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We report on optical band gap and valence electronic structure of two Eu’*-based perovskites,
EuTiO; and EuZrOs; as revealed by diffuse optical scattering, electron energy loss spectroscopy,
and valence-band x-ray photoelectron spectroscopy. The data show good agreement with the
first-principles studies in which the top of the valence band structure is formed by the narrow Eu
4f7 electron band. The O 2p band shows the features similar to those of the Ba(Sr)TiOs
perovskites except that it is shifted to higher binding energies. Appearance of the Eu>* 4f7 band is
a reason for narrowing of the optical band gap in the title compounds as compared to their Sr-based
analogues. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4761933]

. INTRODUCTION

Recently several Eu?t [4f7 (S=7/2)] perovskite com-
pounds have received a revised attention due to their
magneto-dielectric and multiferroic properties.'™ Among
them, EuTiOs is the most intensively studied compound. It
shows tetragonal to cubic phase transition at around 300 K,
whose exact temperature depends on the sample preparation
conditions,*® and significant magneto-dielectric anomaly
below Ty ~ 5.5 K.'"”® While the details of the magnetic
ordering and the nature of the magneto-dielectric anomaly
rightfully remain at the center of the debates,"*~'? another
important issue, that may pave the way for practical applica-
tions, is understanding of the electronic structure of the
Eu’*-based perovskites. According to the literature, most of
the ATiO; perovskites with A = Ca?", Sr**, Ba’>* and
Pb>*, show little contribution of the A-site cations to the
low-energy part of the valence band.'*'* In contrast, the
first-principles studies on EuTiOsz suggest that the Eu>* 4f
electrons may form the highest occupied band in this com-
pound. In addition, the magnitude of the on-site Coulomb
interactions of the 4f electrons determines the width of the
band gap.'® Hence, unlike the ATiO3 perovskites whose op-
tical band gap is formed by occupied O 2p and empty Ti 3d
states, the band gap in EuTiOs; is expected to form between
the occupied Eu 4f and empty Ti 3d states.'® This difference
may open up exciting opportunities in the field of magneto-
optical applications involving, for example, EuTiO3-SrTiO3
heterostructures with very large Faraday rotation effect.!”

Another interesting aspect is realization of the p-type
conductivity in Eu>" perovskite family. While it is easy to
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render SrTiO; or BaTiO3; perovskites n-type by doping with
donor ions or oxygen vacancies,'® it is almost impossible to
achieve sizeable p-type conductivity at room temperature. In
order to realize p-type conductivity in, e.g., Sr(Ba, Ca)TiOs3,
substitution of Ti-cations with several acceptor-type ions,
such as AIPT, Sc®*, etc., have been attempted in the
past.'?2? Unfortunately, it was found that acceptor-type dop-
ants are compensated by the oxygen vacancies or protons
rather than by electron vacancies in the valence (oxygen 2p)
band. At the same time, it does not seem to be very challeng-
ing to inject holes into the Eu?>* valence band by alloying
EuTiO; with, e.g., EuScO;. However, before reporting on
our attempts to achieve significant p-type conductivity in
Eu’*-based perovskites, it is important, first, to experimen-
tally confirm the electronic valence band structure of the title
compounds.

Here, we present diffuse optical absorption, electron
energy loss, and x-ray photoelectron spectroscopy (XPS)
data that show direct evidence that the Eu>t 4f electrons
form the highest occupied band in the EuTiO3; and EuZrO;
compounds. Due to localized nature of the 4 f electrons, the
band is rather narrow and is well separated from the lower-
energy O 2p valence band in good agreement with the first-
principles calculations.'>'®

Il. EXPERIMENTAL

EuTiO; and EuZrOs; were prepared from Eu,Os, TiO;
and ZrO; (99.9% pure). The stoichiometric mixtures were
treated at 1100°C (in case of EuTiO3) and at 1300°C (in
case of EuZrO3) for 20h in pure hydrogen at a flow rate of
80 cm®/min, with intermediate re-grinding until black
(EuTiO3) and yellow (EuZrOs) single phase products were

© 2012 American Institute of Physics
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obtained. Phase purity was confirmed by powder x-ray dif-
fraction (Rigaku Ultima III x-ray diffractometer with Cu K,
x-ray source). Magnetic susceptibility measurements using
superconducting quantum interference device magnetometer
(Quantum Design, MPMS) have confirmed that both EuTiO;
and EuZrO; undergo magnetic phase transitions to AFM
ground state at Ty ~ 5.5 K and 4.1 K, respectively. Magneto-
dielectric effect in EuZrO; compound has been reported
elsewhere.’

The optical band gaps were calculated from the diffuse
reflectance measurements by means of the diffuse reflectance
spectroscopy. The spectra were recorded in the range of 250-
800nm with a UV-Vis spectrophotometer (Perkin Elmer,
model 4 6508S) equipped with a 150 mm integrated sphere
using spectralon as a reference material.

Electron energy loss spectroscopy (EELS) experiments
were recorded in a transmission electron microscope (TEM)
FEI Titan operated at 80kV. With a monochromated elec-
tron beam and a 0.05 eV/channel dispersion, the energy reso-
lution was 0.15-0.2eV as measured by the full width at half
maximum (FWHM) of the zero-loss peak. Bulk EuTiO3; and
EuZrO; samples were crushed in ethanol, deposited on a
holey carbon grid, and baked at 100 °C for 2 h prior to inser-
tion in the TEM in order to avoid contamination during the
acquisition of the spectra.

XPS data were collected on dense ceramic pellets of
EuTiO; and EuZrOs; prepared by spark-plasma-sintering
(SPS). Details of the SPS preparation of Eu?*-based perov-
skites are reported elsewhere.” The valence band structure
were measured on a XPS Sigma Probe spectrometer (Thermo
Scientific Co. Ltd., Yokohama, Japan) using monochromated
Al Ku radiation (photon energy 1487 eV). The spectra were
collected over a sufficient time to ensure a high signal to
noise ratio. The samples were measured “as is” without any
additional in-vacuo cleaning procedure. No significant
charging effects were observed during spectra acquisition.

lll. RESULTS AND DISCUSSION

According to Kubelka-Munk theory,*” the diffuse reflec-
tance data were converted to absorbance coefficient F(R )

(1-R?* «
FRy) =—-+—"—=—, 1
(Re) == (1)
where R is the reflectance, o and S are the absorption and
scattering coefficients, respectively. The band gap (E,) value
and absorption coefficient are related through the following
equation:

ahv = y(hv — E,)", )

where Av is the photon energy and y is a proportionality con-
stant, n =1/2 for a direct band gap semiconductor, or n =2
for an indirect band gap semiconductor. The extrapolation of
the linear part of the absorption edge in term of
[F (Roc)hu]'/ " on the photon energy axis gives the band gap
value. In the case of the analyzed perovskites the extrapola-
tion procedure has been successful for n=1/2, which
indicates that the perovskites are direct band gap semicon-
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ductors (Fig. 1). Our band gap value for EuTiO3 is 0.96eV.
This value is in good agreement with the room temperature
ellipsometry data of E, = 0.93 eV for unstrained EuTiO3 thin
film reported by Lee er al.” It is also in fair agreement with
the optical absorption data of E, = 1.03 eV for EuTiO3 nano-
particles reported by Wei ef al.** The 2.57 eV band gap value
for EuZrO; reported here is consistent with the yellow color
of the compound. It is also in good agreement with the recent
optical data on EuTiO3, EuZrO;, and EuHfO3 reported by
Akamatsu.”

A common feature is that both EuTiO3; and EuZrOs;
offer optical band gap values that are significantly smaller
than those of their Sr-based isomorphs. For example, SrTiO3
and SrZrO; show band gaps of 3.3 and 5.6eV, respec-
tively.?®*’ Bearing in mind an identical crystal structure, it
is unlikely that such a big changes in E, originate from the
small differences in the Ti(Zr)-O bond length in the Sr- and
Eu-based perovskites. Instead, it is most likely that the
Eu’*4f electrons play a central role in defining the band gap
in the latter perovskite family.

Figure 2 shows the EELS O-K edges of EuTiOs and
EuZrOs;. The near edge fine structures of the title compounds
are very similar. The peaks A; and B, are attributed to the
hybridization of O 2p states with the Ti 3d (Zr 4d) states,
split into tr, (Ay) and e, (B;) sub-bands, and the Eu 5d states
contribute significantly to C; and D;. Four main sets of
peaks highlighted as Aj,, Bi,, Ci,, and E;, are identified
in both EuTiO3; and EuZrOs5. Some differences, however, are
observed in the two systems: the structure D; is not observed
in EuZrO;, C, and E; in EuZrOj; are located at lower energy
than C; and E; in EuTiOs;, respectively, and E, has a much
weaker intensity than E;. In contrast, it is of interest to note
that the O-K near edge fine structures of these Eu-containing
perovskites are different from the ones in BaTiOs, for which
Ba 4 f states have been suggested to contribute to clearly dis-
tinguishable spectral features 11-13eV above the edge
onset.”’ No features in the fine structures in EuTiO; and
EuZrOj; can be attributed to a contribution of Eu 4 f states
and this observation indicates that there are no obvious
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FIG. 1. Absorbance versus energy curves for EuTiO; and EuZrO; perov-
skites. The linear fit of |[F(Ru)hv|® versus energy curve is shown with the
solid lines.
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FIG. 2. Electron energy loss spectra of O-K edge of EuTiO; (a) and EuZrO;
(b). The O-K edge of SrTiO; is added for comparison in the inset.”® Spectra
are aligned with respect to the peak A.

hybridization between O 2p and Eu 4f states in a 20eV
energy range above the Fermi level. Further information on
the Eu 4 f states with respect to the Fermi level cannot be
directly inferred from these EELS spectra and we will now
present XPS results to this end.

Figure 3 shows as-measured valence band XPS spectra
of EuTiO3 and EuZrOj; referenced to zero Fermi energy,
Er = 0. Both perovskite compounds show qualitatively simi-
lar valence-band signature. Both spectra are characterized by
a narrow, well-resolved, low-binding-energy peak attributed
to the strongly localized Eu?*4f electrons. The width of the
Eu*t 4f peak is limited to the energy resolution of our XPS
system. For better comparison, the XPS data were re-plotted
in Fig. 4 with inelastic scattering removed and the binding
energy (BE) referenced to the top of the valence band TVB
= 0. The TVB position was determined by extrapolating the
steepest increase in the high-kinetic energy edge to zero,
similar to the procedure reported by Hudson er al.’° The
derived position of the TVB is about 0.65eV and 1.50eV for
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FIG. 3. Pristine valence band XPS data for EuTiO; and EuZrOs. The bind-
ing energy is referenced from E = 0.
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FIG. 4. Valence band XPS data for EuTiO3 and EuZrO; with inelastic scat-
tering background removed. The binding energy is referenced from top of
the valence band TVB = 0. The data were fitted to the sum of five Gaussian
functions with parameters given in Table I.

EuTiOs and EuZrOs, respectively. Both values are larger
than the half of the corresponding band gaps as determined
by the diffuse optical absorption. This suggests that some
band bending occurs at the surface and indicates that the
Fermi level in both compounds is pinned by the in-gap sur-
face states or chemisorbed molecules.

Because the samples were exposed to air atmosphere
before mounting in the XPS chamber, one may expect that
part of the Eu>" ions will oxidize to form Eu®* at the sur-
face. Furthermore, small concentrations of Eu*t in EuTiOs
and EuZrO; samples were detected in the Mossbauer spec-
tra.’! This should cause partial depopulation of the Eu>t 4f
band and will pin the Fermi level at the onset of the valence
band. However, the observed values of the TVB shift indi-
cate an opposite trend where the Fermi level is shifted fur-
ther up from the TVB. We conclude, therefore, that the
pinning of the Fermi level is not caused by the possible Eu®*
states, but rather occurs due to surface contamination by
chemisorbed molecules such as, CO, CO,, OH, etc., or par-
tial reduction of Ti**(Zr*") ions. Indeed, we found an addi-
tional high-binding-energy peak of the O 1s level at
532.2eV which provides a clear evidence that the both
EuTiO; and EuZrOj surfaces contain significant amount of
chemisorbed COz.32

As can be seen in Figures 3 and 4, in addition to the
sharp Eu>* 4f peak, the valence band of EuTiO; and EuZrO;
comprises a broad high-energy multi-structured band attrib-
uted to the O 2p states extending from 3 to 10eV from the
TVB. The overall profile of this O 2p band is in qualitative
agreement with those observed in SrTiO3; and BaTiO3 perov-
skites. In order to determine the BE, the data were fitted to
the sum of Gaussian functions and the BE values are
reported in Table I together with the core electron levels.
Also reported is the FWHM of the assigned peaks. The fea-
ture marked A in Fig. 4 centered at 4.9 and 5.7¢V for
EuTiO; and EuZrOs, respectively, is assigned to the O 2p ¢°
and 7 non-bonding bands, since they do not involve
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TABLE I. XPS BEs and their full width at half maximum for EuTiO; and
EuZrO;. The binding energies (in eV) quoted in this table are referenced to
the pinned Fermi level, Ep = 0.

EuTiO3 EuZrO;

Level BE FWHM BE FWHM
Eu’* 4f 1.8 1.1 2.7 1.1
VB feature A 49 1.4 5.7 1.3
VB feature B 7.6 24 8.3 2.5
VB feature C 10.0 1.9 10.6 1.6
VB feature D 11.6 1.3 12.0 1.4
Ti2p % 459.3 1.3

Ti2p % 465.1 2.3

Zr3d3 183.4 L6
Zr3d % 185.8 1.5
O 1 s bulk 530.7 1.7 531.3 1.7
O 1 s contaminant 532.2 1.8 533.2 1.8

hybridization with the Ti(Zr) d-orbitals. High-energy fea-
tures B and C in Fig. 4 are assigned to the n- and o-type
bonding bands, respectively. They involve admixture of
Ti(Zr) ion and oxygen orbitals.*

In addition to the oxygen ligand contribution to the va-
lence band, in both compounds, we have also detected the
feature marked D in Fig. 4. One of the possible origins of
this feature is the bonding interactions of the oxygen 2p and
Eu 5d orbitals reported in the first-principles calcula-
tions.'>1° However, the strength of these interactions is very
weak and can hardly account for a noticeable intensity of
feature D. It may be also mentioned that the valence-band
structure of the EuTiOj3 thin film probed by hard x-ray photo-
electron spectroscopy show no evidence of the D feature.'?
It is more plausible, therefore, that the feature D in our sam-
ples originates from the surface contamination. Indeed,
Robey et al. reported contamination-induced intensity at
a BE=11eV in resonant photoelectron spectroscopy
studies on BaTiOs;, R;_,Ba,TiO3;, R=Y, La, Nd, and
Nd,;_,Sr, TiO3.>*> More accurate measurements of the va-
lence band spectra are necessary in order to clarify the origin
of the feature D in both EuTiO3 and EuZrOs.

One of the points that requires further studies is a factor
of 3 enhancement in the intensity of the Eu’" 4f peak in
EuTiO; as compared to that in EuZrOj (see, e.g., Fig. 3).
Because the soft x-ray photoelectron spectroscopy is
surface-sensitive technique, we speculate that the large dif-
ference in the Eu?>" 4f signal may be partially explained by
the different surface conditions of the samples. From the
point of view of magnetic exchange interactions, future stud-
ies may require resonant photoelectron spectroscopy at the
Ti 3 p threshold energy in order to reveal any Eu’>" superex-
change interactions via Ti 3d states as was recently proposed
by Akamatsu ez al.'* The possible admixture of Ti 3d states
in the Eu 4f” electron band may also explain the large differ-
ence in the XPS intensity of the Eu 4f’ peak in the EuTiO;
and EuZrO; samples found in this study. Indeed, the
enhanced Eu®" 4f signal in EuTiOs is in qualitative agree-
ment with a factor of 27 enhancement in the magneto-
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dielectric coupling constant in EuTiO3 as compared to that
of EuZr0;.”

In conclusion, we reported on optical band gap and va-
lence electronic structure of two Eu?'-based perovskites,
EuTiO; and EuZrO; as revealed by diffuse optical scatter-
ing, EELS, and valence-band XPS. In agreement with first-
principles studies, both compounds show significantly
smaller band gap as compared to their Sr-based counterparts.
The top of the valence band of the former perovskites is
comprised of the narrow-band formed by the Eu 4f7 elec-
trons. It is this band that causes the narrowing of the optical
band gap in Eu?*-based perovskites. Injecting holes into the
valence band by acceptor doping may be a viable path to
introduce p-type conductivity in these compounds. However,
the localized nature of the Eu 4f7 electrons may pose chal-
lenge in realization of significant p-type conductivity in the
title compounds.
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