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The vector potential is central to a number of areas of condensed matter physics, such as super-

conductivity and magnetism. We have used a combination of electron wave phase reconstruction and

electron tomographic reconstruction to experimentally measure and visualize the three-dimensional

vector potential in and around a magnetic Permalloy structure. The method can probe the vector potential

of the patterned structures with a resolution of about 13 nm. A transmission electron microscope operated

in the Lorentz mode is used to record four tomographic tilt series. Measurements for a square Permalloy

structure with an internal closure domain configuration are presented.
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Investigation of magnetic nanostructures for applica-
tions in various fields such as data storage, spintronic
devices, magnetic logic devices, and magnetic random
access memory [1,2], requires studying the physics under-
lying the magnetic interactions associated at such length
scales. Also to correlate the properties with the structure,
requires knowledge of the electromagnetic properties of
the nanostructure, namely, the electrostatic and the vector
potential rather than the associated fields [3]. The concept
of the vector potential was introduced in electromagnetism
around the middle of the 19th century [4]; Maxwell [5]
proposed the name vector potential and a formal definition
as the stored momentum per unit charge, similar to the
electrostatic potential, which is the stored energy per unit
charge. The vector potential A for a given magnetization
M is given by the convolution ofM with the dipolar kernel
r=jrj3. The vector potential is central to several areas of
physics, such as superconductivity, the Aharonov-Bohm
effect, quantum field theory and vacuum condensates [6–
9]. However, a precise measurement and visualization of
the vector potential of such structures in three dimensions
has never been achieved. It should be noted that for a
classical magnetostatic system, such as the one presented
in this work, the vector potential is averaged over many
atomic distances and is thus a classical vector potential,
which means it cannot be used directly in quantum me-
chanical equations for studying spin motions in magnetic
nanostructures. However, with recent advances in trans-
mission electron microscopy (TEM), such as chromatic
and spherical aberration correctors, it may become pos-
sible to measure the localized vector potential in such
nanostructures in the near future.

Amongst the current techniques for probing the mag-
netic properties of nanostructures, such as TEM, scanning
electron microscopy, and an array of scanning probe mi-
croscopies, TEM is widely used because of the high spatial

resolution for the study of physical as well as magnetic
structure. In TEM, the electromagnetic potentials of the
nanostructures are studied using phase retrieval techniques
such as electron holography [10] and the transport-of-
intensity (TIE) technique [11]. These approaches rely on
the concept of the Aharonov-Bohm effect [12], i.e., that the
phase of the electron wave is modified due to the electro-
magnetic potentials of the nanostructure. A comprehensive
theoretical background as well as experimental measure-
ments of the phase shift due to the Aharonov-Bohm effect
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FIG. 1 (color). (a) The vector potential (red arrows) of a square
particle with a closure magnetic domain configuration (magne-
tization is represented by blue arrows); black lines show the
locations of 90� magnetic domain walls. (b) shows the basic
setup of a VFET experiment in a TEM. Electrons travel along the
direction of the green arrows, and experience a phase shift when
they traverse the region around the magnetized thin foil (gray
square prism). (c)–(e) show under-, in-, and over-focus Fresnel
images of a square Py island. The vortex location is indicated
with white arrows in both out-of-focus images.
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are given by Peshkin and Tonomura [13]. Also, these
methods usually result in two-dimensional (2-D) projec-
tions of the true three-dimensional (3D) structure. A com-
bination of tomography and TEM has been applied to the
study of the 3D structure and morphology of nanoparticles
used as catalysts [14,15] as well as biological specimens
[16]. In this Letter, we show that the combination of
tomography with Lorentz TEM (LTEM) allows for the
measurement and 3D reconstruction, with a high spatial
resolution, of the vector potential of magnetic structures.
We will present experimental data for a 1� 1 �m square
island consisting of a 27 nm thick layer of Ni80Fe20 alloy
(Permalloy=Py). Figure 1(a) shows (in red) the schematic
vector potential for a square structure with a central vortex.
It should be noted that, while the magnetic structure forms
a flux closure state with minimal stray fields, the vector
potential is nonzero outside the sample and does not decay
as rapidly as the field itself. In addition, the vector potential
also has a strong out-of-plane component.

Vector field electron tomography (VFET) extends the
concept of conventional tomography to the reconstruc-
tion of vector objects (e.g., velocity field, magnetic induc-
tion or vector potential). A single tomographic tilt series
can be used to reconstruct only one component of a vector
field; to reconstruct the second component, a second tilt
series around a mutually orthogonal tilt axis is required.
The basic setup for VFET in LTEM mode is shown in
Fig. 1(b). The third component of the field can be obtained
by making use of an external boundary condition. As stated
before, this is a classical vector potential, so that it must
vanish far away from its source [17]. This means that it
must satisfy the Coulomb gauge condition r �A ¼ 0.

To reconstruct the vector potential by means of tomo-
graphic methods, we must establish first how the LTEM
images provide information about the vector potential. As
mentioned earlier, the phase shift due to the electrostatic
and vector potentials can be written as a sum of two terms
(SI units), ’ðr?Þ ¼ ’eðr?Þ þ ’mðr?Þ, where

’eðr?Þ ¼ �

E�

Z þ1

�1
Vðr? þ ‘eÞd‘ (1)

is the electrostatic phase shift and

’mðr?Þ ¼ � e

@

Z þ1

�1
Aðr? þ ‘eÞ � ed‘ (2)

is the magnetic phase shift; E is the relativistic electron
accelerating potential and � the wavelength. The integra-
tion is performed along the electron propagation direction
e and r? is a position vector in a plane normal to e. In the
tomography literature, ’eðr?Þ is known as the scalar x-ray
transform of the potential VðrÞ, and’mðr?Þ is known as the
vectorial x-ray transform ofAðrÞ. ReconstructingA, there-
fore, requires measurement of ’mðr?Þ. The Fresnel (out-
of-focus) imaging mode is used to recover quantitatively
the total phase shift of the electron wave by means of the

TIE technique [18]. In this work, we have employed a
Fourier transform method to solve the TIE and recover
the phase shift [19]. The magnetic phase shift can be
extracted from the total phase shift using time reversal
symmetry, which is implemented by flipping the sample
upside down inside the electron microscope. The magnetic
phase shift can then be obtained as the difference of the
reconstructed phases for the sample in regular and upside
down orientations. Lade et al. [20] first described the
application of tomography to the reconstruction of various
electromagnetic quantities. Tomographic filtered back-
projection equations applicable to LTEM with particular
focus on phase reconstruction using the TIE technique can
be found in [21].
A 27 nm Permalloy (Py) thin film was deposited by

magnetron sputtering on a square TEM grid with a SiO
support membrane. Squares and ellipses were then pat-
terned in the film using focused ion beam (FIB) milling.
The grids were mounted in a tomography holder and
loaded into a JEOL 2100F TEM operated at 200 kV and
equipped with a special low field pole piece for magnetic
characterization. Two tilt series about orthogonal axes
were recorded (tilt range �70�, 2� tilt increment); a
three-image through-focus series was acquired for each
tilt angle. This was followed by a sample flip of 180�
and two more tilt series were acquired under identical
conditions. The magnetic phase shift was then extracted
from pairs of reconstructed phase maps and used for the
reconstruction of the vector potential, A. Figures 1(c)–1(e)
show the under-, in-, and over-focus Fresnel images of the
square island in the zero-tilt orientation. From these im-
ages, we derive that the magnetic structure of the square
consists of a single vortex with 90� domain walls, leading
to an overall closure domain configuration.
Figure 2(a) shows a schematic of the square island;

(b) shows a line profile of the theoretical (continuous)
and reconstructed (dotted) Az component along the line
AB indicated in (a). Figure 2(c) shows gray-scale plots of
the theoretical (upper row) Az component of the vector
potential, computed using LLG micromagnetic simula-
tions [22], and the experimentally reconstructed Az com-
ponent (bottom row). It should be noted that both
magnitude and shape of the reconstruction are in good
agreement with theoretical expectations, except near the
edges of the patterned structure. Deviations near the edge
of the field of view are due to the limited tilt range leading
to a missing wedge of information. The reconstruction was
performed on a 2563 grid with a voxel size of 6.52 nm.
Inspection of the reconstructed vector potential shows

that the sign of Az relates to the chirality of the vortex state.
From the line profile in Fig. 2(b), it can be seen that Az is
positive near the center of the island, where the vortex is
located, decreases towards the edges, and changes sign just
outside the island. This result demonstrates the capability
of the VFET technique to reconstruct quantitatively, with
high spatial resolution, the 3D vector potential of a square
Py structure.
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Figure 3 shows the Bxð0; y; 0Þ and Byðx; 0; 0Þ profiles

computed from the experimentally reconstructed vector
potential by a finite difference implementation of the rela-
tion: B ¼ r�A. The magnitude of the reconstructed
induction agrees well with the predictions from micro-
magnetic simulations. There are some deviations near the
edges of the island, presumably due to Fresnel fringes in
the out-of-focus images. This example shows that it is
possible to compute magnetic quantities starting from the
reconstructed vector potential, and obtain reasonable
agreement with numerical/theoretical results.

The agreement between the theoretical and recon-
structed vector potentials is not perfect, and the largest
deviations are found near the edges of the structure. There
are two major reasons for these deviations: (i) the tomo-
graphic tilt series were recorded only in the tilt range
�70�, which results in an angular wedge of missing infor-
mation. This introduces reconstruction errors, such as
elongations and blurring, which are particularly noticeable
in section planes 1 and 2 of Fig. 2(c); (ii) since the phase
recovery method is an out-of-focus method, there is some
loss of spatial resolution due to defocus blurring. In addi-
tion, the large defocus values used to acquire the images
cause Fresnel interference fringes to appear near the edges
of the structures, which, in turn, introduces local errors in
the reconstructed phase. When two reconstructed phases
are subtracted from each other to recover the magnetic
phase shift, slight misalignments introduce errors in the
phase separation; these errors then propagate to the 3D
reconstructions. The effects of the missing wedge and the
microscope defocus are seen clearly by comparing the two
rows of Fig. 2(c). We anticipate that the reconstructions
will benefit from the implementation of an iterative recon-
struction method, similar to the one described by Arslan,
Tong, and Midgley [23].
Figure 4(a) shows a 3D visualization of the magnetic

induction near the x-y plane of the square island, clearly
revealing the vortex configuration and the 90� domains.
Figure 4(b) shows the 3D vector potential for the square
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FIG. 2. (a) Schematic of the square island and coordinate axes;
(b) line profile along the line AB of (a) of the theoretical (solid
line) and reconstructed (crosses) Az component of the vector
potential; (c) gray-scale plots of the theoretical (upper row) and
reconstructed (bottom row) Az component of the vector potential
along the planes indicated in (a).
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FIG. 3. Line profiles of the theoretical solid line) and recon-
structed (symbols) Bxð0; y; 0Þ (a) and Byðx; 0; 0Þ (b) components

of the magnetic induction.

FIG. 4 (color). 3D visualization of all the physical quantities
that can be recovered from a single VFET experiment, namely,
(a) the 3D magnetic induction, and (b) the 3D vector potential.
The gray outline in (a) and (b) indicates the shape of the square
island.
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island; the red arrows indicate the local direction of the
vector field. The vector potential has a large z component
at the vortex core and gradually decreases towards the edge
and reverses direction just outside the edge of the island.
The rotational character of the vector potential is clearly
observed in this oblique view.

We have shown in this contribution that the combination
of phase-reconstructed Lorentz microscopy and tomo-
graphic reconstruction allows for the quantitative 3D de-
termination of the vector potential, AðrÞ, of a micron-sized
planar Permalloy element. From the phase reconstructions,
one can derive both the electrostatic potential, which pro-
vides information about the shape of the element, and the
vector potential, with a spatial resolution of a few nano-
meters. The technique described in this Letter will benefit
from the use of aberration corrected electron microscopes,
which will permit better quality phase reconstructions and,
thus, better tomographic reconstructions. We anticipate
that this approach will be used in the near future to gain
an understanding of the vector potential and its implica-
tions, particularly in areas of magnetism and superconduc-
tivity. From the measured vector potential, the magnetic
field distributions in and around particles with dimensions
in the submicron range can be simultaneously derived
along with their shape, which will be particularly useful
to elucidate magnetostatic interactions between neighbor-
ing elements in patterned magnetic arrays. We have ap-
plied the VFET approach to other shapes, such as elliptical
islands, as well as MFM tip and Co nanoparticle agglom-
erates. In a recent review article [24], Midgley and Dunin-
Borkowski discuss various applications of tomography to
materials science and life sciences, including 3D recon-
structions of complex catalysts and precipitates, magneto-
tactic bacteria containing magnetite crystals, and
symmetrical p-n junctions. The technique demonstrated
in the present paper expands the arsenal of TEM-based
characterization tools to include three-dimensional mag-
netic characterization. This technique not only provides
information about the magnetic state of the sample, but the
recovered electrostatic phase shift contains information
about local variations of the electrostatic potential in the
sample, which, in turn, leads to characterization of 3D
charge densities. The combination of reconstructed elec-
tromagnetic potentials with the high spatial and chemical
resolution of other TEM-based observation modes will be a
tremendous aid to the design and fabrication of advanced
devices and sensors.
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