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1. INTRODUCTION

Magnetoelectric materials, in particular multifer�
roics, in which magnetic and ferroelectric (dielectric)
properties are interrelated, have recently attracted a
great deal of attention [1]. The recent discovery of new
classes of multiferroics with a modulated spin struc�
ture in which the ferroelectric ordering is improper
and arises upon the magnetic ordering produced a new
upsurge of interest in these compounds [2–5], because
the magnetoelectric coupling in them is much stron�
ger than in other magnetoelectric materials. In partic�
ular, this is indicated by the discovery of the reorienta�
tion of the electric polarization in the magnetic field
and dielectric anomalies during phase transitions in
multiferroics of this type (TbMnO3, DyMnO3, etc.)
[6, 7]. The presence of the spontaneous electric polar�
ization related to the magnetic structure, which may
deviate from the equilibrium state under the action of
the electric field, should lead to an additional contri�
bution to the dielectric properties. A considerable
value of this contribution should be expected at the
high spontaneous polarization and low magnetic
anisotropy of the system.

Rare�earth ferroborates RFe3(BO3)4 (R = Y, La–
Lu) having the trigonal crystal structure (space group
R32), in which the easy�plane antiferromagnetic
structures are implemented, provide good possibilities
for searching for and studying these effects. These
magnets have recently attracted great attention due to
the discovery of multiferroelectric properties and vari�
ous phase transitions in them [8–13]. The antiferro�
magnetic ordering of the Fe3+ ions occurs there below

TN ~ 30–40 K, when the iron spins are oriented either
along the trigonal c axis (the easy�axis structure) or in
the basal ab plane (the easy�plane structure). The
magnetic ordering is also induced in the R subsystem
due to the R–Fe exchange, which plays an important
role in the stabilization of any magnetic structure and
the formation of the magnetic and magnetoelectric
properties.

It was recently established [13] that SmFe3(BO3)4

ferroborate has an easy�plane magnetic structure and
shows the noticeable spontaneous electric polariza�
tion and relatively high electric polarization induced
by the magnetic field and the increase in ε at low tem�
peratures. This indicates a strong magnetoelectric
coupling in this ferroborate and the possibility of the
manifestation of noticeable magnetodielectric effects
in the magnetic field in SmFe3(BO3)4. These effects
are studied in the present work.

2. EXPERIMENTAL METHODS

We grew SmFe3(BO3)4 single crystals by crystalliza�
tion from solutions of melts. The dielectric properties
(capacity and conductivity) and the electric polariza�
tion were studied on a precision LCR�meter
(QuadTech model 1920) at the frequencies of 10–
200 kHz and an electrometer (B7�45), respectively, in
the static magnetic fields of up to 15 kOe at the tem�
peratures of 4–300 K. Electrodes made of conducting
silver paste were deposited on definite faces of the
studied sample perpendicularly to the direction of the
measurements. The dielectric constant in the submil�
limeter wave range was measured on a quasioptical
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spectrometer on the basis of the backward�wave tubes.
Magnetic properties were studied in the static fields of
up to 50 kOe on a SQUID magnetometer (MPMS�5,
Quantum Design).

3. EXPERIMENTAL RESULTS

The temperature dependences of the real part of
the dielectric constant εa along the a axis of the crystal
at a frequency of 10 kHz are shown in Fig. 1. It is seen
that the dielectric constant remains almost constant in
the paramagnetic region, increases strongly with a
decrease in the temperature below the Néel point, and
at low temperatures is three times higher than its high�
temperature value. The application of a rather low
magnetic field in the basal ab plane leads to the strong
decrease in εa as indicated by the relevant εa(T) depen�
dences at different values of the magnetic field (Fig. 1).
At the field ~15 kOe, the increase in εa(T) is almost
completely suppressed. The frequency dependence of
the dielectric constant is almost absent up to 200 kHz.
However, according to the submillimeter studies, εa at
high frequencies (200–400 GHz) has no anomalies
below the Néel point and is close to the relevant value
for 10–200 kHz in the paramagnetic region (Fig. 1).
This allows one to localize the range of the frequency
dispersion of ε in order to search for the resonance
excitations determining the contribution to ε. This will
be the subject of a separate study.

To study the effect of the magnetic field on the
dielectric constant in more detail, the field depen�
dences of εa(Ha) and εa(Hb) were measured (Fig. 2).
Their common feature is a strong decrease in εa in a

field of ~4–5 kOe and its further smooth decrease to
its high�temperature value. A noticeable hysteresis
(~1 kOe) of the field dependences of ε is observed.
Another feature of the behavior of ε is its dependence
on the prehistory: upon the primary cooling of the
sample from the paramagnetic state in the zero mag�
netic field, the εa value is about 20% lower than its
value at H = 0 after the sample magnetization cycle
(Fig. 2).

The comparison of the dielectric constant at differ�
ent directions of the magnetic field shows that the
characteristic threshold fields at which εa changes
sharply are ~0.5–1 kOe less at H || a than at H || b. In
addition, the forms of the corresponding εa(Ha) and
εa(Hb) curves differ. In some cases, they demonstrate
the nonmonotonic behavior accompanied by the
appearance of εa maxima. All these facts indicate the
presence of the anisotropy in the basal plane and the
strong relation of the dielectric constant to the mag�
netic structure, in particular the orientation of spins in
the crystal ab plane.

To clarify these aspects in more detail, the electric
polarization and magnetization (magnetic susceptibil�

Fig. 1. Solid lines are temperature dependences of the real
part of the dielectric constant εa along the a axis of the
SmFe3(BO3)4 crystal (at a frequency of 10 kHz) at differ�
ent values of the magnetic field H || a. Circles denote the
submillimeter quasi�optical data at a frequency of
400 GHz at H = 0. The left�hand scale corresponds to the
normalized radio�frequency permittivity and the right�
hand scale gives the absolute values of the radio�frequency
and submillimeter εa values.

Fig. 2. Real part of the dielectric constant εa along the a
axis of the SmFe3(BO3)4 crystal (at a frequency of 10 kHz)
versus the magnetic field intensity for the cases (a) H || b
and (b) H || a. The points and solid lines are the experimen�
tal data, whereas the dashed lines are the theoretical
curves. The low�lying curve in each panel is obtained after
the primary cooling of the sample in zero magnetic field.
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ity) of SmFe3(BO3)4 were studied. The behaviors of the

spontaneous (T) and magnetic�field�induced
Pa(Ha, b) electric polarizations are shown in Figs. 3 and
4, respectively. It is seen that cooling in the zero mag�
netic field below TN is accompanied by the appearance

of the electric polarization , increasing with a
decrease in the temperature (curve 1 in Fig. 3). The
measurement of Pa(Ha) in the state at T = 4.2 K indi�
cates a rather sharp increase in the polarization in the
fields of 2–5 kOe and a gradual approach to the satu�
ration in high fields (Fig. 4). When the field decreases,
the hysteresis arises and the polarization at H = 0
becomes larger than the initial value. Its temperature
dependence follows line 2 in Fig. 3. The Pa(Hb) depen�
dence measured with the sample cooled again in the
zero magnetic field from a temperature above TN is
similar to the Pa(Ha) dependence but with the opposite
sign. This corresponds to the phenomenological the�

ory [8, 9], according to which Pa ≡ Px ~ (  – ) and
the Pa signs in two states L ⊥ a and L ⊥ b induced by
the Ha and Hb fields, respectively, are opposite, where
L is the antiferromagnetic moment of the Fe3+ ions

Pa
s

Pa
s

Lx
2 Ly

2

and the x, y, and z axes coincide with a, b, and c axes,
respectively. Since the spontaneous polarization is
almost an order of magnitude lower than the field�
induced polarization, the directions of spins (L) are
distributed rather homogeneously in the basal plane.
The fact that the polarization change in the Hb field is
larger than that in the Ha field indicates that the spins

are on average closer to the b axis; i.e.,  > .
However, this state can change depending on the pre�
history. In particular, the spontaneous polarization
differs from the initial value after the field is displaced
from the induced H || b state and becomes close to zero
or even negative (Fig. 4). This indicates the change in

the spin distribution where  <  already.
Then, when the temperature increases, the spontane�
ous polarization in this state changes in another man�
ner and follows line 3 in Fig. 3 that at T ≥ 15 K
approaches the initial curve marked by 1. This indi�
cates that the magnetic state induced by H || b at low

Ly
2

〈 〉 Lx
2

〈 〉

Ly
2

〈 〉 Lx
2

〈 〉

Fig. 3. Temperature dependences of the spontaneous elec�
tric polarization along the a axis of the SmFe3(BO3)4 crys�
tal at H = 0 obtained under different conditions: line 1 cor�
responds to cooling in zero magnetic field, whereas lines 2
and 3 were obtained after preliminary application of a
magnetic field of 13 kOe along the a and b axes, respec�
tively.

Fig. 4. Spontaneous electric polarization along the a axis
of the SmFe3(BO3)4 crystal versus the magnetic field
intensity for the cases H || a and H || b. The points are the
experimental data (left scale) and the dashed line is the
theoretical curve (right scale). The inset shows the temper�
ature dependence of the polarization in the saturated state:
the points are the experimental data (field of 7 and
10 kOe), whereas the solid and dashed lines are the theo�
retical curves including the rare�earth contribution and
contribution of only the Fe subsystem, respectively.

(4
 K

)
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temperatures is metastable and transforms at T ≥ 15 K

to a more stable state with  > . 

Note that the effect of the prehistory was also
manifested in the temperature dependences of the
magnetic susceptibility and magnetization curves in
the basal plane. The magnetization changing the spin
distribution or the ratio of the antiferromagnetic
domains in the basal plane leads to the noticeable
change in the values of the spontaneous polarization
and magnetic susceptibility; this fact indicates that
the appearance of the magnetization is determined by
some factors lowering the crystal symmetry. The
uniaxial anisotropy induced by the mechanical
stresses due to the magnetoelastic interaction can be
one of such factors [12, 13].

4. THEORY AND DISCUSSION 
OF THE RESULTS

To describe the observed dielectric and magneto�
electric properties of the system, let us consider its
thermodynamic potential,

(1)

including the magnetic, Φm(l, H), magnetoelectric,
Φme(l, P), and electric, Φe(P, E), parts. The magnetic
part is given by the expression

(2)

where the first term determines the energy of the anti�
ferromagnet canting in the magnetic field, the second
term is the energy of the uniaxial anisotropy stabilizing
the easy ab plane (Keff > 0), and the third and fourth
terms are the energies of the crystallographic hexago�
nal anisotropy and magnetoelastic anisotropy K1u ~
σxx – σyy, K2u ~ σxy, respectively, which are induced by
the internal stress of compression/elongation σxx – σyy

and shift σxy in the crystal ab plane. The part of the
magnetoelectric interaction energy relevant to the
present analysis related to the orientation of spins in
the basal plane is [8, 9]

(3)

The electric part of the thermodynamic potential is
given by the expression

(4)

where  and  are the lattice components of the
(di)electric susceptibility. For simplicity, the contribu�
tion of the Sm subsystem is not explicitly taken into
account and it is assumed that the corresponding

Ly
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parameters in Eqs. (1)–(3) (Keff, Ku, c2, …) are renor�
malized due to the Sm–Fe interaction. 

Let us characterize the easy�plane antiferromag�
netic structure of interest by the angle ϕ: lx = cosϕ, ly =
sinϕ. By minimizing the thermodynamic potential Φ
in Eq. (1) in P and substituting the found expressions

Px = cos2ϕ + Ex, Py = – sin2ϕ + Ey, where

 = c2  into it, we obtained the electric susceptibil�

ity (permittivity)  along the a axis in the form

(5)

where  = ∂2Φ/∂ ,  = ∂2Φ/∂Ex∂ϕ, Φϕϕ =

∂2Φ/∂ϕ2, and the equilibrium value of the angle ϕ = ϕ0

is determined by the equation ∂Φ/∂ϕ = 0. It is seen
from Eq. (5) that an additional contribution to the
electric susceptibility arises in the system, which is

determined by the electric polarization  in the basal

plane and the rigidity  with respect to the rotation
of spins in this plane. This contribution is similar to the
well�known magnetic susceptibility of rotation in fer�
romagnets or weak ferromagnets and, therefore, can
analogously be called electric susceptibility of rotation.
The rigidity (stability) of the equilibrium spin configu�

ration is determined by the quantity = 6K6cos6ϕ0 +

Kucos2(ϕ0 – ϕu) – χ⊥H2cos2(ϕ0 – ϕH), which in the

stable state should be positive, where  =  + 
and tan2ϕu = K2u/K1u.

First, the behavior of the electric susceptibility in
the magnetic filed is analyzed for the ideal crystal
characterized only by the hexagonal crystallographic
anisotropy in the ab plane. Let K6 > 0 for definiteness.
Then, at H = 0 there are three types of the equilibrium
states (domains) ϕ1 = 0 and ϕ2, 3 = ±π/3. Let H || a
(ϕH = 0). Then, the state ϕ1 = 0 remains the same until
Hx reaches the value of the spin�flop transition, H0 =

 when the antiferromagnetic moment L
rotates by 90° perpendicular to H and the angles in two

other states sin2ϕ2, 3 = ±  smoothly
approach the directions orthogonal to the field at
Hx  H0. The first state does not contribute to the
dielectric constant and the contribution of the two
other states in the angular phase (Hx < H0) is Δεx(Hx) =

Δ /  and Δεx(Hx) = 0 at Hx > H0, where

Δ  = 4π(2 )2/8K6. The dependence Δεx(Hx) is
shown in Fig. 5a, where the dotted line corresponds to
the initial state with the equiprobable distribution over
three domains ϕ1, 2, 3 and the solid line corresponds to
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more stable states ϕ2, 3 to which the system transforms
at the magnetization cycle above H0.

At the other field direction, H || b (ϕH = π/2), the
state ϕ1 = 0 remains the same and in two other states

cos2ϕ2, 3 =  and the angles gradually

approach the value ±π/4 at Hy  H0/ , where the
stability of the metastable ϕ2, 3 states is lost and the
transition to the stable state ϕ1 = 0 occurs where the
system remains. The rotation dielectric contribution

Δεx(He) = Δ /  differs from zero only
for the metastable ϕ2, 3 states, diverges at Hy 

H0/  upon the transition from the metastable angu�
lar phase to the state orthogonal to the field where it
becomes zero (Fig. 5b). The magnetodielectric effect
in this case is manifested only in the primary magneti�
zation cycle when the corresponding metastable ϕ2, 3

states exist and it disappears at the transition of L to
the state orthogonal to the field.

Thus, the results obtained for purely hexagonal
anisotropy demonstrate the presence of the magneto�
dielectric effect which, however, qualitatively differs at
the magnetization along the crystal a and b axes. This
is inconsistent with the experimental data demonstrat�
ing, on the contrary, a similar behavior of the dielectric
constant in the field along both axes. To clarify the sit�
uation, the effect of the magnetoelastic energy of the
anisotropy, –Kucos2(ϕ – ϕu), induced by the internal
stress in the real crystal is considered. Locally, i.e., in
the definite crystal region, this anisotropy is uniaxial
with an easy axis in the basal plane determined by the
angle ϕu. However, taking into account the random
character of the distribution of the internal stresses,
one should expect the corresponding distribution of
both the directions of the easy axes ϕu and the anisot�
ropy value Ku. Therefore, to find the magnetodielec�
tric contribution to permittivity in this case, it is nec�
essary to determine the local orientation l, i.e., the
angle ϕ and then to average the corresponding electric
susceptibility given by Eq. (5) for the definite distribu�
tion of ϕu, Ku or K1u, K2u. Since the problem in the gen�
eral case with both hexagonal and induced anisotro�
pies is very intricate, only the induced magnetoelastic
anisotropy is taken into account at this stage. 

By minimizing the thermodynamic potential
Eq. (2) in the angle ϕ at H || a, the local equilibrium

value tan2ϕ = K2u/(K1u – χ⊥ ) is found. When it is
substituted into Eq. (5), the local magnetodielectric
contribution

(6)

1
2
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2
/H0

2–

3

εx
0

1 3Hy
2
/H0

2–

3

Hx
2

Δεx Hx( ) Δεx
0 2ϕusin

2

1 2hx
2 2ϕucos– hx

4+[ ]
3/2

�����������������������������������������������,=

is obtained, where Δ  = 4π(2 )2/Ku,  =

χ⊥ /Ku. Depending on the direction of the easy axis
ϕu, Δεx(Hx) can either have a maximum (ϕu < π/4) or
decrease monotonically (ϕu > π/4), and at high fields

it decreases as 1/ .

Let us assume that the K1u and K2u parameters of
the induced anisotropy have the two�dimensional
Gauss distribution and are characterized by the same

variance Δ , mean values  and , and the
absence of correlation between K1u and K2u. The
results of the numerical calculations and the simula�
tion of the Δεx(Hx) and Δεx(Hy) dependences are given
in Fig. 2 by dashed lines. It is seen that the observed
field dependences are described on the whole within
the present model. The distribution parameters found
from the comparison with the experiment are ΔKu =

5.5 × 103 erg/cm3,  = –1.2 × 103 erg/cm3, and

= 0, where the  value is negative, because the
easy axis of the induced anisotropy energy lies on the
average along the b axis. This circumstance determines
the threshold field value along the b axis as being
somewhat larger than that along the a axis. Using the
expression for the average magnetodielectric contri�

bution Δ  ≈ 4π(2 )2 /2ΔKu ≈ 32.5 at H = 0

(ΔK1u � , ), the polarization  = c2 in

the state l ⊥ H was estimated as ≈ 255 μK/m2, which
has the same order as its direct measurement
~400 μK/m2 (Fig. 4). The behavior of the electric

polarization Px(Hx, y) =  within the consid�
ered approach also agrees with the experiment (see the

εx
0 P⊥

0 hx
2
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2
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Fig. 5. Theoretical magnetic�field dependences of the
rotational dielectric constant (electric susceptibility) in the
case of the hexagonal crystallographic anisotropy in the
ab plane at H || a and H || b. The arrows in the insets show
the deviation of L in the field from the easy axes (dotted
line) in different domains. 
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dashed lines in Fig. 4). Thus, the proposed model tak�
ing into account the distributed character of the
induced magnetoelastic anisotropy in the basal plane
generally gives a consistent description of the field
dependences of both the dielectric constant and polar�
ization.

The temperature dependences are now discussed in
short. The temperature dependence of the polariza�

tion in the saturated (l ⊥ H) state (T) is shown in

the inset in Fig. 4. It is seen that the behavior of (T)
definitely does not correspond to the contribution of
only the Fe subsystem proportional to the square of the

average value of its antiferromagnetism vector (T)
(see the dashed line in the inset in Fig. 4, molecular
field approximation). This indicates the prevailing
contribution of the R subsystem to the polarization.
The phenomenological analysis of the magnetoelec�
tric interactions in ferroborates taking into account
the contribution of the R subsystem is given in [9].
However, it includes a large number of constants, not
all of which are relevant for the definite system. In this
work, the rare�earth contribution was analyzed on the
basis of the approach taking into account the features
of the ground state of the R ion in a crystal (Kramers
doublet) and the corresponding Hamiltonian of the
magnetoelectric interaction for the R ion in analogy
with the approach in [14–16] for the description of the
magnetoelastic interactions in rare�earth magnets. As
a result, the relevant contribution to the magnetoelec�
tric interaction determined by the low�lying Kramers
doublet of the R ion is

(7)

where  = [(μ⊥Hx, y ± Δ⊥lx, y)/Δ±]tanh(Δ±/T) are the
average values of the x and y components of the Pauli
matrices of the ground doublet of the R ions in the
sublattices ±, respectively; 2Δ± = 2[(μ⊥Hx ± Δ⊥lx)

2 +
(μ⊥Hy ± Δ⊥ly)

2]1/2 is the splitting of the doublet in the
R–Fe exchange and external fields; μ⊥ is the magnetic
moment (g factor) of the doublet in the basal plane;
and c2R and  are constants. Taking into account the

specificity of the Kramers Sm3+ ion due to the weak
interaction with the external field because of the low

value of the Lande factor (  � ),

it is possible to present  at Hx, y � Δ⊥/μ⊥ as Eq. (3),
where the magnetoelectric constant depends on T as
c2RL0tanh[Δ⊥L0/T]. The solid line in the inset in Fig. 4
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R

shows the calculated dependence (T), which
describes the experiment well. The splitting value
2Δ⊥ = 13 cm–1 is taken from the optical data [17].

The observed temperature dependence εa(T) is

similar to the dependence (T) (Fig. 1) in spite of
the fact that εa(T) is proportional to the square of

(T) (see Eqs. (5) and (6)). This indicates that the
anisotropy energy in the ab plane also increases with
the decrease in T according to the law similar to

(T), apparently due to the rare�earth contribution,
thus determining a smoother increase in εa(T).

5. CONCLUSIONS

Thus, the colossal magnetodielectric effect has
been observed in SmFe3(BO3)4; it is manifested in the
(more than threefold) increase in the dielectric con�
stant ε at T < TN and its suppression to the primary
level of the paramagnetic state in the magnetic field of
~5 kOe applied in the basal crystal ab plane. It has
been established that the observed behavior of ε closely
correlates with the spontaneous and field�induced
electric polarizations. The theoretical explanation of
the observed phenomena has been proposed. It has
been shown that the observed magnetodielectric effect
is due to the contribution to the dielectric constant ε
from the electric susceptibility related to the rotation
of spins in the ab plane upon the antiferromagnetic
ordering of the Fe3+ ions, which is suppressed by the
magnetic field. Its high value in samarium ferroborate

Δε ~ ( )2/K is explained by the relatively high elec�

tric polarization  in the basal plane. In the easy�
plane state, this polarization easily rotates in the elec�
tric field due to the low magnetic�anisotropy energy K
in the basal plane. A theoretical model is elaborated,
which consistently describes the main features of the
behavior of the dielectric constant and electric polar�
ization in the magnetic field taking into account the
induced magnetoelastic anisotropy in the basal plane.
The analysis of the temperature dependences of the
observed phenomena allowed the establishment of the
prevailing contribution of the rare�earth (Sm) sub�
system to the considered effects.

A strong magnetodielectric effect was recently
observed in HoFe3(BO3)4 ferroborate [11]. We suppose
that the mechanism of its origin is similar to that pro�
posed above; i.e., it is due to the rotation electric sus�
ceptibility in the ab plane. The relatively low value of
the magnetodielectric effect in other ferroborates (see,
e.g., [12]) is apparently related to the low polarization

value, taking into account that ε ~ ( )2.

The mechanism of the appearance of the “rota�
tional” dielectric contribution considered in this work
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0
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may generally exist in a wide class of multiferroics hav�
ing spontaneous polarization of the improper origin
related to their magnetic structure.
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