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Surface States and the Photoelectron Spin Polarization of Fe(100)
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High-resolution angle-resolved photoemission spectra for Fe(100) are reported which
identify and characterize surface states near the Fermi energy extending from I to X
of the two-dimensional Brillouin zone. These results provide an experimental test of
recent transition-metal surface electronic structure calculations and yield predictions
relevant to spin-polarized photoemission from Fe(100).

PACS numbers:

The study of intrinsic electronic and magnetic
properties of transition-metal surfaces has at-
tracted considerable interest recently. Theoreti-
cal studies of surface states on transition-metal
high-symmetry crystal faces have been based
primarily on energy-band calculations for thin
slabs using a variety of approaches.'”® These
calculations yield specific predictions related to
surface electronic properties including surface
band structure, surface states, layer density of
states, and charge and spin densities. Some of
these theoretical predictions can be subjected to
direct experimental verification. As the number
of computational methods and their predictions
has expanded, the need for detailed experimental
tests of the methods and results has also become
more apparent.

This paper reports angle-resolved photoemis-
sion experiments conducted on an Fe(100) crystal
surface. Our results provide a good description
of surface emission properties for Fe(100) sur-
faces along the T-X direction of the surface
Brillouin zone. We find an encouraging correla-
tion between surface emission features in our
data and recent theoretical predictions® based on
self-consistent calculations for a seven-layer
Fe(100) slab. Our results also represent one of
the first direct experimental tests of transition-
metal surface electronic structure calculations
and demonstrate the feasibility of such tests for
this important class of metals in spite of compli-
cations arising from the high density of states
characteristic of these metals.

Experiments reported here were conducted by
using an angle-resolving photoemission spectrom-
eter described previously.® The spectrometer is
based on a commercial twin-pass cylindrical
mirror analyzer which permits high-sensitivity
Auger analysis in addition to angle-resolved
(A9 =4° or 12°) photoemission experiments. The
surface Brillouin zone is probed by rotating the
sample or the angle-resolving aperture in the

73.20.-r, 75.30.-m, 75.50.Bb, 79.60.-i

analyzer.

X-ray Laue techniques and spark erosion were
used to align and cut 1-cm-diam iron disks 1 mm
thick having a (100) crystal axis perpendicular
(~+1°) to the surface normal. Rods from which
the crystal were cut were obtained from Leico
Inc. Bulk impurities were reduced by heating the
targets at ~ 800 °C for several weeks in a flowing
hydrogen atomsphere. Samples were cleaned by
repeated argon-ion sputtering (500 eV, 10 uA)
and annealing (~ 800 °C) and were checked by using
low-energy electron diffraction and Auger spec-
troscopy. Particularly clean surfaces are re-
quired to observe surface states on Fe(100). In
our experiments, base pressures below 1x1071°
Torr were maintained (1X10™° Torr noble-gas
pressure during lamp operation), and total sur-
face contamination (primarily oxygen) was judged
to be below 1% of a monolayer.

Figure 1 illustrates the bulk band structure of
iron” along I'-A-H of the three-dimensional
Brillouin zone with corresponding angle-resolved
energy-distribution curves (AREDC’s) taken at

" normal emission along the (100) direction. Before

discussing AREDC’s which exhibit surface emis-
sion features we focus on the bulk band structure
of iron. In previous experiments, reported else-
where,® we have determined the band structure
and exchange splitting for iron along I'-Z-N using
a (110) crystal surface. In that work we found the
calculated band structure’ to be in good agree-
ment with experimental data which we interpreted
on the basis of a direct transition model and a
single free-electron final band. The same final
band accounts for primary features in AREDC’s
for the (100) face. Binding energies correspond-
ing to peaks in the normal-emission spectra are
plotted on the band structure with 2, values de-
termined by assuming direct transitions to the
free-electron final band. Final band energies are
plotted to the right of the band structure. This
result establishes the region of the bulk Brillouin
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FIG. 1. Normal-emission AREDC’s for Fe(100) at
Xe, HeI, and He Il photon energies. Solid curves
represent clean-surface data; dashed curves show ef-
fects due to 0.1 L of oxygen. Inset shows calculated
bulk energy bands along I'-H (Ref. 7) and points obtained
from the AREDC’s by using a direct interband transi-
tion model. Final band energies above Ef are shown
to the right of the inset. Resolution: AE ~100 meV,

AQ ~4°,

zone probed at a given photon energy. Also
shown in Fig. 1 is the sensitivity of peaks re-
sulting from bulk direct transitions to small
doses of oxygen ~0.1 L (1 L=1X10"% Torr sec).
The sensitivity of AREDC features resulting from
primarily bulk-band direct transitions is low in
comparison with surface photoemission features
as illustrated in Fig. 2.

One of the better opportunities to probe surface
states on Fe(100) occurs at photon energies for
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FIG. 2. AREDC’s for Fe(100) at Ne1, ArlI, and ArII
photon energies. Solid curves represent clean-surface
data; dashed curves show effects due to 0.1 L of
oxygen. Each pair of curves corresponds to a location
of the surface Brillouin zone along T to X . The loca-
tion of bulk and surface emission features at T’ (normal
emission) are shown in the lower part of the figure.
Resolution: AE ~100 meV, AQ~4°,

which bulk transitions to the free-electron final
band do not occur. A specific region of the bulk
Brillouin zone meeting this condition is found at
H. Callaway and Wang’s band calculation places
the A,’ and A bands above E at H and this re-
sult is supported by Fermi surface data® which
show that the H-centered majority-spin hole
pockets are larger than their calculations pre-
dict. The nearest initial-state band around H in
the bulk Brillouin zone which can contribute to
AREDC’s via direct transitions is the minority-
spin H,, band which lies at — 3.0 eV. Fortunately,
three noble-gas resonance lines (NelI, 7Zw=16.85
eV; Arl, Zw=11.83 eV; and Ar1I, Zw=13.48 eV)
probe k space near H in normal emission. These
lines permit high-resolution (~50 meV) angle-
resolved photoemission studies of the surface
electronic structure of Fe(100). ,

Figure 2 shows selected AREDC’s covering the
surface Brillouin zone of Fe(100) along T-X. The
three photon energies probe bulk bands near H in
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the bulk Brillouin zone where the only direct in-
terband transitions allowed are from the H,, sub-
bands with binding energies of 3.0 and 4.5 eV.
Features in AREDC’s corresponding to lower
binding energies must be due to surface states or
surface photoemission. Surface emission is
greatly decreased by chemisorbing 0.1 L (approx-
imately 0.1 monolayer) of oxygen as shown in Fig.
2. Coverages are estimated from oxygen Auger
line intensities, which correlate with gas doses.
The coverages are low enough to ensure that
ordered structures are not formed.

The AREDC’s corresponding to oxygen-coated
surfaces exhibit features which correlate with
bulk states at high-symmetry points in the bulk
Brillouin zone where the bands tend to be very
flat. This is not surprising because when no
interband transitions are allowed, surface emis-
sion dominates and “band-gap” emission cor-
responding to 2 values with high densities of
states is expected. There is also good evidence
for direct transitions for the H,,, band in these
AREDC’s. Dispersion of the feature associated
with H,,, is consistent with the interpolated bulk
band structure along the azimuth corresponding
to sweeping from T to X in the surface Brillouin
zone.'°

Two theoretical calculations of Fe(100) surface
electronic properties are available to serve as a
basis for discussing the results of Fig. 2. Demp-
sey, Kleinman, and Caruthers' have reported
surface energy bands for a 41-layer Fe(100) slab
obtained from a linear combination of atomic or-
bitals calculation with matrix-element parameters
based on a bulk band calculation. Wang and Free-
man® have recently reported an ab initio self-
consistent band calculation based on a seven-
layer Fe(100) slab. Both calculations are for
magnetic slabs.

These two calculations exhibit similar features,
but also distinct differences: There are strong
general similarities between corresponding sur-
face energy bands when comparing equivalent
spin and symmetry (even or odd) bands along a
surface zone direction. The 41-layer parame-
trized calculation is able to clearly distinguish
surface-state bands which split off from the con-
tinuum of states for the slab. In the seven-layer
ab initio calculation, surface states are desig-
nated by flags on bands corresponding to a high
percentage of first- and second-layer charge
density. We have chosen the seven-layer bands
on which to overlay our experimental results
because they are much less complex than the
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FIG. 3. Surface energy bands for Fe(100) (Ref. 5).
Dots flag bands having a high percentage of charge
density in first and second layers. Shaded areas show
regions of the surface Brillouin zone where strong
chemisorption effects are observed in AREDC’s.
Heavy shading corresponds to strong quenching of
AREDC features by chemisorption.

41-layer bands and therefore provide a less clut-
tered background. It is appropriate to comment
here that recent photoemission results for Ni(110)
surfaces'! have shown that the magnetic exchange
splitting of surface and bulk electronic states

are equivalent (no magnetic dead layers at the
surface). This result justifies comparison of our
experimental results with spin-polarized slab
calculations.

Figure 3 illustrates even-symmetry surface
energy bands for Fe(100) along T-X from Ref. 5.
Superimposed on these bands are shaded regions
corresponding to differences between our meas-
ured clean-surface AREDC’s and corresponding
contaminated-surface AREDC’s. The degree of
shading gives a rough indication of the magnitude
of the difference. The shading for both majority-
and minority-spin panels of Fig. 3 is the same
(our experiment does not discriminate spin) and
we have not shown the corresponding two odd-
symmetry panels for simplicity. (It turns out
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that the two odd-symmetry panels from the self-
consistent calculation do not exhibit bands along
T-X which are noted as having a high percentage
of first- and second-layer charge density.) In
addition, our source is unpolarized and we cannot
make any meaningful statements regarding sym-
metry difference.

Our results illustrate a rather encouraging cor-
relation between calculated surface electronic
structure and experimental data. The parame-
trized calculation predicts an even-symmetry
minority surface state extending from near T
to about X /2 before passing above the Fermi en-
ergy. The ab initio calculation predicts a similar
surface state just below E ;, but extending the
entire distance to X. In nearly every region of
the surface Brillouin zone where a surface band
is predicted by the ab initio calculation, we find
evidence of surface-state emission.

The results shown in Figs. 1 and 2 also allow
us to make some predictions regarding spin-
polarized photoemission experiments'? for Fe(100)
surfaces. Bulk interband transitions to the free-
electron final band cannot occur at photoemission
threshold characterized by the condition Zw=¢,
where ¢ is the Fe(100) surface work function
(~4.4 eV). Bulk emission requires bulk initial
states at k,~1.5 A~! along the A line of the bulk
Brillouin zone (see Fig. 1). Our experimental
results® for Fe(110) have shown that I', , =0.27
eV and I';,4 =0.78 eV, indicating that Callaway
and Wang’s calculated bulk bands for Fe are
quite accurate. The AREDC’s shown in Fig. 1
also support this conclusion. We can therefore
say with a high degree of confidence that thresh-
old emission from Fe(100) will involve primarily
surface emission from T in the surface Brillouin
zone.

The surface band calculations predict both
minority- and majority-spin bands at T and E¢,
but minority-spin bands dominate first-layer
projected densities (Fig. 2 of Ref. 5). Therefore,
a negative electron spin polarization (ESP) should

be observed at threshold for Fe(100). Above
threshold, an abrupt sign change in ESP is ex-
pected because of transitions from the A,;; bands.
It is interesting to note that similar ESP be-
havior has been observed for Ni(100) surfaces'?
and attributed to surface-state emission.t'!3
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