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C O N S P E C T U S

Transmission electron microscopes fitted with field-emission guns (to provide coherent electron waves) can be adapted
to record the magnetic fields within and surrounding nanoparticles or metal clusters, for example, the lines of force of

a nanoferromagnet encapsulated within a multiwalled carbon nanotube. Whereas most chemists are aware that electron
microscopy readily identifies crystallographic symmetries and phases, solves structures, and, in conjunction with electron
energy-loss spectroscopy, yields valence states and electronic information of materials, relatively few know that it can also
provide important quantitative information, with nanometer-scale spatial resolution, pertaining to such materials’ mag-
netic properties. In this Account, with the aid of representative examples embracing solid-state chemistry, geochemistry, and
bio-inorganic phenomena, we illustrate how off-axis electron holography affords deep insight into magnetic phenomena on
the nanoscale. Specifically, we describe the unprecedented level of information available regarding the magnetic nature of
magnetotactic bacteria, magnetic nanoparticle chains and chiral bracelets, and geochemically relevant phenomena involv-
ing exsolution (the un-mixing of two mineral phases, as in the magnetite-ulvöspinel system). It is, for example, possible
to reveal vortices and multidomain states that have no net magnetization in minute blocks of magnetite.

With the current burgeoning interest and activity in nanoscience and nanotechnology, our Account concludes with exam-
ples of some existing enigmas that electron holography, especially when augmented by the related technique of electron
tomography, might play an important experimental role in resolving, such as the occurrence of ferromagnetism in nano-
crystals of silver within carbon tubes and in clusters of alkali metals incarcerated within zeolites.

1. Introduction

In 1831, the founding father of magnetochem-

istry (and of field theory), Michael Faraday, pon-

dered the nature of magnetic lines of force and

illustrated their existence by sprinkling iron filings

on to a sheet of paper, beneath which he placed

one or more permanent magnets. One of the

actual patterns generated by Faraday and “fixed”

by him1 is shown in Figure 1a. A more recent

example of a similar pattern obtained from a sin-

gle bar magnet is shown in Figure 1b. Faraday’s
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experimental work prompted Maxwell to interpret lines and

tubes of force in a landmark paper2 on electromagnetism in

1856, an achievement that was to change the intellectual

framework of physics. Although the notion of lines of force

has subsequently been modified, the term is still used exten-

sively; see, for example, Tonomura’s work3 on the reconstruc-

tion of magnetic fields using off-axis electron holography. The

technique of electron holography, which is the subject of this

Account, can be used strikingly to demonstrate the nature of

magnetic vector fields, as may be seen in Figure 1c, which

shows the experimentally measured magnetic field of a

minute ferromagnetic crystal of iron encapsulated in a multi-

walled carbon nanotube,4 a nanoscale analogue of the pat-

tern shown in Figure 1b.

The principal aim of the present Account is to describe how

such fields may be ”captured” and to discuss the future poten-

tial of electron holography in the chemical sciences and nano-

technology.5 A powerful complimentary technique, electron

tomography, which can be used to yield three-dimensional

information about the shapes and sizes of materials with sub-

nanometer resolution, is mentioned briefly herein and

described in detail elsewhere.6

Although the word holography is nowadays popularly asso-

ciated with the three-dimensional reconstruction of objects via

coherent (laser) light of appropriate 2D photographs, the tech-

nique itself, proposed by Gabor,7 has its origins rooted firmly

in electron microscopy. Electron holography is based on the

formation of an interference fringe pattern or “hologram” in a

transmission electron microscope (TEM). In contrast to most

conventional TEM techniques, which are used to record only

the spatial distribution of image intensity, electron hologra-

phy also allows the phase shift of the high-energy electron

wave that has passed through the specimen to be measured.

The recorded phase shift can be used to yield information

about local variations in magnetic induction and electrostatic

potential in and around the specimen. It is possible, as shown

below, to separate these two contributions to the phase shift.

Here, we focus exclusively on the retrieval of magnetic infor-

mation from electron holograms, as the fields of nanoscience

and nanotechnology are now replete with numerous new

kinds of magnetochemical phenomena that may be suitable

for detailed study using this technique. For example, more

needs to be known about the local magnetic properties of col-

loidal nanocrystals of Fe,8 Co,9 and CoPt10 and about colloi-

dal ferrofluids and mixed-metal ferrites.11 The observed

exponential dependence of magnetization relaxation time on

nanoparticle volume has stimulated studies of the synthesis of

ferromagnetic nanoparticles for the purpose of magnetic stor-

age, as well as new molecular and metal oxide magnets. Pho-

toinduced magnetization in materials such as copper-

octacyanomolybdate,12 in addition to the phenomenon of

humidity-induced magnetization and magnetic pole inversion

in other cyano-bridged metal assemblies,13 may also merit

further investigation by some of the holographic procedures

that we describe.

It should be stressed that examination of some of the sys-

tems described will be a significant challenge and would push

holography toward its current limits. However, current and

future development of the technique should bring hologra-

phy to the point where these problems are soluble.

Recent studies using the “off-axis” mode of electron holog-

raphy have already yielded unprecedented insights into the

magnetic natures of magnetotactic bacteria14 (see section 3.2),

nanoparticle (magnetic) chains and chiral braceletes15 (sec-

tion 3.3) and geochemically relevant phenomena involving

exsolution (the unmixing of two mineral phases), as we

FIGURE 1. (a) Michael Faraday’s image of “magnetic lines of force”,
formed using magnets and iron filings (this image is shown in
Figure 24 on p 47 of ref 1), (b) a contemporary image similar to
that shown in panel a formed using a single bar magnet and iron
filings, and (c) magnetic phase contours recorded using off-axis
electron holography from a multiwalled carbon nanotube,
approximately 180 nm in diameter, containing a 36-nm-diameter
encapsulated iron crystal (in yellow). The contours, which were
generated from the phase image, were overlaid onto a bright-field
TEM image of the crystal.4
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describe for the magnetite-ulvöspinel system16 in section 3.4.

The technique is capable of imaging magnetization states

within individual magnetic particles, as well as magnetostatic

interactions between neighboring particles. Contour lines

placed on the magnetic contribution to the recorded phase

shift (as illustrated in Figure 1c) can be used to provide quan-

titative images of lines of projected in-plane magnetic flux

density with a spatial resolution approaching nanometers.

Moreover, since electron holograms are recorded in a TEM,

other analytical advantages prevail, including the ability to

identify crystallographic phases (from selected area electron

diffraction), compositions (from energy-dispersive X-ray emis-

sion or electron energy-loss spectroscopy),17,18 and sizes and

shapes (from electron tomography6,18).

2. Experimental Set-Up and Background
Theory19–21

The off-axis20,21 TEM mode of recording electron holograms

involves the examination of an electron-transparent specimen

using defocused illumination from a highly coherent field

emission gun electron source. The region of interest is posi-

tioned so that it covers approximately half the field of view.

The application of a voltage to an electron biprism results in

overlap of a “reference” electron wave that has passed through

vacuum with another part of the same electron wave that has

passed through the specimen, as shown schematically in Fig-

ure 2a. If the electron source is sufficiently coherent, then, in

addition to an image of the specimen, an interference fringe

pattern is formed in the overlap region, as shown in Figure 2b.

The amplitude and the phase shift of the electron wave that

leaves the specimen are recorded in the intensity and the

position, respectively, of the holographic interference fringes.

For studies of magnetic materials, a Lorentz lens (a high-

strength minilens) allows the microscope to be operated at

high magnification with the objective lens switched off and the

specimen located in magnetic-field-free conditions.

The recorded phase shift is sensitive both to the in-plane

component of the magnetic induction and to the electrostatic

potential in the specimen. If we assume that the specimen is

weakly diffracting (i.e., ignoring dynamical contributions to the

contrast) then the phase shift �(x) may be expressed in the

form18–21

�(x) ) CE∫ V(x, z) dz - ( eh )∫∫ B⊥ (x, z) dx dz (1)

where

CE ) (2π
λ )( E + E0

E(E + 2E0)) (2)

z is the electron-beam direction, x is a direction in the plane

of the specimen, B⊥ is the component of the magnetic induc-

tion perpendicular to x and z, V is the electrostatic potential,

FIGURE 2. (a) Schematic diagram illustrating the application of a
voltage to an electron biprism located close to a conjugate image
plane in the microscope, in order to overlap a “reference” electron
wave that has passed through vacuum with the electron wave that
has passed through the specimen, to form an off-axis electron
hologram and b representative off-axis electron hologram of five
20-30 nm cobalt nanoparticles obtained from the specimen
described in Figure 5 below.
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λ is the (relativistic) electron wavelength and E and E0 are,

respectively, the kinetic and rest mass energies of the inci-

dent electron. If neither V nor B⊥ varies along the electron-

beam direction in a specimen of thickness t, and in the

absence of electrostatic or magnetic fringing fields outside the

specimen, equation 1 can be simplified as

�(x) ) CEV(x)t(x) - ( eh )∫ B⊥ (x)t(x) dx (3)

By use of eqs 1-3, information about V and B⊥ can be recov-

ered from a measured phase image.

Recent applications of electron holography to the charac-

terization of magnetic fields in nanostructured materials (e.g.,

ref 20) have almost invariably made use of digital recording.

Of particular interest for magnetic materials is the digital deter-

mination of the gradient of the phase image. The phase gra-

dient is directly proportional to the in-plane component of the

magnetic induction in the specimen, and a graphical repre-

sentation of the strength and direction of the local projected

in-plane magnetic induction may be obtained simply by add-

ing contours to the recorded magnetic contribution to the

phase image.

A great advantage of the digital analysis of electron holo-

grams is that the magnetic and mean inner potential contri-

butions to the observed phase shift can often be separated

readily. The most practical approach to this involves perform-

ing a magnetization reversal experiment in situ in the elec-

tron microscope by exciting the conventional objective lens,

and subsequently selecting pairs of holograms that differ only

in the (opposite) direction of magnetization in the specimen.

The magnetic and mean inner potential contributions to the

phase shift may be calculated by taking half the difference

and half the sum of the resulting phase images, respectively.

3. Specific Examples

3.1. Isolated Magnetite Crystal. We begin, for heuristic pur-

poses, by illustrating the application of off-axis electron holog-

raphy to the characterization of an isolated 50-nm-diameter

single crystal of magnetite (Fe3O4) from a bacterial cell.

Figure 3a19 shows a high-resolution TEM image of the crys-

tal. Figure 3b shows its three-dimensional morphology and

orientation, determined by applying electron tomography6 to

a series of high-angle annular dark-field (HAADF) images

taken over an ultrahigh range of specimen tilt angles. In the

absence of significant shape anisotropy and interactions with

neighboring crystals, a crystal’s magnetic properties may be

dominated by magnetocrystalline anisotropy, the magnitude

and direction of which are known to change with tempera-

ture. Accordingly, magnetic induction maps were obtained

from electron holograms of the crystal acquired in magnetic-

field-free conditions both at room temperature (Figure 3c) and

at 90 K (below the Verwey transition22 for magnetite) (Figure

3d). Both panels c and d of Figure 3 show uniformly magne-

tized single-domain magnetic states, including the character-

istic return flux of an isolated magnetic dipole.23 Quantitative

analysis of the room-temperature phase image indicates that

the magnetization direction of the particle lies in the plane of

the specimen, close to a 〈111〉 crystallographic direction and

parallel to the longest diagonal dimension of the particle, con-

sistent with shape anisotropy dominating the magnetic state

of the crystal. Similar analysis of the recovered phase at 90 K

suggests that, at remanence, the magnetization direction in

the crystal is tilted out of the plane by ∼40° to the horizon-

tal. This direction is close to a 〈100〉 direction in the original

cubic crystal. Below the Verwey transition, the magnetocrys-

talline anisotropy of magnetite is known to increase in mag-

nitude and to switch from 〈111〉cubic to [001]monoclinic. The

results confirm the prediction that, in the absence of shape

anisotropy and interactions, magnetocrystalline anisotropy has

a significant effect on the remanence direction at 90 K.

3.2. Magnetotactic Bacteria. Magnetotactic bacteria typ-

ically contain single or multiple chains of crystals of magne-

FIGURE 3. (a) High-resolution image of an isolated faceted 50-nm-
diameter magnetite (Fe3O4) crystal from a magnetotactic bacterium
on a holey carbon TEM grid, (b) isosurface visualisation of a high-
angle annular dark-field tomographic reconstruction of the same
particle, and (c, d) magnetic induction maps recorded using off-axis
electron holography from the same particle, showing remanent
magnetic states at room temperature and at 90 K, respectively.24
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tite (Fe3O4) or greigite (Fe3S4) (see Figure 4a,b) that are

between 35 and 120 nm in length. In this size range, the crys-

tals are uniformly magnetized single magnetic domains at

room temperature, and the arrangement of the crystals in lin-

ear chains results in a magnetic moment that orients the bac-

terial cell parallel to the geomagnetic field in an aquatic

environment (thereby facilitating its search for a nutrient-rich

environment).

Many of the physical attributes of bacterial magnetosomes

have been discovered through the techniques of transmis-

sion electron microscopy:24 their natures, sizes, and crystal

structures, their strict alignment, their three-dimensional struc-

tures (from electron tomography), and their magnetic charac-

teristics (from off-axis electron holography). Examples of such

measurements are shown in Figures 4c-e for a double chain

of magnetite crystals. The magnetic induction map shown in

Figure 4e illustrates the highly optimized linear nature of the

magnetic field lines associated with a linear chain of magne-

tite magnetosomes.

3.3. Chiral Magnetic Properties of Self-Assembled
Cobalt Nanoparticle Rings. Whereas micrometer-sized rings

may be prepared by rapidly evaporating metal films, recently

it has been shown25 that nanoparticles of cobalt, when dis-

persed in dilute solutions of the surfactant C-undecyl-

calix[4]resorcinarene (see Figure 2 of ref 27), can self-assem-

ble into bracelet-like rings whose dimensions are below the

limits of conventional lithography.26 Such rings are expected

to form “flux-closure” (FC) magnetic states, in which the indi-

FIGURE 4. (a, b) Low-magnification bright-field images of
magnetotactic bacteria that were air-dried onto carbon TEM grids.
Each cell contains two pairs of double chains of magnetite (Fe3O4)
crystals. (c) Bright-field TEM image of one double chain of
magnetite crystals from a cell similar to those shown in panels a
and b. The white arrows correspond to directions in the crystals
that were identified as [111]. (d) Isosurface visualisation of a high-
angle annular dark-field tomographic reconstruction of the double
magnetosome chain shown in panel c. (e) Magnetic induction map
recorded at room temperature using off-axis electron holography
from the same double chain of magnetite crystals.24a,b

FIGURE 5. (a) Low-magnification bright-field image of self-
assembled rings and chains of Co nanoparticles deposited directly
onto a carbon TEM grid. Each particle has a diameter of between
20 and 30 nm. (b-e) Magnetic induction maps showing remanent
states in four different Co nanoparticle rings, recorded using off-axis
electron holography and displayed in the form of magnetic phase
contours formed from the magnetic contribution to the measured
phase shift. The outlines of the nanoparticles are marked in white,
while the direction of the measured magnetic induction is indicated
both using arrows and according to the color wheel shown in
panel f.27
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vidual magnetic dipoles align into a closed circuit and result

in a net magnetic moment of zero. These nanorings (or brace-

lets) are of interest for high-density information storage

devices, as they could function as bistable states with mini-

mal magnetic “cross-talk”.

Off-axis electron holography can be used to reveal the

magnetic induction associated with different distributions of

self-assembled cobalt nanoparticles.27 In particular, the hand-

edness of magnetic domain structures in cobalt nanoparticle

rings may be discerned readily, as shown in Figure 5b-e

where panels b and d are seen to be of the opposite sense to

panels c and e.

Based on electron holography observations, a statistical

sampling of FC states indicates26 an approximately 50:50 (i.e.,

racemic) mixture of clockwise and anticlockwise ground-state

configurations, to which the rings relax after exposure to a sat-

urating (2 T) out-of-plane magnetic field. It is significant that

in the context of nanotechnological applications, such chiral FC

states are stable at room temperature.

The formation of self-assembled aggregates (as seen in Fig-

ure 5a, in which chains and close-packed clusters of cobalt

crystals are seen in addition to bracelets) illustrates the fun-

damental principles of colloid chemistry.28

3.4. Magnetic Interactions in Intergrowths of
Ulvöspinel and Magnetite. Ulvöspinel (Fe2TiO4), which takes

its name from the Ulvö islands of northern Sweden,29 is a

common component of titaniferous magnetite iron ores that

occurs widely on Earth. Although the magnetite-ulvöspinel

system forms a complete solid solution16 at temperatures

above about 450 °C, intermediate bulk compositions can

exsolve during slow cooling to yield an intergrowth of single

domain or pseudo-single-domain magnetite-rich blocks sep-

arated by nonmagnetic ulvöspinel-rich lamellae.

Harrison et al.30 used off-axis electron holography to elu-

cidate the magnetic microstructure of a natural finely exsolved

intergrowth of submicrometer magnetite blocks in an

ulvöspinel matrix. Some of their key observations are repro-

duced in Figure 6. Figure 6a shows a chemical map (derived

from energy-filtered imaging) of a representative area of the

sample. Ulvöspinel-rich exsolution lamellae (red) subdivide the

original titaniferous grain into an array of magnetite-rich

blocks (blue). The profiles in Figure 6b,c, which were obtained

from the line marked with a short white arrow in Figure 6a,

show that little Ti is present in the blockssthey are essen-

tially pure magnetite. Harrison et al.30 used off-axis electron

holography to show that the individual blocks of magnetite

contain primarily single domain states. They also revealed the

magnetostatic interaction fields between them, as illustrated

in Figure 6d,e. These images illustrate the complexity of the

magnetic structure of this system: it is dominated by the

shapes of the blocks and by magnetostatic interactions. Mag-

netic superstates, in which clusters of magnetite blocks act col-

lectively to form vortex and multidomain states that have zero

net magnetization, are also visible in Figure 6d,e.

It has long been known31 that the microstructures of min-

erals are petrogenetic indicators. The remanent magnetiza-

tion is used by geophysicists to map the motions of continents

and ocean beds resulting from the dynamics of plate tecton-

ics. Electron holography has considerable potential in the field

of measuring both remanent magnetizations and magnetiza-

tion reversal mechanisms in rocks and for understanding min-

eral magnetism at the nanometer scale in general.32

3.5. Ferromagnetic Crystals Encapsulated in Carbon

Nanotubes. Jourdain et al.33 recently used off-axis electron

holography to study periodic inclusions of ferromagnetic metal

phosphide nanoparticles inside carbon nanotubes (Figure 7a),

which were grown by sequential catalytic growth to encapsu-

late iron, the binary alloy iron-nickel, and the ternary alloy

iron-cobalt-phosphorus as (catalyst) nanoparticles along the

lengths of multiwalled carbon nanotubes. Off-axis electron

holography was used to show that encapsulated Fe-Co-P

nanoparticles as small as 20 nm in size are ferromagnetic at

room temperature (Figure 7b-d), in accordance with the

expected magnetic properties of bulk metal phosphides of the

same structure and composition.

4. Concluding Remarks: A Brief Outline of
Some Current Chemical Phenomena
Worthy of Holographic Study and
Developments of the Technique

4.1. Detection Limits and Future Studies. The detection

limits, precision, accuracy, and spatial resolution of the mag-

netic signals that can be measured using electron hologra-

phy have been discussed by de Ruijter and Weiss,34 who

suggested that a practical phase precision of π/100 radians

may be achieved for a spatial resolution of 1-3 nm.34 In

material terms, this criterion corresponds to a detectable sig-

nal from a 3 nm particle with a remanent magnetization sim-

ilar to that of magnetite, equivalent to approximately 800 µB.

Given that electron holography has the ability to yield

quantitative and local information about nanoscale magnetic

properties in a highly spatially resolved manner, supple-

mented by other information pertaining to chemical compo-

sition, valence state, and atomic structure, there is

considerable scope for it to be applied to a variety of other

Electron Holography for Study of Magnetic Nanomaterials Thomas et al.
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chemical problems.35 Perspectives on possible problems that

could be tackled in the future are now outlined.

4.1.1. Ferromagnetism Exhibited by Certain Encapsu-
lated Nanoparticles of Metal. It is well-known36 that cat-

ionic clusters of alkali metals such as Na4
3+ and K3

2+ are

stable when “dissolved” within the cavities of microporous

hosts such as zeolite Y. When Nozue et al.37 reported that

clusters of potassium bound inside certain zeolitic hosts

exhibit ferromagnetism, it was greeted with surprise. The

cause of this behavior and why the loaded zeolite exhibits

spin-glass behavior remains enigmatic. It would be timely

if a detailed electron holographic study were undertaken to

establish the onset of ferromagnetism as a function of

uptake of the alkali metal. Similarly, the recent report by

Caudillo et al.38 that nanocomposites consisting of minute

particles of silver encapsulated in carbon nanospheres (∼10

nm diameter) show weak ferromagnetic behavior up to at

least room temperature could benefit from an electron

holography study to help clarify the physicochemical fac-

tors responsible for this. However, the sensitivity of the

technique would require improvement beyond current lev-

els to allow such a study to be worthwhile since such small

signals are involved here. Future development of electron

holography will therefore open doors to such studies.

FIGURE 6. (a) Chemical map of an exsolved titanomagnetite (Fe3O4-Fe2TiO4) sample obtained using elemental mapping at the Fe L2,3 and
Ti L2,3 edges in a Gatan imaging filter (GIF). The GIF separates electrons that have lost energy in the sample due to inelastic scattering from
elastically scattered electrons and refocuses them to form an image of the sample. The blue regions are magnetic and are rich in magnetite
(Fe3O4), while the red regions are nonmagnetic and rich in ulvöspinel (Fe2TiO4). The box corresponds to the region examined in detail using
off-axis electron holography. Panels b and c show line profiles obtained from the Fe and Ti chemical maps, respectively, along the solid line
marked in panel a. The short arrows mark the same point in the three pictures. (d, e) Magnetic microstructure of the boxed region in panel a
measured using off-axis electron holography. The two images correspond to different magnetic remanent states, acquired with the sample
in magnetic-field-free conditions.30
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4.1.2. The Ferromagnetism of Dilute Magnetic

Oxides. One of the most surprising discoveries in the field of

magnetism has been that nonmagnetic semiconductors and

insulators such as GaAs, ZnO, and TiO2 become ferromag-

netic at and above room temperature when they are doped

with transition metal cations such as V, Cr, Mn, Fe, Co, or Ni.39

This magnetism, which appears well below the cation perco-

lation threshold,40 cannot be understood in terms of the con-

ventional theory of magnetism in insulators. Even more

startling are claims that undoped films of these oxides are fer-

romagnetic or that they can become magnetic when doped

with nonmagnetic cations. This has prompted Coey41 to coin

the term “d0 ferromagnetism”. Fresh insights into the root

cause of these phenomena could be provided by the applica-

tion of low-temperature electron holography, to enable detec-

tion of such weak signals.

4.1.3. The Materials Chemistry of Self-Assembled

Nanocrystals. As described in section 3.3, inorganic col-

loids may nowadays be prepared in various self-assembled

forms. It is also possible to modify the precise shapes of col-

loidal nanoparticles (from spheres to disks to rods and,

more recently, to tetrapods42). There is little doubt that such

self-assembled nanocrystals offer great potential for creat-

ing materials with an interesting confluence of mechani-

cal, magnetic, optical, and electrical properties. Hardly

anything is known experimentally about the manner in

which the shapes of the individual nanocrystals that con-

stitute such assemblies dictate their nanomagnetic proper-

ties, something holography could address.

4.1.4. Magnetic Nanoparticles and Heterogeneous
Catalysis. A highly stable magnetically recoverable Pd cata-

lyst43 that is reusable for hydrogenation reactions can be pre-

pared by the immobilization of Pd on silica-coated

superparamagnetic magnetite nanoparticles. The catalyst

nanoparticles are spatially well distributed over the magnetiz-

able support surface, and they can be used to convert cyclo-

hexene to cyclohexane very efficiently under mild conditions.

The catalyst itself is readily recoverable with a permanent

magnet in the reactor wall and is reusable up to some 20

times. It would be easy to extend this strategy to a variety of

high-performance bimetallic nanoparticle catalysts (such as

Pd6Ru6, Pt10Ru2, and Ru6Sn44). Substantial practical improve-

ments could be envisaged if more were known (from

electron holography) about the magnetic properties of the sil-

ica-coated magnetite supports that are used, often under sol-

vent-free and otherwise mild conditions.

4.2. Prospects for Improving Time Resolution in
Electron Holography. In view of the many advantages that

accrue from time-resolved electron microscopy in general (see

the work of P. L. Gai et al.45 and A. H. Zewail et al.46) it is both

possible and timely to consider incorporating and improving

the temporal dimension in electron holographic measure-

ments. A real-time approach has been demonstrated by trans-

ferring electron holograms at TV rate onto a liquid-crystal

spatial light modulator located at the output of a Mach-
Zender interferometer.47 More recently, an all-digital system

that allowed reconstructed phase images to be displayed at

approximately one frame per second has been facilitated by

developments in computer speed.48

An example of where time-resolved electron holography

would be illuminating occurs in the rapidly growing field of

spintronics, where it becomes necessary to be able to follow

the interplay between transient and permanent radicals and

their role in governing the photomagnetic properties of vari-

ous molecular devices.49

4.3. Prospects for Magnetic Vector Field Tomography.
One of the major limitations of electron holography, as

described so far, is that it is able only to image the projection
of the in-plane magnetic field in the two-dimensional sample

plane. However, by combining the already complimentary

techniques of electron holography and electron tomography,6

the three-dimensional magnetic vector field may be recover-

able using suitable reconstruction techniques applied to two

or four tilt series of electron holograms. The magnetic phase

gradient of a sample (easily recoverable using electron holog-

raphy) satisfies the projection requirement for electron tomo-

graphic reconstruction of one component of the magnetic

FIGURE 7. (a) Off-axis electron hologram recorded from a
multiwalled carbon nanotube containing four periodically spaced
Fe-Co-P crystals and (b-d) magnetic induction maps recorded
using electron holography from crystals similar to those shown in
panel a and overlaid onto amplitude images: (b) 52 nm × 98 nm
particle; (c) 40 nm × 16 nm particle; (d) two particles in a
nanotube.33

Electron Holography for Study of Magnetic Nanomaterials Thomas et al.

672 ACCOUNTS OF CHEMICAL RESEARCH 665-674 May 2008 Vol. 41, No. 5



induction in three dimensions in the same way that material

or chemical properties do, and this is currently being exploited

to develop the technique and take nanomagnetic imaging into

the third dimension.
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