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This study proposes a new method for measuring transient magnetization of natural
samples induced by a pulsed field with duration of 11 ms using a pulse magnetizer. An
experimental system was constructed, consisting of a pair of differential sensing coils
connected with a high-speed digital oscilloscope for data acquisition. The data were
transferred to a computer to obtain an initial magnetization curve and a descending
branch of a hysteresis loop in a rapidly changing positive field. This system was tested
with synthetic samples (permalloy ribbon, aluminum plate, and nickel powder) as well
as two volcanic rock samples. Results from the synthetic samples showed considerable
differences from those measured by a quasi-static method using a vibrating sample
magnetometer (VSM). These differences were principally due to the time-dependent
magnetic properties or to electromagnetic effects, such as magnetic viscosity, eddy
current loss, or magnetic relaxation. Results from the natural samples showed that
the transient magnetization—field curves were largely comparable to the corresponding
portions of the hysteresis loops. However, the relative magnetization (scaled to the
saturation magnetization) at the end of a pulse was greater than that measured by a
VSM. This discrepancy, together with the occurrence of rapid exponential decay after
a pulse, indicates magnetic relaxations that could be interpreted in terms of domain
wall displacement. These results suggest that, with further developments, the proposed
technique can become a useful tool for characterizing magnetic particles contained in a
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variety of natural materials.
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INTRODUCTION

Pulse magnetizers have been used in rock magnetic studies
because they produce a high magnetic field without the need for a
large electromagnet. This allows for rapid acquisition of isother-
mal remanent magnetization (IRM) over a short (<1 s) period of
time. Stepwise IRM acquisition curves are used to identify mag-
netic minerals with different coercivities; IRM unmixing analysis
(Kruiver et al., 2001; Heslop et al., 2002; Egli, 2003, 2004) has
often been used as a convenient means for the identification and
quantification of magnetic minerals in a sample (e.g., Abrajevitch
and Kodama, 2011).

Since its invention by Kapitza (1924 ), the pulse magnetizer has
been used more frequently in experimental magnetism and mate-
rial research than in rock magnetism. In modern physics labora-
tories, such systems can readily generate high fields reaching 100 T
(e.g., Miura, 2007). Using an apparatus comprising a pulse mag-
net and a sensing coil system, a number of studies have been car-
ried out for the characterization of ferromagnetic materials. The
apparatus measures the dynamic response of magnetic properties
such as hysteresis loops, magnetostriction, and magneto—optical
spectroscopy (e.g., Grossinger et al., 1993; Dudding et al., 2002;
Ludwig et al., 2002; Nojiri et al., 2007; Prieto Astalan et al., 2007).

The largest field required for rock magnetism measurements
is 10 T. Thus, a compact and inexpensive instrument such as

a pulse magnet is invaluable. Several commercial systems are
available for imparting IRM or saturation IRM to natural sam-
ples. However, the typical magnetization of natural samples is
much weaker than that of synthetic ferromagnetic materials.
Thus, the techniques and analyses employed in conventional
pulsed field magnetometry cannot be readily applied to rock
magnetism investigations. However, thanks to the recent devel-
opment of digital signal processing and fast broadband digital
oscilloscopes, it is possible to construct a simple, sensitive, and
cost-effective system without employing complicating electronics.
This allows high-speed measurements of the dynamic magne-
tization behaviors of natural samples. This study describes the
apparatus and measurement procedures of such a system dedi-
cated to rock magnetism investigations and reports the dynamic
magnetic behaviors obtained from a set of synthetic materials and
natural samples. These results are discussed in comparison with
those obtained by conventional rock magnetism methods.

EXPERIMENT

INSTRUMENT AND METHOD

The measurement system consists of a pulse magnetizer, a sensing
coil system embedded in the sample cavity of the pulse mag-
net, and a high-speed digital oscilloscope for recording the coil
outputs (Figure 1). The pulse magnetizer used in this study is
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FIGURE 1 | (A) Schematic diagram of the measurement system. (B) (Left)
Photos of the inner and outer pick-up coils (top) and the assembled system
(bottom), with a 7-cc cube for scale. (Right) an overview of the
measurement system. A field-sensing coil is placed at the bottom of the
sample cavity of IM10-30 pulse magnetizer.

the commercially available ASC IM10-30 impulse magnetizer
(ASC Scientific, USA). The maximum peak field depends on an
exchangeable coil. In this study, we used a 2-inch-diameter coil
that is capable of producing a pulsed field of 0.3-1.3 T with
a sample cavity large enough to accommodate the sensing coil
system. The digital oscilloscope is an Keysight DSO 9104A, a two-
channel oscilloscope with 1 GHz bandwidth and 2 MB memory.
Data acquisition is triggered by a pulsed field, and the captured
data are transmitted to an external computer for digital process-
ing. Processing is accomplished by programs written in LabVIEW
and MATLAB. Additional measurements with a MircoMag 3900

vibrating sample magnetometer (VSM; Lake Shore, USA) were
made for comparison.

The pick-up coil system consists of two series-connected coax-
ial coils wound in opposite directions to sense the magnetization
induced by a pulsed field. In the absence of a sample, the mag-
netic flux density B (Wy,/m?) inside the sensing coil is wH, where
H (A/m) is the pulse magnetic field and p (H/m) is the mag-
netic permeability of air. Since W is equivalent to the magnetic
permeability in free space o (= 4mx 1077), B is usually writ-
ten as B = poH. When inserting a sample in the coil system and
applying a pulsed field H, the instantaneous flux density B over
the volume of the sample changes from LoH to

B = woH + poM, (1)

where M is the magnetization of the sample induced by the pulse.
Because the sample has a finite length and a specific shape, such
as cylinder or cube, M is a function of not only the intrinsic mag-
netization of the sample but also the shape and volume of the
sample. The voltage output V of the sensing coil is proportional
to the time derivative of Equation (1), i.e.,

v oH oM 5
X Mo~ F Mo (2)
Thus, if the sensing coil is compensated to make its output zero
in the absence of the sample, the first term of Equation (2) is zero
and the integration of V provides a quantity proportional to M.

To compensate the sensing coil within the limitations imposed
by the sample cavity of the IM10-30, we adopted the concentric
configuration shown in Figure 1, a radial gradient coil system
often used in experimental magnetism (e.g., Grossinger et al.,
1993; Dudding et al., 2006). The coils have equal length and are
wound using 0.1-mm-diameter copper wire, with turns of N, =
476 and N; = 952 and diameters of 30 and 42 mm (= 30x+/2),
respectively, to achieve the equal turns-area products leading to
compensation of the magnetic flux detected by the coil system.
The turns-area products are equal because the area ratio of the
outer and inner coils is 2/1, and the ratio of their turns, N,/Nj, is
1/2. To further compensate for small residual contributions from
the pulse due to incomplete compensation of the coaxial coils, a
small coil (10 turns) is connected in series. Its output is adjusted
using a potentiometer, such that the integration of the output
of the coil system (coaxial coils plus compensation coil) in the
absence of a sample approaches to zero.

A measurement is triggered when a pulse signal is sent to chan-
nel 1 (CH1) of the oscilloscope from a field-sensing coil (five
turns). The output from the pick-up coil system is then trans-
ferred to channel 2 (CH2). The data are captured at a sampling
rate of 20 M Sa/s (= 2 x 107 sample/s). A screenshot of the oscil-
loscope from the field-sensing coil for one pulse is presented in
Figure 2, showing the direct output in mV from the field-sensing
coil (yellow curve) and its integration with respect to time (white
curve) obtained simultaneously using the oscilloscope functions.
The integrated curve corresponds to the pulsed field, showing the
shape of one-half cycle of damped oscillation with a width of
11 ms. This wave form is typical for a pulsed field that is gener-
ated by a sudden discharge of a large capacitor bank. The pulse
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FIGURE 2 | Snapshot of the digital oscilloscope displaying an output
curve from the field-sensing coil (yellow), along with its integration
with respect to time (white). The intensity of the maximum peak field is
equivalent to 0.7 T. A slightly negative baseline trend of the integrated field
is due to a small dc offset (<1 V) of the oscilloscope.

duration is determined by the resonant frequency of the LC cir-
cuit, or 27/(LC)'/2, where C is the capacitance of the capacitor
bank and L is the impedance of the pulse magnet coil. Due to the
DC resistance of the circuit, the shape of the pulse in Figure 2
is slightly asymmetrical. A similar pulse shape is observed for
another pulse magnetizer, MMPM10 (Magnetic Measurements
Ltd., UK), which has a slightly shorter pulse duration (10 ms).
The amplitude of the applied pulse in this study is 0.7 T, as this
yields the optimum signal-to-noise ratio (SNR) in fields <1.3 T.
This value (0.7 T) corresponds to the maximum peak of the inte-
grated curve in Figure 2 at 920 uwVs. The time variation of the
pulse is recorded for the entire duration (11 ms) to analyze the
output signal from the pick-up coil system in terms of both time
and magnetic field.

SAMPLES

To test the performance of the present system, we chose a set of
synthetic and natural samples. An aluminum sample (Al), 10 mm
square and 1 mm thick, was chosen to observe the effect of eddy
current loss, which is increased by the application of a pulsed
field. To maximize the eddy current effect, the sample was placed
in the sample cavity with its plane normal to the pulsed field. A
commercial permalloy ribbon sample (PL), 0.1 mm thick, 3 mm
wide, and 40 mm long (TMC-V, Tohkin Co. Ltd.), was folded
and twisted a couple of times, and placed into a 7-cc plastic
cube to minimize the eddy current effect. This sample was cho-
sen to examine how such a soft magnetic material will respond
to a pulsed field. A nickel sample (Ni) was prepared from pure
nickel powder (d < 75 pum, 99.9% purity) glued with epoxy in
a plastic cube for the system calibration. The net weight of the
powder was 5.8 g. Two volcanic rock samples (0S2-2 and OT73-
4-3) were chosen as natural samples because of their relatively
strong saturation magnetizations, ~1/10 those of the PL and Ni
samples. According to measurements by a VSM, sample OS2-2
has a paramagnetic component recognizable over 1.8 T, whereas
sample OT73-4-3 is saturated in a much lower field with a small
paramagnetic fraction. We examined how the static field magnetic
behaviors of these samples changed in pulsed fields.
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FIGURE 3 | (A) M-t curve of sample Ni, scaled to the maximum
magnetization (561 mAm?), with the H-t curve (gray) scaled to 0.7 T. (B)
M-H curve for the increasing field (blue) and reducing field (red). (C)
Hysteresis loop of Ni (10.7 mg).

RESULTS
SYNTHETIC SAMPLES
Results from the synthetic samples showed dynamic magnetic
behaviors in the plots of magnetization vs. time (M-t) and mag-
netization vs. field (M-H). The curves were remarkably different
between samples (Figures 3-5).

The M—H curve for sample Ni (Figure 3B) is comparable
to the hysteresis loop (Figure 3C) that is typical for ferromag-
netic materials with moderate magnetic coercivity. Both the M—H
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FIGURE 4 | (A) M-t curve of sample Al, scaled to the maximum
magnetization (32mAm?2). The H-t curve (gray), scaled to the peak
value of 0.7 T, is provided for comparison. (B) M-H curve for the
increasing field (blue) and reducing field (red). (C) VSM result of Al
(26.7 mg).

curve and the hysteresis loop become saturated around H = 0.5
T. This agreement means that the Ni sample is immediately
magnetized by a pulsed field. The M—t curve (Figure 3A) demon-
strates rapid variation in magnetization, with a broad plateau
that corresponds to the magnetic saturation. However, it is not
accompanied by noticeable tail-off after the pulse. Calibration
of the system in this study was accomplished by the correlation
of the saturation magnetization of the hysteresis loop with the
peak value in Figure 3B, resulting in 29.1 pAm?/mVs. Using this
correlation constant, the raw data were converted into magnetic
moments in Figures 3-5. Measurements were made with differ-
ent orientations of the sample to identify the demagnetization
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FIGURE 5 | (A) M-t curve of sample PL, scaled to the maximum
magnetization (131 mAm?2), with the H-t curve (gray) scaled to 0.7 T. (B)
M-H curve for the increasing field (blue) and reducing field (red). (C)
Hysteresis loop of PL (5.5 mg).

effect due to the sample shape, but no discernible difference was
observed.

The M-t curve for the Al sample recovered rapidly from the
initial fall, increased to a positive peak, and then decreased until
the field was turned off (Figure 4A). Note that the positive peak
occurs later than the field peak. This pattern can be observed
in a different form in the M—H curve (Figure4B). The initial
steep fall in the M-t curve corresponds to the broader nega-
tive peak in the first half-cycle of the M—H curve, whereas the
maximum in the M-t curve corresponds to the gradual peak
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in the restoring cycle. These behaviors with respect to time and
the field can be qualitatively explained in terms of the eddy cur-
rent effect. The eddy current is proportional to —dH/dt, so its
effect is opposite depending on the sign of 9H/dt. Additionally,
as shown in the asymmetrical H—t curve (Figure 4A), the magni-
tude of the time derivative |0H/dt| is greater for the increasing
phase than for the decreasing phase. Thus, the resulting eddy
current effect was enhanced for the former compared with the
latter. The M—H curve does not return to the origin, but inter-
cepts the y-axis at about half the value of the maximum peak.
This temporary magnetization at H = 0 decays rapidly, as shown
in Figure 4A, indicating the halt of the eddy current and the
presence of magnetic viscosity.

To characterize the eddy current effect in a quantitative man-
ner, we calculated the skin depth §, the depth at which the
current density is reduced to 1/e of its value at the surface. For
a conductive material in an applied AC field with frequency f,
8 = (p/mf)/2, where p is the resistivity and . is the magnetic
permeability. Assuming a pulse “frequency” f ~1/(2 x pulse-
width) = 40 Hz, with p = 2.6 x 1078 (Q@m) and p =2.26 x 107°
(H/m) for aluminum, § is ~13 mm, which is significantly greater
than the sample thickness. This suggests that the pulse penetrates
effectively into the sample, without substantial cancelation by the
opposing field induced by the eddy current. However, this esti-
mation is inaccurate because it approximates f using the entire
pulse length. It is more appropriate to substitute f with dH/dt,
which varies with time, as shown in Figure 1. Note that the rapid
fall in M occurs within a rise time of 0.3 ms for H when dH/dt
is still about 80% of the initial value. The rapid rise of dH /9t
suggests that it is made up of harmonics with orders of magni-
tude greater than 40 Hz; thus, it is likely that 3 is especially small
for this moment. For example, substituting f with 4 kHz leads to
a 3 value of 1 mm, which is comparable with the sample thick-
ness. Consequently, the induced magnetic flux opposing the pulse
becomes prominent. A more quantitative explanation of the eddy
current effect is based on a model that takes into account the
geometry and electromagnetic properties of the sample, as well as
the shape and duration of the pulse. For this purpose, it is neces-
sary to construct more sensitive instrumentation with the ability
to change the shape and length of the pulse (e.g., Jewell et al.,
1992; Ludwig et al., 2002), which will be described in a com-
panion paper. In contrast to these dynamic magnetic behaviors,
the VSM result in Figure 4C shows a linear M—H trend superim-
posed on high-frequency variations, with amplitude that tends to
increase as the field increases. The linear trend can be interpreted
as weak paramagnetism, whereas the high-frequency fluctuations,
which were proportional to the static field, correspond to low
magnetization induced by the eddy current resulting from the
sample vibration.

Sample PL also demonstrated unique M—t and M—H patterns.
The M-t curve in Figure 5A has a maximum peak, but it occurs
later than the pulse peak. Immediately after the pulse was turned
off, a large amount of magnetization decayed rapidly over a short
period of time (~3 ms). The delayed peak of the M—t curve sug-
gests that the sample temporarily became so viscous that it could
not be magnetized synchronously with the pulse. Consequently,
the M—H curve in Figure 5B acquired an irreversible shape that is

considerably different from the hysteresis loop (Figure 5C). The
M-H curve does not return to the origin, but the y-intercept
is only slightly smaller than the maximum peak. These results
are consistent with studies of soft ferromagnetic materials (e.g.,
Grossinger et al., 2004) showing that the magnetic viscosity is
dependent on the field sweep rate.

NATURAL SAMPLES

Results from the two volcanic rocks, OS2-2 and OT73-4-3, are
shown in Figures 6, 7, respectively. Because their magnetizations
were about one order of magnitude weaker than that of sam-
ple Ni, measurements were repeated 10 times for each sample.
To demagnetize remanent magnetization, AC demagnetization
with a peak field of 180 mT was carried out before each mea-
surement. The results are provided in terms of a mean curve and
error range (+10). The mean M-t curves (Figures 6B, 7B) show
that the error range is smaller on each side of the pulse than for
the remainder of the curve. This is principally due to the fact
that the output of the sensing coil is proportional to the time
derivative of the magnetic flux, which is dominated by dH/dt,
and dH/dt is smaller and the SNR is reduced around the pulse
peak. Additionally, the individual M—t curves (Figures 6A, 7A) do
not tend to shift toward an equilibrium state in a manner referred
to as accommodation, a gradual drift to an equilibrium loop that
has often been observed for the cycled measurements of minor
hysteresis loops (e.g., Della Torre, 1999). The absence of this kind
of drift suggests that the mean M-t curves can be considered as
statistical means of repeated measurements.

The mean M-H curves in Figures 6C, 7C are generally con-
sistent with the respective VSM results in Figures 6D, 7D. There
is a slight difference in the increasing rate near H = 0, which is
smaller for the M—H curve than for the VSM result. This dis-
crepancy can be phenomenologically explained by the difference
in the time scale of the magnetization processes under consid-
eration. That is, in the case of the pulsed field, a fraction of the
magnetic particles with a relaxation time longer than the pulse
rise rate fail to follow the pulse. This is not the case for the VSM
because the field sweep rate is about four orders of magnitude
slower than the pulsed field, so most of the magnetic particles can
be magnetized simultaneously with the applied field.

DISCUSSION

The similarities between the M—-H curves and the VSM results
for the natural samples suggest that the method described in this
paper can serve as an alternative. The pulse magnetometry has
some advantages over the VSM measurement: the sample size can
be standardized to a 1” cylinder, a cube of equivalent size, or any
size that can be accommodated in the sample cavity of a pulse
magnetizer. Hence, bulk magnetic properties can be obtained
without preparing small amounts of samples, especially for a
VSM. This can help ensure sample homogeneity. Furthermore,
the time required for one measurement is less than 1 min. In prac-
tice, most of the time is spent charging the capacitor to a specified
voltage level, which usually takes a few tens of seconds for the
pulse magnetizer employed in this study. We will describe addi-
tional features, advantages, or limitations of the present system
before considering its application to rock magnetic investigations.
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FIGURE 6 | (A) M-t curves from measurements repeated 10 times for
sample OS2-2. The H-t curve (gray, not to scale) is provided for comparison.
(B) Mean M-t curve and the error range (gray). (C) Mean M-H curve and
associated error range for the increasing field (blue) and reducing field (red).
(D) Hysteresis loop of 0S2-2 (30.5 mg) including magnetization after initial
demagnetization.

Note that the sensitivity of the present system is rather low
compared with that of conventional instruments, such as the
VSM. This issue can be resolved to some extent by repeated mea-
surements, as demonstrated in this study. In practice, it is not
feasible to repeat measurements many times due to the possi-
ble temperature rise in the pulse coil, which results in increased
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FIGURE 7 | (A) M-t curves from measurements repeated 10 times for
sample OT73-4-3, with the H-t curve (gray, not to scale). (B) Mean M-t
curve and the error range (gray). (C) Mean M-H curve and associated error
range for the increasing field (blue) and reducing field (red). (D) Hysteresis
loop of OT73-4-3 (18.5 mg) including magnetization after initial
demagnetization.

thermal drift. Thus, to achieve a SNR that is large enough for
measuring weakly magnetic samples, such as sediments and soils,
one practical solution may be to shorten the pulse duration;
the sensitivity of the inductive sensing coils is proportional to
the time derivative of the pulse. A larger SNR can be real-
ized by replacing the pulse coil or the capacitor with one that
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has lower inductance or capacitance, but this requires intri-
cate modifications of the pulse magnetizer. It is expected that
an analog amplification circuit using high-speed, high-precision
operational amplifiers could improve the sensitivity. However,
the advantage of using an additional circuit might be limited,
because it may increase the electronic noise of the output, with
little improvement to the SNR. Instead, a more effective mea-
sure may be the repeated application of ultra-fast pulses using a
high-power pulse generator and sophisticated digital processing
techniques.

One might assume that a larger number of turns in pick-up
coils would result in higher sensitivity. To test this assump-
tion, we experimented with different coil configurations. The
assumption, however, proved false for the system in this study,
principally due to the stray capacitance of coils (Cs) that arises
with an increasing number of coil turns. Coupled with coil
impedance (L), this may result in resonance with a frequency
F; = 271/(LC;)"/? when the applied field contains higher har-
monics with the same frequency as F;. This was the case in
the present system, because, as shown in Figure2, the pulse
has an asymmetrical wave form, with a rise time shorter than
the fall time. This means that the frequency spectrum of the
pulse is widespread, including a component with F;. It is thus
expected that this high harmonic component could excite the
LC; resonant system. This kind of phenomena was observed
in practice. For example, in the case of a 0.7-T pulse, large-
amplitude (~1V) and high-frequency oscillations were observed
in the coil output, but only within a very short period of time
(<0.2ms from the start of the pulse). Integration of the out-
put and a low-pass filter greatly reduced those resonant wave
components to ~0.3 mVs, which is four orders of magnitude
smaller than the signals of the natural samples. Thus, it is con-
cluded that the stray capacity of the pick-up coil does not affect
the shape of the M—t and M—H curves, as long as the pulse
is <1 T. However, pulsed fields above 1 T intensified the reso-
nant oscillations of amplitude >2V, resulting in a significantly
lower SNR. These are the reasons why we used a 0.7-T pulse in
this study.

The present system cannot draw closed hysteresis loops, such
as those obtained by a VSM. Studies in high-magnetic-field
physics (e.g., Nojiri et al., 2007; Grossinger, 2008; Takeyama et al.,
2012) have used laboratory-made pulse magnetizers capable of
producing one cycle of pulsed fields, allowing the measurement
of one closed M—H loop. However, even the open M—H curves
shown in Figures 6, 7 can provide information that could serve
rock magnetic investigations. For example, let us assume that the
magnetization of a sample at the end of a pulse is M(Af), where
At is the pulse duration, and that the sample has a characteristic
magnetic relaxation time ts < At. Then, it is expected that, imme-
diately after the pulse, M(At) will decay exponentially with the
time constant ts toward magnetization in equilibrium. Therefore,
the M—H curve in the reducing field phase does not directly cor-
respond to the portion of a hysteresis loop that returns from pos-
itive saturation. This leads to the inference that the M(At)/Ms,
ratio, where My, is the saturation magnetization induced by a
pulse, will be greater than the remanence ratio M;s/M;, where
M;s and M are the saturation remanent magnetization and the

saturation magnetization, respectively, measured with a quasi-
static instrument such as a VSM. These parameters were calcu-
lated for the two natural samples. The results were as follows:
M(At)/Msp, = 0.12 £ 0.05, Mys/Ms = 0.091 & 0.003 for sample
OT73-4-3 and M(At)/Mgp = 0.295 & 0.065, Ms/Ms = 0.185 &
0.004 for sample OS2-2. Thus, M(At)/Ms, for sample OS2-2 was
about 60% greater than M,/M;, a statistically significant differ-
ence. For sample OT73-4-3, despite the large error, M(At)/Ms,
was about 30% greater than M;s/M;. The large error for OT73-4-3
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FIGURE 8 | Mean M-t curves (solid) and fitted exponential curves
(dotted), focusing on to the short interval (3 ms) after turning off a
pulsed field. (A) sample 0S2-2 and OT73-4-3. (B) sample PL.
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reflects the low SNR due to the fact that M(At) was about 50%
smaller than that of sample OS2-2.

Figures 8A,B show the M—t curves for the three samples (OS2-
2, OT73-4-3, and PL), with a focus on to the short interval
(3ms) after the termination of the pulse in Figure5A (PL),
Figure 6B (OS2-2), and Figure 7B (OT73-4-3). The y-intercept
in each figure corresponds to M(At). The exponential decay
of these curves allows for estimation of the decay constant t.
The ts are 0.96 = 0.04ms for OS2-2 and 0.87 £ 0.04 ms for
OT73-4-3, whereas sample PL has a value ~15% smaller, 0.78 +
0.03 ms. Because sample PL is a permalloy whose magnetiza-
tion processes are expected to be dominated by the displacement
of domain walls (DWs), the curve in Figure 8B can be under-
stood as magnetic relaxation, indicating that the DWs moved
after the field was turned off. In the same way;, it is assumed that
the curves in Figure 8A could represent magnetic relaxations for
which the dynamics of DWs is responsible. Furthermore, the fact
that these three samples are of different origin but had similar
relaxation decay constants (t) is an indication that the underlying
magnetization mechanism is common among them.

In terms of frequency, the estimated t corresponded to fre-
quencies on the order of 10> Hz. The frequencies were orders of
magnitude lower than those of the reversible oscillations of DW
reported for synthetic nanomaterials, which were on the order
of 10° Hz or higher (Ganpule et al., 2001; Prida et al., 2003;
Buttino et al., 2004; Valenzuela et al., 2005). Hence, these low
frequencies could be interpreted in terms of an irreversible dis-
placement of DWs that must overwhelm energy barriers due to
DW pinning, lattice defects, internal stress, and so forth, generally
yielding characteristic frequencies that are typically two orders of
magnitude lower than the reversible motion of DWs (Betancourt,
2010). To better understand these temporal magnetization pro-
cesses in terms of DW dynamics, it will be necessary to conduct
combined analyses in the frequency domain, including measure-
ments of AC susceptibilities over a wide range of frequencies (e.g.,
Kodama, 2013), analyses of the dispersion of complex suscepti-
bilities (Valenzuela, 2001; Chen et al., 2002; Zhou et al., 2010),
and investigations of the frequency dependence of hysteresis loops
(Lobue et al., 2000; Lente et al., 2004; Yang et al., 2010).

CONCLUSION

Dynamic magnetization processes caused by the application of a
pulsed field can be measured using laboratory-made instrumen-
tation comprising an inductive sensing coil system combined with
a high-speed digital oscilloscope. This system allows the recon-
struction of the magnetization—time and —field curves within
less than 1 min for one sample. Results from synthetic and nat-
ural samples suggest that the M—H curves may be useful for
assessing the characteristics of the hysteresis loop without using
a VSM. The proposed system can also measure the rapid decay
of magnetization after the pulsed field is turned off. This short
aftereffect can be interpreted as magnetic relaxation, which could
be accounted for by the dynamics of DWs. These results suggest
that the proposed method, combined with measurements in the
frequency domain, will serve as a new characterization tool that
is sensitive to a variety of intrinsic magnetic properties of natural
materials.
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