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1. INTRODUCTION

As a new class of multiferroics, rare�earth
RFe3(BO3)4 ferroborates have been extensively studied
[1–10]. The ground state of a rare�earth ion was found
to affect the magnetoelectric properties of ferrobo�
rates; in particular, it was shown that easy�plane
anisotropy ferroborates (Sm and Nd ferroborates)
have the maximum magnetically induced polarization
[3, 11, 12]. It is interesting to widen the range of the
mechanisms that affect the magnetically induced
polarization, in particular, its dependence on the
exchange interaction between the iron subsystem and
rare�earth ions, which is characterized by the f–d
exchange field. Therefore, the purpose of this work is
to measure the magnetic, magnetoelectric, and mag�
netoelastic properties of easy�plane HoFe3(BO3)4 and
mixed Ho0.5Sm0.5Fe3(BO3)4 ferroborates, which are
relatively poorly understood. These ferroborates are
characterized by a variety of phase transitions, namely,
structural transitions and spontaneous and magnetic
field–induced spin�reorientation transitions.

2. EXPERIMENTAL

Ferroborate HoFe3(BO3)4 and
Ho0.5Sm0.5Fe3(BO3)4 crystals were grown by spontane�
ous solidification from solutions in melts (for details,

see [13]). The natural faceting of the crystals corre�
sponded to crystallographic directions determined by
X�ray diffraction. Magnetic measurements were car�
ried out on an MPMS�5 (Quantum Design) device.
The magnetic and magnetoelastic properties were
measured in pulsed magnetic fields up to 250 kOe in
the temperature range 4.2–50 K. Electrodes made of
epoxy resin with conducting fillers were applied on the
faces of a sample normal to the polarization to be mea�
sured. We measured the voltage across the electrodes,
which is proportional to the electric polarization,
when a magnetic field applied to various crystallo�
graphic directions was changed. The magnetostriction
was measured with a piezoelectric transducer, which
was made of a single�crystal quartz plate reacting to
deformation in one direction and glued to a sample.
The temperature dependences of the electric polariza�
tion in static magnetic fields up to 15 kOe were mea�
sured by a pyroelectric method with a B7�45 electrom�
eter.

3. EXPERIMENTAL RESULTS

Figure 1 shows the magnetization curves of an
HoFe3(BO3)4 single crystal along the c and a axes at
low temperatures (about 1.9 K) in relatively low mag�
netic fields. The rather sharp (especially along the c
axis) increase in the magnetization, which is accom�
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panied by a hysteresis, corresponds to the field�
induced phase transition from an easy�axis to an easy�
plane state (spin�flop transition). Along with the spin�
flop transition, we also detected an unusual spin�reori�
entation transition in magnetic field H along axis a
(Ha), where spins return to the ab plane at tempera�
tures below the spontaneous reorientation transition
(TSR ≈ 5 K, so�called re�entrant transition [1]). Such
anomalies are not observed in magnetization curves at
above 5 K.

Figure 2a shows the temperature dependences of
the longitudinal and transverse electric polarization P
in HoFe3(BO3)4 that appears in low static magnetic
fields (lower than 10 kOe), at which a single�domain
state forms. The magnetoelectric polarization

increases when the temperature decreases to the spin�
reorientation phase�transition temperature (T = 5 K).
Below this temperature, magnetoelectric polarization
is not observed in low fields. Figure 2b shows the tem�
perature dependences of longitudinal magnetoelectric
polarization ΔPa recorded for various easy�plane fer�
roborates in pulsed fields.

Figure 3 shows the field dependences of the longi�
tudinal (in field Ha) and transverse (in field Hb) effects
in holmium ferroborate. At low fields, we detected
polarization jumps ΔPa, which are induced by the for�
mation of a homogeneous antiferromagnetic structure
with spins oriented normal to an applied magnetic
field (single�domain state). Below temperature TSR =
5 K, a polarization jump appears in significantly
higher fields (about 10 kOe), which correspond to re�
entrant transition fields (Fig. 3b; Fig. 1, curve Ha). The
further decrease in the magnetoelectric polarization
and its vanishing in a field of 20 kOe was interpreted in
[14] as the suppression of ferroelectric polarization by
a magnetic field. However, the measurement of the
magnetoelectric effect over a wider field range (Fig. 3)
demonstrates that the sign of electric polarization
changes in a field of 20 kOe, similar to the case of
neodymium ferroborate in the f–d exchange field [3].
The sign of the transverse (at Hb) magnetoelectric
effect ΔPa is opposite to the sign of the longitudinal
effect (at Ha). The latter property is characteristic of all
easy�plane ferroborates, including mixed composi�
tions (Fig. 4).

Similar features are observed in the field depen�
dences of magnetostriction (Fig. 5), which correlate
with the field dependences of polarization: a re�
entrant transition is observed at 10 kOe and the sign of
polarization changes in a field of 20–25 kOe, which is
approximately equal to the f–d exchange field.
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Fig. 1. Magnetization of HoFe3(BO3)4 (1) along the c and
(2) a axes at T = 1.9 K.
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Fig. 2. Temperature dependences of magnetically induced polarization ΔPa for (a) HoFe3(BO3)4 in a magnetic field H = 8.5 kOe
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Figure 6 shows the polarization of holmium ferrob�
orate along various axes for magnetization along axis c
(field Hc). The anomalies in the curves at 10 kOe have
a shape characteristic of a spin�flop transition [10, 11]
and are accompanied by a hysteresis similar to that in
Fig. 1. The magnitude and shape of the field depen�
dences during such a transition are mainly determined
by the presence of uncontrollable magnetic field com�
ponents in the basal plane.

4. DISCUSSION OF RESULTS

The field�induced spin�reorientation transition, in
which the magnetic moments of iron ions return to the
basal plane (re�entrant transition), is detected below
the spin�reorientation temperature (TSR = 5 K) and is
similar to the transition that takes place in
GdFe3(BO3)4 at temperatures below 10 K [1]. The
mechanism of this transition is related to a decrease
(suppression) of the contribution of rare�earth ions to
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Fig. 3. (a) Electric polarization ΔPa vs. the magnetic field directed along axis a or b in holmium ferroborate. (b) Low�field range
dependence demonstrates different runs of the magnetoelectric curves above and below temperature TSR = 5 K.
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the anisotropy energy, which stabilizes a uniaxial state
at low temperatures, in a magnetic field. The Ho3+ ion
is characterized by the fact that its spectrum in crystal
and exchange fields differs qualitatively from the equi�
distant spectrum of the Gd3+ ion [15]. However, the
anisotropy of the magnetic properties of holmium fer�
roborate is not as high as those of terbium or dyspro�
sium ferroborate [16, 17], where R subsystem stabi�
lizes a uniaxial state at T < TN [8, 18, 19]. In
HoFe3(BO3)4, the contribution to the magnetic prop�
erties of four lower and closely spaced levels (0, 8, 14,
18 cm–1 [16]) is likely not to be strongly anisotropic;
that is, specific compensation from different level pairs
(transitions) takes place. This specific feature can
explain a lower TSR temperature than in GdFe3(BO3)4
and a relatively weak magnetic anisotropy.

The measured field dependences of the electric
polarization of ferroborate HoFe3(BO3)4 agree well
with the temperature dependences of polarization in
magnetic fields up to 40 kOe obtained in [14]. How�
ever, we performed measurements over a wider mag�
netic�field range, including fields higher than the
characteristic fields of exchange between rare�earth
ions and iron ions. As a result, we were able to detect a
change in the sign of magnetically induced polariza�
tion (Fig. 3b), which is characteristic of other easy�
plane ferroborates [3].

To explain the specific features of the detected tem�
perature and field dependences, we use an approach to
be called a quantum�phenomenological approach. It
includes both a phenomenological theory of magnetic
symmetry and quantum mechanics for rare�earth ele�
ments. This method proved its extremely high effi�
ciency upon studying a wide circle of magnetic mate�
rials [20]. We take into account that the main contri�
bution to the electric polarization of ferroborates is
related to the R subsystem, use the symmetry proper�

ties of the order parameters of the Fe and R subsystems
(Table 1), and represent the magnetoelectric contribu�
tion to the free energy in the form [3]

(1)

where m, l = m1 ± m2 are the ferro� and antiferromag�
netism vectors, respectively, of two R sublattices m1, 2

in the effective (external H and exchange HL) field

c1M, c1L, c2M, c2L, , and  are magnetoelectric
constants; M and L are the ferro� and antiferromag�
netism vectors of the Fe subsystem, respectively; and

 and  are the diagonal matrices of the R–Fe
exchange (axx = ayy ≡ a⊥, azz ≡ a||, bxx = byy ≡ b⊥, bzz ≡ b||).
The existence of different magnetoelectric constants
for the terms with HM and HL is caused by their differ�
ent transformation properties under symmetry group
operations.

The main contribution to the R–Fe exchange
(f⎯d exchange) in ferroborates is determined by the
isotropic part of the corresponding interaction of a
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rare�earth ion in sublattices 1 and 2 with N nearest
iron ions,

(2)

where SR and SFe are the spin moments of R and Fe
ions; JR, µJ = –gJμBJR, and gJ are the total angular
moment, the magnetic moment, and the Lande factor
of the ground multiplet of the R ion, respectively; μB is
the Bohr magneton;

is the f–d exchange field (isotropic part); and λ is the
exchange constant, which depends on the distances
and bond angles between R3+ and Fe3+ ions. This def�
inition of the exchange field is only valid for the
ground multiplet of ion R, where SR ≈ (gJ – 1)JR (also
see [10, 12]). In the absence of an external field (when

�1 2,
fd λSR

1 2, SFe
i

i 1=

N

∑ µJ
1 2,– Hfd

1 2,
,⋅= =

Hfd

gJ 1–( )λ
gJμB

����������������� SFe
i

i 1=

N

∑=

H = 0 and M = 0), exchange field  = ±HL is pro�
portional to antiferromagnetism vector L. Assuming
that constant λ weakly depends on the structural lat�
tice parameters, we can compare the exchange fields
in ferroborates with different types of rare�earth ions
(Table 2) and explain the relatively low electric polar�
ization in ferroborates with a small ionic radius in low
fields, when the f–d exchange field mainly contributes
to the effective field in which an ion is located. Indeed,
field  in the case of the samarium ion is higher
than that of holmium by more than an order of magni�
tude (see Table 2).

In high magnetic fields (higher than 100 kOe), the
electric polarization increases noticeably (up to 200–
300 μC/m2): it is much higher than the f–d exchange–
induced polarization (Fig. 3) but is significantly lower
than that in neodymium ferroborate [3]. It is obvious
that this contribution is determined by the electronic
structure of a rare�earth ion and its spectrum in the
crystal field. The decrease in this magnetically

Hfd
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Hfd

Table 1. Transformation properties of the ferro� and antiferromagnetism vectors in the Fe subsystem (M, L) and the rare�

earth subsystem (m, l), polarization P, and strain tensor uik for ferroborates with space group  [3] reduced from space
group R32*
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* Elements , , and  of group  are a unit cell translation along the c axis, and rotations about the threefold and twofold  axes,

respectively. Superscript “+” means that a symmetry element transforms the antiferromagnetic lattice into itself. Superscript “–”
means transformation into another lattice with the opposite direction of magnetization. R2 and R3 are the 180° and 120° rotation
matrices, respectively. The table only gives the mixed combinations of the order parameters of Fe and R ions that contribute to polar�
ization and strain, and the other combinations are presented in [3].
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induced contribution to polarization revealed in hol�
mium ferroborate indicates its strong dependence on
the type of rare�earth ion and, apparently, a decrease
in the magnetoelectric polarization with decreasing R
ion radius.

We now comprehensively consider the behavior of
polarization in the easy�plane state, where a field is
directed along axis a and vector L is directed along
axis b. When minimizing the total thermodynamic
potential

with respect to polarization (  is the electric suscep�
tibility in the basal plane), we have

(3)

where

is the magnetization of the R subsystem in the exchange

field Heff ≈ (Hx, , 0) (  = Hfd,  ≈ Hx); its uni�
form and staggered components are mx = mRHx/Heff

Φ
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and my = mR /Heff , respectively; and Ei are the
energy levels of ion R in the crystal and effective fields.
With Eqs. (1) and (3), we can explain the following
characteristic features of the temperature and field
dependences in Figs. 2 and 3:

(1) the disappearance of electric polarization dur�
ing the spontaneous orientation transition from the ab
plane to the c axis at 5 K;

(2) the appearance of polarization during the re�
entrant transition to the ab plane induced by a field of
10 kOe;

(3) the change in the sign of electric polarization in
a field of about 20 kOe, which is approximately equal
to the f–d exchange field, at c1L ≈ c1M due to a change

in the sign of the difference c1MmxHx – c1Lly  ~  –

(c1L/c1M) in Eq. (3); moreover, a certain difference
in constants c1L and c1M can explain the discrepancy
between the exchange fields found from the point of
changing the sign of polarization during magnetic and
optical measurements (see Table 2);

(4) the change in the sign of electric polarization
when the magnetic field direction changes from axis a
to axis b (for the same reason as in (3)).

To describe the polarization quantitatively with
Eq. (3), we need the behavior of function mR(Heff, T)
determined by the spectrum of ion R. In the simplest
two�level approximation, we have

Hy
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Hfd
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Table 2. f–d exchange fields in ferroborates depending on the type of R ion

gJ , kOe*
, kOe

from magnetic and 
optical experiments

, kOe

from magnetoelectric 
experiments

Ce 6/7 –1/3 –23 – –

Pr 4/5 –1/2 –35 115 [23]** –

Nd 8/11 –3/4 –53 79 [24] 55 [3]

Pm 3/5 –4/3 –93 – –

Sm 2/7 –5 –350 – –

Gd 2 1 70 70 [21, 25] –

Tb 3/2 2/3 47 35–38 [18, 24] –

Dy 4/3 1/2 35 25 [24] –

Ho 5/4 2/5 28 25 [26] 20

Er 6/5 1/3 23 16.5 [24] –

Tm 7/6 2/7 20 – –

Yb 8/7 1/4 18 – –

  * The values of  (isotropic part) are calculated at  ≈ 70 kOe [21].

** The strong difference between the real exchange field acting on the Pr3+ ion and its isotropic part given in the fourth column is related
to a high anisotropic contribution of the f–d exchange established for PrFe3(BO3)4 from optical data [22].
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where μ⊥ is the magnetic moment of the R ion in the
basal plane. We assume that the f–d exchange field in
Eq. (3) is 20 kOe (the point of changing the sign of
magnetoelectric polarization in field dependence in
Fig. 3) and the applied magnetic field is H = 8.5 kOe
(which corresponds to the experimental conditions;
see Fig. 2a) and obtain the calculated temperature
dependence of magnetoelectric polarization (Fig. 2a,
solid line), which describes the experimental depen�
dence rather accurately at μ⊥ = 2.1μB.

By analogy with Eq. (3), we obtain

(4)

for the longitudinal component of magnetostriction
induced by the R subsystem. The similarity of Eqs. (3)
and (4) explains the correlation of the magnetoelectric
and magnetoelastic properties, and the difference in
the fields of vanishing of polarization and magneto�
striction can be related to the difference in coefficients
c1L/c1M and b3L/b3M (see Figs. 3, 5).

5. CONCLUSIONS

Easy�plane ferroborates were shown to be charac�
terized by the opposite signs of magnetically induced
polarizations along axis a for magnetic fields directed
along axes a (Ha) and b (Hb). This specific feature was
explained in terms of a symmetry approach along with
the change in the sign of magnetically induced polar�
ization in a field higher than the field of exchange
between rare�earth and iron ions.

The anomalies in the magnetic, magnetoelectric,
and magnetoelastic dependences of holmium ferrobo�
rates are related to both a spontaneous spin�reorienta�
tion transition and magnetic field�induced (spin�flop,
re�entrant) phase transitions. The field dependences
of the magnetoelectric polarization measured for hol�
mium ferroborate agree well with the similar depen�
dences measured in [14] and substantially supplement
them with the data on magnetoelectric polarization in
high magnetic fields. The increase in the electric
polarization in high magnetic fields in holmium fer�
roborate was found to be noticeably smaller than in
neodymium ferroborate under these conditions,
which indicates a substantial dependence of the mag�
netoelectric effects on the electronic structure of a
rare�earth ion. A quantum�phenomenological con�
sideration indicates that, apart from the electronic
structure and magnetic moment of an rare�earth ion,
the f–d exchange field is an important factor that
determines the magnetoelectric polarization of rare�
earth ferroborates during the rotation of a spin struc�
ture in the basal plane normal to the applied magnetic
field direction in a low (less than 10 kOe) magnetic
field.
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