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1. The magnetic, magnetoelectric, and many other
properties of new multiferroics RFe3(BO3)4 with a
rhombohedral structure described by trigonal space

groups R32( ) or P3121( ) have been intensely

studied in recent years [1–6]. The spins of Fe3+ ion
below the Néel temperature TN ≈ 30–40 K in ferrobo�
rates are ordered antiferromagnetically; the orienta�
tion of these ions is considerably affected by anisotro�
pic properties of the paramagnetic subsystem of the
rare�earth R ion, which may stabilize either easy�
plane states in the ab plane of the crystal (e.g., for R =
Nd [2, 7–10] and Er [11]) or uniaxial states with spins
parallel to the trigonal c axis (R = Tb [12, 13], Dy [14],
and Pr [6]) owing to the R–Fe exchange interaction.

In this connection, it would be interesting to study
the change in magnetic anisotropy and magnetoelec�
tric properties of complex ferroborates with two com�
peting types of rare�earth ions stabilizing different
magnetic structures. By way of example, we consider
Tb0.25Er0.75Fe3(BO3)4. The concentration of Fe3+ ions
(75%) is chosen from the condition of approximate
equality of contributions from two rare�earth sub�
systems to anisotropy.

2. Single crystals of Tb1 – xErxFe3(BO3)4 ferrobo�
rates (x = 0, 0.75) were obtained as a result of sponta�
neous crystallization from solutions in melts [15].
Magnetic, magnetoelectric, and magnetoelastic prop�
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erties were analyzed in pulsed magnetic fields of up to
250 kOe as well as in static fields of up to 50 kOe on a
MPMS�5 SQUID magnetometer (Quantum Design);
a vibration magnetometer was used for static fields of
up to 14 kOe. For measuring magnetostriction λ and
electric polarization ∆P in a pulsed magnetic field,
epoxy resin electrodes with a conducting filler were
deposited on the faces of the sample under investiga�
tion, which were perpendicular to the direction in
which ∆P was measured. Magnetostriction was mea�
sured by a piezoelectric sensor in the form of a monoc�
rystalline quartz plate glued to the same faces, which
perceived deformation only in one direction (in which
magnetostriction λ(H) was measured). The charge
induced on the sample as a result of the magnetoelec�
tric effect or on the quartz piezoelectric sensor due to
magnetostrictive deformation of the sample was fed
via an electrometer to an analog�to�digital converter.
The time of leakage of the charge from the sample for
magnetic field pulse durations of tp ~ 10–2 s used in our
experiments was two or three orders of magnitude
longer than the measurement time, which ensured
reliability of results. The measuring technique in
pulsed fields is described in greater detail in [16].
Comparison of the magnetic field dependences of
magnetization M(H) and polarization ∆P(H) mea�
sured by static methods with the help of the SQUID
magnetometer and in a pulsed magnetic field revealed
complete matching (except for the width of the hyster�
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esis loop) of the curves to within the experimental
error, indicating that the magnetocaloric effect is weak
and relaxation (nonstationary) processes in pulsed
fields are insignificant for the compositions studied
here.

3. Figure 1 shows the temperature dependences of
the magnetic susceptibility (χc) and (χa) of the com�
pounds along the c axis and at right angles to it, as well
as the curves (in the inset) describing the magnetiza�
tion along the c axis. In terbium ferroborate, in which
the Tb3+ ion is a strongly anisotropic Ising ion (the
corresponding g factors are Tb3+, gx = gy ≈ 0, gz = 17.5–
17.8 [12]), the spins of Fe3+ ions at T < TN = 40 K are
oriented under the effect of the Tb–Fe exchange in the
same way as the Tb3+ ion (i.e., along the trigonal c
axis). Measurement of the temperature dependence of
the magnetic susceptibility in a constant magnetic
field applied along the c axis of the crystal revealed that
χc(T) increases hyperbolically upon cooling from
300 K to TN. For T < TN, it sharply decreases and van�
ishes almost entirely at 2 K (Fig. 1a). Susceptibility χa

is much smaller than χc at all temperatures except the
lowest ones and varies smoothly with temperature.
The observed behavior of the susceptibility fully con�
firms the Ising type of Tb3+ ion at low temperatures
and is in conformity with the results obtained in
[12, 13]. The noticeable decrease observed in χc(T) at

T < TN is obviously associated with exchange splitting
of the fundamental quasi�doublet of the Tb3+ ion upon
antiferromagnetic spin ordering of Fe3+ ions, resulting
in antiparallel (antiferromagnetic) polarization of
Tb3+ ions in the corresponding sublattices.

The magnetization curves Mc(Hc) of terbium fer�
roborate along the c axis (see the inset to Fig. 1a) dis�
play sharp magnetization jumps corresponding to spin
flop of the Fe3+ ions to the basal plane, which is
accompanied by reversal of magnetization of the mag�
netic moments of the Tb3+ ions [12, 13]. The transi�
tion field is about 35 kOe at 2 K and increases with
temperature.

Let us now consider the properties of single crystals
with the substituted composition Tb0.25Er0.75Fe3(BO3)4.
It can be seen from Fig. 1b that the magnetic suscepti�
bility curve along the c axis near TN ≈ 40 K has a small
kink, after which the magnetic susceptibility strongly
decreases at T < TN, which is typical of uniaxial
praseodymium, terbium, and dysprosium ferroborates
[6, 12–14]. Consequently, the contribution of terbium
to uniaxial anisotropy of Tb0.25Er0.75Fe3(BO3)4 prevails
over the contribution of erbium to easy�plane anisot�
ropy, and the compound remains uniaxial in the entire
temperature range below TN. The conclusion on the
uniaxial nature of the substituted crystal is confirmed
by the Mc(Hc) magnetization curves measured in mag�
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Fig. 1. Temperature dependences of magnetic susceptibility (χc) and (χa) along the c axis and at right angles to it in (a)
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netic field Hc, which exhibit jumpwise variation during
a spin�flop transition (see the inset to Fig. 1b). As
compared to TbFe3(BO3)4, the magnetization in fields
stronger than the spin�flop transition field decreases to
almost one�fourth in proportion to the concentration
of the Tb3+ ions (25%), which indicates a very small
contribution of the erbium subsystem to Mc.

Magnetostriction (Fig. 2a) and electric polariza�
tion anomalies (Fig. 2b) are also observed during spin�
flop transition in both ferroborates; the values of cor�
responding threshold fields Hsf correlate with the
results of magnetic measurements. The Hsf (T) depen�
dences obtained from measurement of the magnetic
and magnetoelectric properties and magnetostriction
for both compounds are shown in Fig 3. Comparison
of the Hsf (T) phase diagrams for the two compounds
shows that the threshold fields for the erbium�substi�
tuted terbium ferroborate are much lower than for
pure TbFe3(BO3)4 due to the contribution from easy�
plane Er3+ ions to anisotropy. The slope of the Hsf (T)
curves for the substituted compound is smaller than for
TbFe3(BO3)4, which points to a tendency toward tran�
sition to the easy�plane state; however, spontaneous
reorientation of spins from the c axis to the basal plane
does not take place for the given erbium concentration
(x = 0.75).

4. To describe the observed magnetic properties of
Tb1 – xErxFe3(BO3)4 ferroborates, we must take into
account the contribution to the thermodynamic
potential from not only the antiferromagnetic Fe sub�
system, but also from paramagnetic rare�earth ions of
both types in external magnetic field H, in the
exchange field of iron ion spins, and in the crystal
field. Since the interaction between rare�earth ions
can be disregarded down to the lowest temperatures
(of about 1 K), these ions will make an additive contri�

bution to the total thermodynamic potential of the
system, which can be represented in the form

(1)

where the first three terms define the contribution
from the antiferromagnetically ordered Fe subsystem,
while the last two terms describe the contribution of
rare�earth Tb3+ and Er3+ ions considered in the one�
doublet approximation; l = (l⊥, lz) is the dimensionless

antiferromagnetism vector of iron ions; , , and
KFe > 0 are the transverse and longitudinal susceptibil�
ities and uniaxial anisotropy constant of the Fe sub�

system, respectively; 2  and 2  are the splittings

of the fundamental doublet of the Tb3+ and Er3+ ions,

(2)

 and  are the magnetic moments of ions

along the z (c) axis and at right angles to it; 2  and

2  are the exchange splittings of the fundamental
doublet of the R ions in the uniaxial and easy�plane
states of the spins of the Fe subsystem, respectively;
signs ± correspond to two R sublattices; and N is the
total number of R ions.
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Fig. 2. Dependences of (a) magnetostriction along the a axis and (b) electric polarization along the b axis on magnetic field
directed along the c axis at T = 4.2 K in TbFe3(BO3)4 (curves 1) and Tb0.25Er0.75Fe3(BO3)4 (curves 2).
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Let us first analyze the behavior of pure TbFe3(BO3)4

(x = 0) in a magnetic field Hc. For T  0 (   0),
the thermodynamic potential of the system has the
form

(3)

From the equality of the potential of the system in
the uniaxial (lz = 1) and easy�plane (l⊥ = 1) states, we
obtain the following expression for spin�flop transition
field Hsf:

(4)

Here, we took into account the fact that  �

2N  (  ≈ 1.25 × 10–4 cm3/g in YFe3(BO3)4 [15]

and 2  ≈ 30 cm–1 [12]). In addition, assuming that

the anisotropy constant is small, KFe ≈ 2.9 × 105 erg/g
(1.2 cm–1/formula unit) [6, 17], as compared to the
exchange splitting of the fundamental doublet of the
Tb3+ ion, we can conclude that the spin�flop transition
field at low temperatures is close to the exchange split�

ting field, Hsf ≈ /  ≈ 35 kOe, where  ≈ (8.6–
8.8)µB; i.e., spin flop in iron ions occurs in the vicinity
of the magnetization�reversal field of the Tb sublattice
with the magnetization antiparallel to the external
field.

At high temperatures (  � kBT, the expression
for thermodynamic potential is simplified as follows:

(5)

and the spin�flop transition field is defined by the clas�
sical expression

(6)

where Keff = KFe – N( )2/kBT < 0 is the effective
anisotropy constant stabilizing the uniaxial phase due
to exchange splitting of the doublet of the Tb3+ ion.
The observed increase in the threshold field upon
heating (see Fig. 3) stems from a decrease in the differ�

ence in susceptibilities  – .
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Let us now consider the substituted system
Tb1 ⎯ xErxFe3(BO3)4. In the high�temperature
approximation, the spin�flop transition field is also
defined by expression (6) with a renormalized anisot�
ropy constant:

The absolute values of Keff and of threshold field Hsf

decrease due to anisotropy in exchange splitting of the
fundamental doublet of the Er3+ ion; according to the
spectroscopic data for the ErFe3(BO3)4 and other fer�
roborates with an erbium impurity [11], this splitting is

2  ≈ 6.2–7.0 cm–1 and 2  ≈ 1.9 cm–1. This leads
to a decrease in the threshold field by more than 50%
as compared to the case of pure TbFe3(BO3)4 in accor�
dance with the results of experiment (see Fig. 3). At
low temperatures, taking into account the inequalities

Hsf and  � , we can obtain an expression for
the spin�flop transition field analogous to (4),

(7)

which also visually demonstrates a noticeable decrease
in Hsf due to the Er subsystem.

Thus, the simple model proposed here taking into
account anisotropy of exchange splitting and g factors
of the fundamental doublets of Tb3+ and Er3+ ions
makes it possible to describe the observed phase tran�
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the spin�flop transition in TbFe3(BO3)4 (1) and
Tb0.25Er0.75Fe3(BO3)4 (2) obtained from measured mag�
netization (�, �—pulsed fields; �, �—SQUID magne�
tometer), magnetostriction (�, �), and electric polariza�
tion (�, �).



72

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS  Vol. 109  No. 1  2009

ZVEZDIN et al.

sitions in the Tb1 – xErxFe3(BO3)4 system with compet�
ing rare�earth contributions.

5. Let us now consider the behavior of electric
polarization. It should be noted above all that static
measurements of the temperature dependences of
pyroelectric current in zero magnetic field revealed an
almost complete absence of spontaneous polarization
in TbFe3(BO3)4 and Tb0.25Er0.75Fe3(BO3)4 ferrobo�
rates. The electric polarization jumps in field Hc for
both compounds were found to be quite small (see
Fig. 2b). This is not surprising since, in accordance with
the phenomenological theory [1, 2], the electric polar�
ization during the transition to the spin�flop phase is
determined by small magnetic field components in the
ab plane, which are not controlled in our experiment
and which determine the orientation of the antiferro�
magnetism vector in this plane (see also [6]).

From this point of view, more informative is the
behavior of polarization component Pa along the a
axis, which is quadratic in a magnetic field, in a mag�
netic field directed along this axis and inducing no
transitions (Fig. 4). It can be seen from Fig. 4b that the
behavior of polarization as a function of temperature
in TbFe3(BO3)4 is quite complex: polarization is small
and negative at low temperatures in the magnetically

ordered state. In the region of T = 50 K, the polariza�
tion reverses its sign to positive and increases with
temperature to values of approximately 40 µC/m2 in a
field of 100 kOe at T ≈ 150 K, and then slowly
decreases upon a further increase in temperature,
remaining quite strong up to room temperatures (see
the inset to Fig. 4b). The quadratic magnetoelectric
effect at room temperature amounts to about ±3 ×
10⎯3 µC/m2 kOe2 (5 × 10–19 s/A), which exceeds the
quadratic effects observed in high�temperature multi�
ferroics such as bismuth ferrite (>10–19 s/A) [18] and
might be of interest for practical applications (e.g., in
developing magnetic electronics and magnetic mem�
ory devices). The temperature dependence of polar�
ization indicates a considerable contribution to Pa

from the Tb subsystem, which is controlled at low
temperatures by small Van Vleck corrections to the
magnetization of Tb3+ ions perpendicular to the Ising
(c) axis. With increasing temperature, as the popula�
tion of excited states of the Tb3+ ions becomes higher
in the crystal field, the contribution of these states
reverses the polarization sign and noticeably increases.

Symmetry analysis [2] predicts the existence of
contributions to polarization along the a axis, which
are quadratic in the magnetic field:

(8)

In contrast to terms of the form lilj, these contributions
also exist at temperatures much higher than the tem�
perature of magnetic ordering of the iron subsystem
(TN ≈ 40 K).

This formula shows that the quadratic contribution
reverses its sign upon a change in the direction of the
field by 90° (from axis a to axis b) without changing its
magnitude, which was indeed observed in our experi�
ment (Fig. 5).

In the Tb0.25Er0.75Fe3(BO3)4substituted system, the
behavior of polarization ∆Pa(Ha, T) becomes qualita�
tively different (see Fig. 4a): it decreases by almost an
order of magnitude without reversing its sign and
decreases with increasing temperature monotonically.
This indicates that the contributions from rare�earth
ions to electric polarization apparently associated with
the features of their electron structure and spectrum in
the crystal field are qualitatively different.

6. Thus, our experiments with Tb1 – xErxFe3(BO3)4

complex ferroborates with competing Tb–Fe and
Er⎯Fe exchange interactions show that magnetic
anisotropy, the field of the spin�flop phase transition,
and the value of magnetization along the c axis are
controlled by the competition between exchange
anisotropic R–Fe contributions and g factors from the
easy�axis (Tb) and easy�plane (Er) subsystems. The
simple model proposed here takes into account these
features of the ground state of Tb3+ and Er3+ ions and
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makes it possible to describe the observed properties
and phase transitions. It has been established that
magnetoelectric and magnetostriction anomalies in
spin�flop�type transitions are mainly controlled by the
Tb subsystem. It is found that the Tb subsystem makes
a nonmonotonic contribution to polarization Pa(Ha,
T), which reverses sign and increases with temperature
due to the contribution of excited states of the Tb3+

ion. The quadratic magnetoelectric effect (5 ×
10⎯19 s/A) observed in TbFe3(BO3)4 at room tempera�
tures changes its sign upon a rotation of the magnetic
field through 90° and may be of practical interest for
applications.
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Fig. 5. Field dependences of the electric polarization of
TbFe3(BO3)4 along the a axis for magnetic field directions
along the a (curve 1) and b axes (curve 2), illustrating the
change in polarization sign upon magnetic field rotation
through 90°; T = 273 K.
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