation of
this behavior will be discussed below.

Above 3.5 eV at X there is a prominent projected gap
in the minority-spin system which supports two surface
states at 1.4 and 2.6 eV. These are readily identifiable
with experimentally observed minority states at 1.7 and
2.8 eV discussed above in Sec. IVD and displayed in
Figs. 6(a) and 9(b). The state at the bottom of the gap
reflects the bonding of the adsorbate p, orbital with an
existing Fe(001) surface state,? that at the top of the gap
reflects the bonding of the adsorbate p, orbital with Fe
states at the top of the gap. Similar oxygen-derived states
are observed in the corresponding majority-spin gap of
the calculation at 3.3 and 3.9 eV. These are identifiable
with the broad structure seen in the experiment centered
at 3.2 eV, Fig. 9(b). At T, there is a majority surface res-
onance at 2.8 eV which is strong and which extends well
out towards X. There appears to be no counterpart of
this feature in the minority-spin system in either theory
or experiment. We identify the majority feature between
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2.5 and 3.5 eV plotted in Fig. 6(a) with this theoretical
resonance. As it approaches X, it merges with the gap
states, a result which we attribute to imperfect angular
and energy resolution.

C. Concluding comments

The overall conclusion of this paper is that spin-
polarized photoemission studies reveal an exchange split-
ting for adsorbates on a ferromagnetic substrate, and that
E(k;) dispersion relations are in fair agreement with
available theoretical calculations. There remain some
discrepancies. The quantitative magnitudes of the adsor-
bate exchange splitting and its k; dependence are not
well reproduced by theory. Such a discrepancy may
reflect excitation effects in that the experiment samples
the spectral properties of the excited state, the calcula-
tion represents the ground state. Indeed a marked
difference in the linewidth of spin-up and spin-down ad-
sorbate features has been observed. Energy shifts and en-
ergy linewidths may be regarded, respectively, as the real
and imaginary parts of a self-energy due to many-body
dynamical effects. However, in the absence of any de-
tailed calculation it is unclear as to how large an effect
this represents. We therefore propose this as a topic
worthy of further study. Another possible source of the
discrepancy may be inherent in the calculation itself, i.e.,
the use of the local-spin-density approximation (LSDA)
to the exchange-correlation potential. In the LSDA, all
spin effects are included via an effective local magnetic
field B (r) that acts on all states of a given spin regardless
of their orbital character. For homogeneous magnetic
systems such as elemental Fe, this is not an unreasonable
assumption since all states that are participating in the
magnetization are of similar orbital character. For an
adsorbate system, however, the orbital character of the
adsorbate and substrate are different and the LSDA as-
sumption may be inappropriate. For example, even if the
symmetries of the adsorbate and substrate did not allow
any interaction, there would still be an induced adsorbate
exchange splitting resulting from the effect of the LSDA
B (r). For an oxygen p orbital in the O/Fe(001) calcula-
tion, this effect is estimated to be of the order of 0.6 eV.
Adsorbate states that do not hybridize so much with the
substrate (O p, throughout the zone and p, below the
bulk continuum) would be expected to have an approxi-
mately large and constant exchange splitting independent
of k. For heavily hybridized substrate-adsorbate states,
the error will be decreased since it is proportional to the
oxygen contribution to the wave function. Thus for the
O p, orbital which interacts strongly with many Fe bands
(the wide resonance seen in Fig. 11), the error in the ex-
change splitting should be less. Using these arguments to
correct the calculated exchange splitting would give
answers in reasonable agreement with the experimental
results of Fig. 6. These results are also consistent with
the tight-binding calculations. The effect of the LSDA
B (r) term is to strongly couple the adsorbate orbital to
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the exchange splitting of the substrate, which in a tight-
binding method can be corrected by a reduction of the at-
tractive h,; matrix elements. Although this clarifies the
origin of the error in the adsorbate exchange splittings
using the LSDA, it unfortunately does not provide a for-
mally consistent method to include these types of ex-
change interactions into first-principles calculations.
More work on this topic will be needed before one can
completely reconcile theory and experiment.
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FIG. 1. (a) Schematic diagram showing the geometry and
orientation of the Fe(001) picture-frame sample; light is incident
at angle 6, and electrons are collected at angle 6,, in a plane
containing the [010] azimuth (X direction in the surface Bril-
louin zone). (b) A more detailed diagram of the miniature spin
detector (after Ref. 18) mounted on the exit lens of the
electron-energy analyzer. Spin sensitivity is due to the spin-

orbit effect in low-energy (150 eV) diffuse scattering.




