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The electronic structure of ScF3 has been investigated by resonant photoemission at the Sc 2p and F
1s absorption edges. At off-resonant photoemission, a charge-transfer-type satellite is found with an energy
separation of about 13 eV below main peaks in valence-band and various core-energy regions. Another
satellite is found with an energy separation of about 9–10 eV and its intensity is strongly enhanced at the
excitation energy of Sc 2p and F 1s thresholds. It is found to be the charge-transfer satellite that is
caused by the strong hybridization effect between Sc 3d and F 2p states in the valence band.

I. INTRODUCTION

Scandium, titanium, and vanadium metals are located at
the beginning of the series of the 3d transition metals and are
called early transition metal. In a simple ionic model, their
compounds have no 3d electrons nominally in the ground
state and the valence band~VB! are filled up with the ligand
electrons. Recently, it has been suggested that the hybridiza-
tion effect between the 3d and ligand orbitals is very impor-
tant in the early transition-metal compounds.1–6 In the previ-
ous paper,7 we reported on an investigation of the electronic
structure of ScF3 by the resonant photoemission at the Sc 3p
absorption edge. The VB satellites were observed in the early
transition-metal compounds, such as ScF3, TiO2, and V2O5.
The energy separation between the satellite and the main VB
peak is about 13 eV for Sc compounds. It decreases from Sc
to V compounds according to the increase of the atomic
number. The intensity of the satellite becomes weak and
broad with the increase of the atomic number. Because of the
resonant enhancement of the satellite near the Sc 3p absorp-
tion edge, the 3d character is evident for the satellite struc-
ture. That is, it is assigned to be a kind of a charge-transfer
~CT! satellite. By the many-body configuration-interaction
~CI! representation,8–13 the CT satellite is mainly ascribed to
the 3d1LI 2 state in the final state, while the main line is
mainly ascribable to the 3d0LI state. Here, theLI represents
the hole state in the VB andLI 2 represents the two-hole state
in the VB.

There is a problem that the energy separation of the sat-
ellite is too large compared to the magnitude of the charge-
transfer energyD, because it is about 7–8 eV. Recently
Okada and Kotani2 calculated the CT satellite in the Ti 2p
core-energy region of Ti compounds. The large energy sepa-
ration of the satellite structure is well reproduced by the cal-
culation, where the large energy separation is due to the large
hybridization effectV rather than the CT energy. It is roughly
determined to be AD214Veff

2 '2Veff ; where Veff is
A6V(t2g)214V(eg)

2 andV(t2g) andV(eg) are the hybrid-
ization energies fort2g andeg states.

The study of scandium compounds has been very
limited.14–17de Boer, Haas, and Sawatzky14 found the strong
satellite structure in the Sc 2p photoemission of various Sc
compounds. The energy separation from the main peak is
found to be about 13 eV. The satellite structure has a promi-
nent chemical tendency. That is, the energy separation and
the intensity decrease from ScF3 to ScI3 compounds. Thus,
the large energy separation was elucidated by the excitonic
~polaron! effect that causes the transition from occupiedp to
emptys states within the ligand ion, due to the created Sc 2p
core hole. By this assignment, the satellite component is not
of Sc 3d character, but of ligand-p character.

In this study, the measurements of Sc 2p and F 1s reso-
nant photoemission of ScF3, as well as Sc 3p resonant
photoemission, are carried out in order to make clear the
origin of the satellite. Since the scandium metal is located at
the beginning of the series of the 3d transition metals, their
compounds are the most ionic of the transition-metal com-
pounds. We believe that the role of hybridization effect be-
tween the 3d and ligand orbitals becomes clear, because the
effect of 3d-electron interaction is the weakest of the
transition-metal compounds, because of few 3d-electron
numbers and a weak electron correlation energy. In the other
transition metal compounds, the 3d-electron interaction is so
strong that the spectra are very complicated in general and
are often smeared out.18–20Furthermore, it is known that the
resonant photoemission is a powerful method to observe the
3d components in the spectra.

II. EXPERIMENT

The thin film of ScF3 was evaporated on the gold sub-
strate from the tungsten basket. In order to prevent the charg-
ing up effect of the samples, the thickness of the sample is
about 50–100 Å for Sc 2p and Sc 3p resonant photoemis-
sion. The sample thickness was controlled by a quartz-crystal
monitor. It seems that the charging up effect is large for Sc2p
region, but small for Sc 3p region. Measurements were car-
ried out at room temperature.

Photoemission experiments in the Sc 2p and F 1s reso-
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nant photoemission were performed at the beam line BL-2B
of Photon Factory at KEK. The base pressure of the sample
chamber is below 5310210 torr. The Vodar-type monochro-
mator was used. The resolution of the monochromator was
below 0.5 eV, with a slit width of 50mm for Sc 2p and F 1s
absorption spectra. A double-stage-type cylindrical mirror
analyzer~DCMA! was used for analyzing the kinetic ener-
gies of photoelectron. The overall resolution of the photo-
electron spectroscopy was about 1 eV for the Sc 2p and F 1s
resonant photoemission spectra. The binding energy of the
spectra was calibrated by the photoemission spectra of the
evaporated gold, which was used as a substrate.

Experiments in the Sc 3p region were carried out at the
BL-2 of SOR-RING, a 0.5-GeV electron storage ring of the
Institute for Solid State Physics, University of Tokyo. The
base pressure of the sample chamber was below 5310211

torr. A DCMA was used. The overall resolution is about 0.25
eV at the excitation photon energy (hn) of 40 eV.

III. RESULTS AND DISCUSSIONS

A. Satellite structures

Figure 1~a! shows total yield~TY! spectrum of ScF3, cor-
responding to the absorption spectrum from Sc 2p core to Sc
3d conduction bands. The vertical bars, which are numbered

from 1 to 19, indicate the selected photon energies for the
resonant-photoemission measurements. The spectrum con-
sists of four sharp structures with several pre-edge structures.
The linewidth of the main peak is about 0.5 eV. The splitting
energy between 4 and 12~or between 7 and 16! corresponds
to a spin-orbit splitting energy of Sc 2p core hole. The crys-
tal structure of ScF3 is WO3 type, so that a Sc ion is sur-
rounded octahedrally by six F2 ions. Thus, the bands 4 and 7
~or 12 and 16! are thet2g andeg bands, which are split by
the crystal field. It is curious that the intensity of thet2g band
is less than that of theeg band by about12–

1
3, though the

number of the empty states is larger by3
2. This fact suggests

the large 2p-3d interactions in ScF3 suppress the absorption
intensity to thet2g state. The Sc 2p absorption of Sc2O3 was
carried out by Elangoet al.21 and its line shape is similar to
that of ScF3, though its pre-edge structure is much weaker
than that of ScF3.

Figure 1~b! shows TY spectrum, which corresponds to the
absorption spectrum from F 1s core to F 2p components in
the conduction bands, which is hybridized with Sc 3d com-
ponents. The vertical bars, which are numbered from 1 to 19,
indicate the selected photon energies for the resonant-
photoemission measurements. The peaks of 10 and 14 corre-
spond to the crystal-field splitting oft2g andeg bands. In the
case of F 1s absorption, the intensity ratio of thet2g andeg
bands is consistent with the empty number of two bands. The
broad structure 18 is the higher conduction bands above Sc
3d bands, such as Sc 4s,4p or F 3s,3p bands.

Figure 2 shows the photoemission spectra measured at
hn5398.3 and 684.6 eV, which correspond to the vertical
bars named No. 1 in Figs. 1~a! and 1~b!. These spectra are
measured at the photon energies below the Sc 2p and F 1s
thresholds, so that Auger spectra are not found in both spec-
tra. In both spectra, valence bands are found around the bind-
ing energy (EB) of about 12 eV. There are two structures in
the VB, which are clearly found in the Sc 2p- and Sc
3p-resonance spectra in Figs. 3 and 4, as discussed later.
Because there are no absorption and reflectance spectra of
ScF3, the band gap of this material has not been known.
Since the top of VB is located aroundEB57–8 eV, the large
band gap is found to be more than 7–8 eV. Several sharp

FIG. 1. Total yield~TY! spectra of ScF3 corresponding to the Sc
2p and F 1s absorption spectra. The numbers indicate the photon
energies, where the resonant-photoemission spectra were measured.

FIG. 2. Photoemission spectra of ScF3 measured at the energies
just below the Sc 2p and F 1s thresholds, numbered by 1 in Figs.
1~a! and 1~b!. The dashed lines denote thes1-satellite structures.
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peaks are found at the binding energy of about 32, 36, and 58
eV in Fig. 2. These peaks correspond to F 2s-, Sc 3p-, and
Sc 3s-core lines. Furthermore, one can find the strongs1
satellite structures below VB, Sc 3p, and Sc 3s main lines,
which are indicated by the dashed lines. All splitting energies
from the main lines are almost 13 eV. A very broad satellite
~CI! is found beside thes1 satellite of Sc 3s core. This is a
so-called configuration-interaction satellite, due to the
3s23p43d configurations.22

Figure 5 shows the relation between the main lines and
the s1 satellite structures, where each main line is set to be
located at 0 relative binding energy, with the same peak in-
tensity. The Sc 2p photoemission was measured athn
5715.5 eV and the others were measured athn5398.3 eV.
The satellite structure of Sc 2p was already reported by de
Boer, Haas, and Sawatzky.14 The spectrum in Fig. 5 is similar
to their spectrum. It is found that the intensity ratios of the
satellite structure are very large. Figure 5 shows the energy
separations between the main peak and thes1 satellite struc-
tures are almost 12–13 eV, so that it is suggested that their
origins are the same. In general, inelastic-energy-loss spectra
have been found below the main peaks.23 But they mainly
consist of the satellite structures, though such inelastic-
energy-loss spectra may be overlapped, because their inten-
sity ratios and their line shapes are very different and their
energy separations are not exactly the same. The line shape
of the VB and 3p satellite structures is broad and asymmetric
toward the lower binding-energy side. The asymmetry in 3p
satellite is extremely large. In the next section, the existence
of another satellite structures2 will be found to be over-
lapped at the low energy side ofs1, by the resonant-
photoemission spectra.

B. Sc 2p-resonant photoemission

Figure 6~a! shows the Sc 2p resonant-photoemission
spectra of ScF3 in the 3s and 3p energy region forL3(2p3/2)

absorption edge. The vertical bars around 70–80 eV show
the strongL23M23M23 Auger. However, Auger components
in the other energy region, which involve 3d VB electrons,
are very weak. Compared with the photoemission spectra of
the other transition-metal compounds, the photoemission of
ScF3 has a characteristic feature of weak Auger bands. This
fact is related with few 3d-electron numbers in ScF3, since
the Auger intensity is proportional to the square of 3d-
electron number.

It is clear that the Sc 3s and Sc 3p main structures are
strongly enhanced by the Sc 2p resonant photoemission, as
shown in Fig. 6. On the other hand, enhancement of thes1
satellite of Sc 3p line is weak. Though thes1 satellite of Sc
3s line is overlapped with the strongL23M23M23 Auger, its
strength seems to be weak when we estimate the photoemis-
sion spectra subtracted by theL23M23M23 Auger band,
which was already measured.17 It is evident that another sat-
ellite, s2, is found in the lower-energy side of thes1 satellite
structure for both Sc 3s and Sc 3p lines. Thes2 satellite
intensity increases drastically by the resonant enhancement.
The splitting energies ofs2 satellite from the Sc 3p and Sc
3s main lines are about 9–10 eV. The resonant photoemis-
sion is also performed for theL2(2p1/2) absorption edge, as
shown in Fig. 6~b!. The results are consistent with those in

FIG. 3. The Sc 2p resonant-photoemission spectra of the VB,
which were measured by various photon energies numbered in Fig.
1~a!. Arrows indicate the energy shift of the satellite structure by the
resonant photoemission.

FIG. 4. ~a! The total yield~TY! spectrum of ScF3 and~b! the Sc
3p resonant-photoemission spectra measured by various photon en-
ergies. The arrow indicates the energy shift of the satellite structure
by the resonant photoemission. The numbers indicate the photon
energies, where the resonant-photoemission spectra were measured.
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Fig. 6~a!. The Sc 2p resonant photoemission21 was carried
out for Sc2O3 and the spectra seem to be consistent with
those in Figs. 6 though the satellite structure seems to be
weak compared with that of ScF3.

Figure 3 shows the Sc 2p resonant photoemission in the
VB energy region. From this experiment, it is clear that there
are two structures in VB and the enhancement is large for the
structure at higher binding energies. The satellite is also en-
hanced at theL3(2p3/2) absorption edge~Nos. 1–9! and
L2(2p1/2) absorption edge~Nos. 10–19!. The way of the
enhancements for twoL3 and L2 absorption edges is very
similar. At off-resonant excitation, the satellite is located at
around 25 eV, but at on resonant excitation, the satellite
shifts to lower energies around 24 eV. Arrows indicate the
energy shift of the satellite structure by the resonant photo-
emission.

In this experiment, two different type satellite structures
are found in the Sc 3s and Sc 3p region. One is located
around 13 eV below the main peak and is found clearly at
off-resonant excitation. This is not enhanced much by the Sc
2p resonant photoemission. The other is found around 9–10
eV below the main peak. This is quite weak at off-resonant
excitation, but strongly enhanced by the Sc 2p resonant pho-
toemission. In the case of VB region,s2 satellite is not ob-
served separately froms1 satellite. But it shifts to lower
energies by about 1 eV at on resonant photoemission. This
fact suggests that thes2 satellite is located at the low-energy
side of thes1 satellite even for VB, as in the case of the
resonant photoemission of Sc 3s and Sc 3p satellite bands.
However, the enhancement of VB satellite is not so large
compared with those of the Sc 3s- and Sc 3p-s2 satellites.

Here, the problem is the origin of two satellite structures.
Obviously, resonant photoemission suggests that both origins
are different. The resonant-photoemission process has been
known to be the interference effect, which involves 3d
electrons.24 Scandium fluoride has no 3d electrons nomi-
nally. Therefore, 3d component is mixed in the material, due
to the hybridization effect and resonance is caused only for
this 3d component. By the CI representation, the hybridiza-
tion effect of the initial stateu i & is represented as follows:

u i &5au3d0&1bu3d1LI &.

In the same way, the final state, due to the photoemission
process, is expressed by the linear combinations of 3d0LI and
3d1LI 2 states for the VB and the satellite structures. In a
simple mind, the 3d0LI state is the VB’s final state and 3d1LI 2

FIG. 5. Photoemission spectra of ScF3 for various core lines and
VB. The dashed line shows thes1-satellite structure and the solid
line indicates the various main lines.

FIG. 6. ~a! The resonant-photoemission spectra of the Sc 3p and
Sc 3s lines, which were measured by various photon energies num-
bered in Fig. 1~a! in the Sc 2p3/2(L3) energy region.~b! The reso-
nant photoemission in the Sc 2p1/2(L2) energy region. The paren-
thesis beside the photon-energy number is the factor of the intensity.
The dashed lines are thes1- ands2-satellite structures. The vertical
bars are the expected Auger lines.
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state is the satellite’s final state, because two states are mixed
weakly. Although the hybridization energyVeff is large, theD
is extremely large in ScF3. Thus, the large hybridization ef-
fect is mainly reflected in the large splitting energy~'2Veff!
between two states, rather than the mixing of two states.

The process of direct photoemission in VB is from the
initial state to the final state. On the other hand, the resonant
process, which has the interference with the direct photo-
emission of the main VB, is represented as follows:

3d0→2p3d1→3d0LI , ~1!

3d1LI→2p3d2LI→3d0LI . ~2!

The satellite enhancement is caused as follows:

3d0→2p3d1→3d1LI 2, ~3!

3d1LI→2p3d2LI→3d1LI 2. ~4!

Among these processes, Eq.~2! involves the intra-atomic
Auger decay process, so that the strong enhancement is ob-
served. The others involve the interatomic process, so that
the enhancements are weak. Since Eq.~2! gives the resonant
photoemission of the higher binding-energy band of VB,7

this model is consistent with the experimental results.
For the main and satellite 3s- and 3p-core photoemission

lines, the resonant process is represented as follows:

3d0→2p3d1→cI3d0, ~5!

3d1LI→2p3d2LI→cI3d1LI . ~6!

Here,c denotes the 3s- or 3p-core holes. In the case of Sc
3p and Sc 3s photoemission, both the main and satellite
structures should be enhanced by the resonance effect, be-
cause they are intra-atomic processes. Thus, it is found that
this simple model well explains the strong enhancement of
the main and satellite bands.

It is interesting that the way of the resonant enhancement
is very different betweens1 ands2 satellites. This fact sug-
gests that the origin of the CT mechanism is different. Very
recently, Kotani and co-workers25,26 calculated the VB and
core photoemission of nominally 3d0 electron system of
early transition-metal compounds. One of the characteristic
features in the early transition-metal compounds is that the
hybridization strengthV between the transition-metal 3d and
ligand states is very large, in addition to thed-d Coulomb
interactionsU and CT energyD. It has been believed that
early transition-metal compounds are the simple Mott-
Hubbard materials in the well-known Zaanen, Sawatzky, and
Allen scheme.27 However, recent theoretical analyses show
that these materials may belong to another category, because
the band gap is not determined only byU or D, but mainly
by its large hybridization energyV.

When the 3d0 system has a strong hybridization effect,
3d0LI and 3d1LI 2 states split into bonding and antibonding
states. These states are combinedin phaseby 3d0LI and
3d1LI 2, as discussed already. Since 3d1LI 2 has a multiplet
structure, because of the existence of 3d electron, the or-
thogonal state to the bonding and antibonding states becomes

another nonbonding state. These states arenot in-phase
states, which is located between the bonding and antibonding
states.28,29 Thus, photoemission lines split into three types.
By this schematic energy diagram, as shown in Fig. 7, the
energy position ofs1 corresponds to the antibonding state
and thes2 satellite corresponds to the nonbonding states.

Since the initial state is anin-phasestate, the dipole tran-
sition is allowed for the main band ands1 satellite, but is not
allowed for thes2 satellite. Thus, only thes2 state is very
weak in off-resonant photoemission. However, since the on-
resonant photoemission is the two-photon process, which
does not belong to the dipole transition, the transition to the
nonbonding states becomes allowed. Thus, the nonbonding
states2 appears in the resonant photoemission. Though these
nonbonding-type satellites should exist even in the every
transition-metal compound, they still have not been found. It
may be because the hybridization effect of the other
transition-metal compound is weak compared with the early
transition-metal compounds and their complicated structures
due to 3d electrons smear out their resonance effect.

Very recently Jo and Tanaka28,29 calculated the Ti 2p
resonant photoemission of Ti 3p and VB region. They sug-
gested that there are two type satellites, in fact. One corre-
sponds to thes1-type satellite. Another corresponds to the
s2-type satellite, which is weak in off-resonant photoemis-
sion, but becomes strongly enhanced at the on-resonance ex-
citation. Furthermore, they found that the energy position of
the resonant-s2-satellite structure shifts to the higher binding
energy by about several eV. This energy shift corresponds to
the distribution of thet2g andeg components in the nonbond-
ing multiplet structures, which resonate att2g andeg absorp-
tion bands, respectively. In fact, such a slight energy shift
seems to be found in thes2 satellite of Sc 3p in this experi-
ment.

C. F 1s resonant photoemission

Figure 8 shows the F 1s resonant spectra of ScF3 in the Sc
3p and Sc 3s binding-energy region, which were measured
at the photon energies numbered from 1 to 12 in Fig. 1~b!. In
the case of F 1s resonance, very strongKVV(KL2,3L2,3)
Auger is observed aroundEB530–35 eV, because VB
mainly consists of F 2p components. The weakKL1V and
KL1L1 Auger lines, which are indicated by vertical bars, are
found around 55–60 eV and 75–80 eV. The enhancement at
the Sc 3p and Sc 3s main lines are weak by the F 1s reso-
nance excitation. However, it is striking that the resonance
effect of the satellite structure is found even at around the F

FIG. 7. Schematic diagram of the VB photoemission states of
ScF3 for s1- ands2-satellite structures.
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1s threshold excitation energy. Furthermore, in contrast to Sc
2p resonant photoemission, thes1 satellite as well ass2
satellite are resonantly enhanced. To our knowledge, reso-
nant enhancement for the ligand core of the transition-metal
compound has not been performed. Though the detailed rea-
son for the enhancement mechanism is not known, the exist-
ence of both satellites is undoubtedly confirmed by this en-
hancement. Since the intensity ratios of both satellites to the
main peaks increase, they are confirmed again not to be the
inelastic energy-loss spectra of the main line.

In a similar way, the F1s resonant enhancement in the VB
region is found, as shown in Fig. 9. At off-resonant excita-
tion, the satellite is located at around 25 eV and at on-
resonance the satellite is located at around 23 eV. This en-
ergy shift is similar to the energy shift of the satellite by the
Sc 2p resonant enhancement. So this energy shift may sug-
gest the existence ofs2 in the VB, as well as Sc 2p resonant
photoemission. However, the enhancement in the VB region
is weak.

It is curious that the resonant photoemission is caused
even at F 1s edge. When F 1s core absorption is caused by
the synchrotron radiation, the F 1s electron excited to the F
2p state, because of its dipole selection rule. The other com-
ponent, such as F 3p, is located at much higher conduction
band. That is, it is the transition to the ligand hole of the
3d1LI state, when we use the CI representation. Obviously, in
the case of 3d0 initial state, such a transition is not able to
take place, because there is not a ligand hole. Thus, the reso-
nant processes of Sc 3p and Sc 3s main and satellite lines
are represented as follows:

3d1LI→1s3d1→cI3d0, ~7!

3d1LI→1s3d1→cI3d1LI . ~8!

Both processes involve the interatomic Auger decay pro-
cesses, so the interference does not become so strong. This is
consistent with the experimental results that the resonance
effect is not so strong. We believe that the difference of the
resonance behavior between F 1s and Sc 2p excitation sig-
nifies the difference of the selection rule between them.
However, the detailed theoretical studies will be needed.

D. Sc 3p resonant photoemission

In the case of 3p excitation, similar resonant enhance-
ments for the satellite and main structure of VB are also
found, as shown by Fig. 4~b!. Figure 4~a! shows the TY
spectrum, where the numbers show the photon energies,
where the resonant-photoemission spectra were measured. It
is clear that there are two structures in VB and the structure
in higher binding-energy is enhanced. Though the secondary
electrons rapidly increase, because of the low excitation en-
ergy, the enhancement of the satellite structure is clearly
found. Thus, the Sc 3p resonant photoemission spectra are
consistent with those of Sc 2p resonant photoemission.

Since the spin-orbit interaction of Sc 3p core hole is small
compared with Sc 2p core-hole and 3p-3d interactions are
large, a broad structure with a pre-edge structure is found in
the TY spectrum and it has a different line shape from that of
Sc 2p. The spectrum is very similar to Ti 3p absorption
spectrum of TiF3.

30 However, it is different from those of Ca
and K compounds,31 irrespective of their nominally 3d0 con-
figuration. The line shape of Ca and K compounds are very
sharp, where several structures due to the spin-orbit interac-
tions and the crystal-field splitting are found. This fact shows
that the ScF3 is a kind of transition metal compound, rather
than the alkali-metal or alkali-earth-metal compound. It is
clear that the pre-edge structure in 3p TY spectrum is a kind
of multiplet structure formed by the strong 3p-3d interac-
tions, which involve the 3d1LI states. The width of the main
peak in ScF3 strongly depends on the short lifetime of the
super-Koster-Kronig decay process, which involves the
3d1LI components. Thus, the line shape of 3p TY spectra
also shows the existence of the 3d1LI state in ScF3.

FIG. 8. The F 1s resonant-photoemission spectra of ScF3 in the
Sc 3s and Sc 3p energy region, which were measured by various
photon energies numbered in Fig. 1~b!. The dashed lines show the
s1- ands2-satellite structures. Vertical bars show the Auger lines.

FIG. 9. The F 1s resonant-photoemission spectrum in the VB
energy region. Vertical bars show the Auger lines.
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IV. CONCLUSION

Resonant photoemission of ScF3 was carried out for Sc
2p and F 1s excitation energy regions. Two kinds of charge-
transfer satellites are found with the large energy separations.
One is ordinary a charge-transfer-type satellite corresponding
to the antibonding state between the 3d0 and 3d1LI states.
Another is found to be the nonbonding state. It is found that
the latter satellite has a strong resonance at the Sc 2p thresh-
old, while both satellites cause the resonance enhancements

at the F 1s absorption edge. The detailed mechanism of F 1s
resonance effect has not been known still now.
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