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Abstract

Spin polarized photoemission studies of different adsorbates on an Fe (001) substrate show the
interaction between the adsorbate and the substrate d bands. Studies of the adsorption of oxygen
reveal exchange split adsorbate bands indicative of both a magnetic moment on the adsorbate atom
and also a strong adsorbate pz substrate dz2 bond. The oxygen pz bands show a iarge variation in
exchange splitting across the surface zone, an observation that is not predicted in first principles
calculations of this system. Spin Polarised Auger Electron Spectroscopy studies of sulfur
adsorbed on the same surface provide some indication of the magnetic moment on the adsorbate. It
is found to be of the order of 0.1 uB. Studies of carbon monoxide adsorption in two different
configurations, vertical and tilted, reveal little or no exchange splitting in the molecular 5a
orbital suggesting that the interaction of this orbital with the substrate d bands is much weaker.

1. Introduction

The chemisorption of different atoms and molecules on transition metal surfaces has been
the subject of a number studies (1). Less well studied has been the interplay of the magnetic or
spin properties of the substrate with the chemisorptive activity. Discussion of the limited spin
resolved studies has ranged from the possible formation of magnetic dead layers in the surface
region (2-4) through to the presence of magnetic moments on the adsorbate (5-8). A theoretical
analysis (9) of spin polarised photoemission studies of oxygen chemisorption on a Ni(H0)
surface (2) concluded from examination of the changes in the substrate d bands that the substrate
was magnetically dead to a depth of four layers. Inverse Photoemission studies (IPES) of the
carbon monoxide adsorbed on the same surface produced a similar conclusion with the suggestion
that filling of the Ni d-holes lead to a reduction of the substrate magnetic moments in the surface
region (3).

Chemisorption does not however always lead to magnetically dead layers. Indeed some
studies of molecular adsorption on transition metal particles have indicated an increase in the
saturation magnetisation rather than decrease (10). Further it has been shown, theoretically,
that adsorption of the chalcogens, oxygen and sulfur, on the low index (001) face of Fe should
result in the presence of a small magnetic moment on the adsorbate rather than the removal of the
moments on the substrate (11-14). In fact the same calculations predict that the the surface
magnetic moment will be enhanced by the adsorption. These theoretical predictions have recently
been partially confirmed by experiment. Spin polarised photoemission studies of an ordered
monolayer of oxygen on the Fe(001) surface found that the adsorbate induced bands are exchange
split indicative of the magnetic moment on the adsorbate (5). A similar observation was made for
a sulfur c(2x2) overlayer on the same substrate. In a separate study, the presence of a small
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magnetic moment on the adsorbate for the S c(2x2)/Fe(001) system was also confirmed using
spin polarised Auger electron spectrosccpy V8). Exchange split peaks have recently been
observed in a spin resolved IPES studies of the unoccupied adsorbate induced features for oxygen
and sulfur adsorbed on a Ni(110) surface (6) and also in a spin polarised photoemission study of
oxygen and sulfur adsorbed on the Fe(HO) surface (7).

In this paper we review in more detail the experimental observations of atomic oxygen and
sulfur adsorbed on an Fe(001) substrate and also consider the case of molecular carbon monoxide
chemisorption on the same substrate. As already noted the sulfur and oxygen form overlayers
order at half-monolayer and monolayer coverage respectively and as sush are ideal for studying
the properties of two dimensional systems. Carbon monoxide on the other hand represents the
classic molecular adsorbate in surface science.

2. Instrumentation

Spin polarised spectroscopies require the use of some form of spin detector. The recent
development of a low energy spin detector at NBS (15) has allowed the construction of a
momentum and spin resolving photoelectron spectrometer with all the flexibility of any other
angle resolving instrument, fig.1 (16). Described in more detail elsewhere, the momentum
resolved photoelectrons or Auger electrons are scattered of a polycrystalline gold surface at 150
eV. A spin asymmetry in the scattering provides a measure of the spin polarisation in the
electron beam. The low efficiency of spin detection is compensated for in the photoemission
experiments described in this article through the use of an undulator installed on the NSLS UV
ring at Brookhaven (17). Such a source provides a high flux of photons in well defined harmonics
characteristic of the magnetic structure of the undulator.
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Fig. 1. Schematic of the Spin Polarised Photoemission experiment showing the picture frame
crystal and the photoelectron detector with associated spin analyser.



In all spin polarised studies it is neccessary to define a quantisation direction for the spin.
A frequently used method in studies of ferromagnetic materials is to manufacture the crystal or
substrate in the form of a picture frame, fig. 1. With a small solenoid wound around one arm of
the frame it is possible to magnetise the crystal so that the photoe4ectrons are emitted with their
spin either parallel or anti parallel to the magnetisation direction.

3. Oxygen and Sulfur Adsorption

Oxygen adsorption on transition metal surfaces has been the subject of a number of angle
resolved photoemission studies. By exposing the Fe(001) surface to six langmuirs of oxygen and
annealing the surface to 550 °C an ordered p(ix1) structure is formed at monolayer coverage.
Low Energy Electron Diffraction (LEED) studies of the p(ixi) structure indicate that the oxygen
sits in the four fold hollow site 0.48 A above the surface iron layer (18). Angle resolved but not
spin resolved photoemission studies (19) have previously shown that the adsorbate induced bands
display dispersions approximately in agreement with a model calculation for an ordered two
dimensional array of oxygen atoms due to Liebsch (20). That calculation, fig. 2, shows the Pj

-7

-B
a>

ae
z

S-to

-n

-12

>

•

•

Fig. 2. Tight-binding calculation of the energy bands for a freestanding oxygen monolayer with

1.49 A atomic distance (from Liebsch Ref. 20).

orbital more deeply bound than the px orbital at the center of the zone. Moving out from the

center to the zone boundary the pz orbital shows little dispersion whilst the in plane px orbital

disperses downwards with a larger bandwidth. By employing symmetry selection rules these

basic characteristics were identified in the photoemission studies for both oxygen and sulfur

overlayers on Fe(001) (19,21). The latter adsorbate forms an ordered c(2x2) structure at

half-monolayer coverage (22) rather than the p(1xi) ordered monolayer. Adsorption on the

metal substrate reduces the symmetry of the overlayer and allows ttie hybridisation of the p2 and



px orbitals. This leads to the opening of a hybridisation gap a; the crossover point at the center of

the zone.
The one electron Hamiltonian for such a system may be written

H = -V2 + VH + Vxc [1]

where the first two terms represent the kinetic and Hartree potential terms. The final term, V x c

the exchange correlation potential, is spin dependent and is proportional to the density of

electrons of the same spin. Thus for a non-magnetic overlayer the adsorbate bandstructure will

retain the form of fig. 2. For a magnetic overlayer the exchange correlation potential will lead to

independent exchange split bandstructures for each spin. In that the exchange term is a local

potential the presence of exchange split adsorbate bands may be taken as an indication of the

presence of a magnetic moment on the adsorbate.
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Figure 3 shows spin resolved photoemission spectra recorded along me surface normal tor

different incident light polarisations (5). As in the earlier studies selection rules allow the clear

identification of the symmetries of the different adsorbate features. For an angle of incidence of

60° with respect to the surface normal the light is effectively p polarised and emission favors the

p2 orbital. At 35° incidence angle the light is more s polarised and the emission from the px

orbital is enhanced. The experimental configuration allows the observation of only those initial

states of even symmetry with respect to the mirror plane containing the incident light direction

and the emitted photoelectron direction. Thus the initial state of odd symmetry the py orbital is

not observed. The spectra in fig.3 clearly show exchange splittings for both the pz and px orbitals

although the Pz splitting of 1.3 eV is considerably larger than the splitting of 0.3 eV for the px

orbital. In that the majority components of the adsortate induced features are at a higher binding

energy than the minority components it may be assumed that the magnetic moments on the

adsorbats are ferromagrtetically alligned with the bulk moments of the substrate.

By measuring spectra as a function of emission angle it is possible to map the complete

spin resolved band structure. The results of such an exercise (5) in the P5? azimuth are shown in

fig.4(a) where all of the characteristics of the model bandstructure of fig.2 can again be clearly

Fig. 4. (a) Spin-resolved band structure for ordered p(1xi) on Fe(001). Bands at binding

energies greater than 4.0 eV are derived from the oxygen p orbitals whilst bands at lower
binding energies are adsorbate induced in the d bands. The majority and minority bands
are indicated by filled and open circles respectively, (b) Measured exchange splittings
A E for the pz (o) and px (•) bands from the data points in (a). and are the

calculated exchange splittings for pz and px from ref. 11. and are the same from

ref.12.



observed. The exchange splittings of the different bands are relatively constant throughout the

zone except that of the pz orbital at the zone center where the large splitting probably reflects ff>€

hybridisation with the dz2 orbital on the atom directly below. This dramatic enhancement is

highlighted in fig.4(b) where the exchange splittings are given as a function of k,,. The latter

figure also shows the theoretical exchange splittings determined in two different calculations

(10,11). Whilst good agreement is found between the calculations the disagreement between the

latter and the experimental observations is quite marked. The average calculated exchange

splitting is approximately three times that of the experiment and the anisotropic exchange

splitting for the pz orbital is not indicaied in the calculation at all. Interestingly the calculations

were performed for two different substrate geometries, Chubb and Pickett (12) favoring a large

relaxation of the iron surface layer as compared to that indicated in earlier studies.
Fig.4(a) also shows the changes observed in the substrate d bands. The two minority bands

running from the zone boundary to a point midway across the zone are clearly reproduced in the
most recent calculated band structure (14). They both fall within a minority spin bulk bandgap
centred at 5?. The band at lower binding energy is induced by the adsorption. The second band
however is at an almost identical binding energy to a surface state falling within the same bandgap
on the clean surface (23). It is therefore uncertain as to whether the state represents an
entirely new adsorbate induced state or whether it merely reflects a modification to the clean
surface state. The majority band running through the zone at approximately 3.0 eV finds a
number of possible counterparts in the calculations. It is therefore more difficult to assign it to

any particular state.
Whilst the exchange split photoemission peaks suggest the presence of a magnetic moment

on the adsorbate they do not allow any quantitative determination of the magnitude of that moment.

Some estimate of the size of the magnetic moment can however be obtained from Auger electron

spectroscopic studies of the adsorption.
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Fig. 5. Spin-polarised sulfur
L23 VV Auger spectrum taken
from the c(2x2)S/Fe(001)
system, (a) Spin integrated
spectrum; (b) spin resolved
spectra with secodary electron
background removed.



Figure 5(a) shows the sulfur i_23VV Auger spectrum for S c(2x2) / Fe(OOi) system (8).
Spin resolved, lig 5(c), the spectrum, after background subtraction, again shows evidence of
exchange splitting in the adsorbate density of states. In order to understand the structure within
the Auger spectrum it is instructive to compare it with a model spectrum obtained by convoluting
the calculated projected local density of states on the sulfur site, fig. 6 (13). Whilst there is no
spin dependence in the coulomb matrix element describing the Auger process, the exclusion
principle restricts the electron in the downward transition to have the same spin as the electron
initially removed from the core level. Thus the the model spectrum shown in fig. 7 is obtained
using

IT(E) = J rye) nT(c - E) dc + J nT (e) n?(e - E) de

and

', (E) = n (c) n (e - E) dc + n, (e) n, ( e -E ) de

where n-f and nj, are the spin-dependent densities of states from fig.6.

Fig. 6 Calculated local density
of states on the sulfu; site for
the S c(2x2)/Fe(001) system
from ref. 13.
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Comparing figs. 5 and 7 it will be seen that the same structure is observed in bc;h. The •
main peak, exchange split, represents transitions involving the adsorbate bands. The shoulder,
which shows the largest polarisation effects reflects transitions involving the substrate d
orbitals, that is those orbitals involved in the bonding of the adsorbate.

The experimental ratio of the intensities of spin-up to spin-down Auger electrons, 1.045,
is directly related to the ratio of majority to minority electrons in the valence band. If one
assumes the calculated value of 4.3 electrons on the sulfur site is correct, it is possible to
determine that the magnetic moment on the sulfur atom is <0.1 uB.

Fig. 8 Oxygen derived features at
r for light incident at 35°. The
upper panel is the majority spectrum;

the lower panel the minority spectrum.
Gaussian fits to the spectra are shown.
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The spectra shown in fig.3 indicate another interesting spin dependent feature, namely the
response of the two spin components to photoexcitation. This is highlighted in fig.8 where we
show the adsorbate derived bands for normal emission and s polarised incident light. Also shown
superimposed on the figure are gaussian fits to the individual pz and px orbitals (24). The pz

components both show an enhanced width characteristic of their having the appropriate symmetry
for hybridisation with the substrate bands at the center of the zone. This effect has previously
been shown to exist both theoretically (20) and experimentally (21). The linewidth of the px

components on the other hand will be solely determined by the lifetime of the photohole. This
effect is illustrated in fig.9 where the inverse lifetime or halfwidths of the px orbitals are plotted



as a function of binding energy. Also plotted on the same figure are the halfwidths of the p2

components when the latter fall within a substrate bandgap and thus where no hybridisation
occurs. The photohole will decay through Auger transitions involving electrons of lower binding
energy. The lifetime will therefore reflect the densities of both the occupied and unoccupied
states. As the binding energy of the photohole increases its lifetime decreases reflecting the the
increase in the density of final states available. However the difference between the majority and
minority hole lifetimes reflects the difference in the spin densities of the occupied states above
the photoholes.

In the region of the Fermi level the lifetime is expected 10 depend quadratically on the
binding energy of the photohole (25). In fig. 9 also shown are two lines with such a quadratic
depedence on the binding energy. The relative scaling factor between the two is 1.76, close to the
relative ratio of majority to minority electrons for the substrate. Thus this simple observation
demonstrates that the hole lifetimes on the adsorbate are determined by the flow of screening
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charge from the substrate, the relative ratio of the two spin states on the adsorbate being much
less than 1.76 and in fact closer to 1.0.

4. Carbon Monoxide Adsorption.

In general it is found that molecular carbon monoxide is terminally bonded to the metal
surface on which it is adsorbed with the carbon end down. The bond strength, however, can range
from weak, as in the case of adsorption on the noble metals such as copper, through to strong, as
in the case of the transition metals such as nickel (26). Theoretical models of the bonding usually
involve the highest occupied and the lowest unoccupied molecular levels, namely the 5a and 2n



orbitals both centred on the carbon atom. Thus the Blyholder model (27) suggests thai ihe •
bonding reflects donation from the 5a level into the unoccupied do level of Ihe substrate
compensated by back donation from the substrate dit level into the unoccupied 2rc level. Other
models however suggest that the substrate sp continuum plays a greater role. In the so called
surface resonance model (28), interaction with the sp continuum causes the 2- level of the
adsorbed CO to broaden and move higher binding energies and ultimately straddle the Fermi level.
This has the effect of partially filling the 2rc level, which is antibonding in the molecule. Whilst
there have been a number of different theoretical models relating to the adsorption of CO on metal
surfaces, calculations which take account of magnetic effects (29,30) have been considerably
more limited as have equivalent experimental studies. Raatz and Salahub (30) have performed
"spin-polarised self-consistent-field local-spin-density scattered-wave" (SCF LSD SW)
calculations for CO adsorbed on a variety of Ni clusters. They find that in general the adsorption
leads to a reduction in the magnetic moment of the nickel atom directly involved in the bonding.
This is partly a reflection of the fact that nickel is a strong ferromagnet and thus in any exchange
of electrons, the only unoccupied d states available to participate in the bonding are of minority
character.

Experimental studies of these adsorption systems have tended to concentrate on the study
of the molecular orbitals, both occupied and unoccupied, associated with the CO. Thus the occupied
4a, 5a and 1s orbitals have been clearly identified in photoemission studies with the 5cr level
showing the largest perturbation or most stabilisation with respect to its gas phase value (1).
IPES studies have on the other hand identified the unoccupied 2* level. This latter orbital is
generally observed to move closer to the Fermi level with increasing bonding strength (31), a;
observation that would not be expected on the basis of a straightforward application of the
Blyholder model (27). Less well studied have been the changes in the substrate d bands following
CO adsorption. Indeed only in the case of the (2x1)p2mg CO structure on Ni(110) have peaks
associated with the 2it-dn interaction been clearly identified (32). For the unoccupied states
there has as yet been no identification of any states within the substrate manifold that could be
associated with the bonding. In view of the various changes identified in the spin polarised
photoemission studies of the atomic adsorbates on an iron substrate, described in the previous
section, it would appear to be of interest to apply the same technique to the case of molecular CO
adsorption. Earlier spin polarised inverse photoemission studies of CO on a Ni(i 10) surface (3}
lead to the conclusion that the surface magnetic moment was reduced as a consequence of the filling
of the unoccupied d levels. This would be in agreement with the calculations of Raatz and Salahub
(30). A subsequent SPIPES study of the same system was unable to resotve any exchange splitting
in the unoccupied 2ir level (6).

The chemisorption of CO on an Fe(001) substrate represents an ideal system for study as
the CO is known to adsorb in both a strongly chemisorbed state at room temperature and a more
weakly bound state at lower temperatures. In the former, the molecule is sited in the fourfold
hollow site with the molecular axis tilted at 55° to the surface normal (33). In the latter, the
molecule is in a vertical configuration, although it is still unclear as to whether the adsorption
site is an atop site or a bridge site (34). The strongly bonded tilted configuration is also known to
be a precursor to dissociation (35). Photoemission studies have identified the 5cr,i7i and 4a
levels for both the vertical and the tilted species (36). On going from the tilted to the vertical
phase the 1JI + 5a complex was observed to move to a higher binding energy whilst the 4a level
moved to a lower binding energy. These observations were interpreted as an indication that for



the tilted phase the CO F e bond involved strong :T and 4a contributions.

For the spin polarised photoemission studies described here (37) the tilted species was
produced by dosing the sample at or slightly below room temperature. A 0.5L exposure produces
a c(2x2) ordered overlayer. A higher CO exposure at 150K gives rise to the vertical species in
addition to the tilted. As in the earlier studies the 4CT level was observed to move to higher binding
energy for the vertical species, from 10.9 to 12.0 eV. By varying the polarisation of the incident
light it was possible to distinguish the tie and 5c levels, but only for the vertical species. Thus
for the latter geometry the 5a level was at a binding energy of 7.1 eV and the ~\n level at a binding
energy of 8.1 eV.

Figure 10 shows the results of a spin polarised study of the 1rt/5a levels for the vertical
species. In view of the different models proposing the 5a-da bonding it is surprising that within
the limits of the experiment there is no detectable (< 0.1 eV) exchange splitting within the 5a
level. Within the d bands the only changes observed for the vertical species are small relative

Fig. 10. Spin polaristion and intensity
in the region of the 1n and 5a level for
the vertical CO species adsorbed on
Fe(00i) for an incident photon energy,
of 46 eV.
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changes in the different d-bands. However for the tilted species the changes in the valence band
are more marked. Thus fig. 11 shows spin polarised spectra recorded from the clean surface and
the same surface following exposure to produce the tilted species. The minority feature at 2.4 eV
binding energy in the clean spectrum has previously been shown to be a surface state and is
rapidly quenched by the exposure to CO. The new minority feature at = 1.7 eV and majority
feature at = 2.3 eV are clearly due to the presence of CO. Interestingly these new features, which
are relatively strong at this photon energy, 52 eV, due to a low d-band cross-section, are
sensitive to p polarised light but not to s polarised light.



The observation of Fig. 11 clearly indicates an increased interaction r-er^aen the CO and

the substrate d levels for the tilted phase. An IPES study (37) of the two c~erent phases finds

that the unoccupied 2K level, centred at 4.0 eV above the Fermi level for the vertical species,

moves closer, « 3.3 eV above the Fermi level, for the tilted species. It is cifficult to identify the

exact origin of these new features but in the tilted phase the degeneracy between the adsorbate px

and py levels will be lifted. Further in the reduced symmetry, one of these states will be able to

hybridise with the adsorbate pz levels. This hybridisation is probably reflected in the

polarisation sensitivity of the new features. The increased interaction of these levels with the d

bands will probably serve as a route to dissociation.

The lack of observation of any polarisation in the 5c level raises the question as to

whether it really does interact with the d-bands as has frequently been suggested or whether such

an interaction, if it does exist, results in a reduction of the surface magnetic moments as in the

case of adsorption on Ni. Interestingly the changes observed in the background polarisation are

-5 -4 -3 -2 -1 EF

Binding Energy (eV) Binding Energy (eV)

Fig 11. Spin resolved valence band spectra for the clean Fe(00i) surface and the same surface
with the c(2x2) tilted CO species. The clean spectrum shows a minority surface
resonance at 2.4eV. New adsorbate induced features are observed in both the majority and
minority spectra.

more noticable for this species than for the tilted species. The latter hardly alters the
polarisation whereas the vertical species reduces it by approximately 15%. At the photon
energies used such a decrease is probably consistent with an unpolarised adsorbate layer but not
consistent with a large demagnetisation in the Fe surface layer. Indeed no changes are observed in
the polarisation of the iron core levels (38).



5. Concluding Remarks

Clearly spin polarised photoemission is capable of providing new insights into the
adsorption properties of ferromagnetic materials, which in the case of iron, cobalt and nickel
represent important catalytic materials. A knowledge of the effects of adsorption on the magnetic
properties is also clearly important. Resolving the spin allows closer observation of the
interaction with the substrate d-bands. In the case of carbon monoxide adsorption such a study
appears to suggest that the interaction of the 5a orbital with these bands is weaker than is
generally assumed. The interaction of the chalcogens, oxygen and sulfur is stronger resulting in
exchange split adsorbate features. However the discrepancy between theory and experiment as to
the magnitude of the exchange splitting remains to be explained.
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