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High-resolution Ka x-ray fluorescence spectra of FeO, Fe,0; Fe;0, K;[Fe(CN)¢]-3H,0,
K,[Fe(CN)s], and Fe (metal) are measured. It is found that the linewidth of Fe Ka, (K-L) does not fol-
low Van Vleck’s theorem for oxides, but it follows Van Vleck’s theorem for cyanides; the line shapes of
FeO, Fe,0,, and Fe;0, are nearly identical. These results are rationalized by the spin-unrestricted
DV-Xa molecular-orbital calculations of model clusters. The model clusters we tried are [FeOg]'°~,
[FeOs]°~, [Fe(CN)s]*~, and [Fe(CN)¢]*~ as model clusters of FeO, Fe,0;, K;[Fe(CN);]-3H,0, and
K,[Fe(CN)¢], respectively. The electronic structures of these clusters are calculated for their ground
states and 1s ~! hole states. It is concluded from these calculations that the charge-transfer effect in-
duced by the creation of the 1s ~! core hole, which is the initial state of the Ka x-ray emission, reduces
the effective number of 3d unpaired electrons of iron oxides, resulting in the Ka, width being reduced
from that expected from Van Vleck’s theorem. On the other hand, the effective number of 3d unpaired
electrons of cyanides in the ground state is conserved in the 1s ! core-hole state. Thus Van Vleck’s

theorem holds for cyanides.

I. INTRODUCTION

X-ray spectra emitted by primary x-ray excitation are
called x-ray fluorescence spectra. X-ray fluorescence
spectra of transition-metal compounds were believed to
reflect the spin state of the compounds.! That is to say, it
was believed that the Ka,, (K-L;,) linewidths were
broader for higher-spin compounds and narrower for
lower-spin compounds. In this context, it was proved
that the linewidth was roughly proportional to J(2S +1),
where J is the exchange interaction energy between the
core hole and 3d valence hole(s), and S the total spin vec-
tor of the 3d shell.? This is Van Vleck’s theorem.>* A
more detailed calculation using multiplet wave functions
was performed by Nefedov.’ Van Vleck’s theorem, or
multiplet theory, was also applied to the interpretation of
KB, (K-M; ;) line shapes. The K, ; lines of transition
metals are accompanied by a low-energy satellite, Kf'.
The origin of the transition-metal KB’ satellite was inter-
preted as the result of spin-spin exchange splitting. Thus,
in this theory, the KB,; and KB’ line intervals of
transition-metal compounds were roughly estimated from
J(2S+1) and the intensity ratio of KB’ to KB, ; by the
ratio of multiplicity of states, S/(1+5).%7 Srivastava
and co-workers,®° however, proposed that plasmon loss
was the origin of the Kf' satellite of transition-metal
compounds, resulting in better agreement between theory
and experiment than with Van Vleck’s theorem. Though
Urch and Webber!® had proposed that the KB’ line of
transition-metal compounds was due to a charge-transfer
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process occurring simultaneously with the 3p — 1s transi-
tion, their proposal did not attract any attention until re-
cently. The importance of the charge-transfer effect!! =23
rather than the multiplet-splitting effect®2*~3! for the ori-
gin of the line splittings of transition-metal x-ray photo-
electron spectra (XPS) has been recognized and x-ray
fluorescence spectra have been reanalyzed from the
viewpoint of the charge-transfer effect rather than the ex-
change interaction, for Cu Ka,?73* Ni KB,*>3¢ Cu
La,* % and Fe Ka.*' The present paper reports the im-
portance of this charge-transfer effect in Fe Ka; it has
been briefly reported in Ref. 42.

II. EXPERIMENT

The samples measured were potassium hexacyanofer-
rate (II), K4[Fe(CN)4-3H,O (in what follows, we abbrevi-
ate this to K,[Fe(CN)s], because no direct chemical
bonds form between H,0 and Fe); potassium hexa-
cyanoferrate (III), K;[Fe(CN)4]; the iron oxides FeO,
Fe,0;, and Fe;0,4; and metallic iron. All the samples but
for the metal were in powder form. These powder sam-
ples were pressed into briquettes.

The spectrometer used was a gearless double-crystal
[Si(220) +Si(220)] x-ray fluorescence spectrometer, Tech-
nos XFRA-2000 with a W anode x-ray tube (40 kV, 50
mA).* The spectrometer temperature was stabilized at
300.0 K. The dwelling time for one channel was typically
10 or 20 sec and there were a total of 500 channels. The
scanning range was from 6380 to 6415 eV with 0.07 eV
steps. Details were similar to those reported in Ref. 43.
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III. RESULTS AND DISCUSSION

The measured x-ray fluorescence spectra are shown in
Figs. 1-4. These spectra have been normalized to the
spectral area between 6380 and 6415 eV; backgrounds
have not been subtracted. Figure 1 compares the Fe
(metal) Ko, , spectrum with FeO Ka, ,; these two spec-
tra are significantly different. Figures 2 and 3 compare
Fe,0; and FeO, and Fe;0, and FeO, respectively. It is
easily seen from Figs. 2 and 3 that the spectra of FeO,
Fe,0;, and Fe;O, are almost identical. Figure 4 com-
pares K;[Fe(CN)4], K,[Fe(CN)4], and FeO; these spectra
are significantly different from each other; in fact, their
peak positions, linewidths, and asymmetry indices are all
different. It is found from Fig. 4 that the peak-shift or-
dering of Ka; is KyFe(CN)¢]<K;[Fe(CN)¢] <FeO,
which is different from that of Ka, (K;[Fe(CN)]
<K,[Fe(CN)¢] <FeO). The line shape compared with
Ka, of Ka, is somewhat complicated because Ka, has
extra linewidth due to the L,L ;M Coster-Kronig lifetime
effect. Thus, in the present paper, we concentrate our at-
tention on the Ka, line shape. Since we believe that the
most convenient index of the line shape is the full width
at half maximum (FWHM), the measured Ka; FWHM’s
are tabulated in Table I together with FWHM’s reported
in the literature. Though in this table the data of Meisel
and Nefedov** were measured with the highest resolu-
tion, they are only for high-spin compounds and the met-
al. On the other hand, the data of Leonhardt and
Meisel*® were restricted to the low-spin compounds, and
the data for the common material (the metal) between
Refs. 44 and 45 indicate that these two sets of data were
measured with different spectrometer resolution. An iron
compound becomes a high-spin state if the ligand-field
splitting between t,, and e, is small because of a weak
ligand (or crystal) field. This is the case of oxides. On the
other hand, an iron compounds becomes a low-spin state
if the ligand-field splitting is large because of a strong
crystal field, or strong hybridization between the ligands
and the center metal such as K;[Fe(CN)¢] or
K,[Fe(CN)¢] (see Fig. 11 below). Though the data of
Kashiwakura, Sukuzi, and Gohshi*® indicate that the
Ka, FWHM is proportional to the spin state, data for a
divalent high-spin compound have not been reported.
The data reported in the literature are not complete in
themselves, because none of the papers reported all types
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FIG. 1. Measured Fe Ka, , x-ray fluorescence spectra of Fe
(metal) and FeO.
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FIG. 2. Measured Fe Ka,, x-ray fluorescence spectra of
Fe,O; and FeO.

of chemical states of iron compounds; 3+ and 2+ oxida-
tion states, and high- and low-spin states. The present
work reports all the chemical states of iron including the
metal. The present result indicates that the Ka; FWHM
of high-spin Fe’" is not significantly broader than that of
high-spin Fe?". We believe that the present data are reli-
able because the present FWHM’s are quite close to those
of Kashiwakura, Suzuki, and Gohshi,* in spite of the
fact that they used a different double-crystal spectrometer
(Toshiba AFV-701).

To see more clearly the difference of the measured K«
widths from those expected from Van Vleck’s theorem,
the measured FWHM'’s are plotted against the nominal
number of unpaired 3d electrons in the compounds (Fig.
5). Van Vleck’s theorem suggests the existence of rough
proportionality between the number of unpaired 3d elec-
trons and the FWHM, as indicated by the broken line in
Fig. 5. This holds for K,[Fe(CN)s] and K;[Fe(CN)];
however, the linewidths of FeO, Fe,03, and Fe;0, seem
to be narrower than those expected from Van Vleck’s
theorem, though Van Vleck’s theorem is quite a rough
rule. The measured FWHM saturates when the spin
state becomes high spin. We rationalize this saturation in
what follows using a molecular-orbital method including
core-hole relaxation.

To clarify this saturation, we have calculated the elec-
tronic structure of both the ground state and the 1s '
hole state of model clusters using the spin-unrestricted
DV-Xa molecular-orbital method.*” Similar calculations
were already reported by Sano, Adachi, and Yamatera*
for [Fe(CN)¢]>*~ clusters. The model clusters used were
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FIG. 3. Measured Fe Ka,, x-ray fluorescence spectra of
Fe;O, and FeO.
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FIG. 4. Measured Fe Ka,, x-ray fluorescence spectra of
K;[Fe(CN)]¢ , K4[Fe(CN)]¢ , and FeO.

[Fe(CN)¢]>*~ and [FeO4]*'°~ as shown in Table II.
Basis sets used were Fe 1s-4p and C, N, and O 1s-2p. The
clusters have O, symmetry, and the geometry of these
model clusters is shown in Table II. The atomic dis-
tances of these model clusters were taken to be the same
for FeO and Fe,O;, and for Kj[Fe(CN)¢s] and
K,[Fe(CN)s]. This was because only the effect of the
change of the unpaired 3d electrons was required, The
Fe-O distance of the model cluster FeO4 was 2.10 A; this
was because the Fe-O distance is 1.945 or 2.116 A in a-
Fe,0;, and 2.15 A in FeO.* To check the validity of tak-
ing Fe-0=2.10 A, we calculated the electronic structure
of [FeO4]'%~ for various Fe-O distances as shown in Fig.
6. When Fe-O<1.7 A, then the FeO became a low-spin
compound®®>! because of strong hybridization between
Fe 3d and O 2p orbitals (strong crystal field). When Fe-
0> 1.7 A, the compound was a high-spin compound>®>!
because of the weak crystal field. Therefore the calcula-
tion was valid if the Fe-O distance was larger than 1.7 A
(critical length). The distance Fe-O=2.10 A in the
present calculation was larger than the critical length.
The Fe-C and C-N distances of the model cluster
Fe(CN)g were 1.90 and 1.15 A, respectively. This was be-
cause C-N=1.15 A in the HCN molecule, and Fe-
C=1900 A in Cs,Mg[Fe(CN)¢] and 1.926 A in
Cs,Li[Fe(CN), .32

The number of random sampling points in the DV-Xa
calculations was 2100 and 3900 for FeO4; and Fe(CN)
clusters, respectively; 300 points per atom. Slater’s ex-
change parameter (a) was fixed at 0.7 for all the atoms in
the clusters. All the atoms were situated in a well poten-

Nominal number of unpaired 3d electrons

FIG. 5. Measured Fe Ka;, FWHM plotted against the nomi-
nal number of unpaired 3d electrons in the ground state.

tial of radius 4.0 bohrs and depth —2.0 hartrees to con-
verge the atomic basis sets for negatively charged clus-
ters.

The calculated Fe 3d and C and N 2p or O 2p densities
of states (DOS’s) in the ground state and 1s 1 ~! hole state
are shown in Figs. 7-10. We have omitted showing the
DOS’s of the 1s| ™! hole states though we have calculat-
ed them, because they are almost identical to those of the
151! hole states. The plotted DOS’s have been reduced
to Fe-C-N or Fe-O (equivalent atomic percent) in place of
Fe(CN)g and FeOg; ligand DOS’s were reduced to one-
sixth to compare the DOS between Fe and ligand on the
same scale. The gross atomic-orbital populations of the
Fe 3d and C, N, and O 2p orbitals are plotted against the
molecular-orbital Xa energy in Figs. 7-10, where the
level width is broadened by a Gaussian function (0.2 eV
FWHM) to mimic the solid state.

It is found from Figs. 7 and 8 that the energy separa-
tion between Fe 3d (indicated by e, and t,, in Figs. 7 and
8) and ligand 2p becomes smaller by 1.2 (15)-1.8 (e,)
eV; the level ordering essentially does not change for
[Fe(CN)¢]**~. That is to say, the 3d orbital is always
shallower than the ligand 2p orbitals for both ground
state and 1s ~! hole state. The levels become deeper by
6.2 eV (1) and 50 eV (C and N 2p) for both
[Fe(CN)s]*~ and [Fe(CN)¢]*~ clusters.

On the other hand, the levels become deeper by 11-12
eV for FeO, as easily calculated from Fig. 9. Comparing

TABLE 1. Measured Fe Ka; FWHM (eV) in the literature and in the present work. (Definitions of
low- and high-spin compounds, formal oxidation number, and the number of unpaired 3d electrons are

also tabulated).

Number of FWHM (eV)

Formal unpaired Present
Spin state oxidation electrons Compound Ref. 44 Ref. 45 Ref. 46 work
Metal 0 Fe (metal) 2.41 3.16 2.69
Low spin 2+ 0 K,[Fe(CN)s] 2.62 1.94 1.95
Low spin 3+ 1 K;[Fe(CN)g] 2.99 2.59 2.54
High spin 2+ 4 FeO 2.97 3.51
High spin 3+ 5 Fe,0, 3.20 3.50 3.53
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FIG. 6. Calculated number of unpaired 3d electrons with the
change of Fe-O distance for [FeO4]'°" cluster.

Fig. 9(a) with 9(b), the Fe 3d | component mixes with the
O 2p| orbital in the 3e,| and 1¢,, | molecular orbitals.
The most striking feature of the FeO DOS is that the Fe
3d 1 orbitals approximately equal 2¢,, T and 4, T molecu-
lar orbitals in the ground state, but they become 3egT and
12,, 1 orbitals in the 1s ' hole state. Therefore the oxy-
gen 2p 1 and Fe 3d 1 orbitals cross each other on going
from the ground state to the 1s ~! core-hole state.

The levels become deeper by ca. 8 eV for all the
valence levels of Fe,O;. The Fe 3d! component also
mixes with O 2p | in the 15, | and 3e, | molecular orbit-
als. The Fe 3d1 orbitals of Fe,0; equal 1£,, 1 and 3e, 1
both in the ground state and in the 1s ~! hole state. A
very interesting feature is that the DOS of the Fe,0,
ground state [Fig. 10(a)] is quite similar to that of the
FeO 1s ! hole state [Fig. 9(b)]. The deepening of Fe,0,
(8 V) is smaller than that of FeO (11-12 eV), which indi-
cates that the valence molecular orbitals of Fe,O; hybri-
dize more strongly than those of FeO, or, in other words,
electron correlation in Fe,O; is stronger than in FeO.
Torrance et al.’* listed the 3d correlation energy>>>° as
a-Fe,O;>FeO. Our present calculation supports this
tendency. The level deepening of Fe(CN), clusters is half
that of FeOg clusters. This is because the 3d electrons are
much more delocalized in Fe(CN)g clusters than in FeOg
clusters. It is concluded from the level deepening that
the d-electron delocalization ordering is [Fe(CN)¢]*~
=[Fe(CN)]*~ > [FeO4)° (Fe,05)
Thus the 1s ~! core hole is well screened by the 3d elec-
trons in the Fe(CN)g cluster, while the 1s ~! core hole is
poorly screened by the 3d electrons in FeOg clusters. The
1s ~! core holes in the FeOg clusters are thus screened by
the ligand 2p electrons. This is the reason for the charge
transfer from the ligand to the 3d unoccupied levels.

In the case of Fe;O,, Fe’*(Fe?"Fe’*)0,, where one-
third of the Fe’t ions occupy tetrahedral interstices,
equal numbers of Fe?* and Fe’" ions occupy ocatahedral
interstices; though we have not calculated the four-
coordinated iron oxide clusters, the ligand-field splittings
are complementary to those of six-coordinated iron ox-
ides. Thus e33 for Fe?" and e’} for Fe** are probably
similar to the six-coordinated iron oxides with respect to
the response to core-hole creation.

> [FeO4]'°~ (FeO).
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FIG. 7. Calculated Fe 3d and C and N 2p DOS’s of
[Fe(CN)6]*~ cluster in the ground state (a) and 1s1 ! core-hole
state (b). Dotted line: C 2p, broken line: N 2p, full line: Fe
3d+C2p+N 2p. (Model of K,[Fe(CN)].)
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FIG. 8. Calculated Fe 3d and C and N 2p DOS’s of
[Fe(CN)s]*~ cluster in the ground state (a) and 1s1 ™! core-hole
state (b). Dotted line: C 2p, broken line: N 2p, full line: Fe
3d+C2p+N 2p. (Model of K;Fe(CN)].)

To see more clearly the core-hole creation effect, we
have calculated the gross atomic-orbital population®® of
Fe 3d, 4s, and 4p orbitals as shown in Tables III-VI.
The negative values in Table III originate from the
definition of the gross atomic-orbital population by Mul-
liken. Since 4s and 4p orbital components are minor, and
since they delocalize in the clusters, we have omitted
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FIG. 9. Calculated Fe 3d and O 2p DOS’s of [FeO4]'°~ clus-
ter in the ground state (a) and 1s 1 ™! core-hole state (b). Dotted
line (hatched): O 2p, full line: Fe 3d +0 2p. (Model of FeO.)
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TABLE II. Calculated effective number of unpaired 3d electrons using the DV-Xa molecular-orbital method.

Compounds K, [Fe(CN)¢]

Model cluster [Fe(CN)s]*~

Cluster geometry (O, symmetry) Fe-C=193 A
CN=115 A

Nominal unpaired 3d electrons 0

Calculated effective unpaired 0.0

electrons (ground state)
Calculated effective unpaired 0.0

electrons (1s ! hole state)

K;[Fe(CN), ] FeO Fe,0,
[Fe(CN)( [FeOg]'0 [FeO,]°~
Fe-C=1.93 A Fe-0=2.10 A Fe-0=2.10 A

CN=115A
] 4 5
0.9 3.8 4.4
0.7 3.2 33
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FIG. 10. Calculated Fe 3d and O 2p DOS’s of [FeO4]°~ clus-
ter in the ground state (a) and 1s 1 ! core-hole state (b). Dotted
line (hatched): O 2p, full line: Fe 3d +0O 2p. (Model of Fe,0;.)

them and only the differences 3d 1-3d | are listed in Table
II. The calculated effective numbers of 3d unpaired elec-
trons (3d1-3dl) are 0.0, 09, 3.8, and 4.4 for
[Fe(CN)4]*~, [Fe(CN)¢]* ™, [FeOq]'° ", and [FeO4)° ", re-
spectively, as shown in Table II. This means that the
nominal one 3d electron equals effectively 0.88-0.95 elec-
trons within the framework of the Mulliken population
analysis. The most striking feature of the population
analysis is that, while the effective 3d unpaired electron
numbers of the [Fe(CN)¢]**~ core-hole state conserve
the values of the ground state, the number decreases in
the core-hole state of [FeOg]'°” and [FeO,]°” by 0.6 and
1.1 respectively, from the ground state. This indicates
that one (two) electron(s) is (are) transferred from oxygen
to the Fe 3d | orbital for FeO (Fe,O;). These charge-
transfer effects are schematically shown in Fig. 11. They
are similar to the effects seen in the core-hole state of
copper oxides by XPS.2° This type of charge transfer is
possible for charge-transfer compounds (late transition-
metal compounds), as classified by Zaanen, Sawatky, and
Allen;> however the charge transfer is not possible for
compounds with a well delocalized (or strongly correlat-
ed) d-electron system, such as [Fe(CN)¢ >4 .

Reference 1 reports that the linewidths of low-spin
Fe**, high-spin Fe?*, and high-spin Fe** are respective-
ly 0.31, 1.37, and 1.42 eV broader than that of low-spin
Fe’*; the linewidth of Fe,0, is 0.04 eV broader than that
of FeO. In the present measurements, the linewidth of
Fe,0; is significantly (0.02 eV) broader than that of FeO
as shown in Table I. Since we use the self-consistent field

TABLE III. Calculated effective number of valence electrons
of the [Fe(CN)]*~ cluster.

Ground state 1st~! hole state 1s| ! hole state

3d1 3.28 3.70 3.70
3dl 3.28 3.70 3.70
4s1 0.01 0.04 0.05
4s| 0.01 0.05 0.04
41 0.19 0.25 0.26
4p| 0.19 0.26 0.25
Sum 6.96 8.00 8.00
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TABLE 1V. Calculated effective number of valence electrons
of the [Fe(CN)¢]>~ cluster.
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TABLE VI. Calculated effective number of valence electrons
of the [FeO4]°~ cluster.

Ground state 1s17! hole state 1s! ! hole state

Ground state 1s17! hole state 1s|~! hole state

3d1 3.64 3.95 3.95
3dl 2.70 3.27 3.27
4s1 0.06 0.04 0.10
4s) 0.04 0.09 0.08
4p1 0.24 0.25 0.26
4pl 0.19 0.22 0.21
Sum 6.87 7.82 7.87

3d1 5.00 5.00 5.00
3dl 0.62 1.67 1.67
4s1 0.07 0.10 0.11
4sl 0.02 0.07 0.07
4pt 0.04 0.10 0.10
4pl 0.01 0.08 0.08
Sum 5.76 7.02 7.03

(SCF) method to calculate the electronic structure of the
core-hole state, the present calculation is the adiabatic
limit of the valence-electron response due to the 1s ™!
core hole. Therefore the calculated energy levels of Figs.
7(b)-10(b) are the adiabatic limit, or, in other words, the
results at infinitely long time for the core photoionization
process. However, in the real case, the 1s~! core-hole
lifetime is 101> sec and the orbital relaxation time is one
or less orders of magnitude shorter than the lifetime.%’
Therefore the energy levels shown in Figs. 7(b)-10(b) are
not the only ones of the core-hole states, but they mix
with other nonrelaxed states in the sudden limit.’® The
real states are well described by the sudden approxima-
tion as follows:

|K [Fe(CN)s] 1s ') =|Fe 1s'3d¢) ,
|K3[Fe(CN)g] 1s ~!)=|Fe 1s'3d°) ,
|[FeO 1s ~!)=C,|Fe 1s'3d” O 2p*°)
+C,|Fe 1s'3d® O 2p3%) |
|Fe,0, 1s~')=C,|Fe 15'3d” O 2p**)
+C,|Fe 1s'3d® 0 2p*)

+C;|Fe 15'3d° 0 2p*) .

TABLE V. Calculated effective number of valence electrons
of the [FeO¢]'° cluster.

Ground state 1s1~! hole state 1s|~! hole state

3d1 5.00 5.00 5.00
3dl 1.20 1.78 1.78
451 0.00 0.07 0.07
4s| —0.03 0.04 0.03
4p1t —0.05 0.04 0.04
4pl —0.03 0.02 0.02
Sum 6.09 6.95 6.94

The major term is the first term; C, is largest. However,
the second and third terms are not negligibly small; they
have a larger linewidth because of multiplet splittings.
Therefore the linewidth of Fe,O; is a little bit broader
than that of FeO as is shown in Table 1.

IV. CONCLUSIONS

X-ray fluorescence Ka spectra of various iron com-
pounds were measured and it was found that the
linewidths of iron oxides were too narrow compared with
the widths expected from multiplet splittings due to the
exchange interaction. These anomalies in line shapes
were rationalized by electronic-structure calculations of
cluster molecules for the ground and 1s~' core-hole
states. The numbers of unpaired 3d electrons do not
change from the ground state to the core-hole state for
cyanoferrates; one or two electrons were transferred from
the oxygen 2p to the iron 3d orbital due to the core-hole
positive charge for iron oxides, which reduces the num-
bers of unpaired 3d electrons in the 1s ~! core-hole state

[ —

o —

D --— jv - w— - g
- —— - - {
t =T -—— up down up up down up down
e —- o
29 -e—e o
up down up down
(@) (b) (c) (d) (e) (U]

Weak crystal field

Strong crystal field
i (ground state)

Weak crystal field
(core hole state)

FIG. 11. Schematic energy-level diagrams and electron
configurations of (a) [Fe(CN)s]*~ (ground state and 1s~! core-
hole state), (b) [Fe(CN)¢]*~ (ground state and 1s~! core-hole
state), (c) [FeOg]'"~ (ground state), (d) [FeO4]°~ (ground state),
(e) [Fe(CN)s]' (1s ™! core-hole state), and (f) [FeOg]°~ (15!
core-hole state).
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compared with those of the ground states. This is the
reason why the iron oxide K a, line shapes were too nar-
row compared with those expected from Van Vleck’s
theorem.
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