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Spin-resolved x-ray-photoelectron-spectroscopy study of ferromagnetic iron
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A spin-resolved x-ray-photoelectron-spectroscopy study of the deep core levels of ferromagnetic Fe
are reported. The 2ps,,, 2py,,, and 2s core levels, as well as the more shallow 3p level, all display in-
teresting spin-dependent structures. These findings indicate the importance of intra-atomic exchange in
deep-core-level photoemission from Fe. The electronic response of the metal to core-hole creation is

found to be dependent on the spin of the core hole.

Core-level x-ray-photoelectron spectroscopy (XPS) has
provided a vast body of information concerning the elec-
tronic and structural properties of solids.! Since the
core-level electron is excited far above the photoelectric
threshold into a spectroscopically structureless continu-
um final state, a given core-level XPS spectrum of an N
electron system is shaped primarily by the core-level elec-
tronic structure, with significant modification by the
response of the N —1 electron system to the creation of
the core hole.? The N —1 electron response can be quite
rich and includes (1) the excitation of low-energy valence
electron-hole (e-h) pairs,* leading to asymmetric core-
level XPS line shapes;’ (2) core-hole filling by Auger and
Coster-Kronig radiationless transitions;® and (3) spin and
orbital angular momentum coupling between the core
hole and the valence shell, leading to final-state multiplet
structure imposed on the core-level XPS line shape.?
Clearly, the core-level electron-spin angular momentum
is central to a quantitative theoretical understanding of
these phenomena, and to the description of experimental
techniques based on deep core-hole creation such as
Auger-electron spectroscopy, x-ray-absorption, and x-
ray-emission spectroscopy. Until now, however, the
deep-core-level electron spin has been an unobserved
quantity in previous XPS studies.

There have been spin-resolved ultraviolet photoelec-
tron spectroscopy (SRUPS) studies of the rather shallow
3s and 3p core levels of Fe (Refs. 7—10) and the 3p core
level of Co.!! However, no detailed line-shape analyses of
these data were performed, due in some cases to the very
large and sloping spectral background present in the low
photon energy SRUPS data. It is important to extend
spin-resolved photoemission study to the deeper core lev-
els, thereby making contact with the large body of XPS
data concerning deep states, providing line-shape data
that characterizes the N —1 electron response to core-
hole spin, and providing spectroscopic information for
experimental methods dependent on the creation of a
deep core hole. We present here spin-resolved XPS
(SRXPS) results for the deep-lying 2p;,,, 2p,,,, and 2s
levels, as well as the 3p level, of ferromagnetic Fe. The
results demonstrate the importance of intra-atomic ex-
change in deep-core-level photoemission from Fe, and re-
veal a dependence of the many-body response of the
N —1 electron system to the spin polarization of core
holes.
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Our Fe sample was a film prepared by evaporating
high-purity Fe in ultrahigh vacuum onto the surface of a
sputter-cleaned cobalt-based ferromagnetic metallic glass
of composition CogsFe,Ni;B,,Si;s.'> The glass substrate
consisted of a loop that could be easily magnetized to sat-
uration by passing current through coils wrapped around
the legs of the loop. This arrangement allowed the
preparation of high-pgrity polycrystalline Fe films with
thicknesses of 20—-30 A with very little oxygen contam-
ination.!® The ferromagnetic exchange coupling between
Co and Fe conveniently leads to an in-plane magnetically
saturated Fe film (with negligible stray magnetic field)
that is required for SRXPS study. A fresh Fe film was
prepared every 12-24 h as needed. The very-surface-
sensitive 30-eV  secondary-electron-spin polarization
showed excellent reproducibility and stability throughout
all measurements.

Our SRXPS spectrometer'* combines a VG MkII XPS
hemispherical electron-energy analyzer with an electron-
spin detector based on the low-energy diffuse scattering
method.!®> The photon source is an unmonochromatized
Mg Ka (hv =1253.6 eV) x-ray source operating at 510 W
power. The instrumental energy resolution was 1.6 eV
full width at half maximum (FWHM). The spectrometer
vacuum during measurement was 5 X 107 !° Torr.

The spin-resolved data were collected into four chan-
nels N/, Ny, and N, Ny. Here, N;* represents the
number of electrons diffusely scattered to the left (L)
from the Au target in the spin detector when the sample
magnetization is positive (+). Nz is the number of elec-
trons scattered to the right (R) from the Au target when
the sample magnetization has been reversed to the nega-
tive (—) direction. The electron beam polarization P can
then be expressed as!®

_ 1 | V/NINg —V/NLNE
p=1 ) (1)
S | V/'NfNg +V/NLNZ

where S is the analyzing power of the spin detector,
known as the Sherman function. The value of S for our
measurements was 0.04.!” SRXPS measurements using
both (+) and (—) magnetizations [Eq. (1)] remove from
the polarization-data apparatus asymmetry effects unre-
lated to the spin of the electron beam.!® Hysteresis
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curves acquired with x-ray-excited spin-polarized 30-eV
secondary electrons were quite square, with a 30-eV spin
polarization (P =0.27) consistent with the known Fe
magnetic moment of 2.2 uz. Count rates (summed over
both detectors) for the 2p; /», 2p s, 25, and 3p levels were
ap%roximately 2700, 2290, 1560, and 220 s}, respective-
ly.

The polarization data can be separated into individual
N1 and N | SRXPS spectra for the majority-spin (1-spin)
and minority-spin (l-spin) photoelectrons, respectively.!®
The N1 and N| components for the Fe 2p;,, level are
shown in Fig. 1. The lines through the raw data are sim-
plex fits to the individual N1 and N | spectra using a sin-
gle Doniach-Sunjic (DS) line shape’ convoluted with a
1.6-eV FWHM Gaussian representing the instrumental
response.

The N1 and Nl Fe 2p;,, spectra are both fitted very
well with a single DS line. The N1 DS component has a
binding energy of 706.69+0.03 eV;* the N | Fe 2p,,, DS
component has binding energy of 706.21+0.03 eV.
Thus, an apparent “exchange splitting” of 0.48+0.05 eV
is observed. Baumgarten and co-workers,?! using the
photoemission magnetic circular dichroism (MCD) tech-
nique to probe the Fe 2p; ,, level, estimated a splitting of
0.5£0.2 eV, with the majority-spin component possess-
ing the higher binding energy. The two measurements
are, therefore, in excellent agreement for the Fe 2p; ,, lev-
el. The N1 and N| SRXPS DS line shapes have values
for the singularity index a of 0.46+0.02 and 0.42+0.02,
respectively. The N1 2p,;,, component has a larger
FWHM Lorentzian broadening (0.5610.04 eV) than the
N | component (0.44+0.04 eV). The N1/N| Fe 2p,,,
integrated intensity ratio is 0.8140.05.22

The XPS line-shape asymmetry is intrinsic to the pho-
toelectron spectrum. The asymmetric component exists
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FIG. 1. Separate N1 and N| SRXPS spectra for the Fe 2p; ,
majority-spin (A) and minority-spin (W) photoelectrons, re-
spectively. The lines through the data are the result of a sim-
plex fit to each spin component using a single Doniach-Sunjic
line shape convoluted with a Gaussian of 1.6 eV FWHM.
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at the moment of photoelectric excitation, and is not pro-
duced with significant intensity (over the energy range of
the fits) by extrinsic inelastic scattering of the outgoing
photoelectrons.23 Therefore, no extrinsic inelastic back-
ground has been incorporated into the DS fits. Citrin,
Wertheim, and Baer?® have emphasized the inability to
extract meaningful line-shape information when inelastic
backgrounds are erroneously included in the analysis of
XPS spectra.

Figure 2 presents N1 and N| SRXPS spectra for the
Fe 2p,,, level. Neither the N1 2p,,, component nor the
N\ 2p,,, component can be reasonably fit with a single
DS line. In particular, the N | component seems to con-
sist of a main peak accompanied by a broad shoulder on
the high-binding-energy side. The spectral complexity of
the 2p,,, SRXPS spectra makes it difficult to view the Fe
2p.,, level as simply an exchange-split doublet. The in-
terpretation®!2* of photoemission MCD measurements of
the Fe 2p, , level suggests a 2p, , N1, N doublet split
in heavy by 0.3%0.2 eV. Given the relatively large un-
certainty associated with the photoemission MCD mea-
surements, the photoemission MCD and SRXPS results
for the Fe 2p, ,, level are in overall qualitative agreement.
However, the SRXPS results for the 2p, ,, level suggest
additional spectral complexity not resolvable in the pho-
toemission MCD studies.

The Fe 2s SRXPS data are shown in Fig. 3. The Fe 2s
data could not be adequately fit over the entire binding-
energy range. We have, therefore, fit the 2s data over the
energy range 856—825 eV. The Fe 2s N1 peak is located
at 843.82+0.2 eV with a Lorentzian width of 9.21+0.5 eV
and a singularity index of =0.54+0.05. The Fe 2s N|
component has a binding energy of 842.63+0.2 eV, with
a=0.4410.05 and a Lorentzian width of 7.61+0.5 eV.
Thus a 2s “exchange splitting” of 1.2+0.3 eV is ob-
served. Although the N1 component has a larger singu-
larity index and lifetime broadening than the N| com-
ponent, the two Fe 2s spin-resolved components have

3.6
Fe 2p1/2

et J

10° Counts
AV
@

FEs ,;\IJ—I /
& {Y AT y
ii/ii’i\}fi—fi\z—i/ri ’I\ﬁ’i
2.0 } ;
730 725 720 715

Binding Energy (eV)

FIG. 2. Separate N1 and N | SRXPS spectra for the Fe 2p, /,
majority-spin (A) and minority-spin (W) photoelectrons, re-
spectively. The graph lines connect the experimental data
points.
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FIG.3. N1 (A)and N| (w) spectra for the Fe 2s peak. The
lines through the data are the result of a simplex fit to each spin
component using a single Doniach-Sunjic line shape convoluted
with a Gaussian of 1.6 eV FWHM. The binding energy range
for the fit was 856-825 eV.

similar overall line shapes. This is in contrast to the Fe
3s level, which displays drastically different line shapes
for the N1 and N| components.” It may be that a form
of intrashell electron correlation®® is responsible for the
unusual Fe 3s line shapes. The Fe 2s N1 /N intensity
ratio is 0.9%0. 1 over the range of the fit.

Figure 4 displays SRXPS Fe 3p data. The N1 DS
binding energy is 52.15+0.03 eV; the N | DS binding en-
ergy is 51.891+0.03 eV. Thus, a splitting of 0.26+0.05
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FIG. 4. Separate N1 and Nl SRXPS spectra for the Fe 3p
majority-spin (A ) and minority-spin (W) photoelectrons, re-
spectively. The lines through the data points are the results of
simplex fits to each spin component using a single Doniach-
Sunjic line shape convoluted with a Gaussian of 1.6 eV FWHM.
The statistical error is smaller than the symbol size.
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eV is observed. The N1 3p peak has a FWHM Lorentzi-
an width of 1.431+0.04 eV with «=0.391+0.02. The N|
3p peak has a width of 1.041+0.04 eV with
a=0.35£0.02. The Fe 3p N1/N| intensity ratio is
0.80+0.02.

The strong spin dependence observed for all the core
levels in this study paper reveals the prominent role of
intra-atomic exchange in core-level XPS from ferromag-
netic Fe. The N1 peaks consistently possess a higher
binding energy than the associated N! down peaks, in
qualitative agreement with theories incorporating intra-
atomic exchange.?® It is interesting that the core-valence
exchange coupling is sizable for the deep core levels even
though the exchange interaction between the n =2 and
3d orbitals is spatially limited by the very small (~0.15
A) radial extent of the 2ps,, 2p; 5, and 2s orbitals.”’ A
fundamental result of this work is that intra-atomic ex-
change effects in XPS are important and observable even
for the very tightly bound core levels.

This result requires that any quantitative description of
physical processes involving deep core holes in ferromag-
nets, such as L;XX Auger transitions, must explicitly in-
clude the spin-dependent splittings of these deep levels.
For example, it has been shown by Kotani and Mizuta?®
that the theoretical spin polarization of the L;M, ; M, ;
Auger spectrum of Fe depends sensitively on the 2p-3d
exchange coupling adopted in the theory.

There is no evidence for structure caused by spin-
independent phenomena such as crystal-field splitting
(theoretically predicted to be negligible’®), or extrinsic
electron-energy-loss structure. There is also no evidence
for discrete core-hole satellite structure, such as that ob-
served for Ni core levels, attributable to valence electron
correlation.®® This lack of spectral structure suggests
that the valence band of Fe is too delocalized to support
strong atomiclike valence excitations.

Spin-integrated XPS studies of the Fe 3s core level
have often adopted an atomic picture of the observed
splittings, especially when comparing the metallic split-
ting with that of iron compounds.’! The SRXPS data
strongly suggest that an atomic view has little validity for
core-level XPS from metallic Fe. The simple two-peak
structure observed for the 2p; ,, level indicates that the
complicated spectral structure expected>? from an atomic
view of 2p; ,, photoemission simply does not exist in the
SRXPS data. Evidently, an atomiclike core-valence or-
bital angular momentum coupling is largely lost in metal-
lic Fe, although the core-valence spin angular momentum
coupling survives as demonstrated by measurable N 1 and
N | spin-dependent splittings.

The N1 core-level components have larger Lorentzian
broadenings than the associated N | components, indicat-
ing that the transition rates for core-hole filling are
dependent on the spin of the core hole. The spin-resolved
3p widths suggest that valence-electron filling of a 3p hole
conserves spin, with the preponderance of majority-spin
valence electrons being responsible for the higher rate of
filling for the majority-spin 3p hole.** The 2p; ,-width
data reveal a core-hole spin dependence to the integrated
L;M,,Vand L;VV Auger decay rates. The width of the
2s level is thought to be largely determined by very rapid
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L,L,;X Coster-Kronig transitions, in particular the
L\L,,V transition.® The differences observed for the N1
and Nl 2s linewidths suggest a core-hole spin depen-
dence to these 2s-2p filling processes.

The DS line-shape singularity index a is consistently
larger for the N1t SRXPS components than the N| com-
ponents. The NT SRXPS peaks are, therefore, more
asymmetric than the N| peaks. This indicates that the
e-h-pair excitation spectrum accompanying core-hole
creation is intrinsically spin-dependent and is stronger for
the majority-spin core hole. This phenomenon differs
physically from the excitation of e-k pairs by low-energy
electron scattering that produces the secondary electron
majority-spin polarization enhancement at low energies
in Fe.3* It may be that photoelectric emission of an 1-
spin core electron appears to the valence band as a sud-
den net increase in the |-spin electron density in the core
level. Such an increase in |-spin core character could in-
duce a spin-conserving transition of a |-spin valence elec-
tron into the unoccupied portion of the |-spin 3d valence
band. This excitation would have a highly probability
than the excitation of an f-spin valence electron (caused
by |-spin core-level emission) because there are fewer
unoccupied f-spin states in the Fe valence band. This
speculative picture would cause the preferential emission
of reduced-energy majority-spin electrons in the asym-
metric tail of the N1 SRXPS peaks, leading to the larger
values of a.

There is virtually no theoretical work concerning the
dependence of the metallic N —1 electron response, in all
of its forms, to the spin of a core hole. Previous calcula-
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tions of the itinerant e-k-pair response to core-hole
creation treat the core hole as spinless.>*?° Kakehashi
has performed calculations?® treating the core-valence ex-
change with varying valence-band delocalization. How-
ever, large simplifications concerning the valence band
preclude a meaningful comparison with experiment. It is
our hope that the detailed SRXPS line-shape information
and the qualitative theoretical considerations given here
stimulate quantitative spin-dependent theories of both
itinerant e-h-pair excitation, and core-hole filling.

SRXPS measurements of the deep core levels of the 3d
transition metals have great potential for magnetic inter-
face studies. Further experimental and theoretical work
is required to reveal the extent to which quantitative in-
formation regarding the atomic magnetic moment can be
extracted from the SRXPS spectra.
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