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Abstract The magnetic properties of M-type barium ferrite
are strongly related to the distribution of Fe3* cation within
the crystal structure. In this work, we propose a simple
phenomenological model to predict the Fe3t cation dis-
tribution for BaFe 2 Mn,O19 compounds. From the pro-
posed model, it was possible to estimate physical properties
such as the theoretical density, the saturation magnetiza-
tion, and the anisotropic constant. The obtained results were
compared with experimental ones extracted from previous
reported papers.
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1 Introduction

Doping is one of the best methods to improve general physi-
cal properties in most of the ceramic oxide materials. In par-
ticular, and due to its important technological applications,
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type-M barium hexaferrite (BaM) has been doped with
many elements or a combination of these ones. Some studies
regarding the magnetic and microstructural properties of the
BaM has been performed in relation to the substitution of
Fe ions by various cations: La—Co [1], Ti—Co [2, 3], Zn—Ti
[3-5], Ir—Co [2], Co—Sn [6], Mn—Ti [7], Zn—Sn [6], and
Ni—Sn [6]. In addition, there are other works related to the
replacement of Fe’T in barium hexaferrite with only one
cation such as: Ti [8, 9], Sc [10, 11], Al [12, 13] and Cr [14,
15].

The crystal structure of M-type barium hexaferrites
presents a hexagonal unit cell with ten layers of O and con-
tains a number of ions that correspond to 2(BaFe2019)
[5]. The positions of the ionic sites can be described by
blocks of the type (SRS*R*), where R is a three-layer
block (04-Ba03-O4) with composition BaFegO1; and S
is a spinel-like two-layer block (O4-O4) with composition
FegOg. The asterisk means the corresponding block has
been turned 180° around the hexagonal c-axis [3]. The BaM
is isostructural with magnetoplumbite (PbFe;2019). In this
structure, there are three types of interstitial sites that exist
for Fe ions: the tetrahedral, the octahedral, and the trigonal-
bipyramidal sites, respectively [3]. Thus, the smaller iron
cations are distributed within five different kinds of sites:
three octahedral (12k, 2a, 4f2), one tetrahedral (4f1) and one
trigonal-bipyramidal site (2b) [3].

In consequence, the magnetic moment per formula unit
in the BaM is the sum of the magnetic moments of the
seven octahedral ions and the moment of the ion, which
occupies the trigonal-bipyramidal site. This sum is reduced
by magnetic moments of the ions located in both the two
octahedral and the two tetrahedral sites. Theoretically, the
total magnetic moment per formula unit of the BaM is 20
wp [16]. Therefore, any modification of the amount and the
distribution of Fe?* ions will change the magnetic response
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of the BaM materials, e.g., saturation magnetization, and
anisotropy constant. A great number of published articles
on this subject report theoretical models to predict possible
modifications in the M-type ferrite with the introduction of
dopants at the Fe3* sites [17, 18].

Previously, we have reported a simple phenomenological
model to determine the Fe3*t crystallographic site occu-
pancy when BaM is doped with Ti** cation [8]. In that
work, we were able to calculate different parameters such as
the substitution index per site, the probability of occupation
per site and the amount of doping cation in each site. Also,
it was possible to estimate physical properties such as the
saturation magnetization [8]. The purpose of this work is to
present some modifications to the phenomenological model
to determine the Fe>T crystallographic site occupancy of the
M-type barium hexaferrite doped with manganese. In this
case, we have included the influence of the electronegativity
and estimated structural and other physical properties such
as the lattice energy formation, the density, the saturation
magnetization, and the anisotropy constant. The selection of
manganese is supported by the similitude with Fe3*. Theo-
retical results will be compared with previous experimental
studies as reported elsewhere [17, 19-21].

2 Phenomenological Model

In the BaM crystal structure, there are a great number of
similar crystallographic sites that can be occupied by the
cationic dopants. This process can be analyzed as an interac-
tion process between the cation and the site to be occupied.
In our approximation, it is assumed that the interaction
between the dopant and the site is not affected by processes
occurring in other crystallographic sites. The model is only
valid for low dopant concentrations per unit formula (x <
1.2). Consequently, possible effects due to the distortion of
the lattice are disregarded.

Considering that the doping process obeys statistical laws
[8], the central parameter of the model is the Substitution
Index per Site, S1S. This parameter can be interpreted as
a measure of the site occupation probability of the dopant
cation on the ith site and can be defined as:

9

siM = [T FY (1)
j=1

where i = 1 — 5 is the site number, and

! Al 2w
€xX — 1 =1— a
TP |52 j

(V2mo; o
iMn = ‘ N;—1)
neip™M® (1 - pMn) (nei=1) ifj=9 (20)
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In (2a), 0; = kem];e is the standard deviation, and k, ~
0.15 is a value obtained according to the Pauling’s rules
and the specific experimental conditions [22]. Also, Am ; =

mM — mEe and m ;j can be any of the following factors (see
Table 1):
1) the cationic radius, Rca; = 0o, Rion, Where ag, is a

coefficient that depends on the coordination number at
the ith site, nc;, and Rjo, is the ionic radius;

2) the electron’s valence, ¢;

3) the atomic mass, ma.

4)  the ionic potential, Pion, = q/Rcay;

5) the electric charge per site, Q; = g/nc;, where nc; is
the coordination number at the ith site (see Table 1);

6) the effective atomic number Zers = (Zeat — q) + 2n¢;,
where Z., is the atomic number of the cation;

7) and the electronegativity, x, (not considered in the
previous work [8]).

It is important to notice that (2a) quantifies the differ-
ences between the dopant ion (Mn3+) and the host ion
(Fe31). Additionally, in (2b) and (2c) a binomial statistical
distribution function was introduced to consider the relation
between the occupation number of the ion in each site, N;,
and the Mn3* concentration, r;M“, and the relation between
the coordination number of the ion in each site, nc;, and
the Mn3* electronic density, o™". In the same manner as
in (1) and (2), it is possible to define a substitution index
per site for the iron ion, SIl.Fe. In this case, the “dopant”
cation and the host one are the same ion, i.e., Am; =0 [8].
Assuming that in the BaM crystal structure the conditions
pMr 4 pFe = 1 and oMM + oF® = 1 is fulfilled, then (2)
yields:

1/(vV276;) for j=1-7 (3a)
F7 =1 Npf(1-nf)M-D ifj=8 (3b)
neip®(1=pf)a)if j=9 )

where ¢ is the Fe>* concentration per site.

Taking into account all the above ideas, we were able to
define the occupation probability of Fe3* and Mn>* ions,
respectively, as:

SIfe N;
(SI,M“ - SIiF°> Nt

SIMn N;
<SI,MH +S1Fe ) Nt

where Nt = Z?:l N; = 12 is the total site number of
Fe3*cations per unit formula in the BaM structure. It is
important to take into account that the occupation proba-
bility of the Fe’t, S Il.Fe, can be interpreted as analogous to
the relative areas in each site of the Mossbauer spectrum

for Fe?* ion (4a)
S; =
for Mn>* ion (4b)
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Table 1 Values of the factors in calculations: the atomic number, Z 4,
the electron’s valence, ¢, the ionic ratio, Rjo,, the atomic mass, ma,
and the electronegativity, x

Ion Zea q Rion ma X
Fe3t 26 3 0.64 55.85 1.8
Ba2t 56 2 1.34 137.36 0.9
0+ 8 2- 1.40 16.00 3.5
Mn3+ 25 3 0.67 54.94 1.5
Site 2a 2b 41 a2 12k
ne; 6 5 4 6 6
N; 1 1 2 2 6

‘We have also included values of the coordination number, nc, and the
occupation number for each iron site. See text for details

[19]. Under this condition, it is possible to define the site
occupation number of Fe3 and Mn>" ions as [19]:

Fe
Qfe=(Nf—x)W7 2
1= l
and
o™ = N; — Qf°. 3)

We want to remark that the essence of the model is that
the doping process obeys statistical laws. In line with that
statement, we have used two distinct probabilistic statistical
functions to describe: (i) the difference between the dopant
and the host ions (see (2b)) and (ii) the interaction between
the dopant ion and the site (see (2b) and (2c)). In addition,
all the input data for calculations were listed in Table 1. In
the next section, we present some physical parameters can
be expressed within the framework of the phenomenological
model presented above.

2.1 Lattice Formation and Physical Properties
Calculations

The reticular energy, Upor, is an important parameter to
establish the existence and stability of ionic solids struc-
ture [23]. In most of the cases, its direct determination is
not possible. Glasser et al. proposed a generalization of the
Kapustinskii equation’s in order to calculate Up o7 in ionic
compounds with multiple ions [24]. Under the framework
of the model presented in the above section, the generalized
Kapustinskii equation for the total reticular energy adopts
the form:

5
Upor =Uga+ Y _ Ui + Uo. “

i=1

here Up, is the contribution barium atom given by:

UBa=i(1—i)q§, )
) (ry ) 1B

U, is the contribution of both the host and the dopant cation
at the ith-site expressed as:

A o
U =—|[1—-— <2 Fe 2 Mn)’ 6
i <r> < <r>) quQl +anQ1 ( )
and Uy is the contribution of the oxygen atoms to the total
reticular energy that is given by:

_A( _ o 2
Uo =15 (1 <r>) 19¢3. %)

In (5)~(7), A = 1213.9 kimol~! A, (r) is the weighted-
mean cation-anion distance, o is a compressibility constant
describing the repulsions between the ions (usually chosen
o = 0.345 A) [24] and gFe, gMn» gBa and go are the valence
of Fe’*, Mn’t, Ba**, and O?~ ions, respectively (see
Table 1).

By using (4) for the total reticular energy, then the
theoretical density of materials adopts the form [24]:

®)

N 104 M,, (Upor)3
moa —

Ny 214 A
where the factor 10** converts A® to cm?, N, is the
Avogadro’s number, M,, is the molecular mass of the
compound, and

5 5
1
I (Ao 0 ) o

i=1 i=1

is the ionic strength parameter.

The theoretical saturation magnetization can be obtained
from the previous model assuming a collinear array of
magnetic moments of cations in the BaM [8] as:

5
My =" (el + MM (10)
i=1

where ©f® and uM" are the magnetic moments, at 7 =

0 K, of Fe3* and Mn3* cations, respectively, taken from
Table 6.1 of Chapter 6, Reference [25]. Also, the theoretical
anisotropy constant can be described as:

5

Ki=) ko (11)
i=1

here, k; is the value of the anisotropy constant for Fe3*

cations at the ith-site, taken from Reference [26].
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3 Results and Discussion

For a better understanding of our results, it is important to
remark that the presented model can be used only in the case
of one dopant cation and for dopant concentrations less than
x = 1.2. Also, the obtained results correspond to ideal sub-
stitutions and are not related to any synthesis method. The
theoretical results will be compared to experimental data
obtained under two different preparation methods. On the
one hand, Lee et al. have synthesized powders of Mn3*-
substituted M-type Ba-ferrite BaFe|>_Mn,O9 with x
0, 2, 4, 6) by using the high temperature thermal decompo-
sition method [19]. On the other hand, Sharma et al. have
reported the use of the high-energy ball milling method
to prepare Mn3+-substituted Ba-ferrite BaFe >, Mn,O19
with 0.1, 0.2, 0.3, 0.4, and 0.5 [20] and x = 0.5, 1.0,
1.5, 2.0 [21]. In those works, the Fe>* site occupation dis-
tribution studies were performed by using the Mossbauer
spectroscopy.

Figure 1 shows the theoretical and the experimental
values of the site occupation number of Fe3* ion, for
BaFe|;_Mn,O9 with x = 0, 0.5, 1.0, 1.5, 2.0. Notice
that the theoretical and the experimental values of QZEC
exhibit similar qualitative behavior, i.e., Qfe decreases with
increasing the Mn3 content in all sites. This suggests that
Mn3* can substitute the Fe>* ion in all sites mostly due to
the similitude between both ions (see Table 1). However, the
above statement is more marked in the site 12k (5.712) in
good agreement with that reported in Refs. [19, 20]. I was
found that the theoretical and the experimental values of
QIFC show appreciable quantitative differences for x > 1.0.
That is not an unexpected result considering that the model
is for low dopant concentrations, as mentioned above.

1.1

U (10" kJmol ™)

?

jesezesez0z07070300030705030303030505020 304

1.5 2.0

0 1 1
0.0 0.5
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X

Fig. 2 Contribution of cation and dopant to the total reticular energy
at the ith-site (U;) as function of dopant concentration per unit formula
(x) in BaFej>_,Mn,Oj9. Symbology for sites: — % — 2a, — o — 2b,
— < —4fl1, — > — 412, —G— 12k

Taking into account values of QF ¢, Fig 2 displays the
generated values of the total reticular energy for different
values of dopant concentration. In this case, the results indi-
cate that the influence of the Mn3*t content on the U; is
negligible. According to (6), the reticular energy depends
on Qfe and Q;‘/ln. However, as the electron valence and the
ionic ration of Fe3T and Mn3" are almost the same, then,
substituting (2) and (3) into (6) yields that U; o N;.

Table 2 displays the theoretical values of volume den-
Sity, Pmod, for the BaFej»_yMn,O19 (x = 0, 2, 4, and
6). The experimental density values, pexp, extracted from
Ref. [19] were also reported. In all cases, pmoq iS less than
Pexp Obtained by using the Rietveld refinement method [19].
However, the discrepancy between both values do not exceed

1.0 110 q
0.9 109
0.8 103
0.7} 2a 107} 2p
0.6L— . . : 1 06
20f € . . X " 120
518 18
516 1.6
o b )
14 4f1 14 42
12 41,
60f & R RY
55f <l
50 10 .
12k Unit Formula
454 . . . gl . . . :
00 05 1.0 15 20 00 05 10 15 20
X

Fig. 1 Theoretical and experimental values of the site occupation number of the Fe?t jon (Qf ©), for BaFej;_ Mn, Q19 with x =0, 0.5, 1.0, 1.5,
2.0. The lines between the points are guide for the eyes. Symbology: — ¢ — Model Calculation, — <1 — Reference [19], — > — Reference [20],

—<>— Reference [21]
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Table 2 Total reticular energy, Up o7, of the BaFe >, Mn,Oj9 com-
pound calculated by using (4)

X Upor Pmod Pexp (Pmod — Pexp)/ Pexp
(x10*kImol")y  (g/em®)  (g/em?) (%)

0 9.0 4.982 5.285 5.7

2 9.09 4.956 5.278 6.1

4 908 4.930 5.267 6.4

6  9.07 4.905 5.257 6.7

Values of the theoretical density, pmod, and the experimental density,
Pexp» are presented. Values of pexp were extracted from Ref. [19]

7% being considered as a good approximation. It is impor-
tant to notice that both densities are nearly dopant indepen-
dent because of similarities between Fe>* and Mn3* ions.
Moreover, the obtained values for the theoretical density
give credence to our assumptions to determine the reticular
energy for the BaM.

Figure 3a displays the influence of the Mn3T content
on the experimental and the generated curves of saturation
magnetization of BaFe|>_,Mn,O19, with x in the range 0 to
2.0. Experimental values of M;, were extracted from Refs.
[19-21]. It was found that the qualitative behavior of both
curves are similar, i.e., My decreases with increasing the
dopant content. The above behavior is more evident in the
experimental curve and can be explained considering that
the Mn3* ion tends to occupy the spin up sites (12k, 4f2 and
2a) as observed in Fig. 1. Also, it is possible notice that, at
0 K, the magnetic moment of the Mn37 ion (4.0up) is less
than the Fe3* ion (5.0 ). Thus, the higher the Mn content
is, the lower the M. Additionally, Fig. 3a shows quantitative

65 — T T T — 63— T T T T

621 .

(=)
(=)
T
1

M (emu/g)

61} :
50} { 6ot :
(a) < (b)
45 1 1 1 1 1 1 1 1 1 1
00 05 10 15 20 > 00 05 10 L5 20
X

Fig. 3 Theoretical and experimental values of saturation magnetiza-
tion (Mj), for the BaFej>_yMn,Oj9 system. The lines between the
points are guide for the eyes. Symbology: — e — Model Calculation,
— < — Reference [19], — > — Reference [20], —<>— Reference [21]

differences between the theoretical and experimental values
of saturation magnetization. In real samples, such differ-
ences indicate that the assumption of the collinear array of
magnetic moments in the unit cell is no longer valid.

We have also calculated M, by using (10) and the exper-
imental values of Qfe from the Mossbauer spectroscopy
reported in the Ref. [19-21] and presented in Fig. 1; the
obtained results are shown in Fig. 3b. In this case, theoretical
and experimental curves exhibit very similar behavior given
credence to the previous analysis. It is possible to notice that
even for x = 2.0, the theoretical value of M; is only 1%
higher than the experimental one.

Additionally, we have estimated the theoretical
anisotropy constant, K {“"d of BaFei2_,Mn,019 and the
results for different values of x are shown in Table 3. In
the later, were also included experimental values of the
anisotropy constant, K1, extracted from Refs. [17] and [19].
As inferred from the results, the substitution of the Fe3+ by
the Mn>* ion provokes a decrease in the anisotropy con-
stant with increasing dopant concentration. From previous
analysis, it is reasonable to assume that the above behavior
is related to the preferential occupation of the site 12k by
the dopant cation. Also, appreciable quantitative differences
between experimental and theoretical values were found,
a fact mostly related to the assumption of the single ion
model to calculate the anisotropy constant. Notice that for
BaFe;019, the anisotropy constant obtained by using the
single ion model is 1.93 cm™!/molecule and experimentally
this value is 8.08 cm™!/molecule [26].

Finally, we want to point out that the proposed model
assumes ideal substitutions of the dopant cation at Fe3*
sites. Recently, Nemrava et al. [27] have reported the exis-
tence of three oxidation states of manganese in the barium
hexaferrite, i.e., Mn>*, Mn®*, and Mn**. According to that
study, the Mn?T occupies the tetrahedral site, while Mn3*
and Mn** the octahedral site. Such complex physical sce-
nario can explain the differences between the theoretical
findings and the experimental results reported in Fig. 1.
It is possible to notice that in the proposed model
we have considered one oxidation state for manganese,
ie., Mn3t.

Table 3 Values of anisotropy constant for the pure and the doped BaM
compound

X K {“"d (x10%erg/cm?) K (x10%rg/cm?) Reference

0 0.79 2.90 [19]
1.5 0.72 2.70 [17]
2.0 0.69 2.20 [19]

Here, K {“"d is the theoretical anisotropy constant and K is the
experimental anisotropy constant
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4 Conclusions

A simple phenomenological model based on statistical con-
siderations was presented. From the obtained results, it
was possible to estimate the Fe>* cation distribution of
the BaFei>_,Mn,O19 compound for different values of x.
Values of the site occupation number indicated that the
preferential site for the dopant ion (Mn3%) is the 12k. In
all cases, the proposed model and the experimental values
exhibited similar qualitative and quantitative behavior for
x < 1.2. Based on the performed analysis, it is possible to
assure that the phenomenological model is a simple an use-
ful tool for the prediction of cation substitution distribution
in M-type barium hexaferrites.
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