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We have designed and implemented the Python package mag2exp, which enables researchers to
perform a range of virtual experiments given a spatially resolved vector field for the magnetization, a
typical result from computational methods to simulate magnetism such as micromagnetics. This
software allows experimental measurements such as magnetometry, microscopy, and reciprocal
space based techniques to be simulated in order to obtain observables that are comparable to those of
the corresponding experimental measurement. Such virtual experiments tend to be more economic to
carry out than actual experiments. There are many uses for virtual experiments, including (i) choosing
the best experimental techniques and assessing their feasibility prior to experimentation, (i) fine tuning
experimental setup, (iii) guiding the experiment by conducting concurrent simulations of the
measurement, and (iv) interpreting the experimental data at a later point though both qualitative and

quantitative methods.

There are many experimental techniques that allow magnetic properties to
be probed, but often they cannot unambiguously identify the magnetic
structure. Complementing experimental results with insights from theore-
tical and computational studies can give a fuller and more complete picture
of the physics of a system.

Computational experiments—such as the use of computer
simulation to study the behavior of a physical system under certain
model assumptions—are often more economical, easier to set up and
carry out than their real-world counterparts, and allow researchers to
probe quantities that are unable to be measured in experiments. We
can regard the use of these computer simulations as virtual
experiments.

Virtual experiments, while by definition being an approximation
of reality, can have a variety of applications before, during, and after
real-world experiments. This includes enabling researchers to run
exploratory computational experiments to examine what techniques
might be the most sensitive to a given phenomenon, and provide jus-
tification for difficult and expensive experiments. Virtual experiments
can be used concurrently with real-world experiments to inform an
experiment and guide the research process. Virtual experiments can
aid the processing of experimental data by providing additional

insights into the measured data and enabling a deeper understanding of
the system being studied.

In the context of magnetism research, computer simulations are often
realized through micromagnetic simulations in which the temporal and
spatial behavior of the magnetization vector field can be computed. Assuming
the model assumptions are appropriate, this can reveal the underlying physics
and help to complement experimental work as outlined above. However, in
the experiments we often cannot directly access this magnetization vector
field and instead one can only observe derived properties, such as a spatially
averaged magnetic moment as measured in x-ray holography or an accu-
mulated electron phase difference as measured in Lorentz transmission
electron microscopy (LTEM). The direct comparison of the simulations (i.e.,
the magnetization vector field) with these experimentally accessible obser-
vables is often non-trivial and this hinders the interpretation of the data.

In this work, we address this problem by implementing algorithms in
order to perform virtual experiments which map a magnetization vector
field to observables that would be obtained from real experiments. The
outcomes of these virtual experiments can then be compared directly with
the outcomes of the experiments.

A few tools that address one experimental technique at the time have
been published”. Here, we provide algorithms to simulate multiple
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Fig. 1 | Research workflows. Representative experimental (top) and computational
(bottom) research workflows highlighting the role of mag2exp and the parallels
between the two workflows.

experimental techniques in a more systematic and re-usable way to benefit
the wider community. The software, published together with the manu-
script, is an essential part of the work.

In this paper, we present the Python package mag2exp (https://
github.com/ubermag/mag2exp, https://ubermag.github.io) that enables a
range of virtual experiments to be performed on arbitrary magnetic
structures. The mag2exp package is integrated in the micromagnetic
simulation environment Ubermag’~. The input can be any arbitrary
magnetization field on a finite-difference mesh such as those produced
using micromagnetic.

Figure 1 shows the role of mag2exp in an example research workflow.
The top path of the figure represents an approximate experimental work-
flow that leads from a research question, to the choice of a sample with the
appropriate physics, to the set up of a relevant experiment, to the mea-
surement of the desired observable which is to be used for analysis and
interpretation.

The bottom path in Fig. 1 shows an approximate computational
workflow which mirrors the experimental workflow. Firstly a physics model
is set up based on the system under investigation: it needs to reflect the
essential physics of the sample. For example this could be a micromagnetic
model. The system is then modified to reflect the relevant conditions of the
experimental setup. This typically involves the execution of a micro-
magnetic simulation to create a (often spatially and temporally resolved)
magnetization vector field that approximates the magnetization in the real
sample. The mag2exp package can then simulate the measurement—for
example computing the MFM image that would be observed and provide
the (simulated version) of the observables. In the last “Analysis/Inter-
pretation” step, the observables from experimental measurement (top path)
and observables based on simulation of the physics and the simulated
measurement (bottom path) can be compared, analyzed, and interpreted
together based on the researchers’ needs. This could include, but is not
limited to: qualitative and quantitative comparisons, feasibility studies,
refinements of analytical magnetization models using experimental results.

The mag2exp package aims to help bridge the gap between com-
putational magnetism simulations and experiments, leading to the
potential for simulations to inform real-world experiments and vice
versa. There is also further scope for potential applications of mag2exp
such as the generating artificial data sets that can be used in a machine
learning context.

In the following, we use micromagnetic modeling in combination with
mag2exp as an example workflow. Details of the methodology, the
mag2exp package and the micromagnetic model we use are given in
Section “Methods”. In section “Results” we discuss simulation of mea-
surements for a select number of experimental techniques that mag2exp
currently supports. These are grouped into Magnetometry (Section “DC
magnetometry” and “Torque magnetometry”), Microscopy (Section “Lor-
entz transmission electron microscopy”, “x-ray holographic microscopy”,
and “Magnetic force microscopy”), Reciprocal space (Section “Small-angle
neutron scattering”), and Dynamic measurements (Section “Ferromagnetic

resonance”). Finally, we close with a discussion in Section “Discussion”.
Supplementary material is provided to enable reproduction of all figures
presented and includes further examples illustrating each experimental
technique, as well as extensions such as tilt-series measurements and inverse
problems®.

Results

DC magnetometry

Magnetometry techniques are a widely used and important tool for char-
acterizing many materials. These techniques are usually bulk sensitive and
used to examine properties of magnetization in the sample such as its
saturation magnetization, the spatially averaged magnetization direction,
and magnetic torque.

DC magnetometry is a measurement technique that probes the mag-
netization of a sample in an externally applied magnetic field. The process of
calculating the overall magnetization of a sample from micromagnetic
simulations is to take the average magnetization of the sample. For the DC
magnetometry technique in mag2exp, the technique reference frame is
defined to be the same as the sample reference frame. In mag2exp, the
magnetization is calculated only over the valid volume V'

M(r)d®
ave = % e R?’ (1)
\%4

V = {r|r € R and valid(r) = True}.

The use of this valid property allows highly complex heterogeneous
systems to be measured, giving realistic ensemble averages. Using an input
of a spatially resolved magnetization field M(r) with name field, the spa-
tially averaged magnetization M, can be calculated using

1 mag2exp.magnetometry.magnetization (field)

which returns a single DC magnetization vector in A/m. DC magne-
tometry measurements are commonly carried out experimentally and the
data interpretation is often straightforward. However, in general it can be
difficult to account for effects such as demagnetization and interpret data for
ensemble systems. This leads to an advantage of performing computational
micromagnetics to assist in data interpretation for complex geometries,
where one can simulate a computational volume matching the shape of the
experimental sample.

As mag2exp is a Python package and integrated in the Ubermag
framework, it is straightforward to recreate hysteresis loops that would
be performed experimentally. Figure 2 shows the hysteresis curve of the
micromagnetic simulation by varying the magnitude of the applied
magnetic field in the z direction. The simulated measurement shows
thatatfields over 1 T the sample is saturated, however, there is hysteretic
behavior of the down and up sweeps of the field. This hysteresis loop has
similar characteristic to those of FeGe’, however, it differs due to the use
of a zero-temperature model in micromagnetics. One of the benefits of
performing these hysteresis loops using micromagnetic simulation is
that the microscopic magnetization at specific applied fields can be
probed to look at the mechanism of this hysteresis as seen in Fig. 2
(bottom plot).

Torque magnetometry

Torque magnetometry is a technique where a sample is placed in an external
magnetic field and the torque on the sample due to the externally applied
field is measured. This technique is commonly used to measure the aniso-
tropy of materials by applying a large enough magnetic field to saturate the
sample and then rotating the sample relative to the field to obtain the easy
and hard axes. However, similarly to other bulk techniques such as DC
magnetometry, it can be difficult to interpret the experimental results of
torque magnetometry in ensemble systems and also due to effects such as
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1 mag_list = []

2 for H in H_values:

3 system.energy.zeeman.H = (0, Hxnp.sin(angle), H#xnp.cos(angle))
4 md.drive(system, verbose=0)

5 mag_list.append(mag2exp.magnetometry.magnetisation(system.m))

7 plot_hysteresis() # Use matplotlib to plot
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Fig. 2 | DC magnetometry. The first cell shows the code to produce a hysteresis
curve using micromagnetic simulations and mag2exp with the applied field along the
zdirection. Only the zcomponent of the magnetization is plotted for the down (blue)
and up (red) sweep. The second cell shows the magnetization structure of the

z =0 nm plane of the sample in the down sweep of the hysteresis curve at 0.06 T. The
arrows show the direction of in-plane magnetization while the color indicates the z
component of the normalized magnetization. The green diamond in the first plot
shows data used for the 0.06 T magnetization plot in the second cell.

demagnetization. It is also hard to predict the torque magnetometry results
for magnetic states that are not in the saturated state. mag2exp opens
another avenue for interpretation of results by computationally simulating
the torque of a magnetic state.

Magnetic torque 7 arises from the cross product of the magnetic
moment m and the magnetic flux density B,

T=mXB 2)

= ”Om x Happ7 (3)

where H,,, is the applied magnetic field”. The total torque of the system can
be expressed in terms of the magnetization M

M(r) X H,, dV
p ol MO My 4V @)
Tdv

V = {r|r € R?and valid(r) = True}.

Similarly to DC magnetometry, us of the valid property allows highly
complex heterogeneous systems to be measured, giving realistic ensemble
values. For the torque magnetometry technique in mag2exp, the technique

1 torque_arr = []

2 for angle in angles:

3 H = (0, H_maxxnp.sin(angle), H_max*np.cos(angle))

I system.energy.zeeman.H = H

5 md.drive(system, verbose=0)
torque_arr.append(mag2exp.magnetometry.torque(system.m, H))

6
7

8 plot_torque() # Use matplotlib to plot
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Fig. 3 | Torque magnetometry. The first cell shows the code to produce a torque
magnetization curve using micromagnetic simulations and mag2exp with an applied
field of 3 T rotating in the yz plane. The angle denotes the angle from the z axis in the
yz plane. The red lines indicate the uniaxial anisotropy constant K=5 x 10° Jm .
The second cell shows the magnetization structure of the z =0 nm plane of the
sample in the down sweep of the torque curve with an applied field of (0, 2.11, —2.13)
T. The arrows show the direction of in-plane magnetization while the color indicates
the z component of the normalized magnetization in units of the saturation mag-
netization. The green diamond in the first plot shows data used for the (0, 2.11,
—2.13) T magnetization plot in the second cell.

reference frame is defined to be the same as the sample reference frame. The
torque is calculated using

1 mag2exp.magnetometry.torque (field, ...)

The magnetization field is passed to the function along with the applied
magnetic field.

Using the example of the micromagnetic model outlined in Section
“Methods”, with the anisotropy constant K increased to 5x 10° Jm™> to
enhance the effects, a magnetic field of 3 T can be applied along the z axis to
attempt to saturate the magnetic state. The applied field is then rotated in the
yz plane and the torque is calculated. Figure 3 shows a torque magnetization
curve calculated from micromagnetic simulations. The data shows a char-
acteristic sheared sinusoidal wave with a period of 7z as expected for uniaxial
anisotropy. The sine wave peaks at a value close of the uniaxial anisotropy
constant of K=5 x 10° Jm™ as theoretically expected’. Deviations from a
perfect sinusoid, notably the observed amplitude variations and shearing,
originate primarily from demagnetization effects linked to the sample
geometry. Experimentally, in the absence of detailed micromagnetic cal-
culations, the standard equations used to extract anisotropy constants from
torque magnetometry data typically assume that the applied external field is
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sufficiently strong to fully align the magnetization along the applied field
direction'’. In practice, this is generally not the case. As shown for our
cuboidal geometry with approximate demagnetization factors of
N.=N, =0.077 and N, = 0.909, even in an applied field of 3 T significant
deviations occur due to demagnetization effects'. These are challenging to
accurately account for in experimental torque magnetometry, often leading
to systematic errors in derived parameters like anisotropy constants.
However, using a tool like mag2exp, one can compute the spatially varying
magnetization vector field, the corresponding spatially resolved demagne-
tization field, thereby overcoming typical experimental limitations.

Lorentz transmission electron microscopy

Microscopy techniques enable the imaging of magnetic structures on a
nanometer length scale. This makes them powerful techniques to corro-
borate micromagnetic simulations due to the similarity of the length scales
probed. Microscopy techniques have been vital in the discovery of magnetic
structures and investigations into their properties'*™"".

LTEM' is a popular method for imaging magnetic structures in thin
lamellae*™"“. However, given a 3-dimensional magnetic structure, it is not
always easy to predict what images produced using Lorentz TEM will look
like. This can lead to the misidentification of magnetic structures, such as
type-2 magnetic bubbles being identified as biskyrmions'. To assist accurate
identification, mag2exp has been developed to help simulate Lorentz TEM
techniques.

In a transmission electron microscope, a beam of electrons, each with a
kinetic energy typically hundreds of keV, travels down the microscope
column and passes through a thin (typically 100 nm) sample called a lamella.
In mag2exp, the technique reference frame is defined with the electrons
traveling in the z direction. If the sample is magnetic, the electrons are
deflected by the Lorentz force F = —ev x B as they pass through where eis the
electron charge and v is the electron velocity. This means that electron
microscopy is sensitive to the magnetic flux density B from the sample rather
than the magnetization M and that due to the nature of the cross-product, it
is sensitive only to the component of B normal to the electron beam.

The effect of the beam deflection is that the electrons emerge from the
sample having acquired a phase shift given by Aharonov-Bohm equation':

¢m(x’y) = _% N Az(x7y7 Z) dZ, (5)

where e is the electron charge, h is PlancK’s constant, and A, is the z com-
ponent of the magnetic vector potential.

Beleggia and Zhu'"’ showed that if the Fourier transform of this phase
shift is taken, it can be written in terms of the magnetization as

g [k <k, |

©)
(K +R)

Gk k) =

where M, (k,, k,) is the Fourier transform of the magnetization integrated
along the incident beam direction, y is the permeability of free space, k.
represents the in-plane components of the wave vector k, and k. is the
Tikhonov filter which prevents a singularity when k% = 0%

After the electron beam exits the sample, electromagnetic lenses focus it
and create an image. The electron wavefunction for an in-focus image
corresponds to the wavefunction the electron beam had as it exited the
specimen and the magnetic contribution to this wavefunction is
v, = exp(i¢,,). It can be seen that the intensity of an in-focus image will not
contain any magnetic features as Iy = |yo|* = 1.

The are several methods to acquire images that are sensitive to mag-
netism. The most direct method is off-axis electron holography which is an
interferometric technique from which the phase can be recovered directly”".
In mag2exp the phase can be calculated from the magnetization field in
real space using

1 mag2exp.ltem.phase (field, ...)

Where the relevant parameters can be defined such as the size of the
Tikhonov filter. This can be compared directly with the phase recovered by
electron holography.

Another method is to acquire out-of-focus images rather than in-focus
images'®. The technique is also called Fresnel imaging™. It is usually a more
convenient experiment than off-axis holography but the images obtained
are harder to interpret.

The wavefunction corresponding to an out-of-focus image, 55 can be
calculated by taking the in-focus wavefunction v, and propagating it
through free space by a distance Afknown as the defocus. This operation is

performed most conveniently in Fourier space’” via

Vaslkes k) = Polky Ky e O, @)

where

x(k) = —aAfAR?
+ 1nC Akt ®)
+ mC AP sin[2(¢ — ¢,)]-

The first term is known as the defocus term. The second term originates
from the spherical aberration of the imaging lens and is characterized by the
coefficient of spherical aberration, C. The third term corresponds to the
two-fold astigmatism of the lens, where C,, is the two-fold astigmatism
coefficient, ¢ is the azimuthal angle, and ¢, is the azimuthal orientation of
the aberration. The intensity of the defocused image is then given by

Lng(x,3) = |y, )12 )

The defocused image can be calculated in mag2exp from the phase in real
space using

1 mag2exp.ltem.defocus image (phase, ...)

The function takes additional parameters such as the accelerating
voltage of the electron beam (or the wavelength of the electrons) and the
defocus. The output of this function can be compared directly with defo-
cused images obtained experimentally.

Other useful quantities such as the integrated magnetic flux density can
also be calculated using the mag2exp software package.

As an example, Fig. 4 shows the magnetization produced by the
micromagnetic model detailed in Section “Methods” following energy
minimization for a randomized starting configuration under an applied
magnetic field of 0.1 T. Using this magnetic structure, Fig. 5 shows the phase
and an image which was simulated with an accelerating electron voltage of
300kV and a defocus of —0.2 mm. These represent typical experimental
parameters used in Lorentz TEM. In the defocused image, the Bloch mag-
netization texture appears as areas of high intensity in the center of the
skyrmion-like objects, matching well what is seen for these kinds of mag-
netic textures in literature including for FeGe'**. Fringes can also be seen in
the defocused image caused by the finite nature of the geometry.

The combination of the ability of mag2exp to simulate LTEM pat-
terns and also rotate magnetic structures using the FieldRotator enable
very powerful experiments such as tilt series to be carried out.

There are a number of other software packages capable of simulating
Lorentz TEM techniques such as PyLorentz’ which allows the simulations of
the phase and defocused images and also reconstructions of the magnetic
flux density from Lorentz TEM images. Results of mag2exp were validated
with scripts written for defocused imaging in the Semper image processing
language™.
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Fig. 4 | Magnetization structure. Center plane of the magnetization structure
produced using energy minimization for a randomized starting configuration for the
energy terms detailed in Section “Methods” under an applied magnetic field of 0.1 T.

1 phase, ft_phase = mag2exp.ltem.phase(system.m)
2 phase.mpl.scalar(cmap="gray’,
interpolation="splinel6’,
colorbar_label='Phase (rad.)’)
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Fig. 5 | Lorentz TEM. The first cell shows the code to simulate and plot the phase of
the electron beam for Lorentz TEM of the magnetic structure shown in Fig. 4. The
second cell shows the code to simulate and plot a defocused image with an accel-
erating electron voltage of 300 kV and a defocus of —0.2 mm.

x-ray holographic microscopy

x-ray holography is a technique which uses circularly polarized light to take
advantage of the magnetic circular dichroism effect: left and right circularly
polarized light are absorbed differently in the presence of a magnetic field
parallel to the propagation direction of the light. Hence, this effect is only

sensitive to the magnetization parallel to the propagation direction of the
light. The wavelengths of the x-rays can be tuned to the absorption edges of
the different elements present in the sample allowing for element-specific
magnetization to be measured. However, when calculating x-ray holo-
graphy images in mag2exp we use the approximation that the magneti-
zation is not element specific and therefore give the output in terms of
integrated magnetization rather than scaling by scattering factors to give an
intensity”>”.

In x-ray holography, a coherent beam of circularly polarized x-rays is
incident on the sample and a reference slit. The scattered x-rays interfere and
form a hologram which is recorded by the detector. The measured hologram
can subsequently be combined with a differential filter and Fourier trans-
formed to reconstruct the holographic image which contains information
on the out-of-plane magnetization of the sample.

For the x-ray holography technique in mag2exp, the technique
reference frame is defined with the incident beam propagating along the z
direction. From a magnetization field, the reconstructed holographic image
can be calculated from the integral of the magnetization along the path of the
b e aIn26,27

I(x,y) = /Mz(x,y7 z)dz. (10)

This can be obtained from the magnetization field using the function
1 mag2exp.x ray.holography (field, ...)

To obtain more experimentally realistic images, automatic convolution
with a Gaussian can be used in order to simulate the finite resolution of the
instrument. Similarly to LTEM, combining the simulated x-ray holography
technique with the FieldRotator enables simulations of tilt-based
experiments, which has important applications to research areas such as
magnetic tomography.

Figure 6 shows the x-ray holography images of the magnetization
structure shown in Fig. 4 with and without the application of a Gaussian
filter. As expected, when a 30 nm full width at half maximum Gaussian filter
is applied, the features become slightly obscured and thus more similar to
experimentally obtained measurements obtained on FeGe™®. Incorporating
the finite resolution into the simulation means that it is possible to inves-
tigate what magnetic features can be resolved experimentally using x-ray
holography without the need for costly experiments.

Magnetic force microscopy
Magnetic force microscopy (MFM) is a technique which relies on the
magnetic interaction between an oscillating cantilever with a magnetic tip
and the sample’s stray magnetic field in order to probe the sample’s mag-
netization texture. In MFM, in dual pass mode, the cantilever first rasters
across the surface while oscillating at the cantilever’s resonant frequency,
mapping the topography of the surface”. The same line scan is then per-
formed again at a set lift-off height z, from the surface of the sample. It is this
second scan which is sensitive to the stray magnetic field and can be mapped
through the phase shift of the resonant frequency of the cantilever. For the
MEM technique in mag2exp, the technique reference frame is defined with
the cantilever oscillating in the z direction. Due to its surface sensitivity,
MEM is often used to image the magnetic structure in thin films and samples
with flat surfaces.

In the technique reference frame, the phase shift of the cantilever can be

expressed as
o’H
Mt : 8225)’

where H; is stray magnetic field, Q and k are the quality factor and spring
constant of the cantilever respectively, and g and M, are the effective
magnetic monopole moment and magnetic dipole moment of the tip***.

(11

_ Q4 (0H,
A= (q 2z T
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Fig. 6 | x-ray holography. The first cell shows the quick plots code to simulate x-ra; —
g y graphy. q P y 0.02

holography images for the magnetic structure shown in Fig. 4 with no filter. The
second cell shows the quick plots code to simulate x-ray holography images with a
20 nm Gaussian filter.
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Fig. 7| MFM airbox. Code to add 20 cells in the z direction to the magnetic structure
shown in Fig. 4 and plot the magnetization structure in the x = 0 nm plane used for
MEM calculations. The region above z > 0 nm is an airbox and has zero
magnetization.

The effective magnetic monopole moment is sensitive to the first order
derivative of the stray field in the z direction and the magnetic dipole
moment sensitive to the second order derivative of the stray field in the z
direction. This expression, however, describes a point like tip and hence this
result can be convolved with a tip function in order to give more realistic
images.

For the simulation of the measurement, we need to know the stray field
H; as a function of space in the area where the magnetic tip of the MFM is
probing the stray field. The commonly employed computational methods in
micromagnetism do only compute the stray field inside the sample. To get
access to the stray field in the region above the sample where the tip oscil-
lates, we use an airbox method.

-150

—-150 —-100 -50 O 50
x (nm)

100 150

Fig. 8 | MFM images. Commands to produce the phase shift of the cantilever for the
magnetic structure shown in Fig. 7 at Top: 47.5 nm and Bottom: 92.5 nm lift off heights.
The phase shift has been calculated for a quality factor of 650, a spring constant of

3Nm™" and a tip with a magnetic dipole moment in the z direction of 1 x 107" Am .

The airbox is the region of free space above the sample where we have
to simulate the stray field in order to calculate MFM images. Figure 7 shows
a yz cross section of the simulation region. The sample located at z < 0 nm
has the same magnetic structure as shown in Fig. 4. Additionally, the
simulation contains a region of free space with size 300 x 300 x 100 nm’ at
z> 0 nm, the airbox. This allows for the calculation of the MEM response at
arbitrary lift-off height within the airbox. We can choose the lift-of height in
post by cutting a plane at the desired z position.

In mag2exp, the phase shift can be calculated using

1 mag2exp.mfm.phase shift (field, ...)

Where parameters such as the tip’s magnetic dipole moment, the tip’s
effective monopole moment, the quality factor and spring constant of the
cantilever can be passed. Internally, the stray field is calculated using
OOMMF" and together with the experimental parameters a phase shift is
calculated. This phase shift is calculated for the sample and the airbox,
however, it is only physically meaningful in the airbox.

Figure 8 shows the MFM phase shift at multiple typical lift-off heights
highlighting how mag2exp can be used to investigate the best lift-off height
in order to image the intended magnetic structures. These findings align well
with previously reported results on FeGe™, underscoring the reproducible
nature and accuracy of the approach.

In order to account for the finite resolution of the tip, mag2exp allows
convolution with a Gaussian filter in an analogous way to that described for
x-ray holography.
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Small-angle neutron scattering

Reciprocal space techniques are powerful techniques for examining the
periodicity of magnetic structures. Techniques such as small-angle neutron
scattering (SANS) are responsible for the discovery of magnetic textures
such as skyrmions™*.

In SANS a beam of neutrons is incident on a sample in a transmission
geometry and the neutrons scatter as they travel through the sample due to
both nuclear and magnetic forces. In mag2exp only scattering due to the
magnetization of the sample is considered. The scattering pattern is related
to the periodicity of the magnetic structure. The polarization of the neutrons
before and after scattering can be controlled to yield more information
about the magnetization structure from spin-flip cross sections>. For the
SANS technique in mag2exp, the technique reference frame is defined to
be the same as the sample reference frame.

SANS cross sections can be calculated with the use of the magnetic-
interaction vector

Q=qx [Mxq], (12)
where q is the unit scattering vector and M is the Fourier transform of the
magnetization”. The scattering vector is defined as

q=k; -k, (13)

where k; and k¢are the incident and scattered wave vectors, respectively. The
contribution to the cross sections due to magnetic scattering can be calcu-
lated using

dx 0
E(XIQ'UI ;

(14)
where o is the Pauli vector and o is the Hadamard power (element wise
power of the matrix elements)*. In mag2exp the Pauli vector can be
rotated to account for polarization in arbitrary directions.

The cross section takes the form of a 2 x 2 matrix with each element of
the matrix representing a different spin-flip cross section

dztt 4zt
(G5 %
dQ = \ @t da )7

dQ dQ

(15)

where the superscripts represent the spin flips, e.g., + — represents a positive
to negative spin flip and — — represents a negative to negative spin flip. The
half spin-flip cross sections can then be expressed as

+ ++ +-
=r _ a7 dxtT (16)
dQ da dQ ’
- — —+
=7 dx dz 7 17)
dQ dQ dQ
while the unpolarized cross section takes the form
& _1fd )
do 2\da  do /)’

Once these cross sections are obtained it is possible to calculate other
quantities such as the chiral function

dst- _ =+

19
dQ dQ ’ (19)

—2miy =

which describes the difference between the spin flip cross sections.

In mag2exp, the cross section $= can be obtained by using the

function

—-100 0
y (nm)

100

Fig. 9 | SANS magnetization. Magnetization structure used for SANS calculations.
Top: z =0 nm plane and Bottom: x = 0 nm plane.

1 cs =mag2exp.sans.cross_section (fleld, ...)

Where the polarization of neutrons and the type of scattering observed
are passed to the function. In mag2exp the different types of scattering can
be written as a string and passed to the function. For example, + is denoted
by p, and — is denoted by n leading to cross sections such as pn (%) ,

n (%), and unpol (g—é) which can be related to Eqns. (15), (16), (17), and

(18). Uses of this syntax can be seen in Fig. 10.

The function calculates a 3-dimensional scattering cross section in
reciprocal space. The direction of the incident beam can be set by cutting a
plane normal to the beam direction through the origin. For example

lcs.sel(k _z=0)
would be equivalent to the beam propagating along the z direction and
lcs.sel(k x=0)

would be equivalent to the beam propagating along the x direction. We
assume that the incident beam has infinite width in real space. In combi-
nation with the polarization of the neutrons used when calculating the cross
section, the common scattering geometries in SANS can be recreated.

Figure 9 shows a magnetization structure created in a
300 x 300 x 300 nm’ region with periodic boundary conditions and a cell
size of 5 x 5 x 5 nm’. Deviating from the energy equation detailed in Section
“Methods”, demagnetization is not included here but instead periodic
boundary conditions are used to more accurately depict the scattering from
a large macroscopic crystal. A skyrmion lattice is created by initializing the
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1 cross_section = mag2exp.sans.cross_section(system.m, method="unpol
2 cross_section_pn = mag2exp.sans.cross_section(system.m,

3 plot_sans()
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Fig. 10 | SANS cross section. Unpolarized SANS cross section for the magnetic
structure shown in Fig. 9 with an incident beam along the a z direction and b x
direction with initial polarization of the neutrons is in the (0, 0, 1) direction. ¢ + —
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spin-flip SANS cross section with the incident beam along the z direction with the
initial polarization of the neutrons in the (1, 0, 0) direction.

I cf = mag2exp.sans.chiral_function(system.m, polarisation=(1, 1, ))
2 cf.sel(k_z=0).mpl.scalar (cmap="coolwarn”,
3 colorbar_label=

interpolation="g

"Chiral function (Normalised)”,
ssian’)
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Fig. 11 | SANS chiral function. Chiral function —2iy for the magnetic structure
shown in Fig. 9 with the incident beam along the z direction. The initial polarization
of the neutrons is in the (1, 1, 0) direction.

magnetization in a triple-q state and then allowing the system to relax and
find the minimum energy configuration under the application of a 100 mT
magnetic field. The system relaxes to a hexagonal skyrmion lattice with the
skyrmions tubes oriented along the z direction of the sample.

Figure 10(a) and (b) show the unpolarized scattering cross section for
incoming neutrons polarized in the z direction and the beam incident in
the zand x direction, respectively. These represent the two most employed
scattering geometries in magnetic SANS experiments”. A hexagonal pat-
tern can be seen with the incident beam along the z direction indicating the
hexagonal symmetry of the system, whilst with the incident beam along the
x direction three spots can be seen originating from the diffraction of the
neutrons from the skyrmion tubes. This same pattern is observed in
experimental measurements of skyrmions in FeGe™. Figure 10(c) depicts
the positive to negative spin-flip SANS cross section for a beam propa-
gating in the z direction with an initial polarization in the (1, 0, 0) direction.
It is clearly visible that the peaks in the positive k, direction have a reduced
intensity, as expected, compared to the unpolarized SANS scattering cross
section.

Figure 11 depicts the chiral function for a beam propagating in the z
direction with an initial polarization in the (1, 1, 0) direction. In mag2exp,
this can be calculated using

1 mag2exp.sans.chiral function (field, ...)

Where the polarization of the incoming neutron beam can be passed.
The chiral function describes spin-flip scattering and it is evident that the

peaks have negative intensity in the direction of the polarization vector and
positive intensity in the opposing direction.

Ferromagnetic resonance

In addition to the static techniques described above, mag2exp has the
ability to recreate the results of time-dependent measurement techniques
such as Ferromagnetic resonance (FMR).

Ferromagnetic resonance is a widely used experimental method for
investigating magnetization dynamics in materials. In FMR experiments,
the magnetization dynamics is typically excited by an external perturbation,
such as a microwave field, an applied magnetic field pulse, or a current pulse.
This excitation drives the system out of equilibrium and excites resonant
modes within the sample. By analyzing these modes, key material proper-
ties, such as the Gilbert damping parameter and the anisotropy fields, can be
extracted'™.

To compute the FMR signal from time-dependent magnetization data
M(r, 1) the local power spectrum can be determined using the spatially-
resolved ringdown method

S(r,f) = IM(x, /I, (20)
where M(r, f) represents the Fourier transform of the magnetization along
the time dimension. Similarly, the spatially resolved phase can be obtained
by taking the argument of the Fourier transformed magnetization

o(r,f) = Arg (M(r,f)). (21)
In many experimental setups, measurements typically yield only the spa-
tially averaged power, often referred to as the Power Spectral Density (PSD).
This averaged quantity can be obtained by taking the mean of Eqn. (20) over
the three spatial dimensions

fVS(r.,f)dSr .

RS
[y d’r

S(f) = (22)

V = {r|r € R?and valid(r) = True}.

Within the ubermag framework, time-dependent magnetization data M(r,
t) are conveniently stored usingamicromagneticdata.Drive object.
The power and phase information of the FMR signal can be directly
computed via the ringdown method provided by mag2exp, simply by
passing the time-dependent magnetization data stored in a Drive object:

1 mag2exp.fmr.ringdown (drive, ..)
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| power, phase = mag2exp.fmr.ringdown(drive)
2 plot_psd(power)
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Fig. 12 | FMR spectra. Commands to calculate the power spectrum and corre-
sponding phase information due to a perturbation of an applied magnetic field for a
skyrmion in a thin film. The top image shows the power spectral density, the lower
image shows the spatially resolved power and phase for the peak at 7.3 GHz, a
skyrmion breathing mode. The phase is shown by the color and the opacity shows
the power.

This function returns both the power and phase data as xarray. -
DataArray objects, which allow convenient data analysis and visualization.
It can also be passed an optional argument of a discretisedfield. -
Field to subtract from each timestep of the drive, which allows com-
putation of FMR on the magnetization difference.

Figure 12 illustrates the spatially averaged power spectrum for an iso-
lated skyrmion in a thin film. To obtain this spectrum, the skyrmion is driven
out of equilibrium by perturbing the magnitude of the applied magnetic field,
after which the system is allowed to relax. Clear resonant peaks can be seen in
the power spectrum, each corresponding to a distinct resonant mode.

One major advantage of simulations is access to spatially resolved
power and phase data. For example, the lower panel of Fig. 12 shows the
spatial distribution of both power and phase for the resonant mode at 7.3
GHz. Here, the color encodes phase while the opacity indicates power
intensity. The plot reveals that the highest power dissipation occurs uni-
formly around the skyrmion ring. All points on the ring have the same
phase, which is characteristic of a skyrmion breathing mode.

Discussion

The mag2exp package captures the physics of real-world experiments in a
computationally readable format that allows measurements to be virtually
carried out on magnetization fields. Based on the numerically or analytically
obtained magnetization field, and a few technique-dependent parameters, it
can simulate measurements including magnetometry, microscopy, and
reciprocal space techniques, as outlined in the previous sections. The inte-
gration of mag2 exp into the computational Python-based micromagnetics
framework Ubermag simplifies and streamlines the typical workflows used
to corroborate experimental studies and helps with reproducibility”. The

mag2exp package has been designed to operate on arbitrary finite-
difference magnetization data, such as created by computational micro-
magnetics packages (such as OOMMF"' and MuMax3'). However, other
data sets on finite difference grids, obtained for example from Monte Carlo
methods or mean-field approaches* can similarly be used to provide the
magnetization vector field: once the data is accessible as a numpy array it can
trivially be converted to a format usable by mag2exp. We encourage
contributions from the community to extend this package.

Methods

Virtual experiments

In order to perform the virtual experiments with mag2exp, first a magne-
tization structure needs to be created. This is done using a finite-difference
discretization to define a mesh of cuboidal cells which contain the magneti-
zation values. Where the geometry of interest is not a cuboid, an associated
property valid which can be True or False to indicate that there is no
magnetic material at that location. This enables complex simulations on
systems which are heterogeneous. These restrictions are in line with the
approach chosen in commonly used micromagnetic simulation packages'"*.

We use the discretisedfield package®, developed as part of
Ubermag™, to define the magnetization at each cell on a finite-difference
mesh as a discretisedfield.Field object. This package facilitates
mathematical operations on finite-difference grids, such as vector operations
and calculus. This enables the mag2exp functions to be expressed concisely
and to be easily extensible by users. The results of the simulation of the
experiment and measurement are returned as discretisedfield. -
Field objects. This class has convenience functions in order to analyse and
plot the data, allowing efficient analysis and visualization. By re-using existing
functionality we avoid duplication of effort and software.

The discretized magnetization vector field can be initialized in different
ways, for example using an analytical model or by performing micromagnetic
simulations. Some of the virtual experiments use this magnetization in a
“read-only” fashion to passively calculate quantities while others, such as
torque magnetometry, lend themselves to actively change the parameters of
the micromagnetic simulations to gain more meaningful information.
Additionally, if the user has experimentally obtained spatially resolved
magnetization, for instance from advanced tomography" it can be used with
mag2exp to generate simulations of any of the experimental techniques.

All functions in mag2 exp operate on a magnetization field that has to
be passed as an input argument alongside relevant experimental parameters.
For example, in LTEM the defocus can be passed as an input argument.
Internally, the calculations are performed, and then the relevant experi-
mental quantities are computed and returned. The different experimental
techniques implemented in mag2exp are organized in multiple sub-
modules each containing functions relevant to one experimental technique.
One additional submodule, quick_ plots, contains functions to each
create an image that shows the outcome of the respective experimental
techniques with a single line of Python code—trading ease of use against a
lack of flexibility.

In mag2exp, we distinguish between two different reference frames: a
sample reference frame and a technique reference frame. Both use Cartesian
coordinate systems to describe the magnetization in the finite-difference
mesh. The former is attached to the sample and can be arbitrarily oriented in
space: the latter is attached to the experimental set-up. A few technique
observables are hard coded into the technique reference frame. For example,
MEM techniques are defined to have the magnetic tip oscillating in the z
direction of the technique reference frame. All experiments are defined in
the technique reference frame. However, rotations can be conveniently used
to convert the magnetization from the sample reference frame to the
technique reference frame if they are not congruent. This allows any
experimental setup the user desires to be performed in the technique
reference frame. Rotations of the magnetization field can be performed in
the Ubermag framework using the discretisedfield package®.

1field rotator =df.FieldRotator (field)

2 fileld_rotator.rotate(...)
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3 fleld_rotator.field

In this manuscript, the Object-Oriented MicroMagnetic Framework
(OOMMF)’" was used as a computational backend to produce micro-
magnetic simulations in Ubermag ™ allowing for realistic simulations based
on real material parameters in an efficient workflow. Other computational
workflows are possible, for example to feed mag2exp with data obtained
using an analytical expression.

To help demonstrate selected techniques of mag2exp we set up an
example micromagnetic simulation of FeGe with an additional uniaxial
anisotropy. The simulation region is 300 x 300 x 20 nm’ with a cell size of
5x5x5nm’. The energy equation consists of ferromagnetic exchange,
Dzyaloshinskii-Moriya interaction (T point group), uniaxial anisotropy,
Zeeman interaction, and demagnetization terms

E = fv—Am~Vzm—{—Dm-(V><m)—K(m~u)2

(23)
_/"OMsm -H-— %MOMsm : Hdv
where A =8.78 x 102 Jm™" is the exchange constant, D = 1.58 x 10 Jm™>
is the DMI constant, K=1x 10° Jm ™ is the uniaxial anisotropy constant,
u = (0,0, 1) is the uniaxial anisotropy direction, H an external magnetic field,
M, =3.84x 10° Am™" is the saturation magnetization, and m = M/M; the
normalized magnetization field”. An example of a magnetization field
produced using these parameters is shown in Fig. 2. For the examples used in
this paper, the magnetization field is stored in the variable system.m. It is
also worth noting that the unitary Fourier transform convention with
ordinary frequency is used throughout the manuscript and software.

Research software engineering

mag2exp is an open-source Python library developed for the magnetism
community. The source code is publicly available under the BSD 3-Clause
License on GitHub https://github.com/ubermag/mag2expas part of the
Ubermag GitHub organization. Documentation, API reference, and
tutorials are available at https://ubermag.github.io. The code for these
tutorials can be run in the cloud using Binder. Contributions by users and
members of the community to the code, tutorials, and documentation are
encouraged by creating pull requests in the mag2exp repository on
GitHub. mag2exp can be installed on all major operating systems either on
its own or as part of the Ubermag meta-package via pip or conda
package managers.

We have chosen Python as the language because (i) there is a growing
selection of Python-interfaced or Python-based scientific open source
libraries available”** and we want to benefit from this global effort, (ii) a
Python-based domain-specific language for micromagnetic problems’ and
simulations exists already”, and (iii) Python is well supported by the Jupyter
notebook, which is received by many scientists as a tool to help them analyze
their data™ >, and also supports better reproducibility of research results®.
Asmag2exp functions are built using the discretisedfield package,
users can easily use the inbuilt mathematical functions to create custom
observables.

We use continuous integration using GitHub actions to execute var-
ious automatic tests after every code change™. These include unit, integra-
tion and system tests; tests of documentation strings; tests associated”” with
the Jupyter-notebook based documentation. All tests are executed on Linux,
OSX, and Windows operating systems.

Supplemental material

All results obtained in this work can be reproduced from the repository in
ref. 6 that contains software specifications and Jupyter notebooks to rerun all
simulations and recreate all data and plots.

Data availability

The data and figures in this manuscript are available and can be fully
recreated from the supplementary material https://gitlab.mpcdf.mpg.de/
samholt/mag2exp_manuscript_SM.

Code availability
The code for mag2exp is available at (https://github.com/ubermag/
mag2exp, https://ubermag.github.io).
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