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First-principles study of the electronic and magnetic structure
of c (2 X 2) sulfur chemisorbed above Fe(001)
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We have performed the first, first-principles study of the adsorption of sulfur above a magnetic,
Fe surface. Our results, derived from the all-electron, film full-potential linearized augmented-
plane-wave method applied to a seven-layer Fe film with and without c (2)(2) layers of S positioned
next to the two surface Fe [Fe(S)] layers, include determinations of the equilibrium sulfur height

{H,q) and vibrational frequency, as well as the associated electronic and magnetic structures. We
find excellent agreement between our calculated value (1.12 A) of H, q with the earlier result [1.09(5)
A] derived by Legg, Jona, Jepsen, and Marcus from a dynamical low-energy electron diffraction in-

tensity analysis. The adsorption induces antibonding minority surface states immediately above and
below E+ which play an important role both in reducing the magnetic moment of the Fe(S) atom (by
-20%) and in the rather small calculated increase (0.85 eV) in work function. These states should
be clearly resolvable in both integrated and angle-resolved, spin-polarized photoemission and
inverse-photoemission experiments. We present additional predictions, including the adsorption-
induced changes in the hyperfine fields and in the angle-resolved, spin-polarized surface state spec-
tra, and relate our findings to questions associated with the sulfur-induced poisoning of an iron cata-
lyst.

I. INTRODUCTION

Although it is well known that the catalytic value of
iron in various processes is readily poisoned by introduc-
tion of small amounts of a sulfur contaminant, not only is
surprisingly little known about the origins of this poison-
ing effect, very little is known at the microscopic level
about the interaction of sulfur with iron. The impact of
sulfur contamination on the magnetic properties of iron
is even less well understood.

For a variety of reasons, the chemisorption of S on Fe
provides a natural setting in which the factors responsible
for the sulfur-induced poisoning of an Fe catalyst can be
isolated. Specifically, with modern ultrahigh-vacuum
procedures, precise, reproducible results for the surface
geometry of a specific chemisorption can be derived un-
der controlled conditions using probes of the surface re-
gion such as low-energy electron diffraction (LEED), sur-
face extended x-ray absorption fine-structure spectrosco-
py (SEXAFS), and near-edge x-ray absorption fine-
structure spectroscopy (NEXAFS). In turn, non-spin-
polarized and spin-polarized ultraviolet photoemission
spectrum (UPS) and angle-resolved photoemission spec-
trum (ARUPS), x-ray photoemission spectrum (XPS),
and inverse photoemission spectrum (IPS) and k-resolved
inverse photoemission spectrum (KRIPES) measure-
ments, made within this controlled setting, provide de-
tailed information about the electronic and magnetic
structures of surfaces. Complementing these experimen-
tal probes are theoretical tools [such as the all-electron
full-potential linearized augmented-plane-wave method'
(FLAPW)] for determining from first-principles the
geometry and electronic and magnetic structures of sur-
faces and the associated adsorption-induced changes

which result from chemisorptions.
Additional incentive for understanding the chemisorp-

tion of S on Fe theoretically and experimentally is provid-
ed by (1) the lack of detailed information concerning
gaseous chemisorptions on Fe surfaces, (2) the need to
test both the theoretical and experimental probes of sur-
face electronic and magnetic structure with a material
which is strongly magnetic, and (3) the need to better un-
derstand the interplay between magnetism and electronic
structure in chemisorptions on magnetic surfaces. More
specifically, though various experimental studies have
been made of gaseous chemisorptions on Fe surfaces,
only the chemisorption of 0 on Fe(001) has been studied
theoretically with spin-polarized, self-consistent methods,
in which both the geometry and electronic and magnetic
structures have been determined from first principles.
Only a handful of such fully ab initio studies of gaseous
chemisorptions have been made, on any transition-
metal surface, and only two of these involved magnetic
surfaces [Fe(001) (Ref. 3) and Ni(001) (Ref. 4)].

Of the various possible chetnisorptions of S on Fe sur-
faces, the case of S adsorbed on Fe(001) has been most
widely studied and is best characterized. Ueda and Shim-
izu first observed a centered 2X2 [c(2X2)] (Ref. 7)
LEED pattern during a series of work-function measure-
ments at different coverages of S. They concluded that
the iron work function shifted continuously from 4.67(3)
eV at zero coverage to —5.21(3) eV at the c (2X2) cover-
age. Later, Legg, Jona, Jepsen, and Marcus (henceforth,
LJJM) also determined from LEED and Auger electron
spectroscopy measurements that S chemisorbs in an or-
dered c (2X2) overlayer and frotn a dynamical LEED in-
tensity analysis inferred that the S is located 1.09(5) A
above the fourfold hollow. At greater coverages, LJJM
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observed the "growth of an amorphous sulfur film. " Di-
Dio, Plummer, and Graham (DPG) performed non-
spin-polarized angle-resolved photoemission experiments
in which they identified the adsorbate-induced bands
which accompany this c(2X2) S/Fe(001) chemisorption.
Fernando and Wilkins' (henceforth, FW) carried out
non-spin-polarized LAP W calculations using the
geometry proposed by LJJM but did not find very good
agreement with the results of either Ueda and Shimizu
or DPG. Nonetheless, these authors made various infer-
ences concerning the reasons for sulfur poisoning. To
date there have been no published measurements of the
ironlike spectrum after the adsorption, nor is there infor-
mation concerning the magnetic effects associated with
c(2X2) S/Fe(001). The importance of magnetic ordering
in the poisoning by S is also unexplored.

In this paper, we present various results from the first
ab initio study of this chemisorption, in which the impact
of magnetic order on electronic structure is included and
the height of the adsorbate is determined from first prin-
ciples. This is also the first study of S chemisorbed above
any Fe surface to incorporate the effects of magnetism.
Our motivation has been to examine the effects of magne-
tism on the adsorption process, to compare with our pre-
vious studies of p (1 X 1) 0 chemisorbed on Fe(001), and if
possible to gain insight into the poisoning phenomenon
through a detailed analysis of the adsorption-induced
modifications of electronic and magnetic structure. The
paper includes a review of the associated changes in the
spatial distributions of charge from both the occupied
and unoccupied portions of the spectrum, an examination
of the adsorption-induced changes in the surface magne-
tism and spin-resolved densities of states (DOS's) and
spin- and k-resolved band structures. In the course of the
analysis, we have found a number of important
differences between our results and those derived by FW
which have indirect bearing on understanding the S-
induced poisoning of an Fe catalyst. Because their
LAPW calculations are similar to ours except that they
did not include the effects of magnetism in their work, we
have inferred that magnetic ordering has an impact on
the poisoning of iron surfaces. Also, through the
analysis, we have learned that the impact of various
adsorption-induced changes in electronic structure asso-
ciated with the chemisorption have been ignored in ear-
lier analyses of photoemission data and may have bearing
on the poisoning phenomenon.

We begin in the next section by examining our method
of calculation. In Sec. III we present the results of our
first-principles determinations of the adsorbate height
(H,~ ) (which we find to be in excellent agreement with
the height inferred by LJJM) and perpendicular frequen-
cy. Here, we also discuss our calculated change in work
function (h4, ) at H, , the dependence of b,4 on
changes in the height, and the underlying modifications
of electronic structure which lead to the rather small in-
crease in our calculated value of A4, . Because our cal-
culated value for hN, is in considerably better agree-
ment than the value found by FW with experiment, we
also contrast various differences between the adsorption-
induced changes in charge which were found in the two

calculations and which are responsible for the different
values of h4, q.

In Sec. IV we turn to an analysis of our calculated den-
sities of states and the associated adsorption-induced
modifications of the eigenvalue spectrum. We also
present various spin- and energy-resolved density plots
which help us to identify the nature of the bonding and
the character of the sulfur-induced modifications of the
Fe spectrum. These plots reveal that the presence of the
sulfur is responsible for important modifications of the d
bonding both in the surface Fe [Fe(S)] and first subsur-
face Fe [Fe(S—1)] layers as a consequence of the adsorp-
tion.

We present in Sec. V a discussion of the k-resolved
band structures, where we make various comparisons
with the results of DPG (Ref. 9) and provide detailed in-
formation concerning the adsorption-induced modifica-
tions of the Fe surface states (SS's) and surface resonance
(SR) states. Through this analysis and information from
the previous section, we are able to identify various new
features, especially in the minority state spectrum, which
not only should be clearly resolvable in spin-resolved
UPS, ARUPS, IPS, and KRIPES measurements but have
bearing on the poisoning of Fe catalysis by sulfur. In ad-
dition, we infer from the existence of these changes
(which lead to a considerably smaller charge transfer to
the sulfur than was found by FW (Ref. 10) and are re-
sponsible for the better agreement that we find with ex-
periment for the change in work function ) that the inter-
play between magnetic ordering and electronic structure
has an impact on the poisoning. In the sixth section, we
present results for the adsorption-induced changes in
various magnetic quantities. Experimental verification of
these findings would provide an additional, important
check of the accuracy of our results.

In the final section, we examine the implications of our
findings on the question of sulfur-induced poisoning.
Here, we infer from our calculated changes in the DOS's
and band structures, as well as from spatially resolved
difference plots of unoccupied portions of the spectrum
that the underlying physics of the poisoning phenomenon
is due to a reduction in the minority DOS near the Fermi
energy and a shift of unoccupied states away from the re-
gion near the Fe surface, rather than due to a large elec-
trostatic shift of the Fermi level as was suggested by FW
previously. '

II. METHOD

We have determined the equilibrium binding of
c (2 X 2) S/Fe(001) using the full-potential, linearized;
augmented-plane-wave method developed by Wimmer
et al. ' and Weinert et al. for thin films, which provides
not only accurate magnetic and electronic structures but
a precise determination of the electrostatic energy. Be-
cause this method incorporates the correct boundary
conditions and electrostatics in the vacuum regions above
and below the outer layers of the film, it provides accu-
rate values for the work function.

In the current study, we used the exchange-correlation
potential due to von Barth and Hedin. " We performed
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our calculations using a seven-layer Fe slab with and
without an additional c(2X2) S layer positioned next to
the two outer Fe surface layers. The S is placed in the
fourfold hollow as suggested by LJJM. The equilibrium
height H, and perpendicular vibrational frequency are
determined from a parabolic fit to the total energies de-
rived from fully self-consistent calculations, carried out
for each of the three heights: 1.05, 1.09, and 1.14 A. Be-
cause in the presence of the adsorbate, each layer of the
film requires two Fe atoms [since the c (2 X 2) layer corre-
sponds to 50%%uo sulfur coverage] the corresponding calcu-
lations require 16 atoms per film unit cell.

At each of the three heights, we evaluated the total en-

ergy and electronic and magnetic structures self-
consistently using six special k points. We further moni-
tored the convergence with respect to k-point sampling of
the total energies and work functions for the two heights,
1.09 and 1.14 A, by performing self-consistent calcula-
tions using a 16 k-point mesh and the triangulation
method due to Wang and Freeman' for evaluating the
associated eigenvalue sums, charge densities, and work
functions. We also used this method to construct DOS's
for the electronic structure of the clean substrate, the iso-
lated sulfur monolayer [with the spacing of the c(2X2)
layer], and after adsorption with the S layer positioned at
the height 1.14 A. Because these calculations are based
on the FLAPW method, there are no shape approxima-
tions assumed in the construction of the density or poten-
tial or in the solution of the associated eigenvalue prob-
lem anywhere in space. Core contributions are evaluated
in the central field approximation fully relativistically.
Valence contributions (which include the S 3s states lo-
cated —1.3 Ry below the vacuum zero) are determined
using the semirelativistic approximation near each atom-
ic core and nonrelativistically in regions far away (in the
vacuum and interstitial) from all cores. This is done
through a variational solution of the FLAPW secular
equations with a basis set consisting of between 950 and
1000 LAPW functions, corresponding to the choice of
Rk,„=7.5, where R =2.345 580 a.u. is the muSn-tin ra-
dius of each Fe sphere and k,

„

is the largest momentum
component included in the basis set. Because z reQection
is explicitly used to block diagonalize each secular ma-
trix, the dimension required for each diagonalization ac-
tually only varies between 475 and 500. We used an an-
gular momentum cuto6; 1,„=8, for the augmentation of
each plane wave to the radial functions at the boundary
of each sphere. Nonspherically symmetric contributions
to the density and potential were cutoff' at the same 1,

„

value. In the interstitial region, we used an RG „value
of 22. Here, 6,

„

is the magnitude of the largest
reciprocal-lattice vector included in the construction of
the density and potential, where the reciprocal mesh
parallel to the surface is defined by Fig. 1, with a bulk Fe
lattice parameter of 5.4169 a.u. , and the lattice parameter
D associated with the normal direction is 28.4192 a.u.
This leads to an interstitial representation of the density
and potential involving 1873 symmetrized star functions.
In the two vacuum regions, which begin 12.5045 a.u.
above and below the center of the film, warping contribu-
tions to the potential and density are derived using a

mixed numerical-two-dimensional plane-wave representa-
tion in each of 100 equally spaced planes extending an ad-
ditional 10 a.u. away from each boundary with 30 sym-
metrized star functions per layer. The remaining contri-
butions to the density and potential in the vacuum region
are evaluated using 250 equally spaced planes which ex-
tend outwards 25 a.u. from each vacuum boundary.

A significant saving in computational resources was
made possible during these calculations by our applica-
tion of the film-FLAPW Broyden method which we de-
rived from the bulk procedure due to Singh, Krakauer,
and Wang' for determining self-consistent solutions of
the Kohn-Sham equations. In particular, we made use of
an obvious generalization of the idea set forth by these
authors, by modifying the existing (bulk) generalized
Srivastava vector so that it includes one entry for each
quantity associated with the vacuum. We explored vari-
ous possibilities for reducing the size of the associated
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FIG. 1. (a} View from above of c(2)&2) sulfur (S) chem-
isorbed on Fe(001); large open circles represent S atoms. Solid
circles represent surface Fe [Fe(S)] atoms. Small open circles
designate atoms in the first subsurface Fe [Fe(S—l )] layer.
Each Fe(S —1) atom to the side of or under the S, throughout,
respectively, is referred to by the same Fe(S —1,C) or
Fe(S —1, U). The larger square, connected by dashed lines,
shows the boundary of the two-dimensional unit cell appropri-
ate to the c(2X2) coverage. The small square, connected by
solid lines, shows the boundary of the comparable unit cell for
the single atom per layer case, appropriate for the clean sub-
strate. Also shown is the orientation of the crystallographic
directions and the choice of coordinate system. (b) The irreduc-
ible wedge of the first surface Brillouin zone (SBZ) correspond-
ing to the c (2&(2) coverage, its orientation relative to our coor-
dinate system, and the location of the high-symmetry points
(found at the corners of the triangle} and symmetry lines.
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Jacobian matrices, including omitting various quantities
(such as the coefficients associated with the warping and
non-muffin-tin contributions to the density) but found
that only by including both the effects of vacuum warping
and nonspherical variations in the density in the general-
ized vector were we able to achieve optimal efficiency
from the method. We also achieved significant savings at
the outset of the calculations by making use of an alge-
braic transformation' of the substrate density for the
case of one Fe atom per layer to the unit cell involving
two Fe atoms per layer.

III. DETERMINATION
OF EQUILIBRIUM HEIGHT

AND WORK FUNCTION

The results of our energy minimization are summa-
rized in Fig. 2, which shows the parabolic fit to our calcu-
lated values of the total energy (shown by crosses) as the
height is varied. Our calculated minimum at Heq 1 12
A is in excellent agreement with the value [1.09(5) A] de-
rived by LJJM (Ref. 8) using a dynamical LEED intensity
analysis. From this curve we also have extracted the first
prediction of the perpendicular vibrational energy 0, 45
meV. Provided the sulfur-induced relaxation of the outer
Fe layers is insignificant [as we have assumed in our cal-
culations, in accord with the findings of LJJM (Ref. 8)],
independent verification by electron energy-loss spectrum
experiments of the value of this quantity would provide

an important test of the predictive power of our total en-
ergy calculations.

In Fig. 3, we have plotted the change in our calculated
value of the work function as the height is varied, relative
to our FLAPW-derived value, 4.45 eV, for the clean
seven-layer Fe film. Experimentally (as noted above),
Ueda and Shimizu found a slightly smaller change using
the Fowler method, -0.55 eV, than our calculated equi-
librium value, b4, =0.86 eV. The agreement, however,
between our results (in which spin polarization is includ-
ed) with these experimental results is considerably better
than when spin polarization is ignored, as in the work of
FW, where it is found that A4 is 1.3 eV.

It is interesting to note, furthermore, that a variety of
experimental values for the work function of the clean
surface have been found, ranging from 4.31 (Ref. 15) to
4.88 eV, ' reflecting differences in sample preparation
and experimental method. Since Shimizu and Ueda'
base their measured change on the value 4.67 eV for
clean Fe(001), it is apparent that roughly 70%%uo of the
difference (0.22 eV) between our calculated work-function
change and their result reflects the difference between our
respective values of 4 for the clean substrate. Thus our
value of 5.31 eV and their result, 5.21 eV, for 4 after the
chemisorption agree to within 0.10 eV.

Work Function Change vs Adsorbate Height

Energy vs Adsorbat. e Height c( Zx2 ) S, 'Fe( 001 )
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FIG. 2. Calculated total energies (crosses), and the parabolic
fit to these values as the sulfur height is varied. H, q

denotes the
value of the equilibrium height; 0 is the calculated perpendicu-
lar vibrational frequency.

FIG. 3. The change in the calculated value of the work func-
tion as the height is varied, relative to the FLAPW derived
value of the work function, 4.45 eV, for the clean seven-layer Fe
film; A4, q

is the extrapolated change at the calculated equilibri-
um height, H, =1.12 A.
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The considerably greater change in work function
found in the paramagnetic calculations by FW (1.3 eV)
than here (0.86 eV) is due to the much larger transfer of
charge to the S atoms in the paramagnetic case. In Table
I we have listed our calculated values for the minority,
majority, and total valence charges of the various, in-
dependent atoms and the associated adsorption-induced
changes in these quantities. For the case in which the
sulfur height is 1.14 A, we see that the adsorption leads
to an increase of only 0.06 electrons on the sulfur atom,
relative to a comparable sulfur atom within a free-
standing, spin-polarized monolayer (with the same
nearest-neighbor sulfur separations). FW found an in-
crease of 0.23 electrons for the comparable increase. Part
of this difference rejects the choice of a muffin-tin sphere
size for the adsorbate: our sphere radius, 1.45 a.u. , was
chosen so that the sulfur could be moved arbitrarily
closely to the Fe surface; FW's decision to use touching
Fe-S spheres (with the S atom positioned 1.09 A above
the Fe plane) leads to a radius which is larger by about a
factor of 2. However, by rescaling the charge transfers
from our calculation by the ratio of the valence charges
for the two cases, we still find that FW's calculated
transfer is a factor of 2 larger than ours. This leads to the
formation of a much larger adsorption-induced dipole
layer of charge, with its electron end pointing away from
the surface, which accounts for the considerably larger
h4 value found by FW.

The values for the adsorption-induced changes in
valence charge in the surface Fe [Fe(S)] and subsurface
Fe(S —1). . .Fe(S —3) atoms do not differ appreciably
for the paramagnetic and spin-polarized cases. It is in-
teresting to note, however, that a small shift of d charge
within the first subsurface [Fe(S—1)] atoms takes place,
which does not seem to be present in the results of FW.
This results from the formation of a majority bond in-

volving hybridization of the d(3z —r ) states in the
Fe(S —1, U) atom, located below the S, with the bonding
S(p, ) states. This bonding does not occur in the remain-
ing [Fe(S —1,C)] Fe atom and leads to a splitting (by
—6%) in the magnetic moments (as discussed below) of
the atoms in this Fe(S —1) layer. This feature also shows
that there is some participation of the subsurface d elec-
trons in the chemisorption, which has been omitted in the
analysis of photoemission line shapes by DPG.

The surprisingly small transfer of charge to the S atom
has interesting implications for the common, intuitive
idea (cf. Ref. 10) that the large electronegativity of S is
responsible for the poisoning of Fe as a catalyst as a
consequence of charge transfer from the Fe to the S. In
fact, the small change in work function is a clear indica-
tion that there really is not very much charge transfer in-
volved. Indeed, FW argued that the large change in
work function which they found (in disagreement with
experiment) and the fact that the only important changes
in the spectrum of eigenstates present in their calcula-
tions occur at energies greater than 5 eV below EF sug-
gest that the poisoning is indeed due to transfer of charge
to the sulfur. Our results, on the other hand, not only re-
veal that charge transfer to the sulfur is really quite
insignificant but that important changes in the distribu-
tion of charge in and around the Fe(S) and Fe(S —1)
atoms occurs, leading to the formation of counterpolar-
ized arrangements of electrons which actually inhibit the
increase of the work function and which involve
modifications of d bonding. Furthermore, the associated
charge transfers are markedly different for the majority
and minority electrons.

The spatial distribution of the associated charge rear-
rangement in the (110) plane is shown in Fig. 4, where the
difference between the densities of c(2X2) S/Fe and the
superposition of the free-standing monolayer (S) and

TABLE I. Total, majority, and minority valence charges, resolved by atom, and adsorption-induced
changes in these quantities for (1) the free-standing substrate and isolated c (2)& 2) adsorbate monolayer,
labeled "clean, " and (2) after adsorption, labeled "S/Fe," at the height, 1.14 A. Fe(S) refers to the Fe
atom in the surface layer; Fe(S —1), Fe(S —2), and Fe(S —3) refer to the Fe atoms in the first, second,
and third layers, respectively, below the surface. The independent atoms in the S —1 and S —3 layers
are further distinguished by the letters U (for the atoms directly below the sulfur) and C. S refers to the
sulfur atom.

U
Fe(S —3) Fe(S —2) Fe(S —1) Fe(S)

S/Fe
Clean
Change

S/Fe
Clean
Change

S/Fe
Clean
Change

4.66
4.66

—0.00

2.40
2.40
0.00

7.05
7.05
0.00

4.65
4.66

—0.00

2.40
2.40
0.00

7.05
7.05

—0.00

Majority charge
4.71 4.65
4.72 4.68

—0.01 —0.03

Minority charge
2.34 2.43
2.33 2.37
0.00 0.06

Total charge
7.05 7.08
7.05 7.05
0.00 0.03

4.71
4.68
0.02

2.33
2.37

—0.03

7.04
7.05

—0.01

4.65
4.87

—0.22

2.35
1.93
0.43

7.00
6.79
0.21

0.93
1.17

—0.25

0.92
0.62
0.30

1.85
1.79
0.05
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clean Fe film is plotted. The figure shows quite clearly
the small transfer of charge and the associated dipole for-
mation which is responsible for the small increase in
work function. In particular the accumulation of charge
immediately behind each sulfur atom is responsible for
the increase. Note, however, that additional counterpo-
larizations of charge, involving the transfer of electrons
to regions between the S and Fe(S) atoms take place.
The associated dipoles act to lower the work function.
The spatial distribution and orientation of the charge
transfers shown in FW's Fig. 4 are similar to ours in the
vicinity of the S and Fe(S) though the magnitudes of the
transfers into regions both above and below the S do
seem to be about a factor of 2 larger when magnetic
effects are not included. It should be noted as well that
there is a noticeable, though small, polarization of charge
within the Fe(S —1, U) atom located immediately below
the S, which does not seem to be present in FW's Fig. 4.
We will see that this last feature is largely due to the for-
mation of a rather long-ranged Fe(S —1, U)-S bonding,
majority state, which results from the hybridization of
Fe(d [3z —r ]) and S(p [z])-like electrons near the bot-
tom of the majority Fe d bands.

Thus, not only is the charge transfer to the S rather
small, the associated spatial distribution of the transfer is

Majority

(a)

S/Fe - Fe

A
I

I

I

I

I

I

I

I

I

I

I

I

I

o
tD

Minority

I

Q "O.

S/Fe-Fe-S
FIG. 5. (a) Contour plot of the difference in the (110) plane

between the majority density after adsorption and the majority
density of the clean substrate; (b) the comparable difference for
the case involving minority densities; contours are linearly
spaced as in Fig. 4. Note the strong S-Fe(S) bonding of the
minority electrons and the lack of bonding in the majority elec-
trons.
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rather complicated. In addition, the redistribution of
charge is strongly spin dependent. This is revealed by
Fig. 5, which shows the difference between the valence
densities of S/Fe and Fe for the majority (a) and minority
(b) electrons. Note the very different behavior of elec-
trons in the Fe(S) layer for the majority and minority
cases. Specifically, in the minority case, d[xy, yz]-like
lobed transfers into the region of each Fe(S) atom result,
while the plot of the comparable transfer for the majority
density difference reveals almost a mirror image of the
transfer, involving d[xy, yz]-like losses of charge. This
behavior leads to an important reduction in magnetic
moment, which is discussed further in Sec. VI.

IV. DENSITIES OF STATES

FIG. 4. Contour plot of the difference in the (110) plane be-
tween the valence density after adsorption and the superposition
of the densities from the clean seven-layer Fe substrate and
free-standing S rnonolayer possessing the spacing of the c (2)&2)
overlayer. Dotted lines throughout are used to label contours
whose values are less than or equal to zero. Contours are linear-
ly incremented in units of 0.005 e/a. u.

In this section, we examine the origins of the charge
transfers discussed in the last paragraph. We also exam-
ine the related modifications of magnetic and electronic
structure through an analysis of the associated changes in
the DOS's, and through contour plots of the energy-
resolved spatial distribution of the density. We will also
discuss the adsorption-induced changes of the unoccu-
pied spectrum. This in turn will lead us to various infer-
ences concerning the origins of the poisoning
phenomenon, which we will discuss in the final section.
We also identify and characterize the states associated
with a prominent adsorption-induced splitting of Fe(S)-
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like energy bands near EF in the minority spectrum,
which will be related in Sec. V to the behavior of states
along the b, z line of the surface Brillouin zone (SBZ) in

the angle-resolved spectrum.
Figure 6 shows the spin-resolved local density of states

(LDOS) for the various atoms before [Fig. 6(b)] and after
[Fig. 6(a)] the adsorption. Included in Fig. 6(b) is the
LDOS of the unsupported, magnetic sulfur monolayer
possessing the lattice spacing of the c(2&&2) overlayer.
This figure reveals the adsorption induces (I) S-Fe(S)
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FIG. 6. Plot of the local densities of states (LDOS's), smoothed by Gaussian broadening (full width at half maximum is 0.05 eV),
resolved by spin and atom after the adsorption (a) and for the clean substrate and unsupported sulfur monolayer (b); d-like and the
sum of s-, p-, d-, and f-like contributions are both shown by solid lines. The short dashes are used to mark the s-like contributions,
while the longer dashes indicate p-like contributions. The designations S, S —1, S —2, and S —3 are used to label the surface and
subsurface layers, as in Table I. In the S —1 and S —3 layers, labels U and C are used to distinguish between Fe atoms located im-

mediately under and to the side of the sulfur. The arrow to the right in Fig. 6(b) is used to mark the adsorption-induced, contamina-
tion sensitive minority peak.
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bonding peaks centered at EF 5—.5 eV (EF—4.5 eV) for
the majority (minority) electrons, (2) important changes
in the minority spectrum near EF and in the unoccupied
region, and (3}rather small changes in the exchange split-
ting between minority and majority Fe states (which
remains large, —1.2 eV). Furthermore, as we will see, be-
cause of this last feature (very little change in exchange
splitting), the underlying involvement of the Fe d states
in the first two sets of modifications is markedly polar-
ized, involving majority d electrons in the formation of
bonding peaks and minority d electrons near EF and in

the unoccupied region. This in turn leads to the strong
spin dependence in the di6'erence plots, discussed above.

e relatively small change in the exchange splitting
on e spin epen-associated with the Fe has an impact o th

'
d

ence of the resulting charge transfers which is reflected

DOS
in the adsorption-induced shifts of the S-1'k k

'
h

relative to the iron d-like contributions.
pecifically, in Fig. 6(b), we see that when the energy

scales of the clean S and Fe LDOS's 't' d 1-s are positioned rela-
tive to the common electrostatic zero th Se majority
peaks (which, as discussed further below, carry
significantly greater weight than the minority peaks) are

centered over a predominantly d-like region of the Fe
majority DOS. The minority S peak, on the other hand,
ies near the bottom of the Fe minority bands, where a

noticeable, though small, s component contributes to the
Fe LDOS's, and for the most part, the Fe LDOS is rather
small. The adsorption leads to a clear broadening and
downward shift of the S peaks in both thee majority and
minority LDOS's. Accompanying these changes in the
sulfur LDOS is a noticeable broadening of the d-like
components to the majority LDOS's of the Fe(S —1) and
Fe(S) atoms. In the minority spectrum, on the other
hand, the most profound changes in the Fe-like contribu-
tions to the DOS for energies below EF—2 eV occur in
the Fe(S}atom and primarily involve s electrons.

These adsorption-induced changes in the Fe d states in
the sulfurlike portion of the spectrum, as well as the re-
sulting, strong spin dependence of the associated density
(and charge rearrangement) are readily identified through
energy-resolved plots. Specifically, in Fig. 7, we have
plotted the logarithm of the majority [Fig. 7(a)] and
minority [Fig. 7(b)] density (in 10 e/bohr ) which re-
sults from the sum of all states between EF —8.3 and

EF —3.8 eV. This corresponds to the region in which the

Majority States Between -3.8 and -8.3 eV Mino 't St Binority tates Between -3.8 and -8.3 eV
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FIG. 7. Contour lot of~ . p of the logarithm of the density (expressed in 0.001 e/a. u. ') in the (110
d(b) i oi h b Eenergies etween EF—8.3 eV and E —3.8 eV. C

ma-

tervals of 0.1.
ene t E . F — . e . ontours of the logarithm are linearly spaced in in-
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majority and minority LDOS s in the S atom are largest.
A striking feature of the plot is that in this sulfurlike re-

gion of the spectrum, in which bonding occurs, a strong
d [3z r]—-like spatial distribution is readily seen in the
interior [Fe(S—1). . .Fe(S —3)] layers in the majority
density, while the minority density in this region is essen-
tially s like. This feature is the source of charge transfer
to the Fe(S —1, U) atom which does not take place when
magnetic effects are ignored (as discussed above). Near
the Fe(S) atom also, the majority states from this energy
region contribute considerably greater charge than do the
minority states. The densities of both spins possess no-
ticeable d[xy, yz]- and d[xy]-like character near the
Fe(S) atom.

The changes in the Fe electronic structure in regions
which have the greatest sulfurlike spectral weight lead to
a broadening and downward shift of the Fe(S) d band (by
—1 eV), which in turn refiects a loss of states (-0.23
electrons) through charge transfer to the regions in and
around the S. This behavior in turn leads to a lowering
of the local electrostatic zero, and a downward shift of
the minority bands takes place. It should be noted, how-
ever, that the resulting increase in minority charge, 0.43e,
which accompanies the shift is not the result of a simple
band-filling effect, as Weinert and Davenport found for
p(1X1) H adsorbed on Ni, in which the adsorption-
induced loss of majority states through bonding with the
adsorbate is matched by an approximately equal gain of
minority states. We find, in agreement with FW, a net
gain of -0.23 electrons in each Fe(S) muffin tin, and that
in this region, local charge neutrality is not preserved.

This last effect is not entirely unexpected. The c(2 X 2)
layer corresponds to 50% coverage of the surface and
thus involves a considerably more open interface than

p (1 X 1) H/Ni(001). As a consequence, the accumulation
of charge between the adsorbate and surface (as in Fig. 4),
which occurs in regions near the adsorbate, is not as
evenly distributed. Thus, the local electric fields vary less
uniformly over the surface layer, and approximate neu-
trality within the surface layer during the adsorption is
broken.

The downward shift of the minority spectrum associat-
ed with the gain of 0.43e in the Fe(S) atom is reflected by
a prominent peak [marked by arrows in the minority por-
tion of Fig. 6(a)] immediately below (but not at) E~. This
peak is absent from the comparable LDOS for the clean
substrate Fe(S) atom, shown in Fig. 6(b). From Fig. 8,
which shows the logarithm of the density in the (110)
plane associated with this peak, we see that its angular
momentum character is strongly d [xy, x —y ) and to a
lesser extent d [xz,yz]-like in the Fe(S) and Fe(S —1) lay-
ers. This feature is also seen in the band structures (as
discussed further below). It is interesting to note as well
that though non-negligible charge is associated with this
peak throughout the Fe substrate, between the Fe(S —1)
and Fe(S —2) layers, there is essentially a vanishing den-
sity, reflecting the antibonding nature of the states from
this region of the spectrum.

Comparing Fig. 8 with Fig. 9, where the logarithms of
majority [Fig. 9(a)] and minority [Fig. 9(b)] densities asso-
ciated with the unoccupied states between Ez and

E~+0.65 eV are plotted, we see that the minority densi-
ties associated with states just below and above EI; both
are strongly 1[xy, x —y ]-like throughout the film, but
that above E~, the d [xz,yz]-like character of the states is

strongly reduced. The greater d [xz,yz]-like character of
the occupied minority peak and the surprisingly large re-
gion over which the associated density is non-negligible
(cf. Fig. 8) suggest that the transfer of minority states is
largely of electrostatic origin.

Immediately at E~, the LDOS in the minority for both
the Fe(S) and Fe(S —1) layers is actually reduced. In the
occupied portion of the majority spectrum, the LDOS's
for each of these two layers exhibits an upward shift (by
-0.25 eV), and each reveals a noticeable (though small)
increase in value at E~. Above Ez, on the other hand,
there is a noticeable shift (towards the vacuum zero) and
narrowing of minority states throughout the substrate
but especially in the Fe(S) and Fe(S —1, U) atoms [note
the large peaks 2 eV above E~ in particular in Fig. 6(a)].
As a consequence, there is a considerable reduction in the
total density of minority states (by 50%) at Ez for the en-
tire film and especially for the Fe(S) and Fe(S —1, U)
atoms, while above E~ the region of appreciable DOS is
much narrower and sharply peaked.

Minority States Between E„-O.4 eV and E~
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FIG. 8. Contour plot of the logarithm of the density (ex-
pressed in 0.001 e/a. u. ) in the (110) plane associated with the
minority states whose energies fall between E&—0.4 eV and E&.
Contours are plotted as in Fig. 7.



10 236 S. R. CHUBB AND W. E. PICKETT 38

Majority States Between EF and

0.65 eV+ EF

Minority States Between EF and

0.65 eV+ EF
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FIG. 9. Contour plot of the logarithm of the density (expressed in 0.001 e/a. u. ) in the (110) plane associated with all of the (a) ma-

jority and (b) minority states with energies between EF and EF+0.65 eV. Contours are plotted as in Fig. 7. The lowest value of the
logarithm is —1, here, as opposed to the value 0.1 found in Figs. 7 and 8.

V. ENERGY-BAND STRUCTURES

In Fig. 10, we have plotted the majority and minority
band structures along the boundary of the c(2X2) SBZ
before [clean Fe(001)] and after the adsorption. Here,
bands are resolved by symmetry with respect to reflection
though the plane normal to the surface containing the
wave vector: states which are even (odd) with respect to
this symmetry are shown in Fig. 10(a) [10(b)] and are also
identified through the subscripts "1"("2")beneath eac'h

point of high symmetry ( I, 2, etc.). Also, dot ted
(dashed) bands are even (+ ) and odd ( —) with respect to
z reflection through the center of the film. The coloring
of the bands distinguishes between states which have
their largest muSn-tin charge within a particular sphere:
respectively, bands which are colored red, yellow, green,
aqua, or blue are to be associated with the S, Fe(S),
Fe(S —1), Fe(S —2), or Fe(S —3) sphere. Also plotted
are results from the non-spin-polarized ARUPS experi-

ments by DPG (Ref. 9) for the positions of the sulfurlike
surface states (SS's) along the 1 -M line.

As in the DOS, the most dramatic changes in the spec-
trum are the result of (1) the formation of sulfurlike
bands between -EF—6.5(6.0) and -EF—4.5(4.0) for the
majority (minority) electrons, and (2) the appearance of
new, occupied and unoccupied Fe(S}-like minority states
near EF. The S-related surface bands are derived
through important hybridization with Fe(S,d) and
Fe(S —l, d) states. This feature of the bonding was omit-
ted from the earlier analysis due to DPG (Ref. 9) and also
results in considerable (-0.5 eV} exchange splitting be-
tween the sulfurlike bands. This last feature leads to im-
portant, additional complications (discussed further
below) which have been ignored previously. The
modifications near and above EF, which may have bear-
ing on the poisoning phenomena, enable us to make a
variety of interesting predictions concerning the spec-
trum of occupied and unoccupied Fe-like bands which
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should be monitored through spin-polarized, ARUPS,
and KRIPES experiments.

Specifically, in both symmetries ("1" and "2"), we
readily identify the appearance of sulfurlike bands (shown
in red). Since the experiments of DPG (Ref. 9) are non-
spin-polarized, the comparison between experiment and
theory is not without ambiguity. However, in the case of
the majority spectrum, both the position (relative to EF)
and dispersion of our sulfurlike bands are in good agree-
ment with DPG's findings for the S-derived "surface
bands. " In fact, our calculated X2 majority bands agree
with the findings of DPG (Ref. 9) to within 50.1 eV
throughout the SBZ except very near M, where the devia-
tion is -0.3 eV. The agreement with experiment for the
X, majority sulfurlike bands superficially would not ap-
pear to be quite as good. Here, in particular, we find the
upper S band, which is p [x,y]-like at I, is about 0.2 eV
above the experimental value between I and —,

' I -M, and

agrees to within less than 0.1 eV for the remaining wave
vectors along the X line. In place of the single lower SS
found by these workers, however, we find a surface reso-
nance, possessing strong sulfur character. This SR at I

&

is defined by the two lowest, red bands, which have oppo-
site z-reflection symmetry, and are split by -0.5 eV.
This majority resonance appears about 0.2 eV above the
experimental data at I &.

In fact, as pointed out by DPG, this band has overlap
with the bulk Fe bands at I &, and neither falls within or
at the boundary of a gap in the Fe bulk band structure.
Thus, by definition, the state is a SR and not a SS. Its as-
sociated p [z] character strongly affects this SR behavior
and is responsible for the 0.5 eV splitting between the as-
sociated partner states of opposite z-reflection symmetry.
This behavior is also consistent with the associated
linewidth in the ARUPS intensity, where it was found by
DPG (Ref. 9) that in the region of overlap with the bulk
Fe band structure, the linewidth of the state is very large
(-2 eV). Thus, the small disagreement of our calculated
X, majority S bands with experiment is readily accounted
for by the resonant character of these states.

Comparison with the folded bands from the clean sub-
strate reveals a variety of interesting, additional features
about the nature of the lower X

&
resonance. In particu-

lar, (1) at I
„

the energy of the symmetric member of the
SR essentially coincides with that of a d [3z —r ]-like
state possessing large Fe(S) and Fe(S —1) components,
(2) in the band immediately below this state, one also ob-
serves a strong Fe(S —1)-like (green) component, while
(3) after the adsorption, the comparable antisymmetric
member of the SR band possesses large components in
essentially all spheres (including the S). From these ob-
servations, we conclude that the lowest sulfurlike band is
not well localized and evolves though a rather long-
ranged interaction involving considerable hybridization
with sp- and d-like Fe states over a wide energy range and
over many layers.

As discussed by DPG, one anticipates that this lower
band would obtain greater localization near the sulfur in
the region in which overlap with the Fe bulklike bands is
reduced, which occurs at points between -0.5I ]-M& and
M& ~ And in fact, our calculated splitting between the two

lowest (+ and —) I, partner states becomes negligible
near M &, indicating a true SS, and a noticeable sulfur
(red) character begins to appear beginning at -0.6I &-M.

However, this involves a shift of sulfur character from
the third and fourth lowest X, bands, which are associat-
ed with the SR at I &, to the lowest two states, providing
still additional evidence for the resonant (as opposed to
surface state) character of this sulfurlike band.

On the other hand, we also observe that though this
lower band does fall below the bottom of the bands in the
clean Fe substrate at M&, has noticeable sulfur (red) char-
acter and is a well-defined SS, it does possess blue
[Fe(S—3)], green [Fe(S—1), and yellow [Fe(S)] com-
ponents. Comparison with the bands from the clean sub-
strate further reveals that this admixture of components
from all of the spheres appears at precisely the point at
which the SR crosses the boundary (-0.6I,-M, ) of the
bulk bands, indicating that the SS, though localized near
the S, has evolved out of considerable hybridization with
Fe states from thoughout the film. In our earlier discus-
sion of the energy-resolved density from the sulfurlike
bands, we further identified an important d [3z -r ] com-
ponent in the majority density, throughout the film,
which (as revealed by Fig. 4) results largely from states
near the energy of this band. These observations imply
that considerable mixing of states, over many layers, is
involved in the evolution of this surface state, and that
the hybridization depends strongly on k parallel (k~~),
even at values of k

~~

in which the overlap of the Fe bulk
bands with the S band becomes negligible. This observa-
tion in turn suggests that the measured sensitivity with
respect to changes in k~~ of the linewidths associated with
this SS could be due to initial-state effects and not to a
more subtle final-state mechanism in which "bulk 3d
states . . . hybridize with surface 2O states even when
they appear to be separated in E-k

~~

space, "as inferred by
OPG. '

It should be noted as well, however, that because of the-0.5 eV exchange splitting and the fact that our majori-
ty states agree well with experiment, we find fairly large
differences between our calculated X

&
and X2 minority

sulfurlike bands and those derived from these experi-
ments, which suggests that the experiment has preferen-
tially sampled majority states. It is also possible that the
large linewidths associated with these measurements by
DPG (Ref. 9) are partly the result of the exchange split-
ting. The large exchange splitting of these sulfur states
provides an additional complication in the analysis of
linewidths which these authors did not consider. Clearly,
spin-polarized ARUPS measurements would clarify our
interpretation of these results.

Because the type-2 sulfur states are p[x,y]-like, they
remain as well localized surface states below and at the
boundary of the Fe bands along all of the symmetry lines.
We have already seen that along the X, line, the p[z]
character of the lower I

&
sulfur band results in strong hy-

bridization with the Fe states, which in this energy range
in the clean substrate are primarily nearly-free-electron-
like and bulklike. Between -0.7I ]-M& where the over-
lap between the lower S band and Fe bands becomes
negligible, and M&, this p [z]-like character is transferred
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from the lower band, which becomes a well-defined sulfur
SS, possessing entirely p[x,y]-like character in the S
sphere at M, , to the higher band, which loses its predom-
inantly sulfurlike component but remains highly localized
in the Fe(S) layer. Between M, and -0.4M, -X, , these
Y& states, which are the lowest in energy in Fig. 10 along
this symmetry line, gradually lose their surface state
character and become resonances, a feature readily
identified by the pronounced splitting (-0.25 eV) be-
tween z-reflection partner states which is found at X, .
Along the 6, line, this splitting becomes even more pro-
nounced, and S and Fe(S)-like character is transferred to
the six lowest 5& bands as the S-like states overlap with
the predominantly bulklike Fe s band. Thus, in the bond-
ing region, the most pronounced sulfurlike SS's are found
in the symmetry-2 bands all along the boundary of the
SBZ and in the symmetry-1 bands along the X and Y
lines near M.

In the remaining portions of the occupied majority and
minority spectrum, except very near Ez the adsorption
induces rather subtle changes. These are largely account-
ed for by the presence of avoided crossings which result
as a consequence of the reduced symmetry of the SBZ
after the chemisorption.

Near Ez in the majority bands, the adsorption-induced
loss of charge in the Fe(S) atom leads to a narrowing and
upward shift of the yellow, Fe(S)-like bands, as a conse-
quence of the contraction of the Fe(S) d states. This
leads to the formation of an adsorption-induced h, -X&

Fe(S)-like SR state. This state is the lowest unoccupied
state at I „where it is d [xz,yz]-like. It strongly hybri-
dizes with states in the Fe(S —1) and Fe(S —2) layers
along the b& line, essentially becoming bulklike at the
point, 0.5I,-X„where it crosses Ez. Along the X, line,
the state remains strongly Fe(S)-like above Ez, and after
it becomes occupied (at -0.5I,-M, ), it begins to mix
strongly with bulk Fe-like bands in the immediate vicini-
ty of M, , where it loses its Fe(S)-like character. A simi-
lar majority 62-X2 SR state is induced. The antisym-
metric member with respect to z reflection of this SR is
the lowest unoccupied ( —) Z2 and Xz band. At X2, this
band has its strongest Fe(S)-like character. Beginning at
-0.7X2-1 2, the splitting between its + and —partners
becomes so large that the (+ ) member becomes occu-
pied, suggesting that important coupling to bulk states in
this resonance may inhibit its detection through KRIPES
measurements except between X2 and -0.7X2-I 2. There
are interesting, additional transfers of Fe(S)-like charac-
ter to most of the bulk nearly-free-electron-like unoccu-
pied X, and X2 bands, as well as the appearance of sulfur
4s-like character in the X, state near I, (at -2.5 eV) and
the 5, state which crosses X, at -4.2 eV.

Because of their relevance of the poisoning
phenomenon, the most interesting adsorption-induced
changes in the band structure occur in the minority spec-
trum, above and immediately below E~. Here, we find a
pronounced, flat SS-SR, is induced all along the 62 line
just below E~. This band crosses X2 at ——0.15 eV as a
SS possessing d[xz, yz]-like character and remains a SS
along most of the h2 line, becoming a SR only after it be-

gins to overlap with bulk bands near 0.9X2-I 2. It crosses
I 2 at ——0.20 eV where again it is entirely d [xz,yz]-like.
Comparison with the clean substrate reveals that this
band is induced through level repulsion of two highly lo-
calized 62 SS's, which are degenerate at X2 (i.e., at
0.5I 2-M2 relative to the unfolded SBZ of clean substrate)
with energy -0.1 eV. Along the 62 line, these two, fold-
ed bands remain unoccupied until -0.55X2-I 2, where
the lower band crosses E~, hybridizes with the Fe(S —1)
d [xz,yz]-like states and immediately loses its Fe(S)-like
character. The adsorption induces a large Fe(S) com-
ponent in the continuation of this band along the X2 line,
which is absent from the clean substrate, where the state
has its largest component in the Fe(S —1) sphere. Im-
mediately above this band, we find a sulfur-induced
downward shift of a second, symmetry-2 Fe(S) band. At
I 2, this state, which is less than 0.05 eV below (above) E~
after (before) the adsorption, is entirely d [x —y ]. After
the adsorption, this band remains primarily below E~
along X2, while in the clean substrate, it remains unoccu-
pied over a considerably larger range of wave vectors.

Because (1) these b, z-Xz bands become occupied in pre-

cisely the same energy range and have the identical angu-
lar momentum composition as the sulfur-induced
d [xy, x —y ]- and d [xz,yz]-like states associated with
the peak in the minority Fe(S) LDOS just below E~
(marked by arrows in Fig. 6), and (2) the important
changes in the minority symmetry-1 bands occur in a
different energy range, we infer that the occupation of
these highly localized, Fe(S)-like symmetry-2 bands is

closely associated with the appearance of this peak.
Furthermore, having made this identification, we further
note that the level repulsion of the two X2 unoccupied
surface states from the clean Fe substrate, which leads to
the extremely fiat sulfur-induced Fe(S) Az SS, also results
in the lowering below E~ by -0.15 eV of an extremely
flat band, which, for the clean Fe, essentially maintains a
constant energy that falls within -0.01 eV of EF over a
large range of wave vectors along the 5 line. This behav-
ior suggests that the sulfur-induced reduction in the DOS
at Ez [especially in the Fe(S) atom] is strongly correlated
with the level repulsion of these unoccupied h2 bands.
Thus, independent verification of our predictions of the
sulfur-induced occupation of the hz and X2 bands and the
significant increase in energy ( —1 eV) of the lowest unoc-
cupied minority X2 minority state through spin-resolved
ARUPS and KRIPES measurements would provide an
important test of our calculated electronic structure, the
behavior of minority states near E~, and reduction in the
DOS at Ez. Because we draw various inferences below
related to the poisoning phenomenon which are closely
tied to these results, verification of these adsorption-
induced features could have important implications for
understanding the interplay of S with Fe in various cata-
lytic processes.

Independent verification of various adsorption-induced
features in our results for the unoccupied minority spec-
trum away from EF also would provide an important test
of implications concerning the poisoning. In particular,
at —2.70(25) eV above Ez, we find three sulfur-induced,
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unoccupied Fe(S)-like SR's at I . (The large energy un-

certainties reflect the large splittings between partner
states of different z-refiection symmetry. ) Two of these
are continuations of X] resonances. The remaining SR
has symmetry 2. All of these SR's maintain some Fe(S)
character between I and -0.5I -M. Between 0.5I -M
and M, the lower X] SR beings to hybridize with bulk
states, while the upper X& SR becomes more pronounced.
Both sets of bands cross M& at -2.4 eV. The X2 SR,
which is d [xz,yz]-like at I 2, mixes strongly with bulk
states and with the continuation of the highest occupied
band, which has considerable Fe(S) character at I 2 but
acquires large bulk components near 0.2I z-M2. As a
consequence, this SR becomes delocalized beyond 0.5I z-

M2. Along 5, on the other hand, the continuation of the
SR possessing type-2 symmetry becomes sharper and
remains highly localized all along the line, crossing Xz at
-2.3 eV, while the symmetry-1 SR's both acquire large
bulk components very near I, . At I „wealso find an
Fe(S)-like SR -0.2 eV below the vacuum zero. This SR
remains predominantly Fe(S)-like along I,-X, and also
acquires a sulfur 4s component between -0.4X, -I

&
and

X, . The set of bounds associated with this SR crosses X,
-0.5 eV below the vacuum zero.

VI. MAGNETISM

As noted in the last two sections, the adsorption in-
duces a new, Fe(S), minority, occupied peak, just below

EF, through hybridization and level repulsion between
Fe(S) d(xz, yz)-like SS's located just above EF, near X2
prior to the adsorption. This is responsible for a large in-
crease in minority occupation in the Fe(S) atom. The re-
sulting gain of 0.43 minority electrons is accompanied by
a loss of 0.22 majority electrons, resulting in a reduction
by -20% (0.65@~) in the Fe(S) moment (see Table II).

As a consequence, the moment of this atom becomes very
nearly equal (to within 2%) to the moment of bulk Fe
( -2.26@a ).

As noted in Secs. IV and V, the net decrease in d states
by the Fe(S) atom indicates that this behavior is not a
simple electrostatically driven band-filling effect, in which
the adsorption-induced loss of majority states through
bonding with the adsorbate is matched by an approxi-
mately equal gain of minority states, but that the large
exchange splitting in Fe plays an important role in the re-
sulting adsorption-induced reduction in moment. In fact,
the decline in the total DOS at EF and the adsorption-
induced level repulsion (as well as the resulting occupa-
tion by states just below EF ) in the minority spectra are
clear indications that important changes in the electro-
static and exchange correlation potentials are at work
which complicate the effect. However, especially away
from EF in the occupied region of the spectrum, the in-
duced upward (downward) shifts of majority (minority)
Fe(S) states do indicate that a band-filling-like mecha-
nism is at work. In particular, the loss of majority Fe(S)
states, which reflects an antibonding hybridization be-
tween the majority Fe(S) d [xz,yz]-like bands and the oc-
cupied and unoccupied sulfur p [z] majority states, leads
to a decrease of the local electrostatic potential and a
binding of minority states.

The unoccupied S p [z] states which play an important
role in the loss of majority states appear in the minority
spectrum of the unsupported S monolayer but reside in
the majority spectrum after the adsorption (cf. Fig. 6).
The shift of these unoccupied S states from minority to
majority cannot be verified by experiment since an unsup-
ported S monolayer is not physically realizable. On the
other hand, the underlying physics reflects an interesting
feature of S, which is not commonly recognized. Accord-
ing to local-density theory (as verified by direct calcula-

TABLE II. Calculated BHFin kG (total), contributions to BH„from valence and core electrons, and
magnetic moments (pz) resolved by layer and atom and the associated adsorption-induced changes in

these quantities. The labeling of atoms and the designations "Clean" and "S/Fe" are defined in Table I.

BHF U
Fe(S —3) Fe(S —2)

U
Fe(S —1) Fe(S)

S/Fe
Clean
Change

—372
—383

12

—352
—383

31

—325
—325

0

Total
—344
—406

62

—379
—406

27

—254
—246

—8

7
—33

39

S/Fe
Clean
Change

S/Fe
Clean
Change

—83
—87

4

—289
—296

7

—58
—87

30

—294
—296

2

—22
—13
—10

—303
—313

10

Valence
—59

—103
43

Core
—285
—303

18

—75
—103

28

—304
—303

—0

41
147

—106

—295
—393

97

8

62
54

—1

—95
94

S/Fe
Clean
Change

2.26
2.26

—0.00

2.25
2.26

—0.00

Moments
2.37 2.23
2.39 2.32

—0.03 —0.09

2.37
2.23
0.06

2.30
2.94

—0.64

0.00
0.55

—0.55
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tion' ), as an isolated atom, S possesses a magnetic mo-
ment of 2pz, and this is also the moment for each unit
cell in the unsupported monolayer. [Indeed, within the
muffin tin of the S (whose radius in these calculations is
1.45 a.u. ), the moments of the isolated atom (0.60pii ) and
in the monolayer (0.55pii ) are nearly equal. ] The shift of
the unoccupied S[p] states then reflects a stabilizing of
the paramagnetic state of the atom after the adsorption
and leads to the adsorption-induced loss of majority and
gain of minority states responsible for a vanishing of the
moment on the S after the chemisorption.

As noted above, there are small, though noticeable
changes in the moments of the two Fe(S —1) atoms.
Specifically, the Fe(S —1, U) atom, which is located
directly below the S, loses majority d [3z —r ] electrons
through hybridization with the occupied S p[z] states.
The remaining majority and minority d states on this
atom contract in response, leading to net gains (by 0.03
electrons) in total charge and (by 0.06 electrons) in
minority occupation. Thus, the moment on this atom de-
creases by -0.10}uii. These changes within the Fe(S —1)
layer have further effects on the local electrostatic and
exchange-correlation potentials which lead to a small
gain (0.02) in majority occupation and loss (0.03) of
minority states in the remaining Fe(S —1, C) atom. As a
consequence, the moment on this atom increases by a
small (0.06@~) amount. The end result is that the mo-
ments of the two Fe(S —1) atoms, which are equal in the
clean adsorbate, are split by about 6%. Similar behavior
occurs when c(2X2) 0 chemisorbs on Ni(001). ' In both
cases, these changes in magnetism within the interior of
the substrate are manifestations of changes in the d bond-
ing. [The identification of this feature has consequence
because it has been assumed both in c(2X2) S/Fe(001)
and in c (2 X 2) 0 cheinisorbed on Ni(001) that changes in

d bonding are negligible either beyond the surface layer'
or throughout the substrate. ] In the remaining Fe
atoms, the adsorption-induced changes in the magnetic
moments are negligible.

In Table II, we have also listed the contact hyperfine
fields BH„for the various atoms, the adsorption-induced
changes in these quantities, and the associated contribu-
tions from the valence and core electrons. As described
elsewhere, layer resolved measurements of BH„,in prin-
ciple, can provide an important check on the accuracy of
our calculations. Though in the current chemisorption
the lack of symmetry between atoms within the S —3 and
S —1 layers makes it somewhat difficult to compare the
numbers found in Table II with such layer resolved ex-
perimental measurements, in the case of the S —1 layer,
the adsorption induces a measurable isomer shift AU

(-0.05 mm/sec) on the Fe(S —1,C) atom which is con-
siderably greater (by a factor of —10) than our calculated
(negligible) value of b, v for the remaining [Fe(S —1, U)]
atom. This is fortunate because the largest changes in
BH„occur in the Fe(S —1) layer, where the adsorption
induces increases of 62 (27) kG for the Fe(S —1, U)
[Fe(S—1,C)] atoms. The diff'erent values of AU for the
atoms in this layer should lead to resolvable shifts of the
centroids of the associated Mossbauer peaks, and, as a
consequence, it should be possible to distinguish between

the values of B„„for the two Fe(S —1) atoms. For the
Fe(S) and Fe(S —2) atoms, where results from measure-
ments of BH& can be compared directly with our findings,
we find that the adsorption induces small changes. In the
case of the Fe(S) atom, this behavior reflects a surprising
cancellation, involving a large contribution from the
change due to the valence electrons (+ 106 kG) which is
effectively canceled by a large change ( —97 kG) from the
core electrons.

VII. POISONING

To understand completely the origins of the sulfur-
induced poisoning of the catalytic value of Fe in, for ex-
ample, the Fischer-Tropsch synthesis of hydrocarbons, it
~ould be necessary to perform a series of calculations
which incorporate the constituent materials associated
with the specific process, with and without small amounts
of a sulfur contaminant. This of course is a formidable
task, which would involve calculations that are consider-
ably more difficult to perform than the ones discussed
here. Nonetheless, there are a variety of adsorption-
induced features that are readily apparent from our cal-
culations which could have bearing on the poisoning
phenomenon.

In the preceding sections, we have found that the ad-
sorption induces important changes near the Fermi level
in the minority spectrum as well as changes above Ez,
and that only a rather small transfer or charge to the
sulfur atom is involved. FW, on the other hand, in their
paramagnetic calculations found the adsorption induces
very little change in the DOS's except at energies below
E~ —4 eV, and a rather large change in the work function
through a considerably larger charge transfer to the S.
We have further identified that the very different behav-
ior we found is closely associated with level repulsion of
unoccupied minority Fe states, near X2, and above E~.
Because our results for the change in work function and
positions of bonding sulfurlike states are in considerably
better agreement with experiment, we conclude that the
behavior associated with the minority states in particular
has an important impact on the sulfur-derived changes in
electronic structure, and as a consequence that magne-
tism plays a critical role in these changes, and, by infer-
ence, in the poisoning.

More specifically, we suggest that the poisoning
phenomenon is closely tied to (1) the appearance of the
prominent minority peak immediately below Ez which is
split from the next (unoccupied) peak, (2) appreciable
reduction (by 50%) in the minority (as well as the total)
DOS at Ez, and (3) a shift (towards the vacuum zero) and
narrowing of unoccupied minority states throughout the
substrate but especially in the Fe(S) and Fe(S —1, U)
atoms. These changes reflect rather important
differences in the regions of the DOS which not only
could be involved in the bonding of (e.g. CO) electrons
during the intermediate stages of a catalytic process but
which provide aa important component to the final-state
distribution of states in the determination of the rate of a
particular reaction (as discussed further below). We sug-
gest that the poisoning is indeed related to the loss of
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minority states at EF and the effective decrease in width
of unoccupied states, and not to a large transfer of charge
from the Fe to the S, as was inferred by FW.

This type of argument is not new. Feibelman and
Hamann have argued on the basis of electronic struc-
ture calculations involving a catalyst (rhodium) and a
sulfur poison that the reduction in the DOS at EF which
they find in their calculation should play a prominent
role in the poisoning of Rh as a catalyst. In the case of
Fe, we find a similar reduction, but we also have observed
the reduction is intimately related to the behavior of the
minority spectrum, and thus tied to magnetic ordering,
through the large exchange splitting in Fe.

Feibelman and Hamann have used the spatially
resolved DOS at EF and a Fermi golden-rule-type argu-
ment to infer that their calculation has bearing on the
poisoning phenomenon. We wish to point out that the
same Fermi golden-rule-type argument suggests that cal-
culated changes in the DOS both at and above EF of
model systems such as ours (in which only the catalyst
and poison are included) may have bearing on the poison-
ing. This is because, especially near the Fe surface, the
unoccupied states play a prominent role during the inter-
mediate stages of a catalytic process. The importance of
these states in a Fermi golden-rule expression for the
transition rate of a particular reaction is manifested both
through matrix elements and through the final-state dis-
tribution of the ground state of the catalyst. In such an
expression, the relevant final-state wave functions and
density of states should be derived in the limit in which
the Fe [S/Fe] catalyst is moved infinitely far from the
other participants in the reaction.

In Fig. 11, we have plotted the spatially resolved
difference between the density associated with the unoc-
cupied states after and before the adsorption. Disregard-
ing the energy dependence of matrix elements associated
with any specific catalytic process, we may infer from this
plot that the definite shift of states away from the surface
region into the substrate which is induced from the sulfur
should lead to a significant reduction in overlap between
states from a molecule (such as CO) colliding with the Fe
surface with the unoccupied Fe(S) states nearest to the
surface. The origin of this behavior is closely associated
with the narrowing of states in the peaks 2 eV above EI;.
As a consequence, we infer that the changes in these
states probably are related to the poisoning.

In fact, in the actual case of the hydrogenation of CO
on an Fe surface, it is believed ' that CO chemisorbs
disassociatively through an intermediate molecular state,
in which 4X and 1m orbitals from the CO are thought to
form Fe—C-like bonds through a hybridization involving
unoccupied Fe states, and electrons from occupied Fe
states are backdonated into the antibonding 2m. * (oxygen-
like) orbitals. As a consequence, the presence of the Fe
leads to an elongation of the CO bond and dissociation,
thus enhancing C-H formation. The poisoning of the re-
action then involves disruption of one or both of two
features associated with this elongation of the C—0
bond: (1) the formation of the Fe—C-like bond, and (2)
backdonation of Fe electrons towards the O.

The first of these features (1) is closely tied to the be-
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FIG. 11. Contour plot of the difference in the (110) plane be-

tween the density associated with all of the unoccupied states
after adsorption and the comparable density from the clean sub-

strate. Contours are plotted as in Fig. 4 but with a spacing of
0.0005 e/a. u. '

havior of the uncoupled minority states. We infer from
Fig. 6 that the most important changes in the unoccupied
minority spectrum occur -2 eV above EF. Because this
occurs at an energy ( ——2.45 ( ——3.31) for Fe [S/Fe]
relative to the vacuum electrostatic zero) very close to
the observed splitting between 1~ and 4X levels in the
gaseous CO molecule (2.75 eV), we suggest that the
adsorption-induced lowering (-0.86 eV) in absolute en-

ergy and the associated narrowing and localization of the
Fe(S)-like component in these states is probably closely
tied to the weakening of the C—Fe bond. Thus, the
weakening of the C—Fe bond would seem to be closely
associated with the S-induced shift of states away from
the Fe surface.

The second feature (2), involving backdonation of Fe
electrons, is more closely tied to the behavior of the states
at and immediately below the Fermi level. Especially
through our analysis of the band structures, we have
found that though the adsorption-induced downward
shift in absolute energy of the minority states near EF is
small in magnitude, an important level repulsion is in-
volved. Because the magnitude of the accompanying, up-
ward repulsion of unoccupied states (especially near Xz )

is as large as 1 eV, both features (1) and (2) are closely
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tied to the behavior of the minority states near EF.
The accuracy of these predictions and inferences could

be monitored through the direct measurement of spin-
resolved UPS, ARUPS, IPS, and KRIPES majority and
minority spectra. In particular, there should be clearly
resolvable increases (decreases) in majority (minority)
spectra at EF, as well as the appearance of small,
adsorption-induced majority peaks about 0.5 eV above
EF. A contamination induced splitting of minority states
at Xz of the highly localized d [xz,yz]-like Fe(S) SS, lo-
cated -0.1 eV above EF in the clean substrate, should be
readily observable. A pronounced d-like narrowing
should be present at about 1.8 eV above EF in the unoc-
cupied, minority spectrum, and a pronounced peak just
below Ez should develop.

VIII. CONCLUSION

In conclusion, we have performed a detailed study of
the electronic and magnetic structure of c(2X2) S chem-
isorbed above magnetic Fe(001). The investigation has
included a first-principles determination of the height of
the S [in excellent agreement with the result of LJJM
(Ref. 8)], perpendicular vibrational frequency, and work
function. We have found a number of important
adsorption-induced changes in the Fe-like surface state
spectrum, which not only have been ignored in previous
ARUPS experiments but probably have bearing on the
poisoning of iron s catalytic value in the Fischer-Tropsch
synthesis of hydrocarbons. We have found good agree-
ment between our calculated work-function change and
sulfurlike SS's and SR's with experiment, and suggested a
variety of new experiments, including electron energy-

loss spectroscopy (EELS) measurements of the perpendic-
ular vibrational frequency of the S adsorbate, spin-
resolved ARUPS and KRIPES measurements of various
spectral features (most notably the observation of a
sulfur-induced level repulsion between 4z Fe SS's near
X2), as well as related UPS and IPS measurements. We
have found from comparison with the earlier paramag-
netic results of FW that magnetism plays a critical role in
the electronic structure through the large exchange split-
ting of Fe and made additional predictions concerning
the adsorption-induced changes in various magnetic
quantities. Finally, through a detailed analysis of the
DOS, band structures, plots of differences between the
density before and after the adsorption, and various
energy-resolved plots involving occupied and unoccupied
portions of the spectrum, we have isolated the orbital
character of the most important adsorption-induced
changes in the spectrum and drawn a variety of con-
clusions concerning the relevance of our results to ques-
tions related to the sulfur-induced poisoning of an Fe cat-
alyst.
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