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ABSTRACT: The powder α-Eu2(MoO4)3 sample was prepared by the
solid-state reaction method. The phase purity of the final powder product
was verified by X-ray diffraction analysis. The constituent element core
levels and valence band are measured by X-ray photoelectron spectroscopy
as a function of Ar+ ion (2.5 keV, 7−8 μA/cm2) bombardment time.
The formation of Mo5+ and Mo4+ states at high bombardment times was
detected. The Eu−O and Mo−O bonding was considered in comparison
with other Eu3+- and Mo6+-containing oxides using binding energy
difference parameters. The transparency range obtained for the pure
α-Eu2(MoO4)3 tablet is λ = 0.41−0.97 μm, as estimated at the transmission
level of 5%. The short-wavelength cut edge in α-Eu2(MoO4)3 is governed
by the direct allowed optical transitions within the band gap of Eg = 3.74 eV
(300 K). The band structure of α-Eu2(MoO4)3 was calculated by ab initio
methods and strongly different results were obtained for the spin up/down
configurations. The Eu-4f states are located around 2.2 eV and −4.0 eV for spin up (↑) and the structures situated at around 6.5 and
5.5 eV for spin down (↓) configuration. The calculated spin magnetic moments are in excellent relation to the Slater-Pauling rule
and within the Eu sphere the magnetic moment of 4f electrons is ∼5.99 μB.

■ INTRODUCTION

Molybdate crystals are characterized by specific structural
characteristics, possess interesting physical and chemical proper-
ties, and the materials are widely used in modern catalysis,
nanotechnology, electrochemistry, and optics.1−8 The rare-earth
molybdates are of special attention and the materials show a
great potential of being used for the preparation of the efficient
laser and luminescent media.9−15 In the phosphor technology,
the Eu3+ ions doped into the appropriate host matrix provide the

efficient red light emission under activation in the UV spectral
range.16−21 However, at special reducing/oxidizing technological
conditions, reversible transformation Eu3+↔Eu2+ is possible and,
respectively, europium in the host matrix can exist in two different
formal valence states.22−24 It is well-known that the spectroscopic
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parameters of Eu3+ and Eu2+ states are very different and the
europium valence state should be precisely controlled to generate
phosphor with a predetermined combination of radiative elec-
tronic transitions. Thus, the evaluation of the electronic structure
of model crystals, where Eu is in the individual formal valence
state, is topical.
As it is known, low-temperature monoclinic α-Eu2(MoO4)3,

space group C2/c, is a stable polymorphous modification
at room conditions and it can be taken as a representative
crystal containing Eu3+ ions.25−27 Thus, in the present study,
α-Eu2(MoO4)3 molybdate is synthesized and their electronic
structure is explored by X-ray photoelectron spectroscopy (XPS)
and theoretical methods. It should be pointed that in the
α-Eu2(MoO4)3 structure the europium ions are in the position
with symmetry C1 and this avoids symmetrical constraints on the
electronic parameters of Eu3+ ions.

■ EXPERIMENTAL METHODS
The powder α-Eu2(MoO4)3 sample was prepared by the solid
state synthesis method. The details of the starting and inter-
mediate reagent preparation and thermal treatment conditions
can be found elsewhere.26 The phase composition of the final
powder product was tested by X-ray diffraction (XRD)
measurements using an D8 ADVANCE Bruker diffractometer
(VANTEC liner detector, CuKα radiation).28,29 The XRD
pattern from the powder Eu2(MoO4)3 sample was recorded at
ambient conditions and the earlier reported cell parameters and
atom coordinates of the monoclinic phase were taken as a
starting model in the structural refinement.26 The Rietveld
refinement was performed using program TOPAS 4.2.30

The transmission spectra were recorded at room temper-
ature for a translucent pellet, 150 μm thick, pressed from
α-Eu2(MoO4)3 powder. The optical measurements were carried
out using a UV-2501PC Shimadzu spectrometer over the
UV-near-IR spectral region and a Fourier transform spectrom-
eter Infralum FT 801 in the mid-IR. An attempt was made to
evaluate the dominant mechanism of electronic band-to-band
transitions. As it is known, the transition kind can be obtained
from the functional relationship between optical absorption α and
photon energy hν.31−33 Thus, for direct-allowed and indirect-
allowed transitions, relations αhν ∝ (hν − Eg)

1/2 and αhν ∝
(hv − Eg)

2 are obeyed, respectively. The estimations were carried
out for a tablet fabricated from a mixture of α-Eu2(MoO4)2 and
KBr. Band gap values Eg were found by extrapolation of the linear
part of (αhν)2 versus hν or (αhν)1/2 versus hν curves to α(hν) = 0.
The XPS spectra were measured on a SPECS (Germany)

photoelectron spectrometer equipped by a hemispherical
PHOIBOS-150-MCD-9 analyzer (Al Kα radiation, hν =
1486.6 eV, 200 W). Initially, the binding energy (BE) scale was
calibrated in reference to the positions of the peaks of Au 4f7/2
(BE = 84.0 eV) and Cu 2p3/2 (BE = 932.67 eV) core levels.34,35

The sample in the form of powder was deposited onto a
conducting double-sided copper scotch. The BE values of the
peaks were calibrated in reference to the position of the C 1s peak
(BE = 284.8 eV) appeared due to the surface hydrocarbon-like
deposits (C−C and C−H bonds). The survey spectrum was
recorded at the pass energy of the analyzer being equal to 20 eV.
The narrow spectral regions of the valence band, Eu 4d, Mo 3d,
C 1s, O 1s, Eu MNN, and Eu 3d levels have been recorded
at the pass energy of the analyzer being equal to 10 eV. The
surface element concentration ratios were calculated from the
photoelectron peak intensities using the theoretical sensitivity
factors based on Scofield photoionization cross sections.36 The ion

bombardment of the sample was performed using an argon ion
gun (SPECS model IQE 11/35). The energy of Ar+ ions, the
current density and the beam angle were 2.5 keV, 7−8 μA/cm2,
and 45°, respectively. The depth profiling rate under these
conditions was estimated as ∼0.3 nm/min in reference to the
Y2O3/Si system.

37

■ DETAILS OF CALCULATIONS
The electronic and magnetic properties of α-Eu2(MoO4)3
compounds were calculated using the all-electron full potential
linear augmented plane wave plus the local orbitals (FPLAPW
+lo) method accomplished using the WIEN2k code.38 The
experimental structural geometry26 was optimized using the
FPLAPW+lo method38 within the generalized gradient approx-
imation (PBE-GGA).39 The optimized atom coordinates used in
the calculations can be found in Table S3. For the highly correlated
compounds, including oxides, the local density approximation
(LDA) and GGA are known to fail to yield the correct ground
state. In the systems, the electrons are highly localized. Respectively,
the Coulomb repulsion between the electrons in open shells
should be accounted. There is no exchange correlation functional,
however, that can include this in an orbital independent way, and
a simpler approach consists in adding the Hubbard-like on-site
repulsion to the Kohn−Sham Hamiltonian. The method is known
as LDA+U or GGA+U calculations. There are different ways for
the implementation. In the present work, the method of Anisimov
et al.40 and Liechtenstein et al.41 is applied where the Coulomb (U)
and exchange (J) parameters are used.
The ground state properties were determined from the

obtained relaxed geometry using FPLAPW+lo39,42,43 within
GGA+U (U - Hubbard Hamiltonian). We applied U on the 4f
orbital of Eu atoms and the 4d orbital of Mo atoms. We tested
several values for U and it was found that the best U values are
0.55 Ry for the 4f orbital of Eu atoms and 0.22 Ry for the 4d
orbital of Mo atoms, which brings the calculated energy band
gap in good agreement with the experimental one. We should
emphasize that for strongly correlated electron materials the
failure of the standard DFT can also be overcome by other
approaches that go beyond DFT such as the hybrid functionals
(computationally expensive). The hybrid functionals involve
the DFT correlation and a mixing of the local or semilocal DFT
exchange with the nonlocal Hartree−Fock (HF) exchange in a
certain proportion to reduce the self-interaction error of DFT.
In fact, it is reported that the hybrid functional, such as HSE06
functional, can be used to describe the bands of nonbonding Ln
4f electrons correctly.44,45

The potential for the basis functions construction inside the
sphere of the muffin tin was spherically symmetric, whereas it
was constant outside the sphere. Self-consistency is reached

using 300
⇀
k points in the irreducible Brillouin zone (IBZ). The

self-consistent calculations are converged because the total
energy of the system is stable within 0.00001 Ry. The electronic
band structure and the related properties were performed

within 600
⇀
k points in the IBZ.

■ RESULTS AND DISCUSSION
X-ray Diffraction and Optical Measurements. The

prepared powder product is of light-cream color common of
europium oxides.21,46,47 The scanning electron microscopy
observation indicates the formation of well-faceted partly
agglomerated grains with dimensions of 1−15 μm.26 The
phase purity of the α-Eu2(MoO4)3 powder sample was confirmed
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by XRD measurements and structural refinement. The measured
XRD pattern is shown in Figure 1. The refinement was stable and
gave low R-factors, and the main structural parameters are given
in Table 1. The fractional atomic coordinates and metal−oxygen

bond lengths are shown in Tables S1 and S2, respectively. The
obtained structural parameters are in good relation to those
earlier found for the α-Eu2(MoO4)3 phase.

25,26

The transparency range obtained for the pure α-Eu2(MoO4)3
tablet is λ = 0.41−0.97 μm, as estimated at the transmission
level of 5% (Figure 2, curve 1). This is an unusually narrow
range and, typically, the transparency range in molybdates is
noticeably wider. By way of example, the ranges in Bi2(MoO4)3,
PbMoO4, and ZnMoO4 are as wide as 0.415−5.2, 0.42−3.9,
and 0.327−4.96 μm, respectively.48−51 The comparatively slow
transmission increase on the wavelength increase appeared,
at least partly, due to light scattering by the powder particles.
The sharp absorption lines observed in the visible and ultra-
violet parts of the spectrum are related to the 4f−4f transi-
tions in Eu3+ ions. Besides, a wide band with its maximum at
∼0.40 μm is detected near the short-wavelength cut. This band
may be attributed to the absorption of Eu3+ ions captured
electrons from the nearest point defect. The most intensive
absorption lines are attributed to the transitions from 7F0
and 7F1 states to higher energy states 5D0 (590.9 nm), 5D1
(535.7 nm), 5D2 (465.4 nm),

5D3 (420 nm),
5D4 (365.4 nm).

52,53

The noticeable shift of the short-wavelength cut edge to shorter
wavelengths in reference to that in other oxides, including
molybdates, may be induced by the electron transition into the
main multiplet 7F, when electrons transit from 7F0 to higher
energy states 7Fi, i = 4, 5, 6. The wide short-wavelength
absorption bands of Eu3+ ions are induced by electron-dipole f−d
transitions.54

The results of the fundamental absorption edge measure-
ments are shown in Figure 3. The straight-line fitting is
performed in coordinates of (αhν)2 = f(hν), where α is the
absorption coefficient in cm−1, and hν is the photon energy in
eV. Thus, it is found that, in α-Eu2(MoO4)3, the short-
wavelength cut edge is governed by the direct allowed optical
transitions within the band gap of Eg = 3.74 eV (300 K). The
estimated band gap value is among the Eg values earlier
observed in other molybdates: 3.2 eV (PbMoO4,

55), 3.98 eV
(SrMoO4,

56), 4.3 eV (ZnMoO4,
57). Narrow absorption lines

in the 3.4 to 3.85 eV range (Figure 3) observed near the
fundamental absorption edge of α-Eu2(MoO4)3 are due to
4f−4f electronic transitions in Eu3+. A line near 3.4 eV (365 nm)
is related to transition 7F0 → 5D4, whereas a group at larger
photon energies is associated with transitions 7F1,0 →

5H7,6,5.
52,53

The survey photoelectron spectrum recorded from α-Eu2(MoO4)3
powder is shown in Figure S1. All spectral features, except one,
were successfully attributed to constituent element Auger lines
and core levels. The line at 284.8 eV can be attributed to the C 1s

Figure 1. Rietveld difference plot of α-Eu2(MoO4)3 at room temper-
ature. The obtained crystal structure of monoclinic α-Eu2(MoO4)3 is
illustrated in the inset.

Table 1. Main Parameters of Processing and Refinement

compound α-Eu2(MoO4)3
sp. gr. C2/c
a, Å 7.5609(1)
b, Å 11.4707(2)
c, Å 11.5122(2)
β, ° 109.298(1)
V, Å3 942.34(3)
Z 4
2θ-interval, ° 5−140
no. of reflections 904
no. of refined parameters 69
Rwp, % 3.78
Rp, % 2.93
Rexp, % 2.97
χ2 1.28
RB, % 0.89

Figure 2. Optical transmission spectra measured for (1) and (2) α-Eu2(MoO4)3 tablet, and for (3) mixed α-Eu2(MoO4)2 and KBr tablet.
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signal and this line, at least partly, is related to adventitious
hydrocarbons adsorbed on the particle surface from the
laboratory air. As it is seen from Figure S2, the comparison
of the spectra before and after ion bombardment indicates that
the C 1s signal can be noticeably decreased by top surface ion
sputtering. The α-Eu2(MoO4)3 particles are well faceted and,
respectively, the adsorbate removal from the flat facets is possible
by ion bombardment.
The constituent element core levels are shown in Figures 4−6

and Figure S3. As to the initial surface state, the binding energy

values of the representative levels Mo 3d5/2 and Eu 3d5/2
fall in the ranges typically observed in Mo6+- and Eu3+-containing
oxides.58−69 Generally, the intensity of the element core levels
increases on the bombardment time increase because of
contaminated top-surface layer sputtering. As to Mo 3d doublet
behavior, however, the appearance of two new components is
evident at longer bombardment times and this effect is related
to the generation of Mo5+ and Mo4+ states due to a partial
oxygen loss from the surface. It should be emphasized that
previously a similar effect of the lower-valence states generation
was observed for the W 4f doublet in several tungstate
crystals.70−74 Thus, molybdate and tungstate crystals are
unstable under middle-energy Ar+ ion bombardment, and
they possess a general trend of Mo6+ and W6+ transformation to
the lower-valence states in the top-surface layer.

In parallel to the Mo5+ and Mo4+ states formation by ion
bombardment, the line of O 1s becomes wider. As it may be
supposed, a new component or components appeared in the
O 1s band and the components are related to the O2+ ions
bonding to Mo5+ and Mo4+ ions.75 The effect in α-Eu2(MoO4)3
powder, however, is not pronounced and the BE(O 1s) value
remains to be the same, as it is evident from Figure 5. As to
energy positions of the Eu 4d5/2 and Eu 3d5/2 lines, these are
the effects insensitive to bombardment. Earlier, several other
oxide compounds containing Eu3+ ions were measured by XPS
and noticeably different BE(Eu 4d5/2) and BE(Eu 3d5/2) values
were obtained in different compounds for the characteristic
europium peaks. The experimental data found in the literature
for the crystals, where trivalent europium is a constituent
element, are shown in Table 2. Here, if the component
decomposition was used for the O 1s band, the lower BE
component was selected as a representative one of the
compound bulk. The drastic scattering of the measured values
of BE(Eu 4d5/2) and BE(Eu 3d5/2) is evident and this is well
illustrated by the parameters reported for the elementary oxide
Eu2O3 which was measured by XPS several times in the past.
Among the strongest factors generating the scattering, the
pronounced surface reactivity of many Eu3+-oxide compounds
and surface charging effects during XPS measurements could
be considered. As it was repeatedly demonstrated in several
previous observations, the surface charging effects can be excluded

Figure 3. Fundamental absorption edge for the α-Eu2(MoO4)3 tablet,
as given in coordinates (α*hν)2 = f(hν). T = 300 K.

Figure 4. Detailed spectra of the Mo 3d doublet for four selected
bombardment times.

Figure 5. Detailed spectra of the O 1s core level for four selected
bombardment times.

Figure 6. Detailed spectra of the Eu 3d doublet for four selected
bombardment times.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b01489
J. Phys. Chem. C 2016, 120, 10559−10568

10562

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b01489/suppl_file/jp6b01489_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b01489/suppl_file/jp6b01489_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.6b01489
http://pubsdc3.acs.org/action/showImage?doi=10.1021/acs.jpcc.6b01489&iName=master.img-003.jpg&w=223&h=150
http://pubsdc3.acs.org/action/showImage?doi=10.1021/acs.jpcc.6b01489&iName=master.img-004.jpg&w=197&h=167
http://pubsdc3.acs.org/action/showImage?doi=10.1021/acs.jpcc.6b01489&iName=master.img-005.jpg&w=192&h=163
http://pubsdc3.acs.org/action/showImage?doi=10.1021/acs.jpcc.6b01489&iName=master.img-006.jpg&w=191&h=166


from the consideration if the BE difference is used as a
representative parameter instead of the conventional BE
value.61,63,72−74,80−83 Thus, BE difference parameters Δ4d =
BE(O 1s − Eu 4d5/2) and Δ3d = BE(O 1s − Eu 3d5/2) were
also calculated for europium core levels and they are shown in
Table 2. Usually, the scattering of the BE difference parameters is
lower than that of BE parameters.80,84 For the Eu-containing
crystals listed in Table 2, this, however, is not right. The
scattering ranges of BE(Eu 4d5/2) and BE(Eu 3d5/2) are 1.5 and
1.9 eV, respectively. Comparatively, the scattering ranges of Δ4d

and Δ3d are 2.5 and 1.1 eV. The scattering of Δ4d is even higher
than that of BE(Eu 4d5/2). Thus, it can be concluded that for the
crystal set measured by XPS up to the present, the surface
reactivity is the main factor governing the experimental data
scattering. Among the compounds shown in Table 2, from the
chemical point of view, EuAlO3 and Eu2(MoO4)3 seem to be the
most stable in reference to surface reactivity in the air environ-
ment. Other compounds are very hygroscopic or incompletely
characterized in literature. For this reason, ranges Δ4d = 394.0−
394.4 and Δ3d = −(603.4−604.1) eV could be considered as
representative for the characterization of Eu3+ states in oxides.
However, further accumulation of XPS parameters of different
Eu3+-containing crystals is evidently topical.
As to Mo−O chemical bonding effects, these were previously

considered in ref 60., where the diagram related to the
ΔMo3d5/2 = BE(O 1s − Mo 3d5/2) and mean bond length
L(Mo−O) was depicted. The coordination of Mo6+ ions in
α-Eu2(MoO4)3 may be considered as tetrahedral and, then,
value L(Mo−O) = 180.3 pm can be calculated.25,26 From the
XPS measurements carried out in the present study, we have
ΔMo3d5/2 = 297.9 eV. Thus, in the diagram created in ref 64.,
the point related to α-Eu2(MoO4)3 appears in the cluster of
molybdate crystals with tetrahedral coordination of Mo6+ ions.
The valence band in α-Eu2(MoO4)3 is shown in Figure 7, as

measured by XPS for several bombardment times. For the
initial surface state, there are two shallow bands with maxima at
∼1.7 and ∼8 eV. Then, on the bombardment time increase, the
intensity of both of these bands also increase. It should be
pointed that the intensity of the band at ∼1.7 eV grows faster
than that of the band at ∼8 eV. Besides, the shoulder appears
at ∼5 eV. As it seems, the effects may be attributed to the

generation of the Mo5+ and Mo4+ states at the top surface of the
particles bombarded by Ar+ ions.

Spin Polarized Electronic Band Structure and Density
of States. The spin up (↑) and spin down (↓) electronic band
structures of the α-Eu2(MoO4)3 compound exhibit that this
crystal is an indirect band gap semiconductor, as shown in
Figure 8a,b. For spin up (↑) and spin down (↓), the valence
band maximum (VBM) is located at the Y0 symmetry point of
the first BZ. Whereas the conduction band minimum (CBM)
for spin up (↑) is situated at the M0 point, it is at the Γ point
for spin down (↓). The calculated band gaps are 2.2 eV (↑) and
3.2 eV (↓). In this calculation the zero of the energy scale is
taken at the top of the valence band. It was noticed that the
energy gap of spin up (↑) is noticeably lower than that of spin
down (↓). That is attributed to the location of Eu-f at around
2.2 eV for the spin up (↑) that pushes the CBM toward the
Fermi level resulting in the reduced energy gap value. Whereas
for spin down (↓), the Eu-f states are shifted toward higher
energies to be situated around 6.5 eV resulting in a shift of the
CBM by around 1.0 eV toward higher energies and that
increases the band gap value of spin down (↓) which shows
good agreement with the measured one (see Figure 5S). It is
interesting to highlight that the CBM for spin up is formed by

Table 2. Binding Energy Values in Eu3+-Containing Oxides

crystal Eu 4d5/2 (eV) O 1s (eV) Eu 3d5/2(eV) Δ4d(eV) Δ3d (eV) reference

Eu2O3 135.0 1134.0 65
(fixed)

136.5 529.2 1134.6 392.7 −605.4 66
134.9 529.0 1133.7 394.1 −604.7 67

∼1132 68
529.2 1133.5 −604.3 69

135.9 531.1 1135.4 395.2 −604.3 78
EuNbO4 135.8 1134.8 64
Eu(OH)3 528.9 1133.5 −604.6 69
Eu2(C2O4)3 134.4 531.2 1133.9 396.8 −602.7 67
Eu2(C2O4)3·10H2O 531.9 1134.9 −603.0 77
Eu2(CO3)3 136.5 531.7 1135.3 395.2 −603.6 67
Eu2(SO4)3 136.9 531.9 1135.9 395.0 −604.0 67
Eu2(NO3)3 137.7 533.5 1136.4 395.8 −602.9 67
EuMnO3 134.3 76
EuAlO3 135.6 529.6 1133.0 394.0 −603.4 79
Eu2(MoO4)3 136.3 530.7 1134.8 394.4 −604.1 Present study

Figure 7. Detailed spectra of the valence band for four selected
bombardment times.
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the Eu-4f states, while for spin-down it is originated from the
Mo-d states revealing that the Eu-4f band vanished. The VBM
is formed by O-p states for both spin-up/down configurations.
We would like to mention that the Eu states play a role in
reducing the band gap in comparison with molybdates where
the trivalent cation is not a lanthanide. The same phenomenon
has been found to occur in tungstates like EuWO4.

85

The necessary ingredients of the total and atom-resolved
density of states are calculated for the spin up (↑) and spin down
(↓) cases, as shown in Figure 8a,b. The total density of states for
the spin up (↑) exhibits similar features to that of spin down (↓)
except for the location of the Eu-4f band. It is located around
2.2 eV and −4.0 eV for spin up (↑), whereas for the spin down
(↓) configuration, both structures which were appeared at 2.2 eV
and −4.0 eV in the case of spin up (↑) are shifted toward higher
energies to be situated at around 6.5 and 5.5 eV. It is interesting
to mention that the appearance of Eu-4f at around 2.2 eV in the
spin up configuration is attributed to the charge transfer (CT)
from O 2p states to unoccupied spin up Eu 4f states. It is clear
that the appearance of Eu-4f at around 2.2 eV in the spin up
causes a band gap reduction in concordance with our observation
of the electronic band structure. There are two types of charge

transfer (CT) in α-Eu2(MoO4)3 compounds: the first one is
O2−−Mo6+ and the second one is O2−−Eu.86 The calculated
values are 3.2 and 2.2 eV, respectively.
We should emphasize that the spin up Eu3+ 4f states are split

into occupied and unoccupied bands. The occupied spin up
Eu3+ 4f band is located at −4.0 eV and the unoccupied spin up
Eu3+ 4f band is located at 2.2 eV. The unoccupied spin down
Eu3+ 4f states form two bands located at 5.5 and 6.5 eV. Also,
by the change of the oxidation state of Eu (from 3+ to 2+), the
decreased atomic charge from 3 to 2 leads to a destabilization
of the 4f electrons (due to lower Coulomb attraction of 4f
electrons in the less positively charged Eu2+ cation in
comparison with the Eu3+ cation) and a uniform shift of the
4f bands by about 5 eV occurs. This shift in Eu2+ causes the
band of occupied spin up 4f states to be located directly in the
gap.45 Moreover, the presence of unpaired Eu3+ 4f electrons
causes the spin up and spin down states of Eu3+ to be split and
the spin up states are shifted down in contrast to the states of
Mo6+ and O2− (paired electrons), which form compact nonspin
separated bands (Figures 8 and 9).
The angular momentum character of various structures in

α-Eu2(MoO4)3 compounds for the spin up (↑) and spin down

Figure 8. Calculated spin polarized electronic band structure along with the calculated total density of states, density of state of the Eu atom, and
Eu-f states for (a) spin up and (b) spin down cases.
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(↓) states can be obtained by calculation of the angular
momentum projected density of states (PDOS), as shown in
Figure 9a−g. It was found that the two Mo and six O atoms

exhibit significant contributions along the energy scale for spin-
up/down (see Figure 9a,b). The Mo-d state is distributed in the
valence and conduction bands and shows the main contribution

Figure 9. Calculated angular momentum projected density of states (PDOS) for spin up/down configurations. Here, the (a) Mo-total, (b) O-total,
(c) Mo-d, (d) Eu-s and Mo1-p, (e) Eu-p, Mo-s, and Mo2-p, (f) O-s, and (g) O-p states are shown.
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above the CBM for spin up and at the CBM for spin-down
Figure 9c. In Figure 9d−f, we can see that the Eu-s/p, Mo-s/p,
and O-s states show a small contribution along the whole
energy scale, while O-p states (Figure 9g) exhibit the main
contribution below EF. The spin magnetic moments are calcu-
lated for the atom resolved within the muffin-tin spheres, as
well as in the interstitial sites, as shown in Table 3. The calcu-
lated spin magnetic moments are in accordance with the Slater-
Pauling rule. The calculation shows that the magnetic moment
of 4f electrons within the Eu sphere is about 5.99 μB. There
exists a strong hybridization between Eu-d and Mo-p states
below EF and the O-s state hybridized with Eu-s and Mo-p
states above and below EF. The hybridization degree favors
enhancing the covalent bonding.

■ CONCLUSIONS
In the present work, the electronic structure of α-Eu2(MoO4)3
has been explored in detail. For the experimental observation, the
high-quality low-temperature modification α-Eu2(MoO4)3 has
been synthesized in the powder form by the solid state synthesis
method. The electronic structure of the α-Eu2(MoO4)3
molybdate has been studied by X-ray photoelectron spectroscopy
(XPS) and theoretical methods for the first time. The chemical
bond analysis has been carried out in comparison of α-Eu2(MoO4)3
with many other molybdates and Eu3+-containing compounds
using the BE difference parameters. As a result, the BE differ-
ence ranges of Δ4d = BE (O 1s − Eu 4d5/2) = 394.0−394.4 and
Δ3d = BE (O 1s − Eu 3d5/2) = −(603.4−604.1) eV could be
considered as representative for the characterization of Eu3+

states in oxides. Thus, XPS can be helpful for the europium
valence state control in Eu-doped oxides, including phosphors
where the europium content is comparatively low.
As is well-known, the band structure of Ln-bearing oxides is

very dependent on the energy position of the Ln 4f orbitals in
the valence band, and this feature in α-Eu2(MoO4)3 is observed
in the present study. The family of molybdates Ln(MoO4)3 is
very wide and, respectively, it can be selected as a suitable
grounding for the exploration of related electronic and
spectroscopic effects generated due to rare-earth (Ln) element
substitution and polymorphous phase transitions.
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