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Abstract—A comparative analysis of the copper and iron ions bonds exchange energies was conducted for var-
ious variants of orderings and distributions of iron ions among crystallographic positions in ludwigite
Cu,FeBOs. Analysis showed that the exchange bonds of iron ions play a key role in the formation of magnetic
order. The magnetic ordering strongly depends on the distribution of iron ions among the positions. In the
case when the Fe3" is in the same position as in Fe;BOs, the most favorable magnetic structure is similar to
the magnetic structure of ludwigite FesBOs. In other cases, the type of magnetic ordering is different.
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1. INTRODUCTION

Recently, thanks to various interesting properties
that various composition ludwigites demonstrate [1]
much attention has been paid to the studies of them.
In monometallic ludwigites, there is a charge order-
ing—in the Fe;BOs [2, 3]—transition to the low-spin
state of a trivalent cobalt ion—in the Co;BO5 [4].
Interestingly, in heterometallic ludwigites, a nonme-
tallic ion also affects the magnetic properties, and if
in CosTi(BOs), the state of the spin glass is observed
[5], then in CosSn(BOs), transition to a magnetically
ordered state is observed at a sufficiently high tem-
perature (84 K) [6, 7]. A great influence on the mag-
netic properties of ludwigites is exerted not only by the
composition but also by the distribution of magnetic
ions over the crystallographic positions, which are 4 in
the structure of ludwigite Fig. 1).

Previously, Cu,FeBOs was studied by three differ-
ent groups: it was grown by Bluhm [8] for the first
time, however, apart from the crystal structure, other
physical properties were not investigated. Later, the
Brazilian team had grown and investigated powder
samples of Cu,FeBOs [9]. The magnetization curves
revealed two features at 68 and 38 K. The first feature,
authors [9] associated with the ordering in the iron
subsystem since changes in the Mossbauer spectra are
observed in this region. At 38 K, no changes are

! The article is published in the original.
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observed in the Mossbauer spectra, and it was
assumed that at this temperature, ordering takes place
in the copper subsystem.

Fig. 1. (Color online) The view of the Cu,FeBO5 ludwigite
structure in the bc plane with the designation of crystallo-
graphic positions (1—2b, 2—2c, 3—4e;, 4—4e,), oxygen
octahedra, metal ions are located in their centers, black
circles are boron ions.
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Table 1. Crystallographic positions and numbers of atoms in the unit and doubled along the short axis cell

Unit cell Double cell
pos. atomic number and coordinates pos. atomic number and coordinates
2b |1(1/2,0,0), de; |1 (x,,2), 1" (—x, =y, —2),
2(1/2,1/2,1/2) 20, —y+1/2,z2+1/2),2' (—x,y+1/2,—z+ 1/2)
2c 3(0,1/2,0), 2¢  |3(0,1/2,0),4(0,0,1/2)
4(0,0,1/2) 2d  [3'(0,1/2,0), 4' (0,0,1/2)
4e, 5 (=x, =y, —2), 4e; S(—x,—»,—2),60,3,2,7 (—x,y+1/2,—z+1/2),
6 (x,,2), 8(x,—y+1/2,z+1/2)
7(—x,y+1/2,—z+ 1/2), dep |5 (—x, =y, —2),6 ' (x,3,2),7 (—x,y+ 1/2,—z+ 1/2),
8(x,—y+1/2,z+1/2) 8 x,—y+1/2,z+1/2)
4e 9 (x,,2), 4ey 9, ¥, 2), 10 (—x, —y, —2), 11 (—x,y + 1/2, —z+ 1/2),
10 (—x, —y, —2), 12(x,—y+1/2,z+1/2)
11 (—x,y+1/2,—z+1/2), 4ey 9" (—x, =y, —2), 10" (x, , 2), 11' (—x, y + 1/2, —z + 1/2),
12 (x,—y+1/2,z+1/2) 12' (x, =y + 1/2,z+ 1/2)

Authors [9] note that two- and trivalent subsystems
do not practically interact with each other down to the
lowest temperatures. Below 20 K, features appear on
the Mossbauer spectra, which may indicate the inter-
action of subsystems. Other experimental studies do
not support this information.

Later, the Russian group [10] grown Cu,FeBO;
single crystal, magnetic properties were also studied.
Unlike [9], only one magnetic transition was detected
at 31 K. Conducted by the authors [10] a study of the
Mossbauer spectra gave the basis for suggesting
another model of the iron ions distribution over crys-
talline positions. The difference in the distribution of
iron ions over crystalline positions was explained by
the difference in the magnetic properties of
Cu,FeBOs, grown by various groups [9, 10]. In our
work, within the framework of a simple empirical
model of Anderson—Zavadsky, we will analyze the
exchange interactions for a different distribution of the
iron ion over the crystallographic positions. We ana-
lyzed the possible magnetic structures and tried to
explain the observed differences in the magnetic prop-
erties.

2. STRUCTURE
AND GROUP-THEORETICAL ANALYSIS

The crystal structure of the ludwigite belongs to the
space group Pbam, but copper ludwigite refers to a dis-
torted monoclinic variant with space group P2,/c
because of the strong Yahn-Teller effect [9].

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

As already noted, in the structure of ludwigite, the
metallic ion occupies 4 crystallographic positions [1].
In the P2,/c structure, the symmetrical positions of
metallic ions are as follows: 1—2b, 2—2c¢, 3—4e,, and
4—4e,. In most ludwigites, the trivalent ion predomi-
nantly occupies position 4 (4e,), often also can be in
position 2 (2¢). The geometry of the ludwigite struc-
ture is such that the ions in positions 4—2—4 and 3—1—
3 form two magnetic subsystems, similar to the three-
legged ladders (e.g., Fe;BOs [2, 3] or Cu,MnBO;
[11]). Magnetic moments in these subsystems can be
oriented not collinear, also ordering in each of these
subsystems can occur at different temperatures [3].

To analyze the possible types of magnetic ordering,
we carried out group-theoretical analysis. For present
symmetry group, we have already carried out group-
theoretic analysis for a magnetic cell that coincides
with a crystallographic one [11]. Since in the com-
pound that we are investigating, there is an iron ion
3+, which is characterized by strong antiferromagnetic
exchanges, leading to doubling the magnetic cell along
the short axis in ludwigite Fe;BO [2, 3], in this paper we
performed group-theoretical analysis for a doubled cell.

In both cases, the space group remains P2,/c.
Decomposition into irreducible representations for
each position:

In Fig. 1, the crystallographic positions of ions in the
unit cell are indicated, and in Table 1, the symmetrical
positions and ion numbers are given, which are
referred to the unit and doubled cells (dashed).

Vol. 126

No.5 2018
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Table 2. The eigenvectors for the irreducible representations for the cell doubled along the short axis of the Cu,FeBOj

Pos. Atom no. T T, T3 T4
4e, 1 —X, =y, =% X, 02 —X, =y, =% X, 02
2 X, ¥, —% —X, ¥,—2 X, =), Z X, =V, 2
I X, ), 2 X, 2 X, )2 X, )2
2' X, =W Z —X, ¥,—2Z —X, ¥,—2Z X, =V, 2
2c 3 X, 0z X, ¥, 2
4 —X, V,—2Z X, =V, 2
2d 3 X, 0,2 xX0zZ
4 —X, ¥,—Z X, =V, 2
e, 5 xX,0,2 X0,z X, 0,2 X 02
6 —X, =Y, —% X, 9,2 —X, =Y, —% X, 9,2
7 X, =2 —X, ¥,—2Z —X, ¥,—2Z X, =V, 2
8 —X, ¥,—2Z —X, ¥,—2Z X, =02 X, =V, 2
ey 5 X, 0,2 X0, 2 X2 X0 2
6 —X, =y, =% X0z —X, =y, =% X, 02
7 X, ¥z —X, ¥,—Z —X, ¥,—Z X, =2
8 —X, ¥,—2% —X, ¥,—2Z X, =), 2 X, =Y, 2
4e, 9 X, ),z X, )2 X, ¥, 2 X, ¥, 2
10 —X, =y, =% X0z —X, =Y, =% X, )2
11 X, =2 —X,¥,—2Z —X, =Y, =% X, =¥, 2
12 —X, ¥,—2Z X, ¥,—2Z X, ), 2 X, =¥, 2
4ey 9 X, 0,2 X, ),2 X, 0,2 X0,z
10’ —X, =y, =% X032 —X, =y, =% X0z
11 X, =W 2 —X, ¥,—2 —X, ¥,—2Z X, =V, 2
12’ —X, ¥,—2Z —X, ¥,—2 X, =02 X, =V, 2

In Table 2, eigenvectors for each irreducible repre-
sentation are given for a doubled cell. The magnetic
moment for all representations can have all 3 compo-
nents. The appearance of a partial magnetic order, as
described in [9] can be associated with representations
T, and T;. However, in work [9] at the first transition,
the ordering of ions in positions 4e, and 2c, in one of
the three-legged stairs was suggested. In accordance
with the group-theoretic analysis, partial ordering
with respect to irreducible representations T, and T,
refers to positions 4e, and 4e,.

The appearance of magnetic order on all magnetic
ions can be associated with representations T, and T,.
Depending on the orientation of the magnetic

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

moments, both ferromagnetic and antiferromagnetic
ordering can be observed. Complete magnetic order-
ing can occur within a single transition, as in [11]. In
addition, two magnetic transitions can be observed
when only one of the eigenvector component is active,
as in the compound Fe;BOs [2, 3]. In reality, the pic-
ture can be more complicated, since the Cu,FeBOjs
crystal is not chemically ordered, iron ions are not in
only one position (they are in two: 2c and 4e,, accord-
ing to work [8] and in all four positions, according to
work [10]). In this case, the symmetry principles will
be violated, however, to obtain the basic model of the
magnetic order, one can use the obtained data of the
group-theoretical analysis.

Vol. 126 No.5 2018
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Table 3. Expressions of the exchange integrals depending on the types of interacting ions (o, f—angles of exchange bonds)
between metallic ions through oxygen ligands)

Superexchange integral

JCu—Cu . 1
I, = bl:cJCu sino. + b(chu - UCU)|cos ocl}

b 5 45,67, 11, 12 = beJcy(sinol + sinf3)
[8, 9,10 = 2bCJCu(Sin(X + SinB)

113:0

Iy = %b2(2JCu — 3Ucy)lcosal
_ (4 ,
Lis=Jcub gblcos o] + csina

L= bl:b (—UCu + %JCu)sin o+ 2¢Jylcos Ocq

JFe”—Fe“ I, = _% Ug.(5sino. + |COSO€|)
L3 as67.10,12= _§CUFC(3b + ¢)(sino + sinp)
Is0.10= —chFe(8b + 3¢)(sino. + sinp)
I3 = =L Up(8? + 18c?)[coso]
27
Iu= —g Uro(852 + 9¢2)|cosa]
7 __1y . 8,2 2
15,16 = g Ure c(8b + 3¢)sina + 2 Eb + 3¢ ||cos o]
3+
JreTe 1= Helb(2res - U Ve 4 st + 0 fsine+ [20e, (262 + ) - 400, + U0 |icosal

12, 3,4,5,7,11, 12 = c|:(JCu (gb + C) - b(UCu + UFe)) sin ot + JCu (gb + C):|SinB

I = cJCu(gb + c) (sinc. + sinf)

Is o 10= [cJCu (gb + c) —beUey + UFe)}(sincx +sinp)
I;= (é b+ 2c2)JCu|cosa|
Iy = [—%bZ(UCu +UR) + (g b+ c2) JCU}ICOSOLI
I5= %JCU[C (gb + c) sina + 2(§b2 + cz)lcos ocl}

=1

I
1675

{c [JCU (gb + c) Uy + UFe)} sin o, + (—gbz(UCu +Up) + (éb2 + 2c2)JCu)|cos 0c|}
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Fig. 2. (Color online) Exchange paths in the unit cell of
CuzFCBOS.

3. METHOD OF CALCULATION

To determine the possible type of magnetic order-
ing and the exchange integrals values in Cu,FeBO; we
used a simple model of indirect coupling [12], based
on the theory of superexchange interaction of Ander-
son and Sawadtzky [13, 14], and Eremin [15]. Indirect
exchange interactions Me—O—Me, where Me—Fe or
Cu, are schematically depicted in Fig. 2 and denoted
by [. Unlike other ludwigites, (e.g., Fe;BOs) in

NAZARENKO et al.

Cu,FeBO; the crystal cell is monoclinic. Monoclinic
distortions are caused by the presence of a Yahn-
Teller’s copper ion in the cell.

The lowering of the symmetry from rhombohedral
to monoclinic leads to an increase of the exchange
paths number, compared with the “classical” ludwig-
ites. For example, the exchange interaction between
ions 3 and 10 are different from the exchange interac-
tion between ions 3 and 10', whereas in Fe;BOs they
are the same.

To analyze the various variants of the iron ions dis-
tribution over crystallographic positions, we needed to
calculate four types of all exchange interactions paths
pairs: Cu—Cu, Fe—Fe, Cu—Fe, Fe—Cu. The formulas
for calculating the integrals of indirect exchange inter-
actions are given in Table 3. In the calculations, we
used the following parameters: b = 0.02, ¢ = 0.01,
where b and ¢ are the parameters of ligand—cation
electron transfer for © and ¢ bonds, U, = 2.2 €V,

U= 4.5 eV—excitation energies of the ligand—cat-
ion, Jo, = 1.7 €V, J_ . = 3 eV—integral of intraatomic
exchange [16].

The calculated values of the exchange integrals, as
well as the angles of the bonds Me—O—Me are shown
in Table 4. The most significant contribution to the

energy is provided by the antiferromagnetic interac-
tions of Fe—Fe, in spite of the fact that the magnitude

of the exchange is smaller, the Spe = 5/2 spin is five
times higher than in copper. The exchange interac-

Table 4. The exchange interaction for various Cu,FeBO5 compositions (#; ;—crystallographic positions in the unit cell)

N; N; o JCu—Cu K JFe3+—Fe3+, K JCu—Fe“, K JFe“—Cu’ K

1 3 1 120.0° —0.3 —2.1 —4.6 —4.6
I 1 1 90.0° 90.0° 7.9 —53 1.1 1.1
L 3 3 90.0° 90.0° 7.9 —5.3 1.1 1.1
I, 4 4 90.0° 100.0° 7.8 —5.2 1.1 1.1
I5 2 2 90.0° 90.0° 7.9 —53 1.1 1.1
I 4 3 96.0° 101.0° 7.8 —5.2 4.9 —2.8
I 4 1 86.0° 98.9° 7.8 =53 1.1 1.1
I 4 3 97.0° 98.0° 15.6 —5.2 —2.8 —2.8
Iy 4 1 98.3° 96.0° 15.7 —5.2 —2.8 —2.8
I 3 2 97.0° 99.0° 15.6 —5.2 —2.8 —2.8
I 3 2 89.0° 93.0° 7.9 —53 1.1 1.1
1 4 2 100.0° 73.0° 7.9 —5.3 1.1 1.1
13 4 2 165.0° 0.0 —1.0 0.9 0.9
14 4 2 162.0° —14.5 —3.6 —6.5 —6.5
15 4 3 120.0° 4.4 —2.1 2.0 —2.3
I 4 3 113.0° 0.6 —2.0 -2.5 -5

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS  Vol. 126 No.5 2018
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Fig. 3. (Color online) The most energetically favorable structures for composition 1: (a) AFM2, (b) AFMI1, (c) AFM3 (solid
arrows show the FM orientation of the moments along the « axis, the dashed arrows show the AFM orientation of the moments

along the a axis).

tions of Cu—Cu are ferrimagnetic, with the exception
of the 180° exchange interaction /,, and 120° exchange
interaction J;.

According to the rule of Goodinax—Kanamori [17]
90°, the Fe—Cu exchange interaction is weak, which is
confirmed by our calculations.

After the values of the exchange interactions were
obtained, we calculated the energies within the frame-
work of the simple Ising model: £ = —%Z[ijs,s 4, for
various distributions of iron ions over crystallographic
positions.

In the first case we considered the “classical” lud-
wigite, when the trivalent ion occupies only position 4.
In the second case, we considered a composition in
which the distribution of iron ions corresponds to that
obtained in the work [8], in the third case, the distri-
bution of iron ions was, as in the work [10]. Summary
data on the filling with copper and iron ions of differ-
ent positions are given in Table 5.

Aswe have already noted, a characteristic feature of
ludwigite is the subdivision into two subsystems
(three-legged ladders). Magnetic moments in subsys-
tems can be collinear (Co;BO;s [4]), directed at the

Table 5. Occupation of the crystallographic positions for
various Cu,FeBO5 compositions

Comp. 1 Comp. 2 [8] Comp. 3 [10]

Pos.
Fe Cu Fe Cu Fe Cu
2b 0 1 0 1 0.48 0.52
2c 0 1 0.4 0.6 0.98 0.02
4e, 0 1 0 1 0.01 0.99
4e, 1 0 0.8 02 | 025 | 0.75

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

angle of 60° (Cu,MnBO;s [11]) and 90° (Fe;BOs |2,
3]). We tried to simulate this situation.

We carried out the calculation for both a cell: coin-
ciding with a crystallographic cell and a cell doubled
along a short axis. We chose this type of cell doubling,
since the antiferromagnetic interactions 4e,—4e, and
2c—2c, when in position 4e, and 2c are iron ions. In
the compositions studied by us, iron ions occupy pre-
dominantly either position 4e; (composition 1 and
composition 2 [8]), or position 2¢ (composition 3
[10]).

We present the calculated energy per formula unit
so that it is convenient to compare. The energies of
magnetically ordered structures that coincide with the
crystallographic structure are represented in Table 6.

As can be seen from Tables 7—9, the unit cells dou-
bled along the short axis are more favorable, appar-
ently, one should expect that in Cu,FeBO; the mag-
netic cell will be doubled relative to the crystallo-
graphic one.

The type of magnetic ordering depends on the
composition. In the composition 1, when the iron ions
3+ are located exclusively in position 4e,, in the case
where the directions of the magnetic moments in the
subsystems 1 and 2 are collinear, at once all 3 magnetic
structures have a very close energy (Fig. 3).

The structure depicted in Fig. 3a is very similar to
the one obtained by Bordet [3] for Fe;BOs, however,
in Fe;BOsboth pairs of three-legged ladders in subsys-
tems 1 and 2 have the same direction of magnetic
moments. In the same case, the magnetic moments in
the three-legged ladders of the same type are oriented
in the opposite direction. Magnetic structure Fig. 3b
differs only in the direction of the magnetic moments
at position 2b, but since the exchange interaction of
2b—4e, is very wealk, it practically does not contribute
to the energy.
Vol. 126

No.5 2018
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Table 6. The energies (in Kelvin) of magnetically ordered Cu,FeBOjs structures of different composition for the collinear
orientation of the magnetic moments in the subsystems 1 and 2 relative to each other for a cell coinciding with the crystal-
lographic one (FIM is the ferrimagnetic phase)

E(Comp. 1),| E(Comp.2 | E(Comp.3
2b 2 de, de, Type ( o ) ([8])’12 [(10])’%
T Ll T T FIM1 186 25 —89

T T FIM2 184 43 —88
) T T T AFM1 147 7 -85

LT T FIM3 145 26 -76
™ ™ NN T FM 183 9 —53
) Ll T T FIM4 168 53 —14
1T T LUTT LUTT AFM2 131 36 5
T Ll LUl VNN FIM5 166 36 22

ITTY TUT FIM6 101 53 24

LTLT T FIM7 62 36 35
T T T LUTT AFM3 56 -35 36
T T T T AFM4 92 -7 39
T A Ll T AFMS5 17 —-53 40
T T T T AFM6 128 20 41
T ) T LUTT AFM7 147 88 46
T ™ Ll T FIMS8 108 70 50
T ) LT T AFMS8 38 -7 111
) ) T LUTT AFM9 130 116 121
T ™ T LU FIM9 1 —24 130
™ Ll T Ll AFM10 92 99 140

Table 7. The energies (in Kelvin) of magnetically ordered Cu,FeBOjs structures of composition 1 with different orientations
of the magnetic moments in the subsystems 1 and 2 relative to each other

2 2d 4e, de,. de, de, 4ey Type | E(0°), K |E (60°), K|E (90°), K

™ 7 LT | Wt | ™l | Wt | U | AFMI | —172 —172 —172
T T LT LT LT T NTL | AFM2 | —172 —172 —172
7 1T LT | Wt | W | L | NI | AFM3 | 170 —159 —147
T T LTT LT LT LUTT Tl | AFM4 147 143 139
T ) LT LT LT LUTT Tl | AFMS5 153 138 123
™ ) 0 Tt Y I N Y FIM 192 158 123

Table 8. The energies (in Kelvin) of magnetically ordered Cu,FeBOjs structures of composition 2 [8] with different orienta-
tions of the magnetic moments in the subsystems 1 and 2 relative to each other

2c 2d 4e, 4e 4e, 4e, 4e; Type E (0°), K |E (60°), K|E (90°), K
T 1 LT LT T LT ITUT | AFMI —74 —74 —74
) T W W WTT ™l T | AFM2 -75 -75 75

T 1 LT LT LT T UL | AFM3 | —103 —86 —68
T 1 LT T LT LT Ty | AFM4 46 53 60
™ ) LUIT | W | WU | WU | UL | AFMS 16 30 44
™ l 7T T T T T FIM 34 39 44
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Fig. 4. (Color online) Weak influence of the exchange
interactions of position 2b on the ordering of neighboring
ions.

It should be noted that with the rotation of the
magnetic moments of subsystem 1 relative to subsys-
tem 2, the energy of these magnetic structures does
not change, this is due to the geometric features of the
ludwigite structure: in the case when the moments in
position 4e,; are ordered antiferromagnetically along
the short axis a, and in positions 4e, and 2b are ferro-
magnetic, the exchange interactions 4e,—4e, and 4e,—
2b are completely compensated (Fig. 4). And since the
interaction 4e,—2b is very weak, it is possible that the
magnetic moments in position 2b are ordered only at
the lowest temperatures, or they do not order at all.

The energy of the magnetic structure Fig. 3c
depends very strongly on the orientation of the mag-
netic moments of the subsystems relative to each
other. This is due to the fact that the magnetic
moments in positions 2c¢ and 4e, are oriented ferro-
magnetically along the short axis @, and no compensa-
tion for their ferromagnetic exchange interaction

occurs. When the magnetic moments in the subsys-
tems rotate relative to each other, the contribution
from this exchange decreases. Thus, in the case that
the magnetic moments are oriented in accordance
with this magnetic structure, the collinear orientation
of the magnetic moments in subsystems 1 and 2 is
most probable.

Composition 2 [8] differs from our composition by
the greatest displacement of iron ions to position 2c,
according to work [8]. The same three structures as in
the first case have minimal energies. The most favor-
able for the collinear orientation of the magnetic
moments in the subsystems 1 and 2 is the structure
(Fig. 3c). When the magnetic moments of the subsys-
tems 1 and 2 are orthogonal, the magnetic structures
Figs. 3a, 3b are the most profitable.

We assume that in the case where iron ions
occupy predominantly position 4e, with a small
occupation of position 2c, magnetic ordering can
occur like in Fe;BOs—in two stages. Most likely, the
realized magnetic structure is similar to that
obtained by Bordet for Fe;BOs [3] (Fig. 3a).

As we noted earlier, position 2b is very weakly
exchangeable with the others, and it is quite possible
that the magnetic moments of copper ions in this posi-
tion are ordered at a lower temperature than the mag-
netic moments of the remaining ions. This agrees with
the experimental data obtained in [9].

Composition 3 [10] differs from the previous ones
in that iron is predominantly in position 2c, in this
case, the two magnetic structures shown in Fig. 5 are
the most profitable.

In both structures, the antiferromagnetic order
along the axis a is observed only in position 2c, in the
remaining positions ordering of the moments along
the short axis a is ferromagnetic. When the magnetic
moments of one subsystem are rotated relative to the

Fig. 5. (Color online) The most advantageous structures for composition 3 [10]: (a) FIM, (b) AFMS5 (solid arrows show the FM
orientation of the moments along the a axis, the dashed arrows show the AFM orientation of the moments along the a axis).
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Table 9. The energies (in Kelvin) of magnetically ordered Cu,FeBOjs structures of composition 3 [10] with different orien-
tations of the magnetic moments in the subsystems 1 and 2 relative to each other

2¢c 2d de, de de, 4ey de, Type | E(0°), K |E (60°), K|E (90°), K
T IT WITT WITT TTIL WTT ITIT | AFMI1 —58 —58 —58
W) T LUTT W W ™l T | AFM2 —66 —66 —66
) 1 LT LT LT ™M UL | AFM3 67 63 60
T T W ™ML W WUTT T | AFM4 | —118 -97 —77
T W LT W W WUTT UL | AFM5 | —189 —143 -97
™ A T ™ ™ ™ ™ FIM —192 —141 —90
other, the energies of both magnetic structures remain REFERENCES

close, but the magnetic structure depicted in Fig. 5b
become more profitable. Experimentally, both mag-
netic structures can be realized, however, the tempera-
ture dependence of the magnetization shows a very
small value of the magnetization in the low-tempera-
ture region, which indicates that the magnetically
ordered phase is most likely antiferromagnetic [18].

4. CONCLUSIONS

In this paper, we presented group-theoretical anal-
ysis and analysis of possible magnetic structures in the
framework of the Anderson—Zavadsky model for
Cu,FeBOj at various distributions of iron ions among
positions. For formulations, when iron ions occupy
predominantly position 4e,, the most favorable is the
magnetic structure, similar to that obtained by Bordet
for Fe;BOs [3]. The peculiarity of this structure is the
compensated exchange interactions between the sub-
systems 4—2—4 and 3—1-3. Since the copper ions in
position 2b are exchanged weakly with ions in position
4e,, and the exchange interactions with ions in posi-
tion 4e, and 2c are compensated, it is possible that
magnetic ordering of copper at position 2b either does
not occur or occurs at very low temperatures.

When iron ions occupy predominantly the 2¢ posi-
tion, two magnetic structures are most profitable,
which energies strongly depend on the mutual orienta-
tion of the magnetic moments in the subsystems.
Unlike the other compounds, the ions in position 2b
are exchange-related with other ions, due to the ferro-
magnetic orientation of the moments along the short
axis a. In this case, the ordering is most likely in one
stage, which agrees with the results of the experimental
data [10].

ACKNOWLEDGMENTS

This study was supported by the Russian Founda-
tion for Basic Research and the Government of Kras-
noyarsk Territory (project no. 16-42-243028).

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

10.

11.

12.

13.
14.

15.
16.

17.
18.

. S. Sofronova and 1. Nazarenko, Cryst. Res. Technol.

52, 1600338 (2017).

. J. P. Attfield, J. F. Clarke, and D. A. Perkins, Phys. B

(Amsterdam, Neth.) 180—181, 581 (1992).

. P. Bordet and E. Suard, Phys. Rev. B 79, 144408

(2009).

D. C. Freitas, C. P. C. Medrano, D. R. Sanchez,
R. M. Nuiiez, J. A. Rodriguez-Velamazin, and
M. A. Continentino, Phys. Rev. B 94, 174409 (2016).

. D. C. Freitas, R. B. Guimaraes, D. R. Sanchez,

J. C. Fernandes, M. A. Continentino, J. Ellena, A. Kit-
ada, H. Kageyama, A. Matsuo, K. Kindo, G. G. Eslava,
and L. Ghivelder, Phys. Rev. B 81, 024432 (2010).

. C. P. C. Medrano, D. C. Freitas, D. R. Sanchez,

C. B. Pinheiro, G. G. Eslava, L. Ghivelder, and
M. A. Continentino, Phys. Rev. B 91, 054402 (2015).

. A. Utzolino and K. Bluhm, Z. Naturforsch. B 51, 305

(1996).

K. Bluhm und J. Schaefer, Z. Anorg. Allgem. Chem.
621, 571 (1995).

. M. A. Continentino, J. C. Fernandes, R. B. Guim-

araes, H. A. Borges, A. Sulpice, J.-L. Tholence,
J. L. Siqueira, J. B. da Cunha, and C. A. dos Santos,
Eur. Phys. J. B9, 613 (1999).

G. A. Petrakovskii, L. N. Bezmaternykh,
D. A. Velikanov, A. M. Vorotynov, O. A. Bayukov, and
M. Schneider, Phys. Solid State 51, 2077 (2009).

S. Sofronova, E. Moshkina, I. Nazarenko, Y. Seryot-
kin, S. Nepijko, V. Ksenofontov, K. Medjanik,
A. Veligzhanin, and L. Bezmaternykh, J. Magn. Magn.
Mater. 420, 309 (2016).

O. A. Bayukov and A. F. Savitskii, Phys. Status Solidi B
155, 249 (1989).

P. W. Anderson, Phys. Rev. 115, 2 (1959).

G. A. Sawadtzky, W. Geertswa, and C. Haas, J. Magn.
Magn. Mater. 3, 37 (1976).

M. V. Eremin, Sov. Phys. Solid State 24, 239 (1982).
O. A. Bayukov and A. F. Savitskii, Phys. Solid State 36,
1049 (1994).

J. B. Goodenough, Phys. Rev. 117, 1442 (1960).

C. Z. Tan, Phys. B (Amsterdam, Neth.) 269, 373
(1999).

Vol. 126 No.5 2018



	1. INTRODUCTION
	2. STRUCTURE AND GROUP-THEORETICAL ANALYSIS
	3. METHOD OF CALCULATION
	4. CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES

