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Abstract—Single crystals of cobalt ludwigite Co;0,BO; with diamagnetic substitution of Ga’* ions for a part
of the cobalt ions have been grown by the flux method. A detailed investigation of the crystal structure and
magnetic properties of the compound has been carried out. A preferred character of the occupation of non-
equivalent crystallographic positions by gallium has been revealed. It has been found that the effective mag-
netic moment and the magnetic ordering temperature are decreased compared to those in the original crystal
of the Co;0,BO; ludwigite. It has been noted that the pronounced magnetic anisotropy observed in the crystal-
lographic ab plane of the original material of the Co;0,BO; composition disappears in the presence of gallium.
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1. INTRODUCTION

In the last few years, a significantly increasing
interest has been expressed by researchers in transition
metal oxyborate compounds with a ludwigite structure
[1-5]. The class of oxyborate compounds, on the
whole, is attractive for scientific research in view of the
wide variety of crystal structures formed during the
synthesis. As a rule, these structures are quasi-low-
dimensional and include elements in the form of zig-
zag walls in ludwigites [6] or ribbons in pyroborates [7,
8] and warwickites [9]. The nonequivalence of crystal-
lographic positions of metal ions and the hierarchical
character of exchange interactions substantially com-
plicate and enrich the picture of the magnetic behavior
of the compounds under consideration. Nonequiva-
lent lattice sites in oxyborates can be occupied by
metal ions of different valences. This leads to the for-
mation of an extremely rich picture of the internal
structure of oxyborates, which eventually determines
their physical properties.

Ludwigites have an orthorhombic crystal structure
with symmetry space group Pbam. The metal ions can
occupy four nonequivalent positions. The crystal
structure of the ludwigite is schematically shown in
Fig. 1 in the projection onto the crystallographic ab
plane. In this figure, nonequivalent crystallographic
positions of the metal ion are numbered. The number
of positions 3 and 4 exceeds the number of positions /

and 2 by a factor of two. The metal ions located in
positions / and 3, as well as the ions located in posi-
tions 2 and 4, form two parallel layers. These layers are
shifted with respect to each other by one-half of the
lattice parameter in the ¢ direction, which is approxi-
mately equal to 1.5 A. The triangular BO; groups lie in
the same plane as the metal ions located in positions 2

\ N
& &

Y

Fig. 1. Zig-zag walls in the crystal structure of the ludwig-
ite. Large circles show metal ions, and numerals indicate
nonequivalent crystallographic positions. The metal ions
are surrounded by the oxygen octahedra. The positions
containing gallium are marked in black. The BO3 groups
have a triangular structure with the boron ion located at the
center.
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EFFECT OF THE DIAMAGNETIC DILUTION

and 4. Each metal ion is located inside the distorted
oxygen octahedron. The zig-zag walls formed by the
edge-shared octahedra propagate along the crystallo-
graphic c direction.

Ludwigites contain the divalent and trivalent metal
ions in the ratio of 2 : 1. The divalent and trivalent
metal ions can be distributed over the crystallographic
positions in different ways depending on the type of
ions. In the majority of previous investigations, diva-
lent and trivalent ions are different metal elements (for
example, Cu®*, Ni’*, and Mg?* in combination with
Ga’t, AI**, and Fe’") [3, 10—12]. These ludwigites are
referred to as heterometallic. At present, there are only
two synthesized homometallic ludwigites, namely,
Co05;0,B0; and Fe;0,BO0; [1, 13]. The first compound
in a good quality was synthesized considerably later
than the second compound and, by now, has been much
less studied. To date, the following has been known
about the properties of the Co;0,BO; ludwigite.

(1) Crystals grown by the flux method have the
form of fine black needles with a weight of up to 1 mg
and a density of approximately 5 g/cm? (the lattice
parameters are as follows: a = 9.302 A, b = 11.957 A,
and ¢ = 2.972 A) [2].

(2) The material is magnetically ordered at the
Néel temperature 7y = 43 K, and the ordering appar-
ently has a ferrimagnetic character [6, 13, 14].

(3) The material has a pronounced uniaxial mag-
netic anisotropy with the easy magnetization axis
along the crystallographic b direction [6, 14].

(4) The material is characterized by a significant
magnetic rigidity [6, 14].

(5) The substitution of nonmagnetic ions, for
example, Ti** [15] or Mg?* and Ga** [16], for a part of
cobalt ions leads to the disappearance of long-range
magnetic order and the formation of a state similar to
the spin glass.

(6) At low temperatures, the Co;0,BO; compound
is a magnetic dielectric; as the temperature increases,
the compound undergoes a gradual transition from
hopping conduction to conduction of the activation
type [2].

This work continues our previous investigations [1,
2,6, 14, 16, 17] and has been devoted to the study of
the magnetic and transport properties of the cobalt
oxyborate C0,;0,BO; with diamagnetic substitution of

Ga’* ions for a part of the cobalt ions.

2. SYNTHESIS TECHNOLOGY AND SAMPLES

Single crystals of the Co;0,B0; : Ga ludwigite
under investigation were grown by the flux method
using the technology described earlier in [3] for the
synthesis of transition metal ludwigites. The initial
reactants with a total weight of 50 g were taken in the
molar ratios Bi;Mo0;0,, : B,O;: CoO : Na,Coj;: C0,0; =
3:2:4:3:3. In order to obtain the substituted com-
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position, a part of the cobalt oxide Co,0; was replaced
with the gallium oxide Ga,Oj;. The solution melt was
prepared in a platinum crucible by successive melting
at temperatures in the range from 900 to 1000°C. In
the crystallization furnace with an inhomogeneous
temperature field, the crucible was mounted so that, at
a temperature of 900°C, the vertical component of the
temperature gradient in the solution melt was less than
1°C/cm. For the complete dissolution and homogeni-
zation, the composition was held for 3 h at a tempera-
ture of 1100°C. Then, the solution melt was subjected
to a two-step cooling: a rapid cooling to 960°C at the
first stage and a slow cooling at the second stage with a
rate of 12°C per day for three days. During the second
stage, spontaneously nucleated single crystals grew.
Then, the solution melt was poured out. The single
crystals grown up on the walls of the crucible were
freed from the remaining solution melt by etching in a
20% aqueous solution of nitric acid. As a result, single
crystals were obtained in the form of rectangular par-
allelepipeds strongly elongated along the crystallo-
graphic c axis.

The grown crystals have the form of smooth black
needles up to 5 mm in length. The cross-sectional area
of the crystal is no less than 0.5 x 0.5 mm. The crystal
shape makes it easy to determine the crystallographic
¢ direction. In order to determine the other crystallo-
graphic directions, it is necessary to choose crystals
with an approximately plate-like shape. The short side
of the cross section of the crystal coincides with the
crystallographic b direction.

3. X-RAY DIFFRACTION

The crystal structure of the Co;0,B0O; : Ga ludwig-
ite was investigated using a SMART APEX II single-
crystal X-ray diffractometer (MoK, radiation, CCD
detector). X-ray diffraction was performed on a single-
crystal sample at room temperature. The X-ray dif-
fraction pattern of the single-crystal sample is shown
in Fig. 2. The crystal structure of the sample under
investigation is resolved in detail. The X-ray diffraction
data are presented in Table 1. The introduction of gal-
lium into the initial cobalt ludwigite causes a slight
increase in the unit cell volume within the limits of 4%.

The atomic coordinates, site occupancy factors
(SOF) for nonequivalent crystallographic positions,
and isotropic displacement parameters are presented
in Table 2. As can be seen from these data, the gallium
ions are located only in crystallographic sites 4 and 2.
Site 4 is most preferred. It is filled with gallium by
more than half. This situation is typical of substituted
cobalt ludwigites. As was shown previously, this site is
most easily occupied by iron [4, 6, 17], copper [18],
and manganese [19] ions. The site occupation sce-
nario observed in the present work almost completely
coincides with the scenatio in the case with iron that
plays the role of a substituting ion. The iron ions, the
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Fig. 2. X-ray diffraction pattern of the substituted cobalt ludwigite Co, 4Gay O,BO;5.

like gallium ions, also obviously “prefer” site 4 and, to
alesser extent, occupy site 2. The crystallographic sites
occupied by ions of different types are shown in Fig. 3,
where the positions of the ions are indicated in the
projections onto the planes ac and bc. It can be seen
that sites 2 and 4 containing the gallium ions are
located predominantly in the ab planes and separated
by parallel layers containing only the cobalt ions.

With the knowledge of the site occupancy factors
for nonequivalent crystallographic positions, we can
refine the chemical formula of the compound under
investigation. Sites 4 and 2 are filled with gallium by
54.4% and 15.5%, respectively. Hence, the chemical

Table 1. X-ray diffraction data for the Co;0,BO; : Ga sample

Chemical formula Co, 4Gay c0,BO;,
Molar weight 337.32
Wavelength, A 0.71073
Temperature, K 296
Crystal structure Orthorhombic
Symmetry space group Pbam
Unit cell parameters:

a, A 9.2962

b, A 12.1929

¢, A 3.0275

v, A3 343.16
Density (calculated), g/cm? 3.265
Size of the studied crystal, mm 3.4x0.14 x0.12
F(000) 314.0
Absorption coefficient, mm™! 10.956
Diffraction angle 0, deg 2.76—28.99
Correction Gaussian

Results of the least-squares analysis

Data/absorption/parameters 537/0/60
Goodness of fit 1.202
Final R-factors:

R1 0.0138

wR2 0.0295
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formula of the composition can be written as
Co,33Gay4,0,BO; or, in round numbers, as
Co, 4Ga; O,BO;. In this case, the ratio of the cobalt
concentration to the gallium concentration is equal to
4 : 1. In other words, the cobalt content in the sample
reaches approximately 80% of the amount of the metal
ions, whereas the gallium content amounts to only 20%.

The selected interionic distances in the ludwigite
structure are presented in Table 3. Here, we can distin-
guish three groups of distances. The first group of dis-
tances includes the distances between ions in the BO;
triangle. These distances are the shortest ones; thus, the
BO; group is characterized by the strong ionic bonding.

The second group of distances includes the dis-
tances between the metal ions. The nearest distances
between any sites that contain the metal ions are of the
order of three angstroms. The shortest distance is
observed forsites 2and 4. It is slightly smaller than 3 A.
This distance is close to the radius of the direct
exchange interaction between the ions. All the dis-
tances between the metal ions in the structure of the
Co,,4Ga, 0O,BO; compound are slightly larger than
those in the structure of the original material of the
C0,0,B0O; composition.

The third group of distances includes the distances
between the metal ion and oxygen (Fig. 4). The oxy-
gen ions can occupy the five sites O1—05, which are
crystallographically nonequivalent. As can be seen
from the interatomic distances presented in Table 3,
each metal ion is located in an oxygen octahedron
with a different degree of distortion. In particular, for
example, the cobalt ion located in site / is character-
ized by four identical Col—04 distances. Let us
assume that the square formed by the O4 ions is the
base of the octahedron. At the same time, two Col—
02 distances in the direction perpendicular to the base
of the octahedron are somewhat shorted. Then, the
02—Co01-02 direction can be considered as the prin-
cipal axis of the octahedron. In this case, the oxygen
octahedron itself will be compressed along the princi-
pal axis. Similarly, for the Co2 ion, the principal axis of
the octahedron will coincide with the O3—Co02—03
direction, which is characterized by somewhat shorter
interatomic distances as compared to those in the
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square formed by the OS5 ions, where all the Co2—05
distances are equal to each other. The situation with
the Co3 and Co4 ions is more complicated, because
both these ions are surrounded by four nonequivalent
oxygen sites rather than by two nonequivalent oxygen
sites. However, based on the data presented in Table 3,
we can conclude that, for the Co3 ion, the Co3—01
and Co3—03 distances are almost identical to each
other; therefore, the O2—Co03—05 direction can be
regarded as the principal axis of this octahedron.
Hence, three octahedra surrounding the sites occu-
pied by the Col—Co3 ions will be compressed with
respect to their principal axes. A quite different situa-
tion occurs with the oxygen octahedron surrounding
site 4, because, in this case, four identical interatomic
distances could not be revealed and the octahedron
could not be considered to be elongated or com-
pressed. Therefore, the principal axis of this octahe-
dron was chosen arbitrarily as the direction from the
O1 ion to the O4 ion. For all the positions of the metal
ions, the directions of the metal ion—oxygen bonds, as
well as the directions corresponding to the principal
axes of the oxygen octahedra, are approximately iden-
tical. They approximately coincide with the direction
of the diagonal of the ab face of the unit cell of the
crystal. In Fig. 4, the directions of the principal axes of
the oxygen octahedra are indicated in bold. With the
knowledge of the parameters of the octahedra, it is
possible to calculate the gradient of the electric field
induced by them (i.e., the electric field gradient). As
was done in our recent work [17], the electric field gra-
dient was calculated according to the formula V,, =
2
225 B=1 it the inclusion of the first coordi-
r
nation sphere. Here, V_, is the electric field gradient in
the direction of the principal axis of the oxygen octa-
hedron, B is the angle between this axis and the direc-
tion toward the neighboring oxygen ion, e is the ele-

© o 0

Fig. 3. Crystallographic layers containing the substituting
gallium ions (sites 2 and 4) in the Co, 4Gag O,BOj5 struc-
ture projected onto the planes (a) ac and (b) bc.
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Table 2. Atomic coordinates, site occupancy factors (SOF)
for nonequivalent crystallographic positions, and isotropic
thermal parameters U for the Co;0,BO; : Ga sample

Atom| x/a y/b z/c SOF U, A?
Col 0 0.50000 | 0.50000 | 0.25000 | 0.00613
Co2 {0.50000 | 0.50000 0 0.21125 | 0.00667
Ga2 {0.50000 | 0.50000 0 0.03875 | 0.00667
Co3 [0.49891|0.72080 | 0.50000 | 0.50000 | 0.00630
Co4 |0.23761 | 0.616396 0 0.22800 | 0.00602
Ga4 [0.26016 | 0.616396 0 0.27200 | 0.00602
Ol [0.34462 | 0.76297 0 0.50000 | 0.00970
02 |0.10805 | 0.64306 | 0.50000 | 0.50000 | 0.01030
03 |0.38478 [ 0.57811 | 0.50000 | 0.50000 | 0.01000
04 [0.15312]0.45852 | 0.50000 | 0.50000 | 0.01390
05 |0.38478 [ 0.57811 | 0.50000 | 0.50000 | 0.01390
B 0.7712 | 0.63849 0 0.50000 | 0.00820

mentary charge, and r is the distance between the
metal ion and oxygen. The obtained results are pre-
sented in Table 4.

According to the data presented in this paper, the gal-
lium ions predominantly occupy the sites characterized
by the lowest value of the electric field gradient. The
same pattern was noted in the case of the substitution of
iron ions for cobalt ions in our recent studies [6, 17].

4. MAGNETIC MEASUREMENTS

For magnetic measurements, we used a vibrating-
sample magnetometer with a step motor [20]. The
measurements were performed at the International
Laboratory of High Magnetic Fields and Low Tem-
peratures (Wroclaw, Poland). The temperature depen-

Fig. 4. Distorted oxygen octahedra surrounding the metal
ions in nonequivalent sites /—4. The positions of the oxy-
gen ions are also nonequivalent. The direction of the prin-
cipal axes of the octahedra is shown.
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Table 3. Interionic distances in the structure of the
Co, 4Ga, 40,BO; compound (in A)

Distances in the BO5 group

B-O1 1.382 B-04 1.376
B—-03 1.376

The shortest distances between the metal ions
Col—-Co3 3.4043 | Col—Co(Ga)4 3.0306
Co(Ga)2—Co3| 3.0886 | Co(Ga)2—Co(Ga)4| 2.8221
Co3—Co(Ga)4| 3.1325

Bond lengths in the oxygen octahedra

Col-02 2.0129 | Co3—-03 2.1474
Col-04 2.1390 | Co3-05 2.0378
Co(Ga)2—03 | 2.0497 | Co(Ga)4—O0l1 2.0454
Co(Ga)2—05 | 2.0846 | Co(Ga)4—02 1.9616
Co3-01 2.1479 | Co(Ga)4—-04 2.0790
Co3-02 1.9455 | Co(Ga)4—05 2.0931

Table 4. Principal component of the electric field gradient
tensor and occupancies of gallium ion sites in the structure
of the CO, 4Ga;, (O,BO; compound

Site
Parameter
1 2 3 4
G, e/A3 0.2002 | 0.06818 | 0.24896 | —0.0426
Ga site occu- 0 15.5 0 54.4
pancy, %

dences of the static magnetization were measured dur-
ing cooling in a zero magnetic field (the ZFC mode) at
temperatures in the range from 1.8 to 300 K. The mag-
netic field was applied in the crystallographic a direc-
tion. The measurements were carried out in a mag-
netic field of 5 T and in the case where the residual
field of the magnet was equal to 0.025 T. The magneti-
zation curves were obtained in magnetic fields of up to
14 T in the crystallographic directions a, b, and c,
which were determined in accordance with the X-ray
diffraction data. Prior to the measurement, the single
crystal was accurately weighed using a DV 215CD
semi-micro balance. The single crystal was mounted
on a plexiglas holder. The temperature dependence of
the magnetization of the holder was measured sepa-
rately and then was subtracted from the integrated sig-
nal. The correction for the magnetization of the holder
accounted for 10% of the magnetization of the sample.
When the measurements were performed in the crys-
tallographic b direction, we evaluated the effect of the
demagnetization associated with the shape of the sam-
ple. Taking into account all the errors introduced dur-
ing the weighing of the single crystal, the subtraction
of the signal from the holder, and the measurement,
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the total error in the determination of the magnetiza-
tion of the sample does not exceed 5%.

The temperature dependences of the magnetiza-
tion of the sample in a weak residual field of the mag-
net and in a strong magnetic field of 5 T are shown in
Fig. 5. The temperature dependence of the magnetiza-
tion measured in a weak residual field of 0.025 T
clearly demonstrates a magnetic transition with the
critical temperature 7= 37 K. The magnetic transition
temperature is determined at the point where the slope
of the curve M(T) reaches the maximum value. This
temperature is 6 K below the corresponding critical
temperature of the initial compound Co05;0,B0O;. In a
magnetic field of 5 T, the magnetic transition is
strongly smeared over the temperature range.

The temperature dependence of the inverse mag-
netic susceptibility in the paramagnetic region obeys
the Curie—Weiss law: ¢ = C/(T — ©®). The approxima-
tion of the experimental data according to the Curie—
Weiss law is presented in the inset to Fig. 5. The para-
magnetic constant C = 0.019 cm?® K/g corresponds to
the effective magnetic moment . = 6.44p, per for-
mula unit or 3.72ug per metal ion. Taking into account

that 20% of the metal ions (Ga**) are nonmagnetic,
we find the magnetic moment 4.18p for each mag-
netic cobalt ion. This value almost completely coin-
cides with the corresponding effective magnetic
moment obtained in our previous work [14] for the
unsubstituted cobalt ludwigite Co;0,BO;. The para-
magnetic Curie temperature is ® = 14 K.

The magnetization curves measured in strong mag-
netic fields of up to 14 T differ significantly from each
other in different directions of the magnetic field with
respect to the crystallographic axes. In the crystallo-
graphic ¢ direction, the magnetization is relatively small
and the dependence M(H) is almost linear for all the
studied temperatures (Fig. 6). According to these data,
the crystallographic ¢ direction (along the crystal nee-
dle) coincides with the hard magnetization axis. The
magnetic moment of the sample lies in the ab plane.

The magnetization curves of the sample in the
magnetic field oriented along the crystallographic
directions a and b in the cross section of the crystal are
similar to each other for both the high and low temper-
atures (Fig. 7). Let us consider in more detail the mag-
netization curves along the crystallographic a direc-
tion (Fig. 8). The magnetization isotherms below the
magnetic ordering temperature are presented in
Fig. 8a. Figure 8b shows a family of magnetization
curves above the critical temperature. The latter
dependences are typical of the paramagnetic state of
the sample. At temperatures below the magnetic tran-
sition point, the magnetization curves are irreversible
and do not reach saturation. In the high-field range,
all the magnetization curves obtained at temperatures
T <20 K are linear and almost completely coincide
with each other. The extrapolation of the magnetiza-
tion curve by a linear dependence is shown in the iso-
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Fig. 5. Temperature dependences of the magnetization of
the Co, 4Gagy 40,BOj; crystal measured in the ZFC mode.
The heating is performed in two magnetic fields. The mag-
netic field is directed along the crystallographic a axis. The
inset shows the temperature dependence of the inverse mag-
netic susceptibility corresponding to the curve M(H) mea-
sured in a magnetic field H = 5 T. The straight line is the
approximation according to the Curie—Weiss law.

therm M(H) for T= 1.8 K (Fig. 8a). The magnetic sus-
ceptibility corresponding to the contribution linear in

the magnetic field is y,r = 1.3 x 10~* cm?/g.

If the magnetic moments of all the cobalt ions were
to be oriented along the magnetic field, then, for each
ion in the unsubstituted cobalt ludwigite Co;0,BO; at
saturation, there should be, on the average, the mag-
netic moment p = g(/)pg. Here, the question arises as
to the magnitude of the total angular momentum Jand
the value of the g-factor for cobalt ions in the divalent
and trivalent states. The Co** and Co?* ions in a cubic
crystal field have a nonzero orbital angular momentum

16

Hi ¢

0 2 4 6 8 10 12 14

Fig. 6. Magnetization isotherms measured above and
below the magnetic ordering temperature in the crystallo-
graphic ¢ direction (along the needle).
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[ = 1. Taking into account the spin—orbit coupling,
we can determine the total angular momenta and the
effective g-factors [21]. For the Co*" ion, we obtain

§=2,1=1,J =1,andg,= 3.5. For the Co?*" ion, we

have §=3/2,/ =1,J =1/2,and g;=4.33. Asaresult,
the average magnetic moment per cation in the unsub-
stituted crystal of the cobalt ludwigite Co;0,BO; with
the ratio Co?* : Co** = 2 : 1 in the saturation state
should be equal to

1
p= 3(2u002+ + )

= %(2 x 4.33 x % +1x 3.5)uB = 2.61p;.

For the substituted composition Co, ,Ga, ;O,BO;, we
can approximately assume that the nonmagnetic gal-
lium ions substitute for one-half of the trivalent cobalt
ions. Then, we have Co** : Co** =4:1and

1
p= 5(4MC02+ + )

- %(4><4.33>< §+ | ><3.5)u3 = 243,

The spontaneous magnetic moment determined from
the magnetization curves presented in Fig. 8 for the
Co, 4Ga; 0,BO; compound is equal to 0.58ug per
metal ion or 0.73pg per cobalt ion, which is consider-
ably smaller than the maximum possible value equal to
2.43ug. The remanent magnetization can be deter-
mined from the reversal of the curve M(H). At a tem-
perature 7 = 1.8 K, the remanent magnetization is
found to be 0.59u; per cobalt ion, which accounts for
81% of the spontaneous magnetic moment or 24% of
the maximum possible value.

70

—
(=)
T

1 1 1 1 1 1 1

0 2 4 6 8 10 12 14

Fig. 7. Comparison of the magnetization isotherms in the
crystallographic directions a and b above (7 = 70 K) and
below (7' = 4.2 K) the magnetic transition temperature.
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Fig. 8. Magnetization curves measured in the crystallo-
graphic a direction at different temperatures: (a) the mag-
netically ordered phase and (b) the paramagnetic phase.
The inset shows the magnetization curves plotted in the
same coordinates as the curves in the main figure. Desig-
nations: Mg is the spontaneous magnetization, and My is
the remanent magnetization.

5. ELECTRICAL RESISTANCE

The vast majority of transition metal oxyborates at
low temperatures belong to the class of magnetic
dielectrics [22]. With an increase in the temperature,
the electrical conduction is usually activated. The
electron transport rather frequently occurs according
to the Mott’s variable-range hopping mechanism [23].
The electrical resistance in this case depends on the
temperature as R = R'exp(A/kT"/*) [24], where R and
A are the Mott’s parameters determined by the density
of states and the other parameters of the electronic
structure. The electrical resistance of the samples
often remains relatively large in the absolute value
(more than 1 MQ) to room temperature. These data,
in combination with small sizes of the samples, make
it difficult to perform correct measurements of the
electrical resistance with the use of the four-point
probe method. Therefore, one has to use a simpler
two-point probe technique and to put up with the pos-
sible presence of the contribution from the near-con-
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Fig. 9. Temperature dependence of the electrical resistance
normalized to the value of R;, at 0°C for the
Co, 4Ga(y 0,BO3 sample. Portions I-III of the curve cor-
respond to different modes of the behavior of the electrical
resistance.

tact regions to the measured value of the electrical
resistance. Such a technique for measuring the electri-
cal resistance was used in our case. The electrical resis-
tance was measured along the long axis of the crystal
with the use of an automated complex intended for
transport and magnetotransport measurements and an
E6-13A teraohmmeter.

The electrical resistance of the sample at room
temperature was found to be 8 GQ, which corresponds
in the order of magnitude to the electrical resistivity of
10 Q cm. This value is typical of oxyborates [2, 22, 23].
The temperature dependence of the electrical resis-
tance normalized to the value of R, at 0°C for the
Co, 4Ga; O,B0O; sample is shown in Fig. 9. In accor-
dance with the behavior of the temperature depen-
dence of the electrical resistance, the temperature
range from 120 to 400 K, in which the electrical resis-
tance was measured, can be divided into three por-
tions. Portion I corresponds to the low-temperature
measurements of the electrical resistance in the range
from 120 to 160 K. In this range, the electrical resis-
tance rapidly increases with a decrease in the temper-
ature, and the sample undergoes dielectrization. In
our case, the electrical resistance measurements were
performed down to T,,;, = 120 K. Below this temper-
ature, the electrical resistance of the sample is so great
that attempts to measure it have no sense. This behav-
ior of the electrical resistance at low temperatures, in
general, is characteristic of the class of oxyborate com-
pounds [2, 21, 22].

Portion III corresponds to the high-temperature
measurements of the electrical resistance in the range
from 290 to 400 K. Portion 11 (in the range from 160 to
290 K) is the transition region. Figure 10 shows the
dependence of the logarithm of the normalized elec-
trical resistance of the Co, ,Ga,, ;O,BO; sample on the
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inverse temperature. The designations of the regions
corresponding to different modes of the behavior of
the electrical resistance are the same as in Fig. 9. In
portions I and I1I, the electrical resistance exhibits an
almost linear behavior. In portion II, the temperature
dependence of the electrical resistance has a sharply
nonlinear behavior. This indicates that there exists a
transition in the mechanism of charge transport. The
transition temperature 7, can be determined in accor-
dance with the maximum change in the derivative of
the function In(R/R,) with respect to the temperature.
The corresponding dependence is shown in the inset
to Fig. 10. It can be seen that the transition tempera-
ture is 7, = 280 K.

The almost linear behavior of the electrical resis-
tance as a function of the inverse temperature (Fig. 10)
justifies the attempt to consider it in terms of the activa-
tion conduction. The high-temperature and low-tem-
perature branches of the electrical resistance were
approximated by the simple Arrhenius activation law.
The obtained activation energies of electrical conduction
are found to be as follows: 1.25 eV in the high-tempera-
ture range and 0.04 eV in the low-temperature range.

6. DISCUSSION OF THE RESULTS

The processes performed in our present work for
the synthesis of the substituted cobalt ludwigites based
on the Co;0,BO; compound demonstrated that gal-
lium is readily soluble in the mixture Bi,Mo0;0,,: B, :
CoO : Na,Co; : Co,0;, which can be responsible for the
high degree of substitution of the transition metal ion.

The exact distribution of the metal ions over the
crystallographic positions in accordance with their
valence state in the cobalt ludwigite is currently
unknown. In the isostructural analogue Fe;0,BO;: Ga,
sites / and 3 are occupied by the divalent ions, while
the nominally trivalent ions located in sites 2 and 4
share among themselves a single “excess” electron.
The degree of localization of this electron, according
to the neutron diffraction data, strongly depends on
the temperature [5]. For the cobalt ludwigite, the
valences of cobalt ions in different sites were deter-
mined using the bond-valence-sum method [13, 19].
Based on this method, it can be assumed that the
valences of cobalt ions in sites /—3 and 4 are equal to
2+ and 3+, respectively.

According to the X-ray diffraction data, the triva-
lent gallium ion, with a special preference, is located
in one of the nonequivalent crystallographic positions
(site 4). In this site, the trivalent gallium ion substitutes
for the trivalent cobalt ion Co**. It is interesting to
note that it is this site which, every time, appears to be
most preferred for different substituting ions. We
observed this tendency previously in the cases where
cobalt is substituted for by iron [6, 17], copper [18],
and manganese [19]. It is known that, in these cases,
iron also resides in the trivalent state, while manganese
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Fig. 10. Dependence of the logarithm of the normalized
electrical resistance of the Co, 4Ga( 0,BO5 sample on the
inverse temperature. Roman numerals indicate regions
corresponding to different modes of the behavior of the
electrical resistance. Straight lines represent the approxi-
mation according to the activation law. The inset shows the
derivative of the logarithm of the electrical resistance with
respect to the temperature in the region of changes in the
electrical conduction mechanisms.

exhibits a variable valence (2+ and 3+). The valence
state of copper remains unknown; however, the copper
ion in these compounds exhibits a valence of 2+ rather
more frequently than a valence of 3+. Site 4 stands out
among the other sites by the following features: (1) it is
located in the center of the zig-zag wall; (2) it has the
smallest isotropic thermal parameter; and (3) it is
characterized by the smallest electric field gradient
across the oxygen octahedron. In other words, the
metal ion located in this site has the most symmetric
environment. This site should be the most favorable
for the ions with a symmetric electron shell, for exam-
ple, for the & and d'’ ions. These ions are the Fe3* and
Ga’* ions, respectively. It is these ions which exhibit
the most pronounced preference for site 4. In the case
where cobalt is substituted for by manganese, which is
involved in both the divalent (¢°) and trivalent (d*)
states, the preference for this site is pronounced con-
siderably weaker.

Apart from sites 4, the Ga** ions in small amounts
occupy sites 2, thus forming layers aligned parallel to the
crystallographic ab plane. These layers are separated by
the other layers containing only the magnetic cobalt ions.

The introduction of gallium into the cobalt ludwig-
ite leads to a small increase in the unit cell parameters
and interionic distances. This can be caused by two
factors. First, the ionic radius of Ga3* (0.62 A) is
slightly larger than the ionic radius of Co®* (0.61 A).
Second, if a part of the trivalent gallium ions displaces
the Co** ions from sites 2, then, under the conditions
of charge balance, these ions with a larger ionic radius
(0.745 A) should occupy sites 4, which is not
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characteristic of them. This can lead to an increase in
the degree of distortion in the lattice, which is accom-
panied by a slight increase in the lattice volume.

As regards the effect of the diamagnetic dilution on
the magnetic properties of the cobalt ludwigite, in this
work, we obtained the two main results. The first of
them is quite predictable: the introduction of gallium
into the original material leads to a weakening of the
magnetic interactions, as well as to a decrease in the
temperature of the magnetic transition. In this case, the
character of the magnetic order at a given gallium con-
centration presumably remains the same as in the orig-
inal compound Co0;0,B0;. Judging from the tempera-
ture and magnetic-field dependences of the magnetiza-
tion, the Co, ,Ga,0,BO; compound is a ferrimagnet
with the magnetic moment oriented in the crystallo-
graphic ab plane. The values of the magnetic moment
significantly differ from those corresponding to satura-
tion, thus indicating its substantial compensation.

The second result, which was obtained from the
magnetic measurements, is somewhat unexpected: the
magnetic anisotropy in the ab plane almost completely
disappears. In the original material, the magnetic
anisotropy in this plane is extremely pronounced. The
Co0;0,B0; compound is an easy-axis ferrimagnet in
which the easy magnetization axis coincides with the
crystallographic b direction. The Co,,Ga,s0,BO;
compound studied in the present work can be attrib-
uted to ferrimagnets of the “easy plane” type. There
are grounds to assume that the magnetic anisotropy in
the cobalt ludwigite Co;0,B0; is determined predom-
inantly by the transition metal ions located in non-
equivalent crystallographic sites 4, because it is these
ions which were subjected to the nonmagnetic substi-
tution. According to the results obtained in our work,
the magnetic anisotropy in the cobalt ludwigite, most
likely, has an exchange nature.

In the paramagnetic state, the effect of gallium ions
on the effective magnetic moment is reduced to a sim-
ple diamagnetic dilution. The decrease in the mag-
netic moment is in exact agreement with the amount
of introduced nonmagnetic ions. As regards the para-
magnetic Curie—Weiss temperature ®, in the initial
composition Co;0,B0;, as well as in any anisotropic
magnetic material, this temperature strongly depends
on the direction of the magnetic field with respect to
the anisotropy axes. When the measurements were
performed in the a direction, we obtained the para-
magnetic Curie—Weiss temperature ® ~ —20 K [6] for
the unsubstituted composition and ® = 16 K for the
gallium-substituted composition. These values are not
very different from zero but have the opposite sign.
This indicates a change in the predominant exchange
interactions upon the substitution. Nonetheless, it can
be concluded that the substitution of gallium for 20%
of the cobalt ions does not substantially affect their
behavior in the paramagnetic phase.
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In the temperature dependence of the electrical
resistance of the Co, 4Ga, ;0O,BO; compound, there is
a broad transition region observed at temperatures in
the range from 160 to 290 K. On both sides of the tran-
sition region, the dependence of the logarithm of the
electrical resistance on the inverse temperature has an
almost linear behavior, which can indicate the occur-
rence of activation conduction. However, the low-
temperature branch of the dependence R(7) demon-
strates a considerably more rapid increase in the elec-
trical resistance with a decrease in the temperature as
compared to the high-temperature branch. The
approximation performed in accordance with a simple
exponential law gives a low value of the activation
energy £, =0.04 eVin the low-temperature range and
a substantially higher value of the activation energy
E,, = 1.25 eV in the high-temperature range. These
values suggest that, in this composition, the impurity
mechanism of electrical conduction coexists with the
intrinsic mechanism. The band gap is AE = 2F,, =
2.5 eV. Moreover, near the edges of the band gap, there
are impurity levels or a narrow band at a depth of 0.04
eV. This experimental result is in contradiction with
the extended Hiickel tight binding (EHTB) calcula-
tions performed for the electronic structure of the
C0,0,B0O; compound in [25]. According to these cal-
culations, the band structure of the Co;0,BO; com-
pound has no semiconductor gap, and this compound
should exhibit metallic conductivity. The electrical
conductivity observed in our present work is far from
metallic both in the base compound Co;0,BO; [2]
and in the substituted composition Co;0,BO;: Ga. At
the same time, we did not reveal a strong correlation
between changes in the magnetic order and the elec-
tronic structure [26, 27], which is characteristic of
magnetic semiconductors.

7. CONCLUSIONS

The performed investigations of the structural,
magnetic, and transport properties of the substituted
cobalt ludwigite Co,,Ga,c0,BO; have revealed that
the substituted composition is isostructural with the
original material of the Co;0,B0O; composition, but

with slightly greater interionic distances. The Ga3* ions
exhibit a strong preference in the occupation of one of
the four nonequivalent crystallographic positions in the
ludwigite structure. It is the position characterized by
the smallest values of the isotropic displacement
parameter and the electric field gradient of the oxygen
octahedron. This situation is similar to the case where
trivalent iron ions Fe3* are introduced into the cobalt
Iudwigite. Both of the substituting ions have a symmet-
ric electronic structure (¢'° in Ga3* and & in Fe3*).

In the paramagnetic region, the substitution of gal-
lium ions for cobalt ions brings about the effect of con-
ventional diamagnetic dilution, which leads to a
decrease in the effective magnetic moment. The mag-
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netic ordering is achieved at a temperature of 37 K,
i.e., by 6 K lower than the magnetic ordering temper-
ature of the original material. The hypothetically fer-
rimagnetic type of magnetic ordering upon the substi-
tution remains unchanged; however, the uniaxial mag-
netic anisotropy, which is clearly pronounced in the
cobalt ludwigite Co;0,B0;, disappears. The substi-
tuted material has a magnetic anisotropy of the easy
plane type (this easy plane coincides with the crystal-
lographic ab plane).

The electrical resistance of the Co,,Ga,0,BO;
compound demonstrates an activation character of the
behavior in both the low-temperature and high-tem-
perature ranges. However, the activation energy for
electrical conduction does not remain constant. In the
transition range from 160 to 290 K, this activation
energy changes by a factor of approximately 30. Such
a situation can take place upon the transition from
impurity conduction to intrinsic conduction with an
increase in the temperature. The formation of the
impurity band, most likely, occurs as a result of the
introduction of gallium ions into the original material.
The contribution from Mott’s variable-range hopping
conduction is also not ruled out.
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