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Off-axis electron holography of electromagnetic
fields in nanoscale materials and devices in the
presence of external stimuli

Introduction
The technique of off-axis electron holography in-
volves the formation of an interference pattern or
'hologram' in the transmission electron microscope
(TEM). In contrast to most conventional TEM tech-
niques, which only allow the spatial distribution of
image intensity to be recorded, off-axis electron ho-
lography also allows the phase shift of the high-
energy electron wave that has passed through a
specimen to be measured directly. The phase shift
can, in turn, be used to provide information about
local variations in magnetic induction and electrosta-
tic potential within and around the specimen [1, 2].

The basis of the TEM mode off-axis electron holo-
graphy is described schematically in Fig. 1. The re-
gion of interest in the specimen is positioned so that
it covers approximately half the field of view. The
application of a voltage to an electron biprism re-
sults in overlap of a 'reference' electron wave that
has passed through vacuum with the electron wave
that has passed through the specimen. If the elec-
tron source is sufficiently coherent, then an interfe-
rence fringe pattern (an electron hologram) is
formed in the overlap region, superimposed on an
image of the specimen. The amplitude and phase
shift of the specimen wave are recorded in the in-
tensity and the position, respectively, of the inter-
ference fringes and can be reconstructed from each
hologram digitally using a standard fast Fourier-
transform-based method [3]. For studies of magne-
tic materials, a Lorentz lens (a high-strength
minilens) allows the microscope to be operated at
high magnification with the conventional objective
lens switched off and the sample in magnetic-field-
free conditions.

As phase information is stored in the lateral displa-
cement of the holographic interference fringes, 
long-range phase modulations arising from inhomo-
geneities in the charge and the thickness of the bi-
prism wire, as well as from lens distortions and
charging effects (e.g., at apertures) can introduce ar-
tefacts. In order to take these effects into account, a
reference hologram is usually obtained from vacuum
alone by removing the specimen from the field of
view without changing the optical parameters of the

microscope. Correction is then possible by perfor-
ming a complex division of the recovered specimen
and vacuum wavefunctions in real space and then
calculating the phase (the arctangent of the ratio
of the imaginary and real parts) of the resulting
complex wavefunction, to obtain a distortion-free
phase image.

Fig. 1. Schematic diagram of the set-up used for generating off-axis electron
holograms (left), shown alongside a photograph of an FEI Titan TEM (right).
For off-axis electron holography, the sample occupies approximately half the
field of view. Essential components in the microscope are the field emission
gun electron source (which provides coherent illumination) and the electron
biprism (which causes overlap of the sample and vacuum reference waves). The
biprism is usually a wire, below 1 µm in diameter, located in place of one of
the conventional selected-area apertures. The sample and reference waves can
be considered as originating from two virtual sources S1 and S2. The Lorentz
lens allows imaging of magnetic materials in close-to-magnetic-field-free
conditions. The conventional electron microscope objective lens can be used
to apply a vertical magnetic field H to the sample, which can then be tilted in
this field in order to study magnetization reversal processes in the specimen in
situ in the TEM.

A final recorded phase image can be used to mea-
sure the electrostatic potential and the in-plane
component of the magnetic induction in the speci-
men. Neglecting the effects of dynamical diffraction
(i.e., assuming that the specimen is thin and weakly
diffracting), the phase can be expressed (in one di-
mension for simplicity here) in the form

[1]

where x is a direction in the plane of the specimen,
z is the incident electron beam direction, V is the
electrostatic potential, the constant CE takes values
of 7.29×106 and 6.53×106 rad V-1 m-1 at accelerating
voltages of 200 and 300 kV, respectively and B⊥�is
the component of the magnetic induction perpen-
dicular to both x and z. If neither V⊥ nor B⊥� varies
along the electron beam direction in a specimen of
thickness t and there are no electromagnetic 
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fringing fields outside the specimen, then Eq. 1 can
be simplified to

[2]

By making use of Eqs. 1 and 2, high spatial resolu-
tion information about local variations in V⊥ and B⊥�
can be recovered from a measured phase image.

Off-axis electron holography is now routinely ap-
plied to the characterization of magnetic fields both
within and around nanoscale crystals [e.g., 4, 5] and
to the characterization of electrostatic potentials in
doped semiconductor devices [e.g., 6, 7]. Recent de-
velopments in the technique have included the use
of advanced specimen holders with multiple electri-
cal contacts to study working nanoscale devices
[e.g., 8, 9] and the use of ultra-stable transmission
electron microscopes to achieve improved (sub-
2π/1000-radian) phase sensitivity [10].

Here, we briefly review a selection of recent appli-
cations of medium-resolution off-axis electron ho-
lography to quantitative studies of electromagnetic
fields in nanoscale materials and devices that are
examined at elevated temperature, in the presence
of a gas environment and under an applied electri-
cal voltage in situ in the TEM. Each example illus-
trates the way in which experimental procedures
need to be adapted when performing in situ studies
to ensure that possible artefacts are eliminated
from the results.

Magnetite grains at elevated temperature
Fig. 2 shows a selection of results obtained using
off-axis electron holography from an in situ study
of the thermomagnetic behaviour of nanoscale
grains of magnetite (Fe3O4) in a synthetic basalt
sample. The sample was synthesized by a glass-ce-
ramic method from powders of Fe2O3, SiO2, CaCO3,
K2CO3, and Na2CO3. The Fe3O4 grains in the final
specimen are separated from each other in a glass
ceramic matrix and range in size from ~50 to ~500
nm. Bulk magnetic measurements indicated that
the sample contains a mixture of single domain and
pseudo-single-domain grains, has a Curie tempera-
ture of 585 ± 5 °C and shows a significant drop in
magnetisation above 400 ºC [11].

TEM specimens were prepared directly on double-
tilt heating chips, before being ion-milled into thin
sections. Off-axis electron holograms were acquired

using an FEI Titan 80-300 TEM operated in Lorentz
mode. A bright-field TEM image of a representative
Fe3O4 grain is shown in Fig. 2. The grain has a square
toroidal morphology with dimensions of ~300 nm
on each side. Fig. 2b-2d show magnetic induction
maps recorded from the same grain at remanence
(in magnetic-field-free conditions) using off-axis
electron holography as the specimen was heated
successively to temperatures of 400, 500 and 550 ºC
in situ in the TEM. Unexpectedly, it became appa-
rent that great care was required to ensure that the
electrostatic contribution to the phase shift was 
subtracted correctly at each specimen temperature,
primarily because of the effects of temperature-
dependent electron-beam-induced specimen char-
ging. As a result, the direction of magnetisation in
the specimen was reversed at each temperature in
situ in the TEM by tilting the specimen to ± 75˚ and
turning on the conventional microscope objective
lens to apply a magnetic field of ~1.5 T parallel to
the direction of the electron beam. The objective
lens was then turned off and the specimen tilted
back to 0˚ for hologram acquisition in field-free
conditions with the particles at remanence. The ma-
gnetic contribution to the phase was subsequently
determined by taking half of the difference bet-
ween phase images between which the magnetiza-
tion direction in the region of interest had reversed
exactly.

Fig. 2. (a) Bright-field TEM image of a 300 nm magnetite (Fe3O4) grain that has
a square toroidal morphology and is embedded in a silicate matrix. 
Fig. 2. (b-d) Magnetic induction maps obtained using off-axis electron
holography from the magnetite grain during in situ heating to (b) 400, 
Fig. 2. (c) 500 and (d) 550˚C. The outline of the grain is marked using solid white
lines. The phase contour spacing is 0.39 radians. The direction of the measured
magnetic induction is shown using arrows and colours, as depicted in the
colour wheel. Reprinted from Ref. 11.
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Interestingly, the magnetic induction map recorded
at 400 ºC (Fig. 2b) shows a horseshoe-like state, with
the measured magnetic field flowing in a clockwise
direction. An increase in temperature to 500 ºC
(Fig. 2c) then results in a significant change in the
measured magnetic field, with the contours now
flowing from the bottom to top of the grain, as well
as exhibiting a prominent stray magnetic field. The
magnetic field is observed to curve around the right
of the hole, before re-joining the contours in the
left of the grain. At 550 ºC, the magnetic field is
now observed to close into a vortex-like structure
around the hole (Fig. 2d), along with a reduced
stray magnetic field. The three magnetic states
shown in Fig. 2 are therefore all markedly different
from each other. The magnetic induction maps pro-
vide a direct quantitative representation of the va-
riation in remanent magnetisation within an
individual magnetite grain as a function of tempe-
rature. The results provide insight into the role of
the effect of temperature on the acquisition of a
magnetic signal from the geomagnetic field as such
grains cool below their Curie temperature. In the
case of metamorphic rocks, which experience mul-
tiple heatings, a grain may be re-magnetised into
different states on each heating cycle.

In situ oxidation of magnetite grains

Fig. 3. Bright-field TEM images (left, with selected area electron diffraction
patterns inset) and electron energy-loss spectra of the Fe L2,3 edge (right)
recorded from a 250 x 150 nm magnetite grain before (top) and after (bottom)
in situ heating to 700 °C in 9 mbar of O2 for 8 hours in an environmental TEM.
The green arrows highlight peaks in the electron energy-loss spectrum that
are indicative of oxidation towards g-Fe2O3. Adapted from Ref. 13.

In addition to the effect of temperature described
in Fig. 2, the magnetic states of magnetite grains
can be affected over time by progressive oxidation
to less magnetic iron oxides, such as maghemite 
(g-Fe2O3) or haematite (a-Fe2O3). In order to study
such processes, which are especially poorly unders-
tood for grains that contain multi-domain magne-
tization states, magnetite particles were dispersed
in distilled water using an ultrasonic bath, deposited
onto a heating chip and studied using environmen-
tal transmission electron microscopy (ETEM) [12] in
combination with electron energy-loss spectroscopy
and off-axis electron holography. In situ oxidation
of the particles was performed using a Protochips
heating holder in an FEI Titan E-Cell TEM operated
at 300 kV. Off-axis electron holograms were acqui-
red at 300 kV in Lorentz mode using an FEI Titan
800-300 TEM, with an electron biprism operated at
160 V and an acquisition time of 4 s.

Samples were initially heated to 700 °C in the Titan
80-300 TEM for 1 hour and then cooled under va-
cuum, before acquisition of off-axis electron holo-
grams from the native magnetite grains. The
specimen holder was then transferred to the Titan
E-Cell TEM for the purpose of in situ chemical oxi-
dation, followed by imaging and electron energy-
loss spectroscopy under vacuum at ambient
temperature conditions. (In situ oxidation was al-
ways performed in the absence of the electron
beam to avoid degradation of the specimen
through electron beam/ specimen interactions du-
ring annealing). The specimen holder and oxidized
magnetite grains were then transferred back to the
Titan 80-300 TEM in order to acquire off-axis elec-
tron holograms. In order to separate the magnetic
contribution to the phase shift from the recorded
signal, the direction of magnetization in each par-
ticle was always reversed in situ in the TEM using
the procedure described in the previous section.

Fig. 3 and 4 illustrate the effect of oxidation on an
elongated (~250 nm x ~150 nm) synthetic magnetite
grain as it was transformed towards g-Fe2O3 [13].
The bright-field TEM image at the top left of Fig. 3
shows an initial smooth-surfaced grain, while elec-
tron energy-loss spectroscopy of the Fe 2p L2,3 edge
confirms the presence of pure magnetite. In
contrast, after exposure to 9 mbar of O2 at 700 °C
for 8 hours in the ETEM, degradation of the surface
of the grain is apparent and changes to the electron
energy-loss spectrum are indicative of a change in
the Fe oxidation state towards g-Fe2O3 or a-Fe2O3.
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Selected area electron diffraction did not reveal any
evidence for the formation of additional crystalline
phases during conversion of the inverse spinel fer-
rite Fe3O4 towards the crystallographically similar
Fe2+ cation-deficient g-Fe2O3 phase.

Fig. 4. Magnetic induction maps recorded using off-axis electron holography
in magnetic-field-free conditions from the magnetite grain shown in Fig. 3
before (left) and after (right) in situ heating to 700 °C in 9 mbar of O2 for 8
hours in an environmental TEM. The phase contour spacing is 0.20 radians. The
direction of the measured magnetic induction is shown using arrows and
colours, as depicted in the colour wheels. Adapted from Ref. 13.

Corresponding magnetic induction maps, which are
shown in Fig. 4, show closely-spaced magnetic
contours flowing from left to right through the
elongated particle before oxidation, interacting
with a small vortex located at the bottom, along
with a component of stray magnetic field that is in-
dicative of a pseudo-single-domain state. After oxi-
dation, the magnetic induction map exhibits two
vortices with widened magnetic phase contour spa-
cings, flowing in opposite directions around a cen-
tral transverse axis. The widening of the magnetic
contours demonstrates that chemical alteration can
lead to a loss of magnetization intensity. It is pro-
posed that the tips of the elongated grain are more
susceptible to oxidation because of their larger ex-
posed surface area and shorter diffusion pathways,
resulting in preferential oxidation towards the less
magnetic g-Fe2O3 phase around a lower aspect ratio
Fe3O4 core. The results show directly the decrease in
the natural remanent magnetization intensity of a
palaeomagnetic sample as a consequence of oxida-
tion.

In situ electrical biasing of an atom probe needle
Fig. 5 illustrates the recent application of off-axis
electron holography to the measurement of the elec-
trostatic potential and electric field around an elec-
trically-biased metallic needle that was prepared for
examination using atom probe tomography [14, 15].
Although the influence of the shape, crystallography
and chemical composition of such a needle on ion

trajectories can in principle be simulated numerically,
the development of an experimental technique that
can be used to measure the electric field directly, or
equivalently the charge distribution within it, pro-
mises to provide a more direct method for minimi-
sing artefacts in atom probe tomography.

An Fe-0.3 wt% Y2O3 needle with a tip radius of
below 100 nm was prepared for examination under
an applied electrical bias in situ in the TEM using a
scanning tunnelling microscopy specimen holder
from Nanofactory Instruments. The needle, which is
shown in Fig. 5a, was mounted on one side of the
holder, while an electrochemically-sharpened W
counter-electrode was moved towards it in an FEI
Titan 80-300 TEM until the distance between them
was approximately 1 µm. Off-axis electron holo-
grams of the end of the needle were acquired ope-
rated at 300 kV using 8 s exposure times and an
interference fringe spacing of 3.4 nm.

A model-independent approach based on integra-
tion of the Laplacian of the phase or, equivalently,
contour integration of the gradient of the phase,
was used to determine the charge density distribu-
tion along the needle directly from each phase
image [16]. A key advantage of using this approach
to measure the charge density, rather than determi-
ning the potential or the electric field directly, is
that it is insensitive to the presence of a perturbed
vacuum reference wave, so long as the region from
which the reference wave is obtained is charge-free.
It is also applicable to specimens of arbitrary geo-
metry, requires only a basic knowledge of the likely
positions of the charged objects within the field of
view and is insensitive to the perturbed reference
wave so long as it does not itself enclose any charge.
The primary disadvantage is that, for a specimen
whose thickness and/or composition changes across
the field of view, the measured charge density can
be affected by the mean inner potential contribu-
tion to the recorded phase shift, as a result of the
presence of effective local dipoles on the specimen
surface. Subtraction of the mean inner potential
(and magnetic) contribution to the phase from the
results was therefore found to be essential and was
achieved by using the object wave recorded at 0 V
bias as a reference wave for reconstructing electron
holograms acquired at other applied voltages, be-
fore applying the model-independent approach to
determine the charge density from the final sub-
tracted phase images.
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Fig. 5. (a) Bright-field TEM image showing an Fe atom probe tomography
needle containing Y2O3 particles. A voltage was applied between the needle
and a counter-electrode in situ in the TEM.
Fig. 5. (b) Experimental contoured phase image of the Fe needle recorded using
off-axis electron hologrphy before (left) and after (right) removing the mean
inner potential and magnetic contributions to the phase by taking the
difference between phase images acquired at applied bias voltages between
the needle and the counter-electrode of 0 and 5 V. The distance to the counter-
electrode is approximately 1 µm. The phase amplification factor is 1. 
Fig. 5. (c) Central slice of the three-dimensional electrostatic potential (colours)
and electric field (white lines) between the Fe atom probe tomography needle
and the counter-electrode, determined from the charge density distribution
in the needle measured from the difference between phase images recorded
using off-axis electron holography at applied bias voltages between the needle
and the counter-electrode of 0 and 5 V. The amplitude image of the needle is
overlaid. 
Fig. 5. (d) Line profiles of the magnitude of the electrostatic potential along
the dashed lines marked in (c). Reprinted with permission from Ref. 14.
Copyright 2015, AIP Publishing LLC.

Fig. 5b shows, on the left, the cosine of an as-acqui-
red phase image, in which the contributions to the
phase from the mean inner potential, the applied
bias and the magnetic field are all still present. As
mentioned above, the mean inner potential and
magnetic contributions to the phase were subtrac-
ted by taking the difference between phase images
recorded at different applied bias voltages (e.g., 0
and 5 V). This procedure also resulted in subtraction
of the contribution to the perturbed reference
wave from the magnetic field of the needle.
Contour integration was then applied to final sub-
tracted phase images, such as the phase image
whose cosine is shown on the right of Fig. 5b.

Fig. 5c shows a central slice taken through the
three-dimensional electrostatic potential and elec-
tric field distributions that were inferred, on the as-
sumption of cylindrical symmetry, from the
measured charge density distribution along the
needle, which showed charge accumulation at the
apex of the needle, where the charge density was
measured to be �2.45 e−/nm. As expected, the mea-
sured equipotential contours lie close to the surface
of the needle. Fig. 5d shows profiles extracted from
the three-dimensional electrostatic potential along
the lines shown in Fig. 5c. These results provides a
step towards the determination of three-dimensio-
nal charge densities, electric fields and electrostatic
potentials of more realistic atom probe needles that
contain both metallic and dielectric phases. Interes-
tingly, complicated caustic phenomena could also
be observed in defocused bright-field TEM images
of similar needles in situ in the TEM [17].

Future prospects
The above examples illustrate a selection of recent
experiments that involve the application of external
stimuli, such as temperature, gas and applied vol-
tage, to nanoscale specimens while acquiring off-
axis electron holograms to record information
about electromagnetic fields with sub-10-nm spatial
resolution. In such studies, it is important to remem-
ber that the specimen must remain clean, electron-
beam-induced charging due to secondary electron
emission must be minimised and the quantitative in-
terpretation of phase shifts measured from crystal-
line specimens can require comparisons with
dynamical simulations, even for a specimen thick-
ness of only a few atoms.
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We are presently extending the present studies by
developing model-based approaches that can be
used to reconstruct three-dimensional magnetiza-
tion or charge density distributions in specimens
from series of phase images recorded using electron
holography. Such approaches can be used to avoid
many of the artefacts that result from the use of
classical backprojection-based tomographic tech-
niques, as well as allowing additional constraints
and known physical laws to be taken into account.

Other recent developments in electron holography
have included the development of advanced tomo-
graphic specimen holders [18], new approaches for
recording three-dimensional electrostatic potentials
and magnetic fields tomographically [19-21] and the
development of split-illumination electron hologra-
phy for acquiring a reference electron wave that is
less perturbed by the field of the specimen itself
[22]. Such developments suggest that off-axis elec-
tron holography has a very strong future as a tech-
nique for characterising electromagnetic fields in
materials with the highest spatial resolution.
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