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Solid solutions of yttrium-gadolinium orthoferrites Gd,Y;_xFeOs; (0 < x < 1) were prepared by high-
energy ball milling. The aim of this work was to study the influence of the synthesis parameters on
the crystal structure and the magnetic behavior of these solid solutions. The precursors, Fe,0s, Y03
and Gd,03, mixed in a stoichiometric ratio to obtain these orthoferrites, were milled for different times
(up to 5 h). X-ray diffraction and Rietveld refinement were used to elucidate the phase transformation as
a function of the milling time. Results showed the complete formation of orthoferrite with an orthorhom-
bic structure (S.G. Pbnm) without any annealing after 5 h of milling for all of the compositions. The effect
of the synthesis process and the x value on the crystal structure and the magnetic properties were also
studied. All of the synthesized powders demonstrated weak ferromagnetic behavior. In particular, an
increase in the maximum magnetization for all the compositions was found, with a maximum that
reached 7.7 emu/g for Gdp75Yo25Fe0Os. For GdgsYosFeOs, the magnetization decreases down to
2.1 emu/g. A small contamination of metallic Fe was confirmed through electron spin resonance
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experiments.
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1. Introduction

Ceramics with a perovskite structure have been a subject of
interest for researchers due to their potential technological appli-
cations [1,2]. In particular, yttrium orthoferrite, YFeOs, and its re-
lated solid solutions (substituted orthoferrites) are among a wide
variety of functional materials that are used in many electronic
applications and are attractive materials for use in other applica-
tions, such as in the memory elements of logic devices in computer
engineering, as well as for use in catalysis, gas separation systems,
cathodes of solid oxide fuel cells, sensors, magneto-optical sys-
tems, magnetic field sensors and information recording and stor-
age systems [2-5].

Rare earth orthoferrites, RFeOs, where R is the rare earth, crys-
tallize in the perovskite structure [6], with the Fe>* ion surrounded
by six oxygen ions in the B-sites [7] and with R in the A-sites.
YFeOs, which is weakly ferromagnetic due to a canted antiferro-
magnetic structure [8], presents a polymorphic behavior and crys-
tallizes in either orthorhombic or hexagonal structures, depending
on the synthesis conditions [9].
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When magnetic Gd3* is partially substituted for non-magnetic
Y3* in YFeOs;, the generation of new magnetic interactions [10]
and the ensuing changes in the material’s magnetic behavior are
expected. The incorporation of a bigger cation, such as substituting
Gd>* (ionic radii 0.938 A) for Y** (ionic radii 0.90 A) into the YFeO5
structure in the A sites, increases the Goldschmidt’s tolerance fac-
tor, presumably helping to induce variations in the lattice param-
eters with respect to the Pbnm structure that is found at lower
Gd>" concentrations. This structural change or distortion of the
crystal structure should modify the magnetic behavior of the cera-
mic [11].

To obtain orthoferrites, several synthesis methods have been
developed [12-16]. The mechanochemical process (MCP) is an
effective, economical and versatile way to produce RFeOs using
powder oxide mixtures. The effectiveness of the high-energy ball
milling technique to promote the mechanosynthesis of the nano-
structured ferrites by the mechanical activation of oxide com-
pounds has been shown to yield excellent results [17-20] for
diverse types of orthoferrites, such as YFeOs; [21], LaFeOs3 [22],
La;_,Y<FeOs [11], Ca;_xLayFeOs3 [23] and Bi;_,Y FeOs [24]. To the
best of our knowledge, there are no references about the use of this
technique to obtain solid solutions of Gd;_,YsFeOs orthoferrites.
Because in this process the magnetic ion is incorporated into the
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lattice, a change in the magnetic properties when compared to the
parent material is expected.

The aim of this work was to demonstrate that MCP induces the
formation of nanostructured Gd,_,Y,FeOs; with a perovskite-like
structure by mechanosynthesis without the need of a heat treat-
ment. We also report the effects of synthesis parameters on the
magnetic properties of the mixed yttrium-gadolinium orthoferrite.

2. Experimental procedure

Fe,03 (Sigma Aldrich, 99% purity), Gd,05 (Sigma Aldrich, 99% purity) and Y,03
(Sigma Aldrich, 99.9% purity) reagent powders were used as precursor materials.
These powders were mixed in a stoichiometric ratio according to the following
equation:

(1 = X)Y205 + Fe,05 + xGd,05 — 2Y;_,Gd,FeOs a

A total of 5 g of the starting mixture as well as steel balls with a diameter of
1.27 cm were loaded into a steel cylindrical vial (50 cm?) (steel/steel, S/S) at room
temperature and milled for different times, up to 5 h, using an SPEX 8000D mix-
er/mill. The ball to powder weight ratio was 10:1. The experimental parameters uti-
lized in this study were developed in previous studies [25]. All of the experiments
were performed in an atmosphere of air.

The milled powders were characterized by X-ray diffraction (XRD) using a Sie-
mens D5000 diffractometer with Co Koy, (4 = 1.7889 A) radiation. Patterns were col-
lected in a 20 interval of 10-100° with increments of 0.02 (20). Rietveld refinement
was performed on the X-ray patterns. This refinement method takes all of the infor-
mation collected in a pattern and utilizes a least squares approach method to refine
the theoretical line profile until it matches the measured profile. The lattice param-
eters of the powder and the microstrain were obtained from the XRD line positions
using a refinement method [26]. The magnetization studies were performed at
room temperature using a MicroSense V7 vibrating sample magnetometer with a
maximum field of 18 kOe. The electron spin resonance (ESR) experiments were car-
ried out at room temperature and at a frequency of 9.43 GHz (X-band) in a Mini-
scope 400, by Magnettech GmbH Germany.

3. Results and discussion

Fig. 1 shows the X-ray diffraction patterns of mixtures of Fe,03
and Y,0s to obtain YFeOs (x = 0), after different milling times, up to
5 h. The XRD pattern corresponding to the mixture of the unmilled
precursor powders confirms the peaks of the starting materials:
Fe,03 (ICDS #43465) and Y,05 (ICDS #78581). Mechanosynthesis
performed for 1 h clearly exhibits peaks of yttrium orthoferrite,
YFeOs (ICDS #43260, orthoferrite), which is demonstrated by the
main peak located at approximately 20 =38.6°. Simultaneously,
peaks belonging to the original oxides vanished, with the exception
of the main peak belonging to Y,0s (at approximately 20 = 34°).
The amount of YFeOs increased with milling time, as was observed
for the mixtures milled for 3 and 5 h. The pattern of the 5 h milled
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Fig. 1. X-ray powder diffraction patterns of the mixture of oxides (Fe,03 and Y,03)
in order to obtain YFeO5; milled at various times, up to 5 h.

sample shows no peaks belonging to the starting materials, indi-
cating that the reaction given by Eq. (1) was completed. The
mechanosynthesis of yttrium orthoferrite starts in the first hour
of milling and is completed after 5 h. As expected during the mill-
ing process, a remarkable broadening of the peak profile occurs due
to crystallite size reduction and lattice strain promoted by the mill-
ing process [27].

Fig. 2 presents the XRD patterns of the different mixtures of Fe,-
05, Gd,03 and Y,03 that were milled for 5 h to obtain Gd,Y;_xFeOs,
with x varying from 0 to 1. The obtained results confirm that in all
of the compositions, the formation of solid solutions of yttrium-
gadolinium ferrites with a perovskite-like orthorhombic (space
group Pbnm) structure (Gd,Y;_xFeOs, orthoferrite) is completed
after 5 h, as evidenced by the absence of peaks other than those
belonging to the Pbnm space group. This result is in agreement
with the previous results presented in Fig. 1 for yttrium orthofer-
rite (x = 0).

The amplification of the XRD pattern about 20 ~39° shows a
shift of the main diffraction peak toward lower angle values (i.e.,
a larger unit cell) as x is increased. This change can be associated
with the slightly larger ionic radii of Gd*>* (ionic radii 0.938 A in
coordination VI) compared with the substituted Y>* (ionic radii
0.90 A in coordination VI) [28].

Rietveld refinement was performed using the XRD patterns
shown in Fig. 2. Table 1 presents some parameters of the goodness
of fit (Rwp, Ry, %), and Fig. 3 presents a typical diffraction pattern of
the results of the Rietveld refinement of mixtures of Fe,O; and
Y,03 that were milled for 5 h in order to obtain YFeOs; both of
these figures suggest a high quality fit of the data with the refine-
ment. This refinement was used to calculate the r.m.s. microstrain,
cell parameter, and crystallite size and the unit cell volume of the
obtained orthoferrites.

Results for the r.m.s. microstrain and a cell parameter are
shown in Fig. 4; here, a consistent increment in the cell parameter
with the increase in the amount of gadolinium, from
5.2958 £ 0.0013 A to 5.3354+0.0008 A (from x=0 to 1, respec-
tively) is apparent, as a consequence of the different ionic radii.
After analyzing the results of r.m.s. microstrain shown in Fig. 4 to-
gether with the XRD patterns, it was observed that the lattice dis-
tortion was promoted by the presence of ions with different radii
that changed the symmetry of the cell without changing the Pbnm
space group. This result is in agreement with the calculation of the
Goldschmidt’s tolerance factor of Gd,Y;_xFeOs, which is 0.85 and
0.84 for x =1 and x = 0, respectively, if a coordination of VIII is as-
sumed for the calculus (ionic radii of Y** and Gd*>* 1.019 A and
1.053 A, respectively [28]); both of these values are within the
known range of Goldschmidt’s tolerance factor for orthorhombic
structures (<1) [29]. Although there is a stabilization of the ortho-
rhombic structure, the mechanochemical process used for the syn-
thesis, in combination with the presence of the different number of
gadolinium cations in all of the compositions except for the com-
position of x = 0.5, promote an increase of the microstrain in the
cell (with respect to the same cell synthesized by chemical meth-
ods). For the composition of GdgsYq5FeOs, the stabilization of the
r.m.s. microstrain may be a consequence of the equivalent
amounts of Gd3>* and Y** ions that help to decrease the internal
stresses.

Fig. 5 shows the magnetic hysteresis loops for YFeOs as a func-
tion of milling time. The initial mixture (milling time of 0 h) shows
a very small value of magnetization (1.2 emu/g), which can be
associated with the magnetic behavior of the Fe,03 (weak ferro-
magnetic) and Y,03 (diamagnetic) precursors [30]. Increasing the
milling time to 1 h has little effect on the magnetization because
the synthesis of the orthoferrite has just started. The value of mag-
netization of the sample increases to ~3.8 emu/g after 3 h of mill-
ing time and ~4 emu/g after 5 h of milling time. According to XRD,
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Fig. 2. XRD patterns of the series of activated samples for the different compositions of Y; _,Gd,FeO5 (0 < x < 1) milled for 5 h. The shift of the main diffraction peak is a result
of the substitution of Y>* by Gd>* and is shown in detail on the right.

Table 1

Cell parameters, volume of the unit cell and crystal size for the Pbnm structure, as well as the Rietveld refinement parameters.

Composition (x)

Cell parameters

Crystallite size (A)

Unit cell volume (A3)

Goodness of fit

a(A) b (A) c (A) Vs Rw Rexp
0 52958 (+0.0013) 56028 (+0.0015)  7.6410 (:0.0020)  187.4 (+2.84) 226.72 (+4 x 10°1°) 1338 2037 1761
0.25 53035 (£0.0017)  5.6520 (+t0.0018)  7.6452 (+0.0032)  148.4 (+1.85) 229.17 (+1 x 1071°) 1495 1966  16.08
0.50 53196 (£0.0017)  5.6178 (£0.0019)  7.6575 (£0.0030)  153.0 (+1.83) 228.84 (+4 x 1071°) 1226 1116 10.08
0.75 53334 (0.0009)  5.6062 (+0.0009)  7.6746 (+0.0014)  208.3 (+0.75) 229.47 (21 x 10°9) 1.401 11.31 9.54
1 53354 (+0.0008)  5.5958 (+0.0007)  7.6557 (£0.0009)  215.1 (1.27) 228.57 (5 x 1071°) 1.025 12,01 11.86
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Fig. 3. Rietveld refinement of an X-ray powder diffraction pattern of the mixture of Y,03 and Fe,03; milled for 5 h in order to obtain YFeOs.

the synthesis of the orthoferrite has been completed by this milling
time. YFeOs is a canted antiferromagnet, with magnetization of
approximately 0.2 emu/g [31]. Apparently, the large magnetic mo-
ment is attributed to the formation of a small amount of ferro- or
ferromagnetic precipitation that was not detected by XRD. The
coercive field and saturation magnetization for all of the studied
compounds for the milling time of 5h are displayed in Table 2
and are presented in Fig. 6. Current literature reports a magnetiza-
tion value of 0.2 emu/g for YFeOs and 2.2 emu/g for GdFeOs [8,31-
32], which again suggests that some contamination of the expected

compounds is present and similar in origin to the contamination
seen with YFeOs.

In order to assess the contamination, measurements of the elec-
tron spin resonance (ESR) in the X band (9.43 GHz) were carried
out at room temperature for the x =1 series (GdFeOs as the end
product) and shown in Fig. 7. These materials exhibited a magnetic
hysteresis behavior very similar to that of YFeOs. For the starting
materials (no milling), a broad resonance was observed and associ-
ated with hematite [33]. For 3 h of milling time, a clear change in
the resonance signal was observed; this result is significantly
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Fig. 4. Cell parameter (a) and r.m.s. microstrain of Gd,Y; ,FeO; (0 <x < 1).
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Fig. 5. Magnetic hysteresis loop for mixtures of Fe,03 and Y,05 milled for different
times (0-5 h) to obtain YFeOs.

Table 2

Magnetic properties (H,: coercivity and M;: saturation magnetization) for mixtures of
Fe,03 and Y,03; milled for 5h to obtain different compositions of Gd,Y;_xFeOs;
(0<x<1).

Composition (x) Gd,Y1_xFeO5 formula H (kOe) M; (emu/g)
0 YFeOs3 0.2783 4.05
0.25 Gdo25Y0.75Fe03 0.1176 6.79
0.5 Gdos5YosFeOs 0.1765 2.76
0.75 Gdo75Y025Fe0; 0.1535 7.72
1 GdFeO3 0.1861 4.59

amplified after milling for 5 h. The latter spectrum corresponds to
the ferromagnetic resonance of metallic iron [34]. The resonance
field is very low due to the strong internal field of metallic iron;
in order to fulfill the resonance conditions of the Larmor equation,
when the strong internal field of the metallic iron is added to the
total field, the applied resonance field is strongly decreased. This
signal also rules out the possibility of magnetite as a contaminant,
as magnetite has a ferromagnetic resonance frequency of approxi-
mately 3.5 kOe at room temperature [35]. It is important to note
that the ESR experiments are extremely sensitive to ferromagnetic
materials. As demonstrated below, it can be estimated that a con-

84 —o—exp M,
6
©
S
=
24 -0
0 9 T T T

. . : : T . -
0.0 0.2 0.4 0.6 0.8 1.0
x inGdY, FeO
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Fig. 6. Magnetization as a function of composition x, for samples milled for 5h

(experimental Ms. represented by full circles). Open circles show the reported
values [8,31,32] for the end products.

=
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Fig. 7. Electron spin resonance of a mixture of Fe,03 and Gd,03; without milling
(reagents mixture), milled for 3 h, and milled for 5 h.

tamination of less than 2 wt% can completely change the observed
signal, especially if the other phases in the material are not ferro-
magnetic, which is the case in these experiments.

If a simple addition effect between magnetic phases is assumed,
the iron contamination can be estimated as:

Mz = yMyeo, + (1 = y)Mre 2)

where My is the total magnetization, y is the YFeOs; concentration
fraction with a magnetization Mygeos (~0.2 emu/g), (1 —y) is the
metallic iron content and Mg, is its magnetization (217.2 emu/g).
The result is y ~ 1.8 wt%, which is below the XRD detection limit.
In Fig. 6 the expected values for the end products, 0.2 emu/g for
YFeOs and 2.2 emu/g for GdFeOs [8,31,32] were added on top of
our experimental results (for samples milled for 5 h). The mean
magnetization slope is very close to that for the linear increase in
literature values. Thus, in some way, the increase of magnetization
with respect to this line is a representation of the contamination in
the obtained orthoferrites. In Fig. 6, the clear minimum in the mag-
netization for x = 0.5 is visible. Naturally, this minimum may be
linked to Fe precipitation, i.e. the equivalent content of Fe>* and
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Gd3* cations may decrease the amount of precipitated Fe. This is an
interesting result on its own and should be studied separately.

Although the precipitation of Fe has been proven by our results,
some other explanation of the similar effect of the large magnetic
moment has recently been proposed. Yuan et al. [10] have reported
the effect of Gd>* substitution on the magnetic properties of ortho-
ferrites, using a solid state reaction as the method to obtain the
material. They suggest that the substitution of Y>* ions by Gd>* ions
effectively enhances the magnetization of YFeOs (the increase in
the magnetization value to 7.5 emu/g) as a result of the new Gd-
Gd and Gd-Fe interactions and the variation of the Fe-O-Fe super-
exchange bond caused by a distortion of the crystal structure.
Apparently, additional studies are needed to elucidate this impor-
tant phenomenon.

4. Conclusions

Gadolinium-yttrium orthoferrite solid solutions, Gd;_,Y<FeOs,
were successfully synthesized by a mechanosynthesis process
involving high energy ball milling of Y,03, Gd,03 and Fe,05. A ball
to powder weight ratio of 10:1 was used. The reaction was com-
pleted after 5 h of milling, and no subsequent thermal treatment
was needed. The lattice of the orthoferrite obtained was ortho-
rhombic for all of the compositions (S.G. Pbnm). All of the synthe-
sized powders demonstrated a weak ferromagnetic behavior. The
magnetization, under a maximum field of 18 kOe, increased from
4 emu/g for YFeO3 to 7.7 emu/g for Gdg75Yo25Fe03. A minimum va-
lue of 2.1 emu/g was observed for x = 0.5. The differences in ex-
pected and measured magnetizations can be attributed to the
magnetic-ion substitution at the Y-site by a magnetic ion (Gd>*)
and a small contamination of iron during milling, which was dem-
onstrated through ESR experiments.
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