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An insulator-metal transition (IMT) is a fascinating yet hotly debated phenomenon in condensed-matter physics.
Here we report on the evolution of electronic structure across IMT as in Eu1−xBaxTiO3 as a function of x (x = 0 for
ETO and x = 0.5 for EBTO) and temperature comprehensively using high-resolution spectroscopic ellipsometry,
soft x-ray absorption spectroscopy at Ti L and O K edges, and transport measurements. We observe different
types of spectral weight transfers (SWTs), which are responsible for tuning optical band gaps, accompanied by
dramatic changes in electrical conductivity. At room temperature, when x increases, SWT occurs due to the high
energy of O 2p to low-energy bands. Such a SWT increases Eu-O-Ti hybridization and enhances Drude response,
which increases electrical conductivity in EBTO. Interestingly, upon cooling, SWT arises from low-energy to
high-energy bands and opens up a gap of a low-energy oxygen band, which then suppresses electrical conductivity
in EBTO. We argue that the unscreened electron-electron interaction in oxygen yields a metal-to-charge-transfer
insulator-like transition. Our result reveals comprehensively the importance of oxygen screening effects and
hybridizations in the IMT, and it provides insight into Eu1−xBaxTiO3.
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I. INTRODUCTION

In condensed-matter physics, an insulator-metal transition
(IMT) phenomenon remains one of the hot topics in funda-
mental science as well as applications. Even though an IMT
has been observed in a number of transition-metal oxides,
including manganites [1–4], vanadites [5–8], and nickelates
[9,10], its origin remains hotly debated.

The perovskite-structure half-doped compound europium
barium titanate, Eu0.5Ba0.5TiO3, was predicted to be ferroelec-
tric and ferromagnetic and was suggested to be one of the most
promising multiferroics almost 40 years ago [11]. The parent
materials are europium titanate (EuTiO3) and barium titanate
(BaTiO3). Both Eu and Ba are divalent. EuTiO3 is antiferro-
magnetic and quantum paraelectric and has seven unpaired and
localized electrons in Eu 4f orbitals, which might result in a
large spin magnetization of 7μB per one Eu2+. BaTiO3, on
the other hand, is nonmagnetic and an ideal ferroelectric [12].
Thus, with the coupling between magnetism and dielectric
properties [13], Eu1−xBaxTiO3 may possess a rich diversity
of physical properties. Ferroelectric (Eu,Ba)TiO3 has been
proposed for searching an electron electric-dipole moment
(EDM) [14]. The electric-dipole-moment phenomenon has
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indeed been observed in polycrystalline Eu0.5Ba0.5TiO3, in
which dielectric and electrical polarization measurements have
shown a ferroelectric phase below TFE = 215 K and an antifer-
romagnetic phase below TC = 1.9 K [15]. Moreover, when the
Eu0.5Ba0.5TiO3-δ was doped by electrons via oxygen vacancies,
a ferromagnetic ground state could be generated [16].

Here, we report large changes of electrical properties
with an IMT-like transition and an evolution of electronic
structure and spectral weight transfer (SWT) across IMT in
Eu1−xBaxTiO3 as a function of Ba (x = 0 or ETO and x = 0.5
or EBTO) and temperature. Our transport measurement shows
changes of electrical conductivity by one to three orders of
magnitude as a function of doping and temperature. The SWT,
which is a fingerprint of electronic correlation [17–21], and the
electronic structure are directly probed using a combination
of soft x-ray absorption spectroscopy (XAS) at Ti L2,3 and
O K edges, high-resolution spectroscopic ellipsometry (SE),
and transport measurements [22,23]. From the analysis of
different SWT phenomena, we reveal the important role of
the hybridizations and the electronic screenings of oxygen in
determining IMT in Eu1−xBaxTiO3.

II. SAMPLES PREPARATIONS AND
EXPERIMENTAL METHODS

Polycrystalline EuTiO3 (ETO) and Eu0.5Ba0.5TiO3 (EBTO)
samples were synthesized using a solid-state reaction method
with a stoichiometric mixture of Eu2O3, BaCO3, and TiO2
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FIG. 1. Room-temperature powder x-ray diffraction pattern for (a) ETO and (b) EBTO. The symbols and lines represent the experimental
data and Rietveld fit, respectively. The inset of (b) shows an enlarged view of the comparison of the peak position for both compounds. (c)
Temperature dependence of dc conductivity, σdc, and inset: magnetic-field dependence of magnetization (M) for ETO and EBTO.

in a reduced atmosphere (95% Ar and 5% H2). The phase
and crystal structure of the samples are examined via powder
x-ray diffraction (XRD) using Cu Kα radiation, and TOPAS

software was used for data refinement. Figures 1(a) and 1(b)
show powder XRD patterns with a Rietveld fit for ETO
and EBTO, respectively. From our analysis, we find that Ba
substituted for Eu, consistent with magnetization data [see
the inset of Fig. 1(c)]. Both samples crystallize in a cubic
structure with a Pm3̄m space group. The lattice constant (a)
values of EBTO (a = 3.9599 Å) are slightly larger than those
of ETO (a = 3.9056 Å). The increase in the a value of EBTO
is most likely due to the larger ionic radius of Ba2+ (1.35
Å) than that of Eu2+ (1.17 Å). Four-probe dc resistivity was
measured in PPMS using dc resistivity options. Magnetization
was measured by means of a vibrating sample magnetometer
(VSM) probe equipped with a physical property measurement
system (PPMS), Quantum Design, Inc., USA. The temperature
dependence of dc conductivity, σdc(T ), for ETO and EBTO is
shown in the main panel of Fig. 1(c). At room temperature, for
ETO the σdc is ∼2 × 10−3 �−1 cm−1. Interestingly, for EBTO
the σdc increases to ∼5 × 10−2 �−1 cm−1 at room temperature
and then decreases dramatically to ∼1 × 10−4 �−1 cm−1 at
77 K. Overall, the σdc(T ) for ETO and EBTO signifies IMT
with semiconducting-like behavior for the full temperature
regime. The inset of Fig. 1(c) compares the magnetization
isotherms M(H ) at a temperature of 2.5 K for both compounds.
The M(H ) of ETO increases linearly with magnetic field below
1 T and shows a tendency to saturate above μ0H = 1.5 T.
For EBTO, the linear field dependence of M is suppressed
and the M(H ) curve resembles that of a soft ferromagnet. The
saturation magnetization (MS) at 5 T for ETO and EBTO is
6.6μB/f.u. and 3.2 μB/f.u., respectively. This also suggests
that Ba substituted for Eu, and the valence states of Ba and Eu
are both 2+.

III. RESULT AND DISCUSSION

To reveal the mechanism of IMT with Ba substitution, we
performed XAS measurements at the SINS beamline (∼0.1 eV
energy resolution) of the Singapore Synchrotron Light Source
at room temperature [24]. Figure 2 shows XAS at Ti L2,3 and
O K edges for both ETO and EBTO. We start our discussion
with XAS at Ti L2,3 edges (Ti 2p → 3d) as shown in Fig. 2(a).
The main peaks A, B, C, and D are corresponding to Ti
L3-t2g, L3-eg, L2-t2g , and L2-eg states, respectively. Because
of Ti-O hybridization effects, orbitals (eg) pointing toward
the oxygen ligands yield broader absorption peaks [25]. The
overall comparison of Ti XAS shows that the valence state of Ti
in both EBTO and ETO is mostly Ti4+. The slight enhancement
of spectral weight in between peaks A and B in EBTO reveals
that a small fractional of Ti3+ appears in EBTO [Ti3+ noted
with arrows in Fig. 2(a)]. The additional electrons may come
from nonstoichiometry of oxygen vacancies. Nevertheless,
considering that ETO is highly insulating, the presence of such
a small number of Ti3+ alone cannot explain the dramatic
changes of the room temperature electrical conductivity of
EBTO as compared to ETO. Interestingly, a broad satellite
peak (label E) is observed on the higher energy of the main
peaks [see the inset of Fig. 2(a)]. According to previous
studies [26,27], these satellites are influenced by the local
symmetry around metal ions (Ti), the crystal-field interaction,
and hybridizations between the transition metals d, f , and O
p orbitals. Considering that EBTO and ETO have similar local
symmetry and crystal-field effects, the enhancement of the
satellite peak E in the case of EBTO gives us an important
hint that O 2p-Ti 3d hybridization can be evidently boosted
with Ba substitution.

The importance of the hybridization phenomenon is strik-
ingly observed in XAS at the O K edge (O 1s → 2p transition)
of ETO and EBTO as shown in Fig. 2(b). Peaks denoted by A1
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FIG. 2. (a) X-ray absorption at Ti L2,3 edges for both EuTiO3

(ETO) and Eu0.5Ba0.5TiO3 (EBTO). The blue line shows Ti3+L2,3

XAS taken on a Ti2O3 sample, and the arrows mark the maximum
intensities of the L2,3 edges. The magnification of the inserted satellite
(peak E) structures is five times higher than that of the original one.
(b) The O K edges XAS for ETO and EBTO. The blue shows the
spectral weight difference between ETO and EBTO.

and B1 correspond to O 2p-Ti 3d hybridization, whereas peaks
C1 and D1 are attributed to the O 2p-Eu 4f and Ba 4f,5d

hybridizations [12,28]. Note that previous hybrid Hartree-Fock
density functional calculations and hard x-ray photoelectron
spectroscopy measurements on ETO [28] have shown that the
Eu 4f states hybridize with the Eu 5d, Ti 3d, and O 2p states.
The energy splitting between A1 and B1 is ∼2.2 eV, which
is comparable to that between the t2g and eg states seen in
the Ti L3 absorption edge, for both samples. Interestingly,
significant changes are observed in the whole spectra when
comparing EBTO and ETO, demonstrating that the hybridiza-
tion is dramatically changed by the Ba substitutions. To see the
modification in the electronic structures, especially the change
in hybridization and unoccupied states, we extract the spectral
weight (SW) difference of corresponding spectra collected
from EBTO and ETO [see Fig. 2(b)]. For EBTO, the intensities
at C1 and D1 are dramatically reduced, indicating that Ba

4f -O 2p hybridization is much weaker than Eu 4f -O 2p

hybridization. In fact, through Ba2+ (larger ionic radius than
Eu2+) substitution, the bandwidth of the Ti 3d and Eu 4f states
becomes wider and thus the Ti 3d-O 2p-Eu 4f hybridizations
are enhanced. This is also demonstrated by the increased
intensities of the A1 and B1 peaks when substituting Eu
by Ba. The anomalous SWT from high-energy bands (C1
and D1) to low-energy bands (A1 and B1) is a signature of
the electronic screening effects of oxygen [29]. Interestingly,
from the SW difference, the XAS shows a new prepeak just
below the A1 peak, which is consistent with SE results as
discussed later. From the observations at the O K edge together
with Ti L3,2 edge XAS, we reveal that the interplay between
orbital hybridizations (Eu-O-Ti) and charge (Ti3+) plays an
important role for the increased electrical conductivity in
EBTO. The electron introduced by oxygen deficiency is most
likely bounded to the Ti-O-Eu hybridized states.

To reveal the electronic correlation effects, we perform SE
measurements from ∼0.035 to ∼6 eV on both ETO and EBTO
as a function of temperature. The SE is a powerful technique
because it directly measures the complex dielectric function
without the need of a Kramers-Kronig transformation [30]. In
particular, because this technique fulfills the f -sum rule, one
can quantify the SWT [21]. In Fig. 3(a), we show the dielectric
functions of ETO and EBTO, along with their difference at
room temperature. Five main optical transitions, labeled as
A′, B ′, C ′, and D′, and the Drude response are identified.
Interestingly, upon Ba substitution, the intensity of A′, B ′, and
C ′ decreases whileD′ is enhanced accompanied by a new lower
energy excitation of Drude response. We noted that this lower-
energy excitation leads to a new prepeak just below peak A1
shown in XAS [cf. Fig. 2(b)]. Such a broad SWT in SE, which
is also consistent with XAS, is a fingerprint of strong electronic
correlation [21]. According to previous theoretical calculations
[15,16,28], the observed electronic spectral structures can be
explained by optical transitions from occupied O 2p and Eu
4f orbitals to unoccupied Ti 3d and Eu 4f ∗ antibonding
orbitals. We estimate the optical band gap using the absorption
coefficient, which reflects the optical transition performance
through extrapolating the linear regimes to (αhv)2 = 0 [31].
We estimate the optical band gap of ∼0.6 and ∼0.2 eV for ETO
and EBTO, respectively [Fig. 3(c)]. For lower energy spectral
weights, they are mainly from the phonon effect and Drude
response.

Using a combination of SE and XAS at Ti L3,2 and O K

edge measurements, we can now identify optical transitions
corresponding to A′, B ′, C ′, and D′ for ETO and EBTO
at room temperature, and the proposed pictorial model of
the electronic band structure is shown in Fig. 3(d). For
both ETO and EBTO, the SWTs (A′, B ′, C ′, and D′) are
determined by Eu 4f → Ti t2g/Ti eg/Eu 4f ∗ transitions, and
the intensities of A′, B ′, and C ′ peaks of EBTO are much
weaker than that of ETO due to the decreased ratio of Eu
atoms, which then changes the electronic correlation effects
in EBTO. Interestingly, the higher energy peak D′, which
originates from the O 2p → Ti3d transition, is enhanced. This
suggests that the Eu-O-Ti hybridization is reinforced upon Ba
substitution. More interestingly, the spectral weight appears in
the low-energy region I [inset of Fig. 3(a)] for EBTO, while a
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FIG. 3. (a) Dielectric function of ETO and EBTO at room temper-
ature. The inset of (a) shows a zoom-in of the dielectric function below
0.2 eV, and two regions (I and II) are separated for clarity. Region I
contains the lowest energy and refers to Drude oscillation. Region II
corresponds to the phonon oscillations. (b) The difference of the
imaginary part of the dielectric function between ETO and EBTO. (c)
The direct band gaps of ETO and EBTO are estimated by extrapolating
the linear regimes to (αhv)2 = 0. The red arrow indicates the band
edge of ETO and EBTO. (d) Schematic representation of the electronic
reconstruction process from ETO to EBTO based on the experimental
results. The electron transition energies are estimated according to
experimental XAS and SE results.

phononlike peak located in region II decreases significantly
when compared to ETO. The spectral weight of EBTO in
the low-energy region constituted by the Drude response and
incoherent charge excitation is completely from the higher-
energy region. Due to oxygen vacancies, the SWT occurs
from higher- to lower-energy bands and generates a Drude
response, which is then responsible for the increased electrical

conductivity. The electronic screening effect enhanced Eu-
O-Ti hybridization yielded a prominent Drude response and
weakened the phonon effect, which makes EBTO become
conductive at room temperature [cf. Fig. 3(b)]. Note that
based on SE and XAS, the complex dielectric function and
the electronic structure of ETO and EBTO are different from
SrTiO3 [32–38].

We next study the IMT using temperature-dependent SE,
which can reveal the effects of temperature on electronic corre-
lation, particularly the SWT between the high-energy band of O
2p and the low-energy band in EBTO. The dielectric function
and optical conductivity of EBTO at various temperatures are
shown in Figs. 4(a) and 4(b). Interestingly, at low temperature,
the SW above 4.5 eV (D′ region) increases, while the SW
below 4.5 eV (A′, B ′, and C ′ regions) decreases. This broad
SWT in optical conductivity reveals the changes of electronic
correlations and hybridizations in EBTO as a function of
temperature. To quantitatively characterize the temperature
dependence of SWT, we calculate the effective number of
electron change (Nchange) at 77 K as a reference, defined as
[39,40]

Nchange(�A; �B) = 2m0V

πe2

∫ �A

�B

�σ1d�, (1)

where (�A; �B), m0, and V are the cutoff energies, the free-
electron mass, and the unit-cell volume, respectively; �σ1 is
the relative change of optical conductivity with respect to the
77 K data, which are given by

�σ1 = σ1(T ) − σ1(77 K), (2)

and the results are shown in Fig. 4(c). To identify electron redis-
tributions as a function of temperatures, Nchange are divided into
three regions, namely the low-energy region below 4.5 eV (A′,
B ′, andC ′ regions), the high-energy region above 4.5 eV (D′ re-
gion), and the full energy region, which are shown in Fig. 4(d).
Because the SW in the full energy region is conserved, the
low-energy SW below 4.5 eV is then transferred to high-energy
SW upon cooling. This low- to high-energy SWT has important
implications that it enhances Eu-O hybridization and further
increases the screening effect induced by electron-electron
interaction, which then suppresses the electrical conductivity.

The low-energy SWT can provide important insight into
the origin of IMT as it can reflect the electronic structure
and band-gap changes of the samples. Figure 5(a) presents
the low-energy dielectric functions at four temperatures of
EBTO. Upon cooling, the IMT is accompanied by a SWT from
the low-energy to the high-energy region with a significant
suppression of low-energy spectral weight yielding an optical
band gap at ∼0.20 eV [see Fig. 3(c)]. To quantitatively evaluate
the temperature dependence of the SWT, we calculate the
effective number of electron changes (Nchange) in comparison
with that for 100 K using incremental cutoff energies [(0;
0.06), (0; 0.1), (0; 0.2), (0; 0.4), and (0; 0.6)], and the results
can be found in Fig. 5(b). With the increase of the cutoff
energy, the temperature dependence of Nchange becomes small,
which suggests that the missing low-energy SW through the
IMT transfers to high-energy regions. This is consistent with
the SWT occurring in higher energy showing in Fig. 4(d),
indicating that the enhancement Eu-O hybridization-induced
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FIG. 4. The temperature-dependent spectroscopic ellipsometry. (a) The real [ε1(ω)] and imaginary [ε2(ω)] dielectric function of EBTO as
well as the derived optical conductivity (b) shown by σ (ω) = iω[1 − ε(ω)]/4π with varying temperature. (c) The relative change of optical
conductivity with respect to the 77 K data. (d) Effective number of electron change (Nchange) as a reference of electron number at 77 K. Three
regions are calculated: the low-energy region below 4.5 eV (A′, B ′, and C ′ regions), the high-energy region above 4.5 eV (D′ region), and the
full energy region.

low- to high-energy SWT is the main underlying mechanism of
the IMT for EBTO. Such a SWT over a wide energy range again
demonstrates the importance of electronic correlations, espe-
cially oxygen electronic screening, and Eu-O-Ti hybridizations
in IMT of EBTO. In addition, we also note that the phonon
effect is significantly suppressed with increased carrier density
at higher temperature [see the inset of Fig. 5(a)]. According
to the calculated phonon dispersion of EBTO [5], the phonon
that emerged at ∼60 meV is mainly caused by relative O-Ti/Eu
displacements, and therefore it may be influenced by tunable
O-Ti/Eu hybridizations. The reduction of the phonon effect has
also been observed in Fig. 3(a) when substituting Eu by Ba,
in which the contribution of Eu-O hybridization to the phonon
effect is significantly diminished due to the reduced Eu ratio.

IV. CONCLUSION

Based on our SE, XAS, and transport measurements, the
electronic structure of EBTO and spectral weight transfers at
both low and high temperatures can be drawn as shown in
Figs. 5(c) and 5(d). EBTO can be categorized as a charge-
transfer gap within the Zaanen-Sawatzky-Allen picture [34].
Interestingly, because the bands near the gap have mostly O
2p character (hybridized with Eu 4f for the occupied state
and with Ti 3d for the unoccupied state), this suggests that
the system exhibits negative charge-transfer energy [41–44].

It can be seen that upon cooling, a wide-energy-range SWT
from low- to high-energy bands occurs due to unscreened
electron-electron interaction, which then opens the gap in the
oxygen bands and reduces the electrical conductivity. Our
result demonstrates that the electronic correlations, especially
oxygen electronic screening, and Eu-O-Ti hybridizations play
an important role in IMT such as that of EBTO, and the
methodology presented here can be used to study IMT in
transition-metal oxides in general.
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FIG. 5. The temperature-dependent infrared-SE and schematic representation of band structures for EBTO. (a) Temperature dependence
of the dielectric functions of EBTO. The inset shows a comparison between the carrier density of region I and the phonon intensity of region
II. The dotted lines show the extrapolated photon energy data to zero. (b) Effective number of electron change (Nchange) as a reference of the
electron number at 100 K. Five incremental cutoff energies [(0; 0.06), (0; 0.1), (0; 0.2), (0; 0.4), and (0; 0.6)] are used for calculations. The room
temperature Nchange increases at low energy but reduces at high energy, indicating a low-energy to high-energy SWT through the IMT. Parts
(c) and (d) show schematic representations of the electronic reconstruction process from low to high temperature based on the experimental
results. The electron transition energies are estimated according to experimental SE results.
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