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Abstract Thermomagnetic curves of magnetic susceptibility (k) are key to characterizing magnetic
properties. We report hump-shaped x-T curves of magnetite-bearing basalt during heating-cooling cycles to
~340°C, with a large thermal hysteresis and similar starting and ending values, even in multiple repeated
cycles, ruling out changes in magnetic mineralogy. Based on FORC diagrams and published results of
engineered materials, we propose that thermal hysteresis arises from configurations of magnetic moments in
clusters of single-domain particles due to dipolar coupling, with different collective behavior during heating
and cooling. This effect modifies the hump-shaped thermal relaxation behavior of the individual nanoparticles.
FORC and «-T results indicate an increase in effective particle sizes after 700°C-heating. Our results are a
warning against premature interpretation of a decreasing trend in x-T curves by maghemite inversion. Instead,
fine particle behavior should be considered when a hump-shaped «-T behavior is detected.

Plain Language Summary Thermomagnetic curves of magnetic susceptibility (k) are key to
characterizing magnetic properties. A marked drop in x-T curves at ~300—400°C is often considered to indicate
the inversion of maghemite to hematite. Such a drop is often preceded by an increase in «, creating a hump
shape that is rarely noted in discussions. We report hump-shaped «-T curves in magnetite-bearing basalt. When
heating up to ~340°C and cooled subsequently, a large thermal hysteresis was observed. This hump shape

and the thermal hysteresis behavior occur in a very similar way in repeated x-T cycles, ruling out changes

in magnetic mineralogy. We hypothesize that the thermal hysteresis arises from configurations of coupled
magnetic moments in clusters of fine particles, which is partly irreversible upon cooling. This effect modifies
the hump-shaped thermal relaxation behavior of the individual particle moments. When heated to 700°C, grain
boundaries may weld and internal stress effects are reduced, increasing the effective particle sizes and shifting
the hump-peak to a higher temperature. Our results indicate that fine particle behavior should be considered for
all types of natural materials when a hump-shaped «-T curve is observed rather than interpreting the drop in « as
maghemite inversion.

1. Introduction

Temperature (7) variation of magnetic susceptibility (x) is highly valuable for characterization of magnetic
phases. The availability of sensitive instruments made x-T curves extremely popular in magnetic studies. Curie
temperatures and Verwey transition are easy to identify (e.g., Petrovsky & Kapicka, 2006; Wang et al., 2015;
Zhang, Appel, Stanjek, et al., 2021), however, x-T curves are also influenced by domain state, alteration and
transformation of magnetic minerals (Deng et al., 2001; Liu et al., 2005; van Velzen & Dekkers, 1999a). Their
appearance in k-T curves is complex, and therefore interpretations are often controversial.

For magnetite-bearing samples, a decreasing trend of « frequently appears during heating at ~300-400°C, often
preceded by an increase of k, resulting in hump-shaped heating curves. The decreasing trend is usually attributed
to the inversion of maghemite to hematite (Deng et al., 2001, 2004; Dunlop & Ozdemir, 1997; Liu et al., 2005;
Zhu et al., 1999), or to Ti-rich titanomagnetite (Appel & Soffel, 1985; Vahle & Kontny, 2005). The x-increase
was partly interpreted as the healing of internal stresses by lowering the degree of low-temperature oxidation
(LTO) or flattening of the LTO-gradient in particles (Ahmed & Maher, 2018; Dunlop, 2014; Van Velzen &
Dekkers, 1999b), but more often it is simply ignored. Little attention was paid to gradual transformation of stable
single-domain (SSD) to superparamagnetic (SP) behavior (Deng et al., 2000; Liu et al., 2005; Zhang et al., 2020).

In the standard procedure of x-T cycling to ~700°C (as in Figure 1b), hump-like features appearing in heating
curves are usually absent or strongly re-shaped in cooling curves (Kontny & Grothaus, 2017; Liu et al., 2005;
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Zhang, Appel, Basavaiah, et al., 2021). Recently, Zhang et al. (2020), Zhang, Appel, Basavaiah, et al. (2021)
argued that hump-shaped heating curves of red soil and basalt samples represent the SSD to SP transition behav-
ior, which is predicted by theoretical models (Egli, 2009; Worm, 1998).

In this study, we present hump-shaped «-T curves of magnetite-bearing samples, which show a thermal hysteresis
with similar heating-cooling behavior in repeated cycles, and we discuss the possible underlying mechanism of
this “reversible irreversible effect.”

2. Materials and Methods

We present experimental results of basalt samples (DE11, DEO4) from the Deccan Traps (India) collected from
weathered surfaces. Detailed rock-magnetic properties were published by Zhang, Appel, Basavaiah, et al. (2021);
essential sample information is given in Supporting Information S1. Optical microscopy revealed fine lamellar
magnetite-ilmenite structures with variable sizes (Figure 1a; Figures S2a and S2c¢ in Supporting Information S1),
typical for exsolution during relatively slow cooling (Ramdohr, 1980). For comparison, we also present results
of a red soil sample (HQO04; southwestern China), with dominant ~5-20 nm sized pedogenic magnetite particles
aggregated in clusters (Zhang et al., 2020; Figure S2b in Supporting Information S1). The basalts and the red soil
showed a hump at intermediate temperatures in thermomagnetic x-T curves during heating (Figure 1b for basalt),
which Zhang et al. (2020), Zhang, Appel, Basavaiah, et al. (2021) attributed to fine particle effects.

We measured additional x-T cycles on an MFK1-FA instrument (AGICO) at the University of Tiibingen. A home-
made Curie balance was used at the University of Bremen to measure saturation magnetization (M) (external
field limited to 135 mT for a technical reason). Full (to 700°C) and partial (to ~340°C, partly higher) curves were
obtained, starting from room temperature, conducted in argon (x-T) or helium (M-T). First-order reversal curve
(FORC) diagrams at room temperature were generated at Southern University of Science and Technology (Shen-
zhen, China), with high- and low-resolution reversal field increments, using an 8600 Series VSM (LakeShore
Cryotronics) and processing data with VARIFORC (Egli, 2013) and FORCinel (Harrison & Feinberg, 2008).
FORC measurement and processing parameters are given in Supporting Information S1.

3. Results

Figures 1d and le shows partial x-T curves to ~340°C of two samples from the DE11 basalt. Both display
a hump in heating and cooling curves. The maximum temperature was chosen as low as possible to avoid
magneto-mineralogical changes, but high enough to display the hump. During the first cycle, x increased by
about 40%, peaking at ~290°C, then decreased again by ~20% at ~340°C. After cooling, x was ~20% (powder
sample) to ~40% (pebble sample) higher compared to the starting value. The second partial cycle also displayed
a clearly irreversible behavior, returning to about the same x-value after cooling. Remarkably, for both samples,
this thermal hysteresis behavior was very similar in a subsequent third partial cycle.

The DE04 basalt also showed a hump-shaped «-T curve during first heating to ~340°C, with « increasing by
~60%, peaking at ~280°C (Figure 1f); however, after cooling, x underscored the starting value by ~10%. In the
second cycle to ~340°C, a reversible behavior occurred, and the hump peak shifted to ~40°C higher temperature.
Two additional cycles revealed the same behavior, and the hump became clearer because of the higher maximum
temperature (~390°C).

The M T curves of DE11 (sample pre-heated to ~340°C in argon) neither showed a hump nor a slope anomaly
due to maghemite inversion (Figure 1c). The first two partial cycles were nearly identical and reversible. The
minor thermal hysteresis in the first cycle might be due to the external field (135 mT) that does not completely
saturate magnetite. After heating to ~700°C (3rd cycle), the M -value strongly increased, similar to the full x-T
cycles. The partial 4th cycle nearly followed the 3rd cycle's cooling curve.

Additional partial x-T cycles were conducted on a pre-heated pebble sample of the DE11 basalt, varying peak
fields and heating rates (Figures 2a—2f). The x-values increased slightly cycle by cycle, totaling by ~10%. No
systematic differences appeared for different external fields, but a faster heating rate decreased the gap between
heating and cooling curves (Figures 2d-2f).

High-resolution FORC diagrams of the DE11 basalt and the red soil (Figures 3a and 3b display a central ridge
along the B_-axis and a vertical ridge at zero B,_. The central ridge is surrounded by an oval structure. The FORC

ZHANG AND APPEL

20f9



A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters

10.1029/2023GL102932

(a)

24

(d)

22

1.8
16
14
12

08
06
04
02

— heating

— cooling

Normalized magnetic susceptibility [-]

100 200 300

Temperature [°C]

400

(b)

(e)

Normalized magnetic susceptibility

Normalized magnetic susceptibility [-]

0.8

06

04

02

DE11-3-3 pebble

— heating
— cooling

24

200 400
Temperature [°C]

22

1.8
1.6
14
1.2

08
06
04
0.2

DE11-3-3 powder

—— heating

—— cooling

100 300

200
Temperature [°C]

400

(©)

®

Normalized magnetization [-]

Normalized magnetic susceptibility [-]

0.9

0.8

0.7

0.6

05

04

03

DE11-3-3 pebble

—— heating
—— cooling

3ra

Normalized magnetization [-]

o 200 400 600
Temperature [°C]

08

0.6

0.4

0.2

100 200 300 400
o
Temperature [°C]
DEO04-5-5 grain size: <0.5 mm
= Z1e
2 5 14
S0 3
- -
%03
E
- 0.6
3
Noa
—— heating £ o2
S 0
—— cooling Z o 100 200 300 400
Temperature [C]
100 200 300 400

Temperature [°C]

Figure 1. (a) Optical micrograph of the DE11 basalt with typical magnetite-ilmenite lamellae (magnetite revealed by dark ferrofluid coverage); (b) x-T cycling to
~700°C of DE11; for methods of (a, b) see Zhang, Appel, Basavaiah, et al. (2021). (c) DE11 partial M-T curves (sample pre-heated to ~340°C before 1st cycle; insert:
cycle 3—~700°C and partial cycle 4) (d—f) Partial x-T curves of DE11 (d, e) and DE04 (f; insert: 3rd and 4th cycles to ~40°C higher) basalts, external peak field 200
A/m, heating rate of ~12°C/min (original samples used for Ist cycles).
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Figure 2. (a—f) Partial «-T cycles for DE11 (1-2 mm-sized pebble sample DE11-3-3; sample twice pre-heated to ~340°C in argon before the experiment), measured in
the order (a) to (f), at different external fields (H) and heating rates (same scale used for all six plots, to document the slight x-increase cycle by cycle; note: k-scale not

from zero).
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Figure 3. High-resolution FORC diagrams for original samples of the basalts DE11 (a) and DE04 (c), and the red soil (b). For detailed measurement and processing
parameters see Supporting Information S1. Uniform B_ and B, scaling is used for easier comparison. Features along the descending diagonal in (a) and (b) are probably
smoothing artifacts.

diagram of the DE04 basalt (Figure 3c) reveals a vertical ridge and an oval structure along B, with two centers,
but a clear central ridge is missing. At low FORC function values there is a diverging signature toward the B, -axis
for all three samples.

Figure 4 shows «-T results of the DE11 basalt and the red soil, with partial x-T cycles to ~340°C (cycles 1&2),
followed by a 3rd cycle to ~700°C, and a 4th cycle to ~340°C. The cooling curve after heating to ~700°C
cycles plots at a much higher x-level, the hump broadened and shifted to higher temperature. Low-resolution
FORC diagrams (Figure 4) trace the domain state before and after the x-T cycles. The vertical ridge, which is
clearly seen in Figure 3, can only be faintly guessed due to the low resolution. No significant changes in the
FORC diagrams were observed after partial heating to 340°C. After heating to ~700°C, the central ridge shifted
to higher B_-values. Differences in the red soil results were a decrease of ~15% in k after the first cycle (DE11
basalt: ~15% increase) and a much larger increase of « after cooling from ~700°C.
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Figure 4. Thermomagnetic x-T cycles and low-resolution FORC diagrams (for detailed measurement and processing parameters see Supporting Information S1) for
(a) the DE11 basalt and (b) for a red soil sample: Partial cycles to ~340°C for the original sample (1st cycle), subsequent repetition to ~340°C (2nd cycle), followed by
cycling to ~700°C (3rd cycle), and another partial cycle to ~340°C (4th cycle) after cooling from ~700°C. Uniform B_ and B, scaling is used for easier comparison.
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Opverall, the results indicate a possible variation of the hump-peak position in heating curves of at least ~100°C.
In subsequent partial cycles of the same sample (Figure 2a-2f) peak temperatures in heating curves varied by
~30°C. Cooling curves also showed a hump shape, however, with a smaller peak amplitude and a peak position
at up to more than 100°C lower temperature.

4. Discussion

The experimental results are robust evidence for a significant and largely repeatable thermal hysteresis in the x-T
behavior of the DE11 basalt, which one may call a “reversible irreversible effect” (RIE). Occurrence of the RIE
precludes that the decreasing slope during heating is caused by the inversion of maghemite or the presence of
Ti-rich titanomagnetite, which is moreover rejected by the reversible and smooth variation of M_-T curves. This
does not exclude irreversible changes in the magnetic state of large crystals or SP particle aggregates, which affect
x but not M. In the discussion below, we focus on (a) the origin of the hump and the identification of particles
expected to be responsible for the hump, (b) the possible mechanism of the thermal hysteresis, and (c) the impact
on the interpretation of x-T curves. We primarily use the results of the DE11 basalt, and employ the results of the
red soil HQO4 and the DE(O4 basalt when it is important for comparison.

4.1. Origin and Principle Features of Hump-Shaped x-T Curves

The theoretical temperature dependence of the in-phase susceptibility (measured by the MFK1) of non-interacting
single-domain particles is based on the equation (Egli, 2009; Worm, 1998):

oV M? 1

. 1
3kgT 1 4+ w?r? ( )

The second term in Equation 1 predicts a hump-shaped «-T curve for thermal relaxation around the SSD-SP
transition. Parameters are temperature 7, particle volume V, saturation magnetization M, angular frequency
o of the applied field, relaxation time 7z, and SSD susceptibility kssp (ky: Boltzmann constant; yu,: free-space
magnetic permeability). The z-value derives from 7o exp(Kesc V' /(ksT)) (Néel, 1949), where K ; is the effective
anisotropy energy density (z,, spin relaxation time). For 7—o0, x approaches to kssp = (2/3) M/H, (Stoner &
Wohlfarth, 1948) (H,: microcoercivity). For larger particle volume, the hump-peak occurs at higher temperatures
(Worm, 1998; Zhao & Liu, 2010), which indicates that the observed shift of the hump-peak to higher temperature
after 700°C heating (Figure 4) and after the first partial heating of DEO4 (Figure 1f) reflects an increase of the
effective particle size.

For interpreting the FORC diagrams, we follow Roberts et al. (2014) and Egli (2021). The FORC characteristics
(Figure 3) confirm that the original samples indeed contain the type of magnetite particles expected to cause
a hump. Generally, a single-domain fraction is dominating, which for the red soil sample agrees with physi-
cal particle sizes (~5-20 nm) shown by TEM observations (Figure S2b in Supporting Information S1; Zhang
et al., 2020). In the basalts, fine particle behavior may result from small-scale lamellar structures (Figures S2a
and S2c in Supporting Information S1; Zhang, Appel, Basavaiah, et al., 2021), and from particle-internal stress.
Heterogenous stresses due to variable maghemitization (Béguin & Fabian, 2021; Hodych, 1982) and lamellar
intersections (ter Maat et al., 2020) could segment particles into sub-regions, similar to Ti-rich titanomagnetites
(Appel & Soffel, 1984). In the following, speaking of “particles” refers to physical particles (red soil), but also
structures behaving like fine particles such as lamellar magnetite and stress-induced sub-regions inside them.

High-resolution FORC diagrams of the original DE11 basalt and the red soil samples (Figures 3a and 3b) display
similar features. The central ridge along the B -axis is typical for the presence of non- or weakly-interacting SSD
particles. The oval structure around the central ridge indicates significant magnetic interaction in part of the
magnetite fraction. Although in the red soil the nanoparticles are arranged in clusters (Figure S2b in Supporting
Information S1), interparticle coupling appears to be weaker than for DE11, as indicated by the relatively small
B -extent of the oval structure. This is probably due to partial or complete oxidization of part of the nanoparticles
to hematite (Zhang et al., 2020), which does not directly influence the FORC data, but increases distances between
magnetite nanoparticles. The vertical ridge at zero B, reflects viscous behavior likely caused by thermally acti-
vated SP particles. The peak of the central ridge near zero B, indicates that the central and vertical ridges are
connected, probably reflecting a related spectrum of SSD and SP particles. For the DEO4 basalt, a similar group
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of particles is indicated by the vertical ridge and the lower B -component of the bimodal oval structure, while
the higher B -component may be associated with a larger sized SSD fraction (Figure 3c). The diverging distribu-
tion at low FORC function values, which occurs in all three samples, could represent particles with vortex spin
configurations or other pseudo-single domain particles, or may stem from interacting single-domain particles
(Egli, 2006).

Equation 1 and the FORC results explain the hump, but not the thermal hysteresis. The hysteresis behavior is
clearly a true physical effect. The influence of heat capacities can be ruled out as the hysteresis at a faster heating
rate is significantly smaller than for slower heating-cooling (Figures 2e and 2f). According to Equation 1, a ther-
mal hysteresis would result when the size distribution varies differently during heating and cooling. Reversible
variation of the physical particle size is of course unrealistic, but such reasoning suggests that the collective
behavior of coupled single-domain particles could play a crucial role in the thermal variation of «.

4.2. Origin of the Thermal Hysteresis

Petracic et al. (2006) proposed collective freezing of nanoparticle clusters into superferromagnetic behavior through
dipolar interaction at high packing of SP (CogFe,,) particles. For the studied basalts and the red soil, SP particles are
indicated by the vertical ridge in the FORC diagrams (Figure 3). Frequency dependence k% (measured at 976 Hz
and 16 kHz) indicates that the relative SP proportion is extremely high (~18%) for the red soil (Zhang et al., 2020),
relatively high (~9%) for DE11 and still significant (~7.5%) for DEO4 (Zhang, Appel, Basavaiah, et al., 2021).

A thermal hysteresis due to irreversible arrangements of coupled nanoparticle moments was modeled in previous
studies, based on iron nano-dots exchange-coupled to a layer with fixed spin directions (Dantas et al., 2007), or
dipolar coupling in clusters of gadolinium SP particles (Souza et al., 2019). In these studies, a direct external field
was considered, yet with more than one order higher fields compared to the peak field applied in the MFK1. An
experimental thermal hysteresis acquired in an alternating external field was reported by Liubimova et al. (2017)
for dysprosium, and was explained by the stabilization of a residual ferromagnetic phase by lattice defects.

The local field at each nanoparticle is the sum of the external field and dipolar fields of neighboring particles
(Souza et al., 2019). The size and positioning of nanoparticles have a strong effect on cluster behavior (Pedrosa
et al., 2018). Clustering may lead to reduction of x, but for external fields parallel to the major cluster axis,
can be larger than for individual nanoparticles (Pedrosa et al., 2018). Based on theoretical models, Pedrosa
et al. (2018) found that k increases with decreasing distance of SP particles in elliptical clusters, due to anisotropic
dipolar fields. They showed that coupled nanoparticle moments can be stable in varying external fields, but low
external field changes of few hundred A/m can also cause large magnetization changes. In natural samples, parti-
cles typically exist in variable sizes, often aggregated in clusters of SP and SSD particles with anisotropic dipolar
fields comparable to the settings of Souza et al. (2019), Dantas et al. (2007) and Liubimova et al. (2017). In part
of these clusters, the dipolar coupling could be outweighed by the external field of the MFK1, causing changes
in the directional arrangement of particle moments.

‘We hypothesize that the thermal hysteresis of the studied samples results from dipolar coupling effects, which based on
Pedrosa et al. (2018) can modulate the hump-shaped thermal dependency of thermal relaxation, without eliminating
SP characteristics of the individual particles (Andersson et al., 2016; Chen et al., 2008; Schmool & Kachkachi, 2016;
Souza et al., 2019). Thus, a hump in x-T curves could exist even in samples where all particles are coupled.

Dantas et al. (2007) argued that superferromagnetic behavior decays with reduction of the interaction field, causing
a thermal hysteresis. The decrease of M, with heating will weaken the dipolar coupling field (Souza et al., 2019),
which is equivalent to an increasing distance between particles. According to Pedrosa et al.’s (2018) results, the
weakening of dipolar coupling causes a tendency toward lower x compared to non-interacting particles. Configura-
tions in clusters with lower «, formed at the maximum temperature, may be partly preserved in local energy minima
states during cooling, similar to spin vortex states in single-domain particles (Fabian et al., 1996; Williams &
Dunlop, 1989), which could explain why the cooling curve runs below the heating curve after switching to cooling.

4.3. Impact on Interpreting x-T Curves

The results demonstrate that a hump in x-T curves is related to thermal relaxation of single-domain magnetite
particles. The experimental observation of an RIE is a robust result, whereas the proposed mechanism for the RIE
is a hypothesis for the time being.
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FORC distributions after cycling to 700°C extend to higher B, compared to the original samples (Figure 4),
indicating an increase in the proportion of single-domain particles above the size of thermal relaxation.
According to the theoretical relationship between the hump-peak position and the particle volume (Zhao
& Liu, 2010), the observed shift of the hump-peak to a higher temperature after 700°C cycling (Figure 4)
suggests that heating can shift the domain state toward larger effective particle sizes. The peak-shift for
DEO4 (Figure 1f) after the first partial cycle indicates that the effective particle size can also change at lower
temperature. In addition, the x-T results in Figures 1f and 4 show that as the effective particle size increases,
the thermal hysteresis can weaken or disappear. The cause of the effective size change is still unclear. We
assume that it is due to the welding of particle interfaces (Bedanta et al., 2015), or the homogenization of
internal stresses.

Both M, and « increased after 700°C heating (Figures 1b, 1c and 4). For the red soil, this may be due to the
reduction of hematite to magnetite; however, there is no plausible mineralogical transition for neo-formation
of magnetite in DE11. Higher M, could result from stress reduction leading to a higher degree of saturation
in the 135 mT field. Moreover, nanoparticles have a lower M than bulk magnetite (Li et al., 2017), and hence
M, may grow with an increase in the effective particle size. The increase of k could be largely related to stress
healing and to the increase of the effective particle size with the corresponding change in the thermal relaxation
behavior.

A higher « value in the first cycle after cooling to room temperature (Figures 1d and 1le) and the slight increase
of k in subsequent partial cycles (Figure 2a—2f) can be explained by the healing of internal stresses (Kontny &
Grothaus, 2017; Van Velzen & Dekkers, 1999b). Reduction of stress anisotropy decreases the effective anisotropy
energy density K, and in turn, lowers 7 in Equation 1, while magnetocrystalline and shape anisotropies remain
unchanged after «-T cycling. In samples, where heating leads to partial oxidation of magnetite, the effect of stress
healing can be masked. The x-value in the thermal hysteresis of DE0O4 (Figure 1f) and the red soil (Figure 4b)
after the first partial cycle is lower compared to the initial value, which may reflect a partial loss of magnetite.
The absence of thermal hysteresis in the hump of the second cycle of DEO4 supports that SP particles, which are
assumed to be depleted during the first partial heating by an increase of the effective particle size or by oxidation,
play an important role in the thermal hysteresis behavior.

The studied samples DE11 and DEO4 represent basalts with lamellar magnetite-ilmenite, which are widespread
and of great interest. Moreover, a hump and an RIE could occur in various natural materials, as shown by the
results of the red soil sample (Figure 4b). Depending on the grain size distribution and other effects such as inter-
nal stresses, the hump shape and hump-peak position can vary greatly. Through superposition by a multidomain
fraction or magnetic mineralogy changes, the hump and an RIE may be overlooked despite a significant SP and
SSD fraction in the sample, in particular when the amplitude of the hump is damped due to interaction fields
in particle clusters. The thermal hysteresis still holds unexplored potential for magnetic granulometry and the
understanding of particle interaction, and thus merits further investigation.

5. Conclusions

The results are a warning that interpreting a marked decrease in x-T curves at intermediate temperatures by
maghemite inversion might not always be correct. Instead, single-domain magnetite undergoing the SSD to SP
transition should be considered when a hump is detected. A significantly different hump shape in cooling curves
after heating to 700°C may reflect a change in effective particle sizes. Reversible thermal hysteresis behavior in
repeated partial x-T cycles can be considered as a hint of interaction effects in clusters of magnetite particles,
with particular importance of an SP fraction. Irreversible heating-cooling behavior is thus not always related to
changes in magnetic mineralogy.

Data Availability Statement

Experimental data in this manuscript are available on Mendeley for public download at http://dx.doi.org/10.17632/
zXx7y6g9rdv.2.
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