
PHYSICAL REVIEW B 109, 014421 (2024)

Hidden magnetic instability in the substituted multiferroics (Nd, Tb)Fe3(BO3)4
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In the substituted Nd1−xTbxFe3(BO3)4 (x = 0.1 and x = 0.2), possessing almost easy-axis magnetic structure
at low temperatures, an unusual two-step transition in fields along the trigonal c axis was observed by magneti-
zation and single-crystal neutron diffraction studies. At the first step, only part of the Tb Ising-type moments flip
to the c axis, which is accompanied by a significant deviation of the antiferromagnetic Fe spins from the c axis.
At the second step, the remaining Tb moments flip and the Fe moments flop into the basal plane. The ob-
served evolution is qualitatively explained by a model assuming small deviations of Tb moments from the
trigonal axis due to local environment distortions, which leads to nonequivalence of the Tb ions with respect
to effective Tb-Fe exchange and external field. Thus, an intrinsic “hidden” instability of the magnetic system in
the magnetic field occurs.
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I. INTRODUCTION

Rare-earth ferroborates RFe3(BO3)4, a class of noncen-
trosymmetric multiferroics with a rhombohedral structure of
the huntite mineral, continue to attract considerable atten-
tion [1]. The recent interest in these compounds is caused
by the strong dependence of the electric polarization on the
magnetic field and the giant quadratic magnetoelectric effect,
which is important for practical applications [2–7]. Ferrobo-
rates demonstrate interesting magnetic properties since they
contain strongly interacting rare earth and iron subsystems.
This leads to complex magnetic behavior, which is governed
by competitions of the magnetocrystalline anisotropy of the
iron subsystem and the rare-earth single-ion anisotropy. The
rare-earth ions are relatively far apart, their interaction is
weak, and the intrinsic spontaneous magnetic order in the
rare-earth sublattice does not take place down to very low
temperatures. Below the Néel temperature 30–35 K, the iron
sublattice with strong isotropic Fe-Fe magnetic exchange
interaction, which determines an antiferromagnetic ordering
and the Néel temperature, induces the magnetic order in the
rare-earth sublattice.

There are two types of antiferromagnetic order in the fer-
roborates: the “easy-plane” type, as in NdFe3(BO3)4 [8,9],
with Fe spins within the basal plane, perpendicular to the trig-
onal axis, and the “easy-axis” type, as in TbFe3(BO3)4 [10],
with spins aligned along the trigonal axis. In the mixed
compositions (Nd, Tb)Fe3(BO3)4, the competition between
the Fe and R single-ion anisotropies and the R-Fe exchange
contribution to the effective magnetic anisotropy leads to a
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complex magnetic structure [11]. The zero field temperature
evolution for Nd1−xTbxFe3(BO3)4 (x = 0.1 and x = 0.2) was
established [11]. At low temperature (∼2 K) the magnetic
structure was found to be close to the easy-axis type with
additional fine features.

It is worth mentioning that spontaneous polarization ap-
pears in the easy-plane state. In contrast to multiferroics with a
centrosymmetric crystal structure, where the electric polariza-
tion is determined by an incommensurate cycloidal magnetic
order that breaks the inversion symmetry [12,13], the crys-
tal structure in ferroborates is noncentrosymmetric and the
electric polarization is induced by an exchange field from the
collinear antiferromagnetic Fe subsystem or by the external
magnetic field and depends on rare-earth ion type.

This work continues our studies on the magnetic structures
in the zero field [11] and the spin-wave dynamics [14] in
the substituted system Nd1−xTbxFe3(BO3)4, with x = 0.1 and
x = 0.2. Here we present a single-crystal neutron diffraction
study of this system in the magnetic field. The present study
reveals an unusual two-step field-induced transition from the
easy-axis to the basal plane via the angular phase for the Fe
moments, which is explained by local anisotropy changes due
to structural distortions around the Tb ions.

II. EXPERIMENT

The single-crystal neutron diffraction experiments were
carried out at the lifting-counter two-axis diffractometers
D15 and D23 [15] at the Institute Laue-Langevin (Greno-
ble, France) with a constant neutron wavelength of 1.172
and 1.283 Å, respectively. Millimeter-size single crys-
tals with the nominal compositions Nd0.9Tb0.1Fe3(BO3)4

and Nd0.8Tb0.2Fe3(BO3)4 were prepared. The crystals were

2469-9950/2024/109(1)/014421(7) 014421-1 ©2024 American Physical Society

https://orcid.org/0000-0002-2667-4711
https://orcid.org/0000-0003-3113-1110
https://orcid.org/0000-0001-6096-6884
https://orcid.org/0000-0003-2653-8434
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.109.014421&domain=pdf&date_stamp=2024-01-24
https://doi.org/10.1103/PhysRevB.109.014421


I. V. GOLOSOVSKY et al. PHYSICAL REVIEW B 109, 014421 (2024)

enriched with the isotope 11B to decrease neutron absorp-
tion. For experiments in the magnetic fields the crystals were
mounted inside the cryomagnet with a vertical magnetic field,
along the c axis of the crystal.

The diffraction patterns were analyzed using the FULLPROF

SUITE package [16] in the single-crystal option. Because the
isotope 11B has small neutron absorption, no absorption cor-
rection was taken into account. However, the single crystals
were rather large and had an irregular shape; the refinement
of the magnetic structure parameters included correction for
anisotropic extinction. The extended model of extinction with
three independent parameters was taken into account [16].
The scale factor was refined from the nuclear reflections and
fixed in the magnetic refinement.

Bulk magnetic measurements were carried out using a
superconducting quantum interference device (SQUID) mag-
netometer and a physical property measurement system
(PPMS) from Quantum Design on the same samples used for
neutron diffraction.

III. RESULTS

A. Magnetization

For the two studied compositions, the magnetization in
the magnetic field applied along the c axis demonstrates an
unusual two-step transition [Figs. 1(a) and 1(b)] instead of
the expected one-step transition observed in TbFe3(BO3)4

[Fig. 1(d)]. The latter is attributed to flop of the Fe spins from
the c axis to the basal plane accompanied by magnetization
jump associated with a flip of the Tb Ising-type moments from
an antiferromagnetic order to a ferromagnetic order [10]. It
is plausible to associate the observed magnetization jumps in
(Nd, Tb)Fe3(BO3)4 with spin flips of Tb moments, which also
collaborate with the expected magnetization value at the sec-
ond step. For the substituted compositions, the magnetization
increases linearly after the second transition (see inserts in
Fig. 1). We attribute this to the perpendicular susceptibility
of the antiferromagnetic aligned Nd moments polarized by
Nd-Fe exchange. The contribution from the canting of the
antiferromagnetic Fe sublattice is much less because of the
strong exchange interaction.

The two-step field-induced transition demonstrates hys-
teresis. The corresponding critical fields increase with in-
creasing the Tb concentration from x = 0.1 to 0.2, with the
tendency of closing the field gap in between and, at higher
concentrations, of merging the single field-induced transition
of TbFe3(BO3)4. To shed light on the evolution of the mag-
netic structure at the observed unusual two-step field-induced
transition, single-crystal neutron diffraction experiments were
performed.

B. Single-crystal neutron diffraction in the magnetic field

The refinement of the neutron diffraction data was based on
the antiferromagnetic reflections with the propagation vector
k = [0 0 1.5] [11]. Note that only antiferromagnetic compo-
nents of the moments participate in this refinement.

The magnetic moments of Nd and Tb, induced by the
exchange field from the Fe sublattice, are opposite, as ex-
pected from the different Landé factors of the rare-earth

(a) (b)

(d)(c)

FIG. 1. Dependence of the magnetization in
Nd0.9Tb0.1Fe3(BO3)4 (a), Nd0.8Tb0.2Fe3(BO3)4 (b), NdFe3(BO3)4

(c) and TbFe3(BO3)4 (d) in the magnetic field applied along the
c axis at 2 K. In the inserts the magnetizations in enlarged scale are
shown.

ions [11]. Consequently, the contribution to the intensity of the
diffraction reflections from the rare-earth sublattice is small
in comparison with the Fe spin contribution. Because of this
and the small number of the measured reflections, it was im-
possible to refine all moment magnitudes and their directions
simultaneously.

Therefore, following the procedure suggested in Ref. [11]
we used the constraints implied by the fact that magnetic order
in the rare-earth system of Nd is induced by the Fe sublattice,
while Tb is an Ising-type ion. The implemented constraints
are based on the parameters of the ground Kramers doublet of
Nd3+ and the quasidoublet of Tb3+, known for the easy-plane
and easy-axis compounds NdFe3(BO3)4 and TbFe3(BO3)4,
respectively [17–20]. The only difference from the refinement
procedure used in Ref. [11] and the present study is that we
have taken into account calculation of the external magnetic
field.

The exchange field acting on the rare-earth ions from the
Fe antiferromagnetic subsystem is staggered (i.e., its sign de-
pends on the rare-earth position), in contrast with the external
field. Therefore, there are two different sites for Nd ions:
in one site, the exchange field sums with the external field;
in the other site, these fields are subtracted. The calculated
dependencies of the inclination angle of the Nd3+ moment
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(a) (b)

FIG. 2. The calculated dependencies of the inclination angle and
the moment of the Nd3+ ion versus the inclination angle of the Fe3+

spin. The solid lines in the figure correspond to two Nd sites (see
text). The calculations in the external field of 1.55 T are shown for
the Nd0.9Tb0.1Fe3(BO3)4 compound.

and its magnitude vs the inclination angle of the Fe3+ spin for
Nd0.9Tb0.1Fe3(BO3)4 in the external magnetic field of 1.55 T
are shown in Fig. 2.

In the refinement, we took into account these constraints
(Fig. 2) for the inclination angles of the Fe spins and Nd
moments and fixed the Tb moments along the c axis. To
simplify the calculation, we used the average inclination angle
of the Nd3+ moment from the c axis and the average moment
for two sites following the plots in Fig. 2.

So, a set of variables in the refinement is reduced to the
Fe3+ magnetic moment and its inclination angle from the
c axis. As to the direction of Fe3+ spins within the ab plane,
the refinement does not show any preferential orientation
of these spins, supposedly due to the very small magnetic
anisotropy within the basal plane. Therefore, the azimuthal
angles were fixed at 90◦ with respect to the a axis. The trigonal
symmetry of the crystal allows the existence of three equiva-
lent domains corresponding to three crystallographic axes in

the ab plane [11]. Therefore, the three-domain approach was
considered an adequate model for our refinement.

In the refinement of the neutron diffraction data we assume
that, at the first transition, part of the Tb moments undergo
the “spin-flip” transition and align ferromagnetically, while
the rest of the Tb moments remain in their initial antiferro-
magnetic arrangement. The relative amounts of “flipped” and
“nonflipped” Tb moments were estimated from the magneti-
zation curves (Fig. 1). Thus, the fraction of the “nonflipped”
Tb moments, which contribute to antiferromagnetic reflec-
tions, was estimated at 78.8% and 84% for x = 0.1 and 0.2,
respectively, and was fixed in refinement. The Tb moment was
taken to be 8.6 µB [10].

At the second transition the remaining antiferromagnetic
Tb moments also flip. In this way, the refinement procedure
is reduced to finding of the Fe subsystem parameters, e.g., the
Fe magnetic moment and its orientation with respect to the
c axis. The magnetic structures at different magnetic fields at
2 K are shown in Fig. 3. The corresponding parameters are
shown in Table I.

The quality of the refinement performed for
Nd0.9Tb0.1Fe3(BO3)4 is shown in Fig. 4. The refined
magnetic structure in zero field, in the ground state, is
close to the easy-axis configuration and is consistent with the
structure reported in Ref. [11] refined from 717 reflections.

Because of the Ising character of the Tb3+ moment, the role
of Tb is to increase in the effective uniaxial anisotropy, which
stabilizes the easy-axis antiferromagnetic structure, observed
in the zero field. Indeed, before the first transition, in small
fields, the magnetic structure is close to the easy-axis config-
uration (Fig. 3), similar to TbFe3(BO3)4 [10].

In the intermediate state, there is an “angular” canted
configuration. The features of this configuration are (i) the
inclination of the Fe spins and coupled Nd moments relative
to the c axis and (ii) the coexistence of “flipped” and “non-
flipped” Tb moments.

With increasing field, the remaining nonflipped Tb mo-
ments in turn undergo a flip from an antiferromagnetic

FIG. 3. Evolution of the antiferromagnetic structure of Nd0.9Tb0.1Fe3(BO3)4 in the field. Moments of Fe and Nd are shown in orange and
blue, respectively. The moments of Nd are shown enlarged. Antiferromagnetic Tb moments were fixed along the c axis and are not shown.

014421-3



I. V. GOLOSOVSKY et al. PHYSICAL REVIEW B 109, 014421 (2024)

TABLE I. Refined parameters of the magnetic structures. There are 185 reflections for both compounds. The error (e.s.d.) is shown in
parentheses.

Moment (µB) Inclination angle from the c axis (degrees) Moment (µB) Inclination angle from the c axis (degrees)
Nd0.9Tb0.1Fe3(BO3)4 Nd0.8Tb0.2Fe3(BO3)4

H = 0 T H = 0 T
Nd 0.48 fixed 25(4) 0.48 fixed 28(3)
Fe 4.20(2) 10(2) 4.10(1) 12(2)

H = 1.55 T H = 2.35 T
Nd 0.9 fixed 62(2) 0.81 fixed 51(1)
Fe 4.20(3) 41(1) 4.09(1) 34(1)

H = 2.1 T H = 4.0 T
Nd 1.2 fixed 101(3) 1.18 fixed 93(4)
Fe 4.39 fixed 101(3) 4.39(2) 93(4)

arrangement to a ferromagnetic arrangement along the c axis,
manifested in the second transition. In this high-field arrange-
ment, the refinement of the neutron diffraction data reveal
that the moments of Nd and Fe lie close to the basal plane,
perpendicular to the c axis, i.e., perpendicular to the applied
magnetic field, and thus the “spin-flop” transition is com-
pleted. A small deviation from the ab plane is explained by the
error of refinement and poor sample adjustment in the vertical
magnetic field.

It should be noted that the proposed model with flipped and
nonflipped Tb moments does not suggest any macroscopic

(a)

(b)

FIG. 4. The results of refinement for Nd0.9Tb0.1Fe3(BO3)4 in
zero field, 183 reflections, and RF2 factor: 7.5 (a), and in a magnetic
field of 1.55 T, 123 reflections, and RF2 factor: 6.91 (b).

magnetic inhomogeneity. In Fig. 5 two diffraction profiles
of the nuclear reflection 0 −3 0 and the magnetic reflection
0 2 −0.5 are shown. These reflections have close angles
of diffraction, and, hence, they are measured with the same
resolution. It is seen that their widths are practically the same.
So, there is no magnetic peak broadening, which could in-
dicate formation of magnetic inhomogeneities. This means
that the magnetic correlation length coincides with the atomic
one; i.e., on the average, a magnetic order is homogeneous
throughout the crystal. Moreover, the width of the magnetic
peaks does not change with a field or temperature (Fig. 6). The
only intensity changes due to transformation of the magnetic
structure.

IV. DISCUSSION

We propose that in the studied system (Nd, Tb)Fe3(BO3)4

the observed two-stage field-induced transition results from
the difference in the single-ion anisotropy of Tb3+ and Nd3+

ions and reflexes in intrinsic “hidden” magnetic instability,
which manifests itself in the peculiar response to the external
magnetic field.

The proposed scenario is based on the assumption that
the Ising axes of Tb moments deviate from the c axis by a
small angle, of the order of a few degrees. Wherein, the corre-
sponding components in the basal plane are oriented through

(a) (b)

FIG. 5. The rocking curves of the nuclear reflection 0 −3 0
(a) and the magnetic reflection 0 2 −0.5 (b) for Nd0.9Tb0.1Fe3(BO3)4,
measured at 2 K in a magnetic field of 1.55 T.
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(a) (b)

FIG. 6. (a) Temperature dependence of the magnetic reflection
0.0 2.0 −0.5: at 2 K (in black), at 15 K (in blue), and at 25 K (in red).
(b) Field dependence of the magnetic reflection 0.0 2.0 −0.5: at zero
field (in black), at a field of 1.55 T (in blue), and at a field of 2.1 T
(in red) Nd0.9Tb0.1Fe3(BO3)4.

120◦, which preserves the trigonal symmetry of the crystal on
average. This order is shown schematically in Fig. 7(a), where
the Tb moments are aligned up and down by the staggered
Tb-Fe exchange field.

The deviation of the Tb moments from the c axis results
from a local decrease in the symmetry of the environment of
the Tb3+ ion. Here we suggest its reducing down to C2, with
the second-order axes in the basal plane at angles of 0 and
±120◦, which corresponds to the space group P3121, realized
in pure TbFe3(BO3)4. Whereas the Nd3+ environment keeps
local symmetry, D3 remains more symmetrical and corre-
sponds to the space group R32, as in NdFe3(BO3)4 [8,9].

There is experimental evidence in favor of deviation of the
Tb Ising axis from the c axis. Small deviations of Tb moments
are difficult to detect using conventional single-crystal neu-
tron diffraction. However, the simulation of the Tb3+ optical
spectra in TbFe3(BO3)4 gives small but nonzero projections of
the local g factor for the ground quasidoublet of the Tb3+ ion
which are gyz = 0.62(1) and gzz = 17.5(3) and correspond to
the deviation of the Ising axis from the c axis of ∼2◦ [21].

Furthermore, in the powder diffraction pattern of
TbFe3(BO3)4, a weak magnetic reflection of 0 0 1/2 was
observed [10]. In magnetic diffraction only the moment

(a) (b) (c)

FIG. 7. (a) Tb moments in zero field, oriented along with the
staggered exchange field (1+, 2+, 3+) and the opposite (1−, 2−,
3−). (b) Tb moments in the external field, in the intermediate state.
(c) Projection of Tb moments on the b*c plane.

projections, which are perpendicular to the diffraction vector,
are measured. Because of strong exchange in the Fe subsys-
tem, the magnetic order is practically collinear with spins
along the c axis. Therefore, the observed reflection 0 0 1/2 can
result from the in-plane projection of Tb moments only. The
intensity of this reflection corresponds to a magnetic moment
of ∼0.5 µB. For the Tb3+ moment of 8.6 µB, the deviation of
the Ising axis from the c axis is ∼3◦.

Such a scenario may well be realized in the substituted
compositions (Nd, Tb)Fe3(BO3)4, since Tb3+ ions have ionic
radii smaller than those of Nd3+ ions. The gain in lattice
energy due to local distortion around Tb3+ ions and a decrease
in local symmetry lead to a deviation of the Ising axes from
the c axis.

Single-crystal neutron diffraction demonstrates the large
deviation of the Fe spins from the c axis in an intermedi-
ate magnetic field, after the first transition (see Fig. 3). It
leads to the appearance of nonequivalent Tb positions with
different resulting effective field projections on Tb Ising axes
[Fig. 7(b)].

The resulting effective field is the sum of the staggered Tb-
Fe exchange field induced by the Fe spins and the external
field. With an increase in the external field, the Tb moments
marked in Fig. 7 as 1−, 2−, and 3− tend to line up along the
field.

Nonequivalence of Tb moments possessing different ef-
fective fields results in different instabilities in the field. For
example, for the moment labeled 1− in Fig. 6, the projection
of the exchange field is smaller [Fig. 6(c)] than the projections
for the moments labeled 2− and 3−. Therefore, the spin-flip
transition (the instability) for the moment 1− occurs earlier
than for the moments 2− and 3− [Fig. 7(c)]. Note that a similar
direction of the Fe spin in-plane projections was proposed in
HoFe3(BO3)4 with the P3121 point group [22].

With a further increase of the field, the remaining Tb mo-
ments 2− and 3− reorient along the field, while the Fe spins
reorient to the basal plane; i.e., they experience a spin-flop.
As a result, the process of rearrangement of the magnetic
structure has two steps.

This model assumes that the net magnetization after the
first transition should amount to 1/3 from the maximal mag-
netization. However, the experiment shows 22% and 16% for
Nd0.9Tb0.1Fe3(BO3)4 and Nd0.8Tb0.2Fe3(BO3)4, respectively.
We would like to note that the magnetic measurements with
different samples demonstrate that the critical magnetic fields
in all samples practically coincide, while the ratio of the
flipped and nonflipped Tb moments in the intermediate state
differs for different samples. It means that the used model
is the idealized one. Apparently, the ratio of the flipped and
nonflipped Tb moments strongly depends on defects and their
distribution within a sample.

V. CONCLUSION

Our single-crystal neutron diffraction and magnetization
study of the substituted Nd1−xTbxFe3(BO3)4 ferroborites re-
vealed an unusual two-step transition induced by magnetic
fields along the trigonal c axis. It manifests itself in two con-
secutive jumps in the magnetization curves, associated with
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the flip to the c axis of only part of the Tb Ising moments at
the first step, while the remaining part flips at the second step.
At the same time the refinement of the neutron data reveals
a deviation of the antiferromagnetic Fe moments from the
c axis by an angle of ∼30–40◦ and its subsequent flopping
into the basal plane, which accompanies the abovementioned
Tb moments’ transitions. This complicated evolution of the
magnetic structure in magnetic field should be governed by
the strong competition of magnetocrystalline anisotropy of the
iron subsystem and Nd-Fe exchange and Zeeman energy sta-
bilizing the easy-plane state and Tb-Fe exchange stabilizing
the easy-axis state where magnetic single-ion anisotropy of
rare earth ions is of a primary importance.

To explain the observed field-induced transformation of the
magnetic structure, we suggest the existence of local devia-
tions of the Ising axes of Tb moments from the trigonal axis by
a few degrees within azimuthal directions through 120◦ that
preserves the trigonal symmetry of the crystal. The deviations
of the Tb moments from the c axis could result from a local
reduction in the symmetry of the environment of the Tb3+

ion possessing an ionic radius smaller than that of the Nd3+

ion and lower C2 symmetry as in pure TbFe3(BO3)4. The
existence of a nonequivalence of the Tb ions with respect to
the effective Tb-Fe exchange and the external field results in
instability (reversal) only in part of the Tb ions at the first step,
accompanied by the deviation of Fe moments from the c axis
by a finite angle, followed by further flopping into the basal
plane. Thus, the observed structure of the two-step transition
has an intrinsic character and is caused by hidden instabil-
ity in the magnetic field of the substituted ferroborates with
strongly competing magnetic subsystems. One can envisage
similar phenomena in other systems with competing magnetic
interactions and local anisotropies.
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