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Abstract—The magnetic and magnetoelectric properties of terbium aluminum borate are studied. It is estab-
lished that temperature dependences of the magnetoelectric effects of terbium aluminum borate are analo-
gous to those of terbium ferroborate, despite the difference in effective magnetic fields acting on rare-earth
ions in these compounds. This confirms the general assumption on the decisive role of the rare-earth element

in the magnetoelectric properties of borates.
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INTRODUCTION

The discovery of strong magnetoelectric effectsin a
new class of multiferroics, rare-earth ferroborates
RFe;(BO;), [1, 2], stimulated the search for these
effects in such isostructural compounds as rare-earth
aluminum borates RAl;(BO;), [3—5], which earlier
attracted attention mainly due to their optical and
magnetooptical properties [6, 7]. Despite the absence
of magnetic ordering, aluminum borates exhibit con-
siderable electric polarization in strong magnetic
fields. For example, the magnetic field—induced
polarization in holmium aluminum borate exceeds
3000 pC/m? in a field of ~100 kOe [4]. Comparing the
magnetoelectric properties of rare-earth aluminum
and ferroborates is of great interest in understanding
magnetoelectric interaction, particularly the role of
the rare-earth and iron subsystems and the exchange
field between them.

In this work, we measured the magnetic, magneto-
electric, and magnetoelastic properties of terbium alu-
minum borate. This compound was chosen because it,
like terbium ferroborate [8], can exhibit considerable
magnetoelectric polarization at temperatures up to
room temperature, which is of interest in terms of
application. It is noteworthy that magnetic field—
induced polarization was not observed in earlier stud-
ies using this compound [5]. At low temperatures, the
uniaxial magnetic anisotropy of a Tb3* ion is indeed
large and prevents the emergence of the magnetoelec-
tric properties, but as the population of excited states
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grows with temperature, their contribution to the elec-
tric polarization increases.

EXPERIMENTAL

RAL(BO;), crystals were grown by spontaneous
crystallization from a flux. Magnetic measurements
were performed on an MPMS-5 magnetic property
measurement system (Quantum Design). The magne-
toelectric and magnetoelastic properties were investi-
gated in pulse magnetic fields of up to 250 kOe in a
temperature range of 4.2—300 K. Magnetostriction
was measured using a quartz piezoelectric sensor.

Figure 1 shows the magnetization curves for ter-
bium aluminum borate at H|| ¢ and H || a; the insert in
the figure presents the temperature dependences of
susceptibility measured along the same axes in field
H = 1kOe. The huge magnetic anisotropy at low tem-
peratures (y./x, ~ 400 at 7= 1.9 K) testifies to the
Ising character of the Tb* ion. With magnetization
along Ising axis ¢ at low temperatures, saturation is
reached in fields as low as ~20 kOe and the saturation
magnetization is =8 pg/Tb. In directions perpendicu-
lar to axis ¢, the magnetization is much lower and
depends almost linearly on the magnetic field and
weakly on the temperature, testifying to its Van Vleck
origin; i.e., it is due to the admixing of the excited and
ground states of a Tb** ion in a magnetic field.

Figure 2 shows the field dependences of electric
polarization along axis a with magnetization along axis b.
As with ferroborates, the signs of the longitudinal
AP, (H,) and transverse AP,(H,) effects at the same
temperatures are different; this can be explained by
analyzing the symmetry of the crystals belonging to the
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Fig. 1. Magnetization curves for TbAl3(BO3), along the
axes ¢ (left scale) and a (right scale). The insert shows the
temperature dependence of susceptibility in field H =
1 kOe.

space group R32 [2]. The magnetoelectric depen-
dences are quadratic, as in other aluminum borates
[3—5], but they are nonmonotonically temperature-
dependent up to the change in sign. The temperature
dependences of polarization along axis a in a field of
~100 kOe directed along axes a and b are shown in
Fig. 2 by the black triangles. We can see that the mag-
netic-field-induced polarization has a relatively low
but nonzero value at low temperatures; it then changes
its sign as the temperature rises and grows to
~25 uC/m? in the range of temperatures close to room
temperature. For comparison, the same figure shows
the analogous temperature dependence of magneto-
electric polarization for terbium ferroborate (black
dots), which displays similar behavior.

In addition, we measured the temperature depen-
dences of longitudinal magnetostriction A ,(H,), which
were similar and changed their sign as the temperature
rose. It should be noted that the magnetostriction was
very low (~1077) even in fields of ~100 kOe, despite
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Fig. 2. Field dependences of the electric polarization of
TbAI3(BO3)y, induced along axis a by magnetic field H || b
at different temperatures. The insert shows the tempera-
ture dependences of P, for Tb aluminum borate and fer-
roborate in field H = 100 kOe applied along axes a and b.

the growth of the population of excited levels with
temperature.

The observed magnetoelectric properties of ter-
bium aluminum borates and ferroborates can be
explained by the main contribution to the magnetic
field—induced polarization in both classes of com-
pounds coming from Tb?* ions in an external magnetic
field and from the R-Fe exchange field in ferroborate.
A key role in the formation of the magnetoelectric
properties is determined by the strongly anisotropic
Ising character of the ground state of a Tb** ion in a
crystal field, which is responsible for the low Van Vleck
susceptibility (magnetization) in the basal plane of the
crystal and thus the low field-induced polarization.
The observed increase in polarization as the tempera-
ture rises, accompanied by a change in sign, can be
explained by the opposite-signed contribution from
excited states of Tb** ions as their population grows.
The characteristic temperatures of 150—200 K, below
which the polarization diminishes upon the freezing of
these states, correspond to the nearest excited Tb**
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levels in the crystal field, which, according to the opti-
cal data for TbFe;(BO;), reported in [9], have an
energy of ~200 cm~!. The same features of the ground
state of a Tb>* ion also apparently explain the low val-
ues of the observed magnetostriction A,(H,) and the
change in its sign as the temperature rises.

CONCLUSIONS

Terbium aluminum borate and ferroborate with
similar Ising characters of the ground states of a Tb*
ion exhibit similar temperature dependences of the
magnetoelectric effect, despite the difference in the
effective magnetic fields acting on rare-earth ions.
This confirms our general assumption about the deci-
sive role of rare-earth elements in the magnetoelectric
properties of borates.
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