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ABSTRACT

Traditional synthetic efforts to prepare Eu(Il)-containing oxides have principally involved the use of high temperature reactions starting from EuO or a controlled,
highly-reducing, atmosphere. Conversely, chimie douce approaches that are more amenable to the targeted syntheses of new, and potentially metastable, Eu(II)-oxides
have yet to be explored. Herein, a cation-exchange route to new Eu(Il)-containing oxides, e.g., EuTas.,O11 (x = 0.04), has been discovered and its structure
determined by powder X-ray diffraction (Space group P6322 (#182), a = 6.2539(2) A; ¢ = 12.3417(2) A). The compound derives from the cation exchange of
NayTa4011, via a reaction with EuBr; at 1173 K, and replacement by half the number of divalent Eu cations. Rietveld refinements show preferential ordering of the Eu
cations over one of the two possible cation sites, i.e., Wyckoff site 2d (~94%; Eul) versus 2b (~6%; Eu2). Total energy calculations confirm an energetic preference of
the Eu cation in the 2d site. Tantalum vacancies of ~1% occur within the layer of Eu cations and TaOg octahedra, and ~20% partial oxidation of Eu(II) to Eu(III)
cations from charge balance considerations. *>'Eu Mossbauer spectroscopy measured at 78 K found a Eu(II):Eu(III) ratio of 69:31, with a relatively broad line width of
the former signal of I' = 7.6(2) mm s.. Also, the temperature-dependent magnetic susceptibility could be fitted to a Curie Weiss expression, giving a Hefr = 6.2 pp and
Ocw = —10 K and confirming a mixture of Eu(II)/Eu(III) cations. The optical bandgap of EuTa4.,O1; was found to be ~1.5 eV (indirect), significantly redshifted as
compared to ~4.1 eV for NayTa401,. Spin-polarized electronic structure calculations show that this redshift stems from the addition of Eu 4f” states as a higher-
energy valence band. Thus, these results demonstrate a new cation-exchange approach that represents a useful synthetic pathway to new Eu(I)-containing ox-

ides for tunable magnetic and optical properties.

1. Introduction

Rare Earth (RE) oxides are known to have many intriguing properties
and which have made them one of the most interesting classes of com-
pounds [1,2]. Currently, while most oxides that have been investigated
contain the RE as a trivalent cation, less frequently can the analogous
oxides be prepared where it exists as a divalent cation, e.g., containing
Yb(II) or Eu(II). Within this area, research into Eu(II)-containing oxides
has been long-standing, and principally stemming from their interesting
magnetic and magneto-optic properties such as reported by Shafer,
Greedan and many other contemporaries [3-5]. Amongst the earliest
studied examples, the binary compound EuO exhibits a ferromagnetic
transition at a temperature of ~77 K [6], while EuSiO4 was also first
reported to be optically transparent and show ferromagnetism below ~7
K [7]. Motivated by their intriguing properties and crystalline struc-
tures, several Eu(II)-based oxides were discovered in combination with
early transition metal cations such as Ti(IV), Zr(IV), Nb(V) and Ta(V).
Notable examples within these systems have included EuTiOs, which
exhibits the magneto-restriction effect caused by a strong spin-lattice
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coupling [8,9], antiferromagnetic ordering in the double perovskites
EupLnTaOg (Ln = trivalent rare earth) [10], as well as less understood,
complex, magnetic transitions at low temperatures in EusTas07 [11].
Despite their tantalizing physical properties, targeted research efforts
into Eu(Il) oxides spanning over ~50 years have only resulted in a
limited number owing to well established synthesis problems.

General guidelines have been postulated to aid in the predicted
synthesizability of new Eu(II)-based oxides [12], including that a) the Sr
(II) analogue should exist (owing to its similar ionic radius), b) that the
other cations in the oxide must not be too easily reduced by Eu(Il), and
c) the compound should not fall near the boundary of that structure’s
stability field. While these guidelines can be useful for more conven-
tional synthetic approaches, they may also serve to unnecessarily restrict
investigations by alternative synthetic routes. The absence of more
tunable synthetic routes to prepare divalent RE compounds is a bottle-
neck to many potentially interesting Eu(II) containing oxides. One
alternative synthetic method amenable to targeted synthetic efforts is
the use of cation exchange techniques [13,14], but which have yet to be
applied to divalent RE oxides. Recent research activity has demonstrated
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the broad applicability of flux-mediated ion-exchange reactions in
addressing synthetic bottlenecks to technologically relevant solid-state
compounds, as has been recently reviewed [15,16]. This type of reac-
tion is enabled by using a metal salt of relatively low-melting point,
whereby a metal cation of the salt (B") exchanges with a metal cation (A)
of the reactant metal oxide (e.g., AMO3 + B’Xs — B’MO3 + AXj). The
thermodynamic driving force for these types of reactions is typically the
exothermic formation of the exchanged salt product, i.e., AXs in the
reaction, also described as thermokinetic coupling [17]. Often, these
exchanges are topotactic, and thus the underlying structure of the
reactant oxide can frequently be maintained in the exchanged product.
Consequently, this allows for specific structural features to be targeted in
the product by choosing an appropriate precursor.

The cation-exchange synthetic approach is thus broadly applicable to
the incorporation of metal cations that have a strong tendency to
disproportionate, oxidize in air, or to otherwise decompose in typical
high temperature reactions needed to achieve sufficient ion diffusion.
For example, this includes the synthesis of many new Sn(II)-containing
oxides at low temperatures from cation exchange with halide salts [18,
19], such as reported for SnMO3 (M = Ti, Zr, Hf) perovskites [20,21].
Other examples include mixed-metal oxides containing Cu(I)-, Ag(I)-,
and other cations that frequently are difficult to prepare at high tem-
peratures [22,23]. Herein, the synthesis of a new Eu(Il)-oxide is
described that has been prepared through a flux-mediated cation ex-
change between a NayTa4011 precursor and EuBr,. To our knowledge,
this represents the first reported investigation involving a
cation-exchange reaction to synthesize a new divalent RE-containing
oxide. Its structure has been determined by synchrotron powder X-ray
diffraction to be generally isostructural with SrTa401;. It is also found to
contain Ta-vacancies that result in a partial oxidation of Eu(II) to Eu(IIl),
as probed by temperature-dependent magnetic susceptibility, SEM-EDS
and Mossbauer spectroscopy.

2. Experimental
2.1. Synthesis of NazTa401;

NayTas011 was synthesized via a solid-state reaction using Na,CO3
and TaOs. Stoichiometric amounts of the precursors were ground
together using a mortar and pestle for ~20 min. The resulting mixture
was placed into an alumina crucible and heated in a box furnace. The
temperature was ramped to 1273 K over the course of 2 h and was
subsequently held at 1273 K for 3 h. The furnace was then shut off and
the products were allowed to radiatively cool to room temperature in-
side the furnace. The final product was again ground using a mortar and
pestle prior to use in the next step.

2.2. Flux-mediated synthesis of EuTa4011

The reactants, NagTa401; and EuBry, were ground together in an
argon-filled glovebox in a 1:3 M ratio. The resulting powder mixture was
then sealed into an evacuated fused silica ampoule under dynamic
vacuum. The reactants were then ramped to 1173 K over a period of 1.5
h and held at this temperature for 24 h. The furnace was then turned off
and the reaction vessel was allowed to radiatively cool to room tem-
perature inside the furnace. The products were then washed and
centrifuged several times with methanol to remove the NaBr side
product and the remaining EuBr; flux. The remaining powder was dried
under dynamic vacuum at room temperature. The powder was then
reground inside the glovebox with additional EuBr; in a 1:3 ratio and the
heating cycle was repeated. The powder was again washed with meth-
anol and dried under vacuum to obtain the final product that was
confirmed by powder XRD to have generally the same structure type as
SrTa4011, as described below. For comparison, solid state reactions
using Eu, EupO3 and Tay0s yielded either no reaction and/or minor
amounts of unidentified products when heated to temperatures from
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1173 to 1273 K for 48 h.
2.3. Characterization

Laboratory powder X-ray diffraction data (PXRD) were collected on a
Rigaku R-axis Spider diffractometer using Cu Ka radiation (A = 1.5418
A) from a sealed tube X-ray source (40 kV, 36 mA) and a curved image-
plate detector. Synchrotron PXRD used for the Rietveld structural
refinement was collected at the Advanced Photon Source at the 17-BM
beamline with a wavelength of 0.241079 A. Crystal structure re-
finements were performed using the Rietveld method in the GSAS-II
software package [24]. The refinement proceeded by a fitting of the
background function and sample displacement, followed by unit cell
parameters, scale factor, atomic positions and isotropic displacement
parameters. The Eu(Il) cations were found to occupy two possible sites,
Eul and Eu2 in Wyckoff sites 2d and 2b with respective percentages of
93.6(1)% and 6.4(1)%. These two Eu sites were constrained to have a
total occupancy of unity. Further, refinement of the Ta crystallographic
sites indicated that the Ta2 exhibited an occupancy of 95.8(1)%, or
~4.2% vacancies. These mixed-site and partial occupancies were found
to be consistent with the mixed Eu(II)/Eu(III) oxidation states found in
the magnetic susceptibility and Mossbauer spectroscopic data (see
below). The final fitting converged to R and wR values of 4.70% and
8.22% with a phase fraction for EuTas.xO11 (x ~ 0.04) of ~97.2% and a
~2.8% impurity of EuTaOy4. Full details of the final refinement results
can be found in the Supporting Information.

UV-Vis diffuse reflectance measurements were taken on a Shimadzu
UV-3600 spectrophotometer equipped with an integrating sphere. The
background was a pressed barium sulfate disc. The data were trans-
formed by using the Kubelka—Munk, F(R), function. Tauc plots of (F(R)
x hv)" versus photon energy allow for the extraction of the direct (n = 2)
and indirect (n = 1/2) bandgap transition energies to be determined.
The direct and indirect transitions were determined by extrapolating the
linear portion of the plot to the baseline. Elemental analysis was per-
formed using a JOEL SM 6010LA scanning electron microscope which is
equipped with a secondary electron imaging detector along with a JOEL
silicon drift detector. The SEM EDS data were collected using a 20 kV
accelerating voltage.

2.4. Magnetic susceptibility and Mossbauer spectroscopy

The magnetic susceptibilities of polycrystalline samples of nominally
EuTa4.,017 were measured as a function of temperature and with
external magnetic fields of 0.1, 1, 4 and 7 T with a MPMSX7 magne-
tometer (Quantum Design). The background of the sample holders was
determined in separate runs and subtracted from the experimental data.
A™Eu Mossbauer spectroscopic study on a sample, nominally EuTay.
x011, was performed with alSISm:Equ source (21.53 keV transition, 55
MBq activity, 1% of the total activity). The measurement was performed
in transmission geometry at 78 K using a liquid nitrogen-bath cryostat.
The source was kept at room temperature. The sample was ground to a
fine powder and mixed with a-quartz to ensure an even distribution of
the sample within the PMMA sample holder (& 2 cm). The optimal
sample thickness was calculated according to [25]. Fitting and plotting
of the spectrum were done with the WinNormos for Igor6 program
package [26] and graphical editing with CoreDRAW2017 [27].

2.5. Electronic structure calculations

Spin-polarized density functional theory calculations were per-
formed by application of the projector augmented wave (PAW) method
within the Vienna Ab Initio Simulation Package (VASP) [28,29]. Ex-
change correlation functionals were treated within the generalized
gradient approximation (GGA) of Perdew, Burke and Ernzerhof [30]. To
probe the energetics of the Eu-site occupation within the exchanged
EuTa404; crystal structure, calculations of the total energy were carried
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out with the Eu cation located on either the 2d or the 2b Wyckoff sites, as
well as a mixed-site model within a 2 x 2 x 1 superstructure. The 2d
Wyckoff site is that reported for the Sr(II) cation within the SrTa 01,
structure. The cutoff energy and criteria for energy convergence were set
to 520 eV and 108 eV, respectively. To represent the electron correla-
tions of the Eu 4f states, an on-site repulsion parameter (DFT + U
method) of 6.0 eV was used. Full geometry relaxation calculations uti-
lized a 4 x 4 x 2 k-point mesh, while densities-of-states (DOS) calcu-
lations were performed using an 8 x 8 x 4 k-point mesh. Band dispersion
plots were constructed with 10 intersections along each of the high
symmetry  directions of the conventional k-point path
(I-M-K-T-A-L-H-A|L-M|H-K) in the Brillouin zone of the crystal system
[311.

3. Results and discussion
3.1. Synthesis and crystal structure

The synthesis of EuTa4011 from the NayTa4011 structure [32], which
contains layers of TaO; pentagonal bipyramids, was investigated by
flux-mediated cation exchange with EuBrjy. The reaction can be repre-
sented by NayTas011 + EuBry — EuTas01;7 + 2 NaBr. The exothermic
formation of the stable NaBr side product provides a significant driving
force for the reaction, with its removal easily achieved by washing in
methanol to purify the product. This approach enabled a relatively low
synthesis temperature of ~1173 K and time of 48 h, with the dark,
brown-colored product exhibiting a powder XRD highly similar to that
for SrTa401;. While the syntheses of many Eu(II) oxides have been
reportedly facilitated by reduction of Eu(IIl) precursors at much higher
temperatures and reaction times, there is currently no reported Eu(III)-
Ta-O phase with appropriate 1:4 stoichiometry of Eu:Ta that could
potentially yield EuTa4O1;. Thus, a flux-mediated cation exchange
pathway is fundamental to the successful synthesis of EuTa4O;;. Prior
studies have demonstrated cation exchange reactions involving solids
with the underlying structure type of «-UsOg, e.g., A, TazO11 and
A,Ta;019 (x = 1, 2, 3; A = Cu(), Ag(D), Pb(Il), La(Il)), and that the
underlying tantalate substructure can be maintained [33,34]. However,
the current study represents the first extension to a divalent RE cation.

== Observed
== Calculated
== Background
Difference
== EuTa,Oy,

Intensity (arb. unit)

[N TR TR TR W AT TTWTR W O e e e gy
T LU CTEMTIEI I RO O ATNAR 1 1 D A N e

2 4 6 8 10 12 14 16
28 ()

Fig. 1. Plot of Rietveld refinement of powder XRD data set (right) and crystal
structure of EuTay.,O11 (left) with unit cell outlined and atom types labeled.

Table 1
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The final refined crystal structure of EuTay.,O11 (x = 0.042(1)) via
Rietveld refinement of the synchrotron powder XRD data is shown in
Fig. 1, alongside the fitted refinement plot. Listings of the lattice pa-
rameters, atom positions, and site occupancies are provided in Table 1.
The cation-exchanged EuTa4,0p; structure was initially modeled to
have the known structure type of SrTa40O;; in the space group P6322
(#182). Many Eu(Il) and Sr(II) oxides are isostructural owing to their
nearly identical ionic radii of 125 pm and 126 pm, respectively, for
eight-fold coordination. The SEM EDS data, Fig. S1/Table S1, reveals no
detectable Na signal, with a chemical composition that is in qualitative
agreement. However, results of Rietveld refinements suggest two
partially occupied crystallographic sites for the Eu(Il) cations, Eul and
Eu2. The first site, Eul, is the primary site with 0.936(1) occupancy,
while the alternate Eu2 site shows a 0.064(1) occupancy. The occupa-
tion of a secondary A-site between the TaO; pentagonal layers is unique
for EuTay.,011, as this feature has not been observed in the Sr(II) analog.
By comparison, these sites are both fully occupied by Na cations in the
parent NayTa401; structure and suggesting the Eu(II)-cation sites are
thus impacted by the starting structure. The Eul and Eu2 sites also have
different coordination environments, as shown in Fig. 2. The primary
site, Eul, has an 8-fold coordination with six shorter Eu — O distances of
2.49(2) A and two longer Eu - O distances of 2.65(4) A. Conversely, the
Eu2 site has six symmetry-equivalent Eu — O distances of 2.84(3) A,
resulting in a flattened octahedral EuOg coordination and O — Eu — O
angles of 103.2° around the 3-fold axis. Based on structural analyses of
prior Eu(Il) oxides, the Eu(II) cation most commonly prefers coordina-
tion numbers higher than six, which provides more space for Eu(II). The
preferential site occupation of the Eu cation in EuTa4,01; for the Eul
sites with 8-fold coordination is consistent with this observation.
Refinement results also indicate a small Ta deficiency on the Ta2 site,
with a refined occupation of 0.958(1). The refined composition is thus
EuTas.,011 (x = 0.042(1); ~1% Ta vacancies) or Eug_sEug,IgTag_%(l)Ou,
with ~20% oxidation of Eu(Il) to Eu(IIl) from charge balance consid-
erations. Prior studies have also shown similar non-stoichiometries with
Eu(II)/Eu(Ill) mixtures in niobate and tantalate products obtained from
solid state reactions [35].

Density-functional theory calculations were employed to better un-
derstand the underlying energetic differences in the preferential Eu
occupation over the two different crystallographic sites. The modeled
structure with 100% occupancy of the Eul site (—323.855 eV f.u.™}) is
substantially lower in energy than the model with occupancy of the Eu2
site (—322.561 f.u.’l), by —1.294 eV Eu L Thus, there is a clear ener-
getic preference for the Eu(II) cation to be located at the Eul site over
the Eu2 site. A third model, where the Eu was randomly distributed
across both Eu sites was also modeled, leads to an energy (—322.658 eV
f.u.71) slightly lower than the Eu2 model but still significantly higher in
energy than the Eul model. The results are thus consistent with pref-
erential occupancy of the Eul site.

This leads to the question, why is the Eu2 site at higher energy even
partially occupied? The occupation of the Eu2 site can likely be attrib-
uted to the structure of the NasTa40;1 precursor. The structure of
NayTa40q; is nearly identical to that of EuTas,O1;. The primary dif-
ference is that unlike EuTa4,0O1;1, in which only a single Eu-site is
occupied, both A-sites are fully occupied in NajyTasO;;. This is

Listing of refined atomic coordinates, site occupancies and isotropic displacement parameters (1°\2)f0r EuTay, 011 (x = 0.042(1)) with lattice parameters a = 6.2539(2)

A and ¢ = 12.3417(2) A in space group P6322.

Atom X y z Occupancy Site Mult. Uiso

Eul 1/3 2/3 3/4 0.936(1) 2d 0.0095(1)
Eu2 0 0 3/4 0.064(1) 2b 0.0095(1)
Tal 0 0.3574(5) 0 1.0 6g 0.0064(2)
Ta2 1/3 2/3 1/4 0.958(1) 2c 0.0064(2)
o1 0.055(3) 0.435(5) 0.1524(9) 1.0 12i 0.018(3)
02 0 0.263(5) 172 1.0 6g 0.018(3)
03 1/3 2/3 0.535(3) 1.0 4f 0.018(3)
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Fig. 2. Structural views of the layers of TaOg octahedra and Na or Eu cations in NayTa40,; and EuTas,O1; (A), and the local coordination geometries of Eul (B;

93.6% occupied) and Eu2 (C; 6.4% occupied).

illustrated in Fig. 2A, which shows the Na/TaOg layer of the NayTa401;
structure (the full structure of NayTa,s0O1; can be seen in Fig. S1). This
exchange reaction does not involve isovalent cations, so a single Eu(II)
cation replaces two Na(I) cations in the structure. Cation mobility within
these layers has been previously reported [36], and here is shown to
coincide with the Ta vacancies on the intralayer octahedral sites. The Eu
(II) cation can then either occupy the Nal(Eul) or Na2(Eu2) site. As
described above, there is a strong energy preference for the Eul site.
However, these calculations were performed at 0 K and only consider
the electronic energy of a static structure. When additional factors such
as elevated temperature or changes in local chemical composition dur-
ing the exchange are considered, it is likely that some small fraction of
Eu(II) cations can exchange onto the Na2/Eu2 site. These Eu(II) cations
are then kinetically trapped as the sample is cooled to ambient tem-
perature. Consequently, the presence of the secondary Eu2 site can likely
be attributed to the mechanisms of the ion-exchange reaction and the
structure of the NayTa40;; precursor.

3.2. Mossbauer spectroscopy and magnetic susceptibility

Characterization of the EuTa4.,01; powder by 151Fy Mossbauer
spectroscopy and magnetic susceptibility measurements were used to
further probe the oxidation state of the Eu cations. The '5!Eu Mossbauer
spectrum of the EuTa4.,O1; sample at 78 K is presented in Fig. 3 along
with a transmission integral fit. The corresponding fitting parameters

1.00

0.98

relative transmission

= Eu(lll)

30 20 -10 0 10 20 30
velocity (mm s)

Fig. 3. Experimental (dots) and simulated (red) '>'Eu Méssbauer spectrum of
EuTay, 017 at 78 K. Green line is a fitting of Eu(IIl), the blue line of Eu(II) and
the entire model in red.

are summarized in Table 2. The spectrum shows two well separated
contributions, fitted as the blue and green lines. The sub-signal at § =
0.23(2) mm s ! (green) is in a typical range of Eu(IIl) compounds [37].
The signal is subjected to quadrupole splitting of AEg = 2.5(2) mm st(a
consequence of the low site symmetry 3.2 on Wyckoff site 2¢) and its
experimental line width of I" = 2.2(1) mm s7! is in the usual range. The
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Table 2

Fitting parameters of >'Eu Mossbauer spectroscopic measurements at 78 K of
the EuTa,.,O11 sample. 5 = isomer shift, AEg = electric quadrupole splitting, I”
= experimental line width.

Signal r?/mm-s’1 AEQ/mm-s’1 1"/mm-s’1 Area/%
Blue -13.11(5) 2.5% 7.6(2) 69(1)
Green 0.23(2) 2.5(2) 2.2(1) 31(1)

? AEq of the Eu(II) sub-signal was constrained to the same value as for the Eu
(IID) sub-signal.

sub-signal located at § = —13.11(5) mm s1 is due to Eu(Il) [37], similar
to the one measured for EuMoO4 (—13.98(16) mm s‘l), EusSiO4 (—13.47
(9) mm s’l) [38] or EupLnTaOg (—12.3 mm s’l) [10]. The Eu(II): Eu(III)
ratio is 69(1): 31(1) and again, this situation is comparable to EusTaOg
and its isotypic niobium compound [10]. When accounting for the ~5%
impurity of EuTaOy4, then ~26% of the Eu(Ill) signal arises from
EuTay.,O11. The percentage of Eu(III) for EuTa.,O1; yields an x = 0.06,
or ~1.5% Ta vacancies, in reasonable agreement with the Rietveld
refinement results.

The striking feature in this '>'Eu Mossbauer spectrum is the line
width of the Eu(II) sub-signal. It is well known that the quadrupole
splitting parameter and the line width correlate. To obtain a stable fit,
the quadrupole splitting parameter of the Eu(II) sub-signal was con-
strained to the same value as for Eu(III), resulting in a line width value of
I'=76(2) mms?' A simple refinement with solely a distribution of
isomer shifts (and constrained small line width) can be ruled out, since
such a fit would yield physically unreasonably low isomer shifts. The
broad Eu(II) signal is thus the envelope, which accounts for the manifold
of cations in different electronic environments. Such a large line
broadening has also been observed for Eu-containing fluorozirconate
glasses [39]. Similar to these glasses, the line broadening for the
EuTay.,O11 sample most likely is an interplay of different parameters: (i)
an isomer shift distribution in a small range due to changes in the EuOg
coordination sphere (slightly varying Eu'-O distances) as a consequence
of small defects of the tantalum sites (Fig. 2B), (ii) unresolved quadru-
pole splitting, and (iii) possible charge fluctuations between divalent
and trivalent europium.

Temperature dependent magnetic susceptibility measurements were
used to further probe the mixed-valent Eu(II)/Eu(IIl) oxidation states
and the potential for magnetic frustration. Given that the Eu cations
form a triangular arrangement, there is the potential for magnetic
frustration in EuTa4.,O1;. Recent work on the structurally related
NdTa;019, which also crystallizes with an a-U3Og structure, has been
shown to display magnetic frustration of the Nd(III) cations that results
in spin liquid behavior [40]. Plotted in Fig. 4 is the inverse molar
magnetic susceptibility of EuTas,01; versus the temperature, which
follows a paramagnetic behavior that can be fitted by the Curie-Weiss

80

e 0.1,1,4,7 Tesla

o Honda-Owen extrapolation
Inverse Curie-Weiss law with g
Her= 6.2Hgon/Eu atom 85

0 100 200 300
Temperature (K)
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expression, where C is the Curie constant given by:

_ Nakos Hege

C
3kp ’

eq. (1)

with Ny being Avogadro’s constant, u the permeability of the vacuum,
ug the Bohr magneton, kg the Boltzmann constant, and ps the effective
magnetic moment. The data showed a slight field dependence (see Fig. 4
(left) which we attribute to minute traces of a ferromagnetic impurity.
These were corrected for using a Honda-Owen extrapolation (poH — o0)
[41,42]. The initial fitting of the magnetic susceptibilities in the tem-
perature interval of 100-300 K gave a Curie-Weiss temperature of -10 K,
suggesting weak predominant antiferromagnetic exchange between the
magnetic centers. The obtained magnetic moment (pff) of 6.2 pg per Eu
atom is smaller than the theoretical moment of Eu(II) which is 7.94 pg.
We ascribe this deviation to the presence of Eu(IIl) cations, which have a
smaller effective magnetic moment, which is also temperature depen-
dent. Details are provided in the Supporting Information. The suscep-
tibility data were modeled assuming a mixture of Eu(Il) and Eu(III)
oxidation states, according to:

Xmol(T) = (1 = x1t) Zmort(T) + X111 Hmott (1) + X0 eq. (2)
where y, represents the imagnetic contribution from the electrons in the
closed shells and xy gives the fraction of Eu(III) cations. y,, ;(T) and
JmoLmr(T) are given in the SI. Using Pascal’s increments for the ions in
their respective oxidation state [43] we obtain a y,, value of -210 x 10©
em®/mol. Fitting the Honda-Owen corrected molar magnetic suscepti-
bility data to Eq. (1) results in a value for xy; of about 50%, see Fig. 4
(right), with a good fit over the whole temperature range.

Slight deviations from the Curie-Weiss law becoming apparent below
~100 K and are accounted for by Eq. (1) owing to the temperature
dependent effective moment of Eu(Ill). This concentration of Eu(III)
could be explained by ~2.5% Ta vacancies in EuTa4.,O11, while also not
entirely accounting for the contribution of Eu(IIl) in the few percent
EuTaO4 impurity. These data agree reasonably well with other experi-
mental data for EuTas,01; when considering the typical variability
between samples, and the very large impact of the Ta vacancy concen-
tration on the Eu(II) to Eu(IIl) ratio.

3.3. Optical bandgap and electronic structure

UV-visible diffuse reflectance measurements were taken to deter-
mine the underlying changes in the band gap from NajyTa40;; (white
color) to EuTay., 017 (brown/black color) resulting from the cation ex-
change reaction with EuBro. The recorded absorption data set was
transformed using the Kubelka-Munk function (F(R)). These trans-
formed data were used to generate Tauc plots to obtain either the direct
(n = 2) or indirect (n = 1/2) transition energies, and which indicated
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Fig. 4. Inverse magnetic susceptibility of EuTas.,O11 (black circles) as a function of temperature measured at magnetic fields of 0.1, 1, 4 and 7 T. Red lines represent
fittings using the inverse Cure-Weiss law (left) and as a mixture of Eu(II)/Eu(III) (right).
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Fig. 5. Optical diffuse reflectance data for EuTas.,O1; shown as Tauc plots of
the indirect (upper) and direct (lower) bandgap transitions.

consistency with semiconducting-type optical behavior. The transition
energies in each plot can be determined by extrapolating the linear
portion of the data to the baseline. These fits are marked by dashed lines
in the Tauc plots shown in Fig. 5. The indirect transition in EuTas.,O11
was found to be ~1.46 eV, while the direct transition is at a higher
energy of ~1.93 eV. The dark brown color of the EuTas.,O1; powder is
consistent with this measured small band gap and thus revealed a sur-
prisingly large ~2.6 eV redshift compared to NayTa401; with a UV
bandgap of ~4.1 eV.

Spin-polarized DFT calculations of the electronic structure for EuTay.
xO11 were used to obtain a deeper understanding of the origin of its large
redshift in band gap. As described above, idealized structural models
were constructed from the refined crystal structure, with the Eu cation
located on either the Eul site (lowest energy), Eu2 site (highest energy),
or a mixture of both (intermediate energy). The resulting band structure
and densities-of-states plots for the energetically-preferred Eul

Journal of Solid State Chemistry 328 (2023) 124338

structural model are shown together in Fig. 6. The electronic structure
reveals a Eu-based, spin polarized (i.e., up spin), valence band (VB) that
is localized over the half-filled 4 orbitals. This is consistent with a Eu
(II) oxidation state. Conversely, the conduction band (CB) edge is
delocalized over primarily the empty Ta-based 5d orbitals mixed, with
increasing O 2p contributions at higher energies. The underestimation of
semiconductor bandgaps using DFT methods is well established [44].
The energetic gap spanning these VB and CB states is significantly
underestimated at ~0.289 eV (indirect; (I" —» H-K(midpoint)), princi-
pally stemming from electronic transitions between the Eu 4f” to Ta 5d°
states, respectively. The direct bandgap transition occurs at a slightly
higher energy of 0.325 eV. These trends are consistent with the optical
direct and indirect transitions in Fig. 5.

By comparison, the electronic structure profiles of the alternative
structural models containing Eu2 or mixed-Eul/Eu2 site occupancies
are very similar to that described above for the Eul-site model. Each
shows the same atomic contributions to the CB and VB states in their
DOS plots (spin polarized), as given in the Supporting Information.
However, these structural models exhibit relatively higher energies of
their VB states by ~0.15 eV. This originates from a decrease in the co-
ordination of the Eu cation from 8-fold to 6-fold, Fig. 2(B and C), and
leading to an increased energy for the O 2p orbitals. As a result, the
delocalization of the CB edge over the Ta 5d states were closely similar,
but also increased by ~0.2 eV in energy by comparison. The reported
electronic structure of NayTa401; [32] shows an analogous Ta-based CB,
but its VB is delocalized entirely over the O 2p orbitals. The introduction
of higher-energy Eu 4f orbitals as a new VB, i.e., by the reaction with
EuBr», has thus yielded the significant redshift of the band gap and an
energetically preferred occupation of the Eul site with the higher co-
ordination number. However, it should be noted that all structural
models were calculated to be thermodynamically stable with respect to
decomposition to the binary oxides.

4. Conclusions

A cation-exchange route to a new Eu(Il)-containing oxide, EuTay.
«011, has been investigated as an alternative to more traditional higher-
temperature reactions involving EuO and highly reducing atmospheres.
Rather, its synthesis can be achieved by the topotactic reaction of a
precursor oxide, NasTa401;, with the Eu(II)-containing halide salt
EuBr». Rietveld refinements show the exchange of one Eu(Il) for two Na
cations and a preferential occupation of the Nal/Eul site (~94%) as
compared to the Na2/Eu2 site (~6%). Also, a small concentration
(~1-2%) of Ta-vacancies forms within the layers of Eu cations and
isolated TaOg octahedra, with these layers constituting the likely cation-
exchange pathway. As a result, a partial oxidation of Eu(II) to Eu(IIl) is
found by Mossbauer spectroscopy and temperature-dependent magnetic
susceptibility measurements. The exchange reaction also results in a
large redshift of the bandgap to ~1.46 eV with the introduction of the 4f
orbitals of Eu as a higher-energy valence band. In summary, these results
demonstrate a synthetic pathway that can help unlock the door to many
new Eu(I)-containing oxides with potentially interesting magnetic and
optical properties.

Energy (eV)

— Total DOS >
— Eu(h)
— O

Ta (d)

2

K

Fig. 6. Calculated spin-polarized band structure diagram with up-spin (yellow) and down-spin (blue) bands and densities-of-states (DOS; right) diagram with in-
dividual atomic orbital contributions projected out for Eu (purple), O (green), Ta (yellow) and the net DOS in black. The Fermi level is set at 0 eV.
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