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Abstrak. Magnet permanen medan anisotropik yang sangat tinggi adalah sulitnya untuk
menentukan sifat magnetik intrinsik jika diukur menggunakan magnetometer yang memiliki
medan magnet terbatas. Model matematika Law of Approach to Saturation (LAS) menyediakan
cara untuk mengukur magnet permanen, dengan medan anisotropik tinggi dengan mengoreksi
data magnetisasi kurva kuadran pertama atau kurva perawan dari loop histeresis minor. Dalam
penelitian ini, program komputasi LAS dilakukan untuk menghitung sifat magnetik intrinsik bahan
magnetik, seperti magnetisasi saturasi, medan anisotropi dan konstanta anisotropi
magnetokristalin. Data magnetisasi diperoleh dari pengukuran permagraf barium heksaferit
(BaFe12019), strontium heksaferit (SrFe12019) dan penyerap gelombang mikro BaFe12-xMny/2Tix2019
dan SrFe12xMny2Tix2019. Pengaruh substitusi bahan barium heksaferit dan strontium heksaferit
terhadap nilai magnetisasi saturasi, konstanta anisotropi dan medan anisotropik dapat dinilai
dengan mengamati konfergensi nilai magnetisasi.

Kata Kunci: barium heksaferit; kurva hysteresis; Law of Approach to Saturation; sifat magnetic
intrinsik; strontium heksaferit

Abstract Permanent magnetic materials of very high anisotropic fields is that it is still difficult to
determine the intrinsic magnetic properties, when measured using a magnetometer which has a
limited magnetic field. The Law of Approach to Saturation (LAS) mathematical model provides a
way to measure permanent magnets, with high anisotropic fields by correcting the magnetization
data of the first quadrant curve or the virgin curve of the minor hysteresis loop. In this research, a
computational LAS program was conducted to compute the intrinsic magnetic properties of
magnetic materials, such as saturation magnetization, anisotropy field and magnetocrystalline
anisotropy constant. Magnetization data of barium hexaferrite (BaFe12019), strontium hexaferrite
(SrFe12019), BaFer2xMny2Tix2019 and SrFer2xMny2Tix2019 are analyzed. The convergences of
magnetization were assessed to determine the effect of substitution on barium hexaferrite and
strontium hexaferrite materials on saturation magnetization values, anisotropy constants and
anisotropic fields. We determine the appropriate lower limit for LAS method to give correct values
of saturation magnetization values, anisotropy constants and anisotropic fields.

Keywords: barium hexaferrite; hysteresis loop; intrinsic magnetic properties; Law of Approach to
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INTRODUCTION

To achieve a high energy density, a permanent magnet must have high remanence
and coercivity values. The magnetic phase must have a high anisotropic field value so
that the coercivity value is high. Both remanent and coercivity are derived from the main
hysteresis loop or major hysteresis loop. Thus, to magnetize permanent magnets that
have high coercivity, a high external magnetic field is required. As an illustration, the
magnetic anisotropic field of Nd-Fe-B is 54 MA/m or 67.5 kOe [1], [2]. Therefore, a
magnetizing field of 67.5 kOe is required to obtain the main hysteresis loop. This can
only be achieved when using magnet magnets from superconductors[3]. However, at this
time magnetization generally uses an electromagnet which can only produce a magnetic
field external magnet of 12 kOe to 15 kOe [4]. Therefore, another method is needed to
obtain the main hysteresis loop from the use of such a low external magnetic field.

The anisotropic field itself depends on the distance and direction of the lattice of a
material to the magnetic field [5]-[7] and affects the shape of the hysteresis loop of a
material. The high anisotropic field in some types of materials causes the need for new
equipment to study these materials, while the magnetometer equipment can only
measure in fields around 1.2 T to 1.5 T [8]. When used, the material in the magnet will
produce a hysteresis loop. minor, which unfortunately does not describe the true state
of the magnetic material under study. The minor loop is not a true loop, while to obtain
magnetic properties, a major hysteresis loop is needed, which is difficult to obtain when
measured only with a weak field magnetometer.

The use of the LAS (Law Approach of Saturation) method [9]-[11] is intended to
overcome the difficulties of studying materials with very high anisotropic fields. In this
method, it is hoped that materials with minor loops can be converted into major
hysteresis loops, so that their magnetic properties can be explained. In addition, the LAS
method can determine the intrinsic properties of a material, namely anisotropic fields,
anisotropic constants, and saturation [10], which are useful for the purposes of making
magnetic materials or for modifying these magnetic materials.

LAW OF APPROACH TO SATURATION METHOD

For this study, we were looking for material data sets of Mn-Ti-substituted barium
hexaferrite (BaFe2.xMny2Tix2019) and strontium hexaferrite (SrFe12xMny/2Tix2019).
Material data sets were using Permagraph from Ref. [4]. These material data sets were
used to validate the executed program as well as for hysteresis loop correction purposes,
with the magnetization data taken is the minor hysteresis loop of magnetization data in
the first quadrant ie. from the beginning of the magnetization until the magnetization
value reaches the peak. Figure 1 shows the hysteresis loop and the virgin curve of the
selected data of Barium Hexaferrite and Strontium Hexaferrite, to be used for validation.
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Figure 1. Hysteresis Loop and virgin curve (inset) of (a) barium hexaferrite (BaFe12019) and (b)
strontium hexaferrite (SrFe12019)

As can be seen from Figure 1 saturation in magnetization occurs when the
magnetization of a material stops or rises very slowly when a very large external magnetic
field is applied. This behaviour of magnetization curve is often called Law of Approach to
Saturation (LAS)[12]. While there are variations in the approximation for LAS, in this study
we compare 4 models: Akulov [10], Brown [11], Grossinger [12] and Néel [13] . The most

general the most general of them is Grdssinger equation.
a b c
M = Ms 1_ﬁ_ﬁ_ﬁ]+xl_] (1)
This equation is a generalized equation from Akulov approximation (a = ¢ = y = 0) [10]
, Néel approximation (c = y = 0) [13] and Brown approximation (¢ = 0) [11] . Here M is

magnetization saturation, y is magnetic susceptibility, a > 0 is inhomogeneity parameter,
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b and c are related to magnetic anisotropy [12] . While in Ref. [12] another v/H term that
arises from spin wave is considered, we ignore this term for better comparison with other
LAS models. The value of b is related to anisotropy constant K; (or anisotropy field H, =
2K, /M) as follows [6], [12] .
po8 K¢ 2 12 )

=705 ¥ M2~ 1051 (2)
Eq. (2) shows that with a positive b value, the intrinsic magnetic properties of a material,
such as anisotropy constant and anisotropic field can be determined. A positive value for
the constant b also indicates that the field is sufficient to produce the calculated Ms value
of a material, while a negative value indicates that the applied magnetic field is not

sufficient to make a material achieve saturation magnetization.

RESULTS AND DISCUSSION

To determine a suitable model to find the saturation magnetization value in a
material, we fit the data in Figure 1(a) with LAS models in Eq. (2). As shown in Figure 2,
the application of the Brown model and the Grdssinger model produces a magnetization
value that continues to increase when an external magnetic field H is up to 40 kOe. These
models are not in line with the principle of saturation of the magnetization. Néel and
Akulov models, however, shows signs of reaching the saturation magnetization value at
a certain external field value. The plot of the magnetization value calculated by the two
models shows a difference in the value. The results obtained that the saturation
magnetization values in the Néel and Akulov models are 62 emu/gr and 58 emu/gr,
respectively.
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Figure 2. M vs H of Law of Approach to Saturation (LAS) models of materials BaFe1201s.
The M value of the computational result is compared with the Ms value of barium

hexaferrite material from the literature, which is Mg = 72 emu/g or 0.48 T [14] . We can
conclude that M, value in the Néel model is closer to the literature value compared to
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the saturation magnetization value in the Akulov models. Therefore, we will use Néel
model for further fitting.

a b
HH ®
To ensure M, convergence, we determined a suitable lower limit to determine the value
of M;. We suggest that a good lower limit for fittings occurs by plotting the
magnetization saturation value when fitting at some variation of the lower limit value
against a given external field, with error bars presented to help seeing the convergence
of the magnetization values on a visible graph.

M=MS[1—

Lower Limit Fitting for Realistic a and b

A good lower limit is determined when the M; error value generated when fitting
with a lower limit variation is small, and there is convergence (no change) in the M, value
after setting the lower limit variation. These conditions are then applied to determine the
saturation magnetization value and a good field lower limit value for this material. A plot
of M vs lower limit H with variation of 1 kOe to 10 kOe of BaFe1,019 composition is
shown on figure 3. When the H field around 8500 Oe the M value begins to decrease
from the Ms value of about 68 emu/g, which is close to the reference value M; of
BaFe12019 (72 emu/gr). This saturation magnetization value also improves the saturation
magnetization value obtained before the lower limit is applied. This shows that a good
lower limit will produce a good saturation magnetization value as well.
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Figure 3. LAS method requires appropriate choice for its lower limit H. Here the fittingresult for
Ms is plotted against the lower limit H that is varied between 1 kOe to 10 kOe on the
composition of BaFe1201s.

Next, a and b are observed to determine the right lower limit as it is very influential

on the calculation results of the intrinsic magnetic properties of a material. The value of
a and b are illustrated in Figure 5. Since a > 0 and b = 2HZ2/105, the determination of
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the lower limit value requires that the values of a and b are positive quantities. Figure 4
indicates that a and b are positive for 8.5 to 9.5 kOe.
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Figure 4. Compared to Ms, values of (a) a constant and (b) b constant are plot against the lower
limit H for LAS method of BaFe12019 material.

Table 1 summarized the calculation results of the LAS method for pure BHF
samples. We calculated the intrinsic magnetic properties of pure BHF materials and
compared them with reference values. The calculated data is also used to determine a
suitable lower bound. These intrinsic magnetic properties include the value of saturation
magnetization, the value of the anisotropy constant (K1) and the anisotropy field (H.). The
lower limit between 8.5 kOe to 9.5 kOe was then chosen to find the value of the
anisotropy constant K1 and the anisotropic field Ha at each lower limit.

Table 1. The intrinsic magnetic properties resulting from the variation of the lower limit
between 8.5 kOe, 9 kOe, and 9.5 kOe in BaFe12019 materials compared with literature values [14]

Lower Limit  Mg(emu/qg) K, (10° erg/cc) H, (kOe)
(kOe) Fit. Lit. Fit. Lit. Fit. Lit.
8.500 68 72 3.42 33 10.123 16.994
9.000 66 72 5.34 3.3 16.079 16.994
9.500 64 72 7.57 3.3 23.535 16.994

By choosing 8.5 kOe as lower limit for LAS analysis, the anisotropic constant and
the anisotropic field yield values of 3.42 x 106 erg/cc and 10.123 kOe, respectively,
approaching the theoretical value of 3.3 x 10° erg/cc and 16,994 kOe [17]. In Figure (43),
the lower limit values of the 2.0 kOe and 8.5 kOe external fields produce the same
saturation magnetization value, but because the lower limit of 2.0 kOe produces a
negative b constant value, this situation can be ignored. This shows that the lower limit
of the external magnetic field of 8.50 kOe is a good lower limit for determining the
intrinsic magnetic properties of pure BaFe1,019 materials.
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Saturation Magnetization and Anisotropy field of BaFe12.xMny,2Tix/2019, and
SrFe12.xMny2Tix/2019

After validating the calculated data from the LAS method of BaFe;019
magnetization data, this computational program can be applied to calculate the intrinsic
parameters of the synthesized material. In this section, the results of the calculation of
the LAS method on data from two different Radar Absorbing Material (RAM) samples are
discussed, namely BaFe12.xMny/2Tix2019, and SrFeq12.«Mny,2Tix2019, which were calculated
using the Néel model with limits under an external field of 500 kA/m respectively. with x
= 0.1 sample of both RAM is given. We note here that values of a for SrFe1,-xMny/2Tix2019
are small enough, such that Néel model does not differ much from Akulov model for
SrFe12.xMny2Tix/2019.

Table 2 and 3 are the summary of intrinsic magnetic values of both RAM materials
of BaFe1oxMny/2Tix2019, and SrFeqxMny/2Tix2019, respectively The substitution of Mn2+
and Ti4+ ions to Fe3+ ions change the intrinsic magnitude of the material phase[18] .
There is a downward trend in the values of Mg, H,, K;, and b when Mn-Ti substitution is
given (x > 0). It may be because the substitution of Mn-Ti ions in both RAM material
influences the dimensions of the BaFe12019 crystal unit cell due to the difference in the
size of the radii of Mn and Ti ions with Fe ions [17].

The virgin curve magnetization data were obtained with a very limited external
magnetic field of 12 — 15 kOe or 960 - 1200 kA/m. The fitting result have been
summarized for the respective RAM samples in Tables 2 and 3. The intrinsic value of the
magnetic properties of the magnetic phase of the material is expected to be used by
other researchers to conduct data analysis and further discussion of the experimental
test results.

Table 2. Output of computational results of the LAS sample BaFe12-xMny2Tix2019 (x=0; 0.1; 0.3

and 0.5)
Comp. M, H. K1 x 10° B
X (T (kA/m)  (J/m’) (kA/m)?
0 0,418 1613 3,37 49583
0,1 0,433 1698 3,67 54932
0,3 0,411 1444 2,97 39767
0,5 0,391 1268 2,48 30631

Table 3. Output of computational results of the LAS sample SrFe12.xMny2Tix2019 (x=0; 0.1; 0.3;

0.5; and 1.0)
Comp. M; H. Kix10° b
X (T (kA/m)  (J/m?) (kA/m)?
0 0,36 1739 3,13 57460
0,1 0,321 1659 2,66 52485
0,3 0,338 1445 2,44 39776
0,5 0,344 1577 2,71 47375
1,0 0,36 1498 2,7 42769
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CONCLUSION

From this study, we can conclude that the Law of Approach to Saturation (LAS)
method using magnetization data from the minor loop works based on an appropriate
mathematical model. The Néel model dcan be applied for both namely BaFei,-
xMny2Tix2019, and SrFer2.Mny2Tix2019. Lower limit selection for this study plays a
significant part since it greatly determines the convergence of saturation magnetization.
Furthermore, lower limit selection is required to determine correct values for a and b.
Positive values of a and b can be obtained by selecting 8.5 kOe lower limit for LAS
method.
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