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The kinetics of magnetization reversal in a rare-earth-free Mn-Al-C permanent magnet is reported. The L1,-phase material
was prepared using a combination of the melt spinning and spark plasma sintering techniques and characterized with a vibrating
sample magnetometer. Magnetic relaxation and susceptibility experiments were performed. Magnetic viscosity, fluctuation field and
activation volume were measured in a wide temperature range. These data were used to analyze the magnetization reversal and
temperature dependence of the coercive field. The thermally activated mechanism of the reversed nucleus formation was confirmed
for the intermediate temperatures. The role of wall thickness and crystallite size as additional characteristic lengths in magnetic

domain nucleation is discussed.

Index Terms—Activation volume, coercive field, magnetic viscosity, permanent magnets.

I. INTRODUCTION

HE world market of permanent magnets has been dom-

inated by two groups of optimized materials: high-
performance Nd—Fe—B alloys and low-cost hexaferrites. Mean-
while, stimulated by significant changes in price and avail-
ability of critical minerals, a third way is gradually emerging:
the rare-earth-free hard magnets with intermediate physical
properties satisfying the application requirements [1], [2], [3].
A promising candidate for this category (to be used, for
example, in the automotive industry) is the Mn—Al system
with its ferromagnetic 7-phase which crystallizes in a L1
structure [4], [S]. However, in spite of a significant anisotropy
field, the values of magnetic coercivity reported so far in Mn—
Al-based alloys are relatively low [6], [7], [8]. The difficulty
in keeping the coercivity high seems to reside in the particular
microstructure (grains, twins) formed in the material as a result
of the structural transformations giving rise to the metastable
T-phase. Therefore, further investigations of hysteretic prop-
erties of the domain structure are of great interest.

In this paper, we studied the magnetization kinetics in a
Mns4Al44Co permanent magnet. The work involved a com-
prehensive magnetic characterization of the material. First, the
temperature dependence of the coercive field was investigated.
Next, magnetic viscosity experiments were performed in order
to observe the effect of thermally activated processes. To
estimate the fluctuation field and activation volume of the mag-
netization reversal, the irreversible susceptibility at the same
values of applied field and temperature were also determined.
Finally, the obtained experimental data were analyzed in the
framework of a model of thermally activated nucleation.

Corresponding author: A. Pasko (email: pasko@satie.ens-cachan.fr).

II. EXPERIMENTAL

A ternary alloy of nominal composition Mns4Al44Cso was
produced from high-purity (better than 99.9%) metals by
induction melting in a water-cooled copper crucible (in semi-
levitation). Carbon was added in the form of Mny3Cg com-
pound [9]. The carbon content in the cast alloy determined by a
combustion analysis was 1.9%. After the surface cleaning, the
ingot was remelted in a quartz crucible and rapidly solidified
on a copper wheel rotating at a linear speed of 20 m-s—*. The
precursor e-phase melt-spun ribbons were subsequently ground
with a cryogenic mechanical milling. The obtained powder
was compacted in a tungsten carbide mold and sintered in
a Syntex Dr. Sinter Lab 515S spark plasma sintering (SPS)
setup with an applied uniaxial pressure of 400 MPa [7]. All
high-temperature operations were carried out under argon. The
presence of the ferromagnetic 7-phase was confirmed by X-
ray diffraction (XRD) using a Bruker D2 Phaser instrument
equipped with a LinxEye linear detector. The magnetic prop-
erties of the prepared material were determined in a wide
temperature range by a Lake Shore 7400 vibrating sample
magnetometer (VSM). A cube-shaped sample of 0.17 g was
cut from the sintered compact and mounted in the magne-
tometer so that its faces were parallel or perpendicular to the
applied field.

III. RESULTS

Stable at high temperatures, the hexagonal e-phase can be
preserved by quenching and transformed into the tetragonal
T-phase in appropriate heat treatment conditions. An XRD
pattern of the sintered sample is shown in Fig. 1. As a result
of a composition-invariant structural transition induced by
SPS, the e-phase completely disappeared giving rise to the
metastable 7-phase. A small amount of the equilibrium S-
phase is visible and often correlates with enhanced coercivity
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Fig. 1. X-ray diffraction pattern of the sintered Mns4Al44C2 sample (Co
Ko radiation). The tetragonal 7-phase Miller indices, traces of a secondary
[3-phase and a Rietveld refinement profile are shown.

through a pinning mechanism [7]. To estimate the material
crystallite size, a Rietveld refinement analysis using MAUD
software was performed. No noticeable crystalline texture was
detected.

Fig. 2 shows a magnetic hysteresis loop of a heat treated
Mns4Aly4Co powder (thermal conditions are similar to those
of sintering but no pressure is applied). The initial (virgin)
magnetization curve seems to have a characteristic shape
indicating that the domain wall pinning is the main mechanism
responsible for coercivity.

The observation of magnetic relaxation was carried out as
follows. The sample was first fully magnetized, and then the
applied field was quickly reversed and kept constant. Under
the strong driving force, the metastable states of the domain
structure sought to decay. The relaxation mechanisms are
generally assumed to rely on thermally activated processes,
the relaxation times involved in the experiment are of the
order of the measurement characteristic times. The average
magnetization M is expected to obey a logarithmic law with
respect to time ¢ [10]:

M(t) = M(0) — Sn (1 + tt) , 0
0
where S is the magnetic viscosity which characterizes the
relaxation rate. Equation (1) holds at constant applied field
H and temperature 7T'.

The actual experimental curves of the magnetization decay
AM = M(t) — M(0) as a function of dimensionless variable
1+1t/ty for different fields H at room temperature are shown
in Fig. 3. The empirical constant £, is chosen so that to make
the dependencies as linear as possible, the adopted value is
1 s (the time for field stabilization of 5 s imposed by the
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Fig. 2. Initial magnetization curve and hysteresis loop of a heat treated
Mns4Alg4C2 powder sample at room temperature.
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Fig. 3. Magnetization change versus time on a logarithmic scale for different
values of the applied field having been reversed (room temperature).

magnetometer is included directly in the experimental data).
In agreement with equation (1), the slope of approximating
lines determines the magnetic viscosity which exhibits a clear
field dependence.

Similar viscosity experiments were performed at various
temperatures. Magnetic relaxation retains its logarithmic time
behavior in a certain field and temperature range, but acceler-
ates with increase of these variables. Furthermore, magnetiza-
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Fig. 4. Reversible (blue), irreversible (red), and total (green) susceptibilities
as a function of temperature, measured at near-zero magnetization (data points
and third-degree polynomial regression).

tion loops change with temperature. To compare the magnetic
viscosity values at different temperatures, each measurement
was performed at an applied field equal to the previously
determined coercive field, i.e. when the mean magnetization
is zero.

In order to benefit from the connection between the thermal
activation and hysteretic phenomena [11], the total x,4 and
reversible ey susceptibilities at the major magnetization
loop were measured. The irreversible susceptibility xi, =
Xtot — Xrev Was then calculated for the applied field at which
the corresponding relaxation experiment was performed. These
forms of susceptibility are plotted versus temperature in Fig. 4.
The reversible susceptibility is small and nearly constant,
which helps to simplify the further expressions. The irre-
versible susceptibility is constant at lower temperatures and
shows a relevant thermal dependence at higher temperatures.

Using the irreversible susceptibility i, the magnetic vis-
cosity S can be conveniently expressed in terms of the
fluctuation field Hy [12]:

S = Xirer' (2)

The fluctuation field represents a fundamental quantity gov-
erning the relaxation process. The average magnetization
(1) varies in time as though there was a fictitious field
HyIn(1 + t/to) acting in addition to H on the system. The
magnetic viscosity S and fluctuation field H; as a function
of temperature 7' are shown in Fig. 5. The magnetic viscosity
monotonically increases with temperature, whereas the fluctu-
ation field has a maximum slightly above room temperature
due to a non-linear temperature dependence of the irreversible
susceptibility.
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Fig. 5. Temperature dependence of the magnetic viscosity (blue) and fluctu-
ation field (red) derived from the relaxation and susceptibility measurements
(data points and third-degree polynomial regression).

The fluctuation field H is related to the activation volume
v, a typical volume involved in a single relaxation event [10]:

kT
NJOMSHf ’

Here kp is Boltzmann constant and M, is the saturation
magnetization estimated from high-field measurements [13].
As shown in Fig. 6, the activation volume v sharply increases
with temperature having a value of 4-1072* m—3 at 300 K.
A similar temperature dependence of the activation volume is
observed, for example, in Nd-Fe—B magnets [14], [15].

Nucleation of reversed domains can be analyzed from a
general viewpoint of energy balance. In this phenomenological
model the coercive field H. is interpreted as the value of
applied field for which the formation of a nucleus of volume
v becomes energetically favored, which gives [10]:

v

3)

Yw
HC B aMOMsU1/3
Here o and N.g are dimensionless parameters measuring how
far the material is from the ideal conditions and representing
the relative importance of magnetocrystalline anisotropy and
dipolar interactions, respectively [14], [15]. The domain wall
energy (surface tension) v, is estimated as usually:

w =4V AK, (&)

- NeHMs- (4)

where A is the exchange constant and K is the uniaxial
anisotropy constant. The values of these parameters (and the
temperature dependence) were taken from literature [13], [16].
The wall energy 7, is plotted versus temperature in Fig. 6
together with the activation volume v.

When magnetization reversal is thermally activated, the
reversed nucleus is formed by the same processes that are
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Fig. 6. Experimental activation volume (red) and calculated domain wall
energy (blue) as a function of temperature (data points and third-degree
polynomial regression).

responsible for magnetic viscosity. This means that the critical
volume v can be estimated from the magnetic viscosity exper-
iment. Assuming that energy barriers of height up to 25kpT
are overcome by thermal activation in usual measurement time,
one can write the following relation [10]:

H. = Heyp + 25H;. 6)

Here H. is the intrinsic coercive field, purged of thermal
relaxation effects, which is to be used in the analysis, and Hyp,
is the experimental coercive field. In Fig. 7 these fields are
plotted versus temperature. The measured field H.y, monoton-
ically decreases with temperature, whereas the intrinsic field
H_ reaches a plateau at low temperatures caused by a decrease
of the fluctuation field (cf. Fig. 5).

The parameters « and N.g are assumed constant for a given
material. One can present equation (4) in a dimensionless
form dividing both sides by M,. In order to verify the
validity of the underlying model, the reduced nucleus energy
Yo/ (oMZ2v'/3) was plotted versus the reduced coercive
field H./M, at different temperatures in Fig. 8, where the
coercivity is redefined according to equation (6).

The phenomenological parameters of the magnetization
reversal model determined from linear regression are o = 0.19
and N.g = 0.13. One can see that relation (4) describes the
material particularly well in the temperature interval of 300 to
360 K (red circles in Fig. 8). At higher temperatures (yellow
triangles) a departure from the linear trend is noticeable,
which may be partially related to the observed deviation
from the logarithmic law in the viscosity experiments. At
lower temperatures (blue squares) the dependence completely
changes: the coercive field H. is practically constant, whereas
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Fig. 7. Measured coercive field (blue) and the coercivity corrected for the
fluctuation field (red) as a function of temperature (data points and fourth-
degree polynomial regression).
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Fig. 8. Relation between the reduced coercive field H./M; and the reduced
nucleus energy . /(o M2v'/3) at different temperatures. A linear trend
line with fitting parameters are shown.

the saturation magnetization M continues to increase when
temperature decreases.

IV. DISCUSSION

Equations (4) and (6) describe a thermally activated process
of the reverse domain nucleation. In this case a correlation
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between the activation length v'/3 and the domain wall
thickness

A
Ky’
is often observed. Indeed, according to our data, both quan-
tities are of the same order of magnitude and show similar
temperature dependence. Typical values are v'/3 = 16 nm
and §,, = 12 nm at 300 K (as a rule, v/3 > §,).

Another possibility is athermal formation of the reverse
nucleus. In this case the role of critical volume is played by
the whole grain, and equation (4) holds with v'/3 = d, where
d is the average grain size. Besides, the coercivity correction
(6) seems to be unnecessary. The size of coherently scattering
crystallites is estimated as 60 nm from XRD. It is worth noting
that this characteristic is usually smaller than the average grain
size because of the presence of defects. The ferromagnetic 7-
phase in Mn—Al-C alloys is the result of a structural phase
transition [17] and is known to contain regular planar defects
such as twins, stacking faults and antiphase boundaries [18],
[19]. On the other hand, the magnetic domain structure may
interact with the lattice defects, so that the d value can be
smaller than the grain size.

Fig. 8 shows that the coercivity drops from the linear
trend at lower temperatures. As an alternative interpretation
we might assume a critical volume for these points larger
than the activation volume determined from the magnetic
relaxation measurements, suggesting a contribution from the
athermal mechanism of reverse domain nucleation. As for
the points on the line, a typical value of dimensionless
variable 7., /(o M2v'/3) is only twice as lower as the reduced
anisotropy field 2K /M?2. Therefore, the main problem for
this system remains a small value of the slope a.

Ow =T

(7

V. CONCLUSION

Magnetic viscosity, fluctuation field and activation volume
were measured in a MnsqAly4Cy permanent magnet in a
range of temperatures. These data were used to analyze the
magnetization reversal and temperature dependence of the co-
ercive field. The thermally activated mechanism of the reversed
nucleus formation was confirmed, with possible contribution
from an athermal process. The role of magnetic and structural
characteristic lengths was discussed.
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