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Abstract—The magnetic phase transitions and the phase diagrams of the CuB,0, multiferroic are studied.
Phase diagrams of copper metaborate in a magnetic field directed along the [100] and [001] axes are plotted
using the results of measuring the magnetic moment. Evidences for the existence of polycritical points are

obtained.
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1. INTRODUCTION

Deep interest in multiferroics is caused by the vari-
ety of magnetic and electric interactions in them,
which result in the appearance of complex magnetic
structures and diverse phase diagrams. This class of
compounds includes the CuB,0O, copper metaborate,
which solidifies in tetragonal noncentrosymmetric

space group D;j (which facilitates the formation of a
chiral magnetic structure). This structure is character-
ized by nonequivalent sites of copper ions Cu(A) and
Cu(B) [1-3]. Commensurate and incommensurate
magnetic structures appear due to the interaction of
two magnetic sublattices (Cu(A) and Cu(B)) [3, 4].
The existence of two magnetic sublattices and a non-
centrosymmetric crystal structure cause the formation
of complex magnetic structures and series of magnetic
phase transitions. Such transitions were detected at
low temperatures 7' = 2, 10, and 21 K in a zero mag-
netic field [5—7]. A phase transition from a paramag-
netic state into a presumably long-period helicoidal
structure takes place at 7= 20 K [6]. When tempera-
ture decreases further to 7 = 10 K, the long-period
helicoidal phase transforms into an incommensurate
phase with a chiral magnetic structure and a spiral ori-
ented along the [001] axis [2, 3]. The sequence of two
first-order phase transitions at a temperature below
2 K is likely to correspond to transitions into a modu-
lated state with wavevectors comparable with the lat-
tice parameter [6]. Moreover, optical studies revealed
two phase transitions in the incommensurate phase,
namely, second-order transition at 7= 8.5 K and first-
order transition at 7'= 8 K, which is likely to cause an
elliptical spin structure [8]. Using elastic neutron scat-
tering, the authors of [7] detected two incommensu-

rate phases in a magnetic field below 10 K, and a phase
with a magnetic order corresponding to a soliton lat-
tice forms in a magnetic field H=1.0—1.5T and a tem-
perature below 4 K.

Although the contours of the CuB,0, phase dia-
gram in a magnetic field were plotted from the results
of earlier studies, the boundaries of the phase transi-
tions obtained by different methods in different works
are often conflicting if we take into account the exper-
imental errors and some contradictory results. The
purpose of this work is to perform precision magnetic-
moment investigations of the phase transitions in cop-
per metaborate in the temperature range 2—300 K and
magnetic fieldsupto 9 T.

2. EXPERIMENTAL

Single crystals were grown by the Kyropoulos tech-
nique from a B,0;—CuO—-Li,0—MoO; melt [9, 10].
The CuB,0, phase diagram was studied in a magnetic
field on single crystals oriented along axes [100] (2.9 X
2.5 x2.2mm?), [001] (2 x 3 x 2 mm?), and [110] (4 X
2 X I mm?®). The magnetic moment was measured with
a PPMS Quantum Design vibrating-sample magne-
tometer in the temperature range 2—300 K and mag-
netic fieldsup to 9 T.

The magnetic fields in all experiments were gener-
ated by a superconducting magnet therefore, the rela-
tive error of determining the magnetic field turned out
to be high because of a frozen magnetic field at its low
values. The magnetic field in the cases where H = 4 X
10~* T was indicated was calculated on the assumption
that magnetic susceptibility  in the paramagnetic
temperature range was independent of a low magnetic
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Fig. 1. (Color online) Temperature dependences of the
magnetic susceptibility along the crystallographic [100]
and [001] axes in a magnetic field of 0.03 T.

field. The lattice parameters of CuB,0, were mea-
sured using X-ray powder patterns. Their values
(a=11.4919(5) A, c =5.6224(4) A) agree with the data
in[1].

3. RESULTS

The following designations of magnetic phases are
used here: PM stands for a paramagnetic phase; AF
with indices, for modulated magnetic phases in the
temperature range 9.4—20 K; and P with indices,
incommensurate magnetic phases in the temperature
range 2—9.4 K. The designations related to magnetic
transformations along the tetragonal axis and indi-
cated by superscript c.

Figure 1 shows the temperature dependences of the
magnetic susceptibility along the [100] and [001] axes
in a magnetic field of 0.03 T. On the whole, these
results coincide with the data obtained in [5, 7, 11]. A
clear anisotropy of the magnetic moment is seen when
a magnetic field is oriented along and across the
tetragonal axis. At first glance, the magnetic suscepti-
bility along the tetragonal axis increases monotoni-
cally according to the Curie—Weiss law when tempera-
ture decreases and deviates slightly from this law at low
temperatures. However, under close examination, the
following weak signs of phase transformations are vis-
ible: a magnetic susceptibility jump from an incom-
mensurate phase to a modulated one at Ty, = 9.4 K in
a magnetic field # = 4 x 10~* T (Fig. 2) and a jump of
the derivative at the point of phase transition from an
ordered state into a paramagnetic one at 7, = 20 K
(Fig. 2b). In addition, the jumplike behavior degener-
ates at T, when the magnetic field increases to 0.03 T
(Fig. 2, inset a).
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Fig. 2. (Color online) Temperature dependences of the
magnetic susceptibility in low magnetic fields. A magnetic
field is parallel to the tetragonal axis of the crystal.

An analogous situation is observed in the magnetic
field directed along [100]: the signs of a phase transi-
tion change radically when the magnetic field
increases slightly. Figure 3 shows the temperature
dependence of the magnetic susceptibility in magnetic
fields H =4 x 10~* T and H = 0.03 T. It is seen that,
when the incommensurate phase transforms into the
modulated phase at Ty,, function ¥ (7), which tends
toward infinity at the point of transition in a field H =
4 x 10~* T, degenerates into a finite jump at a relatively
low field of 0.03 T. The less pronounced magnetic sus-
ceptibility peak for the transition of the modulated
phase into the paramagnetic state at 7, changes into
an almost simple step at 0.03 T (inset to Fig. 3). Here,
work [12] is worth noting: the magnetic moments
measured in that work differ radically from the results
of our measurements and the data obtained in [5, 11].
This difference is likely to be related to the error in
crystal orientation and incorrect magnetic susceptibil-
ity calculations.

‘We now consider the field dependences of the mag-
netic moment at low temperatures. Figure 4 shows the
saturation of the magnetic moment at a temperature of
2 K. A weak anisotropy of magnetic moment satura-
tion is observed in the magnetic fields directed along
and across the tetragonal axis. A phase transition
occurs near the saturation region in field Hp,, and it is
accompanied by a pronounced magnetic moment
jump in the magnetic field along [100]. However, the
magnetic moment jump in the magnetic field directed
along the tetragonal axis is weak and takes place in sig-

nificantly higher magnetic field Hp; almost in the
magnetic moment saturation region. The effective
magnetic moments determined from the high-tem-
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Fig. 3. (Color online) Temperature dependences of the
magnetic susceptibility in low magnetic fields. A magnetic
field is parallel to [100].

perature part of the magnetic susceptibility in the [001]
and [100] directions are U, = 1.86up and 1.83g,
respectively. On the whole, these values are close to
the value (U= 1.77Up) obtained in [13]. The insignif-
icant difference is likely to be related to the error of
determining the magnetic field and the different sam-
ple geometries. The saturation magnetic moment is
estimated at 1, = 0.79u. Thus, the spin estimated
from the effective magnetic moment without regard
for the orbital moment is 0.54, which is close to the
spin for Cu®" (S = 1/2); the value estimated from the
saturation magnetic moment is slightly underesti-
mated. A rough linear-approximation estimation
yields about 100 T for the magnetic field at which the
magnetic moment can be saturated.

We now consider the behavior of the magnetic
properties in high magnetic fields. Figures 5 and 6
show the temperature dependences of the magnetic
susceptibility for dc magnetic fields directed along and

across the tetragonal axis.! As is seen in Figs. 5 and 6,
the behavior of magnetic susceptibility actually
reflects an almost linear character of the magnetic
moment (at a constant temperature) at relatively high
temperatures in low magnetic fields. At a temperature
below 10 K, the magnetic moment tends toward satu-
ration at H = 3 T (Fig. 5). The surprising thing is that
the changes in the magnetic susceptibility that indicate
a phase transition from the incommensurate phase
into the modulated one at T,, which are poorly pro-
nounced in low fields, change insignificantly in ampli-
tude in the region of transition into an induced ferro-

lMagnetic susceptibility is shown in most figures, since the
change in the magnetic moments at a significant difference
between the magnetic fields cannot be used to clearly trace the
dynamics of phase transitions.
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Fig. 4. (Color online) Field dependences of the magnetic
moment at 2 K. A magnetic field is parallel and perpendic-
ular to the tetragonal axis of the crystal.

magnet (Fig. 5a). Therefore, we can trace the field
dependence of critical temperature 7', up to the satu-
ration field. Note that the point of transition from a
weakly ferromagnetic phase into a paramagnetic state
(Ty,) cannot be detected in fields higher than 5 T at
the existing experimental error. This feature is likely to
be caused by the fact that, when the magnetic field
increases, the boundary between the paramagnetic
and weakly ferromagnetic phases smears because of
gradual transition of the paramagnetic phase into the
induced ferromagnetic phase.

The evolution of the phase transitions with the
magnetic field directed along [100] can be traced in
Fig. 6. As would be expected (see Figs. 1, 3, 4), the
transitions from the incommensurate into the modu-
lated phase at Ty, and from the modulated into the
paraphase at 7= Ty, are accompanied by well-pro-
nounced anomalies, which degrade with increasing
magnetic field (Fig. 6). The magnetic susceptibility
jump at Ty, at the boundary between the paramag-
netic and modulated phases smears when the mag-
netic field increases. The sharp anomaly at 7' = Ty,
which is related to the transition between the modu-
lated and incommensurate phases, shifts toward low
temperatures and decreases in amplitude.

‘We now dwell on the sections of the magnetic sus-
ceptibility along the curves at a dc magnetic field and
a constant temperature in a magnetic field directed
along [100] (Fig. 7). The phase transition in the mag-
netic field range 0.3—1.25 T (Fig. 7a) and the tempera-
ture range 4.85—5.5 K (Fig. 7¢) splits into two transi-
tions, one of which exhibits pronounced temperature
(Fig. 7b) and magnetic field hystereses. Obviously,
these features are signs of a classical first-order phase
Vol. 126
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Fig. 5. (Color online) Temperature dependences of the
magnetic susceptibility of a CuB,0y single crystal for a
magnetic field po” = 0.3, 0.5, 1.0, 1.72, 3.0, and 5.0 T
applied along the tetragonal axis of the crystal.

transition; the lower the amplitude of changing the
magnetic susceptibility, the higher the hysteresis.

Taking into account the significant change in the
magnetic susceptibility in low magnetic fields (see
Figs. 2, 3), we focus on the magnetic field range H <
0.5 T. Figures 8 and 9 show the behavior of the mag-
netic susceptibility in the modulated and incommen-
surate phases. Figure 10 depicts the initial segments of
the field dependences measured at 7= 10 K for fields
directed along [100] and [110] and at 7= 13 K for the
[100] direction. As is seen from Figs. 8a and 8b, two

singular points (Hj,, Hp,) in the incommensurate

phase and one singular point (H r,) in the modulated
phase (Fig. 8c) can be detected in low magnetic fields
directed along [001]. A similar picture is observed in a
magnetic field directed along [100]: two well-pro-

nounced features (H;'}0 , H ;) exist in the temperature
range 10—20 K at lower magnetic fields (Fig. 9b). At
temperatures below the phase transition into the
incommensurate phase, only one peak (H p)) is clearly
visible (apart from the peak corresponding to the
AF,—P, phase transition), which almost disappears at
a temperature below 8 K (Fig. 9a). The absence of the
low-temperature doublet in the [100] direction is
assumed to be associated with a very low field and to
be inside the measurement error; of course, this fact
does not exclude the possibility of a single phase tran-
sition in a narrow temperature range.

4. COPPER METABORATE
PHASE DIAGRAMS. DISCUSSION

The experimental results are presented in phase
diagrams. Figures 11 and 12 display proposed copper
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Fig. 6. (Color online) Temperature dependences of the
magnetic susceptibility of a CuB,0, single crystal for a
magnetic field uyH = 0.03, 0.08, 0.3, 0.5, 0.7, 0.88, 1.05,
1.15, 1.25, and 1.35 T applied along [ 100].

metaborate phase diagrams in the temperature range
2—25 K and magnetic fields up to 9 T. Detailed inves-
tigations of these phase diagrams in comparison with
the phase diagrams constructed in a magnetic field in
[6, 14, 15] demonstrate that copper metaborate under-
goes the magnetic phase transitions that have not been
revealed in earlier experiments. Let us consider the
results obtained in detail.

Based on the results of studying a magnetic reso-
nance spectrum [6], we assume that a helicoidal long-
period magnetic state exists in the temperature range
Tyi—Ty, in the absence of a magnetic field. This
assumption is indirectly supported by the magnetic
susceptibility peak in an almost zero field (inset to
Fig. 3). The magnetic moment of Cu(B) ions in the
commensurate phase is directed along the tetragonal
axis, and Cu(A) ions form an antiferromagnetic net-
work in the basal plane [3]. The phase transition at 7=
20 K in a magnetic field H = 4 x 10~* T directed along
[100] is accompanied by a small magnetic susceptibil-
ity peak (inset to Fig. 3). In the case H| [001], a phase
transition is indicated by a very low derivative jump at
temperature Ty, (see Fig. 2b).

The weakly ferromagnetic state in the temperature
range 7T;—Ty, in a magnetic field directed along [100]
is induced and appears in the magnetic field that

exceeds a certain critical field H . The magnetic
structure of copper metaborate in a magnetic field

lower than H , is assumed to be modulated, which
leads to the absence of a spontaneous magnetic
moment [6]. In this state, the field dependences of
magnetization in the [100] and [110] directions are dif-
ferent in low fields. The initial segments of the field
dependences measured at 7= 10 K in magnetic fields
Vol. 126
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directed along axes [100] and [110] are shown in
Fig. 10. Curve / in the [110] direction is smooth with-
out inflection points, and field dependence of magne-
tization 2 in the [100] direction first lies below the
dependence for [110] and then coincides with it begin-

ning from field H = H /TFO . For the [100] direction, the

differential susceptibility in field H jFU changes jump-
wise. The difference in the field dependences is related
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Fig. 8. (Color online) Differential magnetic susceptibility
vs. magnetic field directed along [001] at a temperature of
(a) 2, (b) 7,and (c) 14 K.

to the magnetic anisotropy in the basal plane of
CuB,0,.

Using FeGe, as an example, the authors of [16]
theoretically and experimentally showed that the mag-
netic moment of an easy-plane tetragonal antiferro-
magnet magnetized in an easy direction in the basal
plane increases linearly with the field and a spin-reori-
entation transition in the basal plane takes place when
a field is oriented in the hard direction located at an
angle of m/4 to the easy direction. Therefore, the [110]
direction in the basal plane of CuB,0, is an easy one,

and field H jFO is spin-reorientation field in which the
rotation of magnetic moments from the [110] easy
direction to the [100] hard direction ends. It also fol-
lows from the neutron data [3] that the [110] direction
is an easy direction in the basal plane. Unlike the col-
linear FeGe, compound, the field dependences in the
easy ([110]) and hard ([100]) directions in CuB,0O, are

nonlinear up to field H ;. This specific feature is most
likely to be due to a modulated character of the struc-
ture in this state. In a magnetic field, the modulated
structure transforms into a fan structure, and the
behavior of magnetization depends on the direction
(one of the two directions) in which a fan structure
forms because of tetragonal in-plane anisotropy.

A magnetic hysteresis is observed at H < H:FU
during the forward and reverse motion of a magnetic
field (Fig. 10, 7= 13 K), which points to the fact that
the reorientation is a first-order phase transition. An
additional phase boundary caused by spin reorienta-
tion in the basal plane appears during magnetization
in the basal plane in the [100] hard direction in low
fields. The reorientation generates a differential sus-
ceptibility peak in a magnetic field of 0.016 T at a tem-
perature of 14 K (see Fig. 9b). As the temperature
2018

Vol. 126  No. 4



COPPER METABORATE CuB,0, PHASE DIAGRAMS BASED

L — * —
(a) Hp, . Hary 15

[\
(=}
T

dM/dH, 104 cm’/g
S
, :
T~
T
3
dM/dH, 104 cm’/g

-‘\ —410

I . I . | . 0
04 0 0.1 0.2

woH, T poH, T

Fig. 9. (Color online) Differential magnetic susceptibility
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Fig. 11. (Color online) Magnetic phase diagram of copper
metaborate CuB,04. A magnetic field is directed along
[001].

increases, spin-reorientation field Han increases,
reaches a maximum at 16 K, and begins to decrease
when the Néel temperature is approached (Fig. 13a).
The critical field of the AF)—AF, phase transition into
an induced weakly ferromagnetic state has a similar
temperature dependence (Fig. 13a). The boundaries of
the AF, and AF, phases are plotted using the charac-

teristic points shown in Figs. 1 (7,5 ) and 9b (H 4 ).

When the temperature decreases further, a phase
transition into another magnetic structure occurs;
according to [3], this structure is incommensurate and
the magnetic phase diagram becomes significantly
complicated. Figure 13b shows a fragment of the phase
diagram in a magnetic field up to 0.4 T directed along
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Fig. 12. (Color online) Magnetic phase diagram of copper
metaborate CuB,04. A magnetic field is directed along
[100].

[001] for the temperature range 2—10 K. At least two

different magnetic states bounded by lines P and P“
exist in low magnetic fields. Two clear differential sus-

ceptibility peaks in a magnetic field (H p,, H p,) are vis-
ible (see Figs. 8a, 8b). This behavior can be interpreted
as spin reorientation in the B subsystem. In the
absence of a magnetic field, the B subsystem has an
antiferromagnetic component along the tetragonal
axis, which can cause a magnetic transition [3].

Thus, the antiferromagnetic vectors of the B sub-
system form a cone in the spiral state in low fields. We
assume that a magnetic transition takes place in the
range of fields Hp —Hp, directed along [001], and the
cone of antiferromagnetic vectors straightens gradu-
Vol. 126
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ally and transforms into a planar spiral lying in the
basal plane. Only one magnetic transition and solely in
the temperature range 7.5—8.8 K was detected in a low
magnetic field directed along [100] in the temperature
range 2—9.4 K (see Fig. 9a (Hp,) and 12). It is not clear
whether this transition is related to the phase with an
elliptical spin structure discovered recently [8]. We can
only note that phase P, exists in a close temperature
range.

We now consider the phase transition from the
commensurate to the incommensurate phase. This
phase transition is accompanied by a weak smeared
jump in a magnetic field applied along the tetragonal
axis (see Fig. 2a, inset to Fig. 4). The corresponding

phase boundary separates phases AF and P; in the

phase diagram shown in Fig. 11. The AF —P; phase
transition is accompanied by a jump of transverse
magnetization with a hysteresis [17] and a magneto-
striction jump [15], which unambiguously points to a
first-order phase transition. The transverse magneti-
zation jump is close to the weakly ferromagnetic
moment in the basal plane [17]. This finding proves
the existence of a transition into an induced weakly
ferromagnetic state when the critical field is achieved

at a temperature below Ty,. The AF —P; phase tran-
sition for a magnetic field oriented along the tetrago-
nal axis is related to the fact that the spiral magnetic
state is a collective magnetic state of copper metabo-
rate, which is formed by both subsystems of copper
ions. Magnetization along the tetragonal axis at low
temperatures saturates the weak B subsystem and
arranges it along the field direction. The spiral state
exists until the transverse components of the magnetic
moments of this subsystem are nonzero [4]. The lon-
gitudinal magnetization jump is associated with the
weak subsystem, which is explained by the fact that the
transverse components of the magnetization of the B
subsystem vanish during the jump transition. As a
result, a small longitudinal magnetization jump
appears along the tetragonal axis and the spiral state is
destroyed.

The situation in a magnetic field applied along
[100] is slightly different. The AF,—P, phase transition
is likely to correspond to a second-order phase transi-
tion and determines the boundary between the com-
mensurate and incommensurate phases in a magnetic
field (see Fig. 7; Ty, Hp;). When the magnetic field
increases along [100], the phase transition splits sud-
denly into two transitions and a new phase (P,)
appears (see Fig. 7). Of course, the P,—P, phase tran-
sition (see Fig. 12) is a first-order phase transition with
a noticeable hysteresis (see Fig. 7; Hpy, Tpy). As follows
from the behavior of the magnetic moment (Fig. 4,
Hp,), the magnetic transition into the P, phase has the
signs of a spin-flop transition (see Fig. 12). The phase
transition with the P,—P, and AF,—P, boundaries is
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Fig. 13. (Color online) Phase diagrams (a) in the tempera-
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temperature range 2—10 K, uoH < 0.4 T, H | [001].

assumed to be a spin-flop transition related to a weak
anisotropy in the basal plane (see Fig. 12). As is seen
from the phase diagram in Fig. 12, the second-order
phase transition AF,—P; line ends in the first-order
spin-flop transition line at point 7, which is most
likely to be an end critical point.

Another specific feature clearly visible in Fig. 12 is
noteworthy. The P,—P, phase transition line corre-
sponding to the [100] magnetic field direction seems
to terminates at point 7, with coordinates 5.8 K and
0.3 T. A first-order phase transition cannot end sim-
ply; therefore, a critical or polycritical phenomenon is
thought to take place here. It should be noted that we
failed to experimentally detect signs of any transfor-
mations in magnetic fields at 7< 0.3 T near 7, within
the limits of experimental error. Obviously, it is neces-
sary to perform detailed investigations of the behavior
of thermodynamic parameters, at least heat capacity
and thermal expansion, in the vicinity of points T,
and T,

Let us generalize the aforesaid. The evolution of
the magnetic susceptibility anomalies in the incom-
mensurate phase allows us to state that end critical
point T,,, at which the line of a continuous phase tran-
sition intersects with the first-order phase transition
line, exists at a temperature 7 = 4.7 K in a magnetic
field H = 1.2 T directed along [100] [18]. The orienta-
tional magnetic P,—P, spin-flop phase transition is
accompanied by temperature and magnetic-field hys-
tereses and is a first-order phase transition. The P,—P,
phase transition line ends at point 7,,, which is likely
to be a critical point. The phase transition from the
incommensurate to the commensurate phase in a
magnetic field directed along [001] is a first-order
phase transition [15, 17]. The magnetic transitions in
Vol. 126
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low magnetic fields are most likely to be first-order
phase transitions.

On the whole, the phase diagrams presented in this
work agree with the results from [5—7]. Magnetic
phases, which have not been revealed earlier and lead
to at least one polycritical point, were detected in a
magnetic field in the temperature range 2—10 K. Note
that we failed to reveal obvious signs of the phase tran-
sitions at 8.5 and 8 K in the incommensurate phase,
which were found by optical methods in [8], and the
soliton lattice “pocket” in a magnetic field H = 1—
1.5 T at a temperature below 4 K [7].

5. CONCLUSIONS

Magnetic phase diagrams of copper metaborate
CuB,0, were plotted using the results of measuring
the magnetic moment in the temperature range 2—
300 K and magnetic fields up to 9 T. New magnetic
phase states were detected in the temperature range 2—
9.4 T, and additional, first of all, neutron diffraction
studies are necessary to reveal the nature of these
states. The behavior of the magnetic susceptibility
anomalies in the incommensurate phase allows us to
state that an end critical point exists in a phase diagram
in a magnetic field applied along [100] at a tempera-
ture 7= 4.7 K and a magnetic field # = 1.2 T and,
apparently, a critical point exists at 7= 5.8 Kand H =
0.3 T. The orientational spin-flop transition into the
P, phase is accompanied by temperature and mag-
netic-field hystereses and is a first-order phase transi-
tion. The magnetic transitions in low magnetic fields
are most likely to be first-order phase transitions.
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