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The investigations were carried out on Sm—Fe—N permanent magnets
produced by reactive diffusion method. The magnets consist of hard mag-
netic phases: SmoFe17Ng g6 and SmFes and soft magnetic a-Fe phase. From
the comparison of experimentally determined angular dependence of coer-
cive field with appropriate theoretical predictions and from the dependence of
coercive field on the external magnetic field determined from the minor hys-
teresis loops, it was stated that magnetization reversal process in Sm—Fe—N
magnets is controlled by the nucleation of reversed domains process.

PACS numbers: 75.50.—y, 75.60.—d

1. Introduction

SmsFe;7N3 is a recently discovered compound with excellent intrinsic mag-
netic properties [1]. The material possesses a very large anisotropy field estimated
to be above 20 T at room temperature and a Curie temperature of 740 K [2].
The origin and formation of the magnetic properties for this group of magnets
have been intensively studied [3-6], together with microstructure [7] and domain
structure observations [6, 8, 9].
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Satisfactory functional properties of modernly produced magnets are related
to intrinsic magnetic properties of intermetallic phases forming those magnets
(like: saturation magnetization Mg, anisotropy field H,, Curie temperature T¢),
optimal microstructure of the magnet (coercive field y H., maximum energy prod-
uct (BH)max), as well as the chemical composition. Microstructure parameters
mostly decide about magnetic reversal processes that consist in making difficult
the nucleation and expansion of the reversed domains.

It should be noted that the former improvement of the functional magnetic
properties has been achieved only by means of heat treatment optimization and
selection of appropriate chemical composition, without deep knowledge of magne-
tization reversal processes in those materials.

Up to now, there is no uniform and satisfactory model describing magneti-
zation reversal process in those materials. Therefore, in this paper the results of
analysis taking into account classical models of magnetization reversal processes
(Stoner—Wohlfarth [10], Jacobs—Bean [11] and Shtrikman—Treves [12] models), as
well as contemporary models (Kronmiiller [13-15] and Givord [16, 17] models), are
presented.

In the model proposed by Kronmiller, the existence of the second mag-
netic phase with lower values of anisotropy constants, irregular grain surfaces,
exchange coupling between grains, as well as misalignment of magnetic grains,
were taken into consideration. However, in the nucleation expansion model pro-
posed by Givord [16, 17], the existence of reversed domains in the remanent state
1s assumed. In this case, the critical magnetic field and thermal fluctuations of the
sample determine the spontaneous expansion of these nuclei.

Therefore, the main aim of this work was to determine magnetization reversal
processes in a new group of Sm—Fe-N hard magnetic materials.

2. Material and experimental methods

The examined samples of Sm—Fe-N magnets were prepared by reactive dif-
fusion method that consists of pressing the mixture of Sm and Fe powders under
the pressure of 100 MPa. Subsequently the material is annealed for 5 h at a tem-
perature of 1320 K, i.e. below the melting point of the components. As a result of
solid state diffusion, a relatively isotropic crystalline structure is obtained. After
the initial milling for 20 min., the powders are nitrided for 3 h at a temperature of
750 K. The final milling procedure is used in order to achieve the required grain
size. In the last stage of the production process the powders are compacted with
the addition of thermosetting plastic in external magnetic field, in order to obtain
the aligned magnets with anisotropic properties.

In this work the samples compacted just after nitriding process, as well as
after different final milling times: 2 h, 6 h, 12 h, 24 h, and 48 h, were examined.
The related grain diameters of the powders are: 8.6 pym, 6.6 pm, 3.3 pm, 2.2 pm,
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1.6 pm, and 0.97 pm, respectively. During the production procedure the chemical
composition of pure Sm and Fe powders was close to the stoichiometric constitution
of SmsFe7 phase, i.e. 25 wt.% of Sm and 75 wt.% of Fe.

Using an X-ray microanalyser, as well as an X-ray spectrometer with Co K,
radiation, the qualitative analysis of phase structure was performed. Furthermore,
using a Mossbauer spectrometer with 37 Co isotope in rhodium matrix, the quanti-
tative analysis of examined samples was carried out. Measurements of Mossbauer
spectra were performed at room temperature.

It was shown that the examined samples consist of two hard magnetic phases:
SmsFe17Np s6 and SmFes and soft magnetic a-Fe phase. Furthermore, the volume
fraction of hard magnetic phase SmsFe 7N g¢ decreases with decreasing the grain
size (from 61.88% for a 8.6 ym grain diameter sample to 30.00% for a 0.97 ym grain
diameter sample), whereas the increase in SmFes phase volume fraction (from 9.00
to 59.75%) is observed. Furthermore, a decrease in a-Fe volume fraction from
29.12% for a grain diameter of 8.6 ym to 10.25% for a grain diameter of 0.97 ym
was evidenced. Additional information concerning phase structure examination,
performed by X-ray diffraction, as well as volume fraction analysis using Mossbauer
spectroscopy, were presented in [6].

Furthermore, the investigations of magnetic properties in high external mag-
netic fields were carried out using a superconducting magnetometer (SQUID mag-
netometer).

3. Results and discussion

3.1. Magnetic properties of ezamined magnets

In Fig. 1 the initial magnetization curve, as well as the hysteresis loop of
anisotropic Sm-Fe—N magnet with a grain diameter of 0.97 pgm, produced by reac-
tive diffusion method and compacted in external magnetic field with an addition
of thermosetting plastic, were presented. The measurements were carried out us-
ing a SQUID magnetometer in the magnetic field up to 4 MA/m. The examined
samples were previously demagnetized in reversed alternating external magnetic
field.

The initial magnetization curve exhibits inflection point corresponding to
external magnetic field 800 kA/m. For comparison in Fig. 2 the initial magne-
tization curve and hysteresis loop for Sm—Fe-N anisotropic magnet with a grain
diameter of 8.6 um, are presented. In this case, the shape of initial magnetization
curve is regular and typical of the magnets with the reversal magnetization process
governed by the domain nucleation [10].

Kobayashi et al. [18] have observed a similar inflection of the initial magneti-
zation curve for single phase SmsFe;7Ns magnets, with a grain diameter of 3.8 pm.
Those authors associate such shape of the initial magnetization curve with several
magnetization processes, in particular: domain walls motion in low magnetic fields,
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Fig. 1. Initial magnetization curve and hysteresis loop for anisotropic Sm—Fe—N perma-
nent magnet with a 0.97 pm grain diameter, produced by the reactive diffusion method.
Fig. 2. Initial magnetization curve and hysteresis loop for anisotropic Sm—Fe—N perma-

nent magnet with a 8.6 ym grain diameter, produced by the reactive diffusion method.

magnetization reversal of single domain particles in medium magnetic fields and
rotation of magnetic moments in high magnetic fields. On the other hand, Kou
et al. [19] observed a similar course of the initial magnetization curve in ThoFeq7
monocrystals at a temperature of 4.2 K. In order to explain the course of this
curve, the authors assumed the coexistence of the rhombohedral and hexagonal
crystalline structure in the elementary cell of the ThoFe 7 compound.

However, in this work the inflection on the initial magnetization curve (Fig. 1)
was associated with changes of hard magnetic phase contents — particularly with
a decrease in SmaFe;7Nyp g phase content with decreasing the grain size (from
61.88% for a 8.6 pm grain diameter to 30.00% for a 0.97 ym grain diameter), an
increase in SmFes phase content (from 9.00% to 59.75%) and a decrease in «-Fe
soft magnetic phase content (from 29.12% to 10.25%). Furthermore, the charac-
teristic contraction of the hysteresis loop for the magnets with a 0.97 ym grain
diameter was observed, which is correlated with an earlier magnetization rever-
sal of the phase with the lowest coercive field. For those magnets, the saturation
magnetization po Mg = 0.696 T was determined using extrapolation to the infinite
external field H — oo the dependence of magnetization M on the second power
of reciprocal external magnetic field 1/H?2.

On the basis of the obtained results and in particular from the comparison of
initial magnetization curve courses (Figs. 1, 2) with the theoretical predictions [20],
we can state that the magnetization reversal processes in the studied magnet
consist in the nucleation of new reversed domains. For a further confirmation of
this conclusion, the dependence of coercive field on the angle between easy direction
of magnetization and external magnetic field, as well as the coercivity y . changes
determined from the minor hysteresis loops for different maximum external fields,
were measured.
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3.2. Coercive field 1 H. dependence on the angle @ between external magnetic
field and easy direction of magnetization in Sm—Fe-N permanent magnets

In modern hard magnetic materials, the dominating magnetization reversal
process is pinning of domain walls or nucleation of reversed domains. Changes
of the coercive field as a function of angle © between magnetic field H direction
and easy axis of magnetization are often used as a test of magnetization reversal
process, as was done e.g. for Nd-Fe-B [21] and Fe-Al-C [22] magnets.

For the magnets with magnetization reversal process governed by nucleation
of reversal domains, the angular dependence of coercive field ;yH.(©) should cor-
respond to the theory of coherent rotation of magnetization vector [10]. However,
for magnets controlled by the domain wall pinning mechanism, coercivity ;H.(O)
changes should correspond to Kondorsky’s relation [23] s H.(@) = ;H.(0)/ cos ©®
for 0 <O < 7/2.

In Fig. 3 the experimentally determined angular dependence of normalized
coercivity y H.(0)/ s H.(0) for Sm—Fe—N magnets with a grain diameter of 0.97 pm,
is presented (denoted as curve a). For comparison in this figure the theoretical an-
gular dependence of coercive field related to the domain wall pinning mechanism —
Kondorsky’s relation [23] (curve d) and this relation modified by Suponev et al. [24]
by considering the domain wall motion and coherent rotations of magnetization
vector according to the formula (curve e):

cosO(D, + D,
10) = 10— 2O0Wut D)
D, sin* @ + (D, + D,)cos? @

(1)

are plotted, where D, and D,(= D,) — demagnetization coefficients for the sample
in the shape of ellipsoid of revolution; D, = H,/M; — the coeflicient related to
magnetocrystalline anisotropy. Furthermore, the angular dependence of coercive
field was calculated according to the Stoner—Wohlfarth model [10] (curve ¢), and
the model of domain nucleation with reversed magnetization vector [25] (curve b).

According to the Stoner—Wohlfarth theory [10], the normalized coercivity
decreases from 1 to 1/2, and then again increases to the initial value (curve ¢ in
Fig. 3). As a result from Fig. 3, the experimental angular dependence of coer-
cive field up to 70° well corresponds to the nucleation model. Particularly, with
decreasing the @ angle, the coercivity initially decreases to the minimum value
(equal to the reduced coercive field ;H.(©)/sH.(0) = 0.73), corresponding to
© = 45°. Subsequently, the coercive field increases with increasing the @ angle up
to the maximum value (y H.(@)/;H.(0) = 0.95) for @ = 70°, and then decreases
to the minimum value (; H.(©)/;H.(0) = 0.48) for ©® = 90°.

The results obtained in this work cannot be explained on the basis of Kon-
dorsky theory [23], where the domain wall pinning is responsible for demagneti-
zation processes, as well as the modified Kondorsky model proposed by Suponev
et al. [24], where the domain wall motion (more probable for small angle @) and
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Fig. 3. The angular dependence of reduced coercive field ;H.(O)/;H (6 = 0) for
Sm-Fe-N magnet with a grain diameter of 0.97 pm: a) experimental curve, b) the curve
corresponding to the nucleation reversal process for 2K5/K7 = 1 [25], ¢) the curve
corresponding to the model of coherent rotation of magnetization vector [10], d) the
curve corresponding to Kondorsky relation 1/cos @ [23], e) according to the modified
Kondorsky relation [24].

coherent rotation of magnetization vector (characteristic for higher values of ©
angle) are considered.

On the other hand, the comparison of the curves a) and b) presented in Fig. 3,
reveals that for a range of @ angle from 0 to 70°, good agreement between the
experimental data and predictions of the nucleation model proposed by Kronmutller
and Schrefl [25] is obtained. According to this model, the changes of coercivity on
O angle are described by the following relation:

e 1 g 2/3
Ho(0) = 2K, . 1 2[}2 (tan @)
proMs (cos2/3 @ + sin®/® @)3/2 K1 14 (tan©@)?/3
—(D. — D) M, (2)

where D, and D, are demagnetization coefficients.

However, for a range of @ from 70° to 90°, the differences between experiment
and theoretical predictions are evidenced. According to Suponev et al. [24] in or-
der to explain the differences in the equation describing the angular dependence of
coercivity, the domain wall motion and coherent rotation of magnetization vector
should be considered. Furthermore, to explain the course of coercive field depen-
dence on the angle @, the existence of different magnetic phases in the examined
magnets should be considered, in particular soft magnetic a-Fe phase, for which
the domain wall motion is responsible for the magnetization reversal process.

The comparison of the coercive field dependence on the angle @ with the
theoretical predictions for Sm—Fe-N magnets allows assuming that for the range
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of © angle between 0 and 70°, the magnetization reversal process is correlated
to the nucleation mechanism of reversed domains. For higher values of @ angle,
the magnetization reversal process is more complex than the one predicted by the
theoretical models.

3.8. Coercive field H. changes on the external magnetic field, determined from
the minor hysteresis loops

Dependence of coercive field ;H. on the external magnetic field H, deter-
mined from the minor hysteresis loops, is another examination method that allows
us to determine the magnetization reversal process. For the pinning controlled co-
ercivity mechanism of the magnets, the domain walls cannot easily move through
the sample and the permeability for such magnets is small until the external field
gain the coercive field value. Furthermore, the drastic change of coercivity in ex-
ternal magnetic field equal to the coercive field, is observed as it was shown, e.g.
for Fe—Al-C magnets [22]. However, for the magnets in which magnetization rever-
sal process is correlated with nucleation of reversed domains, the existing domain
walls can move easily and the initial permeability has a high value. In this case,
almost linear increase in coercive field with increasing external magnetic field up
to the maximum value is observed [9].

—e— grains diameter 0.97 um

—e— grains diameter 1.6 um

—=— grains diameter 8.6 um

rirrr 171t Tt T T T
500 1000 1500 2000 2500 3000 3500 4000
H [kA/m]
Fig. 4. The coercive field ;s H. dependence on the maximum external magnetic field H,

determined from minor hysteresis loops for Sm—Fe—N magnets with different grain sizes.

That relation is presented in Fig. 4, for Sm—Fe-N magnets with grain diam-
eters of 8.6 yum, 1.6 pm, and 0.97 pgm. The linear increase in coercive field yH.
with increasing external magnetic field is observed for low values of the magnetic
field. It indicates that the coercive field in Sm—Fe-N magnets is associated with
the mechanism of the reversed domain nucleation.
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4. Conclusions

The comparison of experimentally determined angular dependence of coer-
cive field with theoretical relations, proved that for @ angles between 0 and 70°
the magnetization reversal process is correlated with the nucleation of reversed
domains. Another confirmation of this conclusion was provided by the course of
the yH.(H) curves determined from the minor hysteresis loops for different values
of the external field. The shape of those curves is typical of the magnets with the
magnetization reversal process controlled by the nucleation of reversed domains.
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