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Abstract
The present paper reports on the specific heat and magnetization of the YFe3(BO3)4 and
ErFe3(BO3)4 single crystals. In both compounds, antiferromagnetic order of the iron spins
evolves at TN = 38 K. The experimental data suggest that the magnetic moments are in the
basal plane of the trigonal crystal for both compounds. In the magnetically ordered state the
crystal is subdivided into three types of domains, the magnetic moments of the Fe3+ ions being
aligned along the a axis within each domain. For ErFe3(BO3)4, two non-equivalent magnetic
positions of the Er3+ ions in each domain are observed.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The family of rare-earth iron borates with the general formula
RFe3(BO3)4 (R is a rare-earth ion or Y) exhibit a variety of
phase transitions and possess a complex magnetic structure
which changes as a function of temperature, external magnetic
field and substitutions in the rare-earth subsystem. For
compounds with R = Y, Eu–Er, a first-order structural phase
transition from the R32 structure into the less symmetric but
also trigonal P3121 one was observed [1, 2]. The temperature
of the structural phase transition decreases with increasing
ionic radius of the R3+ ion. In contrast, the compounds with
R = La–Sm do not demonstrate this kind of structural phase
transition, i.e. they maintain the R32 structure down to the
lowest temperatures.

The main motif of the iron borates’ crystal structure
is spiral chains of edge-sharing FeO6 octahedra running
along the c axis. RO6 prisms connecting three chains are
separated from each other and two kinds of BO3 triangles
are present to connect FeO6 chains into the three-dimensional
structure [3–5].

Every member of the RFe3(BO3)4 family exhibits long
range antiferromagnetic order at low temperatures. Neutron
scattering measurements on Nd, Tb, Ho and Y iron borates

show that the magnetic structure is characterized by the
propagation vector k = [0 0 3/2] for both iron and rare-
earth ions [6–8]. However, magnetic and spectroscopic
measurements [1, 9–11], as well as the fact that the temperature
of the antiferromagnetic transition only slightly depends on
the particular rare-earth ion, point to the ordering in the
iron subsystem only. The rare-earth subsystem remains
paramagnetic, being polarized by the staggered magnetic field
created by the ordered iron subsystem.

It was found that the magnetic properties of the
RFe3(BO3)4 single crystals are strongly anisotropic. The
orientation of the magnetic moments of both iron and rare-
earth ions are governed by the anisotropy of the R3+ ion
caused by the crystal field. The magnetic moments can
change their orientation under the influence of both magnetic
field and temperature. In TbFe3(BO3)4 [11], the magnetic
moments are aligned along the c axis of the crystal in zero
magnetic field. The application of magnetic fields parallel
to the c axis drives the spin-flop transition in the iron
subsystem while the magnetic moments of the Tb3+ ions are
simultaneously aligned along the external magnetic field [11].
In GdFe3(BO3)4 [9, 12, 13], there is a spontaneous spin
reorientation at T = 9 K from an easy-plane magnetic
structure (T > 9 K) into an easy-axis configuration
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Figure 1. Temperature dependence of the magnetic susceptibility
χ(T ) of YFe3(BO3)4 measured in the magnetic field B = 0.1 T
along the a, b′ and c axes, respectively (open circles). The solid line
corresponds to the Curie–Weiss law.

(T < 9 K). The reorientation of the magnetic moments
induced by external magnetic fields is accompanied by a
change of the dielectric constant, by a field-induced dielectric
polarization and by magnetostrictive effects [14–16]. These
effects render GdFe3(BO3)4 a linear magnetoelectric since,
in external magnetic fields, magnetic, dielectric and possible
elastic order evolves. The most pronounced magnetoelectric
coupling is observed in NdFe3(BO3)4 in which magnetic
moments are in the basal plane [17]. So, an identification of
the magnetic structure and its response to the external action
is the key to understanding the interaction between magnetic,
electric and elastic subsystems.

In the present paper we report on the thermodynamic
properties of YFe3(BO3)4 and ErFe3(BO3)4 single crystals.
Our experimental data suggest that the magnetic moments
are aligned in the basal plane of the trigonal crystal for both
compounds. To be specific, the magnetic moments of the
Fe3+ ions are aligned along one of the a axes of three types
of crystal domains. In addition, two non-equivalent magnetic
positions of the Er3+ ions in each domain are found for
ErFe3(BO3)4. For both YFe3(BO3)4 and ErFe3(BO3)4, the
complex magnetization processes under an external magnetic
field are discussed in detail.

2. Experiment

Single crystals of YFe3(BO3)4 and ErFe3(BO3)4 were grown
using a Bi2Mo3O12-based flux [18]. The seeds were obtained
by spontaneous nucleation from the same flux. The crystals
were oriented by means of x-ray diffraction. The magnetic
susceptibility χ(T ) was measured in the temperature range 2–
350 K in a magnetic field of B = 0.1 T using a ‘Quantum
Design’ SQUID magnetometer. The magnetization M(B) was
measured at different temperatures in magnetic fields up to
15 T by means of a home-built vibrating sample magnetometer
(VSM) [19]. All magnetic measurements were carried out
for fields oriented along the crystallographic a, c and b′

Figure 2. Temperature dependence of the specific heat C(T ) of
YFe3(BO3)4 (closed circles) and of ErFe3(BO3)4 (open circles). The
inset highlights the temperature range below 50 K. The solid line
corresponds to the erbium contribution (Schottky anomaly) in
ErFe3(BO3)4.

axes of a trigonal P3121 structure. The latter direction is
not a crystallographic axis of the trigonal crystal but points
perpendicularly to the crystallographic a and c axes. The heat
capacity was measured in the temperature range 2–290 K with
a ‘Quantum Design’ Physical Property Measurement System
(PPMS).

3. Results

3.1. YFe3(BO3)4

The temperature dependence of the magnetic susceptibility
χa(T ), χb(T ) and χc(T ) measured along the a, b′ and c axes,
respectively, for YFe3(BO3)4 are shown in figure 1. At high
temperatures, the χ(T ) dependences measured for different
orientations of the crystallographic axes with respect to the
magnetic field coincide. The magnetic susceptibility follows
the Curie–Weiss law with a Weiss temperature � ≈ − 133 K.
The negative Weiss constant indicates that the predominant
magnetic interactions are antiferromagnetic. The effective
magnetic moment amounts to μeff = 10.3 μB, which is
in good agreement with the theoretical estimation μeff =√

3gFe
√

S(S + 1)μB = 10.2 μB on the assumption of gFe = 2
and S = 5/2 (where gFe is the g factor and S is the spin of the
Fe3+ ion). A broad maximum at about 47 K is observed for all
field directions. Below 38 K, the magnetic properties become
anisotropic. When the applied magnetic field is parallel to the
a or b′ axes the magnetic susceptibility decreases rapidly upon
cooling, while in the case of B ‖ c axis the susceptibility is
almost temperature-independent.

The specific heat data in figure 2 exhibit a λ-type anomaly
at 38 K. The behavior of both the magnetic susceptibility
and the specific heat is typical for antiferromagnetic
materials, i.e. our data imply the evolution of long range
antiferromagnetic order in YFe3(BO3)4 at TN = 38 K. At the
lowest measured temperatures, the χb′ and χa exhibit about
half of χc, which is in contrast to the case of a usual uniaxial
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Figure 3. (a) Field dependence of the magnetization M(B) of YFe3(BO3)4 measured along the a, b′ and c axes, respectively, at 2 K. The inset
shows the hysteresis of Mb′ (B). (b) Field dependence of the magnetization Mb′ (B) at different temperatures below 1 T. (c) Field dependence
of the derivative dMb′/dB at different temperatures.

antiferromagnet where the longitudinal magnetic susceptibility
approaches zero at T = 0.

The magnetic anisotropy is investigated in more detail
by means of magnetization studies at constant temperature,
M(B), measured along the a, b′ and c axes, as displayed
in figure 3(a). While for magnetic fields above ∼1 T the
magnetization linearly increases for all field directions, there
is a significant anisotropy for smaller fields. The data show
a linear M versus B curve for B ‖ c but it is nonlinear for
B ‖ a and B ‖ b′. In addition, the data imply a slight
hysteresis around 1 T as seen in the inset of figure 3(a). The
nonlinear behavior of M(B) is a typical feature of a magnetic
(spin) re-ordering and the critical field can be derived from the
maximum in dM/dB . As can be seen in figures 3(b) and (c),
the critical field Bc ‖ b′ amounts to ∼0.6 T, at 2 K, and
broadens and shifts to slightly higher fields upon heating, i.e. to
∼1 T, at 35 K. Above 1 T, the magnetization curves Ma(B) and
Mb′ (B) are straight lines which can be extrapolated to zero
at B = 0. The change of the slope of the lines at different
temperatures corresponds to a slight temperature dependence
of magnetic susceptibility

3.2. ErFe3(BO3)4

In contrast to YFe3(BO3)4, ErFe3(BO3)4 contains two different
magnetic ions, i.e. Fe3+ and Er3+ ions. Its magnetic properties
are hence governed by both magnetic subsystems and their
interplay. The temperature dependences of the magnetic
susceptibility measured along the a, b′ and c axes, respectively,

for ErFe3(BO3)4 are shown in figure 4. The data exhibit
a considerable magnetic anisotropy. The χa(T ) and χb′(T )

dependences practically coincide, while χc is considerably
smaller than χa and χb′ in the whole temperature range under
study. Since no significant magnetic anisotropy is expected
for the Fe spins, the anisotropy at high temperatures, i.e. far
above the magnetic ordering temperature, is attributed to the
erbium subsystem. We also mention that, at high temperatures,
the data cannot be described in terms of the Curie–Weiss
law which again is associated to the Er magnetism. For
temperatures larger than the crystal field splitting one would
expect the uniform population of the Er levels and, therefore,
an isotropic Curie–Weiss-like magnetic susceptibility. The
data hence imply that the splitting of the energy levels is at
least larger than ∼400 K.

On decreasing the temperature, χc(T ) passes through a
broad maximum at a temperature of about 70 K and then
increases again at low temperature. In contrast, both χa(T )

and χb′(T ) increase monotonically for temperatures as low
as 3.4 K where a maximum is observed below which the
susceptibility decreases. Note that no difference between the
magnetic susceptibility measured in FC and ZFC regimes is
observed (inset of figure 4(a)). The evolution of magnetic order
is again indicated by a sharp λ-type anomaly at 38 K in the
specific heat data (cf figure 2). which implies a second-order
magnetic phase transition, as in the case of YFe3(BO3)4. Note
that a tiny anomaly is also present in dχc(T )/dT at TN = 38 K,
as shown in figure 4(a), while χa(T ) and χb′(T ) do not show
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Figure 4. (a) Temperature dependence of the magnetic susceptibility χ(T ) of ErFe3(BO3)4 measured in the magnetic field 0.05 T along the a,
b′ and c axes, respectively (circles). The solid line represents the temperature dependence of dχc/dT . The inset shows χa(T ) in the FC and
ZFC regime. (b) Temperature dependence of the magnetic susceptibility χa(T ) and χb′(T ) below 40 K. The solid line corresponds to the
erbium susceptibility below TN and to the temperature-independent contribution of the iron subsystem (see text). (c) Temperature dependence
of the magnetic susceptibility χc(T ) below 40 K. The solid line corresponds to the erbium susceptibility below TN and to the
temperature-independent contribution of the iron subsystem (see text).

any signature of the phase transition. We also mention a
Schottky-type anomaly in the specific heat data around 3 K,
in accordance with the expected splitting of the lowest Er3+
Kramers doublet.

The magnetization data M(B) are presented in figure 5.
Similar to the temperature-dependent measurements shown in
figure 4, the field dependences Ma(B) and Mb′ (B) also almost
coincide in the temperature and magnetic field range under
study. As already seen in figure 4, the magnetization measured
along the a and b′ axes strongly exceeds Mc . Above 5 T, the
magnetization Mc(B) obeys a linear behavior while Ma(B)

and Mb′(B) as well as Mc(B) at B < 5 T have a nonlinear
character.

4. Discussion

4.1. YFe3(BO3)4

At TN = 38 K, the onset of long range antiferromagnetic spin
order of the iron subsystem in YFe3(BO3)4 is demonstrated by
both a sharp anomaly in the specific heat and the anisotropic
behavior of the magnetic susceptibility measured along and
perpendicular to the c axis. The linear dependence of
the magnetization Mc(B), the slope of which is almost
temperature-independent, as well as the susceptibility data
suggest that the magnetic moments of the Fe3+ ions are
perpendicular to the trigonal c axis of the crystal, i.e. within
the (ab′) plane.

Below room temperature, both ErFe3(BO3)4 and YFe3

(BO3)4 exhibit a trigonal P3121 structure [1, 2]. In this
case there are two non-equivalent positions for the iron ions
which is in contrast to the R32 structure, where all positions

Figure 5. Field dependence of the magnetization M(B) of
ErFe3(BO3)4 measured along the a, b′ and c axes, respectively, at
different temperatures.

of the Fe3+ ions are equivalent. The P3121 and the R32
structure differ from each other by a little shift of one iron
chain along the c axis with respect to the other two chains,
which from the magnetic point of view is expected to mainly
affect the inter- and intra-chain exchange interactions of the
iron moments. In the trigonal symmetry, there are three
equivalent a axes in the basal plane rotated by 2π/3 along
the c axis. In the magnetically ordered state, the crystal is
hence subdivided into three types of magnetic domains. In
each of them the antiferromagnetic vector L characterizing
the collinear antiferromagnetic structure is aligned along the

4



J. Phys.: Condens. Matter 22 (2010) 116006 E A Popova et al

corresponding a axis. Consequently, the value of the total
magnetization depends on the orientation of L with respect to
the external magnetic field in each domain.

The linear part of the measured magnetization curve M =
χ B allows us to estimate the magnetic susceptibility χ =
χ⊥ sin ϕ + χ‖ cos ϕ, where ϕ is the angle between L and B,
χ⊥ is the transverse magnetic susceptibility measured in the
magnetic field B ⊥ L and χ‖ is the longitudinal magnetic
susceptibility measured in the magnetic field B ‖ L.

When the magnetic field is directed parallel to the c axis,
the magnetic moments of the Fe3+ ions tilt to the c axis,
i.e. out of the basal plane. In this case, the antiferromagnetic
vector L of each domain remains perpendicular to the magnetic
field, and the total transverse magnetic susceptibility χ⊥ =
0.1154 μB T−1 is estimated from the slope of the Mc(B)

dependence measured at T = 2 K.
When the applied magnetic field is perpendicular to the c

axis, each domain gives a different contribution to the magnetic
susceptibility. If the antiferromagnetic vector L of one of
the domains is parallel to the magnetic field B ‖ a, the
magnetic susceptibility of this domain amounts to χ‖. The
other two domains give equal contributions, i.e. χ‖ + √

3χ⊥,
so that the total magnetic susceptibility amounts to χa =
1
3 (2χ‖ + √

3χ⊥), which is smaller than the one measured
along the c axis. Based on the experimental results χFe

⊥ =
0.115 μB T−1 obtained from the slope of the Mc(B), we
estimate χa = 0.066 μB T−1 under the assumption that the
longitudinal susceptibility is very small at low temperatures.
Alternatively, the value χa = 0.058 μB T−1 obtained from
the slope of the linear part of the magnetization curve Ma(B)

below 0.15 T at T = 2 K is in good accordance with
the experimental data for χa(T ) at the lowest measured
temperatures, i.e. χa = 0.057 μB T−1. The fact that the two
estimations of χa slightly disagree points to the known small
anisotropy of the g factor of the Fe3+ ions and a complicated
process of magnetization.

The magnetization processes differ from each other for
the cases of B ‖ a and B ‖ b, respectively. As
already pointed out, the antiferromagnetic vector L of one
of the domains is parallel to the magnetic field when the
applied magnetic field is directed along the a axis. The
magnetization of this domain is zero as long as the anisotropy
is smaller than the Zeeman energy, i.e. below the spin-
flop transition where the magnetic moments of this domain
flop perpendicular to the external magnetic field. The
experimentally observed non-zero magnetization at low fields
is mainly caused by the contribution of the other two domains.
Here, the antiferromagnetic vectors change their direction
upon application of B ‖ a and B ‖ b, respectively, until
they are perpendicular to the magnetic fields. Note that the
antiferromagnetic vector L of one of the domains remains
perpendicular to the magnetic field in the case of B ‖ b,
and the spin-flop transition is absent. The similar behavior
of Ma(B) and Mb(B) at low fields is possibly caused by the
competition of the exchange interaction and anisotropy. For
domains with the antiferromagnetic vector L deflected from the
external magnetic field, L skips to the direction perpendicular
to the external magnetic field and does not rotate uniformly.

The complicated character of the magnetization process is
also reflected by the observed hysteresis of the magnetization
curve represented in the inset of figure 3(a). Upon heating,
the longitudinal susceptibility increases (see figure 4) and the
magnetization jump reduces in value and shifts towards higher
fields.

In the flop phase L is perpendicular to the external
magnetic field in the whole crystal. A further increase of the
magnetic field leads to a linear increase of the magnetizations
Ma(B) and Mb(B) which almost coincides with Mc(B). The
tiny difference in the slope of the magnetization curves is
probably caused by a small anisotropy of the Fe3+ magnetic
g factor.

4.2. ErFe3(BO3)4

The magnetic properties of ErFe3(BO3)4 are governed by both
Fe3+ and Er3+ magnetic subsystems interacting with each
other. Usually the strongest magnetic interactions are those
within the 3d subsystem, followed by the d–f ones while the f–
f interactions are negligible. This latter statement is especially
true in the case of the rare-earth iron borates RFe3(BO3)4,
where the RO6 prisms in the crystal structure are well isolated
from each other, having no common oxygen atoms. Hence
these considerations as well as previous studies on rare-
earth ferroborates and the similarity to the Y-based material
suggest that the magnetic ordering takes place only in the
iron subsystem while the erbium subsystem remains essentially
paramagnetic, being polarized due to the f–d interaction. We
mention that an energy level of the Er3+ ion with the total
momentum J = 15/2 is split into eight Kramers doublets by
a crystal field of any symmetry lower than a cubic one. Both
the external magnetic field and the staggered magnetic field
created by the ordered iron subsystem lead to splitting of the
Kramers doublets. The spectroscopic data [20] show that, at
zero magnetic field, the splitting between the first and second
Kramers doublets amounts to � = 46 cm−1 = 66.2 K and the
population of the second Kramers doublet is small for T < TN.
Hence, below the antiferromagnetic ordering temperature the
ground Kramers doublet mainly contributes to the magnetic
properties.

As has already been mentioned above, the strong
anisotropy of magnetic properties of ErFe3(BO3)4 is attributed
to the erbium subsystem. In the investigated magnetic field
and temperature range, the magnetization measured along
the c axis is significantly smaller than the one measured
perpendicular to the c axis. This can be caused by smaller
values of the out-of-plane g-tensor components of the Er3+ ion
in comparison to the in-plane ones. Supposedly, the magnetic
moments of both the rare-earth and the iron subsystem are
not aligned along the c axis of the crystal. As in the case
of YFe3(BO3)4, the crystal is subdivided into three types of
domains. The orientation of magnetic moments within each
domain is governed by the local symmetry of the Er3+ ion.

In NdFe3(BO3)4, the crystal structure of which belongs
to the trigonal R32 structure, each rare-earth site has three
equivalent C2 axes in the basal plane, and all magnetic
positions of the Nd3+ ions are equivalent. In contrast, in the
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P3121 structure of ErFe3(BO3)4 each Er3+ site has only one
C2 axis corresponding to the symmetry of strongly deformed
triangular prisms ErO6. There are three non-equivalent
magnetic positions of the Er3+ ions, the C2 axes of which are
rotated by 2π/3 along the c axis.

In the presence of a magnetic field �B, the Hamiltonian
of the Kramers doublet of the Er3+ ion with effective spin
S′ = 1/2 in the Cartesian system of coordinates with the z
axis along the crystallographic c axis and the x axis along the
local C2 symmetry axis can be written as

Ĥ = μB(Bx gxx S′
x + By gyy S′

y + Bygyz S′
z + Bzgzz S′

z). (1)

Here, gi j are the g-tensor components (i, j = x, y, z) and
Bi , S′

i are the components of the magnetic field and the
effective spin, respectively. Bi = B cos ϕi , with ϕi = α, β, γ ,
is the angle between the direction of the magnetic field and
the local x, y, z axes, respectively. The Hamiltonian gives the
energies of the ground Kramers doublet split by magnetic field:

E = ± 1
2� (2)

� = μB[(Bx gxx)
2 + (Bygyy)

2 + (Bygyz + Bzgzz)
2]1/2. (3)

The components of the average magnetic moments are
calculated by differentiating equation (2) with respect to the
components of the magnetic field:

mx = μ2
B

Bx g2
xx

2�
th(�/2kT ) (4)

m y = μ2
B

By(g2
yy + g2

yz) + Bzgyzgzz

2�
th(�/2kT ) (5)

mz = μ2
B

Bzg2
zz + Bygyzgzz

2�
th(�/2kT ). (6)

We emphasize that the components of the magnetic moments
refer to local coordinate systems which are placed at the sites
of the Er3+ ions. Each domain contains one antiferromagnetic
vector L of the ordered iron subsystem, the direction of which
rotates by the angle of 2π/3 along the c axis from one domain
to another. The exchange magnetic field Bex directed along
the magnetic moment of the Fe3+ ion has different effects on
the magnetic moments of the Er3+ ions at the non-equivalent
positions. It causes different Zeeman splittings of the Kramers
doublets of the respective Er3+ ions.

Depopulation of the upper component of the Er3+ ground
Kramers doublet split in the magnetic field of the ordered iron
subsystem results in a Schottky contribution to the specific heat
as is observed in the experiment:

CEr(T ) = R
(

�

kT

)2 exp(�/kT )

(exp(�/kT ) + 1)2 , (7)

where R is the gas constant. In the absence of the external
magnetic field each domain gives an equal contribution to
the specific heat. In general, three non-equivalent magnetic
positions within each domain should result in three values of
the splitting � = geff BexμB, where

geff =
√

(gxx cos α)2+(gyy cos β)2 + (gyz cos β + gzz cos γ )2

is the effective g factor of the Er3+ ions obtained from
equation (3). However, the experimental specific heat data
are fitted well if we assume that the magnetic state of the
erbium subsystem is characterized by only two different values
of the ground-state splitting, giving contributions into the total
specific heat in the ratio of 1:2. This result suggests that only
two non-equivalent magnetic positions of the Er3+ ions are
present in ErFe3(BO3)4. Such a situation can occur if the
magnetic exchange field is directed along the a axis of the
crystal or at least if it lies in the (ac) plane.

In order to calculate the contributions of the erbium
subsystem to the magnetization the influence of both external
B and exchange Bex magnetic fields on the magnetic moments
of the Er3+ ions should be taken in account. The values of both
the effective g factor and Kramers doublet splitting calculated
by means of equation (3) depend on the value and the direction
of the effective magnetic field �Beff = �B + �Bex with respect
to local axes of each Er3+ ions. This causes the deviation of
the Er3+ magnetic moments from the direction of the Fe3+
magnetic moments within each domain. The contribution
of the erbium subsystem to the total magnetization can be
calculated as a sum of projections of the magnetic moment
components as derived by means of equations (4)–(6) for each
Er3+ ion of each domain on the direction of the external
magnetic field. For the external magnetic field B ‖ a, the
mx and m y components contribute to the total magnetization,
while the mz components should be taken into account in the
case of B ‖ c.

If we assume that the antiferromagnetically coupled Fe3+
moments rotate out of the basal plane (ab′), then the effective
field acting on the erbium sublattice with the magnetic moment
projections directed opposite to the external field decreases
and, therefore, this magnetic moment tends to diminish with
increasing field. At the same time, the effective field favors
an increase of the magnetization of the erbium sublattice with
magnetic moments pointing along the external field. This
could lead to a concave character of the magnetization at low
fields. However, the experimental data do not show such
behavior. Upon increasing the external magnetic field the
antiferromagnetic vector L of the ordered iron subsystem tilts
and the spin-flop transition occurs at a critical field. Usually,
the spin-flop is associated with a jump of the magnetization.
The experimental data, however, do not show such a jump,
which might imply that the magnetic moments of the Fe3+ ions
are aligned along the a axis and do not rotate out of the (ab′)
plane.

The contribution of the erbium subsystem to the specific
heat C(T ) and the magnetic susceptibility χa(T ) and χc(T )

is shown by the solid lines in figures 2 and 4, respectively.
The fitted parameters gxx = 8.7, gyy = 10.5, gzz = 2,
gyz = 2.5 and Bex = 1.2 T (at T = 2 K) provide the
best agreement with the experimental data. We mention that
the decrease of Bex upon increasing the temperature up to TN

has been taken into account for the fitting. We also note that
the contribution of the ordered iron subsystem was taken as a
constant equal to the value at 2 K when calculating χ(T ). As
is visible in figure 4, upon increasing the temperature up to TN

the calculated data χ(T ) deviate from the experimental results.
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Figure 6. Field dependence of the derivative dMb′/dB at lowest
measured temperatures for YFe3(BO3)4 and ErFe3(BO3)4.

We attribute this deviation to the temperature dependence of
the iron subsystem, which should have a similar character as in
the case of YFe3(BO3)4, under the assumption that magnetic
moments of the Fe3+ ions in ErFe3(BO3)4 are aligned along
the a axis.

The calculated total magnetization of the iron and the
erbium subsystem, i.e. Mc = MFe

c + MEr
c , is shown by the

solid line in figure 7. For B ‖ c the magnetic moments of the
Fe3+ ions tilt in the direction of the external magnetic field,
giving rise to a linear magnetic field dependence MFe

c = χFe
⊥ B .

The linear part of the magnetization curve Mc(B) allows us
to estimate the transverse susceptibility of the iron subsystem:
χFe

⊥ = 0.113 μB T−1. All domains contribute equally, while
the Er3+ ions within each domain give different contributions
because of magnetically non-equivalent positions.

The comparison of the experimental data dM/dB versus
B , for YFe3(BO3)4 and ErFe3(BO3)4, represented in figure 6
suggests that the magnetization process is similar for both
compounds. The spin-flop transition in the iron subsystem
occurs in the domain with the antiferromagnetic vector L
parallel to the a axis. The antiferromagnetic vectors of
the other domains tilt perpendicular to the magnetic field.
In the flop phase, L is uniform in the whole crystal and
is perpendicular to the external magnetic field. Note the
spin-flop transition takes place in the magnetically ordered
iron subsystem and the magnetic moments of the erbium
subsystem follow the iron spins. The responses of magnetically

Figure 7. Field dependence of the magnetization M(B) of
ErFe3(BO3)4 measured along the a and c axes, respectively, at 4.2 K.
The solid line corresponds to the calculated total magnetization of
the iron and the erbium subsystem (see text).

non-equivalent Er3+ ions of each domain to the external
magnetic field are different. The deviation of the calculated
dependence M(B) from the experimental data indicates an
anisotropy of the f–d exchange interaction which is expected
due to strong spin–orbital interaction in the Er3+ ions. To be
specific, if the magnetic moments of the Fe3+ ions tilt under
the influence of the magnetic field the angle between the Fe3+
and Er3+ magnetic moments can change, thereby causing the
angular dependence of the f–d interaction.

An essential structural feature of YFe3(BO3)4 and
ErFe3(BO3)4 is the presence of iron chains. The broad
maximum at 40 K in χc(T ) for YFe3(BO3)4 and at 70 K
in χc(T ) for ErFe3(BO3)4 is possibly caused by the low
dimensionality of the iron magnetic system [21]. In [22], the
following formula has been proposed to model the magnetic
susceptibility of the Heisenberg antiferromagnetic spin chain
with S = 5/2:

χCr = NA S(S + 1)g2μ2
B

3kT

1 + u(K )

1 − u(K )
, (8)

where

u(K ) = coth K − 1

K
, K = −2J S(S + 1)

kT
.

Here, the intra-chain exchange parameter J is positive for
antiferromagnetic coupling inside the chain, i.e. Hexch =
2J

∑
i> j Si S j . This function has already been successfully

applied for various spin chain compounds [23–26]. The
position of the broad maximum observed in the experimental
χ(T ) data indicates J = 5.7 K for YFe3(BO3)4 and J =
8.6 K for ErFe3(BO3)4. We note that a noticeable deviation
of the magnetic susceptibility from the Curie–Weiss law below
∼150 K 	 TN suggests that short range spin correlations
remain at temperatures well above TN, which is a characteristic
feature of low-dimensional systems.
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5. Conclusions

The temperature dependence of the specific heat and the
magnetic susceptibility as well as the field dependence of
the magnetization of YFe3(BO3)4 and ErFe3(BO3)4 single
crystals is presented. For both compounds, antiferromagnetic
ordering evolves at TN = 38 K. In ErFe3(BO3)4, the rare-earth
subsystem remains paramagnetic down to 2 K, being polarized
by the staggered magnetic field created by the ordered iron
subsystem. The splitting of the ground Kramers doublet by the
transferred staggered field results in Schottky contributions to
the specific heat and the magnetic susceptibility as observed in
the experiment. The analysis of the experimental data suggests
that the magnetic moments are in the basal plane of the trigonal
crystal for both compounds. The crystal is subdivided into
three types of domains, and the magnetic moments of the
Fe3+ ions are aligned along one of the a axes of the crystal
within each domain. Two non-equivalent magnetic positions of
the Er3+ ions in each domain of ErFe3(BO3)4 were observed.
Anisotropy of the Er3+ ion leads to a deviation of magnetic
moments from the direction of the exchange magnetic field
created by the ordered iron subsystem. The magnetic structure
of YFe3(BO3)4 and ErFe3(BO3)4 results in a complicated
magnetization processes under external magnetic field. In the
magnetic field parallel to the a axis, the flop phase is realized
at B > 1 T, i.e. the magnetic moments of the Fe3+ ions are
perpendicular to the external magnetic field.
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