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ABSTRACT

This thesis explores oxyborate samples substituted by a series of transition
cations. These materials represent a wide class of strongly correlated oxide systems
that demonstrate effects of magnetic frustrations, charge ordering and multistage
magnetic transitions. These lead to a number of unusual magnetic phenomena. Oxy-
borates show a rich spectrum of magnetic states (spin glass, random magnetic
chains, quantum entanglement, two-dimensional Sastri-Sutherland lattice, long-
range magnetic order). In this work, we consider an interesting orthorhombic oxy-
borates of the ludwigite structural type: FesO,BO;, C030,B0;, C0,25Feq750,B0O3,
C0,.83CU(1,0,B0O3 and Co; ;Mn;30,B0;. The crystal structure of ludwigites is repre-
sented by zigzag-like walls formed by oxygen octahedra with metallic ions inside.
Magnetic ions form a distorted triangular structure. Thus, magnetic ions form a three-
dimensional framework of exchange bonds. Geometric factors associated with the
crystal structure lead to a situation where the interactions between magnetic nearest
neighbors along one of the crystallographic directions are substantially weakened, in
comparison with interactions in other directions. Therefore, the experimental observa-
tion of quasi-low-dimensional magnetic behavior in ludwigites is possible. The chains
of magnetic ions belonging to one crystallographic position are actually equivalent to
one-dimensional chains. Three chains are combined to form quasi-two-dimensional
three-pillar spin stairs (Three spin-leg ladders, 3LL). In this study, the considered
samples are characterized by magnetic and Moéssbauer measurements, X-ray diffrac-
tion and theoretical calculations of indirect exchange interactions. The effect of sub-
stitution on anisotropic properties has also been studied.

We studied the crystal structure of Co,,sFeq750,B03, C0,83CuUq1,0,B03, and
Coy 7Mny 30,B0; single crystals by X-ray diffraction. It allowed us to define structur-
al parameters and analyze the cation distribution by position, as well as the effect of
cation substitution on structural parameters. The distribution of Fe ions over non-

equivalent positions, as well as a charge and magnetic states were measured by
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Maossbauer spectroscopy on the Co,,sFeq750,BO3. Mossbauer spectroscopy also
measured the temperature of magnetic ordering in this compound.

We obtained the field, temperature and angular dependences of the static mag-
netization and the dynamic magnetic susceptibility for all series of the ludwigite sin-
gle crystals. Using magnetic data, the magnetic characteristic, such as the temperature
of the magnetic ordering, magnetic moments were calculated. Investigations of the
effect of cation substitution on the magnetic properties of Co,a5Feq750,BOs3,
Co0,,85CU0 120,BO3, and Co;;Mn;30,BO; samples were carried out. We have calcu-
lated integrals of indirect exchange interactions in the framework of the indirect ex-
change coupling model. Using this model, the effect of cation substitution on the
magnitude and sign of the integrals of indirect exchange interactions and the role of
frustrating exchange interactions in the formation of the magnetic state of cobalt lud-

wigites were studied.
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LUDWIGITES PHYSICAL PROPERTIES REVIEW

1.1 Crystal structure.

The oxyborates with the ludwigite structure have the general formula
M,%*M**0,B0;[1,2]. The title of these materials dates back to the Austrian professor
Ernst Ludwig, who first discovered the natural mineral ((Mg,Fe) *,Fe*[BO;]O,
[3,4,5]. To date, many artificially synthesized compositions with ludwigite structure
exist. This structure predicts that the ions of Co*, Ni**and Mg®* usually have a diva-
lent valence state. The trivalent ion can be represented by magnetic Ti**, Cr**, Mn*",
Fe**, Co*'[6-10], as well as nonmagnetic ions, Ga>*, AI**[11, 12]. In the case of the
isomorphous substitution of 2M** — (M** + M*), ions Mg?* and Sn*, In*, Ge*,
Ti*, etc. can appear as a pair of M** and M*" ions [13-16]. The majority of samples
are heterometallic compounds that contain cations of different chemical elements
(M** £ M*"). Up to date, only two homometallic compounds are known. They are
Co050,B0; and Fe;0,B0s;.

The crystalline structure of ludwigites refers to the orthorhombic system (the
spatial group of Pbam [17]). However, copper-based ludwigites which have Jahn-
Teller Cu-ion, have decreasing symmetry to the monoclinic (P2,/c) [6]. The unit cell
of ludwigite contains Z = 4 formula units with cell parameters of a~9 A, b= 12 A,
c =3 A. Metal ions occupy four nonequivalent crystallographic positions 2a, 2d, 4g
and 4h according to the symbolism of Wyckoff [18]. In the literature on nonequiva-
lent positions, the following notation is accepted: 2a -1, 2d -2, 4g -3 and 4h-4. Boron
occupies one position, and oxygen is located in five nonequivalent sites. Oxygen at-
oms form the octahedral environment with the metal ions in it. Oxygen octahedrons
are combined into zigzag walls through the common edge. As shown by electron
microscopy, these walls propagate along the c-axis [19, 20] and form a three-
dimensional crystalline structure through a common oxygen atom and planar BOs-
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In the ludwigite structure, the metal-to-metal distances are in the range of 2.8-
3.4 A. Magnetic ions are located at the vertices of the triangles. Two types of interi-
onic distances can be distinguished in the ludwigite structure: dpya = di3 = 3.4 A and
Omin = dos = 2.8 A, which corresponds to the largest and shortest metal-to-metal dis-
tance. Triads of magnetic ions in positions 4-2-4 and 3-1-3 form quasi-two-
dimensional three-legged spin ladders (Three Leg Ladders, 3LL) [21]. As will be
shown below, the inter- and intra-ladders exchange interactions play an important
role in establishing the main magnetic state in the ludwigites.

Metal ions can randomly occupy non-equivalent positions, which leads to the
appearance of cationic disorder and allows us to consider ludwigites as disordered
systems. Cationic disorder is typical for heterometallic samples and can lead to the
loss of long-range magnetic order (spin-glass state) [11] and electronic properties
(the appearance of hopping conductivity of the VRH type) [32].

As mentioned previously, the ludwigite structure is characterized by the pres-
ence of metal ions with different valences (M*, M*"). Therefore, the valence state
determination of each cation is most relevant. The empirical method of bond va-
lence sum (BVS-method) based on the second Pauling rule could be used [22-24].
According to this method, the valence of the ion at the site (V) is determined by the
sum of the valences of all bonds with the nearest ions (S;). Calculations clearly
show that position four is occupied by trivalent ions, while other positions 1, 2 and 3

are occupied by divalent ions.

1.2 Magnetic properties

A variety of physic of magnetic phenomena in ludwigites led to an extreme
interest in the precise study of these materials. Ludwigites represent a class of mag-
netic materials with frustrated exchange interactions and exhibit a rich spectrum of
magnetic states (random spin chains, spin ladders, long-range magnetic order and
spin-glass state). The transition of long-range magnetic order (antiferromagnetism,

ferrimagnetism) to short-range magnetic order (spin-glass) can be caused by cation-
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ic substitution, as was observed, for example, for Fe*,Fe**0,BO;—
Mg**,Fe**0,BO; [35].

Large negative values of the Curie-Weiss temperature (| 6 | = 100-500 K) in-
dicate the dominant role of antiferromagnetic interactions in the ludwigite. The tri-
angular arrangement of magnetic ions and strong antiferromagnetic interactions al-
lows for the frustration effects. Under frustrations in solid-state physics, we mean
the impossibility of minimization of the spin Hamiltonian due to the strong comple-
tion of exchange interactions. Huge frustration level leads to degeneracy of the
ground state of the system with nonzero entropy at zero temperature. In real systems
frustrations can decrease the ordering temperature, i.e. the phase transition occurs at
temperatures much lower than expected from the evaluation of exchange interac-
tions (Ty<<J/kg). Ultimately, frustrations can lead to a disordered magnetic state, in-
cluding the spin-glass state. The ratio of the paramagnetic Curie temperature to the
temperature of the magnetic transition is often used as a criterion for estimation of
the frustrations level. For ludwigites, the typical value is 6/T, = 17 [2, 4].

It is possible that interactions between nearest magnetic neighbors along the
crystallographic direction are weakened compared to the interactions in other direc-
tions. Therefore, experimental observation of low-dimensional magnetic behavior is
possible. The chains of magnetic ions belonging to one crystallographic position are
equivalent to one-dimensional chains. According to the experimental data of the
Mossbauer effect [25,26] and direct studies of the magnetic structure by neutron
scattering [27,28], magnetic structure of the ludwigite Fe;0,BO; splits into two qua-
si-two-dimensional structures consisting of spin chains. Cations in positions 1 and 3
form a spin ladder of type | (3-1-3), cations in positions 2 and 4 - a ladder of type 1l
4-2-4 (see Fig.4). The study of the thermodynamic properties of Fe;0,BO; revealed
two transition temperatures at 7y; = 112 K and 7y; = 75 K associated with magnetic
phase transitions [29,30].

Maossbauer effect in FesBOs indicates the establishment of long-range mag-
netic order in the triads 4-2-4 at 112 K (phase AF1) [25]. At Ty, = 75 K, a transition
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to weak ferromagnetism occurs due to ordering within the triads 3-1-3 (phase WF).
Below 50 K, the system goes over into the antiferromagnetic phase AF2. At the
same time, only the low-temperature singularity at 75 K is observed by the tempera-
ture dependences of magnetization and magnetic susceptibility) [30,31]. The ab-
sence of an anomaly at 112 K stimulated the investigation of the magnetic structure
of this material by neutron diffraction.

Experiments on FesBOs were first performed by J. Attfield et al. (1992) [27],
and then repeated by P. Bordet et al. (2009) [28]. In the first case, the magnetic
structure was studied at 5 K, and the second - in the temperature range of 5-120 K.
As a result, a two-stage ordering of the magnetic moments was revealed: at Ty, =
112 K for magnetic moments in the spin ladder of the 4- 2-4 in the direction of the b
axis, at Ty, = 74 K for magnetic moments in the ladder 3-1-3 along the a-axis. The
magnetic moments of Fe®*ions inside the triad 3-1-3 ordered antiferromagnetically
in ferromagnetic chains appear that propagate along the c-axis. The magnetic mo-
ments between the triads 4-2-4 are ordered antiferromagnetically along the c-axis,
whereas the ordering in the triad 4-2-4 differs for different neutron diffraction data.
Thus, according to the data [28], the mutual orientation of the magnetic moments in
the triad 4-2-4 is ferromagnetic, according to another paper [27] — antiferromagnet-
iC.

Up to date, measurements of the magnetic characteristics of Fe;O,BO; have
been performed on polycrystalline samples and single crystals along the c-axis. The
chosen geometry of the experiment is the reason that the high-temperature magnetic
transition at 112 K did not manifest itself in magnetic measurements. Therefore,
precision measurements of the magnetization along the crystallographic directions
a, b, and c are relevant for the observation of magnetic transitions.

It was shown in [32] that Cos0,B0O; is a ferrimagnet with the easy axis of
magnetization b. The presence of hysteresis loops indicates a ferromagnetic ordering
of magnetic moments in this direction [33]. In directions a and ¢ an antiferromag-

netic contribution is expressed. Strong magnetic anisotropy also appears in the par-
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amagnetic region, where the temperature dependence of the magnetization obeys the
Curie-Weiss law with the paramagnetic Curie temperatures 0, = 1.2 K, 0,,c =-153.8
K.

Studies of the oxyborate Mg,FeO,BO; demonstrate that a transition to the
spin-glass state arises through an intermediate state and it is characterized by the
formation of random spin chains with half-integer spin (Se°* = 5/2) and strong anti-
ferromagnetic interaction along the chain [34, 35]. Short-range correlations grow as
the temperature decreases. These excitations are well described in the framework of
a one-dimensional Heisenberg antiferromagnet. Quasi-one-dimensional Heisenberg
antiferromagnetic chains in some form are realized in Cu,GaO,BO; [36]. This sys-
tem is a spin chain with S = % and strongly frustrated interactions, therefore the
long-range magnetic order arises only at a temperature Ty = 3.4 K

The possibility of synthesizing ludwigites with different 3d-metal ions allows
for accurate investigations of the magnetic states nature and to establish a relation-

ship between structural features and magnetic behavior.

1.3 Theoretical approaches of the magnetic properties description

The variety of possible magnetic structures of ludwigites raises a number of
questions. What is the key factor in the formation of the basic magnetic state of
these materials? What role do the features of the crystal structure and cation distri-
bution play in macroscopic magnetic behavior? The answer to these questions with
the help of only experimental methods of investigation proves to be a difficult task,
therefore, theoretical studies of the magnetic structure based on various techniques
are increasingly being used [37-43].

Now, there are no true reasons for the huge difference in the magnetic proper-
ties of the two currently known samples of homo-metallic ludwigitesFe;0,BO; and
Co3BOs. These samples with the same structure and similar atomic composition,
exhibit crucially different magnetic properties. Therefore, detailed study of the

causes of this difference is required.
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One of the first theoretical approaches devoted to Fe;O,BOs;, Vallejo [37],
considered spin ordering within 3LL. It studied the exchange of localized classical
spins interacting through conduction electrons (double in a triad of 4-2-4). The pa-
per also considered the issue of competition of double exchange and antiferromag-
netic indirect exchange interactions for the determination of the magnetic phase.

The description of the magnetic structure is based on the interactions between
localized Fe** spins via band electrons. To describe these interactions, the tight-
binding approximation Hamiltonian with the indirect exchange interactions between
the local spins was used:

H==(t,cfc; + He) + 31,8+ S,
(i) (i)

The parameter J is a random variable with probability of distribution P(J). It
describes the interaction between nearest magnetic neighbors. The study of the func-
tion P(J) was performed in [44]. Analysis and calculation of the Hamiltonian using
the Monte Carlo method, based on the two-coordinate double exchange model, re-
sulted in the determination of possible magnetic structures. Thus, it was shown that
in addition to the ferromagnetic phase, a phase with ferromagnetically ordered mo-
ments 4-2-4, antiferromagneticor canted phase could also exist.

Theoretical predictions of the ferromagnetic order in the triad 4-2-4, which
are ordered antiferromagnetically, agree with the experimental neutron diffraction
data [27]. On the other hand, the existence of a skew structure contradicts the results
of the Massbauer data [25]. Below 74 K, the calculations of the magnetic structure
contradict the experimental results obtained with the help of the M&ssbauer and neu-
tron diffraction data [25, 26, 28].

Elastic lattice interactions could improve the one-dimensional exchange mod-
el for three magnetic ions in the spin ladder 4-2-4, taking into account the distortion
of the crystal lattice [38].
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The Hamiltonian of this model is represented in the following

= —IZ]Jr() LOS(J)(( civ1 + h.c)) + JS? ZLOS(U —I—BZO + V (Z )

bl

form:

Here, the first term expresses the interaction through the conduction electrons
with the transfer parameters c;, the second term is the indirect exchange interaction
of magnetic ions with the coupling angle 0, and the distortions of the crystal lattice
are described using the displacement parameters 9.

The calculation of this Hamiltonian has shown that a magnetoelastic effect
observed in ludwigite is a result of the interaction between magnetic spins and the
effect of lattice distortion. Magnetic phases, charge ordering, and lattice compres-
sion were obtained in good qualitative agreement with neutron diffraction [28] and
X-ray [44] studies, respectively. Possible magnetic states were obtained in a wide
range of magnetic and electron hopping energies. However, an explicit binding to
temperature and exchange energy for real ludwigite FesO,BOz;is not considered. We
also note that the authors do not consider the reasons for the appearance of two in-
dependent magnetic sublattices, which are ordered independently of each other.

Another attempt to describe the magnetic structure of ludwigite at Fes0O,BO;
in the ground magnetic state was undertaken by calculating the density functional
theory in the VASP software package [45] assuming a noncollinear arrangement of
interacting spins in the crystal lattice at a temperature of 15 K. The "input" models
considered the experimental spin configurations and the other variants of the ar-
rangement of the magnetic moments in the triads 4-2-4. As a result, it was found
that the spin configuration in these triads is noncollinear with the formation of fer-
romagnetically oriented Fe2-Feda dimers with a binding energy of 0.4 eV.These
dimers are weakly bound to the Fe4b cation with magnetic moment angle of 78° to
this dimer.

As for the second type of triad (3-1-3), an antiferromagnetic orientation in the

ab-plane and ferromagnetic along the c¢ axis with a binding energy on the order of
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0.8 eV were obtained, which agrees qualitatively with the data of the neutron dif-
fraction [27,28].

These approaches, however, do not fully explain the mechanism and nature of
the formation of magnetic structure and do not receive the quantitative values of the
Interactions in an explicit form.

Since, most of synthesized ludwigites are magnetic insulators, the magnetic
structure is determined primarily by indirect exchange interactions between magnet-

ic ions. The Hamiltonian of such systems has a simpler form:

RN

H=Y"J.S: S,

L
i=1

here S, is the spin operator, J; is the integral of the indirect exchange interac-

tion between a pair of magnetic ions.

According to this approach, the magnetic interactions are based on the
Goodenough-Kanamori rules [46] and indirect exchange that is expressed by Ander-
son [47].We take into account the experimental parameters of the excitation of the
electron of the ligand cation and integrals of intra-atomic exchange [48,49]. The
model of indirect exchange coupling considers the orbital overlap cation-ligand-
cation and allows us to perform accurate description of the magnetic structure. The
model validity was demonstrated on spinel ferrites [50-52]. Later this method was
used for ludwigite Cu,FeO,BO; [35].

According to this model, superexchange interactions are the most important
interactions in the formation of a magnetic structure. The calculations were carried
out from parameters of a solid-state crystalline structure. Let us consider an applica-
tion of this model to Cu,FeBOs. Calculations show that this compound is an antifer-
romagnet with a magnetic ordering temperature of 34 K, which is very close to the
experimental value of 32 K. The frustrating and ordering interactions, which de-
scribe the magnetic structure, were discriminated. Note that the calculated interac-

tions in triads 4-2-4 are ordered for Cu,FeO,BO;. It was also shown that strong frus-
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trating bonds lead to a low value of the ordering temperature and can obviously lead
to the formation of a spin-glass phase of iron ions at 63 K, as found in [6].

The indirect exchange coupling model contributes to an accurate description
of the magnetic structure of ludwigites with another cationic composition, as well as
highlights those interactions that seek to establish a magnetic order in the system
and interactions that are hindered (frustrating). This model allows theoretical predic-
tions of the magnetic ordering temperature with sufficient accuracy.

In this paper, the described model is used as the main tool for understanding

the magnetic structure of a number of ludwigites.

14



2. SAMPLES AND EXPERIMENTAL TECHNIQUES

Single crystals of Cos..Fe,O,BO; were grown by the flux method in the system
C0504—Fe,03-B,0;-PbO-PbF,. The relative content of Co and Fe ions in the pre-
pared compounds was first estimated from the mass ratio of initial components
Fe,05/(Fe,03 +C030,), and was later checked by X-ray and Mdssbauer measure-
ments. At relatively high Co:Fe ratio in the solution (> 2.5) we have succeeded in
preparing high quality single crystals Cos.<Fe,O,BO; with ludwigite structure and
maximal substitution x value near 1. All the samples had a needle shape up to 4 mm
long (see Fig. 1). Sample’s maximumweight was about 1.2 mg. By lowering the
Co:Fe concentration ratio in the solution the tendency to the synthesis of warwickite
phase appears in our synthetic process. At equal concentrations of cobalt and iron
ions in the solution single crystals of warwickite structure with the lattice parame-
ters a = 3.134(2); b = 9.269(7); ¢ = 9.430(7) A were grown.

Fig. 1. Representation of high-quality ludwigite single crystals. The

samples is a black needle up to 4 mm long.
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The single crystals Co30,BO3 and Coz.,Mn,0,BO; have been grown by the
solution method. For the first compound the chemical components were taken in the
next molar relation:

Bi,M030;5 : B,O5;: CoO : Na,O : Co,03=3:1:2:2:2.

Then the part of cobalt oxide Co,05; was substituted by Mn,O;. For the total
solution and homogenization, the composition was heated to 1100 °C.

Single crystals of Co;,Cu,O,BO; were grown by the flux method in a system
C0304-Cu0-B,05-PbO-PbF,. The relative amounts of Co and Cu ions in the pre-
pared compound were later checked by X-ray diffraction. After mixing of the com-
ponents, the composition was heated up to 1100 °C and kept at this temperature for
about 3 h. Then the solution was subjected to two-step cooling.

After 3 hours, the solution underwent two steps cooling. The first step: fast
cooling to 930 °C. The second step: slow cooling by 12 °C a day during three days.
During these three days, spontaneously formed single crystals were grown. Then the
crystals were cleaned by a 20% water solution of nitric acid. The single crystals
were needle shaped, up to 4mm long, and black in color, similar to their prototype
C030,B0;. The long side of the needle in Co30,BO; CosFe,0,BO; Cos.
«CUu,O,B0O3 and Cos,Mn,O,BO; coincides with crystallographic c-direction.

X-ray diffraction measurements were made on one of the single crystals and
the crystallographic structure was resolved in detail. A SMART APEX Il (MoKa
radiation, CCD detector) X-ray diffractometer was used. The scanning angle 26 =
5.4 - 58° (R1=1.40 %, wR2=3.31%). The Rietveld plot of the X-ray data refinement
Is shown in Fig. 2.The site occupation factors determined for the different transition
ions in the distinct crystallographic positions were used to calculate the relative

amount of 3d-elements in the material.
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Fig. 3.X-ray diffractometer orientation of
Fig. 2. Experimental (light) and calculated (dark) X-  udwigite Co, s5Feg 75BOs.

ray pattern of Coy2s5Fep75BOs. Calculated peaks
shown by hatches.

The Méssbauer spectrometer used a Co>'(Cr) source and operated in the regime of
constant acceleration with powder samples that have relative natural Fe-density to-
wards to 5-10 mg/cm?. The isomer shift value was determined with reference to me-
tallic a-Fe. The spectrum interpretation were carried out in two stages. At the first
stage, the probability distribution of quadrupole splittings P(QS) was determined.
The peculiarities in this distribution testify that there are possible nonequivalent po-
sitions (sites) of the iron. The probability distribution gives only qualitative infor-
mation, since, when fitting, we used one value of the isomer shift common to a
group of the doublets. This information was used to construct a model spectrum. At
the second stage, the model spectrum was fitted to the experimental spectrum by
varying the overall set of hyperfine structure parameters with the use of the least
squares method in the linear approximation. In the course of the fitting, the parame-
ters of individual doublets were refined. The occupancies of false positions, which
were present in the probability distribution function, become negligibly small.

For the magnetic measurements we have used a Quantum Design MPMS-
XLSQUID-magnetometer. The dc-magnetization measurements were made at tem-
peratures of 2-300 K. The magnetization curves M(H) were measured in a magnetic
field up to 50 kOe. The Co-ludwigite samples are highly anisotropic therefore, mag-
netic measurements have to be made in magnetic fields directed along the different

crystallographic axes. In our experiments the sample orientation was determined us-
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ing the X-ray diffractometer as shown in Fig. 3. They have been positioned using
vacuum grease and fixed with glue to prevent from falling. For the sake of compari-
son with Co30,B0; and Fe;0,BO;, their magnetic properties, which are not availa-
ble in the literature, like hysteresis cycles of an oriented single crystal, were meas-
ured. During the measurements the cube was adjusted to provide the necessary
magnetic field direction relative to the sample and the magnetizations in the a, b and
c crystallographic directions were obtained.

Before the magnetic measurements, the single crystals were weighed carefully
using a DV 215 CD microbalance. Usually needle-shaped crystals of the transition
metal ludwigites obtained by the flux method are very thin and their weight is low.
In the case of the parent Co;0,BO; the sample mass was up to 1mg, for Fe-
substituted ludwigite — 1.2 mg. The Co0,g3Cuq1,0,BO5 sample chosen for the mag-
netic measurements weighed only 0.26 mg. The studied Coz,Mn,O,BO; sample
weighed 0.36 mg.

AC-susceptibility measurements were performed in a superconducting
guantum interference device (SQUID) magnetometer with ac-option, in the
frequency range 10 <f< 937 Hz, with an exciting field of 4 Oe. Angle dependent
magnetization M(6,T) on oriented single crystals were measured with a rotating
sample holder option in the SQUID magnetometer up to 50 kOe and with a
vibrating sample magnetometer up to a bias field of 90 kOe in the temperature in-
terval 2 — 300 K.
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3. LUDWIGTES STRUCTURE AND CATIONIC DISTRIBUTION

The crystallographic structure of the ludwigite single crystals Cos0,BO; and
Co,25Fep750,BO; was solved in detail by means of single crystal X-ray diffraction,
and the results were given in Table 1. For all compounds the space group is Pbam.
There are four distinct crystallographic sites for the metal ion in the ludwigite struc-
ture. We have numbered these sites as shown in Table 2, which lists the correspond-
ing Wyckoff notation [53]. Metal sites usually also labeled M1 — M4, five O sites
labeled O1 — O5, and one B site. The ludwigite crystallographic structure with the
numbers of the distinct crystallographic sites are illustrated in Fig. 4. Every cation
lies at the center of a distorted oxygen octahedron; the type and degree of distortion
are different for each nonequivalent site. Metal sites can be combined as two types
of triads. The type I triads are formed by the ions in the positions 4-2-4; the type 1l
triads consist from the ions in the positions 3-1-3. The ensemble of triads deter-
mines the low-dimension subunits in the form of three leg ladders (3LL). The zigzag

walls formed by 3LL substructures spread along the crystallographic ¢ direction.

Table 1. The crystal structure parameters for ludwigite samples

Co3BO FesBO
(Egz] > | Cozz5Fen75BOs [354] > | Co17Mn;3BOs | Co,88CU012BOs
Molar weight, g/mol | 267.6 265.2 264.4 262.48 268.1
Symmetry group Pbam
Unit cell parameters
a, A 9.280 9.282 9.453 9.261 9.299
b, A 11.928 12.231 12.296 12.328 11.963
c, A 2.966 3.029 3.072 3.034 2.989
3
Volume, A 328.31 343.92 357.07 346.38 332.48
Density (calc.), 5.414 4.899 - 4.146 4577
g/cm
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Fig. 4.The cross-section of ludwigite structure perpendicular to c-axis.
Zigzag walls in the crystal structure of ludwigite is clearly shown.
Numbers denote nonequivalent metal sites. Planar BO3z-groups is indi-
cated by three-beam star.Triads 4-2-4 shown by dotted line,3-1-3 — by
dashed..

The unit cell parameters for the parent unsubstituted compound Co3;0,BOsare
a=19.280, b =11.928, ¢ = 2.966 A, and unit cell volume is V = 328.31 A3. The lat-
tice parameters of the parent compound Co3;0,BO; are in a good agreement with
those published earlier [55]. Cation distribution and selected bond lengths for the
structure at room temperature are listed in the Tables 2 and 3. The atomic coordi-
nates are shown in Appendix. The smallest distance between the metal ions in the
present case corresponds to the metal ions at positions 2 and 4 and is less than 3 A.
This is a common feature of the ludwigites with transition metal. The shortest dis-
tance in substituted samples is inside the triad 4-2-4 as in the parent Co30,BOs3, but

it is a little bit larger in the former compound.
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Table 2. Cation distribution in crystallographic sites according to X-ray data.

Co3B0Os Co2.25Fe(.75BOs Co1.7Mny3BOs C02,.88CUg.12BOs
1 0.25(Co) 0.25(Co) 0.17(Co0)+0.08(Mn) | 0.25(Co)
2 0.25(Co) 0.19(Co)+0.06(Fe) | 0.17(Co0)+0.08(Mn) | 0.25(Co)
3 0.50(Co) 0.50(Co) 0.33(C0)+0.17(Mn) | 0.50(Co)
4 0.50(Co) 0.18(C0)+0.32(Fe) | 0.18(C0)+0.32(Mn) | 0.44(C0)+0.06(Cu)

For the solid solution ludwigite Co, xsFeq 750,B0; the lattice parameters are a
=90.282,b =12.231, ¢ = 3.029 A. According to the X-ray diffraction data, there is a
pronounced preference in the occupation of distinct crystallographic positions by
iron ions. The occupancy probabilities of Fe at the 2 and 4 sites are determined to be
0.06245 and 0.31591, the
(C00.5)'(C0g 375F€0.125)2(C0)*(COp 365F€0.632) ' 0,BO3, Where the sum of the probabili-

ties at each site is constrained equal to unity. It is seen that iron ions preferably oc-

respectively, leading to chemical formula

cupy the position 4 that is consistent with the same for Co,FeO,BO; [6], but there is

also a small amount of iron ions in the position 2.

Table 3. Metal-metal distances in ludwigite structure. The longest and shortest distances in triads
3-1-3 and 4-2-4 respectively shown by bold.

d,A | CosBOs Coy.25F€075BO05 Co1.7Mn; 3BOs C0,.83CUg 12BOs Triad
1-1 2.9660 3.0293 3.0341 2.9890 3-1-3
1-3 3.2979 3.4177 3.4380 3.3115 3-1-3
3-3 2.9660 3.0293 3.0341 2.9890 3-1-3
2-2 2.9660 3.0293 3.0341 2.9890 4-2-4
2-4 2.7473 2.8141 2.800 2.7631 4-2-4
4-4 2.9660 3.0293 3.0341 2.9890 4-2-4
14 3.0045 3.0280 3.0447 3.0134

2-3 3.0512 3.0930 3.1197 3.0601

3-4 3.0847 3.1355 3.1424 3.0947

The main crystal parameters for the mixed Co;;Mn;30,BO; are: a =
9.2800(9), b =11.9278(11), ¢ = 2.9660(3) A, unit cell volume V= 328.31(6)A°. The
unit cell volume for the substituted compound Co;7Mn; 30,B0; exceeds the same
for the parent Coz0,B0Os. The difference is about 5%.It is not surprising because the
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ionic radius of a Mn ion is larger than the same for Co ion both in di- and trivalent
states(the ionic radii values for high spin ions: Co** — 0.65, Mn** — 0.75, Co>* — 0.61
and Mn*" — 0.64 A) [55]. The thermal parameters U, have physically reasonable
values (See Appendix). The large values U, correspond to the oxygen ions as for
the Co30,B0; [56].

As it can be seen from the above data the position 4 is the most preferable for
the Mn ions similarly to the case of Fe substitution [29]. This position is occupied
by about 65% of Mn ions. Nevertheless, this preference is not so brightly pro-
nounced in Coz ,Mn,0,B0Ozas in Cos4Fe,0,B0O3, where the SOFs for the positions 1
and 3 are very small (See Appendix). There is a very significant amount of Mn not
only in the position 4, but also in the other three positions, contrary to Fe-substituted
compound. These last positions according to our X-ray data, are filled by Mn with-
out any preference, and there is about 30% Mn ions in the each of them.

As it was mentioned above, the SOFs values for the distinct positions allow to
define Co : Mn ratio in the compound, which appeared to be near 1.33. Taking into
account the distribution of two type of ions among the four nonequivalent sites the
chemical formula of compound Co;7Mn; 30,BO; can approximately be rewritten as
(C00.3sMNg.15)" (Cog35MNg15)° (Cog.s7MNg23)° (Cop35Mng 65)*0,BO;. It is known that
both in Fes0,BO; and Cos0,B0; the transition ions in the positions 1 and 3 are di-
valent [34,54]. The triad formed by the ions 4-2-4 consists of three trivalent ions
with one extra electron per triad and may be formally considered as two trivalent
ions in the positions 4 and one divalent ion in the position 2. Applying this consid-
eration to Co;;sMn;30,BO; and proposing that Mn®** substitutes Co* and
Mn**substitutes Co**, one can expect almost equal amount of di- and trivalent man-
ganese ions in the investigated compound. Therefore, the average oxidation number
Z for Mn ions must be near +2.5. Below, this proposal is checked by the bond va-
lence sum method and magnetic measurements.

As for Cu-substituted sample, the unit cell volume has a value th to parent

compound (332.48 A®) due to the small amount of substituted cation. The chemical
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formula of compound Co-Cu ludwigite can approximately be rewritten as
(C0)*(C0)*(C0)*(Cog35CUg 12)*0,BO3. Copper ions occupy only the sites numbered 4
where SOF is 0.12. It can be denoted that the affinity of Cu ions with the ludwigite
lattice is weak. It could be explained in terms of symmetry: the site 4 in ludwigite
structure is more symmetric, while Cu®* ion has d® configuration which introduces
distortions in the ludwigite lattice.

It seems necessary to mention here that we did not succeed in growing the
oxyborates Cos4Fe,0,BO; with ludwigite structure at x > 1. All the attempts have
led to obtaining of the crystals Co,.4Fe,BO, with warwickite structure [57]. As for
Coz4Fe,0,B0O; the crystal growing problems begins near the point where iron total-
ly fills the position 4, specific for trivalent ions. Therefore, probably, the compounds
Coz' FeZ*Fe**0,BO; are unstable and the ludwigite Co;'Fe**0,BO, lies at the border of
two phases: ludwigite and warwickite. Contrary, in Cos;,Mn,0,BO; the manganese
easily enters the ludwigite structure both in divalent and trivalent states.

In order to estimate the valence state of the manganese ions in
Coy7Mn; 50,B0; we have calculated the bond valence sum and obtained the oxida-

tion numbersZ =Zsij for each of the distinct positions. Here sj— the bond valence
i

between i and j ions: s; =exp[(R, —r;)/b], R)— the parameter dependent on the nature

of ions forming the ij-pair, b — the constant value 0.37 A, r;; — ij-pair bond length [5,
13-14]. The magnitude of the parameter R, for the present ions are taking from [22-
24]: Ry (Co*") = 1,685 A, Ro(Co®) = 1,70 A, Ro(Fe?") = 1,734 A, Ro(Fe*") = 1,759
A, Ro(Mn?) = 1,765 A, Ry(Mn®) = 1,732 A, Ro(Cu?") = 1,679 A, Ro(CU**) = 1,735
A Ry(B*)=1,371 A

Table 4. Cation average valence state in nonequivalent positions.

Position Co3BOs C0,.25F€075BOs Co01.7Mny 3BOs C02.83CU(.12BOs
1 2.00 2.00 2.00 2.00
2 2.00 2.24 2.00 2.24
3 2.00 2.00 2.00 2.00
4 3.00 2.88 3.00 2.88

23




The Boron atom valence state is typical for all compounds and equal to 2.99.
As for metal ions, the average bond valence sum for Mn appeared to be 2.65+,
slightly higher than the expected value 2.5+. Thus, both di- and trivalent Mn ions
are present in approximately equal amount in Co; ;Mn; 30,BO3, contrary to the case
of CosFe0,BO3, where only trivalent Fe ions appeared to enter into the ludwigite
structure. Valence state of copper ions are unambiguously determined by this meth-
od with the magnitude 2+, that differs from the typical valence in site 4. Table 4
shows the average valence state of each nonequivalent site in the sample with dilu-

tion of 3d-metals.
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4. MOSSBAUER SPECTROSCOPY

To prove diffraction data for iron content samples and to determine the va-
lence state of iron ions, the Mossbauer effect study has been done, the results are
presented below. As previously described for the ludwigite structure, the shortest
pair between the Co(Fe)2 and Co(Fe4) sites with a distance 2.8141 A. Assuming the
competing Co — Fe occupation of only two positions 2 and 4, the relation of atom
amounts Co : Fe = 2.96 ~ 3, which very well corresponds to the proposed chemical
formula Co,,5Fey750,B03. The crystal structure of Co, sFeq750,B03 projected on
the orthorhombic ab plane, perpendicular to the c axis, is shown in Fig.4. The poly-
hedra centered at Co and Fe ions are shown. The light polyhedra contain the metal

sites Co and Fe, the dark ones contain the Co metal sites.
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Fig. 5. The Mossbauer spectra of Coy 2sFep 750,BO3 (a) and quadruple
splitting distribution P(QS) calculated from experimental spectra (b).

The solid line in the part b fits the experimental results

The Mossbauer spectrum at room temperature presents a sum of quadruple
doublets associated with the iron ions occupying nonequivalent crystallographic po-
sitions (Fig. 5a). The quadruple splitting P(QS) distribution was calculated and re-
vealed four maxima that correspond to the four nonequivalent crystallographic posi-
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tions (Fig. 5b). The maxima positions were used to form the model spectra. Then the
complete row of hyperfine parameters was varied to fit the model to the experi-
mental spectra in the frame of least-squares method in the linear approximation. The

results are shown in Table 5.

Table 5. Hyperfine parameters for Co,.2s5Fep750,BO3 measured at room temperature. IS —
the isomer shift relative to aFe (£ 0.01 mm/c); QS — quadruple splitting at the iron sites (£ 0.02
mm/c); W — linewidth at half-height for all the Lorentzian used ibn the fitting (+ 0.02 mm/c),

SMessb — iron occupation factor (£ 0.03).

IS QS w SMessb Position
0.38 1.84 0.37 0.10 1
0.39 0.72 0.29 0.18 2

- ~2.2 — <0.01 3
0.37 1.06 0.38 0.72 4

The isomer shift points out that the Fe ions are trivalent and occupy the octa-
hedral positions 1, 2 and 4. The position 1 is being least occupied, the position 4 is
being most occupied and the position 3 is almost free from iron.

To understand why the iron ions clearly prefer the positions 2 and 4, we have
calculated the gradient of electric field, created by the oxygen octahedron for every
transition metal position in Co,.sFeq750,BO05 ludwigite. Electric field gradient ten-
sor characterizes the degree of the oxygen octahedral distortion. In the common
case, this tensor is nonsymmetrical. Nevertheless, for the qualitative analysis it is

sufficient to define only the main tensor component:

v, =2ey st
where o is the angle between the main electric field tensor direction and oxygen an-
ion radius-vector, r — the bond M — O length, e — elementary charge. A point charge
model and X-ray data were used. The values of V,, for the four nonequivalent crys-
tallographic positions for all ludwigite series are presented in Table 6, which shows
that the oxygen octahedra around the sites 2 and 4 are less distorted in comparison
with the octahedra around the site 1 and especially 3. The comparison of the site oc-
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cupation data for Mn** and Mn** ions with the EFG values for each sites did not re-
veal any direct correlation between them, as it was in the case of Cos4FeO,BO;
[10].

In another words, the field rounding the transition ion, is more symmetric in
these two cases. Knowing that Fe*" is d° ion, being in S-state with a spherically sym-
metric electron cloud, one can assume that it is the reason for it to occupy the most

symmetric states 2 and 4.

Table 6. Calculated EFG value in nonequivalent sites for all studied samples

Position Co3BOs Coz.25F€75sBOs Co01.7Mny 3BOs Co2:53Cup 12BOs
1 0.171 0.193 0.267 0.160
2 0.204 0.045 0.184 0.018
3 0.281 0.242 0.216 0.234
4 -0.028 -0.017 -0.021 -0.052

In the present work, we aimed to investigate the temperature evolution of the
MS spectra in the temperature interval 80-300 K. The spectra were obtained for a
powder sample of crushed Co,,sFey750,B0;3 single crystals (see Fig. 6). At first
glance, the most evident feature is the pronounced temperature evolution upon cool-
ing which begins near 110 K, where the splitting of quadrupole doublets into sextets
by hyperfine field becomes observable. It is noteworthy to remark that magnetic or-
dering begins near the same temperature as for Fe;0,BO3, while Co3;0,B03, much
closer in cobalt content to our Co, ,5Fe 750,B03, does not show such a transition.
The second feature that attracts attention is the broadness of MS spectra lines
which is much larger than for the parent compound Fe;O,BO; [26], pointing out a
high degree of disorder in our system. As we know from our RT X-ray and MS data
none of the four distinct crystallographic positions in Co,,sFey750,B0; is totally
filled by iron or totally free from it. Therefore, even being in the same crystallo-
graphic position, iron ions can have different number of Co and Fe ions among their
neighbors, different degree of oxygen octahedral distortion, and possible different
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oxidation state. All these factors prevent the true assignment of MS spectra lines

from the fitting.
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Fig. 6. Mossbauer spectra of Coy 25Fe 750,BO3 at different temperatures.
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Nevertheless, at high temperatures down to T =120 K the MS spectra can be
well described by four doublets. The isomer shift values & for three of them (D2, D3
and D4, Fig. 6) are typical for iron ions in the trivalent state. For the doublet D1 the
isomer shift value is higher and indicates that there are iron ions with a valence state
less than 3. The temperature dependence of the isomer shift values in the paramag-
netic state shown in Fig. 7 are close to those for Fe;0,BO; [26]. However, contrary
to [26] now there is no contribution from the ions with & > 1 mmy/s (typical for Fe?").
One of the doublets marked in Fig. 7 as D4 clearly dominates in the area, so it seems
possible that it corresponds to the trivalent iron in the position 4. Between 110 and
120 K the splitting of the doublets begins and below 110 K the MS spectra may be
described by four sextets and one low area doublet with 6 = 0.75 mm/s and quadru-
pole splitting Q = 1.25 mm/s. In the paramagnetic state, this doublet is depicted by
D1 line in Fig. 7. Note that the authors of [26,34] also have described the MS spec-
tra for the parent Fe;O,BO; between 70 and 115 K by some sextets and one doublet.
They have assigned it to the divalent iron ions in the position 1. According to MS
data [34], only these ions are magnetically disordered in Fe;0,BO; downto T =70
K, at the same time the other Fe ions order magnetically near T = 110 K. In our case
this doublet also probably corresponds to the iron ions in the position 1, but its rela-
tive contribution is small (about 5 per cent in area). Moreover, the isomer shift value

2.5+

for this doublet is closer to Fe*** and not to Fe?".
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Fig. 7. Paramagnetic state: the isomer shift temperature dependencies.

Below T =110 K the isomer shift and quadrupole splitting values for the iron
in the dominant position 4 are temperature independent (6 = 0.46 mm/s, Q = 1.0

mm/s) and the hyperfine field By increases as the temperature decreases (Fig. 8).
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Fig. 8. The hyperfine field temperature dependence for the iron ions in the position 4.
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Comparing our MS data for Co, ,sFey750,BOswith the same obtained for the
parent compound Fe;O,BO; one can conclude that the picture is very similar in both
cases, but in the solid solution compound the MS spectra lines are broader because
of high degree of disorder. For this reason it is hardly possible to define the contri-
bution of each iron state to our MS spectra. However, we clearly see the onset of
magnetic ordering near 110 K as in Fes0,BO;. Thus, a fraction of the magnetic ions
remain disordered down to 70 K. Probably they are iron ions in crystallographic po-

sition 1, but in our case of Co,,sFep 750,BO; their contribution is small.
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5. MAGNETIC PROPERTIES OF LUDWIGITES

In this section the results obtained from rotating angle M(6,T) and M(H)
measurements for the parent compounds Cos0,BO; and Fe;O,BO; are present-
ed This facilitates the understanding of the Co, sFey750,BO3 magnetic properties. It
Is known that in both Co and Fe pure compounds the ¢ axis is a hard magnetization
direction, therefore only the anisotropy in the ab plane has been studied below. Re-
sults of magnetic properties for Mn- and Cu-substituted samples are presented be-

low the accurate study of Co-Fe ludwigites.

5.1 Magnetic behavior of Co;0,BO;

This compound has just one magnetic phase transition to a ferromagnetic phase
at Tc=42 K [53]. In M(6,T) measurements we could determine that the easy magneti-
zation direction (EMD) in the ordered phase is the b axis (not shown). In Fig. 9 the
hysteresis cycles for the compound Co3;0,BO;, measured below T¢ on a single crystal
along its b axis, are given. Though the remanence magnetization M, =3.4(1) ug/f.u.
remains practically constant, the coercive field H. increases as temperature is lowered.
The small slope of M(H) at high fields indicates the existence of a small superimposed
antiferromagnetic susceptibility, with the value ya=0.024(1) (emu/mol) (see Table 7
). Besides, in the hysteresis cycles measured at fixed temperature T=2 K, Fig. 10, the
coercive field increases when the angle &, between the applied field and the b axis in-

creases, following a 1/cos 6, dependence.
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Fig. 9. Hysteresis cycles Co30,BO3 sample as a function of T (T< Ty).
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5.2 Angular magnetization dependencies of Fe;0,BO;

This compound is known to undergo a charge order transition at T¢p=283 K,
and 3 successive magnetic transitions as temperature is lowered (P-AFM1-F-
AFM2). The transition temperatures we have measured are Ty;=110.7 K, Ty,=69.2
K, and Ty3=30. K, in reasonable agreement with previous findings [34]. It is conven-
ient to remember in the discussion below that in all ordered phases the Fe, and Fe,
sublattice magnetizations are parallel to the b axis. Nevertheless, only in the F phase
the Fe; and Fe; sublattice magnetizations bear a non-zero moment along the a axis,
as determined from NPD measurements [28], and the AFM2 phase could not be dis-
cerned from NPD. However, MS gave evidence of this low temperature phase when
the @ angle between By and V,,(electric field gradient) for the different Fe sites be-
came different from those in the AFM1 or F phases [34].

Surprisingly the detailed magnetization anisotropy directions of the different
phases in this much studied compound have not been unambiguously determined up
to date since the measurements were performed on randomly oriented powder or
small collections of crystals. To unravel this question the same methodology of ro-
tating sample magnetometry around the ¢ axis has been applied to a Fes0,BO; sin-
gle crystal. In Fig.11, where the M(4,T) data measured at 50 kOe are shown, it is ev-
idenced that the antiferromagnetic phase AFM1( Ty >T >Tyy) is anisotropic, with
the a axis as EMD at H=50 kOe. Below Ty, the ferromagnetic phase F is strongly
anisotropic, with a axis as EMD. The magnetization reversal process is characteris-
tic for a system of anisotropy field much higher than the coercive field (see below).

In Fig. 12 the hysteresis cycles measured along the a direction at different
temperatures are depicted. As the compound is cooled from room temperature, at
Ty the F phase cycle opens, as expected for a ferrimagnetic phase. The coercive
field increases with decreasing temperature and the remanence M, decreases. At
T=30 K there is no coercivity and M, becomes zero, as the system transforms into
the new AFM2 phase (see Fig. 12 inset). This temperature is 9 K lower than Ty, re-

ported earlier [28]. In stark discrepancy with the value of M,=2.65 pg/f.u. deduced
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from the NPD, we find that M,(Ty\2)=0.16 pg/f.u., which, on the other hand, is in
good agreement with the value given in Ref. 4 for a collection of crystals (=0.1
ug/f.u.). Additionally, in NPD it was found that the Fe; and Fe; magnetic sublattices
give rise to the ferrimagnetic character since they have opposite contributions to the
magnetization in the a direction [28]. Therefore, the reduction of M, indicates that
there is a compensation process of the Fe; and Fes sublattice magnetization as tem-

perature decreases below Typ,.
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Fig. 11. The projection of the magnetization of Fe30,B0Os in the direc-
tion of the applied field upon rotation around the c axis. H = 50 kOe.
Note the change of anisotropy EMD at 10 K <Tys to the b axis, while

at all other temperatures it is along the a axis.
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The high-field slope of the hysteresis curves allows us to determine the subja-
cent antiferromagnetic susceptibility yar (T) (see Fig. 12 inset). It has the tempera-
ture dependence of an antiferromagnetic system measured along the parallel direc-
tion, with ordering temperature at the point of maximum slope below the maximum,
which corresponds nicely to the Ty, temperature. Since only below this temperature
Fe; and Fe; sublattice moments become nonzero, as observed by NPD, it can be
stated that these sublattices are at the origin of the AF subjacent susceptibility along
the a axis. This interpretation is slightly different from the conclusion reached from
MS that only Fe, sublattice orders at Ty, [34]
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Fig. 12. Selected hysteresis cycles of Fe;0,BO; sample at different
temperatures, with H parallel to a axis. Inset. Subjacent antiferromag-
netic susceptibility yar in the a direction, determined from the high

field slope of the M(H) cycles.

M, (T) and Mp(T), measured at 50 kOe along the a and b axis, respectively, illus-
trate this compensation behavior clearly (Fig. 13). The transition at Ty; gives rise to
a change of slope in M, only, while the transition to the ferromagnetic ordered phase
at Ty, shows a peak in both M,(T) and My(T), as could be expected for the estab-
lishment of ferrimagnetism [40]. Below Ty, there is a decrease in My(T) as a conse-
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quence of the progressive compensation of the Fe; and Fes sublattice magnetization.
In fact, at TnsMa(T) = My(T) and the anisotropy is planar within the ab plane. Below
this temperature, b is the EMD of the anisotropic AFM2; i.e. orthogonal to that in
the AMF1 or F phases.
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Fig. 13. Ma(T) and My(T) measurements for Fe;0,BO3

5.3 Magnetic properties of mixed Co, »sFe 750,BOsludwigite.

First, the evidence for the presence and character of the magnetic phase transi-
tions in this compound is obtained from the temperature dependent susceptibility and
magnetization measurements, and later the anisotropy of the single crystal is analyzed

by means of the angle dependent magnetization and hysteresis cycles data.

5.3.1 Magnetization temperature dependence.
Field cooled (FC) and zero field cooled (ZFC) single crystal dc magnetization

measurements were performed with an applied field of 100 Oe and 600 Oe on a single
crystal. As it is seen in Fig. 14 there is a sharp increase of the FC and ZFC magnetiza-
tion near T = 70 K (Fig. 14), then FC value decreases when cooling and ZFC drops to

zero, being peak-like. Comparing the present data for Co, »sFey750,BO; with the same
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obtained in [29] for Co,FeO,B0O3, one can see that they are very similar. The shape of
magnetization temperature dependence is closer to Fe;0,BO; [30], and it is rather dif-
ferent from the same for Co30,BO; [58]. There is no sign of the magnetic ordering at
42 K; i.e. the characteristic temperature of Co30,BO;, indicating the absence of het-

ereogenity in the sample.
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Fig. 14. The magnetization temperature dependence of a

Coy25Fe0 750,BO3 single crystal.

5.3.2 AC magnetic susceptibility.
The F transition can be clearly observed in ac magnetic susceptibility tempera-

ture dependence at Tc = 70 K. For these measurements, a single crystal was not large
enough to give a good signal to noise ratio, so the collective signal for several samples
was measured. The temperature behavior of real y’ and imaginary y”” components of
magnetic susceptibility is shown in Fig. 15, where a large peak at 70 K and a small
anomaly near 115 K are visible. The latter is reminiscent of the AFM1 transition in
Fe;0,B0; and corresponds to the beginning of magnetic ordering in our material seen
from the temperature dependence of the MS hyperfine field. The large susceptibility
peak is frequency dependent, pointing to domain wall motion of the ferrimagnetic
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domains. This peak is slightly shifted to higher temperature as the frequency increas-
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Fig. 15. The real and imaginary components of Co; 2sFep750,B03 mag-

netic susceptibility temperature dependences. The arrows point the

magnetic transitions: a large peak near 70 K and a small anomaly near

115 K.

These ac-susceptibility data are also very similar to those for Co,FeO,BO; [29].
The analysis of the y4 " obtained with the ZFC measurements allows determining the

Curie constant C and the Curie-Weiss temperature 6c. The results are given in the Ta-
ble, together with the values for the end members of the row and Co,FeO,BO; [29].

For all compounds, the 6c value is negative, pointing out the predominance of antifer-
romagnetic interactions. The module of 6c increases with Fe content in a regular
trend. Consequently, the AF component of exchange interactions value is higher for
iron ions than for cobalt ions. Our results are in the whole consistent with those previ-
ously obtained except the value of the effective magnetic moment in the paramagnetic
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phase, which in Co,5Fey750,B0; is closer to Cos;0,BO; than to Co,FeO,BO;, as
shown below. Earlier, the authors of [13, 14] have defined the effective magnetic
moments values averaged for one magnetic ion. In our Table 7 their results are recal-
culated to effective magnetic moment per formula unit. As for the effective magnetic
moment of Fe;0,B0;, defined in [30], there are some questions about it. The authors

of [4] claimed the effective magnetic moment to be 6.6 ug. At the same time their val-

9 emu- K

In our opinion gives ues = 9.34 ug per formula
mol - Oe

ue for Curie constant C = 10.

unit. Namely, this value is presented in the Table 7 (Column 4) for comparison. All

the values calculated by us using the data of [29,30,53] marked by an asterisk (*).

5.3.3Magnetic hysteresis.
The main characteristic of Co,5Feq750,B03 is its high anisotropy. Indeed, with

the rotating sample holder option which allows to measure the projection of the mag-
netization along the field direction it was found that the easy axis of magnetization is
b, [010] axis. This is evidenced in Fig. 16, where M(#,7) at H= 50 kOe and different
temperatures as a function of the applied field angle &, with respect to the b axis,

when the sample is rotated around the c axis, are given.
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Fig. 16. The projection of the magnetization of Co;25Fe 750,BO3 in the
direction of the applied field upon rotation around the c axis. H = 50
kOe.

At this field and T=5 K the anisotropy along the b axis is so strong that the magnetiza-
tion remains oriented along that axis in a 180° revolution, and M(6) is fitted with a co-
sine function superimposed to a constant antiferromagnetic component. This proves
without any ambiguity that the magnetic anisotropy of this crystal is uniaxial along
the b axis direction, and implies that at this field and temperature the crystalwas satu-
rated in the single domain state. When temperature rises, the anisotropy decreases, so

that above a certain temperature the applied constant field is capable of inducing
magnetization reversal from the [010] direction to the [OTO] direction (Fig. 17, 40 K).

The reversal of the magnetization is very abrupt, that is, the effect due to the field

component perpendicular to the b axis is reversible but very small, and remains so till
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the magnetization reversal, while the magnetization reorientation in the b direction is

irreversible. Therefore, the field component parallel to the b axis produces the mag-
netization reversal whenHcosé, ~H¢, where HQ is the coercive field in the b direc-

tion. This behavior is characteristic for systems where the coercive field is much
weaker than the anisotropy field. The magnetization reversal cannot be at unison, but
instead by curling or buckling, and appearance and displacement of domain walls
within the sample. It is noteworthy that the anisotropy remains visible above T¢ and
Ty, Up to the paramagnetic phase. The coercive fields at 20, 30 and 40 K could be de-
termined by the angular rotation of the applied field method (Fig. 16, for T = 40 K).
We have obtained the following Hcvalues, 44 kOe, 22 kOe and 13 kOe at 20K, 30K
and 40 K, respectively. As we will see below, these values are similar to the values

found from actual hysteresis loops.
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Fig. 17. The projection of the magnetization of Co;2sFeg750,BO3 in the
direction of the applied field upon rotation around the c axis. Note the

moment reversion at 110° and return at 288 °.

The Co, 25Fe0750,B03 is highly anisotropic, therefore the M(H) hysteresis cycles
have been measured at several temperatures in the directions parallel to the ¢ axis and
perpendicular to it (b axis) on a single crystal (Fig. 18), in the temperature range 70

42



<T< 115 K. In the c direction the material behaves as a simple antiferromagnet with a
linear magnetization curve at all measured temperatures. Thus, the magnetic moments
in the compound are fully compensated in the c axis. In contrast, in the b direction the
hysteresis cycles below 115 K shows an increase in the magnetization which indicates
that already non compensation of the moments sets on below that temperature. Below
Tc the hysteresis cycle is open, thereby showing the existence of ferro- or ferrimag-
netic ordering. Both curves tend to the same high field limit, which indicates that the
Co sublattice is already contributing to the magnetization in the region Tc<T<Ty, but
since the Co sublattice is not yet magnetically ordered it is due to polarization of the

Co moments by the Fe ordered sublattice.
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Fig. 18. Hysteresis cycles as a function of T (T > Ty).H applied along
the b and c axes.

The coercive field increases drastically as temperature is lowered (Fig.19), with a
measured maximum H¢Z =90 kOe at 10 K. Below that temperature the coercive field
becomes larger than the maximum applied field, 90 kOe, of our set up. This is an ex-
traordinary high coercivity. Superimposed to this fascinating feature is an AF compo-

nent, expressed as the absence of saturation and linear dependence of the magnetiza-
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tion with the field at high fields. This behavior is characteristic for an uncompensated
antiferromagnet, or a ferrimagnet. Thus, the high field branches of M(H) are not satu-
rated, but have a positive slope yar. The maximum values of yar obtained for our
sample and those of Fe;0,BO;, Cos;0,BO; and Co,FeO,BO; [29,30,53,59] are quite
close to each other: yar~ 0.03 emu/mol (see the Table). That is, there are several sub-
lattices with AF coupling but with incomplete compensation in this material. It was
found that yar is practically isotropic at a fixed temperature. Besides, the remanent
magnetization M, is almost independent of T at low temperatures, and at the coercive
field the difference between the magnetization in the up and down orientations is
AM=2M;, which implies that the ferromagnetic component of the magnetization is
saturated at a value M=M,. The remanent magnetization M, and dc susceptibility val-
ues yar extracted from hysteresis loops are collected in the Table 7 together with the
data obtained earlier in [29,30,53,59] for Fe;0,B03, C0;0,B0; and Co,FeO,BOs.
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Fig. 19. Hysteresis cycles of Co, 2sFe750,B03 sample as a function of
T (T < Ty).H parallel to b axis.

In Fig. 20 the Hc(T) curves found for the three samples are compared along their
corresponding EMD. For Co30,B03; Hc(T) in the b direction increases only below 10
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K, while for Fe;0,BO; H¢ increases rapidly as temperature decreases once the F phase
Is reached at Ty, and becomes zero below Tys. It becomes evident that there is a
strong increase of HZ (T) upon Fe substitution of Co, i.e. at T=10 K the ratio of H

between that Co, ,sFep 750,B03 and Coz0,BO; is about 40.

100

—m—0.00 Fe
—o—0.75Fe
—A—3.00 Fe

H "°(kOe)

Fig. 20. Hg (T) forH parallel to b axis. The data for Co, sFeg 750,B03
(@), Co30,BOs (m) and Fe30,BO3 are shown.

Table 7. Collected magnetic transition temperature data for Cos.xFexO,BO3 from y.c, Easy Magneti-
zation Direction at T<Tc, high T susceptibility (Columns 5-8) and hysteresis cycles. By (*) we mark

the values, calculated by us using the data presented in [29,43,58]. In bold, present work results.

X 0 0.75 1[29,33] 3
Tna(K) 53 50, 30
Tc(K), Tnz(K) 42 70 70 74
Tn(K), Tha(K) 115 117 112
EMD (T<T¢) b b ? a
tesi /.U, 1) 7.20 7.28(2) 7.53 8.01, 9.34*
uslf.u.( ug) 7.35 7.89 8.06 9.11
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wilf.u.( up) 5.52 6.27 6.51 9.01
0c(K) -25 -69(3) -82 -436
My (ug/f.u.) 1.8*, 3.4(1) 0.9(1) 0.48 2.36",0.16
yae(emu/mol) 0.024(1) 0.029(3) 0.036 0.020°

As can be seen for Co,,sFeq750,BO3 ( Fig. 21, inset) when the external field is
applied at an angle &, from the b direction the coercive field increases approximately
as 1/coséy (Kondorsky law) [60]. The same dependence is found for Cos0,BO; (Fig.
10, inset). It is justified at low temperatures in view that the M(éy) curves can be fit-
ted with the expression:

M (6,) =M, cosb,, + yH

As mentioned above, the compliance of this 1/coséy dependence of the angular
dependence of the coercive field is characteristic of coercive fields smaller than the
anisotropy field. The reason for this behavior may be stress anisotropy or defect pin-
ning of domain walls. Since we are dealing with a single crystal we do not expect
stress as an origin of anisotropy but, on the other hand, it is a substitutional system,
where many defects in the crystal may be present, therefore, pinned domain walls may
account for the coercive field. The coercive field in the b direction due to this mecha-
nism, with 180° domain walls being created and propagated at the switching field

gives a coercive field:

He @) )=—2F
() c0s 6, IM "’

where y is the domain wall energy and | is the average defect-defect distance. The
temperature dependence of this coercive field enters via the dependence of the wall
energy on the anisotropy constant K, » o« \/AK, , where A is proportional to the ex-
change coupling [61]. For comparison sake, at the same temperature T=10 K, and
64=0 one obtains, H2M, :IZ:8.73 x 10° and 7.46 x 10> G* for Co,5Fe,750,B0and
Co050,B0;, respectively, i.e. an order of magnitude increase upon the Co substitution

by Fe. Since T.is larger and therefore A is larger for Co, »sFeq 750,BO03 but not enough
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to explain the observed increase, and K; may be similar in both compounds.It can be
concluded that the main reason for the increase in coercivity field is the increase of
number of defects in the crystal upon the introduction of Fe, which in turn reduces
strongly the average distance between defects I.

The comparison of M, of Co,,sFeq750,B0; with that of Cos;0,BO3, may now be
done with the new measurements of the hysteresis cycles of the latter compound sin-
gle crystal, since in Ref. 13 it could not be discerned whether their M, data corre-
sponded to a single crystal or a collection of crystals with different orientations. The
value found is M; = 3.4(1) ug/f.u., i.e. much larger than the previously published re-
sult, most probably because of the fact that our measurement was on an oriented sin-
gle crystal. Besides, in the present work the remanent magnetization in the Fe;0,BO;
a direction was found in the F phase to be M,(T=65K) = 0.16 pg/f.u., similar to the
average value previously published of 0.1 pg at 70 K [30], and drastically different
from powder neutron diffraction [28] 2.36 ug/f.u. On the other hand, the value given
for Co,Fe0,BO; (0.48 pg/f.u.) [29,33] is half that found for Co,zsFeq750.B0; (0.9
ug/f.u.), although we explain this difference in the former compound as due to possi-
ble misorientation of the crystal in that paper. From this comparison a very puzzling
conclusion is drawn. The effect of substitution of 25% of Co atoms by Fe is a dra-
matic decrease of M,, which cannot be explained by Co moments (u=7.2 115) being

substituted by Fe ones (e =9.34 ).
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Fig.21. Hysteresis cycles of a Co,s5Fep750,B03 single crystal at T=50
K, as a function of rotation around the c axis. The extreme values 6y
are indicated. The inset shows the variation of Hcas a function of 6n.

The fit to a 1/cos& function is also shown.

It is important to estimate the expected values of the effective moment per for-
mula unit in the paramagnetic phase for the considered set of ludwigite compounds to
understand whether the orbital moments of magnetic ions are quenched or not. To an-
alyze this question, first, the orbital component of magnetic moment is neglected and

the spin component of the effective moment is calculated according with the formula:

,u: :ngsi (S, +1), accounting for the contribution of each type of transition ions. We

assumed that all ions are in the high spin state and that in the mixed ludwigites all iron
ions are in trivalent state. The spin values of magnetic ions are the next: (Co**: $=3/2,

Co**:S=2, Fe?": S=2 and Fe*": S=5/2), g = 2. There are two divalent ions and one triva-

3(3
lent ion in formula unit. Then for Co;0,B03: s =\/4-(2-§[§+1J+1-2(2+1)j =7,35 145

3(3 5,5
By analogy, for Co,FeO,BO;: ﬂs=\/4-[2-§(E+1j+1-5-(§+1)j=8,06 g and for
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Fe;0,BO0;: x :-\/4£2-2-(2 +1)+1-§-@+1D =9,11 1. These values shown in the Table 7

(Column 5). Secondly, we have tried to estimate the expected values of formula unit

effective magnetic moment taking into account its orbital component. In this case

,uj = ng\]i(Ji +1). The scheme of Co ion electron levels is very sensitive to the crystal

field and it is not available at present for all cases of distorted oxygen octahedra in
ludwigite structure. Therefore, we have used the results of Z. Ropka and R.J. Rad-
wansky [62], which have calculated electron levels energies and g values for different
J for cobalt ions in LaCoOs. According to them, we have assumed for high spin d°
ions Co®" and Fe?*: J=1, g=3.4. For high spin d’ ion Co*" we assume J=1/2, g=2.21.
And for d” ion Fe*" it is clear that J=5=5/2 and g=2. The corresponding values of for-
mula unit effective magnetic moment w;are in the Table 7 (Column 6). Comparing the
calculated values of us and w; with the experimental value ue,0ne can see that the spin
value usis closer to it than w;. So, we can conclude, that the orbital moments of Co and
Fe ions are almost quenched.

One striking result of this work is the drastic reduction of magnetic moment in
the b direction with respect to the Coz0,BO3; compound. A naive accounting of the
magnetic moment per Co in Co30,B0O; yields mcg atom=M/3=1.15 ug/Co along the b
direction, therefore in Co, »5Feq 750,B05 the Co sublattice should account for me, subiat-
tice=2.58 w, While the observed M,=0.9 ug. The difference can be conjectured to be
caused by the Fe moments being oriented with a component of the Fe sublattice
Me.=1.68 ng(2.24 ug/Fe atom) opposing the net moment of the Co sublattice. Indeed,
if the Fe moments order similarwise to Fe;O,BO3, the moments at sites 2 and 4 would
be oriented in the b direction and would tend to compensate one with each other, and
would also oppose the Co magnetic moment in that direction. There should be an in-
terplay of compensation of Co moments in the diluted compound and probably Fe-Co

antiferromagnetic interactions to account for the reduction of M.
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5.4 Spin-glass behavior of Co; ;Mn; 30,BO;

The results of magnetic measurements are presented in the Fig. 22-24. Fig. 22
shows the ZFC and FC temperature magnetization behavior M(T) in the fields 1 and
50 kOe. The first that catches the eye is the magnetic transition near 7y = 41 K, very
close to the similar one in Co30,BO;. The next is the strongly pronounced splitting
of ZFC and FC M(T) dependencies below T\. Despite the closeness of magnetic or-
dering temperatures in Coz0,B0O3; and Co; ;Mn; 30,BO; the type of magnetic order-
Ing in these two compounds is obviously different. Instead of the ferromagnetic par-
ent Co30,BOs, in the latter compound the most probable type of magnetic ordering
Is the spin-glass freezing. The magnetization curves M(H) also evidence in favor of
this proposal. In the ordered state M(H) dependencies look as slightly open hystere-
sis loops with low remnant magnetization values (Fig. 23).

Assuming that the position 4 belongs to the trivalent ions and taking into ac-

count site occupation factors, one can write the valence formula of our mixed lud-

wigite as CoZ,MnZ: Co}.Mn®: (0,BO,)"". Then the average effective magnetic mo-

ment per one transition ion can be calculated as

) 22
n

2.3 5+an+n ~§-z+(n§;+nfﬂﬁ])-2-3
Her =9 :

Here n is a total number of magnetic ions in the formula unit. Accounting
e =137, % =063 (¥ +n¥)=L n=3, we get pes= 4.71 pg, in a good agreement
with the experimental value. Therefore, the magnetic data confirm the suggestion of

closeness of Mn®* and Mn** concentrations in our compound.
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Figure 22. Field cooled (FC) and zero field cooled (ZFC) temperature
magnetization dependences of Co;7Mn;30,BO3 single crystal in the
magnetic field H=1 and 50 kOe. The onset of the magnetic ordering is
near 41 K.
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Fig. 23. Magnetization isotherms of Co; 7Mn; 30,BOs.
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magnetic field. The inset show the deviation of 1/y from Curie-Weiss

law.

At the temperatures above the magnetic transition, Co;;Mn;30,BO3; shows
the typical paramagnetic behavior. The inverse magnetic susceptibility temperature
well obeys Curie-Weiss law at temperatures higher than 100 K (Fig. 24). The para-
magnetic Curie temperature ® = — 100 K is negative pointing out the predominance

of antiferromagnetic interactions. The effective average magnetic moment per one

magnetic ion is e = 4.83 ug (Table 8).

5.5 Magnetic properties of Co,ggCug1,0,BO0;

The dc-magnetization has been measured as a function of temperature for two
different values of magnetic field: 0.6 and 50 kOe. Fig.25 shows the FC and ZFC
magnetization behavior for a 0.6 kOe field. The magnetization data show that the
C0,.83CuUg.1,0,BO; ludwigite sample has a high magnetic anisotropy. The magnetic
moment measured for a field directed along the a and c crystallographic axes was

about 100 times smaller than that along the b-axis. These values are near the sensi-
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tivity limit of the magnetometer. With the magnetometer used here, it is impossible
to provide perfect coincidence of magnetic field direction with any crystallographic
axis, so that a small projection of the magnetic moment along b could contribute to
the measured signals for the a- and c-directions. For these reasons we ignore the a
and c data and concentrate on the values of M measured with the magnetic field
along the b-axis. These indicate that the magnetic transition occurs near T¢c=43 K,

the same as the critical temperature for unsubstituted Cos0,BO:s.
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Fig. 25. FC and ZFC magnetization curves Co,.gsCug120,BO3 in mag-
netic field 0.6 kOe

In the parent compound Cos0,B0O; the magnetic transition is followed by a
pronounced A-anomaly in the heat capacity, which confirms its first order character.
In Co,45CuUQ12,0,BO; the magnetic transition in a 0.6 kOe field varies sharply with
temperature which suggests that it is similar to the transition in Co3;0,B0Os;. The FC
and ZFC dependences for H=0.6 kOe are very different at low temperatures. They
diverge sharply at T4,=21 K, considerably below the magnetic transition tempera-
ture. This is not usually so in spin or cluster spin glasses [63].1t seems that in the
case of Co,g3Cuq1,0,B03, by analogy with Co;0,B0Os, the divergence of the FC and
ZFC curves is caused by the motion of domain walls, rather than by freezing of the

magnetic moments.
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Table 8. Collected magnetic transition temperature data for Co; 7Mn; 30,BO3 and Co,.5Cup 1,0,BO3

in comparison with Co3BOs

TC ’ TN! Heff IJS Mr, XAF!
EMD ' ' K
Tsg, K HB/ f.u. HB/ f.u. 9, p.B/f.U.. ].LB/ f.u../Oe
1.2 (b) 6
C03BOs 42 b 7.20 7.35 154(a) 3.4 1.59-10
C0755CUp 12BOs 43 b 6.63 7.25 -12.6(b) | 0.94 16.6-10°®
Co;7Mn; 3BOs 41 - 8.15 8.36 -100 0.024 0.8-10°

On the other hand, the M(T) measurements in a high (50 kOe) magnetic field
indicate similar behavior of the FC and ZFC magnetizations (Fig. 24). In the para-
magnetic phase at T > 150 K the inverse magnetic susceptibility temperature de-
pendence (the inset to Fig. 24) obeys the Curie-Weiss law, quite well. The effective
magnetic moment is e =3.83 pg calculated from the Curie constant C is slightly
lower than that for Co;0,BO; (Table 8). The paramagnetic Curie temperature ® = -
12.6K indicates a weak predominance of antiferromagnetic interactions. Between 43

and 150 K, magnetic correlations cause the deviations from Curie-Weiss behavior.
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Fig. 26.The hysteresis loops corresponding to the magnetization iso-

therms of single crystal Co,gsCug120,B0O3. The magnetic field is paral-
lel to the b-axis
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In the magnetically ordered phase, the magnetization curves show the appear-
ance of hysteresis loops (Fig. 26). The loops are in the form of parallelograms,
symmetric, with no shift relative the coordinate origin. The coercive field is almost
40 kOe at 2K and the remnant magnetization is close to 20 emu/g, which corre-
sponds to 0.32 pg per magnetic ion. The maximum value of the magnetization for a
magnetic field of 50 kOe is near 1.16 pg/ion, while the theoretical magnetic moment
(spin only) value for Coz0,BOs is 3.3 pg /f.u. Thus, the experimental magnetic mo-
ment is far from the maximum possible value, which suggests partial compensation.
The magnetization does not saturate up to H=50 kOe at any temperature. The high
field branches of the loops are nearly linear, which indicates a possible antiferro-
magnetic contribution to the magnetic moment. The observed behavior of M(H) is
very similar to that in the parent Co;0,BOs.It seems that in both compounds the

magnetic ordering at 43K is ferrimagnetic.
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6. THEORETICAL STUDY OF LUDWIGITE MAGNETIC STRUCTURE

A theoretical study of the observed magnetic behavior of the samples was car-
ried out according to the indirect exchange coupling model. The parameters of the
electron transfer (b, c), the intra-atom exchange integral (J), and the ligand-cation
electronic excitation energy (U) are used as the basic parameters in the model. Only
the nearest metal-oxygen-metal neighbors (Me-O-Me) are taken into account. Rela-
tions with the next neighbors of the type Me-O-Me-O-Me are not taken into account
in calculations. Complete expression of the exchange interaction is the sum of the

integrals of the exchange over all individual orbits cation-ligand-cation.
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Fig.27. The scheme of electronic levels for Co**, Co®*" and Fe**in
Co2.25F€0.750,B03. The main octahedral axis shown by bold

The scheme of the energy levels for Co*, Co®* and Fe**obtained from
Co,.5Feq750,B0; single crystal with respect to local octahedral distortions and the
population  of nonequivalent  positions, is shown in Fig. 27.
In the ludwigite structure occur two types of exchange interactions: 90 © and 180 °
indirect exchange interactions. In the latter case, the bond angle is taken into ac-
count by introducing cos® function. All the indirect interactions in the ludwigite
structure are shown in Fig. 28. The composition and the number of bonds are identi-

cal for the investigated set of ludwigites. The interactions between the nearest ions
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Is carried out through the two common oxygen ions in a 90° character (J1, J3-J7, J9
and J11). For the J10 exchange, the angle between the interacting cations in posi-
tions 2 and 4 is 162°. The connection between the zigzag walls is carried out

through a common oxygen atom with angles of 115 © and 119 °, respectively.

Ji1 1 20010 4 20010 J11

W W \ A
TZ R 1B

J7 J1 J7 Ji1 /20310 34 20J10 J11 )9

Loy BN € »
@

ol KX

a) b) <)

Fig. 28. Exchange interactions in spin ladder 3-1-3 (a),
4-2-4 (b) and between spin ladders (c).

6.1 Exchange interactions and magnetic structure of Cos.4Fe,0,BO;

We take into account the cation distribution and valence from X-ray data for
the calculation of indirect exchange interactions. The calculation is performed on
the assumption of a high-spin ion state (Sco’" = 3/2, Sco>" = 2, Ske’* = 2 and Sge”" =
5/2). Expressions for exchange integrals obtained for homometallic samples (Coj
0,B0O; and Fe;0,B05) and substituted ludwigite Co, ,5Feq750,B0; are shown in Ta-
bles 9 and 10 respectively.

Table 9.Exchange integrals forms for Co30,BO3 and Fe;0,BO;

Fe;0,BO; Co5;0,B0;

+

1
2 —c —(— 2c j(U . +U )}|005115°
1 Fe Fe

9
1 16
J3 —C{—(—b+cj(U . tU . )+CJ 2+i| iC[—(gb—klcj(U . +U 3*)+(Eb+§c)‘] z‘jl
20 3 Fe Fe Fe 12 6 2 Co Co 6 2 Co

57




Fe;0,BO; Co5;0,B0;
1 16 1 16 3 1
J4 EC{(;ijFey —ZC(U e +UFe2* ):l §C|:(€b+§(:)\]coz+ —EC(U o -|-UC03+ ):|
1 16 1 24 1 8 3
J5 —c| 2cd b—(—b)(U . +U 2+) —C (—b+—CjJ ” —(—b+—cj(u . +U b)
16 Fe 3 Fe Fe 9 6 2 Co 6 2 Co Co
1 8 8 1 8 1 8 3
J6 —cC (—b )J 2,—(—b+2c)(U . +U y) —c (—b+—ch 2+—(—b+—c)(u . +U )
20 3 Fe 3 Fe Fe 12 3 2 Fe 3 2 Fe Fe
1 16 1 16 3 1
J7 —c|| =b|J 2+—20(U . +U b) —c (—b+—cj\]c24——c(u . +U 2+)
16 3 Fe Fe Fe 9 3 2 0 2 Co Co
1 16
J8 i[—(EbZ+ZCZJ(UFz++U ) }|c05119°| —{cz.] D—(—b2+cz)(u _+U )}|cosll9°|
20 9 ¢ Fe 12 Co 9 Co Co
1 16 1 16
39 —C[CJ 2,—(—b+cj(u _+U )} —C{ZCJ o (LU )}
20 Fe 3 Fe Fe 12 Co 3 Co Co
1 16 1 16
110 —|:CZJ ) —(—b2+czj<u . +U 3+)}|005162°| —{2ch ) ——bZ(U L +U 3+)}|c05163"|
12 Fe 9 Fe Fe 12 Co 9 Co Co
Ji11 —ic[(§b+20)(u . +U )} ic[(gb+20)(u . +U )}
25 3 Fe Fe 16 3 Co Co

Table 10. Exchange integrals forms for Co3;0,B0O3; and Fe;0,B03; C0, 25Feg 75 O,BO;

Co,25Fe075 O,BO3

J1
1 16 3 1
—c (—b+—c]JCz+——C(U . +U 2+)
9 3 2 o 2 co co
J2 1(3, 16, 1,
§C[EC I —(gb +5C )(U o U )]|c03119‘1
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1 8 1 8 3
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12 3 2 Co Co 3 2 Co
0,54 12 1 4 3
—0c —(—b+—cj(u . +U 3+)+(—b+—ch N
15 3 2 Co Fe 3 2 Co
J4 0,14-0,14 16
+———cC|—| —b +2c (U . +U 3)} +
25 3 Fe Fe
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N L N (T |
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Co,25Fep75 O,BO3

%c ﬂb +1c J - 12b +3c (U » +U 3+)
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Table 11 lists the model parameters for each type of magnetic ion [64]. The
obtained values of the exchange integrals sre shown in Table 12. Using this meth-
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od,we are able to determine only the mutual orientation of the magnetic moments in
the structure, but for the complete analysis of the magnetic structure and comparison
with the experimental data, the spatial orientation of the magnetic moments relative
to the single-crystal axes is required. Theoretical group analysis [65] showed that

possible directions of the magnetic moments for the low-temperature phase of
Fe;0,BO; (the spatial group Pbnm (62)): position 1 — [100]; 2—-[010], [010], 3 —
[100], 4 — [010], [010]. For a ferrimagnetic state in Co-containing ludwigites (spa-
tial group Pbam (55)), this analysis yields the following results:

1) 1-[010], 2 — [010], 3 - [010]u 4 —[010];

2) 1-1[010], 2 -[010], 3— [010]x 4 — [010].

Tablell. Indirect exchange model parameters for cations

Co** Co> Fe?* Fe®* Mn** Mn** cu”*
Ine, €V 2.5 2.5 3.0 3.0 3.0 3.0 1.8
Uwme, eV 3.2 3.8 4.0 4.5 4.5 5.2 3.0
b 0.02
c 0.01

As can be seen from Table 12, most interactions have an antiferromagnetic
character. Ferromagnetic interactions are between Me* ions at positions 1-1, 2-2,
and 3-3 (J1, J4 and J7). Cobalt enhances the ferromagnetic contribution. The case of
Fe;0,B0;the most intense exchange areJ3, J9 and J11 and J5. J1, J2 and J7 present
the interactions inside the spin ladder 3-1-3 (Fig.28a), J4, J6, J10 and J11 are the
interactions inside the spin ladder 4-2-4 (Fig.28b) .The integrals J3, J5 , J8 and J9
describe inter-wall interactions (Fig.28c).

Cations 1 and 3 are connected to each other via oxygen atoms in the octahe-
dron vertex. Thus, the magnetic ions in the spin ladder 3-1-3 are located at the nodes
of the square lattice without diagonal bonds. Positive interactions J1 and J7 form

infinite ferromagnetic chains 1-1 and 3-3 along the c-axis. The interactions between
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the chains are antiferromagnetic and form a collinear spin structure. This coincides
with the experimentally observed neutron diffraction data in Fe;O,BO; (antiferro-

magnetically bound ferromagnetic chains along the c-axis) [27,28].

Table12.Exchange integrals value (K) for CosxFexO,BO3; (x = 0,0; 0,75; 3,0). Frustrated interac-
tions indicated in italic. Intense ordered interactions — by bold.

Fe302,BO; | Coz25F€0.7502BO3 | Co30,B03
J1 +1.16 +3.5 +3.5
J2 -2.64 -3.53 -2.89
J3 -5.38 -5.05 -4.51
J4 +1.16 +1.02 +3.5
J5 -5.70 +0.48 +1.0
J6 -2.29 -3.8 -2.42
J7 +1.16 +3.5 +3.5
J8 -2.58 -2.18 -2.44
J9 -5.54 -4.64 -2.4
J10 -3.58 -4.23 -4.23
J11 -5.29 -5.29 -5.45

In the spin ladder 4-2-4, the exchange interactions between all cations formed
through the octahedral common edges, which leads to the appearance of an addi-
tional diagonal interaction J10. The interactions J10, J11 determine the ordering in
the stairs 4-2-4 and form the infinite ferromagnetic-coupled antiferromagnetic
chains 2-2 and 4-4 along the c-axis. This was confirmed by neutron diffraction ex-
periment [28].

All the exchange interactions between the stairs in FesO,BO; are antiferro-
magnetic. The interactions between the ladders are J3 and J5, J8 and J9. lons 1-4-4
form a distorted triangular lattice. Thus, interactions are negative and have close
magnitudes: J3 = J3 = J11 = -5.3 K. This leads to frustration of the J3 interactions
(Fig. 29b).
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Fig.29. Interladder exchange interactionsin Fe;0,BO3 via Position 1.
Frustrated interactions indicated by red color.a) Frustrated and ordered
Interladder interactionsJ1, J2 J3. 6) Triangle magnetic lattice with am-
biguously spin orientation in position 1.

The magnetic ions in position 3 are at the apex of the two pyramids (Fig.
30). The triangular faces of the pyramids also lead to frustrations. As a result, the
magnetic structure of Fe30,B0Os is divided into two independent orthogonal subsys-
tems, which was found experimentally. In fact, due to frustrations, the exchange in-
teractions between the ladders are compensated, and the ordering in the stairs 4-2-4

and 3-1-3 occurs independently of each other.

S,
\'J‘

(35"
y

Fig.30.Interladder exchange interactions in Fe3O,BOj3 via cation posi-
tion 3. Frustrated interactions indicated by red color.
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Fig.31.Exchange interactions in ladder 4-2-4 8 C030,BO3. TéMHBIMBBI-
nenenaFrustrated interactions indicated by red color

As a result, magnetic chains appear along the c-axis with a strong antiferro-
magnetic coupling, which is accompanied by a doubling of the magnetic cell along
the c-axis. This was found in neutron diffraction studies [27,28]. Thus, the proposed
model reproduces the experimental features of the magnetic behavior of Fe;0,BO3.

Increase in the electron population of the Co t,-level in Co3O,BO; leads to an
increase in the ferromagnetic contribution. The interaction between ions in positions
2 and 3 changes its sign (from J5 = -5.7 K in Fe;0,B0; to +1.0 K in Co30,B05).
This stabilizes the collinear structure (Fig. 31). Such a configuration is possible
from the point of view of theoretical-group analysis, according to which the interac-
tion inside the 4-4 chain is ferromagnetic [65]. The ordering in 4-2-4 is antiferro-
magnetic, and between the stairs is ferromagnetic.

This does not lead to frustrations between the ladders (Figure 32 b). In posi-
tions 2 and 3, all exchange interactions are of ordering type and enhance the connec-
tion between the ladders, which facilitates the establishment of long-range magnetic

order in the sample.
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Fig.32.Interladder exchange interactions in Co3;0,BOsvia cation posi-
tion 3 (a) and 1 (b). Frustrated interactions indicated by red color.

Fig. 33. Proposed magnetic structure of a) Fe30,B03, b) Co30,BOs3,
Nonequivalent crystallographic positions indicated by numbers
Frustrated interactions indicated by red color.

In ludwigite structure there is a certain critical level of magnetic frustrations,
below which the long-range order throughout the sample is most preferable. This is
implemented in Coz0,B0Os. Calculation of the temperature of the magnetic transi-
tion in Coz0,B0; by the indirect exchange coupling model yields T¢ = 46 K, which
well agrees with the experimental data.
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Pattern of exchange interactions in Co,,s5Fe750,BO5; is most similar to
Fe;O0,B0O;. The nature of the interactions in the triads 4-2-4 and 3-1-3 is conserved,
which leads to the establishment of an antiferromagnetic order at Ty = 115 K and a
ferrimagnetic order at Tc = 70 K.

The complex study with the method of calculating indirect exchange interac-
tions and calculating possible magnetic structures, in accordance with theoretical
group analysis, makes it possible to construct a local magnetic structure of the
Fe;0,B0O; and Co30,B0O; with the orientation of the magnetic moments of the cati-

ons relative to the crystallographic axes of single crystals (Fig. 33).

6.2 Exchange interactions in Co,ggCug1,0,BO03 and Co; 7Mn; 30,B0;

The results of the exchange interactions calculation in Cu- and Mn-doped
ludwigites given in Table 13. Earlier, the presence of frustrating interactions (J8 and
J9) in the structure was demonstrated using the example of Cu,FeO,BO; [36]. The
effects of magnetic frustrations and cationic disorder in this ludwigite lead to the es-
tablishment of a spin glass state at 63 K [6]. The investigation of the exchange inter-
actions of the Co,,g3Cuq1,0,B05; demonstrated that a small amount of copper does
not lead to appreciable changes in the magnetic structure compared to Co;0,BO;.

The decrease in the exchange interactions (J6, J11) is connected to the Cu-
substitution in position 4. The calculated temperature of the magnetic transition in
C0,.83CUQ1,0,BO;is T = 39 K and close to the experimental value (T¢= 43 K).

Probably, the combination of cationic disorder and competition of exchange
interactions is the cause of the spin-glass state in Co;;Mn; 3 O,BO;. A characteristic
feature of disordered systems is the presence of randomly changing pair interactions
of atoms. The valence state of cobalt and manganese ions in Co;;Mn;3; O,BO; are
two- and trivalent states respectively. Because of this cationic disorder and fluctua-
tions in the interatomic distances, the exchange interactions that determine the mu-

tual orientation of the magnetic moments will randomly vary from one pair of atoms
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to another. All interactions have an antiferromagnetic character, but their magnitude

can vary several times, for example, J6, J10, J11

Table 13. Calculated exchange interactions forCo;ggCug 120,B03 and Co; 7Mn;30,B0O3. Frustrated
interactions indicated in italic. Powerful ordered interactions — by bold.

Pos. C030;BO3 | Coz83CUp120,B03 | Co, ,Mn, ,0,BOs
J1 1-1 +3.5 +3.5 +2.92
J2 1-3 -2.89 -2.89 -1.91
J3 1-4 -4.5 -4.73 -5.82
J4 2-2 +3.5 +3.5 +1.90
J5 2-3 +1.88 +1.88 +1.59
J6 2-4 -1.97 -0.76 -3.47
J7 3-3 +3.5 +3.5 +1.92
J8 3-4 -2.44 -2.22 -2.35
J9 3-4 -2.44 -2.12 -6.78
J10 2-4 -4.23 -4.45 -2.27
Ji1 4-4 -5.45 -4.49 -4.44

It was shown that cation substitution could lead to critical changes in the
magnetic behavior of the system. The influence of cationic disorder multiplied by
frustrated interactions can lead to a loss of long-range magnetic order, which is ob-
served in Coy;Mn;30,B0; as a transition to the spin-glass state at Tsg = 41 K. How-
ever, if substitution occurs without the occurrence of cationic disorder, the magnetic
properties of the system do not change (C0,.gsCug 1,0,B05).

The degree of frustrations, as well as cationic disorder, have a critically im-
portant effect on the establishment of long-range magnetic order in Cos0,BO; and
C0,.43CuUq.1,0,B0O5, or, conversely, the impossibility of the system to reach an or-
dered state in Co;,Mn;30,BOs. This indicates a fine balance of exchange interac-

tions in the structure of ludwigite.
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SUMMARY

A complex study of substituted ludwigites has shown that cation substitution
plays an important role in the formation of the magnetic properties of these materi-
als. Within the framework of the indirect exchange model, an interpretation of the
experimentally observed magnetic behavior is proposed. The most significant are
the following results:

1. The crystal structure study of the ludwigites Coz;0,BO3, C0;,5Feq750,B0;,
Coy7Mn;30,B0O3, C0,63CuU(1,0,BO3 determined spatial symmetry groups, parame-
ters of elementary cells, coordinates of atoms, lengths and angles of interatomic
bonds. The cation distribution over nonequivalent crystallographic positions was
studied depending on the type and concentration of substitution cations.

2. Using the empirical BVS-method, the valence states of the cations were de-
termined. From the calculation of the electric field gradient the nature and degree of
coordination octahedra distortion was obtained.

3. The Maossbauer spectra were measured.The temperature dependences of
hyperfine parameters in Co,sFey750,B0; were determined. A magnetic phase tran-
sition was found in the spin-ladder 4-2-4 at Ty, = 115 K.

4. Temperature, field and angular dependences of the static magnetization and
dynamic magnetic susceptibility were measured. The temperature of magnetic phase
transitions and the type of magnetic anisotropy were determined for all samples. A
temperature-induced change in the easy axis of magnetization in Fe;0,BO; was ob-
served. In Co,5Feq750,B0;, an extraordinary magnetic hardness was detected (up
to 90 kQOe). In Co, 7;Mn;30,B0O; a transition to the spin-glass state was observed.

5. In terms of the indirect exchange model, we carried out the calculation of
the exchange integrals. The scale of ordering and frustrating interactions was deter-
mined. The analysis of intra- and inter-chain exchange interactions were carried out.
A model of the magnetic structure of FesO,BO; as a system of two weakly coupled

orthogonal subsystems was proposed.
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APPENDIX

Atomic coordinates for Co, sFeq 75 O,BO;3

x/a y/b z/c

Col | 0.50000 | 0.50000 | 0.00000
Co2 | 0.00000 | 0.50000 | 0.50000
Co3 | 0.50069 | 0.22057 | 0.00000
Co4 | 0.26212 | 0.38440 | 0.50000
Fe4 | 0.39309 | 0.35669 | 0.00000
O1 | 0.37594 | 0.13979 | 0.50000
02 | 0.15475 | 0.23677 | 0.50000
03 | 0.11506 | 0.42270 | 0.00000
04 |0.34734 | 0.54210 |0.50000
OS5 | 0.50000 | 0.50000 | 0.00000

B | 0.22468 | 0.13861 | 0.50000

Atomic coordinates for Co, ;Mn; 30,BO3

x/a y/b zlc SOF U(eq)

Col | 0.50000 | 0.50000 | 0.00000 | 0.17416 | 0.00613
Mnl | 0.50000 | 0.50000 | 0.00000 | 0.07584 | 0.00613
Co2 | 0.00000 | 0.50000 | 0.50000 | 0.17379 | 0.00662
Mn2 | 0.00000 | 0.50000 | 0.50000 | 0.07621 | 0.00662
Co3 | -0.00182 | 0.27888 | 0.00000 | 0.33253 | 0.00630
Mn3 | -0.00182 | 0.27888 | 0.00000 | 0.16747 | 0.00630
Co4 | 0.26016 | 0.38426 | 0.50000 | 0.17557 | 0.00566
Mn4 | 0.26016 | 0.38426 | 0.50000 | 0.32443 | 0.00566
O1 | -0.10731 | 0.14281 | 0.00000 | 0.50000 | 0.01253

02 | 0.12586 | 0.64094 | 0.50000 | 0.50000 | 0.00992

O3 | 0.34996 | 0.54236 | 0.50000 | 0.50000 | 0.01044

O4 | 0.14948 | 0.23574 | 0.50000 | 0.50000 | 0.01147

O5 | 0.11387 | 0.42005 | 0.00000 | 0.50000 | 0.01489

B | 0.22468 | 0.13861 | 0.50000 | 0.50000 | 0.00855
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Atomic coordinatesCo, ggCug 1,0,B0;

x/a y/b zlc SOF U(eq)

Col | 0.00000 | 0.00000 | 0.00000 | 0.25000 | 0.00593
Co2 | 0.50000 | 0.00000 | 0.50000 | 0.25000 | 0.00577
Co3 | -0.00444 | 0.27680 | 0.00000 | 0.50000 | 0.00565
Co4 | 0.24089 | 0.11307 | 0.50000 | 0.43930 | 0.00470
Cu4 | 0.24089 | 0.11307 | 0.50000 | 0.06070 | 0.00470
Ol | 0.11292 | 0.14216 | 0.00000 | 0.50000 | 0.00852
02 | -0.12177 | 0.42118 | 0.00000 | 0.50000 | 0.01183
03 | -0.16286 | 0.23883 | 0.50000 | 0.50000 | 0.00907
O4 | 0.15797 | -0.03939 | 0.50000 | 0.50000 | 0.01106
O5 | 0.11674 | 0.36164 | 0.50000 | 0.50000 | 0.01279

B 0.26417 | 0.36226 | 0.50000 | 0.50000 | 0.00374
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