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1. FERRITES WITH SPINEL STRUCTURE

Spinel structure Chemical formula

: Tetrahedral site
o\ TeL ©

@ ASite ions
- B Site ions AT\
- Oxygen ions -- )
. . -

M are chemical elements
Octahedral site with oxidation state +2

Cubic system
Space group: Fd-3m

A: inversion degree 0 < A <1

( M2, Fe3t ), [ M2 Fe3t, 15 OE—I . (): tetrahedral sites (A-s_,ites)
[ ]: octahedral sites [B-sites]




Classification of spinel structure

Normal Spinel

(M*%)4 [Feyt]p OF

Divalent cations M?%* occupy
tetrahedral sites, trivalent cations
Fe3* occupy octahedral sites.

Inverse Spinel

(F83+)A [ﬂr‘fz—i_ FEE+]B Oi_

Mixed Spinel

M2 P ), [ M2 Fedt 15 0%
1-XA A A 2—-) 4

Divalent cations M?2* occupy
octahedral sites, trivalent cations
Fe3* occupy tetrahedral and
octahedral sites.

A=1

M?2* and Fe3* occupy tetrahedral and
octahedral sites simultaneously and in
different proportions.

|U<:A<::1|




Quaternary ferrites

| M/N,,Fe,0,(M,N=Fe,Ni,zn,Mg) |

( Fe:l.-XI\/IX) [N 1-XFe1+X] 04 ( NgXMT](l'X) Fe 1-§X-1’](1-X)) [N (1_ ﬁ)xM (1_1,])(1_)() Fe 1+§X+1’](1'X)] 04

( NaMx-BFel-x+y) [N 1-x-oc|vI BFe1+x-y] O4 ( NaxM (1-x)BFe2x) [Nx(l-oc) M (1-x)(1-B) FeZ-ZK] O4

Superficial area Reactivity Reversible adsorption Particle size Magnetic separation




2. RECOILLESS f-FACTOR for MFe,O,; M = Fe, Ni, Mg

The recoilless f-factor is the fraction of gamma rays which are emitted and absorbed
without recoil.

1 2(2
, f — e k< {(x*)
Debye model for lattice vibrations

2 GD/T

B 3ER 1+ 2T j X i
f - exp ZkBGD GD e —1 X

0

The recoilless f-factor is closely related with the atomic vibrations in the solid in which
the Mossbauer nucleus is embedded and allows determination of relative atomic,
molecular or weight fractions of iron compounds in the absorber.




Subspectral area ratio method

For uniform and nonpolarizing absorbers (Transmission Integral):

+00
2 I3/4 ,
N(E) = BG + nufi— | d A

where o,(E) = Zfa,ina,iga,i(E)
i

In the thin absorber approximation:
+ o0

2 Is/4
Nth(E) =BG — nMﬁ; § fa,ina,i f d\II
Tl &
l

OqiV
ST (B +T/4
The total spectral area is given by:
+ o0

T
Ar = J dE[BG — Ny (E)] =Z§UOF01”IMfsfa,ina,i
i
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Subspectral area ratio method

A
Ap = Z A; = ZEUOFoansfa,ina,i
7 7

Absorber made of homogeneous mixture

compound, i, and reference, r:

T
Ai _ jo-oroansfa,ina,i _ fa,ina,i

= =
Ar 5 ol oNmfsfarnar Jarnar

Nymg,ja0q jNg j
Ha,j A

na'j =

ONE relative f-factor =———————

Oh, Cook. J. Appl. Phys. 85 (1999) 32
Sorescu. Materials Letters 54 (2002) 256
Sorescu. J. Nanoparticle Res. 4 (2002) 221

of

0y: cross-section at resonance
["p: FWHM of Md&ssbauer
transition

Ny Mossbauer gamma of BG
f: recoilless f-factor

n: total number of >’Fe per cm?.
N,: Avogadro number

m: mass

a: °’Fe natural abundance

O: iron occupancy factor

N: number of Fe per formula unit
u: molar weight

A: spectral area

= ()G (&)




Extension of the area ratio method

The subspectral area ratio method at a single T assumes that there is only ONE average
f-factor value for irons at all sites in the compound. Therefore, we will call this method
the One relative f-factor.

Fe3* at one crystallographic site Fe3* at two crystallographic sites

éls it possible to extend this subspectral area method to determine simultaneously
TWO relative f-factors, associated to two iron sites in the compound?




Extension of the area ratio method

Total spectral area =) A, =A,+A,+A, A, n A: _A; ~1
AI" AI" AI‘
Spectral area of site J. m= A, =70, Nyl 1N,
Combination of previous n,f, n n,f, _ A, _1
equations nf nf A
Sum of 57Fg/cm2 thicknesses | N, +N, =N, ouna
of two Fe sites

fraction y (or 1-y) of Fe
atoms in the compound are | === n, =yn_,_ _cindl N2 ==Y )Nomoound
located in site 1 (or 2).

57F€/Cm2 thicknesses of a NAmcompoundaocompounchompound

ncom d —
poun
COmpound. l'lcompoundA

Barrero & Garcia, Journal of Chemical Physics 139 (2013) 034703.




Relative Transmission (a.u.)

Magnetite

Mixture of magnetite (Fe,;,0,) and iron powder
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Barrero & Garcia, Journal of Chemical Physics 139 (2013) 034703.
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Masses of magnetite (m,,, ) and iron powder (m.). Relative spectral areas
A2, A 2%, A, and f-factors f. 3, f.2°*, f. for Fe3* and Fe?>* sites of

magnetite and iron powder, respectively. [m.,. . <m,,  m_ < m,.I.
Mitag M, A, AF—e3+ AFe2'5+ Fez'&/fre
(mg) | (mg)
5.9 4.4 54.8 22.1 23.1 0.85
7.1 5.2 53.0 22.4 24.6 0.90
8.8 6.4 51.0 23.4 25.6 0.96
13.6 9.9 51.7 23.5 24.8 0.94

o 3/f., = 0.97 +0.05, f, 25*/f = 0.92 4 0.05; and f 25/ 3 = 0.95+0.05 |

f=.2°*/f=>* = 0.94 + 0.02 reported by Sawatzky et al., Phys. Rev. 183 (1969) 383 . |




Mixture of NiFe,O, and iron powder

m_=14.39 mg
m_=11.21 mg

10 8 8 4 -2 0 2
Veloc;|ty( S)
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(Ni; %, Feg*)a [Ni;*Fes T3l O; -

fi:i*ul(”*“l(ﬁ:,}[(fil

Lagarec, Rancourt, Recoil: Mdssbauer Spectral Analysis Software for Windows, version 1.0 (University of Ottawa, Canada, 1998).
Salazar-Tamayo, Garcia, Barrero, J. Magn. Magn. Mater. 471 (2019) 242
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Determination of degree of inversion

8 ) r‘.:[ - {{l—ﬂ,}rmh + -a.-rﬁ?3-+)
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300 K thickness-corrected Mossbauer spectra of the homogeneous mixtures of
NiFe,0, and metallic iron powder. The masses are indicated in each spectrum.

FeA3+ § o | F(’.EB3+

m.=11.52 mg
m_=8.98 mg

Relative Transmission (a.u.
; ?)
>
\‘
e
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Metallic iron powder

m.= 14.39 mg
m_=11.21mg
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Lagarec, Rancourt, Recoil: Mossbauer Spectral Analysis Software for Windows, version 1.0 (University of Ottawa, Canada, 1998).
Salazar-Tamayo, Garcia, Barrero, J. Magn. Magn. Mater. 471 (2019) 242 15




Masses of the NiFe:0O,4 (my) and metallic Fe (mg.) materials used in the

Maossbauer absorbers.
Sample code my (mg) mg. (mg)
al 5.96 4.64
b) 8.54 6.66
c) 11.52 8.98
d) 14.39 11.21

Spectral areas and Maossbauer recoilless f-factors of the (A) and [B] sites of
NiFe,0,. A, and fg, are the spectral area and the Méissbauer recoilless f-factor
of the metallic Fe powder.

Sample A ﬁi.p A F"E'_l_ Ape f F&+ f F"P I Fe% +

IFEi+

a) 20.1 23.7 56.2 0.85 0.93 1.09

b) 20.0 234 56.6 0.84 0.91 1.08

c) 19.9 23.7 56.4 0.84 0.93 1.10

d) 201 236 56.3 0.85 0.92 1.08
fﬁ5+

I -1.09 = 0.01

i+
Fey

Salazar-Tamayo, Garcia, Barrero, J. Magn. Magn. Mater. 471 (2019) 242




Magnesium ferrite

Mixture of MgFe,O, and iron powder

2.10

Intensity (10° cts)
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The RT recoilless f-factor ratio of f..** ,/f;, and fFe-”*B/f,:e were 0.91 and 1.38, respectively.
Quotient of these two f-factors f; 3" /fF A IS equal to 1.51.




3. Ni,.Zn Fe,O, (x = 0)
Cation Vacancies in NiFe,0, During Heat Treatments

! B g @ = aotm A (1)
(@) Mixture M=z “).._:L, . in which A is the inversion parameter, and:
b) z 5 ~|b
NiOand 5. 8% ¢ 23 | 3 g
ot 5 ASl-°x g 54 g8 = s
o-Fe,0;  Zi s juisal 241} ia I 7Y WX | L “=373 [re +(V3)ms +(1+V3)R]=837T1A  (2)
(b) 1000 °C 5° =8 _ =g £lo
() 1100°C | &y It &2
A it st} ogd 2 | i N i
d) 1200 = - e 8 3 3 .
N °C. ’ gil . < 3 ! ™33 [—?‘mr+(§)m;;+mr—(g)ffe;- =—0.032A (3)
= 1k iiiig il i o o
A T e — 8.339A(A=1)<a, < 8371A(A=0)
20 30 60 70

4 80 40 50
20 (CuKe) 26 (CuKa)
Table 1. Variation with temperature of the relative abundances and of the lattice parameter of NiFe,O,. The conventional statistical
parameters ¥, pr and R__ were obtained from the Rietveld analysis of the XRD patterns. Estimated errors are of about 1 wt. % for the
phase abundances and of 0.001 A for the lattice parameters.

smple vy wdy oo oweo) 05 o ‘

Initial mixture 32 68 - --- 9.23 7.65 1.46
1000 °C 6 13 81 8.333 8.46 7.11 1.42
1100 °C < 1* < 2% 97 8.336 7.27 6.35 1.31
1200 °C --- —- 100 8.340 7.65 6.58 1.35

*Values below or near to the XRD detection limit. 18




Table 2. Hyperfine parameters for the (A) and [B] sites of NiFe,0,. 8, and &, are the isomer shifts, 2_, and 2, are the quadrupole shifts,
B, and B, are the hyperfine magnetic fields, and A, and A, are the relative spectral areas for irons at (A) and [B] sites, respectively.

& 2e, B A, d 2e B A
Sample (mm’s) (mm/s) (T) (%) (mm/s) (mms) (T) (%) AJA,
1000 °C 0.25 0 49 45 0.36 0 52.3 27 1.67
1100 °C 0.25 0 49 52 0.36 0 523 48 1.08
1200 °C 0.25 0 49 50 0.36 0 523 50 1
a)
] A (L))
3 A \fu\2—A4
5
k7
5(c) where AR the recoilless f-factors ratio for Fe’* cations at
E (A) and [B] sites. Using equation (4) and considering J= at
3 room temperature (RT) *¥; we found % =0 for =0, "and
14 . Su
d) % =0.92 for A = 1. Notice that the experimental values of
% reported in Table 2 are outside the range of expected
T A ATy

6 4 2 0 2 4
Velocity (mm/s)

H. Salazar-Tamayo, K.E. Garcia Tellez, C.A. Barrero Meneses. Materials Research. 2019; 22(5): e20190298




IR and Raman spectra of (a) the initial mixture of reactants, (b) 1000 °C, (c) 1100 °C and (d) 1200 °C.

Transmission (a.u.)
Intensity (a.u.)
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H. Salazar-Tamayo, K.E. Garcia Tellez, C.A. Barrero Meneses. Materials Research. 2019; 22(5): e20190298




SEM micrograph and EDS spectra
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T=300 K d) Table 3. Saturation magnetization (M,), remanent magnetization
(M,) and coercive magnetic field (H_) values obtained in the analysis

40- o of the hysteresis loops.
usb) Sample M, (emu/g) M, (emu/g)  H_(10°T)

-l Initial mixture 0.4 0.1 160

201 1000 °C 35.2 4.0 5.0
§10‘ 1100 °C 474 4.0 4.6
£ 0 1200 °C 55.4 44 32
=10-

(NiitliFel'),[Nii Fei;]; 07 M,.=Ms—M,

MA - (]- T A)M;ﬁ?‘ —I_ AM}.-E-?F

Mg =AMy + (2 — A) My

0450 05 00 05 10
-60- , : . Mo = 2(4—32) 5
-1.0 -0.5 0.0 0.5 1.0

H (T)

Figure 9. Hysteresis loops of (a) the initial mixture of reactants

and of the samples submitted to heat treatments at (b) 1000 °C, (c)

1100 °C and (d) 1200 °C. M. = [2(4—34) — (2z + 5y) ] s
H. Salazar-Tamayo, K.E. Garcia Tellez, C.A. Barrero Meneses. Materials Research. 2019; 22(5): e20190298
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3. Ni, .Zn Fe,0, (x # 0)

Synthesis by solid state reaction

Step 3: Solid-State Reaction.

Step 1: Stoichiometric calculations.

Step 2: Mechanical Milling.

e Obtain a homogeneous mixture.

e Reduce the particle size.

e Increase the contact area between
the reactants

Horizontal section Movement of the
supporting disc

Centrifugal force

Rotation of the grinding bowl

e Heating Rate: 2 °C/min.

e Maximum Temperature: 1250 °C.
e Thermal Treatment: 15 h.

e Cooling Rate: 10 °C/min.

ﬁ
=1

—
o

Temperature
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S.A. Mazen et al., Phys. Status Solidi A. 134 (1992) 263
C.A. Palacio Gémez, C.A. Barrero Meneses, A. Matute. Mater. Sci. & Engin. B 236—237 (2018) 48-55 24




Estimated cation distribution and X-ray intensity ratios for the Ni, _,Zn,Fe,0, ferrites.

X Cation Distribution I(ggg} / I(4 40) I(.q,gg) / I(ggg) Fe3* Tetra
Fe 't Octa
Obs. Calc. Obs. Calc.
0.0 {FELQQQ} [Nil_DDDFel_QQD] 0.506 0.802 1.049 3.454 1.000
0.2 {N]..D_E,lzznﬂlzﬁuFED‘zgg) [Ni0‘2332ﬂ0l000F31_71 2] 0.387 0.513 0.991 2.463 0.168
0.4 {Ni0_4562n0‘4ﬂﬂF30‘ 144) [Ni[)-l aafDg ooFeq _355] 0.458 0.633 0.878 2.184 0.078
0.6 {Ni[}_ggﬂznﬂjg';FED.lzg) [Ni[}_[}g[}Zﬂ[}J DgFE]_B??] 0.410 0.537 0.864 2.164 0.066
0.8 {N]-Dl SBZHG.TEEFED.DSI) [Ni0_04?2ﬂ0_034F31_91 g] 0.556 0.814 0.886 1.985 0.042
1.0 (Zn4 000)[ Fez.000l 0.416 0.519 0.693 1.834 0.000

* Round () and square [ ] brackets denote, respectively, tetrahedral and octahedral coordination sites.

Inq = |Fy*pLy,

Fyo = —Sf
1+ cos?20 !

sin?Bcosé Fioo

f;l = (an)on + (Fel—x)fpe
fy = Nh_)fy + (Ferix)fee

Ly

8(f, — 2f, — 4f,)

Fuo = 8(f, + 2f, + 4f,)

Eip = Sf;

S.M. Patange et al. Phys. Status Solidi A 209 (2012) 347-352.

C.A. Palacio Gémez, C.A. Barrero Meneses, A. Matute. Mater. Sci. & Engin. B 236—237 (2018) 48-55

( I:el-xznx) [N il-xFe1+x] O4
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Location of the main Raman active modes for the Ni,_,Zn Fe,0, (x = 0.0, 0.2,
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Z.7. Lazarevié, et al., Intern. Scholarly and Sci. Research & Innovation 9(8) 2015 1066.
C.A. Palacio Goémez, C.A. Barrero Meneses, J.A. Jaén. J. Magn. Magn. Mater. 505 (2020) 166710
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/Based on Leung, Evans and Morrish, Phys. Rev. B. 8 (1973) 29

(3]
(Bocta (%, T))ux = Boeta (0, T) = ), P(n, x)ABocua (n, T)

n=0

P(n.x) = — Y ) - x)p

(6 — n)

6
(Bocta (%, T))in = Bocta (0, T) = ), nP(n, x)ABocia (1, T)
n=0
Bocia (0, T) — (Bocta (X, T) Jexp
ELD nP(n, x)

ABy, (1, T) =

By, (1,18K)=0.9+0.5T

A
&;’f — 0%t —

Fey*t superexchange interaction.

/

@x2+Fel—x3+)A[Nil—x2+Fel tx 18047 \

+
Y

Aga)
(M;2° " Fep® ™) [My* *Fepn > 71047

V. Sepeldk et al., J. Alloy. Compd. 434-435 (2007) 776

8]
2 ful
(JEAJ
+
K Ay - fay /

Comparison of the Zn content (x values) at the tetrahedral sites as obtained from the three characterization techniques.

Nominal sample

X-Ray Diffraction’

A5, Jim)
Raman spectroscopy 18 K Massbauer spectroscopy

NiFes0,4 (x = 0.0) 0.00
Nig sZng 2Fes04 (x = 0.2) 0.20
NipsZng 4Fez04 (x = 0.4) 0.40
Nig 4Zng gFes04 (x = 0.6) 0.50
Nip 2Zng gFez04 (x = 0.8) 0.77
ZnFe,0, (x = 1.0) 1.00

0.00 0.05
0.24 0.46
0.46 0.52
0.49 0.66
0.57 0.70
0.77 1.00

C.A. Palacio Gémez, C.A. Barrero Meneses, J.A. Jaén. J. Magn. Magn. Mater. 505 (2020) 166710

C.A. Palacio Gémez, C.A. Barrero Meneses, A. Matute. Mater. Sci. & Engin. B 236—237 (2018) 48-55




4. Mg, .Zn Fe,0,

IR spectra of the mixed ferrites Zn,Mg, ,Fe,0,.

There are two main absorption bands that are unrelated to the
reactants ZnO, MgO, and a-Fe20:s.

519.5

1200 1100 1000 900 800 700 6601' 500 400
Wavenumber (cm )

(A sites).

e Y, corresponds to metal-oxygen vibrations (B sites).

Fe-O bond length at tetrahedral sites

Fe-O bond length at octahedral sites

1.901-1.976 A

A 4

2.045-2.032 A

A

Sample vy (em™!) vy (em™1)
1
Mg, .Zn, ,.Fe.0, i MgFe Oy 530.1 430.1
' ’ 1
] i Ellu_gs j'l.".[gu_'fs FEED:L h35.1 430.1
3 E ZngsMgosFe,04  534.1 430.1
c[Mg__7n _Fe.O i E 3119_75}-1@_25]?'&304 5h32.3 430.1
- I InFe,0, 5105 4301
R i o
E ¥ Infrared absorption bands of mixed ferrites Zn Mg, ,Fe,0,.
c i
© Iy * . . .
= ¥ « Y corresponds to stretching vibrations of the Fe3*-0% bonds
Ly
h
i
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XRD patterns of mixed ferrites Zn,Mg, ,Fe,0, for Displacement of the diffraction peaks (220) as a function

different concentrations of Zinc.

of the Zn concentration.

—+==MgFe O,
——Mg, ,sZn, ,sFe,0,
——Mg, Zn,Fe,0,
——Mg, ,Zn,.Fe,0,
_ 5 Zn, ,.Mg, ,.Fe,0O, g_._ ZnFe,O,
2 R = =) .
= 1 g 52 3 ~
~ = Y = >
:. o % * 1+
S N g zr.'o 5Mgo.5Fezo4 =z
Z S - - § =
nl - ~ =) 8 =2 T —
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() = N
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S -,,-ﬂ‘.:i.;:“f.,_-..fn: - o . :..1__: 2 : B
: N 2-0:2-3-3"5-0- | ;
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Determining lattice parameters

Rietveld analysis of mixed ferrites

Zn Mg, Fe,O, for different concentrations of Zinc.

Experimental Data
—_— MgF9204

——Mg, 2N, ,5Fe204

_— Mgo.SZno_sFe204

Intensity (a.u.)

- Mgo.zszno.75F9204

—2ZnFe5y0y

20 30 40

60 70 8(1

Rietveld analysis

The Rietveld method uses a least squares approach to refine

a theoretical line profile until it matches the measured

profile

Sample Lattice Average Density
parameter (A) crystallite size (A) (g.cm™?)

MgFe, O, 8.379 762.68 4.51

Zng 25 Mgo.75Fes Oy 8.398 762.44 4.71

Zng s Mg sFex 04 8.418 762.11 491

Zng.75Mgo.25Fes Oy 8.431 952.68 5.11

ZnFe, Oy 8.442 761.89 5.32

Lattice parameter, average crystallite size and x-ray density of

the mixed ferrites Zn Mg, ,Fe,0,, as a function of the Zn

concentration.

50
‘ 20 iCOKoc‘ : .




Cation distribution

The cation distribution for the Zn,Mg, . Fe,O, ferrites can be calculated

rnand rsare the cations radii of element at the
—— > tetrahedral and octahedral sites, respectively and
R.is the oxygen ion radius.

ra+Ro++/3(rg+Ro)
33

|

ra=(Chyge+ Mygzs )+ (Coro NIz )+ (Cra NI+

Theoretical lattice parameter % a;, =8

e (Catgz+ Mgz )+ (Cop2 W02+ ) +(Coa s )T +)
2

CA and CB are the ionic concentration at the tetrahedral and octahedral sites, respectively.
Mgt s Fz2" and re,®* are the ionic radii of Mg?*, Zn?* and Fe?* ions, respectively.
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Cation distribution

Zn Mg, .Fe,O, Cation distributions
0.0 (Mgg.11F€0.89)alM8g goFe1 11150,
0.25 (Zng25M8 263F€0.487)AlM80 487F€1 5131804
0.5 (Zny sM80 254F€0.246)AlM80 246F€1 7541804
0.75 (Zng 75sM80 114F€0 136)AlM80 136F€1 8641804
1.0 (Zn),[Fe,]g0,
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Scanning Electron Microscopy (SEM)

SEM micrograph for the initial reactants mix at 5000x and 40000x magnifications.

gs

X40,000 0.5um
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SEM micrograph of the mixed ferrites Zn,Mg, ,Fe,O,

with 5000x magnification.

@20kV __ X5.000 20kVz - X5,000

Mgy 2520, 75Fe ;04

20KV X5.000. _dum. " M 20xv FXs000

20KV YX5.000  (5um

SEM micrograph of the mixed ferrites Zn,Mg,_
Fe,0, with 10000x magnification.

20kV 0,000 '
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20kV_\X10.000 _1um




Mdossbauer spectra of mixed ferrites Zn, Mg, Fe,0,.
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SUMMARY

We proposed a simple formula to directly determining the 300 K relative recoilless f-factors for
the two A and B sites of ferrites. We applied this methodology to three ferrites: NiFe,O,, FeFe,O,,
and MgFe,0,. The method can be applied to all ferrites at any temperature.

Defective spinel NiFe,O, is formed at 1000 °C, and as the temperature increases, the defects
gradually disappear. Neither cation reordering phenomena nor possible evaporation of chemical
elements were the dominant effects to account for the results. The results can be explained if it is
assumed that [B]-sites cation vacancies are gradually filled with cations as temperature of heat
treatment increases.

The synthesis of the Zn M, ,Fe,O, (with M = Ni and Mg) materials and the formation of the spinel
structure were confirmed using X-ray diffraction, infrared spectroscopy, scanning electron
microscopy and Maossbauer spectroscopy techniques. The presence of Zn?* cations in the
tetrahedral site causes a certain amount of Fe3* cations to migrate from site A to site B, which
causes important changes in the physico-chemical properties of the samples.

Determination of the stoichiometry of the ferrites were compared by using three different
technigues: XRD, Raman and Md&ssbauer.
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