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Exchange splitting and critical-point binding energies for iron (110)
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The exchange splitting and several critical-point binding energies along I -X-5 of the Brillouin

zone for ferromagnetic iron have been determined using angle-resolved photoemission. The
room-temperature exchange splitting at I is determined to be 2.0S eV, and critical-point ener-

gies obtained from experimental data are found to be in good agreement with theoretical predic-

tions.

The bulk and surface electronic properties of tran-
sition metals have been a subject of appreciable in-

terest in recent years. Work in this area has focused
primarily on the electronic properties of nickel, how-

ever, corresponding experimental and theoretical
results for iron are now beginning to appear. Many
of the issues which have tended to draw interest to
the intrinsic electronic and magnetic properties of
nickel are now understood although several important
questions reflecting different viewpoints apparently
remain to be settled. ' Additional insight into these
unsettled issues could be derived from studies of re-
lated metals, in particular iron.

The literature covering bulk and surface electronic
structure of iron is not nearly as extensive as that for
nickel. Bulk and surface' ' electronic structure cal-
culations have been carried out and several angle-
resolved photoemission studies of the high symmetry
iron crystal faces have been reported. " Heimann
and Neddermeyer concluded that most of the
features observed in their angle-resolved energy-
distribution curves (AREDC's) resulted from surface
photoemission and density of states effects. Schultz
et al. ' reached a similar conclusion in discussing their
data. Kevan et al. " found that their data for Fe(100)
supported results for E(k) along the (010) azimuth
obtained from an interpolation scheme applied to
Callaway and Wang's band calculation. Eastman
et al. ' also found good agreement with calculated
bands along I -P-N by applying a direct transition
model based on a free electron final band to
AREDC's obtained from an Fe(111) crystal face.

In this Report, we report angle-resolved photoe-
mission results for an Fe(110) surface which show

that a diirect transition model based on a free electron
final band accounts for all significant structures in the
measured normal emission AREDC's in terms of the
band structure obtained by Callaway and Wang. 4 We
obtain the exchange splitting at I and a number of
critical point binding energies along I -X-N in the
bulk Brillouin zone.

Experiments reported here were conducted using

an Auger-photoelectron spectrometer which has been
described previously. " Photoelectrons were produced
by radiation from a high intensity resonance lamp.
By using different gases and operationg pressures, we
have found that rare gas resonance lines provide a
good selection of photon energies ranging from 8.44
to 48.38 eV.

The iron single crystals were spark cut and aligned
to approximately +1' using x-ray Laue techniques
and mechanically polished to a mirror surface using
alumina powder to 0.0S p.m size. To reduce bulk im-
purities, mainly sulphur, thc crystals werc heated at
=. 800'C for several weeks in a flowing hydrogen at-
mosphere (10 mol'/0 H2 90 mol'/0 Ar). Subsequent
in situ cleaning involved standard cycles of argon ion
sputtering (500 eV) and annealing at 500—850'C.
Clean surfaces exhibited an oxygen Auger peak (530
eV) about 1/10 the intensity of the Fe peak at 562
eV. This ratio corresponds to an oxygen coverage of
a few percent of a monolayer. Other impurity Auger
lines were considerably weaker. Our cleaning pro-
cedure also produced excellent low-energy electron
diffraction (LEED) patterns.

Symmetry selection rules associated with electric
dipole transitions and conservation laws associated
with the photoemission process provide a basis for
direct interpretation of AREDC's. '" In the direct-
transition model of photoemission, components of
momentum parallel to the crystal surface k~~ are con-
served, and the electron energies are related by

Ef =E(+ho), E =Ef+ Vo,

where Ef and E; are the final and initial states in the
crystal, E is the kinetic energy of the photoemitted
electron in vacuum, and hem is the photon energy. Vo

is the crystal inner potential. Since k~~ is conserved it
can be determined directly from the exit angle and E.
The perpendicular component of the momentum kj
can be determined if the dispersion of the final state
band is known. In many cases, a free-electron final
band has ~orked very well' although the actual
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TABLE I. Experimental and theoretical binding energies
along I -X-N for ferromagnetic iron. Theoretical bands are
from Ref. 4.

Symmetry
point

Binding energy (eV)
This experiment Callaway and Wang

~25)

"2St
ra

Eat lower

0.27 + 0.05
0.78 + 0.05
2.35 +0.10
8.15 + 0.10
2.10 + 0.20
5.90+0.25

0.40
0.86
2.18
8.11
2.32
5.83

what larger than the value at P, ' therefore, it is clear
that majority and minority spin bands have different
dispersion as found previously. " An attempt was
made to measure the temperature dependence of
5E,„near X by heating the sample. ' Figure 3 shows
two AREDC's taken at tee = 21.22 eV, one at room
temperature and one at 710 'C. Perturbations result-
ing from heating pulses were avoided by gating off
the counting system while current was applied to the
sample.

A curve fitting routine based on Gaussian func-
tions was used to decompose our AREDC's. ' The
primary motivation for this procedure was to obtain
accurate values for peak locations and estimates of
their widths and relative strengths. Decompositions
of the two spectra in Fig. 3 are shown based on seven
Gaussians for the clean room-temperature data and
eight Gaussians for the 710'C data. The extra
Gaussian for the heated sample accounts for a small
amount of sulphur (-0.1 monolayer) which diffuses
to the surface during heating above 600'C. Five
peaks are clearly seen in the room-temperature
AREDC's and these are assigned to the five allowed
transitions (Xttt, Xtt, X4t, Xtt, and X3t). The lower

Xa t band is needed to obtain the correct shape of the
large peak resulting primarily from the X4t band.
High resolution is required to observe the X3) band
which is very near EF. The large difference in

strength of the Xa t and Xa~ Gaussians and the poor fit
at the Fermi edge result from an inadequate
representation of the background by a single Gauss-
ian function.

The corresponding AREDC taken at 710 'C exhi-
bits fewer features. Emission from the lower Xat)
band and the Xat band is still visible but less pro-
nounced. Even without computer modeling, it is

fairly clear that the Xat peak binding energy de-
creases. Also, the predominant peak composed of
X4f Xa) and X3) shifts down suggesting that the

—IO
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FIG. 3, Normal emission AREDC's for a Fe(110) surface
at room temperature (upper figure) and at 710 C (lower fig-
ure), Inset shows extended energy scale around EF. Dots
represent data, lines through the dots show the Gaussian fit.
The six (upper figure) and seven (lower figure) Gaussians
represent all components of the Gaussian model fit.

binding energies of minority spin bands decrease.
This is consistent with the Stoner model of itinerant
ferromagnetism. The Gaussian decomposition sug-
gests the shift between Xat and Xa~ is about 200 meV
for this temperature variation. This value is reason-
able based on what Eastman et at. ' observed for the
temperature dependent component of exchange split-
ting at P.

Gaussian modeling of the peaks yields values for
their strengths and widths in addition to their center
positions. The full width at half maximum (FWHM)
of peaks which are characterized well enough experi-
mentally to yield reliable curve fits is found to in-
crease with initial state energy. The initial state life-
time characterized by this width depends on Auger
recombination which typically leaves two hole states
just below EF and an electron in a state just above
EF. Phase space arguments based on the filled and
empty states available to participate in this process
yield a linear line width behavior for Ni which has a
high density of filled and unfilled states near E+.
The same argument applies to iron except the band



1986 BRIEF REPORT 25

width is slightly broader.
In summary, we have obtained the room-

temperature exchange splitting at I and several criti-
cal point binding energies for electronic states of fer-
romagnetic iron. All of the peaks in our AREDC's
can be accounted for in terms of theoretical calcula-
tions by assuming they result from direct interband
transitions to a free electron final band. Difficulty
was encountered in assigning some of the closely
spaced peaks and some surface sensitivity was ob-
served in several AREDC structures indicating possi-
ble contributions from surface states. The tempera-
ture dependence of the exchange splitting near X was

observed to be consistant with similar results near P
reported recently. Many of the difficulties encoun-
tererd in peak assignment can clearly be overcome by
utilizing polarization selection rules and a continuous-
ly tunable photon source. This will require experi-
mental work using synchrotron radiation.
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