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High-quality crystals of CoTeO,4 were grown by application of chemical vapor transport reactions in
closed silica ampoules, starting from polycrystalline material in a temperature gradient 640 °C — 580 °C
with TeCly as transport agent. Crystal structure analysis of CoTeO, from single crystal X-ray data
revealed a dirutile-type structure with Co" and Te"' atoms at crystallographically distinct sites, each with
point group symmetry 1. The statistical significance and accuracy of the previously reported structural
model based on powder data with the ordered arrangement of Co and Te cations was noticeably
improved. CoTeO,4 does not undergo a structural phase transition upon heating, but decomposes
stepwise (Co,TesOg as intermediate phase) to CozTeOg as the only crystalline phase stable above
770 °C. Temperature-dependent magnetic susceptibility and dielectric measurements suggest
antiferromagnetic ordering at ~50 K. Optical absorption spectroscopy and computational studies reveal
wide-band semiconductive behavior for CoTeO4. The experimentally determined band gap of ~2.42 eV
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is also found for CdS, which is frequently used in photovoltaic systems but is hazardous to the

rsc.li/materials-advances environment. Hence, CoTeO4 might be a possible candidate to replace CdS in this regard.

Introduction

Complex Te-based metal oxides represent an attractive class
of multifunctional materials based on a rich versatility with
respect to their crystal structures and composition diagrams.
This includes the capability to exist in two stable oxidation
states in an oxidic environment, i.e. in form of Te"™ (resulting
compounds are named oxidotellurates(iv)) and Te"" (oxido-
tellurates(vi))." For instance, some of these Te-based oxides
have interesting physical properties due to their low dielectric
losses in the microwave range and show potential applications
in the field of low-temperature co-fired ceramic technology.’
The renewed interest in transition metal oxidotellurates(vi) with
formula type A;TeOg (A is a divalent transition metal) is related
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to their interesting optical®* and low-temperature magnetic
properties,”® including magnetic field induced spontaneous
electric polarization in Co;TeOs.”** Stimulated by these prop-
erties, Co;TeO¢ has also been investigated in the high-pressure
regime.">'®

For synthesis of polycrystalline Co;TeOg in its ambient-
pressure form, solid-state reactions between suitable precursor
materials are usually applied. In this regard, the growth reac-
tion mechanism of Cos;TeOg has been studied in detail,"”
revealing that CoTeO, is an intermediate product during the
ceramic route for preparation of Co;TeOg. Although CoTeO,
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has been reported more than forty years ago,'® its structural
and physical properties were not investigated in much detail.
The first structure report was based on powder X-ray data
and revealed a crystal structure derived from rutile (TiO,)."
However, the original structure model was subsequently
corrected on basis of high-resolution synchrotron X-ray data
from nanocrystalline material.>°

We became interested in CoTeO, due to the interesting
physical properties associated with inorganic materials adopting
the rutile structure type or MM"O, and MM,"O, derivatives
thereof.”! For example, rutile-type compounds have been widely
investigated for photocatalytic activities.”>** TiO, is also known
for its incipient ferroelectric property because of its large static
dielectric permittivity that shows strong frequency dependence
associated with a soft (A,,) mode behavior.>* Moreover, rutile-type
FeTiNbOg was reported to be a multiferroic material.”®> In the
context of structure-property relationships, it is of paramount
importance to have available both a reliable crystal structure
model for computational studies and highly crystalline mate-
rial for measurement/determination of physical properties
related to long-range order and correlated phenomena. However,
the reported crystal structure model of CoTeO, is not very
accurate — which lies in the nature of structure refinements
from powder data. Thus, improving the crystal structure
model of CoTeO, is highly desirable, preferably on basis of
single-crystal X-ray diffraction data. The same is true for the
few reported findings regarding physical properties of CoTeO,,
which were determined from products with poor crystalli-
nity.">*° Hence, advancements and complementary results are
also expected in this area. Considered from this point of view,
single crystal growth of CoTeO, with subsequent structure
analysis as well as preparation of material with high crystallinity
for determination of physical properties were the main reasons
for a reinvestigation.

We report here the results of crystal growth studies, crystal
structure elucidation, physical properties and theoretical calcu-
lations of CoTeO,.

Experimental
Preparation of polycrystalline material

Stoichiometric amounts of Te(OH)s (5.500 g, 24 mmol) and
Co(NO3),(H,0)6 (6.970 g, 24 mmol) were thoroughly mixed and
ground in an agate mortar. The mixture was heated in a
porcelain crucible within three hours from room temperature
to 300 °C and left at this temperature for twelve hours to expel
water and oxides of nitrogen. The resulting black solid was
ground again and heated within three hours to 550 °C, and left
with another intermediate grinding step for two days. Powder
X-ray diffraction of the light-brown solid revealed a single-
phase product, however with poor crystallinity (Fig. 1). The
crystallinity was significantly increased by heating the as-
obtained powder in an evacuated and sealed silica ampoule
at 600 °C for further 20 days (Fig. 1), resulting in an amber-
colored polycrystalline material.
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Fig. 1 X-ray powder diffraction patterns of single-phase CoTeO,4 tem-
pered for 2 days at 550 °C and for 20 days at 600 °C. Tick marks represent
the position of Bragg reflections.

Crystal growth

Crystals were grown by using chemical vapor transport reactions.>®
In a typical batch, 500 mg of polycrystalline CoTeO, and 50 mg
TeCl, as transport agent were loaded in a silica ampoule
(diameter 1 cm, length 12 cm) that was subsequently evacuated
and sealed with an oxyhydrogen torch. The ampoule was placed
in a horizontal two-zone furnace, applying a temperature
gradient of 640 °C (source region) — 580 °C (sink region),
and heated for 20 days. The grown crystals aggregated into
intergrown species up to 3 mm in length with a nearly black
color (Fig. 2). The streak of the crystals is dark-brown; the
powder obtained by grinding the crystals is red-brown.

Single crystal diffraction

The large crystal aggregates were broken into small amber-
coloured pieces. Specimen of good optical quality were pre-
selected under a polarizing microscope, embedded in perfluori-
nated polyether and mounted on MiTeGen MicroLoops®. X-ray
diffraction data were recorded on a Bruker APEX-II diffracto-
meter, equipped with monochromatized Mo-K, radiation,
using ®- and ¢-scans. The collection strategy was chosen

4

Fig. 2 Crystal aggregates of CoTeQO,4. The distance between the scale
bars is 1 mm.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(APEX3)*” to comprise the complete reciprocal sphere up to
high angles and with high redundancy. After integration of
the intensity data, a semi-empirical absorption correction
(SADABS)*® was performed. The crystal structure was solved
by using SHELXT>® and refined by using SHELXL.?* The mono-
clinic unit-cell in space group P2,/c was chosen with unique
axis b and cell choice 1.>* Atomic coordinates were adapted to
demonstrate the symmetry-relationship to the rutile aristotype
in a concise way.*> The CoTeO, crystal under investigation
showed a small contribution (8.7%) of a second domain that
was correspondingly processed for the final data reduction
(TWINABS).”” The final refinement is based on a HKLF5-type
file containing reflections from the first domain and over-
lapping reflections.

Numerical details of the data collection and structure refine-
ment are compiled in Table 1. Selected bond lengths are given
in Table 2, together with results of bond valence sum (BVS)
calculations®® using the parameters of Brese and O’Keeffe.**
Further details of the crystal structure investigations may be
obtained from the joint CCDC/FIZ Karlsruhe online deposition
service: https://www.ccdc.cam.ac.uk/structures/ by quoting the
deposition number specified at the end of Table 1.

Laboratory powder X-ray diffraction (PXRD)

PXRD measurements were performed on a PANalytical X’Pert IT
Pro type PW 3040/60 diffractometer (Cu-K, radiation, Bragg—
Brentano geometry, X’Celerator detector) or on a Bruker D8
Advance diffractometer (Cu-K, radiation, Bragg-Brentano geo-
metry, LynxEye detector). Analyses of the powder diffraction
data were carried out with the Highscore+ software suite** or
the DIFFRACT plus software.?® Results of the Rietveld analyses
are given in the electronic ESIt (Tables S1-S3 and Fig. S1).

Table 1 Data collection and refinement details

Formula CoTeO,
M, 250.53
Temp./°C 25

Crystal dimension/mm? 0.10 x 0.10 x 0.012

Crystal color Brown
Crystal form Plate
Space group, no. P2,/c, 15
Formula units Z 2
alA 5.5635(12)
blA 4.6675(10)
c/A 5.5424(12)
B 112.321(6)
VIA®? 133.14(5)
wmm™* 16.975
X-ray density/g cm 6.25
Omin—Omax/° 3.960-46.631
—11 to 10
k 0to9
l 0to11
Independent reflections 1243
Observed reflections (I > 20(I)) 1073

0.4871; 0.7492

Tmin; Tmax

No. of parameters 33

R1 (F* > 20(F%) 0.0168
wR2(F* all) 0.0450
GOF 1.082
CSD number 2265144

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Selected bond lengths/A, bond valence sums (BVS)/valence units

and distortion parameters calculated on basis of the current single crystal
(SC) study and the previous high-resolution synchrotron powder study?°

Current SC Synchrotron
Bond lengths study powder study
Col- 02 2% 2.0619(11) 1.967
02 2x 2.0812(11) 1.984
o1 2% 2.1163(11) 2.188
Average (2.087) (2.046)
Tel- 02 2 1.8619(11) 1.939
o1 2% 1.9625(10) 2.101
o1 2x 1.9667(10) 1.963
Average (1.930) (1.992)
BVS
Col 2.07 2.38
Tel 5.85 4.87
o1 2.02 1.52
02 1.88 2.09
Polyhedral volume/A® [Co0e]  11.641 10.997
[TeOs]  9.493 10.519
Quadratic elongation [Co0¢] 1.027 1.029
[TeOs]  1.007 1.012
Angle variance/*” [CoO] 92.95 86.83
[TeOs]  19.99 31.81

Synchrotron powder X-ray diffraction (SPXRD)

The in situ synchrotron powder X-ray diffraction (SPXRD) mea-
surements were carried out at the Brockhouse High Energy
Wiggler Beamline, Canadian Light Source (CLS), Canada.
The experimental heating apparatus consisted of a flow-cell
furnace®” composed of a quartz capillary cell, capable of hold-
ing the sample in vacuum/inert gases atmosphere and sur-
rounded by a helical coil connected to a source of electric
current for controllable heating rate and natural convection
cooling on the beam path. A thermocouple inserted into the
capillary was used to monitor the temperature of the sample.
A 2D PerkinElmer detector, 200 x 200 um? pixel size and 40 x
40 cm” in area, was placed downstream of the powders in
Kapton capillary, allowing data acquisition in a Debye-Scher-
rer/transmission mode. SPXRD patterns were acquired using a
monochromatic focused beam of 30 keV. The calibrated X-ray
wavelength and sample-to-detector distance from an Ni calibrant
was . = 0.4087 A and 481.29 mm, respectively. An exposure time
of 0.2 s was used and a total of 150 snapshots were acquired to
ensure good data statistics. Obtained raw 2D diffraction patterns
were integrated along each ring by the GSAS-II software.*® Then,
the resulting 1D HE-SXRD profiles were analyzed using Rietveld
refinement analysis®® in the 20 range from 2 to 30°.

Simultaneous thermal analysis (STA)

Complementary STA measurements made use of thermogravi-
metry/differential thermal analysis (TG/DTA) coupled with
mass spectrometry (MS). STA measurements were performed
with a ~50 mg sample on a NETZSCH STA 449 C Jupiter system
in the temperature range 30 — 900 °C (corundum crucibles,
flowing argon atmosphere (40 ml min '), heating rate 10 °C min ™)
coupled with a quadrupol mass analyzer (QMS) Aeolos by using
a silica capillary kept at 250 °C. The measured mass signals were
2 (Hy), 12 (C), 14 (N), 15 (CH3), 16 (CHy4, O), 17 (OH), 18 (H,0),

Mater. Adv., 2024, 5, 3001-3013 | 3003
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28 (N,, CO), 32 (0,), 44 (CO,) and 40 (Ar). A base line correction
of the TG curve was carried out by measuring the empty crucible
prior to the measurement.

Chemical composition analysis

The Co:Te cationic ratio in the CoTeO, single-crystals was
determined from energy-dispersive X-ray spectroscopy (EDS)
data, obtained using a ZEISS Leo 1550 field emission scanning
electron microscope (SEM) equipped with an Aztec energy
dispersive X-ray detector for spectroscopic analysis. Two single
crystals were mounted onto conducting carbon tape, and EDS
point analysis was performed using 20 kV on 11 spots per
crystal. The oxidation states of the ions in CoTeO, was deter-
mined using X-ray photoelectron spectroscopy (XPS), conducted
using an Ulvac-Phi Quantera II spectrometer with mono-
chromatic Al-Ko radiation (1486.7 eV). Samples were mounted
electrically floating, and measured under constant charge neu-
tralisation using low energy electrons and Ar".*’ The binding
energy scale was referenced using the O 1s peak at 530.0 eV.

Measurements of physical properties

Selected crystal aggregates of CoTeO, (as grown by chemical
transport reactions) were used for measurements of physical
properties.

The heat capacity data of a crystal aggregate was recorded as
a function of temperature and magnetic fields using a Bluefors
dilution refrigerator equipped with a superconducting magnet
and a differential membrane-based nanocalorimeter.*' The
dc- and ac-magnetic properties of a crystal aggregate were
measured using a superconducting quantum interference
device (SQUID) magnetometer from Quantum Design Inc. The
magnetization M of the sample was recorded both as a function
of temperature T at a fixed applied magnetic field, and as a
function of magnetic field H at fixed temperature.

The dielectric properties of the sample were characterized
using an Agilent E4980A Precision LCR Meter. The two-electrode
configuration was achieved by applying silver paint on the oppo-
site surfaces of a chosen crystal aggregate and attaching copper
wires to each surface. The sample was mounted on a custom-
made probe in a Physical Property Measurement System (PPMS)
from Quantum Design Inc. The capacitance of the sample was
measured as a function of temperature and magnetic field for
various frequencies (100 Hz to 2 MHz).

Optical absorption spectroscopy

Unpolarized optical absorption spectra of CoTeO, were
recorded in the near ultraviolet (UV), visible (Vis), and near-
infrared (NIR) spectral ranges between 32000 and 5500 cm ™"
(3.97 to 0.68 eV) at a measuring spot of 50 um in diameter,
using a Bruker Hyperion 1000 microscope attached to a Bruker
Vertex 80 FTIR spectrometer. To account for the strongly
different absorption intensities in the NIR compared to the
Vis and UV ranges, two crystal fragments with thicknesses of
30 and 5 um, respectively, were investigated, using appropriate
combinations of light sources (tungsten or xenon lamp), beam
splitters (CaF,-NIR or CaF,-ViS/UV), and detectors (InGaAs-,
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Si- or GaP-diodes) to cover the desired spectral range. Hence,
the full spectrum is combined from three partial spectra (32 000
to 18000 cm ™ ': spectral resolution 40 cm ', averaged from
512 scans; 18 000 to 10 000 cm ™ ': resolution 20 cm ™, 256 scans;
10000 to 5500 cm ™ ': resolution 10 cm™', 128 scans), which
were aligned in absorbance for perfect match, if necessary, and
calculated to linear absorption coefficient o (cm™).

Computational investigations

Density functional theory (DFT) calculations on CoTeO, were
performed with the Wien2k code,*” which is based on the all
electron full-potential Augmented-Plane-Wave (APW) method.
Starting with the experimentally determined single-crystal
structural data, the free positions of the O atoms were opti-
mized (ESI, Table S2) both at the level of generalized gradient
approximation (PBE-GGA)*® and also PBE+U (with U = 4.08 or
5.44 eV for Co 3d states).** We adopted an antiferromagnetic
order, splitting the two symmetry-related Co atoms in the unit
cell into spin-up and spin-down. The electronic structure, the
band gap and the absorption spectra were calculated with
different functionals (PBE+U, TB-mBJ,* TB-mBJ+U*® and a
YS-PBEO hybrid functional,” which is closely related to the
well-known HSE-functional).*® The calculations were initialized
with “-prec 2, resulting into atomic spheres of 2.04, 1.84 and
1.58 Bohr for Co, Te and O, respectively, a plane wave cutoff
parameter RK;,,x = 7.5 and a 15 x 16 x 15 k-mesh. Besides the
usual valence states, also Co-3s,3p and Te-4p,4d states were
treated as band states using local orbitals.

The optical properties have been calculated using the OPTIC
module®® of WIEN2k. The imaginary part of the dielectric
function ¢, has been obtained from the direct transitions
including the corresponding dipole matrix elements, and via
a Kramers-Kronik transformation the real part of ¢ is calculated.
Once these quantities are known, the other optical properties
(e.g the absorption) follow from well-known relations.

Results and discussion

The crystal structure of CoTeO, has previously been determined
from laboratory PXRD data in space group P2,/n.t In the
corresponding model,"® the Co and Te atoms equally occupy
the same general site (4 e), and the two oxygen atoms likewise
are situated on a general site each. Due to the mixed (Co,Te)
occupancy, the resulting M-O bond lengths spread largely from
1.792(5) to 2.209(2) A for the resulting [MOg] octahedron, which
is too short for a typical Co™-O bond (mean 2.108 A for
coordination number (CN) = 6)°° and too long for a typical
Te""-0 bond (mean 1.923 A for CN = 6).°" In general, it appears
unlikely that a divalent cation (for Co" the ionic radius is
0.745 A for high-spin configuration)®? shares the same site with
a highly charged Te"" atom (0.56 A).>?§

i+ The given cell™ in space group setting P2,/n transforms to the current cell in
P24/c by the matrix [001, 010, 101].

§ There are few exceptions, such as the monoclinic polymorph of PbCuTeOs,
where Cu" and Te"" are occupationally disordered at the same site.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The current crystal structure refinement of CoTeO, based on
single-crystal X-ray data clearly revealed that the previous
model®® is incorrect. In fact, Co and Te are situated on two
distinct sites, 2 a and 2 d, respectively, each with site symmetry
1. The resulting bond lengths (Table 2) are in the characteristic
ranges and comply with the expected mean bond lengths
given above.

A recent structure determination of CoTeO, based on high-
resolution synchrotron radiation from nanocrystalline material®
likewise revealed the inaccuracy of the original structure model,*
and two distinct Co and Te positions were refined, similar to our
model based on single-crystal data. However, the Co and Te atoms
are swapped on respective Wyckoff positions, i.e. 2 b for Coand 2 ¢
for Te, which corresponds to a shift of 1/2 0 0 in the unit cell.
In comparison with the model derived from synchrotron data, our
current redetermination reveals more satisfactory bond valence
sums (close to the expected values of 2, 6 and 2 for Co, Te and
O atoms), all atoms with anisotropic displacement parameters,
standard uncertainties for the atomic coordinates, and shows
considerable improvement in terms of higher precision and
accuracy regarding bond lengths and angles (Table 2; ESI,t Tables
S1-S3).

CoTeO, crystallizes in a dirutile-type structure and is iso-
typic with LiCo™F,,** LiMn™F,*> and Cu"U"'0,.>® Baur has
described the relation of these cation-ordered dirutile struc-
tures (abbreviated as CUU) to the rutile structure (RUT) in
detail.>* The symmetry-relationship®> between the rutile aris-
totype and the CUU hettotype of CoTeO, is graphically repre-
sented in Fig. 3 in form of a Bérnighausen tree.”” In a first step,
a translationengleiche (t2) symmetry reduction takes place
from the rutile structure®® to the CacCl, structure,”® followed
by a subsequent t2 symmetry reduction to the CuF, structure.®®
In the last step, an isomorphe (i2) symmetry reduction with a
doubling of the unit cell occurs due to the cation ordering of
Co" and Te"" in the CoTeO, structure.

In the crystal structure of CoTeO,, [CoO¢] octahedra share
common corners, forming %, [C00,,,04/1] chains running along
[011]. The Co-O bond lengths are similar (Table 2), leading to a
far smaller octahedral distortion®" (Table 2) than in the isotypic
congeners.”’ Adjacent %.[C00,,,04] chains are joint at the
same height (at x = 0) through additional corner-sharing,
resulting in a cobalt(n) oxide layer % [C004,0,,,] extending
parallel to (100). The same kind of connection occurs for the
[TeOg] octahedra to form a % [Te0,4,0,,,] tellurium oxide layer
(at x = 1/2). Common corners and edges link the two alternating
layers into the tri-periodic structure. Edge-sharing occurs
between alternating [CoOs] and [TeOg] octahedra in rows
parallel to [101] (Fig. 4). Like in the rutile aristotype, the oxygen
atoms coordinate to three positively charged atoms, viz. O1 to
two Te and one Co, and O2 to two Co and one Te.

The shortest distances between the cations (Co™ - -Te"’;
Co™.--Co"; Te"" - -Te"") are all greater than 3.0 A (Co" . -Te""
~ 3.09 &; Co™ - .Co™ ~3.62 A; Te"". - .Te" ~3.62 A), precluding
any bonding interactions between them as observed for rutile-
type VO, and its monoclinic polymorph where V---V separa-
tions of 2.85 A and alternating short (2.62 A) and long (3.17 A)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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0 Y 0.176 0.134

Fig. 3 Barnighausen tree showing the symmetry relationship between the
rutile aristotype and the CoTeO4 hettotype.

b

Fig. 4 Projection of the dirutile-type crystal structure of CoTeO,4 along
[011]. [CoOg]l octahedra are given in blue, [TeOgl octahedra in red.
Displacement ellipsoids are drawn at the 90% probability level.

separations, respectively, are observed.®> In CoTeO,, inter-
atomic Co- - ‘Te distances monotonically increase with heating
in the region of existence of this phase (Fig. 5-7(a)).

Thermal behavior

CoTeO, shows no temperature-induced structural phase transi-
tion from room-temperature to the end of its stability range
at ~700 °C. According to Singh et al.,"” intermediately formed
CoTeOy (starting from Co;0,4/TeO, mixtures) becomes unstable
above 700 °C and successively transforms to Co;TeOg.
In contrast to this ex situ study, our current temperature-
dependent in situ SPXRD study is based on single-phase
CoTeO, (Fig. 5). Although under atmospheric conditions the
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final product at 900 °C is likewise single-phase Co;TeOg, the
temperature-dependent SPXRD study clearly revealed spiroffite-
type Co,Te;0,% as an intermediate phase that is present
between the decomposition of CoTeO, at ~700 °C and the
formation of Co;TeOs** at ~770 °C (Fig. 5).

Hence, the overall decomposition can be formulated by

eqn (1):

3Co0TeOy i{)%}j C03T606(S) + 2T602(1) + O2(g)~ (1)

Above 700 °C, TeO, suggested as a decomposition product,
shows no reflections, because it either forms as an amorphous
phase or is already molten (melting point 733 °C).%

The complementary STA-MS measurement (Fig. 6) reveals an
onset for the CoTeO, decomposition at 665 °C in the TG curve
(end point 747 °C), with an overall mass loss of 4.8% (theory
according to eqn (1): 4.3%). The observed masses of the

. DTA/ pv
TG/ % lon Current -10° /A
16
0
100 |\ 1.4
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o }exo o012
-30(1.0
% -40}0.8
97 ~50l06
-60
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-90
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Temperature / °C
Fig. 6 STA-MS measurement curves of CoTeO,4 (TG curve black, DTA

curve blue). Only the mass signals (dashed lines) with significant intensities
with respect to the ion current are displayed.

3006 | Mater. Adv, 2024, 5, 3001-3013

View Article Online

Materials Advances

released gases (m = 16, 32) correspond solely to oxygen, under-
pinning the decomposition reaction formulated in eqn (1). The
two endothermic effects in the DTA signal with onsets and peak
maxima at 677/733 °C and 782/799 °C indicate the decomposi-
tion of CoTeO, under formation of Co,Te;Og, and the subse-
quent decomposition of Co,Te;0g under formation of Co;TeOg,
respectively. The decomposition/formation temperatures deter-
mined from temperature-dependent SPXRD and STA-MS data
differ due to different placements of thermocouples for tem-
perature control, and different heating rates and atmospheres
applied in the two measurement procedures (slow heating and
holding times, atmospheric conditions for PXRD versus fast
heating times, Ar atmosphere for STA-MS).

The evolution of unit-cell parameters with temperature of
dirutile-type CoTeO, is depicted in Fig. 7(a) and shows a linear
increase of the unit-cell volume from room temperature up to
the end of its stability region. On basis of the formalism in the
infinitesimal temperature limit introduced by Paufler and
Weber,®® the TEV software®” has been used for calculation of
the components of the thermal expansion tensor ajj. For the
definition of the second rank tensor within the TEV program,
the following orthogonalized coordinate system was used: e3 is
parallel to ¢, e2 is parallel to b* and el = e2 x e3. The resulting
symmetrical tensor has six independent components (211, 022,
233, a12, a13, 023). Owing to the symmetry restrictions of the
monoclinic crystal system with unique axis b, the components
a12 and a23 are zero. The regression curves for description of
unit-cell parameters and the temperature-dependent numerical
values for the four tensor components of CoTeO, are compiled
in Table S4 in the ESLf{ After transformation to principal
axes, the tensor can be simplified and is described by only
three independent components (a1, o2, 3). The dependence
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Fig. 7 (a) Evolution of unit-cell parameters with temperature; (b) depen-

dence of eigenvalues of the thermal expansion; (c) three-dimensional
surface of the thermal expansion tensor for CoTeO,4 (500 °C data).
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on temperature of these eigenvalues is shown in Fig. 7(b).
Whereas each individual expansion coefficient shows only
subtle changes with temperature, the expansion coefficient o2
has about twice the absolute value of the smallest eigenvalue
a1, making the thermal expansion in CoTeO, anisotropic. The
representation of the tensor and its anisotropy in form of a
surface in three-dimensional space is exemplified in Fig. 7(c)
for the 500 °C data. It can be seen that the strongest expansion
is along the b axis that exactly coincides with eigenvalue o2
and the corresponding eigenvector. The lowest expansion is
perpendicular to this direction.

Chemical composition

The elemental composition as determined by EDS is in very
good agreement with the nominal one, yielding the chemical
formula of Coy ¢1(1)T€0.90(1)04 (ESL;T Table S5 and Fig. S2).

For pristine crystals, a significant surface contamination by
carbon was revealed by XPS measurements (see ESLt Fig. S3),
most probably caused by immersing the crystals in acetone for
selection. The surface contamination significantly decreased
after temperature annealing (500 °C for two hours) in air. The
XPS spectra suggest that cobalt and tellurium are solely present
as Co" and Te"", respectively. The high-resolution core-level
binding energy revealed well-resolved chemical states corres-
ponding to Co 2p, Te 3d, O 1s (and C 1s) levels (ESI,T Fig. S3).
The core level XPS spectrum of Co 2p consist of a large peak at
780.3 eV and a broad satellite approximately 6 eV from the main
peak, as expected for Co™ but not for Co™.®® The Te 3d core
level spectrum consist of two major peaks located at 576.0 and

586.4 eV, consistent with Te"".®°

Caloric properties

Fig. 8(a) displays the total specific heat (C) divided by tempera-
ture (7) of a CoTeO, crystal measured in different magnetic
fields (0 < H < 12 T) over a broad temperature range from
0.1 to 151 K. The position of the sharp peak is shifted from
50.9 K to 49.2 K by an increase of the applied magnetic field
from 0 to 12 T (see inset), however without significant changing
in the C/T value. This behavior suggests that the system under-
goes an antiferromagnetic (AFM) phase transition.

Fig. 8(b) shows the calculated magnetic specific heat
(Cmagnetic; blue color) of CoTeO, at zero magnetic field, after
subtracting from the total specific heat (Ciorar, red color) the
high temperature lattice contributions (Ciaice, black color)
estimated from a Debye model. Moreover, the magnetic entropy
(Smagnetic) Was calculated from Cpagnetic using the following
Cmagnelic

T
which reveals a sharp release of the magnetic entropy near

the transition temperature.

A gradual increase of the magnetic entropy is observed in the
high temperature region, with the magnitude (13 J mol * K™ )
being higher than the spin-only value of 11.51 J mol ' K*
(RIn(2S + 1)) of Co™ (3d’, S = 3/2). Such discrepancy might have
an intrinsic origin, related to the orbital component of the Co™
moments. However, we cannot exclude that it could also originate

equation, Smagnetic = f;bm dT, as shown in Fig. 8(c),
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from the determination of Ci,yice, @s well as uncertainties on the
volume of the investigated crystal.

Magnetic susceptibilities

Fig. 9(a) shows the temperature-dependent dc-magnetization
measured as a function of temperature under zero-field-cooled
(ZFC) and field-cooled (FC) conditions in an external dc-
magnetic field, H = 50 Oe. Both ZFC and FC curves show a
peak maximum around 51.6 K and no divergence in the entire
temperature region, indicating the onset of AFM long-range
ordering, in agreement with the sharp peak observed near
50.9 K in the heat capacity data (Fig. 8). The linear M(H) curves
measured at different temperatures below the magnetic transi-
tion provides further evidence of typical AFM behavior (see
ESI,T Fig. S4) at low temperatures. Fig. 9(b) shows the M(T) data
measured at 5 kOe under ZFC condition. The inset of Fig. 9(b)
shows the temperature dependence of the corresponding
inverse of the susceptibility (y — yo) " where y = M/H and y,
is a background contribution. The high temperature suscepti-
bility data from 70 K to 300 K was fitted to the Curie-Weiss
(CW) law, y = C/(T — Ocw) + y0, Wwhere C and Ocyw represents the
Curie constant and Curie-Weiss temperature, respectively.
The straight-line fitting of the inverse susceptibility vs.
temperature data yields C = 2.47 emu K mol ' Oe  and
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Ocw = —63 K. The negative sign and the value of 0w indicates
AFM interactions and relatively weak frustration effects.”® The
effective paramagnetic moment pg calculated from C (= N
Mot /3kg) is 4.52 ug per Co. This value is considerably greater
than the spin-only value of pgpin = 3.87 ug for high-spin Co"
cations (3d’, § = 3/2), indicating an unquenched orbital
moment, e.g. stemming from an unevenly occupied degenerate
tyg-state of the central Co" cation in the coordination polyhe-
dron. Similar values of ueg for Co™ in an oxidic environment
were also observed in various system such as Co;TeOg
(4.70 pp),"" Sr,CoWO, (5.2 ug),”" or BayCoO,Cu,S, (4.45 ug).”>

Dielectric properties

The present crystal aggregates have relatively small sizes.
Nonetheless, dielectric measurements were attempted. The
temperature dependence of the relative dielectric constant (,)
and the dielectric loss (Tan d) of CoTeO, at variable frequencies
(1 kHz < H < 2 MHz) and in zero magnetic field is shown in
Fig. 10. ESL,T Fig. S5 shows ¢,(7T) and Tan J(T) for 1.06 MHz at
0 and 10 kOe magnetic fields, and ESIL, Fig. S6 displays &, vs.
f and Tand vs. f plots of CoTeO, crystals at different
temperatures.

The value of the dielectric constant reveals a relatively weak
temperature (7) and frequency (f) dependence while decreasing
the sample temperature from room temperature down to 100 K,
followed by a sharp decrease of approximately 90% until the
temperature decreases to 50 K. Below 50 K, the ¢, value is
almost constant. The shift of the ¢, value to higher temperature
with increasing frequency in the temperature range of 50 K <
T < 100 K indicates a relaxor-like behavior. The sharp increase
of the dielectric loss peak around 55 K (Fig. 10(b)) is consistent
with the decrease of the dielectric constant. Fig. 10(b) shows
also that the Tané peak shifts to higher temperature with
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increasing frequency, which corresponds to a thermally acti-
vated relaxation process. The peak maxima of the Tand curve
can be plotted using an Arrhenius equation: t = 7, exp(E./kgT),
where © = 1/2nf and kg is the Boltzmann constant (Fig. 10(c)).
The straight-line fitting gives the activation energy, E, =~
0.07 eV, and the relaxation time, 7, ~ 4.9 x 10" "1,

DFT calculations and electronic structure

As generally accepted and therefore expected,***® PBE calcula-
tions are not suitable for the correlated Co-3d electrons as can
be seen from the fact that it would lead to a metallic state and
rather short Co-O and large Te-O equilibrium distances (ESL,+
Table S3). Therefore, the atomic positions of oxygen were also
relaxed using PBE+U and, as evident from Tables S2 and S3
(ESIT), a much better agreement with the experimental single
crystal results is obtained from the latter calculations. Using
the relaxed PBE+U (4.08) structure, PBE+U, TB-mB]J, TB-mBJ+U
and YS-PBEO hybrid-DFT calculations yield a material with
semiconductive behavior with direct band gaps at I' of 0.61,
1.31, 2.14 and 1.60 eV, respectively. Similarly, the obtained spin
magnetic moments vary with the DFT approximation as 2.70,
2.76, 2.82 and 2.70 ug, while plain PBE would get a significantly
smaller moment of 2.50 ug. These values are similar as in CoO
(2.72 up with TB-mBJ)”® and indicative for Co" ions with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Spin-polarized partial DOS of CoTeQO, in the TB-mBJ+U (4.08 eV)
approximation.

significant covalent interactions with oxygen atoms. On the
other hand, the orbital moment remains smaller (0.15 up with
PBE+U) than in Co0.” The density of states (DOS) comprises
basically four parts (Fig. 11 for TB-mBJ+U calculations). The
lowest one, between —12 and —8 eV consists mainly of bonding
Te-s-O-sp states, followed by the main valence band of pre-
dominantly Co-3d and O-2p states together with a small Te-6p
contribution. The Co-3d states are spin-splitted, leading to a
Co™ high-spin state with fully occupied majority (spin-up) states
but only partially occupied spin-down bands. The O-2p states of
the two different oxygen atoms in the structure are strongly
shifted in energy with O2 being less ionic (see also the BVS
values in Table 2) due to two Co and only one Te nearest
neighbors (nn), while the O1 site has two Te and only one Co
nn. This correlates with an about 1 eV XPS core level shift of the
O-1s states with O2 states at larger binding energies. The first
conduction band states are mainly derived from antibonding
Te-6p—-O-2p states followed by the Co-3d spin-down bands. The
detailed bandwidth and the possible separation of those four
band regions depend crucially on the specific choice of the DFT
approximation.

Optical spectroscopy and computational investigation

The brownish color of CoTeO, is rather unusual for Co™
containing oxidic compounds, which usually appear with a
pinkish color (in octahedral coordination) or bluish color
(in tetrahedral coordination).”® Fig. 12 shows the unpolarized
optical absorption spectrum of CoTeO,. It is characterized on
the one hand by comparatively weak absorption features within
the NIR spectral region, on the other hand by an absorption
edge strongly ascending within the visible spectral range
towards the UV region.

The NIR absorption bands (inset in Fig. 12) correspond to
the first spin-allowed crystal field transition of high-spin Co™ in
octahedral coordination, ie. "Tio(F) — “T,y(F), split by the
distortion of the [CoOg¢] polyhedron from ideal cubic symmetry,
with components located around 7200 (shoulder), 7970, and
9750 cm™~'. The second spin-allowed, but - as two-electron

© 2024 The Author(s). Published by the Royal Society of Chemistry
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jump in the strong field limit - electronically forbidden and
thus weak “Ty4(F) — “Ag,(F) transition, might be spotted roughly
around 15900 cm ™', within the onset of the absorption edge (see
inset in Fig. 12). Finally, the third and usually most intense
"To(F) > “Tyy(P) crystal field transition is located around
18750 cm ™' within the ascent of the absorption edge, thus
slightly reducing its slope up to ~20000 cm™'; quite evidently,
for *T,4(P) no low-symmetry band splitting could be extracted.
The observed approximate crystal field transition energies cor-
respond to a comparatively high crystal field strength parameter
of ~875 cm™',’® in agreement with the rather small average
Co-O distance of 2.087 A in CoTeQ,; the interelectronic repul-
sion parameter Racah B is ~800 cm™".

The strong increase of the absorption edge towards higher
energies, roughly setting in around 17 500 cm ™", is responsible
for the brownish color of CoTeO,.

A direct comparison between the experimental absorption
spectrum and the different DFT calculations revealed that the
TB-mBJ+U (4.08 eV) functional fits best to the onset and slope
of the experimental absorption curve, followed by hybrid func-
tional (YS-PBEO) calculations (Fig. 13). From such a comparison
one would estimate that the TB-mBJ+U calculation results in a
slightly too large band gap, while the YS-PBEO gap is too small.
This is in contrast to the band gaps derived directly from the
DFT calculations and the experimental Tauc-plot, see below.

Assuming a direct bandgap (as found in the DFT calcula-
tions), a Tauc plot”” applied to the linearly increasing absorp-
tion above ~20000 cm ' (ie. the region not affected by the
*T,4(P) crystal field band) reveals an experimental band gap of
2.42 eV (Fig. 14), a value also found for CdS,”® which is one of
the most promising photovoltaic materials available for low-
cost high-efficiency solar cells.”® In that regard, CoTeO, might
replace the environmentally hazardous CdS in photovoltaic
devices.

The experimentally found band gap (2.42 eV) from the Tauc-
plot (Fig. 14) is slightly larger than the TB-mBJ+U gap (2.14 eV),
while the YS-PBEO hybrid-DFT gap (1.60 eV) and in particular
TB-mB] or PBE+U calculations yield significantly smaller gaps

Mater. Adv., 2024, 5, 3001-3013 | 3009
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(Fig. 13). This is not unreasonable since it is well documented
that both TB-mBJ and hybrid-DFT functionals yield reasonable
band gaps for sp semiconductors,®*®* but their effect on
transition metal 3d states might be too small.**** On the other
hand, a Hubbard-U correction for the 3d states yield the desired
splitting between occupied and unoccupied 3d bands, but since
the sp states of the main group elements are not affected, the
resulting band gap might still be too small and only a combi-
nation of TB-mBJ+U yields reasonable band gaps in transition
metal oxides.

Conclusions

Chemical vapor transport reactions with TeCl, as transport
were employed to grow CoTeO, crystals in the millimeter range.
High-quality crystals grown this way were used for the determi-
nation of the chemical composition, for crystal structure refine-
ment and measurement of physical properties. The current
single-crystal X-ray data clearly showed that the originally
reported structure model for dirutile-type CoTeO," is incorrect.

3010 | Mater. Adv., 2024, 5, 3001-3013
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The refined crystal structure model in the centrosymmetric
space group P24/c excludes the prospect of using this material as
a polar dielectric. Thermal analysis and temperature-dependent
synchrotron diffraction studies revealed that CoTeO, does not
undergo a temperature-dependent structural phase transition in
the stability field from room temperature up to 700 °C, and
current pressure-dependent Raman spectroscopy studies®* like-
wise showed no structural phase transition of CoTeO, up to
pressures of ~10 GPa. Heat capacity and magnetic susceptibility
measurements indicated an antiferromagnetic ordering of
CoTeO, at ~50 K, in the vicinity of which dielectric relaxation
is observed. Neutron diffraction measurement for determination
of the magnetic structure of CoTeO, are planned in near future.
Optical absorption spectroscopy on a thin single-crystal plate
was used to experimentally determine the band gap. Comple-
mentary computational studies on the basis of different DFT
models showed that the TB-mBJ+U functional resulted in a band
gap of 2.14 eV that matches best the experimentally found value
of 2.42 eV, whereas the experimental absorption spectrum edge
is in the middle of the TB-mBJ+U and the YS-PBEO hybrid
calculations.
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