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Magnetic and Mossbauer studies of pure and Ti-doped
YFeO3 nanocrystalline particles prepared by mechanical
milling and subsequent sintering
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Abstract Single-phased nanocrystalline particles of pure and 10 % Ti**-doped perovskite-
related YFeOswere prepared via mechanosynthesis at 450°C. This temperature is ~150—
350 °C lower than those at which the materials, in bulk form, are normally prepared.
Rietveld refinements of the X-ray diffraction patterns reveal that the dopant Ti** ions pre-
fer interstitial octahedral sites in the orthorhombic crystal lattice rather than those originally
occupied by the expelled Fe3* ions. Magnetic measurements show canted antiferromag-
netism in both types of nanoparticles. Doping with Ti*t lowers the Néel temperature of
the YFeO3 nanoparticles from ~ 586 K to ~ 521 K. The Ti**-doped YFeO3 nanoparticles
exhibit enhanced magnetization and coercivity but less magnetic hyperfine fields relative
to the un-doped nanoparticles. The 3’Fe Mossbauer spectra show ~ 15 % of the YFeOs3
nanoparticles and ~22 of Ti**-doped YFeOs ones to be superparamagnetic with blocking
temperatures < 78 K. The broadened magnetic components in the >’ Fe Mossbauer spectra
suggest size-dependent hyperfine magnetic fields at the >’Fe nuclear sites and were asso-
ciated with collective magnetic excitations. The 3'Fe Mossbauer spectra show the local
environments of the Fe3 ions in the superparamagnetic nanoparticles to be more sensitive
to the presence of the Ti** ions relative to those in the larger magnetic nanoparticles.
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1 Introduction

Yttrium orthoferrite of the composition YFeOs, which adopts a distorted orthorhombic
perovskite-related structure (space group Pnma), is of interest due to its attractive physical
and chemical properties that are associated with a variety of applications including fast
latching optical switches, sensors and catalysts [1-7]. The distortion from the ideal cubic
perovskite structure is mainly in the dodecahedral A-sites that are occupied by the Y3+
ions. The Fe3* ions occupy the octahedral Bsites which are less distorted by virtue of
their rotation [8—10]. YFeOs is an antiferromagnet governed by the super-exchange mag-
netic interaction existing between two Fe>T ions separated by an O?~ ion but the alignment
of iron moments is not perfectly antiparallel leading to slight spin canting. This results
in a small magnetization giving rise to weak ferromagnetism and the Curie temperature
associated with this weak ferromagnetism is ~ 640 K [8-10]. Magnetic and diamagnetic
partial cation-substitutions of Fe3* in YFeOs3 clearly affect the magnetic properties of the
material and have been a matter of intensive investigation for some time [10, 12—14]. For
instance doping with low-spin Mn3* was found to lead to spin-reorientation [3]. The con-
ventional solid state synthesis of bulk YFeO3 from Y03 and Fe;O3 involves the prolong
heating of their equimolar mixture at high-temperatures (~ 1500-1800 K) which often
leads to the formation of small Fe3O4 and Y3FesO1, impurity phases, [15]. The prepara-
tion of single-phase pure and nanometer sized YFeO3 at the lower temperatures is possible
and, is still, an interesting research topic. For example, the microwave-assisted synthesis
of nanocrystalline YFeO3 was reported by Lii et al [15]. The preparation of nanoparticu-
late YFeO3 by ultrasonic assisted method has also been reported by [16]. Widatallah et al
have combined mechanosynthesis and hydrothermal techniques to synthesize cation-doped
nanocrystalline materials with perovskite structure at significantly low temperatures rela-
tive to those at which the bulk counterparts are normally prepared [17, 18]. Their approach
consists of initially doping «-Fe,O3 using hydrothermal synthesis with the chosen cation
and subsequently milling a reactants’ mixture consisting the doped «-Fe>O3.

In this paper we report on using the mechanical milling route followed by sintering to prepare
pure nanocrystalline YFeO3 and Ti**doped-YFeOj starting from mixtures of Y203 with a-
Fe,> 03 and Ti**-doped «-Fe, O3 respectively. The structure and magnetic properties of both
nanocrystalline materials are investigated using XRD, 3’ Fe Mossbauer and magnetometry.

2 Experimental

To prepare YFeO3 nanoparticles a 1:1 molar mixture of high purity Y203 and o — Fe;O3
was milled in air for 60h using a Fritsch Pluverisette -6 milling machine at a ball-to-powder-
weight ratio of 15:1 and a milling speed of 300 rpm. The 60 h pre-milled reactants’ mixture
was subsequently sintered in air at different temperatures (12 h) and slowly-cooled.

As the Y: Fe ratio in YFeO3 is 1:1, it is evident that cation doped YFeO3could be pre-
pared by using either cation doped-Y,Os3 and/or cation-doped a-Fe;O3 in the initial 1:1
molar mixture of the reactants as we have shown elsewhere [17]. Consequently a simi-
lar route was used to prepare 10 % Ti**-doped YFeOsnanoparticles starting from a 1:1
molar mixture of high purity Y,03 and 10 % Ti**-doped «-Fe,O3 prepared hydrother-
mally as shown previously [17, 18]. X-ray diffraction (XRD) patterns were recorded using
Cu-Ka radiation (A = 1.5406 A) with a standard X’Pert PRO PANalytical diffractometer.
The structural analysis was performed by subjecting the XRD pattern to Rietveld struc-
tural refinement using the program MAUD [19]. The particle size and morphology were
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Fig. 1 The XRD patterns for the 1:1 molar mixture of Y,0O3 and Ti4+—d0ped «-Fey O3 milled for the times
shown; and (right): the XRD patterns for the 60 h pre-milled 1:1 molar mixture of Y,03 and Ti**-doped
a-Fe; O3 heated (12 h) at the temperature indicated. The arrow shows the most dominant peak of un-reacted
a-Fey O3

determined by transmission electron microscopy (TEM; JEOL 1200EX). Mossbauer mea-
surements were performed on the samples at 300 K and 78 K in a continuous liquid nitrogen
flow cryostat using a 25 mCi >’ Co/Rh source with a spectrometer in the transmission mode.
The spectrometer was calibrated with «-Fe foil spectrum at room temperature. The tempera-
ture variation of the magnetization was recorded using a Faraday balance in a magnetic field
of 1.5 T at a heating rate of 4 K min~'. The field dependence of the magnetization measure-
ment at room temperature was recorded using a commercial vibrating sample magnetometer
(VSM) in a magnetic field of up to 1.35 T.

3 Result and Discussion

As the evolution of structural phases in both reactants’ mixtures evolve in similar ways, it
suffices only to discuss the results for one of them. In the Fig. 1 (left) we present XRD
patterns collected after subjecting the 1:1 molar mixture of Y,O3 and Ti-doped «-Fe;O3
to milling for the times shown. It is clear that milling swiftly induces the reaction between
Y>03 and 10 % Ti-doped a-Fe,O3 (or a-Fe;03) leading to the formation of a perovskite-
related Ti-doped (or pure) YFeOs phase. The reaction is almost complete after 25 h of
milling except for as small amounts of un-reacted o-Fe;O3 as indicated by the presence
of its most intense XRD reflection peak at ~ 35° [7]. Further milling for 50 h and 60 h
brought about no tangible change in the XRD pattern. In Fig. 1 (right) we present the XRD
patterns collected from the 60 h pre-milled 1:1 molar mixture of Y03 and 10 % Ti-doped
a-FeOj3 heated at the temperatures shown (12 h). It is seen that the dominant peak of the
un-reacted «-Fe,O3 phase only disappears after heating at 450 °C indicating the formation
of single-phased Ti**-doped (or pure) YFeOs. This formation temperature is ~150-350 °C
lower than the temperatures at which the materials, in bulk form, are normally prepared
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Fig. 2 The TEM images of the 10 % Ti-doped YFeO3 nanoparticles obtained by heating the 60 h pre-milled
1:1 molar mixture of Y,03 and Ti4+—d0ped a-Fey 03 (12 h) at 450 °C

[13, 15]. The TEM images of the produced materials, shown in Fig. 2 only for the Titt-
doped YFeOs, reveal that both materials are formed of irregularly-shaped nanoparticles
with an average size of ~ 35 nm. It is interesting to note that only nanoparticles are formed
even though nanoparticles produced via the initial milling of the reactants were sintered
at 450 °C for prolonged time (12 h). It is clear that the TEM micrographs show a broad
size distribution where single nanoparticles coexist with large interacting nanoparticles’
agglomerates.

Using Rietveld structural refinement, the XRD patterns of the 10 % Ti**-doped YFeOs3
(Fig. 3 and Table 1) was amenable to satisfactory fitting to a structural model corresponding
to a single perovskite-related structure (space group Pnma phase). It is seen that 10 % of
Fe3 ions are being substituted by 7.5 % Ti*T ions at the octahedral B sites (or the 4b
positions in the Wyckoff’s notation). These occupancy percentages are consistent with the
charge-balance requirement when the trivalent Fe3* ions are replaced by tetravalent Ti*+
ions. The lattice parameters obtained for the Ti*+-doped YFeOs, namely a = 5.605A, b =
7.636A, ¢ = 5.301A are all larger than those of pure YFeOs, viz. a = 5.5877A,b =
7.5951A, ¢ = 5.2743A and reflect the random distribution of the larger octahedral Titt
radius (74.5 pm) relative to that of the expelled Fe3t (69 pm) as well bond elongation in
the surface layers of the particles [20-23]. Our best fit to the experimental XRD data of
the Ti*+-doped YFeOs particles show the Ti** ions to prefer interstitial octahedral sites to
those originally occupied by the expelled Fe?* ions.

Figure 4 shows the magnetization versus magnetic field curves recorded at room tem-
perature for both YFeO3 and Ti**-doped YFeO3 nanoparticles. An expanded version of
the same plot with the return branches of hysteresis omitted is shown for clarity in the
inset of Fig. 4. The magnetization does not saturate even at the highest possible field used
(1.35 T). The field-dependent magnetization reveals nearly a line superimposed on a weak-
ferromagnetic-like hysteresis loop. The linearity behavior is typical for antiferromagnetic
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Fig. 3 The observed (black dots), calculated (solid red line) and difference XRD patterns (blue line at
the bottom) for the 10 % Ti-doped YFeO3 nanoparticles obtained at 450 °C. The vertical bars refer to the
positions of the Bragg’s peaks

materials [24], whereas the hysteresis could be associated with enhanced canted antiferro-
magnetism at the nanoparticles’ surface layers leading to weak ferromagnetism [25]. It is
interesting that the Ti-doped YFeOs3 nanoparticles exhibit enhanced magnetization relative
to the YFeO3 nanoparticles, This could be attributed to an enhanced canting due the pres-
ence of both the diamagnetic Ti** dopant ions and the required Fe* vacancies to restore
charge balance in the lattice, both of which would result in larger spin canting angles. While
the remnant magnetization is almost the same for YFeOs and Ti-doped YFeO3 nanoparti-
cles, the latter shows almost twice the coercivity of the former (0.8 kOe) as is shown in the
inset of Fig. 4. This, also, could be related to the presence of uncompensated spins due to
the presence of the Ti*t dopant ions and the balancing Fe3* vacancies, which in turn result
in frustrated spin systems due to non-collinear magnetic ordering.

Figure 5 shows the temperature variation of the magnetic flux of the YFeO3 and the Ti-
doped YFeOs3 nanocrystalline particles prepared at 450 °C and a 1.5 T applied field. For
both materials the magnetization curve M(T) can be resolved into two components; namely
a weak ferromagnetic component Mg(T), and a paramagnetic one, Mp(T). As indicated ear-
lier Mp(T) results from the spin canting associated with the asymmetry in the magnetic unit
cell, which is an abruptly decaying function of temperature. The fact that the low temper-
ature magnetization of the doped Ti-doped YFeO3 is higher than that of the YFeO3 could
be ascribed to the incomplete antiferromagnetic compensation in the Fe3*/Ti*t sublattice
where the antiferromagnetic Fe3*-O-Fe3* exchange interaction weakens leading to spin
canting relative to the antiferromagnetic axis. This results in an enhanced net magnetization
relative to the undoped YFeOj3. The Néel temperature, Ty, were found to decrease to ~ 586
K for the YFeO3 nanoparticles relative to the corresponding bulk (~ 640 K). This is clearly
a size effect and is associated with expected disorder of the magnetic spins at the surface
of the nanoparticles relative to their cores. The Néel temperatures of the Ti-doped YFeOs3
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Table 1 Structural parameters obtained from single-phase refinement of 10 % Ti doped-YFeOs3 pre-milled
for 60 h and heated at 450 °C (12 h) and slowly cooled

Ton Wyckoff’s position x/a y/b z/c Occupancy
Fe3t 4b 0.000 0.000 0.500 0.9

Ti** 4b 0.930 0.047 0.540 0.075

Y3+ 4c 0.068 0.250 0.978 1.0

O%_ 4c 0.457 0.250 0.114 1.0

O%f 8d 0.694 0.932 0.289 1.0

Unit cell Pnma; a=5.605A, b=7.636 A, ¢=5.301 A; Bragg’s R factor: 10.66 %

nanocrystalline particles decrease to ~ 521 K. Such a decrease in Ty could be attributed
to the reduction of the average number of magnetic Fe3-O-Fe? bonds and the inevitable
weakening of the exchange interaction. This, in turn, lowers the internal magnetic energy to
offset the antiferromagnetic/weak ferromagnetic spin alignment.

To understand the local environment of iron atoms, the Mossbauer spectra recorded at
300 K and 78 K from the of the YFeOs3 and the Ti-doped YFeO3 nanocrystalline particles
prepared at 450 °C are shown in Fig. 6. We first discuss the general features of the spectra
before relating them to specific phases or structural environments within the nanoparticles.
All spectra depict a broad central doublet flanked by a broad six-line magnetic pattern. Each
Mossbauer spectrum was best-fitted with a number of magnetic sextets and central doublets
whose hyperfine parameters are given in Table 2. The isomer shift values of all spectral
components are typical of octahedrally coordinated Fe3™ ions [26], indicating that the Fe?*
ions in both materials exclusively occupy octahedral sites in consistency with the results of
the XRD Rietveld refinement (Table 1).

The broad central doublet in the 300 K and 78 K spectra of the nanocrystalline YFeO3
sample is associated with superparamagnetism due to the smallest single nanoparticles in
the sample (Fig. 2). The small volume of these nanoparticles leads the thermal spin fluc-
tuations to overcome the magnetic anisotropy energy that orders the spins. These broad
doublets were resolvable into narrower doublets with different values of quadrupole split-
ting (Table 2) suggesting the presence of varying degrees of structural distortions around
the >’ Fe nuclei. Indeed surface effects, such as high strains, which lead to asymmetrical
environments around the Mdssbauer nuclei, could vary considerably with decreasing size of
the nanoparticles. This leads to varying values of extra-nuclear electric field gradients and
consequently different quadrupole splitting values. So the quadrupole splitting values in the
case of the YFeO3 superparamagnetic particles (Table 2) are indicative of different degrees
of crystalline distortion. The larger quadrupole splitting values indicate a more asymmet-
rical 37Fe environment which is expected as the nanoparticles’ size deceases. The fact the
intensity of superparamagnetic doublet remained at ~ 15 % implies that these nanoparticles
have blocking temperatures < 78 K.

It follows from the above, that the broad magnetic components in the 300 K and 78 K
Mossbauer spectra of the YFeO3 nanocrystalline sample are associated with the antifer-
romagnetic ordering in both the large nanoparticles as well as agglomerated grains of
interacting nanoparticles. Unlike bulk YFeOs3, which exhibits a narrow magnetic sextet
[27], the magnetic spectrum of present nanocrystalline YFeO3 sample requires a multitude
of sextets to fit. Noting the broad size distribution revealed in Fig. 2, we tend to interpret
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Fig. 4 Hysteresis loops at room temperature for YFeO3 and the Ti-doped YFeO3 nanocrystalline particles

prepared at 450 °C. The inset shows the same hysteresis loops being expanded to show the details in the
vicinity of zero field
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Fig.5 The temperature variation of the magnetic flux of the YFeO3 and the Ti-doped YFeO3 nanocrystalline
particles prepared at 450 °C at 1.5 T applied field

present data in terms of the collective excitations model [28, 29]. According to this model
the magnetization fluctuations, that may be thought of as a combination of precession of the
sublattice magnetization vector in the anisotropy field and transitions between precession
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Fig. 6 The 5TFe Mossbauer spectra recorded at 300 K and 78 K for (a) the YFeO3 and (b) 10 % Ti-doped
YFeOs3 nanoparticles prepared at 450 °C (12) (see text)

states with different precession angles, lead to a particle-size-dependent magnetic hyperfine
field. If the correlation time of the collective magnetic excitations is shorter than the time
scale of Mossbauer spectroscopy, the measured value of the hyperfine field (H,rr) will be
reduced according to the equation:

Herp(V,T) = Horp(V =00, T) | 1 ksT
eff ’ = Heff - ’ 2KV

where kp is Boltzmann constant, V the particle volume, K the anisotropy constant, and
V = oo T refers to a large crystal at temperature 7 in the absence of collective magnetic
excitations. Consequently the hyperfine field decreases with decreasing particle volume.
Thus the sextet with high H, sy value (Table 2) corresponds to larger nanoparticles and that
with low H, sy value corresponds to smaller in the sample. The small values of quadrupole
shifts of the magnetic components (Table 2) indicate an almost symmetric octahedral
environment of the Fe3* jons in the larger “magnetic” particles in the sample.
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Table 2 The Mdssbauer spectral parameters of the nanocrystalline YFeO3 and 10 % Ti*t doped -YFeOs
nanoparticles. The best-fitted components should not be taken as corresponding to unique well-defined sur-
roundings, but as representatives of various degrees of structural disorder and different particle sizes as
described in the text

Compound Temp. Spectral ) QS r Hest Area
(K)  component (£ 0.01 mms~!) (£0.01 mms™!) (£0.01 mms™!) (£0.1T) (£2 %)

YFeO3 300 DI 0.48 2.15 0.23 7
D2 0.30 0.53 0.20
D3 0.39 1.14 0.20 5
M1 0.43 —0.01 0.22 52.0 65
M2 0.47 —0.13 0.21 473 13
M3 0.52 —-0.24 0.23 272
78 D1 0.39 0.73 0.23 5
D2 0.38 1.53 0.27 10
M1 0.45 0.00 0.20 53.7 53
M2 0.45 -0.02 0.31 51.5 32
Ti-doped 300 DI 0.29 1.25 0.30 25
YFeO3 D2 0.30 0.57 0.23 12
M1 0.35 —0.01 0.33 46.5 53
M2 0.36 —0.01 0.20 43.1 10
78 D1 0.49 2.25 0.42 6
D2 0.40 1.15 0.33 16
M1 0.45 —0.02 0.28 524 62
M2 0.44 —0.03 0.32 48.8 16

8: Isomer Shift, QS: Quadrupole splitting/shift, I': FWHM, He¢s: effective magnetic hyperfine field

We now turn to the Mossbauer spectra recorded at 300 K and 78K for the Ti**-doped
YFeOs3 nanoparticles (Fig. 6 and Table 2). While the spectra generally bear features sim-
ilar to those of the pure YFeOs3 nanoparticles, they reflect how the Ti** impurity cations
affect the environment of >’Fe nuclei. As the isomer shift values are typical for the Fe3*, we
rule out the presence of any Fe>* ions as balancing defects due the incorporation of Ti**
in the YFeOs structure. This is consistent with the result of the XRD Rietveld refinement,
given earlier, that shows the expelled Fe** ions to be replaced partly by Ti** ions and no
reduction of Fe3t to Fe? to take place. Unlike in the YFeOs3 case, the central superparam-
agnetic spectral component for the Ti*T in the YFeOsznanoparticles decreases form ~ 37 %
at 300 K to ~ 22 % at 78 K. As the size distributions of both nanomaterials are similar,
the larger central superparamagnetic spectral component in the 300 K spectrum of the Ti*+
-doped YFeO3 nanoparticles relative to that of the YFeO3 nanoparticles - at the same tem-
perature - is clearly not solely due to size effects. Rather it also reflects the presence the
non-magnetic Ti** ions which contribute to lowering the magnetic anisotropy energy rela-
tive to the thermal agitation energy through weakening the exchange interactions between
magnetic irons.

The hyperfine field values (H,r) for the magnetic sextets in the spectra of the Ti-doped
YFeOsnanoparticles are lower than those of the non-doped YFeOs nanoparticles. This,
again, suggests that in addition to the particle size effect discussed earlier that leads to
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collective magnetic excitations, these reduced H,rr could be associated with Fe3t ions
having different concentrations of Ti** cationic neighbors that lead to weaker magnetic
exchange magnetic interactions as was mentioned above. This, in turn, results in the
observed decrease of the magnetic hyperfine fields relative to those in the non-doped sam-
ples. Consequently we associate the sextet with lower H,s¢ with Fe3* ions having a higher
concentration of Ti** neighbors relative to those associated with the higher H, ff-

It is seen in Table 2 that the mean values of the isomer shift of nanocrysytalline YFeO3
are rather weakly temperature dependent relative to those of nanocrysytalline Ti-doped
counterpart. This implies a small second-order Doppler shift between 78 K and 300 K for
the former relative to the later. As the second-order Doppler shift depends upon the mean-
square velocities of the emitting and absorbing Md&ssbauer atoms, this could indicate that
the mean-square velocities of Fe ions in the Ti-doped sample are higher relative to those of
the undoped sample. This could be associated with the presence of the vacant sites due to
the presence of the 3 Ti*+ dopant ions instead of every 4 Fe3* ions as the Rietveld results
of Table 1 indicate. Such vacancies, though few, could slightly relax the stronger bonding in
this ionic compound thereby increasing the Fe ionic mean-square displacement and hence
their velocities relative to the undoped YFeO3 sample.

A final comment goes to the slight change in the values of the isomer shifts for all
doublets that shows the local environments of Fe3* ions, in the superparamagnetic particles,
to be sensitive to the presence of the Ti** ions. By contrast the magnetic sextets exhibit
insignificant change of isomer shift values indicating that the s-electron densities at the >’ Fe
nuclei, in the larger particles, are almost unaffected by Ti doping.
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