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A study of the microstructural and structural properties of M-type barium hexaferrites
(BaM) samples doped with two dopants in the Fe** sites: (Co**, APP*), (Co**, Ti*")
and (Co**, Sn**) is reported. The samples were obtained using the conventional
ceramic method. The structure was investigated by using of X-ray diffraction (XRD) to
determine the dopant distribution in the Fe** sites.

The BaM structure consists of five distinct Fe crystallographic sites, that is, three octa-
hedral (12k, 4f,; and 2a) sites, one tetrahedral (4f,,) and one trigonal bipyramid (2b)
site [1].

The understanding of the effect of different cations on the microstructural and mag-
netic properties of M-type barium hexaferrite is one of the most important tasks
related with the use of these materials in technological applications [2]. Preparation
of the ferrites has been investigated in a very intensive way [3], particularly the use
of ferrites composites to synthesize materials with improved characteristics [2] and
the synthesis from solutions, to meet the stringent requirements to the fineness and
morphology of the particles of these materials: high homogeneity, optimal size and
strong shape anisotropy [4].

In general, there are two ways to modify the properties of the M-type barium
ferrite by using of dopants: The substitution in the Ba** crystallographic site and the
substitution in the Fe3* sites:
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As substitutes for Ba** can be used ions of metals with ionic radius larger than ionic
radius of Fe**, such as the rare earth elements: La, Sm, Nd, Pr [5-7], with the purpose to
increase saturation magnetization (M) and coercive field (H.), as well as to inhibit the
growth mechanism of the material grains at high temperatures. In the Fe** sites, single
substitutions have been carried out with only one dopant [8-10] and substitutions with
different cationic combinations.

In the case of two dopants, a number of different combinations have been inves-
tigated, such as (Co**, Ti**) [5, 10, 1], (Co**, Sn*") [3], (Ni**, Zr**) [12], (Zn**, Zr*)
[13] and (Zn**, Ti**) [14], among others. Substitution is carried out in dependence on
the required material properties, according to its use, since the magnetic properties of
BaM have a strong dependence on the substitution in the Fe** sites.

The objective of the present investigation is to study microstructural and structural
properties of M-type barium hexaferrite doped with (Co**, APP*), (Co**, Ti**) and (Co*",
Sn**), obtained using the conventional ceramic method.

The samples were obtained by the traditional ceramic method, using BaCO,, Fe,0,,
Al,0;, TiO,, Co0, Co,0, and Sn0, as starting materials. They were mixed in the required
stoichiometric ratio according to the chemical formula BaFe, 5.p)A,p;Bp;O1o
where A ;.= AP*, Ti**, Sn** and B, ;= Co**, Co** with dopant ion composition xDj
= 0.0, 0.1, 0.2, 0.5, 0.7, and 1.3.

The structural characterization was carried out from the X rays diffraction patterns,
and the wavelength of radiation was Co [A(k,,)] = 1.788 9 A.

The qualitative phase analysis was carried out by Hanawalt method and software
Match Phase Identification from Powder Diffraction. Each diffraction pattern was
refined by Rietveld method, using the Fullprof software.

The experimental density p,,, of each sample was determined to measure their
dimensions and mass. Their theoretical density p,,, was determined considering its
stoichiometry, using the expression:

Mg, +[12-2(xDj+ yDp)I Mg, + xDjM 4, + yDpMz + 19M
NAI/(_‘M ’

pteo = (1)
where My, M, M, M, and M,, are molecular masses of Ba**, Fe**, first dopant A,
second dopant B and 0%, respectively, N, = 6.023 x 10** molecules/mol is Avogadro’s
number, and V, is the unit cell volume determined from XRD patterns.
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For determination of the apparent size of the grains d it was assumed that they are
cylinders that conserve the hexagonal cell symmetry, and the Scherrer method was
used:

0914
= s 2
bcos0,, )

where A is the wavelength of radiation, b is FWHM for not overlapping reflections of

the material and 6,, is the angle corresponding to the maximum intensity of selected
reflection [15].

The theoretical density of a compound was calculated through the expression:

nzM
V 9

cu

pteo = 166 (3)

where nis the minimum number of molecules per cell unit, z is a variable corresponding

to the number of molecules with mass M in the asymmetric part of the unit cell and
V., is the cell volume.

It is also important, since its influence in the extrinsic magnetic parameters, the
calculation of the fraction of pores F,,:

pex
F,p = <1 - ”) -100%. (4)
teo

In the figures 1 (a), (b) and (c), the patterns of XRD for each system, refined by the
Rietveld method are shown. In the concentration range 0.0 < xDj < 0.5, per formula unit
the samples are practically single phases, since they present the characteristic main
reflections of BaM. Therefore, a compound isoestructural has been obtained, with BaM
at different concentrations of the substitute ions, with a high crystalline structure, in
accordance with the shape of each reflection and its low background level.

In general, in these figures, variations of the relative intensity are observed in com-
parison with the undoped sample. That indicates the occurrence of substitutions, as
well as changes in the positions of the diffraction lines (they are increased with the
quantity of dopant) until they imply remarkable cell unit distortions due to that the
quantity of dopants increases two times.

With xDj > 0.5 (xDj,,,,) for each dopant, the relative intensity in the respective pat-
terns begins to have more evident variations as consequence of more changes in the
atomic positions. The crystalline lattice begins to be distorted due to more important
differences in the lattice parameters and, at the same time, the formation probability
of other phases is increasing.
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Figure 1: Refined X rays diffraction patterns in function of 26, using the concentration per formula unit as
a parameter for the samples of the systems (a) BaM+(Co, Al),,,;, (b) BaM+(Co, Ti), p;, and (c) BaM+(Co,

Sn)

xDj*

In Table 1, the quality parameters of the XRD patterns refinement for the studied

systems are shown.

TaBLE 1: Quality parameters of the XRD patterns refinement for the studied systems: The R-pattern (R,),
the R-weighted pattern (R,,,), and the reduced chi-square (x?).

xDj

0.0
0.1
0.2
0.5
0.7
13

RP
12.2
18.9
18.9
17.9
21.3
18.6

pr
19.3
24.5
24.6
21.0
20.7

24.2

System BaM + (Co, Al),

2

X
14.2
20.3
25.3
21.3

111

9.48

System BaM + (Co, Ti), ,;

R

P
19.7
18.6
171
18.7
18.0
12.4

Rup X

24.7 10.1
24.9 8.8
22.9 9.0
25.8 1.7
24.2 10.1
17.0 4.56

System BaM + (Co, Sn), ,;

RP
11.0
10.1
12.3
15.3
12.2

14.9

pr
14.0
13.5
16.9
19.1
15.6
18.5

2

X
3.06
2.50
4.79
6.44
4.64
4.32

The results of the phase composition quantitative analysis for each sample are

exposed in Table 2, where it is appreciated that an appropriate consistency exists

between this analysis and the obtained XRD patterns.

In this table, the statements are quantitatively shown that were previously dis-

cussed qualitatively. The percent for each phase indicates that it is a logical conse-

quence of the formation energy change for doped BaM, since the rest of obtained

phases have a simpler structure.

In Table 3, the results of the structural characterization are shown.

In general, when these results are compared with the observed displacements in

the XRD patterns, a slight sensibility of lattice parameters is noticed with xDj < o0.2.
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0.0
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0.7
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TABLE 2: Phase composition and fraction, in percent, of each phase for the studied systems.

System BaM + (Co, Al)

%

Phases
BaFe;,0,9

BaFey; 3Cog 1 Aly 1019
BaFe; 6C0g,Al)2019

BaFe;; €0y sAlysOjg

AlCoFe, O,
FeO

BaFe(4C0g7Aly7019

Fe,0;
AlCoFe, 0,
BaAl,0,

99.6 + 0.5 BaFe ;0
Fe,0,
99.6 + 0.7 BaFe;; 3Coy;Tip 049

xDj

131+ 0.1

24.8 + 0.9

System BaM + (Co, Ti), p,

Phases

43.6 + 0.1 CoFe,0,

99.3 + 0.7 BaFe;; 5Coy,Tip 2019
62.2 + 0.9 BaFe;; ;,Co,5Tip50;9

CoFe,0,

56.3 = 0.1 BaFe(4C0(7Tip7019

90.2 + 0.1 BaFey,Co;3Ti; 309

8.8 +0.4 CoFe,0,

System BaM + (Co, Sn),p;

% Phases %

931+0.7 BaFe,0y 100.0 + 0.8

6.9 +0.2

100.0 + 0.7 BaFe;; gCoy SNy ;0 100.0 + 0.8

100.0 + 0.6 BaFe;; cC0y,SN;,09 100 + 1

69.6 + 0.6 BaFe;;Co,55n;50;9 100 +1

30.4+ 0.4

66.2 + 0.5 BaFe;(¢C0y7Sny70;9 55.0 + 0.8

33.8+04 Fe;0, 45 +1

1.6 + 0.1 BaFeg 4,C0,55n; 309 11+ 0.1

98.4+0.9 Fe,;5n;30, 811
CoFe,0, 17.5 £ 0.3

TABLE 3: Structural characterization parameters: Lattice parameters (a and ¢), ratio (¢/a), cell unit volume

(V,,), densities (p,,, and p,,), average size of the crystallites (t,), lattice strain coefficient (o

fraction of pores (F,,).

xDj

0.0

0.1

0.2

0.5

0.7

Systems

BaM + (CoAl), p,
BaM + (CoTi), p;
BaM + (CoSn), p,
BaM + (CoAl), p;
BaM + (CoTi), p;
BaM + (CoSn), p,
BaM + (CoAl), p,
BaM + (CoTi), p;
BaM + (CoSn), p,
BaM + (CoAl), p,
BaM + (CoTi), p;
BaM + (CoSn), p,
BaM + (CoAl), p,
BaM + (CoTi), p;
BaM + (CoSn)

xDj

a(A)

5.893(3)
5.892(2)
5.891(3)
5.886(5)
5.892(2)
5.898(4)
5.889(8)
5.892(1)
5.895(7)
5.841(1)
5.887(7)
5.917(3)
5.753(5)
5.887(3)
5.917(7)

c(A)

23.2(2)
23.2(2)
23.2(2)
23.2(4)
23.2(2)
23.2(5)
23.2(1)
23.2(2)
23.2(4)
22.8(7)
23.2(9)
23.3(5)
22.7(1)
23.2(9)
23.4(1)

c/a

3.93(6)
3.93(8)
3.93(8)
3.94(2)
3.93(8)
3.93(4)
3.94(9)
3.93(8)
3.93(6)
3.90(3)
3.94(1)
3.93(8)
3.94(6)
3.94(1)
3.95(5)

V(A

698 + 1
698 +1
698 +1
696 + 2
698 + 1
700 +3
697 £ 2
698 + 1
699 +2
676 +2
696 £ 1
708 +£3
651+ 1
696 + 1

709 £ 2

Pexp Preo
(g/em®)  (g/em’)

4.57(.07)
4.57(.06)
4.57(.06)
4.39(.02)
4.24(.06)
3.93(.04)
4.25(.07)
4.14(.06)
3.84(.07)
4.13(.08)
3.94(.07)
3.75(.01)
4.10(.08)
3.88(.04)
3.68(.04)

5.29(.01)
5.29(.01)
5.29(.01)
5.28(.02)
5.29(.01)
5.31(.02)
5.25(.02)
5.28(.02)
5.35(.02)
5.33(.02)
5.29(.01)
5.37(.01)
5.48(.01)
5.29(.02)
5.42(.01)

T.,(nm)

142 + 1
122+ 8
134 +1
35+4
125 + 1
293+7
88 +3
31 £ 51

1349 +1438
30+ 1
252 + 2
42 1
12 +1
29 +1

341

0, X107

ten

25+5
-3.7+03
27 £ 0.1
294 + 6
-8.2+0.2
56.3 + 0.6
173+2
87+ 4
73.8 + 0.6
400 + 100
27.5+ 0.2
243 %5
8147
328 +7
298 + 5

) and

ten

0.136(2)
0.136(2)
0.136(2)
0.168(3)
0.198(5)
0.259(5)
0.190(3)
0.216(4)
0.282(5)
0.225(4)
0.255(4)
0.302(6)
0.251(4)
0.267(4)
0.322(6)

With xDj > o.5, besides the aforementioned causes, there is a phase overlapping

influence and a variation of the intrinsic parameters, which increases the cell unit strain.

All that was previously stated is more evident for the system BaM + (Co, Al),;

because there is a greater difference between atomic number and ionic radius of the

aluminum in comparison with these characteristics for the iron.
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In Table 4, the maximum quantity of dopant per site for each studied system is
reported.

The quantity of cobalt in each site only differs in the system doped with (Co**, AI**)
in comparison with the other two systems, due to the difference between the ionic
radius of Co** and Co*. In both cases, the preferential sites are 12k, 4f,; and af

although in this system a double quantity of cobalt goes to the site 12k, since the
number of possible positions in this crystallographic site.

TABLE 4: The maximum quantity of dopant per site for each studied system.

Distribution of Co per Fe**site Distribution of dopant Dj per Fe**site
xDj  Systems 23 2b 4f,  af, 12k 23 2b 4f,  af, 12k
01 BaM + (CoAl),,
BaM + (CoTi), p;
BaM + (CoSn)
02 BaM + (CoAl),,
BaM + (CoTi), p;
BaM + (CoSn),
0.5 BaM + (CoAl),
BaM + (CoTi), p;
BaM + (CoSn).,
0.7 BaM + (CoAl)
BaM + (CoTi), 5,
BaM + (CoSn),

0.002 0.002 0.004 0.009 0.083 0.002 0.001 0.002 0.010 0.085

0.002 0.002 0.003 0.009 0.083 0.002 0.001 0.003 0.009 0.084

0.002 0.002 0.003 0.009 0.083 0.003 0.000 0.000 0.010 0.087

xDj

0.005 0.003 0.007 0.019 0.165
0.166
0.166
0.408
0.409
0.409
0.566
0.566

0.566

0.005 0.002 0.003 0.019 0.171

0.005 0.003 0.007 0.019 0.005 0.003 0.006 0.019 0.167

0.005 0.003 0.007 0.019 0.005 0.001 0.001 0.021 0.172

0.424
0.412

0.013 0.009 0.020 0.050 0.013 0.006 0.008 0.050

0.013 0.009 0.019 0.051 0.013 0.008 0.017 0.050

0.013 0.009 0.019 0.051 0.002

0.073
0.073
0.073

0.015 0.003 0.058 0.422
0.591
0.573

0.582

0.019 0.013 0.030 0.018 0.008 0.012 0.070

xDj

0.018 0.013 0.029 0.019 0.012 0.025 0.072

0.019 0.013 0.029 0.023 0.005 0.003 0.087

For AP* in the system (Co*t, APPY*), Ti** in the system (Co**, Ti**) and Sn** in the
system (Co**, Sn**), the preferential sites are 12k, 4fvi and, in smaller proportion, the
site 23, because the radius of these sites is bigger than the radius of the two other
sites. In absolute terms, the sum of the quantity of dopants in the site 4fvi in the
system (Co**, Sn**) is always rather bigger.

A study of the microstructural and structural properties of the M-type doped Bar-
ium hexaferrite according to the stoichiometric formulation BaFe;;_»,p; A, p;B.p;O19,
where A ). = AP*, Ti**, Sn** and B, ,; = Co’*, Co** with dopant ion composition xDj
= 0.0, 0.1, 0.2, 0.5, 0.7, and 1.3 has been reported. The XRD analysis show a variation
of the host lattice parameters. When doping these systems, there is a value xDj,,,;, =
0.5, starting from which the structural characterization shows that the characteristic
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reflections of BaM begin to disappear. Furthermore, the value xDj,,,, varies with the
type and the quantity of dopants per formula unit.
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