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Spin-resolved and high-energy-resolution XPS studies of cobalt metal and a cobalt magnetic glass
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The role of electron spin in photoelectric emission from the 2s, 2p&~2, 2p3/p and 3p core levels of
cobalt metal is investigated through a combination of spin-resolved x-ray-photoelectron spectroscopy
(SRXPS) and high-energy-resolution XPS (HRXPS) studies. The sensitivity of the Co core-level spectra
to a variation in the valence spin polarization is revealed by comparing the Co-metal data with SRXPS
and HRXPS spectra from the amorphous cobalt-based ferromagnetic glass Co«Fe4NilB, 4Si». The re-

sults demonstrate explicitly the role of intra-atomic exchange in deep-core-level photoemission from Co,
and reveal core-hole spin dependencies to core-hole-induced electron-hole-pair excitation, to the

LlL2 3 V Coster-Kronig transition rate, and to the rates of Auger transitions involving the valence band.
The data also suggest that the reduction of the cobalt magnetic moment in the Co«Fe4NilB, 4Si» glass

results from the transfer of majority-spin 3d electron density into the minority-spin 3d band caused by a
hybridization-induced weakening of the 3d electron-electron interaction.

I. INTRODUCTION

Core-level photoemission from 3d transition-metal
solids with a net spin in the valence shell has interested
spectroscopists and theorists for many years.
Several initial studies concerned the doublet structure ob-
served in 3s x-ray-photoelectron spectroscopy (XPS)
spectra of Fe and Mn. The first interpretation of these
structures' assigned them to "multiplet splitting. "
The intra-atomic exchange interaction is different for
the two photoemission final-state configurations
3s'3p 3d"( + L) and 3s'3p 3d "( L) for which the
remaining 3s spin is coupled, respectively, parallel and
antiparallel to the initial-state 3d spin S. The energy
difference between these two final states is called the mul-
tiplet splitting.

The creation of a localized core hole at an atom in a
metal is a significant electronic perturbation that can in-
duce final-state electronic relaxations in the valence band
of the N —1 electron system. For a metal with a fairly
wide valence bandwidth (small electron-electron interac-
tion), core-level ionization can excite delocalized low-
energy electron-hole (e-h) pairs in the valence band.
These intrinsic e-h pair excitations produce XPS line
shapes that are asymmetric toward higher binding ener-
gy, as described theoretically by Doniach and Sunjic. If
the valence electron bandwidth is suSciently narrow and
the core-hole valence Coulomb interaction is strong
enough, valence charge fluctuations can become 1ocalized
at the core-hole site, leading to discrete satellite structure
in both core and valence XPS spectra, as observed for

27 —29N1.
In core-level XPS from metal ions in ionic compounds,

it has been proposed that final-state charge transfer from
the anionic ligand to the 3d metal ion can alter the 3d
electron count. ' Recent theoretica1' ' ' and experi-
mental ' ' efforts have examined in considerable detail
the circumstances for which these extra-atomic influences
become important. The evolving view is that when the
ligand-metal bond is highly ionic, charge transfer is not

likely and the 3d electron count in the final state is the
same as in the initial state. '

Multiplet splitting has been extensively investigated in
the 3s level of 3d transition metals with spin-integrated
XPS. However, spin-integrated studies have shed little
light on the spin-dependent nature of photoemission from
the deeper core levels because the exchange splittings and
associated spectral variations could not be clearly
resolved. We extend spin-resolved and high-energy-
resolution photoemission studies to the deeper core levels
in order to make contact with the large body of XPS data
concerning the deep states, to provide line-shape data
that characterizes the N —1 electron response to core-
hole spin, and to provide spectroscopic information for
experimental methods that depend on the creation or ex-
istence of a deep core hole such as Auger-electron spec-
troscopy and x-ray-absorption and x-ray emission spec-
troscopies.

Cobalt is a fascinating metal of tremendous technologi-
cal importance due in part to its ground-state fer-
romagnetism. Cobalt metal has a magnetic moment of
1.72p~ per atom. The ordered valence-band spin allows
spin-resolved XPS (SRXPS) studies of core-valence
intra-atomic exchange in deep-core-level photoemission.
Cobalt lies immediately to the left of Ni in the Periodic
Table, suggesting that its valence band is not as narrow
as that of Ni, but also not as delocalized as the valence
bands of metals with lower atomic number. Therefore,
metallic cobalt might (or might not) display interesting
spectroscopic complications due to valence electron
correlation. The amorphous ferromagnetic metallic glass
Co66Fe4Ni, B&4Si» belongs to a class of important techni-
cal ferromagnetic materials extensively used in trans-
former technology. ' The Co atoms in the magnetic glass
have a reduced magnetic moment of 1.0p& due to chemi-
cal bonding with the metalloid (B,Si) components. Thus
a comparison of Co core-level SRXPS and high-energy-
resolution XPS (HRXPS) spectra from the metal and the
glass will reveal the role of a varying valence spin polar-
ization on the spin dependence of deep-core-level photo-
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emission. Section II gives the experimental details. A
presentation and discussion of the SRXPS and HRXPS
results are given in Sec. III. The relationship of these
studies to previous experimental and theoretical work is
described in Sec. IV. Conclusions are reviewed in Sec. V.

II. EXPERIMENT

The HRXPS measurements employed Lehigh
University's SCIENTA ESCA-300 x-ray-photoelectron
spectrometer. This instrument combines a rotating A1
anode with a monochromator to provide an intense
source of monochromatic photons at 1486.6 eV. The en-

ergy analyzer is a large (300-mm mean radius) 180' hemi-
spherical sector electrostatic energy analyzer with mul-
tichannel detection at the exit plane. The overall spectro-
scopic energy resolution was 0.32-eV full width at half
maximum (FWHM) as judged from measurements of the
width of the Fermi level of metallic Ni. The Co-metal
sample for the HRXPS measurements was a 99.996%
pure polycrystalline foil that was argon-ion sputtered
at 1.5 kV for 80 min. The Co-glass sample
Co66Fe4Ni, B,4Si» (Ref. 32) was a thin strip (0.003-in
thick) that was argon-ion sputtered at 1.5 kV for 120 min
to remove contaminants (mostly carbon and oxygen).
Angle-dependent HRXPS studies revealed no evidence of
surface segregation or preferential sputtering of the con-
stituent elements of the magnetic glass. HRXPS analysis
of the glass generally confirmed its composition. The
pressure in the analysis chamber during the HRXPS
measurements was 1.3 X 10 Torr.

SRXPS measurements were performed with an instru-
ment described in detail elsewhere. Briefly, the instru-
ment consists of a V.G. MkII 150' electrostatic energy
analyzer coupled to a low-energy diffuse scattering elec-
tron spin detector. The x-ray source was an unmono-
chromatized Mg Ka (1253.6 eV) x-ray tube operating at a
power of 510 W. The overall energy resolution for the
SRXPS measurements was 1.6-eV FWHM. The residual
pressure in the SRXPS analysis chamber was 2X10
Torr during data acquisition.

For SRXPS studies, the cobalt-glass sample was
formed into a loop with its free ends overlapped and
clamped tightly together. The glass was magnetized by
passing a dc current through coils wrapped around the
legs of the loop. Magneto-optic Kerr effect (MOKE)
measurements as well as measurements of the secondary
electron polarization indicated that the Co glass could be
very easily magnetized to saturation in the film plane.

The Co-metal sample for SRXPS study was a polycrys-
talline Co-metal film that was prepared by evaporating
high-purity (99.996% pure) Co onto the cobalt-based
magnetic glass. The strong ferromagnetic exchange cou-
pling between Co metal and the magnetic glass produced
a Co-metal film uniformly magnetized in the film plane
(to be discussed) with negligible stray magnetic field. The
thickness of the Co-metal films was not directly measured
but was sufficient to completely suppress the B ls (1063-
eV kinetic energy) and the Si 2s (1104-eV kinetic energy)
photoelectrons emanating from the underlying cobalt
glass. This ensures that the Co-metal SRXPS spectra

reflect metallic Co and not Co in the magnetic glass, and
also suggests that the Co-metal film thickness was in ex-
cess of -60 A. A fresh Co film was prepared every
12—24 h as needed. The measured 30-eV spin polariza-
tion showed good stability throughout the measurements,
and the summation of spin-resolved spectra was in excel-
lent agreement with the corresponding spectra recorded
with conventional XPS.

III. RESULTS AND DISCUSSION

Spin-resolved core-level data for Co metal and the Co
glass were collected into four channels NL+, NL and

N~, Nz . 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 posi-
tive (+). N„ is the number of electrons scattered to the
right (R) from the Au target when the sample magnetiza-
tion has been reversed to the negative (

—
) direction. The

electron beam polarization P can be expressed as

QNL+NR QNL N—z+
P= (1)

Nl+N~ S gN+N;+gN;N„'

where S is the analyzing power of the spin detector,
known as the Sherman function. SRXPS measurements
using both (+ ) and (

—
) magnetizations removes from

the polarization data apparatus asymmetry effects unre-
lated to the spin of the electron beam. The polarization
data can be separated into individual N t' and N $ SRXPS
spectra for the majority-spin ( 1'-spin) and minority-spin

( $-spin) photoelectrons, respectively, using the equations
N l=2N„,(1+P), and N&=2N„, (1 P), wher—e

N„, =(NL++NL +Nz++Ns ) j4. The statistical error
bars (+5N t'$ ) shown in the figures are calculated via the
expression 5Nl &=Nfl(1/S+4N„, ). For all SRXPS
measurements, the magnetizing current was switched
from —0.5 to 0.5 A (see Figs. 1 and 2) in order to flip and
saturate the magnetization of the sample. The SRXPS
count rates (summed over the L and R detectors, peak
plus background) for the Co metal 2p3/2 2p, &2, 2s, and

3p levels were approximately 3280, 2410, 1890, and 250
s ', respectively.

Figures 1 and 2 display hysteresis curves for the Co
glass and metallic Co acquired by measuring the spin po-
larization of 30-eV kinetic-energy secondary electrons as
a function of the magnetic field applied to the Co glass.
The glass hysteresis curve shows excellent agreement
with hysteresis curves acquired with the MOKE tech-
nique (not shown), indicating that the near-surface mag-
netic properties of the glass (for example, the coercivity)
are essentially identical to those of the bulk. This is con-
sistent with the XPS data, that indicate no surface segre-
gation of the glass components with argon-ion sputtering.
When Co metal is evaporated onto the glass, the metal
and glass couple strongly ferromagnetically. This strong
coupling is indicated in Fig. 2 by the sharp magnetic re-
versal in the overlying metallic film when the magnetiza-
tion of the underlying glass is flipped. The measured 30-
eV polarization for the metal-Co overlayer is the same if
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the film thickness is reduced by two-thirds, or one-half.
This finding, combined with the SRXPS data to be
presented, indicate a Co film with a saturated magnetiza-
tion in the film plane. The 30-eV polarization of the Co
film is 0.115+0.01. The theoretical valence-band spin
polarization for Co metal is 0.173. Thus, in contrast to
Fe and Ni metallic glasses, it seems that for Co the
theoretical valence-band spin polarization does not quan-
titatively predict the observed 30-eV spin polarization.
The spin polarization of the Co 13-eV kinetic-energy
secondary electrons (0.15+0.01) was in good agreement

FIG. 1. A hysteresis curve for the magnetic glass

Co«Fe4Ni~B&4Si» generated by measuring the spin polarization
of 30-eV kinetic-energy secondary electrons vs the dc current

applied to coils wrapped around the legs of the glass loop (see

text).

with previous results from Co metal.
The magnetic moment per cobalt atom for the alloy

Co«Fe4Ni&B&4Si&5 has not been reported. However, for
the closely related alloy Co75Si,5B,O the Co atoms have a
reduced magnetic moment of 1.0p&. For the alloy

Co7,B29 the magnetic moment per cobalt atom is report-
ed to be 0.98@~. ' These two measurements demonstrate
that B and Si have very similar effects on the Co atomic
magnetic moment, and that amorphous alloys with simi-
lar cobalt/metalloid stoichiometric ratios have similar
values for the cobalt magnetic moment. Since the alloys

Co«Fe4Ni, B&4Si» and Co»B29 have similar
cobalt/metalloid stoichiometric ratios, and B and Si
behave similarly, it is highly likely that the magnetic mo-
ment per cobalt atom in the Co«Fe4Ni, B&4Si» glass is
—1.0p&.

If all of the Co atoms in the glass retain a 1.72pz mag-
netic moment, the theoretical spin polarization of the
glass would be 0.152 or 12.1% smaller than the metal. If
all of the Co atoms in the glass possess a magnetic mo-
ment of 1.0pz, as estimated above, then the theoretical
glass spin polarization would be 0.093 or 46% smaller
than the metal. The observed 30-eV polarization for the
glass is 0.085+0.01, or 26% smaller than that of the met-
al. Thus the 30-eV polarization data for the glass indi-
cates Co atoms with a reduced spin polarization, but are
not quantitatively consistent with a value of 1.0p~ for the
magnetic moment on the Co atoms in the glass.

Figure 3 displays a comparison of HRXPS spectra for
the valence bands of Co metal and Co-based glass. The
glass spectrum largely reflects the Co 3d level due to its
dominant photoelectric cross section and the large con-
centration of Co in the glass. The FWHM of the glass
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FIG. 2. A hysteresis curve for Co metal evaporated onto the
Co glass substrate. The plot was generated by measuring the
spin polarization of 30-eV kinetic-energy secondary electrons vs
the dc current applied to coils wrapped around the legs of the
magnetic glass substrate (see text).
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FIG. 3. A comparison of HRXPS spectra of the valence-
band region for Co metal (dots) and Co«Fe4Ni&B&4Si» (line).
The energy resolution for both measurements was 0.32-eV
FWHM. The spectra have been normalized at the valence-band
maximum. The valence-band FWHM value for Co metal is 3.32
eV; the valence-band FWHM for Co«Fe4Ni]B~4Si» is 3.72 eV.
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FIG. 4. Separate Nf and N$ SRXPS spectra for Co 2p3/2
majority-spin (k) and minority-spin (p) photoelectrons of Co
metal. 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.

FIG. 5. Separate N t and N$ SRXPS spectra for Co 2p3/2
majority-spin ( A ) and minority-spin ( + ) photoelectrons of
Co«Fe4Ni&B&4Si». 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.

valence band is 0.40 eV larger than that of the metal.
This finding is consistent with a broadening of the Co 3d
valence band by hybridization with the B and Si valence
orbitals. This hybridization (and not charge transfer
from the metalloid atoms to the metal atom) is thought to
reduce the 3d magnetic moment on Co in the glass by
weakening the 3d electron-electron interaction. We
shall see that the SRXPS and HRXPS data are in fact
qualitatively consistent with a sizable reduction of the lo-
cal magnetic moment on the cobalt atoms in the amor-
phous glass. Thus the broadening observed in Fig. 3 can-
not be attributed to an enhanced 3d exchange splitting
for the glass.

Co 2p3/2 results

The Co 2p3/2 level gives the most intense core-level
peak in the XPS spectrum. Unfortunately, using a pho-
ton energy of 1486.6 eV, the Co L3M2 3 V Auger peak in-

terferes with the Co 2p3/2 peak, making high-resolution

study of the Co 2p3/2 level impossible. Fortunately, this
is not a problem for the SRXPS studies that employ a
photon energy of 1253.6 eV.

Figures 4 and 5 display SRXPS spectra for the Co
2p3/2 level for metallic Co and Co glass, respectively.
For the 2p3/2 level, we have fit a single Doniach-Sunjic
(DS) line, convoluted with a 1.6-eV Gaussian, to the N t
(majority-spin) and Nl (minority-spin) components over
the limited binding-energy range 781—774 eV. Results
for the DS fits to all of the SRXPS spectra can be found
in Table I. The 2p3/2 fit is limited in energy because the
low intensity Mg Ka3 4 x-ray satellites extending up to 10
eV from the Co 2p&/2 peak at -793 eV interfere slightly
with the spectral intensity from the 2@3/2 level past 782-
eV binding energy. The single-component DS fits are
quite satisfactory, and for the metal yield the following
spin-dependent values for the spectral binding energy
(Est, l), the singularity index (at, i) that accounts for
the e-h pair-induced asymmetry of the XPS line, and the
FWHM Lorentzian broadening (1 t, i): N t, Es t

TABLE I. A compilation of the SRXPS results for Co metal and Co«Fe«Ni&B&4Si».

Co metal

2p3n
2p i/z
2$

3p

E~ f —Egg (eV)

0.18+0.05
0.07+0.05
0.65+0.3
0.10+0.05

0.39+0.02
0.41+0.02
0.44+0.04
0.46+0.02

0.36+0.02
0.30+0.02
0.50+0.04
0.38+0.02

I f {eV)

0.73+0.1
1.24+0.1

11.4+0.5
1.3+0.1

rl (eV)

0.49+0.1

1.42+0.1

6.3+0.5
1.4+0.1

0.87+0.03
1.31+0.03
1.2+0.1

0.81+0.04

Co glass

2p3/2

2pI /2

2$

3p

0.06+0.05
0. 11+0.05
0.49+0.3
0.03+0.05

0.3510.02
0.41+0.02
0.45+0.04
0.41+0.02

0.31+0.02
0.37+0.02
0.41+0.04
0.36+0.02

0.65+0.1

1.16+0.1
8. 1+0.5
1.4+0.1

0.64+0.1

0.99+0.1
8.6+0.5
1.6+0.1

0.92+0.03
1.20+0.03
1.0+0.1

0.90+0.03
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=777.84+0.030 eV, af =0.39+0.020, and I 1 =0.73
+0.10 eV. For the N 1 component we derive the spectral
values E~ ], =777.66+0.030 eV, a1=0.36 +0.02, and
I 4 =0.49+0.10 eV. The SRXPS data reveal a Co-metal
2p3/z spin-dependent (exchange) splitting of 0.18+0.05
eV. The spin-dependent 2p3/p intensity ratio is
I1/I $ =0.87+0.03. Errors quoted on spectral parame-
ters are derived from statistical considerations, as well as
by repetitious SRXPS measurements. It should be noted
that SRXPS measurements of the 2p3/g and 2p, /z levels
of nonmagnetic copper show no spin-dependent splitting,
no spin dependence to a or I, and I1/I J, =1.0 to within
the experimental errors quoted for the Co 2p3/Q and
2p»z SRXPS measurements.

It is interesting that the core-valence exchange cou-
pling is sizable for the 2@3/z level even though the 2p-31
exchange interaction is spatially limited by the -0.13-A
radial extent of the 2p3/z orbital. One expects the Nl
component to have a smaller binding energy than the N f
component, since the emission of a l-spin electron leaves
the remaining ion in a high-spin final state that is energet-
ically favored by intra-atomic exchange.

The Lorentzian width I 1 of the 2p3/J Nt component
is larger than the width I'$ of the N [compo, nent. Thus
the lifetime of an 1'-spin 2p3/p hole is shorter than that
for a l-spin 2p3/p hole. The 2p3/p (L3) lifetime is deter-
mined by the rates of three Auger transitions L3VV,
L3Mp 3 V, and L 3Mz 3Mz 3, whose approximate relative
cross sections are 1.0, 0.75, and 0.5, respectively. Spin is
theoretically conserved in the nonrelativistic Auger filling
of a core hole due to the spin-independent Coulomb in-
teraction governing the Auger decay. ' The L3VV
transition rate should be larger for an 1'-spin L3 hole
since an excess of 1-spin electrons exists for both of the
upper levels ( V, V) involved in the Auger decay. By simi-
lar reasoning, the L3Mz 3V transition rate should, to a
lesser extent, also show a dependence on the L3 core-hole
spin. The L3Mz 3M& 3 transition rate would not be ex-
pected to show a dependence on the spin of the L3 hole,
since there is no spin imbalance in the levels involved in
the Auger decay.

The 2p3/p SRXPS spectra for the Co-based glass are
shown in Fig. 5. The DS fit results can be summarized as
follows: Nf, zE=1777.8 +80.03 eV, a 1 =0.35+0.02,
and I' f =0.65+0. 1 eV. For N l Ez 1 =777.82+0.03 eV
a1=0.31+0.02, and I'&=0.6420. 1 eV. The reduced
exchange splitting for the glass 2p3/z level is 0.060+0.05
eV, compared with that of the metal, 0. 18+0.05 eV, and
clearly demonstrates that as the valence electron-spin po-
larization decreases, the spin-dependent 2p3/p splitting
decreases. The 2@3/z I1'/I 1 ratio is 0.92+0.03. All re-
ported ratios are based on integrated intensities from the
DS fits.

As the 3d magnetic moment decreases, the spin depen-
dence of the 2p3/p core-hole lifetime I diminishes, with
the spin-resolved values I 1 and I 1 for the glass converg-
ing toward the average of 1 1' and I 1 for the metal.
Since the absolute spin-resolved core filling rates are
determined by the t-spin and $-spin populations in the
3d valence band, the convergence of I 1' and I J, indicates

that there exists (per Co atom) fewer 1-spin 3d electrons
and more $-spin 3d electrons in the glass than found in
the metal. This is, of course, consistent with a lower
magnetic moment for the Co atoms in the glass, but also
suggests that the reduction of the magnetic moment is
achieved by the transfer of 1'-spin 3d valence electron
density into the 1-spin 3d valence band, thereby produc-
ing fewer 1-spin electrons and more J, -spin electrons per
Co atom. This would be a direct confirmation that Co 3d
hybridization with the metalloid valence orbitals weakens
the 3d electron-electron interaction in the glass, thereby
causing spin pairing in the valence band. The data are in-
consistent with a reduced moment caused by the transfer
of charge into the unoccupied minority-spin band from
the metalloid components, since this mechanism would
not vary the 1'-spin population, and therefore not affect
the I 1 value.

When an intrinsically asymmetric XPS line shape is
convoluted with symmetric instrumental (Gaussian) and
lifetime (Lorentzian) broadenings, the apparent peak
maximum is shifted toward higher binding energy from
the true peak position that would be observed in the ab-
sence of an asymmetry. According to the theory of
Doniach and Sunjic, for a given a and I the peak max-
imum differs from the true peak position by
(I'/2)cot[m/(2 —a)]. Thus an estimate of peak splitting
based solely on the positions of peak maxima would
overestimate the true energy splitting. The fact that I
and a are themselves spin dependent places a great im-
portance on the need to fit the data to physically reason-
able line shapes, rather than relying on a visual estimate
of peak separation, in order to determine exchange split-
tings.

The XPS line-shape asymmetry is intrinsic to the pho-
toelectron spectrum. The asymmetric component exists
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. ' Therefore, an analysis of these
SRXPS data must incorporate the asymmetry of the line
shape without an added inelastic background, as done in
this work. Any analysis incorporating a background sub-
traction that reduces the spectral intensity on the high-
binding-energy side of the peak to zero cannot extract ac-
curate line-shape information. This point has been made
eloquently by Citrin, Wertheim, and Baer.

Co 2p, ~~ results

Figure 6 compares HRXPS spectra of the Co 2p»z lev-
el for metallic Co and the Co-based glass. The spectra
are normalized to each other at the peak maxima. It is
clear from Fig. 6 that the Co metal 2p, /z spectrum is
somewhat broader than the Co-glass spectrum. The
SRXPS spectra for the metal and the glass are shown in
Figs. 7 and 8, respectively.

The N t and N1 Co 2p, /z metal spectra of Fig. 7 are
both fit well with a single DS line convoluted with a
Gaussian of 1.6-eV FWHM. For N ( we find
Ez =792.80+0.03 eV, with a f =0.41+0.02 and
I 1=1.24+0. 1 eV. For N 1 we find E& 1 =792.73+0.03
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FIG. 6. HRXPS spectra for the Co 2p&z& level of Co metal
(dots) and Co«Fe4Ni&B, 4Si» (line). The spectra have been nor-
malized at the peak maxima.

eV, with ah =0.30+0.02 and 1 $ =1.42+0. 1 eV. Thus a
small 2p, &2 "exchange splitting" of 0.07+0.05 eV is ob-
served. The If/Ii value is 1.31+0.03. The Nl' and
Nl 2pi&z spectra differ significantly in their singularity
index. Evidently, for the 2pi&z level, the t'-spin core hole
couples more strongly to the valence shell e-h pair excita-
tion spectrum, leading to a significantly more asymmetric
2p, &2 line shape.

The solid lines shown in Fig. 8 for the Co-glass 2p, &2

level are also fits to each spin component using single DS
line shapes. The results for the N1 component are

E 1=792.77+0.03 eV, a)=0.41+0.02, and I 1 =1.16
+0. 1 eV. The results for the N$ component are Es i,

=792.66+0.03 eV, a J, =0.37+0.02, and I 1 =0.99 +0.1

eV. Thus a spin-dependent 2p, &2 splitting of 0. 11+0.05
eV is observed for the cobalt magnetic glass. Interesting-
ly, the metallic and glass 2p&&2 splittings are very similar.
The 2p, &z r 1 and 1 $ values show a complicated varia-
tion from metal to glass. The spin-dependent intensity
ratio is I 1 II J, = 1.20+0.03.

The differences between the 2p»z a 1 and a], values for
the metal (0.11+0.03) is larger than the corresponding
difference for the glass (0.04+0.03). This demonstrates
that as the spin polarization of the valence band de-
creases, the spin dependence of the singularity index de-
creases. This finding was not obvious from the 2p3/2
SRXPS data, perhaps due to the smaller 2p3&2 al —ai
difference observed for the metal.

An important result for the 2pi&2 level is that the N 1
component has a higher binding energy than the N 5

component. This result is generally consistent with ex-
pectations based on multiplet splitting of high-spin and
low-spin XPS final states. One could attempt to model
the spin splitting of the 2p &&2 level as a Zeeman-like split-
ting due to a magnetic field arising from the valence mag-
netization. Such a mechanism has been put forth to ex-
plain magnetic circular dichroism measurements.
However, a Zeeman-like model would predict that the
2p, &2 N 1' component would have a lower binding energy
than the 2p, &2 N l component, in disagreement with the
SRXPS observations.

It is apparent from Figs. 6-8 that there is no evidence
for a "correlation satellite" peak located 4.5 eV to higher
binding energy in the Co 2p&&2 core-level spectra. Previ-
ous work has claimed the existence of such a feature in
analogy with the 6-eV satellite observed in XPS spectra
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FIG. 7. Separate Nf and N$ SRXPS spectra for Co 2pl&2
majority-spin (A) and minority-spin (+) photoelectrons of Co
metal. 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.

FIG. 8. Separate N t and N$ SRXPS spectra for Co 2p&zz

majority-spin ( L ) and minority-spin ( + ) photoelectrons of
Co«Fe4Ni]B, 4Si». 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.
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of Ni core levels. Both the HRXPS and SRXPS measure-
ments show conclusively that such a satellite does not ex-
ist, indicating that the valence band of metallic Co is not
sufficiently narrow to support localized 3d charge Auctua-
tions that would produce discrete satellite structure in
XPS.

Co 2s results
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Figure 9 compares HRXPS 2s XPS spectra for metallic

Co and the Co-based metallic glass. For this comparison,
the spectra have been normalized at the peak maxima.
The Co-metal 2s spectrum is significantly wider than that
of the glass. Other than this, there is no clear evidence
for multiplet structure in these Co 2s HRXPS spectra.

The Co 2s SRXPS data of Figs. 10 and 11 reveal that
these line shapes are in fact strongly dependent on the
electron spin, indicating that 2s-3d exchange is sizable
and observable. SRXPS studies of the Co 2s level are
challenging because the 2s level is quite broad and resides
on a large spectral background. These characteristics
make it difficult to acquire 2s SRXPS spectra with a satis-
factory statistical quality. The 2s N t and N l spectra for
Co metal in Fig. 9 are each fit to a single DS component
over the limited binding-energy range 905-934 eV. '

The results of the fits are as follows: N f,
Ez1 =923.50+0.2, a1'=0.44+0.04, and I 1=11.4+0.5

eV; N $, Ez $ =922.8520.2 eV, with a) =0.50+0.04 and
I &=6.3+0.5 eV. Thus a 2s "exchange splitting" of
0.65+0.3 eV is observed. The Co 2s metal I't /I l ratio is
1.2+0. 1. The Nf component has a much larger lifetime
broadening than the NJ component. The lifetime of the
2s level is thought to be determined by the rate of
L IL2 3X Coster-Kronig transitions, of which the L,L2 3 V
transition dominates. The strong spin dependence of
the 2s width indicates that the L IL2 3 V transitions con-
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FIG. 10. Separate Nf and N$ SRXPS spectra for Co 2s
majority-spin (k) and minority-spin (p) photoelectrons of Co
metal. 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 934-905 eV.

1.48

serve spin, and that the predominance of 1'-spin electrons
in the valence band leads to a larger Coster-Kronig tran-
sition rate for the filling of 1'-spin 2s holes in Co.

The Co 2s spectrum for the magnetic glass is shown in
Fig. 11. Fitting with a single DS line shape over the
range 905—934 eV, one obtains Ez )=923.3820.2 eV,
with at =0.45+0.04 and I 1 =8.1+0.5 eV, for the Nf
component. For the N J, component, we obtain
E~ l =922.89+0.2 eV, with a) =0.41+0.04 and
I'&=8.6+0.5 eV. The Co 2s glass intensity ratio is
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FIG. 9. HRXPS spectra for the Co 2s level of Co metal (dots)
and Co66Fe4Ni&BI4SiI5 (line). The spectra have been normalized
at the peak maxima.
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FIG. 11. Separate Nf and N$ SRXPS spectra for Co 2s
majority-spin (L) and minority-spin (+) photoelectrons of
Co«Fe4Ni&B&4Si&5. 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 934—905 eV.
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I l'/I l = 1.0+O. l. An "exchange splitting" of 0.49+0.3
eV is observed. As was the case with the Co 2p3/2 level,
the reduced spin splitting for the glass Co 2s level can be
attributed to the reduced valence spin polarization (and
therefore a reduced core-valence exchange interaction) of
the Co glass relative to the metal. One might suspect
that the 2s-3d exchange interaction would be larger than
that for the 2p3/2 leve1 because the 2s orbital has a
-25% increased radial extent relative to the 2p3/2 lev-
el. But this explanation cannot account for the fourfold
difference in spin-dependent splittings between the 2s and
2p3&2 levels. Note that for the magnetic glass, the 2s I g

and I g values are similar, and near the average of the I 1'

and I J, values for Co metal. Thus the decrease in the
valence spin diminishes the spin dependence of the
L,L2 3 V Coster-Kronig transitions. The convergence of
the Co 2s I f and I l values toward the average value in-
dicates a decrease in the f-spin 3d population and an in-
crease in the l-spin 3d population (per Co atom), as was
inferred from the 2p3/2 measurements. Again, this is
consistent with spin pairing in the Co valence band upon
alloying with B and Si metalloids. The differences ob-
served in Fig. 9 between the Co 2s XPS spectra for the
pure metal and glass are therefore due to a larger ex-
change splitting and a larger I f for the metallic 2s line
shape.

Co 3p results

High-resolution XPS spectra of the Co 3p level for the
glass and the metal are compared in Fig. 12, where again
the peaks have been normalized at the peak maxima, and
the glass spectrum has been shifted to lower binding ener-

gy by 0.3 eV. The 3p spectrum is a priori more compli-
cated than the 2p spectra due to the incompletely
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Co Bp

0
70 65 60 55

Binding Energy (eV)
50

resolved spin-orbit components of the 3p level. The com-
parison in Fig. 12 suggests that the overall 3p line shapes
for the metal and glass are quite similar, with the Co-
glass 3p spectrum being slightly broader.

Figures 13 and 14 display SRXPS spectra for the Co 3p
level for Co metal and glass, respectively. For clarity, the

FIG. 13. Separate Nt and N$ SRXPS spectra for Co 3p
majority-spin ( L ) and minority-spin ( p ) photoelectrons of Co
metal. 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 N$
component has been shifted vertically by 20000 counts for clari-
ty.
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FIG. 12. HRXPS spectra for the Co 3p level of Co metal

(dots) and Co«Fe4Ni, B&4Si» (line}. The spectra have been nor-
malized at the peak maxima. The glass spectrum has been shift-
ed 0.3 eV toward lower binding energy to clarify the cornpar-
ison.
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FIG. 14. Separate Nf and N$ SRXPS spectra for Co 3p
majority-spin (L) and minority-spin (&) photoelectrons of
Co«Fe4Ni&B&4Si». 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 N$ spectrum has been shifted vertically by 40000 counts
for clarity.
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Nl component has been rigidly shifted vertically by
20000 and 40000 counts for Figs. 13 and 14, respective-
ly. Both N f and N l components are fit well with single
DS line shapes. The spectral parameters for Nf are
E+1'=58.24%0.03, af =0.46+0.02, and I )=1.3+0.1

eV; and for N $, Ez $ =58.14+0.03 eV, a$ =0.38+0.02,
and I $ =1.4+0. 1 eV. The I1II $ ratio is 0.81+0.04. A
Co-metal 3p exchange splitting of 0.10+0.05 eV is ob-
served. This is smaller than the 0.3+0.15 eV 3p splitting
reported for Co metal by Clemens et al. It should be
noted, however, that the data of Ref. 53 were not fit to
line shapes, and the spin splitting was estimated as the
difference between peak maxima. As discussed previous-
ly, for asymmetric peaks broadened symmetrically by in-
strumental and lifetime effects, the peak maximum is not
a reliable indicator of peak position. For the Co 3p pa-
rameters derived in our work, the N 1 peak maximum ap-
pears to be shifted an additional 0.07 eV to higher bind-
ing energy than the N J, peak maximum, simply due to
the spin dependence of the singularity index a and the
Lorentzian lifetime I'. The separation of the SRXPS 3p
peak maxima for the metal is thus 0.17 eV.

The Co-glass 3p SRXPS data of Fig. 14 also can be fit
well by single DS line shapes. For N 1 we derive
Ez 1 =58.44+0.03 eV, a 1 =0.41+0.02, and I'f =1.4
+0. 1 eV. For N$ we derive Ez J, =58.41+0.03 eV,
a J, =0.36+0.02, and I J, =1.6+0. 1 eV. The glass-Co 3p
intensity ratio is It'/I(=0. 90+0.03. The Co-glass 3p
exchange splitting (0.03+0.05 eV) is essentially undetect-
able given the error of the measurement. The reduced
value of the spin splitting relative to the metal is again
consistent with the reduced valence spin polarization of
the cobalt glass relative to the metal, in agreement with

2p3/p and 2s results. Note also that the spin-dependent
variation in the 3p singularity index a is somewhat re-
duced in the glass relative to the metal, in qualitative
agreement with 2p»z results.

It would have been interesting to compare SRXPS
spectra for the Co 3s level for metal and glass. Unfor-
tunately, the Si 2p peak interferes with the Co 3s level,
rendering accurate measurement of the Co 3s level im-
possible for the glass. HRXPS and SRXPS spectra for
the Co-metal 3s level are discussed in detail elsewhere.

IV. RELATIONSHIP TO PRIOR WORK

It is clear from these studies that the core-valence ex-
change interaction is sizable and observable for deep-
core-level photoemission from Co. Therefore, any quan-
titative description of physical processes involving deep
core holes in ferromagnets, such as the L3XXAuger tran-
sitions, or x-ray absorption from the Lz 3 levels, must ex-
plicitly include the spin-dependent splittings of these
deep levels. For example, it has been shown by Kotani
and Mizuta that the theoretical spin polarization of
L3Mz 3M@ 3 Auger spectra of Fe depends sensitively on
the 2p-3d exchange coupling adopted in the theory.
SRXPS and HRXPS studies of Co66Fe4Ni&B]4Si, 5 have
explicitly shown that as the valence spin polarization de-
creases, the spin-dependent splittings of the core-level
peaks decrease. This finding is supported by recent

SRXPS studies of Fe. The spin-dependent splittings for
the Fe 2p3&z (0.48+0.05 eV), Fe 2s (1.2+0.3 eV), and Fe
3p (0.26+0.05) levels are all larger than their Co coun-
terparts, due to the larger atomic magnetic moment of
ferromagnetic Fe (2.22pz ).

There is very little theoretical work concerning the na-
ture of the core-valence exchange interaction in itinerant
metals. Kakehashi has performed calculations treating
the core-valence exchange with varying degrees of
valence-band delocalization. However, large simpli-
fications concerning the valence band preclude a mean-
ingful comparison with experiment. In a general sense,
our SRXPS results agree with the theory of Kakehashi in
that the core-valence exchange interaction leads to a spin
splitting of the core-level spectra for which the Nf com-
ponent has a larger binding energy than the N$ com-
ponent.

The DS line-shape singularity index a is generally
larger for the Nf Co SRXPS components than for the
corresponding Nl components. 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 was also
seen in our SRXPS studies of metallic Fe. The intrinsic
excitation of e-h pairs by the creation of a spin-dependent
core hole is conceptually distinct from the extrinsic exci-
tation of e-h pairs by low-energy electron scattering that
produces the secondary electron majority-spin polariza-
tion enhancement at low energies in 3d ferromagnets.
It may be that photoelectric emission of an 1'-spin core-
level electron appears to the valence-band electrons as a
sudden net increase in the l-spin electron density in the
core level. Such an increase in $-spin core character
could induce a spin-conserving (Coulombic) transition of
a l-spin valence electron into the unoccupied portion of
the l-spin 3d valence band. This excitation would have a
higher probability than the excitation of an 1-spin
valence electron (caused by $-spin core-level emission),
because there are virtually no unoccupied 1'-spin states in
the Co valence band. This speculative scenario would
cause the preferential emission of reduced-energy
majority-spin photoelectrons in the asymmetric tail of the
N1 SRXPS peaks, leading to the enhanced values of a).
There is virtually no theoretical work concerning the sen-
sitivity of the metallic N —1 electron response to the spin
of a core hole. Previous calculations of the itinerant
e-h pair response to core-hole creation treat the core hole
as spinless.

The 2p3/p and 2s SRXPS results suggest that core-hole
lifetimes (as determined by Auger rates) are generally
spin dependent, and that the L,Lz3V Coster-Kronig
transition rate is particularly sensitive to the spin of the
2s hole. The data are consistent with spin conservation in
both Auger transitions and Coster-Kronig transitions in-
volving the valence band, with the excess of 1'-spin elec-
trons in the valence band producing the observed spin
dependence. Similar results were found for Fe. There
is virtually no previous theoretical work concerning these
dependencies. It is our hope that the SRXPS results
presented here and elsewhere ' stimulate theoretical in-
terest in the rich spin dependence of core-level photo-
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emission from ferromagnetic metals.
We believe that SRXPS measurements will provide a

great deal of information concerning interface and thin-
film magnetism. SRXPS measurements of the 2p3/2 level
of 3d transition metals should be particularly useful.
Such measurements are highly element specific due to the
large energy difference between the 2p3/2 binding ener-
gies in the 3d transition series. The 2p3/2 peaks are the
most intense in the XPS spectrum. Such SRXPS studies
should not sufFer from vagaries introduced by spin-
dependent elastic scattering during transport of the pho-
toelectrons out of the solid. The kinetic energies of the
SRXPS spectra usually exceed 300 eV where, from a
theoretical point of view, spin-dependent scattering
should be negligible. Thus the SRXPS data reflect the in-
trinsic spin dependence of the photoelectric excitation.
The data presented here clearly indicate the sensitivity of
the SRXPS spectra to a variation in the atomic magnetic
moment. The extent to which quantitative information
regarding the atomic magnetic moment can be extracted
from a given SRXPS spectrum will depend on future ex-
perimental and theoretical progress.

V. CONCLUSIONS

The role of electron spin in photoelectric emission
from the 2s, 2p»2, 2p3/2 and 3p core levels of cobalt
metal was investigated through a combination of spin-
resolved x-ray-photoelectron spectroscopy (SRXPS) and
high-energy-resolution x-ray-photoelectron spectroscopy
(HRXPS} studies. The sensitivity of the Co core-level

spectra to a variation in the valence spin polarization was
revealed by comparing the Co-metal data with SRXPS
and HRXPS spectra from the amorphous cobalt-based
ferromagnetic glass Co66Fe4Ni, B&4Si». The results
demonstrate the role of intra-atomic exchange in deep-
core-level photoemission from Co, and reveal core-hole
spin dependencies for core-hole-induced electron-hole
pair excitation, for the L,Lz 3 V Coster-Kronig transition
probability, and for the transition rates of Auger transi-
tions involving the valence band. The data also suggest
that the reduction of the cobalt magnetic moment in the
Co66Fe4Ni, B,4Si» glass results from the transfer of
majority-spin 3d electron density into the minority-spin
3d band, caused by a hybridization-induced weakening of
the 3d electron-electron interaction.
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