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The magnetic properties of trigonal Nd0.9Dy0.1Fe3(BO3)4 substituted compound with the competitive

Nd–Fe and Dy–Fe exchange interactions have been investigated. It has been shown that in Nd0.9Dy0.1-

Fe3(BO3)4 a spontaneous spin-reorientation transition from an ease-axis state to an easy-plane occurs

near 8 K. Anomalies of the magnetization curves are observed in a spin-flop transition induced by the

magnetic field B:c. The calculations were performed using a molecular-field approximation and a

crystal-field model for the rare-earth subsystem. Extensive experimental data on the magnetic

properties of Nd0.9Dy0.1Fe3(BO3)4 have been interpreted and good agreement between theory and

experiment has been achieved using the obtained theoretical dependences.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

Nd0.9Dy0.1Fe3(BO3)4 compound belongs to the family of rare-
earth ferroborates RFe3(BO3)4 (space group R32), which exhibits a
variety of phase transitions and some multiferroic features [1–3].
The iron subsystem in these compounds orders antiferromagne-
tically with the Neel temperature in the interval 30–40 K. The
rare-earth subsystem is magnetized due to f–d coupling. The
intrinsic anisotropy of iron subsystem tends to orientate the
magnetic moments in the basal plane. The resulting magnetic
structure depends on the rare-earth subsystem, the magnetic
anisotropy of which is formed by the crystal-field.

For DyFe3(BO3) the magnetic moments of both subsystems are
directed along the trigonal axis c at ToTNE39 K [4–6]. In
DyFe3(BO3) at the magnetic field along the trigonal axis for ToTN

a spin-flop transition occurs in the iron subsystem, the iron
magnetic moments change their direction from the trigonal axis
to basal plane by jump. This reorientation is accompanied by the
orientation of rare-earth magnetic moments along the magnetic
field direction [5]. For NdFe3(BO3)4 at ToTNE31 K all the
magnetic moments are lying in the basal plane. Magnetization
curves of NdFe3(BO3)4 are more complicated due to the existence
of domain structure of this trigonal easy-plane antiferromagnet.
However, a spin-flop transition occurs at the magnetic field in the
basal plane �1 T in one of three possible domains [4,7–10]. The
Nd1�xDyxFe3(BO3)4 compounds exhibit spontaneous and induced
external magnetic field spin-reorientation transitions produced
ll rights reserved.

: þ7 4832 562939.

ov).
by competition of various contribution of the Nd3þ and Dy3þ ions
in magnetic anisotropy [11–13]. It has been shown that the
antiferromagnetic state in Nd0.75Dy0.25Fe3(BO3)4 below the Neel
temperature is easy-plane and a spontaneous spin-reorientation
transition to an uniaxial state occurs near 25 K [11–13].

In this paper the experimental and theoretical investigations of
the magnetic properties of Nd0.9Dy0.1Fe3(BO3)4 have been performed.
2. Experiment

The single crystals have been grown from 300 g flux based on
trimolibdate bismuth 75%mass.[Bi2Mo3O12þ3B2O3þ0.54Nd2O3þ

0.06Dy2O3]þ25%mass.Nd0.9Dy0.1Fe3(BO3)4 using the procedure
particularly described in [12]. Saturation temperature was
98073 1C. The crystallization interval was 7 1C. Magnetic mea-
surements were performed using the physical properties mea-
surement system PPMS-9 (Quantum Design). The temperature
interval was 2–300 K in magnetic fields up to 9 T. All magnetic
measurements were performed with the external magnetic field
either parallel or perpendicular to the c axis of the crystal. In
comparison with [12] this paper presents new experimental
data: the magnetization in the basal plane M?c(B), the magnetiza-
tion along the c axis Mc(B) at T¼5, 7, 10, 20 K, data of Mc(B)
for B¼5–9 T and data of initial magnetic susceptibility wc,?cðTÞ at
T ¼50–300 K.
3. Theory

The magnetic properties of Nd1�xDyxFe3(BO3)4 crystals are
determined both by the magnetic subsystems and by the
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Fig. 1. Schemes of orientations of the magnetic moments of the iron MFe
i and rare-

earth mR
i sublattices used in the calculation of the magnetic characteristics of

Nd0.9Dy0.1Fe3(BO3)4 for different temperature ranges and different directions of

the external magnetic field: (a, b) B:c (the ab plane is perpendicular to the figure

plane), (c) B?c (the ab plane are perpendicular to the figure plane), and (d) B:a

(the c axis is perpendicular to the figure plane).
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interaction between them. The iron subsystem in this compound
can be considered as consisting of two antiferromagnetic sub-
lattices. The rare-earth subsystem (magnetized due to the f–d
interaction) can also be represented as a superposition of two
sublattices. In the calculations we used a theoretical approach
which has been successfully applied for description of the
magnetic properties of the RFe3(BO3)4 (see e.g. [3,5,8,14–17]).
This approach is based on a crystal-field model for the rare-earth
ion and on the molecular-field approximation. Effective Hamilto-
nians describing the interaction of each R/Fe ion in the ith (i¼1, 2)
sublattice of the corresponding subsystem in the applied mag-
netic field B can be written as

HiðRÞ ¼HCF
i �gR

J mBJR
i ½Bþl

R
f dMFe

i �, ð1Þ

HiðFeÞ ¼�gSmBSi½BþlMFe
j þð1�xÞlNd

f d mNd
i þxlDy

f d mDy
i �, j¼ 1,2, ja i,

ð2Þ

where HCF
i is the crystal-field Hamiltonian, gR

J is the Lande factor,
JR
i is the operator of the angular moment of the R ion, gS¼2 is the

g-value, Si is the operator of the spin moment of the iron ion and
lR

f do0 and lo0 are the molecular constants of the AFM inter-
actions (R–Fe and Fe–Fe, respectively). The magnetic moments of
the ith iron MFe

i and rare-earth mR
i sublattices per formula unit are

determined by the relationships

MFe
i ¼ 3gSmB/SiS, mR

i ¼ gR
J mB/JR

i S ð3Þ

The crystal-field Hamiltonian HCF can be expressed using
irreducible tensor operators Ck

q as

HCF ¼ B2
0C2

0þB4
0C4

0þB4
3ðC

4
�32C4

3ÞþB6
0C6

0þB6
3ðC

6
�3�C6

3ÞþB6
6ðC

6
�6�C6

6Þ

ð4Þ

For Nd3þ and Dy3þ ions in Nd0.9Dy0.1Fe3(BO3)4, the crystal-
field parameters Bk

q are unknown and data on the splitting of the
ground-state multiplet are unavailable.

In order to calculate the magnitudes and orientations of
magnetic moments in the iron and rare-earth subsystems, it is
necessary to solve a self-consistent problem based on Hamilto-
nians (1,2) under the condition of minimum for the corresponding
thermodynamic potential (see e.g. [3,14]). Then, it is possible to
determine the regions of stability of various magnetic phases, the
critical fields for the phase transitions, the magnetization curves,
magnetic susceptibilities, etc.

The magnetization and magnetic susceptibility of the com-
pound (per f.u.) are defined as

M¼
1

2

X2

i ¼ 1

ðMFe
i þð1�xÞmNd

i þxmDy
i Þ,

wk ¼ wFe
k þð1�xÞwNd

k þxwDy
k , k¼ a,b,c: ð5Þ

In the ordered phase, the initial magnetic susceptibility of the
compound under consideration can be determined using the
initial linear portions of the magnetization curves calculated for
the corresponding directions of the external magnetic field. In the
paramagnetic phase, where the interactions between rare-earth
and iron subsystems can be ignored, the magnetic susceptibility
of the rare-earth subsystem can be determined using the well-
known Van Vleck formula for the energy spectrum and wave
functions calculated on the basis of the crystal-field Hamiltonian
(4). For the iron subsystem, the susceptibility can be described in
terms of the Curie–Weiss law (with the corresponding paramag-
netic Neel temperature Y).
4. Results and discussion

For the calculation of the magnetic characteristics of
Nd0.9Dy0.1Fe3(BO3)4 compound in an external magnetic field
directed parallel and perpendicular to the trigonal axis c with
inclusion of the possible easy-axis and easy-plane states of the
magnetic subsystem of the compound, we used the schemes of
orientations of the magnetic moments of the iron MFe

i and rare-
earth mR

i sublattices (Fig. 1). The calculations of the magnetic
characteristics according to schemes (a) and (b) were performed
for the magnetic field directed along the trigonal axis c, i.e., B:c.
Schemes (c) and (d) were used for the case of the orientation of
the magnetic field in the basal plane, i.e., B?c. Fig. 1 also shows
the directions of the net magnetic moments of the rare-earth
subsystem m1,2 ¼ ð1�xÞmNd

1,2þxmDy
1,2, as well as their projections

(mic and mia) along the field direction.
In order to determine the parameters of a crystal-field Bk

q, we
have used the experimental data on the temperature dependence
of the initial magnetic susceptibility of Nd0.9Dy0.1Fe3(BO3)4 mea-
sured in the paramagnetic state (from TNE31 K to 300 K) along
the trigonal axis and in the basal plane. The best agreement is
achieved for the following set of the crystal-field parameters
ðBk

q ¼Nd½Dy�, in cm�1Þ:

B2
0 ¼ 597½626�, B4

0 ¼�1361½�1300�, B4
3 ¼ 750½�723�,

B6
0 ¼ 585½696�, B6

3 ¼ 140½�60�, B6
6 ¼ 410½�283�: ð6Þ

Analysis of the experimental data and performed calculations
showed, that in Nd0.9Dy0.1Fe3(BO3)4 at low temperatures and
when B¼0, the magnetic moments of the Nd0.9, Dy0.1 and Fe-
subsystems are oriented along the trigonal axis c (collinear phase,
scheme (a) in Fig. 1). For an antiferromagnetic ordering of the
magnetic moments of the iron subsystem along the trigonal axis
for B:c at T¼2 K, this subsystem does not contribute to the
magnetization (because of a small parallel susceptibility) and,
hence, the initial part of Mc(B) can be used for selecting lR

f d (to
which the magnetization curve in this region is highly sensitive).
For B4BSF (BSF is the spin-flop transition field), the slope of the



Table 1
Parameters of Nd0.9Dy0.1Fe3(BO3)4 and for comparison also parameters of

NdFe3(BO3)4 [8] and DyFe3(BO3)4 [5] (the intrachain Fe–Fe exchange field Bdd1,

the interchain Fe–Fe exchange field Bdd2, and the f–d exchange field Bfd are the

low-temperature exchange fields corresponding to the molecular constants l1, l2,

and lR
f d , respectively; Dfd is the low-temperature splitting of the R ion ground-state

due to the f–d interaction in the easy-plane (EP) T¼9 K4TSR and easy-axis (EA)

T¼2 KoTSR states; Y is the paramagnetic Neel temperature for the iron sub-

system; M0¼9Mi(T¼0, B¼0)9¼15 mB is the magnetic moment of iron per

formula unit).

NdFe3(BO3)4

[8]

Nd0.9Dy0.1Fe3(BO3)4 DyFe3(BO3)4

[5]

Bdd1¼l1M0, T 58 56 53

l1, T/mB �3.87 –3.73 �3.53

Bdd2¼l2M0, T 27 31 28

l2, T/mB �1.8 –2.1 �1.87

Bfd¼l
R
f dM0, T 7.1 12.7 (Nd) 3.3

1.1 (Dy)

lR
f d , T/mB

�0.47 –0.85 (Nd) �0.22

–0.07 (Dy)

Df d ¼ mBg9lf d9M0 cm�1 8.8 (EP) Nd

�8.8 (EA) � 19 (EA)

�14.6 (EP)

Dy

�8.2 (EA)

�0.6 (EP)

Y, K �130 �131 �180

Fig. 2. Experimental (symbols) and calculated (lines) magnetization curves of

Nd0.9Dy0.1Fe3(BO3)4 for B:c and B?c at T¼2 K. The inset shows magnetization

curves Mc(B) in fields up to 1.3 T at T¼2, 4, 5, 6, 7 and 8 K.

Fig. 3. Experimental (symbols) and calculated (lines) magnetization curves of

Nd0.9Dy0.1Fe3(BO3)4 for several temperatures at B:c. Calculated dashed curves

show the contribution of the Nd0.9, Dy0.1 and Fe-subsystems to Mc(B) at T¼15 K .
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magnetization curve is determined by the parameter l1 of the
intrachain Fe–Fe exchange interaction, because the rotation of the
magnetic moments of iron subsystem in the flop phase toward
the field direction proceeds against this interaction. Using the two
parameters (lR

f d and l1), we have calculated the magnetization
curves Mc,?c(B) at Tr4 K. Subsequent comparison to the experi-
mental data allowed us to refine the parameters and provided a
good agreement between experiment and theory for the entire set
of magnetic characteristics (see Table 1). The parameter l2 enters
into the Brillouin function, is responsible for the magnitude of the
magnetic moment of iron at a given temperature and a given
magnetic field, and determines the Neel temperature, because a
three-dimensional order in the ferroborate structure is impossible
without an exchange interaction between chains of the Fe3þ ions.
The calculations also included the uniaxial anisotropy constant of
iron K2 ¼ 0:48 T �mB (at T¼2 K) and the anisotropy constant of
iron in the basal plane K6 ¼�1:35� 10�2 T mB. With all these
parameters we have calculated the magnetization curves Mc,?c(B)
in the fields up to 9 T at T¼2–40 K and the temperature
dependence of the initial magnetic susceptibility wc,?cðTÞ in a
broad temperature range (2–300 K).

The magnetization data Mc,?c(B) in Fig. 2 show a strong
anisotropy at T¼2 K. The anisotropy of the low-temperature
magnetization curves Mc,?c(B) in the ac plane is determined by
the anisotropy of Nd3þ and Dy3þ ions. As can be seen from Fig. 2
the experimental and calculated curves Mc(B) at T¼2 K in a
magnetic field BSFE0.84 T are characterized by a magnetization
jump due to the spin-flop transition in the iron subsystem from
the initial collinear phase (scheme (a) in Fig. 1) to the flop-phase
(scheme (b) in Fig. 1). The rare-earth subsystem in the flop-phase
is characterized by the magnetic moments in both sublattices mR

i

oriented along the field and significantly contributes to the jump
in magnetization upon the spin-flop transition (the greatest
contribution from the Dy0.1 subsystem). The magnetic moments
of the iron sublattices MFe

i are bent toward the field deviation
from the ab plane.

As can be seen from the inset to Fig. 2, at ToT¼8 K the field of
the spin-flop transition BSF decreases with increasing tempera-
ture; i.e., with an increase in the temperature, the initial collinear
phase becomes less stable despite the increasing parallel compo-
nent of the magnetic susceptibility of the iron subsystem. Thus,
the observed dependence BSF(T) of Nd0.9Dy0.1Fe3(BO3)4 compound
differs from the corresponding dependences of RFe3(BO3)4 with
R¼Tb [14,15], Nd [8], Dy [5] and Pr [16], in which the field of the
spin-flop transition increases with increasing temperature, as it is
often the case with uniaxial antiferromagnets. This behavior of
the dependence BSF(T) of Nd0.9Dy0.1Fe3(BO3)4 compound is asso-
ciated with the fact that the temperatures of measurement of the
magnetization curves Mc(B) become closer to the spontaneous
spin-reorientation transition temperature TSRE8 K. An increase
in the temperature leads to a decrease in the contributions from
the iron and rare-earth subsystems to the total effective magnetic
anisotropy constant.

Experimental and calculated magnetization curves Mc,?c(B) of
Nd0.9Dy0.1Fe3(BO3)4 at T¼4–40 K are displayed in Figs. 3 and 4. As
can be seen, there is a good agreement between experiment and
theory at various temperatures, including the paramagnetic state
at T¼40 K. For comparison, Figs. 3 and 4 also show the contribu-
tions of the Nd0.9, Dy0.1 and Fe-subsystems (dashed curves) to
Mc,?c(B) at T¼15 K.

It is interesting that in [12,18] for Nd1�xDyxFe3(BO3)4 (x¼0.15,
0.25) a two-stage shape of the jump in the magnetization Mc(B) at



Fig. 4. Experimental (symbols) and calculated (lines) magnetization curves of

Nd0.9Dy0.1Fe3(BO3)4 for several temperatures at B?c. Calculated dashed curves

show the contribution of the Nd0.9, Dy0.1 and Fe-subsystems to M?c(B) at T¼15 K.

Fig. 5. Experimental (symbols) and calculated (lines) temperature dependencies

of the initial magnetic susceptibility of Nd0.9Dy0.1Fe3(BO3)4 along (wc) and

perpendicular (w?c) to the trigonal axis at B¼0.01 T. Dashed curves correspond

to the easy-plane and ease-axis states of Nd0.9Dy0.1Fe3(BO3)4 in the case if the

spin-reorientation transition did not occur at TSRE8 K.
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the spin-flop transition was observed. In paper [18] we have
shown, that this two-stage magnetization jump of Mc(B)
Nd1�xDyxFe3(BO3)4 (x¼0.15, 0.25) is possibly due to the presence
of an intermediate state (weak noncollinear antiferromagnetic
phase) between the collinear and flop phases. In contrast to the
Nd1�xDyxFe3(BO3)4 (x¼0.15, 0.25) compounds the spin-flop tran-
sition in Nd0.9Dy0.1Fe3(BO3)4 is a single jump, without the
implementation of the intermediate state, which is apparently
due to a stronger contribution from the Nd0.9 subsystem to the
total magnetic anisotropy.

The initial magnetic susceptibility wc,?cðTÞ of Nd0.9Dy0.1Fe3(BO3)4

contains contributions both from the iron subsystem (ordered at
ToTN) and from the rare-earth subsystem magnetized due to the
f–d interaction. Calculating these contributions in a self-consistent
manner as described in Section 3, we obtain the temperature
dependences of the initial magnetic susceptibilities wc,?cðTÞ shown
in Fig. 5. As follows from the Fig. 5, an anomaly in the susceptibility
along the c axis at the Néel temperature TNE31 K is unobserved and
wcðTÞ continues to increase with decreasing temperature; this
behavior is a characteristic of the easy-plane state. Then, wcðTÞ near
8 K decreases sharply, that can be explained by assuming the
existence of the spin-reorientation transition at 8 K from the easy-
plane to easy-axis state. The spin-reorientation transition between
the easy-axis and easy-plane states of Nd0.9Dy0.1Fe3(BO3)4 is caused
by a competition between the contributions from the iron and two
rare-earth subsystems to the total magnetic anisotropy of the
crystal. The magnetic anisotropy of the iron and neodymium
subsystems stabilizes the easy-plane magnetic structure. The con-
tribution from the dysprosium subsystem to the total magnetic
anisotropy has an opposite sign and stabilizes the easy-axis mag-
netic structure. The close values of two contributions to the total
anisotropy of Nd0.9Dy0.1Fe3(BO3)4 and their different temperature
dependences lead to the spontaneous spin-reorientation transition.

The calculated dashed curves, shown in Fig. 5, demonstrate the
further behavior of wcðTÞ in the easy-plane and ease-axis states in
the case if the spin-reorientation transition did not occur in
Nd0.9Dy0.1Fe3(BO3)4 compound at TSRE8 K. A decrease in the
component of susceptibility w?cðTÞ with increasing temperature is
related to a decrease in the contribution of Nd3þ and Dy3þ ions
on the background of a constant perpendicular susceptibility
component of the antiferromagnetic iron subsystem.

Thus, a correct calculation of magnetization processes of
Nd0.9Dy0.1Fe3(BO3)4 in weak fields provides a description of the
magnetic susceptibility curves wc,?cðTÞ in agreement with the
experimental data. It should be noted that the temperature
dependences of the magnetic susceptibility were calculated using
the characteristics determined from an analysis of the field
dependences of magnetization, without any fitting parameters.
5. Conclusions

The magnetic properties of Nd0.9Dy0.1Fe3(BO3)4 are deter-
mined by contributions from the iron subsystem and the rare-
earth subsystem, whose behavior is influenced by the crystal-field
and the magnetizing action of the iron subsystem via the f–d
interaction. A description of these interacting subsystems in the
molecular-field approximation allowed the pattern of processes
determining the magnetic characteristics of Nd0.9Dy0.1Fe3(BO3)4

to be reconstructed in agreement with the experimental data.
The parameters of the trigonal crystal-field for the rare-earth

subsystem and the parameters of the Fe–Fe and R–Fe exchange
interactions are determined (see Table 1). The spontaneous spin-
reorientation transition between the easy-axis and easy-plane
states, as well as the spin-flop transition in a magnetic field B:c,
have been described. Good agreement of the experimental and
calculated magnetization curves Mc,?c(B) and the temperature
dependences of the initial magnetic susceptibility wc,?c(T) in the
ordered and paramagnetic regions was achieved.
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