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There is an increased interest in topologically nontrivial magnetic spin textures such as skyrmions
and chiral domain-wall solitons, both from a point of fundamental physics understanding as well as
potential technological interest in low-power memory applications. In order to control their behavior,
it is necessary to understand their complex spin texture at the nanoscale. Lorentz transmission electron
microscopy (LTEM) is a suitable technique for studying these systems due to its high spatial resolu-
tion and capability to simultaneously characterize magnetic texture and microstructure. In this work, we
present the application of PyLorentz, an open-source software suite that we have developed, for quan-
titative image analysis of Néel-type skyrmions in thin-film heterostructures. PyLorentz enhances LTEM
capabilities by enabling reconstruction of magnetic induction maps from experimental images, as well as
simulating LTEM images using micromagnetic simulation data. We demonstrate this for simulated Néel
skyrmions as well as experimental data from [Pt/Co/W] multilayer heterostructures. We also show how
simulation-assisted LTEM analysis is crucial for understanding these complex magnetic spin textures, in
which the reconstructed magnetic induction map (seen in the LTEM images) differs significantly from the
magnetization configuration.
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I. INTRODUCTION

Magnetic spin textures on the micro- and nanoscale
are of growing interest due to the complex topological
states they can exhibit [1,2]. Understanding these magnetic
textures gives insights into fundamental physical phenom-
ena that can potentially be harnessed for technological
applications. Skyrmions, for example, are candidates for
next-generation information carriers as a result of their sta-
bility and high mobility in response to an electric current.
These properties arise from their three-dimensional wind-
ing topology [3], meaning that their magnetization cannot
be reduced to a uniform state without overcoming a finite
energy barrier. Skyrmions are most commonly stabilized
by the Dzyaloshinskii-Moriya interaction (DMI), a chi-
ral energy term arising from inversion-symmetry breaking
[4,5]. In multilayer films, the competing DMI, exchange,
and anisotropy energies can create skyrmion lattices in
ordered arrays that could be developed for efficient mem-
ory uses [6,7]. Increasing attention is also being turned
to magnetic textures with higher topological charge such
as target skyrmions and hopfions [8,9]. Understanding the
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energy landscape of such magnetic nanostructures is nec-
essary to determine the governing energy terms, especially
in cases where there are several competing energies. Fur-
thermore, to control the magnetic properties, it is necessary
not only to understand the local variations in magnetiza-
tion at the nanoscale, but also to correlate them with the
microstructure and composition. For example, structural
defects can strongly influence the behavior of magnetic
domains [10].

There are several aspects to characterizing materials that
contain nanomagnetic spin textures, and Lorentz trans-
mission electron microscopy (LTEM) is especially well
suited to the task. Firstly, high-resolution characterization
of the magnetization is necessary as a useful aspect of
skyrmions and other potential spin textures for informa-
tion storage technologies is their high spatial density and
small size, which can be less than 10 nm in diameter
[1]. Secondly, LTEM enables simultaneous characteriza-
tion of microstructure and microstructural defects that can
be correlated with magnetic domain behavior, particu-
larly during in situ experiments as a function of exter-
nal stimuli such as temperature, and electric or magnetic
fields.

The magnetic contrast in LTEM images depends on
the interaction between the transmitted electrons and the
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components of the local magnetic induction perpendicu-
lar to their direction of propagation [11–14]. Out-of-focus
imaging in a transmission electron microscope produces
Fresnel contrast, wherein magnetic domain walls appear
as bright or dark lines relative to the domains themselves.
Although such images are easy to interpret for simple
magnetic domain structures, analysis of complex mag-
netic textures requires quantitative magnetic information.
Such information is carried by the phase of the electron
wave, and can be retrieved experimentally using vari-
ous methods such as off-axis holography, four-dimensional
(4D) scanning (S)TEM techniques, and the transport-of-
intensity equation (TIE). Off-axis holography has long
been used for phase retrieval [15], but requires a spe-
cial experimental setup including an electrostatic biprism
and also suffers from a limited field of view. 4D-STEM
techniques offer the highest resolution, but they rely on
pixelated detectors that are not easily accessible and inten-
sive data acquisition and analysis [16]. The TIE method,
meanwhile, is straightforward to implement and requires
only a through-focal series of images for phase reconstruc-
tion [11]. However, it requires solving a partial differential
equation, and hence appropriate boundary conditions, and
accurate image alignment.

Here we present a quantitative analysis of Néel-type
skyrmions using simulation-assisted LTEM enabled by
PyLorentz. We have developed PyLorentz [17] as a com-
prehensive open-source software suite to enable quanti-
tative mapping of magnetic induction using TIE recon-
struction as well as simulating LTEM images under realis-
tic microscope conditions from micromagnetic simulation
output. Matching simulated and experimental images can
provide further information about the sample by providing
quantitative information about the energy landscape and
allowing us to separate out the intrinsic magnetization tex-
ture and the stray fields, both of which contribute to the
LTEM images.

Topologically nontrivial magnetic spin textures are
often three dimensional (3D) and must therefore be
imaged in three dimensions, for example, at different
sample tilts, to be fully understood. To this end, we
have developed a method in PyLorentz for calculating
the phase shift of 3D objects with complex magnetiza-
tion, allowing LTEM image simulations of 3D magnetic
textures at any orientation. We demonstrate the appli-
cation of this approach to simulating the phase shift
and corresponding LTEM images of Néel-type magnetic
skyrmions at various sample tilts. We also show the
usefulness of knowing the microscope parameters when
interpreting Fresnel contrast in LTEM images. Finally,
we show the reconstruction of magnetic induction maps
for experimental data from multilayer heterostructure thin
films of [Pt/Co/W]n that exhibit Néel-type skyrmions,
and we comment on the accurate interpretation of such
maps.

II. RESULTS

The basic workflow for PyLorentz is shown in Fig. 1.
All the functions within the blue box are written entirely in
Python for easy implementation and are publicly available
on GitHub. The input for PyLorentz can be either 3D mag-
netization data from micromagnetic simulations, such as
output from OOMMF [18] or MuMax [19], or experimen-
tally collected LTEM images on which to perform TIE
phase reconstruction directly. For the former, in order to
simulate the LTEM images, we need to compute the phase
shift imparted to the electron waves after their interaction
with the sample, given by the Aharonov-Bohm relation
[20]. This includes determining the contributions from
the magnetic vector potential as well as the electrostatic
potential.

Accurate calculation of the total phase shift is the criti-
cal and most difficult step in simulating LTEM images of
magnetic samples with complex magnetic spin textures.
We develop a method for calculating this phase shift for
an arbitrary magnetization configuration, using the linear
superposition principle that is described in Sec. II A. Once
the phase shift is calculated, we can compute the elec-
tron exit wave function, which is then convolved with
the microscope transfer function to obtain the image wave
function.

Relevant electron microscope parameters such as defo-
cus, spherical aberration, astigmatism, and beam coher-
ence can be set by the user to define the microscope trans-
fer function. The resulting LTEM images are simulated
from the calculated phase shift and the transfer function
as described in the appendix. The final step, which is the
TIE formalism, can then be applied to these images, or to
aligned experimental data, to reconstruct the phase shift
and the integrated magnetic induction maps. PyLorentz
supports phase retrieval in three different modes: (i) sep-
aration of magnetic and electrostatic phase shifts when
provided with both a through-focal series of the sample
as is and inverted by 180◦; (ii) total phase shift when only
a single through-focal series is available; and (iii) single
defocus image-based phase retrieval [21] as described in
Sec. II C.

FIG. 1. PyLorentz workflow from input experimental images
or micromagnetic simulation data to the reconstructed phase
shifts and integrated induction maps.
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A. Calculating electron phase shifts

PyLorentz includes a forward-model-based algorithm
for calculating the electron phase shift as a result of pass-
ing through a magnetic material. The most commonly used
method for this calculation is based on the Mansuripur
algorithm [22,23], which finds the components of the mag-
netic vector potential for thin films with a magnetization
that is uniform along the direction normal to the film. The
Mansuripur method is based on a direct Fourier transform
of the magnetization and is very efficient, but for tomogra-
phy and for magnetic structures that vary along the beam
direction, a different approach is needed.

To that end we develop a method to calculate the phase
shift based on representing the 3D magnetic spin tex-
ture using the linear superposition of a magnetic dipole
at each voxel. This algorithm can calculate electron phase
shifts through samples of any geometry and at any tilt
angle within the microscope. This is helpful as many
magnetic samples require being tilted in the microscope,
either to view spin textures that do not produce contrast
when viewed in plane [24] or to distinguish magnetization
distributions that vary along the z axis [1,25].

In Lorentz TEM, the information about the magnetiza-
tion distribution of the sample is carried by the phase of
the electron wave. The Aharonov-Bohm expression [20]
describes the interaction of an electron with an electrostatic
potential V(r) and a magnetic vector potential A(r). These
two components contribute to the total phase shift (φt) as

φt(r⊥) = φe(r⊥)+ φm(r⊥),

= π

λE

∫
V(r⊥)dl − π

φ0

∫
A(r⊥) · dl, (1)

where λ is the electron wavelength, E the relativistic elec-
tron energy, r⊥ the two-dimensional (2D) position vector
in the projected plane perpendicular to the electron prop-
agation direction l, and φ0 = h/2e is the magnetic flux
quantum. φm and φe are the magnetic and electrostatic
components of the total electron phase shift φt. We primar-
ily focus on φm in the discussion in this section. We define
our coordinate system as having x and y within the plane
perpendicular to the electron beam and z pointing oppo-
site to the direction of electron propagation. We treat this
as the lab or microscope reference frame, within which the
magnetic sample (object) can be tilted.

The vector potential can be written as a convolution of
the magnetization M(r):

A(r) = μ0

4π

∫
M(r′)× r − r′

|r − r′|3 d3r′. (2)

This relation can be expressed in a simpler form using a
Fourier transform and the linearity of the vector product

operation to write

A(k) = − iμ0

k2 M(k)× k, (3)

where k represents the position in Fourier space. Now
we can relate the magnetic phase shift directly to the
magnetization by combining Eqs. (1) and (3) in Fourier
space as

φm = iπμ0

φ0

|M(k)× k|z
k2
⊥

, (4)

where k⊥ is the position vector in the projection plane in
Fourier space, and the subscript z denotes that we are only
keeping the component along the beam direction.

Next we model the total magnetization of an object by
dividing it into voxels in real space, each containing a
magnetic dipole of uniform magnitude such that the net
magnetization is preserved. The magnetic moment for each
dipole is given by M(r) = M0

[
mx, my , mz

]
, where M0 is

the saturation magnetization and mi are the unit-vector
components. This lets us rewrite Eq. (4) explicitly in terms
of the phase shift resulting from an individual dipole:

φdip(kx, ky) = mxSy − mySx, (5)

where B0 = μ0M0 is the saturation induction and

Sα = iπB0

φ0k2
⊥

kα , α ∈ {x, y}. (6)

Although the magnetization is discretized in real space,
the calculation for Eq. (5) is performed in Fourier space,
giving us the phase shift from a single dipole. The total
phase shift resulting from the object is then given by
the sum of the phase shifts for each voxel. This is com-
puted in Fourier space by applying to each phase shift
an exponential prefactor related to its real-space position,
giving

φobj(kx, ky) =
∑

(i,j ,k)∈D

eik⊥·rijk
(
mxSy − mySx

)
, (7)

where (i, j , k) are the indices of the voxels within the shape
function D that defines the object, and rijk is the position
vector of that voxel.

We now expand this by considering samples that are
not lying along the coordinates of our microscope ref-
erence. Tilting samples in the LTEM instrument can be
invaluable as it provides contrast from out-of-plane mag-
netization components that would not otherwise interact
with the electron beam [23,26]. For example, individual
tilted images can be used to identify Néel domain walls
or skyrmions and to determine vortex polarity [24], while
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full tilt series allow 3D tomographic reconstruction of the
magnetic vector potential and magnetic induction [27,28].

Tilting in a transmission electron microscope is possible
in two orthogonal directions. We let the sample be tilted
(counterclockwise) around its x axis by angle θ and about
its y axis by γ , and then recompute the translation vector
rijk and the magnetization vector m using standard rotation
matrices. This lets us rewrite the total magnetic phase shift
as a function of sample tilt angle:

φθm(kx, ky) =
∑

(i,j ,k)∈D

Xijk,θ , (8)

φγm(kx, ky) =
∑

(i,j ,k)∈D

Yijk,γ , (9)

where

Xijk,θ = ei[kxi+ky (j cos θ−k sin θ)]

× [
mijk,xSy − (

mijk,y cos θ − mijk,z sin θ
)

Sx
]

,
(10)

Yijk,γ = ei[kx(i cos γ+k sin γ )+ky j ]

× [(
mijk,x cos γ − mijk,z sin γ

)
Sy − mijk,ySx

]
.

(11)

The above computation is performed in Fourier space, and
by taking an inverse Fourier transform, we obtain the real-
space phase shift across the entire image. These equations
provide a forward model to compute the magnetic phase
shift of any object as a function of tilt angle by summing
the contributions of each voxel. These results are similar
to the work by Humphrey et al. [29], where, instead of
magnetic dipoles, they represent each voxel by a sphere
with a corresponding magnetic moment.

Our linear superposition technique can also be used to
calculate the electrostatic phase shift φe concurrently with
φm. This is done by replacing the magnetization terms in
Eqs. (10) and (11) with a scalar value for the mean inner
potential of the sample. The sums in Eqs. (8) and (9)
are then multiplied by the microscope interaction constant
π/λE and the electrostatic phase shift is determined. Com-
bining φe and φm gives the total electron phase shift with
which to simulate LTEM images.

This technique however requires increased computa-
tion time as compared to those for calculating the phase
shift imparted by 2D magnetization structures. Relatively
large array operations must be performed for each voxel
and, while components such as the S arrays can be pre-
computed, this leads to a larger computation time per
voxel than the Mansuripur method. PyLorentz is written
in Python, the advantages of which come in flexibility and
easy implementation rather than in efficiency. To counter
these difficulties, we employ just-in-time compilation of

the algorithm and parallel processing, which increase the
computation speeds to an acceptable level. We find that the
phase calculation for a 128 × 128 × 128 grid takes approx-
imately 250 s on a moderately powerful 8-core laptop.
Even with these improvements, the Mansuripur algorithm
is much faster and is also implemented in PyLorentz to be
used when not tilting the sample.

As a verification of the proposed linear superposition
method, we calculate the magnetic phase shift of a Lan-
dau domain structure. A magnetic island of dimensions
(Lx, Ly , Lz) with an idealized flux closure structure results
in a phase shift given analytically by

φm(x, y) = 2πB0Lz

φ0
min

{
Lx − |x|
Ly − |y| , (12)

where we assume 90◦ domain walls with zero wall width
[30]. The phase shift induced by a 750 × 375 × 20 nm3

Permalloy island with the magnetization configuration
shown in Fig. 2(a) is calculated from both the analytical
expression and from our linear superposition methods and
is shown in Figs. 2(b) and 2(c). Figure 2(d) shows a line
profile of the analytical solution, the linear superposition
output, and the Mansuripur algorithm phase shifts across
the position of the dashed line in (b): as can be seen, all
three are equivalent.

We also simulate here the phase shift from a uniformly
thick film containing a Néel skyrmion, which is a topolog-
ically protected spin texture that can occur in films with
out-of-plane magnetization. Néel skyrmions are charac-
terized by the magnetization pointing radially in or out
while transitioning from out-of-plane in one direction in
the skyrmion core to the opposite out-of-plane direction
at the edge of the skyrmion as shown in Fig. 2(e). When
imaged in the plane of the microscope, a Néel skyrmion
does not induce a phase shift and is therefore not visible.
Figure 2(f) shows how tilting the sample, in this case 30◦
clockwise around the x axis, allows the skyrmion core to
induce a nonzero phase shift that renders it visible in the
microscope.

B. LTEM image simulation

With the phase shift of the electron wave function
through the sample now calculated, we can define a micro-
scope and simulate the resulting LTEM images. Here we
outline the relevant microscope parameters and demon-
strate some of their effects. For a more detailed description
of how images are simulated, refer to the appendix.

Figure 3 shows simulated LTEM images with different
imaging conditions for the single Néel skyrmion shown in
Figs. 2(e) and 2(f). The simulated region is 320 × 320 ×
180 nm3, calculated with a 5 × 5 × 5 nm3 cell size. Image
(a) is simulated for a 200-kV microscope with the follow-
ing parameters: defocus �z = −25 μm, beam divergence
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(a) (b) (c)

(d)

(e) (f)

FIG. 2. Magnetic phase shift calculations for a flux closure
domain and a Néel skyrmion. (a) A Landau structure in a
750 × 375 × 20 nm3 Permalloy island. (b),(c) The phase shift
calculated from the analytical expression and the linear super-
position method, respectively, with a shared scalebar. (d) Line
profile of the phase shift across the dashed line in (b) as calcu-
lated by the analytical equation, linear superposition method, and
Mansuripur algorithm (not pictured). (e) The magnetization of a
Néel skyrmion and (f) the corresponding phase shift when rotated
−30◦ around the x axis, calculated with the linear superposition
method.

θc = 10 μrad, no astigmatism or spherical aberration, and
with the sample lying parallel to the x-y plane. The simu-
lated images have no sources of noise that would occur in
experimental data, and as such the defocus value for most
simulated images is chosen to be at the low end of practi-
cal values. This ensures that the image is calculated well
within the small defocus limit [31]. As mentioned earlier,
a Néel skyrmion does not generate contrast when viewed
in the plane of the microscope, but does when tilted, as
seen in (b) and (c), where the sample is rotated 30◦ and 60◦
clockwise around the x axis.

Image (c) shows an asymmetry between the top and bot-
tom edges of the skyrmion, because the magnetization is
more out of plane and the demagnetizing field is greater on
the bottom edge of the sample due to the Halbach effect

(d)

(a) (b)

(e) (f)

(c)

FIG. 3. Simulated LTEM images of a Néel skyrmion with
different microscope parameters. All images, unless otherwise
specified, are simulated for a 320 × 320 nm2 region with the
sample rotated 30◦ around the x axis, and with the following
microscope parameters: �z = −25 μm, θc = 10 μrad, Ca = 0,
Cs = 0. (a) No contrast is observed when the sample is flat in
the x-y plane with θx = 0. (b) When rotated around the x axis
to θx = −30◦ and (c) θx = −60◦, the in-plane component of
the core makes the skyrmion visible. The spin texture is not
as recognizable when (d) decreasing microscope coherence to
θc = 300 μrad or (e) introducing astigmatism Ca = 50 μm with
φa = 10◦. (f) The same imaging conditions as (b), but with an
additional random phase shift added to simulate the effects of the
support membrane.

[32]. We only observe this due to the higher tilt angle, and
because we treat the skyrmion as a 3D spin structure when
calculating the phase shift. Even a Néel skyrmion, a texture
normally treated as two dimensional, can display varia-
tions in the magnetization through the film [33]. This detail
would be missed using other phase calculation techniques
but is accurately accounted for by the linear superposition
method.

In Figs. 3(d)–3(f) the imaging conditions are the same
as for (b) except that one parameter is changed. When
exploring unconventional spin textures, one must consider
whether they will produce visible contrast in the micro-
scope and if that contrast will be sufficient to identify
the spin texture. LTEM image simulation therefore plays
a role in guiding the experiment. In Fig. 3(d) the rele-
vance of beam coherence in LTEM imaging is highlighted:
if we increase θc to 300 μrad, the visible magnetic con-
trast is distorted and reduced. Image (e) demonstrates the
care that must be taken when interpreting magnetic con-
trast in the presence of objective lens aberrations. When
twofold astigmatism is introduced such that Ca = 100 μm
at an angle of φa = 10◦, we see that the contrast com-
pletely changes. This seemingly implies a very different
magnetic structure and highlights the usefulness of careful
imaging and of verifying experimental observations with
simulations.
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Lastly, Fig. 3(f) shows an image simulated with the same
microscope parameters as (b), but with the addition of a
randomly varying phase term to account for the amorphous
structure of the support membrane. A randomly varying
phase shift applied to each pixel has been shown to accu-
rately model the effects of an amorphous film [34], and
the addition of this term is useful as Fig. 3(f) more accu-
rately reflects what an experimental image would look
like.

As these examples are for a sample of uniform thick-
ness, changing defocus primarily adjusts the magnitude of
the magnetic contrast. For samples with variable thickness,
such as the island structure shown in Fig. 2, higher defocus
or beam coherence will also increase the Fresnel fringes at
the island edges, which can make the image more difficult
to interpret.

C. Mapping Néel skyrmion spin textures

In this section we use PyLorentz to explore simulated
and experimental data for Néel skyrmions. We compare
the magnetization and stray field produced by a skyrmion
lattice to the TIE-reconstructed integrated induction maps.

We begin with a Mumax simulation of Néel skyrmions
in a 640 × 640 × 160 nm3 region of film. The skyrmion
cores for the configuration shown in Fig. 4 point into the
page (negative z direction), and the magnetization of the
surrounding material points out in the positive z direc-
tion. The following simulation parameters are used: 5 × 5
× 5 nm3 cell size, saturation magnetization M0 = 2.2 ×
105 A/m, exchange constant Aex = 10 × 10−12 J/m, first-
order uniaxial anisotropy constant Ku = 1.5 × 106 J/m3,
interfacial DMI strength Dind = 8 × 10−4 J/m2, and an
applied field B = 0.22 T in the positive z direction. The
magnetic parameters used for these simulations are repre-
sentative of metallic multilayers, which display skyrmions,
but they are tuned such that a relatively sparse skyrmion
lattice is produced. As such, while the parameters used
are experimentally feasible, these simulations do not cor-
respond to a specific material.

As previously shown, samples containing Néel skyrm-
ions or domain walls must be tilted relative to the electron
beam to be visible using LTEM. Figure 4(a) shows a 2D
projection of the magnetization after the sample has been
rotated 30◦ clockwise around the x axis. All of the image
simulations and reconstructions shown in Figs. 4(b)–4(f)
are performed at the same tilt angle, although it should
be noted that the tilted magnetization vectors are not then
plugged into the phase-shift calculation, but rather the tilt
is accounted for in the linear superposition algorithm as
described above. The phase shift is calculated using the
linear superposition method and a simulated LTEM image
with �z = −25 μm is shown in Fig. 4(b).

To better interpret the LTEM image, we reconstruct
the electron phase shift using the TIE method [35]. The

(d)

(a) (b)

(e) (f)

(c)

FIG. 4. LTEM image simulations of a 640 × 640 nm2 region
containing Néel skyrmions. (a) Relaxed magnetization that has
been tilted clockwise around the x axis by θ = 30◦. (b) LTEM
image simulated at �z = −25 μm from phase shifts calculated
using the linear superposition method. Reconstructions are per-
formed using either a through-focal series and the TIE approach
or using the SITIE approach. The difference maps for the mag-
netic phase shift (φm − φm,TIE) and (φm − φm,SITIE) are shown in
(c),(d) with a common scalebar. The phase shift calculated using
the SITIE approach is used to calculate the integrated magnetic
induction map shown in (e) with a magnified region (outlined
with a white square) shown in (f).

transport-of-intensity equation can be written as

∇ · [I0∇φt] = −2π
λ

∂I
∂z

, (13)

where I0 is the in-focus image intensity, λ is the electron
wavelength, ∂I/∂z is the through-focal image intensity
derivative, with z being along the propagation direction
of the electrons, and φt is the total phase shift. In situa-
tions such as this where the electrostatic component of the
phase shift is uniform, i.e., the sample is of constant thick-
ness, any variations in φt will arise from variations in φm.
The TIE formalism cannot determine a uniform offset of
the phase, so in this case φt will represent effectively φm
and the magnetic induction map can be calculated directly
by computing the gradient.
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For samples with varying thickness, like the Permal-
loy island seen in Fig. 2(a), the magnetic induction map
generated from the total phase shift will lead to an appar-
ent additional field at any change in thickness because of
the change in φe. This problem can be avoided by tak-
ing a second through-focal series with the sample inverted
in the microscope. The total phase shift for this inverted
through-focal series is φi,t = φe − φm. If φi,t and φt are
added or subtracted, the contributions of φe and φm, respec-
tively, can be separately obtained. The TIE can then be
applied to these phase shifts independently as described
in Humphrey et al. [36], and this method is included in
PyLorentz. Along with making visualization easier, TIE
reconstruction also makes possible higher-resolution imag-
ing, as lower defocus is required for reconstruction than for
visual interpretation with the naked eye.

As the sample considered here is of uniform thickness,
the electrostatic phase shift is uniform and the magnetic
induction maps can be reconstructed using the TIE method
with only one through-focal series. Additionally, the only
source of contrast is magnetic, which allows for a single-
image-TIE (SITIE) approach to be used. The in-focus
image is approximated as having uniform intensity, lead-
ing to a phase reconstructed image without the need for
image alignment [21]. Difference maps between the calcu-
lated and reconstructed phase shifts for the two approaches
(φm − φm,TIE) and (φm − φm,SITIE), are shown in Figs. 4(c)
and 4(d), respectively. The root-mean-squared errors are
5.3 mrad and 11.6 mrad, respectively, which are small
compared to the 3.97 rad total phase shift. This demon-
strates an accurate reconstruction for both methods with
an unsurprising increase in variation when only one single
image is used for the SITIE approach. Under experimen-
tal conditions, the SITIE method is limited by other image
features such as grains in the film, contrast from the sup-
port membrane, contamination, and thickness variations.

Figure 4(e) shows the integrated magnetic induction
map reconstructed using the SITIE approach, with a mag-
nified region shown in (f). The magnetic configuration seen
in (e) resembles a lattice of features that have been referred
to as “biskyrmions” or “bound-pair skyrmions” [37–41]
and one must take care not to misinterpret the image. The
purple regions in which the magnetization points in the
negative y direction correspond to the Néel skyrmion cores
with magnetization that pointed into the page (negative z
direction) seen in (a).

Néel skyrmions provide an example of the difference
in what is seen between the magnetization, the integrated
magnetic induction, and what we observe from a TIE
reconstruction. When performing the Mumax simulations,
the sample is enclosed within a 1- μm tall region of vac-
uum vertically surrounding the sample, within which the
stray field is also calculated. The magnetic field, H, is
shown in Fig. 5(a), tilted by 30◦ around the x axis like
the simulation shown in Fig. 4(a). As B = μ0(M + H) we

combine these two vector fields to obtain the tilted inte-
grated magnetic induction shown in Fig. 5(b). The demag-
netizing and stray fields hide much of the in-plane compo-
nent of magnetization in the skyrmions. We see primarily a
component of the magnetization at the skyrmion core, now
pointing in the negative y direction, and a component of
the out-of-plane magnetization from the surrounding film,
which points along the positive y direction.

The integrated magnetic induction seen in Fig. 5(b)
does not exactly match the reconstructed induction seen
in Fig. 4(e). The difference is a uniform offset in the y
direction and the result of limitations of LTEM and phase
retrieval. B fields that are uniform across the field of view
are invisible in LTEM images [14]. The TIE method, there-
fore, can only quantify relative changes in the magnetic
induction, but not the absolute value. If one adds a uniform
component of magnetic induction to all magnetic vectors
seen in Fig. 5(b) such that the y components across the
image sum to zero,

∑
i,j By,i,j = 0, we obtain the image

shown in Fig. 5(c), which matches very well to the TIE-
reconstructed magnetic induction. The TIE reconstruction
will not be able to determine the uniform offset of the inte-
grated induction as it is not visible in the LTEM image
itself. The total field in the x and y directions will be due
only to contrast visible in the LTEM images, so for a struc-
ture with closed loops like the Néel skyrmions the total
field in each direction is nearly zero.

The TIE-reconstructed integrated induction, while very
useful, can therefore be misleading because it misses
uniform components to the magnetic induction that are
actually present in the sample. As seen here, the imaged
integrated induction can appear very different to the mag-
netization of the sample, meaning that TIE reconstruction
is a technique best used in conjunction with micromag-
netic and image simulations. This is especially true when
dealing with complex spin structures like skyrmions and
situations in which separating out the magnetization is
necessary.

Figure 6 shows an experimental LTEM image and
reconstruction of Néel skyrmions in a [Pt(1.5 nm)/Co

(a) (c)(b)

FIG. 5. The effects of stray field. The sample is the same as that
shown in Fig. 4, and all images shown are for the sample rotated
30◦ clockwise around the x axis with the vector fields summed
along the z direction. (a) The magnetic field H calculated in the
Mumax simulations. (b) Total magnetic induction B = μ0(M +
H). (c) Magnetic induction with a uniform offset applied in the
y direction such that the y components over the full image sum
to 0.
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(a)

(c) (d)

(b)

FIG. 6. SITIE reconstruction of an experimental image of a
Pt/Co/W multilayer with Néel skyrmions. (a) Underfocus LTEM
image with �z = −6.4 mm and θx = 30◦. The scalebar is 1 μm.
(b)–(d) SITIE-reconstructed integrated induction (b) without
Tikhonov regularization, (c) with qc = 0.0004 nm−1, and (d)
with qc = 0.0017 nm−1.

(1 nm)/W(1 nm)]8 multilayer film. The LTEM image in
Fig. 6(a) is recorded with the sample tilted 30◦ around the
x axis and �z = −6.4 mm. For the magnetic contrast to
be visible, a much higher defocus must often be used for
experimental data compared to that needed for simulated
images, as simulations generally do not include the effects
of sample imperfections, contamination, or other sources
of noise.

For experimental data, PyLorentz includes several addi-
tional features that can improve the quality of phase recon-
structions. Whether reconstructing with one through focal
series or two, the TIE is solved using an inverse Lapla-
cian method [14]. This allows PyLorentz to implement
Tikhonov regularization by modifying the Fourier space
kernel of the inverse Laplacian:

1
q2 → q2

(q2 + q2
c)

2 , (14)

with qc as the Tikhonov frequency. This removes the
numerical singularity at the origin and introduces a high-
pass filter, which can be used to remove nonmagnetic
sources of contrast. Significant care must be taken when
picking a qc value if the quantitative nature of the recon-
struction is to be retained [42,43].

A Tikhonov filter can significantly reduce low-
frequency noise, especially when imaging over a larger
field of view, but it can also remove or modify real features

and lead to misinterpreting the data. Figures 6(b)–6(d)
show the image in (a) reconstructed with the SITIE method
using three different values of qc. Figure 6(b) shows the
integrated induction solved without a Tikhonov filter, i.e.,
qc = 0. The skyrmion features are difficult to distinguish
from a slowly varying background field that results from
intensity changes that are not due to magnetic contrast.
Figure 6(c) shows the induction reconstructed with qc =
0.0004 nm−1. The low-frequency background noise is
effectively removed without distorting the Néel skyrmion
features. The isolated skyrmions in this image match well
to the simulated data from Fig. 4, though the image is
more difficult to interpret in regions where the skyrmions
are packed closely together. Using a high Tikhonov fre-
quency will filter real features from the image, as seen
in Fig. 6(d) where the reconstruction is performed with
qc = 0.0017 nm−1.

It is frequently required for LTEM images to be taken
well outside the small defocus limit [44,45], and spe-
cial care must be taken when applying a Tikhonov filter
in these cases. A large defocus, �z � 1 mm is often
used when there is weak magnetic contrast arising due to
thin magnetic layers, a small magnetic moment, or view-
ing out-of-plane magnetic domains at a low tilt angle.
Using a Tikhonov filter in these situations can lead to fea-
tures appearing that are not immediately recognizable as
artifacts.

Figure 7 shows LTEM image simulations of a 300-
nm skyrmion imaged with increasing defocus and recon-
structed with increasing qc values. The magnitude of the
magnetic contrast increases with defocus, but this is not
immediately apparent as each LTEM image in the first
column is normalized. Note that the skyrmion appears
asymmetric in the LTEM images where �z > 1 mm; this
is due to varying interference effects produced by electron
waves with positive and negative curvature, which result
from positive and negative phase shifts, respectively. This
is not due to any asymmetry in the magnetization and is
not present in the reconstructed images as the integrated
induction is symmetric.

The third and fourth columns of Fig. 7 show how qc val-
ues of 0.0005 and 0.001 nm−1 can enhance the magnetic
contrast of the reconstructed image. These images appear
qualitatively similar to the images reconstructed without a
filter, and therefore are good representations of the actual
magnetic induction. The apparent size of the reconstructed
skyrmion increases at larger defocus, and filtering reduces
this somewhat. Applying a Tikhonov filter that is clearly
too large, in this case qc = 0.004 nm−1, changes the qual-
itative shape of the skyrmion and creates a reconstructed
image with clear artifacts.

Some qc values can lead to artifacts that are not imme-
diately recognizable, however, or that can even appear as
plausible magnetic features when imaging well beyond
the small defocus limit. In Fig. 7 we see that for qc =
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FIG. 7. LTEM images and TIE reconstructions of a Néel skyrmion across a range of defocus values and Tikhonov frequencies. The
scalebar is 300 nm, and all images share the same field of view.

0.002 nm−1 and �z = 10 mm, the skyrmion appears as
two distinct magnetic vortices that are clearly separated
from each other. This example highlights that care must
be taken when interpreting TIE reconstructions; the recon-
structed integrated induction can appear physically viable
while not at all representing the magnetization of the sam-
ple. A range of qc values should be tested, and the smallest
viable filter should be used to avoid artifacts. Appropri-
ate qc values are determined by the feature size, amount of
low-frequency noise, tilt angle, and defocus of the image
[46].

Filtering can often be avoided by reconstructing a
smaller region of interest. A Tikhonov filter can be used
to reconstruct full images for qualitative analysis before
cropping around a particular magnetic feature. This smaller
region of an image, chosen such that bend contours and
thickness changes are minimized, can often be recon-
structed without filtering to allow for an easy quantitative
reconstruction.

III. DISCUSSION

LTEM is a powerful tool for imaging magnetic spin
textures at the nanoscale and is widely used for analyz-
ing skyrmionic materials. TIE reconstruction is a useful
technique that enables quantitative maps of the magnetic
induction to be reconstructed from the LTEM data, but it is
necessary to recognize its limitations. The magnetization,

TIE-reconstructed integrated induction, and actual inte-
grated induction can look very different, though this clar-
ification is often not explicitly stated in the literature.
This is partly because the examples provided when dis-
cussing TIE reconstruction and LTEM techniques are often
flux-closure domains or uniformly magnetized bars with
in-plane magnetization. In these cases the distinction is
not critical; the limited stray field means that the inte-
grated induction will nearly match the magnetization, and
the lack of any uniform field across the image means
that the TIE reconstruction will match the total integrated
induction. However, for complex spin textures that are of
widespread interest, including skyrmions, the distinction
becomes relevant. All three fields are different, and one has
to be careful of uniform offsets that do not create contrast
in the LTEM images and therefore do not appear in the
TIE-reconstructed integrated induction.

One example of this can be seen in the literature regard-
ing biskyrmions. Several papers have reported experi-
mental observations of biskyrmions using LTEM [39–
41], which has fostered interest in the magnetic texture
despite its lack of appearance in micromagnetic simula-
tions. Recent papers by Loudon et al. and Yao et al. have
shown how biskyrmion features can appear when view-
ing topologically trivial bubble domains at an angle tilted
from their symmetry axis [37,38]. Lacking other forms
of experimental or simulated evidence for the existence
of biskyrmions, the authors conclude that they are best
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understood without claiming them to be new magnetic
states. This illustrates the kind of mistake that can occur
when working with complex spin structures if the TIE
reconstructed magnetic induction is interpreted as the mag-
netization. As seen here in Figs. 4 and 5, the demagnetizing
and stray fields cause the TIE reconstruction of even a
tilted Néel skyrmion to also appear almost identical to the
reported biskyrmions.

To prevent these kinds of errors in the future, micro-
magnetic simulations and the accompanying simulated
LTEM images should be combined with experimental data
to better understand complex magnetic features. Without
simulations (or additional techniques such as vector field
electron tomography) it is not possible to determine the
magnetization or gain a complete understanding of the
magnetic state of the sample.

To this aim, PyLorentz is an open-source software suite
designed to make quantitative analysis of LTEM images
easier and more precise. It is built on an algorithm for cal-
culating the complete electron phase shift without restric-
tions on sample shape or magnetization configuration, and
it easily accepts micromagnetic simulation results as an
input. LTEM images can then be simulated for varying
microscope parameters and imaging conditions, allowing
one to test the viability of observing predicted features
or compare directly to experimental data. PyLorentz is
intended to streamline the process of experimental valida-
tion with micromagnetic simulation.

The software is packaged on GitHub and ready to be
downloaded and run from Jupyter notebooks, including
template files and example data. There is also a graphical
user interface (GUI), which contains the TIE functionality
without requiring any Python experience.

Image alignment is a useful part of preparing experi-
mental data for TIE reconstruction, and this step is not
included in PyLorentz due to the proprietary or patented
nature of many leading algorithms. We instead refer users
to FIJI [47], which includes several plugins for image
registration [48,49]. Even without automated registration,
the SITIE implementation of PyLorentz makes at-the-
microscope image reconstruction feasible for appropriate
samples, including many skyrmionic materials that are of
particular interest right now. This technique is also appli-
cable to in situ experiments or other situations where it is
impractical to take a through-focal series.

We demonstrate the differences between the mag-
netization, integrated induction, and TIE reconstructed
images for quantitative analysis of Néel skyrmion lattices.
Skyrmions in thin films are often considered 2D spin struc-
tures with a uniform magnetization profile through the
thickness of the film, but micromagnetic simulations show
that this is not always the case. Understanding the sub-
tle features of skyrmions and other magnetic spin textures
is a useful step towards being able to control them effec-
tively for use in devices, and this requires experimental

identification of these 3D structures. That necessitates
LTEM image simulations, for which the linear superpo-
sition method is able to accurately account for the 3D
magnetic structure, which other techniques cannot do.
This is even more helpful when searching for hopfions
and other topological solitons that are fundamentally three
dimensional and have not yet been found experimentally.
PyLorentz, using TIE image reconstruction and the lin-
ear superposition method, makes LTEM a strong choice
for identifying complex magnetic states and analyzing
magnetic materials.
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APPENDIX: LTEM IMAGE SIMULATION

Here we show how LTEM images are calculated from
the total electron phase shift through the sample, φt. We
begin by writing the wave function at the exit surface of
the sample as

ψ(r⊥) = a(r⊥)eiφt(r⊥), (A1)

where a(r⊥) is an amplitude function defined by the
sample shape and by its absorption coefficient, and φt
the electron phase shift induced by the sample as calcu-
lated previously. Here we do not include detailed electron
scattering for calculation of the amplitude, but only the
absorption of the electrons, which is given by

a(r⊥) = e−t/ξ0 , (A2)

where t is the sample thickness in the beam direction,
and ξ0 is the absorption coefficient for the sample mate-
rial. In order to calculate the resulting image intensity, we
propagate this wave function to the exit plane by convolv-
ing it with the transfer function of the microscope in the
back focal plane and determining the intensity of the wave
function,

I(r⊥) = |ψ(r⊥) ∗ T (r⊥)|2 , (A3)

where F denotes a Fourier transform, ∗ is a convolution
operation, and T (r⊥) is the microscope transfer function.
This operation is written here in real space but is computed
in Fourier space. The TEM transfer function is composed
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of three parts [50]:

T (k⊥) = A(k⊥)e−iχ(k⊥)e−g(k⊥), (A4)

where A(k⊥) is the objective aperture function, e−iχ(k⊥) the
phase transfer function, and e−g(k⊥) the damping envelope.
The aperture is a binary function (1 inside and 0 outside)
centered in reciprocal space for the Fresnel imaging mode.
We can define the phase-transfer function as

χ(k⊥) = πλ [�z + Ca cos (2φa)] |k|2 + π

2
Csλ

3 |k|4 ,

(A5)

where �z is the defocus, Ca and φa are the magnitude
and orientation of the twofold astigmatism, and Cs is the
spherical aberration coefficient.

The damping envelope can be written as

g(k⊥) = π2θ2
c

λ2 u
(
Csλ

3 |k|3 −�zλ |k|)2

+ (πλ�)2

2u
|k|4 , (A6)

where u = 1 + 2 (πθc�)
2 |k|2, θc is the beam divergence

angle, and� is the defocus spread [14]. With these param-
eters defined, it is a simple matter to compute the convolu-
tion from Eq. (A3) in Fourier space and simulate a LTEM
image from the calculated phase shifts and amplitude of
the propagating electrons.
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