
The IRM

Over the last five years a magnetic imaging 
technique called electron holography has started to be 
used to image the magnetic flux in geologic materials at 
nanometer scales (Harrison et al, 2002, 2005; Simpson 
et al., 2005; Kasama et al., 2006; Feinberg et al., 2006; 
Harrison et al., 2007).  The signature images from 
these studies are colored, contoured figures showing a 
sample’s magnetic induction and direction (Figure 1).  
These images are processed versions of data originally 
collected in a transmission electron microscope 
(TEM) and contain quantitative information about the 
magnetization of a sample.  The aim of this short article 
is twofold: to briefly describe the history and procedures 
intrinsic to electron holography and to encourage others 
in the rock magnetic community to consider using this 
technique in their own research by conveying the broad 
potential the technique has for rock magnetism studies.

History of Electron Holography

Dennis GabOr first DescribeD electron 
holography in 1948 as part of a technique proposed to 
improve the resolution of TEM images (Gabor, 1948).  
He envisaged an “electron interference microscope” 
that would capture interference patterns by overlapping 
two coherent waves of electrons: a “primary” wave that 
traveled through a region of vacuum, and a “secondary” 
electron wave that passed through the sample.  His 

interference patterns were characterized by alternating 
light and dark fringes produced by constructive and 
destructive interference of the electron waves.  When 
Gabor’s interference patterns were re-illuminated using 
light similar to the “primary” wave, the interference 
fringes acted as a diffraction grating and produced 
a virtual image of the original sample.  This image 
reproduction is possible because the interference fringes 
record information about both the amplitude and the 
phase of the electron wave leaving the sample. 

Even though this discovery would eventually earn 
Gabor a Nobel Prize in Physics, the development of 
electron holography lagged until field emission gun 
(FEG) electron sources became widely available.  FEGs 
provided a reliable source of bright, coherent electrons and 
they remain a prerequisite for the successful application 
of the technique.  Research groups specializing in 
electron holography multiplied throughout the 1980s 
and 1990s and by 1992 over 20 distinct approaches to 
electron holography had been devised (Cowley, 1992).  
The brand of holography most useful to rock magnetic 
studies is “off-axis electron holography” because it 
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Figure 1--An example of a fully processed electron ho-
logram showing a cross section through a magnetite/ul-
vöspinel inclusion exsolved in clinopyroxene.  This par-
ticular image was collected at 89K (-184˚C).  White lines 
indicate the outline of individual magnetite grains.  The 
magnetization in the plane of the image is indicated us-
ing contours, colors, and arrows.  The hologram shows 
the magnetic induction within and between magnetite 
grains, allowing for the study of non-uniform magnetiza-
tion within individual grains as well as magnetostatic in-
teractions among populations of grains.  Data collected 
April 2005.
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Bio-mediated formation of magnetite 
and maghemite particles

Yohan Guyodo
 
LSCE/IPSL, Laboratoire CEA-CNRS-UVSQ
Campus du CNRS
Gif-sur-Yvette Cedex, France

MaGnetite fOrMatiOn in sOils and sediments, and 
its oxidation to maghemite, is a subject of primary im-
portance for various disciplines in earth sciences, which 
include paleomagnetism, environmental magnetism, and 
environmental (bio)-geo-chemistry.  In loess/paleosols 
sequences, for instance, deciphering the relative role of 
biological and inorganic processes in the formation of 
fine (stable single domain, SSD) or extra-fine (super-
paramagnetic, SP) particles is an important question in 

regard to the correct paleoclimatic interpretation of rock 
magnetic studies.  Understanding magnetite/maghemite 
formation in loess, soils and sediments, is also impor-
tant for discriminating between possible depositional or 
pedo/dia-genetic paleomagnetic signals.  During my 10-
day visit at the IRM, I performed low-temperature mag-
netic measurements of induced and remanent magnetiza-
tions on samples of biogenic magnetite and maghemite 
formed by bio-mediated alteration of synthetic lepido-
crocite (γ-FeOOH), an iron oxyhydroxyde commonly 
found in the environment.

Biogenic magnetite was prepared via the reduction of 
lepidocrocite by Shewanella putrefaciens at 30 °C with 
an initial pH 7.6, in the presence of sodium methanoate 
(NaHCO2) as electron donor.  Anthraquinone-2,6-disul-
fonate (AQDS), an electron shuttle, was added in the me-
dium in order to enhance the bacterial reduction of ferric 
oxyhydroxide.  In this case, magnetite formation prob-
ably proceeds via Fe2+ ions adsorption onto ferric oxy-
hydroxide surfaces.  Maghemite formation was achieved 
by oxidation of the biogenic magnetite using hydrogen 
peroxide.  Several samples of magnetite and maghemite 
(corresponding to various experimental conditions) were 
measured at the IRM, as well as the lepidocrocite used in 

Induced magnetization measured in a 5 mT field during warming from 10 K, after cooling the sample in zero field (dotted line) 
or in a 5 mT field (solid line), for lepidocrocite (A) and magnetite (B).  Evolution of a room-temperature isothermal remanent 
magnetization acquired in a 2.5T field, during a cooling (dotted line) and warming (solid line) cycle for lepidocrocite (C) and 
magnetite (D).
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the reduction experiment.  IRM measurements consisted 
in: (1) Induced magnetizations measured in a 5 mT field 
during warming of the samples from 10K, after cooling 
in a zero or 5 mT field (MPMS), (2) magnetic suscepti-
bility as a function of temperature and frequency of the 
applied field (Lakeshore susceptometer), (3) low-tem-
perature hysteresis loops (micro-VSM), (4) field cooled 
and zero field cooled remanent magnetization measure-
ments using a 2.5T field (MPMS), (5) high-field (2.5 T) 
induced magnetization measurements, and (6) cooling-
warming cycle of the room temperature isothermal re-
manent magnetization acquired in 2.5 T (MPMS).  

Several interesting results were obtained at the IRM, 
some of which are illustrated in Figure 1.  Concerning 
lepidocrocite (which is assumed to be antiferromag-
netic with a small ferromagnetic-like behavior), the 
field cooled and zero field cooled induced magnetiza-
tion curves merge at a temperature around 150 K (Figure 
1A).  Below this temperature, the difference between 
the two cures can be explained by the acquisition of a 
remanent magnetization, acquired during cooling of 
the sample in the presence of a magnetic field.  There-
fore, some ferromagnetic-like behavior persists at tem-
peratures above 100 K, even though lepidocrocite has 
a Néel temperature of about 50 K (Hirt et al., JGR, 107, 
10.1029/2001JB000242, 2002).  The cooling/warming 
cycle of the room temperature remanent magnetization 
(Figure 1C) shows that some remanence can be acquired 
well above the Néel temperature, and has a variation 
with temperature probably reflecting that of the satura-
tion magnetization.  Further investigations are being con-
ducted in order to better constrain the magnetic behav-
ior of lepidocrocite, in particular using low-temperature 
high-field VSM measurements (up to 14 T).  Concerning 
the magnetite samples, the main result of my visit is that 
a large distribution of particle sizes is obtained by re-
duction of lepidocrocite.  As shown in Figure 1B, the 
field cooled and zero field cooled induced magnetization 
curves are well separated over the entire temperature in-
terval, which can be interpreted in terms of a large dis-
tribution of unblocking temperatures, i.e., particle sizes 
(interaction between particles will also have to be con-
sidered).  This is illustrated also in the cooling/warming 
cycle of the isothermal remanent magnetization (Figure 
1D), which indicates that a stable magnetization can be 
acquired at room temperature by this sample.  These 
measurements indicate that it is possible to obtain mag-
netite particles able to carry a stable magnetization via 
extra-cellular bacterial reduction of iron oxyhydroxides 
by Shewanella putrefaciens.  Recently acquired trans-
mission electron microscope images support this ob-
servation.  I would like to thank the RAC members for 
letting me use the IRM facilities.  I would also like to 
thank all the people working at the IRM for their warm 
welcome and their help during my stay.

A Tale of Two Lakes

Christoph E. Geiss
 
Dept. of Physics, Trinity College, Hartford, CT

  a few years aGO Antje Schwalb and colleagues cored 
Pickerel Lake in northeastern South Dakota and retrieved 
a quite remarkable susceptibility record. Its rather cycli-
cal variations (Fig. 1a) suggest cyclical environmental 
changes, most likely periods of extended drought which 
are leading to an increased deposition of highly magnetic 
detrital material. To shore up their interpretations they 
returned to the area, cored nearby Enemy Swim Lake and 
measured magnetic susceptibility again, only to come up 
with the rather unimpressive record shown in Fig. 1b. 
Intrigued by this discrepancy I started analyzing samples 
from both lakes and found that the two records look a lot 
more similar and can be cautiously correlated when using 
remanence measurements rather than in-field measure-
ments (ARM records shown in Fig. 2).

  With both lakes possibly recording similar regional 
climate signals, I came to the IRM to further perform 
some low-temperature analyses to constrain the magnetic 
mineralogy and measure hysteresis loops to quantify the 
presence of para- and diamagnetic minerals that might 
hold the key to the observed differences between the 
magnetic susceptibility and remanence records.

  After several MPMS analyses (Fig. 3) and Curie-tempera-
ture measurements (not shown) the magnetic mineralogy 
still remains somewhat elusive. Thermal demagnetization 
of a low-temperature remanence acquired through field 
cooling shows a plateau below 20 - 30 K indicative of 
either siderite (Housen et al., 1996) or iron sulfides (Ro-
chette et al., 1990) and a weak hint of a Verwey transition. 
Curie-temperature measurement performed at Trinity 
College remained inconclusive due to the weak magnetic 
signal of the sample. To make things more ambiguous, no 
distinct smell of sulfur was detected during heating, nor 
was siderite identified during X-ray diffraction analyses. 
Alternating field demagnetization curves of IRM acquired 
in a field of 1.5T at room temperature (Fig. 4) identify a 
magnetic phase with a mean destructive field between 
25 - 35 mT. In addition more than 90% of the IRM signal 
is demagnetized by alternating fields between 100 mT and 
110 mT indicating the presence of a magnetically soft fer-
rimagnetic phase, most likely oxidized magnetite.

  The differences between magnetic susceptibility and 
magnetic remanence can be caused by changes in miner-
alogy or grain size. To estimate the importance of dia- or 
paramagnetic minerals on the magnetic signal we mea-
sured hysteresis loops for both lakes and calculated the 
paramagnetic susceptibility from the high-field slope of 
the loops.  As it becomes obvious from Fig. 1 (solid sym-
bols) variations in para- or diamagnetic minerals cannot 
explain the observed differences between susceptibility 
and remanence. In hindsight this result might have been 
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expected given the vast differences in susceptibility be-
tween para- and ferrimagnetic minerals (e.g., Hunt et al., 
1995). Any major changes in para- or diamagnetic miner-
als would have diluted the ferrimagnetic component thus 
affecting both susceptibility and remanence. 

  Plotting the hysteresis results in a Day plot (Day et al., 
1977) shows that samples from Enemy Swim Lake tend to 
have coarser bulk magnetic grain sizes than samples from 
Pickerel Lake (Fig. 5). To assess the presence of ultra-fine 
superparamagnetic (SP) minerals we calculated the ratio 
IRM/χ which is shown for both lakes in Fig. 6. Combin-
ing the results shown in Figs 5 and 6 reveals a bimodal 
grain size distribution for samples from Enemy Swim lake 
which appear to contain a mixture of coarse multi-domain 
(MD) and SP particles, indicative of pervasive dissolution 
and later recrystallization of ferrimagnetic minerals (e.g., 
Tarduno, 1995).

  Both lakes are located in very similar parent material, 
within two miles of each other and should record similar 
climatic conditions. However, the water chemistry of both 
lakes differs as Pickerel Lake is a closed basin while En-
emy Swim Lake has several inflows as well as an outflow 
stream to the southwest. It appears that both records are 
more similar below 5 m depth, which corresponds to an 
approximate sediment age or 3 - 3.5 ka B.P. (Schwalb, 
pers. comm.). Diatom analyses from Moon Lake in nearby 
North Dakota (Laird et al., 1996) reveal drier climatic con-
ditions between 2.5 - 7 ka B.P. Generally drier conditions 
during this time period may have resulted in a lowering of 
lake levels at Enemy Swim Lake below its present outflow, 
making the two lakes more similar.

  Changes in remanence parameters (including ARM as 
shown in Fig.2) mainly reflect changes in the concentra-
tion of remanence-carrying ferrimagnetic minerals, are 
less sensitive to changes in magnetic grain size, and are 
furthermore completely blind to the presence of SP fer-
rimagnetic particles. To determine the exact environmental 
processes that govern the observed rock-magnetic changes 
will require additional geochemical measurements that are 
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Figure 1--Susceptibility records for a) Pickerel lake and b) 
Enemy Swim Lake. Influence of high-field susceptibility on 
the magnetic susceptibility record of both lakes is gener-
ally low and does not account for the discrepancy between 
susceptibility and remanence records.

Figure 2--ARM records of a) Pickerel Lake and b) Enemy 
Swim Lake.

Figure 3--Low-temperature measurements for Pickerel Lake, 
231 cm.



0 100 200 300
Temperature (K)

0

0.0001

0.0002

0.0003

0.0004

0.0005

Te
m

pe
ra

tu
re

 (K
)

field cooled
zero-field cooled
room-T SIRM
room-T SIRM
(vert. scale exaggerated)

currently underway, but the magnetic records of Pickerel 
and Enemy Swim Lakes may well hold the key to a high 
resolution climate reconstruction.
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Figure 4--IRM demagnetization curves for eight samples 
from Pickerel Lake.

Figure 5--Hysteresis data for samples from Pickerel Lake 
(closed symbols) and enemy Swim lake (open symbols).

Figure 6--Changes in IRM / χ for a) Pickerel lake and b) 
Enemy Swim Lake.
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focuses on isolating the phase shift induced by a magnetic 
material rather than on producing virtual images.  A 
detailed explanation of the theory of off-axis electron 
holography requires more space than is available here 
and readers are urged to explore the excellent reviews of 
the technique by Dunin-Borkowski & McCartney (2002) 
and Dunin-Borkowski et al., (2004).

Experimental Design 

a scheMatic fiGure of the experimental setup 
for an off-axis electron holography study of magnetic 
materials is shown in Figure 2.  In addition to the FEG, 
two important hardware modifications are required: 
the installation of a Lorentz lens and an electrostatic 
biprism.  In conventional TEM practice, the current in 
an electromagnetic objective lens is used to produce 
high magnification images of a sample.  However, the 
objective lens is unsuitable for imaging during off-axis 
electron holography of magnetic materials because it 

produces a large magnetic field that can alter the magnetic 
structure in a mineral sample.  Instead, a Lorentz lens is 
installed below the conventional objective lens to allow 
for work at high magnification while keeping the sample 
in a relatively field-free environment (<0.5 mT).  The 
objective lens is turned off, or is turned on temporarily to 
impart fields of up to 2 T to the sample.  An electrostatic 
biprism, typically a gold-coated quartz wire (or platinum 
wire), is installed in one of the selected-area apertures 
of the TEM.  When a voltage is applied to the biprism 
(between 50-250 V), portions of the electron beam are 
deflected so that they overlap (Figure 2).  This overlap 
produces an interference pattern (a hologram), which 
appears as a typical bright-field TEM image overlain by 
interference fringes. The broader interference fringes are 
called Fresnel fringes and are due to diffraction around the 
edges of the biprism wire, while the fine-scale interference 
fringes contain information about both the amplitude and 
the phase shift experienced by the electrons as they pass 
though the mineral sample.  The magnitude of the phase 
shift is due to factors such as the sample’s thickness, its 
mean inner potential (a measure of a material’s ability 
to slow passing electrons), and its magnetization.  
Because rock magnetists are primarily interested in the 
magnetically induced phase shift, the contributions from 
the sample’s thickness and mean inner potential must be 
removed.  Thus, off-line processing is required to extract 
the magnetic data from a raw holographic image.  This 
processing is made significantly easier if the original 
holograms are collected on a charged-coupled device 
(CCD) camera, rather than on photographic film.   

Processing the Holograms

at the university Of caMbriDGe, holograms 
are digitally processed using a series of routines that run 
in a software environment named Semper.  An example 
of an unprocessed hologram is shown in Figure 3a.  A 
magnetically induced phase shift can be seen in the fine-
scale interference fringes as they are displaced while 
passing over a maghemite inclusion exsolved in hematite 
(inset in Figure 3a).  An unprocessed hologram from a 
region of vacuum is shown for comparison in Figure 3b. 
A Fourier transform of the hologram in 3a is shown in 
Figure 3c, comprising a central peak, two side bands, 
and a diagonal streak due to the Fresnel fringes.  In 
order to isolate the phase shift information and remove 
the portions of the image due to direct transmittance and 
Fresnel fringes, a “complex image wave” is produced 
through an inverse Fourier transform of an isolated side 

“The aim of this short article is twofold: to 
briefly describe the history and procedures 
intrinsic to electron holography and to en-

courage others in the rock magnetic commu-
nity to consider using this technique in their 

own research.”

Figure 2--Schematic illustration of the TEM setup used 
in off-axis electron holography.  The sample occupies ap-
proximately half the field of view.  Critical components 
are the field emission gun, which provides a source of co-
herent electron illumination, and the positively charged 
electron biprism wire, which acts to overlap the sample 
and (vacuum) reference waves.  The Lorentz lens allows 
imaging of magnetic minerals in a close-to-field-free en-
vironment (<0.5 mT).  (Adapted from Harrison et al., 
2007)
holography, from page 1



band (Figure 3e).  The sample’s complex image wave 
is divided by that of the vacuum hologram in order to 
remove phase shifts caused by heterogeneities in the 
charge and thickness of the biprism wire.  Because 
the total range of phase shifts across the final complex 
image wave is greater than 2π, phase shift discontinuities 

form across the image.  These phase discontinuities can 
be removed (or “unwrapped”) using automated image 
processing routines to yield the final phase shift image 
(Figure 3f). 

The next step is to remove the mean inner potential 
contribution to the phase shift.  If a sample’s magnetization 
can be perfectly reversed (e.g., by saturation in two 
opposite directions), then the magnetic contribution in 
the resulting phase shift images will be opposite in sign.  
Such images can be straightforwardly gathered by using 
the magnetic field generated by the objective lens to 
saturate the sample in opposite directions.  By adding two 
reversely magnetized images, the magnetic contribution 
to the phase shift cancels out, leaving behind twice the 
mean inner potential contribution.  In practice, some 
samples do not reverse precisely the same way, and the 
reversal measurements must be repeated multiple times so 
that nonsystematic differences between reversed images 
average out.  Once the mean inner potential contribution 
has been determined in this way, it can be removed from 
the final phase shift images, leaving behind an image of 
only the magnetically induced phase shift.      

Visualizing the resulting phase shift image can be 
accomplished using contours, colors, and arrows.  
Contours can be produced by plotting the cosine of 
the phase shift.  The spacing of the contours can be 
adjusted by multiplying the phase shift by a constant 
(an “amplification factor”) before taking its cosine.  For 
example, the simulated contour plots shown in Figure 4g-
i were produced using an amplification factor of four. By 
calculating the vertical and horizontal derivatives of the 
phase shift, the direction and magnitude of the projected 

in-plane magnetic induction can be represented by the 
hue and intensity of a color.  Alternatively, this vector 
field can be portrayed using arrows.  

One of the strengths of the off-axis electron 
holography technique is that lines of magnetic flux are 
imaged quantitatively both within and between magnetic 
grains.  This style of visualization allows researchers 
to study non-uniform magnetizations within grains as 
well as magnetostatic interactions among populations of 
grains.  However, like any technique, off-axis electron 
holography has its limitations.  The magnetization of a 
sample must be relatively strong (>50 kA m-1) in order 
to discern the magnetic component of the phase shift at a 
scale of ~10 nm.  If such high resolution is not required 
then it is possible to study more weakly magnetized 
materials such as hematite or goethite.  Additionally, 
holograms show only the in-plane magnetization of 
a sample.  One highly anticipated development in off-

Figure 3--The sequence of image processing steps re-
quired to convert an electron hologram into a phase 
shift image.  (a) Original electron hologram of the re-
gion of interest (in this instance a maghemite-bearing 
hematite).  Broad Fresnel fringes caused by diffraction 
around the edge of the biprism wire are visible in the up-
per right and lower left. The inset is a magnified image 
of the outlined region, showing the change in position of 
the fine-scale holographic fringes as they pass through a 
maghemite inclusion. (b) A reference hologram recorded 
over a region of vacuum. (c) Fourier transform of the 
electron hologram shown in (a), comprising a central 
peak, two side bands, and a diagonal streak due to the 
Fresnel fringes. (d) A mask is applied to the Fourier 
transform in (c) in order to isolate one side band.  The 
Fresnel streak is removed by assigning a value of zero to 
pixels falling inside the region shown by the dashed line.  
(e) Inverse Fourier transform of (d) yields the complex 
image wave, which in turn yields a modulo 2π image of 
the holographic phase shift.  (f) Automated phase un-
wrapping algorithms are used to remove the 2π phase 
discontinuities from (e) to yield the final phase shift im-
age. (Adapted from Harrison et al., 2007)

“[E]lectron holography offer[s] us the op-
portunity to visualize otherwise invisible 

magnetic structures at unprecedented spatial 
resolution (~5 nm).”
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axis electron holography is the development of vector 
field tomography, which may allow a three-dimensional 
image of the magnetic induction throughout a sample to 
be produced.   

Additional Advantages

there are nuMerOus additional advantages to using 
electron holography in rock magnetic studies.  Recent 
TEM models allow users to adjust the environment inside 
the TEM column, so that the conditions under which 
a mineral acquires its natural remanent magnetization 
can be reproduced.  A sample’s temperature can be 
varied; mixtures of oxidizing or reducing gases can 
be introduced; and the ambient magnetic field can be 

carefully controlled.  The composition of magnetic 
minerals can be precisely determined using energy 
dispersive spectroscopy (EDS) or electron energy loss 
spectroscopy (EELS).  A mineral’s orientation and crystal 
structure can be determined using standard selected-
area electron diffraction (SAED) or the more advanced 
technique of convergent beam electron diffraction 
(CBED).  The distribution of grain shapes and sizes in 
a TEM specimen can be measured in three-dimensions 
using electron tomography (Figure 5).  There is also the 
potential to use alternative magnetic imaging modes 
such as the Frsenel mode of Lorentz microscopy. 

The number of laboratories around the world capable 
of conducting electron holography studies is increasing.  
Established laboratories with interests in rock magnetism 
already exist at the University of Cambridge and Arizona 
State University.  New facilities are being built at the 
University of Alberta and the Technical University of 
Denmark and should be operational by late summer of 
2007.

Magnetic imaging is advancing quickly.  Techniques 

such as electron holography offer us the opportunity 
to visualize otherwise invisible magnetic structures 
at unprecedented spatial resolution (~5 nm).  Images 
at this scale are introducing us to never-before-seen 
magnetic structures that challenge our existing models 
of fundamental magnetic phenomena such as exchange 
coupling and magnetostatic interactions. But as Freddie 
Mercury once said, “If you see it, darling, then it’s there.” 
The magnetic structures seen using electron holography 
and other imaging techniques such as magnetic force 
microscopy are ushering in an exciting era, where new 
micromagnetic models are needed to help understand 
these latest high-resolution observations.  
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New Faculty Member at IRM
  Josh Feinberg will be starting as an assistant professor 
of Geophysics this fall at the University of Minnesota.  
We, here at IRM, are excited to have Josh join us.  Josh’s 
arrival is exciting on two fronts: We are thrilled to begin 
exploring unfamiliar avenues of research under Josh’s 
lead as a new colleague; and we are equally thrilled to 
welcome Josh into the IRM fold as an old friend.  We are 
sure that Quarterly readers will join us in welcoming and 
congratulating Josh.  

Figure 5--TEM study of magnetotactic bacteria.  The image on the left shows a bright-field TEM image of mag-
netotactic bacteria, where white arrows indicate the approximate orientation of the magnetite [111] axis in each 
magnetosome. The middle image shows a three-dimensional reconstruction of the same magnetosomes using electron 
tomography.  The image on the right is an electron holography image of bacteria in the same sample.  The direction 
of in-plane magnetization is given by the contours and colors.  (See the color wheel inset.)  Magnetic interactions 
between magnetosomes force the final magnetization direction to be parallel to the elongation of the chain. (Adapted 
from Harrison et al., 2007.)
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