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By high-pressure/high-temperature multianvil synthesis a new high-pressure (HP) phase of CosTeOg
was obtained. The compound crystallizes in the acentric trigonal crystal system of the NizTeOg-type
structure with space group R3 and the following unit cell parameters and refinement results: a =
519.37(6) pm, ¢ = 1382.4(2) pm, V = 32293 A%, R, = 0.0150, wR, = 0.0374, GooF = 1.114 and a Flack
parameter of 0.04(5). High-temperature powder X-ray diffraction (PXRD) measurements showed an
exceptionally high-temperature stability of the HP-modification up to 1070 K. Magnetic measurements
revealed an antiferromagnetic ordering below Ty = 58.2(1) K and a spin-flop-type transition at T = 3 K with a
critical magnetic field of Hey = 10.8(1) kOe. Magnetic and magnetoelectric (ME) transition temperatures were
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determined by specific heat measurements and exhibited a non-hysteretic behavior of the magnetoelectric
coupling. Additionally, from the UV-Vis reflectance spectra a direct and an indirect band gap of E5 = 1.88 eV
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1 Introduction

In recent years, research on magnetoelectric (ME) compounds
has attracted enormous attention in materials science and
condensed matter physics. Without magnetic and magneto-
electric materials many forms of current technology in particular
microelectronics would be unimaginable. To further enhance the
performance of the corresponding devices, new technologies are
required. For example, materials that combine ferroelectricity and
ferromagnetism allow fast and energy efficient electric writing of a
magnetic information. Therefore, there is great demand for
multiferroics, where these two phenomena are intimately
coupled.'”

In this regard, novel metal tellurates M;TeOq (M = Ni, Co,
Mn, Cu) have gained great importance. These materials are
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and E£4 = 191 eV were calculated, underlining the semiconducting nature of HP-CozTeOs.

classified as type-II multiferroics and show antiferromagnetic
ordering at low temperatures.” Remarkably, the ME effect is
stronger in type-1I multiferroics, because the order parameters
are closely linked and not decoupled as in type-I
multiferroics.”® Despite their same stoichiometry (transition
metal to tellurium ratio of 3:1) the tellurates M;TeOs (M = Ni,
Co, Mn, Cu) exhibit different crystal structure-types and
different magnetic structures.” A brief overview is given in the
following.

The longest known tellurate of this composition is Niz3TeOg.
Its crystal structure was already investigated in the year 1967.”
Current research on this compound revealed spin driven
pyroelectricity® and a so-called colossal magnetoelectric effect
(CME) below the antiferromagnetic (AFM) ordering tempera-
ture of Ty = 52 K.°™' Exceptional about Ni;TeOQg is the
possibility of a magnetoelectric switching without hysteresis.
Thus already small changes in electric and magnetic fields are
sufficient for a spin-flop transition.™

Hostachy and Coing-Boyat et al.'* reported on cubic (Ia3)
Cu;TeOs, also a type-II multiferroic tellurate, which adopts a
bixbyite-type structure and orders in a “three-dimensional spin
web” with hexagonal arrangements of the magnetic
moments.”® One decade later Mn;TeOg was discovered, crystal-
lizing in the rhombohedral Mg;TeO4-type structure.'®'> Here,
the multiferroic ordering arises from two coexistent incom-
mensurate spin structures with a cycloidal and a helical
ordering.'® Recently Attfield et al. reported on a magnetically

This journal is © The Royal Society of Chemistry 2021
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frustrated high-pressure Mn,MnTeO, with double perovskite-
type structure and antiferromagnetic ordering at 36 K.’

One of the most complex M;TeOs compounds is Co;TeOs,
which crystallizes in a monoclinic lithium cryolite-type structure
(C2/c) with 5 independent Co sites and shows a complex
temperature-dependent incommensurate magnetic behavior."®>°
Due to the good multiferroic properties of Co;TeOs, this
compound has arisen a lot of interest in the last few years and
has been well investigated in numerous publications.'®>*

Lately, we succeeded in the synthesis of a high-pressure
polymorph of Co;TeOg at a pressure of 6.5 GPa and a temperature
of 1070 K. It crystallizes in the NizTeO4-type structure. Besides
normal-pressure (NP) Co;TeO;'® and a monoclinic CoTeO,, that is
related to the rutile structure,”® HP-Co;TeOg is now the third
existing cobalt tellurate modification. This work presents
the synthesis, single-crystal structure and magnetic as well as
magnetoelectric characterization of HP-Co;TeOs.

2 Experimental
2.1 Synthesis

The high-pressure phase of Co;TeOs was obtained via high-
pressure/high-temperature multianvil synthesis. In the first
step single phase NP-Co;TeOq was prepared by conventional
solid state synthesis, starting from Co(NOj3),-6H,0 (Merk, 99%
p-a) and HgTeOg (TCI, >99.0%). The stoichiometric mixture
was homogenized and calcined at 770 K for 7 h. The inter-
mediate product was powdered and annealed multiple times
(7 h per temperature step) with temperature intervals of 100 K
up to 970 K, as described in literature.>®

For the high-pressure/high-temperature experiment, the
polycrystalline precursor was surrounded by platinum foil
and placed in an 18/11-assembly crucible made of hexagonal
boron nitride. The Walker module of the multianvil press,
which contained the sample inside of an octahedral pressure
medium, was compressed with a ramp of 72 bar h™' to a
pressure of 6.5 GPa. At synthesis pressure, the sample was
heated to 1070 K within 5 min and kept at this temperature for
another 20 min. Subsequently, the sample was steadily cooled
down to 670 K during 120 min to preserve better crystal quality.
As soon as the heating process was terminated, the pressure
was released with a ramp of 24 bar h™". Afterwards, the sample
was isolated by breaking the octahedral pressure medium. The
powdered sample appears dark greyish to purple and is stable
in air. Further information about the multianvil technique and
the construction of the various assemblies can be found in

literature and references therein.?”-*®

2.2 Characterization

Elemental analysis by EDX. By the use of a Jeol JSM-6010LV
scanning electron microscope with a Quantax (Bruker Nano)
energy-dispersive X-ray detector (EDX) for element identifi-
cation, several crystals of HP-Co;TeO, were semiquantitatively
analyzed. Three suitable regions of each crystal were selected as
measurement points. The averaged experimentally observed
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element quantification for HP-Co;TeOg (32 £+ 3 at% Co: 11 +
2 at% Te: 57 + 3 at% O) was near to the expected one (30.0 at%
Co: 10.0 at% Te: 60.0 at% O). No additional elements were
detected.

Powder and single crystal X-ray diffraction. A polycrystalline
sample of HP-Co;TeO, was characterized by X-ray powder
diffraction on a STOE Stadi P diffractometer with (111) curved
Ge monochromatized MoK,; radiation (4 = 70.93 pm). The
powdered sample was mounted between two thin acetate films
with high-vacuum grease and measured in transmission
geometry. The diffraction intensities were collected by a Dectris
MYTHEN2 1K microstrip detector with 1280 strips. For the
Rietveld refinements the software package DiffracP™-Topas™
4.2 (Bruker AXS, Karlsruhe, Germany) was used. The refinement
is based on the parameters derived from the single-crystal
structure model and the peak shapes were modeled using
modified Thompson-Cox-Hastings pseudo-Voigt profiles.>**°
Instrumental contributions on reflection profiles were corrected
from the refinement of a LaBg standard.®' The background was
fitted with Chebychev polynomials up to the 8th order. Fig. SI1
(ESIt) displays the results of the Rietveld refinement of
HP-Co,;TeOg. The lattice parameters derived from the refinement
are comparable with those received by single-crystal X-ray
diffraction (see Table 1). The sample was single-phase apart
from a small contamination from the BN assembly crucible.

High-temperature X-ray powder diffraction data (HT-PXRD) of
HP-Co;TeO4 were recorded with a STOE Stadi P diffractometer
system (Mo-K,;, A = 70.93 pm) equipped with an image-plate
detector (120°) and a STOE furnace. A milled polycrystalline
sample of HP-Co;TeOg was filled in a silica glass capillary with a
diameter of 0.3 mm and a wall thickness of 0.01 mm. The
furnace was heated and cooled in the range from 298 K to 673 K
in steps of 100 K. From 673 K to the maximum temperature of
1373 K the sample was heated and cooled in steps of 50 K. The
heating rate was set to 5 K min . After every temperature step, a
diffraction pattern was recorded in the region 2-52° 26.

Several fragments of the crushed sample were embedded in
polyfluoropolyalkylether (viscosity 1800) and suitable single-
crystal fragments were isolated under the microscope and fixed
on the tip of MicroMounts™ (MiTeGen, LLC, Ithaca, NY, USA)
with a diameter of 30 pm. Diffraction data was collected on a
Bruker D8 Quest diffractometer with a Photon 100 detector
system and an Incoatec microfocus source generator (multi-
layered optic, monochromatized MoKk, radiation, 4 = 71.073 pm).
To optimize the collection strategies concerning w- and ¢-scans,
the Apex 3 program package®” was used. As a result, a data set of
the complete reciprocal sphere up to high angles (0 = 37.7°) with
a high redundancy (9.28) was received. The program Saint®?
was used for data processing and data reduction. Finally, an
absorption correction was carried out on the semi-empirical
“multi scan” approach with the program Sadabs.**

Vibrational spectroscopy

FTIR-ATR. The polycrystalline sample of HP-Co;TeOs was
characterized by FTIR-ATR (Fourier Transformed IR - Attenuated
Total Reflection) spectroscopy using a Bruker ALPHA Platinum-
ATR spectrometer (Bruker, Billerica, USA) equipped with a
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Table 1 Crystal data and structure refinement of HP-CozTeOg (standard
deviations in parentheses)

Empirical formula Co;TeOg

Molar mass, g mol ™" 400.39

Crystal system Trigonal

Space group R3 (no. 146)

Formula units per cell, Z 3

Powder diffractometer STOE Stadi P
Radiation Mo-K,; (4 =70.93 pm)
Powder data:

a, pm 518.97(1)

¢, pm 1381.56(1)

v, A® 322.24

Single-crystal diffractometer Bruker D8 Quest
Radiation Mo-K,, (4 = 71.073 pm)
Single-crystal data:

a, pm 519.37(6)

¢, pm 1382.4(2)

v, A 322.93

Calculated density, g cm > 6.18

Crystal size, mm? 0.04 x 0.03 x 0.03

Temperature, K 297(2)
Absorption coefficient, mm 18.0

F (000), e 543
Detector distance, mm 40

0 range, deg 4.4-37.7
Range in hkl +8, +8, £23
Reflections total 3596
Data/ref. parameters 773/32
Reflections with I > 24(I) 773

Rint, R, 0.0236, 0.0176
Goodness-of-Fit on F* 1.114

Multi-scan®?
0.0150/0.0374
0.0150/0.0374

Absorption correction
Ry/WR, for I > 20(1)
Ry/WR, (all data)

Flack parameter . 0.04(5)
Largest diff. peak/hole, e A~* 0.94/—0.80
Extinction coefficient 0.0035(4)

Transmission min./max. 0.6489/0.7474

2 x 2 mm diamond ATR-crystal and a DTGS detector, in the
spectral range of 400-4000 cm ‘. For the measurement, 320
scans were acquired and a data correction for atmospheric
influences was performed using the Opus 7.2 software.*

UV-Vis. A diffuse reflectance spectrum of the powdered sample
was recorded in the range of 360 to 830 nm, using an Agilent Cary
5000 UV-Vis spectrometer equipped with an integrating sphere
(DRA-2500), a D65 as standard illuminant and a 10° complementary
observer. A scan rate of 600 nm min~ " and a data interval of 1 nm
were applied and BaSO, was used as white standard. Via the
Kubelka-Munk (KM) function the optical absorbance was calculated
from the generated reflectance data and the band gap was
determined using Tauc-plots.>***

Physical property measurements

Magnetic properties. The polycrystalline sample of HP-Co;TeOg
was enclosed in a polyethylene (PE) capsule. Magnetization M(T, H)
measurements were performed on a Quantum Design Physical
Property Measurement System (PPMS) using the Vibrating Sample
Magnetometer (VSM) unit. The sample was investigated in the
temperature range of 2.5-300 K with magnetic fields up to 80 kOe.

Heat capacity. The specific heat of a HP-Co;TeO, specimen
with m = 16.03(2) mg was measured in a PPMS-9 at magnetic

5488 | J Mater. Chem. C, 2021, 9, 5486-5496

View Article Online

Paper

fields of 0 Oe, 100 Oe and 10 kOe, respectively. A step width of
5 K was chosen in the temperature range 300-80 K, whereas
between 80 and 3 K Cp values were recorded with 1 K steps.
The contribution of the thermal conduction grease (0.13 mg
Apiezon N) was subtracted prior to data evaluation.

Magnetoelectric properties. For the magnetoelectric investigations
gold contacts of 100 nm thickness were sputtered on both sides of
the disk-shaped Co;TeOq sample (@ ~ 3 mm, 7 ~ 1 mm) using
a Cressington Sputter Coater 108auto. ME measurements were
carried out in the temperature range 65 K to 10 K with 5 K intervals
in a PPMS-9, using the self-designed setup described in literature.*®
The static magnetic field was varied between —17 kOe and 17 kOe
and a collinear ac field of H,. = 10 Oe with a frequency of 900 Hz
was superimposed. The ME coefficient oy was calculated from the
real part (in-phase) of the ac-voltage U,. according to eqn (1) using a
lock-in technique.

Uac
1
T 1)

OME =

Data analysis was carried out using the peak analyzing tool
of OriginPro 2018G.*”

3 Results and discussion
3.1 Structure refinements

HP-Co;TeOq crystallizes in the trigonal crystal system and the
systematic extinctions were in agreement with the acentric
space group R3. The initial positional parameters were determined
by the “Intrinsic Phasing” method,*® implemented in the Apex
3 program package.’> Full-matrix least-squares refinements
based on F?, yielded the exact atom positions.>**° Finally, all
atoms were refined with anisotropic displacement parameters
and the occupation parameters were refined in separate series
of least-squares cycles in order to verify the correct composition.
The correctness of the space group was checked with the
Addsym*" routine of the Platon program package.*” Addsym
detected a pseudo centre of symmetry which implicates the
structural relationship of HP-Co;TeOs to corundum (R3c¢). In
contrast to corundum, the oxygen ions of HP-Co;TeOg are only
approximately hexagonally close-packed. Co and Te occupy four
3a sites (corresponding to the 12¢ site of Al in the corundum
structure) in an ordered manner. The oxygen atoms in Co;TeOg
occupy two general positions (9b) breaking the inversion
symmetry and leading to space group R3. Furthermore, the Flack
parameter of 0.04(5) verifies the presence of an acentric crystal
structure. Experimental details, the positional parameters,
anisotropic displacement parameters, interatomic distances, and
angles are listed in Tables 1, 2 and in Tables SI1-SI3 of the ESL¥

CSD 2032321 (HP-Co3TeOg) contains the ESIf data for
this paper.

3.2 Crystal chemistry

HP-Co;TeOq crystallizes in the well-known Ni;TeOg-type
structure.*’ The structure-type is a superstructure of corundum,
therefore the tellurium (Te®") and the three crystallographic

This journal is © The Royal Society of Chemistry 2021
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Table 2 Atomic coordinates, occupation, and isotropic equivalent dis-
placement parameters Ueq (A?) for HP-CosTeOg (space group: R3). Ueq is
defined as one third of the trace of the orthogonalized Uj; tensor (standard
deviations in parentheses). Wyckoff positions: Co 3a, Te 3a and O 9b

Atom x Yy z SOF Ueq

Te 0 0 0.00015(5) 1 0.0045(1)
Col 0 0 0.20819(6) 1 0.0069(2)
Co2 0 0 0.48924(12) 1 0.0076(4)
Co3 0 0 0.70046(7) 1 0.0076(2)
o1 0.28753(8) 0.2955(8) 0.0898(2) 1 0.0075(5)
02 0.36622(8) 0.0004(7) 0.2634(2) 1 0.0073(5)

distinct cobalt (Co*) sites are sixfold coordinated by oxygen
ions (see Fig. 1 and 2) in a distorted octahedral geometry.

In the following, the crystal structure of HP-Co;TeOs is
compared to the crystal structure of NP-Co;TeOq and to the
isotypic compound Ni;TeOs. Moreover, the pressure-induced
phase transition is discussed concerning the observed
structural changes.

At ambient conditions, NP-Co;TeOs crystallizes in a mono-
clinic lithium cryolite-type structure with the space group C2/c.
In contrast to HP-Co;TeOs, the oxygen atoms of NP-Co;TeOg are
not only hexagonally closed packed, but also show cubic packing
elements, which results in a mixed approximately double
hexagonal-cubic close packed hhchhc six-layer sequence along
the g-axis,'® as shown in Fig. 2a. Due to the different packing of
the oxygen atoms, there are nine distinct crystallographic oxygen
sites, three are located on the c-layers and six on the A-layers. The
tellurium cations, which both have an octahedral coordination
geometry in NP- and HP- Co;TeOg, split into two distinct
crystallographic sites for NP-Co;TeOg. Oxygen atoms coordinate
only three of the five crystallographically distinct cobalt sites of
NP-Co3;TeOg in a more or less distorted octahedral manner. As a

Fig. 1 The coordination spheres of the CoOg- and the TeOg-octahedra.
Distances are given in (pm).

This journal is © The Royal Society of Chemistry 2021
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result of a markedly extended Co3-02 distance, the Co3 site is
described in a square-pyramidal coordination geometry and Co5
even exhibit only a tetrahedral coordination sphere.'®

Due to the pressure impact, the coordination numbers of
cobalt and oxygen partially increase to form the higher
symmetric NizTeOg-type structure of HP-Co;TeOg, which is built
by less distorted CoOs- and TeOg-octahedra (see Fig. 2b-d). This
increase in the coordination number is in line with the pressure
coordination rule, the subsequent increase in the interatomic
distances of cobalt and oxygen satisfies the pressure distance
rule.** This is most evident from the shortest Co-O contacts of
the tetrahedral Co5 site of NP-Co;TeOy which differ from
192.9(4) to 199.8(3) pm. While adapting the Ni;TeOg-type
structure, the contacts elongate to an average Co-O distance of
212.7 pm in octahedral coordination sphere.'® This is accompanied
by a density increase of approximately 5%. The TeOg-octahedra are
isolated, i.e., not paired or linked to other TeOg-octahedra in both
NP- and HP-Co;TeOq. The layer sequence of the nearly hexagonal
layers can be seen in Fig. 2c and d. As a result of the high valence of
tellurium, the Te® -cations are located at a maximum distance from
the cobalt and nickel cations. Therefore, the shared edges and
faces of the TeOg-octahedra with CoOg or NiOg-octahedra of
NP-Co3TeOs, HP-Co3TeOq and NizTeO, show significantly shorter
0O-0 distances of 258.3(5)-264.6(5) pm, 262.3(8)-266.8(5) pm and
260.9(8)-266.6(8) pm than the non-shared edges and faces of
269.5(5)-286.8(5) pm, 277.1(5)-286.0(7) pm, and 278.7(8)-
288.1(9) pm, respectively.'®*

All values of bond lengths and interatomic angles of Ni;TeOg
and HP-Co,;TeO¢ and their discrepancies are given in Tables SI2
and SI3 (ESIY), respectively.

Additionally, bond valence sums were calculated according
to both, the bond-length/bond-strength (XV)***®* and the
CHARDI (2£Q) concept® (Table 3). The values obtained by both
concepts are in accordance to the expected formal ionic charges
of Co**, Te®" and O*.

The Madelung part of lattice energy of HP-Co;TeOg (MAPL-
Eer = 39195 kJ mol ') was estimated by MAPLE value
calculations®®®" and was compared to the sum of the MAPLE
values of the binary educts CoO>* (CoO: 4555 k] mol™ ") and
TeO3>* (TeOs: 25794 kJ mol ') as described in eqn (2).

MAPLE;;, = 3-MAPLE o0 + MAPLE 103 = 39459 k] mol ™! (2)

A discrepancy of MAPLE., — MAPLEy,;, of A =264 K] mol?,
or 0.7% was observed.

3.3 Temperature-dependent X-ray diffraction

In general, the heating of metastable high-pressure phases
leads to a back-transformation to the normal-pressure
modifications or to a decomposition. Temperature dependent
powder X-ray investigations are an excellent method to
follow these transformations. As displayed in Fig. 3, HP-
Co;TeOg (R3) converts to NP-Co;TeOg (C2/c)'® within a
small temperature range above 1070 K. Both phases coexist
within a temperature interval of 50 K and above 1120 K only
NP-Co;TeOg (C2/c) reflections can be observed. At a

J. Mater. Chem. C, 2021, 9, 5486-5496 | 5489
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b HP-Co:TeOs

Fig. 2 The crystal structure of NP-CosTeOg is shown in (a). The five different Co coordination polyhedra are marked. The crystal structure of HP-
CosTeOg with a view along the b-axis and view along the c-axis are given in (b) and (d), respectively. TeOg- and CoOg-octahedra are drawn in violet and
teal. (c) Illustrates the stacking of the honeycomb-ordered layers along the c-axis.

Table 3 Charge distributions according to the bond length/bond strength
(V) and the CHARDI (XQ) concept of HP-Co3sTeOg

Col Co2 Co3 Te 01 02
v +1.84 +1.89 +1.98 +5.72 —1.92 —1.89
ZQ +2.00 +2.00 +2.00 +6.00 —2.02 —1.98

temperature of 1270 K, the compound starts to decompose to
CoTe0;.>* A subsequent reaction with the silica glass capillary
finally leads to silicon dioxide, cobalt(u)oxide and Co,SiO,. Dur-
ing cooling, no reflections could be assigned to tellurium contain-
ing phases, indicating that either amorphous compounds are
formed or that tellurium has completely evaporated due to the
open system.

3.4 Spectroscopic characterization

FT-IR. The FT-IR spectra in Fig. 4 shows three strong bands
in the range of 400-700 cm™!, that can be assigned to vz, vy
and vs modes (C; site symmetry) of the TeOg-octahedra. The
assignment of the bands was done according to the isotypic
compound Mg;TeOs> and NizTeOq>® As a consequence of
the acentric space group R3, the site symmetry of the TeOg-
octahedra is C; instead of Oy, and the v3, v4, and v vibrations
are split. Furthermore, due to the acentric crystal structure the

5490 | J Mater. Chem. C, 2021, 9, 5486-5496

Co,(Si0,)
Co0+Si0,

| | ) ST T—
NP-Co,TeO, + SiO,

NP-Co,TeO, (C2/c)

Temperature / K

973 |

873
-, K HP-Co,TeO, (R3)

5.0 100 150 200 250 300 350 400 450 500

2Theta /° (Mo-K,,,, A = 70.93 pm)

¢

Fig. 3 Temperature dependent X-ray powder diffraction of HP-
Co3TeOs.

11, U, and vs vibrations are also IR active but the infrared
intensities are expected to be low. The v, mode is only visible as
a weak absorption at 579 cm™' and the v; overlap with the
strong v; modes.

A precise identification is thereby impeded. At 510 cm ™" the
Co-O stretching modes of the CoOs-octahedra along the ab
plane and the v, modes of the TeOg-octahedra overlap.”””® It
should be kept in mind that the modes are complex framework
vibrations and an allocation to isolated stretching or bending

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 FT-IR-spectra of HP-Co3TeOs.

modes of the TeOs- and CoOs-units is only possible in a first
approximation, as calculations showed.>®

UV-Vis. The reflectance UV-Vis spectra of HP-Co3;TeOg
shows two peaks at 460 nm and 675 nm (see Fig. 5)
indicating a reflection of blue and red light. The dark purple
color of HP-Co;TeO, therefore arises by a mixture of these
two peaks.

To evaluate the band gap, the Kubelka-Munk (KM)
function® and the Tauc plot®* were used. The KM function
(F(R)) is calculated according to eqn (3), in which R represents
the reflectance, K the absorption coefficient and S the scatter-
ing coefficient. To generate the Tauc plots, the factor (F(R)-hv)"
was plotted against the photon energy. For indirect and
direct band gaps, n was set to n = 2 and n = 0.5, respectively.
The band gap values E, were determined by the tangent
method as shown in Fig. 5 (inset). Since the reflectance spectra
exhibited two absorption peaks, the onset which led to the

24 T T T T T T T T
direct band gap /

22 4

20 4

(F(R)"hv)*®

18

16

Reflection /%

14 4

12

104 .

8 - i
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500 550 600 650 700 750
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T T
350 400 450 800

Fig. 5 UV-Vis reflectance spectra of HP-CosTeOg and Tauc plot (inset)
assuming a direct band gap.
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lowest band gap energies was chosen.
F(R) = K_ ﬂ (3)
MTs T 2R

For the direct and the indirect (see Fig. SI2 of the ESIt) band
gap of HP-Co;TeOg, values of E, = 1.88 €V and E, = 1.91 eV were
determined.

3.5 Physical properties

Magnetic properties. Magnetic susceptibility measurements
were conducted in a zero-field-cooled (ZFC) mode between 3
and 300 K with an external field strength of 10 kOe. A data
correction was performed to account for diamagnetic contributions
of the PE capsule and of the constituent ions leading to
1113(Co,TeOg) = —120 x 10° emu mol ! (y¥3(Co*") = —12 x
107° emu molY; y¥9(Te®") = —12 x 107° emu mol ' and
75%(0%*7) = —12 x 107° emu mol *).°® The temperature
dependent values of y and ' are illustrated in Fig. 6 (top).
Beneath 50 K two phenomena are apparent, while between
100 K and 300 K a Curie-Weiss behavior is observed. Based on
the inverse susceptibility the effective magnetic moment was
calculated and a value of g = 5.28(1) ug was obtained. This
magnetic moment is higher than the expected moment of Co>*
(d” high-spin) of 3.88 ug. Therefore, a high degree of spin-orbit
interactions can be assumed. A Weiss constant of 0p = -63.4(1) K
indicates an antiferromagnetic interaction in the paramagnetic
region.

Low-field measurements (100 Oe) between 2.5 and 100 K
(Fig. SI3, ESIY) revealed four anomalies at Ty ~ 21K, T, ~ 52K,
Txs = 58.2(1) K and T, ~ 80 K. The anomaly at Ty = 58.2(1) K
can be clearly assigned to an antiferromagnetic ordering, the
other phenomena still have to be clarified.

The magnetization isotherms (see Fig. 6, middle) below Ty =
58.2(1) K show a sigmoidal shape due to a spin-flop-type
transition (meta-magnetic step, spin reorientation). The negative
peak of the derivation of the magnetic isotherm at 3 K (red),
reveals a critical field of H; = 10.8(1) kOe required for the spin-
flop-type transition (1/1] — 77111). At even higher fields
another kink of the magnetization is visible, leading to a
flattening of the trace of the magnetization. The magnetization
continuously rises after the meta-magnetic step, due to an
ongoing reorientation of the spins in the polycrystalline
material. Around ~55 kOe, it seems like the majority of the
spins has been parallelized causing saturation. The saturation
magnetization of iz, = 0.88(1) up at 3 K and 80 kOe is far beneath
the estimated value of picaisar = 3.87 g, originating from the
polycrystalline sample.

Specific heat. To further examine the magnetic and magneto-
electric transition (see below) temperatures of HP-Co;TeOg,
measurements of the heat capacity were performed at 0 Oe,
100 Oe and 10 kOe. The results were very similar and shown in
comparison in the ESI{ Fig. SI4. At 300 K the specific heat of
211(1) J mol " K~ comes close to the Dulong-Petit value of Cp =
3R x N ~ 250 ] mol " K~ (N = 10, reflecting the 10 atoms per
formula unit of Co;TeO).
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Fig. 6 Magnetic properties of HP-CosTeOg: susceptibility and inverse
susceptibility (; and z7%, measured in an external field strength of
10 kOe (top); magnetization isotherms recorded at 3, 10, and 50 K, the
derivative dM/dH is depicted in red (middle); temperature dependence of
Cp/T of HP-Co3TeOg at zero field (blue line and circles) with the corres-
ponding Einstein—Debye fit (red line) (bottom).

Fig. 6 (bottom) exhibits exemplarily the temperature dependence
of Cp/T for the measurement at zero field. To account for the
lattice (phonon) contribution the data was fitted using a model
with one Debye and two Einstein terms with a weighting of
4:3:3, similar to the ones described in literature.®* The
weighting scheme was chosen to keep the model as simple as
possible (i.e., to reduce the number of refinable parameters)
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while being physically meaningful. The fourfold Debye term
can be considered to reflect the motion of the heavy atoms
(3 Co, 1 Te), while the two threefold Einstein terms may be
assigned to the bending and stretching modes of oxygen atoms.
We emphasize, though, that we do not attempt to derive
any physical information from the fit. The temperature interval
10-80 K in which the magnetic transitions occur was excluded
from the fit. For the Debye and Einstein contributions,
the following characteristic temperatures were obtained: @p, =
247 K, Og; = 494 K, Og, = 795 K.

The difference between Cy and Cp was considered using the
Nernst-Lindemann relation Cp — Cy = A-Cp’-T resulting in A =
8.76 x 10~ mol K. As shown in Fig. 6 (bottom), a sharp and
intense signal occurs around 56 K and a second smaller,
broader one at ca. 20 K. These transitions can more clearly be
seen as peaks in Fig. 7, which shows on the left scale the
magnetic contribution Cpmag/T = Cp/T — Cpjagice/T. The
obtained characteristic temperatures (taken from the peak
maxima) are listed in Table 4 and are in good accordance
with the values of Ty and T; determined from the magnetic
investigations. Around 80 K, where an additional magnetic
anomaly was observed (Fig. SI3, ESIt), a tiny step-like feature
appears.

Compared to the NP-modification of Co;TeOq remarkable
differences are found. NP-Co;TeOg shows a rather small and
diffuse Cp peak at 26 K and a sharp, much more intense one at
16 I<.20,63,64

On the other hand, the antiferromagnetic ordering temperature
of HP-Co,TeOQ, is comparable to the one of Ni;TeOg (Ty = 52 K°),
which possesses a similar structure, indicating a strong correlation
between crystal structure and Néel-temperature of the tellurates as
reported.®

It is to be noted that the Cp measurements of HP-Co;TeOg
are closely related to the magnetoelectric investigations
described below, in which measurable ME voltages were only
detected in the temperature regime between Ty and T;. The
values listed in Table 4 show that Ty of HP-Co;TeOg remains
unaffected by the external magnetic field (56 £+ 0.5 K) although

04 T T T T T T T T
5
&
N 0.34 4:
< X
g —
(]
2 02 3 E
g =
2 , ¥
g £
O (%)
O 0.1 <
1
0.0 0
0 90

T (K)

Fig. 7 Magnetic contribution to Cp/T (solid lines, left scale) and magnetic
entropy (dashed lines, right scale).
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Table 4 Transition temperatures (Ty, T1) and calculated entropy values
for HP-Co3TeOg

Substance H(Oe) Ty (K) ASN () Ti(K) AS; () ASmag (%)
HP-Co;TeO, 0 56.5(5) 3.5 20.2(5) 1.3 4.8
HP-Co;TeO, 100  56.5(5) 3.5 20.2(5) 1.3 4.8
HP-Co;TeO, 10000 55.5(5) 3.5 18.2(5) 1.4 4.9
NP-Co;TeQg2%%%%* o 26 — 16 — 8.9
Ni;TeOg? #%* 0 52 — — — —

4@ mol™* K.

the corresponding peak in Cp clearly broadens at 10 kOe. In
contrast, the value of T; decreases by ca. 2 K when H is raised
from 100 Oe to 10 kOe.

The right scale of Fig. 7 shows the low temperature region of

the magnetic contribution to the entropy according to ASms =

Cp . . .
‘fT Pmag 4 7 and in Table 4 the numerical values are listed. The

0T
two transitions at T; and Ty correspond to entropy changes of
~1.4]mol 'K ' and ~3.5] mol ' K, respectively, resulting
in a total ASmag & 4.9 J mol ' K™'. As visible from Fig. SI4
(ESIt) and Table 4 very similar values were obtained for the
magnetic entropy change for all three external magnetic fields.

For an ordering spin moment S, the theoretical entropy
change is given by ASy,, = RIn(2S + 1). For S = 1/2 value of
ASimag = 5.76 J mol™" K ™' results, which is larger than our
experimental finding. On the other hand, due to the rather
extended temperature range that had to be excluded from the
fit, we cannot completely rule out the possibility of slightly
larger values. Nevertheless, the obtained values are far from the
expected ones, considered that ASy,, was calculated with
respect to one formula unit (not per Co atom). Our specific
heat measurements may be explained assuming that only the
spin of one electron of one Co®" per formula unit participates in
the magnetic ordering. This interpretation agrees with the
rather low saturation magnetization (Fig. 6, middle). At 50 K
(i.e. in the region between Ty and T;) the Mg accounts to ~0.33
up/Co, respectively ~1 ug/f.u. According to Ms/ug = 2 x S this
value reflects a spin of S = 1/2 (Please note that this value
corresponds to the ordered spin moment only and not to the
total). While this value might be somewhat too small as the
temperature is close to Ty, the general statement that the
ordered magnetic moment is much smaller than the total one
remains valid. Additional neutron diffraction experiments may
be helpful to further examine the temperature dependence of
the magnetic ordering in HP-Co;TeO.

Magnetoelectric properties. The field-dependent magneto-
electric signal was measured between 65 and 10 K. As visible in
Fig. 8, no significant ME-response was found for temperatures
down to 60 K, while at 55 K a negative peak appears
at approximately +4.5 kOe and symmetrically a positive
peak at the corresponding negative field. With decreasing
temperature, the peaks shift to higher fields and their inten-
sities reach a maximum at 45 K. In addition, the peaks become
broader and vanish below 25 K. These temperatures correlate
with the Néel temperature (T = 58.2 K) and with T; (21 K)

This journal is © The Royal Society of Chemistry 2021
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determined from magnetic- and specific heat measurements
described above.

For a quantitative analysis the peaks were fitted using the
asymmetric function given in eqn (4).

OME,max
IME = OME 0 (H—Hmux+FWHM/2>
l+e ¢!
(4)
1
o 7<H—Hmax—FWHM/2)
l+e w2

Here, amgo is the offset, and w; and w, are the shape
parameters.

The obtained characteristic values, i.e. the position of the
peak maximum/minimum (Hy,.y), its full width at half max-
imum (FWHM) and values at the maximum/minimum of the
peaks (omE,max) are shown in Fig. 9. It turned out that the two
peaks at positive and negative magnetic fields are centro
symmetric with respect to H = 0. Therefore, averaged values are
depicted. In the temperature regime Ty < T < Tj Ovpmax iNCTEASES
with decreasing temperature from 6.4 to 12.7 pV Oe ' cm ™" at 45 K
and re-decreases to 2.1 vV Oe™* cm™* at 25 K. In contrast, both the
magnetic field of the peak maximum and its FWHM increase
continuously with decreasing temperature. For all three values, the
change between 55 and 50 K is strongest.

In the ME investigations described so far, the voltage was
measured parallel to the applied magnetic field. Fig. SI5 (ESIT)
shows additional measurements, in which the ME voltage
generated perpendicular to the magnetic field was recorded
by positioning the disk-shaped samples upright. The general
trend is similar to the parallel orientation but there are also
distinct differences: The sign of oy is inverted, i.e., a positive
peak occurs at positive fields and the magnitudes of the peaks
are clearly smaller. At 20 K the ME signal has not completely

80
f=900 Hz parallel

709 H,.=100Oe

—~ 60+ ST T——— 60K

el |

0 40 O\ T 55K

8 40 L

>330_ 40 K

FO~— L V5K
10 -
0 —1Y
15 -10 -5 0 5 10 15

H (kOe)

Fig. 8 Field dependence of the parallel magnetoelectric coefficient mea-
sured at different temperatures. Values recorded above 20 K are depicted
with an offset.
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peak measured in parallel geometry.

vanished but a step-like feature remains. Fig. SI6 (ESIT) shows
the results of the peak fitting for the perpendicular orientation.
The magnetic field at which the ME-peaks occur (Hya,y) are very
similar compared to the parallel orientation and oy g max has its
highest value at 45 K, too. On the other hand, the absolute
values of ovg max are about 40% smaller for the perpendicular
orientation and the FWHM values are reduced. Due to the small
signals the values of oygmax and in particular of the FWHM
possess a larger uncertainty and therefore for the latter no clear
trend can be determined.

The reversed sign and smaller magnitude of oyg in
perpendicular orientation of H and P can be explained assuming
that the magnetoelectric coupling in HP-Co;TeOg is mediated by
mechanical deformation, ie., magnetostriction. If the cell
volume remains constant, an elongation in direction of the
magnetic field results in a shortening perpendicular to it
(respectively vice versa). For small magnetostriction (typically in
the order 10~°) the value of the transverse deformation is about
half of the one in field direction. In turn, the perpendicular ME
voltage is expected to be roughly —1/2 of the parallel one in good
agreement with experiment. It is to be noted that we have
observed this relation between oyg; and onmp, in composite
multiferroics like CoFe,0,/BaTiO; or Ni/BaTiOj;, too.5>°°

At selected temperatures the ME voltage was measured with
different field sweep directions. No significant deviations were
found between the data recorded at increasing and decreasing
field, respectively, proving a non-hysteretic behavior of the
magnetoelectric coupling. In addition, measurements at different
frequencies of the ac-magnetic field were carried out at 45 K for
both orientations. As shown in Fig. 10, a significant increase by a
factor of roughly 2.5 in the range 100 to 900 Hz was observed for
both parallel and perpendicular orientation. The reasons for this
increase as well as for the loss of the ME effect below 20 K need to
be established in further experiments.

For the parallel orientation a second set of measurements
was carried out after applying an electric field of 800 V to the
sample for 24 hours at room temperature. Such an electrical
poling was found to be essential for the detection of an ME
signal in type-I magnetoelectric composites, e.g. BaTiOs/
CoFe,0,% or BaTiO;/CoFe,.°® In the case of HP-Co;TeOq the
results were almost identical with the ones without poling.
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Additionally, the shape of the ME response of HP-Co;TeOg with its
well-defined rather sharp peaks is completely different from the
ones of magnetoelectric composites, e.g. the above-mentioned
BTO/CFO system. Finally, we emphasize that in HP-Co;TeOs the
ME voltage was not detected for T > Ty, thus it is coupled to the
occurrence of the magnetic ordering. These findings clearly
indicate that HP-Co3TeOg is type-II magnetoelectric.

4 Conclusions

Under high-pressure/high-temperature conditions of 6.5 GPa and
1073 K, Co3TeO¢ transforms from a monoclinic lithium cryolite-
type structure (C2/c) to the acentric NizTeOg-type structure (R3). The
high-pressure modification of Co;TeOg is stable up to a maximum
temperature of 1070 K at ambient conditions and was characterized
by powder and single-crystal X-ray diffraction. Comparable to
Ni;TeOg an antiferromagnetic ordering below Ty = 58.2(1) K as
well as a spin-flop-type transition at 7= 3 K and a critical magnetic
field of H;; = 10.8(1) kOe, was observed. Both compounds, NizTeOs
(Tx = 52 K°) and Co;TeOs, show a strong correlation between crystal
structure and Néel-Temperature. Furthermore, there is a clear
dependence of the occurrence of ME effects on the presence of a
magnetic order, proving that HP-Co;TeOg is a type-Il magneto-
electric material. In the temperature regime between Ty and T; =
21 K considerable ME voltages were detected and no significant
deviations between increasing and decreasing field proved a non-
hysteretic behavior of the magnetoelectric coupling. The magnetic
entropy changes at the two transitions (T, 7) as well as the low
saturation magnetization can be explained assuming that the spin
of only one electron of one Co>" per formula unit is involved in the
magnetic order. This has to be verified by neutron diffraction
experiments in future.
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