Structural and magnetic influence of yttrium-for-iron substitution in cobalt ferrite
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Abstract

Yttrium-substituted cobalt ferrites of nominal composition CoY,Fe1 95404, x=0; 0.1; 0.2; 0.3,
were prepared using the sol-gel combustion method. A slight iron deficiency in the formulation
was designed in order to improve yttrium solubility in the spinel structure. The inclusion of Y in
the lattice reached 10% cationic substitution. XRD Rietveld analysis and Raman spectra confirm
that yttrium enters the lattice in octahedral sites, increasing the inversion parameter of cobalt
ferrite. Mossbauer results confirm the cation distribution obtained with Rietveld refinements.
Saturation magnetization and Curie temperature decrease with iron substitution, confirming
the B site occupancy of Y ions. Yttrium inclusion promotes a cation distribution which modifies
the Raman spectra. A model is proposed to explain the observed vibrational modes.

Keywords: A. Ceramics; A. Oxide materials; C. Crystal structure and symmetry; C. X-ray
diffraction; C. Raman spectroscopy; D. Magnetic measurements

1. Introduction
Cobalt ferrite (CoFe,04) is a well-known and widely used ferrimagnetic hard material because of
its wide range of applications in environmental science, recording media, magnetic sensors and
catalytic materials, among others [1]. Its crystal system is face centered cubic while its crystal
structure is mixed spinel, whose corresponding space group is o’y (Fd-3m). Its unit cell consists
of 56 atoms where 32 of them are oxygen anions and the remaining 24 atoms are metallic
cations divided such that 8 of them occupy tetrahedral (A) sites and 16 occupy octahedral (B)
sites. The cation distribution is generally represented as (Co**s Fe* 1.5)a[Co* 1.sF€> 1.5107 4,
where d is the inversion parameter (which is 1 for a normal spinel and O for an inverse spinel
structure), and is extremely important because it determines the electromagnetic properties of
the material. For most ferrites, 6 depends upon the method of preparation, while cation
distribution is related to the thermal treatment [2]. Previous studies reported an inversion
parameter 6~0.2-0.3 for cobalt ferrite [3].

Over the last years, several authors [4-9] have studied the effects of the substitution of Fe3*
by rare earth (RE) cations such as Y*, Gd* or La** in the magnetic and structural properties of
cobalt ferrite. Few works have reported the synthesis of single phase RE-substituted spinel



ferrites, although relatively low concentrations of the dopants were explored (cationic
substitution <7%). The presence of secondary phases is attributed mainly to the large size of the
RE cation, which finds it difficult to fit in either tetrahedral or octahedral sites. The electric,
magnetic and microwave absorption properties of ferrites can be controlled by substitution
with RE ions, and changes in these properties are related to the segregation of secondary
phases in grain boundaries, so it is important to control RE solubility in ferrites [10, 11].

To our knowledge there is only one study, albeit non exhaustive, of yttrium-substituted
cobalt ferrite with a nominal Y cationic substitution of 7% which is reported as single phase [6].
It is therefore of interest to further deepen the study of yttrium solubility in cobalt ferrite.

In earlier works, we achieved an enhancement of Nd solubility in the crystalline structure of
Sr hexaferrites, obtaining single phase materials by proposing an iron deficient formulation [12-
14]. Taking these previous results into account, in this work we intend to enhance Y
substitution up to 10% in Co ferrite, by proposing a slight iron deficiency in the formulation. A
thorough structural analysis is performed using different characterization techniques.

2. Experimental details

2.1. Samples preparation

All the samples were prepared by the self-combustion method, as described elsewhere [15].
For synthesizing CoFe,0,, different proportions of iron nitrates and cobalt oxalates were
weighed according to the required stoichiometric proportion and diluted in water (considering
that [Fe(ll1)]+[Co(I)]=1 M). A 3M citric acid solution (50 ml) was added to each metal solution
(50 ml) and heated at 402C for approximately 30 min with continuous stirring. The final mixture
was slowly evaporated until a highly viscous gel was formed. The resulting gel was heated at
T<2009C; when it ignited in a self-propagated process. The final residue was calcined at 8002C
for 2 h.

Yttrium nitrates, previously dissolved in 3M citric acid solutions, were used for the
preparation of the Y-doped samples (CoY«Fe1.93x04, x=0.1; 0.2; 0.3). A slight deficiency in iron
content was considered (1 at.%) for all the substitutions.

The obtained samples were labeled YO, Y1, Y2 and Y3, being the number related to the
yttrium content, x. The samples labels and nominal compositions are shown in Table 1.

2.2. Characterization methods

In order to determine the actual composition of the prepared powders, Inductively Coupled
Plasma Atomic Emission Spectroscopy (ICP-AES) was performed. An Ar plasma Spectro Modula
Flame was used. The detection limits for Fe, Co and Y were 0.25 ppm, 1 ppm and 0.25 ppm,
respectively.

X-ray diffraction (XRD) powder diffractograms were measured with a Philips PW 3860
diffractometer, in the 20 range 20-110, with a step size of 0.02, for 8 s per step. A Sigma Zeiss
Field Emission scanning electron microscope with an Oxford EDS detector (LAMARX facilities)
was used to characterize the morphology and elemental composition of the samples.

A >’Co source (Rh matrix) was used to record Mdssbauer spectra in constant acceleration
mode, at room temperature. Powder samples (65 mg) were measured in a round acrylic sample



holder of 20 mm diameter. The measured isomer shifts (IS) are referred to o-Fe. The
Normos/site Program was used for fitting the measured spectra.

Raman spectra were measured at room temperature with a laser Raman
spectrophotometer (Confocal Horiba Jobin-Yvon LabRam HR). The excitation wavelength and
laser power were 632.8 nm and 2.8 + 0.2 mW, respectively. Spectra were acquired from three
different spots in each sample and averaged, for better precision.

The magnetic properties were measured with a Lakeshore 7300 vibrating sample
magnetometer, at room temperature, with a maximum applied field of 14.5 kOe. The Curie
temperature Tc was determined using a differential calorimeter SDT Q600 (TA Instruments) in
N, atmosphere and under magnetic field, with a heating rate of 10 °C/min. TG curves of weight
vs temperature were used to determine T¢ as the maximum of the derivative d(weight)/dT.

3. Results and discussion

3.1. Composition and crystalline structure

The actual composition of the samples, determined by ICP, is listed in Table I. It is interesting to
remark that ICP are very close to nominal compositions. In this work, all the structural analyses
will be performed considering the ICP values.

Table I. Nominal and ICP compositions of the prepared samples.

Sample label Y content Nominal composition ICP composition
YO 0 CoFe,0, CoFe,0,

Y1 0.1 CoFe; 83 Y0.1004 CoFe; 79 Y0.0804
Y2 0.2 CoFe; 73 Y0.2004 CoFe; 70 Y0.1804
Y3 0.3 CoFey.63Y0.3004 CoFey .69 Y0.2704

Figure 1 shows the diffractograms of all the prepared samples where the main spinel
reflections are indexed.
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Figure 1. X ray diffractograms of samples YO to Y3.



All the samples have the cubic spinel structure, matching the JCPDS-PDF 22-1086
standard. The XRD peaks indicate the presence of a single phase up to Y3, where the evidence
of a very small amount of a secondary phase, indexed as yttrium orthoferrite YFeOs, can be
noticed as a shoulder near the (311) reflection peak (Figure 1).

All the XRD patterns were refined using the Rietveld method [16] with the aid of the
Fullprof Suite software, based on a refinement using the Fd-3m space group. The Pseudo-
Voight function was used to define the peak profile and a nine-coefficient polynomial was used
to fit the background. The initial model and atomic coordinates were taken from the literature.
A typical X-ray diffraction pattern, along with Rietveld refined data for sample Y2 have been
depicted in Figure 2. For all the samples, the profiles of observed and calculated data perfectly
match to each other and all the experimental peaks are allowed Bragg 26 positions for the Fd-
3m space group. Oxygen positions and other atomic fractional positions were taken as fixed
parameters, while lattice constants, isothermal parameters, cation occupancies, scale factors
and shape parameters were set as free parameters for the fitting.

The relevant parameters from the refinements, together with the reliability factors (Rexp,
Rwp) and the goodness of fit (GOF) are listed in Table 2. The GOF values obtained for all the
refinements (close to 1) indicate the fits are quite reliable.
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Figure 2. Rietveld refined XRD pattern of sample Y2. The circles represent experimental data and
the solid line is the calculated pattern. The bottom line shows the difference between experimental and
refined data. The marked 2 8 positions are the allowed Bragg reflections for the spinel structure.



The cation vacancy in B sites and the inversion parameter 6 were calculated using the
cationic distribution obtained with the Rietveld refinements, and are listed in Table 2, together
with the cell parameters. The inversion parameter d which is ~0.2 for YO, changes with Y
inclusion.

A systematic decrease in cell parameters is observed with Y inclusion, despite the large
size of Y>* (1.04 A) compared to that of Fe** (0.69 A). Other researchers [5, 7, 8, 17] have also
reported similar results when doping a spinel with RE cations. This slight decrease in a (0.3%)
with increasing Y substitution can be explained by considering the cation distribution and the
cation sizes. Co®* (0.79 A) and Fe*' occupy both A and B sites. When the large yttrium ions
replace the smaller Fe*" in B sites, lattice strains and local structural disorder appear. In order to
compensate for this strain, the larger cation Co”* moves from B to A sites, producing a slight
lattice contraction. It is unlikely that this effect is related to cation vacancies in B sites (Table 2)
as it decreases from Y1 to Y3.

Table 2. Cation distribution in A and B sites, inversion parameter (3), cell parameter (a) and Rietveld
refinement figures of merit.

Co Fe Co Fe Y(B) cation Inversion  YFeO; a(A) Rexy Rwp GOF
(A) (A) (B) (B) vacancy parameter
inB 8
sites
YO 0.198 0.802 0.802 1.198 O 0 0.198 - 8.37176(4) 4.09 4.33 1.12
Y1l 0.333 0.667 0.667 1.123 0.080 6.5% 0.333 - 8.37051(6) 4.04 4.82 1.43
Y2 0.264 0.736 0.736 0.964 0.180 6% 0.264 - 8.35744(6) 3.87 4.42 1.30
Y3 0.224 0.776 0.776 0.893 0.257 3.7% 0.224 1.2% 8.35022(6) 3.78 4.57 1.46

Mdssbauer spectra recorded at room temperature are shown in Figure 3. The spectra were
fitted to two sextets related to the Zeeman interaction between the hyperfine magnetic field
and the nuclear magnetic moment, and a doublet due to the existence of a small fraction of
superparamagnetic particles of low crystallinity. The subspectra sextets are assigned to iron
ions located in the tetrahedral (Fe-A) and octahedral (Fe-B) sites. The fitting of sample Y3 was
done adding a new sextet to account for the contribution of the orthoferrite phase. The fitted
results for all the samples are shown in Table 3. The isomer shift (IS) and hyperfine magnetic
field (Bn¢) values are typical for cobalt ferrites [18]. The difference in IS values obtained for the
tetrahedral and the octahedral sites are ascribed to the great covalence of iron ion. The relative
areas of A and B sites, Ra and Rg respectively, depend upon Y substitution so the distribution of
Fe ions in the lattice can be calculated from the ratio Ra/Rg=fa/fs (X/(2-X)), where the ratio of
recoilless fraction between octahedral and tetrahedral sites at 300 K is fg/fa = 0.94 [18].
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Figure 3. Mossbauer spectra of YO, Y1, Y2 and Y3 recorded at room temperature. Dots: experimental
data; Solid lines: fitting curves. (Color online. Red: Sum spectrum; Blue: Fe-B sextet; Magenta: Fe-A
sextet; Olive: SP doublet; Navy: YFeO; sextet (only in Y3)).

Table 3. Mo6ssbauer spectra fitting data of the studied samples. Isomer shift (IS), hyperfine field (Bys),
area of each component (R;) and Fe occupancy, F;(i=A, B).

Sample Component IS [mm/s] Byt [T] Area Fi=nge Ra/(Rg+Ra)
(R)
YO Sextet (Fe-A) 0.24 49.1 41.1 0.827
Sextet (Fe-B) 0.33 52.4 58.3 1.173
Doublet (SP) 0.18 - 0.6
Y1 Sextet (Fe-A) 0.24 49.4 38 0.687
Sextet (Fe-B)  0.34 52.5 61.1  1.110
Doublet (SP) 0.24 - 0.9
Y2 Sextet (Fe-A) 0.23 48.7 435 0.754
Sextet (Fe-B) 0.34 52.1 54.4 0.945
Doublet (SP) 0.22 - 1.1
Y3 Sextet (Fe-A) 0.23 49.0 46.2 0.795
Sextet (Fe-B) 0.32 52.2 50.7 0.875
Doublet (SP) 0.20 - 1.5

YFeO; (Sextet)  0.30 50.8 1.1




For our samples, the iron distribution was calculated using the expression Fi=nge Ra/(Rg+Rn),
being nee the amount of Fe atoms per formula unit considering the vacancies confirmed by ICP
results. In every case, the amount of Fe atoms corresponding to the SP doublet was considered.
In Y3, the secondary phase was also taken into account. The values for F, and Fg are listed in
Table 3 and are in good agreement with the cation distribution obtained by Rietveld
refinements (Table 2).

3.2. Morphology of the powders
Figures 4 a-d show SEM images of the powders and Figure 4 e displays the particle size
distributions calculated from the images. For determining the particles sizes, several images

were processed with the software Imagel.
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Figure 4. SEM images of samples YO to Y3 (a to d, respectively) and particle size distributions (e).



The images reveal that all the samples are composed by faceted nanoparticles, with a

narrow size distribution. Yttrium inclusion drastically reduces grain size D, from 85 nm in YO to
46 nm in Y1, while keeping a mean size around this value for the other Y contents (Table 4). The
average crystallite sizes, Dscn, were estimated with the Scherrer formula using XRD results and
are also presented in Table 4. Both D, and Ds¢, have a similar tendency, which can be related to

the lattice disorder after yttrium inclusion (as previously discussed) as well as the induced

strains that inhibit the grain growth. The similar tendency of the lattice parameter a and

crystalline size Ds¢, with Y content (Figure 5) supports this hypothesis.
For YO, both Ds., and D,, show similar values, indicating single-crystal nanoparticles.

Table 4: Crystallite size Ds., from XRD results and mean particle size, from SEM images (D)

Sample Dsch [£5 nm] Dp [£3 nm]

YO 80 85
Y1 27 46
Y2 25 45
Y3 24 34
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Figure 5. Cell parameter a and crystallite sizes Ds, as a function of Y content.

3.3. Raman analysis

Raman spectroscopy is a powerful tool for probing the lattice dynamics in several compounds.
In particular, it is a valuable technique for characterizing spinels because it is sensitive to the
cation distribution in the lattice sites [19, 20].

As mentioned in the Introduction, doped cobalt ferrite belongs to the cubic space group
Fd-3m (O’h). Group theory predicts five first-order Raman active modes for perfectly inverse
spinel ferrites [21]: 1 Aj+1 Eg+3 T, which are observed in the 100 to 800 cm™ range. The
modes above 600 cm™ are related to the vibrations in tetrahedral sites (T-modes), while the
modes below this frequency are ascribed to the motion of the octahedral sublattice (O-modes)



[22, 23]. For magnetite, which is an inverse spinel, the following description of the normal
modes is accepted [24]: A;g —symmetric stretch of oxygen along Fe-O bonds; E; and Ty(3) —
symmetric and asymmetric bends of O with respect to Fe, respectively; Ty4(2) —asymmetric
stretch of Fe and O; Ty(1) —translatory movement of the whole tetrahedron FeO,.

Figure 6 displays the Raman spectra obtained for all the samples, which were fitted using
eight Lorentzians and a constant background. The five theory-predicted modes (Tx(3); Eg;
T2g(2); T2g(1) and A4g(1)) are depicted with dashed (blue) lines, while three different modes are
marked with an asterisk and solid (red) lines. The modes assignations were made accordingly
with reports by other authors [21, 25, 26] and are tabulated together with the peaks positions
in Table 5.
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Figure 6. Raman spectra for samples YO to Y3 (a to d, respectively). The dots correspond to the

experimental data, dashed (blue) lines are the predicted modes for an inverse spinel and solid (red) lines

marked with * are the new observed modes. Eight Lorentzians were used for the fit.

Table 5: Frequencies and assignation of the Raman modes for the studied samples.

Sample Raman shift [cm"l]

TZg (3) Eg * TZg (2) TZg (1) Alg (2)* Alg (3)* Alg (1)
YO 193 313 362 475 578 625 663 698
Y1 192 311 362 473 576 630 679 698
Y2 191 318 376 476 577 629 660 698
Y3 191 320 370 477 577 634 666 701

*: Not predicted by theory for inverse spinels




The three new modes do not seem related to the inclusion of Y in the lattice, since they
are also observed in YO. However, Y content seems to play an important role in determining the
relative intensities of the T-modes (the three bands above 600 cm™).

According to X-ray results, the samples are not perfectly inverse spinels and the inversion
factor 0 is affected by Y substitution, as shown in Table 2. The change in d is related to a cation
reordering between A and B sublattices, therefore reducing the symmetry of the lattice and
modifying the allowed vibrations, which originates new first-order Raman modes at different
frequencies [18]. As the lattice symmetry is reduced, new modes are to be expected [7, 25, 27].
Out of the three new modes observed, there is one ascribed to vibrations of the octahedral
sublattice (O-mode, at ~365 cm™) and two T-modes (due to Aqg symmetry —Aig(2) and Agg (3) in
Table 5). Chandramohan et al., in their Raman study of CoFe,0,, also observe the rising of two
bands at 625 cm™ and 370 cm™ (this last peak is noticed in their spectra, however the authors
do not consider its contribution for the fitting of the profiles) [25]. We were not able to assign
this peak to a normal mode, but infer that is not strongly dependent on Y substitution because
its position and relative intensity are almost the same for the four samples. The new band
assigned to an As4(3) symmetry (at ~665 cm™) has not been reported for spinels by other
authors.

Yttrium substitution seems to alter mainly the T-modes of the Raman spectra, and
important differences in the relative intensity of the bands above 600 cm™ are observed. In
order to account for the presence of three T-modes and their change in relative intensity, we
propose the following interpretation. As already determined by Rietveld refinements of the X
ray diffractograms, tetrahedral sites are occupied by both Fe** and Co** ions, which produce
three different kinds of bonds in A sites, namely Fe-O-Fe, Fe-O-Co and Co-O-Co. The vibration of
each kind of bond is of A;; symmetry, but at a different wave number, thus giving rise to the
three observed T-modes. Kumar et al. [28] observe a blue shift in the vibrational modes of
CoFe,0, when half of the Co** ions are replaced by Ni**, with a lower atomic mass. Following
this idea, and considering that Co has a higher atomic mass than Fe (58.9 g for Co and 55.8 g for
Fe) it is possible to assign the highest wave number A;4(1) band (at ~700 cm™) to the vibration
of Fe-O-Fe bonds, the lowest A14(2) band (at ~630 cm™) to the vibration of the heaviest Co-O-Co
bonds, and the third observed T-mode in between these two (the A14(3) mode) to the Fe-O-Co
bonds.

Given that the Ty(2) band seems the most unchanged with Y substitution, it was chosen
to compare the relative intensities of the T-modes. The intensity ratios /,1=/(A14(1))//(T2¢(2))
related to vibrations of the Fe-O-Fe bonds and /,,=/(A15(2))//(T24(2)) related to Co-O-Co bonds
were calculated and are shown in Figure 7 a. A good correlation with this behavior is observed
in Figure 7 b, where the tetrahedral site occupancy by Fe and Co ions is shown, indicating that
the presence of the three T-modes are directly related to the cation distribution and, therefore,
to Y substitution.
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Figure 7. Relative intensities /., and /,, (a) and A-site occupancy of Fe and Co ions (b).

3.4. Magnetic measurements

Figure 8 shows the hysteresis loops for samples YO, Y1, Y2 and Y3. Ferrimagnetic behavior can
be observed for all the samples. As Co ferrite is a relatively hard magnetic material, the M vs H
curves show remanence (Mr) and coercivity (Hc). Table 6 lists the magnetic parameters for all
the samples. The value of maximum magnetization M,ax corresponds to the sample
magnetization at 14.5 kOe, while saturation magnetization Ms was calculated as the y-intercept
of the law of approach to saturation M=Ms + b/H, being b a constant.
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Figure 8. Hysteresis loops of the studied samples. The inset shows the behavior of coercivity Hc (left
axis) and maximum magnetization Mmax (right axis) as a function of Y content, x.
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Both Ms and Mr decrease with the increase in Y** content. Since the net magnetic
moment of the sample is the difference between the magnetic moment of sublattice B, Mg, and
the one of sublattice A, M, this decrease can only be explained by considering that Y** cations
(without magnetic moment, i.e. . =0) replace Fe® cations (u=5 ug) in the octahedral sublattice
of the spinel. In this way, Mg decreases accordingly with the increase in Y* content.

The values of Bohr magnetons per formula unit pg were calculated using the cation
distribution refined with the Rietveld method (Table 2) and are shown in Table 6. The
percentual decrease in pg with yttrium content agrees with the observed decrease in M.,
providing further support to the obtained cation distribution.

Coercivity increases in Y1 and Y2 with respect to YO, and decreases for Y3. The increase in
Hc is closely related with the particles size decrease and the increase in magnetocrystalline
anisotropy associated with Y inclusion in the lattice. These characteristics have also been
observed in similar systems [29].

Table 6: Coercive field Hc, remanent magnetization Mr, saturation magnetization Ms and maximum
magnetization at 14.5 kOe.

Hc [+10 0e]  Mr [+1 emu/g] Mmax [+1 emu/g] Ms [+2 emu/g] uB
YO 1165 46 76 84 3.8
Y1l 1440 32 66 73 3.3
Y2 1275 22 50 58 2.6
Y3 1060 18 45 51 2.3

The paramagnetic-to-ferromagnetic transition temperature (Curie temperature Tc) was
obtained by measuring a TG (weight vs temperature) curve while applying a magnetic field to
the sample. When the system undergoes the transition, a step-like feature is observed in the
weight of the sample because the magnetic field has no longer the ability to attract the
material. Tc was measured for all the samples, taking the maximum of the derivative
d(weight)/dT (inset of Figure 9). Figure 9 shows that Tc decreases as a function of Y substitution
from 444 2Cin YO to 374 2Cin Y3, owing to a decrease in the number of Fe-Fe superexchange
interactions. Similar results on NiZn ferrite substituted with different rare earth ions were
reported by Rezlescu et al. [30]. Because of the diamagnetic nature of Y3+, its inclusion in B sites
introduces a magnetic dilution in the A-B cation interaction, thus promoting a weakening in
magnetic strength and therefore smaller values for Tc.
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Figure 9. Curie temperature Tc as a function of Y content. The inset shows the weight vs temperature
curve for Y2 together with its derivative, which is representative of all the samples.

4. Conclusion

Cobalt ferrites of nominal composition CoY,Fe; 93,04, Xx=0; 0.1; 0.2; 0.3, were prepared using
the sol-gel combustion method. A slight iron deficiency in the formulation improved yttrium
solubility in the spinel structure. Even when this strategy allowed to introduce an amount as
high as 10% in the samples with lower yttrium content, a small amount of YFeO3 was
segregated (1.2 wt%) in the sample with x=0.3, obtaining in this case an 8.5% cationic
substitution.

A systematic decrease in cell parameters is observed with Y inclusion, despite the large
size of Y**. According to X-ray results, the samples are not perfectly inverse spinels and the
inversion factor ¢ is affected by Y substitution. The change in & is related to cation reordering
between A and B sublattices, which also modifies the allowed lattice vibrations and originates
new first-order Raman modes as a result of a lattice symmetry reduction.

Both magnetization and Curie temperature decrease with the increase in Y3* content due
to cation distribution and owing to a decrease in the number of Fe-Fe super-exchange
interactions in the octahedral sublattice.
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