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The satellite structures of 3s core-level photoemission spectra of Mn and Fe dihalides and mono-
oxides have been studied systematically. We found that exchange splitting between 3s holes and 3d elec-
trons, intrashell electron correlation, and final-state screening (charge-transfer satellite) effects all con-
tribute to their satellite structures. We extended the existing model of 2p core-hole satellite structures
for transition-metal compounds [Park et al., Phys. Rev. B 37, 10867 (1988)] to the case of 3s core holes
by including the exchange interaction and the intrashell electron correlation effect. The intrashell elec-
tron correlation effect is included by introducing two parameters, the energy separation and the coupling
strength between 3s3d" and 3p”3d" *! states. With this model, we were able to explain very well the 3s
spectra of the Mn and Fe insulating compounds studied here, and which were consistent with their 2p
core-level spectra analyses. We observe that the importance of final-state screening effects in the core-
level spectra depends on the ligands. As a result, 3s energy splittings for very ionic compounds such as
MnF, and FeF, can be well understood by exchange splitting alone, but that 3s splittings in other com-
pounds in general are not directly related to the 3d local magnetic moment of the ground state. We
found that the change of 3s splittings in more covalent compounds is mostly determined by the final-
state screening due to the different values of 3s-hole—3d-electron Coulomb attraction Q depending upon
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the spin of the final state, rather than the exchange energy between 3s holes and 3d electrons.

I. INTRODUCTION

The satellite structures in the 3s core-level photoemis-
sion spectra of Mn and Fe compounds have received
much attention,' ™" and have been the subject of contro-
versy for some time. The basic concept underlying the 3s
photoemission is the Van Vleck theorem,® which states
that the configuration s/”, obtained by removing one s
electron from the s%" configuration with total spin
S(>0), has two multiplet terms of spin S+ with energy
separation

28 +1
AE 21+1

where G(s,1) is the Slater exchange integral and [ =2 for
an unfilled d shell. Evaluating AE using the final state
Gl(s,]) value is sometimes called the multiplet-hole
theory and we will follow this terminology. This simple
atomic interpretation is quite appealing in that the exper-
imentally determined peak separation can be used to
determine the magnetic moment due to unpaired 3d elec-
tron spins in the solid. However, some discrepancies be-
tween this theory and experiment were observed such as
the fact that the measured separation is usually a factor
of 2 smaller than predicted by free-atom exchange in-
tegral calculations and that the intensity ratio deviates
from the multiplicity ratio.®!® Bagus, Freeman, and
Sasaki 2 noted that the 2s peak splitting was reasonably
predicted by the multiplet-hole theory in contrast to 3s
peak splitting in MnF,, so they included an intrashell
correlation effect into the simple multiplet theory by con-
sidering excitations such as 3s3d"—3p23d"*! or
353d"—3s3p?3d"*? in the 3s photoemission final state.
This way they were able to obtain far better agreement
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between theory and experiment and showed clearly how
the intrashell correlation effect in the final state reduces
both the energy separation and the intensity ratio of main
and satellite peaks in MnF,. This interpretation was not
restricted to Mn?* and similar multiconfigurational
Hartree-Fock calculations were performed!! for Fe*,
Fedt, ..., Ni**. It seems to be generally accepted that
this intrashell correlation causes the reduction of the ob-
served energy splittings. For most of the transition-metal
fluorides or oxides, 3s splitting is close to half the
multiplet-hole theory value.!® With these understand-
ings, even a calibration curve has been proposed for Mn
and Fe compounds,'? and this curve was used to “deter-
mine” the local magnetic moment of several Fe interme-
tallic compounds. 14

However, this interpretation is not complete in that it
does not properly take into consideration the effect of
core-hole screening in the final state of photoemission.
Final-state screening effects in the 2p core-level spectra of
transition-metal compounds has been studied extensive-
ly.1*"18 The main point is that the Coulomb attraction
between the core-hole and localized 3d electrons is so
strong that in some compounds the main peak at lower
binding energy corresponds to the final eigenstate with
one more 3d electron than the ground-state
configuration. When this is the case, there exist strong
satellites at the higher binding-energy side, which are
called “‘charge-transfer satellites.” The intensity and en-
ergy position of this charge-transfer satellite depends on
the electronegativity of the ligand through the quantity
called “charge-transfer energy” A. This quantity, togeth-
er with d-d Coulomb energy U, provides a model which
gives a sound understanding of electronic properties of
many transition-metal compounds,!® complementing the
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original Mott-Hubbard theory. For example, the band
gaps of FeO, CoO, and NiO can be calculated from the
parameters obtained in the analyses of their 2p core-level
satellite structures, '* and they show good agreement with
experiments.

The interpretation of 3s core-level spectra taking into
account the final-state screening effect was first proposed
by Veal and Paulikas.® They proposed, based on their
atomic calculations, that the main peak in the 3s core-
level spectra corresponds to the “locally screened” state
with one extra 3d electron. They therefore claimed that
the 3s splitting is mostly determined by the exchange in-
teraction in the 3d"*! configuration rather than the
ground-state 3d" configuration. This model of local
screening for the 3s core hole is not free from disputes,
however. The magnitude of 3s splitting as a function of
the d-electron number seems to favor the 3d” final-state
configuration,”® and the experiment on gas-phase Mn’®
shows Mn 3s and 3p spectra quite similar to those of
MnF, and MnO. The spin-polarized photoelectron
diffraction patterns also seem consistent with “un-
screened” 3s final states.* This question of screening
along with the recent study® which shows poor correla-
tion between Fe 3s splittings and magnetic moments in
many Fe compounds renders the original interpretation
of exchange-split satellites questionable.

So, we have a question which is crucial for the proper
understanding of the 3s spectra: How important is final-
state screening for 3s core-level spectra? The answer to
this question will seitle the disputes about the origin of 3s
satellites and their relevance to the local magnetic mo-
ments in 3d transition-metal insulating compounds.
Here, we tried to answer this question by systematically
studying Mn and Fe dihalide series MnF,, MnCl,,
MnBr,, FeF,, FeCl,, FeBr,, and mono-oxides MnO and
FeO. The basic ideas behind this study are the following.
First, the final-state screening effect in the core-level
spectra de?ends strongly on the electronegativity of the
anion. >~ Y However, most studies to date’>*%? are re-
stricted to very ionic compounds such as fluorides and
oxides. By studying chlorides and bromides, we can com-
plement these data and get the whole picture. Second,
the interpretation of 3s core-level spectra should be con-
sistent with that of the 2p spectra. In fact, the 2p core-
level spectra of Mn and Fe dihalide compounds including
peak separations and their intensity ratios have been well
understood with charge-transfer model and the relevant
parameters were determined already. 1218 1n this study
we extended this model to the 3s spectra and tried to in-
terpret both 2p and 3s spectra consistently by using the
same model parameters.

In the interpretation of the 3s spectra we assumed a
different amount of Coulomb interaction between the
core-hole and 3d electrons in the high-spin and low-spin
final states with a 3s hole. And to include the intrashell
correlation effect of Bagus, Freeman, and Sasaki,? we in-
troduced two parameters, the energy separation and the
coupling strength between 3s3d" and 3p?3d"*!, which
were adjusted to fit the experimental spectra. We found
that all the spectra studied here are explained very well
within our model with reasonable parameters, and con-
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sistently with the 2p spectra. We found that, as in the 2p
case, the character of the 3s main peaks changes depend-
ing on the ligand. For fluoride, they are “unscreened”
peaks, whereas they are “locally screened peaks” for
bromides. Main peaks for chlorides (and oxides to a less
extent) are of mixed character. This finding is a contra-
diction to the proposal of Veal and Paulikas. Also, be-
cause of the final-state screening mechanism present, we
see that the peak which has been assigned simply as an
exchange-split low-spin peak is, in fact, a composite peak
consisting of a low-spin main peak and a high-spin
charge-transfer peak for many compounds. So when the
final-state screening effect becomes strong, we can no
longer assign the experimentally observed peak separa-
tion as the exchange splitting. Furthermore, the energy
separation between the high-spin main peak and the low-
spin main peak is affected by the screening. This effect,
resulting from the stronger screening in the low-spin final
state rather than in the high-spin final state because of
different Q values, tends to reduce the energy splitting
compared with that expected from the simple Van Vleck
theorem. These effects explain why the actual experimen-
tal 3s splittings show poor correlation with the local mag-
netic moments in many insulating Fe compounds as re-
ported in Ref. 6.

The organization of this paper is as follows. We de-
scribe samples and experimental details in Sec. II. We in-
troduce our model which considers exchange interaction,
intrashell correlation effect, and charge-transfer model on
an equal footing in Sec. III. In Sec. IV analyses are made
on the experimental spectra, and in Sec. V we discuss the
final-state screening effect on the 3s spectra. A brief sum-
mary of our results on dihalides has been published previ-
ously.?! Here, we will present complete details and also
include analyses on mono-oxides.

II. EXPERIMENT

The dihalide samples were all obtained commercially
(Johnson Matthey Co.) in powder form. They were all
anhydrous and the purities were 97-99.999 %. They
were pressed into pellets under 200 kg/cm? pressure and
were baked in a vacuum oven for several hours at about
150°C (except for MnCl, and MnBr,) before being intro-
duced into the x-ray photoemission spectroscopy (XPS)
spectrometer chamber made by VSW Scientific Instru-
ments in England. MnCl, and MnBr, were baked in a
vacuum oven for more than 12 h at a temperature of
50°C-55°C because they are known to have melting
points near 60°C. These dihalide samples were scraped in
situ with a diamond file just before the experiment until
carbon and oxygen contaminations became negligible.
The FeO sample was a single crystal which was fractured
to get a fresh surface. The pressure in the analysis
chamber was maintained below 1X 10~° mbar, except for
MnCl, and MnBr, where only ~1X107% mbar could be
maintained because of outgassing. The photon source was
the Mg K a line (1253.6 eV) for FeCl,, FeBr,, MnBr, (3s),
and the Al K« line (1486.6 eV) for FeF,, FeO, MnF,,
MnCl,, MnBr, (2p). One thing worth commenting on is
that we had to use only the Mg K« source to take Mn or
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Fe 3s spectra of bromides because Br Auger lines as
strong as Fe or Mn 3s peaks appear in the very near re-
gion of the 3s spectra when we used Al K« as the photon

source. The concentric hemispherical electron-energy’

analyzer was used with the pass energy of 44 eV, which

resulted in the overall spectrometer resolution (photon

source and the analyzer) of ~1.2 eV full width at half
maximum (FWHM).

ITI1. CHARGE-TRANSFER MODEL
AND INTRASHELL CORRELATION

The charge-transfer model in its cluster approximation’

and its relevance to the more fundamental Anderson im-
purity model is described in detail elsewhere. 15-17 Here,
we will use the theory developed in Ref. 17. Although
there was slight improvement of the theory'® by includ-
ing the anisotropy of hybridization T between the metal d
electron and ligand p electron, this is not at all a crucial
ingredient of the model and the main result of this in-
clusion of the crystal-field effect is just the slight change
of the T values. So, we will ignore this consideration here
for simplicity. Also, we will ignore the energy difference
of t,, and ey orbitals as it has been shown to be a safe
procedure in this case.'® For all the materials we studied
here, the local cluster MX¢, where M is a transition-metal
jon and X is a halide or oxygen ion, is an octahedron.?

To introduce the intrashell correlation model proposed
to interpret the 3s spectra of fluorides and oxides into the
frame of this charge-transfer model, we present a
simplified simulation of that model. Results of the
multiconfigurational Hartree-Fock calculations®!! show
that the high-spin final state (5§ for Mn?>* and 'D for
Fe?) is essentially unaffected by the correlation effect.
On the other hand, the low-spin final state (*S for Mn?*
and °D for Fe?%) is strongly affected by the correlation
effect because in this case there are many low-lying states
available to which the 3s53d" configuration can be excit-
ed. So, we will assume here that the high-spin final state
is not affected by the intrashell correlation effect, and use
the same final-state Hamiltonian as in the case of 2p
core-level analysis. For low-spin final states, the excita-
tions considered in previous studies are of the type
353d"—3p23d"*! or 353d"—35s3p?3d" ** with the exci-
tation energies ~10 and ~100 eV, respectively.? We
will consider only the former type of excitations, because
the excitation energy of the latter is very large. Actually
there is more than one multiplet state that can be ob-
tained by the excitation 3s3d"—3p?3d"*1. However, we
will make a simyliﬁed simulation by considering only one
excited state 3p~3d”" *1for the 353d" state in the low-spin
final state of photoemission. The energy separation E;,
and the coupling strength ¥V, of these two states are ad-
justed to fit the experimental spectra. The next (and final)
step of our modelization of the 3s spectroscogy is to con-
sider the charge-transferred states of 3p 234" "1 just as we
consider those of the 3s3d” state.

So, in the low-spin final-state Hamiltonian with a 3s
hole we consider states of the type §£23d ntat1y 9 that
couple to the 3s3d"*IL7 states (¢ =0,1,...,9—n),
while in the high-spin final-state Hamiltonian with a 3s
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hole or in the 2p hole final-state Hamiltonian only the
latter type of states (charge-transfer type) are considered.
Values of # are 5 for Mn®>" and 6 for Fe?™. The dimen-
sion of the Hamiltonian matrix in the 3s low-spin case is
2(10—n)+1 compared with 10—n +1 for the 3s high-
spin or 2p final states. The Hamiltonian matrix elements
of our model for the 3s core-hole low-spin final state have
the following forms:

(3s3d"|H|3s3d") =Epur ,

(353" "IL|H|353d" "' L) =Eyyr +A—Q; ,

(3s3d" L2 H|353d" °LY) =Epur +2A— Q)+ U ,

(3p23d" 1| H|3p?3d" 1) = Ergur +Es.

(§£23dn +2LIH[§ez3dn.+2L)=EMHT+Eic
+(A—2Q;,+u)+ U,

(3p*3d **L2|H|3p?3d" *L2) =Epyr +E,

+2(A—2Q5, +u)+3U ,
(3s3d"|H|3s3d"*'LYy=V10—nT,
(3s3d" 1L |H|3s3d" YLy =VIO—WIT ,
(3s3d"Y2L2|H|353d" L) =V3@8—m T,
(3_p33d"+1fH]3p33d”+2L>=\/(_9?n‘)T, ,
(3p%3d"*2L|H[3p%3d" L) =V28—n)T ,
(3s3d"*9L9|H|3pBd" H LY =V,

(g =0,1,...,9—ﬁ) .

Here, our reference energy is the energy of the 3s3d”
high-spin final configuration and Eyyr is the energy sep-
aration given by the multiplet-hole theory. A is the
charge-transfer energy from the ligand to transition-
metal ion, U is the d-d Coulomb interaction, Q is the
Coulomb interaction between the core hole and d elec-
tron, u is the Coulomb interaction between the ligand
hole and d electron, and T is the hybridization parameter
between the ligand p orbital and the transition-metal d
orbital. E;, and V;, were introduced above. If we just dis-
card the states connected by E,. and V., then this Hamil-
tonian reduces to the 3s high-spin or the 2p final-state
Hamiltonian. Since A, U, u, and T are parameters relat-
ed to valence electronic structures, we expect them to
essentially be the same in both 2p and 3s core-hole cases.”
However, Q is the Coulomb interaction energy between
the core hole and d electron, so we expect its value to
change depending on the core hole. We will denote Q;
as the 3s hole d-electron Coulomb attraction in the 3s
low-spin final state, and Q as that in the high-spin final
state. Oy, (Q3,) is the Coulomb attraction between the d
electron and 2p (3p) hole. .
We must make clear at this point that charge-transfer
parameters A, U, and @ are not atomic parameters but

_are renormalized from atomic values by the polarization

correction (E,), Madelung correction (E,), core hole-
ligand hole repulsion (q), or d-electron ligand-hole in-
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teraction (u).'® For example, Q is defined as
0=Qv—2E,—q,
Qo={cd"|Hlcd")—{cd" *'|Hl|cd" ')

—[{d"|H|d")—{d" ! |H|d"*1)].

This is the reason why u appears in the diagonal elements
of the Hamiltonian above. We assumed ¢ =wu in writing
the Hamiltonian to reduce the number of parameters. On
the other hand, Eyyy, E;., and V. are atomic parame-
ters by definition. Also, the energy difference between
3s3d" 9L 9 and 3p23d" 9T IL9 must be atomic values.
This can be easily checked as, for example,

(223dn+2LIH[3£23dn+2L>
—(3s3d"*'L|H|353d" "L} =Q10—2Q3,0+ Up »

where the subscript 0 means atomic value.

The initial (ground) state Hamiltonian can be obtained
as usual by setting Q =0 in the 2p (or 3s high spin) final-
state Hamiltonian. The energy of positions of various
photoemission peaks are given by the eigenvalues of the
final-state Hamiltonian, and their intensities are given by
the overlap between the final eigenstate and the lowest in-
itial eigenstate by the sudden approximation.

IV. ANALYSIS OF THE SPECTRA

A. 2p;/, spectra of dihalides

We analyzed the 2p;,, spectrum as in previous pa-
pers.'®~ ¥ In Figs. 1 and 2 we show the 2p, »2 spectra of
Mn and Fe dihalides with fitting curves. The inelastic
background and x-ray source satellites have been sub-
tracted from the raw data. The multiplet structures of
the 2p;,, final states are known to give rise to an asym-
metric line shape of the main peaks,?> but we have ig-
nored them here and fitted the peaks with one or two
broad Gaussians. That is why the peak positions of the
fitting curves are generally displaced to the high binding-
energy side by about 0.5 eV compared with the experi-
mental data. The fitting curves shown in Fig. 1 are the
best fit we found using the Hamiltonian described in Sec.
III. The model parameters obtained in the least-square
fits are listed in the first four columns of Table I. These
model parameter values are practically equal to those ob-
tained in Ref. 17. We note that in fluorides A is larger
than Q,,, hence the main peak is mostly of the d”
configuration corresponding to the “unscreened peak.”
On the other hand, in bromides A becomes smaller than
Q,p» Which results in the main peak with largely d ntl
configuration corresponding to the “locally screened”
peak. Hence, we see that the degree of extra atomic re-
laxation contributions to the 2p core-level spectra de-
pends strongly on the charge-transfer energy A, which is
determined by the electronegativity of the ligand.
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B. 3s spectra of dihalides

In Figs. 3 and 4 we show the 3s spectra of Mn and Fe
dihalides, respectively. X-ray source satellites and the in-
elastic electron background have been subtracted from
the raw data, except for the case of bromides where
plasmon satellites of the Br 3d peak strongly superimpose
Mn 3s and Fe 3s peaks. The 3s spectra on MnF,, FeF,,
and FeCl, are consistent with those published earlier, %
and those on MnCl,, MnBr,, FeBr, have not been report-
ed in the literature to our knowledge. The extra broaden-
ing found in our MnF, 3s spectrum probably comes from
some instability of our experiments. However, the energy
separation and the intensity ratio we obtained from the
fitting were similar to those reported previously in the
literature. "> We first note that MnCl, and FeCl, have
three peak structures instead of two, which is contrary to
the expectation of the simple exchange splitting. One can

Intengity (arbitrary unit)

1 ‘ i ] e
10 5 0 -5 -~10
Relative Binding Energy (eV)

FIG. 1. The 2p;,, spectra of Mn dihalides. Inelastic back-
ground and x-ray source satellites were subtracted from the raw
data. Fitting curves and their component peaks are shown.
Lorenzian width (FWHM in eV) was fixed at 0.7. Gaussian
widths (FWHM in eV) are 3.9 for MnF,, 2.8 for MnCl, main
peak, 3.0 for MnCl, satellite, 2.6 for MnBr, main peak, and 3.0
for MnBr, satellites. (For MnBr, the Gaussian width for two
satellites were constrained to be equal.)
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TABLE 1. The model Hamiltonian parameter values (in units of eV) and the estimated ground-state d-electron numbers {7, )iy of
cations obtained from the fit of 2p; , and 3s core-level spectra for Mn and Fe dihalides and mono-oxides.

A U T Qs Qu o 9y E Vi g
MnF, 10.0 3.4 1.3 49 3.3 4.8 3.9 14.6 13.2 5.08
MnCl, 5.6 3.4 1.3 49 3.3 4.8 39 14.6 13.2 5.20
MnBr, 3.8 .33 1.2 4.7 3.3 4.8 3.9 14.6 13.2 5.30
FeF, 9.2 4.0 1.5 5.7 4.5 5.8 5.0 12.5 10.8 6.09
FeCl, 5.2 4.0 1.4 5.7 _4.5 5.8 50 12.5 10.8 621
FeBr, 3.6 3.9 1.3 5.6 4.5 5.8 5.0 12.5 10.8 6.30
MnO 7.4 3.2 1.5 4.6 3.3 4.8 3.9 146 13.2 517
FeO 6.5 -39 1.5 5.6 4.5 ) 5.8 5.0 12.5 - 10.8 6.17

Intengity (arbitrary unit)

L I 1
0 -5
Relative Binding Energy (eV)

FIG. 2. The 2p;,, spectra of Fe dihalides. Inelastic back-
ground and x-ray source satellites were subtracted from the raw
data. Fitting curves and their component peaks are shown.
Lorenzian width (FWHM in eV) was fixed at 0.9. Gaussian
widths (FWHM in eV) are 3.6 for FeF,, 3.2 for FeCl, main
peak, 3.4 for FeCl, satellite, 3.2 for FeBr, main peak, and 3.8 for
FeBr, satellites. (For FeBr, the Gaussian width for two satel-
lites were constrained to be equal.) For FeF, the main peak
shown actually consists of two peaks separated by 3.4 eV and in-
tensity ratio 1:0.2, which was necessary to fit the asymmetric

shape due to multiplets.

think of an intrashell correlation effect as a possible ori-
gin of these additional peaks, but we discard this possibil-
ity for two reasons. First, for Mn®* and Fe?* ions the
satellites originating from this electron correlation effect
have been calculated, and are shown to be more than 20
eV away from the main peak.?!! Second, the intensity of
the second peak in the FeCl, 3s spectra, which we ob-
tained from fitting the spectra simply with three peaks, is
about 75% of the main (first) peak, which is larger than
67% expected from the multiplicity ratio. This is con-
trary to what is expected of the electron correlation
effect,!! which tends to reduce the exchange satellite in-
tensity. Hence, an additional mechanism is called for to
explain these satellite structures besides exchange split-
ting and intrashell correlation effect.

An obvious candidate for this additional mechanism is
the charge-transfer satellite arising from the extra-atomic
relaxation of the 3s core hole. To prove this conjecture,
we performed the model calculation that is described ful-
ly in Sec. III. The values for E\yy are taken from the
theoretical calculation,'! which gives 14.3 eV for Mn?*
and 12.4 eV for the Fe?* ion. The parameters of intra-
shell correlation effect E;, and V. are assumed to be the
same for a given ion, and are adjusted to fit the experi-
mental data. The values we used are given in Table I
We now see if we can fit the experimental 3s spectra by
choosing appropriate parameters of the model, which are
consistent with those obtained from the 2p core-level
analysis above. For this purpose, we used the same values
of the charge-transfer model parameters used in the 2p

“analysis except for Q values. We checked the changes of

U and Q using the optimized orbital Hartree-Fock atomic
calculation. We found that U, changes by only ~0.5 eV
in going from the 2p core hole to 3s core hole. The
change of Q, was substantial. Calculated values are
0%55=17.1 eV, Quo=14.4 €V, Q;,=17.6 eV for Mn**,
and 18.2, 15.5, 18.6 eV, respectively, for Fe?*. Intuitive-
ly, the change of Q value will be the primary effect, since
U and T are sort of the average between initial-state and
final-state values while Q is definitely a final-state parame-
ter. So we will assume that the parameters except Q will
not be changed in going from 2p core hole to 3s core hole.
Since the amount of renormalization due to the solid-
state effect!® should be largely independent of the core-

hole orbital, we can say that the difference found in the
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Q, values will be reflected in the actual charge-transfer
model parameters. Therefore, we expect that Q; will be
nearly equal to Q,, while Oy will be smaller by a few eV.
We further assume that Qs, is equal to the multiplicity
weighted average of Qy and Q; to reduce the number of
free parameters.

In this spirit, we have fitted the 3s spectra of MnF,,
FeF,, MnCl,, and FeCl, as shown by the solid lines in
Figs. 3 and 4. The values of @y and Q; used in these fits
are listed in Table I. The intrashell correlation parame-
ters E;, and V;, were both found to be ~10 eV, which is
consistent with multiconfigurational Hartree-Fock calcu-
lation.? We also need the ligand-hole d-electron
Coulomb interaction u in the calculation of 3s final-state
Hamiltonian eigenstates, and this was estimated by the
point-charge approximation in the dielectric medium as
was done before.'®1® The electronic dielectric constant

Intengity (arbitrary unit)

20 15 10 5 0 -5 ~-10
Relative Binding Energy (eV)

FIG. 3. The 3s spectra of Mn dihalides. Inelastic background
and x-ray source satellites were subtracted from the raw data,
except for the case of MnBr, where only x-ray source satellites
were subtracted. Fitting curves and their components are
shown. Gaussian width (FWHM in eV) was fixed at 1.2 except
for MnF, (2.7 probably because of some instability of the experi-
ment). Lorenzian width (FWHM in eV) is 2.2 for MnF,, 2.1 for
MnCl, and for MnBr, (fixed).
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was estimated using the Clausius-Mossotti relation, and
the atomic polarizability of cations?® and anions®® were
taken from published data. In Table II we show u values
along with cation-anion distances??> and the electronic
dielectric constants €. We see in Figs. 3 and 4 that the
fits reproduce the experimental data very well, with the
parameter values which are all consistent with the above
assumptions. The only discrepancy may be the separation
between Q; and Q4 which is about half of the expected
value from the atomic calculation. We think this comes
from the crudeness of our model, especially concerning
the intrashell correlation effect. In modeling the intra-
shell correlation effect, we assumed same coupling
strength between the states 3£23d ntgtlp 7 and
3s3d" T9L 7 independently of g (0,1,...,9—n). It seems
likely that this coupling strength is not constant for all
values of g but rather a decreasing function of ¢. This

Intengity (arbitrary unit)

20 15 10 5 0 -5 -10
Relative Binding Energy (eV)

FIG. 4. The 3s spectra of Fe dihalides. Inelastic background
and x-ray source satellites were subtracted from the raw data,
except for the case of FeBr, where only x-ray source satellites
were subtracted. Fitting curves and their components are
shown. Gaussian width (FWHM in eV) was fixed at 1.2 Lorenzi-
an width (FWHM in eV) is 3.1 (high spin) and 3.7 (low spin) for
FeF,, 2.7 (high spin) and 3.4 (low spin) for FeCl, and for FeBr,
(fixed). '
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TABLE II. The ligand-hole d-electron Coulomb attraction u
estimated from cation-anion distance R from Ref. 22 and elec-
tronic dielectric constant €,. €, was calculated from the
Clausius-Mossoti relation using reported values of polarizability
(Refs. 25 and 26).

R A) e, ATy u (V)
MnF, 2.1 2.1 3.3
MnCl, 2.6 3.0 1.8
MnBr, 2.7 4.7 1.1
FeF, 2.0 3.0 24
FeCl, 2.5 3.6 1.6
FeBr, 2.7 4.9 1.1
MnO 22 4.9 1.3
FeO 22 59 1l

comes from the observation that this coupling strength is
essentially the sum of two electron matrix elements be-
tween 3p? and 3s3d and that if the d-electron vacancies
are small, then there will be fewer of these matrix ele-
ments. By a crude estimate, for which we treat 3p? just
like the ligand hole in the charge-transfer model, we
could find that this decrease of the coupling strength
behaves as ~V(10—n +¢)/V(10—n). If we consider
this behavior of the intrashell correlation effect coupling
strength, we get Q; smaller than Qg5 by ~3 eV and
Qr ~Q,,. We feel that this is the main cause of the devi-
ation of the separation between Q; and Q4 from the
atomic estimation.

In the case of MnBr, and FeBr,, the loss structure
from Br 3d is quite large, and it is impossible to separate
out 3s structures. So we calculated the expected 3s spec-
tra using the parameter values obtained above, and show
it in the figure along with the difference curve from the
actual spectra. We see that the bumps in the experimen-
tal data all correspond to the theoretical peaks quite well,
and the resultant difference curve is very smooth as ex-
pected of the loss structure. Furthermore, for MnBr, the
position of the maximum height of the resulting
difference curve turned out to be 17.1 eV away from the
Br 3d peak position. This is nearly equal to the energy
difference between the Br 3p peak and its loss structure,
which was found to be 17.4 eV. Hence, we conclude that
our model explains very well both the 2p and 3s core-level
spectra of all Mn and Fe dihalide compounds studied
here consistently.

C. 2p;,, and 3s spectra of mono-oxides

In Figs. 5 and 6 we show the 2p;,, and 3s spectra of
FeO and MnO and their fitted curves in the same way as
in Figs. 1-4. FeO 2p and 3s spectra were taken in our
laboratory'®?’ with the Al Ka photon source. MnO 2p
and 3s spectra were taken from the work of Hermsmeier
et al.® We used their data taken at an angle 6=90°,
$=0° with the Al Ka photon source. We fitted the 2p
spectra as usual and obtained the charge-transfer model
parameter values A=7.4 eV, U=3.2 eV, T=1.5 eV,
O =4.,6 eV for MnO, and 6.5, 3.9, 1.5, and 5.6 eV, re-
spectively, for FeO. We see that the U, T, and Q values
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FIG. 5. The 2p,,; spectra of MnO and FeO. Lorenzian
widths were fixed at the same values as the dihalide cases.
Gaussian widths (FWHM in eV) are 3.0 (main), 2.8 (satellite) for
MnO and 3.7 (main), 4.4 (satellite) for FeO.

Intengity (arbitrary unit)

20 15 10 5 o] -5
Relative Binding Energy (eV)

-10

FIG. 6. The 3s spectra of MnO and FeO. Gaussian width
(FWHM in ¢V) is 1.1 for MnO and 1.2 for FeO. Lorenzian
width (FWHM in eV) is 2.9 for MnO, 3.8 (high spin) and 4.6
(low spin) for FeO. The ratio of Lorenzian widths between the
high-spin and the low-spin peak was constrained to be equal to
that of difluorides and dichlorides.
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are slightly different from those of dihalides. Now we
fitted the 3s spectra in the same way as for dihalides. We
find in these figures that these spectra are fitted quite well
with our model as in the case of dihalides. The parame-
ter values for these fittings are listed in the bottom rows
of Table I. The u values were calculated in the point-
charge approximation as before with the physical param-
eter values'®?* listed in Table II. The character of the
spectra for these mono-oxides is found to be halfway be-
tween fluorides and chlorides but it is closer to the
chloride character. To sum up, we conclude that the 2p
and 3s spectra of MnO and FeO are also explained very
well, and consistently, in our model.
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V. FINAL-STATE SCREENING EFFECT
IN THE 3s PHOTOEMISSION

To understand the nature of each peak in the 3s spec-
tra, we calculated the final eigenstate corresponding to
each peak. The results are listed in Table III. The peaks
labeled A and C originate from the high-spin states, and
peaks B and D from the low-spin final states. Peaks A4
and B are main peaks for each spin final state, and peaks
C and D can be called charge-transfer satellites. We see
that the second peak in the raw spectrum, which has been
considered to be an exchange-split multiplet peak, actual-
ly consists of two contributions B and C. For fluorides,

TABLE III. Relative energy (in units of eV), intensity, and state vectors of theoretical peaks comprising the 3s spectra of Mn and
Fe dihalides and mono-oxides. In expressing state vectors the numbers shown are the squares of the coefficients. The components for
configurations with more than two (one for states with two 3p holes) ligand holes are not shown because their intensities are usually

very small.
Spin State vector

Compound Peak state Position Intensity sd" sd" L sdrt2L? pd"*! pd" L
MnF, 4 S 0 1.0 0.85 0.14 C o001 T

B s 6.5 0.53 0.62 0.12 0.11 0.21 0.03

C s 7.8 0.01 0.15 0.74 0.11

D S 13.6 0.01 0.12 0.56 0.10 0.05 0.15
MnCl, A s 0 1.0 0.54 0.40 0.06

B s 6.0 0.50 0.32 0.36 0.07 0.11 0.11

C s 5.0 0.09 0.43 0.33 0.23

D 5S 10.7 0.09 0.38 0.15 0.21 0.13 0.04
MnBr, A s 0 1.0 0.34 0.52 0.13

B s 5.6 0.45 0.15 0.4 0.17 0.05 0.13

C s 4.4 0.19 0.57 0.09 0.30

D s 10.0 0.17 0.42 0.00 027 0.15 0.00
FeF, A ‘D 0 1.0 0.75 0.23 . o001

B ‘D 6.0 0.50 0.54 0.21 0.02 0.17 0.06

C $D 6.5 0.05 0.24 0.62 0.13

D ‘D 12.0 0.03 0.20 0.45 0.12 0.07 0.12
FeCl, A ‘D 0 1.0 0.39 0.51 0.10

B ‘D 5.5 0.45 0.21 0.44 0.11 0.07 0.13

c L)) 48 0.23 0.55 0.18 0.25

D ‘D 10.3 0.17 0.45 0.05 0.24 0.15 0.01
FeBr, A ‘D 0 1.0 0.22 0.58 0.19

B ‘D 5.1 0.42 0.10 0.44 0.22 0.03 0.13

C ‘D 4.6 0.38 0.59 0.01 0.35

D ‘D 9.7 0.24 0.34 0.03 0.32 0.11 0.01
MnO A s 0 1.0 0.66 0.30 0.03

B 5S 6.1 0.51 0.43 0.29 0.04 0.14 0.09

o} S 6.3 0.05 0.32 0.46 0.21

D 5S 11.8 0.05 0.29 0.26 0.19 0.11 0.08
FeO 4 ‘D 0 1.0 0.52 0.42 0.06

B ‘D 5.6 046 0.31 0.39 0.07 0.10 0.12

C ‘D 5.2 0.14 0.45 0.32 0.22

D ‘D 10.6 0.12 0.40 _ 014 0.20 0.14 0.04




48 FINAL-STATE SCREENING EFFECT IN THE 3s.. . .

however, peak C (and peak D) is very weak, and peaks A
and B are mainly of “unscreened” d” character. In this
case, we found practically no change of calculated spec-
tra whether we include the charge-transfer effect or not.
So, we can say that the final-state screening effect is very
weak here and the observed energy splitting in the 3s
spectrum is the exchange splitting of the 3s3d”
configuration, as in the original interpretation of Fadley
et al.! However, we expect that care must be taken for
other transition-metal fluorides because the screening
effect becomes stronger for heavier metal ions such as
Co** or Ni**. When we examine the spectra reported in
the literature, this is obvious for CoF, and is very likely
for NiF, where it seems that C-like and D-like peaks are
nonirivial but are strongly mixed with A-like and B-like
peaks into one slightly structured asymmetric peak. For
dichlorides, we see that the state vectors of peaks 4 and
B have such a strongly mixed character between the un-
screened state and locally screened state that we cannot
say one of these two is dominant over the other. In di-
bromides, however, the “locally screened” configuration
dominates both peak A and peak B, and peaks C and D
are due to the ‘“unscreened” 3s3d” state. In mono-
oxides, the characters of peaks are between fluorides and
chlorides, although somewhat closer to chlorides. We see
that the importance of screening depends on the ligand,
and it is too simple minded to assign “screened” or “un-
screened” peaks for all compounds..

Therefore, because of the screening effect in the final
state, we cannot in general rely on the simple multiplet
theory (including intrashell correlation effect) to interpret
the experimental 3s energy splittings. Each peak in the
spectrum does not originate from a well-defined multiplet
configuration. Instead, it must be borne in mind that in
each peak there are contributions from the configuration
having extra-atomic electrons transferred from the
ligand. Moreover, the purity of the spin state in the
second peak in the raw spectra cannot be guaranteed
since it is actually a superposition of the low-spin main
peak and the high-spin charge-transfer satellite. The ob-
served peak position is therefore the weighted average of
the low-spin peak B and the high-spin peak C energy po-
sitions, although it is very close to (only 0.2-0.4 eV
smaller) the position of peak B as can be deduced from
Table III. A more important effect, which is responsible
for the observed trend in the change of the measured
splittings depending on the compounds along the series

TABLE IV. The comparison of cation local magnetic mo-
ments [(In Bohr magnetons) (Refs. 26-28)] with the values of
10— {n, )i, shown in Table I for Mn and Fe dihalides.

Cation

moment 10—y Yini Difference
MnF, 4.98 4.92 " 0.06
MnCl, 4.84 4.80 0.04
MnBr, 4.7
FeF, 4.64 3.91 0.73
FeCl, 4.5 ’ 3.79 0.71
FeBr, 4.4 3.70 0.70
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for a given Mn®* or Fe**, is that the energy of peak B is
much affected by the final-state screening. Compared to
fluorides, the energy splitting between peak A and peak B
decreases by 0.5-1.1 eV for chlorides and bromides,
which is comparable to the difference of hybridization
shifts 0.7-1.2 eV between high-spin and low-spin final

5.0 —

- (a)

4.9

> .
ini

g 4.8

<n

MnBr,

10

4.5 -

4.6 , ;

4.4 |-

ini

4.0

10 - <n,>,

3.8 I

3.6 : —L
5

AEss(eV)

FIG. 7. (a) 3s energy splittings vs 10— {n };; for Mn?" insu-
lating compounds. The solid line is the empirical Van Vieck
theorem line with the value of G¥(3s,3d) obtained from the
MnF, data. If we use half the multiplet-hole theory value of
G2(3s,3d), then we get the dotted line for Mn?*. (b) 3s energy
splittings vs 10—{n, ), for Fe** insulating compounds. We

" also included the data of Acker et al. (Ref. 6) data for Fe

dihalides and trihalides. Their data are shown with open circles,
while ours are marked with filled circles. The solid line is the
empirical Van Vleck theorem line with the value of G*(3s,3d)
obtained from the FeF, data. If we use half the multiplet-hole
theory value of G*(3s,3d), then we get the dotted line for Fe**
and the dashed line for Fe’*, respectively.
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states due to the charge transfer alone for chlorides and
bromides. This difference of hybridization shifts comes
about because different Q values depending upon the spin
(Qy and Q;) give rise to different amounts of final-state
screening and this effect increases as A decreases.

Now let us comment on the controversial problem
about the correlation between the local magnetic moment
and the 3s energy splitting measured in the photoemis-
sion. First, we note that the local magnetic moment can
differ from the spin magnetic moment in the ground state
due to the unquenched orbital angular-momentum con-
tribution to the magnetic moment.?® In our scheme, the
quantity which can be interpreted as the spin magnetic
moment of the localized d shell in the ground state will
be 10— {ny )i, Where {ny);, is the number of d elec-
trons in the ground state. The values of {n, );; calculated
in our analyses are listed in Table I. In Table IV we com-
pare reported values of magnetic moments with our es-
timated spin magnetic moments for dihalides. Magnetic
moments for MnF, and FeF, are from Ref. 29 (neutron
diffraction), for MnCl, from Ref. 30, and for FeCl, and
FeBr, from Ref. 31 (neutron diffraction). We see that the
difference is nearly zero for MnF, and MnCl, and about
0.7 Bohr magnetons for Fe dihalides. Thus, for Mn?*
there is no orbital contribution to the magnetic moment
as must be the case, and for Fe?* the observed magnetic
moments contain a substantial amount of orbital
angular-momentum contributions which are nearly con-
stant along the series. So, we observe that 10—{n, ),
obtained by the core-level analysis using the charge-
transfer model is a reasonable estimate of the spin mag-
netic moment. If we want to ask the relationship be-
tween the 3s splitting and the local spin magnetic mo-
ment, it will be proper to compare this quantity
10—{n, )iy or its equivalent corrected from the experi-
mental value with the 3s splitting. We show in Fig. 7 the
measured 3s energy splittings versus 10—<{n, ), along
with the Van Vleck theorem lines using the Slater ex-
change integral determined from the data of MnF, and
FeF,. Also shown are the curves with the Slater ex-
change integral fixed at half the multiplet-hole theory
value, for comparison. The data of Acker et al.® for Fe
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dihaldes and trihalides are also included in the figure. We
note that the empirical Van Vleck line is the same kind as
the calibration curve proposed by Kowalczyk et al.,!
since they draw their line by using FeF, and FeF,; data,
although the actual magnetic moment of FeF; is smaller
than the purely ionic value they assumed. We can observe
in this Fig. 7 the trends mentioned above, i.e., as the com-
pound becomes more covalent then the measured split-
ting becomes smaller and smaller than the empirical Van
Vleck curve. '

VI. SUMMARY

We were able to understand the 3s core-level photo-
emission spectra of Mn and Fe dihalides and ‘mono-
oxides systematically by a combination of exchange in-
teraction, intrashell electron correlation effect, and
charge-transfer final-state screening mechanism. We
were able to do this consistently with the interpretation
of 2p spectra. For MnF, and FeF,, 3s energy splittings
are determined mainly by the exchange interaction be-
tween 3s hole and the localized 3d electrons in the ground
state. However, as the ligand electronegativity decreases
the charge-transfer satellites become important, and the
peaks in the 3s spectra lose its purity of spin states. In
this case, the observed energy splitting does not reflect
the magnetic moment either in the “unscreened” (3d")
state or in the “screened” (3d"*!) state, and must be in-
terpreted with a full consideration of intrashell correla-
tion effect and charge-transfer mechanism. These effects
prevent the simple exchange-splitting interpretation of
the 3s spectra. The values and trend of 3s energy split-
tings observed as the compound gets more covalent are
explained by the different amount of screening depending
upon the spin of the final state of photoemission. And
this makes the observed peak splittings smaller than
those expected from, say, simple Van Vleck theorem.
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