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Abstract

We report synthesis of spinel ZnFe,O, ferrite by solution combustion method. Room temperature x-ray diffraction
‘XRD’; magnetic; *’Fe Mossbauer measurements were used to probe thermal treatment dependence of the structural,
magnetic properties, and connection between them. Mdossbauer spectroscopy was particularly used to identify the
presence of magnetic/non—magnetic phases, their effect on magnetic properties. XRD confirms the formation of
spinel phase, trace of a—Fe,O; was also detected. Thermally treated samples show: i) substantial increase of grain
diameter: 20.3 to 48.8 nm, presence of compressive—strain, ii) increase of inversion parameter: 0.20 to 0.65, iii)
redistribution of Zn**, Fe* ions on A, B site, therefore increasing the disorder, iv) strengthening of A-O-B, A-O-A,
with simultaneous weakening of B—O-B superexchange interaction, v) increase of magnetic—dead—layer thickness,
thus affecting magnetic properties. Coercivity variation with grain diameter suggests that the studied samples lie in
the overlap region between single/multiple—domains. Non-zero canting angle suggests the applicability of
Yafet—Kittel three sub lattice model. Magnetization behaviour is explained using core (ordered—spin)—shell
(spin—canting) model. Mossbauer results confirm: a) the 3+ state of Fe ions, b) the presence of a—Fe,0; phase, and
being antiferromagnetic reduces the saturation magnetization. Thermal treatment assisted modification of line width
range between 0.42 to 0.72 mm/s, is attributable to surface strain/domain pinning. Mdssbauer spectra confirm the
presence of two superparamagnetic doublets that are explained by core (lower quadrupole splitting) — shell (higher
quadrupole splitting) model. XRD, magnetic measurements combined with Mossbauer spectrosopy, provide

improved understanding on the effect of thermal treatments on magnetic properties.
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1. Introduction

Spinel ferrites have face centred cubic lattice, defined by (M*") [Fe*'],0., with two inter-penetrating sub-lattices:
tetrahedral site (A), octahedral site [B], where structural, and magnetic properties are different. Literature shows that
synthesis protocol e. g. - [1-4], presence of specific cations, post-preparation thermal treatment [5 — 6], distributions
of cations on A, B sites [1 — 2] play a key role in determining their structural, and magnetic properties of spinel
ferrites e. g. — Zn ferrite. Thus, making them interesting for various applications, including those in magnetic cores,
gas sensing, multilayer chip inductor, high frequency devices, biomedical applications: magnetic hyperthermia for
cancer treatment, enhanced MRI imaging etc. [7]. Zn ferrite is of interest, not only from basic research point of view,
nonetheless it shows excellent chemical stability, mechanical hardness, low coercivity, moderate saturation
magnetization, making it a good candidate as soft magnetic, low-loss material at higher frequencies [6]. In bulk form
ZnFe,O, has normal spinel structure where Zn** ions occupy A-site, Fe>* ions reside on B-site, described by formula:
(Zn*)[Fe*10*", , where (), and [] brackets represent respectively A, B sites. However, ZnFe,O, in nanocrystalline
form shows mixed spinel ferrites that are described by (Zn*-sFe*'s)[Zn* sFe**,-s]0% 4, (8: inversion parameter), with
both A, B sites occupied by Zn*, Fe* ions. Published works show that in case of nanocrystalline ZnFe,O, cationic-
redistribution can be achieved by thermal treatments e. g. - [8 — 9], would reflect in magnetic properties [3, 6, 8],
ascribable to stronger inter-sub-lattice A—O—-B super-exchange interaction, in comparison to intra-sub-lattice A-O-A,
B—0O-B interactions. Numerous literature e. g.- [1-13] report structural, and magnetic properties of ZnFe,O, probed
via complementary experimental techniques: x-ray diffraction ‘XRD’; magnetic measurements, Madssbauer
measurements, neutron diffraction etc. Nevertheless, a comparison of structural, and magnetic properties among
various ZnFe,O4 samples: i) without any thermal treatment, ii) conventional thermal treatment, and iii) spark plasma
sintered ‘SPS’ is less-explored, and would provide vital information on thermal treatment induced structural changes,
evolution of magnetic and/or non-magnetic phase, and its effect on magnetic properties.

Thus, we report solution combustion synthesis of ZnFe,O, , using nitrate-citrate precursors. Room temperature x-
ray diffraction (XRD); magnetic measurements, *Fe Méssbauer measurements were used to probe the thermal-
treatment (conventional thermal treatment, SPS) dependency of properties of Zn-ferrite and correlation between them.
Mossbauer spectroscopy was particularly used to identify the presence of magnetic / non-magnetic phase, and its

effect on magnetic properties.

2. Experimental details

2.1 Material synthesis and thermal treatment

Solution combustion method utilizing AR grade Zinc nitrate: Zn (NO3), 6H,0, Ferric Nitrate: Fe(NO3);.9H,0, and
Citric acid: CsHsO7, were used in stoichiometric ratio, keeping metal salt to citric acid ratio as 1:1, were used to
prepare ZnFe,O,. Precursors were mixed in deionized water, and pH was maintained at 7 by adding Ammonia
solution: NH4OH, and solution was heated at ~115 °C in air till soft powder (called as dry gel) is formed. Synthesized
‘dry gel’ (labelled as DG) sample was annealed at 600 °C / for 3 hours (labelled as ANN), and was also spark plasma
sintered at 800 °C for 5 minutes (labelled as SPS). It is of value to note that Spark Plasma Sintering (SPS) is a
sintering technique which involves the simultaneous usage of uniaxial pressure, and high-intensity pulsed current
(low-voltage) flowing directly through the sample leads to heating. So SPS can be treated as a variation of hot-
pressing, and here the furnace is substituted by a cast which contains the sample. Distinct advantages of SPS include:

fast (~ few minutes), and uniform sintering, high



heating rate (heating rate ~1000 °C /min), relatively low grain growth etc. [14], thus can be effectively used for
preparing nano-crystalline materials. Samples were Spark Plasma Sintered in Sumitomo Dr. Sinter 515 S SYNTEX
spark plasma sintering machine under Argon atmosphere. Samples were filled in an 8 mm graphite die with a layer of
protective graphite foil, and closed on both sides by Carbon pistons, and a uniaxial pressure of 50 MPa was applied.
Within 8 min., the sample temperature was raised up to 800 °C, measured by a thermocouple located inside the die.
This temperature was kept for a duration of 5 minutes, and then the sample was cooled within 8 min. Heating /
cooling rate was 100 K / min. Figure 1 (a to c) respectively depicts the schematic of sample synthesis-thermal

annealing, schematic of SPS apparatus, and temperature profile of SPS process.

2.2 Material characterization

X-ray diffraction measurements (Bruker D8 Advance diffractometer employing CuK, radiation, wavelength:
0.15418 nm) were done at room temperature. Transmission *’Fe Mossbauer spectra were recorded at room
temperature in constant acceleration mode using *’Co:Rh source by using standard PC-based Méssbauer spectrometer
utilizing Wissel velocity drive. Natural iron absorber at room temperature was used for the velocity calibration.
Lakeshore Model 7410 vibrating sample magnetometer (Hm.x = = 1.9 T) operating at room temperature was used to

obtain hysteresis loops.

2.3 Analysis of the data

XRD data analysis gives aex., and (311) reflection was used for ae,. calculation. Grain diameter Dw-y, strain g, is
computed by Williamson-Hall (W—-H) analysis. Dislocation density was computed by following expression:pp = 15¢ /
exp. X Dwnr (lines/m?), where ¢: strain, d.,: Experimental lattice parameter, Dw-u: Grain diameter. Distribution of
cations on A, B site was calculated by using Bertaut method [15], by comparing the ratios of experimental, computed
intensity for: (422), (311), (400), (220) planes [16]. Distribution of cations on A and B site, where theoretical, and

obs

experimental ratios (Ina ® and Iu™) of the observed, calculated intensities agree noticeably, is taken as correct one
[17]. Neel magnetic moment i. e. theoretical magnetization at 0 K: ‘M,u)’, theoretical lattice parameter (as.), bond
angles (0;, 02, 05, 04, 05), Oxygen position parameter (u), and inversion parameter (§) were also computed from
cationic distribution, as detailed in [17]. A MATLAB ®program was written for calculating am., u, 6:, 62, s, 64, 05,
M), utilizing the expressions, which are given in Supplementary Materials. NORMOS SITE program [18] was used
for computer fitting of Mossbauer spectra, assuming Lorentzian line shapes, and resolved into two sub-spectra, to
obtain hyperfine parameters. Hysteresis loops were used to get saturation magnetization (M), coercivity (H.), and
squareness ratio (M,/M;). Anisotropy constant K; was calculated by using the equation: K; = (Hc. X M) / 0.96, where
M;: saturation magnetization, H: coercivity. As hysteresis loops are not saturated, the saturation magnetization ‘M’
values were obtained by plotting magnetization ‘M’ versus 1/H (magnetic field), and a linear fit was obtained with
extrapolation to zero, where curve intersects the y-axis, is taken as saturation magnetization ‘M’ [19]. Canting angle
oy-x was computed as detailed in [20], and the expression for cy.x is given in Supplementary Materials. Magnetic
dead layer thickness (t) was calculated as described in [19, 21-22] and the expression for t is given in Supplementary

Materials.. Error shown in tables, figures is Standard Deviation obtained from the data.

3. Results and discussion
Figure 2 depicts the XRD patterns of the studied samples, confirming the formation of nanocrystalline spinel phase

(grain diameter range between 20.3 to 48.6 nm), and shows presence of strong diffraction peaks corresponding to



(220), (311), (222), (400), (422), (511), (440) planes. Rietveld refined XRD patterns, and Rietveld refined R-

parameters (R,



Ry, Reyp), goodness of fit (GOF = R,,/R.x,), and the shape parameters (u, v, w) are given respectively as figure S1, and
table S1 in Supplementary Materials. In ANN sample, presence of a-Fe,O; (~ 2 %) was also reported in [6, 10],
ascribable to moderate thermal annealing temperature (600 °C) [23], and antiferromagnetic nature of a-Fe,O; is
expected to reduce the saturation magnetization (Msexp, Of the ANN sample. Table 1 gives lattice parameter (dexp),
Williamson-Hall grain diameter (Dw.g), strain (¢€), dislocation density (op) for the studied DG, ANN, SPS samples.
Thermal treatment induced increase of a., given as inset of fig. 2 for ANN, SPS samples, showing the expansion of
unit cell, and is consistent with earlier results [5, 23]. Perusal of table 1 shows that thermal treatment leads to increase
of Williamson-Hall grain diameter (Dw.g) from 20.3 to 48.6 nm that is consistent with earlier reports [6, 24]. Negative
sign of strain (W-H plot with negative slope) in the studied samples reveal compressive strain, and is attributable to
thermal treatment induced structural changes, as were also reported in [25], and would have effect on magnetic
properties [26]. Thermal treatment also leads to variation of dislocation density (,0p), and would mirror in magnetic
properties, as was also reported in [26].

Table 2 depicts calculated distribution of Zn*, Fe* cations on A, B site, aexp, an , Oxygen parameter u and Calc.,
Obs. intensity ratios: I»/luao, Luoo/Lazo, I220/Iaa0 . Perusal of table 2 shows that as we move from DG to ANN sample, on
B-site: there is reduction of population of Fe* ions (migration of Fe** ions from B to A site) with concurrent increase
of Zn*" ions (migration of Zn** ions from A to B site). As we move from ANN sample to SPS sample, there is further
migration of Fe* ions from A to B site, while Zn** ions migrate from B to A site. Observed modification of cationic
distribution is ascribable to thermal annealing assisted movement of Fe**, Zn*" cations on A, B site [27]. Table 2 also
shows good matching of aep., am, and Obs. Calc. intensity ratios- I»o/lo, Lsoo/ls22, I220/1440, validating the reliability of
the obtained distribution of Zn**, Fe** cations on A, B site. Observed changes in cationic distribution leads to variation
of strain in the studied DG, ANN, SPS samples, as shown in table 1. It is worth noting that ionic radius of Fe3" is
0.067 nm, and that of Zn** is 0.074 nm. So the variation of population of Fe**, Zn** on A, B sites would lead to
alteration of a.. in the studied DG, ANN, SPS samples [28]. Variation of cationic distribution in DG, ANN, SPS
samples leads to alteration of inversion parameter (6) [27], ranging between 0.2 to 0.65, and Oxygen positional
parameter (u) ranging between 0.3807 to 0.3845, which is higher than ideal spinel structure (0.375) [29], indicates
increased disorder [19, 26]. In an ideal spinel ferrite, oxygen ions form an fcc lattice with cubic edge as: 0.5 a.. and
Oxygen positional parameter (u) is 0.375, which is valid for an ideal case, but considering an actual spinel ferrite, the
A-site (tetrahedral-site) is somewhat small to accommodate a metal ion causing minor lattice distortions, and there
would be a movement of the four oxygen atoms, as is observed by changes in a.., shown as inset of fig. 2. So in the
studied samples, obtained higher u can be utilized for approximate measurement of oxygen movement. In the studied
DG, ANN, SPS samples, obtained higher u values are ascribable to different concentration of Zn** ions on A-site (see
table 2). So, more the concentration of Zn** ions on A-site, larger will be the displacement of oxygen anions. This
declaration is confirmed in figure 3 showing linear variation of u with 6 [17, 20], described by experimental relation:
u = 0.39 — 0.0083 ( 6 ). Obtained variation of Oxygen positional parameter is expected to affect the magnetic
properties [26].

Figure 4 gives the variation of bond angles for the studied, DG, ANN, SPS samples. Bond angles 6, 8, reveal
information on A-O-B, while 05, 8, provide information on B-O-B, and 0;s gives information on A-O-A super-
exchange interaction [26, 29]. Perusal of fig. 4 reveal that as we go from DG = SPS > ANN samples, increase of 8,
0,, 85 with simultaneous decrease of 05, 8. indicate respectively the strengthening of A—O-B, A—O—A interaction, and
weakening of B-O—B interaction, and would reveal changes in magnetic properties, which is consistent with earlier

studies [17, 19, 28].



Figure 5 shows Hysteresis loops of the studied DG, ANN, SPS samples, whereas inset shows linear increase of
M;exp) dependence with Oxygen parameter u, described by fitting equation: Msexp) = 1148.56 (u) — 432.05, ascribable
to increased disorder in the studied specimens [19, 22, 30]. The un-saturated hysteresis loops of DG, ANN, SPS
samples
shown in figure 5 are typical of superparamagnetic behaviour with negligibly small remanence (M,), and moderate
coercivity (H.).

Table 3 depicts the dependence of magnetic parameters: experimental (M;exp,); theoretical saturation magnetization
(M), coercivity (Hc), remanence (M,), squareness ratio (M,/M;), magnetocrystalline anisotropy (K;), canting angle
(avx), and dead layer thickness (t). In the framework of Stoner—Wohlfarth (SW) model [31] for three-dimensional
non-interacting random particles, M/M; ~ 0.5 represents randomly oriented uniaxial anisotropic ferromagnetic
particles. Perusal of table 3 shows that for the studied DG, ANN, SPS samples, M,/M; values range between 0.0014 to
0.0678, which is far lower than 0.5, are ascribable to much stronger interactions among multi-domain grains [32].
Therefore, SW model would be less relevant for the studied samples and hence, using M,/M; values it cannot be said
evidently, that the studied samples possess uniaxial anisotropy, as was also reported in [30].

Figure 6 (a, b) shows the variation of M), Msex) for DG, ANN, SPS samples, and the non-similar trend of M,
Miexp), finite av.x values (see table 3) shows that the magnetization behaviour is governed by Yafet—Kittel (Y-K)
three sub lattice model [33, 34]. Fig. 6 (c) shows decrease of My With increase of dead layer thickness ‘t’, ascribed
to higher spin disorder at the surface (‘shell’) of the nanoparticles, and will decrease the saturation magnetization [17,
19, 22, 35]. Fig 6 (c) inset shows variation of M) With Dw.i , and as Dw.y increases from 20.3 nm (DG sample) to
48.6 nm (SPS sample), Mexp,) drops from 10.17 Am%kg to 7.35 Am*kg showing that with increasing grain diameter
(Dw-n), Msexp, decreases , is consistent earlier study [1], ascribable to thermal treatment assisted variation of inversion
degree. In addition, for smaller grain diameter, surface effects become progressively important due to higher surface
to volume ratio, generating higher strain on surface (as seen in table 1), would also have effect on the magnetization.
Figure 6 (d), illustrates the pictorial representation of core—shell structure of nanoferrite, where ferrite nano particles
are considered as: i) inner core with spin arrangement, parallel to applied magnetic field, and ii) surface layer with
spins inclined and/or their canting at some angle (and not at random) with respect to the applied magnetic field
direction due to the presence of vacancies in nanoparticles, however the chances of spin canting in the core cannot be
ruled out [35]. Figure 6 (e) depicts the linear increase of H. with K, and is consistent with earlier reports [17, 19],
represented by experimental relation: H. = 28.12 K; — 3.13. Dependence of H. with Dw.i (see fig. 6 e), suggests that
the studied samples lie in the overlap region between multiple-domains/single-domain [17, 19, 26, 36]. It is worth
mentioning that SPS sample displays better soft magnetic properties: low H., moderate M, low K, as compared to
DG, ANN samples, exhibits the utility of ‘spark plasma sintering’ to obtain soft magnetic properties in ZnFe,O..

Figure 7 shows Md&ssbauer spectra and table 4 lists their corresponding fitted hyperfine interaction. Fitted isomer
shift for all the studied samples (see table 4) reveal that Fe has 3+ oxidation state, and is consistent with literature [17,
26, 37]. In the studied DG, ANN, SPS samples, thermal treatment assisted modification of line-width range between
0.42 to 0.72 mm/s is attributable to surface strain or domain pinning [38-39]. Mossbauer spectrum of ANN sample is
best fitted with two components: i) a sextet linked to surface ‘shell’ [40] ascribable to a-Fe,O; (as was also detected
in XRD data, shown in fig. 2) with IS = 0.38 mm/s, QS = — 0.2 mm/s, and B¢ = 52.5 Tesla, which closely match with
earlier works [41-42], has 21% area, and ii) a superparamagnetic doublet, and in the framework of core-shell model
[35, 40, 43-46] is connected with inner ‘core’ with IS = 0.34 mm/s, QS = 0.38 mm/s and area of 79 %, ascribable to
superparamagnetic spinel phase [42]. Mossbauer spectra of DG, SPS samples are best fitted with two doublets, and

core-shell model can be used to describe these two doublets [35, 40, 43 — 46] and are linked respectively to Fe3+ ions
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from ‘core’ and ‘shell’ (surface and/or interface) of the ferrite nanoparticles (see fig. 6 d). As shown in table 4,

doublet



1 with lower QS is associated with nanoparticle ‘core’, and the doublet 2 with higher QS is connected to ‘shell’
(interface) of Fe3+ ions. It is worth noting that, in case of nanoparticles, large surface to volume ratio leads to change
in spherically symmetric charge distribution, thus creating an electric field gradient [45]. Consequently, there is
modification of QS corresponding to doublet 2. Doublet 1 in DG sample is connected with inner ‘core’ with IS = 0.33
mm/s, QS = 0.41 mm/s, and area = 53 %, while doublet 2 is associated with ‘shell’ (interface) with IS = 0.33 mm/s,
QS = 0.96 mm/s, and area = 47 %. In SPS sample, doublet 1 is related to inner ‘core’ with IS = 0.35 mm/s, QS = 0.25
mm/s, and area = 62 %, whereas doublet 2 is linked to ‘shell’ (interface) with IS = 0.32, QS = 0.65 mm/s, area = 38
%. It is worth mentioning here that in the studied DG, ANN, SPS samples, thermal-treatment assisted evolution of
magnetic properties (saturation magnetization, coercivity etc.) is a combined effect of the modification of: grain
diameter, cationic distribution, oxygen positional parameter, strain, canting angle, dead layer thickness, as-well-as the
presence of doublet and/or sextet: o-Fe,Os, (detectable via Mossbauer measurements). Thus, complementary
experimental techniques: XRD, magnetic measurements combined with Mossbauer spectroscopy, contribute
decisively in improved understanding of the effect of thermal treatments on the magnetic properties of spinel ZnFe;0,

nanoferrites.

Summary

Formation of nanocrystalline spinel Zn-ferrite phase, and presence of minor a—Fe,O; phase is confirmed by XRD.
Thermal treatment is accountable for the observed increase of W—H grain diameter: range between 20.3 to 48.6 nm,
and lowering of compressive strain, dislocation density. In the studied DG, ANN, SPS samples, redistribution of Zn*,
Fe* ions on A, B site is observed, although both Zn®*, Fe*" ions are present on A, B site. Observed cationic
redistribution is responsible for increase of disorder, degree of inversion, modification of canting angle, increase of
magnetic dead layer thickness, and also the increase of d.,. As we go from DG = SPS - ANN sample, alteration of
bond angles (6 to 0s) leads to weakening of B-O—B superexchange interaction with synchronized strengthening of
A-0O-B, A-O-A superexchange interaction. These structural changes mirror in magnetic properties, showing
alteration of coecivity, saturation magnetization, and are understood in the framework of Y-K three—sub-lattice
model. Hysteresis loops of DG, ANN, SPS samples show superparamagnetic behaviour with negligibly small
remanence (M;) and moderate coercivity (Hc). Magnetic properties are understood by using core (ordered spin)—shell
(canted spin) model. Increase of Mdssbauer linewidth suggests the variation of surface strain, domain pinning,
leading to the variation of both coecivity, and saturation magnetization. Presence of two superparamagnetic doublets
in Mossbauer spectra are explained by core—shell model. Present studies offer better understanding of the thermal
treatments induced structural changes, and its effect on magnetic properties of the studied DG, ANN, SPS samples.
SPS sample shows better soft magnetic properties (low Hc, moderate M, and low anisotropy) as compared to DG,
ANN samples, demonstrating the effectiveness of ‘spark plasma sintering’ technique to achieve soft magnetic

properties in ZnFe;Oys.
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Figure captions:

Figure 1 : (a) Schematic of sample synthesis, thermal annealing, (b) Schematic of SPS apparatus,

Figure 2 :

Figure 3 :

Figure 4 :

Figure 5 :

Figure 6 :

Figure 7 :

(c) Temperature profile of SPS process.

XRD patterns of the studied samples. Inset: variation of aey, For the studied samples, line connecting

points are guide to the eye.

Variation of Oxygen parameter with degree of inversion for the studied samples.

Continuous line is linear fit to the data.

Variation of bond angles for the studied, DG, ANN, SPS samples. Line connecting points are

guide to the eye. Error in the estimation of 8; to 8s range between £0.19 ° to +2.3 °.

Hysteresis loops of the studied DG, Ann, SPS samples. Inset: variation of Mexp, with u.

Continuous line is linear fit to the data.

Variation of: () Mym,), (b) Msexp,), (C) Msexp.) with dead layer thickness (t) (Inset: Variation of My,
with Dy.y), (d) Pictorial representation of core (ordered spin), shell (disorder and/or at random spin)
structure for nanoferrite, with applied magnetic field, (e) H. with K; (Inset: Variation of Hc with Dy.p ),

for the studied DG, ANN, SP samples.

Room temperature Mossbauer spectra of the studied samples. Symbols: experimental data, lines: best

fit to the experimental data.
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Figure 6 (a to e)
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Table 1 Lattice parameter (@), Willamson-Hall grain diameter (Dw.n), strain (¢),

dislocation density (op)for the studied DG, ANN, SPS samples.

Sampl Acxp. (Mm) Dw.u (nm) Strain (&) po 10" (lines/m?)
o (+ 0.0002) +2) (* 1.4 x10°7) (£ 1 x10)
DG 0.8401 20.3 -9.7158 x10° 8.54
ANN 0.8427 40.9 - 4.9895x10° 217
SPS 0.8423 48.6 -1.1621x10™* 4.26
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Table 2 Cation distribution (for A, B site), experimental, theoretical lattice parameter (@exy, @n), 0Xygen positional parameter (u) for studied
ZnFe;0;, and calculated, observed values of intensity ratios I»ae/Taso, Lsoo/Yaz2 , I220/Ta0o.

Sample Cation QAexp. A u Intensity ratio: (+ 0.1)
Distribution (nm) (nm) To20/Laao Lioo/Laz 220/ Lago

(£0.01) | (£0.0002) | (0.0002) | (+0.0002) = G T Cle, | Obs. | Calc. | Obs.

DG (Znggo FEQ_zo)A 0.8401 0.8440 0.3845 0.972 1.111 1.395 1.291 1.959 2.183
[Zﬂo.zoFeLso]B

ANN (Zno,asFeo,es)A 0.8427 0.8420 0.3833 0.965 1.220 2.453 2.683 1.793 2.181
[ZHO.GSFe1.35]B

SPS (ZIlo.7oF80_3o)A 0.8423 0.8435 0.3807 0.931 1.001 1.602 1.495 1.784 1.867
[Zn0.30Fe1,70]B
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Table 3 Coercivity (H.), experimental saturation magnetization (M), magnetization at 0 K (M; o x, magneto-crystalline anisotropy
(K1) and Yafet-Kittel angle (.) (obtained from cation distribution) , dead layer thickness (t).

Sample H. Mi(exp) My M: M. / M; K x 103 Oly-k t
(Oe) (Am’kg) | (Am*kg) | (Am’kg) (erg/cc) ©) (nm)
(+3) (£2) (+2) (+0.01) (+2) (+0.5)
DG 41.17 10.17 185.34 0.69 0.0678 2.307 81.43 2.75
ANN 86.00 5.49 86.88 0.13 0.0242 2.506 60.99 6.12
SPS 9.54 7.35 162.17 0.01 0.0014 0.382 78.56 6.99

22



Table 4 Fitted Mossbauer parameters (Width — Line width, IS- Isomer shift, relative to a-Fe, QS — quadrupole
splitting, Bur — Hyperfine field, area - % Area of the sextet and/or doublet) for the studied DG, ANN, SPS
samples.

Sample Component Width IS Qs Bur Area
(mm/s) (mm/s) (mm/s) (Tesla) | (%)
(£0.03) (£0.01) (£0.03) (£0.1) (2)

DG Doublet 1 — SPM , Core 0.47 0.33 0.41 53
Doublet 2 — SPM , Shell 0.72 0.33 0.96 - 47
ANN Sextet 1 — a-Fe,O3 , Shell 0.42 0.38 -0.20 52.5 21
Doublet 1- SPM , Core 0.44 0.34 0.38 - 79
SPS Doublet 1 — SPM , Core 0.43 0.35 0.25 - 62

Doublet 2 — SPM , Shell 0.45 0.32 0.65 - 38
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