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Magnetic transitions and different valence states of manganese ions

in solid solutions (Ni,Cu,Mn);BO;
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The content of metal ions and their valence state for three NixCuyMnz_yx_yBOs compositions were estimated by
EXAFS and XANES spectroscopy methods. In all three compositions, the copper y content did not exceed 0.25;
in the third composition, some manganese ions entered the compound not only in the trivalent, but also in the
divalent state. A detailed study of the magnetic properties showed that two magnetic transitions are observed in
all compositions: one in the region of 60—75K, and the second in the region of 10K. Based on the exchange
interactions calculated within the framework of the empirical model, the magnetic ordering temperatures for two-
and three-lattice magnets were determined and it was assumed that the magnetic transition in the region of 60—75K
is associated with the ordering of magnetic moments in positions 2 and 3.
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1. Introduction

Transition metal oxyborates, due to geometric features of
their structure, can be classified as quasi-low-dimensional
compounds [1-7]. In oxyborates with ludwigite structure
two subsystem of metal ions are often distinguished: the
first subsystem is formed by metal ions in positions 2
and 4, the second subsystem is formed by metal ions in
positions 3 and 1 (Fig. 1). Exchange couplings inside
subsystems are similar to such structural elements as ,,three-
leg ladders” [2,3,8]. Exchange paths between subsystems
form triangle groups, that in case of antiferromagnetic
interactions results in a strong competition of exchange
couplings and occurrence of frustrations. In Fe;BOs [8]
and CuyMnBOs [9] the magnetic system is split into two
subsystems connected exactly with the three-leg ladders.
In addition, magnetic moments of subsystems are oriented
normally in Fe;BOs and at an angle of about 60 degrees
in CuyMnBOs. (Ni,Mn);BOs ludwigites are not as well
studied as Fe3BOs and Cu;MnBOs [10-12], however, these
compounds are interesting due to the fact that manganese
can be included in them in different valence states [11].
In particular, previously we have obtained compositions,
where in addition to three-valence ions of manganese, four-
valence ions of manganese were presented as well [11]; in
addition, in the Mn; ,Ni; sBOs ludwigite the magnetization
reversal effect can be present [12]. Magnetization inversion
and noncollinear magnetization are effects that are interest-
ing from the fundamental point of view as well as in terms
of technological applications.
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The investigation of Ni,MnBOs-Cu,MnBOs solid so-
lutions is interesting because the parent compounds
Ni;MnBOs and Cu,MnBOs have different crystal structure
and magnetic properties.

In our previous study [13] we made an attempt to obtain
a number of compounds of solid solutions of Ni,MnBOs-
Cu;MnBOs by substituting nickel ions with copper ions.
However, it appeared that copper ions were presented in
these compounds only in small amounts, even in the case
when copper was the predominant element in the solution-
melt system. In [13,14] we have presented a detailed
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Figure 1. ludwigite structure.
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description of the growth experiment and the investigation
of magnetic properties of one of produced compounds.
In this study we present a detailed investigation of struc-
tural properties by methods of Modssbauer spectroscopy
EXAFS and transmission spectroscopy XANES, theoretical
calculations that evaluate the probability of copper ions
distribution over different crystallographic positions, and a
detailed investigation of magnetic properties, as well as an
evaluation of exchange couplings within an empirical model
for all obtained compositions.

2. Experimental and theoretical studying

Previously we have obtained three compositions with
considerably different initial charge contents of metal ions
in them; however, investigations of compositions of the
produced single-crystals by transmission microscope have
shown that copper is included in the investigated com-
pounds in minor quantities. This is indirectly confirmed
by results of structural investigations by X-ray diffraction
methods because all three compositions (Ni, Cu,Mn)3;BOs
have rhombic space group. With a significant copper content
monoclinic distortions would arise in the compounds due to
the Jahn-Teller effect of copper ions, as in CuMnBOs.

The investigation of copper, manganese, and nickel
absorption spectra by methods of EXAFS and XANES
spectroscopy of (Ni, Cu, Mn);BOs for three different com-
positions allowed refining the content of metal ions, deter-
mining valence states, and studying the local environment
of manganese and nickel ions. The measurement procedure
is described in detail in our study [10].

Absorption spectra at the K-edge of copper and nickel for
all three compositions are almost identical, the spike at the
K-edge corresponds to divalent standards of CuO and NiO.
Thus, a conclusion can be made that copper and nickel ions
are included in the compounds under study in a divalence
state. Fig. 2 shows EXAFS absorption spectra and the spike
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Figure 2. EXAFS absorption spectra and a spike at the K-edge
of absorption for manganese ions.
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Table 1. Contents of metal ions in investigated compounds.
Coefficients are reduced to the content in the formula unit of
ludwigite Me}(MegMeg,X,yBOs

Composition 1 Composition 2

EXAFS method

Composition 3

Mn 1.04 1.06 1.22

Ni 1.85 1.73 1.57

Cu 0.11 0.21 0.21
EXAFS method

Mn 0.97 0.94 1.12

Ni 1.87 1.78 1.59

Cu 0.16 0.28 0.29

Table 2. Structural model of the local environment near a nickel
atom. Nickel-metal scattering paths are insensitive to the type of
metal

Central Scattering Coordination Initial
atom path number N distance R, A

Ni Ni—O 6 20772

Ni—B 4 3.0564

Ni—Ni* 2 3.0329

Ni—Ni* 4 3.0879

at K-edge of manganese ion absorption for investigated
compositions and standards. It can be seen from the figure,
that absorption spectra of manganese at the K-edge are
slightly different for the compositions. In composition 3
the main growth at the K-edge shifts toward the standard
for the manganese in divalence state.

Based in the magnitude of spike at the K-edge of
absorption, compositions of compounds were recalculated,
which are shown in Table. 1 in comparison with the results
obtained by methods of transmission spectroscopy.

As can be seen from Table 1, the results obtained
by different methods qualitatively match each other. The
content of copper in compositions 2 and 3 is nearly the
same, however the content of manganese is different. Part
of manganese ions in composition 3, due to the condition
of electroneutrality, must be in a divalence state, while in
compositions 1 and 2 manganese ions are predominantly in
a three-valence state.

For the investigation of local environment, position 1
(Fig. 1) was used as an initial approximation at the
nickel edges, since it is more symmetric, however the
approximation additionally excluded all paths with minor
differences in R distances. In the final model we used paths
listed in Table 2.

In the process of approximation changes in interatomic
distances, Debye—-Waller factors for each type of atoms were
determined, as well as the shift of zero and the total am-
plitude of oscillations. Coordination numbers N were fixed.
The hypothesis of oxygen coordination sphere splitting was
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Figure 3. Comparison of the local environment of nickel
and manganese in a compound with composition 1.

verified, however it did not result in approximation quality
improvement, and interatomic distances Ni—O in this case
were determined in an unstable manner. The scattering path
Ni—B was added to improve quality of the adjustment.

The local environment of manganese is considerably less
symmetric. Fig. 3 shows comparison of the local environ-
ment for a compound with composition 1. It can be seen,
that peak in the region of 1-2A that corresponds to metal—
oxygen distance, is considerably lower for manganese,
which corresponds to a disordered coordination sphere with
several non-equivalent manganese—oxygen distances.

When describing the manganese absorption edge, po-
sition 4 (Fig. 1) is used in the initial approximation,
which is populated by three-valence ions in majority of
ludwigites. At the same time, the description of local
structure includes scattering paths listed in Table 2. To take
into account the oxygen sphere splitting, two independent
oxygen scattering paths were determined with coordination
numbers 2 and 4, respectively. Alternative variants of
splitting do not yield approximation quality improvement
or do not yield stable approximating parameters for the
local structure. As in the case of nickel local environment,
interatomic distances, Debye-Waller factors for each type
of atoms were determined, as well as the shift of zero and
the total amplitude of oscillations. Coordination numbers
were fixed. The obtained structural parameters, as well as
approximation ranges in the k- and R-space are shown in
Tables 3 and 4.

As a result of the approximation it is found, that the
manganese local environment is characterized by four short
distances Mn—O1 (R~ 1.99A) and two long distances
Mn—02 (R~ 22A). Composition 3 with the highest
content of manganese is characterized by a longer distance
Mn—O1 (R~ 2.0A) and a higher Debye Waller factor,
which is indicative of more disordered oxygen environment,
that can be interpreted as the population by manganese

Table 3. Structural model of the local environment near a
manganese atom. Nickel-metal scattering paths are insensitive to
the type of metal

Central Scattering Coordination Initial
atom path number N distance R, A
Mn Mn—-O 4 1.9664

Mn-O 2 1.9664
Mn—Ni 1 2.7768
Mn—Mn 6 3.0018
Mn—Ni 2 3.3358

atoms of a larger number of various atomic positions in
the structure as compared with other samples.

Parameters obtained for the local environment of nickel
for three investigated samples coincide with each other
within the limits of error. The length of path Ni—B
is significantly different from that of the crystal model
(R~2.8A as opposed to R~ 3.05A according to the
data of X-ray diffraction), which, along with the low
Debye-Waller factor for this path (o2~ 1-2-1073A2),
low sensitivity of the method to this type of atoms due
to low atomic number Z, allows suggesting that this path
has no physical meaning and compensates for break effects
in EXAFS spectra.

By analyzing the local environment of ions obtained by
XANES method and the information on lengths of the
Me—O bond obtained by the method of X-ray diffraction,
a conclusion can be made that positions 1 and 3 are
predominantly occupied by ions of nickel in all three compo-
sitions. In the Cu,MnBOs compound the oxygen octahedra
around copper ions are much more elongated, than the
oxygen octahedra around manganese ions. Manganese ions
in a divalence state have electron configuration d°, and
arising of the Jahn-Teller effect is not typical for them, as
opposed to the three-valence manganese. In composition 3
the octahedron around the ion in position 4, according
to X-ray diffraction data, is less elongated than that in
compositions 1 and 2. This can be an indirect indication
of the fact that the divalence manganese in composition 3
prefers to occupy position 4. The oxygen octahedra
around ions in position 3 are distorted as well, but they
are compressed, not elongated. Elongated octahedron is
typical for the oxygen environment of manganese ions, and
especially copper ions; our supposal is that position 3 is
also predominantly occupied by nickel ions in all three
compositions.

Since it is difficult to determine by X-ray diffraction
and XANES spectroscopy methods the position, which
is predominantly occupied by copper ions, we calculated
energies of different cation ordered states within ab initio
approach using Wien2K software package. A lattice cell
contains twelve metal ions. Due to the condition of
electroneutrality, four metal ions must be three-valence ions
(we suppose that these are manganese ions) and eight ions
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Table 4. Structural parameters for the local environment of manganese and nickel atoms obtained from X-ray absorption spectra

Sample R¢, % | Adjustment range S Eo Path N R, A 02,107 A

Mn 237 k: 20—-11.0 0.67 £0.14 56+1.5 Mn—-0O1 4 | 1.993+0.024 8.4+438
(composition 1) R 1.0-34 Mn—-02 2 | 2.203 £0.063 8.4+4.38
Mn—Nil* 1 | 2.874+0.073 42+£23

Mn—Ni2* | 6 | 3.092+0.019 42+23

Mn—Ni3* | 2 | 3.3154+0.035 42+23

Mn 2.54 k: 20—11.0 0.63 £0.13 55+1.5 Mn—-0O1 4 | 1.988 +0.024 7.8 +4.4
(composition 2) R 1.0-34 Mn—-02 2 | 2.204 £0.062 7.8+4.4
Mn—Nil* 1 | 2.886 +=0.076 43+£23

Mn—Ni2* | 6 | 3.094 +0.020 43+£23

Mn—Ni3* | 2 | 3.321 +0.037 43+£23

Mn 3.26 k: 20—-11.0 0.65 £ 0.15 5.7+1.8 Mn—-0O1 4 | 2.022 +0.027 11.5+7.2
(composition 3) R 1.0-34 Mn—-02 2 | 2.221+£0.088 | 11.5+£7.2
Mn—Nil* 1 | 2.89540.087 42+2.6

Mn—Ni2* | 6 | 3.106 +0.026 42+2.6

Mn—Ni3* | 2 | 3.316 +0.047 42+2.6

Ni 0.34 k: 20—11.0 0.91+0.10 | —=1.0£1.0 | Ni-O 6 | 2.062 4+ 0.007 9.0+1.3
(composition 1) R 1.1-32 Ni—B 4 | 2.800£0.039 1.8+£1.7
Mn—Nil* | 2 | 2.922 4+0.030 32+1.1

Mn—Ni2* | 4 | 3.067 +0.011 32411

Ni 043 k: 20—-11.0 0.83+0.10 | —0.7+1.2 | Ni-O 6 | 2.060 £ 0.007 81+14
(composition 2) R 1.1-32 Ni—B 4 | 2.800 £ 0.044 1.1£1.7
Mn—Nil* | 2 | 2.927+0.039 3.0£1.5

Mn—Ni2* | 4 | 3.068 +0.013 3.0£1.5

Ni 0.42 k: 20—-11.0 0.90+0.09 | —0.7+1.1 | Ni-O 6 | 2.064 +0.007 84+13
(composition 3) R 1.1-32 Ni—O 6 | 2.064 £0.007 84+13
Mn—Nil* | 2 | 2.939 +0.041 3.8+1.7

Mn—Ni2* | 4 | 3.075+0.011 3.8+1.7

Here Ry — R-factor; S(z) — signal amplitude attenuation factor; Ey — energy shift of photoelectron pulse origin in relation to the position of K-edge of

absorption; N — coordination numbers of the closest neighbors in relation to the central atom; &

2 root-mean-square change in the bond length for atom

pairs that takes into account thermal oscillations and static disordering of the local environment.

must be double-valence ions (nickel ions and copper ions
substituting them). The calculation was performed for two
concentrations: in the first case one ion of nickel was
substituted by copper, in the second case two nickel ions
were substituted by copper. Manganese ions occupied
position 4 (Fig. 1), while copper ions we placed in the
remaining three crystallographic positions and calculated the
total energy of the crystal. The calculation was performed
for a non-magnetic state and a ferromagnetic state.

The electronic structure was calculated using the method
of FP-LAPW+LO [15,16]. The exchange-correlation energy
was calculated using LSDA [17] and GGA-PBE [18] with
additional Hubbard correlation coefficients that describe
the local electron-electron repulsion related to 3d-bands
of Ni (LSDA+U and GGA-PBE+U) [19,20]. In our
calculations we used experimental parameters of lattice and
atom coordinates of compositions with concentrations of
copper ions close to 0.125 and 0.25. The Ryt - Kinax value in
the calculations was pre-defined as 7.0. The energy in self-
consistent calculations converged to 1 uRy. The total energy
was minimized with the use of set of 400 k-points in the
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full Brillouin zone of the lattice cell. Radii of MT-spheres
were 1.96 atomic units for Ni, 1.89 atomic units for Cu,
1.98 atomic units for Mn, 1.20 atomic units for B, and 1.39
atomic units for O. The total density of states (DoS) was
calculated using the modified tetrahedron method of Blechl
etal. [21]. In LSDA+U and GGA-PBE+U schemes we used
parameters U = 0.52Ry for Cu and Ni ions, U = 2.52Ry
for Mn and J = ORy.

Based on the calculation results, both compositions are
found to be dielectric with a gap width of about 4eV.
Table 5 shows the difference of energies between the total
energies in the case of copper ions located in different
crystallographic lattices and the total energy in the case of
position 2 populated by copper ions.

The table presents examples of population with the lowest
energy, but not all possible variants for a concentration
of 0.25.

As can be seen from Table 5, copper prefers to substitute
nickel in position 2. Magnetic moments of nickel, copper,
and manganese ions for the calculation of ferromagnetic
structure are 1.78, 0.81 and 3.85up, respectively, which
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Figure 4. Dependence of magnetization versus temperature for
single-crystal samples with composition 1.

match well the nominal values for two-valence ions of
copper and nickel, as well as three-valence manganese ion.
Magnetic properties of compounds were studied at a
PPMS Quantum design setup and a SQUID-magnetometer
in the temperature range of 4—300K and the magnetic field
strength range of —90—90kOe. Detailed information on
composition 2 is given in our previous study [14]. In this
study we present a detailed investigation of compositions 1
and 3. Single crystal samples of all compositions were
similar to needles, detailed description and photos of
samples are shown in [13]. Crystallographic direction that
corresponds to the direction along the needle is the C axis
(corresponds to the lowest parameter of the lattice). It was
not possible to orient the needles along two other directions
(axes a and b) due to the small lateral sizes of samples.

Table 5. Difference of the total energies in the case when copper
ions are located in different crystallographic positions and the total
energy in the case of position 2 populated by copper ions

Position of copper ions AE
0.125

1 (2a) 0.0081

2 (2d) 0

3 (4g) 0.0112

4 (4h™) (Mn—2d) 0.0452
0.25

3 (4g) 0.0224

1 (2a) 0.0156

2 (2d) 0

1 and 2 (2a,2d)** 0.0081

1 and 2 (2a,2d)*** 0.0093

Note. *In the case of copper ions populating position 4, manganese
ions from position 4 occupied position 2. ** Coordinates of copper ions:
(0,0,0) and (0,1/2,1/2). *** Coordinates of copper ions: 1 (0,0, 0)
and (1/2,0, 1/2).

Temperature dependencies of magnetization of the single
crystal sample for composition 1 were measured with a
magnetic field applied along and across the needle on a
SQUID-magnetometer in a field of 50 Oe (Fig. 4), as well
as on a PPMS unit for different fields. However, due to the
small size of the sample and its low mass, measurements
obtained at a PPMS unit have a very high level of noise and
in this work we have only reported field dependencies of
magnetization.

As can be seen from Fig. 4, when the magnetic field
is applied along the needle, the magnetization growth is
quire weak. When the magnetic field is applied across
the needle, a growth of magnetization is observed below
75 K. Magnetizations measured in field-cooled and zero-
field-cooled modes are different throughout the entire
range of temperatures below the magnetic transition. The
dependencies of magnetization versus field for the single
crystal sample of composition 1 were measured at a
PPMS setup and shown in Fig. 5. Hysteresis loops are
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Figure 5. Dependencies of magnetization versus field for a

single-crystal sample with composition 1 when the field is applied
across (a) and along (b) the needle.
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observed on the dependencies of magnetization versus field
when the magnetic field is oriented across the needle. It
should be noted, that the shape of hysteresis loops with
temperature decrease is remained, the coercive field grows
with temperature decrease. When a magnetic field is applied
along the needle, the magnetization slightly deviates from
the linear law at high temperatures and keeps a nearly
unchanged slope.

Temperature and field dependencies of magnetization for
composition 3 are shown in Fig. 6 and 7. It can be seen
from the figures: as with composition 1, when a magnetic
field is applied across the needle, hysteretic loops and a
significant magnetization growth are observed, however, the
transition temperature decreases down to 67 K, while with
a field applied along the needle the magnetization growth is
monotonous without distinct features. In the case of mea-
surements in the zero-field-cooled mode, due to the residual
field the magnetization at low temperatures is negative, a
field of 1kOe is insufficient to reorient magnetic moments
immediately along the field and the reorientation takes place
at a temperature near 20 K. When a magnetic field is applied
along the needle at low temperatures, the magnetization in
the zero-field-cooled (ZFC) and field-cooled (FC) modes is
different. Field dependencies of the magnetization with a
field applied across the needle in the temperature range of
10—50K have a shape similar to those dependencies for
composition 1. However, at 4K the shape of hysteresis
loop is slightly changed. Probably one more sublattice
becomes ordered below 10K. When a field is applied
along the needle, field dependencies of magnetization, in
contrast to composition 1, are considerably different from
linear dependencies below the temperature of magnetic
transition.

In compositions 1 and 2, manganese ions are mainly in
a three-valence state, and despite the two times difference
in copper concentration (0.11 and 0.21, respectively), the
growth of magnetization starts in the region of 75K.
In composition 3 part of the copper is in a two-valence
state, and the start temperature of magnetic ordering
decreases. It should be noted, that in all compositions the
magnetization is not zero until room temperatures. The
content of copper in the solid solution has an effect on
the coercive field, which grows with increase in copper
content. In compositions 2 and 3, where copper content
is nearly the same, the coercive field also is almost the
same (about 18kOe), while in composition 1 the coercive
field is almost two times lower. Regardless the fact that
magnetic moment of copper is lower that of manganese and
nickel, with increase in copper content the magnetization
grows. Probably, the magnetic subsystem, which is ordered
in the region of 70K, is ferromagnetic and includes, for
example, positions 2 (nickel) and 4 (manganese), which
are oriented antiparallel; in this case a decrease in magnetic
moment in position 2 will result in an increase in the sum
magnetization.

Dependencies of ac-susceptibility magnetization versus
temperature for polycrystalline samples with compositions 1

Physics of the Solid State, 2023, Vol. 65, No. 2
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Figure 8. Temperature dependence of AC-susceptibility of polycrystal samples of compositions 1 and 2, single crystal sample of
composition 3 with an alternating field applied along and across the needle.

and 2 shown in Fig. 8,a and b demonstrate smooth growth
with temperature decrease from the room temperature.
In the region of 75K there is a feature: a small peak or
a plateau; in this temperature range a magnetization growth
is observed on the DC-magnetization when a field is applied
across the needle. In the region of 10K a sharp peak
is observed in compositions 1 and 2. For composition 3
measurements of AC-susceptibility were carried out on a
single crystal sample with a field applied along and across
the needle (Fig. 8,c and d). With a field applied across the
needle, an intensive growth of the AC-susceptibility starts
below 100K, in the region of 60 K a small peak is observed,
then the dependence has a plateau until low temperatures.
With a magnetic field applied along the needle, a peak
near 10K is observed. Thus, an assumption can be made
that in all compounds there are two features: in the region
of 65—75K and below 15K. In the range of 65—75K part
of magnetic moments is ordered in the direction normal to
the needle, and below 15K magnetic moments are ordered
along the needle. Since the magnetization along the needle

grows weakly, the magnetic subsystem that ordered at low
temperatures is an antiferromagnetic subsystem.

To analyze the magnetic behavior, we have plotted the
dxT/dT dependence for compositions 1 and 3, which
is proportional to heat capacity. As can be seen from
Fig. 9, there are two features on the curve: at low
temperatures (10—15K) and in the region of 50—60K.
For composition 3 we have also investigated heat capacity
using the same method as in [14]. The excess heat
capacity is shown in Fig. 10, where the dependence of
dx/dT is represented as well. As can be seen from
Fig. 8, 9, and 10, features on temperature dependencies
of dyT/dT, AC-susceptibility, and heat capacity match each
other. Values of dxyT/dT in the range of 30—100K are
negative, and below 30K they are positive. According
to [22], for antiferromagnetics the dyxT/dT derivative in
the region of Neel temperature Ty is positive; in our case,
probably, the low-temperature transition is related to the
antiferromagnetic ordering; then the transition in the region
of 50—60K the most likely is a ferromagnetic ordering,
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Figure 9. Temperature dependence of dyT /dT for compositions 1 (a) and 3 ( b).

which matches both the temperature and field dependencies
of magnetization.

In [10,11,14] we evaluated indirect exchange couplings
in the NipMnBOs compound. In this study we have
evaluated how indirect exchange couplings change for all
three compositions assun=ming that ions of copper occupy
position 2, as it follows from the ab initio calculation. When
calculating indirect exchange couplings for composition 3,
we also assumed that ions of the two-valence manganese
occupy position 2, although within the ab initio calculation
no such investigations were carried out, since due to the
aliovalent state of manganese ions we have faced problems
with the calculation convergence.

Table 6 shows indirect exchange couplings related to
position 2, which are calculated for different compositions;
other exchange couplings remain unchanged.

It can be seen from the table, that ninety-degree ex-
changes 2—2 and 2—4 remain ferromagnetic and anti-
ferromagnetic, although the exchange magnitude changes.
The 165-degree exchange coupling 2—4 in the case of
replacement with copper becomes antiferromagnetic. The
exchange coupling 2—3 in compositions 1 and 2 changes
a little, while in composition 3 it becomes significantly
weaker.

The behavior of heat capacity and AC-susceptibility
shows that there are two features: in the region of
60—75K and at low temperatures of 10—40 K. Probably,
a part of magnetic moments becomes ordered in the
region of 60—75K (depending on composition), in this
case magnetic moments become oriented normal to the
needle; then with decrease in temperature other magnetic
moments start to order, however these magnetic moments
are oriented along the needle. As we noted before, in
the ludwigite structure exchange paths form two three-
leg ladders (4—2—4 and 3—1-3), between which triangle
groups are formed. The magnetic system in many ludwigites
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Figure 10. Temperature dependencies dyT/dT and AC,/T for
composition 3.

is split into two subsystems related to three-leg ladders; in
particular, in Cu;MnBOs and Fe;BOs magnetic moments of
subsystems are noncollinearly oriented. In the Ni;MnBOs
ludwigite there are many competing exchange couplings.
Chains of nickel ions along the short axis in positions 1, 2,
and 3 are bound by ferromagnetic couplings, while man-
ganese ions in position 4 are bound by antiferromagnetic
coupling. As a result, in subsystem 4—2—4 there are many
competing couplings. Ions in positions 2 and 3 are bound to
each other by ferromagnetic couplings as well, and bound
with ions in position 1 by antiferromagnetic couplings.
There are no competing exchange couplings between ions
in positions 1, 2, and 3. In the case of nickel replacement
by copper and two-valence manganese, magnitudes of
exchanges between ions in positions 1, 2, and 3 change,
but the nature of exchange couplings remains unchanged. It
can be assumed that in the region of 60—75K (depending
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Table 6. Indirect exchange couplings (J) related to position 2d, which are calculated for different compositions
J (Ni;MnBOs), K J (Composition 1), K J (Composition 2), K J (Composition 3), K
2d—-2d 6.7 79 10.0 6.6
2d—4h (90) —4.6 —4.1 -31 —4.9
2d—4h (165) 1.1 -16 —26 —-14
2d—4g 5.7 59 6.3 1.9

Table 7. Evaluation of magnetic ordering temperatures for two- and three-sublattice magnetic material for different variants of magnetic

subsystems

Positions of ions, we

relate magnetic subsystems with Composition 1

Composition 2 Composition 3

1,3 Te; = 31K, Tep = 14K
25 3 T01 =53 K, Tcz = neg*
1,23 Te1 = 53K, Tex = 16K,

Tes = neg”

Te1 = 31K, Ter = 14K

Teir = 53K, Tep = neg”

Te1 = 53K, Ter = 14K,
Tcs = neg”

Te1 = 31K, Teo = 14K

Te1 = 42K, Teo = 16K

Te1 = 41K, Tex = 21K,
Tez = 11K

Note. * Solving the equation results in a negative value, that has no physical meaning for the absolute temperature.

on composition) an ordering of magnetic moments in
positions 1, 2, and 3 occurs. Using the calculated exchange
couplings, we have evaluated the Curie temperature TC for
two- and three- sublattice magnetic material. The evaluation
results are given in Table 7.

As can be seen from Table 7, for compositions 1
and 2 the Tg; for sublattices 1-2—3 and 2—3 is the
same, while for composition 3 it is lower, which matches
the experimental results, if we assume that the magnetic
transition in the region of 60—75K is related to subsystem
2—3.  Probably, in the region of 60—75K magnetic
moments in positions 1, 2, 3 (2, 3) are ordered, and
at low temperatures ordering in position 4 takes place,
however due to competing couplings, the ordering may be
incomplete.

3. Conclusion

The investigation of three different compositions of
NiyCuyMn3_y_yBOs by EXAFS and XANES spectroscopy
allowed evaluating the content of metal ions and their
valence state. The obtained information on the content
of metal ions qualitatively matches the data obtained by
the method of transmission spectroscopy. In all three
compositions the content of copper was not greater than
y < 0.25. Ions of nickel and copper are included in
the composition of compounds in a two-valence state,
manganese ions are included mainly in a three-valence state;
however, in the third composition a part of manganese
ions is included in the compound not only in a three-
valence state, but also in a two-valence state. Calculations
of total energies of different cation-ordered structures for
two concentrations of copper ions y = 0.125 and y = 0.25
using Wien2K software package have shown that in both
cases copper ions prefer to occupy position 2 (2d).

The detailed study of magnetic properties has shown that
in all compositions two magnetic transitions are observed.
The first transition is related to the ferromagnetic ordering
of magnetic moments of part of ions normal to the short
axis of the crystal in the region of 60—75K, and the
second transition in the region of 10K is related to the
antiferromagnetic ordering of magnetic moments along the
short axis of the crystal. Based on the exchange couplings
calculated within the empirical model, temperatures of
magnetic ordering were evaluated for two- and three-
sublattice magnetic material and a supposal is made that
the magnetic transition in the region of 60—75K is related
to the ordering of magnetic moments in positions 1, 2,
and 3; at low temperatures the antiferromagnetic ordering
of magnetic moments in position 4 is possible.
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