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Intervalence charge transfer (IVCT) refers to the transfer of electrons between two metal (M) sites with
different oxidation states, through a bridging ligand: M"*! + M — M" + M™*! 1t is considered that the IVCT
is related to the hopping probability of electrons (or electron mobility) in solids. Controlling the conductivity
of ferromagnetic semiconductors (FMSs) is critical for device applications, and thus, the manipulation of
conductivity through IVCT may be an approach of band engineering in FMSs. In Ru-doped CoFe,0, (CFO),
which shows ferrimagnetism and semiconducting transport properties, the reduction in electric resistivity is
attributed to both carrier doping caused by the Ru substitution of Co and increase in carrier mobility due to
hybridization between the wide Ru 4d and Fe 3d orbitals. The latter indicates the so-called IVCT mechanism,
i.e., charge transfer between the mixed valence Fe?* /Fe’* states, facilitated by the bridging Ru 4d orbital,
expressed as Fe>t 4+ Ru*" < Fe’* + Ru’*. To elucidate the emergence of the IVCT state, we conducted x-ray
absorption spectroscopy (XAS) and resonant photoemission spectroscopy (RPES) measurements on undoped
CFO and Ru-doped CoysRug sFe,O4 (CRFO) thin films. The XAS and RPES spectra indicated the presence of
mixed valence Fe?" /Fe®" states and hybridization between the Fe 3d and Ru 4d states. These results provide
experimental evidence for the IVCT state in CRFO, demonstrating a mechanism that controls electron mobility

through hybridization between the 3d transition metal cations with intervening 4d states.

DOLI: 10.1103/PhysRevB.105.205103

I. INTRODUCTION

Intervalence charge transfer (IVCT) occurring in mixed
valence coordination complexes is an electron transfer pro-
cess between two metal M sites differing in oxidation states
through a bridging ligand M"*' + M"™ — M" + M"*! and
is usually related to the photoexcitation phenomena in these
compounds [1,2]. Additionally, magneto-optical properties
of ferrites or iron oxides originating from IVCT, such as
magneto-optical Kerr rotation and photoinduced magnetiza-
tion, have been reported thus far [3-8]. In semiconducting
or insulating materials with mixed valence states, especially
for metal-organic frameworks, IVCT is likely related to the
transport properties with hopping conduction [6,9-13]. Thus,
one can control the magneto-optical and transport properties
of mixed valence semiconductors or insulators through IVCT.

Ferromagnetic semiconductors (FMSs) having both semi-
conducting and ferromagnetic properties are key materials for
spintronics, in which both the charge and spin degrees of free-
dom are utilized for developing functional electronic devices
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[14-16]. Controlling the conductivity of FMSs while main-
taining their ferromagnetic properties is useful for applying
FMSs to spintronic devices, such as magnetic random-access
memories and spin transistors. Spinel ferrites, represented
by the chemical formula MFe,O4 [M = 3d transition met-
als (TMs)], are promising for spintronics because of their
chemical stability and high Curie temperatures [17]. Indeed,
spinel-ferrite layers in magnetic tunnel junctions act as spin
filters, as demonstrated in previous studies [18,19]. CoFe,Oy4
(CFO) with an inverse spinel structure shows ferrimagnetism
with the Curie temperature (7¢) of 793 K, and CFO epitax-
ial thin films have been studied for application to spintronic
devices [10,20-23]. In CFO, the ideal valence states of the
constituent Co and Fe ions are Co®" at the octahedral crystal-
field (0) site and Fe>t at both the O, and the tetrahedral
crystal-field (7;) sites, as shown in Fig. 1. Recently, Iwamoto
et al. [10] succeeded in increasing the conductivity of CFO
via Ru doping; the Ru** or Ru** ions occupy the Co*" sites
preferentially in CFO [7,10]. As shown in Fig. 2, the transport
properties of the Ru-doped CFO thin films demonstrate that
the Ru doping increases both the carrier density and electron
mobility. The doped Ru ions in Cog sRug sFe,O4 (CRFO) are
expected to act as double donors. Furthermore, the Ru doping

©2022 American Physical Society
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FIG. 1. Crystal structure of the inverse spinel CFO. (a) Unit cell
of CFO. The magnetic sublattice of the A(7}) site antiferromagneti-
cally couples with that of the B(O,) site. (b) Spin configurations of
the A and B sites.

increases the carrier concentration as well as the hopping
probability though hybridization between the Fe 3d and Ru
4d orbitals. It is considered that the electron carriers supplied
by the doped Ru ions generate the mixed valence state of
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FIG. 2. Transport properties of the Co;_,Ru,Fe,O, thin films

[10]. (a) Temperature (7) dependence of resistivity (p). (b) and (c)
Compositional dependence of the carrier density and Hall mobility,
respectively.

Fe?* /Fe’*, increasing the conductivity through carrier hop-
ping between the Fe’* and Fe* sites, like that in metallic
Fe;QOy,. First-principles band structure calculation supports the
idea that the increase in hopping conduction occurs through
the hybridization between the Fe 3d and Ru 4d orbitals fol-
lowing the IVCT mechanism, i.e., Fe>™ + Ru*" < Fe’* +
Ru** [10].

To prove the existence of such an IVCT mechanism in
CRFO, two key factors should be experimentally confirmed:
(1) the Fe** /Fe*" mixed valence state and (2) the hybridiza-
tion between the Fe 3d and Ru 4d orbitals. In this paper,
we investigated undoped and Ru-doped CFO thin films using
x-ray absorption spectroscopy (XAS) and resonance photoe-
mission spectroscopy (RPES) to obtain experimental evidence
for the IVCT state in CRFO. XAS and RPES enable us to
probe element- and orbital-specific electronic structures. The
XAS spectra revealed the valence states of Fe and Co in
CRFO, whereas the RPES spectra indicated that the partial
density of states (PDOS) of Fe 3d changed with Ru doping.
These experimental findings support the successful realization
of the IVCT state in Ru-doped CFO. The manipulation of
conductivity through IVCT may become an approach of band
engineering in FMS materials.

II. EXPERIMENTAL

The CFO and CRFO epitaxial thin films were grown on
single-crystal a-Al,03(0001) substrates using the pulsed laser
deposition technique with an ArF excimer laser with a wave-
length of 193 nm, frequency of 5 Hz, and fluence £ = 60 mJ.
The details of the thin film growth are described elsewhere
[10]. The thickness of each film was ~90nm, which was
larger than the critical thickness of 1.1 nm required for
strain relaxation. The RPES and XAS measurements were
performed at the BL-2A beamline in Photon Factory, High
Energy Accelerator Research Organization (KEK) [24]. For
the RPES measurements, the total energy resolution was set
to 100-250 meV using a photon energy in the range of
400-1200 eV. The binding energies were calibrated by mea-
suring the Fermi level (Eg) of a gold foil, which was
electrically connected to the samples. The RPES measure-
ments were conducted with an SES2002 electron analyzer at
room temperature under a base pressure <2.0 x 1078 Pa. The
XAS spectra were measured in the total electron yield mode.

III. RESULTS AND DISCUSSION
A. Co L2’3 XAS

Figure 3 shows the Co L,3 XAS spectra of the un-
doped and Ru-doped CFO (i.e., CRFO), revealing multiplet
structures. A comparison of the observed Co L3 spectra
with those of the reference compounds CoO (Co*" 0;) and
LaCoO; (C03Jr Oy,) [25] indicates that the spectrum of CRFO
is like that of CoO, whereas the spectrum of CFO is a super-
position of these two spectra. The presence of Co*" ions in
the CFO film is attributed to cation inversion or Co antisite
defects (cation exchange between Fe and Co at A and B sites,
respectively), i.e., we assumed that the oxidation state of the
Co ions occupying the A site was Co** and that of the Fe ions
moving from the A site to the B site was Fe>*. Although the
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FIG. 3. Co L, 3 x-ray absorption spectroscopy (XAS) spectra of
the Co;_,Ru,Fe,0, thin films. (a) XAS spectra of the parent CFO
and CRFO thin films. The spectra of CoO (Co*") and LaCoOs
(Co3+) are also shown as references [25]. The arrows indicate the
excitation energies for resonant photoemission spectroscopy (RPES),
i.e., 775 eV for off resonance, 778.7 eV for the Co?* on resonance,
and 780 eV for the Co>* on resonance. (b) and (c) Decomposition of
the Co L, 3 spectra of the CRFO and CFO thin films, respectively.

XAS spectrum of the Co®* 0, was like that of the Co®* T}
[26], under the assumption that the Co ions occupying the A
site become Co®* and a fraction of the Fe ions at the B site
become Fe?" to maintain the charge neutrality. The Co and
Fe L, 3-edge XAS spectra of CFO presented in Fig. 3 can be
consistently explained as described below.

To estimate the ratio of different oxidation (valence) states
of Co, the Co L, 3 XAS spectra of CFO and CRFO were
fitted by a linear combination of the reference spectra of CoO
and LaCoOs. Figures 3(b) and 3(c) show the decomposition
analyses of the Co L, 3 XAS spectra. Figure 3(b) shows that
the Co L3 XAS spectrum of CRFO can be fitted by the
spectrum of CoO alone, and the contribution of the Co>t state
to the experimental spectrum is negligible within the accuracy
of the analysis. In contrast, the Co L, 3 XAS spectrum of
CFO is decomposed into Co>* (~75% ) and Co*" (~25%)
components, as shown in Fig. 3(c). This analysis suggests that
a fraction of the Co?* ions moved to the A site and became
Co’T, while a fraction of the Fe3T ions at the A site moved to
the B site and were converted to Fe?>*, maintaining the charge
neutrality. This implies that the antisite defects, namely, Co
ions, moved from the B site to the A site, while the Fe ions at
the A site moved to the B site. This observation is consistent
with the results of previous studies, in which the nonnegligible
cation inversion defects were found to exist naturally in spinel
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FIG. 4. Fe L, 5 x-ray absorption spectroscopy (XAS) spectra of
the Co;_,Ru,Fe,0y thin films. (a) XAS spectra of the parent CFO
and CRFO thin films. The reference spectra of Fe,O3 (Fe3+ 0y)
[27], YBaCosFeO, (Fe** T,) [28], and FeO (Fe** 0,) [29] are also
shown. The arrows represent the excitation energies for resonant
photoemission spectroscopy (RPES), i.e., 705 eV for off resonance,
708.5 eV for the Fe”* on resonance, and 710 eV for the Fe** on
resonance. (b) and (c) Decomposition of the Fe L, 3 spectra of the
CRFO and CFO thin films, respectively.

ferrite thin films [22,23]. In contrast, in CRFO, the preferential
occupation of the Ru ions at the B site [7,10,27] as well as
the electron-rich environment induced by the Ru doping may
suppress the formation of Co®" ions and, possibly, the cation
inversion as well.

B. Fe L2’3 XAS

Figure 4 presents the Fe L, 3 XAS spectra of the parent
CFO and CRFO thin films, showing multiplet structures. Fur-
thermore, the spectral lineshapes are like that of Fe,0Os3, as
shown in Fig. 4(a). In contrast to the Co L, 3 XAS spectra, the
Fe XAS spectrum of the CRFO film appears identical to that
of the CFO film. To evaluate the relative amounts of the Fe
components precisely, the Fe L, 3 XAS spectra were decom-
posed into various valence and crystal-field states using linear
combinations of the reference spectra of Fe,O; (Fe** 0y)
[28], YBaCo3FeO; (Fe** Ty) [29], and FeO (Fe** 0,) [30].
As shown in Figs. 4(b) and 4(c), the linear combinations of
the reference spectra well-reproduced the observed spectra of
the CRFO and CFO samples. The ratios of the components are
listed in Table I. As expected from the lineshapes, the ratio of
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TABLE I. Decomposition analysis for the Co L, 3 and Fe L, 3
XAS spectra. The Co®* components include both the Co** ions at
the B site and the possible antisite defects of Co®" at the A site.

A(Ty) site B(0,) site
C03+ Fe3+ C02+ Fe3+ Fe2+
CoFe,04 25% 33.6% 75% 57.9% 8.5%
CopsRugsFe, 04 0% 37.2% 100% 52.3% 10.5%

the Fe components in the CRFO film is like that in the CFO
film.

The existence of the cation-inversion defects in the CFO
thin film, as observed in the Co L, 3 XAS spectrum, indicates
that Fe>* in the CFO film likely originates from the Fe anti-
site defect, where the excess Fe ions at the B site substitute
the Co** ions and become Fe?t. Based on the analysis, the
chemical composition of CFO is estimated as

[Co™ 0415 5[Co’" Ty13 s [Fe’ Ty104,
X [Fe3+ Oh]llg,15[Fez+ Oh]g.IS'

This analyzed composition is consistent with the ratio
between the 7; and O, sites (1:2) and fulfills the charge
neutrality, suggesting that the Co®" ions are likely substituted
in the A site.

In contrast, the Fe?* ions in the CRFO film were possibly
induced by electron doping caused by the Ru substitution
because there were only a few cation-inversion defects in
the CRFO film. Although the ratio of Fe>* was expected to
be 37.5% of the Fe ions in CRFO, based on the nominal
composition CogsRugsFe,O4 and the assumption that the
doped Ru ions substituting Co** donate electrons to the Fe3*
jons, the observed Fe* ratio was extremely small (~10.5%).
Because CRFO contained a negligible amount of Co®* ions,
this quantitative discrepancy may have originated from the Ru
antisite defects substituting the Fe sites. Assuming the mixed
valence state of the Ru ions with the ratio of m [31], the
chemical composition of CRFO is expected as

[Co™ 045 s[Ru*™ T N RW 04155, [Fe™™ Ty157s
x [Fe’™ 0418 os[Fe*™ 0418,

where the value of m is estimated as ~0.2 because of the
ratio between the 7; and O, sites. The average valency of the
cation sites is ~2.85, which is reasonable for the chemical
composition of CRFO. Thus, these results provide spectro-
scopic evidence for the Ru-doping-induced Fe?* /Fe’* mixed
valence state in the CRFO thin film. However, antisite defects
must be assumed to explain the observed Fe’'/Fe** ratio
quantitatively.

C. 3d PDOS in the valence band

Hybridization is another key factor leading to IVCT. To
elucidate the hybridization between the Fe 3d and Ru 4d or-
bitals, the Fe and Co 3d PDOS in the valence band (VB) were
obtained using RPES. Figure 5 shows the RPES spectra of the
CFO and CRFO thin films. When the incident photon with
an energy of hv leads to core-hole excitation, photoemission
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FIG. 5. Resonant photoemission spectra of the Fe L; and Co L;
edges of the Co;_,Ru,Fe,0, thin films. (a) On- and off-resonance
Fe L; edge spectra of CFO. (b) Partial density of states (PDOS) of
the Fe 3d and Co 3d states. The shaded areas indicate the difference
between the PDOS of the CFO and CRFO films. The spectra are
normalized to the intensity integrated from Ex to Eg ~ 11eV. (c) Fe
3d and Co 3d PDOS near the valence band maximum (VBM). The
spectra are normalized to the intensity at Eg = 1.5eV to emphasize
the spectral change near the VBM.

intensity from the valence orbital involved in the core-hole
excitation is resonantly enhanced. The difference between the
on- and off-resonance spectra at the L, 3 edge reflects the 3d
PDOS of the same atom. Because the 2p-3d excitation energy
for each component is different, one can obtain the PDOS
dominated by each component by tuning /v to each excitation
energy (it is difficult to separate these PDOS perfectly because
of the overlap between the excitation peaks of the different
components in the XAS spectra). For instance, as shown in
Fig. 5(a), the Fe> and Fe’* PDOS of the thin films were
obtained from the on-resonance spectra measured at an hv of
708.5 and 710 eV, respectively. Figure 5(b) shows the Fe and
Co 3d PDOS and the off-resonance spectra of the CFO and
CRFO films. Here, the on-resonance spectra were recorded at
the core-hole excitation energies for the Co*t, Co*t, Fe?t,
and Fe’* states and were normalized to the spectral area. For
the Co 3d PDOS, the differences between the spectra of the
two samples reflect the effect of Ru substitution at the Co sites.
Because the Co 3d spectral intensity near the VB maximum
(VBM) decreases with Ru doping, the Co 3d PDOS exhibits a
negligible contribution to the conductivity increase. Similarly,
the Fe** PDOS shows nearly the same spectral changes as
those of Co 3d with Ru doping, suggesting negligible contri-
butions of the Fe3* ions to the increase in conductivity.
Notably, the differences between the Co off-resonance
spectra of the CFO and CRFO films reflect the Ru 4d PDOS
and the decrease in the Co 3d PDOS with Ru doping. The
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photoemission cross-section of the atomic orbitals indicate
that the VB spectra without resonance mainly reflect the Ru
4d PDOS [32]. Because the spectral intensity near the VBM
increases with Ru doping, the Ru 4d PDOS predominantly
contributes to the DOS near the VBM. This result is quali-
tatively consistent with the increase in conductivity with Ru
doping. To reveal the Co and Fe 3d components that under-
went hybridization with the Ru 4d orbitals, the additional
Ru-doping-induced Co and Fe 3d PDOS near the VBM were
examined. Figure 5(c) compares the various PDOS of the CFO
and CFRO thin films in the vicinity of the VBM, normalized to
the intensity at binding energy (Ep) ~1.5eV. The comparison
of the off-resonance spectra indicates that the Ru 4d PDOS is
located near the VBM. Moreover, additional Fe2t PDOS near
the VBM appears with Ru doping, and the position of the Fe?*
PDOS is nearly the same as that of the Ru 4d PDOS [see the
arrows in Fig. 5(c)]. In contrast, the Co**, Co**, and Fe’*
PDOS near the VBM exhibit the same spectral lineshapes,
irrespective of the Ru doping. These observations are con-
sistent with the first-principles calculations, which reveal that
the B-site Fe 3d orbitals undergo hybridization with the Ru
4d orbitals. However, the opening of the conductivity gap in
the experiment was not reproduced by the calculation [10].
The bandgap may originate from Coulomb interactions, which
were not included in the calculation, i.e., a Mott gap. Thus, the
present results indicate hybridization between the Fe>* 3d and
Ru 4d orbitals at the B site in CRFO.

D. Discussion: IVCT in FMSs

The experimental findings, i.e., the mixed valence state
of Fe’t /Fe’* and the hybridization between the Fe 3d and
Ru 4d orbitals, provide spectroscopic evidence for the IVCT
state in Ru-doped CFO, namely, CRFO. In CRFO, the O 2p
orbitals of the nearest neighbor atoms of the B sites directly
bonded with the Fe 3d e, and Ru 4d e, orbitals at the B
site. It is likely that the O 2p orbitals of the ligand bridge
the electron hopping between the Fe and Ru atoms through
Fe’™ + Ru*" < Fe*™ + Ru®'. In general, the IVCT for pho-
toexcitation is expressed with a single-headed arrow between
the M atoms; here, we used a double-headed arrow to repre-
sent the IVCT for transport. In contrast to the M-M’ distances
that are in the range of 10-25 A in coordination complexes,
wherein IVCT has been reported [2], the effective distance
for IVCT may increase in single-crystalline TM compounds
like spinel ferrite oxides because the ligand bands bridging
the IVCT are extended in the entire crystal. Compared with
the M-M’ distance in coordination complexes, in which pho-
toexcitation induces charge transfer in a highly insulating
environment, the longer effective distances for IVCT in TM
compounds result in an increased hopping probability (or
electron mobility) due to IVCT as well as a reduced energy
barrier for the charge transfer. This may explain the increase
in conductivity of Fe,O3 by Rh doping (Fe; §Rhy,03) [33];
in this case, the doped Rh®* ions are isovalently substituted

at the Fe’* sites. The same mechanism may also explain
the increase in hopping probability through IVCT in FeTiO3
ilmenite [9], i.e., Fe** + Ti*T < Fe3t + Ti**. In Fe;04 and
(La, Sr)MnO3, the double-exchange interaction between the
magnetic ions with mixed valence states stabilizes the fer-
romagnetic behavior and increases the metallic conductivity
[34]. In contrast, the conduction mechanism through IVCT
in solids is applicable for FMS materials having low carrier
concentrations with hopping conduction. Furthermore, as de-
scribed in the Introduction section, the IVCT may modify
the optical properties of semiconducting materials as well
as the magneto-optical properties of ferrites or iron oxides
[3-8]. The aforementioned analysis suggests that controlling
the IVCT in FMSs with mixed valence states is an approach
for manipulating the electron mobility and magneto-optical
properties through hybridization between the TM d orbitals
while maintaining the ferromagnetic behavior.

IV. CONCLUSIONS

In this paper, we investigated the electronic structure of
Ru-doped CFO using XAS and RPES to demonstrate the
emergence of [IVCT in semiconducting materials. The Co L, 3
XAS spectra indicated that, although 25% of the Co atoms ex-
ist as Co>* in the CFO thin film, all the Co atoms exist as Co**
ions in the Ru-doped CFO thin film. The result demonstrating
absence of Co®" ions in the Ru-doped CFO thin film paves
the way to control the defect states during the growth of spinel
ferrites. The Fe L, 3 XAS spectra indicated that the Fe?t / Fe3t
mixed valence state can be realized in both CFO and CRFO.
The RPES observations demonstrated that the Ru 4d PDOS
appears near the VBM and undergoes hybridization with the
Fe2t 3d state at the A site, not with Fe’t and Co. These
findings provide spectroscopic evidence for the IVCT state
between the Ru 4d and Fe 3d orbitals. Controlling the IVCT
through hybridization will open a way to manipulate both the
magneto-optical properties and carrier mobility of FMSs.
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