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Abstract—The magnetic properties of the Nd, sGd, sFe;(BO3), single crystal have been studied in principal
crystallographic directions in magnetic fields to 90 kG in the temperature range 2—300 K; in addition, the
heat capacity has been measured in the range 2—300 K. It has been found that, below the Néel temperature
T =32 Kdown to 2 K, the single crystal exhibits an easy-plane antiferromagnetic structure. A hysteresis has
been detected during magnetization of the crystal in the easy plane in fields of 1.0—3.5 kG, and a singularity
has been found in the temperature dependence of the magnetic susceptibility in the easy plane at a tempera-
ture of 11 K in fields B < 1 kG. It has been shown that the singularity is due to appearance of the hysteresis.
The origin of the magnetic properties of the crystal near the hysteresis has been discussed.

DOI: 10.1134/S1063783411100180

1. INTRODUCTION

Studies of rare-earth ferroborates RFe;(BO;), (R =
Y, La—Lu) are of interest mainly owing to two circum-
stances. First, some representatives of this family, e.g.,
GdFe;(BO;),, NdFe;(BO;),, PrFe;(BO;),, and
HoFe,(BO,),, are multiferroics [1-5]; i.e., they
simultaneously exhibit magnetic and electric orders.
Second, ferroborates of this type have various mag-
netic structures and undergo different phase transi-
tions depending on the kind of rare-earth ion [6]. It is
reasonable to expect that the properties of the
Nd, sGd, sFe;(BO;), single crystal under study occupy
an intermediate position between the properties of the
GdFe;(BO;), and NdFe;(BO;), crystals. Both crystals

have the huntite structure with symmetry R32(D37 ) at
room temperature. The NdFe;(BO;), crystal retains

this structure down to a temperature of 1.6 K [7], and
the GdFe;(BO;), crystal undergoes the structural

phase transition to symmetry P3,21(D; ) at a temper-
ature of 156 K [8, 9].

The magnetic properties of GdFe;(BO;), were
studied in [10—12]. In the paramagnetic region, the
susceptibility follows the Curie—Weiss law with the
constant ® = —115 K [10]. At the Néel temperature
Tx = 38 K, the phase transition to the antiferromag-
netic state of the easy plane type occurs. As tempera-
ture decreases, the crystal spontancously transforms
from the easy-plane state into the easy-axis state at
T =9 K. The magnetic structure is represented by the
planes alternating along axis ¢, perpendicular to the

axis, and containing ferromagnetically ordered iron
and gadolinium ions. The neighboring planes are
ordered antiferromagnetically [I11]. In the
NdFe;(BOj), crystal, the antiferromagnetic phase
transition proceeds at 7, = 30 K [13, 14]. In addition,
an anomaly was revealed, at 7= 6 K, in the tempera-
ture dependence of the magnetic susceptibility in the
ab plane perpendicular to trigonal axis ¢ [14, 15]. In
[14, 16], this anomaly is explained by a change in the
level population of the ground Kramers doublet of the
Nd3* ions split by the magnetic field induced by the
ordered subsystem of the Fe3* ions. The same explana-
tion is also given to the Schottky anomaly at 7~ 4 K in
the temperature dependence of the heat capacity [14].
The theoretical analysis of the magnetic properties of
NdFe;(BO;), was performed in [17]. The neutron dif-
fraction experiments show that the magnetic moments
of the Fe** and Nd3* sublattices are ordered antiferro-
magnetically, and they lie in the plane perpendicular
to axis ¢ [7]. In the paramagnetic region, the tempera-
ture dependences of the magnetic susceptibility along
the trigonal axis and in the basal plane are identical,
and they give the Weiss constant ® = —110 K [14].

In this work, the magnetic properties of the
Nd, sGd, sFe;(BO;), single crystal are studied and

compared with the magnetic properties of the related
GdFe;(BO;), and NdFe;(BO;), crystals.

2. RESULTS AND DISCUSSION

The Nd, sGd, sFe;(BO;), single crystal was grown
from a K,Mo050,,-based solution—melt as described in
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Fig. 1. Temperature dependences of the heat capacity of
the Nd 5Gd sFe3(BO3)4 crystal.

[10]. The neodymium and gadolinium concentrations
are indicated according to the proportions of corre-
sponding oxides in the solution—melt. The structure of
the crystal grown was determined using a SMART
APEX-II X-ray diffractometer with a CCD detector. It
was established that the structure at room temperature
is identical to that of GdFe;(BO;), and NdFe;(BO;),
crystals, i.e., it belongs to space group R32 and has the
lattice parameters a = 9.557(7) A and ¢ = 7.62(1) A.
For comparison, at room temperature, the lattice
parameters of GdFe;(BO;), are a = 9.5203(1) A and
¢ =7.5439(5) A [9], and those of NdFe;(BO;),are a =
9.5878(3) Aand ¢ =7.6103(3) A [7]. The heat capacity
and the magnetization in fields to 90 kG were mea-
sured on a Quantum Design Physical Properties Mea-
surement System (PPMS). A part of the magnetic
measurements was carried out on a Quantum Design
SQUID MPMS-XL magnetometer. The temperature
dependence of the heat capacity (Fig. 1) has a singu-
larity at a temperature of 32 K corresponding to a
magnetic ordering. Peculiarities corresponding to
structural transitions and the Schottky anomaly were
not detected.

Figure 2 shows the magnetization curves measured
in a field B || ¢ (along the trigonal axis of the crystal) at
various temperatures and in a field B||bat 7=2 K (the
b direction is not an axis of symmetry in the crystal; it
is perpendicular to axes ¢ and a). The magnetization
curves measured in directions a and b coincide within
the experimental error. According to [2], the magneti-
zation of NdFe;(BO,), in the field parallel to axis c is
independent of temperature. It is associated in [2] with
the absence of a contribution of the rare-earth sub-
system; it is quite strange, since, according to [16],
g factor of the lower doublet along axis ¢ is nonzero
(g, = 1.376). In addition, the magnetization of
NdFe;(BO;), in the field B || ¢, at a temperature of
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Fig. 2. Field dependences of the magnetization of the
Nd, 5Gd, sFe;(BOj3), crystal at various temperatures.

4.5 K, islinear in field up to 200 kG [2]. Nothing of the
kind has been observed in the Nd,Gd, sFe;(BO;),
crystal (Fig. 2). This difference may be assigned to the
influence of the gadolinium subsystem; however, we
have no data on the behavior of the
GdFe;(BO;) crystal in the easy-plane state in high
fields.

The temperature dependence of the susceptibility
in the field B || ¢ is shown in Fig. 3. The anomaly in the
region of magnetic ordering is noticeable only in the
derivative of the susceptibility with respect to temper-
ature (Fig. 3). The temperature dependences of the
susceptibility measured in a field of 1 kG parallel to
directions a and b clearly demonstrate features at tem-
peratures of 11 and 33 K (Figs. 4 and 5). Similar fea-
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Fig. 3. Temperature dependences of (/) the magnetic sus-
ceptibility of the Nd,, sGd sFe3(BO5), crystal in the mag-
netic field 1 kG parallel to the trigonal axis and (2) the
derivative of the susceptibility with respect to temperature.
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Fig. 4. Temperature dependences of the magnetic suscep-
tibility of the Nd sGd sFe3(BO3)4 crystal in directions a
and b (dashed line) measured in various magnetic fields.
The inset shows the temperature dependence of the differ-
ential susceptibility in the ac field.

tures there are at 10 and 32 K in the temperature
dependence of the differential susceptibility in a weak
ac field in the ab plane (Fig. 4, inset). (Insignificant
difference in the feature positions is likely due to the
influence of magnetic field.) In the field 2.2 kG, the
first feature shifts to a temperature of 5.8 K, and the
features in directions a and b are almost indiscernible
(Fig. 4). In the field 5 kG parallel to directions a and
b, the feature at 33 K is observed only in the derivative
of the susceptibility with respect to temperature; the
first feature disappear completely (Figs. 4 and 5), and
the difference between directions a and b is lost.

The temperature behavior of the susceptibility in
fields B || b and B || ¢ is shown in Fig. 6. The depen-
dences in fields B || a and B || b are almost identical.
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Fig. 5. Temperature dependences of the derivatives of the
magnetic susceptibility of the Nd( sGd sFe3(BO3),4 crys-
tal with respect to temperature measured in the ab plane.
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The dependences obtained are deviated from the
Curie—Weiss law well before the temperature of mag-
netic ordering. The extrapolation of the linear seg-
ments to a zero gives the Weiss parameters for two
directions of the field ®, = —45 K and ©, , = —70 K.
Thus, the ordering has antiferromagnetic character,
and, along with the crystallographic magnetic anisot-
ropy, there is the anisotropy of exchange interaction
(the exchange interaction is stronger in the ab plane).
In [10, 14], for GdFe;(BO;), and NdFe;(BO;),, only
one Weiss parameter is given for all the field directions,
namely, ® = —115 and —110 K, respectively. In
Nd, sGd, sFe;(BO;),, the spin flop transition is not
observed in a field parallel to trigonal axis ¢ in the tem-
perature range under study (Fig. 2). It means that in
the free state, the magnetic moments lie in the
ab plane, and, unlike GdFe;(BO;),, no spontaneous
spin-reorientational transition occurs.

The magnetic susceptibility, at fairly high tempera-
ture in the paramagnetic region, is described by the
relationship

2
nMm
= — <t | 1
L= 3(T-0) M
Here, m. is the effective moment of the

Nd, sGd, sFe;(BO;), molecules, and # is the number
of the molecules in 1 g of the crystal: n = N/M, where
N is the Avogadro number, and M is the molecular
weight. Theoretically, the total effective moment is
determined as the sum of the contributions of all mag-
netic ions
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Fig. 6. Temperature dependences of the inverse magnetic
susceptibilities of the Nd( 5Gd, sFe;(BO3),4 crystal mea-

sured in the b and ¢ directions.
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Fig. 7. Field dependences of the magnetization of the
Nd, 5Gdj sFe3(BO3), crystal measured in the b and ¢

directions at various temperatures.

where m:ff = g?J(J + 1) in the Bohr magnetons. As a
result, we find that m.s = 11.97. The experimental
value of m. can be found by relationship (1) using any
point in the curves shown in Fig. 6 from the linearity
segment and the Weiss parameters found. For two the
directions of the field, we obtain m.g(c) = 11.29 and
me(ab) = 12.33, and the average value is m ;= 11.81.

In weak field (0—3.5 kG), in the ab plane, at T <
Ty, the magnetization m is a nonlinear function of
field. At a temperature 7'< 11 K, the function has hys-
teresis (Fig. 7). At 2 K, the hysteresis loop width is
~0.25 kG. At the same time, in low fields in regions
B <1kG and B> 3.5 kG, m(B) are approximately lin-
ear functions; i.e., the differential susceptibility
dm/dB is a constant that is nevertheless different in the
noted regions (Fig. 8). In addition, the functions m(B)
in the regions B < 1 kG and B > 3.5 kG are the same
during the direct and inverse variation of the field. It
implies that, in these regions, the crystal is in different
but reversible magnetic states. Figure 8 clearly demon-
strates the transformation of the hysteresis loops with
temperature. The temperature of appearance of the
hysteresis coincides with the position of the feature in
the temperature dependence of the susceptibility
(Fig. 4) measured in the field B =1 kG (the reversible
part of the hysteresis loop) and in the temperature
dependence of the differential susceptibility in the ac
field 10 G, 100 Hz (Fig. 4, inset). Thus, the specific
feature in the temperature dependence at 7= 11 K is
related to the appearance of the hysteresis. Earlier
[18], the electric polarization hysteresis was observed
during the magnetization reversal of
Nd, sGdysFe3(BO;),.
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Fig. 8. Field dependences of the differential susceptibility
of the Ndg;Gd, sFe;(BO3), crystal measured in the b
direction at various temperatures. The solid lines corre-
spond to an increase in the field, and the dotted lines, to a
decrease in the field.

From the standpoint of symmetry, the domains
with three equivalent directions of the magnetic
moments (both iron, and rare-earth ions) must exist in
the ab plane. It is impossible to indicate these direc-
tions based only on magnetic measurements. Actually,
it was shown in [12] using the Mossbauer effect mea-
surements that, in the easy-axis state of GdFe;(BO;),,
the moments are deviated from the trigonal axis of the
crystal, and, in the easy-plane state, they are deviated
from the basal plane. The experiments on the neutron
scattering show that the magnetic moments of the iron
and neodymium sublattces in NdFe;(BO;), are non-
collinear, and the angle between them varies with tem-
perature [7]. Three directions of the magnetic
moments are energetically equivalent, but there is a
potential barrier between corresponding domains
whose value is characterized by the temperature T =
11 K at which the hysteresis loops appear (Figs. 4, 7,
and 8). (It is likely more properly to take the tempera-
ture 10 K from the dependence of the differential sus-
ceptibility in a weak ac field.) At B> 1 kG, the domain
walls begin to move. At the same time, as the field
against decreases to B < 1 kG, the magnetic anisotropy
energy is sufficient to return the crystal to the initial
state of the equally probable distribution of the
domains with three directions of the moments. In the
opposite case, the initial segment of the magnetization
curve would not be reproduced during reverse run of
the field. At B< 1 kG, the domain walls are not moved,
and the magnetic moments in different domains are
rotated variously because of the various mutual orien-
tation of the magnetic moments and magnetic field,
and this mutual orientation is also dependent on the
field directions B || a and B || b. At the same time,
within the limits of measurement error, the hysteresis
loops are independent of the field direction along axes
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a or b; and the % (7) curves also are slightly dependent
on the directions of the field along axes a and b (Figs. 4
and 5). Thus, the magnetic anisotropy in the basal
plane is small. In the region of the fields 1 < B <
3.5 kG, three processes occur as follows.

(1) The domain walls move, until one energetically
preferable domain forms.

(2) The vector of antiferromagnetism is rotated
perpendicularly to the magnetic field (spin flop transi-
tion); in this case, this process occurs in all the
domains (and domain walls), and not only in the cases
as the directions of the field and vector of antiferro-
magnetism coincide, but at different rates. It is likely,
because of this, the spin flop transition is smeared.

(3) The magnetic moments of the sublattices are
rotated in the field direction.

The spin flop transition fields at various tempera-
tures can be estimated from Fig. 8 as the average from
the positions of the differential susceptibility maxima
during the direct and inverse runs of the field; in par-
ticular, at 2 K, we have the field ~2.5 kG. The field
decreases monotonically with increasing temperature
(Fig. 8), as is the case during the spin flop transition in
the easy-axis state of GdFe;(BO;), [10]. In the
TbFe;(BO;), crystal with a strong uniaxial anisotropy,
the spin flop transition field is changed with tempera-
ture in the opposite direction [19]. In [2], the spin flop
transition field in the easy plane of the NdFe;(BO;),
crystal was estimated to be 10 kG, and, in [14], ~8 kKG.
At T> 11 K, the potential barrier between the domains
is destructed by the thermal motion, and the mono-
tonic motion of the differential susceptibility maxima
is violated (Fig. 8 and the inset): instead of further
decrease in the field of the maximum, it increases. At
B > 3.5 kG, both the domain wall motion (single-
domain state) and the spin flop transition are com-
pleted. Simultaneously, the feature in the temperature
dependence of the magnetic susceptibility in the basal
plane related to the formation of the domain structure
disappears (Figs. 4 and 5), and the temperature depen-
dences measured in the fields B || a and B || b become
identical completely. This dependence is close to the
temperature dependence of the susceptibility in the
field B || ¢ (Fig. 3). At 7> 11 K, when the thermal
energy exceeds the potential barrier between three
equivalent directions of the magnetic moments, the
three directions are equally probable in each point of
the crystal at any instant of time, and the system tun-
nels over these states as is the case in the dynamic
Jahn—Teller effect. However, the crystal state at 7' <
11 K differs from that at 7> 11 K not only by forma-
tion of steady-state domains; new objects, namely,
domains walls appear as well having different magnetic
properties. In particular, the orientation of the mag-
netic moments and anisotropy in the domain walls and
in the domains are certain to be different. It is likely,
the domain walls determine different temperature
dependence of the dynamic susceptibility in weak
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fields (B < 1 kG), when the domain walls still do not
move, and at B > 3.5 kG, when the crystal transforms
into the single-domain state: in weak fields, the
dynamic susceptibility is unchanged at least to 11 K,
and, at B > 3.5 kG, it decreases as temperature
increases (Fig. 8). Two facts cause questions: (1) the
possibility to observe the hysteresis despite a weak
magnetic anisotropy in the plane, i.e., despite the
magnetic identity of the domains; (2) the coincidence
of'the field region of existence of the hysteresis and the
field region of the spin flop transition. These and other
facts are likely related to the properties of the domain
walls different from the properties of the domains. In
particular, in weak fields (B < 1 kG) in which the
domain walls are immobile, the appearance of the
domain walls at 7= 11 K coincides with the jump in
the rate of varying the magnetic susceptibility with
temperature (Figs. 4 and 5). The decrease in the jump
temperature (Fig. 4) with increasing field can be
explained by a decrease in the number of the domain
walls and a decrease in their contribution to the mag-
netic properties of the crystal.

3. CONCLUSIONS

The heat capacity has been measured in the range
2—300 K. The magnetic properties have been studied
in the principal crystallographic directions in fields to
90 kG and in the temperature range 2—300 K. At a
temperature of 32 K the transition to the antiferro-
magnetic easy-plane state was detected; this state is
retained to 7= 2 K. From the temperature depen-
dences of the magnetic susceptibility in the paramag-
netic region, we determined various Weiss parameters
®,=—45and ©,, = —70 in the fields parallel and per-
pendicular to the third-order axis of the crystal and the
corresponding effective magnetic moments m.g(c) =
11.29 and m(ab) = 12.33. The hysteresis was revealed
during magnetization of the crystal in the easy plane
perpendicular to the third-order axis of the crystal in
the field range 1—3.5 kG; and the spin flop transition
was also detected occurring at a temperature of 2 K in
a field of ~2.5 kG. At a temperature of 11 K, in fields
B < 1 kG, there is a peculiarity in the temperature
dependence of the susceptibility in the easy plane. At
the same temperature, the hysteresis noted above
appears: i.e., at higher temperature, the thermal
energy is sufficient to overcome the potential barrier
between the domains with three energetically equiva-
lent directions of the magnetic moments, and the crys-
tal tunnels between these states in each point. In fields
B > 3.5 kG, the crystal transforms into the single-
domain state, and the peculiarity in the temperature
dependence of the susceptibility disappears. Thus, the
peculiarity is related to the formation of the steady-
state domains, and, thus, steady-state domain walls. It
is precisely the existence of the steady-state domain
walls that differs the crystal state at 7< 11 K from the
state at 7> 11 K. The behavior of the susceptibility in
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fields 1-3.5 kG is determined by motion of the
domain walls and also by spin flop transitions and
rotation of the magnetic moments in the magnetic
field direction not only in the domains but also in the
domain walls. The magnetic properties of the
Nd, sGd, sFe;(BO;), crystal is substantially different
as compared to the magnetic properties of both
NdFe;(BO;), and GdFe;(BO;),.
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