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Electronic structures of Fe;_ M, 04 (M=Mn,Zn) spinel oxide thin films investigated by x-ray
photoemission spectroscopy and x-ray magnetic circular dichroism
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We fabricated Fe;_,M 04 (M=Mn,Zn) thin film by pulsed laser deposition technique and investigated their
electronic structure by hard x-ray photoemission spectroscopy (HX-PES) and x-ray magnetic circular dichro-
ism (XMCD). HX-PES and XMCD revealed that the solid solution system of Fe;_ M ,0, (M=Mn,Zn) is the
best candidate for tunable ferromagnetic oxide semiconductor judging from systematic change of Fe, Mn
core-level spectra, and valence band spectra by substitution. We present a model to explain modulation of
electric and magnetic properties and electronic structure evolution caused by strongly correlated electron.
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INTRODUCTION

Spintronics devices are currently attracting much attention
in the area of next-generation data storage, and the discovery
of functional spintronics materials is quite important. The 3d
transition metal oxides in strongly correlated electron
systems' exhibit a rich variety of electrical and magnetic
properties even at room temperature and are regarded as
candidates for application in functional spintronics devices.
For example, a tunneling magnetoresistance (TMR) effect
near room temperature (RT) was reported for the
(La,Sr)MnO;/SrTiO5/(La, Sr)MnOj5 junction” and Fe;0,4 or
(NiFe,0,)/SrTiO5/(La,Sr)MnO; junction®* utilizing their
high-spin polarization. For further development of spintron-
ics applications, the construction of advanced spin devices is
indispensable and is not limited to TMR devices. Electric
field control of ferromagnetism through carrier modulation is
a typical example, as reported in the field-effect transistor
(FET) structure using a dilute magnetic semiconductor of
(In,Mn)As at 25 K.>% In strongly correlated oxides, the con-
trol of ferromagnetism by an electric field is reported only in
perovskite (La,Ba)MnO/Pb(Zr,Ti)O; FET’ near RT utiliz-
ing carrier-mediated ferromagnetism. However, ferromag-
netic FET devices using other oxides have not been reported.
Fe-based oxides with spinel structures (spinel ferrite) exhibit
ferrimagnetism with a very high Curie temperature (T) ex-
ceeding 800 K, which are used industrially for recoding me-
dia, and possess electric properties that are insulating. Only a
few conductive spinel oxides [Fe;O, (Ref. 8) and strained
NiFe,0, (Ref. 9)] are expected as half-metals and represent
the most promising compounds for use as room-temperature
TMR devices. These conducting spinel oxides have a huge
carrier concentration (~10?2/cm®), which cannot be con-
trolled by semiconductor technology. A tunable ferromag-
netic semiconductor oxide with high T is required to realize
oxide spintronics applications working at high temperature
above RT.
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EXPERIMENTAL DETAILS

The solid solution system of Fe;_ M, O, [M=Mn (Ref.
10) Zn (Ref. 11)] is possibly the best candidate in regard to
tunability of carrier concentration, T, low-temperature fab-
rication, low cost, and environmental friendliness, as re-
ported in our previous work.!%!! In our experiment, we fab-
ricated Fe;_ Mn,O, thin films (x=0, 0.1, 0.5, and 0.8) and
Fe;_,Zn, O, thin films (x=0, 0.5, and 0.9) using a pulsed
laser deposition (PLD) technique. Oxygen pressure (Po,))
was set to 1.0X 107° mbar, and the substrate temperature
(T,) was 320 °C during the deposition. Al,O3 (0001) single
crystal (lattice mismatch of 8%) or MgO (100) single crystal
(lattice mismatch of 0.3%) was used as a substrate. The crys-
tal structure of films was determined using x-ray diffraction
measurements. The Hall resistance measurements were per-
formed at room temperature under a magnetic field from
-9 to 9 T. Carrier concentration and carrier mobility of
Fe;_,Mn,O, thin films (x=0, 0.1, 0.5, and 0.8) and
Fes;_,Zn, O, thin films (x=0 and 0.5) were estimated from
normal Hall components. The details are described in Refs.
10 and 11. Hard x-ray photoemission spectroscopy (HX-
PES) was performed toward epitaxial Fe;_,Mn,O, thin films
(x=0, 0.1, and 0.5) and Fe;_,Zn, O, thin films (x=0, 0.5, and
0.9) at SPring-8 (BL29XU and BL47XU, hv=7.94 keV at
RT).!3 Total energy resolution was set to about 240 meV.
The binding energy (Ez) was decided based on the Fermi
level (E) of Au. X-ray absorption spectroscopy (XAS) mea-
surements and x-ray magnetic circular dichroism (XMCD)
were performed at SPring-8 (BL23SU in 3 T at 150 K). Film
thickness was fixed to ~100 nm.

RESULTS AND DISCUSSIONS

Figure 1(a) shows the carrier concentration and mobility
at 300 K of Fe;_,Mn,0O, thin films (x=0, 0.1, 0.5, and 0.8)
and Fe;_,Zn, O, thin films (x=0 and 0.5) prepared on MgO
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(001) single-crystal substrate using a PLD technique. The
resistivities at 300 K of Fe;_,Mn,O, thin films (x=0, 0.1,
and 0.5) (Ref. 10) and Fe;_,Zn, O, thin films (x=0.5 and 0.9)
(Ref. 11) were 4.7 X 107*, 7X 1073, 9 X 1072, 2.6 X 1072, and
2.8 X 107" Q) cm, respectively. The carrier concentration is
systematically decreased, while the mobility is almost un-
changed in the range x=0-0.5 for Mn and Zn substitutions.
In detail, the original data (Hall effect against applied mag-
netic field in Ref. 10) clearly exhibit systematic increase of
slope of normal Hall component, indicating systematic de-
crease of carrier concentration by Mn substitution. The large
anomalous Hall effect in these systems indicates the presence
of spin polarized carriers even above RT.!*!! As for x=0.9, it
was quite difficult to estimate Hall coefficient of Fe, ;Zn( 50,
thin film because high resistivity usually gives serious
huge noise. In spite of these superior properties relative to
present spintronics materials, their electronic structures have
not been fully understood. In particular, details of the substi-
tution effect on electrical transport properties remain un-
known. In this work, we investigate epitaxial Fe;_ M O,
(M=Mn,Zn) thin films using HX-PES,'? and propose a
model for their spin and electronic structures. We conclude
by discussing the construction of ferromagnetic spinel oxide-
FET devices.

Figure 1(b) shows a schematic illustration of the ion con-
figuration and spin structure for our proposed model to ex-
plain the physical properties of Fe;_ M 0, (M=Mn,Zn).
The spinel-type Fe;0, is the parent material and has two
transition metal ion (Fe) positions at the A site surrounded by
oxygen tetrahedra and at the B site surrounded by oxygen
octahedra. Fe ions located at the A site are trivalent cations,
and Fe ions at the B site are a mixed-valence state between
trivalent and divalent cations.'* The minority down-spin
electron originated from the 1,, orbital of a high-spin Fe?* at
a B site and is considered a carrier hopping between Fe ions
with spin polarization. There are ferromagnetic exchange in-
teractions between B-B ions and strong antiferromagnetic
exchange interactions between A-B ions, leading to high 7
(~860 K). If we selectively substitute a divalent cation for a
trivalent cation at the A site, the carrier concentration de-
creases following a reduction of the Fe?* ratio to maintain
charge neutrality. This model explains the experimental re-
sults, as shown in Fig. 1(a). It is known that the Zn ion is
completely substituted at the A site (normal spinel) in bulk
ZnFe,0,," and it is thought that the Mn ion is preferentially
substituted at the A site in the case of bulk MnFe,0,.!% We
have already established formation condition of normal spi-
nel ZnFe,0, even in thin film.'® We therefore believe that Zn

ey
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FIG. 1. (Color online) (a) Carrier concentra-
tion and carrier mobility of Fe;_ Mn,O, thin

XM2*/(1-x)Fe¥* films (x=0, 0.1, 0.5, and 0.8) and Fe;_,Zn,O,
b thin films (x=0 and 0.5) with a substitution ratio
Y (1-9)Fer* estimated from an ordinary Hall resistance term

(dRy,/dH at high magnetic field) (Refs. 10 and
11). (b) Schematic illustration of the carrier con-
trol mechanism in Fe;_ M 0, (M=Mn,Zn).
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or Mn substitution to Fe;0, is suitable for controlling prop-
erties such as carrier concentration and magnetism.

Figure 2(a) shows Mn 2p core-level HX-PES spectra of
Fe;_ Mn,O, thin films. Mn 2p;,, peaks split into two peaks:
a main peak at 640 eV and a satellite peak at 642 eV. The
spectra are characteristically similar to the calculated spectra
for atomic Mn?*, and the satellite structure at 642 eV is of a
very sharp form.!” That is, the Mn ion in Fe;_,Mn O, is a
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FIG. 2. (Color online) (a) Mn 2p core-level HX-PES spectra of
Fe;_Mn, Oy thin films (0.1 and 0.5) taken at hv=7.94 keV. (b)
Mn 2p core absorption spectrum of Fe, sMn 50, thin film under a
magnetic field of 3 T at 150 K. (c) Fe 2p core-level HX-PES spec-
tra of Fe;_,Mn,O, thin films (0, 0.1, and 0.5).
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divalent cation and the electronic structure of the Mn?* ion is
localized with weak hybridization, indicating that Mn?* has
an ionic character at the A site. This result was confirmed by
XAS measurements for Mn2p core absorption of
Fe, sMn, 50, thin film, as shown Fig. 2(b). The XAS calcu-
lations for Mn compound were reported in Ref. 19. The XAS
spectrum is similar to the calculated Mn?>* (d°) absorption
spectra for a T, symmetry rather than an O, symmetry.!
That is, The Mn 2p XAS spectra agree that Mn?* ions are
located in tetrahedral site rather than in octahedral site. It is
thought that the Mn** ion is almost completely substituted at
the A site. The unchanged mobility against Mn substitution
also suggests that the Mn ion was substituted at the A site
without disturbing the conducting path of the B site network.

Figure 2(c) shows Fe 2p core-level HX-PES spectra of
Fe;_Mn,O, thin films. The energy positions of Fe?* and
Fe’* components?’ are indicated by bars, as shown in Fig.
2(c). Fe>* components decreased by substituting Mn>* ions
to Fe;0,. We believe that Fe* ions at the B site change to
Fe®* to maintain charge neutrality in the system by substitut-
ing Mn?* ions to Fe®* ions at the A site.

Figure 3(a) shows XMCD for Fe 2p core absorption. Fig-
ure 3(b) is the magnified figure in dashed area. We normal-
ized the XMCD signal, in Fig. 3, by XMCD intensity at
photon energy of 714 eV to keep the background. (The peak
energy position for each Fe ion was obtained from Ref. 20.
In more detail, current opinions of relationship between the
cation valencies and photoemission or XMCD of magnetite
are, for example, revised in Ref. 21. Our labeling of the
photoemission and XMCD lines based on Ref. 20 well ex-
plained the tendency both on the change of electronic struc-
ture and physical properties against x with good consistency.)
To evaluate ratio of Fe ion located at each site more accu-
rately, we added following figure of XMCD intensities for
(Fe?*)g, (Fe**)g, (Fe®*), normalized by that for x=0 compo-
nent as Fig. 3(c). The XMCD signal of Fe** at the B site
increased, while those of Fe?* at the B site and Fe’* at the A
site decreased with increasing Mn?* concentration (x). This
result indicates that Fe’* at the B site increased with increas-
ing x, while Fe2* at the B site and Fe3* at the A site decreased
by Mn?* substitution, respectively. In addition, HX-PES
spectra and XAS spectra indicated that Mn?* is located at
tetrahedral A site. Therefore, it is concluded that at the effect
of [Mn?*], ions (x=0-0.5) involved an increase in the va-
lency of Fe ions at the B site, which resulted in the mainte-
nance of charge neutrality. That is, following formula (1)
shows the results obtained by HX-PES or XMCD.

[Fe3+(l Sup) -an2+(l :51p) A0
X [Fes+(T :5p) 1+XF62+(T 4up)i—Jg0s. (1)

Furthermore, the conducting carrier path among Fe ions at
the B site is not disturbed because Mn is substituted at the A
site. Thus, the proposed model shown in Fig. 1(b) success-
fully explains the reduction of carrier concentration and un-
changed mobility in the range x=0-0.5 (Ref. 22) for
(Fe;_Mn,)Oy,, as seen in Fig. 1(a).

Bulk ZnFe,O, has a normal spinel structure.'> Experi-
ments with Fe;_ Zn O, thin film show that the lattice con-
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FIG. 3. (Color online) (a) Mn substitution ratio (x) dependence
of x-ray magnetic circular dichroism (XMCD) spectra for
(Fe;_,Mn,)O, thin films (x=0, 0.1, and 0.5) obtained from the in-
tensity difference between core absorption spectra taken at opposite
helicity. (b) The magnified figure in dashed area. The peak energy
position for each Fe ion was obtained from Ref. 20 (c) Mn substi-
tution ratio (x) dependence of XMCD spectra for (Fe?*)g, (Fe**)g,
and (Fe?*), normalized by that for x=0 component.

stant increases proportionally with increasing Zn concentra-
tion. That is, the change of lattice constant follows Vegard’s
law.!! Figure 1(a) shows that the carrier mobility is constant,
suggesting that the Fe;_,Zn O, film adopts a normal spinel
structure. Thus, Zn ions in Fe;_,Zn O, thin films are divalent
cations and are located at the A site.

The characteristic evolutions in electronic structure of
Fe;_Mn,O, were observed clearly in the normal spinel
Fe;_,Zn O, system. Figure 4 shows Fe 2p core-level HX-
PES spectra of Fe;_,Zn O, thin films. As with Fe;_ Mn,O,
thin films, the intensity of Fe>* components at the Ez=709
and 723 eV decreased by substituting Zn**.?° To maintain
charge neutrality by substituting Zn>* to Fe** at the A site,
the Fe?* component at the B site decreases in accordance
with the following formula:

[Fe®*(1:5up)1-xZn°* J,O
X[Fe*(T:5up) 1 Fe** (1:4p),_,]p0s. (2)
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FIG. 4. (Color online) Fe2p core-level HX-PES spectra of
Fe;_,Zn, 0, thin films (0, 0.5, and 0.9) taken at hv=7.94 keV.

According to the proposed model, shown in Fig. 1(b), we
can expect the density of states (DOS) at the E to decrease
with increasing substitution of both Mn and Zn. Figure 5
shows electronic structures of valence band HX-PES spectra
near Ep for Fe, sMn,s0, thin film, Fe;_Zn O, thin films
(x=0.5 and 0.9), Fe;0, thin film (x=0), and bulk ZnFe,O,
(x=1.0 in Fe;_,Zn 0O,4). DOS near Ej is systematically de-
creased by substituting Mn or Zn. The important feature in
the valence band spectra is the decrease of the peak intensity
around 0.5 eV, as indicated by arrows in Fig. 5. The peak
around 0.5 eV corresponds to a minority down-spin electron
state that originated from the Fe 1,, orbital at the B site. This
electron corresponds to the carriers according to the band
calculation of Anisimov et al.”> We see that changes in peak
intensity correspond to the reduction of carrier concentration
in Fig. 1(a). This change in valence band spectra explains the
modulation of electrical properties by the substitution. The
decrease in carrier concentration mainly originated from the
reduction of the down-spin state in the #,, orbital of the
mixed-valence state of [Fel]y ions by substituting Mn?* or
Zn>* at the A site.

The peak shift in Fig. 5 suggests the importance of elec-
tron correlation effects in this material. If the Fe;_ M, O,
(M=Mn,Zn) system is a conventional semiconductor, de-
creasing the carrier concentration only causes a chemical po-
tential shift on the basis of the rigid band model, as shown in
Fig. 6(a), and all peaks should shift to the lower Ej side in
the case of electron reduction. However, experimental results
showed that the peak near 0.5 eV of Fe;_,Zn, 0, (t,,) shifted

Intensity (arb. units)

3 2 1 0
Binding Energy(eV)

FIG. 5. (Color online) Valence band HX-PES spectra of
Fe, sMng 504 thin film, Fe;_,Zn, Oy thin films (0, 0.5, and 0.9), and
bulk ZnFe,O, taken at hv=7.94 keV.
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FIG. 6. (Color online) Schematic illustration of electronic struc-
ture evolution by M>* substitution. (a) Rigid band model. (b) Mott-
Hubbard model. Only O 2p and Fe 3d at the B site are shown for
simplicity. DOS of Fe and M?* ions at the A site were omitted. (c)
Dependence of 0.5 eV peak position on Mn and Zn substitutions for
Fe;_Mn, O, thin films (x=0 and 0.5) and Fe;_,Zn, O, thin films
(x=0, 0.5, and 0.9).

to the higher E side with an increasing Zn ratio, a response
that was also seen in Fe;_ ,Mn O, with x=0.5. Furthermore,
core-level spectra for Mn 2p, Zn 3d, Fe 2p, O 2p, and O 1s
did not shift against E. Figure 6(c) plots the peak shift of the
t,, down-spin state of Fe;_M,0, (M=Mn,Zn) thin films.
The energy difference of the peak position is 250 meV be-
tween x=0 and 0.9. We analyzed this phenomenon using
another model because it cannot be explained by a rigid band
model. The Mott-Hubbard model, shown in Fig. 6(b), may
be used to explain the spectral change as follows: (i) the Fe**
ratio to Fe®* at the B site decreases by substituting Zn*, (ii)
the electron-electron correlation (effective Coulomb interac-
tion) increases with decreasing screening effect due to the
reduction of carrier concentration, (iii) consequently, the gap
becomes larger and the peak shifts to the higher E} side, and
finally, (iv) the Mott gap is formed at the x=1 component
(ZnFe,0,4). The band shift toward the higher E; side in
Fig. 5 is attributed to the Mott-Hubbard model. This means
that Fe;_ M, 0, (M=Mn,Zn) thin films have wide tunability
in the concentration of their spin polarized carriers by adjust-
ing the electron-electron correlation. That is, Fe;_ M Oy
(M=Mn,Zn) thin films are considered magnetic
semiconductors'®!! with a strong electron correlation in the
wide substitution range.

We believe that this strong electron correlation plays an
important role in switching devices using carrier-induced
phase transition such as a Mott-FET.?* Here, we discuss the
strength of the electron-electron correlation (Ueff/ 1) of the
spinel Fe oxide system in the context of the Mott-Hubbard
model, where U, and 1 are the effective Coulomb interac-
tion and transfer integral between d electrons, respectively.
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The electronic structure of Fe;_ M, 0, (M=Mn,Zn) evolutes
as a Mott-Hubbard type, as shown in Fig. 6(b). The U, for
the @ high-spin configuration is larger than that for other
d-electron configurations in 3d transition metal ions.”
Heavily substituted Fe;_ M, 0, (M=Mn,Zn) has an electron
configuration similar to that of @°> (Fe**) with a high-spin
state. In addition, ¢ of the #,, band (corresponding to the
conduction band of spinel Fe oxides) is smaller than that of
the e, band. Therefore, U,,/t is quite larger in
(Fes_,Mn** )O, and (Fe;_,Zn** )O, than in other 3d metal
oxides, such as ferromagnetic perovskite manganite (d* sys-
tem with e, conduction band) and high 7 superconductive
cuprate (4 system with e, conduction band),”® and the ef-
fective Mott gap then prevents the appearance of a metallic
phase except near the x=0 substitution region. The electrical
transport properties of Fe; M, 0, (M=Mn,Zn) are mainly
tuned by modulating the effective Coulomb interaction with-
out an accompanying chemical shift as recorded for a typical
magnetic semiconductor with a strongly correlated electron
system. The reduced and highly correlated carriers in
Fe;_M 0, are superior to those of perovskite manganite and
superconductive cuprate and will help to realize a Mott
metal-insulator transition using semiconductor technology.

CONCLUSIONS

In conclusion, we prepared Fe;_ M O, (M=Mn,Zn) thin
films and measured their electronic structure using HX-PES.
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Core-level spectra of the Fe;_ M, 04 (M=Mn,Zn) films
showed that Mn and Zn ions were substituted with a divalent
cation at the A site, and Fe?* components decreased with
substitution of Mn and Zn. Valence band spectra revealed
that DOS near Eg of Fe;_ M, 0, (M=Mn,Zn) thin films sys-
tematically decreased with increasing Mn and Zn concentra-
tions. The band shift for changing electron correlation was
observed in a wide substitution range. This band shift is in-
terpreted by the change of U,/t on the basis of a Mott-
Hubbard model. The Fe;_ M, 0, (M=Mn,Zn) system is a
typical magnetic semiconductor with a strong electron corre-
lation. The findings of this investigation suggest that this
material system holds great promise for the development of
advanced spin electronics, especially for devices working at
high temperature.
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