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Practical Magnetism X: A review of the low temperature
AC susceptibility frequency-dependence of multidomain

(titano)magnetite.
Dario Bilardello
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dario@umn.edu

A lot has been written about the frequency-dependence
of susceptibility (y) of superparamagnetic (SP) nanopar-
ticles and their (un)blocking peaks below room tem-
perature, to the point that low-temperature peaks of
both in-phase (y’) and out-of-phase (x”) susceptibility
are most-commonly only described in terms of particles
within the SP to single domain (SD) continuum (e.g. Till
etal., 2011; Volk et al., 2018).

However, less has been written about the low-tem-
perature susceptibility behavior of multi domain (MD)
grains, which consistently exhibit low temperature
frequency-dependent peaks and/or “anomalies” in both
¥’ and x”. This behavior was first observed by Iwauchi
(1976) (Fig. 1), and, as already proposed by lida et al.
(1968), the Fe,O, relaxation below 50 K had been in-
terpreted as the electron transfer between four crystal-
lographically equivalent iron ions (2Fe*" and 2Fe*") on
the octahedral sites in the Verwey ordering of electrons.
The origin of the behavior has been confirmed since,
although the mechanism through which it manifests is
somewhat less poorly understood. In any case, it is use-
ful to provide a short review of the topic to familiarize
researchers with the existing observations, understand-
ing, and pertinent references.

Magnetic Susceptibility Essential Review
Magnetic susceptibility, k or y= M / H, where k typically
denotes dimensionless volume-normalized susceptibil-
ity, often reported in “SI” units, or uSI (= 10-6 SI) and y
is mass-normalized, in units of m*/kg, is most commonly
measured in fields of ~200-300 A/m or less, although AC
field intensities used in different instruments may range
from 2 A/m up to 700 A/m. The small fields typically
applied in general do not cause irreversible magnetiza-
tions, making low-field susceptibility a widely applied
non-destructive technique to characterize the magnetic
response of different geological materials.

The three classes of magnetic materials are diamag-
netic, paramagnetic and ferromagnetic (comprising both
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Figure 1: First observation of frequency dependence of “magnetic per-
meability” x’ for a 19 mm synthetic Fe,O, sample at ~40 K between
4.2 and 300 K by Iwauchi et al. (1976): p’= L’/L, where L’ is the real
part of the inductance L, and the magnetic loss tangent (tan )= L”/L’,
where L” is the imaginary part of L. Note that the frequencies used
were 100-500 kHz (not 100-500 Hz, as reported in the figure) and 1
MHz, as stated in the body of the article and reported in subsequent
figures.

ferrimagnetic and antiferromagnetic), and immersed
in an external field, a rock’s constituent minerals will
contribute positively or negatively to the bulk magnetic
susceptibility. Ferromagnetic iron oxides have larger
susceptibilities than the diamagnetic and paramagnetic
minerals that make up the matrix and, when present in
sufficient concentrations, will dominate the susceptibil-
ity response. Consequently, magnetic susceptibility is a
strongly concentration-dependent bulk property.

Unlike in a constant (DC) field, measuring in an oscil-
lating (AF or AC) field H, e, where the field varies with
time as H = H cos(w?), may cause the magnetic response
to lag behind the field peaks, so that M = M cos(wt-0),
where ¢ is the phase lag and w is the angular frequency.
M can be decomposed into in-phase (“real””) and 90° out-
of-phase (“imaginary” or “quadrature”) components: cont’d. on
M = M cos(wt) + M" sin(wt), where tan(d)=M"/M" and pg. 11...
(M,)* = M* + M™. Accordingly, AC susceptibility y is a
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Assessing the use of thermal fluctuation
tomography on resolving the SP/SD
grain size distribution in London Under-
ground air pollution particulate samples

Hassan Sheikh
Cambridge University

has57@cam.ac.uk

Air pollution in indoor settings is not very well charac-
terised. The London Underground is one such microen-
vironment that has high levels of particulate matter (PM)
air pollution concentrations, marked by the abundance
(50% of total PM) of iron oxide nanoparticles (Smith et
al., 2020). We used a combination of magnetic and mi-
croscopy methods to characterise the iron oxide particles
(Sheikh et al., 2022). Bulk room temperature magnetic
measurements and first order reversal curves (FORCs)
indicated the presence of superparamagnetic (SP), single
domain (SD) and pseudo single domain (PSD) magnet-
ic particles. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) observations
showed particles had nanoscale dimensions in the range
of 5-500 nm; many of which were agglomerated to form
large clusters and only a few were isolated particles. The
microscopy observations supported bulk experimental
magnetic results and using low temperature magnetic
data, we were also able to quantify the superparamag-
netic (SP) size fraction of particles. These are the finest
particles (<20 nm) in a particulate matter (PM2.5) size
fraction.

A primary aim for my visiting fellowship was to com-
pare our experimental data with modelled approaches
to reaffirm the presence of sub-micron sized particles.
Using Field-Cooled (FC) and Zero-Field Cooled (ZFC)
remanence experiments performed on a Magnetic Prop-
erties Measurement System (MPMS-3), we had already
established the absence of Verwey transition in low tem-
perature measurements, hinting at the absence of magne-
tite and a signature of maghemite (Fig. 1). I also wanted
to assess the amount of superparamagnetic fraction (SP)
in our samples using Low temperature (LT) SIRM mea-
surements. To quantify the SP contribution, we estimat-
ed AM, compared to the total IRM (at 2.5 T and 10 K),
for the selected sample. This is the difference in rema-
nence between RT-SIRM (10 K) and ZFC curve (at 10
K). An approach I wanted to test during the fellowship
was the application of thermal fluctuation tomography
(TFT) technique (Jackson et al., 2006) on air pollution
PM filters, which has been attempted here for the first
time. The idea was to use TFT modelling to determine
and compare the statistical grain size distribution of the
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Figure 1: Low-temperature remanent magnetization curves
for 180487-92. Top: Zero-field cooled (red), and field cooled
(blue) (ZFC and FC) curves do not show any evidence for Ver-
wey transition or dampened transition (usually seen for surface
oxidized magnetite). Bottom: RT-SIRM warming (black) and
cooling curves (green) do not show any evidence of Verwey
transition at 120-125 K or lower temperatures.

very fine magnetic particles below the PM2.5 (particles
with diameter less than 2.5 micron) size threshold. This
is to distinguish larger, clustered particles which appear
to be physically larger in diameter but consist of several
individual grains of magnetic particles.

The SP fraction in our sample was estimated to be
around 67% (i.e., particles less than 20 nm in diameter)
using the LT-SIRM data from Fig. 1, making it ideal
to apply TFT modelling. TFT measurements were per-
formed using a Lake Shore vibrating sample magne-
tometer (VSM) equipped with a Single Stage Variable
Temperature (SSVT) option. We measured backfield re-
manent magnetisation curves from 0 to 300 mT with a 10
mT field step between a temperature range of 100 K- 300



1.0

103 -
— 100.0K
— 100K
— 1200K
130.0K

0K Distribution
160.0 K

170.0K

180.0 K

190.0 K

200.0K

2100K .

2200K —

230.0K
10? I

0.5

Mode

0.0

M(H,T) [Am?]

i
o
o)

240.0K
250.0K
260.0 K
270.0K
280.0K
290.0K
— 300.0K

I
iy
o

|
-
o)

Length (nm)

o

00 0.05 0.10 0.15 0.20 0.25 0.30
Applied Field [T]

0.200 - :gggi Distl’ibution
0175 f oo Mean
140.0 K
1500 K
010 ok 10!
L 0125 tooK 0.0 0.2 9.4 0.6. 0.8 1.0
g oK Width/Length ratio
3 0.100 . . . . .
gggg Figure 3: Plot of modelled particle length against width/length (1.0 is a cube).
0073 Tank Distribution of grains calculated using back field remanence curves, distribu-
270.0K . .
0.050 200K tion mode and mean are marked on the figure where the mode is more repre-
ik ¢
0.025 —

0.000 e
0.00 0.05 010 015 020 025 0.30

Applied Field [T]

Figure 2: (a) shows remanent magnetisation as a function of
applied DC backfield (b) dM/dH vs applied DC backfield.
Temperature ranges from 100- 300 K at 10 K increments, field
from 0-300 mT at 5 mT field steps.

K at 10 K intervals (Fig. 1)

The backfield curves (Fig. 2) were then processed
to quantify the distribution f(V, H,) of particle volume
(V) and micro coercivity (H,) of the ultrafine particles in
the sample. TFT (Jackson et al., 2006) follows Dunlop’s
(Dunlop, 1965) methodology of determining joint distri-
bution for different particle V and anisotropies by using
temperature-dependent switching field distributions to
reconstruct f(V, H ) for ensembles that contain SP and
SD particles.

We used values of maghemite for the model parame-
ters i.e., saturation magnetisation M_ 400 kA/m (at room
temperature) and Curie temperature (T)) at 920 K. The
size and shape distribution of magnetic particles calcu-
lated from TFT for sample 180487-92 gives a mode at
aerodynamic diameter or length (L) = 114 nm and width/
length aspect ratio (W/L) = 0.57.

Low temperature saturation isothermal remanent
magnetisation (LT-SIRM) warming, and cooling curves
do not show presence of a Verwey transition, I interpret
this as the abundance of maghemite.

Direct current (DC) backfield remanence curves have
a total of 1200 datapoints (60 field steps at each of the
20 temperatures from 100-300 K). These measurements
involved saturating the samples with a forward-field and
subsequently applying and removing incremental back-
fields and measuring the magnetic remanence at each
specific temperature, which magnetises all the grains
f(V, H,) which are stable at that temperature. Further
application and removal of increasingly negative DC
fields, reverses the moments of grains with distribution
f(V, H,) below a blocking contour. The reconstructed

sentative of the sample.

grain distribution model (900 iterations) for our sample
shows a wide range of f(V, H,) distribution, with a mode
(V, u,H,)) = (4.0 x 10-23 m’, and 222 mT) and (w,w/L)
= (144.9, and 0.574). The mode particle diameter is
slightly higher than from observations made under the
TEM but is more consistent with 3D tomography grain-
size data (Sheikh et al., 2022) where the W/L aspect ra-
tio lies closer to the observed aspect ratio. Generally, a
wide grain size and shape distribution is observed (red
region), with the head and tail extending over SP-SD
grain sizes and aspect ratio of 0.20-0.90 (Fig. 2). This
magnetic grain size distribution is consistent with our
microscopy data which showed SP/SD particles agglom-
erated to form larger clusters (Sheikh et al. 2022). There
is a spread of particle size distribution in our example
(Fig. 2), which (Jackson et al., 2006) has attributed to be
along the dominant blocking contour orientation.

I note that the magnetic results from TFT modelling
are in broad agreement with experimental data from bulk
magnetic measurements. However, the Butler-Banerjee
plot (Fig. 3) does not show any meaningful data below
the 12 nm length. I believe our results might have been
more consistent with the microscopy data if the TFT
measurements were done at lower temperatures of 10
K to map the entire spectrum of the superparamagnetic
fraction. A more detailed description of the usage of TFT
technique in air pollution samples will be discussed in
a separate publication. The fellowship to IRM allowed
me to explore the feasibility of the TFT technique on air
pollution samples, which has not been done before.
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of TFT technique.
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The Hunt for Hemozoin- 2.0

Mallory Cox
Yale University

Mallory.cox@yale.edu

The scientific community lacks consensus regarding the
presence of the malaria parasite (Plasmodium spp.) in
human populations of the ancient Americas before Euro-
pean colonization. Since the early 20th century, the most
widely accepted paradigm posited that Plasmodium vivax
(P, vivax) was imported to the New World in the late 15%
century with European colonizers and that Plasmodium
Salciparum (P. falciparum) was introduced in the 16™
-19" centuries with the Transatlantic slave trade. Current
evidence for Plasmodium spp. in the ancient Americas is
limited to two studies. One study conducted by Gertszen
et al. (2012) presented strong evidence for the presence
of P. vivax in mummies from Peru and Chile (1000 BC-
1400 AD), with the discovery of P. vivax antigens in 40%
of the livers and spleens analyzed in the study (N=155).
The other study was my MA thesis, the Hunt for Hemo-
zoin (Cox, 2018), which identified preliminary evidence
for the heme molecular ion and hemozoin crystal (malar-
ia biomarkers) in a female individual from Puerto Rico
(900 AD) using mass spectrometry and electron micros-
copy. That individual is part of the collection of human
remains | am analyzing for my dissertation to investigate
the presence of malaria in populations of the ancient
Americas by identifying Plasmodium spp. ancient DNA
and Plasmodium-derived hemozoin in skeletal remains
from archaeological contexts. My dissertation study

collection includes 105 long bone samples from 49 in-
dividuals representing 15 archaeological sites, eight in
Panama (2800 BC- 1550 AD) and seven in Puerto Rico
(400 BC-1200 AD). The individuals (n= 30) from the
Panamanian collection (Smithsonian Tropical Research
Institute) represent multiple biogeographical contexts
and are ideally suited to address the primary goals of
this research; detailed reports on the collections include
observations of skeletal lesions associated with malaria
(Smith-Guzman 2015), but further analyses are required
to confirm the etiology of the lesions.

By tradition, paleopathology has focused on the iden-
tification and study of diseases based on the analysis of
pathological lesions in human skeletal remains. In the
case of acute infections, this approach has limitations be-
cause an individual may die quickly without time for le-
sions to develop (Wood et al. 1992). Because of this “os-
teological paradox,” paleopathologists must extend their
methodologies beyond those traditionally employed; the
emergent field of paleomicrobiology is well-suited to fill
this niche. In addition to amplifying ancient pathogenic
DNA, paleomicrobiology can detect pathogen-specific
antigens (diagnostic), parasite eggs and bodies, and other
disease biomarkers. Hemozoin (referred to as Hz hereaf-
ter), an iron-bearing crystalline pigment that sequesters
in bone marrow cavities of malaria-infected individuals,
is a robust biomarker for malaria identification in living
populations. Because of the highly alkaline pH required
to break down the Hz, we expect this material to remain
in long bones' highly protected marrow cavities for ex-
tended periods of time, depending on the soil conditions
and microenvironment (Setzer, 2014).

The magnetic properties of the Hz biomarker are
exploited in clinical settings of malaria research to al-
low researchers to separate the infected cells from the
uninfected for downstream analyses (Roch et al., 2019).
Reports demonstrate that the magnetic susceptibility of
the infected red blood cell increases linearly as the par-
asite matures (Hackett, 2009). In recent years, nuclear
magnetic resonance magnetometry has been used to
identify malaria-infected individuals with submicrosco-
pic parasitemia at orders of magnitude lower than sev-
eral other diagnostic methods (Fook Kong et al., 2015).
The literature contains conflicting reports on the bulk
magnetic properties of Hz at room temperature. While
some researchers report Hz crystals as exhibiting only
superparamagnetic (SP) behavior, other groups argue for
observing paramagnetism in synthetic and natural Hz
(Inyushin et al., 2016, Roch et al., 2019). One way to
resolve this seeming conflict would be to test the idea
that both behaviors exist in an unfiltered Hz sample. In
fact, our hypotheses support this alternative conclusion.
The first steps included measuring synthetic Hz and the
heme monomers (essentially the building blocks of Hz
crystals) to test our preliminary hypotheses, which can
be summarized as follows:

-A single heme monomer is sub-nanometer in size.
Therefore, we predict that the heme monomer, if at all
(ferro)magnetic, would exhibit superparamagnetic be-
havior at room temperature based on size alone or other-



wise would exclusively exhibit paramagnetism.

-The average Plasmodium-derived Hz crystal is
around 200 x 300 x 1000 nm; therefore, we predicted
that the synthetic Hz crystal would exhibit either super-
paramagnetic or even weak ferromagnetic behavior at
room temperature.

-Finally, a natural Hz sample obtained in a clinical
laboratory that hasn’t been filtered would likely contain
variable concentrations of Hz crystals, dimers (a dimer
is composed of 2 heme monomers), and the heme mono-
mer, leading to the observations of mixed magnetic be-
haviors of superparamagnetism and paramagnetism.

To test our hypotheses, we measured the heme mono-
mer (hemin-Sigma Aldrich), and synthetic hemozoin
(synthetic Hz-InVivogen) in detail at room temperature.
First, we utilized the Vibrating Sample Magnetometer
(VSM) to collect hysteresis loops to identify the bulk
magnetic properties of each material. One significant
observation was that the heme monomer appeared to
be superparamagnetic, displaying no hysteresis and an
approach to saturation > 500 mT (Fig 1), which was in
line with our hypotheses. However, a First Order Re-
versal Curve (FORC) for the heme monomer revealed
a distinct ferromagnetic component that is more obvi-
ous than from the hysteresis loops (Fig 2), which was
to our surprise. We plan to follow this up with scanning
electron microscopy and repeated analyses. We hypoth-
esize that the ferromagnetic behavior we observed in the
heme monomer may result from “evolved aggregates” of
heme, meaning that they are not fully crystalline yet. We
further confirmed that synthetic Hz exhibits dominant
paramagnetic behavior at room temperature with weak
underlying ferromagnetism. We also performed several
low-temperature experiments on the MPMS3, and we
are still in the process of reviewing those data. At the
same time, we have conducted a whole gamut of mag-
netic experiments on natural hemozoin crystals extracted
from infected individuals. These will be compared to the
results from the synthetic materials in an attempt to draw
first-time correlations. We expect to publish our full re-
sults within the year.

These are important, groundbreaking observations
that would otherwise not have been possible if it weren’t
for the support provided by my 2022 Research Fellow-
ship to the Institute for Rock Magnetism and the assis-
tance of staff scientists in-house. With the data collected
during the fellowship at the IRM, specifically the high
level of detail permitted by the magnetometry experi-
ments at high fields and variable temperatures, our un-
derstanding of the magnetic properties of hemozoin has
greatly enhanced. These data improve our understanding
of the magnetic properties of hemozoin, bringing us one
step closer to identifying malaria in the archaeological
record of the pre-colonial Americas.
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quake slip.

Rosa de Boer
Earth Sciences, Utrecht University: The first geological
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alteration across the South Atlantic subseafloor.

Hannah Robutka
School of Earth and Ocean Sciences, University of Vic-
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Hong Yang
Department of Geophysics, Stanford University: Using
field- dependent magnetic susceptibility to quickly char-
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ences, University of Plymouth: Novel insights into
paleomagnetism of serpentinized peridotites from the
Oman and Troodos ophiolites.

Joonas Wasiljeff
Environmental Solutions, Geological Survey of Fin-
land:
FERMAID - Ferromanganese Concretion- Archives of
Ecosystem Variability, Climate Forcing and Anthropo-
genic Impact on the Baltic Sea.
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Department of Geosciences, University of Wisconsin-
Milwaukee: Investigation of paleomagnetic behavior of
the Snake River Plain lava flows, southeastern Idaho.

Ron Shaar
The Institute of Earth Sciences, The Hebrew University
of Jerusalem: Magnetic properties of marine sediments
and speleothems.

IMPORTANT ANNOUNCEMENT!

Visiting Fellow reports are an integral aspect of the IRM
Quarterly and are of tremendous value to us, as they
demonstrate that the IRM's mission is being fulfilled. For
all Visiting Fellows who visited since (and including)
August 2022, it was made a requirement to submit a VF
Report. Failure to do so will be factored into the evalua-
tion for successive fellowships. Provided the higher vol-
ume of reports, these will not be as thoroughly edited
and commented on as is currently done.



Current Articles

A list of current research articles dealing with various topics in
the physics and chemistry of magnetism is a regular feature of
the IRM Quarterly. Articles published in familiar geology and
geophysics journals are included; special emphasis is given to
current articles from physics, chemistry, and materials-science
journals. Most are taken from ISI Web of Knowledge, after
which they are subjected to Procrustean culling for this news-
letter. An extensive reference list of articles (primarily about
rock magnetism, the physics and chemistry of magnetism,
and some paleomagnetism) is continually updated at the IRM.
This list, with more than 10,000 references, is available free of
charge. Your contributions both to the list and to the Current
Articles section of the IRM Quarterly are always welcome.

Archeomag

Deldicque, D., J. P. Pozzi, C. Perrenoud, C. Falgueres, G. Ma-
hieuxd, A. S. Lartigot-Campin, and J. N. Rouzaud (2022),
Traces of fire in a 560,000-year-old occupation soil at
Caune de 1'Arago: response to the article by Professor Hen-
ry de Lumley, Comptes Rendus Geoscience, 354, 47-50,
doi:10.5802/crgeos.114.

Lumley, H. D. (2022), Did the first inhabitants of the Caune de
I'Arago between 700,000 and 400,000 years BP have do-
mesticated fire? Did they know how to light the fire at will?,
Comptes Rendus Geoscience, 354, 41-45, doi:10.5802/cr-
geos.113.

Tema, E., Y. Santos, R. Trindade, G. A. Hartmann, T. Hatakeya-
ma, F. Terra-Nova, N. Matsumoto, J. Mitsumoto, and M.
Gulmini (2023), Archaeointensity record of weak field re-
currence in Japan: new data from Late Yayoi and Kofun ce-
ramic artefacts, Geophysical Journal International, 233(2),
950-963, doi:10.1093/gji/ggac498.

Wang, Q. Z., et al. (2022a), New archacomagnetic directions
from Late Neolithic sites in Shandong province, China,
Geophysical Journal International, 232(2), 1159-1172,
doi:10.1093/gji/ggac381.

Environmental Magnetism

Ayoubi, S., and S. Bahmani (2023), Variation of heavy met-
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complex quantity, with y= y’ - iwy”, where y’ is the in-
phase response and y” is the out-of-phase susceptibility.
Paramagnetic and diamagnetic materials have respons-
es that are perfectly in-phase with the oscillating field;
therefore these materials have no frequency dependent
behavior and = 0.

The delayed response and corresponding out-of-
phase susceptibility can arise from three distinct physi-
cal mechanisms: (1), magnetic viscosity with relaxation
times comparable to the AC field reversal interval; (2),
irreversible magnetization changes (low-field hysteresis)
driven by the AC field; and (3), production of electrical
eddy currents by the AC field in electrically conductive
materials (see Jackson (2003), IRMQ 13-4) for more de-
tail). Each of these mechanisms is significant only for
a restricted range of materials: viscosity on millisecond
timescales (for frequencies typically available in suscep-
tometers at the IRM) is generally only important for fine
SD particles, near the SP boundary. Low-field hysteresis
has been documented only in multidomain pyrrhotite,
hematite, and intermediate composition titanomagne-
tites, where spontaneous magnetization is not too large
and wall-pinning energies are comparable to external-
field interaction (Zeeman) energies. Conductivity is only
large enough to matter in metals, graphite and some sul-
fide minerals, in the frequency range commonly used for
susceptibility measurements. Quadrature susceptibility
x” is therefore almost always much smaller than in-phase
susceptibility y’. But when it is significant in magnitude,
it provides important information about the magnetic
(and/or conductive) mineral assemblage.

For very small SD (“viscous superparamagnetic”
or VSP) grains, y” and the frequency dependence of
x’ (frequency f= w/2x) are closely related to viscous
changes of M_with time ¢ (Néel, 1949; Mullins & Tite,
1973; Shcherbakov & Fabian, 2005; Egli, 2009). For
low frequencies and/or short relaxation times (w7<<
1), the assemblage is superparamagnetic and M stays in
phase and in equilibrium with the changing field: M(¥)
= x,H(O) = Meq(HO)H(t)/(HO). With increasing frequency
and/or relaxation time z, the time constants for measure-
ment and relaxation become comparable (7/ 7 ~wz~1),
and the magnetization becomes more “viscous,” lagging
significantly, with roughly equal in-phase and quadra-
ture components: M’ ~M’~Meq(H,)/2. Finally, for very
high @ and/or very long 7, the grains reach the stable SD
state (y”—0). Néel (1949) showed that for grains with
a wide distribution of relaxation times, the quadrature
signal is proportional to the frequency-dependence of
the in-phase susceptibility, through the useful “z/2” law:
’[viscosity]|= -(n/2)(3y’/oInf). The /2 law was adapted
by Mullins and Tite (1973) for thermal activation ener-
gies.

However, the observations above have also been
made for (much) larger MD grains at temperatures < 70
K, see Fig. 1, so that their origin must be distinguished
and understood, making for the focus of this article. Be-
fore discussing the behavior of MD magnetite grains in
detail, and to summarize the occurrences of frequency

and amplitude field dependencies of both y’ and y” for
different minerals/domain states, the table from the
IRMQ28-2 is presented again here yet correcting the er-
roneous inclusion of amplitude-dependence of SP grains
of the previous version. It is also important to clarify
that all observations for magnetite-titanomagnetite are
from grains larger than 2-3 um, therefore all MD grains,
whereas SD grains, with long relaxation times and no
low-field hysteresis are void of frequency- and ampli-
tude- dependencies.

Mineral/domain Frequency (Hz)- Field (Hac)- References
state dependency dependency
SP grains x¥.x Mullins and Tite
(1973)
Pyrrhotite rx X.x Worm (1991); Worm
Eddy ewrents etal (1993); Volk et
al. (2018)
5D ® * Worm (1998)
MD mgt SI0K: < 120 K: Moskowitz et al.
X x". w2 peak X.x (1998); Ozdemir et al.
Relaxation of domain Domain-wall pinnmg low- | (2009); Jackson et al.
walls field hy=teresis (1098)
&
MD ti-mgt @ 250 K- = 150K: Jackson et al. (1998);
rx xX.x Moskowitz et al.
Feorientation of Low-field hysterasis, (T (1 008);
interstinal Fe'” defects. vanes with compesition) Carter-Stislitz et al.
compozition-dependent - .
(2006):
STOK: Church et al. (2011)
x.x".m2 peak
Relaxation of domain
walls
MD hmt = 260K: Rock Magnetic
X x". w2 peak Bestiary
Ti-hmt s20K: Lagroix et al. (2004)
ey
Low-field hysteresis (T
vanes with compesition)

Summary of known magnetic susceptibility observations for different
minerals and grain sizes: y’ is in-phase susceptibility; y” is out of phase
susceptibility; 7/2 indicates the viscosity parameter of Mullins and Tite
(1973). *: stable SD grains have long relaxation times, so that frequen-
cy-dependence is not observed. Likewise, SD grains do not possess
low-field hysteresis residing in irreversible domain wall modification,
so that amplitude-dependence is also not present. **: minor, almost
negligible, amplitude-dependence of y’ was described by Jackson et al.
(1998) for magnetite when measuring in fields greater than ~100 A/m,
and more significant y”” by Ozdemir et al. (2009).

Multidomain Magnetite

For a synthetic 1-2 mm spherical magnetite crystal,
Moskowitz et al. (1998) observed step-like increases in
x’ during heating at 40-50 K and 120-125 K. The higher
temperature increase is coincidental with the Verwey
transition (T,) and accompanied by changes in the SIRM
heating curve, however, the lower-temperature step has
no matching remanence transition, it is frequency-de-
pendent, and is accompanied by a peak in y”. Similar
x(T) variations were observed by Muxworthy (1999) for
disperse hydrothermal magnetite crystals with mean siz-
es of 76 and 108 um, with somewhat smoother increases
in y’, and slight frequency-dependence between 118-126
K, in 1 K intervals, over the 40- 4,000 Hz frequency
range. In a study by Kosterov (2003), only 100-150 pm
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Figure 2: Magnetite in-phase susceptibility measure-

ments as a function of amplitude and temperature for
two measurement frequencies of (a) 40 Hz and (b) 400
Hz. Note the pronounced amplitude-dependence < 120
K and negligible, yet present, above (from Ozdemir et
al., 2009).

crushed size fractions of natural magnetite showed clear
double-step increases of y” at low T, one at 120-125 K,
associated with a Hopkinson peak around 135 K, and
one from 15-30 K, then gently descending between 30
and 120 K. Frequency-dependence of y’ on the order of
10-15% was also observed between 0.01 and 1,000 Hz in
the same study. For a synthetic magnetite cylinder with 4
mm diameter and 13 mm height measured in an AC field
of 80 A/m and single frequency of 100 Hz, Skumryev et
al. (1999) also observed an increase in y’ around 50 K
followed by a steady drop until ~120 K, at which point
x’ increased markedly and was followed by a Hopkin-
son peak around 130 K. Additionally, they reported a y”
peak just below 50 K. A marked frequency-dependence
of both y’ and y”” behaviors was demonstrated when mea-
suring in 10, 30, 100, 300 and 1,000 Hz between 10 and
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Figure 3: Magnetite in-phase susceptibility measure-
ments as a function of frequency and temperature for
amplitudes between 40-4,000 Hz, between 20 and 280
K (a). (b) enlargement of the 20-60 K range. (From Oz-
demir et al., 2009).

80 K, with the most prominent dependence between 20
and 70 K.

Finally, Ozdemir et al (2009) performed the most de-
tailed study to date, investigating both frequency- (40-
4,000 Hz) and amplitude- (30-2,000 A/m) dependence
of a natural 1.7 mm octahedral magnetite single-crystal.
In their study, marked amplitude dependence of in-phase
susceptibility was observed below the Verwey transition
for two measurement frequencies (Fig. 2), accompanied
by frequency dependence, particularly <50 K, although
some was also observed in the 95-125 K range. Above
the T,, the field dependence of y” was described as “very
nearly zero”, and then discussed as non-existent by vir-
tue of y reaching the 1/N limit, where N is the demagne-
tizing factor.

Out-of-phase susceptibility, instead, was observed to
possess a frequency-dependent peak ~30 K, and some
frequency dependence above that, particularly for the
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of amplitude and temperature for a frequency of 400 Hz.
Note, the negative y” values, particularly > 120 K, which
were attributed to instrumental artifacts (From Ozdemir
et al., 2009).

lowest measurement frequency (40 Hz), and a marked
drop/increase at the T, although negative measurements
were attributed to instrumental artifacts (Fig. 4a). y” also
revealed amplitude dependence above and below T,
(Fig. 4b). Even discounting measurements in the stron-
gest field of 2,000 A/m (2.5 mT), at least at the scale of
the figure the dependence is apparent for all fields < T,
and for fields greater than 100 A/m (125 uT) > T,.

Assuming that the sample possesses a minimal field
dependence of x’, the results would be consistent with
the room temperature observation of y’ for TM0 (mag-
netite) in fields > 100 A/m of Jackson et al. (1998), also
reported in the IRMQ28-2, although at typical measure-
ment amplitudes (MD) magnetite is effectively field- and
frequency-independent above T..

The 20-40 K frequency and amplitude dependent

step in y’ and peak in y” are similar to those reported by
other authors, yet there is some disagreement about the
temperature range over which they occur, which appears
to be irrespective of measurement frequency. For exam-
ple, Iwauchi et al. (1976) observed similar temperature
ranges as Ozdemir et al. (2009), yet the frequencies used
there were three orders of magnitude higher. Likewise,
Jant et al. (2007) reported the same temperature range,
yet using much lower frequencies (1-25 Hz). For similar
frequencies (10-1000 Hz), the “step and peak” features
of x” and y”, respectively, observed by Skumryev et al.
(1999) are broader, occurring between 30-50 K. Only
exception to these, are the observations of Balanda et
al. (2005) who, for a stoichiometric synthetic magnetite
crystal, reported frequency independent step decreases
in y” and minor peaks in " at 28 K, not seen in the other
studies. They do observe frequency-dependent step in-
creases in y” and major peaks in y”, for a frequency range
of 15-1,000 Hz, similar to that of Ozdemir et al. (2009),
but between 50 and 60 K. Furthermore, only for their
lowest 80 A/m field were these steps and peaks clear,
but were otherwise subdued and unresolvable at higher
fields. Considering the similarities in instrumentation
used, Ozdemir et al. (2009) attributed the different ob-
servations to subtle differences in composition and pu-
rity, and on the method of preparation of the synthetic
material.

For a thermally activated process, the relaxation time,
7= (2xf)"!, obeys the Arrhenius equation:

=1, exp [E /(k,T)]

where f'is the measurement frequency, 7, is the charac-
teristic attempt time, Ea is the activation energy and & is
the Boltzmann constant. Hence a plot of In(z) versus 1/T
yields a straight line with slope E /k, and intercept In(z))

Activation Energies E_and characteristic non-thermal
response time 7, estimates calculated by Ozdemir et al.
(2009) and Carter-Stiglitz et al. (2006) from the frequen-
cy-dependence of y’, and Skumryev et al. (1999) from
the frequency dependence of the y” peak are in agree-
ment, and match closely with the activation energies of
conduction by electron hopping for the same tempera-
tures (Lenge & Kronmuller, 1984). These observations
support the idea that electron mobility/valence changes
within domain walls are at the root of the frequency-
dependent variations in susceptibility around 30-40 K
(Walz et al., 1982; Moskowitz et al., 1998; Muxworthy,
1999).

The mechanism, however, is not as clear. While the
sharp step in SIRM (not shown here) and susceptibility
curves at T, observed by Ozdemir et al. (2009) repre-
sent a large change in anisotropy, the lack of any feature
in SIRM below 40 K, if attributed to domain wall pin-
ning, would require major lattice defects, however this
is not necessarily the case for susceptibility. Ozdemir
et al. (2009) suggested that while the walls do remain
pinned, perhaps near monoclinic twin boundaries, wall
segments oscillate reversibly in the alternating fields,
with the amplitude of oscillation changing steadily in the
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Figure 5: A and B: in-phase susceptibility as a function of frequency and temperature (fixed amplitude) for titanomag-
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temperature (fixed frequency) for the same samples. Results beautifully demonstrate the frequency dependence below
a certain temperature, 100 and 150 K, respectively, for these two samples, and amplitude dependence above. From

Carter-Stiglitz et al. (20006).

20-40 K range. Here, y” peaks and the temperature at
which y’ increases on warming changes with frequency,
generating the “step and peak” feature. Wall oscillations
lag appreciably behind the driving field at these very low
temperatures, becoming more prominent with increasing
frequency.

Multidomain Titanomagnetite

Carter-Stiglitz et al. (2006) studied two synthetic sam-
ples of composition x= 0.16 and x= 0.35 to investigate
field cooled and zero-field cooled behavior. They ob-
served strong frequency-dependence at low tempera-
tures, < 100 and 150 K, respectively, and amplitude-de-
pendence above (Fig. 5). The temperature at which the
different behaviors occur was proposed to be associated
with changes in grain anisotropy associated with elec-
tron hopping in the octahedral sites and is therefore de-
pendent on composition.

Church et al. (2011) investigated the low temperature
susceptibility behavior in a series of synthetic MD tit-
anomagnetites of composition 0< x< 0.6, in conjunction
with low-temperature FORC and remanence measure-
ments. For the x= 0.2, 0.4 compositions they report on,
they observed similar low temperature susceptibility fea-

tures to those described here yet centered around ~70 K
and with an additional low-temperature shoulder on the
2 peak (Fig. 6). As advanced by Ozdemir et al. (2009),
these results support the suggestion that the temperature
at which the susceptibility features occur are composi-
tionally dependent.

Additionally, Church et al. (2011) described two do-
main wall relaxation regimes acting on titanomagnetites
of varying compositions. For compositions greater than
x= 0.2, Fe?* ions enter the tetrahedral sites (O’Reilly &
Banerjee, 1965), introducing magnetoelastic contribu-
tions to the anisotropy, which generate wall pinning.
However, these alone are insufficient to cause the effect
observed, so that enhanced pinning is further promoted
by localization of Fe*" ions on the octahedral sublattice
due to cessation of electron hopping (magnetocrystalline
anisotropy). Church et al. (2011) suggest that a similar
mechanism operates at x> 0.2 and that enhanced pin-
ning for these compositions, below the low-temperature
relaxation, i.e. ~70 K, is predominantly magnetoelastic
in origin. This way, Church et al. (2011) distinguish be-
tween an intrinsic pinning low-temperature regime from
an extrinsic regime dominated by defects such as dis-
locations, grain boundaries, impurities, etc. The two re-



(a) x=0.2

200

— -
n @

o =]
| |

7 mT bias field
50 mT bias field

In-phase Mass Susc.
(x10° m*/kg)
3
|

40
I [ [ I I |
50 100 150 200 250 300
(c)x=0.4
700 -
a0

|

QOut of Phase Mass Susc.

100 mT bias field

In-phase Mass Susc
(x10° m*kg)
58 8 & 8
(=] o (=] (=]
L

150 mT bias field

100 - -
| | | | | |
50 100 150 200 250 300
Temperature (K)

—_—
L=

s = 1.0 HZ

2 30 — 3,2 Hz

: ot

— R rd

ﬂ . 25 — — 0.9 Hz
wn o

® X 20

o 15-
E (=]

ﬂ_";: 10 <
.'é il
2 s
o 0 |

I
50 100

150 200 250 300

—_—
2

(x10° m°kg)

(=]
|
2
3
3

[ [ | | |
S0 100 150 200 250

Temperature (K)

300

Figure 6: Frequency dependence of magnetic susceptibility for compositions (a and b) x = 0.2 and (c and d) x = 0.4
at low temperatures and with bias fields from 0 to 150 mT. Graphs are offset on the y axis, but the scale is preserved

(From Church et al., 2011).

gimes may be discriminated by large difference in ZFC
and FC remanence curves below the pinning transition,
which would not be otherwise observed if pinning were
entirely caused by extrinsic defects. The intrinsic pin-
ning regime also predicts that domain walls are rigidly
pinned along their entire length, whereas in the extrinsic
pinning regime walls are only pinned at discrete points,
permitting sections of wall in between pinning sites to
bow in response to an applied field, as proposed by Oz-
demir et al. (2009) for stoichiometric magnetite compo-
sitions.

Summary and Final Remarks
In summary, a step in y’ between ~20-70 K accompa-
nied by a same-temperature peak in y” is indicative of
electron hopping associated with domain wall relaxation
in MD magnetite-titanomagnetite. The temperature at
which these features occur is dependent on composition
and stoichiometry, with somewhat higher temperatures
(~50-70 K) for titanomagnetite compared to stoichio-
metric magnetite (~20-50 K). For all compositions, the
low temperature relaxation feature is both frequency-
and amplitude- dependent; however, only titanomagne-
tite will possess appreciable amplitude-dependence and
no frequency-dependence between ~150 K and room
temperature.

For stoichiometric magnetite, the low-temperature (<

T,) “MD feature” may be distinguished from SP grains
by its amplitude dependence, which is absent when tita-
nium is present, and resides in low-field hysteresis. For
all compositions, the temperature range over which the
frequency-dependent features occur, while broad-ish
(20-70 K), is more "fixed" than the SP blocking peak,
which varies widely with mean blocking volume, and
extends from as low to a few K for the smallest SP grains
(“unstable SD”), to above room temperature for stable
SD grains (e.g., Till et al., 2011).

For all compositions, the frequency-dependent relax-
ation resulting in the y’ step and y” peak is a thermally
activated relaxation process, as confirmed by it following
an Arrhenius equation. Such behavior thus also follows
the 7/2 law for distribution of relaxation times (Néel,
1949) readapted for thermal activation energies (Mullins
and Tite, 1973), so that the y” frequency-dependent peak
can be successfully reproduced from the y’-frequency
data as y”’[viscosity]= -(7/2)(y’ /olnf).

For certain titanomagnetite compositions, e.g., x= 0.2
but not x= 0.4, a second relaxation for in y” is observed
around 250 K (Church et al., 2011, Fig. 6), which had
been attributed to diffusional reorientation of interstitial
Fe?* defects (Walz et al., 1997). However, the feature in
x” is never a peak, but more of a broad frequency-de-
pendent step (x= 0.2) or “hump” (x= 0.4), accompanied
by an increased gradient in y’ towards room temperature
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Figure 7: Natural titanomagnetite-bearing volcanic ash samples from Vigliotti et al. (2022). Left, highly fractionated
samples of estimated composition x= ~0.6, with steep y (in-phase susceptibility in their figure) gradient towards room
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frequency-dependent “step and peak™ features in in-phase and out-of-phase susceptibility, respectively.

(Figs. 5 and 6). The gradient in y” increases for increas-
ing titanium substitution (Moskowitz et al., 1998) and
reasonably extends above room temperature up to the
specific Curie temperature.

It is problematic, however, to attribute the characters
of these curves exclusively to titanium content in natural
samples where mineralogical and/or grain size mixtures
may exist. For example, Vigliotti et al. (2022) reported
on different compositions of titanomagnetite-bearing
volcanic ashes with contrasting coercivity distribu-
tions, as determined by hysteresis shape, IRM unmixing,
FORC distributions and remanence curves, in addition
to SEM observations. Indeed, the higher Ti-containing
samples (e.g., Ash-30/10/2002 in Fig. 7) possessed an
increased gradient of y’ towards room temperature as de-
scribed above, but the same highly fractionated samples
also feature broad and prominent frequency-dependent
peaks in x” (the classic “rainbows”) between ~150 K and
room temperature (Fig. 7, left). Such broad frequency-
dependence, should not occur for MD (titano)magne-
tites, which only display amplitude dependence in this
temperature range, other than the 250 K feature observed
for certain titanomagnetite compositions (Cf. Fig. 6b).
The increase of y’, instead, likely peaks above room
temperature towards the Curie temperature. In virtue of
these, as well as other rock-magnetic observations, these
features were attributed to a prominent distribution of
SP grains, some blocking above room temperature, and
resulting in the heightened coercivity contrast in those
samples, in addition to the lower-temperature MD fea-
tures that are the main focus of this review.

References

Carter-Stiglitz, B., Moskowitz, B., Solheid, P., Berquo, T.
S., Jackson, M., & Kosterov, A. (2006). Low-temper-
ature magnetic behavior of multidomain titanomagne-
tites: TMO, TM16, and TM35. Journal of Geophysical
Research: Solid Earth, 111(B12), n/a-n/a. https://doi.
org/10.1029/2006JB004561

Church, N., Feinberg, J. M., & Harrison, R. (2011). Low-
temperature domain wall pinning in titanomagnetite:
Quantitative modeling of multidomain first-order rever-
sal curve diagrams and AC susceptibility. Geochemis-
try, Geophysics, Geosystems, 12(7), n/a-n/a. https://doi.

org/10.1029/2011GC0O03538

Egli, R. (2009). Magnetic susceptibility measurements as a
function of temeperature and freqeuncy I: inversion the-
ory. Geophysical Journal International, 177(2), 395-420.
https://doi.org/10.1111/j.1365-246X.2009.04081.x

lida, S., Mizushima, K., Yamada, N., & lizuka, T. (1968).
Details of the Electronic Relaxation in MnxFe3—xO4+y.
Journal of Applied Physics, 39(2), 818-819. https://doi.
org/10.1063/1.2163625

Iwauchi, K., Koizumi, N., Kiyama, M., & Bando, Y. (1976).
Magnetic Relaxation in FeO and Ferrites. Bulletin of the
Institute for Chemical Research, Kyoto University, 54(4),
255-262.

Jackson, M. J. (2003). Imaginary Susceptibility - A Primer.
IRM Quarterly, 13(4), 1-12.

Jackson, M. J., Moskowitz, B., Rosenbaum, J., & Kissel, C.
(1998). Field-dependence of AC susceptibility in titano-
magnetites. Earth and Planetary Science Letters, 157(3—4),
129-139. https://doi.org/10.1016/S0012-821X(98)00032-6

Jand, Z., Hadag, J., & gvindrych, Z. (2007). Glass-like and
Verwey transitions in magnetite in details. Journal of Mag-
netism and Magnetic Materials, 310(2), €203—e205. https://
doi.org/10.1016/j.jmmm.2006.10.344

Kosterov, A. (2003). Low-temperature magnetization and AC
susceptibility of magnetite : effect of thermomagnetic his-
tory. Geophysical Journal International, 154, 58—71.

Lagroix, F., Banerjee, S. K., & Jackson, M. J. (2004). Mag-
netic properties of the Old Crow tephra: Identification of
a complex iron titanium oxide mineralogy. Journal of
Geophysical Research: Solid Earth, 109(B1). https://doi.
org/10.1029/2003JB002678

Lenge, N., & Kronmuller, H. (1984). Electrical conductivity
and magnetic aftereffect in the ordered phase of magnetite.
Adv. Ceramics, 15, 331-339.

Moskowitz, B. M., Jackson, M. J., & Kissel, C. (1998). Low-
temperature magnetic behavior of titanomagnetites. Earth
and Planetary Science Letters, 157(3—4), 141-149. https://
doi.org/10.1016/S0012-821X(98)00033-8

Mullins, C. E., & Tite, M. S. (1973). Magnetic viscosity,
quadrature susceptibility, and frequency dependence of
susceptibility in single-domain assemblies of magnetite and
maghemite. Journal of Geophysical Research, 78(5), 804—
809. https://doi.org/10.1029/J1B0781005p00804

Muxworthy, A. R. (1999). Low-temperature susceptibility
and hysteresis of magnetite. Earth and Planetary Science
Letters, 169(1-2), 51-58. https://doi.org/10.1016/S0012-
821X(99)00067-9



Néel, L. (1949). Théorie du trainage magnétique des ferromag-
nétiques en grains fins avec applications aux terres cuites.
Annales de Geophysique, 5(99-136).

O’Reilly, W., & Banerjee, S. K. (1965). Cation distribution
in titanomagnetites (1 — x)Fe304 — xFe2TiO4. Phys-
ics Letters, 17(3), 237-238. https://doi.org/https://doi.
org/10.1016/0031-9163(65)90504-4

Ozdemir, O., Dunlop, D. J., & Jackson, M. (2009). Frequency
and field dependent susceptibility of magnetite at low tem-
perature. Earth, Planets and Space, 61(1), 125-131. https://
doi.org/10.1186/BF03352892

Shcherbakov, V. P., & Fabian, K. (2005). On the determination
of magnetic grain-size distributions of superparamagnetic
particle ensembles using the frequency dependence of sus-
ceptibility at different temperatures. Geophysical Journal
International, 162(3), 736-746. https://doi.org/10.1111/
j-1365-246X.2005.02603.x

Skumryev, V., Blythe, H. J., Cullen, J., & Coey, J. M. D.
(1999). AC susceptibility of a magnetite crystal. Journal of
Magnetism and Magnetic Materials, 196, 515-517. https://
doi.org/10.1016/S0304-8853(98)00863-4

Till,J. L., Jackson, M. J., Rosenbaum, J. G., & Solheid, P. (2011).
Magnetic properties in an ash flow tuff with continuous
grain size variation: A natural reference for magnetic parti-
cle granulometry. Geochemistry, Geophysics, Geosystems,
12(7), n/a-n/a. https://doi.org/10.1029/2011GC003648

Vigliotti, L., Bilardello, D., Winkler, A., & Del Carlo, P. (2022).
Rock magnetic fingerprint of Mt Etna volcanic ash. Geo-
physical Journal International, 231(2), 749-769. https://doi.
org/10.1093/gji/ggac213

The IRM

Volk, M. W. R., Jackson, M. J., & Bilardello, D. (2018). Mag-
netic tests and characterization protocols: mineralogy and
grain size / domain state Part I: isothermal strong field tests.
The IRM Quarterly, 27(4), 1-21.

Walz, F., Brabers, V. A. M., Chikazumi, S., Kronmuller, H.,
& Rigo, M. O. (1982). Magnetic After-Effects in Single-
and Poly-Crystalline Magnetite. Phys. Stat. Sol, b(110),
471-478.

Walz, F., Torres, L., Bendimya, K., de Francisco, C., & Kro-
nmuller, H. (1997). Analysis of Magnetic After-Effect
Spectra in Titanium-Doped Magnetite. Phys. Stat. Sol, 164,
805-820.

Worm, H. (1991). Multidomain susceptibility and anomalously
strong low field dependence of induced magnetization in
pyrrhotite. Physics of the Earth and Planetary Interiors, 69,
112-118.

Worm, H. (1998). On the superparamagnetic — stable single
domain transition for magnetite , and frequency depen-
dence of susceptibility. Geophysical Journal International,
133,201-206.

Worm, H., Clark, D., & Dekkers, M. J. (1993). Magnetic sus-
ceptibility of pyrrhotite : grain size , field and frequency
dependence. Geophysical Journal International, 114, 127—
137.

Quarterly

The Institute for Rock Magnetism is dedi-
cated to providing state-of-the-art facilities
and technical expertise free of charge to any
interested researcher who applies and is ac-
cepted as a Visiting Fellow. Short proposals
are accepted semi-annually in spring and
fall for work to be done in a 10-day period
during the following half year. Shorter, less
formal visits are arranged on an individual
basis through the Facilities Manager.

The /RM staff consists of Subir Baner-
jee, Professor Emeritus/Founding Director;
Bruce Moskowitz, Professor/Director;
Joshua Feinberg, Professor/Associate Di-
rector; Maxwell Brown, Peat Selheid and
Dario Bilardello, Staff Scientists.

Funding for the /RM is provided by the
National Science Foundation, the W. M.
Keck Foundation, and the University of
Minnesota.

B,

UNIVERSITY OF MINNESOTA

The IRM Quarterly is published four
times a year by the staff of the /RM. If
you or someone you know would like to
be on our mailing list, if you have some-
thing you would like to contribute (e.g.,
titles plus abstracts of papers in press), or
if you have any suggestions to improve
the newsletter, please notify the editor:

Dario Bilardello

Institute for Rock Magnetism
University of Minnesota

150 John T Tate Hall

116 Church Street SE
Minneapolis, MN 55455-0128
phone: (612) 624-5049

e-mail: dario@umn.edu
www.irm.umn.edu

The U of M is committed to the policy that

all people shall have equal access to its
programs, facilities, and employment without
regard to race, religion, color, sex, national
origin, handicap, age, veteran status, or sexual
orientation.

mﬁﬂ\ﬁ%
- PE

AR S ( ‘V

H 17



