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Abstract—Single crystals of the new compound CusBi,B 40,4 are grown and its structural, magnetic, and res-
onant properties are investigated for the first time. It is found that the CusBi,B,0,,4 crystal synthesized has a

triclinic symmetry with space group P1 and the unit cell parametersa=10.132 A, b=9.385A, c = 3.458 A,
o =105.443°, 3 =97.405°, y=107.784°, and Z = 1. At atemperature of 24.5 K, the crystal undergoesamagnetic
phase transition to the magnetically ordered state. The assumption is made that the ferrimagnetic structure of
the CusBi,B4044 crystal consists of two ferromagnetic sublattices coupled through the antiferromagnetic
exchangeinteraction. The unit cell of the crystal contains five copper ions, of which oneion belongsto the first
sublattice and the other four ions form the second sublattice. Analysis of the resonant and magnetic static prop-
erties demonstrates that the CusBi,B,04, crystal exhibits an easy-axis magnetic anisotropy. Thedirection of the
easy axis coincides with the c axis of the crystal, whereas the a and b axes are the hard magnetic axes with sat-
uration fields approximately equal to 25 and 10 kOe, respectively. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The discovery of high-temperature superconductiv-
ity gave impetus to active research into oxocuprates.
Although oxocuprates possess neither superconductiv-
ity nor even metallic conductivity, their crystal struc-
tureinvolvesfragmentsthat are similar to those of high-
temperature superconductors and determine the mag-
netic properties of the former compounds in the case of
superexchange interactions. In his monograph, Wells
[1] noted that bivalent copper should form alarger vari-
ety of magnetic structures than is observed for any
other chemical element. The great diversity of the mag-
netic properties of copper oxide compounds can be
illustrated using the oxocuprates studied in our earlier
works. In particular, CuGeQ; is a chain spin-Peierls
magnet with the transition temperature T = 14 K [2,
3], LiCu,0, isatwo-dimensiona antiferromagnet with
a damaged ladder structure and the magnetic phase
transition temperature Ty = 24 K [4], and Bi,CuO, isa
three-dimensional antiferromagnet characterized by the
four-spin exchange interaction and the Néel tempera-
ture Ty = 41 K [5]. For CuB,0O, [6-9], the magnetic
states at temperatures below 20 K are described by a
complex phase diagram, including the transition
between the commensurate and incommensurate struc-
tures. This paper reports on thefirst results of investiga-

tionsinto the structural, magnetic, and resonant proper-
ties of anew oxocuprate which we found in the ternary
CuO-Bi,04-B,0; system.

2. GROWTH OF SINGLE CRYSTALS

Earlier, Zargarov et al. [10] performed physico-
chemical investigations into the ternary CuO-Bi,O4—
B,O; system and revealed two copper oxide com-
pounds, namely, 2Bi,O; - CuO - B,O; and Bi,O; -
2Cu0O - B,0;, which crystallize in the orthorhombic
crystal system. We also studied the CuO-Bi,0;—B,0;
system and found a new compound with the chemical
formula CusBi,B,0,,.

Single crystals of CusBi,B,0,, were grown by spon-
taneous crystallization from a molten mixture contain-
ing 22 mol % Bi,O5, 50 mol % CuO, and 28 mol %
B,O;. Dark green crystals of different shapes were
mechanically removed from the crucible. A number of
crystals had a perfect faceting typical of bulk skewed
prisms, whereas the other crystals had a flatter shape
with aless pronounced faceting. Crystals of aparticular
type could be predominantly grown by varying theratio
of the initial oxides in certain limits. It turned out that
crystals of both types exhibited identical x-ray diffrac-
tion patterns.
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X-ray diffraction analysis was performed both with
powders of ground crystals on a DRON-2 diffractome-
ter and with small-sized high-quality single crystals on
a CAD4 automated diffractometer (MoK, radiation). It
was found that the crystals synthesized have a triclinic

symmetry with space group P1. The unit cell parameters
areasfollows a=10.132 A, b=9.385A, c = 3.458 A,
o =105.443°, B = 97.405°, y=107.784°, and Z = 1.

The magnetic susceptibility and the magnetization
were measured on a SQUID magnetometer in magnetic
fields up to 40 kOe and on a vibrating-coil magnetom-
eter in fields up to 30 kOein the temperature range 4.2—
300 K at different orientations of the magnetic field
with respect to the crystall ographic axes.

3. EXPERIMENTAL RESULTS

Figure 1 displays the temperature dependences of
the magnetic susceptibility and the reciprocal of the
magnetic susceptibility for a sample composed of a set
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Fig. 1. Temperature dependences of the magnetic suscepti-
bility and the reciprocal of the magnetic susceptibility for
the Cu5BiZB4014 CryStaI .

Fig. 2. A geometric shape of the CugBi,B,044 samples and
the magnetic field orientations used in the measurements.
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of single crystals oriented in a random manner. In the
temperature range 170-300 K, the magnetic suscepti-
bility is adequately described by the Curie-Weiss law
X = C/(T — ©) with the following parameters. C =
2.01 x 102 K cm®g and © = +17.4 K. The effective
magnetic moment is estimated as i = 0.81145. Judging
from the positive paramagnetic Curie temperature, this
compound predominantly undergoes a ferromagnetic
exchange interaction, which is rarely observed in oxo-
cuprates[11, 12].

The temperature and field dependences of the mag-
netization of the single crystals under investigation
were measured at different magnetic field orientations.
Figure 2 shows a geometric shape of the single-crystal
samples; in this figure, the magnetic field orientations
used in the measurements are designated as M1-M5.
The samples used in these experiments have the form of
plates elongated in one direction. The longer edge of
the plate is oriented along the c axis of the crystal. The
largest and elongated lateral faces lie in the (010) and
(100) crystallographic planes, respectively. The mag-
netic field orientation M1 coincides with the c axis of
the crystal, the orientation M2 is perpendicular to the
(010) face, and the field orientation M3 is aligned with
the (010) plane and is perpendicular to the orientation
M1. Thefield orientations M4 and M5 coincide with the
shorter edges of the crystal.

Figure 3 depicts the field dependences of the mag-
netization measured at T = 5 K. For the field orienta-
tions M1-M3, the magnetization linearly increases to
saturation and remains virtually constant with a further
increase in the magnetic field strength. The saturation
magnetizations at the orientations M1 and M2 coincide
with each other and amount to 17.1 emu/gat T =5 K.
The saturation magnetization at the orientation M3 is
equal to 16.6 emu/g. The saturation fields at the orien-
tations M1, M2, and M3 are approximately equal to
350 Oeg, 8 kOe, and 23 kOe, respectively. The field
dependences of the magnetization at the orientations
M4 and M5 exhibit a nonlinear behavior. Since the
magnetization directions M4 and M5 are close to the
directions M3 and M2, respectively, the field depen-
dences of the magnetization for the directions M4 and
M5 are characterized by the saturation fields which are
approximately identical to those for the directions M3
and M2. The specific feature of the field dependencesis
that they are anhysteretic to within the experimental
error of the magnetization measurement.

The temperature dependences of the susceptibility
X = M/H (Fig. 4) were measured in magnetic fields cor-
responding to the initial linear portions of the field
dependences of the magnetization. For all the magnetic
field orientations used in the measurements, the suscep-
tibility varies only slightly with an increase in the tem-
peraturefrom4.2to 24 K and decreasesdrastically with
a further increase in the temperature, which corre-
sponds to a magnetic phase transition.
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Fig. 3. Field dependences of the magnetization measured at T = 5 K. Curves 1-5 correspond to the magnetic field orientations M1—
M5, respectively.
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Fig. 4. Temperature dependences of the magnetic susceptibility for the CugBi,B,044 crystal at different orientations and strengths
of the measuring field (Oe): (1) M1, 50; (2) M2, 500; (3) M3, 500; (4) M4, 20; and (5) M5, 20.
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Fig. 5. Frequency—field dependences of the magnetic reso-
nance measured at T = 4.2 K for different orientations of the
external magnetic field: (1) M1, (2) M2, and (3) M3.

Fig. 6. Crystalline and hypothetical magnetic structures of
CugBi,B4O14.

The magnetic resonance measurements were per-
formed on a pulsed magnetic spectrometer in the tem-
perature range 4.2-80 K. The frequency—field depen-
dences of the magnetic resonance measured at T =
4.2 K for the magnetic field orientations M1, M2, and
M3 are plotted in Fig. 5. The frequency—field depen-
dence at the orientation M1 exhibits a linear behavior
and is characterized by an energy gap at approximately
36.5 GHz. For the other two orientations of the mag-
netic field, the frequency—field dependences can be
divided into two portions. In weak fields, an increasein
the magnetic field strength is accompanied by a
decrease in the magnetic resonance frequency from a
value determined by approximately the same energy
gap as for the orientation M1. Then, beginning with a
certain magnetic field, an increase in the magnetic field
strength leads to an increase in the magnetic resonance
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frequency. The approximation of both portions in the
frequency—field dependence of the magnetic resonance
indicates that, for these two orientations of the mag-
netic field, the softening of the vibrational mode occurs
at the same field strengths at which the magnetization
reaches saturation.

4. DISCUSSION

The crystal structure of CusBi,B,0,, is shown in
Fig. 6. Theunit cell contains one formulaunit. The cop-
per ions occupy four nonequivalent positions, which
are designated as Cu(1)—Cu(4) (Fig. 6). The oxygen
environment of each copper ion has the form of adis-
torted, strongly elongated octahedron (also depicted in
this figure). The distances from the copper ion to the
apical oxygen ionsin the octahedron vary from 2.58 to
2.82 A for different nonequivalent positions. Therefore,
in order to evaluate the exchange interactions, it is suf-
ficient to consider only the oxygen environment of the
octahedron base in which the Cu—O distances for dif-
ferent positionsliein therange 1.78-2.08 A. Note that,
in this case, the octahedron base is not aregular square
and the degree of its distortion differsfor different non-
equivalent positions.

Let us now consider the exchange interactions in
terms of the Anderson—-Goodenough—Kanamori theory
[13]. It should be noted that all the exchange bonds
allowed by the CusBi,B,0,, structure occur through
one oxygen ion; contrastingly, the exchange bonds in
Bi,CuQ, [5] and CuB,0, [9] occur through two oxygen
ions and bismuth or boron ions. The crystal structure of
CugBi,B,0,, admits the formation of approximately
90° exchange bonds between the Cu(2) and Cu(3) ions,
for which the base sguares of the oxygen environment
share a common side. There exists also an approxi-
mately 90° exchange bond between the Cu(2) and
Cu(4) ions, for which the base sguares of the oxygen
environment share acommon site. Moreover, the Cu(1)
and Cu(2) ions are coupled by the exchange interaction
through the oxygen ion located at a common site of
their base squares. However, in the latter case, the bond
angle 8 isequal to 113.7°.

The estimation of the exchange integrals for these
bonds according to the formulas taken from [13] gives

Jys = 4/3BCJ
Jy = BCI™ = 43K, D
J, = 2B3(U-1/33")cosB = —6.2 K.

Here, B is the parameter of the ligand—cation electron
transfer over the o bonds, C is the parameter of the
ligand—cation electron transfer over the Tthonds, J™ is
the intraatomic-exchange integral, and U is the energy
of oxygen—copper electron excitation. The above esti-
mates were made using the standard parameters B =
0.02,C=001,U=22¢V,and J™ = 1.6 eV for Cu?*

int

= +5K,
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ions [14]. The paramagnetic Curie temperature © cal-
culated in the molecular-field approximation using the
exchange integrals obtained is equal to +3.6 K. This
result isin qualitative agreement with the positive para-
magnetic Curie temperature (© = +17.4 K), which was
determined experimentally.

Reasoning from the results of analyzing the
exchange interactions, we can propose the following
magnetic structure of the CusBi,B,0,, crystal (Fig. 6).
The crystal has a ferrimagnetic structure consisting of
two magnetic sublattices. In this structure, the Cu(1)
ions belong to the first magnetic sublattice and al the
other copper ions form the second magnetic sublattice.
Judging from the proposed magnetic structure, the sat-
uration magnetization can be estimated from the exper-
imental effective magnetic moment g = 0.81pg,
which was determined from the high-temperature por-
tion of the temperature dependence of the magnetic
susceptibility. The saturation magnetization thus calcu-
lated (o = 7.6 emu/q) differssignificantly from the exper-
imental saturation magnetization (0 = 17.1 emu/q)
obtained from the field dependences of the magnetiza-
tion measured at T=5K (Fig. 3). Under the assumption
that the proposed ferrimagnetic structure is incorrect
and that the CusBi,B,0O,, crystal has a ferromagnetic
structure, the saturation magnetization o estimated
from the same experimental effective magnetic
moment is equal to 12.7 emu/g, which aso differs sub-
stantialy from the experimental value. However, we
carried out the calculation for the proposed ferrimag-
netic structure with the use of the effective magnetic
moment |y = 1.891g, which is characteristic of copper
ions. In this case, the effective magnetic moment was
estimated from the experimental value g = 2.18. As a
result, we obtained the saturation magnetization g =
18.1 emu/g, which is close to the experimental value.
Note that the reason for the considerable difference
between the experimental and theoretical effective
magnetic moments remains uncl ear.

The temperature of the magnetic phase transition
can be most precisely determined from the experimen-
tal temperature dependence of the magnetization in the
weak external magnetic field H =20 Oe (Fig. 4). Inthis
case, the true magnetization of the sample in the mag-
netic field (m = o + xH) differs only slightly from the
spontaneous magnetic moment o. Therefore, it can be
assumed that the drastic increase observed in the true
magnetization at T = 24.5 K corresponds to a magnetic
phase transition.

Thus, we believe that, at temperatures below T =
245 K, the CusBi,B,0,, crystal is a collinear ferri-
magnet.

Furthermore, the field dependences of the magneti-
zation indicate that the ferrimagnetic structure of the
studied crystal exhibits an easy-axis magnetic anisot-
ropy with the easy axis aligned along the c axis of the
crystal (the orientation M1). Since our attempts to
determine the crystallographic indices of the small

PHYSICS OF THE SOLID STATE Vol. 44 No. 7

2002

1343

crystal face have been unsuccessful, we cannot argue
that the orientations M4 and M5 coincide with thea and
b axesof the crystal. However, thea axisisat least close
to the directions M3 and M4 and the b axis is close to
the directions M2 and M5. Hence, reasoning from the
triclinic symmetry of the CugBi,B,0,, crystal and the
field dependences of the magnetization for the orienta-
tions M2-M5, we can assume that the a and b axes are
the hard magnetic axes with saturation fields approxi-
mately equal to 25 and 10 kOe, respectively.

Theinitia linear portion in the field dependence of
the magnetization at the orientation M1 is most likely
associated with the domain structure of the crystal. The
formation of a single-domain structure at this orienta-
tionisobserved in asaturation field of 350 Oe. It can be
assumed that the crystal has a predominantly strip
domain structure with antiparallel orientations of the
magnetic moments aong the c¢ axis in adjacent
domains. Therefore, upon magnetization along the M2
and M3 directions perpendicular to the c axis, theinitial
portion of arapid increase in the magnetization due to
transformation of the domain structure is absent in the
field dependences. For these orientations, an increasein
the magnetic field strength immediately leads to rota-
tion of the magnetic moments. Note that the magnetic
moments of the adjacent domains rotate to meet each
other toward the magnetic field direction and the
domain structure is retained until the rotation ceases.
For the magnetic field orientations M4 and M5, the pro-
jection of the magnetic field onto the ¢ axis is nonzero
and a rapid increase in the magnetization in the initial
portions of the magnetization curves is caused by the
displacement of the domain boundaries.

The above model of magnetic anisotropy in the
CusBi,B,0,, crystal is confirmed by the results of the
magnetic resonance measurements. The magnetic reso-
nance data are in qualitative agreement with the avail-
able data on the ferromagnetic resonance in a uniaxial
ferromagnet [15]. The theoretical dependences con-
structed for the easy and hard magnetization directions
under the assumption of a uniaxial ferromagnet are
depicted by the solid lines in Fig. 5. Upon magnetiza-
tion along the direction of easy magnetization, the fre-
guency—field dependence exhibits a linear behavior
and, in this specific case, can be described by the rela
tionship [15]

w = y(H; +H). 2
Note that the experimental data for the magnetic field
orientation M1 are well represented by this formula at
H, = 11.8 kOe and the gyromagnetic ratio y =
3.05 MHz/Oe (the g factor isequal to 2.18). The param-

eter H,, determines the energy gap in the magnetic res-

onance spectrum and, most likely, is a combination of
the anisotropy fields for the a and b axes.

Upon magnetization along the M2 and M3 direc-
tions close to the hard magnetic axes b and a, the vibra-
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tional frequencies in the initial portions of the fre-
guency—field dependences decrease with an increase in
the magnetic field strength. These portions correspond
to a state in which the direction of the spontaneous
magnetic moment does not coincide with the magnetic
field direction and rotates gradually toward the latter
direction with an increase in the field strength. The
rotation is completed in a magnetic field equal to the
anisotropy field in the corresponding direction. With a
further increase in the magnetic field strength, the
direction of the spontaneous magnetic moment coin-
cides with the magnetic field direction. In this case, the
frequency—field dependence can be represented in the
following form [15]:

W= Y{H(H-H)} *°. €)

For both directions (M2 and M3), the experimental
data in these portions of the frequency—field depen-
dences are adequately described by relationship (3) at
anisotropy fields H,; = 7.5 kOe and H,, = 22.5 kOe.
These fields are close to the saturation fields deter-
mined for the orientations M2 and M3 from the mag-
netic measurements.
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