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The band dispersion and magnetic exchange splitting of surface states and surface resonances on
Fe(100) are extensively studied using angle-resolved photoemission spectroscopy. Surface-sensitive
features in photoemission spectra aie observed along the A, I, and Y directions of the two-
dimensional Brillouin zone. Polarized light from the Tantalus storage ring is used to separate exci-
tations from even- and odd-symmetry initial states along the A and = directions. Features identified
as surface states are analyzed in relation to bulk electronic states of the same symmetry and spin
projected onto the two-dimensional Brillouin zone. Binding energies and dispersion of the features
identified as surface states are in good agreement with recent slab calculations over most of the
two-dimensional Brillouin zone probed by the experiments. Several surface states and resonances
are observed which do not appear to have been predicted theoretically. The results reported in this
paper represent an attempt to provide a comprehensive experimental evaluation of the ability of
current generation slab calculations to correctly predict surface electronic properties of magnetic

surfaces.

I. INTRODUCTION

Recent progress in calculational techniques has made
possible detailed and physically meaningful theoretical in-
vestigations of bulk!~® and surface’~!? electronic proper-
ties of magnetic metals. The importance of being able to
accurately predict electronic properties is obvious. Elec-
tronic structure provides the basis for explaining funda-
mental physical phenomena of bulk matter such as mag-
netic properties, heat capacity, and optical and transport
properties. Similarly, surface phenomena such as surface
magnetism, chemisorption, surface reconstruction, and ca-
talysis will eventually be more thoroughly understood in
terms of electronic structure intrinsic to surfaces. Calcu-
lations based on thin magnetic crystals, in particular, have
been stimulated by the possible role of surface phenomena
in reconciling differences between photoemission experi-
ments and self-consistent band-structure calculations of
ground-state electronic structure.!*> Other experiments in-
volving magnetic thin films have raised important ques-
tions regarding magnetic dead layers at surfaces,'*!* and
new experiments which resolve spin polarization have also
stimulated work in this area.!®!7

Self-consistent all-electron calculations are only feasible
for very thin films and for simple metals having a small
number of electrons. However, recent calculations®!!
have shown that the localized nature of 3d states in tran-
sition metals permits rapid convergence of the charge den-
sity in thin films to the bulk value. This result suggests
that self-consistent slab calculations of magnetic thin
films having only a few layers (i.e., 7 to 9) should provide
accurate and meaningful results for surface electronic
properties. '

Thin-film calculations for magnetic metals have
predicted. several interesting new phenomena, and have
also provided a broad range of results which can be sub-
jected to fairly thorough experimental tests. For example,
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enhancement of the surface-layer spin magnetic moment
(over the bulk value) of both Fe(100) (Ref. 10) and Ni(100)
(Ref. 9) have been predicted. The exchange splitting of
magnetic surface states is also predicted to differ signifi-
cantly from the average bulk values,!~® and a large num-
ber of magnetic surface states and surface resonances are
predicted throughout the two-dimensional Brillouin zones
of high-symmetry crystal faces of Fe (Refs. 7—12) and Ni
(Refs. 7—9) surfaces. The surface-state predictions, in
particular, can be subjected to direct experimental
analysis. It would appear that a careful test of the
surface-state predictions would constitute a check of the
accuracy of the calculations and, in some respects, would
also test how well rapid convergence of the charge density
with layer thickness implies meaningful surface predic-
tions.

In this paper we present experimental results which
constitute a rigorous and fairly comprehensive test of pre-
dictions based on thin-film calculations for ferromagnetic
Fe surfaces. We have used angle-resolved photoemission
to study the surface electronic properties of the Fe(100)
surface. Our experiments were conducted with polarized
light from the Tantalus storage ring (University of
Wisconsin—Stoughton) which permitted initial states of
even and odd symmetry to be separated; however, our ex-
periments did not distinguish spin, and conclusions we
draw regarding magnetic subbands are based on results of
slab calculations.

It is now fairly well established that correlation effects
play a significant role in reconciling calculated ground-
state energies with the excitation energies of bulk electron-
ic states measured by photoemission.'®!® These effects
appear to be particularly important in d-band metals,
especially Ni, and, although they have not been identified
in relation to surface phenomena, correlation effects un-
doubtedly play some role. In this paper, all such effects
are neglected, and we adopt the point of view that our
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binding-energy measurements reflect the calculated CRYSTAL
. . . MIRROR
ground-state properties of the magnetic surface. There is PLANE
some justification for this point of view. We have recent- S

ly completed a comprehensive experimental investigation
of the bulk electronic properties of Fe.?® This work has
shown that correlation effects, which account for 30%
differences between excitation energies and calculated
ground-state energies in Ni, are significantly smaller in
Fe, amounting to, at most, a 10% effect. We assume that
the errors associated with directly comparing our excita-
tion energies determined from photoemission and the
ground-state calculations for surface states are of the
same order, i.e., 10%. The fact that we found excellent
agreement between the calculated ground-state energies
and our photoemission studies of the bulk band structure
of Fe (i.e., correlation effects are small) suggests that our
choice of Fe for testing slab calculations for magnetic
metals is a good one.

The results presented in this paper provide fairly con-
vincing evidence that the thin-film calculations for Fe,
which have been carried out using several different tech-
niques, yield surface-state bands which are generally in
good agreement with experiments. Apparently, accurate
calculations based on very thin films provide meaningful
insight into physical phenomena at magnetic metal sur-
faces. \

II. EXPERIMENTAL CONSIDERATIONS

Our experiments were conducted at the Synchrotron
Radiation Center in Stoughton, Wisconsin, using the
stainless-steel Seya Namioka monochromator, and an
angle-resolving photoelectron spectrometer which has
been described in detail elsewhere.?"?> The spectrometer
incorporates low-energy electron diffraction (LEED) and
Auger-electron spectroscopy (AES) for surface characteri-
zation, and the angle-resolving electron-energy analyzer is
capable of operating at the high angular and energy reso-
lution required for mapping surface and bulk electronic
structure. The experiments reported in this paper were
conducted using a +1.2° angular resolution and an energy
resolution (analyzer plus monochromator) of 100 meV.

Our Fe crystal was obtained from Leico, Inc. and was
aligned, cut, polished, and cleaned using standard tech-
niques as discussed previously.?* In order to study surface
states and surface resonances on Fe surfaces, it is neces-
sary to obtain particularly clean and well-ordered sur-
faces. Based on Auger analysis, our “clean”-surface data
corresponds to surfaces having less than 5 of a mono-
layer (ML) of oxygen, and no other detectable surface im-
purities. Residual surface oxygen (7; ML) produced an O
503-eV Auger peak less than one-fifth the intensity of the
Fe 550-eV peak. LEED analysis showed that the clean Fe
surfaces were well ordered.

The sample manipulator of our spectrometer allows
translational motion to access LEED-Auger optics, as
well as the angle-resolving electron optics. Figure 1 illus-
trates the two rotational degrees of freedom of the sample
(6; and ¢;) and defines the parameters used in the paper
to specify the light polarization, the incident angle of syn-
chrotron radiation, and the electron-emission angles. Two
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FIG. 1. Sample geometry: O; and ¢; define angle of in-
cidence. Crystal mirror plane is parallel to manipulator axis.
Emission angles are measured from sample normal.

different sample orientations were used, corresponding to
an azimuthal alignment of the crystal having the [010] or
[110] mirror plane parallel to the polarization vector.
When ¢;=0°, 6; determines the angle of incidence of pure
s-polarized light. In this configuration, the A vector is
parallel to the mirror plane of the crystal, and there is no
component of A perpendicular to the surface. When
6;=0°, ¢; specifies the angle of incidence of mixed s plus
p polarization which determines the ratio of A com-
ponents parallel and perpendicular to the surface.

The analyzer is mounted on a double-axis goniometer,
which permits access to any emission direction character-
ized by the two angles 8 and ¢ measured from the sample
normal and the crystal mirror plane. Any point of the
two-dimensional Brillouin zone is accessible by suitable
choice of 6, ¢, and photon energy.

III. BULK AND SURFACE PHOTOEMISSION

Electrons detected in a photoemission experiment can
originate directly from bulk initial states, initial states as-
sociated with surface atoms, or from various elastic and
inelastic scattering processes. Fortunately, there are es-
tablished techniques which permit assignment of structure
in photoemission spectra to bulk initial states, surface
states and resonances, and the various loss mechanisms
associated with  electronic excitations in solids. A
comprehensive and accurate description of the bulk elec-
tronic states in a solid is one of the most important prere-
quisites for studying surface states. In this section we
summarize some of the results of our recent experiments
which have established the bulk electronic structure of
Fe,” and describe the principal methods we have used to
identify structure in photoemission spectra as having ori-
ginated from surface states.

The fundamental difference between bulk and surface
electronic states is that bulk states occupy three-
dimensional space, and surface states, by definition, are
localized at the surface and are therefore constrained to
two dimensions. This implies that band descriptions of
extended states in solids require three-dimensional K vec-
tors for bulk states, but only two-dimensional K vectors
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FIG. 2. Illustration of bulk (three-dimensional) and surface
(two-dimensional) Brillouin zones for a bec lattice.

for surface states, and, correspondingly, three- and two-
dimensional Brillouin zones. Figure 2 illustrates the
three-dimensional Brillouin zone for a bce lattice and the
corresponding two-dimensional Brillouin zone for a (100)
crystal face, along with the various high-symmetry points
in the two zones.

When photoemission occurs, an electron is excited from
an occupied state below the Fermi level into a final state
above the vacuum level. In a direct-excitation process, en-
ergy conservation requires that the energy difference be-
tween the initial and final states be equal to the photon
energy:

E;—E;=fo . (1)

A large number of experiments have now established that
the vacuum-crystal interface permits conservation of elec-
tron wave vector kK parallel to the surface modulo a sur-
face reciprocal-lattice vector G. Therefore,

E]] outside = Ig]] inside + 6 ’ (2)
5 12
m .
K| outside= —ﬁz K, sing . (3)

In these expressions, E” refers to the component of wave
vector parallel to the surface, E; is the kinetic energy of
the emitted electron, and 6 is the emission angle measured
from the surface normal. These expressions apply to tran-
sitions from bulk states as well as surface states, and form
the basis for the analysis of photoemission spectra using
the direct-transition model.>#?* The final state can be a
bulk band state or an evanescent LEED state; the LEED
final state is usually the case for emission from surface
states and surface resonances.

Referring to Fig. 2, it is clear that points corresponding
to given values of E” in the two-dimensional Brillouin
zone also correspond to lines in the three-dimensional
Brillouin zone. For example, the M point of the two-
dimensional Brillouin zone corresponds to a line through
the three-dimensional zone which intersects the high-
symmetry points labeled P and N. One problem in
characterizing surface states by photoemission is to ensure
that features in a photoemission spectrum, believed to be
associated with surface states, originate from initial states
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in the two-dimensional Brillouin zone, rather than from

- states having the same E” but originating from the three-

dimensional Brillouin zone.

There are three tests which can be apphed to photo-
emission features which permit discrimination between
bulk and surface-state features. These tests are summa-
rized here, and have been used to test all of the features
we attribute, in this paper, to surface states and surface
resonances. The first test simply involves checking to see
that adsorbed molecules or surface disorder produced by
ion bombardment affects the state as viewed by photo-
emission. Most surface states are strongly affected by the
surface conditions. - In the present study, small doses of
oxygen and low coverages of sulfur obtained by high-
temperature annealing were found to be very effective in
quenching surface states. In addition, surface disorder in-
duced by gentle ion bombardment was found to effective-
ly quench the surface states.

The second test for a surface state is to check for the
two-dimensional character of the state. If the photon en-
ergy and emission angle are changed in such a way as to

keep (Ej)!/’sinf constant, then K, is constant, and the
same point in the two-dimensional Brillouin zone is
probed by photoemission. Because bulk photoemission in-
volves transition to a bulk final state, changing the photon
energy necessarily results in emission from a different
portion of the three-dimensional Brillouin zone even
though k” is the same. If there is any dispersion of the
bulk initial state with K 1, the binding energy of the peak
will shift, indicating it is a bulk state. If the binding ener-
gy does not depend on photon energy for a fixed value of

k”, the state is two dimensional and therefore is very like-
ly to be associated with a surface state or surface reso-
nance.

The third criterion for a surface state is that it must lie
in a gap of the bulk bands projected onto the two-
dimensional Brillouin zone. The projections must be
made for each spin in a ferromagnetic metal, and for
states having even or odd symmetry with respect to the
emission plane (which is assumed to be a mirror plane of
the crystal). In some instances, surface resonances occur.
These are states which do not lie in gaps, but rather in the
projected bulk band continuum and satisfy the other two
criteria outlined above, i.e., they exhibit two-dimensional
dispersion with E” and are very sensitive to surface condi-
tions.

Application of the first two criteria for surface states
can be accomplished directly by comparison of photo-
emission energy-distribution curves (EDC’s) obtained at
fixed values of E,, but different photon energies for clean
and adsorbate-coated surfaces. Computations are re-
quired to verify the third criterion. We have used a com-
puter program which calculates bulk bands for ferromag-
netic Fe to project bulk bands at five points along each of
the three high-symmetry lines of the two-dimensional
Brillouin zone: T—X, T—M, and M—X. To obtain high
accuracy in our projected bands, we have used critical-
point binding energies obtained from photoemission?
(which agree very well with recent calculations) to make
small corrections of calculated bulk bands projected onto
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the two-dimensional Brillouin zone. Our experimental
data showing surface-state peaks are plotted as points

(representing binding energies at various values of EH) on -

these projections which represent experimentally verified
projections ‘of the bulk bands onto the two-dimensional
Brillouin zone.

One final point worth mentioning before discussing our
experimental results is related to the choice of photon en-
ergies, and how this choice affects analysis of the photo-
emission data. In our study of the bulk band structure of
ferromagnetic Fe we found that surface processes dom-
inated photoemission from the (100) crystal face for cer-
tain photon energies and emission directions. Emission
normal to the Fe(100) surface (EH:O) probes bulk initial
states along the A line of the three-dimensional Brillouin
zone which extends from the zone center I' to the zone
edge H. Selection rules govern allowed dipole-interband
transitions.?%?” Along the A line, transitions are allowed
from A;- and As-symmetry initial-state bands into A;-
symmetry final-state bands. Examination of the calculat-
ed band structure of ferromagnetic Fe (Ref. 1) reveals that

the two A;-symmetry subbands which lie above Ef:

change to As symmetry at H, the zone edge. This implies
that there are no final states of A; symmetry in that part
of the three-dimensional Brillouin zone accessible with
certain photon energies (i.e., in a range from about 15 to
30 eV). A gap in the symmetry-allowed A; final-state
band does not occur for the (110) crystal face (= line) or
the (111) crystal face the (A line) for bce lattices, and, in
general, we found that bulk transitions dominate the
photoemission spectra of Fe for emission along these
directions. The surface sensitivity of Fe(100) in the
photon-energy range from approximately 15 to 30 eV is a
consequence of the absence of a Aj-symmetry final-state
band. We have used this photon-energy range in order to
suppress bulk emission in our studies of the surface elec-
tronic properties of Fe(100).

Symmetry rules also apply to surface-state emission and
form the basis for separating states according to symme-
try and spin. Dipole transitions preserve the spin quan-
tum number, and the symmetry of an initial state can be
directly determined from photoemission if polarized light
is used to excite the dipole transition. In our experiments,
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FIG. 3. Illustration of the even-
geometries used in the experiments.

and odd-symmetry
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photoelectrons were detected in a mirror plane of the crys-
tal, and the electric field vector was chosen to lie either
parallel or perpendicular to the mirror plane. The final
state detected by photoemission is always an even-
symmetry state (reflection symmetry in the mirror plane),
and the initial state, which is connected to the final state
by the dipole x_r)mtrix element, is either even (K” mirror
plane) or odd (A, mirror plane), depending on which con-
figuration is used. This property explains our use of even
and odd symmetry to specify the states which are probed
by a particular experimental configuration. Figure 3 illus-
trates the two basic configurations used in our experi-
ments to probe even- and odd-symmetry initial states of
the two-dimensional Brillouin zone.

1IV. EXPERIMENTAL RESULTS

There are three high-symmetry lines in the two-
dimensional Brillouin zone of Fe(100), shown in Fig. 2,
which we have studied. These lines are designated the 3
line which extends from T to M, the A line which extends
from T to X, and the Y line which extends from M to X.
Even and odd states were distinguished experimentally
along the = and A lines by appropriate choice of the A
vector in relation to the symmetry axis (refer to Fig. 3).
The Y line presents a more complicated situation in rela-
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FIG. 4. Normal-emission EDC’s taken in odd-symmetry
geometry. Solid lines, clean surface; dashed lines, after 0.3 L
oxygen dose. Hatched regions are from surface-state emission.
Small peaks in dashed curves are from bulk transitions.
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FIG. 5. Normal-emission EDC’s taken in even-symmetry
geometry. Solid lines, clean surface; dashed lines, after 0.3 L
oxygen dose. Hatched regions are from surface-state emission.

tion to projecting the bulk bands because they do not
separate according to even and odd symmetry. Results
for each of these are discussed separately in the following
subsections.

A. The I line

We investigated the behavior of bulk and surface emis-
sion features of Fe(100) along the ¥ line of the two-
dimensional Brillouin zone using the two configurations
illustrated in Fig. 3. In both configurations, the [110]-
symmetry axis of the crystal is parallel to the A vector.
In one case, the angle of incidence was 38° (6;=38° and
¢;=0"; refer to Figs. 1 and 3), and electrons were detected
in the plane of incidence, parallel to the crystal [110]
direction. In this configuration, the light is pure s polar-
ized, and the emission plane is perpendicular to A; there-
fore, only odd-symmetry surface states are probed. In the
other configuration, the angle of incidence was 55° (6;=0°
and ¢;=55"), and electrons were detected in the [110]
direction. In this configuration the light is mixed s and p
polarization, and the emission plane is parallel to A;
therefore, only even-symmetry surface states are probed.

Figures 4 and 5 display electron energy-distribution
curves for these two configurations at the center of the
two-dimensional Brillouin zone for four photon energies.
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EDC’s for clean surfaces are represented by solid lines,
and dashed lines illustrate the effect of adsorbing 0.3 L
(1 L=1 langmuir=1X10"° Torrsec) of oxygen. These
two figures show that there are two prominent odd-
symmetry features at T, with binding energies of approxi-
mately 0.3 and 2.8 eV, and three even-symmetry features,
with binding energies of approximately 0.25, 2.5, and 3.8
eV. The binding energies of these structures in the clean
EDC’s do not change with photon energy, and they are
clearly very sensitive to submonolayer oxygen coverages.

We have studied the dispersion of these even- and odd-
symmetry surface-sensitive features along the X line in the
two configurations described above. Figure 6 displays
representative  EDC’s for odd- and even-symmetry
surface-state features at four points along the I line. We
have chosen to display odd- and even-symmetry EDC’s at
two photon energies and at a given point along the X line
in each panel of the figure to help illustrate the differ-
ences in EDC’s associated with the two emission
geometries. It is easier to note the differences between the
even- and odd- -symmetry states when they are compared
at each value of k“

We have plotted the binding energy of even- and odd-
symmetry peaks as a function of k“ over projections of
even- and odd-symmetry bulk bands onto the two-
dimensional Brillouin zone. Figure 7 illustrates an inter-
mediate step in projecting the bulk bands. We first com-
pute the bulk energy bands along the line in the three-
dimensional Brillouin zone which corresponds to a specif-
ic value of k“ in the two-dimensional zone. The bands
shown in Fig. 7 correspond to the rod under k“
=0.75 A1, a point halfway between T and M. In some
cases we have used the critical-point binding energies of
bulk bands we have determined by photoemission? to ad-
just calculated bands to provide accurate projections.

Figure 8 displays the peak locations of even-symmetry
(Z,) peaks along the I line plotted over projections of
majority- and minority-spin even-symmetry bulk bands.
Our experiments do not distinguish spin; therefore, the
surface-state locations are plotted in both majority- and
minority-spin projections. However, we have shown two
types of points (denoted by solid and open rectangles) to
distinguish the correct points for each panel (i.e., data
points which we think correspond to the correct spin sub-
band). The bold solid lines on each panel illustrate the po-
sition of surface states and resonances predicted by self-
consistent slab calculations.!!!

Figure 9(a) displays the results of a 4l-layer
parametrized tight-binding calculation for Fe(100).!? Cor-
responding results obtained from an ab initio self-
consistent calculation applied to a seven-layer film are
shown in Fig. 9(b).!1° Surface states, which are indicated
by dots in the figure lie in gaps of the projected bulk
bands. Comparison of Figs. 8 and 9 shows that our bulk-
band projections produce the same gaps predicted by the
thin-film calculations.

There are three prominent gaps in the calculated even-
symmetry bands along the ¥ direction for both majority
and minority spins, and surface states are predicted in
each of these gaps. One of the prominent gaps in the
minority-spin complex lies above Er. Both calculations
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FIG. 6. Off-normal-emission EDC’s for both even- and odd-symmetry geometries. Solid lines, clean surface; dashed lines, after
0.3 L oxygen dose. Hatched regions are from surface states. Values of KII correspond to X values along the = line measured from T.
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FIG. 7. Intermediate step in bulk-band projection. Left-hand
panel: bulk energy bands of Fe along the rod at T{“ =0.78 A“,
a point half the distance between T' and M along the I line.
Right-hand panel: projections of the even- (E) and odd- (O)
symmetry majority (1) and minority-spin bands ({) at EH=O.78
A1,

indicate that a pair of exchange-split, even-symmetry sur-
face states should lie in the majority- and minority-spin
gaps which start at T and extend to near the center of the
zone along 3 where the gap is pinched off. The self-
consistent calculation predicts binding energies at T' for
these states to be il,(i’”=0)=—4.4 eV and 2“(E”
=0)=-—3.2 eV, and also predicts weak dispersion to
lower binding energies as ﬁu increases along 3. Our ex-
perimental data indicate a pair of X;-symmetry surface
bands which have binding energies at T of (—3.8+0.2)

3, SURFACE BANDS AND BULK BAND PROJECTIONS
MAJORITY SPIN MINORITY SPIN

2 2

E¢=0 -

ENERGY (eV)

|
™

|
=i

FIG. 8. Projected even-symmetry (Z,;) bulk bands along =
(hatched regions). Solid lines, calculated surface states (Ref. 10).
Rectangular points, experimental results. Solid points, assigned
to surface states in the panel; open points, assigned to surface
states in the other (opposite-spin) panel.
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FIG. 9. Calculated even-symmetry (£,) surface bands. (a)
41-layer parametrized calculation (Ref. 12); (b) seven-layer self-
consistent calculation (Ref. 10). Dots identify bands having
over 80% of their charge in the top layer.

and (—2.5+0.2) eV, and which exhibit weak energy
dispersion to lower binding energies along =. We assign
these features to the predicted =;-symmetry surface states.
These states are predicted to disperse downward by the
parametrized calculation, suggesting that the surface
bands are pushed down from the continuum above the
gap. :

The self-consistent calculations also predict a strong
resonance at a binding energy of about —1.0 eV which
extends from T to the zone center along the X line in the
majority-spin band. The calculated binding energy of this
band at T is about — 1.0 eV, and a small decrease in bind-
ing energy along I is predicted. We observe evidence of a
S ,-symmetry state near the Fermi level with similar
dispersion characteristics along the = direction. Near M,
both parametrized and self-consistent calculations indicate
the presence of a majority-spin 3,-symmetry surface state.
The self-consistent calculations show the state starting at
M with a binding energy of about —1.0 €V, whereas the
parametrized calculation shows the state to be pinched off
at M and at K,;=0.5 A~!. Our experimental data indi-

. cate a surface state at M with a binding energy of

(—1.2+0.2) eV. The state can be seen in the data at
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3, SURFACE BANDS AND BULK BAND PROJECTIONS
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FIG. 10. Projected odd-symmetry (Z,) bulk bands along =
(hatched regions). Solid lines, calculated surface states (Ref. 10).
Rectangular points, experimental results. Peaks corresponding
to the two spin subbands have been plotted only on the “as-
sumed” correct panel. The experiments do not discriminate
directly between spin.

k =1.16 A~ at the same binding energy. At M we also
ﬁnd evidence of a 3,-symmetry resonance with a binding
energy of (—3.2+0.2) eV. This state appears to be con-
nected with the =,; band, which extends to I

We have already reported experimental data and dis-
cussed the Z,-symmetry surface states.?® Here, we do not
present the photoemission data, but we do include, for
completeness, Fig. 10, which illustrates the odd-symmetry
3, bands projected onto the two-dimensional Brillouin
zone. We chose to report this example separately because
it presented a fairly clear case of a pair of exchange-split
surface state bands. Comparison of the experimental re-
sults with the calculated surface states!®~'2 reveals that
there is very convincing agreement in this case. It is in-
teresting to note that the exchange splitting of the =,-
symmetry surface states (2.3 eV) is larger than the average
bulk magnetic exchange splitting, as predicted theoretical-
ly. The self-consistent calculation predicts the =,-band
exchange splitting at k”-O 78 A to be 2.4 €V, in excel-

lent agreement with our results. The predicted 3 ,-band .

exchange splitting near T is about 1.3 eV. Our experi-
mental data suggest that the 3, splitting at T is 1.3 eV,
but the binding energies measured from Ep are smaller at
T by a significant amount (about 20%).

B. The A line

Surface states and resonances were investigated along
the A line using the same two configurations as described
in the preceding subsection. Odd-symmetry states (A,
symmetry) were probed with pure s-polarized light with
A along the [010] direction, and electrons were detected
in a plane perpendicular to the polarization. Even-
symmetry states (A, symmetry) were probed with A in
the plane of polarization and plane of incidence.

Figure 11 displays EDC’s for odd-symmetry configura-
tions at the center of the two-dimensional Brillouin zone
for four photon energies. As one might expect, they are
very similar to the_ corresponding results for odd-
symmetry results for A along the [110] plane, The same
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FIG. 11. Normal-emission EDC’s taken in odd-symmetry

geometry. Solid lines, clean surface; dashed lines, after 0.3 L
oxygen dose. Hatched regions are from surface-state emission.

even- and odd-symmetry surface-sensitive features are ob-
served at the zone center, and the EDC’s again show that
the peaks do not disperse with photon energy, as required
for a two-dimensional state. As in the previous EDC’s,
the solid lines represent clean-surface data and the dashed
lines illustrate the effect of adsorption of 0.3 L of oxygen.
A small amount of surface oxygen quenches the surface
states and allows one to investigate the bulk band struc-
ture. Peaks in EDC’s shown as dotted lines in Fig. 11
(and Figs. 4 and 5) correspond to bulk transitions from in-
itial states along the A line of the three-dimensional Bril-
louin zone.

Figure 12 displays EDC’s for odd- and even-symmetry
configurations at four points along the A line. We have
again displayed EDC’s corresponding to both odd- and
even-symmetry geometry at each value of E,,, and have
also included two photon energies for each symmetry and
value of k” Comparison of Fig. 6 with Fig. 12 reveals
that the spectra differ considerably along the = and A
directions away from T'. Although the clean spectra for
some photon energies and some values of EII exhibit small
features which may reflect an underlying bulk initial
state, there is, in general, very little evidence of significant
contributions to the clean-surface EDC’s (in the photon
range used here) from bulk states. The EDC’s at each
value of EH exhibit strong differences between even- and
odd-symmetry pairs and strong similarities between pairs
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FIG. 12. Off-normal-emission EDC’s for both even- and odd-symmetry geometries. Solid lines, clean surface; dashed lines, after
0.3 L oxygen dose. Hatched regions are from surface states. Values of T{II correspond to K along the A line measured from T.
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corresponding to a given symmetry and different photon
energies. It is interesting to note here that an exposure of
0.3 L of oxygen was found to have very little effect on
EDC’s obtained from the Fe(110) surface over a wide
photon-energy range (10—30 eV). The reason for this is
that there is an allowed even-symmetry final-state band
along the I direction of the three-dimensional Brillouin
zone. As expected, photoemission spectra obtained from
clean Fe(110) surfaces were found to be dominated by
bulk interband transitions. The (110) surface turns out to
be the best surface for mapping the bulk band structure of
Fe.

Figure 13 displays the band structure of A,-symmetry
bulk states of Fe projected along the A line of the two-
dimensional Brillouin zone. As in the preceding subsec-
tion, we have projected the even- and odd-symmetry states
separately to facilitate plotting the results of our experi-
ments. The A,-symmetry bands are not particularly in-
teresting. There is a single gap at X in the majority-spin
bands about 2 eV below Ep, and the gap is pinched off
abruptly away from X along the A direction. This gap
lies above Ep in the minority-spin bands. Our experimen-
tal data show strong evidence of surface states near T,
and, as shown in Fig. 12, there is good evidence of a A,-
symmetry surface resonance along the A direction near
Ep, and a weak A,-symmetry surface state which appears
at binding energies between —2.5 and —3.2 eV. It is pos-
sible that the state with the higher binding energy is a
majority-spin surface state pushed out from the bottom of
the bulk-band continuum, and that the other state is the
corresponding minority-spin surface state which becomes
a resonance away from L;. These A, surface resonances
appear to have been predicted by slab calculations.!! The
exchange-split A, resonances displayed in Fig. 3 of Ref.
11 exhibit rather nice agreement with the data shown in
Fig. 13.

Figure 14 displays the A;-symmetry bulk bands project-
ed onto the A line with points corresponding to our exper-
imental data. There are a number of predicted A; (even-
symmetry) surface states.'~!> Both majority- and
minority-spin A; bands exhibit gaps which contain sur-
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FIG. 13. Projected odd-symmetry (&,) bulk bands along A
(hatched regions). Rectangular points, experimental results.
Peaks corresponding to the two spin subbands have been plotted
only on the “assumed” correct panel.

A. M. TURNER AND J. L. ERSKINE 30

A, SURFACE BANDS AND BULK BAND PROJECTIONS
MAJORITY SPIN MINORITY SPIN

2 2
__E0 ; Lo
> /

o 0,

N / 2

g 0.

x4 ; -4

=

wooe 6
8 -8
0 05 10 05 10

kH(Ail) k"(ﬁ"l)

r -A— X T -A— X

FIG. 14. Projected even-symmetry (A;) bulk bands along A
(hatched regions). Solid lines, calculated surface states (Ref. 10).
Rectangular points, experimental results. Solid points, assigned
to surface states in the panel; open points, assigned to surface
states in the other (opposite-spin) panel.

face states. The prominent gap which starts at X and is
pinched off at about half the distance to the zone center
lies completely below Ep for both majority- and
minority-spin bands. The parametrized calculation!?
predicts the binding energies of A;, and A;, bands at X to
be approximately —3.3 and — 1.8 eV; the self-consistent
calculation yields —4.8 and —3.5 eV for these states.
Both calculations indicate a slight decrease in binding en-
ergy of these states along the A line toward T'. Our exper-
imental data exhibit a pair of surface-sensitive A;-
symmetry peaks with binding energies at X of
(—4.010.2) and (—3.1%+0.2) eV. These peaks can be seen
from X to extend over at least half the distance to T, and
their binding energies decrease away from X. We assign
these peaks to the A, and A, surface states. They appear
to become resonances at about half the distance to T
along A.

The calculations also predict a minority-spin A; surface
state very near Er which extends over most of the A, line.
The self-consistent calculations!®!! show this state ex-
tending over most of the A line, and also show a splitting
of the band near X. The parametrized calculation!? shows
this state passing above Ep at kK;~0.5 A~'. No signifi-
cant occupied A;-symmetry surface states are predicted to
lie near Er in the majority-spin band by either calcula-
tion. Our experimental data exhibit a strong A;-
symmetry surface-state peak near Ey which extends from
I" to X. The structure is considerably broader and shifted
at E||=O. 82 A‘l, suggesting that it splits near X, as
shown by the self-consistent calculation. We assign the
A,-symmetry peaks near Ep to the minority-spin band
predicted by the calculations.

The A;-symmetry surface-sensitive peaks near I' remain
to be accounted for. The slab calculations and our projec-
tion of the bulk majority-spin A;-symmetry bands show
that a gap opens up, starting at T, which extends over
half the distance to X. All three slab calculations show a
majority-spin surface state in this gap. The self-consistent
calculations also suggest a strong surface resonance ex-
tending from T to the gap which opens up at
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kl ~0.5 A~! in the majority-spin band. Our experimen-
tal data exhibit two peaks which could account for this
surface state and the resonance. The binding energy of
the peak nearest Ey at T is (—2. 2+O 2) eV and the peak
has the same binding energy at kI =0.27 A~!. Halfway
to the zone edge, this surface state is pinched off, and has
nearly the same binding energy as the minority-spin Al
surface state in a different gap, one which starts at X.
Our experiment does not resolve spin, but if this interpre-
tation is correct, the spin polarization associated with the
middle surface-sensitive peak should change sign near
k,=0.5 A~!. The A,-symmetry peak at T with binding
energy of —3.2 eV is most likely to be associated with the
predicted surface resonance in the majority-spin band.

C. The Y line

The third high-symmetry line in the two-dimensional
Brillouin zone is the Y line. Planes in the three-
dimensional Brillouin zone which intersect the Y line do
not have inversion symmetry; therefore, only the two-
dimensional surface bands will be even or odd in this
plane. The bulk bands are not separable into even and
odd components. When mapping the surface ele_c':tronic
structure along the [100] and [110] directions, k; was
changed by changing only the angle 6. However, to probe
k” along the Y line both 6 and ¢ must be adjusted. The
ability to rotate our analyzer about two independent axes
allowed us to easily adjust k“ so that the desired point
along Y was probed.

Our experiments which probed the Y line were per-
formed with A along the [100] direction so that s- and p-
polarization configurations did not correspond to pure
odd-state or pure even-state symmetry. Therefore, along
Y, we not only failed to discriminate between the two
spins, but we also did not separate even- and odd-
symmetry states. However, we were able to identify some
surface states along the Y direction. Because the plane
containing the Y line is not a symmetry plane of the
three-dimensional Brillouin zone, the bulk projections
shown in Fig. 15 include all bands which are projected
onto the Y line. Also shown in Fig. 15 are the surface-
sensitive bands from EDC’s (not shown) and the surface-
state bands from the self-consistent calculation. The solid
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_ FIG. 15. Projected even- and odd-symmetry bulk bands along
Y (hatched region). Rectangular points, experimental results.

lines represent even symmetry Y, surface bands and the
dashed lines represent the odd-symmetry Y, surface
bands.

There -are several absolute gaps in both the majority-
and minority-spin projections shown in Fig. 15 and which
are also evident in the slab calculations.!~1? By “absolute
gaps” we mean that these gaps do not depend on symme-
try, but rather are gaps present after projecting all bands
of a given spin. A gap opens up in the majority-spin
bands at X centered around a binding energy of —3.8 eV,
and a much larger minority-spin gap is seen at X centered
around —2.5 eV. In this energy region we see two
surface-sensitive peaks at X. These peaks lie within the
gaps at X and can be attributed to the predicted Y-
symmetry surface states. Considering points along Y to-
ward M, only one peak is observed in the vicinity of these
gaps. Perhaps the majority and minority-spin com-
ponents can no longer be resolved, and only one peak is
observed with a binding energy equal to the average for
the two surface states.

The next gap seen as one considers higher energy is the
gap present at M at —2.4 eV in the minority-spin bands
and which opens up just past M at —3.0 eV in the
majority-spin bands. There are two surface bands in this
region: the lower band lies within the majority-spin gap,
but the upper band lies just above the minority-spin gap.
The parametrized calculation predicts both an odd- and
even-symmetry surface state in this gap, but the self-
consistent calculation,'? which does not clearly show this
gap, predicts only an even-symmetry surface state in this
region. One other surface band was observed, one which
begins at X at —0.5 eV binding energy and disperses
downward along the Y direction toward M. There are
two gaps in this region in both the majority- and
minority-spin projections. Even- and odd-symmetry
majority-spin  surface states and even-symmetry
minority-spin surface states are predicted in these gaps by
both calculations. Owing to the inability of our experi-
ments to distinguish symmetries in the experimental con-
figuration used in this particular case, and the complexity
of the observed and predicted surface bands, we cannot
make unambiguous assignments for these peaks, and,
indeed, for most of the bands along Y. Because the Y line
has more surface bands than either the = or A lines, and
because there are substantial differences in the surface
states predicted by the two calculations, a reexamination
of this region with polarized light and a geometry which
would distinguish symmetry would be quite interesting.

V. DISCUSSION

We have presented a comprehensive set of photoemis-
sion data and bulk energy-band projections which permit
us to identify surface states and surface resonances along
three high-symmetry lines of the two-dimensional Bril-
louin zone of Fe(100). Our studies of these states along
the A and 3 lines were carried out in configurations
which permitted discrimination between even and odd
symmetry, and comparison of the surface-state dispersion
of pairs of surface states with accurate parametrized and
ab initio self-consistent calculations has permitted us to
assign some of the surface-state bands to exchange-split
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minority- and majority-spin surface-state bands.

The overall agreement between our experimentally
determined surface bands and those predicted by slab cal-
culations is, in general, quite good. It is at least clear
from our results that in nearly every case where both the
self-consistent and parametrized calculations predicted
prominent surface states or surface resonances, surface-
sensitive features in the photoemission spectra were ob-
served. In addition, in most cases, the features were
found to have the correct symmetry and to exhibit the
predicted dispersion- with Ell' In most cases, theself-
consistent calculations yield the more accurate binding en-
ergies. There are several cases where assignment of the
structure in photoemission data to surface states appears
to be unambiguous. In these cases, the symmetry, binding
energies, and exchange splitting have been compared
directly with calculated results with very encouraging re-
sults.

Perhaps the clearest case of excellent agreement is the
exchange-split 3, bands. This appears to be a classic ex-
ample of a Shockley surface state. The exchange splitting
of the 3, surface-state bands at EH=O.78 A-lis23 eV,
in excellent agreement with the calculated self-consistent
surface-state exchange splitting at the same point (2.4 eV).
The corresponding parametrized-calculation value of 2.0
eV is significantly lower. The exchange splitting of the X,
surface-state bands averaged over the X line is approxi-
mately 2.3 eV. The calculated bulk exchange splitting
varies from 1.3 eV near the bottom of the band to 2.2 eV
near the top, and our results, presented elsewhere,’ sup-
port these predictions. Thus the surface exchange split-
ting is larger than the averaged bulk value for ferromag-
netic Fe.

A second case where a pair of bands can be assigned
with reasonable certainty to exchange-split surface states
occurs along the A line near X. A pair of A,-symmetry
surface states are observed to originate at X and extend to
a point halfway to T, where the gaps pinch off. The ex-
change splitting of these bands is approximately 1.2 eV,
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which is considerably smaller than that of the =, states,
and also slightly smaller than the value predicted by the
self-consistent calculation (2.4 eV). The predicted!
exchange-split A, resonances also appear to agree nicely
with our experimental data.

Transition-metal surface states are extremely sensitive
to both the surface and bulk potentials.!?> Small shifts in
the bulk potential can create or destroy Shockley surface
states, and small changes in the surface potential can
create surface states (Tamm states) and destroy Shockley
states. The parametrized calculations involve a restricted
tight-binding basis set for the surface basis functions, and
shifts are required in the surface potential to force the
inadequate basis set to yield surface-layer charge neutrali-
ty. Our recent experimental work has shown that the cal-
culated bulk bands of Fe are accurate. This indicates the
bulk energy eigenvalues used to obtain the slab-calculation
parameters were also accurate. Our surface experiments
therefore test how accurately the surface parameters are
determined by requiring charge neutrality.

Tables I and II summarize binding energies of surface
states identified by our experiments in comparison with
calculated values based on parametrized'? and self-
consistent'®!! techniques. We have included in the tables
only surface states which we have been able to apply sym-
metry tests to, and in which we have a fairly high degree
of confidence in the assignment. This paper intentionally
presents a large amount of experimental data so that the
reader may judge for himself the strength of our assign-
ments. Clearly, a detailed comparison between the vari-
ous results is not justified. However, one can argue, based
on the results contained in these tables and shown in the
corresponding figures, that all of the calculations yield
reasonably good accounts of the observed surface states.
The self-consistent calculations yield better overall agree-
ment for surface-state binding energies and exchange
splitting throughout the two-dimensional Brillouin zone.
The parametrized calculations (41 layers) yield a much
higher density of bands, which permits easy identification

TABLE 1. Measured and calculated binding energies of ¥ surface states at various points of the

two-dimensional Brillouin zone.

Self-consistent Self-consistent Parametrized
Spin EII (A1) Experiment calculation® calculation® calculation®
3, symmetry
1 0.0 (T) 2.6 2.5 2.2 2.6
10.0(T) 0.2 0.1 0.3 0.4
1 0.78 2.5 2.6 2.4 2.2
10.78 0.2
1 1.55 (M) 1.0 1.3 1.0 1.0
S, symmetry
1 0.0(T) 3.8 4.3 4.4 2.8
10.0(T) 2.4 2.5 3.2 1.0
1 0.78 3.5 3.5 3.8 3.6
10.78 2.2 1.8 2.4 1.4
T 1.55 (M) 3.2 3.5 1.8 3.8
1 1.55 (M) 1.4 1.5 1.1 1.8

aReference 10. Reference 11. °Reference 12.
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TABLE II. Measured and calculated binding energies of A surface states at various points of the
two-dimensional Brillouin zone; * indicates that other surface states or surface resonances are predicted
and that the binding-energy assignment may not be unambiguous.

Self-consistent Self-consistent Parametrized
Spin E” (A-Y Experiment calculation® calculation® calculation®
' A, symmetry
1 0.0 (T) 2.7 2.5
10.0(T) 0.3 0.2
1 0.55 2.8 2.8
1 0.55 0.5 0.5
1 1.10(X) 32 3.0
1 110 (X) 0.5 0.8
A, symmetry
1 0.0 (T) 23 2.5% 2.2 2.4
10.0(T) 0.2 0.2 0.4 0.4
10.53 22 2.5* 2.2 2.0
1 0.55 0.2 0.2* 0.3
1 1.10 (X) 4.0 4.2 4.7 35
1 1.10(X) 32 2.8 3.7 1.8

*Reference 10. "Reference 11. “Reference 12.

of the gaps in relation to the projected bulk band struc-
ture.

Our study of surface electronic properties of Fe is based
on the (100) crystal face. We have conducted extensive
work on Fe(110) surfaces and some work on the Fe(111)
surface. 'We were able to clean the Fe(110) surface to a
point where O, S, and C contamination were comparable
to the concentrations (5 ML) required to observe surface
states on Fe(100). We did observe some sensitivity of
photoemission peaks on the (110) and (111) surfaces; how-
ever, the effects were small in comparison to what is
shown by the EDC’s for Fe(100) in the photon-energy
range studied in this paper. Most of the structure in
EDC’s obtained from clean (111) and (110) surfaces could

be accounted for in terms of bulk states.’’ Emission along
the high-symmetry line (normal emission) for the (110)
and (111) surfaces is dominated by bulk transitions be-
cause there is an appropriate (even-) symmetry final-state
band.?®
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