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a b s t r a c t

X-ray analysis revealed that at temperature decreasing from room temperature to Tstr ¼ 155 K the crystal
unit cell GdFe3(BO3)4 is reduced only along the c axis (at 0.01 Å), while the a and b axes are unchanged
within the error limits. The volume of the crystal decreases uniformly in the direction of all three axes at
155e80 K. At 80e30 K the crystal volume is decreased only by reduction of the parameters a and b, while
the parameter c increases conversely. In the paramagnetic region M€ossbauer spectra do not distinguish
between the two structural positions of iron ions Fe1 and Fe2, appearing at T < Tstr. Below the tem-
perature of the magnetic phase transition at TN ¼ 38.0(1) K the M€ossbauer data indicate quasi-one-
dimensional magnetic ordering of iron moments in the sublattice Fe2 and a two-dimensional one in
the iron sublattice Fe1. The dynamics of spin reorientation in sublattices Fe1 and Fe2 is studied in detail.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Recently, the study of multiferroic materials has raised consid-
erable interest due to their large magnetoelectric effect [1e7].
Among such materials there is a new family of rare earth borates
RM3(BO3)4 (R ¼ rare earth element, M ¼ Al, Ga, Fe, Sc). The crystals
of this family are isostructural to the natural mineral huntite,
CaMg3(CO3)4 [8], and have trigonal symmetrywith space group R32
(D7

3h) [9,10]. The rare earth aluminum-borates show nonlinear
optical and laser properties. For example, YAl3(BO3)4 and
GdAl3(BO3)4, doped with neodymium, may be used for the
frequency-doubled lasers. GdAl3(BO3)4:Nd3þ crystal is one of the
most effective materials for diode pump lasers with self-doubling
frequency, while NdAl3(BO3)4 is an effective medium for mini-
lasers [11e13]. The compounds with magnetic ions M ¼ Cr, Fe can
be used in magneto-optical devices based on the Kerr and Faraday
effects. Magnetoelectric interactions in rare-earth ferroborates
appear as anomalies in the dependence of the electric polarization
on the magnetic field when the magnetic structure in the iron
sublattice changes [14e16]. The presence of two magnetic sub-
systems, iron ions and rare earth ions, generates a diversity of the
ferroborates properties [16].

One of the most interesting compounds in the family is
GdFe3(BO3)4 because it shows the cascade of phase transitions
discovered in the past two decades. Its magnetic susceptibility,
magnetization, and heat capacity measurements [17e19] have
shown that at low temperatures GdFe3(BO3)4 is a compensated
antiferromagnet with the Neel temperature TN ¼ 38 K and the spin
reorientation transition happens in the crystal at about TSR ¼ 10 K
(spin flop). Below TN the magnetic ordering refers to iron ions,
however when the temperature is lowered further the para-
magnetic Gd3þ ions aremagnetized by iron sublattice and affect the
anisotropic properties of the crystal significantly [20e23]. X-ray
diffraction and Raman studies as well as the data on heat capacity
have shown a structural phase transition at about Tstr ¼ 155 K
[19,26,27].When applying high pressure to GdFe3(BO3)4 crystal, the
structural phase transitions and two electronic transitions with an
abrupt decrease in the optical gap to a value characterizing a
semiconducting state have been discovered at pressures of P ¼ 26
and 43 GPa [24,25]. The observation of magnetoelectric effects [6]
has allowed to assign GdFe3(BO3)4 to the multiferroic category of
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Fig. 1. Crystal structure of GdFe3(BO3)4 at room temperature, T ¼ 295 K. There are two
types of boron triangles [BO3] (B1 (light green balls) and B2 (green balls)), bonding
FeeFe and FeeGd in planes (ab). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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materials. It is recently established [23] that electric polarization is
induced by both magnetic subsystems of Fe and Gd ions. The
contribution from iron ions is isotropic, and from gadolinium ones
is anisotropic.

Despite the large number of publications, the feature of the
magnetic ordering of iron and gadolinium ions, and the relation-
ship between the structural and magnetic phase transitions in
GdFe3(BO3)4 remain unclear. Low-temperature structural studies
were conducted only at 90 K [26], which is not sufficient for com-
plete understanding of the properties of this crystal. In this paper,
the dynamics of structural and magnetic phase transitions in
GdFe3(BO3)4 single crystal was investigated by X-ray diffraction at
the temperature range 30e295 K and by M€ossbauer spectroscopy
(on nuclei 57Fe) in the range of 5e295 K.

2. Experiment

High-quality single crystals of dark green transparent
GdFe3(BO3)4 were grown by the solution of the melt (the flux
method) [28,29]. Elemental chemical composition of the samples
was determined by energy dispersive X-ray microanalysis using
scanning electron microscope FEI Quanta 200 3D Dual Beam,
equipped with a microanalyzer EDAX. The measurements at the
accelerating voltage of 5 kV and 30 kV have been conducted. At 5 kV
we did not succeed to achieve the necessary spatial resolution for
detection of boron atoms in the structure. The measurements at
30 kV have shown that the sample contains the atoms of bismuth,
Bi, in aweight amount of about 1.5%. It may be incorporated into the
crystal from the solution (melt) during the synthesis, presumably
substituting the gadolinium, Gd.

X-ray diffraction investigations of GdFe3(BO3)4 single crystals
were performed at the temperature range 30e295 K using 4-Circle
Diffractometer HUBER-5042, equipped with a cryostat DISPLEX DE-
202. In the temperature range of 20e250 K the closed-cycle cryo-
stat provides the sample temperature stability at a level of ±0.05 K.
The accuracy of setting the goniometer angular positions is 0.001�.
The unit cell parameters were measured at room temperature and
then in increments of 5e10 K in the temperature range 220e30 K.
Structural parameters were determined from 32 reflections within
a diffraction angle range of 19 < q < 22�. We measured 4 axial re-
flections (at 2q¼ 45�) and 12 reflections (at 2q¼ 38�) in the positive
and negative regions.

The M€ossbauer measurements were performed on powdered
single crystals of GdFe3(BO3)4. M€ossbauer absorption spectra at
57Fe nuclei were recorded in the temperature range of 5 e 295 K
using a standard spectrometer MS-1104Em operating in the con-
stant acceleration mode and equipped with a special closed-cycle
helium cryostat RTI CryoFree-104. The source of gamma rays 57Co
(Rh) was at room temperature. The values of the isomer shifts were
measured relative to a standard absorber, a-Fe at room tempera-
ture. Computer analysis of the spectra was performed using the
program Univem MS that is a part of the software of the spec-
trometer MS-1104Em.

3. Results and discussion

3.1. X-ray research data

The crystal structure of GdFe3(BO3)4 (space group R32 at 295 K)
can be represented as layers perpendicular to the c axis (C3) and
consisting of trigonal prisms, GdO6, and smaller FeO6 octahedra
[9,10]. Boron atoms form two types of triangles [BO3] with oxygen
atoms. The vertices of the first type triangles [BO3]1 are connected
with the FeO6 octahedra only. In the triangle of the second type
[BO3]2 the vertex is connected to two FeO6 octahedra, and each of
the other two vertices is connected to both FeO6 octahedron and
GdO6 prism. FeO6 octahedra are connected by edges, forming he-
lical chains elongated along the c axis (see Fig. 1).

X-ray diffraction data in Ref. [26] were obtained for a crystal
GdFe3(BO3)4 at two temperatures 295 and 90 K. It was shown that
at 295 K, all the iron ions are structurally equivalent and FeO6
octahedra form identical helical chains along the c axis. At 90 K the
crystal symmetry is reduced from R32 to P3121 (as a consequence of
the structural transition at Tstr ¼ 155 K), and the spatial position of
the boron group BO3 linking together chains of iron changes. Ac-
cording to the authors of [26], this leads to two non-equivalent
positions of iron found at 90 K.

The results of our X-ray studies in the temperature range of
30e295 K are shown in Fig. 2. We establish here that at tempera-
ture decreasing the unit cell parameters a and b preserve their
values until the temperature reaches Tstr ¼ 155 K and, then the
values are reduced abruptly by 0.005 Å indicating the structural
transition (see Fig. 2(a)). The parameter c behaves differently (see
Fig. 2(b)). In the range of 295e160 K it reducing from 7.577(5) to
7.567(4) Å, then it experience a little sharp drop at 155 K. So, at Tstr
parameters a and b are changed more than parameter c. All three
parameter a, b, and c are reduced smoothly while decreasing the
temperature further T < 155 K, however the c parameter behavior
changes at T ¼ 80 K. It starts to grow smoothly, and at 30 K it
reaches its value, detected earlier at Tstr (see Fig. 2(b)). The behavior
of unit cell volume V(T) also indicate the structural phase transition
of the first order at Tstr ¼ 155 K. At further cooling down to 30 K the
unit cell volume is reduced monotonically (see Fig. 2(c)).

Thus, while reducing the temperature from 295 K to Tstr ¼ 155 K
crystal GdFe3(BO3)4 is decreased (shorten) smoothly along the c



Fig. 2. Temperature dependences of the unit cell parameters of GdFe3(BO3)4 crystal: a and b (a), с (b), and volume V (c). Solid lines are guides for the eye.
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axis (by 0.01 Å), whereas the a and b axes remain unchanged. The
sharp decrease in volume at Tstr is mainly due to a reduction of the
axes a and b, whereas the c axis at this point is reduced slightly. In
the range of 155 e 80 K the crystal volume is reduced uniformly in
all three axes. On further cooling from 80 to 30 K, the volume de-
creases only by reducing the parameters a and b, while the
parameter c increases conversely. This effect is probably related to
thermal expansion anomalies detected in a single crystal
GdFe3(BO3)4 in the range of 40 < T < 80 K [16].

Note that in Refs. [26], the values of the parameters a and b,
received at T ¼ 90 K, are higher than at T ¼ 295 K. Our structural
experiments, by contrast, showed a reduction of the parameters a
and b in the whole temperature range from 295 to 30 K. We have
not found any structural features at the magnetic transition
occurring at 38 K.

Taking into account the results obtained above the great interest
is to conduct structural studies of GdFe3(BO3)4 in a low-
temperature region where magnetically ordered state is devel-
oped. Our group performed single-crystal structural analysis at 295,
90 and 30 K, and now the results are processed. Previously, our data
support the change in the symmetry of the crystal from R32 to the
P3121 and the appearance of two non-equivalent structural posi-
tions of iron ions Fe1 and Fe2 below the structural transition at
Tstr ¼ 155 K. The occupancy of iron ions with more symmetrical
position Fe1 and common position Fe2 is in the ratio 1:2.
Preliminary data indicate that when temperature is lowered from
90 to 30 K the oxygen octahedra surrounding ions Fe2 are distorted
stronger than octahedra Fe1.

This distortion is mainly caused by change in distance between
the iron ions and oxygen in the chains along the c axis. This cor-
relates with the increase in the parameter c at 80 e 30 K (see
Fig. 2(b)). At the same time the distance between the iron and
oxygen bonding Fe with boron ions varies slightly. The distances
FeeFe in the chains of both types (Fe1 and Fe2) and FeeGd dis-
tances increase. The full results of our single-crystal X-ray diffrac-
tion studies of GdFe3(BO3)4 at 295, 90 and 30 K will be published in
the near future.

3.2. M€ossbauer spectroscopy

3.2.1. Paramagnetic temperature region structural phase transition
at TS ¼ 155 K

In the temperature range 40 e 295 K M€ossbauer spectra of
GdFe3(BO3)4 crystal have the form of a paramagnetic doublet with a
small asymmetry of lines which width is in the range of 0.26 e

0.30 mm/s (see Fig. 3).
Taking into account our structural data pointing to two struc-

tural position of iron ions at T < Tstr, in the first phase, we tried to
approximate the M€ossbauer spectra by two doublets with a varia-
tion of the isomer shifts d and quadrupole splitting D. However, it



Fig. 3. Typical M€ossbauer spectra of GdFe3(BO3)4 crystal in paramagnetic temperature
region.
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was found that this model is unstable and gives a significant
dispersion of hyperfine parameters of individual components. A
detailed analysis of the different models of spectra processing at
different temperatures in the range 40 e 295 K has demonstrated
that one doublet approximation has highest stability of the pa-
rameters d and D.

The temperature dependence of these parameters in the model
of one doublet is shown in Fig. 4. The dependence d(T) does not
detect any anomalies in the region of 40e 295 K, and its behavior is
characteristic of the second-order Doppler effect. At 40 K the
d value is 0.504(5) mm/s and decreases to 0.390(5) mm/s at 295 K,
which is typical for high-spin state of Fe3þ ions in octahedral oxy-
gen coordination (see Table 1). TheD valuemonotonically increases
with temperature decreasing from 295 to 180 K, peaking near the
temperature of the structural transition Tstr ¼ 155 K (see Fig. 4).
Fig. 4. Temperature dependences of the isomer shift d (blue squares) and quadrupole
splitting D (red circles). The uncertainties of isomer shift are within the squares. Solid
lines are guides for the eye. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
Upon further cooling to 130 K, the parameterD decreases rapidly to
a value typical for room temperature, and then does not change
while cooling down to 90 K. Below 90 K, the D again decreases
dramatically. This region coincides with the temperature range
where our structural studies reveal an anomaly in variations of the
lattice parameter c (see Fig. 2(b)).

So, within some uncertainties the M€ossbauer spectra (including
the spectra of high statistics collected) do not indicate the existence
of two structural position of iron ions in GdFe3(BO3)4 expected at
T < Tstr ¼ 155 K. In paramagnetic temperature region from 295 to
40 K the spectra are well characterized by single doublet until the
magnetic phase transition at TN z 38 K occurs. Evidently, the
electronic states and local structure of iron ions in both Fe1 and Fe2
positions differ negligibly, and the parameters d and D are equal in
those positions. Nevertheless, the temperature behavior of the D(T)
parameter correlates well with our structural data.

3.2.2. Magnetic properties at T < TN ¼ 38 K
When cooled below TN z 38 K the M€ossbauer spectra of

GdFe3(BO3)4 show the magnetic hyperfine splitting, indicating a
magnetic phase transition. The best approximation of the low-
temperature spectra is obtained by using three magnetic compo-
nents (see Fig. 5), which differ in the value of the magnetic hy-
perfine field Bhf at iron nuclei and the value of the quadrupole shift.
Two intensive sextet M1 (red) and M2 (blue) with close values of
the hyperfine interaction parameters (see Table 1) correspond to
two non-equivalent states of iron ions Fe1 and Fe2. The third low-
intensity sextet M3 (green) presumably refers to the iron ions in
contact with the impurity ions of bismuth, Bi, which partially
replaced the gadolinium ions, Gd. Areas of the components M1 and
M2 are in an approximate ratio 1:2. That is consistent with the X-
ray diffraction data showed the distribution of the iron ions in two
nonequivalent structural positions. Thus, the M€ossbauer measure-
ments results clearly allow to distinguish between the two iron ions
states only when cooling system below the magnetic phase tran-
sition temperature TN ¼ 38.0(1) K where strong magnetic interac-
tion in the iron sublattice occurs.

According to our structural data, at 30 K (i.e. at T < TN) there are
changes of the FeeO distances in the chains along the c axis, and
the oxygen octahedra surrounding ions Fe2 are distorted stronger
than octahedra around Fe1. The distances and bond angles
FeeOeFe and FeeO-Gd are changed simultaneously. One can as-
sume that in addition to structural differences of octahedra Fe1 and
Fe2 the nonequivalent magnetic state of iron M1 and M2 occur due
to the interaction between the antiferromagnetic sublattices of iron
and gadolinium.

Fig. 6 shows the temperature dependences of the magnetic
hyperfine field Bhf at 57Fe nuclei for three positions of the iron ions.
To clarify the value of TN and determine the type and dimensions of
the magnetic ordering the experimental dependences Bhf (T) near
TN were approximated by the calculated curves in the model of
critical factors B(T) ¼ B0(1�T/TN)

b.
In general, the magnetic behavior of the system can be charac-

terized by the dimension of the magnetic lattice d and the
dimension of an order parameter n. The parameter d can be 1 (one-
dimensional chains), 2 (a layered structure or surface), and 3 (bulk
material) (see, for example [30]). The parameter n is set by the
model that describes the magnetic system, i.e., by Hamiltonian, H.

For n ¼ 1 (Ising model): H ¼ �S JijS2iS2j;
for n ¼ 2 (planar model XY): H ¼ �S Jij(SaiSaj þ SyiSyj);
for n ¼ 3 (Heisenberg model): H ¼ �S JijSiSj.

For all n, a long-range order exists only for d ¼ 3. Ising model
(n¼ 1) allows two- and three-dimensional long-range order, and in



Table 1
Hyperfine parameters, obtained from M€ossbauer spectra of GdFe3(BO3)4 at certain temperatures.

D
M1 M2 M3

T (K) D (mm/s) D (mm/s) d (mm/s) ε (mm/s) Bhf (T) A (%) d (mm/s) ε (mm/s) Bhf (T) A (%) d (mm/s) ε (mm/s) Bhf (T) A (%)

295 0.390(1) 0.295(1) e e e e e e e e e e e e

80 0.497(1) 0.293(1) e e e e e e e e e e e e

40 0.502(1) 0.289(1) e e e e e e e e e e e e

30 e e 0.499(3) 0.112(6) 37.63(5) 27(1) 0.505(2) 0.087(3) 38.77(2) 58(1) 0.510(8) 0.12(2) 36.1(1) 15(1)
20 e e 0.497(4) 0.084(8) 47.06(5) 28(1) 0.502(2) 0.086(3) 47.98(2) 62(1) 0.50(3) �0.05(6) 45.0(5) 10(1)
5 e e 0.505(1) �0.222(2) 52.58(1) 30(1) 0.495(7) �0.214(2) 53.29(1) 61(1) 0.488(5) �0.213(9) 51.29(5) 9(1)

d is the isomer shift, D is the quadrupole splitting, Bhf is the magnetic hyperfine field at Fe nuclei, ε is the quadrupole shift, A (%) is the relative area of the component.

Fig. 5. Representative M€ossbauer spectra of GdFe3(BO3)4 crystal in magnetically or-
dered temperature region. There are M1 (red), M2 (blue), and M3 (green) components,
corresponding to the nonequivalent magnetic state of iron. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Heisenberg model (n ¼ 1) and XY (n ¼ 2) a low-dimensional order
(d ¼ 1 and 2) does not exist. According to the model of critical
coefficients a parameter b can take the following values [30,31]:
d ¼ 3 d ¼ 2

n 1 2 3 1
b 0.31 0.33 0.35 0.125

Fig. 6. Temperature dependences of the magnetic hyperfine field Bhf at 57Fe nuclei in
GdFe3(BO3)4 crystal for different components of M€ossbauer spectra. M1 e red tri-
angles, М2 e blue inverse triangles, М3 e green diamonds. The uncertainties of the Bhf

values are within the points. The solid differently colored lines are the calculated
curves approximated to the critical coefficients model. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this
article.)
For M1 component related to the helical chains of ions Fe1, we
obtained the value TN ¼ 38.0(1), and b ¼ 0.33(1) (n ¼ 2), which
corresponds to the two-dimensional Ising model. Structurally, all
the atoms Fe1 are in exact positions on the axes of the third order,
and there is no any partial disorder. Fe1 oxygen octahedra are
distorted less than octahedra Fe2.

For M2 component related to helical chains ions Fe2, we ob-
tained values TN¼ 38.0(1), and b¼ 0.29(2) (n¼ 1). This corresponds
to a one-dimensional Ising model. In terms of structure, the Fe2
atoms are arranged in less symmetrical common positions. The axis
of the third order for them is lost, and there is structural disorder.
Comparing with the paramagnetic region (T ¼ 90 K) at T < TN the
Fe2 oxygen octahedra are distorted more than octahedra Fe1, the
FeeFe distance is increased by increasing the angle of the exchange
coupling FeeOeFe. Apparently this is a reason for the fact that the
magnetic hyperfine field Bhf(M2) for this component is slightly
larger than for M1.

These data show that the quasi-one-dimensional ordering of the
magnetic moments of iron take place in Fe2 chains, where the iron
atoms are structurally disordered. Apparently this structural
feature enhances the exchange interaction via oxygen along the
chains FeeOeFe in the direction of the c axis. It has been suggested
in Ref. [34] that as the temperature decreases, the 1D type of
magnetic ordering is first to appear, because of the dominant role of
antiferromagnetic exchange between adjacent layers. This leads to
the magnetic ordering of helical iron chains along the c axis.
Apparently, our data support this assumption.

For low-intensity M3 component, the values TN ¼ 38.0(1) and
b ¼ 0.37(1) (n ¼ 3) are obtained, they correspond to the long-range
magnetic order 3D. In the range of 15e29 K, the temperature
dependence of the magnetic field Bhf(T) for this component is
markedly different from the curves for the components M1 and M2
(see Fig. 6). Apparently, this is due to the fact that the iron ions in
the sublattice M3 are not influenced by gadolinium ions. Obviously,
these iron ions have as a neighbor a bismuth ion instead of gado-
linium ion. Bismuth is introduced as a gadolinium replacing
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impurity in the process of the crystal growth.
The value of TN found from our M€ossbauer experiment, is

slightly above the value of 37 K obtained by other methods
[15,17,19]. This may be due to the fact that M€ossbauer spectroscopy
is more sensitive to magnetic correlations that can take place in the
small temperature range above TN, for example, in layered systems
with competing exchange interactions [32].
Fig. 7. Temperature dependences of angle 4 between crystallographic axis с in
GdFe3(BO3)4 and magnetic moments of iron ions in two nonequivalent sites Fe2 (blue
inverse triangles) and Fe1 (red triangles). Empty circles show the temperature
dependence of 4 for magnetic moments of Gd ions from data obtained in Ref. [36]. The
uncertainties of the angles values are within the points. Solid lines are guides for the
eye. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 8. The schema of reorientation of the iron magnetic moments in the Fe1 and Fe2
sites located in (ab) ferromagnetic plane based on the M€ossbauer data obtained at
T < 38 K.
3.2.3. Spin-reorientation phase transition (TSR ¼ 9 K)
Previously, using magnetic [19] and M€ossbauer [22] measure-

ments of the GdFe3(BO3)4 crystal, spin reorientation phase transi-
tion in the subsystem of the iron ions has been discovered at
temperatures of about 10 K. From the M€ossbauer investigations of
single crystals GdFe3(BO3)4, we obtained values of the angle 4 be-
tween the iron magnetic moments and the c axis at temperatures 5
and 20 K [22].

For the detailed study of the dynamics of reorientation transi-
tion, we conducted a thorough temperature scan of the M€ossbauer
spectra with interval of 0.5 e 1.0 K and obtained detailed depen-
dence of the angle 4 (T) in the range of 5 e 35 K.

It is known that the information about the orientation of the
magnetic moment of iron ions can be obtained from the values of
the quadrupole shift ε in M€ossbauer spectra measured at temper-
atures below the magnetic ordering TN. If the energy of the mag-
netic hyperfine interaction is much greater than the electric
quadrupole one (Bhf >> D), the observed quadrupole shift ε and the
true value of the quadrupole splitting D (which can be obtained at
temperatures above TN) are related as:

ε ¼ D
3 cos2 4� 1

2

here 4 is the angle between the magnetic moment of ironM and
the main axis of the electric field gradient Vzz. Note, in GdFe3(BO3)4
crystal, in view of the local C3 symmetry, the Vzz direction coincides
with the c axis [35]. Thus, the angular dependence ε(4) can be used
to determine the direction of the magnetic moment of iron with
respect to the crystallographic axes.

Fig. 7 shows the results of the calculation of the angle 4 as
determined from experimental M€ossbauer spectra, which clearly
shows the effect of spin reorientation. We have found that in the
narrow temperature range 7 e 11 K, the 4 tilt angle between the
iron magnetic moments and the c axis sharply changes. In two iron
sublattices Fe1 and Fe2, the 4 angle value increases from 34� to
z 55� and to z 63�, respectively. At higher temperatures, the 4(T)
dependences for both iron sublattices are almost linear. For ions
Fe2, the angle goes to a “plateau” at 4 z 64� and remains mostly
unchanged until the magnetic phase transition at Tz 35 K. For ions
Fe1 the value of 4 increases monotonically from 55� to 68�. Fig. 8
shows a diagram of simulated reorientation of the iron magnetic
moments in the Fe1 and Fe2 sites located in (ab) ferromagnetic
plane relative to the crystallographic c axes at temperatures 5, 11,
and 30 K.

It has been shown in Refs. [33,34] that below TN ¼ 38 K the
gadolinium moments are polarized due to the antiferromagnetic
interaction with iron, and the magnetic structure of GdFe3(BO3)4
consists of the (ab) planes containing ferromagnetically ordered
ions of iron and gadolinium. These planes alternatewith translation
along the c axis, and the neighboring planes are ordered antifer-
romagnetically. The magnetic properties are formed as a result of
competition between anisotropic interactions of subsystems of iron
and gadolinium ions with different signs of the anisotropy. In
Refs. [36], the Neel temperature for Gd3þ ions of TN ¼ 36.5(1) K has
been found by the method of magnetic X-ray scattering.

With further cooling, the angle of Gd3þ moments to the c axis is
increased from 30� to about 60� at 30 K, and then reduced to 40� at
25 K. It remains almost the same (at about 45�) until the temper-
ature of the spin reorientation phase transition that occurs at
TSR z 9 K simultaneously in both the iron and rare earth sub-
systems (see Figs. 7 and 8). According to our data, the temperature
dependence of the angle 4 (T) for the iron moments in the sub-
lattices Fe1 and Fe2 in the range of 20e35 K is not correlated with
the complex behavior of the orientation of gadolinium moments
described in Refs. [36], as shown in Fig. 7. Below 20 K the magnetic
moments of iron and gadolinium subsystems demonstrate consis-
tent behavior terminating by the spin reorientation transition at
TSR ¼ 10 K.
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In conclusion, we note that neutron studies of GdFe3(BO3)4 have
not been carried out because the Gd nuclei are not convenient for
the neutron diffraction experiments. Therefore, assumptions about
the type and dimensions of magnetic order as well as the dynamics
of magnetic phase transitions have been made on the basis of
measurements at external magnetic field, and theoretical calcula-
tions [33,34]. The results of the M€ossbauer measurements obtained
in this work have allowed for the first time to obtain the experi-
mental data about the details of the magnetic transitions in
GdFe3(BO3)4.
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