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Abstract

An improved method is proposed for measuring dynamic magnetizations of bulk volcanic rock samples induced by
a pulsed-field of 0.7 T and a duration of 10 ms. The transient magnetization is measured by a sensing system that
consists of a pair of inductive differential coils, an analog preampilifier and integrator, and a high-speed digital storage
scope. The system was calibrated using a paramagnetic salt (Gd,0s) and was tested to different kinds of volcanic rocks
with their magnetic properties well-documented previously. The results were comparable with those measured by a
quasi-static method using a vibrating sample magnetometer, although there were small discrepancies in hysteresis
parameters suggesting the time-dependence of the magnetic properties. The proposed system provides not only the
magnetization over the short interval of a pulse but also the rapid (~3 ms) exponential decay after a pulse. The decay
time constant was different among the samples under study, indicating the variations of their magnetic relaxation
time. Although the present system is not sensitive enough to characterize varieties of natural samples including
sediments, it has the potential as a versatile and convenient tool for rock magnetism.
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Introduction

Measurement of magnetizations during a short interval
(1-10 ms) of a pulsed field generated by pulse magnet
has long been employed in various fields of experimental
physics (e.g., Grossinger 1982; Grossinger et al. 1993;
Miura 2007; Lv et al. 2013). Since the invention of the
pulse magnet by Kapitza (1924), magnetometry using
the pulsed field up to 100 T, the pulsed field magnetom-
etry (PFM), has led to a variety of applications, such as
NMR, magnetostriction, magneto-optical spectroscopy,
and characterization of permanent magnets (e.g., Ludwig
et al. 2002; Dudding et al. 2002; Haase et al. 2004; Meier
et al. 2011). Unlike the static-field techniques using
superconducting magnets, PFM is cost-effective and reli-
able for measuring the magnetization of samples in high
fields in the 10-T range (e.g., Grossinger 1982). Pick-up
coil systems are generally used in PFM, and the deriva-
tive signal of the magnetization is useful especially for
the identification of the phase change of magnetic
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materials in high fields (e.g., Mizutani et al. 1998; Nojiri
et al. 2007; Takeyama et al. 2012).

The pulse magnet by itself has also been widespread in
rock magnetic studies as a convenient apparatus for the
rapid acquisition of isothermal remanent magnetization
(IRM). The IRM unmixing analysis has become a con-
ventional tool for the quantitative characterization of
magnetic minerals (Kruiver et al. 2001; Heslop et al.
2002; Egli 2004; Abrajevitch and Kodama 2011). How-
ever, the measurement of dynamic magnetizations in
pulsed fields has been paid little attention except the
pioneering work by Radhakrishnamurthy and Likhite
(1987) who obtained hysteresis parameters from a set of
synthetic and basalt samples using a laboratory-made
PFM system (Likhite et al. 1985). They compared the
results both at room and low temperature (77 K), sug-
gesting that the latter provided a better estimate of the
composition and domain state. Recently, Kodama (2015)
developed a simple instrumentation consisting of a pick-
up coil, a digital storage scope, and a commercially avail-
able pulse magnet. This new system was applied to a set
of synthetic and volcanic rocks. The results indicated the
dynamic magnetization behaviors in a short duration of
pulse (10 ms) as well as the rapid (3 ms) relaxation
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behaviors after pulses that have not been obtained by con-
ventional static-field methods. However, due to the sensi-
tivity constraint, samples to be measured needed to be
strongly magnetic, in terms of the induced magnetization
moment, above the 10-mAm? range.

This study is an attempt to improve the previous sys-
tem (Kodama 2015) by increasing the sensitivity suffi-
ciently to measure a wide spectrum of igneous rocks
containing titanomagnetite or other magnetic minerals
with high saturation magnetization (Ms). Based on the
results from the earlier works (Radhakrishnamurthy and
Likhite 1987; Kodama 2015), an improved system with ap-
proximately 1 order of magnitude better sensitivity was de-
veloped. This system was tested to a set of igneous rocks
with the magnetic properties well-documented by previous
works. These results, along with the advantage and disad-
vantage of the new instrumentation, were provided. Finally,
the still remaining limitations and constraints were de-
scribed, and ideas and methods in order to make PFM as a
convenient tool for rock magnetism were proposed.

Methods

In order to measure magnetizations in pulsed-fields, an
inductive method using a pick-up coil located in a pulse
magnet is generally employed. To measure the rapid
magnetic flux change of a sample in a strong pulsed-
field, it is necessary to construct a pick-up coil system
that is compensated, usually in the accuracy of <107°. A
number of techniques have been proposed to achieve this
requirement (e.g., Grossinger 1982; Grossinger et al. 1993;
Dudding et al. 2006). We employed in this study the con-
figuration by Kodama (2015) using a coaxial pick-up coil
pair located in the sample cavity of a commercial pulse
magnet (ASC IM10-30 impulse magnetizer).

In the previous system, the coil output was acquired
directly by a fast digital oscilloscope and then trans-
formed to a computer for numerical integration. The re-
sults suggested that it could be a promising tool for rock
magnetism, but the sensitivity was still insufficient to be
used as an alternative to the conventional, quasi-static
method. This required the development of an improved
version with better sensitivity by adding an analog circuit
for the amplification and integration. The preamplifier
has four selectable gains (x2, x5, x10, and x20) and a
following integration circuit (Fig. 1). The inclusion of
this circuit increased the system sensitivity by an order
of magnitude than the previous one by means of
selecting an appropriate gain according to a sample
magnetization. The new system is more flexible and
cost-effective than the previous system in that, if de-
sired, the integrated signal can be acquired with an
analog-to-digital converter installed in a computer,
without an expensive fast digital oscilloscope for data
acquisition and numerical integration.
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The key to constructing the pick-up coil system is to
achieve the accurate compensation of the two oppositely
wound coils. It is expected that a larger number of coil
windings would result in higher sensitivity. However, as
discussed by Kodama (2015), the stray capacitance and
the impedance of the pick-up coils increase with an in-
creasing number of coil windings. This leads to a high-
frequency resonance of the pick-up coil for the short
interval (<1 ms) of the rise and fall of a pulse. The res-
onance is stronger with higher pulsed fields, resulting in
the lower signal-to-noise ratio (SNR). This problem was
already pointed out by Likhite et al. (1985) who was
forced to limit the pulse peak <0.6 T due to the imbal-
ance of pick-up coil caused by “ringing” of the coil sys-
tem. In the same way, because a slight failure of the coil
compensation contributes to greater reduction of the
SNR, we found that the maximum peak of a pulse was
set to 0.7 T in this study. In addition, the measurement
without a sample was performed for each run, and this
background signal was subtracted from the signal with
the sample.

Samples

The present system achieved the better sensitivity in this
way, requiring no averaging by a number of repeated
measurements of one sample as was necessary for the
previous system. This advantage allowed more accurate
calibration using paramagnetic oxide salts, such as
Gd,03, a standard sample for the calibration of conven-
tional susceptometers. Ferromagnetic substances such as
nickel are often used for calibration, but we consider this
kind of paramagnetic powder more appropriate because
the paramagnetic magnetization that is proportional to
field is idealistic to test the rapid response of the PFM
system. We used commercially available Gd,O3; powder
(8.99 g, 99.9 % purity, Rare Metallic Inc., Tokyo) glued
with epoxy in a 7-cc plastic cube. Using this Gd,O3 sam-
ple, we made an inter-calibration between our system
and a magnetic property measurement system (MPMS)
that was independently calibrated using a palladium
crystal, a paramagnetic rare-earth metal. We measured a
set of natural samples including four different kinds of
Quaternary volcanic rocks (0S2-2, MY07-2, DS04-2,
SW03-07) and one Paleozoic granite (SH03-07). These
samples were selected on the grounds that their hyster-
esis measurements were well-documented by previous
studies (Yamamoto and Hoshi 2008; Yamamoto et al.
2010; Kodama 2013; Kodama 2015). They indicate that
three of them (DS04-2, SW03-07, SH03-07) were satu-
rated below 0.7 T (the pulse peak in this study), while
the other two (OS2-2, MY07-2) showed no saturation
plateau due to the superimposition of paramagnetic
components. In terms of the domain structure, the gra-
nite SH03-07 is dominated by MD particles and the
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remaining samples are in the PSD range. We measured
these samples to see if the PFM system in this study
could discriminate the various magnetic properties and
how the PFM results would be different from those of
the static-field measurements.

Results and Interpretations

Figure 2 shows the results from Gd,O3 obtained by the
present system and a MPMS. The magnetization vs. time
(M~t) curve and the field vs. time (H-f) curve, being
scaled to their maximum peaks, have an equivalent shape
(Fig. 2a). This led to the magnetization vs. field (M-H)
plot in Fig. 2b, which is linear in the same manner as that
obtained by the MPMS (inset). This allowed calibration by
using the two M—H lines with different y-axis units being
volt/kg in the present system and Am?/kg by the MPMS.
This yielded the calibration constant of 25.5 pAm?*/mV.
Using this value, the raw data in this study were converted
into magnetic moment per unit weight (Am?/kg) in the
following figures.

Figure 3 is an example demonstrating the better sensi-
tivity of the present system using sample OS2-2. In this
figure, the mean M-t curve and associated errors obtained
by averaging over 10 times are shown for the present
(Fig. 3a) and previous (Fig. 3b) systems. It is obvious that
the mean M-t curve of the former is smoother and the as-
sociated error range is more reduced than of the latter. In
addition, the improvement in the same way was achieved
for the portion of the M-t curve after switching off the
pulse.

Each of the M-t curves of the five samples that were
observed by a single measurement run are plotted in
Fig. 4. The flattening of the curves from the three sam-
ples (DS04-2, SW01-17, SH03-07) show their saturation
for the interval from about 1 ms after starting of a pulse.
In contrast, the other two (OS2-2, MY07-2) have the
M-~t curves with no such flattening but gradual peaks at

around 4 ms when the field reached the maximum. It is
noted that all of them showed more or less a tail-off
starting immediately after switching off a pulse. Similar
decay patterns have already been reported for selected
synthetic materials and the volcanic rocks in the PSD
range and interpreted as magnetic relaxation (Kodama,
2015). It is also noted in Fig. 4 that sample SH03-07 in
the MD range showed a similar relaxation behavior.
Thus, it is suggested that this kind of relaxation may be
a ubiquitous phenomena for the igneous rocks ranging
in the PSD to MD range. This issue is discussed in more
detail in the following section.

Figure 5 shows the individual M—-H curves obtained
from the combination of the H-t curve and the M-t
curves in Fig. 4. Each of them consists of two curves that
could correspond to an initial magnetization curve and a
branch of one hysteresis loop in a decreasing field mea-
sured with a vibrating sample magnetometer (VSM). Al-
though the rate of field change is about 3 orders of
magnitude faster in a pulse than in a VSM, the patterns
of the M—t curves in Fig. 4 can be observed in the corre-
sponding M-H curves in the same way as in typical hys-
teresis loops. The magnetic saturations initiated around
0.3 T for samples DS04-2 and SWO01-17, while they are
not observed for the others. Comparing these results
with the corresponding VSM hysteresis curves by previous
studies (Yamamoto and Hoshi 2008; Yamamoto et al.
2010; Kodama 2013; Kodama 2015), no significant differ-
ence was observed in their patterns. However, it appears
that the irreversibility of the M-H curves in Fig. 5 is
slightly wider than the hysteresis curves measured on a
VSM. This seems to be more obvious for SH03-07 be-
cause its VSM hysteresis curve is saturated and reversible
with the considerably small M,/M,=0.02 (Kodama 2013).
In contrast, the M—H curve of SH03-07 is slightly ir-
reversible and the ratio that corresponds to the con-
ventional M /M is 0.06. We interpret that these



Kodama Earth, Planets and Space (2015) 67:122

Page 4 of 9

Q

Magnetization/Field (relative scale)

0 2 4 6 8 10 12 14 [ms]
Elapsed time
b [V/kg]
‘Arrlzlka]

4 ]
c 6. ]
0 04
-'g . 01
> 4 1
©
S ;i ]

2 . . .

increasing field
1 —— decreasing field -

0 0.1 0.2 0.3

Fig. 2 a M-t curve of pulsed-field (red) for the duration of 11 ms and that of Gd,Os (gray) for 14 ms. b M-H curve of Gd,Os for field increasing
(blue) and decreasing (red). The straight paramagnetic trend is consistent with results obtained by MPMS (inset)

0.4 0.5 0.6 0.7[T]

Field

systematic differences in the irreversibility are due to
the fact that the curves in Fig. 5 are instantaneous re-
cords of the magnetization variations with time. This sug-
gests that if using a longer pulsed field, the resulting M—H
curve would become more reversible and approach the
hysteresis curve measured with a VSM. Conversely, if
using a shorter pulse, the irreversibility will become more
enhanced. In terms of the magnetic relaxation time 7, the
assumed time-dependence in the M-H curve suggests
that 7 becomes longer as the measurement time-scale
shorter.

Similar phenomena have been observed by the study
of high-frequency hysteresis of SP-sized nanoparticles
(Eggeman et al. 2007). They measured hysteresis loops
of synthetic magnetite nanoparticles by changing the ap-
plied field frequency from 1 up to 100 kHz. The resulting
hysteresis loops are completely reversible as expected at
lower frequencies, but, as the frequency increases to
30 kHz, they become irreversible and the opening of the
loops is more visible. These frequency-dependent hyster-
esis loops could explain the slight opening of the M-H
curves in Fig. 5. However, to better explain the
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sample OS2-2 measured by averaging over 10 times by the present
system. b Those measured by previous instrumentation (Kodama,
2015). The H-t curve is plotted as reference (broken line, not to scale)
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relationship between the irreversibility of the M—H curves
and frequencies, it is necessary to measure relaxation
times in the time range of milliseconds by changing the
field intensity. For this purpose, the M-t curves in Fig. 4
were analyzed with the focus on their portions after turn-
ing off the field, and the results are described in the dis-
cussion section. In addition to the frequency-dependence
of SD particles, MD particles could also be responsible for
the enhanced irreversibility of the M—H curves. This is
most likely the case for sample SH03-07 in which MD
particles are dominant. The opening of the M—-H curve
below 04 T may indicate the energy dissipation by the
rapid nucleation, pinning, and displacement of domain
wall (DW) during the pulsed-field.

Discussion

The tail-off of the M-t curves in Fig. 4 is plotted in
Fig. 6, with a focus on the short interval after switching
off a pulse. Each of them is superimposed by the high-
frequency noise with increasing amplitudes with time.
Despite the SNR increasing with time, the individual sig-
nal curves appear to fit well to an exponential curve with
the form of M, exp(-t/7), where M, is y-intercept, t is
time, and 7 is the exponential decay constant, respectively.
The estimated values of 7 by least-squares curve fitting are
listed in Table 1.

The previous estimation of 7 for sample OS2-2 was
9.6+0.4 (x10™* s) (Kodama, 2015), ~20 % larger than
the value in Table 1. However, it is reasonable to con-
clude that the new values in Table 1 are more accurate
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Fig. 4 M-t curves of the four volcanic rocks (0S2-2, SWO01-17, MY07-2, DS04-2) and one granite (SH03-07)
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than those obtained by the previous system because of
the fact that the errors associated with 7 are <1 %.

It is noted in Table 1 that the samples are classified
into two groups in terms of 7. Referring to Figs. 4 and 5,
the one group with 7~0.8 ms (MY07-2 and 0OS2-2)
reached no saturation due to the coexisting paramag-
netic contribution. This may lead to a conclusion that
the more rapid decay for this group was caused to some
extent by the paramagnetic particles present in these
samples. However, theoretically (e.g, Dormann et al.
1996), the relaxation time for an ensemble of paramag-
netic particles generally is <10~ s at room temperature,
which is too small for the present system to detect. This
indicates that the relaxation phenomena in Fig. 6 are
free from the effect of paramagnetic particles but are

Table 1 Relaxation time (1) of the fitted exponential decay
curves in Fig. 6

Sample ID 7 (x107%s)

MYQ7-2 7.89+0.03
0S2-2 7.60+0.03
SWO01-17 11.66+0.08
DS04-2 1145+0.09
SH03-07 772+0.15
Permalloy® 720+004

*The permalloy sample is the same as measured by Kodama (2015) and the t
was recalculated using the system in this study for comparison

likely to be caused by the small fractions of superpara-
magnetic (SP) particles with the relaxation time in the
narrow range of 10~* to 107® s. Alternatively, they could
be due to an irreversible displacement of DWs, which
generally yields characteristic relaxation time of ~107> s
for synthetic materials (Betancourt 2010). Because these
volcanic rock samples contain more or less MD particles,
the difference in 7 in Table 1 may reflect magnetic prop-
erty variations of the MD particles. It is also probable that
the unsaturation of MY07-2 and OS2-2 might be due to
magnetically hard fractions that are left unsaturated in a
field <0.7 T, such as Ti-rich titanomagnetites present in
mid-ocean ridge basalt (e.g., Fabian 2006). This being the
case, such hard fractions may also contribute the slight
opening of the M—H curves in Fig. 5. To better under-
stand the origin of these relaxation processes, it will be ne-
cessary to conduct combined analyses of magnetometry
using both pulsed-field and static field, as well as various
characterization methods in time domain (e.g., Weaver
and Kuehlert 2012; Kolhatkar et al. 2013) and frequency
domain (e.g., Astalan et al. 2007; Kodama 2013). Theoret-
ically, the data in the time domain can be converted into
the frequency domain by the Fourier transformation, or
vice versa, by the inverse Fourier transformation. Thus, it
is hoped that measurements in the two domains will be
made for a sample to double-check the data in the respect-
ive domain. To achieve this, it is necessary to measure in
the time domain of the microsecond range as well as in
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the frequency domain over a 100-kHz range. Moreover, to
apply the linear response theory, both measurements need
to be done in weak fields. These requirements necessitate
new instrumentation and methodology that are different
in many aspects from those of the present study. The
prototype system is being developed, and the results will
be reported in a separate paper.

It should be pointed out that each 7 in Table 1 is not a
mean relaxation time of the entire magnetic particle as-
semblage. The width and range of the spectrum gener-
ally depend on the magnetic property and grain size, but
the 7 calculated in this study can be interpreted as the
smallest relaxation time belonging to one broad
spectrum of distribution. Thus, the separation of 7 into
two in Table 1 suggests that samples MY07-2 and OS2-2
have the minimum relaxation time longer than that of
the other two. This imposes constraints on the assess-
ment of the distribution of 7 and, given proper assump-
tions of magnetic properties governing 7, will lead to
estimation of the grain size distribution. However, it is a
serious drawback of the present system that the max-
imum field is limited to 0.7 T that is insufficient to sat-
urate anti-ferromagnetic minerals such as hematite and
goethite. To resolve this problem, it is necessary to lower
the impedance of the pick-up coil by reducing the number
of windings. But, the trade-off is the lower sensitivity that
will require more improvement in the electronics. An-
other constraint is that it is hard for the present system to
assess 7 over the values in Table 1, due to the limitations
caused by the pulse duration and the resolution of meas-
urement time that is 107 s in this study. To obtain a
broader spectrum of relaxation time distribution, it is ne-
cessary to choose an appropriate method depending on
the values of 7 to be measured: the pulse magnetometry
(this study) is suitable for estimation of r< 1 s, and, above
that, other methods using the time-dependence of IRM
and VRM will be necessary (Worm 1999; Machac et al.
2007).

The benefit of the present system is that it uses a com-
mercial pulse magnetizer, an instrument available in many
paleomagnetism laboratories. Users have only to attach
the sensing coil set into the sample cavity of the pulse
magnet. The adoption of the analog circuit for preprocess-
ing the coil output improved the sensitivity and made the
following numerical processing flexible. We used in this
study a digital oscilloscope for the data acquisition, but
this can instead be accomplished with a fast data logger at
a more reasonable cost.

It is hoped to have the pulse magnetometry applicable to
sediments. This is indeed a more difficult task than simply
increasing the maximum peak over 1 T. It is necessary to
increase the sensitivity more than 3 orders of magnitude,
and this will be technically impossible as long as a single
pulse is used. One possible way is numerical processing of
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the signals obtained by the application of the number of
consecutive short pulses. To achieve this, state-of-the art
techniques and methodologies for the characterization of
synthetic magnetic nanoparticles for industrial and medical
applications (e.g., Eggeman et al. 2007; Dennis and Ivkov
2013) would be helpful.

Conclusions

Instrumentation for measurements of dynamic magne-
tization induced by a pulsed-field was constructed. The
fundamental framework of the new system is based on
the previous system by Kodama (2015), and improve-
ments were accomplished ensuring the sensitivity suffi-
ciently high to measure a wide spectrum of igneous
rocks. Results from a set of natural rock samples in the
PSD to MD range indicate that the M-H curves are
comparable to the branch of the corresponding hyster-
esis loops measured in a static field. It appeared further
that the irreversibility of the M—H curves in the pulse
were slightly more enhanced than in the static field. The
opening of the M-H curve might suggest the time-
dependence of the relaxation time of SP particles, the in-
clusion of high coercivity fractions of SD particles, and/or
the energy dissipation caused by the displacement of the
domain walls in the MD particles present in these sam-
ples. The M-t curves showed rapid exponential decay
after switching off a pulse. The estimated decay constants
are in the order of 10™* to 107® s. This short aftereffect
can be interpreted as the magnetic relaxation caused by
the ensembles of magnetic particles.
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