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A B S T R A C T

The magnetic state, including the stray fields, of a chiral pattern of interacting permalloy nanomagnets is
studied using off-axis electron holography in the transmission electron microscope. The projected in-plane
magnetisation of the nanomagnets is reconstructed from the experimental magnetic phase shift using model-
based iterative reconstruction. The thickness and chemical composition of the nanomagnets are characterised
in cross-sectional geometry. The average value of the magnetic polarisation of the permalloy through the
thickness of the sample is measured to be 0.73 T. This value is lower than the bulk value of 1 T, likely
as a result of a combination of the microstructure, composition and possible oxidation of the nanomagnets.
The experimental results are compared to micromagnetic simulations to confirm the magnetic states and to
understand the switching processes in the magnetic nanoislands.
1. Introduction

Artificial spin ices have received growing experimental and theoret-
ical attention owing to their unique physics based on frustration [1,2],
as well as their promising potential for magnonic [3,4] and logic de-
vices [5,6]. Artificial spin ices consist of regular geometrically-arranged
soft ferromagnetic nanoislands, in which the magnetisation points in
one of two orientations along the long axes of the magnets due to
shape anisotropy [7]. Here, we study a ‘chiral ice’ [8,9], whose ge-
ometry is such that it cannot be superimposed onto its mirror image
when considering the edges of the array. It was recently demon-
strated that spin ices with this geometry display chiral dynamics during
magnetic-field-induced reversal [10], as well as during thermal relax-
ation, thus enabling the realisation of an active material with ratchet
behaviour [8]. These dynamics were attributed to the details of the
magnetisation distribution and to the topology of the magnetostatic
field generated at the edges of the lattice, highlighting the impor-
tance of simultaneously measuring the stray field distribution and the
magnetisation state in such systems.

Over the past years, a number of magnetic characterisation tech-
niques have been used to image artificial spin ices, including magnetic
force microscopy [11], SQUID-on-tip [10] and photoemission electron
microscopy combined with X-ray magnetic circular dichroism as a con-
trast mechanism [12,13]. Alternatively, the magnetic fields generated
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by individual ferromagnetic islands can be mapped using transmis-
sion electron microscopy (TEM) methods, including differential phase
contrast imaging [14] and off-axis electron holography [15], which
provide high spatial resolution and sensitivity to in-plane magnetic field
components. The advantages and applications of these techniques are
described in Ref. [16].

In this work, off-axis electron holography in the TEM is applied to
study the magnetic state and magnetic field distribution in a chiral spin
ice. The basic considerations of measuring the magnetic phase shift
and recovering the in-plane magnetic polarisation are first presented.
Experimental results on the characteristic magnetic state and magneti-
sation reversal mechanism in the nanoislands are then analysed, with
the support of micromagnetic simulations. A complete quantitative re-
construction of both the in-plane magnetic induction and the magnetic
polarisation of the nanomagnets in the chiral ice are presented.

2. Materials and methods

Chiral spin ice samples were prepared using electron beam lithog-
raphy [17]. A permalloy (Py) nanomagnet pattern was deposited by
thermal deposition of Ni83Fe17 onto a 100 μm × 100 μm large 20-
nm-thick SiN membrane supported on a Si chip. The individual nano-
magnets were designed to have dimensions of 470 nm × 170 nm ×
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10 nm (length × width × thickness), with a centre-to-centre distance
of 420 nm. Thin Cr layers were deposited below and on top of the
patterned structure using thermal evaporation, in order to increase the
adhesion of the Py to the membrane and to protect the structures from
oxidation. In order to reduce electron-beam-induced charging of the
SiN during off-axis electron holography experiments, a thin (<10 nm)

l layer was deposited over the whole sample. The thickness of each
ayer was verified during deposition by means of a quartz balance.

The thickness and chemical composition of the patterned islands
ere measured from a cross-sectional specimen prepared in a dual
eam focused ion beam (FIB) scanning electron microscopy (SEM)
ystem (Thermo Fisher Scientific Helios Nanolab 460f1). A section was
irst cut from the membrane samples and transferred to a Si substrate.
onventional lift-out was then used to prepare an electron-transparent

amella, which was attached to a standard Cu Omniprobe-style support
rid. Analytical measurements were carried out using energy dispersive
-ray spectroscopy (EDS) and high-angle angular dark-field (HAADF)
canning TEM (STEM) in a probe aberration corrected TEM [18] op-
rated at 200 kV (Thermo Fisher Scientific Titan 80-200) equipped
ith an in-column EDS detector (Super-X, ChemiSTEM technology).
pectrum images were recorded and processed using Velox software
Thermo Fisher Scientific). The chemical composition was determined
sing a conventional Cliff-Lorimer approach. Magnetic imaging [19,
0] studies were carried out in magnetic-field-free conditions (Lorentz
ode) using an image aberration corrected TEM [21] operated at
00 kV (Thermo Fisher Scientific Titan 60-300). Fresnel defocus images
nd off-axis electron holograms were recorded using a direct electron
ounting detector [22] (Ametek (Gatan) K2 IS) and a single electron
iprism positioned close to one of the conjugate image planes of the
lectron optical system. A modified tomography specimen holder [23]
as used to control the sample inside the electron microscope. Data
rocessing was performed with home-written Python scripts [24,25].

. Theoretical background

Transmission electron microscopy utilises different signals resulting
rom the electron-sample interaction process to image the microstruc-
ure, chemical composition, electronic structure and electromagnetic
ields of materials. De Broglie postulated in 1924 that electrons can be
reated as quanta of the electron wave with momentum 𝐩 = 𝑚𝐯 = ℏ𝐤,
here 𝑚 is the relativistic mass of an electron and 𝐤 is the wave vector.
he magnitude of the wave vector is related to the wavelength 𝜆 of the
lectron wave via |𝑘| = 1∕𝜆. Thus, a relativistic momentum 𝑝 can be
ttributed to electrons with 𝑝 = ℎ∕𝜆.

The Schrödinger equation describes a non-relativistic wave equation
or a wave function 𝜓 in the form

1
2𝑚0

(−𝑖ℏ∇ + 𝑒𝐀)2 − 𝑒𝑉
]

𝜓 = 𝐸𝜓 , (1)

where 𝑚0 is the electron rest mass, A is the magnetic vector potential,
𝑉 is the electrostatic potential and 𝐸 is the total energy. For relativistic
electrons, the wave vector can be approached through the Klein–
Gordon equation. Lengthy details of paraxial wave dynamics based
on quantum mechanics that describe electron wave propagation and
interaction with matter are described in Ref. [26].

An analytical solution for the electron wave function gives the
Aharonov–Bohm phase shift, which can be written in the form

𝜑(𝐫, 𝑧) = 𝜑0 − 𝐶𝐸 ∫

𝑧

𝑧0
𝑑𝑧′𝑉𝑒𝑙(𝐫, 𝑧′) +

𝜋
𝛷0 ∫

𝑧

𝑧0
𝑑𝑧′𝐴𝑧(𝐫, 𝑧′) , (2)

where 𝜑0 is the phase shift of an electron wave travelling through vac-
uum, while the second and third terms represent the contributions of
electrostatic and magnetic phase shifts, respectively. The phase shift of
an electron by an enclosed magnetic flux, without interaction with the
magnetic induction B field, was predicted by Aharonov and Bohm [27]
and earlier by Ehrenberg and Siday [28]. The prefactor 𝐶 = 𝑒𝛾𝑚0 is
2

𝐸 ℏ2𝑘
s

a constant that depends on the wavelength of the electron wave. The
term 𝛷0 = 𝜋ℏ

𝑒 = 2.068 ⋅ 10−15 is a magnetic flux quantum in Webers
[Wb]. Only components of the magnetic induction field perpendicular
to the electron beam direction can be measured.

Stokes’ theorem can be used to show that the magnetic flux 𝛷𝑀
is embraced by a loop of the different paths that an electron travels
around the in-plane component of the magnetic field. The correspond-
ing magnetic phase shift is

𝛿𝜑𝑚𝑎𝑔 = −2𝜋 𝑒
ℎ
𝛷𝑀 . (3)

It is important to note that the magnetic phase shift 𝛿𝜑𝑚𝑎𝑔 does not
provide any means to measure the magnetic vector potential. In gen-
eral, as the electron wave propagates through a B field, it experiences a
Lorentz force. A phase shift is induced, which is given by the enclosed
magnetic flux integrated along the electron beam direction. Detailed
analysis shows that ∇𝜑𝑚𝑎𝑔(𝑥, 𝑦)𝐁𝑝𝑟𝑜𝑗 (𝑥, 𝑦) = 0. Based on the assumption
that the magnetic field does not vary in the electron beam direction,
magnetic flux lines can be visualised in the form of contour lines, as
the phase lines then agree with 𝐁𝑝𝑟𝑜𝑗 (𝑥, 𝑦) according to the expression

𝑑𝜑(𝑥)
𝑑𝑥

= 𝑒𝑡
ℏ
𝐵𝑝𝑟𝑜𝑗 (𝑥) . (4)

Eq. (2) describes how an electron phase shift measurement provides
information about electrostatic and magnetic fields within and around
a sample. In contrast to standard TEM imaging, phase information can
be recovered using off-axis electron holography [29]. The technique is
based on the interference of two parts of an electron wave. Fig. 1(a)
shows a schematic image of the electron pathway for off-axis electron
holography and the main elements of a TEM. Off-axis electron holog-
raphy relies on the overlap of an electron wave that travelled through
vacuum (reference wave) with one that passed through the sample (ob-
ject wave). Interference is achieved by using an electron biprism that
is inserted close to a conjugate image plane of the electron microscope
lens system. Details of off-axis electron holography experiments and of
the reconstruction steps can be found in Refs. [19,20,29].

All phase contrast techniques in the TEM are only sensitive to the
in-plane components of the magnetic induction. Inside the specimen,
B = 𝜇0(H + M), where 𝜇0 is the vacuum permeability, M is the

agnetisation and H is the demagnetising field, whereas outside the
pecimen the magnetic induction is equal to the stray field. Normally,
nly a measurement of the projected in-plane components of the B field
s possible and information about the magnetisation is not directly
ccessible. The magnetic moment of an isolated object, such as a
anocrystal, can be measured quantitatively by integrating the gradient
f the phase around it using a circular integration contour [30]. This
pproach is model-independent, meaning that it does not rely on as-
umptions such as uniformity of the magnetisation in the particle or a
riori knowledge such as the particle’s morphology and/or composition.
lternatively, a model-based iterative reconstruction (MBIR) method
an be used [25], in order to allow the projected in-plane magnetisation
o be determined from a magnetic phase image recorded using off-axis
lectron holography [19,31]. The magnetisation is encoded in a phase
mage in the form

𝑚𝑎𝑔 (𝑥, 𝑦) = −
𝜇0
2𝛷0 ∫

(

𝑦 − 𝑦′
)

⋅𝑀x −
(

𝑥 − 𝑥′
)

⋅𝑀y

(𝑥 − 𝑥′)2 + (𝑦 − 𝑦′)2
𝑑𝑥′𝑑𝑦′ . (5)

Eq. (5) describes the forward problem of calculating a magnetic
hase image from a given in-plane magnetisation distribution. The
nverse problem of retrieving the projected in-plane magnetisation
istribution from a measured magnetic phase image is ill-posed, i.e.,
solution for the magnetisation 𝐌𝑥,𝑦 may not exist, or, if it does, it
ay not be unique. The inverse problem can be solved by applying a
BIR algorithm. In a first step, the ill-posed problem is approximated

y a least squares minimisation, which guarantees the existence of a
olution. In order to enforce the uniqueness of the solution, Tikhonov
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Fig. 1. (a) Schematic image of the electron optical parts and electron wave paths in off-electron holography in the TEM. The electron optical configuration is equivalent to the
use of two electron sources 𝑆1 and 𝑆2 to form a hologram in the image plane. (b) Off-axis electron hologram of a corner of the Py chiral ice sample deposited on a SiN support
layer. The enlarged region in (c) shows the holographic interference fringes. (d) Amplitude image reconstructed from the hologram. (e) Electrostatic 𝜑𝑒𝑙 and (f) magnetic 𝜑𝑚𝑎𝑔
contributions to the phase shift recorded from the Py islands. The colour coding is in units of radians. (g) Magnetic induction map. The contour spacing corresponds to 2𝜋/15
rad. The arrow indicates the direction of the magnetic field 𝐻 that was used to magnetise the sample. The inset shows a magnified view of a Py island. The induction lines curl
slightly at the ends of the islands, resulting in S-shaped distributions.
Fig. 2. Simplified steps of model-based iterative reconstruction of the magnetisation.
The phase shift simulated for a given magnetisation distribution is compared to an
experimentally-measured phase map. An iterative approach involving regularisation is
used to improve the fitted magnetisation distribution.

regularisation of first order is employed to apply a smoothness con-
straint to the reconstructed magnetisation distribution. This approach is
motivated by minimisation of the exchange energy of the system [32],
ensuring that the solution represents a physically meaningful magneti-
sation distribution. The strength of the exchange interaction can be set
in the form of a regularisation parameter. Fig. 2 shows the processing
steps for the complete minimisation process, including the use of a
forward model to reconstruct the projected in-plane magnetisation.
This approach can be further extended to retrieve the three-dimensional
magnetisation distribution from measurements of phase shift recorded
while tilting the specimen. A full description of the MBIR procedure is
described in Ref. [25].
3

4. Results

Quantitative magnetic imaging requires a knowledge of the thick-
ness and composition of the measured Py elements. This information
was obtained from a cross-sectional specimen prepared using focused
ion beam milling. Fig. 3 shows a cross-sectional image of the het-
erostructure and corresponding chemical analyses. The thickness was
measured to be 10 ± 1 nm from the HAADF STEM image shown
in Fig. 3(a). The elemental distribution was measured by spectrum
imaging from the HAADF signal and EDS spectra. Fig. 3(b) shows a
colour-coded map of Cr, Fe and Ni. An O map recorded from the
same region reveals local enrichment below and above the Py, at
the positions of the Cr and Al layers. In addition, a small amount
(<10 at. %) of O was detected (not shown) everywhere in the specimen,
as a result of oxidation of the TEM specimen surface. The composition
measurement (Fig. 3(c)) indicates that the Ni/Fe at. % ratio is approx-
imately 65/35, which is Ni-poor relative to the nominal permalloy
composition (Ni83Fe17).

Figs. 1(b–g) show the step-by-step experimental procedure for quan-
titative magnetic imaging of the Py islands. Fig. 1(b) shows an off-axis
electron hologram containing interference fringes that change direction
at the positions of the Py islands (Fig. 1(c)). Processing of the off-axis
electron holograms was carried out using the Fourier transformation
method described in Ref. [20]. Inverse Fourier transformation of a
sideband in the Fourier transform of the hologram can be used to
provide both an amplitude image (Fig. 1(d)) that contains similar
information to that in a conventional bright-field TEM image and a
phase shift image. Electrostatic (𝜑𝑒𝑙) and magnetic (𝜑𝑚𝑎𝑔) contributions
to the phase shift were separated by performing two consecutive off-
axis electron holography experiments from each region of interest. The
sample was first tilted to +90◦ and a vertical magnetic field of 1.5 T
was applied using the objective lens of the microscope. The magnetising
process was repeated at −90◦ in order to reverse the magnetic field
direction in the islands. The assumption is that their magnetic state
stays similar in form but changes direction. After alignment, half of
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Fig. 3. Structure and chemical composition of the spin ice islands measured in cross-
sectional geometry. (a) HAADF STEM image of the layer stack. The Pt is a protective
layer deposited during FIB preparation. (b) EDS chemical element maps recorded from
the middle of the Py layer showing Cr, Fe, Ni and O distributions. (c) Linescan of the
composition across the Py element.

the sum and half of the difference between such pairs of phase images
results in 𝜑𝑒𝑙 and 𝜑𝑚𝑎𝑔 phase shift maps expressed in radians, as shown
in Figs. 1(e,f). A visual representation of the magnetic induction map
(Fig. 1(f)), according to Eq. (4), is obtained by evaluating the cosine of
a chosen multiple of the magnetic phase shift. The resulting magnetic
induction map of the Py islands at remanence shows that the individual
islands are in single magnetic domain states, while also revealing the
magnetic stray fields both within and at the edges of the array. A closer
look at the individual Py islands (inset in Fig. 1(g)) reveals that the
magnetic induction curls at the edges of the islands [33], presumably
resulting in part from interactions with neighbouring elements.

The experimental magnetic phase shift 𝜑𝑚𝑎𝑔 obtained from off-axis
electron holography experiments (Fig. 1(f)) was used to calculate the
projected in-plane magnetic polarisation 𝜇0𝑀𝑥𝑦 by applying the MBIR
approach. The reconstructed 𝜇0𝑀𝑥𝑦 maps correspond to an average of
the in-plane components of 𝜇0𝑀 in the electron beam direction over
the thickness of the Py island. The reconstruction requires identification
of the outlines of the Py islands as a priori knowledge, given that
magnetic material is present only inside the nanomagnets. Fig. 4(a)
shows the projected in-plane magnetic polarisation 𝜇0𝑀𝑥𝑦 of the Py
islands in the chiral ice pattern. The colours define the local magnetic
field direction and strength. Small deviations are only observed at
the edges of the islands, matching the previous observation made in
Fig. 1(g). The distribution of values of measured projected in-plane
magnetic polarisation 𝜇0𝑀𝑥𝑦 is plotted in Fig. 4(b). The average value
of 𝜇0𝑀𝑥𝑦 in the Py islands (Fig. 4(a)) is 0.73 ±0.07 T. Values that
exceed 1 T are likely to be artefacts resulting from the incorrect local
application of a mask around the islands to calculate the magnetisation
using the MBIR approach.

Because the magnetic domain structure is sensitive to effects such
as the morphology, composition and magnetic history of the system,
which are not all known precisely, it is necessary to compare the
measurements with micromagnetic simulations to fully understand the
experimental results. Fig. 4(c), shows a micromagnetic simulation [34]
4

Fig. 4. Reconstruction of the projected in-plane magnetic polarisation 𝜇0𝑀𝑥𝑦 using
model-based iterative reconstruction. (a) Magnetic polarisation map of the Py islands
determined from the experimental magnetic phase shift 𝜑𝑚𝑎𝑔 . (b) Distribution of
measured 𝜇0𝑀𝑥𝑦 values in the reconstruction. The average value over all of the islands
in (a) is 0.73 T. (c) Micromagnetic simulation of the chiral ice sample. The inset shows
a close-up of a single island, revealing parallel magnetisation along its main axis.

of chiral ice islands with an ideal geometry. Remarkably, despite edge
imperfections in the patterned structures, oxidation and an uneven
distribution of Ni and Fe across the islands, there is very good agree-
ment between the measured (𝑀𝑝𝑟𝑜𝑗) and simulated (𝑀𝑠𝑖𝑚) in-plane
magnetisation distributions.

5. Discussion

The projected in-plane magnetisation in a chiral ice sample was
reconstructed using MBIR from the experimental magnetic phase shift.
Based on the measured specimen thickness, the average value of 𝜇0𝑀𝑥𝑦
through the thickness of the islands was determined to be 0.73 T,
which is lower than the value of 1 T measured for a 180-nm-thick
Py sample deposited under similar conditions [17]. This difference
is likely to be due to a combination of different factors. First, the
chemical composition of the Py layer was measured to be different
from the nominal value (Ni83Fe17), with an Fe composition of approx-
imately 35 at.%. Although measurements have shown [35] that the
magnetisation of Py increases with Fe content, its magnetisation has
also been reported to depend on film thickness and on the structure
of the Py [36]. The decrease in magnetisation has been reported to be
gradual down to ∼20 nm, below which it is more rapid. Depth-sensitive
compositional analyses reported in Ref. [36] have revealed the presence
of a surface oxide layer, which could explain the observed reduction in
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magnetisation. Our chemical composition measurements (Fig. 3) of 10-
nm-thick Py islands confirmed the presence of O below and above the
Py layer, which may have affected its magnetic properties.

Our micromagnetic simulations suggest that the nanomagnets are
too large to reverse through coherent rotation of the magnetisation.
Instead, reversal proceeds predominantly through buckling of the mag-
netisation and magnetic domain wall nucleation. In addition, the mag-
netisation can reverse through curling and vortex nucleation; this vor-
tex can be stabilised within the nanomagnet. Here, the nucleation of
single vortices during switching can be favourable under two condi-
tions: (1) the magnetostatic interaction with neighbouring nanomag-
nets is weak, such as at the edges of the array and (2) the inversion sym-
metry of the magnetisation within individual nanomagnets is broken.
The second condition is not present in ideally-shaped nanomagnets.
However, the fabricated nanomagnet shapes are imperfect, favouring
symmetry breaking. Fig. 5 shows magnetic induction maps of a chiral
ice sample made of Py islands with a thickness of 18 nm fabricated
under the same conditions as the sample described above. This sample
was saturated in-plane and small fields (20 and 25 mT) were applied
in opposite directions in order to switch the magnetisation. Several Py
islands change their magnetic state, supporting magnetic vortices with
field lines forming closed loops. The magnetic vortices form randomly
in approximately 16% of the islands. The result shown in Fig. 5 was
obtained 6 months after deposition, when approximately 7% of the
islands formed vortex states during magnetisation reversal. The density
of the vortex states may be affected by oxidation of the Py islands after
deposition. Future systematic studies of Py oxidation in thin layers and
its effect on magnetic properties are required to understand this effect.

6. Summary

The magnetic state of a chiral ice pattern consisting of interacting
Py islands was studied quantitatively using off-axis electron holography
and model-based reconstruction of the magnetisation. The experimental
magnetic induction maps revealed that individual islands are in single
domain states. They also show the fine structure of the magnetic field
distribution, which contains S-type bending, as well as the magnetic
stray field distribution of the array. Based on the measured specimen
thickness, the average value of the in-plane magnetic polarisation of
the Py islands was measured to be 0.73 T, which is lower than the bulk
value (1 T). This reduction is probably due to a degradation of the
magnetic properties of the thin Py layer due to oxidation. Moreover,
symmetry breaking of the static magnetic structure due to lithographic
imperfections (and intermixing), oxidation and inhomogeneous Fe and
Ni distributions were found to affect magnetisation reversal in cer-
tain nanomagnets. The quantitative magnetic imaging methodology
presented in this work has great potential to study the magnetic prop-
erties of nanostructures due to its nm-scale spatial resolution and the
possibility of also measuring the structure, chemical composition and
electronic properties of the same region of the same sample in the
TEM. Electron optical phase shift maps of magnetic fields recorded
as a function of specimen tilt angle can be used in future studies to
reconstruct the magnetic induction field in three dimensions [37], as
well as the magnetisation in three dimensions by applying the MBIR
method.
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Fig. 5. Magnetic induction maps of a Py chiral ice sample of thickness 18 nm studied
6 months after preparation. A magnetic field (𝐻) of (a) 20 and (b) 25 mT was applied
in-plane in opposite directions to achieve full saturation before recording the off-axis
electron holograms.
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