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ABSTRACT

Using minor hysteresis loops in the Stoner-Wohlfarth model allows describing the experimental behavior of the coercive force of minor
hysteresis loops in ferrihydrite nanoparticles with a change in the field amplitude. The description allows estimating the parameters of the
distribution of the magnetic anisotropy field in nanoparticles. The best agreement of the anisotropy fields estimated by different approaches
is achieved for the assumption of uniaxial anisotropy in ferrihydrite nanoparticles.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000111

I. INTRODUCTION

Ferrihydrite nanoparticles are characterized by negative
exchange interactions and extremely high fields of reaching the
major hysteresis loop, up to 10° kOe. The physics of hysteresis
in these particles is not fully understood. Various ideas, such as
spin glass shell effects’” and quantum tunneling’* are discussed.
The experiment indicates an uncompensated magnetic moment
(u) in a ferrihydrite nanoparticle. The (u) value was well stud-
ied by characterizing the magnetization curves for nanoparticles in
the superparamagnetic state’ using equations containing Langevin
functions. Magnetic studies according to the ZFC-FC protocol
make it possible to estimate the blocking temperature for a cer-
tain measurement time, typical for the chosen measurement tool.*
Combined with the particle size, this allows one to estimate the
effective magnetic anisotropy constant.”” For the nanoparticles in
the deeply blocked state (at temperatures much lower than the
blocking temperature) which are characterized by the magnetic
moment and magnetic anisotropy constant, one can expect the
behavior to be consistent with the Stoner-Wohlfarth model.'!! The
measurement of minor hysteresis loops in ferrihydrite nanoparti-
cles is a tool for studying the potential relief which controls their
reversible and irreversible magnetic behavior.

In this work, we use the Stoner-Wohlfarth model and idea
concerning the anisotropy field distribution to describe the depen-
dence of coercive force in minor hysteresis loop on the amplitude
of the applied field for ferrihydrite nanoparticles.

Il. EXPERIMENT

Three samples of ferrihydrite nanoparticles, namely, biogenic
ferrihydrite (BFh), synthetic ferrihydrite (SFh) and synthetic ferri-
hydrite doped with cobalt (SFh-Co), were used, their preparation,
characterization and experimental studies having been carried out
by the authors earlier.'?

The technique for preparing BFh nanoparticles formed during
the vital activity of bacteria was described in detail in Refs. 13-15.
The investigated BFh sample was annealed at a temperature of 150°C
for 24 h.® Synthetic ferrihydrites (SFh and SFh-Co) were prepared
using the technique described in Refs. 12 and 16. The analysis of
Mossbauer spectra allowed concluding that the studied samples were
ferrihydrite ones without any foreign iron-containing phases.”!”
The magnetic measurements were performed using a vibrating
sample magnetometer (VSM).'® The investigated powder sample
was fixed in a measuring capsule using paraffin (the data obtained
were corrected to the paraffin diamagnetic signal).
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The cooling of the nanoparticles from the superparamagnetic
state in the magnetic field was shown to lead to a significant bias
of the loop, but the cooling in the zero field allowed one to obtain
almost symmetric hysteresis loops.® In this work, we studied a
series of minor loops at T = 4.2K starting from a completely
demagnetized state achieved by cooling from the superparamag-
netic state in the zero field. Starting from this point the series of
minor loops were measured using a gradual increase in the applied
field amplitude Hax.

For the numerical calculation of the minor hysteresis loops
within the Stoner-Wohlfarth model the software package the Object
Oriented Micro Magnetic Framework (OOMMF) was used."”

Ill. RESULTS AND DISCUSSION

The magnetization behavior at low amplitude of the applied
field (changing from Hma = 0 according to the scenario
Hmax = - Hmax = Hmax), demonstrates a linear reversible response
(see the inset in Fig. 1). With the increasing Hmax, it becomes slightly
nonlinear, and then, starting from a certain field, H,, ,.reveals hys-
teresis. Starting from this fieldH,,,, with a further increase in Humax,
the hysteresis increases, first rather quickly, then more and more
slowly, which implies the approach to the major magnetic hysteresis
loop (Fig. 1).

Qualitatively, this behavior agrees with the behavior of mag-
netic particles in the Stoner-Wohlfarth model.”’ In this model, the
value of H, is determined by the magnetic anisotropy field of a sin-
gle particle H,. The anisotropy field also determines the field of
“opening” of the minor loop and the characteristic field of the tran-
sition to the major loop (see Fig. 2). This is used in the experiment
to estimate the anisotropy field from H., the loop “opening” field
and the major loop closing field.”! The difference in the shape of
the experimental and model loops (see the insets in Fig. 2) may be
associated with the presence of antiferromagnetic, spin-glass, and
residual superparamagnetic responses in the nanoparticles, as well as

20

101

M (emu/g)

50
0

-50 \’\ K\koe\

H 30
Max 60
(k0 )

FIG. 1. The minor loops of synthetic ferrihydrite (SFh) exhibit the behavior typical
of all the three samples (the series of loops for SFh-Co and BFh are given in
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FIG. 2. The numerical behavior of the minor loop coercivity vs the applied field Hrax
amplitude in the Stoner-Wohlfarth model. The case of randomly oriented particles
with uniaxial magnetic anisotropy (K> 0). The insets show the calculated series of
the minor loops used for plotting Hc vs Hmax.

with the distribution of the particle parameters. However, the qual-
itative similarity of the magnetic hysteresis behavior in the exper-
iment and the model allows one to use this model to describe
the dependence of the coercive force on the amplitude of the field
Hmax in the minor loop.

A primary comparison of the model (Fig. 2) and experimental
dependences of Hc on Hmax shows their significant difference. In the
model, the field of “opening” of the minor loop H,,,, and the char-
acteristic field of the transition to the major loop are of the same
order of magnitude (Fig. 2 shows only the case of uniaxial magnetic
anisotropy (K> 0), the data on the cubic anisotropy case are given in
supplementary material 2). In the experiment one can estimate the
field H;,,, at the level of 3-8kQOe, while the major loop is not reached
even at 75+90 kOe.

The transition from opening the loop to reaching the major
loop regime occurs very abruptly (Fig. 2) in comparison with the
experimental behavior (Fig. 3). Such a slow mode of reaching the
major loop in the experiment can be associated with the inhomo-
geneity of the anisotropy fields in the ensemble of nanoparticles.
The coercive force is not a strictly additive characteristic, but aver-
aging can be used in this case, assuming the hysteresis loops of the
particles to be summed.”” We describe the elementary process of
opening the loop using the Heaviside step function S(x):

e(hmaxs H*, HE') = B S(hmax — H"). 1)

Two ways are possible to estimate the distribution of the field
H” (which is related to the anisotropy field as H; = 8- H*). The first
is the fitting of the experimental data using the integral function:

[ he(hmax, H*, H™) - f(H*)dH*

supplementary material 1). The inset shows the region of low fields, where the He(hmax) = )
transition from the reversible to irreversible behavior occurs. [ f(H")dH* ’
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FIG. 3. The experimental coercivity vs the applied field amplitude in the minor loop
(symbols) for various ferrihydrite nanoparticles and the fitting by Eq. (2) (lines).

where f(H") is the distribution function of H*. Figure 3 shows that
Eq. (2) fits the data well for all the three samples of the nanoparticles.
The lognormal distribution f(H*) was used in Eq. (2).

Similarly to the Stoner-Wohlfarth model, it is assumed that H*
and Hi“f are correlated H* = « Hi“f, where « is the constant for all
the elementary processes of opening the minor loop.

The second way makes it possible to directly estimate the dis-
tribution function H*. Since the derivative of S(x) is a delta func-
tion, the distribution of the statistical weights of the H* parameter
can be estimated as:

1 dH,
/ Hx— o c )
f ( ) Hinax deax

3)

The result of using Eq. (3) is shown by symbols in Fig. 4.
The obtained H* distribution is in good agreement both with the
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FIG. 5. The comparison of the anisotropy field H; estimated as Hy = - H*
(squares are to denote $3 for uniaxial anisotropy (K > 0), circles - cubic (K > 0),
triangles - cubic (K < 0)) with the anisotropy field H? estimated from the blocking
temperature. The straight line corresponds to the equality of two values.

lognormal function used in Eq. (2) (with the distribution param-
eters corresponding to the best fit), and with the gamma distribu-
tion, which was discussed earlier as the most characteristic one for
the anisotropy constant distribution for ferrihydrite nanoparticles.””
The parameters of the lognormal distribution f(H*) corresponding
to the best fit of the data by Eq. (2) for the ferrihydrite nanoparti-
cles of three different types are the following: for BFh the average
H*=23 kOe, the distribution width o= 0.65; for SFh H*= 15 kOe,
the distribution width o= 0.6 and for SFh-Co H*= 25 kOe, the
distribution width o= 0.6.

The magnetic anisotropy field of the particle can be estimated
as H; = - H" using H" for the best fitting by Eq. (2). The value
of f in the Stoner-Wohlfarth model is different for the cases of
uniaxial, cubic positive and negative anisotropy (see supplementary
material 2); therefore, for each sample in Fig. 5, we have 3 different
estimates (for different types of anisotropy). In Fig. 5, this value is
compared with the anisotropy field determined from Ty, and (up)
(Table 1) as: HI® = 50 - kg - Ts/{pp)-

Fig. 5 shows that the estimate H, from the Stoner-Wobhlfarth

0.01 4 model with uniaxial anisotropy is closer to the equality line.
This result is consistent with the following observation. If we
o take the experimental values H* without processing using Eq. (2)
5 (H” as the field Hmax where magnetic hysteresis first appears) and
h H" estimated by extrapolation to infinite fields (see, for example,
0.00 TABLE I. The parameters of the studied nanoparticles determined in the Refs. 5, 7,
and 8.
*
H* (kOe) Sample Particle size (nm) (Tg) (X) (ur)(us)
FIG. 4. The distribution of H* obtained using the differentiation of the experimental SFh 2.5 12 173
dependence, Fig. 3 (symbols) is in good agreement with the lognormal function SFh-Co 35 9 145
used in the best fit of the data by Eq. (2) (solid line) and with the gamma distribution BFh 4 5 -5 40 301
(dashed line). The example of chemical ferrihydrite is used. O
AIP Advances 11, 015329 (2021); doi: 10.1063/9.0000111 11, 015329-3
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Refs. 1 and 8) we have H™/ /H* ~ 1, which is close to the prediction
of the Stoner-Wohlfarth model for uniaxial magnetic anisotropy

(H™ JH*~ 0.96).

IV. CONCLUSION

New findings resulting from to the study of the minor hystere-
sis loops of ferrihydrite nanoparticles are reported. For the parti-
cles with the zero exchange bias, starting from the state with the
zero average magnetic moment, a series of the minor loops were
measured with a progressively increasing magnitude of the maxi-
mum field from 0.1 to 70 kOe. Biogenic, chemically synthesized and
chemically synthesized Co-doped ferrihydrite nanoparticles were
studied. At low field amplitude, a reversible magnetic response
is observed. With increasing the field amplitude, the minor
loops become open and then, they approach the major loop.
Since this resembles the behavior of single-domain particles in
the Stoner—-Wohlfarth model, we tested this model to describe
the dependence of the coercive force of the minor loop ver-
sus the field amplitude. Such a description is successful when
the dispersion of the anisotropy field is taken into account. We
also compared the anisotropy field obtained from this descrip-
tion with the estimate from the value of the blocking tem-
perature. This makes it possible to evaluate the applicability
framework of the Stoner-Wohlfarth model for the magnetic
hysteresis description in ferrihydrite nanoparticles.

SUPPLEMENTARY MATERIAL

In the supplementary material, the hysteresis loops
are given, measured for all tested samples (supplementary
material 1). The calculated minor and major hysteresis loops within
the Stoner-Wolfarth model, as well as the analysis of the main
fields characterizing the reversible and irreversible behavior of the
hysteresis loops are presented in supplementary material 2.
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