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New NisTeOg-type (NTO) and double perovskite (DPv)
polymorphs of CosTeOg are synthesised at pressures of 15 GPa.
A complex elliptic helical magnetic order is observed in the NTO
polymorph (Ty: = 58 K) that reorientates (42 K) and further splits
(Tn2 = 23.5 K) creating a coexisting helix. Increasing Co content
within the Mn;,CoxTeOg system changes the dominant DPv
phase to NTO structural type and drastically modifies the
magnetic behaviour. DPv CosTeOg is the first A-site double
cobaltite.

High-pressure and high-temperature synthesis has
proven to be of wide interest in the search for new materials
with notable properties such as multiferrocity. A-site ABO3
and related manganites are able to crystallise in perovskite
and corundum related structures with varied magnetic and
electrical properties. For instance, localized d°> (MnZ2*) and
itinerant d?! electrons (V4*) coexist in MnVO3.! High pressure
Mn;,BB’O¢ double perovskites (DPvs) show a plethora of
magnetic behaviours, with simple antiferromagnetic (AFM),%
5 collinear,® perpendicular’ and

continuously rotating

ferrimagnetic structures? and more complex
incommensurate-elliptical helices.?

The stacking of honeycomb / triangular magnetic sublattices
in ordered-corundum structures such as NisTeOg-type (NTO),
induces a strong magnetic frustration, usually resulting in the
formation of incommensurate helical magnetic structures,10
sometimes with thermal dependence and lock-in of their
propagation vector? at low temperatures.1?

Ambient pressure Ms3TeOs (M = Mn and Co) phases
crystallise in distorted corundum-based structures, also
showing complex magnetic behaviours. Mn3TeOg-| (R-3)

shows an elliptical helix and a sinusoidal spin density wave
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coexisting below 24 K.12 It also shows multiferroic properties
below 21 K.13 CosTeO¢-| (C2/c) has 5 independent Co sites,
providing a rich magnetic phase diagram*1> with
subsequent magnetic transitions originating an
incommensurate [0 ky k,], a [0 O O] (ko from here) and a
sinusoidal [0 % %] magnetic structures.?® It is also notable for
showing a magnetic field-induced electrical polarisation.17-18
The high-pressure DPv modification of Mn3TeOg
(Mn>MnTeOs-1l, P2:/n), was recently reported as a collinear
AFM with k = [¥4 0 %] below 36 K with an unusually large
frustration index of 5.1 due to the rock-salt order of the d°
MnZ* cations with the diamagnetic d© Te®.3 In this
communication, we report the high-pressure phase
modification of CosTeOg (HP-CosTeOg) and its combination
with DPv-Mn3TeOg into the HP-Mn3.,Co,TeOg series. Co3TeOg
presents both NTO- and DPv-type structures from high
pressure-high temperature synthesis, with predominance of
NTO at the applied 15 GPa synthesis pressure and evidence
of higher stability of the denser DPv polymorph as a function
of pressure. The NTO polymorph shows an incommensurate
elliptical helix below 58 K. The magnetic propagation vector
shifts with temperature and locks at 23 K, where it splits
creating a coexisting circular helix. Dealing with the mixed
Mn/Co compounds, the NTO-type structure is retained for
Co-rich members but changes to DPv polymorph at the Mn-
rich side of the system. The presence of small proportions of
either Min2* (d5, S = 5/2) or Co?* (d7, S = 3/2) cations induces
dramatic magnetic changes, reflecting the essential role of
tog orbitals in the set of magnetic exchanges.
HP-Mn3.4xCoxTeOg samples were prepared for x = 0.5, 1,
1.5, 2, 2.5 and 3 by high-pressure high-temperature phase
transformation at 8, 10, 10, 12, 13 and 15 GPa respectively as
detailed in ESI. Note that higher pressures are needed to
stabilise larger amounts of smaller Co2* in the same
polymorph (0.90 and 0.745 A vs. 0.96 and 0.83 A for Mn2?* in
8- and 6- fold coordination).??
The NTO-type CosTeOg structure has been refined from 300
K high-resolution NPD data (A = 1.54 A) collected at D20 at
ILL. Rietveld fit results reveal a fully ordered NTO-type
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structure with four independent cation sites (S.G. R3); see
Figure 1a and Table 1. It consists of alternated ab
honeycomb layers of Co01l0s/TeOs (C020¢/Co30¢) edge
sharing octahedra.

Together, it forms Co10s/C020¢ (Co306/TeO¢) face sharing
dimers along ¢ and Co10e/Co30s corner sharing along the
[012] direction. Octahedral distortions, calculated from A =
(1/6)*S[(di-dav)/dav]?, reveal the highest distortion for Co30¢
(7.17*103) due to its Coulomb repulsions against the faced
non-polarisable d1° Te®* cation. Such distortion is cushioned
in the Col-Co2 dimer.
confirm the 2+ and 6+ oxidation states for Co and Te in all
sites, and thus the nominal Co2*3Te®*O¢ stoichiometry. The
presence of a possible superstructure or any short-range
order for NTO-CosTeOg was checked and ruled out by means
of transmission electron microscopy (ESI). Evidence of an
even higher-pressure Co3TeOg polymorph with DPv structure
similar to that of Mn3TeOs-Il was observed and considered in
the refinement and discussed below. The existence of both
NTO and DPv phases throughout the HP-Mn3,CoxTeOg series
suggest the possibility to quench both phases under different
synthesis conditions. However, DPv > NTO phase transition
at decompression may be possible, as observed in ScFeOs3,2°
and cannot be discarded. In-situ HP diffraction studies would
clarify this matter.

Figure 1b shows the bulk magnetic behaviour of HP-
Co3TeOs. The Curie-Weiss fit to the inverse susceptibility
results in 0 = -73 K and pesr = 5.3 wg / Co?*, showing a large
contribution of spin orbit coupling (SOC) and predominant
AFM interactions. FC-ZFC susceptibility curves show a first
transition at Ty: = 58 K, a maximum at 42 K (increase of the
reorientation as discussed below) and a second transition at
Tnz = 23.5 K. Hysteresis loops in the inset of Fig. 1b confirm
the presence of a ferromagnetic component of ~ 1 pg at 35 K
with hysteretic behaviour at 2 K. The presence of minor

Bond Valence Sum calculations

Table 1. Atomic positions and main interatomic distances
and angles from the Rietveld fit of NTO-Co3TeOs against 300
K NPD data. S.G. R3, a =5.1874(2) A, c = 13.8015(7) A.

Site X Y z Biso(A2)  Occ
Co1 (3a) 0.0 0.0 0.062  0.21(7) 1.0
Co2 (3a) 0.0 0.0 0.264(2)  0.21* 1.0
Co3 (3a) 0.0 0.0 0.540(3)  0.21* 1.0
Te (3a) 0.0 0.0 0.765(2)  0.21* 1.0
01(9b) 0.337(1) 0.040(1) 0.169(2) 0.9(2) 1.0
02(9b) 0.329(1) 0.367(1) 0.337(2) 0.1(1) 1.0
3% deor-01(A) 2.21(2) 3x dcoz-01 (A) 2.00(1)
3x deor-02 (A) 2.02(1) 3x dcoz-02 (A) 2.37(5)
3x dcoz2-01 (A) 2.11(3) 3 dre-01 (A) 1.89(3)

3% deoz-02 (A) 2.07(3) 3 dre-02 (A) 2.02(4)
ACo1*103 2.02b AC03*103 7.17b
AC02*103 0.09b ATe*103 1.11b

BVSco1 1.98 BVScos 1.80
BVSco2 2.04 BVSte 5.45
a Col site is used as the refence for the cell. ® A values

calculated from (1/6)*3[(di-dav)/dav]2.* Constrained to Col.
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Fig. 1. a) Rietveld fit of the 300 K NPD data for HP-Co3TeOs.
First and second row of Bragg tick marks refer to 85.5% of
NTO- and 14.5 % of DPv-polymorphs (see text). NTO-type
structure shown on the right panel. b) FC-ZFC magnetic
susceptibility curves, shown as open and closed circles
respectively. Vertical broken lines mark transitions observed
in the NPD data. Inset shows magnetisation-field loops.

(14.5%) AFM DPv HP phase with lower Ty is masked by the
bulk (ferri)magnetic behaviour of the main NTO phase. The
unambiguous identification of both polymorphs from SXRD
and NPD along with the stability of the refinements against
all NPD data sets and difference patterns confirms the
feasibility of the magnetic models discussed below.

Low temperature NPD data for HP-CosTeOg sample are
shown in Figure 2. The magnetic peaks at 40 K can be
indexed with coexisting propagation vectors k,; = [0 O
0.2213(6)] and ko = [0 O 0]. The presence of the main (003)
magnetic and satellite peaks indicates that spins are mainly
perpendicular to the c¢ axis for both k vectors. Their
combination could signify coexistence of a collinear and a
helical magnetic structure. However, the simultaneous
appearance of both sets of magnetic peaks for all NTO-type
HP-Mn3.4CoxTeOg compounds suggests a single magnetic
phase. The combination of collinear and helical spin
structures modulates the magnetic moments in the ab plane,
giving rise to an elliptical helix.

The evolution of k,1 upon cooling shows its splitting at Tnz
into k,1 and kg, both vectors freezing at 16 K with refined
values of k,;; = 0.3988(9) and k,; = 0.4742(8) at 1.5 K, see
Figure 2.

The magnetic structures were refined against NPD
difference patterns 40 K — 80 K (k;1+ko) and 1.5 K — 80 K
(kzatko, kz2), see ESI for details. The elliptical helix at 40 K
(Rmag = 8.70 %) presents modulated magnetic moments

This journal is © The Royal Society of Chemistry 20xx



within the ab plane varying between 0.48(1) and 2.44(1) ps.
One magnetic layer is projected along [001] in Fig. 3a (top).
The fit of the 1.5 K — 80 K difference pattern reveals the
contribution of the ko vector only to k,; phase, while the new
k;2 phase has pure helical topology. The magnetic moments
in each of the helical phases (following each
incommensurate k vector) were constrained to the same
values for stability of the refinements. The
temperature fit results in maximum values of 2.87(1) ps, the
modulated moment of the elliptical phase increasing from
0.98(1) ps. The phase proportion from this fit refines to 56 %
elliptical and 44 % circular helices, with magnetic reliability
factors Rmag = 2.18 % and 3.28 % respectively.

Figure 2b (top) shows the thermal evolution of the
maximum magnetic moment in the elliptical phase, equal to
the total magnetic moment in the circular helix. The fit to the
critical law wm = wo) * [1 -(T/Tn1)1B in the (The/2) < T < Taa
temperature range results in Tn1 = 58.7(3) K, W) = 3.04(9) us,
in good agreement with the expected value for S = 3/2 high
spin Co?* cations, and B = 0.22(2), confirming the magnetic
2D-XY behaviour. The DPv-Co3TeO¢ minor phase was
included in the magnetic refinements using k = [}4 0 %]
similar to that of MnsTeOe-Il. Further studies will be
addressed to the full magnetic characterisation of this DPv
polymorph as a pure phase.

The spin angles between Co1-Co2/Co2-Co3 sites at 1.5 K
are -133(1)°/179(1)° and -172(1)°/154(1)° for the elliptical
and circular helices respectively. The nearly ideal 180° AFM
and the ~120° angle, often stabilised in frustrated trigonal
compounds, reflects the strong competition of the involved
interactions (see below) and justifies the low temperature
separation into two coexisting magnetic phases.

Other possible driving forces could be local strains or minor
chemical disorder effects (e.g. local Co/Te antisites) too small
to be detected. At least dealing with a phase segregation at

lowest
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Figure 2. a) Rietveld fits of the HP-Co3TeOg NPD 40 K — 80 K
(top) and 1.5 K — 80 K (bottom) difference patterns. Middle
panel shows the 2D thermodiffraction, with dashed red lines
at Tna and Tnz and solid lines for fitted T. b) Thermal
evolution of the magnetic moment and k, vector. Fit to the
critical law for the magnetic moments is shown as a red line.
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the microscopic scale, a sensitive decrease of magnetic
correlation lengths is expected across Tna. Such correlation
change was checked by the broadening of magnetic satellites
in AL ~ 150 nm, as calculated using the Scherrer formula.

The remarkable magnetic complexity of NTO-CosTeOg,
unambiguously intrinsic to the NTO phase according to the
stability of all Rietveld fits against our NPD data, has
motivated the study of the HP-Mns CoxTeOgs system. The
series shows a coherent evolution, crystallising with the DPv
structure for x < 1.5 and with NTO structure for x > 1.5 (ESI).
The x = 1.5 intermediate composition shows phase
coexistence refined to 88.4 % DPv vs. 11.6 % NTO from NPD
data collected under high resolution at 300 K. The use of 12-
13 GPa could solely drive to the rhombohedral polymorph,
while for x = 3 small amounts of DPv (14.5%) are observed
when prepared at 15 GPa. This suggests the accessibility to
the DPv polymorph for the complete series at higher
pressures. DPv-Cos3TeOgs is remarkable as the first A-site
double cobaltite, and further studies will be required to
isolate it for a complete characterisation.

The atomic positions, summarised in ESI tables, show full
cation order among 2+/6+ B-site cations and site preference
for the larger Mn2* at the A sites. Among the NTO phases,
cation order/site preference is also observed. The magnetic
behaviour of the solid solution shows a coherent evolution in
transition temperature and refined magnetic moments at 1.5
K, as summarised in Table 2 and the magnetic phase diagram
in Figure 3b. Among the DPv polymorphs, two AFM
structures with k =[5 0 %] (like that of Mn3TeOs-11)3 and ko
(Fig. 3c) are observed, both with collinear spins in the ac
plane. All the NTO phases show coexistence of ko and an
incommensurate k, propagation vectors with simultaneous
orders, revealing elliptical helix magnetic structures like that
of NTO-CosTeQg. Surprisingly, no thermal dependence of k,
was observed for mixed Mn/Co phases (ESI).

Table 2. Magnetic transition temperatures, propagation
vectors, effective magnetic moment per M?2* (ue) from
Curie-Weiss fits and refined magnetic moments in A and B

sites (Uase) for HP-Mn3.xCoxTeOg system at 1.5 K. The refined

magnetic moments for the NTO phases show the
total/maximum value for the k, phase.
Tn DPv/ Heff
WK NTO@) () Mo ()
0 36 [%0H4] 100 5.6 4.8(6)/3.9(1)
o5 31 [%0%] 100 . 3.61(2)/2.42(2)
23 [000] 3.58(1)/2.40(2)
1.0 27 [000] 100 5.4 3.21(1)/1.84(2)
15 25 [000] 88.4(1) 59 3.48(1)/1.25(3)
’ 67 ko + k, = 0.080(1) 11.6(1) ’ 3.89(4)
20 72 ko+k,=0.094(1) 100 5.3 4.47(1)
25 66  ko+k,=0.117(1) 100 5.7 4.13(1)
47  [%0#%] 14.5(1)
3.0 58  kg+ *ky =0.3988(9) 5.3 2.87(1)
23 *ky, = 0.4742(8) 85.5(1)

Expected pef = 5.92 ps/Mn2* / up to 6.63 pg/Co?* considering
SOC. * Experimental issues prevent CW fit. * T-dependent.
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Figure 3. a) [001] projection of the elliptical (top) and circular
(middle) magnetic structures of NTO-Co3TeOg at 1.5 K. The
bottom panel shows half-cell of the longer k,; phase along
[110]. b) Phase diagram for the HP-MnsCoxTeOg solid
solution c) ko magnetic structure of the DPv-Mn,CoTeOg.

The cation order and the progressive evolution from d> to d?
weakens the superexchange interactions through oxygen in
both polymorphs and more importantly the direct
interactions via tyg-ty¢ orbital overlap in face sharing Co1-Co2
and edge sharing Co2-Co3 sites in the NTO phases. This
induces the strongest magnetic frustration for larger Co
content, justifying the decreasing Ty and the simple thermal
evolution of 1.5 < x < 3 compounds.

In conclusion, a new high pressure CosTeOg R3 NTO
polymorph has been prepared. Its complex magnetic
behaviour is dominated by the strong frustration of the
stacked honeycomb and triangular magnetic sublattices.
Below 58 K an elliptical helix magnetic structure with
temperature dependent k,; vector rotates and splits below
23 K, where it coexists with a ky, circular helix. Evidence for a
higher pressure DPv-CosTeOg with k = [4 0 %], notable as the
first A-site double cobaltite, will be further studied. The HP-
Mns.4CoxTeOg system between NTO-CosTeOg and MnsTeOe-Il
has a coherent structural and magnetic evolution from AFM
DPv (x < 1.5) to elliptical NTO (x > 1.5). The presence of any
Mn2t (d5, S = 5/2) in the NTO polymorphs prevents the
thermal dependence of their incommensurate k, vector and
the presence of any Co?* (d’, S = 3/2) in the DPv phases
changes the k = [%2 0 %] AFM structure into a different ko one.
These dramatic magnetic effects reflect the essential role of
tyg orbitals in the magnetic behaviour of these compounds.
Recently, CosTeOg has also been prepared at 5 GPa and their
findings agree with our results.2! However, those authors did
not observe nor predict the DPv CosTeOg higher pressure
phase.
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