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Abstract—High-quality single crystals of ludwigites Cu,MBO5 (M = Fe3*, Ga’*) have been grown, and the
magnetic, resonance, and Mdssbauer studies have been performed. It is established that the Cu,FeBO5 and
Cu,GaBO;5 compounds are antiferromagnets with Néel temperatures of 32 and 3.4 K, respectively. A model
of the magnetic structure of the compounds is proposed. It is shown that the magnetic properties of the lud-
wigites are substantially dependent on the degree of ion distribution over crystallographic positions.
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1. INTRODUCTION

Boroferrites with a Me?* M**BOs ludwigite struc-
ture are orthorhombic crystals with space group Pbam
[1]. By now, we know a wide set of both natural and
synthetic ludwigites in which cations are Me>* = Mg,
Ni, Co, Fe, and Cu; and M3+ = Fe, Mn, Co, Ti, and
Al [1-5].

According to [5—14], these materials are low-
dimensional magnets. It is assumed that the magnetic
structure of these crystals can be represented as two-
dimensional layers and the distribution of magneti-
cally active cations provides the separation of the
structure into two weakly coupled magnetic sub-
systems. One of the subsystems is mainly occupied
with the Me** cations, and the other subsystem is
mainly occupied with the M>** cations. This assump-
tion is based on the peculiarities experimentally
observed in the temperature dependences of the mag-
netic susceptibility and differential thermal analysis.

The copper ludvigites studied in this work are vari-
ants of the Pbam structure distorted because of the
Jahn—Teller effect and have space group P2,/c [15].
The crystal lattice parameters are a = 3.108 A, b =
12.003 A, ¢ = 9.459 A, B = 96.66°, and z = 4 for
Cu,FeBOs and a = 3.1146 A, b = 11.921 A, ¢ =
9.477 A, B = 97.91°, and z = 4 for Cu,GaBOs. The
magnetic properties of Cu,FeBO5 were measured in
[16]; it was revealed that the Cu and Fe subsystems are
ordered independently of one another. In our opinion,
it is important to study the magnetic properties of

Cu,FeBOs and Cu,GaBOs on high-quality single
crystals. In particular, this will allow one to separate
contributions of Cu** (§ = 1/2) and Fe3* (S = 5/2)
ions to the formation of the magnetic state of the com-
pounds.

In this work, we study the temperature depen-
dences of the magnetic susceptibility of Cu,FeBOs
and Cu,GaBOj single crystals, the field dependences
of the magnetization at a temperature of 1.8 K, and the
Maossbauer spectra of Cu,FeBO; at room temperature.
The studies show that these ludwigites are antiferro-
magnets with an incomplete three-dimensional struc-
ture of the exchange interactions.

2. SAMPLE PREPARATION

Single crystals of the copper ferroborate Cu,FeBO;
were grown from a 51.5 wt % (B,O; + 0.283Li0O,) +
48.5 wt % (CuO + Fe,0;) solution—melt, in which
Cu,FeBOjs is a high-temperature phase with the crys-
tallization range no lower than 80—100°C. Its satura-
tion temperature was 7, = 905—910°C, the slope of
the concentration dependence of the saturation tem-
perature was dT,,/dn = 2°C/wt %, and the metastable
zone width was AT, = 10—12°C. The solution—melt
100 g in weight was prepared in a 100-ml platinum
crucible by sequential melting of the following
reagents at 7= 1000°C: B,0;, 52.1 g; Li,CO;, 13.8 g
(Li,0, 5.6 g); CuO, 28.2 g; and Fe,0;, 14.1 g.
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Fig. 1. Temperature dependences of the magnetization of
Cu,FeBO5 measured in fields of 200 Oe oriented (/) per-

pendicular to the a axis and (2) along the a axis.

The crucible was placed in a crystallization furnace
with a nonuniform temperature field so that, at a tem-
perature of 800—900°C, the vertical component of the
temperature gradient in the solution—melt was
dT,/dn = —(1-2)°C/cm. Sign minus means that the
temperature decreases with distance from the crucible
bottom. The solution—melt was held at a temperature
0f 980°C for 24 h to complete dissolution and homog-
enization. Thereafter, a crystal holder was introduced
into the prepared region of the solution—melt, and the
solution—melt was cooled at a rate of 100°C/h to a
temperature that was 1—3°C lower than the metasta-
bility boundary. The spontaneously nucleated crystals
were grown then at a smoothly decreasing temperature
at a rate dT,/dt = 1-3°C. For three days, the
Cu,FeBOjs crystals 2 x 2 x 15 mm in size in the form of
oblique prisms were grown on the crystal holder. The
prisms were extended along the least parameter of the
unit cell.

The Cu,GaBOjs single crystals were grown follow-
ing the same technology with the corresponding com-
ponents of the charge.

3. MAGNETIC MEASUREMENTS

The magnetic properties were measured using a
SQUID magnetometer and a PPMS commercial
setup. Figure 1 shows the temperature dependences of
the magnetization of the Cu,FeBOs single crystal
measured in a field of 200 Oe in the temperature range
4.2—270 K for two orientations of the sample. At tem-
peratures 7> 120 K, the magnetic susceptibility is iso-
tropic, and its temperature dependence follows the
Curie—Weiss law. The asymptotic Néel temperature is
0y = —384 K, which is indicative of a predominantly
antiferromagnetic character of the exchange interac-
tions in the spin system (Fig. 2). The Curie—Weiss
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Fig. 2. Temperature dependence of the inverse magnetic
susceptibility of Cu,FeBOs. The magnetic field is parallel
to the a axis of the crystal.

constant is C.. ~ 56, while the value calculated from

exp

the relationship

Cane = { Nottp[ 2800 Scu(Scy + 1)
-1
+ 8reSte(Spe + 1)1/3kp My }

for gc, = gpe = 2, Scy, = 1/2 and S, = 5/2 is 53. The
proximity of these values testifies that the magnetism
of the crystal is really determined by the Cu?* and Fe3*
cations. At Ty = 32 K, the susceptibility has a maxi-
mum, which we identify as the transition of the crystal
to the antiferromagnetic state. The dependences pre-
sented in Figs. 1 and 2 do not contain additional pecu-
liarities. Our results differ from the results obtained in
[16]. The difference is likely related to the use in [6] of
a set of small single crystals with a concentration inho-
mogeneity, whereas we used the high-quality single
crystal.

Figure 3 depicts the temperature dependences of
the magnetization of the Cu,GaBOs single crystal in
the temperature range 1.8—180 K for two orientations
of a magnetic field of 50 Oe. The susceptibility anom-
aly at Ty = 3.4 K corresponds to the transition of the
spin system to the antiferromagnetic state. In the tem-
perature range 50—180 K, the magnetic susceptibility
follows the Curie—Weiss law with the asymptotic Néel
temperature 0y about —60 K (Fig. 4). Thus, the pre-
dominant exchange interactions in the magnetic sys-
tem of the Cu?* ions are antiferromagnetic. The field
dependence of the magnetization at the temperature
T= 1.8 Kisshown in Fig. 5. The magnetic saturation
is not observed in fields up to 60 Oe.
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Fig. 3. Temperature dependences of the magnetization of
Cu,GaBOs measured in fields of 50 Oe oriented (/) along

the a axis and (2) perpendicular to the a axis.

4. ELECTRON PARAMAGNETIC RESONANCE
MEASUREMENTS

The electron paramagnetic resonance of the crys-
tals was measured on a 3-cm EPR spectrometer in the
paramagnetic temperature range 77—300 K. As the
Cu,GaBOs crystal is oriented normally to the a axis,
we observe the resonance with a g factor of about 2.173
and an absorption line width AH,, of the order of
360 Oe at room temperature. As the temperature
decreases to 77 K, the line width and the g factor
monotonically decrease to 320 Oe and 2.152, respec-
tively.
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Fig. 4. Temperature dependences of the inverse magnetic
susceptibility of Cu,GaBOs. The designations are the

same as in Fig. 3.
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In the case of the Cu,FeBOjs crystal, at the same
orientation of the magnetic field, a very broad mag-
netic resonance line with a Gaussian shape with the
parameters AH,, = 3186 Oe and g = 1.81, which are
almost independent of the temperature up to 77 K, is
observed.

5. MOSSBAUER MEASUREMENTS

The Mossbauer measurements were performed
with a Co”’(Cr) source exhibiting the line width at
half-height equal to 0.24 mm/s and an absorber from
a sodium nitroprusside powder. Figure 6 shows the
spectrum measured at room temperature.

The spectrum interpretation was carried out at two
stages. At the first stage, the probability distribution of
quadrupole splittings P(QS) was determined (see
Fig. 7). The peculiarities in this distribution testify
that there are possible nonequivalent positions (states)
of the iron. The probability distribution gives only
qualitative information, 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 parameters of individual
doublets were refined. The occupancies of false posi-
tions, which are presented in the probability distribu-
tion function, become negligibly small. The results of
the two-stage identification of the spectrum are given
in Table 1.

o, emu/g

H, kOe

Fig. 5. Field dependence of the magnetization of
Cu,GaBOsat T=1.8 K.
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Fig. 6. Mossbauer spectrum of Cu,FeBO5 measured at
room temperature.

The numbering of the crystallographic sublattices
is assigned according to the numbering of cations in
[15]. The crystallographic positions are denoted as for
orthorhombic ludwigites. As was shown in [15], all
oxygen octahedra in the ludwigite Cu,FeBOj are dis-
torted. The assignment of a Mdssbauer position to a
crystallographic position was performed by the degree
of distortion of the oxygen octahedron. As the degree
of distortion, we take the electric-field gradient V,
induced at the iron site by the nearest coordination
octahedron of oxygen ions; that is,

2
3cos 61
Vo Y 2083008 92 1)
P

where e is the elementary charge, 0 is the angle
between the principal axis of the electric-field gradient
tensor and the direction to the neighboring oxygen
anion, and ris the iron—oxygen distance. In principle,
to correctly determine the electric-field gradient, we
should study the convergence of lattice sums. Such
studies performed for the spinel structure show that
the lattice sum, to a fairly good accuracy, converges to
the contribution of the first coordination shell, which

can be logically explained. In insulators, the valence
contribution to the electric-field gradient is small. On
the other hand, the oxygen anions with a large ionic
radius quite well screen the contribution of the far
coordination shells. Moreover, making an error in the
magnitude, we hope that the estimate of the ratio
between values of the electric-field gradient is ade-
quate. The calculated values of V_, are given in Table 1.
The measured values of QS are in direct proportion to
V., which allows us to identify the observed positions.

The Mossbauer measurements show that iron
enters, in varying degrees, into all four crystallo-
graphic sublattices of the ludwigite. The occupancies
are listed in column A4 of Table 1. For comparison,
Table 1 contains the estimates obtained by the X-ray
diffraction method. Knowing that the cation distribu-
tion is dependent on the crystal synthesis conditions
and that the accuracy of the Mossbauer method is
higher than that of the X-ray diffraction method, we
perform further calculations using the data on the
Mossbauer effect. Thus, the ludwigite under study has
the following formula:

(Cugr6Feq 24)(Cuy g, Fey 49)*(Cuy 75Fe 55)*%
) (Cu0,99F60.01)4”B05.

According to the fact that the crystal composition
contains two kinds of magnetically active cations, this

Table 1. Parameters of the hyperfine structure of the Mossbauer spectrum of Cu,FeBOs: IS is the isomer chemical shift with
respect to aoFe (£0.01 mm/s), QS is the quadrupole splitting (£0.02 mm/s), W is the absorption line width at half-height
(+0.02 mm/s), A is the occupancies of the position with iron (+0.02), and V, is the electric-field gradient at the iron ion

IS Qs w A Position—sublattice | V.., e/A? OCC“pat‘z)C[yl?jc]COTdi“g
0.35 0.36 0.24 0.02 4h—4 0.17 0
0.37 0.61 0.24 0.19 2a-3 0.30 0
0.36 0.88 0.32 0.39 242 0.41 0.33
0.35 1.22 0.47 0.40 4g—1 0.53 0.66
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ludwigite should be assigned to the system with eight
magnetic sublattices. An analysis of the crystal struc-
ture shows that, from the standpoint of the indirect
exchange coupling, there are three types of exchange
interactions with the 90°, 120°, and 180° exchanges in
this structure. To estimate the magnitudes of the
exchange interactions and magnetic structure, we use
a simple model of indirect coupling [17]. Here, we
take into account only short metal—oxygen—metal
(Me—O—Me) bonds. The long bonds with the next
neighbors of the Me—O—Me—O—Me type are
neglected. When determining the occupancies of the
e, orbitals of the Cu?* cation, we include the stretching
of the oxygen octahedron. An analysis in the frame-
work of this model allows the conclusion that the lud-
wigite Cu,FeBOj structure should be described by
independent integrals of the indirect exchange cat-
ion—cation interaction as follows:

J"(FeFe) = —4c(8b +3¢)Up, /75~ -4.7 K,

J (FeCu,) = ~2¢[b(Ug, + Ug,)
—(5b/3+ ), 1/5 ~ 2.44 K,

J*(FeCu,) = —c[b(Uy. + Ug,)
—(13b/3 +2¢)Je,1/5~ 1.13 K,

J*(Cu,Cu,) = 4bcJo, ~ 14.85 K,

JY(Cu,Cu,) = 2beJo,~ 743K,

180

J'"™(FeFe) = —4(8b°/9 + ¢’ Uy, ~-3.38 K,

J(FeCu,) = —2[2b6°(Up, + Ugy — J/3)/3
— U 1/5~-6.15K,

180

J(Cu,Cuy) = —26°(3Uqy —Jey)/3 ~ 145K,

120

J 7 (FeFe)

180

= J (FeFe)cos60° ~—1.69 K,

120 180

J 7 (FeCu,) = J "(FeCu,)cos60° ~-3.1 K,

120

JP(FeCu,) = 2(8b°/9 +¢*)Je/5~ 17K,

J?(Cu,Cu,) = —2b°(Ugy—Joy) 73 K,

J?(Cu,Cu,) = 4b°J,/3~4.9 K.

Here, the symbols x and z at the Cu, and Cu,, cat-
ions imply that the cation interaction is directed along
the short (x) or along the long (z) axis of the oxygen
octahedron. The parameters of the ligand—cation
electron transfer through the ¢ bond (b) and © bond
(c) are the squares of the coefficients of the electron
transfer in the expression for the ligand—cation anti-
bonding molecular orbital. For oxide compounds with
a ligand—cation interionic distance of ~2 A, these
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Fig. 8. Schematic representation of the indirect cation—
cation interactions in the Cu,FeBOjs lattice in the bc, ac,

and ab planes.

parameters are b = 0.02 and ¢~ 0.01; J-, ~ 1.6 eVisthe
intra-atomic exchange integral for Cu?*. The energies
of the ligand—cation electronic excitation for oxide
compounds with a hexagonal close packing of oxygen
ions are Ug, x4 eVand U, =2.1eV[17].

In principle, knowing the cation—cation exchange
interactions, we can estimate the magnetic structure
induced by the crystal lattice and the temperature of
magnetic ordering. In the case of the eight-sublattice
system, the deduction of the formulas for the Néel and
Curie temperatures is very complex. We used such an
expression for the four-sublattice system [18] by
reducing the number of the magnetic sublattices to the
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Table 2. Energies of intersublattice exchange interactions
in Cu,FeBOs (in K) calculated in terms of the indirect-cou-

pling model

Sublattice 1t 20 3T 4l
17 16 —11 24.3 15
24 -23 16.4 0 39.4
kX) 48.6 0 15.9 —12.2
4l 15 19.7 —6.2 7.9

Table 3. Energies of intersublattice

exchange interactions

in Cu,GaBOjs (in K) calculated in terms of the indirect-
coupling model

Sublattice I 24 kX) 44
17 3.7 -3.6 1.8 0.9
20 -7.3 7.4 0 2.0
kX) 3.6 0 0.2 —0.1
4l 0.9 1.0 —0.05 0.06

number of the crystallographic sublattices. The num-
ber of the magnetic bonds and the values of spins were
calculated taking into account the Fe3* and Cu?* cat-
ions in the crystallographic sublattices. Table 2 is the
matrix of calculated energies of the intersublattice
interactions for Cu,FeBOs (E¢ = 2J;;5,5)).

This system of interactions leads to a mutual mag-
netic structure indicated by arrows at the numbers of
the sublattices. It turns out that Cu,FeBOs is an anti-
ferromagnet with the Néel temperature Ty ~ 34 K,
which is very close to an experimental value of 32 K.
The frustrating interaction is the interaction between
the first and fourth sublattices. Based on the estimates
obtained, we can propose a schematic diagram of the
magnetic interactions presented in Fig. 8 in the bc, ac,
and ab planes of the ludwigite lattice. In this figure,
only the magnetically active cations are shown, and
the anions and boron cations are not shown. The light
and dark symbols indicate the cations with oppositely
directed spins. The light and dark bonds mean the fer-
romagnetic and antiferromagnetic indirect exchange
couplings, respectively. The frustrating Mel—Me4
bonds are omitted. It is seen from Fig. 8 that the cat-
ions of sublattices 7/ and 2 form the flat walls in the ab
plane, and the cations of sublattices 2, 3, and 4 form
the zigzag walls in the ac plane. The two mutually per-
pendicular walls are jointed into the three-dimen-
sional magnetic structure by means of cations of sub-
lattices 2 and 3. Thus, cations 2 and 3 are exchange-
coupled in three dimensions and cations / and 4 are
exchange-coupled only in two dimensions. Such a lat-
tice is called a magnetically incomplete three-dimen-
sional lattice. The incompleteness of the magnetic lat-
tice and the presence of the frustrating interactions
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provide a relatively low temperature of magnetic
ordering as compared, for example, to copper ferrite
[18].

In the analysis of the exchange interactions in
Cu,GaBOs, we used the data obtained in [15] on the
determination of the distribution of the Cu?* and Ga**
cations over the sublattice sites of this ludwigite.
According to these data, Ga** is arranged only in two
crystallographic sublattices 2d(3) and 4h(4) with
occupancies of 0.6 and 0.7, respectively. This ludwigite
contains only one sort of magnetic cations, and,
because of this, Cu,GaBOs is a four-sublattice mag-
net. Taking into account the concentration of the
magnetically active cations in the sublattices, when
estimating the number of the magnetic bonds and
effective spin of the sublattices, we obtain the matrix of
the energies of the intersublattice interactions given in
Table 3. The system of the exchange interactions in
Cu,GaBOs is identical to that in Cu,FeBO5 and must
lead to a similar magnetic structure. The Néel temper-
ature calculated using the magnitude of the interac-
tions estimated for Cu,GaBOs, is 12 K, which is sig-
nificantly higher than the experimental temperature
Tn = 3 K. In principle, this discrepancy may be attrib-
uted to imperfection of the indirect-coupling model
and the approximations made.

Another reason of the discrepancy between the
experimental and calculated Néel temperatures may
be the difference between the Ga** cation distribution
in the 4g and 2a positions in the crystal under study
and the distribution presented in [15]. It is known that
this type of compounds is prone to a substantial redis-
tribution of ions over the crystal lattice positions
depending on the conditions of their synthesis. The
expression for Ty testifies that the appearance of Ga**
in the 4g and 2a positions sharply decreases the Néel
temperature.

The results of our studies are strongly different
from the results obtained in [16] for Cu,FeBO;. First,
we revealed only one peculiarity in the temperature
dependence of the magnetic susceptibility at 32 K,
whereas three peculiarities were observed in [16] at 20,
38, and 63 K. Second, the asymptotic Néel tempera-
ture measured in this work 7y = —384 K differs from a
temperature of —178 K found in [16]. We assume that
the reason of the discrepancy is a possible concentra-
tion inhomogeneity of the cation distribution in the
crystals used in the magnetic measurements [6].

6. CONCLUSIONS

The magnetic measurements and analysis of the
exchange interactions show that ludwigites Cu,FeBOs
and Cu,GaBOj are antiferromagnets with Néel tem-
peratures of 32 and 3 K, respectively. An incomplete-
ness of the three-dimensional magnetic structure and
the presence of the frustrating interaction provide a
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relatively low temperature of magnetic ordering. We
assume that the magnetic properties of this type of
compounds are substantially dependent on the degree
of cation distribution over crystallographic positions.
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