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Magnetic properties of GdFe3(B0O3)4 single crystals were investigated by the 5" Fe-Mssbauer spectroscopy and
static magnetic measurements. In the ground state, the GdFes3(BOs)4 crystal is an easy-axis compensated
antiferromagnet, but the easy axis of iron moments does not coincide with the crystal C3 axis, deviating from it
by about 20°. The spontaneous and field-induced spin reorientation effects were observed and studied in detail.
The specific directions of iron magnetic moments were determined for different temperatures and applied fields.
Large values of the angle between the Fe3>T magnetic moments and the C3 axis in the easy-axis phase and
between Fe** moments and the a» axis in the easy-plane phase reveal the tilted antiferromagnetic structure.

PACS: 76.80.+y, 75.25.+z, 75.30.Gw, 75.50.Ee, 76.60.Jx
1. INTRODUCTION

The crystal GdFe3(BO3)s belongs to the family
of rare-earth borates RM3(BO3)4, where R is a rare-
earth element and M = Al, Ga, Fe, Sc, and has a
trigonal symmetry with the space group R32 (D},)
[1,2]. These materials first attracted great interest be-
cause of promising nonlinear and laser properties [3-5].
Quite recently, a magnetoelectrical effect was found in
GdFe3(BO3)4, which suggests that this crystal be con-
sidered as a new multi-ferroic material [6].

The crystal structure of GdFe3(BO3)4 can be repre-
sented by layers oriented perpendicular to the C3 axis
and consisting of trigonal GdOg prisms and smaller-
size FeOg octahedrons [2]. The FeOg octahedrons are
connected by edges and create one-dimensional spiral
chains directed along the three-fold C3 axis (Fig. 1).
The shortest Fe-Fe interionic distance in chains is

*E-mail: lyubutin@ns.crys.ras.ru

about 3.155A and that between chains is 4.361A,
whereas the shortest Fe-Gd distance is 3.746 A [2].
Exchange interaction between iron ions from different
chains is weak and the chains are mutually indepen-
dent.

Magnetization and magnetic susceptibility mea-
surements have shown that GdFe3(BO3)4 is an antifer-
romagnet with the Neel temperature Ty = 38 K, and
its magnetic moments are directed along the crystal C3
axis [7,8]. It was suggested that magnetic ordering re-
lates to Fe ions, whereas Gd ions are paramagnetic at
least down to the liquid-helium temperature [7]. How-
ever, recent studies of antiferromagnetic resonance [9]
indicated that a possible magnetic ordering of the Gd
ions at low temperatures can play an essential role in
magnetic anisotropy of the crystal and influence the di-
rection of the iron magnetic moment. The competition
of the magnetic anisotropy and indirect coupling be-
tween Fe—O-Fe chains via Gd** results in a range of
interesting magnetic behavior and, in particular, may
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Fig.1. A fragment of the GdFe3(B0Os3)4 crystal struc-
ture showing the oxygen octahedra (the iron ions sites)
generating helical chains along the C3 axis [2]

be responsible for the spin-reorientation effect observed
in Refs. [7,10]. In addition to the low-temperature
magnetic transitions, a structural phase transition was
observed at 156 K [11], and two electronic and struc-
tural phase transitions induced by high pressures at
P = 26 GPa and P = 42 GPa and at room tempera-
ture were found by optical and X-ray studies [12].

Calculations predicted [6] that the electric po-
larization and the magnetostriction appearing in
GdFe3(BO3)4 at low temperatures (the magnetoelec-
trical effects) are the result of changes in magnetic
symmetry during the spin-reorientation transition
induced by an applied magnetic field.

Thus, detailed information about distinctive fea-
tures of the spin-reorientation effect in GdFe3(BO3)4
is extremely important for understanding the low-
temperature properties and the nature of the magne-
toelectrical effect in this material.

In the present paper, static magnetic measure-

ments, °"Fe-Mdssbauer spectroscopy studies were car-
ried out at different temperatures and in an applied
magnetic field with the single-crystaline samples of
GdFe3(BO3)4. The temperature and magnetic-field in-
duced spin-reorientation transitions of the Fe*t mag-
netic moments were found and investigated in both
macroscopic and microscopic scales.

2. EXPERIMENTAL

High-quality crystals of GdFe3(BOg3)s were grown
by the flux method [7]. The crystals were transpar-
ent and had green color. The unit cell parameters are
a = 9.5491(6) A and ¢ = 7.5741(5) A. For the Mdoss-
bauer measurements, a platelet with the dimensions
8 x 5 mm? and thickness 0.3 mm was cut from the bulk
single crystal. The (5 axis was in the plane of the
platelet.

Static measurements of magnetization and mag-
netic susceptibility were carried out using a vibrating-
sample magnetometer with a superconducting magnet
in the temperature range 4.2-300 K. An external mag-
netic field up to 7.5 T was applied parallel and perpen-
dicular to the C5 axis.

The °7Fe-Mgssbauer spectra were recorded in trans-
mission geometry with standard spectrometers operat-
ing in the constant acceleration regime. Gamma-ray
sources of *"Co(Cr) and "Co(Rh) were used. Three
sets of Mossbauer experiments have been carried out
with the single-crystaline sample.

In the first set, the Mdssbauer spectra were recorded
at temperatures 5, 20, 40, and 300 K in zero applied
magnetic field and with the propagation vector k. of
the Mossbauer gamma rays directed perpendicular to
the crystal platelet.

In the second set, the spectra were recorded at 4.2 K
in external magnetic fields H = 0, 0.3, 1.0 T applied in
the plane of crystal platelet perpendicular to the direc-
tion of the sample C3 axis. The propagation vector of
the Mossbauer gamma rays was directed perpendicular
to the crystal platelet, i.e., the C'5 axis, the applied field
and the gamma rays were all mutually perpendicular.

In the third set, the spectra were recorded at 4.2 K
in external magnetic fields H = 0, 2.0, 4.0 T applied in
the plane of the crystal platelet, but parallel to the Cj
axis.
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Fig.2. Temperature dependences of the reciprocal 1/x and direct y magnetic susceptibility in the magnetic field H = 0.1 T
applied parallel (a) and perpendicular (b) to the C3 axis

3. RESULTS AND DISCUSSIONS

3.1. Summary results of the static magnetic
measurements

Temperature dependences of the direct y and recip-
rocal 1/y magnetic susceptibility with the applied field
0.1 T are shown in Fig. 2. Two anomalies are observed
when the field H is applied parallel and perpendicular
to the crystal C3 axis. At 38 K, the deviation of =1 (T')
from the linear law implies a transition from the para-
magnetic to an antiferromagnetic state, and the sharp
anomaly near 10 K indicates a change of the magnetic
structure of GdFe3(BO3)4.

The field dependences of the magnetization M (H)
at 4.2 K are shown in Fig. 3. When the magnetic
field is perpendicular to the C5 axis, the M(H) de-
pendence is almost linear in the range of 0 < H < 3 T,
and magnetization vanishes at zero field (see Fig. 3,
inset a). This behavior indicates that the ground
state of GdFe3(BO3)4 is a compensated antiferromag-
net. When H is parallel to the C5 axis, a sharp in-
crease of magnetization was observed at the critical
field Hyeor ~ 0.6 T. At this point, M reaches the value
typical of that for the case where H is perpendicular to
the C5 axis (see inset a in Fig. 3). This indicates that
a magnetic moment reorientation from the C3 axis to
the plane perpendicular to the C3 axis occurs. With a
further increase of the field, an additional anomaly is
observed near H ~ 3.1 T (see inset b in Fig. 3), which
can be attributed to the appearance of the spontaneous
magnetic moment induced in the basal plane.

We found that the critical field of reorientation,

Fig.3. The field dependences of GdFe3(BOs)s mag-

netization at 4.2 K in the magnetic field applied par-

allel (1) and perpendicular (2) to the C5 axis. Insets

(a) and () show the observed anomalies in an enlarge
scale

H, .o, decreases with increasing temperature. Figure 4
represents tentative magnetic phase diagrams showing
the values of critical fields Hy¢,» and corresponding
temperatures at which the magnetic moment reorienta-
tion occurs when the external field is parallel and per-
pendicular to the C3 axis. Along with our data of the
static magnetic measurements, the results in Ref. [6]
from electric polarization and magnetostriction mea-
surements and the results in Ref. [9] from the antifer-
romagnetic resonance measurements are also included
in the phase diagram of Fig. 4. One can see that differ-
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Fig. 4. The tentative magnetic phase diagram for GdFe3(BO3)4 showing the values of critical fields H,¢,» and corresponding

temperatures at which the iron moments reorientation occurs when the external field is parallel (a) and perpendicular (b) to

the C5 axis. Along with our data (m), the data from the electric polarization (x) and magnetostriction (o) measurements [6]

and the data from the antiferromagnetic resonance measurements (A) [9] are shown. In both (a) and (b), the dashed line

is a guide for the eye, and it separates the two magnetic phases at the reorientation transition from the easy-axis state to
the easy-plane state

ent methods give good agreement for the critical field
and its dependence on temperature. The dashed line
is a guide for the eye and separates the two magnetic
phases at the reorientation transition from the easy-
axis state to the easy-plane state.

3.2. The 3"Fe-M&ssbauer spectroscopy results

1. The 5"Fe-Mossbauer spectra of the first set of
measurements in zero applied field are shown in Fig. 5.
At temperatures 5 and 20 K, the magnetic hyperfine
splitting of resonance lines indicates a magnetic order-
ing of the Fe ions. A single six-line spectrum with a
rather narrow linewidth shows that all iron ions oc-
cupy equivalent crystal sites, even though the antifer-
romagnetic ordering implies the existence of at least
two iron magnetic sublattices. The magnetic hyperfine
field Hy; at a 5"Fe nuclei and the isomer shift (IS) val-
ues are typical of the high-spin Fe?* state (see Table).
At 40 and 300 K, the spectra show a slightly asymmet-
ric quadrupole doublet, which is characteristic of the
iron paramagnetic state. The line broadening at 40 K
(see Table) is apparently related to a trace of magnetic
ordering because the Neel temperature is very close to
this temperature. The decrease of the IS value with
increasing temperature from 5 to 300 K (see Table) is
related to the second-order Doppler shift. However, the
evident increase of the IS at the transition from the an-
tiferromagnetic to paramagnetic state is an indication
of some changes in the chemical bonds and/or the elec-

tronic state of the iron ions, which can be related to a
crystal distortion at the magnetic transition [6].

Special attention should be paid to the behavior
of the line intensities in the spectra at 5 and 20 K
(see Fig. 5). In general, the line intensities are de-
fined by the probabilities of the Mdssbauer transitions
between nuclear sublevels and depend on the angle
between the propagation vector k, of the gamma rays
and the direction of magnetic hyperfine field Hy ¢ at the
5TFe nuclei, which should coincide with the iron mag-
netic moment. For a thin absorber, the intensities I;
(1 =1,2,...,6) of a six-line Zeeman spectrum are in
the ratio

Li: Iy :I3=1Ig:15s: [, =3:a:1,

where )
48in“ 6
= — . 1
‘77 + cos?2 6 (1)
In a powder sample, a spherical average of the angle

distribution (cos?# = 1/3, sin? # = 2/3) gives
I : I, I3=1:15 : [, =3:2:1.

At a random orientation of a single crystal, the 6 value
can be obtained from

2L + 1)
G .
>
i=1

Thus, it follows from the spectra in Fig. 5 that at
temperatures between 5 and 20 K, the iron magnetic

cos?f=1-—

(2)
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Hyperfine parameters of the °"Fe-Mossbauer spectra of the GdFe3(BO3)4 single crystal; Hys is the hyperfine magnetic

field at a ®"Fe nuclei, IS is the isomer shift relative to a-Fe at room temperature, QS is the quadrupole shift (splitting),
T is the line width, H is the applied magnetic field, and ¢ is the angle between the direction of iron magnetic moments

and the main axis of electric-field gradient V.,

T, K H,T Hpy, kOe IS, mm/s QS, mm/s I, mm/s %
5 0 526.5(2) 0.503(3) —0.247(6) 0.365(8) (18.3 +£2.0)°
20 0 481.7(2) 0.504(2) +0.107(4) 0.333(6) (72.8 £2.0)°
40 0 ~0 0.554(2) 0.290(2) 0.431(3) -
300 0 0 0.390(2) 0.292(2) 0.300(3) -
External field H is perpendicular to the (5 axis
4.2 0 527.7(6) 0.485 (7) —0.269(15) 0.39(2) (12 £ 8)°
4.2 0.3 527.7(5) 0.497(6) —0.270(15) 0.37(2) (12 + 8)°
4.2 1.0 527.2(4) 0.497(5) —0.243(11) 0.38(2) (19.2 £2.0)°
External field H is parallel to the (5 axis
4.2 0 527.8(4) 0.510(5) —0.232(10) 0.380(13) (21.5 £2.0)°
4.2 2.0 529.8(2) 0.500(4) +0.120(7) 0.362(10) (76.2 £ 1.5)°
4.2 4.0 529.4(2) 0.493(3) +0.144(6) 0.349(8) (87.3 £1.5)°

moment in GdFez(BO3)4 changes its orientation. From
the line intensity ratio in Eq. (2), we found that the
iron moments make the angle # = (68 £ 3)° with the
k, vector at 5 K, and this angle changes at 20 K. The
low-temperature value of § indicates that the iron mag-
netic moments are not in the crystal plane but deviate
from it by the angle § = 90° — 68° = (22 + 3)°.

Additional information on the direction of the iron
magnetic moment can be obtained from the behavior of
the quadrupole shift in the Zeeman spectrum below the
Neel temperature. When the magnetic hyperfine inter-
action is much stronger than the electric quadrupole
interaction, the quadrupole shift of the spectral lines
observed below the Neel temperature, (e¢Q)ps, and
the true quadrupole splitting e2qQ (which can be ob-
tained above the Neel temperature) are related by
3cos?p —1
mm e 3)
Here, @ is the nuclear quadrupole moment and ¢ is
the angle between the direction of the iron magnetic
moment and the main axis of electric-field gradient
eq = V.. = 0*°V/02% [13]. We neglect the asymme-
try parameter n = (Vyu — Vyy)/Vzz in Eq. (3) because
of the local C3 symmetry.

Thus, the angular dependence of (€2qQ)yps can be

(QZQQ)obs ~ QZQQ

used to find the direction of iron moment relative to the
crystal axes if the main axis of the electric-field gradient
V.. is known. Due to crystallographic reasons, we sup-
pose that in the paramagnetic state of GdFe3(BO3)q,
the sign of the quadrupole interaction is negative. From
the quadrupole shift at T =5 K (Fig. 5), we found the
angle ¢ between Fe moments and V. direction to be
(18 £2)°. Tt is significant that the angles § = (224 3)°
and ¢ = (18 £ 2)° agree within their uncertainties and
indicate that V., coincides with the crystal C5 axis.
This suggests that the main axis of the electric-field
gradient at an iron nuclei is directed along the local
three-fold axis of an oxygen octahedral (see Fig. 1).
This also shows that at 5 K, the iron moments are not
directed precisely along the C3 axis, but rather at an
angle of about 20°.

From the quadrupole shift, we derive an increase
of the ¢ angle to (73 £ 2)° at 20 K. If there are no
structural transitions between 5 and 20 K, the V.. di-
rection should remain along the C5 axis. This means
that at 20 K, the iron magnetic moments include the
angle (73 £ 2)° with the C3 axis (Fig. 6a) and deviate
from the basal plane by about (18 & 2)°. The inten-
sities of the second and fifth spectral lines also change
(Fig. 5), supporting the rotation of the iron spins.
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Fig. 5. The °"Fe-Mdssbauer spectra of the

GdFe3(BO3)s single crystal recorded at tempera-
tures 5, 20, 40, and 298 K in zero applied magnetic
field

Thus, two independent Mdssbauer spectra parame-
ters, the line intensity and the quadrupole shift, indi-
cate that the reorientation of iron magnetic moments
occurs in GdFe3(BO3)4 at temperatures between 5 and
20 K. In Fig. 6a, mutual directions of the crystal Cj
axis, the main axis of the electric-field gradient V..,
the gamma-ray propagation vector k., and the iron
magnetic moments M are shown for different temper-
atures under the assumption that the direction of the
magnetic hyperfine field Hy; at > Fe nuclei coincides
with the direction of the iron magnetic moments.

2. In the second setup of experiments, the k. vec-
tor, the C3 axis, and the external magnetic field H
were all mutually perpendicular. The spectra of this

series recorded at 4.2 K are shown in Fig. 7a. The
external fields of 0.3 and 1.0 T applied perpendicu-
lar to the crystal (5 axis do not significantly change
the hyperfine parameters at 4.2 K (see Table). The
iron magnetic sublattices do not lead to the absorption
line split and the values of the magnetic hyperfine field
Hyy are unchanged (see Table). This correlates with
the suggestion that H and Hj; are almost perpendic-
ular. The areas of spectral lines 2 and 5 show that
the fields Hyy (and the Fe moments) are not perpen-
dicular to the gamma-ray beam but are at angles of
about § = (68 +£5)° (at H = 0 and H = 0.3 T) and
6 = (65+5)° (at H =1.0T) to the k, vector. The
values of the angle ¢ between the Fe moments and V..
(i.e., the C3 axis), estimated from the quadrupole shift,
are the same for all H, and close to the value estimated
above at 5 K for zero applied field (i.e., ¢ is near 20°)
within experimental error.

Thus, this series of experiments supports the con-
clusion derived in Sec. 3.2.1 that in the low-temperatu-
re phase of GdFe3(BO3)4 near 4.2 K, the Fe moments
are not directed along the C3 axis but deviate from it
by an angle of about 20°.

3. The spectra of the third set of experiments with
the external field applied along the C's axis are shown in
Fig. 7b, and the hyperfine parameters are listed in Tab-
le. At a fixed temperature of 4.2 K, the changes in in-
tensities of spectrum lines 2 and 5 clearly show the spin
reorientation effect induced by the applied field. In the
field of 4.0 T, all Fe magnetic moments line up along the
k. vector (§ ~ 0). This means that the angle 5 between
the iron moments and the C3 axis is near 90°. The
behavior of the quadrupole shift supports this observa-
tion: the estimated angles ¢ are about (76.2 4 1.5)° at
H =2Tand (87.3+1.5)° at H = 4 T (see Fig. 6b).
The agreement of the § and ¢ angle values at H =4 T
again supports the conclusion made in Sec. 3.2.1 that
V.. direction coincides with the crystal Cs axis.

Thus, the external field applied along the C3 axis
rotates the iron spins in the (aC3) plane of the crystal
towards the basal plane (see Fig. 6b). At H =4 T, the
iron moments are oriented perpendicular to the Cj axis
and also perpendicular to the applied field.

It should be noted that if the antiferromagnetic iron
sublattices are collinear, the arrow M in Fig. 6 repre-
sents the iron antiferromagnetic vector L.

In the basal plane of GdFe3(BO3)4, there are three
two-fold a, axes at the angles 120° relative to each
other. However, the Mossbauer experiment shows that
in spite of the equivalence of the three as axes, the
iron moments in the basic plane are aligned completely
along only one of the ay axes, just the one directed
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Fig.6. Effects of reorientation of the Fe magnetic moments in GdFe3(BO3)4 deduced from the Méssbauer measurements
under the assumption that the hyperfine magnetic field Hy,; at the ®”Fe nuclei coincides with the iron magnetic moments M.
Mutual directions of the crystal Cs axis, the main axis of the electric-field gradient V.., the applied magnetic field H, the
gamma-ray propagation vector k., and the iron magnetic moments M are shown for different temperatures (a) and applied

magnetic fields (b).

In the case where the antiferromagnetic iron sublattices are collinear, the arrow M in (a) and (b)

represents the iron antiferromagnetic vector L

perpendicular to the crystal platelet. It seems that in
a thin crystal platelet, the surface anisotropy plays an
important role in the iron spin orientation.

In the case of collinear antiferromagnetic order-
ing of two Fe sublattices, the external field applied
along the antiferromagnetic vector would increase
(Hiyot = Hpy + H) or decrease (H;oy = Hpp — H)
the total field H;,; at iron nuclei in these sublattices.
But the Mdéssbauer spectra in Fig. 7 show that the ap-
plied field does not split the absorption lines and only
slightly modifies the Hy, value. Rotation of the iron
spins normal to H with a negligible contribution of the
Hy, ¢ projection onto H explains this behavior.

4. SUMMARY

From the two series of Mossbauer measurements on
GdFe3(B0O3)4 single crystals, we have established that
the main axis of the electric-field gradient, V.., is di-
rected along the crystal C3 axis.

Our phase diagram in Fig. 4 obtained from the mag-
netic static measurements shows good agreement with
magnetic resonance [9] and electrical polarization and
magnetostriction data [6]. The 5"Fe-Mossbauer spec-
troscopy data confirm the spin reorientation transition,
first observed in GdFe3(BOs3)4 by the magnetic static
measurements, and give new information on the spe-
cific orientation of the iron magnetic moments and the
values of angles between the moments and crystal axes
at different temperatures and applied fields. In the
ground state at 4.2 K, the GdFe3(BOs3), crystal is an
easy-axis compensated antiferromagnet. However, the

easy axis of the iron moments deviates from the crystal
(5 axis by about 20°.

At about 10 K, the iron magnetic moments reori-
ent spontaneously from the easy axis towards the basal
plane. However, at 20 K, the moments are not entirely
in the basal plane but deviate from it at about 18°. At
4.2 K, the external field of 1.0 T, applied perpendic-
ular to the C5 axis, does not influence the iron spins
direction. This correlates with the magnetization be-
havior shown in inset @ in Fig. 3. The field H applied
along the ('3 axis gradually rotates iron moments in the
(aC3) plane toward the basal plane, and at H =4 T,
the moments are entirely in the plane. In the basic
plane, the iron moments are directed along the crystal
as axis, which is perpendicular to the crystal platelet.

Thus, we have found that the magnetic structure
of GdFe3(BO3)s is more complicated than it was
suggested in Ref. [9]. The large values of the angle
between the Fe?t magnetic moments and the Cj
axis in the easy-axis phase and between the Fe®*
moments and the a, axis in the easy-plane phase
reveal a tilted antiferromagnetic structure. The origin
of this tilting is the competition of the two contri-
butions to the magnetic anisotropy from the Fe3*
and Gd**t sublattices. The decreasing of symmetry
below the structural phase transition at 7' = 156 K
and also below the Neel temperature Ty = 38 K [6]
provides an additional contribution to the deviation of
the magnetic moments from the crystallographic axes.
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Fig.7. The °7Fe-Mdssbauer spectra of the

GdFe3(BO3)4 single crystal recorded at 4.2 K in
the external magnetic field applied perpendicular (a)
and parallel (b) to the crystal C5 axis
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