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INTRODUCTION

Rare�earth ferroborates RFe3(BO3)4 (R = Y,
La⎯Lu) have recently attracted considerable interest
due to the discovery of multiferroelectric phenomena
in them [1, 2] and to their interesting magnetic, opti�
cal, and other properties caused by the exchange inter�
action between the iron and rare�earth magnetic sub�
systems [3, 4]. At sufficiently high temperatures, all
rare�earth ferroborates have a noncentrosymmetric
trigonal structure belonging to space group R32 [5, 6],
which remains unchanged in a number of ferroborates
with a large ionic radius of an R ion (La–Sm) down to
low temperatures. In ferroborates with a smaller ionic
radius of an R ion (Eu–Er, Y), a phase transition into
a low�symmetry trigonal crystal structure of space
group P3121 takes place when temperature decreases
[7, 8].

At temperatures below TN = 30–40 K, antiferromag�
netic ordering occurs in the iron ion subsystem in ferrob�
orates: depending on the type of R ion, iron ion spins are
oriented in either plane ab (R = Nd, Sm, Eu, Er, Y) [4,
9, 10] or along trigonal axis c (R = Pr, Tb, Dy) [11–14].
In this case, a magnetic order is also induced in the rare�
earth subsystem due R–Fe to exchange; it plays an
important role in stabilizing an easy�plane or uniaxial
magnetic structure, and the role of a rather weak R–R
interaction here is insignificant. A strong effect of the

anisotropy of the rare�earth subsystem on a magnetic
structure and spontaneous and magnetic field–induced
phase transitions is indicated by recent studies of substi�
tutional ferroborates Tb1 – xErxFe3(BO3)4 [15] and
Nd1 ⎯ xDyxFe3(BO3)4 [16] with competing R–Fe
exchange interactions.

Obviously, these specific features of the interacting
Fe and R subsystems should manifest themselves in
not only static magnetic and magnetoelectric proper�
ties but also in high�frequency magnetoresonance
phenomena, which are scantly known in ferroborates.
In particular, a recent magnetoresonance investigation
of Y1 – xGdxFe3(BO3)4 ferroborates performed in the
millimeter frequency range [17] revealed antiferro�
magnetic resonance (AFMR) modes of iron ion spins
and a significant effect of the Gd subsystem on their
frequency and the energy of magnetic anisotropy.

In this work, we present the results of studying the
antiferromagnetic resonance and the dielectric prop�
erties of ferroborates RFe3(BO3)4 (R = Y, Eu, Pr, Tb,
Tb0.25Er0.75) in the submillimeter frequency range (3–
20 cm–1). The main purpose of this work is to reveal
the dependence of the AFMR frequency on the mag�
netic anisotropy of rare�earth ions, to determine their
contribution to the effective crystal anisotropy energy,
and to investigate the behavior of permittivity (in par�
ticular, during a structural phase transition).
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EXPERIMENTAL

Ferroborate single crystals up to 1 cm in size were
grown upon solidification from a melt on seeds [18].
The samples for quasi�optical studies were prepared in
the form of a�cut (R = Y, Eu, Tb, Tb0.25Er0.75) and c�
cut (R = Pr) plane�parallel plates 0.5–1 mm thick.
The polarization measurements of transmission spec�
tra T(ν) were carried out using quasi�optical BWT
spectroscopy (BWT stands for backward�wave tube)
[19] in the frequency range 3–20 cm–1 and the tem�
perature range 3–300 K.

Figures 1 and 2 give examples for the temperature
evolution of T(ν) spectra for easy�plane ferroborate
EuFe3(BO3)4 and easy�axis ferroborate TbFe3(BO3)4.
All spectra were characterized by oscillations induced
by the interference of radiation in a plane�parallel
sample. In the antiferromagnetic ordering range (T <
TN = 35–40 K), resonance absorption lines were
detected against the background of these oscillations:
they were only detected for the polarization of a mag�
netic field normal to the c axis and were identified as
AFMR modes of the Fe subsystem (see below). The
recorded spectra were simulated with the Fresnel for�

mula for a plane�parallel layer with allowance for the
dispersion of magnetic permeability near a resonance
absorption line:

where νk, Δνk, and Δμk are the frequency, line width,
and contribution of the AFMR mode to the magnetic
permeability. When processing T(ν) spectra, we
obtained the temperature dependences of complex
permittivity ε (Fig. 3) and the AFMR mode parame�
ters (Figs. 4, 5).

RESULTS AND DISCUSSION

We first consider the dielectric properties. As is
seen in Fig. 3, the temperature dependences of the real
part of permittivity ε' of ferroborates YFe3(BO3)4,
TbFe3(BO3)4, and EuFe3(BO3)4 exhibit a strong
anisotropy along and across trigonal axis c. Jumplike
anomalies of  and  ≡  correspond to the tran�
sition from the high�temperature R32 phase into the

μ ν( ) 1 Δμkνk
2
/ νk

2 ν2– iνΔνk+( ),
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Fig. 1. Evolution of the absorption spectra and the high�
frequency AFMR mode (indicated by arrows) in easy�
plane EuFe3(BO3)4 in the polarization h || b and e || c:
(points) experiment and (curves) fit.
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P3121 phase with lower symmetry. Phase�transition
temperatures Ts are 375 K in YFe3(BO3)4, 198 K in
TbFe3(BO3)4, and 58 K in EuFe3(BO3)4, which agrees
well with the data obtained from heat capacity in [6,
13]. The most pronounced permittivity jumps are
observed along the trigonal axis. When the tempera�

ture decreases, the (T) dependence changes its
character below phase�transition temperature Ts and
becomes descending, whereas it increases or remains
almost unchanged above Ts. In the composition

Tb0.25Er0.75Fe3(BO3)4, the behavior of  corresponds
to the low�temperature P3121 phase at T ≤ 300 K,
which is likely to indicate a structural phase transition

above room temperature. Quantity  changes
weakly with temperature, exhibits a small jump during
the structural transition, and falls in the range 12 <

< 14 for all compositions under study. As for the
frequency dependence of the permittivity in the fre�

εc'

ε⊥c'

ε⊥c'

ε⊥c'

quency range 2–16 cm–1, it is very weak or absent. The
imaginary part of the permittivity (Fig. 3b) is less than
0.1–0.2 at room temperature for all ferroborates under
study, decreases significantly with decreasing temper�
ature, and exhibits small anomalies during structural
phase transitions. A similar character of the tempera�
ture dependences of permittivity was also observed at
low (radio) frequencies [4, 7].

Let us now consider the magnetoresonance prop�
erties. The easy�plane antiferromagnetic state has the
following two AFMR modes [20]. In the low�fre�
quency mode, the oscillations of antiferromagnetism
vector L lie in easy plane ab and are excited by a field
parallel to axis c,

(1)

The high�frequency mode corresponds to antiferro�
magnetic moment L oscillations deviated from the
basal (easy) plane and excited by a field normal to axis
c and vector L,

(2)

ω1

γ
�����⎝ ⎠

⎛ ⎞
2

H2 2HEHA6
Fe 6ϕ.cos+≈

ω2

γ
�����⎝ ⎠

⎛ ⎞
2

2HEHA
Fe KFe

χ⊥

������.≡≈

0 200

εc'

T, K
100 300

13

400

(b)

14

12

Pr

Eu

Tb

Tb0.25Er0.75

Y

Y

Tb0.25Er0.75

Tb

Eu

Ts
Tb

Ts
Y

Ts
Eu(a)

13

14

15

16

17

18

19

20

21

εb'

RFe3(BO3)4

R = Eu

Tb

Tb0.25Er0.75

Y

Pr

Fig. 3. Temperature dependences of the real part of the
permittivity at a frequency of 13 cm–1 (390 GHz) (a) along
the c axis and (b) in the perpendicular direction for ferrob�
orates with R = Y, Eu, Pr, Tb, and Tb0.25Er0.75. Arrows
indicate the phase�transition temperatures.
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(points) values obtained from transmission spectra and
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In Eq. (1), an applied magnetic field lies in the basal

plane and, at H � , determines the orientation of

L in this plane, which is specified by angle ϕ (H ⊥ L);
χ⊥ is the transverse susceptibility of antiferromagneti�
cally ordered iron spins; M0 is the magnetization of the
iron spin sublattices; HE = M0/2χ⊥ is the field of iso�

tropic Fe–Fe exchange;  = KFe/M0 is the anisot�

ropy field of the iron subsystem, which stabilizes the

easy�plane state;  is the anisotropy field in the

basal plane (  �  � HE); and γ is the gyromag�

netic ratio.

In the easy�plane ferroborates YFe3(BO3)4 and
EuFe3(BO3)4, the modes excited by a field parallel to
axis b are identified as high�frequency AFMR modes
of Fe3+ ions (Fig. 1). In YFe3(BO3)4 with nonmagnetic
Y, the obtained values of frequency ν2 = ω2/2π and
contribution Δμ (Figs. 4a, 4b) are only determined by
the iron subsystem. The contribution of the high�fre�
quency mode excited by ac magnetic field h along any

HA6
Fe

HA
Fe

HA6
Fe

HA6
Fe HA

Fe

direction n in the basal lane is determined by the
expression (H = 0)

(3)

where averaging is performed over all vector L direc�
tions with allowance for a uniform distribution in the
ab plane over six natural anisotropy directions. (This
expression also holds true for a continuous distribu�
tion of L in this plane caused by random elastic stresses
if their magnetoelastic contribution to the energy
induced in the basal plane exceeds natural anisotropy

.) Such a distribution is supported by the anisot�
ropy of static magnetic susceptibility of YFe3(BO3)4,
where the susceptibility in the basal plane is half that
along the c axis [4]. Note also that the obtained contri�
bution (Fig. 4b) is almost temperature independent,
which agrees with Eq. (3). With this contribution of
mode ν2, we can determine the static susceptibility
(χ⊥ ≈ (1.2–1.3) × 10–4 cm3/g) and the corresponding
exchange field (HE = M0/2χ⊥ = 680 kOe), which agree
well with the results of static measurements [4]. Using
the value of mode ν2, we can calculate the anisotropy
constant of the iron subsystem (KFe = 2.7 × 105 erg/g),
which agrees with the data in [17]. The temperature
dependence ν2(T) (Fig. 4a) can be described using the
molecular field approximation for the magnetizations
of the iron sublattices.

The second (low�frequency) AFMR mode, which
is controlled by the anisotropy in easy plane ab, has a
much lower frequency and does not manifest itself in
the frequency range under study. The mode frequency
increases in a magnetic field H ⊥ c; therefore, this
mode was detected in [17] at a fixed frequency by
sweeping magnetic field.

Generally speaking, when analyzing ferroborates
with rare�earth ions, one should consider two interre�
lated magnetic subsystems, whose dynamics depends
substantially on the relation between the natural reso�
nance frequencies of the subsystems. In the case of the
ferroborates under study (where the characteristic
electron transition frequencies in the rare�earth sys�
tem (ωR) are significantly higher than the AFMR fre�
quencies of the Fe subsystem (ωFe)), we can assume
that the dynamic variables of the R subsystem at fre�
quencies on the order of ωFe immediately follow iron
ion spins and are determined by the corresponding
effective fields. As a result, we can exclude the R sub�
system at frequencies on the order of ωFe variables and
describe their contribution using an effective thermo�
dynamic potential depending only on the Fe sub�
system variables, which was used to analyze the
dynamic properties of other similar systems (e.g.,
orthoferrites) [19, 21]. If the exchange splitting (shift)
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Fig. 5. Temperature dependences of resonance frequencies
ν, mode contributions to magnetic permeability Δμb, and
linewidth Δν of the AFMR mode in uniaxial PrFe3(BO3)4,
TbFe3(BO3)4, and Tb0.25Er0.75Fe3(BO3)4 ferroborates:
(points) values obtained from transmission spectra and
(lines) calculation.
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of the R ion levels caused by the R–Fe interaction is
significantly smaller than the characteristic distances
between R ion levels �ωR in a crystal field, we can write
the free energy as

(4)

where  is the tensor of the static magnetic suscepti�

bility of the rare�earth ion in the crystal field,  =

H + , and  ≈ ±(λ⊥Lx, λ⊥Ly, λ||Lz) is the R–Fe
exchange field in which the contribution proportional
to ferromagnetic moment M of the Fe subsystem is
omitted because of M � L, and signs “±” correspond
to two R sublattices. In this case, the anisotropy energy
can be described by effective anisotropy constant Keff ,
which includes both the anisotropy of the iron spin
subsystem and the contribution of the rare�earth sub�
system,

(5)

This approach can be used to analyze the AFMR in
EuFe3(BO3)4, since the ground state of the Eu3+ ion is
nonmagnetic (J = 0) and separated from excited mul�
tiplets by a significant energy interval (ΔEu ≈ 400 cm–1

[22]) and its magnetic properties are determined by an
admixture of excited states (Van Vleck magnetism)
[23]. The increase in frequency ν2 in YFe3(BO3)4 as
compared to YFe3(BO3)4 (Fig. 4a) indicates an addi�
tional contribution of Eu3+ ions to the anisotropy
energy. We assume that this contribution is mainly
related to the anisotropy of the Van Vleck magnetic

susceptibility of the Eu3+ ion [4], for which  > 
[4], and easily explain the increase in the effective

anisotropy constant Keff = KFe + (  – )
(where HEu–Fe is the field of the isotropic Eu–Fe
exchange) by a positive contribution of the europium
subsystem. We now use the frequency and the contri�
bution of mode ν2 obtained above, the anisotropy of
the magnetic susceptibility of EuFe3(BO3)4 [4], and
the value of Keff obtained above and find HEu–Fe ≈ 140
kOe. The temperature dependence of frequency ν2 is
qualitatively similar to that of yttrium ferroborate and
is also described in the molecular field approximation
(Fig. 4a).

In the easy�axis state (L || c), which takes place in
ferroborates PrFe3(BO3)4 [12], TbFe3(BO3)4 [10, 13,
24], and Tb0.25Er0.75Fe3(BO3)4 [15], two AFMR modes
are excited in the polarization h ⊥ c [20], and their fre�
quencies (at H || c) are

(6)
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where  = –Keff/M0 is the effective anisotropy field,
which stabilizes the easy�axis state at Keff < 0. In the
absence of a field, resonance frequencies are degener�
ate, ω0 = ω+ = ω–, and one absorption line is detected
in polarization h ⊥ c (Fig. 2); its contribution is deter�
mined by the transverse susceptibility of iron spins
Δμ⊥c = 4πχ⊥.

According to the optical data in [11], the ground
state of the Pr3+ ion in PrFe3(BO3)4 in the crystal field
is singlet and the energy of the next excited state cor�
responds to 48 cm–1, which allows us to analyze the
AFMR in the iron subsystem using effective thermo�
dynamic potential (4) and anisotropy energy (5). The
contribution of the detected mode to the magnetic
permeability (Fig. 5b) gives the values of χ⊥ and HE

that are close to the corresponding parameters of
YFe3(BO3)4. With the frequency of the detected mode
(Fig. 5a) and the obtained value of HE, we can find the
constant (Keff = –2.7 × 105 erg/g) and the correspond�
ing spin�flop transition field (Hsf = [–Keff/χ⊥]1/2 ≈
48 kOe), which agree well with the data obtained from
low�temperature magnetization curves [12]. Accord�
ing to magnetic measurements, the susceptibility of Pr

ions is strongly anisotropic and  > , which is
likely to be the main cause of the change in the sign of
the effective anisotropy constant and the stabilization
of the uniaxial state. Nevertheless, we should not rule
out the contribution of the anisotropic part of the Pr–
Fe exchange revealed from the optical data in [11].

We found in TbFe3(BO3)4 a significant increase in
the AFMR mode frequency (Fig. 5a), which indicates
not only a change in the sign of effective anisotropy
constant Keff but also its high value due to the anisotro�
pic contribution of Tb3+ ions, which are polarized
along their Ising axis (coinciding with the trigonal axis
of the crystal). An easy�axis character of the magnetic
ordering in TbFe3(BO3)4 is supported by the fact that
the AFMR mode detected in the polarization h ⊥ c is
split into two modes in applied magnetic field H
(Fig. 2e), according to Eq. (6). The ground state of the
Tb3+ ion in the crystal field is a quasi�doublet, whose
splitting is almost completely determined by the
exchange field [13, 15],

and the contribution to the free energy is

where N is the number of Tb ions. Taking into account
a high value of this exchange splitting (2ΔTb ≈ 30 cm–1

[13, 15]) as compared to the detected AFMR frequen�
cies (Fig. 5a), we can calculate them using the Lan�
dau–Lifshitz equations by allowing for rare�earth
contribution ΦTb to the total thermodynamic potential
of the system. For the resonance frequencies, this gives
an expression whose form coincides with Eq. (6) and

HA
eff

χc
Pr χ⊥c

Pr

2ΔTb 2μTb
z HTb–Fe

z 2μTb
z λ||Lz( ),= =

ΦTb NTkB 2 ΔTb/kBT( ),coshln–≈
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the effective anisotropy constant in which contains a
negative contribution of Tb,

The values of field HE and χ⊥ for TbFe3(BO3)4 that
are determined by the contribution of the AFMR
mode to magnetic permeability Δμ⊥c (Fig. 5b) turn out
to be close to the corresponding values in the other fer�
roborates. Using these data and the values of AFMR
frequency ω0 at a low temperature and KFe found for
yttrium ferroborate, we can determine the exchange
splitting,

and the corresponding exchange field (  ≈
35 kOe), which agree well with the results of static
investigations [13, 15] (in particular, with the spin�flop
transition field [15, 24]. Note that it is impossible to
directly observe resonance transitions in the ground
quasi�doublet because of the Ising character of the
Tb3+ ion.

This picture of the formation of magnetic anisot�
ropy in TbFe3(BO3)4 is supported by the behavior of
AFMR in the dilute Tb0.25Er0.75Fe3(BO3)4 system. The
twofold decrease in the AFMR frequency detected in
it (Fig. 5a) supports the prevailing contribution of
Tb3+ ions to the effective anisotropy even for their
fourfold dilution. The contribution of Er3+ here is not
very significant because of a smaller exchange splitting
(about 1.9 cm–1 [10]).

This analysis of the magnetoresonance properties
of the ferroborates was performed without allowance
for a magnetoelectric interaction, since we failed to
detect the manifestation of the corresponding magne�
toelectric phenomena in the frequency range under
study. Nevertheless, we will briefly discuss these inter�
esting fine effects and analyze their observation condi�
tions.

The magnetoelectric contribution of the Fe sub�
system to the thermodynamic potential has the form
[1, 2]

(7)

where P is the electric polarization and c1, 2, 6 are con�
stants. We add ΦME and dielectric part ΦE = –P ⋅ E +

(1/2)E E to the total thermodynamic potential and
use the equations of motion for dynamic variables M,
L, and P in order to determine the total linear response
of the system to an ac magnetic and electric field,

where , , and  are the magnetic, electric, and
magnetoelectric susceptibilities of the system, respec�

Keff KFe NΔTb ΔTb/kBT( )tanh– 0.<≡
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χ̂E
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me

( )*h χ̂ee,+= =

χ̂m χ̂e χ̂me

tively. In the uniaxial state, these susceptibilities are
diagonal and have a resonance contribution,

where  = /|Keff | is the magnetoelectric contri�
bution of rotation to the electric susceptibility, P1 =

c1 ,  = (ε⊥ – 1)/4π is the lattice part of the

electric susceptibility, R(ω) = /(  – ω2 + iωΔω),
and ω0 and Δω are the AFMR mode frequency and
width, respectively. The most interesting consequence
caused by the magnetoelectric susceptibility is the
appearance of two inherent right and left circularly
polarized electromagnetic modes characterized by

refractive index n± = n0 ± 4π , where n0 = ,

ε⊥ = 1 + 4π , and μ⊥ = 1 + 4π , during their prop�
agation along the c axis. This leads to the rotation of
the polarization plane of a wave through an angle

Δθme = (ωd/c)4π , where c is the velocity of light,
when it passes through a layer of thickness d. We now
use the data of magnetoelectric studies of PrFe3(BO3)4

[12] and TbFe3(BO3)4 [15], which estimated P1 at 1–
10 μC/m2 (0.3–3 CGS units), and obtain the magne�
toelectric contribution to the permittivity and magne�
toelectric permeability of PrFe3(BO3)4 in the form

4πΔ  = 1.1(10–6–10–4) and 4π  =

0.88(10–4–10–3), respectively. As a result, the reso�
nance angle of rotation of a polarization plane at an
AFMR frequency of about 4 cm–1 is estimated at
Δθme = 0.5°–5° for a thickness of 0.5 mm. Unfortu�
nately, our quasi�optical investigations of c�cut
PrFe3(BO3)4 in crossed polarizers did not reveal polar�
ization plane rotation, which is likely to be caused by
a relatively low magnitude of the effect and an insuffi�
ciently high spectrometer sensitivity.

The easy�plane state also exhibits a resonance con�
tribution to the electric and magnetoelectric suscepti�
bilities, which is also determined by the susceptibility

of rotation Δ  in the region of a high�frequency
(quasi�antiferromagnetic) AFMR mode and leads to
electrical activity of this mode (i.e., excitation by an
electric field), elliptical polarization of the corre�
sponding electromagnetic eigenmodes in a crystal,
and the rotation of the polarization plane of a propa�
gating wave. However, in contrast to the previous case,
all these effects are quadratic in small magnetoelectric
constant c1, which is likely to complicate the possibil�
ity of their observation. The manifestation of a magne�
toelectric contribution in the region of a low�fre�
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quency mode seems to be more realistic; however, it
requires a separate investigation. Note also that, since
the rare�earth subsystem in a number of ferroborates
can significantly contribute to the magnetoelectric
interaction (polarization), one can expect a stronger
manifestation of the dynamic effects considered above
in the region of the corresponding rare�earth modes
induced by transitions between the energy levels of an
R ion.

CONCLUSIONS

When performing quasi�optical studies of rare�
earth ferroborate RFe3(BO3)4 (R = Y, Eu, Pr, Tb,
Tb0.25Er0.75) single crystals in the submillimeter range
(ν = 3–20 cm–1), we determined anisotropic permit�
tivity ε', revealed its anomalies during structural phase
transitions, and detected and investigated AFMR in
the iron ion subsystem. We found a strong dependence
of the AFMR frequency on the magnetic anisotropy
and the character of the ground state of a rare�earth
ion in crystal and exchange fields. Based on the data
obtained for AFMR frequencies and the contributions
of modes to the magnetic permeability, we determined

the basic parameters of the magnetic interactions in
the ferroborates under study (Fe–Fe exchange field
HE, effective anisotropy constant Keff , effective R–Fe
exchange fields HR–Fe, the exchange splitting of the
ground state of a rare�earth ion). It was shown that the
values of exchange field HE are close for all composi�
tions under study and that the effective anisotropy
constants (whose temperature dependences are shown
in Fig. 6) differ significantly for compositions with dif�
ferent R ions. The determined exchange and anisot�
ropy parameters and the splitting of the ground state of
a rare�earth element agree well with the data of static
and optical measurements. It was shown that taking
into account a magnetoelectric interaction results in a
number of new interesting effects, whose detection
requires additional experimental efforts.

ACKNOWLEDGMENTS

This work was supported by the Russian Founda�
tion for Basic Research, project no. 10�02�00846.

REFERENCES

1. A. K. Zvezdin, S. S. Krotov, A. M. Kadomtseva,
G. P. Vorob’ev, Yu. F. Popov, A. P. Pyatakov, L. N. Bez�
maternykh, and E. A. Popova, Pis’ma Zh. Eksp. Teor.
Fiz. 81 (6), 335 (2005) [JETP Lett. 81 (6), 272 (2005)].

2. A. K. Zvezdin, G. P. Vorob’ev, A. M. Kadomtseva,
Yu. F. Popov, A. P. Pyatakov, L. N. Bezmaternykh,
A. V. Kuvardin, and E. A. Popova, Pis’ma Zh. Eksp.
Teor. Fiz. 83 (11), 600 (2006) [JETP Lett. 83 (11), 509
(2006)].

3. A. N. Vasiliev and E. A. Popova, Fiz. Nizk. Temp.
(Kharkov) 32 (8), 968 (2006) [Low Temp. Phys. 32 (8),
735 (2006)].

4. A. M. Kadomtseva, Yu. F. Popov, G. P. Vorob’ev,
A. P. Pyatakov, S. S. Krotov, K. I. Kamilov, V. Yu. Ivanov,
A. A. Mukhin, A. K. Zvezdin, A. M. Kuz’menko,
L. N. Bezmaternykh, I. A. Gudim, and V. L. Temerov,
Fiz. Nizk. Temp. (Kharkov) 36 (6), 640 (2010) [Low
Temp. Phys. 36 (6), 511 (2010)].

5. J. A. Campá, C. Cascales, E. Gutiérrez�Puebla,
M. A. Monge, I. Rasines, and C. Ruíz�Valero, Chem.
Mater. 9, 237 (1997).

6. Y. Hinatsu, Y. Doi, K. Ito, M. Wakeshima, and A. Alemi,
J. Solid State Chem. 172, 438 (2003).

7. D. Fausti, A. A. Nugroho, P. H. M. van Loosdrecht,
S. A. Klimin, M. N. Popova, and L. N. Bezmaternykh,
Phys. Rev. B: Condens. Matter 74, 024403 (2006).

8. M. N. Popova, J. Rare Earths 27, 607 (2009).
9. E. A. Popova, N. Tristan, C. Hess, R. Klingeler,

B. Büchner, L. N. Bezmaternykh, V. L. Temerov, and
A. N. Vasil’ev, Zh. Eksp. Teor. Fiz. 132 (1), 121 (2007)
[JETP 105 (1), 105 (2007)].

10. M. N. Popova, E. P. Chukalina, T. N. Stanislavchuk,
and L. N. Bezmaternykh, J. Magn. Magn. Mater. 300,
e440 (2006).

11. M. N. Popova, T. N. Stanislavchuk, B. Z. Malkin, and
L. N. Bezmaternykh, Phys. Rev. Lett. 102, 187403
(2009); M. N. Popova, T. N. Stanislavchuk, B. Z. Malkin,

0 20
T, K

10 30

−25

−20

RFe3(BO3)4
R = Eu

5 352515

Keff, 105 erg/g

Pr

Y

Tb

40

−15

−5

−10

0

5

Fig. 6. Temperature dependences of the effective anisot�
ropy constants of easy�plane (R = Y, Eu) and easy�axis (Pr,
Tb) ferroborates: (points) values obtained upon the con�
version of the experimental AFMR frequencies and mode
contributions and (curves) theory.



120

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS  Vol. 113  No. 1  2011

KUZ’MENKO et al.

and L. N. Bezmaternykh, Phys. Rev. B: Condens. Mat�
ter 80, 195101 (2009).

12. A. M. Kadomtseva, Yu. F. Popov, G. P. Vorob’ev,
A. A. Mukhin, V. Yu. Ivanov, A. M. Kuz’menko, and
L. N. Bezmaternykh, Pis’ma Zh. Eksp. Teor. Fiz. 87
(1), 45 (2008) [JETP Lett. 87 (1), 39 (2008)].

13. E. A. Popova, D. V. Volkov, A. N. Vasiliev, A. A. Demi�
dov, N. P. Kolmakova, I. A. Gudim, L. N. Bezmater�
nykh, N. Tristan, Yu. Skourski, B. Büchner, C. Hess,
and R. Klingeler, Phys. Rev. B: Condens. Matter 75,
224413 (2007).

14. E. A. Popova, N. Tristan, A. N. Vasiliev, V. L. Temerov,
L. N. Bezmaternykh, N. Leps, B. Büchner, and
R. Klingeler, Eur. Phys. J. B 62, 123 (2008).

15. A. K. Zvezdin, A. M. Kadomtseva, Yu. F. Popov,
G. P. Vorob’ev, A. P. Pyatakov, V. Yu. Ivanov,
A. M. Kuz’menko, A. A. Mukhin, L. N. Bezmater�
nykh, and I. A. Gudim, Zh. Eksp. Teor. Fiz. 136 (1),
80 (2009) [JETP 109 (1), 68 (2009)].

16. Yu. F. Popov, A. M. Kadomtseva, G. P. Vorob’ev,
A. A. Mukhin, V. Yu. Ivanov, A. M. Kuz’menko,
A. S. Prokhorov, L. N. Bezmaternykh, and V. L. Temerov,
Pis’ma Zh. Eksp. Teor. Fiz. 89 (7), 405 (2009) [JETP
Lett. 89 (7), 345 (2009)].

17. A. I. Pankrats, G. A. Petrakovskii, L. N. Bezmaternykh,
and V. L. Temerov, Fiz. Tverd. Tela (St. Petersburg) 50
(1), 77 (2008) [Phys. Solid State 50 (1), 79 (2008)];

A. I. Pankrats, G. A. Petrakovskii, L. N. Bezmater�
nykh, and O. A. Bayukov, Zh. Eksp. Teor. Fiz. 126 (4),
887 (2004) [JETP 109 (4), 766 (2004)].

18. A. D. Balaev, L. N. Bezmaternykh, I. A. Gudim,
V. L. Temerov, S. G. Ovchinnikov, and S. A. Kharlam�
ova, J. Magn. Magn. Mater. 258–259, 532 (2003).

19. Submillimeter Dielectric Spectroscopy of Solids, Ed. by
G. V. Kozlov (Nauka, Moscow, 1990) [in Russian];
G. V. Kozlov and A. A. Volkov, Top. Appl. Phys. 74, 51
(1998).

20. A. G. Gurevich, Magnetic Resonance in Ferrites and
Antiferromagnets (Nauka, Moscow, 1973) [in Russian].

21. A. M. Balbashov, A. A. Volkov, S. P. Lebedev,
A. A. Mukhin, and A. S. Prokhorov, Zh. Eksp. Teor.
Fiz. 88 (3), 974 (1985) [Sov. Phys. JETP 61 (3), 573
(1985)].

22. G. H. Dieke, Spectra and Energy Levels of Rare�Earth
Ions in Crystals (Wiley, New York, 1969).

23. K. Taylor and M. Darby, Physics of Rare�Earth Solids
(Wiley, London, 1971; Mir, Moscow, 1974).

24. C. Ritter, A. Balaev, A. Vorotynov, G. Petrakovskii,
D. Velikanov, V. Temerov, and I. Gudim, J. Phys.: Con�
dens. Matter 19, 196227 (2007). 

Translated by K. Shakhlevich



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


