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Photoelectron-spin-polarization measurements with photon energies up to 11 eV on Fe;O, and energy
distribution curves in the photon energy range 5 <'v< 90 eV on magnetite (Fe;O,) and wustite (FeO) are
interpreted in terms of the atomic theory of the single-ion-in-a-crystal-field model. The combination of the
two different experiments yields the shapes and positions of the filled oxygen 2p bands and the 3d" ' final
states of Fe ions with a reliability previously not attained. The 3d" ~'-multiplet structure of Fe;O, can be
explained with the following set of parameters: 10Dq = 1.75 eV and the Racah parameter B = 645 cm™! for
Fe®" left behind in B lattice sites; 10Dg = 1.55 eV for Fe*" in 4 sites. The difference in threshold for photo-
ionization of Fe’* and Fe’* in B sites is 1.0 eV. The oxygen 2p emission is found to be centered at 7.3 eV
below the Fermi level with a full width of 3 eV at half-maximum. The 3d-multiplet structure of Fe,O can be

explained with 10Dg = 1.7+ 0.1 eV and B = 800 cm™'.

INTRODUCTION

The electronic excitations from the 3d states of
transition-metal (TM) ions in solids have been
subject to constant investigations theoretically and
experimentally.'=® The most interesting features
in the electronic structure are observed in the
region about 10 eV below the Fermi level, where
the unfilled 34 states of the TM ion and the filled
2p oxygen bands are located. Some authors have
proposed one-electron energy levels to describe
the 34 photoelectronic excitations in magnetite.®*”
However, recently it was shown that a description
in terms of band states cannot account for the ob-
served optical excitations of certain TM oxides®*?,
they could only be explained and understood by
methods of atomic physics. In a previous work?®
this new aspect was not considered and the data
were interpreted by means of the simple band mod-
el.® According to the model of a single ion in a
crystal field (SICF), the photoelectronic excitations
depend on the energy of the 3d"~'-derived state of
the metal ion left behind. There were also at-
tempts to determine the energy separation of the
localized 3d levels as well as the spectral features
and level widths of the overlapping 3d states and
oxygen 2p bands in simple TM.* Yet magnetite is
more complicated because it has two lattice sites
and the Fe ion exists in two valencies. Energy
distribution curves alone can never disentangle the
different contributions. It is also different from
the simple ionic TM oxides in that it exhibits a
metal-insulator transition at 119°K.

Here we compare photoelectron-spin-polariza-
tion (ESP), and ultraviolet and far-ultraviolet
photoemission-spectroscopy (UPS and FUPS) re-
sults on magnetite with the aim of showing that the
SICF model correctly describes and explains the
electronic excitation spectra of the Fe ions and
that the latter indeed is representative for the ion-
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ized state but not for the initial band density of
states. The ESP results correctly locate the posi-
tion of the unpolarized oxygen 2p emission and
distinguish it from the 3d state emission. Further,
we compare these results with those obtained from
FeO, wustite, by FUPS with the purpose of sup-
porting the earlier report* and developing a deeper
insight into the SICF model. This latter goal has
been achieved by comparing the results with nu-
merical calculations on the SICF model.

Fe forms various oxides. Fe O (x =0.90-0.95)
is an NaCl-type crystal and it is an antiferromag-
net with a Néel temperature of 200°K. Fe,O,, on
the other hand, is a ferrimagnet with a Néel tem-
perature of 858°K, and crystallizes in the inverse
cubic spinel structure, where the magnetic mo-
ments of the Fe®* ions on A sites (tetrahedral) are
aligned antiparallel to the moments of the remain-
ing Fe®* and Fe?* ions occupying B sites (octahe-
dral).

EXPERIMENT

The photoelectron-spin-polarization measure-
ments were performed at photoenergies up to
11.2 eV. The spin polarization P(kv) of the photo-
electrons was measured by Mott scattering.
P(wv)=(ny —n,)/(ny +n,) where ny (n,) is the yield
of up-spin (down-spin) photoelectrons obtained
with light of energy #Zv. The ESP measures thus
the normalized difference between A- and B-site
3d emission in contrast to the energy distribution
curve (EDC), which is a measure of the sum of all
contributions.

The FUPS spectra were taken using synchrotron
radiation obtained from the Cambridge Electron
Accelerator in the range 5 <Zv <90 eV, where
electron energies were determined using a com-
mercially available double-pass cylindrical mirror
analyzer with a resolution of 0.20 eV. Since no

2740



charging effects were observed on either material,
the Fermi level was determined from an EDC on

a gold foil freshly evaporated iz situ on the cleaved
crystal face.

The UPS measurements were performed in the
energy range 7.85 <iv <9.7 eV. Energy distribu-
tion curves were measured with the retarding-
field method with an energy resolution of 0.10 eV
for all electrons emitted in half-space as well as
for electrons emitted preferably within a limited
solid angle. This latter delivered essentially the
same structure in the EDC but showed better reso-
lution, because smearing effects caused by the
imperfection of the cleavage plane appear to have
less influence.

All ESP, FUPS, and UPS measurements were
made in ultrahigh vacuum (p~10"'°/Torr), with
surfaces obtained by cleaving single crystals of
Fe, O and natural single crystals of Fe,O, in situ.
Most of the surfaces obtained after cleaving were
irregular. A microprobe analysis on the magnetite
crystals revealed on overall impurity concentra-
tion of less than 0.5 at.% for the important metallic
impurities. For more-detailed information on the
ESP, FUPS, and UPS measurements see Refs.

2, 9, and 10.

RESULTS

Figure 1 shows EDC’s measured at 2v =20 and
30 eV on Fe,O,, where the electron energies are
plotted with respect to the Fermi level. The emis-
sion of inelastically scattered secondary electrons
is subtracted from the EDC’s to obtain the
combined emission from overlapping p-band and
d-state emissions. From results of ESP we know
that the contribution of unpolarized oxygen elec-
trons to the spectra at E = 6 eV is about 25% of
the total number of electrons from d levels. This
observation combined with the method reported
earlier,* which makes use of the energy dependence
of 3d relative to 2p emission, was used to deter-
mine the spectrum from oxygen p bands (dashed
lines). We observe that the oxygen 2p bands are
about 3-eV full width at half-maximum, with the
threshold at 4.7 eV and the peak at £=7.3 eV. The
structure near E =11 eV has earlier been inter-
preted as a multielectron satellite* but it is not
relevant for the interpretation of the d-multiplet
structure. The heavy curve is obtained when the
inelastic secondaries and the oxygen emission are
subtracted from the EDC’s. Comparison of the
two spectra in Fig. 1 reveals that the overall fea-
tures of both d-state emissions at #v =20 and 30
eV are the same and their emission intensity in-
creases with photon energy as one goes from 20 to
30 eV with respect to oxygen 2p emission. Figure
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2 shows angle-selective EDC’s of Fe,O, for the
photon energy range 7.85 <2 <9.7 eV. These
curves show more structure than the EDC’s at
higher energies, and the peak position is indepen-
dent of v,

Preliminary SICF-model calculations of the mag-
netite ESP spectrum indicated, besides the posi-
tive polarization maximum observed at Ziv=T eV,
the existence of a submaximum centered at v
~ 8.5 eV. Since this submaximum was not well
resolved in previously reported results,> more data
were collected concentrating on the photon energy
region between 7 and 10 eV. The existence of the
predicted structure emerged clearly, as shown in
results illustrated in Fig. 3. Analysis of all the
available ESP spectra on Fe,O, shows also that the
spin polarization decreases below the saturation
value of 25% at photon energies greater than about
9.5 eV, indicating that the onset of emission of un-
polarized oxygen 2p electrons occurs at smaller
photon energies than previously assumed.!?
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FIG. 1. Energy distribution curves (EDC’s) with syn-
chrotron radiationatzy =20 and 30 eV. The Fermi energy
Ep=0, ® is the work function, and Eyj, is the kinetic
energy of the photoelectrons. Inelastic secondaries
dash-dot line and oxygen 2p emission (dashed line) are
subtracted to obtain the 3d spectrum (solid line).
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DISCUSSION

These spectra (Figs. 1-3) can be interpreted in
terms of atomiclike excitations where one observes
the multiplet structure of 34° final states of Fe**
ions and 3d* final states of Fe®* ions rather than
initial bandlike d density of states. Application of
methods of atomic physics to explain phenomena
in solid-state physics is described by Sugano et al.®
The method of fractional parentage yields the rela-
tive line intensities of the atomiclike localized
final-state d-electron configurations. The energy
position of the multiplets depends on the energy of
the initial state determining the center of gravity
of the whole set of multiplets. The splitting de-
pends on the crystal field 10Dg and Racah (B) pa-
rameters and on the relaxation effects during the
photoemission process. 10Dq and B were deter-
mined by fitting the theory® to ESP, UPS, and
FUPS data. The relative line intensities are com-
monly assumed to be proportional to (2s+1)C{,
where s is the spin and C(y, is the fractional-
parentage coefficient of the final state. One has
to take special care in incorporating the spin multi-
plicity 2s +1; in the past it was not clear when to
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FIG. 2. Energy distribution curves at various photon
energies (UPS). The intensity of photoemitted electrons
is in arbitrary units.

apply it and when not.**¢*!' The multiplication with
2s+1 is only allowed in cases of magnetic disorder
with spin degeneracy. However, in the case of a
magnetic order defining a z axis for the spins in
cases of antiferromagnetic, ferrimagnetic, and
ferromagnetic materials at temperatures below
the Néel or Curie temperatures the spin degen-
eracy is removed owing to alignment of magnetic
moments, and the spin multiplicity is not incor-
porated. In the case of Fe,O,, which has a Néel
temperature of 858°K, this factor should not be
taken into account, contrary to the case of FeO,
which has its ordering temperature at 200°K.
Following this argument one should omit the spin-
multiplicity factor for room-temperature measure-
ments of NiO, which has a Néel temperature of
647°K. This reasoning was omitted in an earlier
report.> The Fe** and Fe®* ions left behind in A
and B sites after photoemission of an electron gen-
erate three multiplet groups: The Fe** in B sites
produce the °E, and °T, lines which in the case of
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FIG. 3. Electron spin polarization (ESP) as a function
of hv and prediction of SICF model for Fe;O,. Multiplets
are as indicated in Fig. 4, but with a linewidth Am
=0.55 eV. Photothreshold £=3.90+0.3 eV. The photon
energy at which the ESP decreases below the saturation
value of 25% is different in each individual sample. The
threshold for oxygen 2p emission is estimated to be at
hv=9.5+0.6 eV.
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Fe'* in A sites appear inverted in order. The rea-
son for this is that the signs of the ligand field
splitting in A and B sites are opposite.'* The rela-
tive intensity between the *7T and °E lines is theo-
retically 3. The Fe®* ions in B sites generate two
subgroups of lines whose relative energy separa-
tion depends on the exchange energy between up-
and down-spin electrons. Furthermore a measure-
ment of this energy separation allows one to de-
termine the Racah parameter with the aid of the
multiplet diagrams of Sugano et al.® The first sub-
group is formed by a single line, the °A,,, which
corresponds to photoemission of the down-spin
minority electron of the 3d°® shell. eAu appears at
E=~0.5 eV in both Figs. 1 and 2, and in ESP as
negative polarization near photothreshold. The
second subgroup of lines is generated when a ma-
jority (up-spin) electron is photoemitted.

The calculation of the spectra was done using
the following simple model: (a) The current i, of
photoelectrons obtained when the Fe ion is left in
the final state y is i,=1,{1 - exp[-(hv - E,)/K]} for

hv>E,, and {,=0 for hv <E,, where E, is the photo-

threshold and I, is the intensity of the transitions.
The effect of the surface barrier in the electron
escape probability is accounted for by the constant
K, which is of the order of 1-2 eV." (b) The
saturation photoelectron intensity from a 34" shell
in a lattice site (s) is I¥(3d")=37,7,, where the
sum is over all allowed final states which corre-
spond to the occupancy (n). This quantity has been
taken to be proportional to the number (n) of elec-
trons in that shell, i.e., the rate I%(3d°®)/I%(3d°)
=% for emission from Fe?* and Fe** ions in B
sites and I'%(3d°)/I*(3d°) =1 for emission from
Fe®' ions in A and B sites. (c) For Fe,0, the ideal
ratio of 10Dg at B and A sites is Ap/A, ~1.1.72
Therefore only one crystal field parameter is re-
quired to fit the data. (d) To account for the multi-
plet broadening due to lifetime effects and smear-
ing of the photothreshold due to irregular sample
surfaces, simple Gaussian line shapes'® of line-
width Am have been chosen. EDC'’s are calculated
by superimposing the 3d"~! multiplets. Figure 4
shows the results of the calculation, which com-
pares favorably with both the FUPS and UPS re-
sults in that most of the structure is reproduced.
The peak at 4.7 eV for the EDC taken at v =20
eV is relatively larger than the one shown in the
calculated curve; this indicates that the shape of
the oxygen 2p contribution should be steeper at its
photothreshold than the one given in Fig. 1. The
difference between the experimental and theoreti-
cal EDC’s can be due to the following: (i) Because
of reduced escape depth the FUPS EDC’s might
be smeared to a larger extent owing to perturba-
tions at the surface. (ii) The fact that the EDC’s

at 7.85 < hv <9.7 eV are measured only for elec-
trons emitted within a restricted solid angle is not
considered in the model calculation. (iii) The bad
cleaving properties of magnetite may result in
some smearing of the curves. It is expected that
this smearing diminishes with increasing electron
kinetic energy, which is observed in the EDC’s of
Figs. 1 and 2 for the shoulder at E~ 0.5 eV.

The ESP spectrum is calculated with ny =37, i,(4),
where the sum is over all the multiplets which con-
tribute with up-spin electrons; », is calculated
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FIG. 4. 3d emission as observed with synchrotron
radiation (FUPS), with ultraviolet light (UPS), and as
calculated with the single-ion-in-a-crystal-field (SICF)
model with the parameters given in the text; the line-
width was assumed to be 1.25 eV for FUPS and 1.0 eV
for UPS, but only the last case is shown.
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correspondingly.

The best fitting to ESP and EDC data is obtained
for the following set of multiplet lines (energies in
eV with respect to °4,,): for Fe®** in B sites (all
spin up except "Au, which yields spin-down elec-
trons): °A,,[0], *T,, [1.15],% T,, [1.66],°A4,,
[2.66],*T,, [2.91],°E, [3.23],*T,, [3.3]; those from
Fe'* in B sites (all spin up): °E, [1.01],°T,, [2.75],
and from Fe** in A sites (all spin down): °T,
[2.45], °E [4.0].

The parameters are as follows: For Fe in B
lattice sites, 10Dg=1.75 eV (Fe®** and Fe** ions),
B=645 cm™ (Fe* ion), Dq/B=2.19 (high spin).
The photoemission threshold for Fe®** is 1 eV be-
low °4,,. In A sites we have 10Dg =1.55 eV and
photoemission threshold for Fe3* 2.45 eV below
6Alg . The parameters given above are practically
independent of the linewidth and of the escape con-
stant K. The EDC shown in Fig. 4 has been cal-
culated with the above given set of multiplet lines
and assuming a linewidth of 1.25 eV for FUPS and
1 eV for UPS.

Figure 3 illustrates the spin polarization calcu-
lated with the same multiplet structure but with a
linewidth of 0.55 eV, escape constant K =1.5 eV."
The agreement between experiment and theory is
even better for the ESP.

There is a deviation from the calculated curve
in that the peak at kv ~ 7 eV is found experimentally
to have a polarization ~55% whereas the model pre-
dicts 42%. The reason for this is that the real
multiplet intensities might be slightly different
from the values calculated with the coefficients of
fractional parentage. For instance, with a 25%
reduction of the °A,, line the SICF calculation fits
the experimental data almost perfectly. This in-
tensity reduction could be justified by the EDC’s
in Fig. 2, which show that this line is quite sensi-
tive to changing photon energies. But for the sake
of clarity only the calculations performed with the
ideal intensities are reported. The linewidth de-
termined from the ESP fitting is substantially
smaller than the values obtained fromthe EDC’s.
This can be explained by considering that the ESP
is the normalized difference between up- and down-
spin electron emission, and is therefore less sen-
sitive than energy analysis to broadening of the
lines caused by surface perturbations and appara-
tus resolution. Thus ESP seems to give a more
reliable measure of the inherent linewidth.

In this context we would like to draw a parallel
to the FUPS results on Fe O. Figure 5 shows
EDC’s taken at 2v =20, 30, and 87 eV; all ener-
gies are plotted with respect to the Fermi level.
In the lowest curve we have subtracted from the
EDC the inelastically scattered secondaries and
the contribution from the oxygen 2p bands to get

the d-state emission (solid line). The high-energy
end of the oxygen bands was taken as similar to
that from Fe;O,. Oxygen bands and secondaries
are not shown at spectra for zv =30 and 87 eV for
clarity. We observe, as in the case of Fe,O,, that
the total relative emission intensity from d states
increases at higher photon energies, whereas the
shape of the spectrum remains unchanged within
experimental accuracy.

The best fitting of the EDC data on Fe O is ob-
tained for the following set of multiplet lines (en-
ergies in eV with respect to ®4,,): ®4,, [0], *T,,
[1.8], “ng [2.44], “A,, [3.31], *T,, [3.62], ‘E,
[4.03], *T,, [4.1]. The Racah parameter is B
=800 cm~! and 10Dg=1.7+ 0.1 eV. The spectrum
is calculated with a linewidth Am =1.5 eV and is
illustrated in Fig. 6. The vertical lines represent
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FIG. 5. EDC’s at hy=20, 30, and 87 eV on wustite
(Fe, O, 0.90<x<0.95).
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FIG. 6. Comparison between FUPS and the SICF
model for Fe,O. 10Dg=1.7+0.1 eV, Racah parameter
B =800 cm™!, and linewidth of 1.5+0.1 eV give the best
fit.

the theoretical transition intensities. In the cal-
culation we have multiplied the line intensities by
2s+1 since the experiments were performed well
above the magnetic ordering temperature of FeO.
This interpretation is in agreement with previous-
ly published work®** except for the position and the
shape of the oxygen 2p bands. This latter dis-
crepancy causes a distortion of the d-state emis-
sion in the former report.

It is interesting to compare the magnitude of the

Racah parameters for Fe** in Fe,O, and Fe, O with
the free-atom value of B=917 cm™.% The reduced
value of the B parameter in the oxides is due to
the nepheleuxetic effect,’® amounts to 30 and 13%
in Fe,O, and Fe O, respectively, and is possibly
explained by a larger 2p-3d hybridization in mag-
netite.

In conclusion, the SICF model correctly predicts
the photoelectron excitation spectrum of magnetite
observed in two complementary experiments, one
of which is a measure of the sum of all the contri-
butions (EDC’s) and the other a measure of the
normalized difference of up- and down-spin emis-
sion (ESP). The difficult question about the onset
of the 2p oxygen emission is answered with higher
reliability, With the aid of the results from mag-
netite we can also obtain more-refined insight
into the electronic excitations of wustite. The nu-
merical calculations based on the SICF model cor-
rectly predict the gross features of the observed
spectra, which show that the state of the hole left
behind plays a vital role for the interpretation of
photoemission experiments on these oxides. There
are also deviations of the spectra from the SICF
prediction, which wait for a more-refined theo-
retical analysis.
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