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After partial substitution of nitrogen for oxygen in EuTiOj3, the crystal structure, thermoelectric
properties, morphology, and electronic structure of the products were analyzed and compared with
pristine EuTiO3. The space group of EuTi(O,N); - 5 was orthorhombic Pnma due to the tilt and
rotation of the anion octahedra, compared to cubic Pm3m of EuTiOs (at room temperature). The
thermoelectric properties of oxynitride polycrystalline bodies sintered in three different ways
were investigated in the temperature range of 300 K < T <950K. The Seebeck coefficients (S)
of the oxynitrides were lower compared with the oxide, and the electrical resistivities (p)
were increased about one order of magnitude. The activation energies (E,) indicated a larger
band gap of EuTi(O,N);+ s when compared to the pristine EuTiOs; (~1.3eV compared to
0.98eV). A morphological characterization by transmission electron microscopy and scanning
electron microscopy illustrated intrinsic nanopores within the individual particles and weak
grain-interconnections indicating poor intergrain electron transport. Ab initio calculations of the
electronic structures confirmed a larger band gap of the distorted crystal structure of the oxynitride
and showed a decrease of the density of states at the Fermi level, explaining the reduction of the
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. INTRODUCTION

Transition metal oxides with perovskite structure are
attractive due to their strong electron correlations and their
wide range of properties and applications. Among these,
EuTiO; shows interesting magnetic and electric properties.'™
Katsufuji and Takagi® found coupling between magnetism
and dielectric properties and demonstrated a possible control
of the dielectric constant by a magnetic field and of the mag-
netization by an electric field. At Ty=5.5K, the Eu**
moments (J=85=7/2) order in a G-type antiferromagnetic
structure.” At room temperature, EuTiO; has the cubic space
group Pm3m. A second-order phase transition from Pm3m to
14/mcem at T, =235K was found recently and was associated
to a singularity in the specific heat.® Recent theoretical” and
experimental®® investigations show that the ground state crys-
tal symmetry of pristine EuTiOs is lower than cubic Pm3m.
The physical and chemical properties of EuTiO5 can be tuned
by cation or anion substitutions and several cationic substitu-
tions have been investigated, e.g., Sr; _ (Eu, TiO3 (Ref. 9) and
(Eu,Ba)TiO;.'%"" The thermoelectric properties of EuTiO;
were studied and a high Seebeck coefficient (§) was found
(—1053 uV/K at 300K). The electrical conductivity (o) was
enhanced by partial Nb substitution at the Ti site, leading to a
thermoelectric figure of merit (ZT) of EuTigogNbg 205 + s of
ZI'=04atT=1040K."”

Anion (i.e., oxygen) substitutions are less commonly used
than cation substitutions due to their lower stability'® and
more complex synthesis methods.'* However, the partial
replacement of oxygen by nitrogen forming oxynitrides can
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lead to very interesting electronic and optical properties.'”
The higher electric charge of the nitride ion (N°~) compared
to the oxide ion (O*") leads to a charge compensation process
and very often to the formation of new compounds with tran-
sition metals in higher oxidation states.'” Magnetoresistance
can be induced when nitrogen enables the stabilization of high
oxidation states of the transition metal, as in the case of
EuWO, , .N, _ .."® In oxynitrides, the cubic perovskite crystal
structure is generally distorted due to tilting and/or rotation of
the anion octahedra. For example, when converting CaTaO;
into CaTaO,N the space group changes from Pm3m to Pnma
due to octahedral rotation and tilting'” and the synthesis of
SrTi; _ Nb(O,N); compounds also induces octahedral rota-
tion resulting in I4/mcm space group.'® Electron diffraction
(ED) studies of EuMO,N and SrMO,N (M = Nb, Ta) showed
symmetry breaking of /4/mcm and proved I11/2/m to be the
correct space group.'’

In this work, the effect of nitridation on EuTiO; is
reported. Crystallographic studies are performed in order to
study the space group symmetry of EuTi(O,N); + 5. The oxi-
dation states of the cations are studied by X-ray photoelec-
tron spectroscopy (XPS). Three different ammonolysis
routes are used in order to compare the nitrogen contents and
the different densification processes of the oxynitride pellets.
Electrical resistivity, Seebeck coefficient and thermal con-
ductivity (k) of EuTi(O,N); + 5 are measured and compared
to EuTiOs;. In addition, we study the morphology of the oxy-
nitride grains and of the sintered samples in order to under-
stand the nitridation process and its influence on the
thermoelectric properties. Ab initio calculations of the

© 2013 AIP Publishing LLC
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electronic density of states are performed in order to com-
pare the theoretical results with the experimental findings.

Il. EXPERIMENTAL METHODS

EuTiO;5 precursor powders were prepared by solid-state
reaction of Euy,O3 (99.9% purity; Metall Rare Earth Limited)
and TiO, (puriss.; Sigma-Aldrich). A stoichiometric mixture
of the powders was ball milled and heated at 1000 °C for
10 h in a flowing mixture of 5% H,/Ar at a flow rate of
100 ml/min. X-ray diffraction showed that phase pure
EuTiO5; was obtained. The nitridation of the oxide precursors
was carried out by thermal ammonolysis in NH; in an alu-
mina tube reactor at atmospheric pressure and at 7= 950 °C.
A partial decomposition of ammonia takes place at the sur-
face of the oxides, forming active nitriding species (N, NH,
NH,) and molecular hydrogen.20 The latter reacts with the
lattice oxygen to form water, while nitrogen is introduced
into the lattice. H, might cause reduction of the cations.
Three different routes were followed for the preparation of
the oxynitride pellets in order to test different sintering proc-
esses. The first two groups of oxide powders were ammono-
lyzed for 10 h at 950 °C in an ammonia flow of 100 ml/min.
The ammonolyzed powders were reground and pressed into
disk shaped pellets (10 mm diameter and 2 mm thick) using
first 2-10* Pa uniaxial pressure, and then 1.8-10% Pa isostatic
pressure. A first group of pressed disks [group (I)] was
annealed in the same alumina tube reactor for 1 h at
950 °C in an ammonia flow of 100 ml/min and a second
group [group (II)] for 10 h under the same conditions.
As it is known from previous studies on oxynitrides, the
sintering of pressed powder typically results in highly
porous pellets.”’ Therefore, the last oxynitride group
[group (III)] was prepared directly by ammonolysis of
pressed EuTiO; pellets, with the aim to achieve a higher
relative density than that of the oxynitride groups (I) and
(IT). Thus, the oxide powder used for the synthesis of
group (III) was pressed with 2:10*Pa uniaxial pressure
and then 1.8-10%Pa isostatic pressure, and sintered at
1000 °C for 10 h in reducing atmosphere. The resulting
pellets were ammonolyzed for 10 h at T=950 °C in an
ammonia flow of 100ml/min. Prior to pelletizing, pow-
ders of groups (I) and (II) were studied by X-ray, neu-
tron and electron diffraction and thermogravimetric
analysis (TGA). The sintering and densification of the
oxynitrides were more problematic than those of the
oxides since the samples tended to be pulverized during
the preparation. The calculation of the densities was
based on the dimension and weight of the pellets.

The powder neutron diffraction (ND) patterns were col-
lected with a high-resolution powder diffractometer for ther-
mal neutrons located at the Swiss Spallation Neutron Source
at the Paul Scherrer Institut (Villigen, Switzerland). The
powder sample was placed inside a double-wall vanadium
cylinder of 9 mm outer diameter, 7mm inner diameter, and
50 mm length in order to minimize the large neutron absorp-
tion of Eu. The measurement was carried out with a neutron
wavelength of 1.1545A in an angular range of 4.05° <
20<164.90° with a step size of 0.05°. The neuron
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diffraction patterns were analyzed by the Le Bail method*?
and Rietveld refinement®’ using the program ruLLrroF.>* The
background was simulated by linear interpolation based on
46 points and the Thompson-Cox-Hastings pseudo-Voigt
function® was chosen as profile function.

Since electron diffraction (ED) patterns can detect
superstructures in individual crystallites, we carried out ED
and high resolution (HR) experiments using a JEOL JEM-
2200FS transmission electron microscope (TEM). The
microscope was equipped with a field emission gun (FEG)
with ZrO/W Schottky Emitter and the acceleration voltage
used was 200kV. Investigations on the grain morphology
were carried out with a Philips CM30 microscope operating
at 300kV. The powders, previously ground in ethanol, were
deposited on TEM 3 mm diameter grids (Cu 200 mesh) with
a Carbon holey film.

XPS spectra were acquired on a Physical Electronics
(PHI) Quantum 2000 photoelectron spectrometer using
monochromated Al-K, radiation and a hemispherical ca-
pacitor electron-energy analyzer equipped with a channel
plate and a position-sensitive detector. The electron take-
off angle was 45° and the analyzer was operated in the
constant pass energy mode for all the measurements. The
analyzer pass energy was set to 46.95eV with a step
size of 0.2eV. Two specimens of each sample were pre-
pared, top and cross section oriented, in order to obtain
signals from the two different parts of the pellets.
Spectra were acquired before and after Ar" sputtering
with acceleration energy of 2kV. Quantitative analysis of
the sputtered samples was performed with the CasaXPS
software using the relative sensitivity factors provided by
the PHI MultiPak library. The C 1s signal position at a
binding energy of 284.8eV was used as an internal
standard to compensate for any charging effects of the
unsputtered samples. After calibration, the peak position
of the O 1s signal of the unsputtered samples was taken
as the calibration binding energy for the sputtered
samples.

Thermal stability of the oxynitrides was studied by
TGA, with a Netzsch STA 409 CD thermobalance coupled
to a Netzsch QMS 403 C Aeolos mass spectrometer (MS).
The measurements were performed in the temperature range
313K <T< 1273K in reducing atmosphere (5% H,/Ar at
50 ml/min).

The electrical resistivity (p) and Seebeck coefficient (S)
were determined with a RZ200li system (Ozawa Science) in
the temperature range 300 K< 7T <950K. x was calculated
from the thermal diffusivity (o) and specific heat (C},). « was
determined by Laser Flash Analysis (LFA) with a Netzsch
LFA 457 Microflash. C, was measured by Differential
Scanning Calorimetry (DSC) using a Netzsch DSC 404 C
Pegasus apparatus. The thermoelectric properties of
EuTi(O,N);3. s were compared to the results of EuTiO5 from
previous studies.'?

The morphology of the pressed samples was studied by
scanning electron microscopy (SEM) with a XL30 ESEM
(FEI) operating at 10kV with a secondary electron (SE) de-
tector. Each sample was placed on an aluminum SEM holder
with a carbon double side adhesive disk, and coated with
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carbon in order to ensure conductivity of the electrons com-
ing from the beam.

lll. CALCULATIONS

Calculations were performed with the Vienna ab-initio
Simulation Package (VASP) code?®?” with projector aug-
mented wave pseudopotentials.”® We considered the follow-
ing valence-electron configurations: 5s°5p°4f’6s> for Eu,
353p°3d*4s® for Ti, 25*2p* for oxygen and 25*2p> for nitro-
gen. The Heyd-Scuseria-Ernzerhof (HSE) hybrid func-
tional?> was used. This function accounts for the strong
electron correlations effects of the Eu f and the Ti d shells,
and can describe precisely the possible localization of the
hole in the N p shells. Energy gap and the positions of the
impurity levels are described more precisely with the HSE
than with any other local functional.®® In the calculations,
we used a kinetic energy cutoff of 500eV. The electronic
structure was calculated based on a 6 x 6 x 6 I'-centered -
point mesh®' for pristine EuTiOs, and 2 x 2 x 2 k-point mesh
of a 40-atomic 2 x 2 x 2 supercell with a nitrogen impurity.
The experimental crystal structure parameters were used;
a=3.90A was taken as the lattice parameter of the cubic
phase of EuTiOj3 (Ref. 4) and the structural parameters of the
Pnma phase are listed in Tables I and II. The resulting partial
density of states (PDOS) contributed by different atoms, as
well as the total density of states (DOS) of pristine EuTiO3
and EuTi(O,N)3 . 5 are presented in Figs. 10 and 12, respec-
tively. We define the zero energy level at the top of the va-
lence band (E, =0¢eV).

IV. RESULTS AND DISCUSSION

The XRD pattern of the oxynitride powder
EuTi(O,N); - 5 corresponded to the cubic Pm3m space group
with cell parameter a=3.905 A, equivalent to pristine
EuTiO;.* However, the XRD pattern is dominated by the
contribution of the heavy elements (Eu?" and Ti*") making
it difficult to obtain structural information about the exact
atomic positions, individual atomic displacement parameters
(ADPs) and site-occupation factors of the anions.'”>? As the
X-ray form factors of O~ and N~ are nearly identical, it is

TABLE L. Crystallographic parameters and structural refinements.

Chemical formula EuTi(O,N)3 = 5
Radiation Neutron
Crystal system Orthorhombic
Space group Pnma

Z 4
Lattice parameter a (A) 5.5187(3)
Lattice parameter b (A) 7.8020(5)
Lattice parameter ¢ (A) 5.5261(5)
Ry, (%) 1.84

Ry (%) 2.33
Rexp (%) 1.71

Va 1.87
Wavelength (A) 1.1545

20 range (deg) 3.95-164.90
20 step width (deg) 0.05

J. Appl. Phys. 114, 033701 (2013)

TABLE II. Crystal structural parameters of EuTi(O,N); -+ 5 determined from
the Rietveld refinement of the powder neutron diffraction pattern.

Atom Site X y z Biso (A?) g
Eu 4c  0.4987(9) s 0.0041(31) 0.800(41) 0.5
Ti 4a 0 0 0 0.578(38) 0.5

O1/N1 4c 0.5331(15) s 0.4771(21) 1.600(145) 0.482/0.018°
O2/N2 8d 0.2418(14) 0.0030(14) 0.2588(13) 0.3431(261) 1.000/0.000°¢

#g: Occupation factor.

"Linear constrain: g(O1) 4 g(N1)=0.5.

“Linear constrain: g(02) + g(N2)=1.0 and the occupation factor of O2/N2
is fixed during the refinement. Otherwise, the refinement did not converge.

especially demanding to detect space group variations
caused by changes in the anionic crystal lattice. ND was
employed for this purpose, since it offers high O/N scattering
contrast due to very different neutron scattering lengths (N,
9.36 fm; O, 5.81fm). Fig. 1 shows the powder ND pattern
and Rietveld refinement profile of EuTi(O,N); . 5. Profile
matching of the main structure was performed with Le Bail
method according to three possible structural models: cubic
(Pm3m), tetragonal (I4/mcm) and orthorhombic (Pnma). The
reliability factors and y* factor were found to be higher for
the cubic and the tetragonal models than for Pnma, suggest-
ing a better fit for the latter space group. TiN was identified
as a minor secondary phase (<1 wt. %, estimated by quanti-
tative phase analysis>>) and the reflections of the vanadium
cylinder sample holder can also be observed in the pattern
(see Fig. 1 reflexes b and c¢). Rietveld refinement was carried
out for the three possible space groups of EuTi(O,N); . 5 and
neither Pm3m nor I4/mcm could be satisfactorily refined.
Rietveld refinement with Pnma showed the most successful
fit (reliability factors and y* factor are shown in Table I)
indicating that EuTi(O,N); + 5 has Pnma space group sym-
metry (a=5.519A; b=7.802 A; ¢ =5.526 A). The structural

T T T T T T T T T T T T
~ Powder neutron diffraction 1

I observed

I calculated
Bragg position
— difference plot

Intensity (a.u.)

el e
! ey

[ . ‘ b
\ [ N I e

20 40 60 80 100 120 140 160
26 (degree)

FIG. 1. Powder neutron diffraction pattern (neutron wavelength: 1.1545 A)
and Rietveld refinement plot of EuTi(O,N); + 5 obtained at room tempera-
ture. The difference plot of observed and calculated diffraction profiles is
shown beneath and the Bragg positions are given by short vertical tick
markers (“EuTi(O,N); = 4, “TiN, V).
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(a)  Pm3m (b)  Pnma

‘T’“‘I

HHO

444

FIG. 2. (a) Cubic structure of EuTiO3 and (b) orthorhombic structure of

EuTi(O,N);3. s due to the rotation and tilt of the anion octahedra (view along
the [001] direction).

change originates from rotation and tilting of the oxygen
octahedra of the perovskite as shown in Fig. 2. The refined
structural parameters deduced from the ND pattern are sum-
marized in Tables I and II. Applying a linear constrain on the
anion site-occupancy factors of g(Ol1) + g(N1)=0.5 and
2(02) 4 g(N2) = 1.0, the refined values revealed a full occu-
pation of N only at the O1/N1 site. The content of oxygen
and nitrogen was determined to be 2.96*=0.04 and
0.04 = 0.04, respectively. Even though the nitrogen content
is be very low compared with other reported oxynitrides,**
the effect on the crystal structure is clearly detectable.
Tanaka and Onuki® reported on the strong influence of the
4f electrons of Ce on the electron density distribution (EDD)
and the crystal structure of CeBg as a function of tempera-
ture. Similarly in our case, Eu 4f electrons can be affected by
Eu-N bonds and change the EDD affecting the crystal
structure.

The EuTi(O,N);+ s powder was analyzed by electron
diffraction (ED) to verify the structural information obtained
from neutron diffraction. Fig. 3 shows the ED pattern [Fig.
3(a)] and the high resolution micrograph at the same crystal
orientation of a typical crystallite [Fig. 3(b)]. The first index-
ing attempt of the diffraction spots resulted in /4/mcm space
group along the [111] zone axis (white indexes). However,
the ED revealed a symmetry breaking indicated by a weaker

%

‘o
. A
.

'8, _110 1200
.

5 1/nm
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TABLE III. Oxygen and nitrogen stoichiometry determined by XPS quanti-
fication of the O 1s and N 1s peaks.

Sintered sample Stoichiometry

Group (I): EuTi(O,N); - s pellet 1 h sintered ~ Position A EuTiO; 945N o5
Position B EuTiO5 970N 090
Group (II): EuTi(O,N);3 + s pellet 10 h sintered Position A EuTiO; 735N 095
Position B EuTiO3Ng 70
Position A EuTiO,.965No.075
Position B EuTiO5 965N¢.065

Group (IIT): EuTiO; pellet 10 h sintered

secondary pattern (yellow arrows and indexes). The second-
ary spots could be successfully indexed with the Pnma space
group. These results confirm the orthorhombic Pnma space
group of EuTi(O,N); -+ 4, in agreement with ND.

The O/N content was also determined by XPS quantifica-
tion of the O 1s and N 1s peaks. The N 1s peak is located at
E,=395.7¢V, indicating N>~ oxidation state, like in lattice
nitrogen in N-doped TiO,.*° The O 1s peak at E, =529.4eV
reveals a shoulder at higher binding energies arising from
hydroxyl groups at the surface. Similar results were obtained
with SrTiO;, where the two peaks at ~530.0eV and
~531.6eV could be associated with lattice oxygen and OH
groups, respectively.’”” Two different positions were studied
for all sample groups, one located at the surface of the pellet
(position A) and the other one at the cross section (position B)
(Table III). Quantification of the atomic percentage with given
sensitivity factors is estimated to involve an absolute error of
around 10%. Group (III) has a slightly lower N content than
the other powders, since N diffusion is restricted in the already
pressed oxide pellet. Samples (I) and (IIT) show a slight anion
excess which might be either due to experimental error of the
XPS quantification or caused by a slight surface reoxidation
of Eu. Nevertheless, these O/N calculated values are in the
same range as the ones refined from neutron diffraction. The
low N incorporation into the EuTiOj lattice is attributed to the
strong reducing conditions during ammonolysis arising from
the decomposition of ammonia into nitrogen species and H,.
Since Eu®" jons are required for N incorporation, the reduc-
tion to Eu”" is a competing reaction diminishing the final N
content.

(b)

FIG. 3. (a) Main electron diffraction
pattern of EuTi(O,N);.s (white
labels) and secondary pattern indicat-
ing a symmetry breaking (yellow
labels). (b) High resolution micrograph
of the same oriented grain.
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Ti 2p and Eu 4d photoelectron peaks were studied in
order to verify the oxidation state of the cations. Fig. 4(a)
shows the deconvoluted Ti 2p doublet of EuTi(O,N);3. s with
main peaks centered at FE,=457.5eV (2p3p) and
E,=463.3eV (2py;). The shoulders at ~ 461.6eV (2p;,)
and ~ 455.8eV (2p3),) are in agreement with published val-
ues of Ti*" (Ref. 38), indicating the existence of a minor
content of Ti’" species. The Ti’" peak positions were
inferred from the shoulders by deconvolution and Shirley-
type background subtraction taking into account a fixed
2p3-to-2p1 » peak ratio of 3:2. The origin of Ti*" might be
either caused by the TiN secondary phase or reduced Ti in
the perovskite lattice. The small shoulder at 454.5eV of Ti
2p3;> can be assigned to Ti**. In Fig. 4(b), the Ti 2p spec-
trum of pristine EuTiO; (the precursor oxide) is compared to
that of the oxynitride. The oxide spectrum is dominated by
the Ti*" contribution but also shows the Ti* " shoulders. The
Ti 2p signal of the oxynitride is shifted by about 0.8eV to
lower binding energies compared to the oxide due to the
changed chemical environment of the titanium ions (differ-
ent electronegativities of 0% and N*~ ligands). Fig. 5(a)
shows the Eu 4d XPS spectrum of EuTi(O,N); .+ 5. The 4d
multiplet structure of rare-earth elements with an unfilled 4f
valence shell is complex due to the strong 4d-4f exchange
interaction and a weaker spin-orbit splitting of the 4d

T T T T T T T T T T T T T T T T T

Ti2p 457.5eV
- Ti4' 2[73/: (a)
4633 eV ’
Ti' 2p,

455.8 eV
Ti' 2p,,

Photoemission intensity (a.u.)

466 464 462 460 458 456 454 452 450
Binding Energy (eV)

T T T T T T T T T T T T T T T

P Tip 4583V 45756V (b) 7
[~ EuTiO, N 1
r —— EuTi(O,N) chemical shift

3+

(AE=0.8 eV)

Photoemission intensity (a.u.)

466 464 462 460 458 456 454 452 450

Binding Energy (eV)

FIG. 4. (a) Deconvoluted Ti 2p XPS spectrum of EuTi(O,N);~s. (b)
Comparison of Ti 2p XPS spectra of EuTiO; and EuTi(O,N); - s normalized
to the maximum.
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T -
1279 eV

Eu4d Eu"4d °D

(a) |

133.5eV

- 140.9eV
Eu''4d,,

Photoemission intensity (a.u.)
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Binding Energy (eV)

T T T T T
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I Eudd L
| EuTiO, (b) |

——EuTi(O,N)___
I O, chemical shift |
Increased Bu’* (AE=0.5eV)
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Binding Energy (eV)

FIG. 5. (a) Eu 4d XPS multiplet of EuTi(O,N);3 - 5 deconvoluted. (b) Eu 4d
XPS spectrum of EuTi(O,N); + 5 and EuTiO5 normalized to the maximum.

orbitals.’® The electrostatic interaction between 4d and 4f
shell is large by reason of the same principal quantum num-
ber,*® which is why the Eu 4d spectrum is not separated into
its 4d;,, and 4ds, components and the two main spectral
contributions are assigned to D and D multiplets.”* The
main peaks are centered at £, = 127.9eV and E, = 133.5eV
resulting from Eu*".*' The fine structure of the °D peak was
deconvoluted to its five components according to the elec-
tron spectroscopic theories for rare-earths detailed in Ref. 42
[Fig. 5(a)]. The Eu®" doublet is shifted by about 7eV from
Eu?" doublet to higher binding energies,*’ the main peak
(4d5),) 1s at 140.9eV and 4ds,, is observable as a shoulder of
Eu?" "D [indicated with an arrow in Fig. 5(a)]. For compari-
son, Eu 4d peak of EuTiOj is shown [Fig. 5(b)]. In accord-
ance with the analysis of the titanium spectrum, the peaks of
the oxynitride are slightly shifted to lower binding energies
(~0.5eV) due to the different electronic environment of Eu
caused by the N present in the lattice. An increase of Eu®" is
observed in EuTi(O,N); + 5§ compared with EuTiOj5 since the
extra charge of N is balanced by an increased oxidation
state of the Eu. The Eu®"/Eu”" ratio was derived from the
integrated spectral intensities (0.04 and 0.25 for EuTiO3 and
EuTi(O,N); - 4, respectively).

The thermoelectric properties of the three different
EuTi(O,N);3 - 5 sample groups were studied and compared
with the previously reported data of EuTiOs.'? The
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FIG. 6. Absolute value of the Seebeck coefficient (S) of the oxide and the
three oxynitride pellets measured in the temperature range of 390 K-950 K.

atmosphere and maximum temperature used in the experi-
ments were chosen after testing the thermal stability of the
samples. The TGA study showed that EuTi(O,N); - s is sta-
ble up to 992K in reducing atmosphere while above this
temperature mass reduction due to N loss in the form of NHj;
and N, was observed. The Seebeck coefficients (S) were
measured in the temperature range of 390 K-950K and
found to be negative in the whole temperature range due to
the n-type nature of the charge carriers. Fig. 6 shows the
absolute value of the Seebeck coefficients for the three oxy-
nitride pellets. Measurements on EuTiOj; pellets of different
porosity and equal composition revealed identical S since it
does not depend on the relative density but only on the elec-
tronic structure. Zhao et al.** also proved that the Seebeck
coefficient of a porous and a fully dense bulk is equal and is
related to the charge carrier concentration. The similar
behavior of the S of the three oxynitride groups indicates
similar N contents, which was also confirmed by XPS analy-
sis. For comparison, the S values of EuTiO; are also plotted
in Fig. 6. The lower S of the oxynitrides compared to the ox-
ide reveals a higher charge carrier concentration or a modi-
fied conduction mechanism in the oxynitrides. These results
will be discussed and clarified later with the help of ab initio
calculations.

The electrical resistivity (p) of the oxynitrides is higher
than that of pristine [Fig. 7(a)], which can be attributed to
the effect of the relative densities in the polycrystalline pel-
lets. Samples (I) and (IT) have the lowest relative densities
(46% and 52%, respectively) and the highest p (minimum
values of 24.63 mQ-m and 20.82 mQ-m, respectively).
Sample (III) has a higher density (64%), because it was
pressed prior to ammonolysis, and its resistivity is lower
(minimum value of 10.81 mQ-m). The comparison of oxyni-
trides and oxide shows that the latter has an electrical resis-
tivity nearly one order of magnitude lower despite its low
relative density (49%). These results and the difficulty to
densify oxynitrides suggest the presence of weak grain con-
nectivity and intergrain transport in the oxynitride pellets.
The error bars of S and p correspond to a 5% relative error
and were calculated according to Ref. 45. The electrical
resistivities of all the samples follow semiconductor-like
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FIG. 7. (a) Electrical resistivity (p) of the oxide and oxynitride pellets meas-
ured in the temperature range of 300 K-950K (error bars within the data
points). (b) In(p) vs. 1/T and calculated activation energies in the low tem-
perature (extrinsic) and high temperature (intrinsic) regimes.

dependence with temperature. In Fig. 7(b), we plotted In(p)
against 1/T and extracted the activation energies (E,) from
the slopes of the curves using Arrhenius formula [p = pg
exp(Ea/kgT), where pg is a pre-exponential constant and kg
is the Boltzmann constant]. The change in the slope of the
curves indicates that there are two regimes distinguishable
for all the samples: extrinsic and intrinsic semiconducting
behavior at low and high temperatures, respectively. At high
temperatures (intrinsic regime) the activation energy equals
half the fundamental band gap energy (E,). Therefore, we
can calculate E, of the samples from the activation energy in
the intrinsic regime (E, = 2E,). First, we extracted the band
gap of EuTiOs: E,=2E,=0.98¢V, where E5,=0.49¢V,
which is in agreement with the value E,=0.93 £0.07eV
reported for room temperature in Ref. 46. The transition tem-
perature between extrinsic and intrinsic regimes of the pris-
tine EuTiO; was determined to be around 540K and the
activation energy calculated for low temperature is
EA=0.19¢V, significantly smaller than for the high temper-
ature regime due to localized in-gap or donor states. The ex-
trinsic (low temperature) activation energies calculated for
the oxynitride samples is E5 =0.28; 0.23; 0.28 eV for groups
(D, (I), and (III), respectively. The transition temperatures
between extrinsic and intrinsic conducting regimes were
approximated to be around 610K for oxynitride groups (I)
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FIG. 8. Lattice thermal conductivity (i,;) of the oxynitride and the oxide in
the temperature range of 330 K-850 K.

and (II), and 570K for group (III). In the intrinsic regime
(high temperature), E5 values for samples (I) and (II) are
very similar: £4 =0.70eV and 0.75eV, respectively, while
group (III) has smaller intrinsic activation energy
(Ea=0.53eV). The calculated band gaps for the oxynitrides
are: £,=1.40eV, 1.50eV, and 1.06¢eV for groups (I), (II),
and (III), respectively. The lower E, value of group (III) can
be related to its higher relative density and therefore less de-
fective morphology. The weak grain connectivity of oxyni-
trides (I) and (II) strongly influences the electrical resistivity
measurement, and therefore ab initio calculations of the elec-
tronic structures will be shown in order to relate the experi-
mental values to the theoretical ones. Overall, the band gap
E, of the oxynitrides is higher than that of pristine, which

10.0kV x30000 1pym ——H
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explains the higher p measured and will also be compared
with our ab initio calculations.

The total thermal conductivity (k) is the sum of the elec-
tronic (k) and the lattice part (ky,). The electronic contribu-
tion can be approximated using the Wiedemann-Franz law:
ke =LoT/p, where Ly, (=2.443-100% W S7'K™?) is the
Lorenz number for the free electron gas. Fig. 8 shows the lat-
tice contribution of k of the oxynitride [group (I); 46% rela-
tive density] and the oxide (49% relative density) in the
temperature range of 330K < T <850K. Above room tem-
perature, ki, of both samples decreases proportional to 1/T
due to the increasing amount of phonons available to partici-
pate in the Umklapp scattering. iy, of the oxynitride is lower
than that of the oxide because of its lower relative density.
Morphology and grain interconnectivity of the pellets must
be analyzed in order to comprehensively assess the transport
properties. The error bar of ki, is of 10% relative error and
was calculated according to Ref. 45.

The morphology of the particles was studied by TEM
and the influence of nitridation on the grains of the sintered
samples by SEM. TEM micrographs of EuTi(O,N); - 5 and
EuTiO;5 particles are shown in Figs. 9(a) and 9(c), respec-
tively. The oxide forms large crystallites with grain sizes of
0.2—1 um, while the oxynitride consist of pores and particles
with mean grain size of only 0.1-0.8 um. The formation of
porous grains after ammonolysis has been observed in previ-
ous studies like in the case of LaTaON, by Park and Kim.*'
During ammonolysis, nitrogen diffuses into the oxide struc-
ture creating open paths or voids which allow 30>~ — 2N*~
exchange, resulting in pores with mean sizes of 10—40nm.
During sintering in ammonia, the described process of N
incorporation leads to an inefficient sintering of the particles
and restricts the interconnection of the grains, as shown in

FIG. 9. TEM micrographs of (a)
EuTi(O,N); + s and (c) EuTiO; pow-
der particles, and SEM (SE) micro-
graphs of (b) EuTi(O,N);-s (I) and (d)
EuTiO; sintered pellets.
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FIG. 10. Partial electronic density of states of (a) pristine EuTiO; and (b)
nitrogen substituted EuTi(O,N); + 5. The zero level of energy was chosen as
the top of the valence band.

Fig. 9(b). The micrograph presents well defined grain boun-
daries and low connectivity between the grains. For compari-
son, a sintered pellet of EuTiO3 with well fused grains is
shown in Fig. 9(d). In this case, no sharp grain boundaries
appear in the image due to intergrowth effects of the inter-
grains. This is a clear evidence of the complex particle mor-
phology and the limited grain connectivity of the oxynitride
samples. The Seebeck coefficient remains unaffected by the
porosity, but the electrical conductivity, as well as the ther-
mal conductivity, is lowered by the poor grain interconnec-
tivity. While low x is beneficial for a good thermoelectric
performance, a limited electrical conductivity is unfavorable
and therefore the ZT measured for EuTi(O,N);- s [group (I)]
was only ZT = 0.004 at 820 K.

Ab initio calculations were performed for a better under-
standing of the experimental results. Fig. 10(a) shows the
partial electronic density of states of pristine EuTiO3. The
bottom of the conduction band (CB) is formed by Ti 3d
states. There is a small localized peak split-off from the rest
of the conduction band (donor-like band), situated at
E;=0.77eV. The bottom of the CB is situated at
E.=0.94¢eV, which corresponds also to the value of the fun-
damental band gap (E,). This is in a very good agreement
with the £, =2E, = 0.98 eV extracted from the experimental
electrical resistivity data [see Fig. 7(b)] and with the gap
E,=0.93 eV measured by Lee et al.*® The presence of local-
ized donor-like states close to the bottom of the CB probably
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leads to the tail in the absorption spectra in the vicinity of
the fundamental gap observed in Ref. 46. If we assume a
doped, non-degenerate and compensated semiconductor the
activation energy at low temperatures equals the ionization
energy: Ex =E. — E4. The result that we obtain from the cal-
culation of the DOS, E5, =0.94 — 0.77=0.17¢V, is in good
agreement with the extrinsic activation energy (low tempera-
tures) extracted from our electrical resistivity measurement:
EA=0.19¢eV [Fig. 7(b)]. The top of the valence band (VB)
is formed by strongly localized Eu 4f orbitals, with small
admixture of O 2p and Ti 3d states, which mediate the mag-
netic interaction between Eu®" 4f spins via 3d states of non-
magnetic Ti**.*" The bulk of the VB is formed mainly by
oxygen 2p states, and is located about 3 eV below the top of
the valence band.

The electronic structure is drastically changed by tilting
of the anion octahedra in the Pnma structure of
EuTi(O,N)3 - 5 [see Fig. 10(b)]. At the bottom of the CB
there is a split-off donor-like band similar to the case of
EuTiOs, which is formed by equal contribution of all Ti 3d
atoms. In this case, the split-off has a larger contribution to
the density of states and is wider in the energy spectrum, i.e.,
it is more delocalized compared to the split-off of the pristine
compound. Therefore, the theoretical band gap of
EuTi(O,N)3. s is the distance from the top of the VB to the
beginning of donor-like band (E,=1.10eV). The experi-
mental values of E, extracted from Arrhenius formula are
different for different relative densities of the oxynitride
samples [E,=1.40eV, 1.50eV, and 1.06eV for groups (I),
(IT), and (III), respectively] and they all lie approximately
within the energy width of the donor-like band (localized
between 1.10 and 1.45eV). The samples with lower relative
densities [groups (I) and (I)] are more defective and show
higher values of E, due to the presence of defect states at the
lower energy levels of the donor-like band. Sample (III) is
less defective (larger relative density) and its experimental
band gap (£, = 1.06¢eV) coincides with the energy of the be-
ginning of the donor-like band. The middle point of this
band is at E;=1.28 eV and the bottom of the rest of the CB
starts at E. = 1.84 eV. The case of the oxynitride follows the
model of doped, non-degenerate and uncompensated semi-
conductors, where the activation energy at low temperatures
equals half the ionization energy: Ex = (E. — Eq)/2. The E
value obtained from the ab initio calculations E, = (1.84
— 1.28)/2=0.28 eV agrees with the extrinsic activation ener-
gies (low temperature regime) of the oxynitrides deduced
from the electrical resistivity measurement: E, =0.23,
0.28 eV [Fig. 7(b)]. The top of the valence band and the bot-
tom of the conduction band are formed by localized Ti 3d
states. Here, we should note that the top-VB states are built
by those Ti atoms far apart from the N atoms as it is repre-
sented in Fig. 11(a). Fig. 11(a) shows the electronic charge
distribution of the top of the VB. Ti atoms far from N (atoms
3 and 4) present a higher charge density contribution than
the neighboring Ti atoms (atoms 1 and 2). The observed
DOS at the VB is therefore caused by the tilting of the TiOg
octahedra and is not directly related to the N “impurity”
states. One of the main differences in the spectra of pristine
and ammonolyzed EuTiOs is the position of the Eu 4f states:



033701-9

Sagarna et al.

FIG. 11. (a) Electronic charge density distribution of the top of the VB
(energy range: —1 to OeV) (b) and section of Eu-N bonds in the energy
region —4 to —2.64eV. These numbers correspond to the energy scale of
Fig. 10(b). The isosurfaces of the charge density plots were 0.01 and
0.05e /A® for figures (a) and (b), respectively. The contours at the sections
are plotted with color code blue-green-red covering the interval from 0 to
0.2¢ /A for figure (a) and from O to 1 e /A for figure (b).

in the Pnma structure of the oxynitride they are shifted by
about 2eV to lower energies and almost merge with the oxy-
gen 2p states in the bulk of the valence band. Also, tilting of
the anion octahedra in the Pnma structure causes delocaliza-
tion of the states in the Eu 4f shell resulting in the broadening
of the corresponding peak. The nitrogen “impurity” states
are located at same energy region as the Eu 4f states (near
—2eV). Four of the Eu atoms are the first nearest neighbors
around the nitrogen “impurity.” An important feature of the
spectrum is a peak formed by N 2p and Eu 4f states at around
—2.8eV below the top of the valence band. The contribution
of Eu to the density of states is attributed to one of the four
Eu atoms from nitrogen vicinity (Eu atom number 3) as
shown in Fig. 11(b). This feature reflects a covalent-like
interaction with charge transfer from Eu towards N: the cor-
responding Eu cation has 0.1lel less charge on f-shell and
0.05lel more on d shell than the rest of the Eu cations. This is
consistent with the observed increase of Eu®" content of the
oxynitrides [see Fig. 5(b)].

A more detailed comparison of the total density of states
(DOS) for pristine and ammonolyzed EuTiO;5 is shown in
Fig. 12. As it was noted above, the most significant differ-
ence is observed at the top of the valence band. It is benefi-
cial for a high Seebeck coefficient to have a high DOS just
below Er since S o [Oln n(E)/OE]x _ gr.*® The Eu 4f peak of
EuTi(O,N)3 + 5 is shifted further away from the top of the
VB compared to EuTiO3 due to the structural change from
cubic to orthorhombic. In addition, the intensity of the Eu 4f
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FIG. 12. Comparison of the total density of states of EuTi(O,N); s and
EuTiOs;. The zero level of energy was chosen as the top of the valence band.

peak of EuTi(O,N); + s is much lower than that of EuTiOs,
which would also explain its lower Seebeck coefficient
(Fig. 6). The calculated band gap of the oxynitride is slightly
larger than of the oxide, which is also consistent with the
higher electrical resistivity of the oxynitride compared to the
pristine compound.

V. CONCLUSIONS

EuTi(O,N); .+ 5 powders were produced by thermal
ammonolysis of the precursor oxide. It was proven by neu-
tron and electron diffractions that with the incorporation of
nitrogen the space group changes from cubic Pm3m to ortho-
rhombic Pnma. The N content of pellets produced by the
three different routes was determined by XPS analysis of the
N s peak. All samples had similar N contents being slightly
lower for sample (III). TGA analysis showed stability up to
992 K in reducing atmosphere, and thus, the thermoelectric
properties were measured from room temperature up to
950 K. The lower S of the oxynitrides compared with the ox-
ide suggested a higher charge carrier concentration of the
oxynitrides. Electrical resistivity measurements showed
higher conductivity and lower band gap for the pristine sam-
ple than for the poorly sintered oxynitrides. Morphological
studies using SEM proved low grain connectivity of the oxy-
nitride pellets. TEM analysis of the powders showed a com-
plex structure with intrinsic nanopores within the oxynitride
particles, and large and crystalline oxide particles. The intro-
duction of nitrogen into the oxide prevents the formation of
large crystallites and consequently the fusion of grains,
which affects the electrical and thermal transport. The lattice
thermal conductivity of pristine EuTiO; was reduced from
0.87W/Km to 0.55W/Km after nitridation (at 370K).
Calculations of the DOS of EuTi(O,N); » s and EuTiO3 con-
firmed the larger band gap of the distorted crystal structure
compared with the oxide. The change on the shape of the VB
is a consequence of the octahedral tilting, since it is formed
by the Ti atoms which are far from N. The shift and the in-
tensity decrease of the Eu 4f peak explained the lower values
of Seebeck coefficients of EuTi(O,N); - 5.
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