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Basics

State of the art





Multi-walled carbon nanotube containing Fe

K. Koziol, A.H. Windle



High-resolution TEM
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Locally varying phase shift

High-resolution TEM



Measurement of electron optical phase



• In-line electron holography

• STEM differential phase contrast (or central beam deflection)

• Ptychography

• Diffractive imaging

• Off-axis electron holography

Phase contrast techniques in the (S)TEM



Definition and importance of the phase



Phase shift:

Sensitive to: magnetic fields

composition
density
bonding/ ionicity
electrostatic fields at depletion layers
electrostatic fringing fields outside materials
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Basis of off-axis electron holography



If V(x) and B(x) do not vary in the incident electron beam direction, then:

Phase shift:

Sensitive to: magnetic fields

composition
density
bonding/ ionicity
electrostatic fields at depletion layers
electrostatic fringing fields outside materials
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Off-axis electron holography



Lorentz imaging of magnetic thin films



BSample

in focus

divergent
convergent

Fresnel mode of Lorentz microscopy

underfocus

overfocus

Lorentz transmission electron microscopy



Electron holography



1947 Denis Gabor proposes holography ("whole writing") as a means to 
correct for electron microscope aberrations - Nobel prize 1971.

Electron microscope built by Ruska 
and Knoll in Berlin in the 1930s.

1936 First commercial TEM - Metropolitan Vickers EM1.

1932 E. Ruska and M. Knoll proposed the idea of an 
electron microscope - Nobel prize 1986.

1927 G.P. Thomson and A. Reid with C.J. 
Davisson and L.H. Germer showed the 
electron was a wave - first electron 
diffraction experiments - Nobel prize 1937.

1897 J.J. Thomson discovers the electron 
(particle with a certain charge-to-mass 
ratio) - Nobel prize 1906.

Denis Gabor

Historical background



Gottfried Möllenstedt 
(1913-1997)

Tübingen, Germany

Off-axis electron holography

Invention of electron biprism in 1954



TEM mode of off-axis electron holography



Off-axis electron holography

Electron holography provides access to the phase shift of the electron wave that passes
through a specimen in the TEM. The phase shift can be related to the in-plane magnetic
induction and to the electrostatic potential within and around the specimen, projected in the
electron beam direction.

H

Field emission gun

Specimen

Lorentz lens

Biprism 1

Biprism 2

Hologram

Aberration
corrector
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Schematic illustration of set-up for generating off-axis electron holograms. 

• The sample occupies approximately half the 
field of view.

• The field-emission electron gun (FEG) 
electron source provides coherent 
illumination.

• The electrostatic biprism causes overlap of 
the object and (vacuum) reference waves.

• The Lorentz lens allows imaging of 
magnetic materials in field-free conditions.

Basis of off-axis electron holography



Schematic illustration of set-up for generating off-axis electron holograms. 

• If  a is the deflection angle introduced by a 
biprism of radius R and  l is the wavelength of 
the illumination then:

• the overlap width

• the interference fringe spacing

• the total number of interference fringes is 
proportional to the square of the biprism voltage.
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Basis of off-axis electron holography
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Off-axis electron holography



Acknowledgment: M. R. McCartney

Off-axis electron holography





Basis of off-axis electron holography



Electron hologram acquired in magnetic-field-free conditions
3.9 nm interference fringe spacing

Off-axis electron hologram of magnetic nanocrystals



Off-axis electron 
hologram from 
thin crystal 
showing 
interference 
fringes within 
sample

Phase image 
obtained from 
inverse Fourier 
transform of one 
'sideband' 
selected from 
Fourier 
transform of 
hologram

Off-axis electron holography: digital reconstruction

Acknowledgment: M. R. McCartney



Conventional bright-field TEM:

Off-axis electron holography

ψi (r) = Ai (r)exp[iφi (r)]

I(r) = Ai (r)
2

Off-axis electron holography: Ihol (r) = ψi(r)+ exp[2πiqc •r]
2

Ihol (r) =1+ Ai
2(r)+ 2Ai(r)cos[2πiqc •r+φi(r)]

FT[Ihol (r)] = δ(q) + FT[Ai
2(r)] + δ(q+qc )⊗ FT[Ai (r)exp[iφi (r)]] + δ(q−qc )⊗ FT[Ai (r)exp[−iφi (r)]]
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Fundamentals of electron interference



Each electron travels as a wave but interacts with the detector as a particle

0.001s 0.01s

0.1s 1.0s

Acknowledgment: M. R. McCartney

Basis of off-axis electron holography



The most beautiful experiment in physics



Electron holography of magnetic fields



1965 Akira Tonomura works on field emission electron sources and pioneers the 
characterization of magnetic materials using electron holography.

Hitachi Advanced Research 
Laboratory

Off-axis electron holography of magnetic materials



'Optical' reconstruction of electron holograms

Acknowledgment: A. Tonomura

Off-axis electron holography of magnetic materials



55-nm-thick plate-shaped 
{111} Co particle

Phys. Rev. Lett. 44, 1430 (1980)

2 times phase amplified 
interference micrograph 

Off-axis electron holography of magnetic materials

Acknowledgment: A. Tonomura



45-nm-thick recorded Co film with 5 µm bit length

Appl. Phys. Lett. 42, 746 (1983)

Acknowledgment: A. Tonomura

Off-axis electron holography of magnetic materials



Acknowledgment: A. Tonomura

Vortices in superconducting Pb films (0.2 and 1 µm thick)
evaporated onto W wire. Holograms recorded at 4.5K.

Phys. Rev. Lett. 62, 2519 (1989)

Off-axis electron holography of magnetic materials



Interferogram of a toroidal 40 nm thick film of 
permalloy.

SEM image and schematic diagram of 
permalloy toroid covered with 
superconducting Nb.

Interferograms: (d) and (e) are for a toroid in 
which the magnetic flux is quantized below Tc
in units of n(h/2e), where n is even. For (f) 
and (g), n is odd. For (d) and (f), T = 15 K, 
whereas for (e) and (g) T = 5 K (phase 
amplification x 1).

Phys. Rev. Lett. 48, 1443 (1982).

Phys. Rev. A 34, 815 (1986).

Acknowledgment: A. Tonomura

Off-axis electron holography of magnetic materials



Magnetic fields: digital analysis



200nm

Phase

x-differential y-differential

Contoured 
phase

Lorentz 
(Fresnel 
underfocus) 
image of 
Nd2Fe14B. 

Off-axis electron holography of magnetic materials

Acknowledgment: M. R. McCartney and Y. Zhu



Linescan obtained from the phase 
image across a 90° domain wall.

The line profile provides an upper limit 
for the domain wall width of 10 nm.

Appl. Phys. Lett. 72, 1380 (1998).

Vector map Color map

Acknowledgment: M. R. McCartney and Y. Zhu

Off-axis electron holography of magnetic materials



Magnetic fields in nanoscale materials



Cobalt nanoparticle rings

Off-axis electron holography of magnetic materials

Acknowledgment: Alexander Wei
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Off-axis electron holography of magnetic materials

Cobalt nanoparticle rings



Determination 
of coercivity of 
remananence 
by applying 
successive 
increasing OOP 
fields.



Magnetic fields: some theoretical background
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Off-axis electron holography of magnetic materials

The difference between the magnetic contribution to the phase shift at any two points is:

For a rectangular loop formed by two parallel electron trajectories crossing the sample at these points and 
joined, at infinity, by segments perpendicular to the trajectories:

Using Stokes’ theorem:

where φ 0 = h/2e = 2.07×1015 Tm2 is a flux quantum.
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Off-axis electron holography of magnetic materials

The relationship between the magnetic contribution to the phase shift and the magnetic induction can be 
established from the gradient of φ m

where are the components of the magnetic induction perpendicular to 
the electron beam direction projected in the beam direction

In the special case when (i) stray fields surrounding the sample can be neglected, (ii) the sample has a 
constant thickness and (iii) the magnetic induction does not vary with z within the specimen:

The separation of electrostatic and magnetic contributions to the phase shift is almost always mandatory in 
order to obtain quantitative magnetic information from a phase image. The few instances when this extra step 
may be avoided include the special case of magnetic domains in a thin film of constant thickness. 



• Magnetization

• Coercivity

• Magnetic moment

• Critical sizes for SPM/ SD/ PSD/ MD transitions

• Effects on magnetic microstructure of interactions, 
shape and crystallography

Quantitative magnetic measurements



Electron holography of magnetite nanocrystals
at elevated temperature



Off-axis electron holography at elevated temperature

Fe3O4 grain heated to 550 °C and cooled to room temperature

T. Almeida, A. Muxworthy, W. Williams



Electron holography at elevated temperature

Fe3O4 grain heated to 600 °C and cooled to room temperature

T. Almeida, A. Muxworthy, W. Williams



Influence of reactive gas



In situ gas reaction experiments at elevated temperature

250 x 150 nm Fe3O4
particle before 
in situ oxidation

After heating at 
700 °C in 9 mbar O2
for 8 hours



In situ heating in oxygen

Bright-field TEM images and magnetic induction maps of an elongated 
250 nm Fe3O4 particle acquired before and after in situ heating to 700 °C 
in 9 mbar of O2 in the TEM.

Before heating in O2 After heating in O2



Magnetic skyrmions



Magnetic skyrmions

Spin configuration 
of a Bloch-type 

skyrmion.

Spin configuration 
of a Néel-type 

skyrmion.



Magnetic skyrmions

Regions “H”, “Skyrmion” and “FM” denote a helical structure,
a skyrmion lattice and a saturated ferromagnetic state, respectively.

The critical temperature is 278.3 K.

Schematic B-T phase diagram for magnetic skyrmions in B20 FeGe



Magnetic induction 
maps of helical 
structures and a 
skyrmion lattice 
recorded in out-of-
plane magnetic 
fields of 0 and 
100 mT at 200 K. The 
contour spacing is 
0.098 rad.

Skyrmions in FeGe

Kiyou Shibata, 
Yoshinori Tokura



Magnetic skyrmions in FeGe

Magnetic induction maps of a skyrmion lattice recorded at 200 K in the indicated
out-of-plane magnetic fields. The contour spacing is 0.098 radians.

Magnetic field dependence of skyrmions in FeGe. 

Kiyou Shibata, 
Yoshinori Tokura



Skyrmions in confined geometries



Magnetic skyrmions in FeGe

TEM sample preparation by FIB milling



Skyrmions in FeGe

Hai-Feng Du

Magnetic field dependence at 220 K after zero field cooling



Magnetic skyrmions in FeGe

Phase diagram of skyrmions in a nansotripe of B20-FeGe determined from both 
experimental results and simulations. Wy is the width of the sample and L is its 
thickness.



Off-axis electron holography of electrostatic 
potentials



Phase shift:

Sensitive to: composition
density
bonding/ ionicity
electrostatic fields at depletion layers
electrostatic fringing fields outside materials

φ x,y( ) = CE V x,y,z( )dz
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∫  

Electrostatic contribution to phase shift



The mean inner potential



Mean inner potential:
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Mean inner potential contribution to phase shift if there is 
no variation in V0 in the electron beam direction:
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V0 measured using electron holography from specimens of known geometry typically:

• 12 V for Si   and  22-24 V for Fe

• 10 - 15% lower than values calculated using neutral atom scattering factors

W = unit cell volume.   fel(0) = electron scattering factor at zero scattering angle.

Mean inner potential contribution to phase shift



Line profiles 
across the phase 
image. A void in 
the particle is 
seen in the 
bottom profile.

Allard, L.F., E. Voelkl, A. Carim, A.K. Datye, and R. Ruoff
Nanostructured Mater. 7, 137 (1996)

Mean inner potential contribution to phase shift

Phase image

Cuboctahedral 
shape and its 
expected [110] 
projection.

HR image of a 
cuboctahedral 
ZrO2 particle.



The mean inner potential - dynamical effects
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Mean inner potential contribution to phase shift



The mean inner potential - surface effects



Mean inner potential contribution to phase shift



Electron holography of dopant potentials

in semiconductor devices



Amplitude images of 0.35 µm 
channel length n-MOS and p-
MOS transistors

Phys. Rev. Lett. 82, 2614 (1999)

Off-axis electron holography of electrostatic potentials

Corresponding phase images



Electrostatic potentials in doped semiconductors

Vbi

p n

W - depletion width
Potential V

Charge density r

tel

Df = CE(Vbi+Vappl)tel

Off-axis electron holography of electrostatic potentials



Experimental phase profiles
Unbiased

vs. sample thickness
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Alison Twitchett-Harrison

Dopant potentials in semiconductors
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Dopant potentials in semiconductors



Electrostatic potential mapping in 3D



Alison Twitchett-Harrison
Tim Yates

Electron holographic tomography of a Si p-n junction



Electrostatic potential mapping in nanowires



Three-dimensional composition and electric potential mapping of III–V core-multishell 
nanowires by correlative STEM and holographic tomography
D. Wolf et al. Nano Lett. 18 (2018), 4777-4784

Electron holographic tomography of a core-shell nanowire



Electrically contacted nanowires



Direct mapping of charge distribution during lithiation of Ge nanowires using off-axis 
electron holography.
Z. Gan et al. Nano Lett. 16 (2016) 3748-3753.

Electron holography of Ge-LixGe core-shell nanowires during lithiation

During in situ electrical 
biasing, lithiation leads to 
expansion of the LixGe shell 
and shrinking of the Ge NW 
core.

Electron holography shows 
that the surface of the core 
becomes negatively 
charged, while the inner 
surface of the shell develops 
a counterbalancing positive 
charge.

Electron hologram Phase image Phase profile along arrow



High-resolution electron holography



Off-axis electron holography of electrostatic potentials

High-resolution (a) amplitude and (b) phase of the aberration-corrected object wave reconstructed 
from an electron hologram of [110] Si, obtained at 300 kV on a CM30 FEG-TEM. The spacing of the 

original hologram fringes was 0.05 nm. The sideband contained {111}, {220}, {113} and {004} 
reflections, corresponding to lateral information of 0.136 nm. The Si dumbbell structure is visible 

only after aberration correction.

A. Orchowski et al., Phys. Rev. Lett. 74, 399 (1995)



Martin 
Linck,
Hannes 
Lichte



Martin 
Linck,
Hannes 
Lichte



Other forms of electron holography



Phase-shifting electron holography

Schematic diagram of complex Fourier 
spectrum, with real and imaginary parts 
shown as solid and broken lines.

Complex plane, illustrating circular 
trajectory of spectrum data at carrier 
frequency.

Initial phase data for series of holograms.

Hologram of flagellum filament and 
corresponding phase image, obtained from 
96 holograms with initial phases of 0 to 4π. 
The maximum phase change due to the 
filament is 2π/40.Ultramicroscopy 55, 209 (1994).

Acknowledgment: A. Tonomura

Other forms of electron holography



Hologram formation using a single-crystal film as an electron beam splitter

Fresnel hologram of a 
polystytrene latex 
particle containing 
approximately 1500 Au 
lattice fringes.

The left and right images 
are formed by the Bragg-
reflected and direct 
beams, respectively. 

Ultramicroscopy 53, 1 (1994).

Acknowledgment: A. Tonomura

Other forms of electron holography



Future directions



• Working nanoelectronic and spintronic devices in the presence of 

multiple applied stimuli (currents, light, temperature, gas …)

• Improved temporal resolution: ultrafast and dynamic experiments

• Atomic resolution imaging of spins and charges

• Weakly scattering (biological and soft) materials

• Electron beam shaping …

• Hardware phase plates …

Future directions



• Microscope & specimen: cleanliness and stability

• Image acquisition: automation of workflows

• Unwanted effects: electron beam induced charging and damage

Limitations



Magnetic nanocrystals again



Electron hologram acquired in magnetic-field-free conditions
3.9 nm interference fringe spacing

Off-axis electron hologram of magnetic nanocrystals



Magnetospirillum magnetotacticum strain MS-1

1200 nm long chain.
Twenty-two 45 nm  crystals 
separated by 9.5 nm.
Crystals are combinations of 
octahedron and cube forms.
<111> magnetic easy axis 
primarily parallel to chain axis.

0.064 radian contours formed from magnetic 
contribution to phase and overlaid onto
mean inner potential contribution to phase.

Electron holography of magnetite crystals in magnetotactic bacteria


