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Crystallization of heterovalent double (Mn,Ni)3sBOs and triple (Mn,Ni,Cu)3sBOs oxyborates with the ludwigite
structure is studied in fluxes based on Bi,Mos0O;, diluted with Na,COs or Li,COs3 carbonates. Single crystals
of five (Mn,Ni)3sBOs and three (Mn,Ni,Cu)3sBOs compounds with different cation ratios are obtained. The ion
concentration is determined from the analysis of the lattice parameters by powder and single crystal XRD.
The comparative analysis of the polarized Raman spectra of double and triple ludwigites is presented. The
actual high nickel and small copper concentrations in the crystals are discussed. The hierarchy of chemical
bonds in the fluxes used in addition to the approach involving stabilization of the manganese valence state

Received 7th June 2021,
Accepted 26th June 2021

DOI: 10.1039/d1ce00750e

Published on 06 July 2021. Downloaded by State Public Scientific Technical Library, Siberian Branch of the RAS on 11/8/2021 5:38:14 AM.

rsc.li/crystengcomm

1. Introduction

The creation of new perspective materials is one of the main
aspects of successful science and technology development. To
date, several scientific teams have dealt with the synthesis
and properties of ludwigite type compounds.'” The ludwigite
structure (Fig. 1) is quasi-two-dimensional and includes
zigzag walls constructed from octahedra MOg with
heterovalent cations M*" (x = 2/3, 2/4, 2/5, 2/3/4). The study of
ludwigite is complicated by the small size of its crystals. The
quasi-two-dimensional arrangement of structural elements is
the cause of a considerable growth anisotropy.” Therefore, the
crystals have the shape of a prism with the longitudinal size
being an order of magnitude larger than other sizes. This
imposes significant restrictions on choosing the growth
technique.

Thus, a ludwigite crystal often does not have a size
sufficient for the orientational measurements.>" The flux
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using solvent components is estimated.

method is one of the most promising methods for growing
large crystals.”” The most frequently used solvents for the
synthesis of ludwigites are boron oxide B,Oj; (ref. 7 and 8) or
borax Na,B,0-.%° The size of single crystal samples is highly
dependent on the cation type. For instance, a single crystal
cross-section of some composition of copper ludwigites can
amount to a millimeter,”'®*" but the longitudinal size of
many Co-, Ni-, Fe-containing ludwigites can be as small as a
fraction of a millimeter.**®

Another approach uses the mixture Bi,M030;,-B,0;
diluted in alkaline metal carbonates, and it results in

Me30,

Me40O,

BO;

c,l_‘,b

a

Me20,

Me10,

Fig. 1 Ludwigite structure. The structural elements are denoted by
the following colors: cyan - MelOg octahedra, blue - Me20g
octahedra, orange - Me30Og octahedra, pink - Me40Og4 octahedra, and
green - [BO;3]® triangles. Mel, Me2, Me3, and Me4 are the non-
equivalent metal cation positions corresponding to 4g, 2a, 4h, and 2d,
respectively (depending on the compositions of heterovalent cations
(Ni%*, Cu®*, Mn?*, Mn®*, Mn*") which are distributed over these
positions with different probabilities and different weights).
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successfully obtaining Cu,GaBOs,>"* Cu,FeBO; (ref. 12) and
solid solutions of ludwigites, for example, (Mn,Ni);BOs,"*™*°
(Mn,Cu);BO5,"”"" and (Mn,Co);BOs."”

Mn;_,Ni,BOs ludwigites were obtained with a wide range
of x values using the flux system based on bismuth
trimolybdate.”*™® These compounds demonstrate many
interesting physical properties and high sensitivity even to
small changes in the composition, such as strong
magnetization anisotropy, and high temperatures of
magnetic phase transitions. Ni; sMn,; sBOs shows large
magnetic hysteresis providing field cooled cooling (FCC) and
field cooled warming (FCW) below the phase transition
temperature.'® Ni; gMn,; ,BO; has magnetization reversal,"’
and Ni, ,sMn, ,5BO;5 exhibits exchange bias."’

In contrast, Mn;_,Cu,BOs; was obtained with a narrow
range of x values in the flux (the compound composition is
taken as the ratio of the initial flux components).’**"'® The
crystal structure of these samples is quite different from
orthorhombic ludwigites ((Mn,Ni);BOs, (Mn,Co);BO;)"*"*
and other Cu-containing monoclinic ludwigites (Cu,MeBOs,
where Me = Al, Ga, Fe).>”'>'® Apparently, this is due to the
presence of two Jahn-Teller cations, namely Cu®>" and Mn>".
NiO and Ni,O; have low solubility in usual flux systems,
including  Bi,M030;,-B,03, which results in low
concentrations of crystal-forming components.'®'® In
contrast to NiO and Ni,O3;, CuO oxide is characterized by
high solubility in Bi;,M0301,-B,03.

Cu,MnBO;s ludwigites are ferrimagnets with a relatively
high magnetic moment, their temperatures of magnetic
ordering being about 90 K. Similar to Ni; sMn; sBOs, some
(Mn,Cu);BOs compounds also show magnetic hysteresis with
FCC and FCW below T.. In general, the magnetic anisotropy
of (Mn,Ni);BOs and (Mn,Cu);BO5 ludwigites is very different.
Cu,MnBO; was the first heterometallic ludwigite with an
experimentally determined magnetic structure. It includes
two non-collinear magnetic subsystems oriented to each
other at an angle of ~60°. Magnetic moments inside each
subsystem are directed antiferromagnetically. In Cu,MnBOs,
the rotational magnetocaloric effect’® and anomalous
dependence of magnetostriction under the applied magnetic
field Hl|a (ref. 21) were detected.

The problem of growing and studying triple (Mn,Ni,Cu);-
BOs ludwigites is of high importance both from the viewpoint
of creating compounds with new properties formed as a
result of substitutions in the bivalent system and from the
viewpoint of the growth process, ie. investigation of the
chemical bond competition in the multicomponent flux in
the simultaneous presence of two (Ni,Cu) bivalent cation

types.

2. Experimental conditions

2.1 Synthesis conditions

Single crystals of double (Mn,Ni);BOs and triple (Mn,Ni,Cu);-
BOs ludwigites were obtained by a flux technique. The crystal
growth was carried out at normal pressure in air using a
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resistance furnace equipped with silicon carbide heaters. The
used temperature range was 7 = 750 + 1100 °C. Fluxes for
each composition were prepared in a platinum crucible (V =
100 c¢cm®) at the temperature T = 1100 °C by sequential
melting of the flux system components in the following
order: first, the Bi,0;-M00;-B,0O; powder mixture was
melted, then Na,CO; (Li,CO;) was added in portions, and
finally, Ni,O3 (CuO) and Mn,0O; were also added in portions.
Under heating, there was the transition of Ni**,0, and
Mn*',0; oxides to Ni*',Ni**0, and Mn*',Mn*'0O,
accompanied by oxygen loss. Under heating of carbonate Na,-
CO3, the decomposition occurred with the release of CO,,
corresponding to the chemical reaction Na,CO; — Na,O +
CO,! (the same for Li,COs). Due to this, in flux system (1)
Na,O (Li,O) oxide was used instead of Na,CO; (Li,COs3). The
prepared fluxes were homogenized for 3 hours at the melting
temperature 7= 1100 °C.

The crystal formation in the prepared fluxes was
estimated, and the sequence of high-temperature crystallizing
phases was studied. The fluxes were investigated in a wide
temperature range. After the homogenization stage, the
temperature in the furnace was reduced rapidly at a cooling
rate of 100 °C h™" down to the estimation temperature T in
the range of 850 + 950 °C. The temperature step of probing
was AT = 10 °C. After 24 h the crucible was removed from the
furnace, the flux was poured out, and the crystal formation
was estimated.

2.2 Powder X-ray diffraction

The powder diffraction data of the synthesized samples for
the Rietveld analysis were collected at room temperature with
a Bruker D8 ADVANCE powder diffractometer (Cu-Ko
radiation) and a linear VANTEC detector. The step size of 20
was 0.016°, and the counting time was 1 s per step.

2.3 Single crystal X-ray diffraction

The crystal structure of the single crystal samples was
investigated by the X-ray diffraction method at room
temperature using a SMART APEX II diffractometer (Mo K, 1
= 0.7106 A). The structures were solved by direct methods
using the package SHELXS and refined in the anisotropic
approach for all the atoms using the SHELXL program.> The
structure test for the presence of missing symmetry elements
and possible voids was performed using the program
PLATON.*® The DIAMOND program was used for plotting the
crystal structure.**

2.4 EDX spectroscopy

Energy-dispersive X-ray spectroscopy (EDX) was performed.
The crystal samples were examined on a Hitachi TM-4000
Plus desktop scanning electron microscope at an accelerating
voltage of 20 kV. Elemental mapping was performed using a
Bruker XFlash 630Hc X-ray detector. The spectra were
analyzed using the Quantax 70 program.

CrystEngComm, 2021, 23, 5624-5635 | 5625
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2.5 Raman spectroscopy

The Raman spectra in the backscattering geometry were
recorded with a Horiba Jobin Yvon T64000 triple spectrometer
equipped with a liquid nitrogen-cooled charge-coupled device
detection system in the subtractive dispersion mode. The single
crystal of ludwigite was oriented relative to the excitation laser
beam, with the z-axis coinciding with the ¢ crystallographic axis
directed along the needle (Fig. 5). The Spectra-Physics Excelsior
continuous-wave solid-state laser with 1 = 532 nm and power of
0.5 mW on a sample was used as an excitation light source.
The microscope system based on an Olympus BX-41
microscope (with an Olympus MPlan 100x objective lens f= 0.8
mm with numerical aperture N.A. = 0.9) was used to measure
the polarized Raman spectra of the single crystal. The laser
beam was focused into a spot with a diameter of 2 pm.

3. Crystal growth
3.1 Flux growth of double Mn;_,Ni,BO5 ludwigites

Crystallization of Mn;_,Ni,BOs ludwigites was studied in two
flux systems based on Bi,M0;0;,-B,0; diluted with Na,CO;
or Li,CO; carbonates. Using the Na-containing flux system,
compounds of three compositions (x = 2.25, 2.17, 0.5) were
grown. Using the Li-containing flux system, compounds of
two compositions (x = 1.5, 1.8) were grown. The use of two
carbonates enables us to study the influence of the solvent
on the crystallization of Mn-heterovalent compounds.

3.1.1 Na,CO; - containing flux system. The initial Na-
containing flux system for growing Mn;_,Ni,BO5 ludwigites is
the following:

(100 - )% mass (Bi;M030;4; + 0.6 B,O; + 0.7 Na,0)

3-x)
2

x_.
+ n% mass ( Mn,0; + 5N1203 + 0.5 B203) (1)

Using this flux system, Mn;_,Ni,BOs compounds with x =
2.25, 2.17, and 0.5 were obtained.

\

0.5 mm

e O05mm f e 0.5 mm g \
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In the concentration range of 0.5 < x < 2.25 the
crystallization of the black crystal phase was found to occur
in the form of thin elongated prisms. This phase has the
structure of natural ludwigite minerals. At x < 0.5, the
crystallization of black flattened elongated prisms occurred,
which was characterized as the phase of Mn,BO, with the
warwickite structure. In the range of about x = 2.25 there
occurred the simultaneous crystallization of two phases:
phase with the ludwigite type structure and the Ni3B,O4
kotoite phase. Thus, the Mn;_,Ni,BOs ludwigite phase is a
high-temperature one in a sufficiently wide range of nickel
concentrations in the flux.

The concentration n in flux system (1) was chosen so that
the corresponding saturation temperatures Ty, did not
exceed the value T = 950 °C. Thus, the concentration range
was 7% < n < 15%. Due to the poor solubility of nickel
oxide, the maximum value of concentration n = 15%
corresponded to the composition with the minimum nickel
content x = 0.5 (T, = 870 °C).

The saturation temperature Ty, was estimated by varying
the temperature in the furnace and observing the crystal
formation on the platinum rod used as a probe. The
procedure includes several repeated steps of determining the
Tsar Tange and its narrowing: 1 decreasing the temperature in
the furnace to the temperature belonging to the range of the
anticipated crystal and growth; 2 inserting the platinum
probe to the flux after 20 s preheating near the flux surface; 3
removing the probe from the flux after 30 minutes, and
depending on the presence or absence of the crystals on the
rod the procedure is repeated (after homogenization) with a
higher or lower temperature, respectively. Ty, is determined
with an accuracy of about 2 °C.

Single crystals of Mn;_,Ni,BOs were grown using flux
system (1) in accordance with the following temperature
scenario. After homogenization of the flux at 7= 1100 °C, the
temperature in the furnace was reduced rapidly at a cooling
rate of 100 °C h™" down to (Ts, — 10)°C, and then slowly at a

0. Smm\

Fig. 2 Optical images of the obtained single crystals (the composition is given as in the flux): a - Mn,sNip sBOs (the white area is due to the facets
with defects resulting from cleaning); b - MnysNi;sBOs; ¢ - MnNi;BOs; d - Mng75Niz25BOs; € - MnNiCuBOs; f - Mng 75Nig75Cu; sBOs; g -
Mny.97Nip 24Cug79BOs; h - the Miller indices for the facets of the obtained crystals. For the convenience and comparison, the images (a-g) are
presented on the same scale.
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Fig. 3 Concentration dependences of the lattice parameters of Mnz_,Ni,BOs ludwigites. The values of the lattice parameters of Mns_,Ni,BOsg
ludwigites with the unknown actual composition (only the ratio of the flux compounds) are denoted by horizontal color lines (red — Mn; sNip 5BOs,
blue - Mny,Ni; gBOs, and green - Mng g3Ni» 17BOs). The vertical black lines indicate the crossing of the color lines and linear approximation trend
of the benchmark compounds (MnNi,BOs, Mng ggNi» 14BOs, Mng sNi, sBOs), which is the actual composition of the studied ludwigites.

cooling rate of 4 °C per day. After three days, the crucible was
removed from the furnace, and the flux was poured out. The
single crystals grown were taken out of the crucible and
etched in 20% aqueous solution of nitric acid to remove the
remaining flux.

3.1.2 Li,CO; - containing flux system. The initial Li-
containing flux system for growing Mn;_,Ni,BO5 ludwigites is
the following:

MnsBOs

9,26; 12,42; 3,05

S3
Ni2MnBOs

9,17; 12,32; 2,99

S2" S1

Fig. 4 Triple diagram of MnzBO5-Ni,MnBO5-Cu,MnBO5
demonstrating the tendency of the lattice parameter change,
depending on the cation composition of (Mn,Ni,Cu)3sBOs ludwigites.
The green S1 (sample 1), pink S2 (sample 2) and lilac S3 (sample 3)
points correspond to the Mn: Ni: Cu ratio in Tables 1 and 2.

Cu:2MnBOs

9,39; 12,02; 3,14

This journal is © The Royal Society of Chemistry 2021

(100 - n)% mass (Bi;M0301, + 2.4 B,O; + 2 Li,0)

(3-x) X
+ n% mass Tano;g + ENIZOS + 0.5 B,O;3 (2)

Using this flux system, Mn;_,Ni,BOs; compounds with x =
1.5 and 1.8 were obtained. The preparation process of fluxes

Fig. 5 Single crystal sample of Mn; sNi; sBOs ludwigite chosen for the
Raman experiment.
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Table 1 Lattice parameters and ion coordinates of triple (Mn,Ni,Cu)3BOs obtained by X-ray diffraction

Sample 1 (1:1:1) Sample 2 (1:1:2) Sample 3 (2.5:0.3:1)
Lattice parameters
a, A 9.1735(2) 9.1828(3) 9.19375(2)
b, A 12.2939(3) 12.2766(3) 12.33041(2)
¢ A 3.00180(1) 3.0091(1) 3.016669(5)
Ion coordinates

x/a y/b z/c x/a /b z/c x/a /b z/c
Me, 2a 0 0 0 0 0 0 0 0 0
Me, 2d 1/2 0 1/2 1/2 0 1/2 1/2 0 1/2
Me;, 4g 0.99797(2) 0.28037(2) 0 0.99851(4) 0.28029(4) 0 0.9972(5) 0.2807(2) 0
Me, ah 0.76006(3) 0.11554(2) 1/2 0.76055(5) 0.11582(4) 1/2 0.7613(4) 0.1165(3) 1/2
B 4h 0.7227(3) 0.36132(2) 1/2 0.7235(4) 0.3621(3) 1/2 0.712(3) 0.361(2) 1/2
0, ag 0.89374(2) 0.14346(1) 0 0.8939(3) 0.1436(2) 0 0.8935(10) 0.145(1) 0
0, 4h 0.64702(2) 0.26408(1) 1/2 0.6476(3) 0.2642(2) 1/2 0.6525(11) 0.2612(9) 1/2
O3 4h 0.85183(2) -0.04187(1) 1/2 0.8517(3) -0.0415(2) 1/2 0.8541(12) -0.0416(9) 1/2
0, ag 0.61295(2) 0.08033(1) 0 0.6129(3) 0.0805(2) 0 0.6113(9) 0.0832(8) 0
fo 4h 0.87372(2) 0.35900(1) 1/2 0.8738(3) 0.3596(2) 1/2 0.8724(1) 0.3568(1) 1/2

Table 2 Comparison of the lattice parameters and bond lengths of triple (Mn,Ni,Cu)sBOs and Ni,MnBOs, Cu,MnBOs ludwigites. Sample 1 - Mn:Ni: Cu

=1:1:1 sample 2 - Mn:Ni:Cu =1:1:2, and sample 3-Mn:Ni:Cu=25:03:1

Sample 1 Sample 2 Sample 3 Ni,MnBOjs (ref. 14 and 16) Cu,MnBO;s (ref. 11)
Pbam P24/c Pbam Pbam Pbam Pbam P2,/c
Number of

Bonds bonds d, A
Mn:Ni:Cu 1:1:1 1:1:2 2.75:0.3:1
Me,-O 2 2 2.0151(1) 2.0142(2) 2.033 2.02 1.95
Me;-O 4 2 2.0893(1) 2.0923(2) 2.082 2.08 1.99

2 — — 2.44
Me,-O 2 2 2.0740(1) 2.0770(3) 2.120 2.09 1.91
Me,-O 4 2 2.0849(1) 2.0773(2) 2.091 2.07 1.96

2 — — 2.61
Me;-O 1 1 1.9358(1) 1.9336(3) 1.931 1.94 1.90
Me;-O 1 1 2.0114(2) 2.0060(3) 1.977 2.026 1.94
Me;-O 2 2 2.1026(1) 2.1063(2) 2.115 2.09 2.02
Me;-O 2 1 2.1181(1) 2.1268(2) 2.140 2.11 2.39

1 — — 2.50
Me,-O 2 1.9683(1) 1.9696(2) 1.967 1.96 1.90
Me,-O 2 2.0643(1) 2.0712(2) 2.085 2.06 2.00
Me,~O 1 2.1000(1) 2.0962(3) 2.046 2.105 2.20
Me,~-O 1 2.1103(1) 2.1049(3) 2.013 2.111 2.38
Cell parameters
a, A 9.1735(2) 9.1828(3) 9.19375(2) 9.176(1) 9.3973(2)
b, A 12.2939(3) 12.2766(3) 12.33041(2) 12.316(2) 12.0242(3)
o A 3.00180(1) 3.0091(1) 3.016669(5) 2.9978(4) 3.14003(7)

(2) is analogous to the previously described one for the Na-
containing system (1). The only difference is the replacement
of Na,CO; carbonate with Li,CO; and a significant increase
of the boron oxide weight coefficient. As in the case of Na,-
CO3, Li,CO; decomposes under heating with the release of
CO,: Li,CO5; — Li,O + CO,1.

The concentration n of the crystal-forming oxides in these
fluxes are ni(x = 1.5) = 11% and ny(x = 1.8) = 8%. The
corresponding saturation temperatures are Ty = 935 °C and
Teats = 900 °C.

The high-temperature crystallizing phase of flux system (2)
in a wide temperature range (not lower than 50 °C) is the
phase of black elongated prisms, i.e. ludwigite phase which

5628 | CrystEngComm, 2021, 23, 5624-5635

was determined by powder X-ray analysis. The growth
procedure for these compositions is analogous to the
previously mentioned one for system (1).

3.2 Flux growth of triple (Mn,Ni,Cu);BO; ludwigites

To study the competition between Cu®" and Ni*' bivalent
cations during the crystal formation of ludwigites and to
obtain new compounds with perspective properties, triple
(Mn,Ni,Cu);BO; ludwigites were grown with different ratios
of Mn/Ni/Cu. Three compositions were obtained:
1.Mn:Ni:Cu=1:1:1;
2.Mn:Ni:Cu=1:1:2;

This journal is © The Royal Society of Chemistry 2021
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3.Mn:Ni:Cu=2.75:0.3:1.

Compositions 1 and 2 were obtained by the addition of
CuO to flux system (2) with the ratio Mn/Ni = 1. The ratio of
the components of the corresponding fluxes can conveniently
be written as:

(1) Bi;M03045:2.57 By05:2 Li,0:0.33 Mn,0;:0.33 NiyOj:
0.66 CuO

(2) Bi;M03045:2.57 B,05:2 Li,0:0.33 Mn,0;:0.33 NiyOj:
1.32 CuO

After adding CuO, the analysis of the flux parameters
shows small changes: T, of (1) did not change,
corresponding to Ty, = 935 °C for Mn; sNi; sBOs, while T,
of (2) increased by 5 °C and was equal to Tsq(2) = 940 °C. The
high-temperature phase did not change, this being the phase
with the ludwigite type structure. At the crystal growth stage
the fluxes were homogenized at T = 1100 °C. The growth
procedure is analogous to that used for growing double Mn-
Ni ludwigites: after homogenization the temperature in the
furnace was reduced rapidly at a cooling rate of 100 °C h™*
down to (Tsa — 10) °C, and then, slowly at a cooling rate of 4
°C per day. After three days, the crucible was removed from
the furnace, and the flux was poured out. The grown crystals
had the same shape as double (Mn,Ni);BOs ludwigites.
Except for Mn, 5NiysBOs (with a high Mn,O; concentration
in the flux) which had the shape of flattened prisms.
However, the size of the grown single crystals increased by
about 3 times, amounting to 0.3 x 0.3 x 4 mm®, The images
of the triple (Mn,Ni,Cu);BOs; and double (Mn,Ni);BO;
ludwigites with the size denoted are presented in Fig. 2,
including the Miller indices for the facets of the obtained
crystals.

Composition 3 was obtained by the addition of Ni,O; to
the flux system for growing (Mn,Cu);BO5 oxyborates:

75% mass (Bi2M03012 + 0.9 B203 +1.4 Nazo)
+25% mass (1.1 Mn,O; + 0.8 CuO + 0.5 B,0;)  (3)

The weight coefficient of Na,O increased proportionally to
the weight of Mn,0; oxide to fix the 3+ valence state of the
manganese cations.?” After adding Ni,O;, the ratio of the
components in this flux system can be written as: Bi,Mo;-
0,,:2.48 B,05:1.4 Na,0:1.35 Mn,0;:0.98 CuO:0.16 Ni,Os.
Before adding Ni,Os, the high-temperature phase in this
system was the phase of black flattened elongated prisms,
which was characterized as Mn,_,Cu,BO,;, with the
corresponding saturation temperature being Ts,. = 835 °C.
The addition of Ni,O; (m = 1.5 g, Ma,x = 83.8 g) led to an
increase in the saturation temperature up to T, = 980 °C.
Thus, adding m = 1 g of Ni,O; increased the saturation
temperature up to = 100 °C. As a result of adding nickel
oxide, there occurred the transformation of the high-
temperature phase to the ludwigite phase. The crystal growth
procedure is the same as that being used for other
compositions, the growth time was 3 days, and the growth
cooling rate was 4 °C per day. The habit of the grown crystals
of 3 slightly differs from (Mn,Ni);BOs; and (Mn,Ni,Cu);BOs
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ludwigites: the (120) facets are poorly pronounced (Fig. 2).
The change in the shape may be accounted for the large
amount of Mn,0O; in the flux and, possibly, larger copper
concentration in the crystal. As in the case of (Mn,Ni,Cu);BO;
with compositions 1 and 2, the size of the obtained crystals
is suitable for the study of orientational dependences of
physical properties (e.g. magnetization).

4. Crystal structure

Ludwigites belong to the Pbam (No. 55) space group. In the
ludwigite structure, metallic cations occupy 4 positions: 4g,
4h, 2a, and 2d. The 4h position is more often occupied by
trivalent (or tetravalent) ions which are also partly located in
the 2d position. The 2a and 4g positions are predominantly
occupied by bivalent ions.”®

The structure and phase homogeneity of the synthesized
crystals were analyzed by powder X-ray diffraction. The XRD
analysis revealed no additional peaks, indicating the phase
purity for each individual sample. The phase, space group
and lattice parameters were determined and controlled
during the growth stage.

4.1 Actual composition of double (Mn,Ni);BO5 ludwigites
using powder X-ray diffraction

The Ni concentration dependences of the lattice parameters
and unit cell volume, obtained by powder X-ray diffraction,
are presented in Fig. 2, including the data for Mn, 5Ni, sBOs
provided in the literature.”” As it was mentioned in the
crystal growth section, (Mn,Ni);BOs ludwigites exist in a wide
range of nickel concentrations in the flux. The actual cation
composition and valence states of the metal ions of Mnj_,-
Ni,BOs5 ludwigites for x = 1.5 and 2.25 were refined earlier by
the EXAFS and XANES element-selective techniques.'*"> The
actual composition of the studied (Mn,Ni);BOs ludwigites
was analyzed using these compounds as a benchmark. In the
benchmark compounds, manganese ions are predominantly
in the trivalent state. As a result of refinement, the actual
composition of Mn,; sNi; sBOs (in the flux) is MnNi,BOs,"*
and the actual composition of Mn, ;5Ni, »,5BO5 (in the flux) is
Mng 6Nis 14BO5."> In Mng g6Ni, 14BO5, manganese ions are
both in trivalent and tetravalent states. As can be seen, the
dependences are linear and in good agreement with Vegard's
law. Using Vegard's law, the actual composition of the other
Mn;_,Ni,BOs compounds was estimated. In Fig. 3 these
values are denoted by the crossing of color lines (the
experimental values of the lattice parameters and unit cell
volumes) and vertical black lines. It is clearly seen that the
actual compositions are close to MnNi,BOs despite quite a
wide variation of nickel concentrations in the flux.

4.2 Analysis of the structural parameters of (Mn,Ni,Cu);BO5
ludwigites

The crystal structure of triple ludwigites was refined using
powder and single crystal X-ray diffraction. Sample 1 with
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Mn:Ni:Cu = 1:1:1 and sample 2 with Mn:Ni:Cu = 1:1:2
were investigated by single crystal XRD, while the structural
parameters of sample 3 with Mn:Ni:Cu = 2.5:0.3:1 was
investigated by powder XRD. The results of the refinement
are presented in Tables 1 and 2. In these tables, metallic ions
(Cu, Mn, Ni) are denoted as “Me” because it is extremely
difficult to clarify the concentrations of Cu, Ni and Mn ions
in different positions using the X-ray diffraction method. As
shown in Tables 1 and 2, the crystal structure of all three
compounds (Ni,Cu,Mn);BOs; belongs to the Pbam space
group. The crystal cell of the studied samples is
orthorhombic. This indicates that monoclinic distortion due
to the Jahn-Teller effect of Cu ions does not appear, and the
concentration of Cu ions in the compounds is not high.

The structural data of the parent compounds (Ni,MnBOs
and Cu,MnBO;) and studied samples were compared and
some assumptions were made about the distribution of
metallic ions over the positions. For sample 1 and sample 2
(see Table 1), the lattice parameters are similar to those for
Ni,MnBOs. The distances of Me-O for all the oxygen
octahedra are also similar to those for Ni,MnBOs. We suggest
that in samples 1 and 2, Mn ions should be predominantly
trivalent as in Ni,MnBO; (as confirmed by EXAFS and
XANES'). The positions Me1-Me3 are occupied by Ni and Cu
ions, Me4 being occupied by Mn ions. In this case, the
chemical formula for the studied compounds will be Ni,_,-
Cu,MnBOs. Assuming Vegard's law for the lattice parameters
to be true for Ni,_,Cu,MnBO; as well, the concentrations of
Cu ions are estimated, which are lower than 10 percent for
all the compounds (Fig. 3).

In sample 3 the content of Mn in the flux significantly
exceeds the content of other metals. The structural
parameters of sample 3 differ from those of samples 1 and 2.
Fig. 4 shows the lattice parameters for the three compounds:
Ni,MnBOs, Mn;BO5 and Cu,MnBOs. The a and ¢ parameters
increase from Ni,MnBO; to Mn;BOs, and Cu,MnBOs (the
black and red arrows). The b lattice parameter increases from
Cu,MnBO; to Ni,MnBOs; and Mn;BO; (the blue arrows). As
one can see in Table 1, the b lattice parameter for sample 3 is
greater than that for Cu,MnBOs and Ni,MnBOs. It is
suggested that in sample 3, Mn ions are in bivalent and
trivalent states as in MnzBOs. This assumption is in
agreement with the high Mn,0O; concentration in the flux.
These differences in structure are consistent with the
changes in the habit of this sample as compared to other
(Mn,Ni,Cu);BO; ludwigites.

4.3 Analysis of the crystal composition and homogeneity

The six groups of samples with different compositions were
molded into plastic and then mechanically polished (Fig.
S1t). The EDX spectra analysis showed that the samples were
homogeneous in composition both inside and across the
needles. In order to test the homogeneity, we compared the
spectra of different sections of the crystals for all the six
groups of the samples. In Fig. S2,f the images of the crystals
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from each of the six groups are shown. The images present
sections which were chosen to compare the spectra. In Fig.
S3,t the spectra for each section of the crystal were presented.
As one can see in Fig. S3,f the spectra are almost identical,
indicating the homogeneity of the samples. The ratios of Mn:
Ni:Cu in the flux and in the crystal are presented in Table 3.
As one can see in Table 3, the ratio of Mn:Ni:Cu in the
crystal is significantly different from that in the flux. In all
the crystals the nickel content is higher than that of copper.
Despite the higher content of copper in the flux, its quantity
is much smaller in the crystal.

5. Polarized Raman spectra

Polarized Raman spectra were obtained at room temperature
for the two samples with the addition of copper and without
it: the ratios Mn:Ni = 1:1 and Mn:Ni:Cu = 1:1:1 were
taken as it was done in the flux.

Two series of experiments were conducted with the
parallel (HH) and cross-parallel (HV) polarization of incident
and scattered beams to study the angular dependence of the
intensities of the Raman spectral lines on the polarization
direction of the incident and scattered radiation. The
backscattering geometry was used. The shift of the incidence
point of exciting radiation was smaller than 2 pum in
complete revolution by 2n. The angular step was 10°. The
Raman intensity maps, depending on the rotation angle of
the studied samples in the spectral range of 20 + 1100 cm ™",
are shown in Fig. 6. These maps were obtained for HH and
HV polarizer configurations. The HH polarization mode
corresponds to the rotation of the polarization vector in the
needle plane (the view plane in Fig. 5). The HV polarization
mode corresponds to the rotation of the polarization vector
in the plane perpendicular to the ¢ axis. The spectra of both
compounds are very similar to each other. Conditionally, the
spectra could be divided into some spectral ranges. The low
spectral range up to 200 cm ' contains lines of lattice
vibrations; 200 + 600 cm ! contains MeOg octahedra vibration
modes; and the spectral range of >600 cm ' includes
vibrations of the BO; groups.*®

Based on the Raman maps, the data of the studied
samples were compared at different rotation angles in the
spectral range of 20 + 1500 cm™"; for the HV configuration,
the angles were taken to be 0° and 45°, while for the HH
configurations, they were taken to be 0° and 90°. The results

Table 3 Comparison of the Mn:Ni:Cu ratio in the flux and those
obtained by EDX

Sample  Double or triple  Mn:Ni:Curatio Mn:Ni:Cu ratio in
No. ludwigite in the flux the crystal

1 (Mn,Ni);BO; 1:1:0 1:2.36:0

2 1:1.5:0 1:2.5:0

3 5:1:0 1:1.76:0

4 (Mn,Ni,Cu);BO;  1:1:1 1:1.89:0.15

5 1:1:2 1:1.9:0.3

6 2.5:0.3:1 1:1.42:0.26
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are shown in Fig. 7. As one can see, the most significant
changes could be observed in the most intensive band within
the range of 400 + 700 cm™". The main changes of the spectra
are the different ratios of the intensities. Here, the intensities
of some spectra within the spectral range of 450 + 580 cm™*
show substantial differences only at the rotation angle = 0° in
the HV mode, without any shift in the line centers. Here, the
spectral range of 580 + 670 cm ' shows a number of
pronounced changes upon adding copper: the intensity of
this spectral part is much lower than it was previously
described. However, at a rotation angle of 90° in the HH
polarization configuration there is a shift in the position of
the line center as indicated by the arrows in the inset of
Fig. 7d.

Analyzing the polarized Raman spectra changes of the two
Mn/Ni and Mn/Ni/Cu ludwigite samples with and without
copper, respectively, one can see that despite the similarity,
there are minor differences in the spectral part containing
the MeOg octahedral vibrational modes. These differences
could indicate the crystal structure changes arising due to
the presence of copper.

6. Discussion

The possibility of obtaining single crystals of heterovalent
(Mn,Ni);BO5; and (Mn,Ni,Cu);BO; ludwigites by the flux
method is shown. The crystallization of these compounds is
studied in complex flux systems based on Bi,M03;0;,-B,0;
diluted with sodium or lithium carbonates. This solvent (with
Na,CO;) was used earlier for growing other ludwigites®> and
it is characterized by a low viscosity and a wide working
temperature range. As shown in ref. 25, different components
of the solvent play an important role in the crystallization of
Mn-heterovalent compounds. The absence of the Mn*'-
containing phase in the flux system Bi;M03;0;,-B,03-Mn,0;
without adding Na,CO; was experimentally established.

Li and Na carbonates play an important role in the Mn**
valence state stabilization. The influence of Na,CO; on the
Mn“-containing phase crystallization in the Bi;Mo03;0;,-Na,-
CO;3-B,0; fluxes is described in detail in ref. 20. The approach
presented in ref. 20 suggests the formation of intermediate
chemical bonds in the flux - Mn*"Mo0O, and Mn*'NaO,,
which can fix the Mn** and Mn®" valence states. The existence
of the Mn*"MoO, phase in the above mentioned fluxes was
experimentally proved and it was observed as a high-
temperature crystallizing phase. The existence of the Mn®'-
NaO, intermediate bonds was not experimentally confirmed.
However, the addition of Na,CO; results in the crystallization
of the Mn3+-containing phases (Mn;O0, and Mn,O; oxides,
Mn-containing warwickites and ludwigites), while in the
absence of Na,COg; it is possible to obtain only Mn?"MoO,.

Delafossite structured A**B**0, compounds are rather
numerous and include Mn*'Na0,,?® Mn*'Li0,,*° Ni*'Na0,,**
and Ni*'LiO, (ref. 32) despite a large difference in Li'" and
Na'* ionic radii. Thus, the existence of all these compounds
suggests a possibility of Mn*" — Ni*" substitutions in the

5632 | CrystEngComm, 2021, 23, 5624-5635

View Article Online

CrystEngComm

trivalent subsystem in the presence of lithium or sodium
carbonates. However, the investigation of the valence
composition of two (Mn,Ni);BO;s ludwigites'*'® by high
precision element selective techniques (EXAFS and XANES)
showed no Ni*" cations in these materials. Even in the case
of Ni,,sMn,,sBOs with x > 2 the Mn*" presence is more
energy favorable for compensating the charge than the Ni**
cation formation in the crystal.

The addition of Li,CO; or Na,CO; does not promote the
appearance of Ni** cations in the ludwigite crystal, but can
stabilize the 3+ manganese valence state. This was confirmed
by the presence of the ludwigite phase in the Li,CO;-diluted
fluxes (2). Besides, using Li,CO; expands the growth
capabilities of the studied fluxes due to the other eutectic
positions on the Li,O-B,O; phase diagram.'® The eutectic
point of the Li,O-B,0; phase diagram is located at about 19
wt% of Li,O, while in the Na,O-B,0O; phase diagram it is
located at about 70-75 wt% of Na,O (using a lower
percentage of oxide drastically increases the melting
temperature of the mixture). This explains the significant
differences in the weight ratio of boron and alkaline metal
oxides. B,O; oxide has the lowest melting temperature as
compared to the components of the flux. It provides the
middle saturation temperatures and allows one to avoid the
high temperature range where significant evaporation of the
flux (in particular, MoOj;) is observed. But an essential
disadvantage of using B,O; as a solvent is high viscosity. Bi,-
Mo030,,-B,03-Na,CO; (Li,CO;) has low viscosity due to
bismuth trimolybdate which compensates the B,0;
contribution. Thus, the weight coefficients of (1-3) were
experimentally determined based on the flux viscosity,
working temperatures, and B,03/Na,O(Li,0) ratio, taking into
account their binary phase diagrams.

Unlike Mn;_,Cu,BOs with quite a narrow concentration
range of the ludwigite phases (1.2 < x < 0.75), Mn;_,Ni,BO;
ludwigites are characterized by quite a wide concentration
range 2.5 < x < 0.75 (x corresponds to the Ni content in the
flux). However, the structural characterization by X-ray
diffraction  shows the inconsistency between the
concentration x in the crystal and the concentration in the
flux. The nickel concentration x in all the five (Mn,Ni);BO;
compounds obtained is about 2. This is especially
pronounced for the compositions with x = 0.5, 1.5, and 1.8.
However, the concentration of the compounds with x = 2.13
and x = 2.25 in the flux is very close to the actual one, and
these compounds are characterized by the presence of
manganese ions with the 4+ valence state. The inconsistency
of the nickel concentration in the crystals and its
concentration in the flux can be related to the poor solubility
of nickel oxide in the fluxes used, especially in comparison
with the solubility of manganese oxide. Consequently, the
ratio between the solubility coefficients of nickel and
manganese is such that nickel enters the crystal
predominantly and almost fully occupies the divalent
subsystem. Manganese ions enter the crystal as a residue and
finish building the trivalent subsystem.
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As concerns multicomponent fluxes, the phase formation
can in some cases be hardly controlled and predicted. This is
due to the competition of chemical bonds of many different
components of the flux. It is necessary to specify the role of
each flux component in the formation of the desirable crystal
phase and possible secondary phases. This study deals with
the complex solvent and complex soluble substance. It is a
well-known fact that the real composition of the growing
crystals can significantly be different from the concentration
of the crystal forming initial components in the flux.

In the case of the studied double (Mn,Ni);BO; and triple
(Mn,Ni,Cu);BO5 ludwigites in the flux there are three/four
cation types: Mn**, Mn*", and Ni*" (Cu®"). The unit cell
contains 4 non-equivalent cation positions which can be
occupied by these cations with different probabilities, with
the conservation of electroneutrality. Therefore, the
distribution of the cations depends both on crystal-chemical
factors, such as special octahedral symmetry formed due to
the Jahn-Teller effect of Cu®>" and its selectivity due to that,
and the flux chemistry, including the solubility of the initial
components and, as a consequence, the distribution
coefficients of different cations. As ludwigites are
heterovalent and for many discussed compounds there is (2+,
3+) combination of heterovalent cations, where the 3+ cation
is only Mn**. The bivalent subsystem can be represented by
Mn*", Ni*" and Cu®* in the case of triple ludwigites. Thus,
there is some competition between these cations in the flux
at the stage of the crystal formation which gives rise to the
real composition of the synthesized materials. The study of
this competition and understanding of its origin and
peculiarities will allow obtaining compounds with the desired
composition, to enhance the flux crystallization control.

It was experimentally shown that there was a small
amount of copper in the grown crystals in almost all the
studied compounds, even in the sample with ratio Mn:Ni:
Cu = 1:1:2 in the flux, with the weight of copper exceeding
that of nickel by two times. One can make a conclusion
concerning a strong dependence of the crystal composition
of (Mn,Ni,Cu);BO5 ludwigites on a huge difference in the
solubility of the CuO and NiO (Ni,Oz) oxides. Thus, the
distribution coefficient of NiO (Ni,O3) is such that almost the
entire bivalent subsystem is represented by Ni** cations. The
partial saturation of the flux by NiO (Ni,O;) is higher and this
component is first removed from the flux. In order to obtain
a high-copper containing triple (Mn,Ni,Cu);BO5 ludwigite it
is necessary to increase the CuO concentration by several
times. This will enhance the partial copper saturation in the
flux and let Cu**, along with Ni**, enter the crystal.

The addition of copper to Mn;_,Ni,BO5 ludwigites leads to
no explicit changes in the structure regardless of the amount
of the additive, as evidenced by X-ray diffraction analysis.
There are small changes in the lattice parameters and bond
lengths in agreement with the increase in the Cu/Ni ratio
(Tables 1 and 2). These changes are not accompanied by the
change of the space group into monoclinic P2,/c which is
characteristic of Mn-Cu ludwigites. All the obtained Mn/Ni/
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Cu ludwigites have the symmetry of (Mn,Ni);BOs, and they
are orthorhombic with the space group Pham. The lattice
parameters and bond lengths of Mn/Ni/Cu ludwigites are
closer to those of Ni,MnBO; than to the same values of Cu,-
MnBO; (see Table 2).

The polarized Raman spectra of the single crystals with
the ratios in the flux Mn:Ni = 1:1 and Mn:Ni:Cu=1:1:1
also show some changes in the spectra after adding copper:
different intensity ratios and shifting of the center position
in the spectral range of 600 + 620 cm™" in the HH mode, rot.
angle = 90°. The character of these changes also indicates
that copper is present in the structure of Mn;_,Ni,BOs:Cu,
but its concentration is much lower than the concentration
in the flux. The phenomenon of low copper concentration in
(Mn,Ni,Cu);BOs5 ludwigites can also be explained by a great
difference in the solubility of nickel and copper. In this case,
copper may be considered as a solvent component. Despite
small changes in the composition, the addition of copper
noticeably influences the size of the single crystal, which is
increased by up to 3 times.

7. Conclusions

This study presents a method of the flux growth of several
compounds of double (Mn,Ni);BO5 and triple (Mn,Ni,Cu)s-
BO; ludwigites. The suggested flux systems are well worked
out, comprising compounds capable of influencing the
crystallization of Mn*" and Mn®*" containing phases, allowing
one to control this part of the crystallization process. The
structure and actual composition of the grown single crystals
were studied by X-ray diffraction. A conclusion is made that
the nickel concentration in all the five compounds obtained
is quite different from the concentration in the flux and it is
close to 2. Along with the X-ray diffraction of (Mn,Ni);BOs
and (Mn,Ni,Cu);BOs compounds, the polarized Raman
spectra of the compounds with the ratios in the flux Mn: Ni =
1:1 and Mn:Ni:Cu = 1:1:1 were analyzed which shows
copper entering the Mn;_,Ni,BOs:Cu crystals but with a
small copper concentration.

Since we were able to obtain the single crystals of
sufficient size, the next stage of studying (Mn,Ni);BOs and
(Mn,Ni,Cu);BO5 is to investigate complex properties using
element-selective EXAFS and  XANES techniques,
orientational magnetometry, specific heat and MCE. It is
necessary to continue growth experiments with an increased
amount of copper. Thus it will be possible to achieve a
comparable Ni/Cu ratio in the crystal and to determine the
orthorhombic-monoclinic phase boundary for (Mn,Ni,Cu)s-
BO; ludwigites.
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