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Some of the most frequent questions posed by
visitors to the IRM relate to the interpretation of low-
temperature (<300 K) data. In principle, low-temperature
remanence, induced magnetization and/or susceptibility
can be powerful tools for probing mineralogy and grain
size distributions. However, interpretation is not always
straightforward, especially if you are unused to such data.
When people ask, “Is there a review paper that explains
this stuff?” the answer is, alas, “not really.” Although
certain phenomena (such as the magnetite Verwey tran-
sition) or compositions (such as titanomagnetite) have
been addressed at depth in the literature, there is no single
comprehensive reference that addresses low-temperature
data in a general, diagnostic way.

With this article, we kick off a series of Quarterly
articles that will hopefully provide a comprehensive basic
review of the most common types of low-temperature
experiments carried out at the IRM, the phenomena ob-
served, and how these can be interpreted. As the series
progresses, we will update and link the information to-
gether on our website in a manner that will allow people to
search by experiment type, phenomenon, or mineral phase.
This should provide a valuable supplement to the on-line
Rock Magnetic Bestiary (www.irm.umn.edu/bestiary2/),
which allows users to search for example data for common
minerals (e.g. magnetite, hematite, goethite).

We start with a discussion of the blocking and
unblocking behavior of superparamagnetic grains. We
also briefly touch on paramagnetic behavior, insofar as it
may be confused with superparamagnetism. Subsequent
articles will address such things as phase transitions and
order/disorder transitions. Each article will include a basic
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Figure 1. Ferrofluid (containing SP iron particles) placed over a
rare earth magnet. Photo by Thomas Shahan (from Wikipedia
Commons).

explanation of the physics behind a particular phenom-
enon and how that phenomenon is manifested in different
types of low-temperature experiments, with an emphasis
on those typically carried out by visitors on the Magnetic
Properties Measurement System (MPMS).

Superparamagnetism

Superparamagnetism (SP) describes the state of a
single-domain-sized grain when thermal energy is suffi-
cient to overcome barriers to a reversal of magnetization”.
These barriers arise from magnetocrystalline, magneto-
elastic and/or shape anisotropy, all of which are propor-
tional to grain volume (V). When the energy barriers are
large with respect to thermal energy, the magnetization
is “blocked” and the probability of spontaneous reversal
becomes negligible. When the barriers are relatively low,
thermal excitations can result in reversal of the magne-
tization over very short time scales, and the grain is in
a superparamagnetic state. At a given temperature the
volume at which a particle goes from being unblocked
to blocked is known as the blocking volume (V,). For
a given volume, we can block the grain by lowering the
temperature (i.e. decreasing the available thermal energy)
below the blocking temperature (T,).

More formally, we can think about SP blocking
in terms of a particle’s characteristic relaxation time (1),
and how rapidly a particle or assemblage of particles will
approach equilibrium. Based on Néel theory of thermally
activated magnetization (Néel, 1949) and using the termi-

*  Itis already implicit in using the term “reversal”
that we assume uniaxial particles, with two minimum-
energy states having anti-parallel moment orientations.
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Rock magnetic characterization of
faulting activities of the Nankai Trough
Seismogenic Zone

Xixi Zhao

Center for Imaging and Study of Dynamics of Earth,
Institute of Geophysics and Planetary Geophysics
University of California, Santa Cruz

xzhao@ucsc.edu

Most of the world’s great earthquakes occur in sub-
duction zones. The Nankai Trough off the southwestern
coast of Japan, in which the Philippine Sea plate slips
below the Eurasian Plate with a velocity of 4 cm per year,
is one of the most active earthquake zones on the planet
and has been selected as a key research area for studies
of seismogenesis by the Integrated Ocean Drilling Pro-
gram (IODP) (Fig. 1). In particular, IODP Expedition 316
successfully recovered sediments and rocks from 2 sites
in the megasplay fault region (Sites C0004 and C0008,
Fig. 1) and 2 sites within the plate boundary frontal thrust
region (Sites C0006 and C0007, Fig. 1). The cores from
the fault zone record a complex history of deformation
based on structural observations and two age reversals
suggested by nannofossil evidence. The main propose of
the research I conducted for my visit to IRM is to perform
supportive rock magnetic characterization in order to more
fully understand the nature and origin of the remanence
carriers and magnetic property changes of samples from
above, within, and below the drilled fault zones. I also
recently participated in IODP Expedition 322 which was
to study the composition, architerctue, and state of mate-
rial before entering the Nankai subduction zone (Sites
NT1-07 and NT1-01 in Fig.1). Ultimately, we hope to
systematically characterize rock magnetic properties of
materials both prior to and within the subduction factory
to get a better understanding of the complex processes
leading to earthquakes and tsunamis.

With the great help from the IRMers, I performed
a set of rock magnetic measurements including (1) Curie
temperature determinations using both low and high ap-
plied fields (0.05 mT and 1 T, with Kappabridge suscep-
tometer and the Princeton MicroMag vibrating sample
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magnetometer respectively); (2) hysteresis loop param-
eters measurement using alternating gradient magnetom-
eters (AGFM; Princeton Measurements Corporation) to
estimate the domain structure of magnetic minerals; (3)
saturation isothermal remanent magnetization as a func-
tion of temperature (10-300K) with the Quantum Design
Magnetic Property Measurement System (MPMS); (4)
examination of alternating current (AC) susceptibility
measurements as a function of field amplitude and of
frequency to see if curves resemble those of synthetic
(titano)magnetites; and (5) Mdssbauer spectroscopy on a
few selected samples to help identify the magnetic miner-
als (titanomagnetite, maghemite or titanohematite, etc).

Analysis of the Curie temperatures is a key method
for the identification of magnetic minerals. According to
Curie temperatures, two major groups can be recognized
from IODP Expedition 316 samples. Group 1 (Fig. 2a and
2b) is characterized by irreversibility of thermomagnetic
curves observed upon heating and cooling in argon.
On heating, the samples show a gradual increase of
susceptibility with a pronounced peak starting around
350-400°C, followed by a sharp decrease to the Curie
temperature of magnetite near 580°C. However, on cool-
ing, the peak disappears and the k (T) values trace a curve
that is lower than the heating curve above 400°C but is
higher from 400°C to room temperature. Samples from
the upper part of the frontal thrust sites (COO06E and
C0007D) belong to this group. Other rock samples that
can be included in this group are from the fault-bounded
unit in megasplay fault site C0004D (Fig. 2c). We interpret
the observed k (T) behavior as reflecting the mineralogical
alteration during heating, probably from titanomaghemite
to titanomagnetite. Group 2 samples also have irreversible
k (T) curves with cooling curve much higher than heating
(Fig. 2d), suggesting thermal inversion of stronger
magnetized minerals occurred during thermomagnetic
analysis. Samples from the lower part of the frontal thrust
site COO06F as well as a few samples from the splay fault
site C0004D belong to this group.

These two groups can also be distinguished from
the low-temperature curves of SIRM both in zero-field
warming and cooling. For Group 1 samples, an unblocking
temperature in the vicinity of 40-50 K and a decrease in
remanence in the 100-120K range are often observed
(Figs. 3a and 3b). The drop at 40-50 K is most likely
caused by superparamagnetic and/or partial oxidized
magnetite particles [1; see also Chen, this issue], whereas
the one in 100-120 K range is most likely caused by the
Verwey transition [2]. Sample from the second group still

Figure 1. Location of sites
drilled by IODP expeditions
in the Nankai Trough off
Kumano, Japan. Goals of
the Seismogenic Zone Exper-
iment (SEIZE) are shown
in this figure (modified
from http://www.jamstec.
go.jp/chikyu/eng/Expedi-
tion/NantroSEIZE fexp322.
html).
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all have the pronounced drop around
50 K but show either slightly inflection
between 100-120 K or no visible bent at
all. With continued warming, the decay
of remanence is almost linear all the way
to room temperature (Figs. 3c and 3d).

Taken together, the preliminary
rock magnetic characteristics on Exp.
316 cores reflect the differences in
lithology and are consistent with the
shipboard paleomagnetic observa-
tion that the stable components of
magnetization are mostly carried by
grains of magnetite. These observations
appear to be consistent with the hypoth-
eses that magnetic properties of samples
in the “subduction conveyor” are re-
lated to fault strength, pore pressure,
fault sliding stability, and geothermal
conditions. Much more additional work
is still needed to constrain the magnetic
interpretation. For example, to further
investigate the mineralogical alteration,
hysteresis loops at room temperature
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I want to extend special thanks to the members
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Figure 2. (at left) Typical thermomagnetic curves
for representative samples during weak-field
measurement. (a) Sample 316-CO006E-44X-6W,
24-26 cm, from the upper part of the frontal thrust
site C0006; (b). Sample 316-C0007D-15R-2W,
25-27 cm, from frontal thrust site CO007; (c)
Sample 316-COO06F-16R-1W, 32-34 cm, from
the lower part of the frontal thrust site C0006; (d)
Sample 316-CO006F-23R-1W, 64-66 cm, from
the lower part of the frontal thrust site COOO6E.
The directions of arrows indicate heating and
cooling curves.

Figure 3. (below) Low-temperature variations
of saturation isothermal remanence for several
representative samples during zero field cooling
from 300 to 10K and zero field warming back to
300K, which display behavior of different groups
of low-temperature magnetometry, see text. (a)
Sample 316-CO006E-44X-6W, 24-26 cm;
Group 1; (b) Sample 316-C0007D-15R-2W]
25-27 em; ‘Group 1; (c) Sample 316-C0004D-
30R-1W, 124-126 cm, Group 2; (d) Sample
316-C0004D-28R-3W, 7-9 cm, Group 2. The
directions of arrows indicate heating and cooling
curves.
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of the IRM for their wonderful support and fruitful dis-

cussions during my visit. Although October was chilly
outside, inside was always warm due to the warmth of

the IRMers.
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Exploring the magnetic behavior of par-
tially-oxidized single-domain magnetite
below the Verwey transition

Amy P. Chen

Ludwig-Maximilians University

chen@geophysik.uni-muenchen.de

Partially-oxidized magnetite can be viewed as a
system of y — Fe,0, and/or a — Fe,O, ‘rim’ or ‘patch(es)’
on the surface of a non-stoichiometric magnetite core,
[Fe*] [Fe*  Fe™ ., [ 1,0, (AandB the tetrahedral and
octahedral coordinated sites respectively, z the oxidation
parameter, and [ ] the vacancies). The goal of my IRM visit
was to further explore the magnetic behavior that arises
from the coupling between the surface and the core of
partially-oxidized single-domain magnetite, and in doing
so develop more accurate and comprehensive ways of
revealing their presence in geological materials.

Sample “37 £ 15 nm” is a sample of low-stress
single magnetite crystals grown from aqueous solution
(see [1] for detail), and, as a result of being left in ambient
atmosphere for many years, partially-oxidized. About half
of this sample was reduced in CO:CO, = 10:90 atmosphere
at 400°C for four hours. A sharper Verwey transition and
adecrease in 300 K coercivity together suggested that the
sample had become more stochiometric after the reduction
(not shown). Hysteresis measurements were made both
as a function of cooling field (Fig. 1) and temperature
(not shown). Figure 1 shows the shift in the irreversible
hysteresis component (6—irr) at 10 K as a function of
applied field during cooling from 300 — 10 K (#, 'a()ling)'
The sample was demagnetized by 200mT AF between
measurements. The partially-oxidized 37 £ 15 nm sample
not only has a larger d—irr for all investigated H woling
compared to the reduced sample, it also has a stronger
dependence on H_ . Because the o—irr magnitude
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Figure 1. Shift (absolute value) in the irreversible hysteresis component
8 — irr as a function of applied cooling field H . The direction of
8 — irr is opposite to that of Heooling (e.g H,,,, - = +40mT gave
8 —irr = —6.2 mT ). The 2.2 mT in parenthesis is the & — irr
corresponding to a ‘check’ performed on the partially-oxidized sample.
Inthiscase H = —40mT gave 8 — irr = +2.2mT .
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Figure 2. 2.5 T FC and ZFC pre-treated AC susceptibility measured
on warming. Plotted here is the phase angle, or arctan(y"/y'). In the
insets are the respective FC and ZFC LT-SIRM. Notice that the
temperature range corresponding to the largest FC LT-SIRM decay
(~0to 50 K) is also the temperature range for which there is the
largest discrepancy between the FC and ZFC susceptibility.

was small in general, two ‘checks’ were performed:
(1) reversed H e direction, (2) measurements on Ni
standard. For the former, the partially-oxidized 37 + 15
nm sample consistently gave complementary directions
between o—irr and H,, . for |H . [=40 mT. For the
latter, the Ni standard gave d—irr = 0.2 mT and did not
change sign whenthe H_, Jing direction changed. It appears,
then, that the J—irr measured from the 37 + 15 nm samples,
albeit small, were not purely artifacts but rather a direct
evidence of surface-core coupling.

The surface of partially-oxidized magnetite particle
has been modeled as a cluster of superparamagnetic
(SP) or near SP y — Fe,O, particles (at 300 K) [2].
While searching for the frequency dependence in
susceptibility that may be expected from such a SP cluster
assemblage, I stumbled upon cooling-field dependence
in susceptibility. Figure 2 shows 2.5 T field-cooled (FC)
vs. zero-field-cooled (ZFC) susceptibility measured on
warming. The measurements were made on intact chains
of magnetosomes from magnetotactic bacteria strain
MV1 (see [3] for more detail). The “fresher’ sample was
cultured a year prior to measurement (and stored in the
refrigerator since), while the ‘older’ sample has been
sitting in the ambient atmosphere for many years and
therefore more oxidized. Curiously the dominating effect
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Figure 3. Aging-memory experiment. ADC Susceptibility is defined
as the reference DC susceptibility minus the aged DC susceptibility,
whereby both were induced magnetization (by a 5 mT DC field)
measured on warming. The blue dotted line indicates the aging tem-
perature during cooling.

of partial oxidation is an increased <100 K susceptibility
sensitivity to the cooling treatment rather than an increased
frequency dependence. This behavior was also found in
the 37 & 15 nm sample (not shown). The presence/absence
of an applied field during cooling evidently has an effect
on the overall particle anisotropy, perhaps due to surface-
core interaction.

The last partial-oxidation ‘symptom’ that will be
reported here is from an aging-memory experiment (Fig.
3). In this experiment, a reference DC susceptibility curve
was first measured on warming after cooling the sample
from 300 — 6 K in ZFC. Then, the sample was cooled down
to 6 K again in ZFC with an added ‘aging’ step, for which
the sample was allowed to sit at 30 K for three hours before
cooling resumed. A second DC susceptibility curve was
then measured on warming. As can be seen in the results,
the partially-oxidized 37 + 15 nm sample retained a clear
memory of the aging temperature, more so than its more
stoichiometric counterpart. The same contrasting behavior
was found in the fresher vs. older MV 1 samples, and the
aging-memory phenomenon is a general characteristic of
spin glasses systems [4].

I thank David Dunlop, Ozden Ozdemir, and Dennis
Bazylinski for making their samples available for this
study. It was great to be back at the IRM home and be
reunited with my favorite instruments. I thank the IRM
staff for their help and kindness, as well as the RAC for
approving my application.
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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 abstracts are taken from INSPEC (© Institution
of Electrical Engineers), Geophysical Abstracts in Press (©
American Geophysical Union), and The Earth and Planetary
Express (© Elsevier Science Publishers, B.V.), after which
they are subjected to Procrustean culling for this newsletter.
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 Abstracts section
of the IRM Quarterly are always welcome.
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Geophysics, 14 (3), 129-144, 2009.

Carrancho, A., J.J. Villalain, D.E. Angelucci, M.J. Dekkers, J.
Vallverdu, and J.M. Verges, Rock-magnetic analyses as a tool
to investigate archaeological fired sediments: a case study of
Mirador cave (Sierra de Atapuerca, Spain), Geophys. J. Int.,
179 (1), 79-96, 2009.

Kovacheva, M., A. Chauvin, N. Jordanova, P. Lanos, V. Karlou-
kovski, Remanence anisotropy effect on the palacointensity
results obtained from various archaeological materials, exclud-
ing pottery, Earth Planets Space, 61, 711-732, 20009.

Schnepp, E., P. Lanos, and A. Chauvin, Geomagnetic paleo-
intensity between 1300 and 1750 AD derived from a bread
oven floor sequence in Lubeck, Germany, Geochem. Geophys.
Geosys., 10, 2009.

Scott, G.R., and L. Gibert, The oldest hand-axes in Europe,
Nature, 461 (7260), 82-85, 2009.
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Planet. Int., 176 (3-4), 213-223, 2009.

Vezzoli, L., C. Principe, J. Malfatti, S. Arrighi, J.C. Tanguy, and
M. Le Goft, Modes and times of caldera resurgence: The <
10 ka evolution of Ischia Caldera, Italy, from high-precision
archaeomagnetic dating, J. Volcan. Geotherm. Res., 186,
305-319, 2009.

Bio(geo)magnetism
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S. Weinkauf, M. Winklhofer, M. Hanzlik, Ant antennae:
are they sites for magnetoreception?, J. R. Soc. Interface, 7,
143-152, 2010.
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anomaly affects pigeon navigation, Journal of Experimental
Biology, 212 (18), 2983-2990, 20009.

Environmental Magnetism and Paleoclimate
Proxies
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tecting atmospheric pollution in surface soils using magnetic
measurements: A reappraisal using an England and Wales
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Brachfeld, S., F. Barletta, G. St-Onge, D. Darby, and J.D. Ortiz,
Impact of diagenesis on the environmental magnetic record
from a Holocene sedimentary sequence from the Chukchi-
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Interpretation of Low-T Data, continued from pg. 1

nology of Dunlop and Ozdemir (1997), the equilibrium
magnetization (Meq) for aligned, uniaxial grains is:

M, (Ho, T) = Mjtanh(e) — Eq. 1

= Mo for small a,

Ho Vv .1[5 H, 0
o=\ ——
kT

and the relaxation time (in weak or zero field) is

(r)
T = Tp exp T

where M is saturation magnetization, 1 is the permeabil-
ity of free space, H, is a (weak) applied field, t, is a time
constant related to the atomic reorganization time (~107;
Dunlop and Ozdemir, 1997), k is Boltzmann’s constant,
and K is an anisotropy constant that is also related to par-
ticle microcoercivity (H,). In the equilibrium state, some
fraction of the population has the high-energy moment
orientation (antiparallel to the external field), and the rest
are in the low-energy orientation, and spontaneous rever-
sals occur at the same rate in both directions (like a 2-way
reaction in chemical equilibrium). For an assemblage of
randomly-oriented non-interacting grains, the relationship
follows a Langevin function as:

Eq. 2
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M,,(Ho,T) = Ms {coth(af) — é} Eq. 3

M’SO:
3

for small a.

~

When 7 is short compared to the observation
time (the superparamgnetic state), the sample moment can
equilibrate quickly with changes in applied field. In con-
trast, when 1 is long the sample is blocked and in a stable
single domain (SSD) state; it can take a very long time
(millions or billions of years) to reach magnetic equilib-
rium. Whether or not a particle is SP or SSD will depend
on both temperature and volume, through their affect on
1. See Dunlop and Ozdemir (1997) or the Hitchhikers
Guide to Magnetism by Bruce Moskowitz on the IRM
website for a more thorough theoretical discussion.

Remanence Data

The typical remanence experiments performed
by visitors to the IRM include low-temperature cycling
(300K — 20K — 300K) of a room-temperature (300K)
saturation isothermal remanence (SIRM). A second com-
mon experiment cools the sample in zero field (ZFC) to
low (e.g. 20K) temperature, where an SIRM is acquired.
This low-temperature remanence is then measured as
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Figure 2. Saturation IRM acquired at 10K (ZFC) and measured
on warming from 10K to 300K. The decrease in magnetization
results from thermal unblocking of an SP population. Blue circles are
from a Tiva Canyon Tuff sample with a relatively narrow grain-size
distribution. Data from the same sample are shown in Fig. 3 and
Fig. 4b. Red squares and green triangles are from synthetic, glassy
basalts with more distributed grain-size distributions.

300

the sample warms back to room temperature. A room-
temperature SIRM is not typically useful for studying SP
particles, because they will not block at room temperature.
However, many grains that are SP at room temperature
will be SSD (blocked) at 20K. A sample with a low-
temperature SIRM that warms in zero field M., = 0) will
demagnetize via the unblocking of these particles as they
pass through their blocking temperature. If the sample
contains a relatively narrow grain-size distribution of SP
particles, the low-T remanence will unblock over a rela-
tively narrow temperature interval (e.g. Fig. 2, circles).
If, however, the sample has a more distributed grain-size
distribution, the unblocking will be more gradual (e.g. Fig.
2, squares and diamonds). See Worm and Jackson (1999)
for a discussion of volume distribution calculations based
on the unblocking of a low-temperature remanence.

Not every such gradual decrease of low-tempera-
ture temperature remanence on warming is related to
superparamagnetism, however. Moskowitz et al. (1998)
demonstrate that multi-domain, high-Ti titanomagnetite
exhibits similar behavior resulting from domain reorga-
nization as magnetocrystalline anisotropy decreases on
warming. (This phenomenon will be discussed at greater
length in a future /RM Quarterly article.) It has also been
demonstrated that partially oxidized magnetite (for ex-
ample) may exhibit similar behavior. (See, e.g., Visiting
Fellow report by Amy Chen, pg. 4, Fig. 2, insets.)

Induced Magnetization Data

In an experiment more common to the physics com-
munity (but increasingly used by rock magnetists, e.g.
Berqué etal., 2007), a sample is cooled in zero field (ZFC)
to 20 K (for example), and the induced sample moment
(M) is then measured on warming in the presence of a
small (e.g. 5 mT) field. This is followed by cooling the
sample in the same 5 mT field (FC) and again measuring
M, on warming in a 5 mT field (Fig. 3). In the FC case,
for T < T,, magnetization can be described by regular
TRM theory, i.e.

Ms(T)

for a uniform distribution of particles with a single T ..
For non-uniform distributions (e.g. Fig. 3), Eq. 4 must
be integrated over all T,. In the ZFC case, as the sample
warms back up, M, ;... is initially less than M, ;. because
the sample has blocked in a zero-field remanence. As the
sample warms through T, T becomes short enough that the
moment approaches M., in the applied field. Where the
FC and ZFC curves join together defines the (maximum)
blocking temperature, and for T > T, both curves repre-
sent M_ . If the sample has a narrow-enough grain-size
distribution and enough is known about its properties in
order to estimate K, particle volume can be estimated by
solving Eq. 3 for V.

My py(T) = M,.,(Tg) Eq. 4

AC Susceptibility Data

In measuring low-field susceptibility (), a weak,
time-varying alternating field [H(t) = H cos(wt)] is applied
to the sample, and the magnetic response is measured.
Consider the behavior of a superparamagnetic grain above
and below its blocking temperature. At T, <<T < T,
the grain is ferromagnetically ordered, but t is very short
compared to the observation time (t, ), and the moment
will respond exactly in phase with the alternating field.
For an assemblage of randomly-oriented identical grains,
susceptibility falls off with 1/T according to:

) LoV M g M.,(Ho)
Xev = 54T Hy Eq.5

This type of behavior can be observed in Fig. 4a at T >
~200K. At T <<T,, tis very long compared to t , the
grains are fully blocked in the SSD state, and susceptibility
will be negligible in weak fields:
Mg
Xsd 3 Hk
where H, is the microcoercivity of the grain (the field
required to reverse the magnetization in the absence of
any thermal effects). This type of behavior is observed
in Fig. 4c at T <~100K.

Eq. 6
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Figure 3. Induced FC-ZFC experiment on Tiva Canyon Tuff sample.
Sample is cooled in zero field and then measured on warming in a 5
mT DC field (blue circles). Sample is then cooled in a 5 mT field
and measured on warming in a 5 mT field. Sample is fully unblocked
when the two curves coincide. Data from same sample are shown in

Fig. 2 (circles) and Fig. 4b.
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In between the fully unblocked state (Eq. 5) and
the fully blocked state (Eq. 6), susceptibility will be at
a maximum near T, (Fig. 4), where t =t . Susceptibil-
ity will now depend both on t and on the frequency (f =
®/2n) of the AC field. Also in this interval (1=t ), the
sample moment will tend to lag behind the alternating
field, and the measured signal can be broken down into a
component that is in-phase with the applied field (}") and
a component that is out-of-phase (')’

I __Asp Eq. 7
X 1+ w2r?

) WX Eq. 8
1+ w?r?

and () + (y") = (Xsp)z/(1+oozr2)3‘3. At low f'and short 1
(w?t? << 1) the moment can “keep up” with the driving
field, and the out-of-phase signal will be small. At higher
fand longer 7, the magnetization will lag farther behind,
leading to a larger out-of-phase signal. In this way, we also
see that both the in-phase and out-of-phase susceptibility
components are frequency-dependent as the sample passes
through the blocking temperature interval (Fig. 4).

As in the unblocking of a low-T SIRM, a discrete,
narrow grain-size population will result in a relatively nar-
row temperature range over which frequency-dependence
is observed and in a well-defined maximum in susceptibil-
ity (e.g. Fig. 4a). This peak shifts to higher temperatures
for a larger dominant grain size (Fig. 4b, 4c). A broad
grain-size distribution will result in a broad peak and/or
frequency-dependence over a large temperature interval
(e.g. Fig. 5). See Worm (1998) for forward calculations
of expected AC susceptibility responses for a range of
SP magnetite grain size distributions. See Shcherbakov
and Fabian (2005) for a discussion of the inversion of
AC susceptibility data for volume distributions, which
the authors find to give a non-unique solution. Note also
that we have thus far treated particle magnetic moment
and microcoercivity as known quantities. In reality,
however, they are known unknowns, especially for small

1 In addition to the formulation given by Eqgs. 7 and
8, magnetization in an AC field can be given by:
M(t) = M’ cos(wt) + M" sin(mt)
=y'H, cos(wt) + x"H, sin(wt) = Xy COS(OE + d)

where 9 is referred to as the phase angle (e.g. Chen, this
issue, pg. 4), and tan(d) = x""/y/.

I Note that in the print version of this article, several
typos made this relationship, as well as Eq. 8, incorrect.
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Temperature (K) as Fig. 2 (circles) and Fig. 3.

particles with complicated surface spin arrangements
arising from partial-oxidation, surface interactions, or
reduced coordination of surface spins. See Egli (2009)
for susceptibility-based grain volume distribution recon-
struction that bypasses assumptions on particle magnetic
moments and microcoercivity; also see “Thermal Fluctua-
tion Tomography” below.

Frequency-dependence (y,,) and the presence of
out-of-phase susceptibility (") are often taken as indica-
tors of a significant SP population. However, note that y
can also arise from electrical eddy currents induced in the
sample, and that "' can be attributed to eddy currents or
low-field hysteresis. See Jackson (2004; IRM Quarterly
vol 13 no. 4) for a much more thorough discussion of out-
of-phase (or “imaginary”) susceptibility. Also note that
the absence of frequency-dependence at room-temperature
does not preclude the presence of an SP population; as
shown in Fig. 4a, if T is considerably below room tem-
perature, y, at room temperature will still be zero.

Thermal Fluctuation Tomography

Another approach for jointly characterizing SP
volume and microcoercivity (H, ) distributions is thermal
fluctuation tomography (Jackson et al., 2006). In contrast
to the weak-field thermomagnetic approaches above, we
must here consider the effects of applied fields on relax-
ation time, in order to use them to our advantage. In strong
applied fields (HW< H,), thermal fluctuations are more
likely to trigger reorientation of individual-grain moments
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Figure 5. AC susceptibility measured as a function of frequency
and temperature on same synthetic basaltic sample shown in Fig. 2
(squares). Data show evidence for a broad SP grain-size distribution.
Additionally, the rapid decrease in susceptibility from 10K to 50K
results from a significant paramagnetic fraction.

Ho



W10

into alignment with the field, and relaxation time (Eq. 2)
decreases accordingly:

T(Hupp TV, H) = Eq. 9

To €TP (“OIZJI‘S(T)HK(Z;;} 7 |HEPP|/HK)2)

As first pointed out by Dunlop (1965), this relationship
allows us to determine the joint (V, H,) distribution of a
population of SD grains from experimental data sets with
sufficiently detailed variations in 7" and H, ~ Ona Néel
plot of the (V, H,) plane, an individual graln is associ-
ated with a unique set of coordinates, and a population of
grains can be represented by a density distribution on the
plane. For any specified set of experimental conditions
(t,. T H,), where T is the time constant associated
with our observatlons (e g., exposure time to an applied
field or temperature, or measurement duration), we can
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Figure 6. Thermal fluctuation tomography applied to sample of Tiva
Canyon Tuff (from Jackson et al., 2006). (a) Blocking contours
calculated for experimental conditions in (b), using Eq. 9. Contours
move toward upper right with increasing temperature. (b) Deriva-
tive of backfield DC remanence curves measured at temperatures
from 10K (black) to 300K (light gray) (c) Resulting derived grain
size distribution.

draw a corresponding blocking contour on the Néel plot,
showing the set of (V, H,) for whicht=1 , at7and H
(e.g. Fig. 6a). Particles having (V, H, )coordlnates above
and to the right of the blocking contour are thermally
stable and unlikely to be activated by these experimental
conditions. With increasing 7 and/or H, . the blocking
contours shift upward and to the right, and the incremental
change in magnetization due to a step change in one of
those variables can be attributed to particles with (¥, H,)
along the blocking contours for that step.

Thermal fluctuation tomography uses low-tempera-
ture backfield remanence measurements; derivative curves
(Fig. 6b) show incremental changes due to step changes in
H, ataparticular 7. Each point on one of these derivative
curves thus indicates the total magnetization contributed
by a well-defined subset of the whole grain population:
it represents an integral of the grain distribution along
the blocking contour. The problem of calculating the
distribution AV, H)) is in this way formally equivalent
to tomographic reconstruction, and similar mathemati-
cal techniques can be applied. For the well-studied Tiva
Canyon Tuff[e.g., Schlinger et al., 1991; Worm & Jackson
1999], size and shape distributions calculated in this way
(Fig. 6¢) agree well with those determined by detailed
TEM studies.

Some strong caveats should be borne in mind
when using this approach. It assumes that the popula-
tion is monomineralic, i.e., all particles have the same
M(T); that shape anisotropy is dominant, i.e., H (T)=AN
M (T)'; that particles are uniformly magnetized; and that
they reverse coherently. Moreover the blocking-contour
coverage (spatial and directional) of the (V, H)) plane is
not optimal for tomographic reconstruction, and some
“smearing” of the distribution is a common artifact.
There are also strong practical constraints: collection of
an adequate dataset (e.g., backfield range to 300 mT in
5 mT steps, temperature range 10-300 K in 10 K steps)
requires several hours on the low-T VSM, and consumes
10-20 liters of liquid helium.

Superparamagnetic Imposters

We have mentioned at several points other phe-
nomena that might be mistaken for superparamagnetic
behavior in the absence of additional information, and
we briefly re-iterate here. Keep in mind that non-zero
out-of-phase susceptibility can result from eddy currents
or low-field hysteresis, in addition to thermally activated
processes such as SP blocking or unblocking. One way
to identify a thermally-activated process is to measure AC
susceptibility in at least three frequencies; Néel theory
predicts the relationship between y, and %" to be:

n_ ™ d'\(
YT dm()

for non-interacting populations with smooth distributions

Eq. 10

§ AN is the difference between the axial and transverse
demagnetizing factors of a prolate ellipsoidal grain (see
Dunlop and Ozdemir, 1997; 4.2-4.3 and 8.3-8.5).



of 7 (see Shcherbakov and Fabian, 2005; Jackson, 2004).
Note, however, that any thermally-activated process will
obey this relationship; some electron-ordering phenomena
in titanomagnetites, for example, appear to be thermally-
activated (see, e.g. Carter-Stiglitz et al., 2006; Lagroix et
al., 2004) and will be discussed in a future article.

The gradual decrease in a low-temperature rema-
nence on warming can be indicative of SP unblocking
but may also result from domain-wall reorganization
(Moskowitz et al., 1998) or from partial oxidation. For
the latter, the remanent magnetization decay <50 K, while
still poorly understood, is probably related to additional
anisotropy from surface-core coupling. The phase tran-
sition from spin glass to a ferri- or para-magnetic state
often observed in titano-hematites is also accompanied
by a dramatic decrease in low-T remanence on warming
at temperatures < 50-60 K. This transition is additionally
characterized by frequency-dependent peaks in both y'
and " (Burton et al., 2008), but which do not obey Eq.
10. Finally, samples with a large paramagnetic/ferromag-
netic ratio may exhibit a similar decrease resulting not
from any real change in remanence, but from variation
in an induced paramagnetic signal in the presence of an
imperfectly-zeroed field (see below).

Paramagnetism

Any sample that has a paramagnetic phase in ad-
dition to ferromagnetic phases may result in a signal that
is the sum of both a ferromagnetic and a paramagnetic
response. Because paramagnetic susceptibility (Xp =
M/H = C/T, where C is the Curie constant) is inversely
proportional to temperature, it may dominate at very low
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Figure 7. Example of the effects of non-zero field in MPMS dur-
ing remanence measurements. Panels show data from two different
synthetic basaltic glass samples. A room-temperature SIRM was
measured on cooling (red squares), and a 10K SIRM was measured
on warming (blue circles). At temperatures below ~50-100 K,
the induced paramagnetic signal dominates, resulting from a small,
residual field in the MPMS can be either negative (top), or positive
(bottom).
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temperatures where most SP grains are blocked and thus
have very low susceptibility. Fig. 5 shows AC suscep-
tibility data for a sample with a high paramagnetic/fer-
romagnetic ratio, and at T <~100 K, Xy dominates with
its characteristic 1/T signal.

In theory, there should be no paramagnetic con-
tribution to remanence data because H = 0. However,
in practice it is difficult to produce a true zero-field
environment inside the MPMS. It is not uncommon to
have a “zero-field” of #£1-2 uT, and for samples with a
high paramagnetic/ferromagnetic ratio this is sufficient
to induce a noticeable paramagnetic moment at low tem-
peratures (Fig. 7).

References

Berquo, T.S., S.K. Banerjee, R.G. Ford, R.L. Penn, and T.
Pichler, High-crystallinity Si-ferrihydrite: An insight into its
Neel temperature and size dependence of magnetic properties,
J. Geophys. Res., 112, B02102, 2007.

Burton, B.P., P. Robinson, S.A. McEnroe, K. Fabian, and T.
Boffa Ballaran, A low-temperature phase diagram for ilmen-
ite-rich compositions in the system Fe,O,-FeTiO,, American
Mineralogist, 93, 1260-1272, 2008.

Carter-Stiglitz, B., B. Moskowitz, P. Solheid, T.S. Berquo, M.
Jackson, and A. Kosterov, Low-temperature magnetic behav-
ior of multidomain titanomagnetites: TMO0, TM16, and TM35,
J. Geophys. Res., 111, B12505, 2006.

Dunlop, D.J., Grain distributions in rocks containing single-do-
main grains, J. Geomag. Geoelec., 17,459—471, 1965.

Dunlop, D. and O. Ozdemir, Rock Magnetism: Fundamentals
and Frontiers, Cambridge University Press, New York, 573
pp., 1997.

Egli, R., Magnetic susceptibility measurements as a function of
temperature and frequency I: inversion theory, Geophys. J.
Int., 177, 395-420, 20009.

Jackson, M., Imaginary Susceptibility: A Primer, IRM Quarterly,
13(4), 2004.

Jackson, M., B. Carter-Stiglitz, R. Egli, and P. Solheid, Char-
acterizing the superparamagnetic grain distribution f(VH)
by thermal fluctuation tomography, J. Geophys. Res., 111,
B12S07, 2006.

Lagroix, F., S.K. Banerjee, M.J. Jackson, Magnetic properties of
the Old Crow tephra: Identification of a complex iron titanium
oxide mineralogy, J. Geophys. Res., 109, B01104, 2004.

Moskowitz, B.M., M. Jackson, and C. Kissel, Low-temperature
magnetic behavior of titanomagnetites, Earth Planet. Sci.
Lett., 157, 141-149, 1998.

Néel, L., Théorie du trainage magnétique des ferromagnétiques
en grains fin avec application aux terres cuites, Ann. Géophys.,
5, 99-136, 1949.

Schlinger, C.M., D.R. Veblen, and J.G. Rosenbaum, Magnetism
and magnetic mineralogy of ash flow tuffs from Yucca Moun-
tain, Nevada, J. Geophys. Res., 96, 6035-6052, 1991.

Shcherbakov, V. and K. Fabian, On the determination of mag-
netic grain-size distributions of superparamagnetic particle
ensembles using the frequency dependence of susceptibility
at different temperatures, Geophys. J. Int., 162, 736-746,
2005.

Worm, H-U., and M.J. Jackson, The superparamagnetism of
the Yucca Mountain Tuff, J. Geophys. Res., 104, 25,415-
25,425, 1999.

Worm, H.-U., On the superparamagnetic-stable single domain
transition for magnetite, and frequency dependence of sus-
ceptibility, Geophys. J. Int., 133, 201-206, 1998.




University of Minnesota

291 Shepherd Laboratories
100 Union Street S. E.
Minneapolis, MN 55455-0128
phone: (612) 624-5274

fax: (612) 625-7502

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

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 IRM staff consists of Subir Baner-
jee, Professor/Founding Director; Bruce
Moskowitz, Professor/Director; Joshua
Feinberg, Assistant Professor/Associate
Director; Jim Marvin, Emeritus Scientist;
Mike Jackson, Peat Selheid, and Julie
Bowles, Staff Scientists.

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

Pouisie

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 something 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:

Julie Bowles

Institute for Rock Magnetism
University of Minnesota

291 Shepherd Laboratories
100 Union Street S. E.
Minneapolis, MN 55455-0128
phone: (612) 624-5274

fax: (612) 625-7502

e-mail: jbowles@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.
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Mark your calendar:

The Eighth Santa Fe
Conference on Rock
Magnetism

June 24 - 27,2010
St. Johns College
Santa Fe, New Mexico

Program and registration information
will be announced soon.




