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Abstract—The field dependences of the longitudinal and transversal magnetostriction of the copper metabo-
rate CuB,0, were measured at various temperatures below the Néel point in magnetic fields directed along the
tetragonal axis or in the basal plane. Magnetostriction was found to exhibit jumps at magnetic-field-induced
phase transitions to a commensurate weak ferromagnetic state, as well as to grow smoothly in fields above and
below the critical level. The magnetostriction observed in a magnetic field directed along the tetragonal axis is
shown to be primarily caused by volume dilatation of the crystal. The experimental data obtained were used to
construct the magnetic phase diagram of copper metaborate magnetized along the tetragonal axis.
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1. INTRODUCTION

Copper oxide compounds are characterized by a
wide variety of magnetic order. Crystals of these com-
pounds that have been investigated include the collinear
three-dimensional antiferromagnet Bi,CuQ, [1], the
spin-Peierls chain magnet CuGeO; [2, 3], the spin-
glass CuGa,0, [4], the antiferromagnet LiCu,0, with a
broken ladder structure [5], the triclinic ferrimagnet
Cu;sBi,B,0,, [6], and other magnetic structures.

The tetragonal copper metaborate CuB,0, occupies
a specific place in the rich variety of these structures.
The magnetic properties of this compound, which has a
complex magnetic structure, have been studied by var-
ious experimental techniques, including neutron scat-
tering [7, 8], USR [9, 10], magnetic resonance [11], and
magnetic measurements [12]. Neutron studies have
revealed that, for T < T, = 9.5 K (where T, is the
temperature of the spontaneous phase transition), the
magnetic state of the crystal is incommensurate with
the modulation wave vector directed along the tetrago-
nal axis. Within the temperature range 1.8 to 0.9 K, the
crystal undergoes a sequence of three phase transitions
to new states, which are likewise modulated [8, 13].
Resonance and magnetic measurements [13] suggest
that, above 9.5 K and up to the Néel temperature Ty =
20 K, the ground state is also modulated and has a long
modulation period. When acted upon by a magnetic
field perpendicular to the tetragonal axis, the modulated
states transfer to a field-induced weak ferromagnetic
state, with the spontaneous magnetic moment lying in
the basal plane of the crystal.

The magnetic phase diagram of copper metaborate
in a perpendicular field is presented in [13]. However,
the phase transitions occurring in a magnetic field
applied along the tetragonal crystal axis have not been
adequately investigated thus far. Magnetic resonance
studies performed in this magnetic field orientation
[11] revealed anomalies in the resonance properties,
which indicate a transition from the incommensurate
phase to a commensurate weak ferromagnetic phase.
The temperature of this transition was found to be the
lower than 7, the higher the magnetic resonance fre-
quency. This implies that a magnetic field applied along
the tetragonal axis also initiates a transition between the
incommensurate and commensurate phases and that the
critical transition field is temperature-dependent. This
observation has been recently confirmed in a study of
optical second-harmonic generation performed on
CuB,0, [14].

This publication reports on a continuation of the
investigation of the phase diagram of the copper metab-
orate CuB,0, by the magnetostriction technique, which
is a traditional approach used in the study of magnetic
phase transitions. Particular attention was directed at
measuring the magnetostriction with the crystal magne-
tized along the tetragonal axis.

2. EXPERIMENTAL RESULTS

Magnetostriction was measured by the capacitive
technique. Two copper capacitor cells were used to
measure the transversal and longitudinal magnetostric-
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Fig. 1. Magnetic field dependences of longitudinal magne-
tostriction measured along the tetragonal axis of copper
metaborate at various temperatures 7: (1) 5.5, (2) 6.5, (3)
8.5, and (4) 9.5 K. The inset shows the geometry of the
experiment.

tion. Each cell consisted of a screened planar capacitor
in which one electrode is fixed while the other shifts
when acted upon by magnetostriction of the sample.
The magnetostriction-induced capacitance variation
was measured by an Andeen—Hagerling AX 2550A
high-precision bridge. The capacitor cell was placed in
a superconducting solenoid (Cryogenic Ltd.) producing
magnetic fields of up to 12 T. The temperature of the
cell housing the sample, controlled by a helium gas
flow in the 5- to 15-K interval, could be maintained
constant during the measurement of the field depen-
dences of magnetostriction. To increase the measure-
ment accuracy, the external magnetic field was varied
stepwise, with the sample kept at each point for a few
seconds before each measurement.

The samples were platelets with linear dimensions
of up to 7 mm and a thickness of about 2 mm cut along
the [100] and [110] planes. All the measurements were
conducted in the following mode: cooling down to a
given temperature with no magnetic field applied, and,
after this, measurement of the field dependence of mag-
netostriction at this temperature.

Figure 1 presents the field dependences of longitu-
dinal magnetostriction measured along the tetragonal
axis at several temperatures. All the graphs have a char-
acteristic shape, namely, a sharp magnetostriction jump
at a critical field and a smooth monotonic course with
increasing field above and below the critical value.
These graphs differ in steepness by several times at
fields below and above the jump. Also, a comparison of
the field dependences obtained at different tempera-
tures in fields above the critical level shows that magne-
tostriction falls off under heating of the crystal. We may
add also that both the magnitude of the jump in magne-
tostriction and the corresponding critical field decrease
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Fig. 2. Magnetic field dependences of transversal magneto-
striction measured at H || ¢ at various temperatures T: (/)
5.5,(2) 6.5, and (3) 7.5 K. The inset shows the geometry of
the experiment.

with increasing temperature and tend to zero as the tem-
perature T, is approached.

spont

The field dependences of transversal magnetostric-
tion measured in the [110] direction in the basal plane
with the field also oriented along the tetragonal axis
have a similar pattern. Figure 2 plots the field depen-
dences obtained at three temperatures. The graphs are
seen to exhibit the same characteristic features as those
of longitudinal magnetostriction measured in the same
orientation of the magnetic field.

Figure 3 displays the field dependences of longitu-
dinal magnetostriction obtained in the basal plane in the
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Fig. 3. Magnetic field dependences of longitudinal magne-
tostriction measured in the basal plane at various tempera-
tures T: (/) 5.0, (2) 5.8, (3) 7.1, and (4) 12.8 K. The inset
shows the geometry of the experiment.



Fig. 4. Temperature dependence of the critical field of the
phase transition from the incommensurate to commensurate
state as derived from experimental data on (/) longitudinal
magnetostriction, (2) transversal magnetostriction, (3) opti-
cal measurements [14], and (4) heat capacity [10].

[110] direction at several temperatures, including those
above T, Here, the critical fields for 7' < T, are
substantially lower than those measured at the same
temperatures but under magnetization along the tetrag-
onal axis. In addition, the magnetostriction jumps are
one order of magnitude smaller than in the two preced-
ing cases. Note one more remarkable feature: in this
case, magnetostriction measured at the same field

increases with increasing temperature.

3. DISCUSSION OF THE RESULTS

In summing up the experimental results, one should
point out two characteristic features of the field depen-
dences of magnetostriction, namely, a jump (or some
other feature) at a critical field and a smooth increase of
magnetostriction with increasing field both above and
below the critical value.

The critical fields at which longitudinal magneto-
striction in the basal plane undergoes jumps below 10
K can be identified with the magnetic-field-induced
phase transition of copper metaborate from the incom-
mensurate to commensurate weak ferromagnetic phase.
Such transitions have been detected by resonance [11,
13], magnetic [12], and neutron diffraction [15] mea-
surements. It was shown in [13], in particular, that the
transitions to the commensurate, weak ferromagnetic
phase occurring at temperatures above 9.5 K are of the
second order. The field dependences of magnetization
reveal kink points at the critical fields at these tempera-
tures.

It appears only natural to assume that the magneto-
striction jumps observed under magnetization along the
tetragonal crystal axis are also associated with phase
transitions taking place between the incommensurate
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and commensurate phases. Below T, = 9.5 K, this
transition is also first-order. Figure 4 plots the tempera-
ture dependence of the phase-transition critical fields
derived from measurements of the longitudinal and
transversal magnetostriction for H || ¢. Comparison
with an analogous dependence obtained under magne-
tization in the basal plane reveals that, in both cases, the
critical fields decrease under crystal heating and tend to
zero at the spontaneous transition temperature 7.
The absolute fields obtained for H || ¢ are, however,
substantially higher than those observed under magne-
tization in the basal plane. Moreover, in this orientation,
the critical fields as derived from measurements of the
longitudinal and transversal magnetostriction at the
same temperatures are markedly different. We believe
that this difference should be assigned to inaccuracies
in the sample orientation with respect to the magnetic
field.! The critical fields at which magnetostriction
undergoes jumps are close to the phase transition fields
derived from optical measurements [14] (see Fig. 4).
The spontaneous transition temperature T, as
extracted from heat capacity measurements with no
magnetic field applied [10] is also specified in Fig. 4.

The temperature dependence of the phase-transition
critical field for H || ¢ is essentially the magnetic phase
diagram of a crystal for the given magnetic field orien-
tation. Below the phase boundary lies a spiral structure,
and above it lies a commensurate weak ferromagnetic
phase. The existence of a phase transition in a magnetic
field oriented in the basal plane (in which the magnetic
moments forming the spiral structure are confined)
comes as no surprise. A magnetic field distorts the spi-
ral structure and transforms it first to a fanlike structure
and, subsequently, to the commensurate phase. At the
same time, the phase transition occurring in a magnetic
field oriented along the wave vector of a structure
appears at first glance strange, because in this orienta-
tion the spiral and commensurate phases have equal
energies in a magnetic field. We are inclined to assign
the origin of the phase transition in this case to the
existence of two copper ion subsystems in CuB,0,. Itis
known [8, 16] that the twelve copper ions in the
CuB,0, cell occupy two nonequivalent positions to
form an ordered subsystem with a Néel temperature
Ty = 20 K (subsystem A consisting of four Cu?* ions)
and a weakly ordered subsystem that is partially polar-
ized by exchange interaction with the ordered sub-
system (subsystem B consisting of eight Cu?* ions).
Although subsystem B is only weakly ordered, it plays
an important role in the formation of a modulated state
by forming, together with subsystem A, a spiral mag-
netic structure. As shown from magnetic measurements
in strong fields [17], subsystem B, when magnetized
along the tetragonal axis, saturates at low temperatures

]Preliminary magnetic measurements suggest that the strongest
angular dependence of the transition critical field is indeed
observed for magnetic field orientations close to the tetragonal
axis. Measurements of the angular dependence will be published
at a later date.
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Fig. 5. Initial parts of the field dependences of (/, 2) longi-
tudinal and (3) transversal magnetostriction measured at
(1) 5.5 and (2, 3) 6.5 K in fields H || ¢. Solid lines are plots
of Eq. (1).

in fields of a few tens of kilooersteds by aligning prima-
rily with the magnetic field. As a result, the contribution
of this subsystem to the formation of the spiral structure
varies and, after the field has reached a certain critical
value, a transition to the commensurate phase occurs.

The jump in magnetostriction is evidently associ-
ated with a change in the magnetic state of the copper
metaborate at the phase transition. Similar field depen-
dences of magnetostriction have been observed in dys-
prosium and holmium single crystals [18, 19], in which
the magnetostriction in the spiral state is negligible and
increases in a jump at the transition from the spiral to
ferromagnetic state. An analysis of the field depen-
dences of longitudinal and transversal magnetostriction
under magnetization along the tetragonal axis suggests
that in our case magnetostriction in the spiral state is
likewise close to zero. The weak magnetostriction
observed below the critical field may originate from
parts of the crystal that still reside in the commensurate
state. It was reported in [15] that, when the magnetic
field is applied in the basal plane, the (002) neutron
peak characteristic of the commensurate phase is
weakly seen in the incommensurate phase as well. The
intensity of this peak grows slowly with increasing field
and reaches a maximum in a jump at the phase transi-
tion.

It is significant that, when magnetization is per-
formed along the tetragonal axis, the jumps in magne-
tostriction and the smooth elongation of the crystal both
above and below the critical field have the same signs
both along the axis and in the basal plane. This means
that the magnetostriction observed under this field ori-
entation reflects primarily volume dilatation of the
crystal and is caused by the strain dependence of the
exchange energy. In this case, magnetostriction is gov-
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Fig. 6. (1) Temperature dependences (/) of the jump in lon-
gitudinal magnetostriction obtained at H || ¢ and (2, 3) of the

normalized magnetization (2) m(T) and (3) m?(T).

erned by the crystal magnetization only and does not
depend on its direction. Therefore, following [19, 20],
the magnetostriction-induced elongation can be written
as

(ATL) = [kl(af+af)+k2af]m2. €))

Here, as is the case with uniaxial crystals, the magneto-
striction constants A, and A, are responsible for elonga-
tion in the basal plane and along the tetragonal axis,
respectively; o are the directional cosines of the direc-
tion along which the magnetostriction is measured; and
m is the magnitude of the total crystal magnetization
normalized against the saturation magnetization. Fig-
ure 5 presents the initial parts of the field dependences
of longitudinal and transversal magnetostriction mea-
sured at 5.5 and 6.5 K in a magnetic field aligned with
the tetragonal axis. The experimental curves obtained
for both types of magnetostriction at a temperature of
6.5 K fit well to Eq. (1), in which we used the experi-
mental field dependence of magnetization [17] mea-
sured at this temperature in a magnetic field directed
along the tetragonal axis.

Recalling that the magnetostriction in the spiral
state is close to zero, the magnetostriction jump at the
phase transition should be determined for any tempera-
ture by the square of the magnetization in a magnetic
field equal to the critical value. Figure 6 displays the
temperature dependence of the jumps in longitudinal
magnetostriction observed at the phase transition in a
field along the tetragonal axis. Also shown are the nor-

malized temperature dependences of mf (T) and m(T)

based on experimental field dependences of longitudi-
nal magnetization [17] measured at different tempera-
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tures in a magnetic field directed along the tetragonal
axis. The quantity m(T) is actually the magnetization at
the phase transition at temperature 7. Contrary to what
one might expect from Eq. (1), the behavior of the mag-
netostriction jumps is fitted better by the m(7T) temper-
ature dependence. The field dependences taken from
[17] also suggest that it is the weak subsystem that pro-
vides the major contribution to the magnetization m at
low temperatures; therefore, in the case in question,
both the jump in magnetostriction and its smooth
growth above the critical field are dominated by the
weak subsystem of the copper ions.

With magnetization performed in the basal plane,
only the longitudinal magnetostriction was measured.
Therefore, one cannot establish with certainty whether
the effect in these conditions is due to volume magne-
tostriction only or whether it also contains a contribu-
tion of linear magnetostriction. Note, however, that for
H L c the jumps in magnetostriction at the phase tran-
sitions and the magnitude of the magnetostriction in
both states are an order of magnitude smaller than their
respective values observed at H || ¢. In addition, we
mentioned above the anomalous temperature depen-
dence of magnetostriction in this case, namely, that
magnetostriction increases with increasing tempera-
ture. It is conceivable that magnetization in the basal
plane also gives rise to a linear magnetostriction contri-
bution, which has the opposite sign. If these contribu-
tions have different temperature dependences (for
instance, if the linear contribution decreases under
heating faster than the volume magnetostriction), this
interplay of the contributions could account for both the
small total magnetostriction and its unusual tempera-
ture dependence. We note one more feature of longitu-
dinal magnetostriction in the basal plane, more specifi-
cally, its practically linear dependence on the applied
field at all temperatures (both above and below the
phase transition).

The field dependence of magnetostriction measured
at T=12.8 Kreveals a very low (less than 0.4 kOe) crit-
ical field for transition to the weak ferromagnetic state.
The resolution of the superconducting solenoid in this
field range is not high enough to establish whether the
magnetostriction anomaly observed in these conditions
is a jump or a kink point in the field dependence. Reso-
nance and magnetic studies [13] suggest, however, that
for T > T, the phase transition to the weak ferromag-
netic state induced by the application of a magnetic
field in the basal plane is second-order. Therefore, the
magnetostriction in this case also apparently changes
continuously at the transition point rather than in a
jump.

4. CONCLUSIONS

We have performed measurements of the longitudi-
nal and transversal magnetostriction of the copper
metaborate CuB,0, with the magnetic field oriented
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along the tetragonal axis or in the basal plane. It has
been established that the field dependences of magne-
tostriction in magnetic fields of either orientation
exhibit anomalies as a transition occurs from the
incommensurate phase to the magnetic-field-induced
commensurate weak ferromagnetic phase. Below the
spontaneous transition temperature T, = 9.5 K, the
phase transition in a magnetic field is ﬁrst—order. When
measured in a magnetic field oriented along the tetrag-
onal axis, both the smooth growth of the magnetostric-
tion with the field and its jumps at the phase transitions
are initiated primarily by volume magnetostriction
associated with the weakly ordered copper ion sub-
system. The experimental data obtained were used to
construct the magnetic phase diagram of the copper
metaborate magnetized along the tetragonal axis.
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