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%e present an attempt to establish an experimental basis for interpretation of so-called multiplet
splittings in the Fe 3s core-level x-ray photoelectron spectroscopy (XPS) peaks. Fe 3s XPS splittings
have been studied in various crystalhne and amorphous alloys using x-ray photoelectron spectrosco-
py. It is found that there is poor correlation between the Fe 3s splitting and the magnetic moment
on the Fe atoms in both alloys and inorganic compounds. %'e even find an Fe 3s splitting in some
Pauli paramagnets. The ratio of the satellite to main peak intensity is always less than expected for
either the atomic limit, or for itinerant magnetism. The implications of these observations are dis-
cussed. It is concluded that the Fe 3s splitting is not a reliable guide to local moments of Fe.

I. INTRODUCTION

It was 6rst suggested about 15 years ago' that one
could use the s core-level splitting as a monitor of the lo-
cal moment or the hyper6ne field because the splitting
should vary linearly with the spin state of the unfilled
inner shell, as proposed by van Vleck. In the early and
mid-1970s sample studies (see, e.g., Refs. 6—g} had shown
that results from a number of x-ray photoelectron spec-
troscopy (XPS) measurements on nonmetallic transition
metal compounds, and also on rare-earth metals and ion-
ic compounds, were compatible with this scheme. On the
basis of this evidence there have been various attempts to
use rnultiplet splittings as a diagnostic of the local mag-
netic moment. ' ' However, since the 6rst measure-
ments of multiplet splittings in XPS we have come to un-
derstand much more about screening of a core hole c by
valence electrons (see, e.g., Refs. 13—16},and the original
idea that the multiplet splitting gives a direct measure of
the ground-state magnetic moment has been questioned
(see, e.g. , Refs. 17—20).

The basic idea here is that the ground state may be re-
garded as a mixture of basis states of similar energy but
with different numbers of d or f electrons, so that the
number of d or f electrons in the ground state is nonin-
tegral. In the Anal state the energies of the corresponding
cd" and cd" +' basis states are no longer similar, so that

they mix less strongly, and separate peaks are observed in
the XPS spectrum due to transitions to the dift'erent 6nal
states. There is often a strong transfer of weight to the
lowest energy peak (see, e.g., Refs. 13, 17, 21, and 22).
Examples are the observation of atomiclike c3d satellite
structures in addition to the c3d' main peak in the core
XPS of Ni (Ref. 13) and the observation of peaks in the
spectra of Ce compounds due to transitions to final states
with 0, 1, and 2 4f electrons, each with its own atomic
multiplet structure. ' Note, however, that the e6'ects of
multiplets and the charge fluctuations on the spectra are
only separable if the Coulomb interactions between the
valence electrons are very large by comparison with the
matrix elements (i.e., hybridization or electron hopping
integrals) mixing the different final-state config-
urations. ' ' If this is not the case then the spectra can
no longer be regarded as a superposition of two atomic-
like multiplets. Examples of the breakdown of the sepa-
ration have been identified in some Ni halides, ' for Ce in
Pd, and for Ce02.

As pointed out by Kakehashi, ' ' whilst the intensity
ratio of the 3s multiplet peaks should be S:(S+1)for Fe
compounds with localized magnetic moments, one would
naively expect a ratio of 1:1 for itinerant magnets. In
fact, even in ionic compounds the ratio is often observed
to be even lower than the atomic ratio of S:(S+1)ex-
pected in simple atomic theory. Furthermore, the split-
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ting is often smaller than that calculated in the Hartree-
Fock approximation and extra peaks were observed at
higher binding energy {BE). In some cases this can be at-
tributed to con6guration interaction between the
3s 3p 3d" and the 3s 3p 3d" + con6gurations, * but
this cannot explain all our observations.

The complications introduced by the factors discussed
above are potentially severe and quantitative theoretical
treatments of these effects are in their infancy, at best.
This gives an added justi6cation to studies, such as ours,
to establish a more complete experimental data base and
to establish empirical rules.

II. MAGNETIC MOMENTS IN Fe COMPOUNDS

The magnetic moment of Fe arises from the partially
filled 3d shell. Many inorganic Fe compounds are con-
sidered to be ionic so that the magnetic moment on each
Fe atom can be derived from the formal charge and num-
ber of 3d electrons on each Fe site. The orbital angular
momentum of the 3d electrons is considered to be
quenched, so that the moment on each atom should be
approximately 2S. There have been long discussions in
the past about whether magnetism in Fe should be con-
sidered on the basis of localized or itinerant electrons
(see, e.g., Ref. 28). Itinerant or band magnetism imphes
that the electrons are to a large extent delocalized and al-
though we may still speak of an efrective moment per
atom the number of unpaired electrons per atom is by no
means constrained to integral values.

The basis of the idea of a moment of an atom or site is
that vector addition of moments gives the total magneti-
zation of a sample. In certain circumstances the magnet-
ic moments may be derived from the saturation magnetic
moment, e.g., for ferromagnetic or simple paramagnets
with only one magnetic element. But these cases are a
minority. The major alternatives to this procedure in-
volve the use of magnetic moments estimated from neu-
tron scattering and Mossbauer hyperfine splittings. The
former, which are generally regarded as a standard for
research on magnetism, involve interpretation of the neu-
tron scattered beam intensities using a form factor de-
rived from the wave function for the "whole" atoms.
By contrast, Mossbauer spectroscopic estimates of mag-
netic moments rely on the hyper6ne 6eld at the nucleus
and are dependent on the subtle distortions of the s-
electron wave functions by the exchange interaction with
unpaired spins in the un611ed valence states. ' The
correlation between e8'ective atomic moments derived
from Mossbauer and neutron scattering moments is far
from perfect. " One might have thought that Mossbauer
data mould give the best correlation to core-level split-
tings found in XPS because the splitting is also deter-
mined by the distribution of electrons in the core of the
atom. %e mill show that this is not the case. %e will
compare our XPS data separately with saturation mo-
ments, neutron scattering, and with Mossbauer data be-
cause of the difference in the physics involved in the tech-
niques.

To end this section me note the special case of the Pauli
paramagnets whose electrons are considered delocalized

and nonmagnetic in the ground state. The moment on
the atoms in these systems is unambiguous1y zero. Be-
cause of this, Pauli paramagnets will take on special
significance in this work.

III. KXPKRIMKNTAI. PROCEDURE

The alloys investigated in the experimental part of this
study were prepared by melting together the requisite
quantities of the component elements using rf heating.
X-ray diffraction was used to check that the samples con-
sisted of a single phase. The samples were scraped in situ
before each experiment. Since the base pressure was in
the 10 "-torr range the buildup of surface contamina-
tion, as judged from the intensity of the 0 ls XPS peak
and the shape of the Fe 2@3/2 peak, was small. If pro-
longed measurement proved necessary, the sample was
rescraped, typically every three hours. In some interme-
tallic compounds variations can occur within several
monolayers of the surface (the region probed by XPS) de-

pending on sample and surface preparation. In previous
studies we have found that such effects are common and
strong when inert gas sputtering is used to clean the sur-
face, or when adsorbate of gases enhances surface segre-
gation. In general, segregation is probably stronger in
disordered alloys than in ordered intermetallic com-
pounds because surface segregation runs counter to the
thermodynamic tendency to order. In previous studies
we have found that scraped intermetallic alloy surfaces
show the least surface segregation and thus we do not
believe that surface segregation significantly influences
the results described here.

The XPS spectra mere measured in a modi6ed Leybold
spectrometer using monochromatized Al Ea radiation as
the exciting source. The large solid angle (0.1 sr) com-
mercial x-ray monochromator was built by Vacuum Sci-
ence Workshop, according to our speci6cations, and
had a band pass of 400 meV. The resolution of the total
system mas approximately 800 meV in the mode used.

Where the statistics permitted, the observed Fe 3s
peaks were fitted to a Doniach-Sunjic line shape~ with
two peak contributions representing the main peak and
the satellite. The fits were carried out to 10 eV below the
main Fe 3s peak and no background corrections were
made, in accord with standard practice. The asymmetry
parameter was chosen to be the same for both peaks.

Of course, there are questions about the application of
a Doniach-Sunjic (DS) line shape to transition metal XPS
peaks because the 31bands have strong structure and the
DS line shape is for free-electron bands. However,
complete neglect of the asymmetry would not be accept-
able, and as shown belom, the quality of the 6ts is quite
good, suggesting that the DS model line shape is reason-
able here. In any case, use of 6ts based on the DS model
gives us the best basis for discussion at the present time.

IV. RESULTS AND DISCUSSIGN

A. Preliminary survey

We have recorded XPS data for a number of iron al-
loys and compounds especially those alloys with lorn Fe
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FIG. 1. Fe 3s core-level XPS data from Fe and %Fe,.

magnetic moments, because there is a wide selection of
published data on inorganic compounds but less on Fe al-
loys. Some representative data are shown for Fe and
%'Fez in Fig. 1. Note that the higher BE shoulder is nev-
er completely resolved, but that for all the materials stud-
ied except CeFe2 and TiFe2 the fits to the data made with
the DS line form were of the same quality as for Fe and
%Fe2. This is perhaps surprising because the DS line

shape was derived for free-electron-like materials and
does not take into account structure in the density of
states. For Pd, serious discrepancies related to the sharp
cutofF of d states just above EF are found. Our results
indicate that these effects are much weaker for the Fe 3s
XPS peaks of Fe and its alloys.

The results of the computer fits to the 3s line shapes
are given in Table I. The lifetime broadening of the main
3s peak (2y ) is comparable to that given elsewhere; the
second components of the lines are usually -20-60 k
broader. The ratio of the main peak to the satellite was
the least reliable parameter of the 6t and could be
changed by 20% and in some cases by up to 40% without
serious changes in the quality of the 6t, if constraints
were set on other parameters. However, it is still
significant that the higher-energy component of the 3s
peak of all magnetic Fe systems has an intensity which is
less than either the 1:1 ratio predicted for itinerant
magnetism, or even the S:(5+1)ratio predicted for the
atomic limit when we substitute the Fe moment p for 2S.
A similar result has been found for 3s multiplets in ionic
compounds, ' and even gaseous Mn. There it can be
attributed to confi uration interaction with the
3s'3p 3d" and 3s 3p 3d" +' states, which reduces the
multiplet splitting and transfers weight away from the
main satellite. Such effects may contribute here, but note
that for some materials (e.g. , WFe2, and NbFei) a satellite
is found where none is expected.

The observed 3s XPS peak splittings clearly do not
correlate with the Fe magnetic moments in the materials
we have studied (see Table I). For instance, the Fe 3s
peaks of WFei and NbFez both exhibit splittings of
4.3-4.7 eV, whilst our own measurements of magnetic
susceptibility show that the compounds are Pauli
paramagnets, and hence have no significant local moment
on the Fe site. This lack of correlation will be further
discussed below with the aid of results from the litera-
ture. We may dispose here of arguments that the XPS
technique merely probes the magnetic moment of a 6nal
state in which the ionized Z (Fe) atom behaves like a
Z+ 1 (Co) impurity as a result of screening: NbCoz is
also a Pauli paramagnet. %e ourselves measured the
temperature dependence of the magnetic susceptibility
for NbFe, 7CoQ3 to simulate the Z+1 impurity more

TABLE I. Fe 3s XPS peak splittings (b, in eV) and other XPS peak parameters for Fe intermetallic
compounds. 2y is the Lorentzian broadening of the main Fe 3s peak; a is a dimensionless parameter
de6ning the asymmetry of a Doniach-Sunjic line shape; Ib/I, is the ratio of the satellite to main peak
intensity. p is the Fe magnetic moment in Bohr magnetons and p/(@+2) is the XPS peak intensity ra-
tio 5:(S+ 1) expected in simple van Vleck theory.

Compound

Fe
Fewi
Fe,wi4

GdFe2
Fe3P
YFe2
FeSi
FeSi~
NbFe2
%'Fe2
CeFez'
TiFe

AE(3s)
(e&)

4.9
4.7
4.6
4.7
44
4.8

4.7
4.3

2.2
2.6
2.4
2.1

1.8
1.45
0.0
0.0
0.0
0.0
1.25
0.6

2y
{eV)

2.2
2.5
2.5
2.7
2.3
2.3
2.2
1.9
2.0
2.6

0.27
0.14
0.16
0.14
0.21
0.29
0.26
0.24
0.28
0.16

Ib /I,

0.22
0.38

0.4-0.5
0.21
0.36
0.14
0.0
0.0
0.16
0.21

(0.1

0.52
0.57
0.55
0.51
0.48
0.42
0.0
0.0
0.0
0
0.38
0.24

'Fit not possible because of Ce 4d peaks.
bFit not possible.
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closely and found this to be a Pauli paramagnet also.
Thus thc Co lmpuntlcs do not have a magnetic moment,
and whilst Fe+ may resemble a Co iInpurity in the NbFez
matrix, it should stiH not have a magnetic moment to
cause a core-level splitting.

%e may also rule out the possibility that the structure
in the Fe 3s peaks is only due to transitions to Anal states
with di8'erent numbers of d electrons. If this were true,
then one would expect similar structure in the other Fe
core-level XPS peaks, as found for Ni. In fact, as shown
for so1Tlc Fc 2p 3/2 XPS peaks in Fig. 2, w e 6nd only
asymmetry of the 2p peaks consistent with a DS many-
body tail and a small multiplet splitting of the 2p XPS
peak. The Fe 3s XPS splitting of the Pauli paramagnets
remains a serious problem.

$$-
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8. Correlations be@veen XPS data and other measures
of the Fe Inagnetic; Inoments

Much of the saturation moment data for Fe com-
pounds relates to complicated systems with more than
one magnetic ion and cannot be used to derive an unam-
biguous value for the moment on Fe atoms. Thus the
data in Fig. 3 rely heavily on neutron scattering data (see
the Appendix for more details on individual data points
and sources). Sometimes more than one literature value
of the XPS splittings is plotted in order to give a measure
of the reliability of the data. The scatter of points is
sometimes large, but usually insignificant by comparison
with the scatter of points as a whole. For some sub-
stances with inequivalcnt magnetic sites, e.g., Fc&P, neu-
tron scattering gives several values for the magnetic mo-
ment. We note that the highest XPS spHttings are ob-
served for the inorganic materials where other methods

FIG. 3. Plot of the Fe local moment, derived from neutron
scattering, as a function of the observed splitting of the Fe 3s
XPS peak. Also included are data from saturation moments for
the Pauli paramagnets (NbFe2, %'Fe2, etc.) and for a few sys-
tems where we consider saturation moment data a reliable guide
to the local Fe moments. Certain data points discussed in the
text are identified in the figure; others may be identified from
data in Table II of the Appendix. ~, Fe compounds with met-

als;*, with metalloids; ~, with nonmetals.

indicate a high Fe moment, but there are many materials
with a low Fe moment and a significant Fe 3s splitting.
Prominent examples are the splittings of 4.3-4.7 CV for
FCB, NbFez, and WFC2. The data clearly indicate that Fe
3s XPS splittings are not a reliable guide to local mo-
ments. Materials with zero local Fe moment have been
observed to have 3s splittings between -0 and 5 eV.
Conversely, an Fe 3s splitting of -4 eV can be recorded
for substances with a local Fe magnetic moment of be-
tween 0 and -5p&.

As mentioned above, Mossbauer hyperfine splittings,
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FIG. 2. Fe 2@3~2 core-level XPS data from Fe, YFe2, %'Fe&,

and FeSi. Note that while the peaks show distinct asymmetry
as a result of many-body effects, there is no shoulder which can
be attributed to either oxide or multiplet splitting.

FIG. 4. Plot of hyperfine field at the Fe nucleus, derived from
Mossbauer spectroscopy, as a function of the Fe 3s XPS split-
ting. The literature relating to this data is given in Table II of
the Appendix. Symbols, as for Fig. 3.
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like XPS core-level multiplet splittings, are dependent on
subtle modi6cations of the wave functions in the core of
an atom by exchange effects. There is some hope that
they may give a better correlation with the magnetic mo-
ment of the Fe site. %e plot in Fig. 4 the measured Fe 3s
XPS splitting against the literature values for the
hyperflne 6eld Hhf at the Fe nucleus as measured by
Mossbauer spectroscopy. %hilst the largest XPS split-
tings are found for systems with a large hyperfine field at
the nucleus, we also sometimes observe large multiplet
splittings when the hyperfine Aeld is small. This latter sit-
uation was not restricted to any one class of compounds
but is found for Fe compounds with metals
(NbFez WFe2), metalloids (FeB), and nonmetals
(FeBr2, FeC12).

V. CONCLUMNG REMARKS

Data from Mossbauer spectroscopy, neutron scatter-
ing, and magnetization measurements do indicate some
scatter in the estimates of Fe magnetic moments by vari-

ous techniques. ' However, the experimental data we
have collected indicate very poor correlation between
XPS core-level splittings and moments measured by other
methods, and it is clear that such XPS splittings are not a
reliable guide to such moments. It is equally clear that
the observed Fe 3s XPS splitting is not due to the (ex-
change) interaction between the core hole and the (un-
paired) valence electrons alone. An explanation taking
into account only the differences in the number of Fe
valence electrons in the 5nal states is also not su%cient
because the core-level splitting is found only on the Fe 3s
levels, not the Fe 2p levels. It is clear that the perturba-
tion of the valence electrons by the core-hole potential is
important, but we have obtained results which are not
consistent with a description of the observed 3s splitting
as a result of an exchange interaction between a core hole
and the unpaired valence electrons on the "screened"
final state. This was particularly clear for the results on
NbFez (Sec. IV A).

In our opinion a proper description of the core-level
XPS splittings will need to take into account the atomic

TABLE II. Summary of literature data and present work used to investigate the relationship between Fe 3s XPS splittings and the
Fe magnetic moment.

Material

Fe

YFe&

GdFe2

3s splitting
(eV}

4.9
4.5
4.4
4.6
4.8
4.7
4.0

this work
42
2

43
this work
this work

43

ferro-
ferri-

1.45
2.10

Ref. Type of magnet Fe moment
(Bohr mag. )

2.21

Method

sat. mag.

sat. mag.
sat. mag.

Ref.

44
46

Hyperfine Ref.
field (kOe)

345 32

208,215 45
255,240 45

GdFe3
Gd2F, 7

NbFe2

%'Fez

TiFe2
CeFe2

FeNi

Fe6Nl4

FeB

Fe2

FeSi

FeSi2
FeF2

4.0
4.0
4.7

4.3

4.7
0.0

0.0
0.0
0.0
5.8
5.9
5.85
6.0

43
43

this work

this work

this work
this work

this work

this work

this work
54

this work
42

8

56

ferri-
ferri-
Pauli
para-

Pauli
para-
ferro-
ferro-

ferro-

ferro-

ferro-

anomalous
para-

antlferl O"

1.6
1.83
2.16
0.0

0.0

0.6

1,30
2.6

2.4

1.62

0.0

sat. mag.
sat. mag.
sat. mag.

magnetization

magnetization

sat. mag.

sat. mag.
neutron

diffraction
neutron

diffraction
neutron

diffraction
neutron

diffraction
neutron

diffraction

neutron
diffraction

this work

this work

48
49

51

52,53

0 44

0 44

165 45

118 32

242 32

0 55
329 58
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TABLE II. (Continued)

Material 3s splitting Ref.
(eV)

Type of magnet Fe moment
(Bohr mag. )

Method Ref. Hyperfine Ref.
field (kOe)

FeC12

FeBr2

FeF3

FeC13

FeBr3

aFe203

yFe203

FeS

FeS2
Fe3P

6.5
6.7
7.0
5.3
6.2
3.0
4.9
7.3
6.2
6.5
6.2
6.3
4.5

-0.0
44

56
42
2
56
7
56
7
7

65
4
65
7

68
71

this work

antiferro-

antiferro-

antiferro-

antiferro-

antiferro-

antiferro-

antlferro-

ferri-

4.5

44

4.53

4.3

4.9

40

0.0
1.84

neutron
diffraction

neutron
diffraction
neutron

diffraction

neutron
difFraction

neutron
difFraction

neutron
difFraction

susceptibility
neutron

diffraction

63

66

495 64

460 64

544 67

515 4

309 70

32
72
32 190,262,304

K,Fe(CN),
Na4Fe(CN)6
K3FeF6

Na3FeF6

K.2NaFeF6
NiFe204
NiFeCr04
a-Fe77Si lpB t3

0 (Fep 6N1Q 4)77S1}QB)3
0 (FeQ 3Nlp 7)77S1lpB l 3

0.0
0.0
6.7
7.0
7.0

7.0
6.6
7.6
3.9
3.6
3.8

27
2
56
7
7
56
68
74
74
77
77
77

diamag-
diamag-

ferri-
ferri-
ferro-
ferro-
ferro-

0.0
0.0
4.8

5.0

1.97
1.79
1.61

susceptibility

susceptibility

sat. mag.
sat. mag. + Mossbauer
sat. mag. + Mossbauer

73

73

77
77
77

620
498
457

33
33

68
75
76

multiplet structure snd exchange interactions between
core and valence electrons, the Coulomb interactions be-
tween core and valence electrons with screening effects
and charge variations in the different final states, effective
electron (Mott-Hubbard) correlation between the valence
electrons, and the strength of hybridization between the
valence electrons, as well as the local moment on the Fe
atoms in the ground state. This will be dif5cult. Our
XPS results for Fe and its alloys snd compounds show
that our understanding of core-level splittings in the XPS
spectra of Fe is poor and hopefully give a sound experi-
mental basis for further theoretical studies. Similar stud-
ies of other 3d transition metals are desirable because it is
probable that our understanding of these is also poorer
than has been widely recognized until now. Clearly, re-
cent literature using Fe 3s splittings as a measure of the
magnetic moment on Fe, or even as a diagnostic for a lo-
cal moment, is unjusti6ed.
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APPENDIX

%e present Table II, which is a summary of literature
data snd present work used to investigate the relationship
between Fe 3s XPS splittings and the Fe magnetic mo-
rnent.
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