Journal of Magnetism and Magnetic Materials 534 (2021) 168056

ELSEVIER

Contents lists available at ScienceDirect
Journal of Magnetism and Magnetic Materials

journal homepage: www.elsevier.com/locate/jmmm

Research articles

Check for

Cos/3Nbq /3BO4: A new cobalt oxyborate with a complex magnetic structure [

N.V. Kazak ™', N.A. Belskaya b E.M. Moshkina?, L.N. Bezmaternykh “, A.D. Vasiliev ¢,
J. Bartolome ¢, A. Arauzo ¢, D.A. Velikanov?, S.Yu. Gavrilkin’, M.V. Gorev ®¢, G.S. Patrin ®¢,

S.G. Ovchinnikov *¢

2 Kirensky Institute of Physics, FRC SB RAS, Krasnoyarsk, Russia
Y Reshetnev Siberian State University of Science and Technology, Krasnoyarsk, Russia
¢ Siberian Federal University, Krasnoyarsk, Russia

4 Instituto de Nanociencia y Materiales de Aragon (INMIA), CSIC-Universidad de Zaragoza and Departamento de Fisica de la Materia Condensada, 50009 Zaragoza,

Spain
€ Servicio de Medidas Fisicas, Universidad de Zaragoza, Zaragoza, Spain
fP.N. Lebedev Physical Institute of RAS, 119991 Moscow, Russia

ARTICLE INFO ABSTRACT

Keywords:
Warwickites
Ferrimagnet

Needle-shape single crystals of Cos/3Nb;,3BO4 warwickite were grown using the flux technique. X-ray diffraction
measurements have revealed an orthorhombic structure (Sp. Gr. Pbnm) where the octahedral M1 site is occupied
by a mixture of Co?*/Nb>" ions and the M2 site is exclusively filled by Co?" ions. Using dc magnetization

measurements it was established that the new material undergoes two magnetic transitions: an antiferromagnetic
transition at Ty; = 27 K and a ferrimagnetic one at Ty2 = 14 K, below which a hysteresis cycle opens. Both
magnetic transitions are marked by anomalies in the specific heat. High magnetic anisotropy with c-axis as a hard
magnetization direction was detected.

1. Introduction

The transition metal borates and oxyborates are important for ap-
plications, for example, for lithium-ion (LIBs) and sodium-ion (SIBs)
batteries [1-5] and also for fundamental interest in the interplay be-
tween charge, orbital, spin, and lattice degrees of freedom. Iron borate,
FeBOj3, with calcite structure has been studied intensively since 1972
when a spontaneous magnetic moment at room temperature and
simultaneous transparency in the visible spectral range has been re-
ported [6,7]. At high pressure, this material undergoes a spin-state
crossover accompanied by insulator-semiconductor electronic transi-
tion with a drastic drop of the optical absorption edge [8,9]. Later, the
iron oxyborates with warwickite (Fe;BO4) [10] and ludwigite (FesBOs)
[11] structures have attracted large attention due to charge-ordering
(CO). The FeyBO4 shows an incommensurate charge order below T¢o
= 340 K, while dimer states were found in FesBO5 below Tgo = 283 K. In
both materials, the charge ordering is accompanied by the structural and
electronic transitions as it was found employing polarized resonant X-
ray diffraction, Mossbauer spectroscopy, neutron diffraction, and elec-
trical resistivity measurements [12-15]. Besides, a cascade of magnetic

transformations appearing when cooling down and associated with the
antiferro- and ferrimagnetic orderings of the several magnetic sub-
systems has been extensively studied by experimental methods and
theoretical calculations [16-19].

The electronic and magnetic phase diagrams of oxy-/borates are
complicated and permanently being updated. They are not restricted to
iron compounds but include other Me = 3d metals. Under ambient
pressure conditions several structure types, such as calcite (Me>"BOs),
warwickite (Me**Me>*B0,), ludwigite (Me3"Me>*BOs), norbergite
(Me3*BOg), pyroborate (Me3*B,0s), and kotoite (Me3"B,0g), can be
obtained within the ternary system Me —B —O:

(2n+MeO+m+-Me, 03 +p+B,05) (@D

N =

where parameters n, m, and p correspond to the amounts of di- and
trivalent metal, and boron ions per formula unit, respectively. Hence,
the resultant oxy-/borate Me;"Mej ByOp. 3 mp
stoichiometry. One could expect that changing in n, m, and p parameters
could lead to new magnetic materials that are structurally linked to the
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known Fe oxy-/borates and thereby might possess potentially inter-
esting physical properties. By analogy with the family of iron oxy-/bo-
rates Fe; " Fey, ByOp 3 (m.p)» it Was proposed that Me = Ti [20], V [21,22],
Mn [23-27], Co [26,27,28], Cr [21,29], Cu [30], and Ni [26] com-
pounds could also form such families. Indeed, the newly-discovered
orthoborate V3BO4 [31] supplement the mixed-valence warwickite
family. This material was found to show several anomalies in the tem-
perature range 135-260 K associated with the crystallographic sym-
metry change and the transition to ferrimagnetic state at ~35 K. The
metaborate Co4BgO13 [32] recently added to the divalent cobalt oxy-
borates was reported to have an almost spinless ground state and a
periodically undulating magnetization curve indicative of quantization
of the total spin per spin tetrahedron. Fig. 1 presents a phase diagram of
known structural types of 3d oxy-/borates within the ternary system (1).
The left panel corresponds to the divalent oxy-/borates (m = 0), while
the right one includes both trivalent and mixed-valence compounds (m
# 0). It is obvious that far from all 3d metals form the borate poly-
morphs. It is also seen that the borate family containing the trivalent
cobalt is restricted to just the ludwigite type and no other stoichiometry
containing Co>* ion was reported up to now. We have been unsuccessful
in the synthesis of the cobalt calcite and warwickite phases and, hence,
the stability of these structures is still under question. On the other hand,
the substitution of trivalent ion by the higher valence ion m-Me>* =
(m—1)-Me*" +Me™"? makes it possible to obtain the samples with
increasing concentration of ions of one own sort. The cobalt warwickites
with tetravalent substitution Coj sMeg sBO4 (Me = Ti**, Zr*+) have been
reported [33], but its physical properties were hitherto unknown. By
going this way and careful choice of starting materials, we have syn-
thesized a new oxyborate Cos,3Nb;,3BO4, where the amount of Co?*
ions per formula unit is as large as 83%. The compound has been studied
by a combination of single-crystal X-ray diffraction, dc magnetization,
and specific heat measurements. The new oxyborate was found to
crystallize in warwickite structure and exhibits intriguing magnetic
behaviour that is not inherent in warwickites but has a strong resem-
blance to ludwigites, namely to FesBOs. The material undergoes two
magnetic transitions: paramagnetic-antiferromagnetic at Ty; = 27 K and
antiferromagnetic—ferrimagnetic at Ty = 14 K. The clear signs of long-
range magnetic order, manifesting both in the dc magnetization and
specific heat measurements, make it a unique heterometallic oxyborate,
which is in line with homometallic ones such as MnyBO4 (Ty = 23 K)
[23], V2BO4 (TN =35 K) [31], F€2B04 (TN =150 K) [13], CO3BO5 (TN =
42 K) [18], and Fe3BOs (Tn1 = 110 K, Ty2 = 70 K) [14]. Results
demonstrate a parallelism between cobalt and iron borate families.

2. Experimental techniques
Single crystals of Cos,3Nb; 3BO4 were grown using a flux method in

the system BizM03012:3.63:B203:0.7-Nap0:5.97-Co0:0.31'NbyOs. The
flux was prepared in a platinum crucible (V = 100 cm®) at a temperature
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Fig. 1. The structural types diagram of transition metal oxy-/borates obtained
within the ternary system M-B-O at ambient pressure. The parameters n, m, and
p are amounts of di-, trivalent metal ions and boron per formula unit. Red star
denotes a new Cos/3Nb, ,3BO4 warwickite.
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of 970 °C by sequential melting of powders: first, Bi;Mo03012, BoO3, then
NayCO3 was added in portions, after that CoO and Nb,O5 were added in
portions sequentially. The flux was homogenized at T = 1000 °C for 3 h,
then the temperature was first rapidly reduced to 970 °C and then slowly
reduced at a rate of 4 °C/day. In two days, the crystal holder was
extracted from the flux. The single crystals were separated by etching in
a 20% aqueous solution of nitric acid.

Single crystals of Cos,3Nb;,3BO4 warwickite have a pronounced
needle shape up to 5 mm long. The cross-section shows a very well
defined planar face, which allows to position the crystal according to
direction 1 and 2 as shown below in Fig. 1S of Supplemental Material
[34]. The cross-section has a size of 0.1 x 0.2 mm>. The needle axis
coincides with the c-axis of the crystal.

The X-ray diffraction patterns were collected from a single crystal at
296 K using the SMART APEX II single-crystal diffractometer (Bruker
AXS) equipped with a PHOTON 2 CCD-detector, graphite mono-
chromator, and Mo Ka radiation source. The structure was solved by
direct methods [35] using the SHELXS program. The structure refine-
ment was carried out by least-square minimization in the SHELXL pro-
gram [36] using anisotropic thermal parameters of all atoms. The main
information regarding crystal data, data collection, and refinement is
reported in Table 1. The crystallographic data for the compound have
been deposited with the Cambridge Crystallographic Data Centre, CCDC
2038293.

For magnetic measurements, one single crystal of 0.26 mg has been
oriented and placed in the sample holder with the help of a microscope.
The dc magnetization measurements were performed using a Quantum
Design MPMS-XL. The sample was placed so that the needle axis was
perpendicular (direction_1 and direction_2) and parallel (direction_3) to
the external magnetic field (Fig. 1S [34]).

The specific heat measurements were performed on single crystalline
samples with an overall mass of 2.2 mg in the temperature range of
2-200 K using a commercial instrument (Quantum Design PPMS).

Table 1
Crystallographic data and main parameters of processing and refinement
Cos/3Nby /3BO,.

Crystal data

M, 113.32

Space group, Z Pbnm (62), 8

Size, mm 0.27 x 0.07 x 0.05
T, K 296

a, (A) 9.3336(7)

b, (&) 9.4039(7)

¢, (R) 3.1793(2)

v, (A% 279.05(3)

D,, Mg/m?® 4.864

u, mm 11.063

Data collection

Wavelength MoKy, 4 = 0.71073 A
Measured reflections 5484

Independent reflections 756

Reflections with I > 20(I) 673

Absorption correction Multiscan

Rine 0.0452

20max (°) 71.92

h —-15-15

k —-15-15

l -5-5
Refinement

R[F? > 26(F?)] 0.0307

WR(F?) 0.0738

S 1.139

Weight w = 1/[6%(F2)+(0.0314P)? + 0.71P]
Extinction 0.065(4)

(A/0)max 0.00

Apmaxs /A3 1.11

Apmin, €/A3 —2.78
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3. Results and discussion

The crystal structure of Cos,/3Nb;,3BO4 was solved and the stoichi-
ometry was confirmed. The compound was established to adopt the
orthorhombic structure with Pbnm space group. The unit cell parameters
are a = 9.3336(7) A, b = 9.4039(7) A, ¢ = 3.1793(2) A, V = 279.05(3)
A3, and Z = 8. The crystal structure has two crystallographically non-
equivalent metal sites M1 and M2, which are octahedrally-coordinated
(Fig. 2). The M1 site is occupied by Co and Nb ions with the ratio
0.66/0.34, while the M2 site is filled by Co ions (Table 2). By analyzing
the M—O bond distances (Table 3) we established that both octahedra
are compressed along the main axis with an average bond length < M1-
0>=2.088(2) A and < M2-0>=2.109(2) A. The octahedral distortions
were estimated through the main component of electric field gradient
tensor V,, similarly as it was done for other oxyborates [23,37]. The
distortion parameters are V,,(1) = 0.16 e/A% and V.2(2) =0.08 e/A3, for
M10¢ and M20g octahedra, respectively. So, the M10g octahedron is
smaller and more distorted. Using a bond valence sums (BVS) [38]
method the average oxidation states for Co ions occupying M1 and M2
sites were calculated to be +2.13 and +1.99, respectively. The same BVS
analysis for Nb and B ions gives the value of +3.80 and +2.95, respec-
tively. Thus, we conclude that the spacious M2 site is exclusively
occupied by Co?* ions. Taking into account the Nb ion distribution
determined by single-crystal X-ray diffraction the oxidation state of M1
metal site was found to be +2.7, which is close to +3 expected from the
general formula of the warwickite. This is in line with the conclusion
that in warwickites the structure is only stable when the size of the
divalent cation Me2* at M2 site is larger than that one of the trivalent
Me3t at M1 site [39]. Although there is a large ionic-size mismatch
between HS Co?* (0.745 A) and Nb>* (0.64 A), whereas ionic radius of
LS Co®* is 0.65 A [40], we conjecture that Co?* ions adopt a HS state.
This conclusion is supported by its large abundance in oxyborates as
compared to LS Co?*, and the subsequent analysis of magnetic proper-
ties (see Table 5 and text below).

We examined the magnetic properties of the new oxyborate by dc
magnetization measurements. An external magnetic field was directed
in ab-plane (dir_1 and dir 2) and along the c-axis (dir_3). Field-cooled
(FC) and zero-field-cooled (ZFC) dc magnetizations measured as a
function of the temperature with an applied field of 600 Oe at different
crystal orientations are shown in Fig. 3. First we want to note that the
magnetization of Cos/3Nb;,3BO4 demonstrates a high anisotropy. The
magnetization along the c-axis is 100 times lower than those obtained
for directions in the ab-plane, where the difference between magnetic
moments measured in-plane is about 20%. This clearly indicates that the
c-axis is a hard magnetization direction. Next, the magnetization mea-
surements of Cos,3Nb; /3BO4 reveal two magnetic transitions. As Fig. 3
and its inset demonstrate, the maximum in the magnetization at Ty; =
27 K evidences an antiferromagnetic transition. A broad susceptibility
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Table 2
Coordinates of atoms, occupancy and equivalent isotropic displacement pa-
rameters of Cos,3Nb; 3BO4.

X y Z Ueq S.O.F.

Col 0.07608(5) 0.11423(5) 0.2500 0.01571(14) 0.656(9)
Nbl 0.07608(5) 0.11422(5) 0.2500 0.01571(14) 0.344(9)
Co2 0.18185(5) 0.40016(4) 0.7500 0.01041(13)

01 0.2466(2) 0.2531(2) 0.2500 0.0107(4)

02 0.3847(3) 0.4875(3) 0.7500 0.0122(4)

03 0.0044(3) 0.2599(2) 0.7500 0.0129(4)

04 0.3626(4) 0.0295(3) 0.2500 0.0205(6)

B 0.3718(4) 0.1739(4) 0.2500 0.0090(5)

Table 3

Main bond lengths of Cos,3Nb;,3BO4.

bond distance (A) bond distance (A) bond distance (A)
Col|Nb1—02'  2.0201(15) Co2—O04"" 2.0440(17) B—O3" 1.386(4)
Col|Nb1—02 2.0201(15) Co2—04™  2.0440(17) B—O04 1.361(4)
Col|Nb1—02%  2.027(3) Co2—02 2.064(2) B—01  1.386(4)
Col[Nb1—O01  2.059(2) Co2—03  2.117(2)

Col|Nb1—O03" 2.2021(16) Co2—O1 2.1917(16)

Col|Nb1—03  2.2022(16) Co2—O1'!  2.1917(16)

upturn below T2 = 14 K evidences spin canting or some other ferro- or
ferrimagnetic transition. Below Ty3, FC magnetization steadily increases
on cooling and the ZFC drops to zero, being peaklike. For dir 1, we have
additionally measured the magnetization at 50 Oe, 5 kOe, and 50 kOe
(Fig. 4). A close examination in a weak field reveals another one
anomaly that looks like a broad maximum at 20 K, which is then hidden
by the growing magnetic moment induced by a magnetic transition at
Tn2. In fact, the transition at Tz is so sharp that in the fields of 5 kOe and
above this anomaly is not visible. The observed temperature dependence
of the magnetization is not in accord with ordinary antiferromagnetism
but reflects a complex ferrimagnetic ordering of Co?" magnetic mo-
ments with the magnetic sublattices, which possess magnetizations non-
equivalent in magnitude and temperature rate.

The average susceptibility y,, (T) = %122 s measured at H =
50 kOe, follows above 100 K quite well the Curie-Weiss law (Fig. 5):

x(T) =xo+ 2)

T—0
where y, is the temperature independent term, C is the Curie-
Weiss constant, and 6 is the Curie-Weiss temperature. We note that
for T > 100 K, M(H) is linear up to 50 kOe, so the susceptibility may
be calculated as y = M(H)/H at 50 kOe. The fits along the three
directions and on the average susceptibility are given in Table 4. It is
evidenced that the paramagnetic phase is highly anisotropic, with an

Fig. 2. a) The crystal stricture of new oxyborate projected in ab-plane. The non-equivalent metal sites M1 and M2 are highlighted by red and green, respectively. The
BOj3 groups are depicted by grey triangles. b) Metal and boron coordinations. The main octahedral axes as shown by red and green for M1 and M2 sites, respectively.
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Fig. 3. Magnetization vs. temperature of Cos,3Nb;,3BO, single crystal at the
field 600 Oe applied in ab-plane (dir_1, dir_2) and along c-axis (dir_3). The filled
and empty symbols denote ZFC and FC regimes. Top inset shows strongly
reduced magnetic moment along c-axis in zoom. Bottom inset is the enlarge plot
of M(T) near magnetic transition at Ty;. Arrows show an onset of magnetic
transitions.
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Fig. 4. The temperature dependencies of the magnetizations a Cos,3Nb; ,3BO4
single crystal measured at different fields applied in ab-plane (direction 1). The
plot shows a sharp increase in magnetic moment below Tys.

ab easy plane anisotropy. Note, that the magnetic anisotropy
observed in Cos/3Nb;,3BOy4 is the highest among those found in other
warwickites MnyBO4 [23] Mny MgyBO4 [41], Mny4Fe,BO4 [42],
Mg, xCoxFeBO4 [43]. In fact, the anisotropy in Cos,3Nb;,3BO4 is
comparable with that we reported for Fe3sBOs and Co3BOs5 ludwigites
[18].

The constant y, = 1.6:10"> emu/mol and the parameter 6, = -8.9 K
were found. It is important to remark that the sign of the obtained in the
individual fits is not indicative of the ferro or antiferro magnetic char-
acter of interactions along that direction, since this parameter includes
an anisotropic contribution [44]. The negative sign of ,, points to an
average antiferromagnetic exchange interactions between Co?*. Most
heterometallic warwickites studied up to now show high negative Curie-
Weiss temperatures and rather low magnetic transition temperatures.
For instance, § was found to be —450 K (NiFeBO4) [45], —315 K
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Fig. 5. Magnetic susceptibility for Cos,3Nb;,3BO, single crystal as a function of
temperature in applied field of 50 kOe oriented in ab-plane (dir_1, and dir 2)
and along c-axis (dir_3). The inset shows the inverse average susceptibility
(Av.). The experimental data are shown by symbols, while dotted, dashed and
solid lines denote fitting using Eq.1.

Table 4
Magnetic parameters of Cos,3Nb;,3BO4 extracted in the paramagnetic phase.
Xo C 0 Hett
(emu/mol) (emu-K/mol) (K) (pp/fiu.)
dir_1 4.9+0.1-10° 3.38 £ 0.02 8.7 +£0.5 52+0.1
dir 2 0.9+0.1-10° 3.51 £ 0.02 7.8 +£0.4 53+0.1
dir 3 0.0 +£0.5-10° 4.6 +0.2 -54+6 6.1 £0.1
average 1.6 +£0.2-10° 3.81 £ 0.08 —-89+24 5.52 £ 0.06

(CoFeBO,) [43], and —283 K (MgFeBO,) [43], while Tgg = 12, 22, and
10 K, respectively. As a result, the majority of the warwickites of interest
exhibit huge magnetic frustrations with empirical parameter 7 = |0|/Tsg
ranging from 8 to 37 [43]. We estimated the impact of the magnetic
frustrations in Cos,3Nb;,3BO4 through an average Curie-Weiss temper-
ature 0y, obtained using y,,(T). One obtains 1 = |04 |/Tn1 = 0.33 that
indicates minoritary frustrations and is consistent with the onset of long-
range magnetic order. Actually, the x value found for Cos,3Nb;,3BO4 is
the smallest among known warwickites including homometallic FeaBO4
[13] and MnyBO4 [23]. Therefore, this warwikite is different than those
behaving as spin-glasses, while it resembles some Co containing lud-
wigites that show one or more long range order transitions. For example,
in Cos.xFexBOs, the compounds with x = 0, 0.75 and 1 have ¢’s lower
than T.(Tn2) [18]. It can be expected for compounds exhibiting
complicated magnetic sublattices and competing interactions, and in
some cases giving rise to sequential magnetic transitions with different
characters (ferro-, ferri-, or antiferromagnetic), as is the present Cos,
3Nb1/3BO4 warwikite.

Note that the average magnetic susceptibility in the field of 50 kOe is
about y,,(4.2K) = 1.26:10"! emu/mol = 62:107° emu/gO0e which is one
order higher than that reported for polycrystalline Fe;BO4 at similar
conditions (8.54-10> emu/gOe) [13]. This behavior implies the
enhancement of the ferrimagnetism in Cos,3Nb;,3BO4, which is prob-
ably originated from the difference in the moduli and orientations of the
magnetization sublattices.

The average Curie-Weiss constant C, = 3.81 emu-K/mol corre-
sponds to an effective magnetic moment yo; = 5.52 pp/f.u. or 4.28 pp
per Co?* jon, while the value obtained for Co?" ion (S = 3/2) for a
spin-only magnetic moment with g = 2 is 3.87 pg. One can conclude
that in Cos/3Nb;,3BO4 warwickite the Co?" ions are a high-spin state
and have a higher value of magnetic moment due to the orbital
contribution, which is very typical for octahedrally coordinated Co®".
Putting the effective magnetic moment of Co?" ion Hefr/Co =

(gCom)z-S-(S—&-l), the obtained value of the effective magnetic
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moment corresponds to g2+ = 2.2, which is in accord with the usually
observed value for Co?" ion in octahedral coordination. Noteworthy,
that value of Hefr for Cos,3Nb;,3BO4 is extremely close to that extracted
in a similar way for Co3BOs ludwigite, y,;=4.0 up per Co*" ion, where
the Co?™ ions are assumed to be in a high-spin state, while the Co>* ion
is in a low-spin state. We also note that the experimentally observed
value of y,4 for Cos/3Nby,3BO4 is comparable to those found for other
borate systems containing divalent cobalt (Table 5).

To gain further insight into the magnetism of Cos/3Nb;,3BO4, the
isothermal magnetization curves were measured. Fig. 6 shows M(H)
curves obtained for the applied magnetic field in ab-plane (dir_1). A
hysteresis cycle at T = 4.2 K is an intrinsic sign of a ferro- or ferrimagnetic
state (Fig. 6a). The magnetization tends to the saturation at high fields.
The saturation moment obtained by linear extrapolation of the high-field
magnetization data to zero field yields M;(4.2 K) = 1.27 ug/f.u.. The
remanent magnetizationM, = 0.47 ug/f.u. is only 37% of the M,. The
coercive field Hg(4.2 K) = 1 kOe. As the compound is heated the
magnetization curve is drastically modified. Although the M; remains
almost constant, the coercive field rapidly decreases down to 150 Oe at
10 K and becomes zero at 20 K (Fig. 6b,c). At the same temperature,
which is in temperature range Tz < T < Tn1, the magnetization curve
shows zero magnetic remanence and a complex shape reflecting the
magnetization process of the magnetic sublattices (Fig. 6¢). Finally, at T
> Ty the material exhibits a paramagnetic behavior (Fig. 6d).

The saturation magnetic moment as a function of temperature shows
a monotonic decrease (Fig. 7a). Above Tyn; = 27 K, the non-zero M; tail
reflects short range correlations. The antiferromagnetic susceptibility
Zarm(T) determined from the high-field slope of the M(H) curves is
typical for an antiferromagnet measured along the parallel direction
(Fig. 7b). The first derivative of % has a maximum at the temper-
ature corresponding to Tnj.

The saturation magnetic moment is rather small compared to that
expected ~ 5 yg. The drastic reduction of the moment can be explained
by the partial compensation due to a ferrimagnetic arrangement of Co
moments. A naive accounting of the magnetization per formula unit for
fully antiparallel spin arrangement yields of M;=|-1.86| and M, = 3.13
ug for the simplest model of the two-sublattice ferrimagnet. Assuming
that M, o = n; 2gSup are magnetic sublattices associated with crystallo-
graphically non-equivalent metal sites, S=3/2 is a spin value for Co>*,
and g = 2 for spin magnetism, the obtained concentrations of Co?" ions
at M, and M, sites equal n; » = 0.62 and 1.04, respectively. These values
are in good agreement with the site occupation factors obtained from
single-crystal X-ray diffraction (Table 2). Thus, the presented data are
consistent with a collinear order of the one up-spin and two-thirds down-
spin d’ ions (Co®"), leading to a resultant magnetization of 1.27u5/ f.u..

Additionally, the hysteresis cycles for the second direction of the
magnetic field in ab-plane (dir_2) as well as along the c-axis (dir_3) were
measured carefully (Fig. 7¢), which confirm a high anisotropy of Cos,
3Nb; /3BO4 single crystal. In the c-direction the magnetization shows no
hysteresis, with linear M(H) curves at all measured temperatures. The
magnetization curves measured in ab-plane (dir_1 and dir_2) behave
similar, without showing a noticeable difference in the magnitude.

The temperature-dependent measurements of specific heat C}, of Cos,
3Nb; ,3BO4 have revealed two clear anomalies at Ty; = 27 K and Tyg =
14 K, which are in excellent agreement with the magnetization data
(Fig. 8a). The anomaly at Ty is a A-type indicating a second-order phase
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magnetic field, both anomalies smear out and are shifted to higher
temperatures. At T = 200 K, the specific heat C, = 100.7 J/mol K does
not reach the thermodynamic limit 3Rz = 174.5 J/mol K of the lattice
contribution, with R being the gas constant and z the number of ions per
unit cell. The anomalous contribution of the specific heat AC, was
estimated using the Debye-Einstein approximation similar to the pro-
cedure applied for Mn,BO4 and Co3BOs oxyborates [23,46]. The tem-
peratures far from anomalous regions were fitted. The Debye
temperature was obtained to be ®, = 356 + 20 K. This value is in good
agreement with those of 512 K (MnyBO4 [23]), 360 K (V2BO4 [31]), and
493 K (Co3BOs [46]). The low-temperature part of the total entropy AS
saturates at about 100 K, reaching approximately 10.1 J/mol K (Fig. 8b).
The entropy released at magnetic transition amounts to AS(Ty;) = 4.5 +
0.5 J/mol K that is about 42% of saturation value. This value (AS~10 J/
mol K) is very close to AS = 9.6 J/mol K which corresponds to the
transition being caused by the coupling of the ground Kramers doublets
for the Co®" ions, since the next excited doublet is at much higher energy
and cannot be thermally populated, i.e. AS = R+ngg- -In2. Besides, the
critical entropy can be compared to the value AS(Ty) = 8.30 + 1.6 J/mol
K for Co3BOs where two high-spin Co®" jons are assumed to contribute
to the entropy at the magnetic transition [46].

So, we can conclude that the Cos,3Nb;,3B0O4 warwickite undergoes
two magnetic transitions: the paramagnetic-antiferromagnetic at Ty; =
27 K and antiferro-ferrimagnetic at Ty = 14 K. The abrupt growth in the
dc magnetization below Ty (in Fig. 3) correlates with this assumption.
Neutron diffraction will be needed to confirm the spin orders below Ty
and Ty transitions. Noteworthy is the strong similarity of the magnetic
behavior of a new oxyborate with that of Fe and Co ludwigites. It is well
known that FegBOs exhibits two magnetic transitions: at Ty; = 110 K the
magnetic moments belonging to M4-M2-M4 triads are ordered antifer-
romagnetically along a-axis, while at Tys = 70 K magnetic moments of
M3-M1-M3 triads are ordered ferrimagnetically along b-axis [14,18].
(Here, M1, M2, M3, and M4 are numbers of crystallographically non-
equivalent metal sites in ludwigite structure). Unlike iron ludwigite,
Co3BOs demonstrates only one magnetic transition to the ferrimagnetic
state at Ty = 42 K, which is proposed to associated with the ordering of
Co?* magnetic moments belonging to M1, M2, and M3 sites whereas the
Co®" ions located at M4 site are assumed in a low-spin state [46]. The
second transition becomes manifested if LS Co>* ions are replaced by HS
Fe>" ions [50]. As a result, CooFeBOs shows two magnetic transitions
similar to Fe ludwigite [14,18]. In Cos,3Nb; /3BO4 these two transitions
although strongly shifted to the lower temperatures manifest themselves
both in the magnetic and specific heat measurements indicating the
common peculiarities of the magnetic ground state forming in war-
wickites and ludwigites.

4. Conclusions

By the changing in the stoichiometry of the oxy-/borates
Me,21+Me§1+Bp On+% (m+p
obtained a new cobalt compound Cos,3Nb;,3BO4, in which the con-
centration of Co?" ions per formula unit reaches 83%, contributing to
the magnetism of the system. The single crystals were found to crys-
tallize in the warwickite structure with space group Pbnm. The Co%*/
Nb>" ions share the octahedral M1 site and the Co®" ions fill exclusively
the M2 site. The magnetic properties were studied through the dc

) and using a pentavalent substitution, we have

" . magnetization measurements at applied fields alon the
transition, while the second one at Tyy has a broader shape. In the g PP 8
Table 5
The effective magnetic moments experimentally observed for different oxy-/borates containing divalent cobalt ions.

Cos,/3Nb;,3BO4 Co3BOs Co,B,05 Co3B,0¢ C04Bc013 a-CoB40O7 SrCo,BPO;,
[p.w.] [46] [27] [47] [32] [48] [49]
Heff (pB/C02+) 4.28 4.0* 4.96 4.92 4.90 5.00 5.00

" The effective magnetic moment is obtained assuming that Co?" ions are in high-spin state, and Co®* ions are in low-spin state.
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crystallographic c-axis and in the ab-plane. New oxyborate was found to
exhibit two magnetic transitions at Ty; = 27 K and T2 = 14 K. First of
them is associated with a long-range antiferromagnetic ordering of Co®*
magnetic moments, while the second has a ferrimagnetic origin. In the
temperature range Tn2 < T < Tyj a magnetization curve shows a com-
plex shape without any remanent magnetization. Below Ty the hys-
teresis cycle is opened with the net moment 1.27 pg/f.u. originated from

o'~ showing the onset of antiferromagnetic ordering at Ty; = 27 K. ¢) Hysteresis cycles at T = 4.2 K for applied field in ab-plane and c-axis.

magnetic moments of different modulus and orientation. The c-axis was
found to be a hard magnetization direction. The specific heat mea-
surements were revealed two magnetic anomalies in accordance with
magnetic measurements. The magnetic behavior of Cos/3sNb;,3BO4
warwickite is straightly similar to that of ludwigites. It is evident, these
materials have strong structural and magnetic affinities.
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Fig. 8. a) Specific heat data for Cos/3Nb;,3BO4 in Cp/T vs T representation
measured under zero and 9 T applied fields. The inset: the temperature
dependent C, showing evidence of two anomalies associated with magnetic
transitions at Ty; and Tyo. b) Entropy as a function of temperature. The dashed
lines indicate the entropy released at magnetic transition Ty;. The inset shows
experimental specific heat (red points) and the lattice contribution obtained by
fitting to Debye-Einstein approximation.
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