
HAL Id: hal-03648984
https://hal.science/hal-03648984v2

Submitted on 8 Jun 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Off-axis electron holography for the direct visualization
of perpendicular shape anisotropy in nano-scale 3D

magnetic random-access-memory devices
Trevor P. Almeida, Alvaro Palomino, Steven Lequeux, Victor Boureau, Olivier

Fruchart, Ioan Lucian Prejbeanu, Bernard Diény, David Cooper

To cite this version:
Trevor P. Almeida, Alvaro Palomino, Steven Lequeux, Victor Boureau, Olivier Fruchart, et al..
Off-axis electron holography for the direct visualization of perpendicular shape anisotropy in nano-
scale 3D magnetic random-access-memory devices. APL Materials, 2022, 10 (6), pp.061104.
�10.1063/5.0096761�. �hal-03648984v2�

https://hal.science/hal-03648984v2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


APL Mater. 10, 061104 (2022); https://doi.org/10.1063/5.0096761 10, 061104

© 2022 Author(s).

Off-axis electron holography for the direct
visualization of perpendicular shape
anisotropy in nanoscale 3D magnetic
random-access-memory devices
Cite as: APL Mater. 10, 061104 (2022); https://doi.org/10.1063/5.0096761
Submitted: 21 April 2022 • Accepted: 18 May 2022 • Published Online: 07 June 2022

 Trevor P. Almeida, Alvaro Palomino, Steven Lequeux, et al.

COLLECTIONS

Paper published as part of the special topic on Science and Technology of 3D Magnetic Nanostructures

https://images.scitation.org/redirect.spark?MID=176720&plid=1796846&setID=376414&channelID=0&CID=660175&banID=520678831&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=2bf1c5d0f1db8d2a417f4a6982fefdbff98e0564&location=
https://doi.org/10.1063/5.0096761
https://doi.org/10.1063/5.0096761
https://orcid.org/0000-0003-4683-6279
https://aip.scitation.org/author/Almeida%2C+Trevor+P
https://aip.scitation.org/author/Palomino%2C+Alvaro
https://aip.scitation.org/author/Lequeux%2C+Steven
/topic/special-collections/3dmn2022?SeriesKey=apm
https://doi.org/10.1063/5.0096761
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0096761
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0096761&domain=aip.scitation.org&date_stamp=2022-06-07


APL Materials ARTICLE scitation.org/journal/apm

Off-axis electron holography for the direct
visualization of perpendicular shape
anisotropy in nanoscale 3D magnetic
random-access-memory devices

Cite as: APL Mater. 10, 061104 (2022); doi: 10.1063/5.0096761
Submitted: 21 April 2022 • Accepted: 18 May 2022 •
Published Online: 7 June 2022

Trevor P. Almeida,1 ,2,a) Alvaro Palomino,3 Steven Lequeux,3 Victor Boureau,4 Olivier Fruchart,3

Ioan Lucian Prejbeanu,3 Bernard Dieny,3 and David Cooper1

AFFILIATIONS
1 University Grenoble Alpes, CEA, Leti, F-38000 Grenoble, France
2SUPA, School of Physics and Astronomy, University of Glasgow, Glasgow G12 8QQ, United Kingdom
3University Grenoble Alpes, CEA, CNRS, Grenoble INP, SPINTEC, 38000 Grenoble, France
4Interdisciplinary Center for Electron Microscopy, EPFL, CH-1015 Lausanne, Switzerland

Note: This paper is part of the Special Topic on Science and Technology of 3D Magnetic Nanostructures.
a)Author to whom correspondence should be addressed: trevor.almeida@glasgow.ac.uk. Tel.: +44 (0) 141 330 4712.

ABSTRACT
Perpendicular shape anisotropy (PSA) and double magnetic tunnel junctions (DMTJs) offer practical solutions to downscale spin-transfer-
torque Magnetic Random-Access Memory (STT-MRAM) beyond 20 nm technology nodes, while retaining their thermal stability and
reducing critical currents applied. However, as these modern devices become smaller and three-dimensionally (3D) complex, our under-
standing of their functional magnetic behavior is often indirect, relying on magnetoresistance measurements and micromagnetic modeling.
In this paper, we review recent work that was performed on these structures using a range of advanced electron microscopy techniques, focus-
ing on aspects specific to the 3D and nanoscale nature of such elements. We present the methodology for the systematic transfer of individual
SST-MRAM nano-pillars from large-scale arrays to image their magnetic configurations directly using off-axis electron holography. We show
that improved phase sensitivity through stacking of electron holograms can be used to image subtle variations in DMTJs and the thermal
stability of <20 nm PSA-STT-MRAM nano-pillars during in situ heating. The experimental practicalities, benefits, and limits of using elec-
tron holography for the analysis of MRAM devices are discussed, unlocking practical pathways for direct imaging of the functional magnetic
performance of these systems with high spatial resolution and sensitivity.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0096761

I. INTRODUCTION

Magnetic random-access memory (MRAM) is a type of non-
volatile memory, based on the storage of individual bits of infor-
mation by ferromagnetic cells with switchable polarity.1 The ability
to use an electric current to write magnetic states through spin-
transfer torque (STT) has highlighted STT-MRAM devices as an
industrially relevant replacement for static RAM in on-chip cache
memory.2,3 This is owed to its low energy consumption,4 superior

endurance,4,5 fast switching, and ease of integration with comple-
mentary metal–oxide–semiconductor (CMOS) technology.6 Con-
ventional STT-MRAM cells use a magnetic tunnel junction (MTJ)
comprising two ferromagnetic thin films separated by an insulat-
ing MgO tunnel barrier (1–1.5 nm thick). Perpendicular (p) STT-
MRAM involves perpendicular magnetization, which is achieved
through interfacial magnetic anisotropy, requiring films of thick-
ness of few nanometers at most. The bottom layer acts as a reference
layer, being magnetically pinned in a given direction perpendicular
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to its 2D plane with a synthetic antiferromagnet (SAF) layer, while
the magnetic orientation of the top storage layer can be switched
between respective up/down states by sufficiently strong current
pulses.7,8 The parallel and antiparallel alignment of the perpendic-
ularly magnetized layered film provides two states of significantly
different electrical resistance and, hence, acts as a system of reading
and writing “0” and “1” binary information.9

To increase the areal bit density of modern p-STT-MRAM
devices, there is a drive to reduce the in-plane lateral size or dia-
meter of the corresponding MTJ.10 However, below a characteristic
magnetic length scale, the magnetic moment of the storage layer
becomes excessively unstable to thermal fluctuations. One solution
is to increase the out-of-plane aspect ratio of the storage layer by
increasing its thickness to larger than its diameter, resulting in a dra-
matic increase in volume, while maintaining the perpendicular ori-
entation of magnetization through perpendicular shape anisotropy
(PSA) and not relying entirely on the interfacial effects.11,12 This
provides improved thermal stability of the three-dimensional (3D)
STT-MRAM cells. Previous studies have shown that the PSA-STT-
MRAM devices are indeed highly thermally stable, making them
a practical solution to extend the scalability of STT-MRAM at
sub-20 nm technology nodes.13,14

Another solution to simultaneously improve the thermal stabil-
ity while reducing the critical current required to switch the storage
layer is using double MTJs (DMTJs). In a DMTJ stack, a secondary
MgO tunnel barrier is sandwiched between the storage layer and
an additional ferromagnetic thin film above, termed the polarizing
layer. The improved thermal stability arises from the extra inter-
facial anisotropy contribution from the secondary MgO barrier.
In specialized DMTJ systems, the polarizing layer can be switched
to minimize or maximize the STT of the storage layer during the
read and write modes, respectively. The functional efficiency of the
DMTJs has been shown to be increased by a factor of 4 compared to
conventional p-STT-MRAM cells15 and requires much lower write
currents.16 In addition, post-deposition annealing can be used to
further increase the tunnel magnetoresistance and perpendicular
magnetic anisotropy of MTJs.17

However, our knowledge of the local magnetic behavior of
these various 3D p-STT-MRAM stacks is often indirect, relying
on magnetoresistance measurements and micromagnetic model-
ing. In order to understand and optimize the thermal stability,
STT writability, and magneto-resistive readability, it is necessary
to image their magnetic configurations and the effect of tempera-
ture directly. Localized magnetic imaging can be ideally performed
using a family of transmission electron microscopy (TEM) tech-
niques collectively known as the Lorentz microscopy, with modern
aberration-corrected TEMs.18,19 These techniques include Fresnel
imaging,20,21 off-axis electron holography,22,23 and differential phase
contrast (DPC) imaging.18,21 In particular, off-axis electron holog-
raphy allows imaging of magnetization within nanostructures of
complex 3D geometry, with high spatial resolution approaching
∼1 nm and sensitivity to induction field components transverse
to the electron beam.24 Combining electron holography with in
situ heating within the TEM has already allowed direct imaging
of the thermal stability of nanoscale signal carriers and fields of
magnetic minerals,25–27 meteorites,28 pre-patterned MTJ conduct-
ing pillars,29 and PSA-STT-MRAM nano-pillars.30,31 However, there
are several aspects that can make magnetic imaging of 3D nanoscale

MRAM devices challenging, including (1) sample preparation from
the device substrates using dual-beam focused ion beam (FIB) sec-
ondary electron microscopes (SEM); (2) improving sensitivity and
spatial resolution for samples with smaller interaction volumes; (3)
reliable interpretation of two-dimensional (2D) representations of
3D magnetic components; and (4) amplification of the effects asso-
ciated with in situ TEM experiments at high magnifications, e.g.,
thermal drift.

In this paper, we present the methodology for the system-
atic transfer of individual SST-MRAM nano-pillars from large-scale
arrays to image their localized magnetic configurations using off-
axis electron holography. We demonstrate the ability to prepare
single rows of SST-MRAM nano-pillars within the dual-beam FIB-
SEM for TEM investigations with limited FIB exposure and irradia-
tion. Through systematic acquisition of series of electron holograms,
we reconstruct magnetic inductions maps with improved sensitivity
to show the distribution of magnetization in ≤20 nm STT-MRAM
nano-pillars. This allows for confirmation of their PSA and reveals
subtle variations of magnetic orientation in thermally annealed
multi-layered DMTJ nano-pillars. In addition, we experimentally
demonstrate the influence of PSA on its thermal stability through in
situ heating within the TEM to 250 ○C. This study illustrates the abil-
ity to prepare a range of 3D STT-MRAM nano-pillars for electron
holography with improved phase resolution and sensitivity, provid-
ing direct imaging of their PSA, subtle inter-layer interactions, and
thermal stability, that were previously inaccessible.

II. MATERIALS AND METHODS
A selection of three 2D arrays of PSA-STT-MRAM nano-

pillars was fabricated through sequential e-beam lithography, reac-
tive ion etching, and ion beam etching.11 The simplified stacks
of PSA MTJs, as they appear in this paper, have the following
compositions: SiO2 substrate/buffer layer/SAF and/or FeCoB refer-
ence layer/ferromagnetic free layer(s)/capping layers/Ta mask. The
detailed compositions of the ferromagnetic free layers that pro-
vide the PSA are displayed in Fig. 1. Stack 1 was chosen to test
the lower diameter limit of the nano-pillars that the TEM transfer
protocol can reliably prepare. Stack 2 is an example of a multi-
layered DMTJ and was chosen to explore the exchange interac-
tion across the layer interfaces. Stack 3 has previously exhibited
PSA30,31 and was chosen to image its enhanced thermal stability
and explore magnetic configurations in nano-pillars with larger
diameters. A Thermo Fisher Strata 400S FIB-SEM was used for
TEM sample preparation, with more details presented in Sec. III A.
High-angle annular dark field (HAADF) scanning TEM (STEM)
imaging was performed using a Thermo Fisher Titan TEM at
200 kV, equipped with a probe aberration (CS) corrector. Cor-
responding chemical analysis was provided by energy dispersive
x-ray (EDX) spectroscopy using a Bruker Super-X system com-
posed of four silicon-drift detectors. Off-axis electron holograms
were acquired on a Gatan OneView 4 K camera using a Thermo
Fisher Titan TEM equipped and an electron biprism. In order to
prevent the influence of the strong magnetic field of the conven-
tional objective lens (in the order of 2 T), the electron holography
was performed under field-free conditions in the Lorentz mode.
Image focusing was achieved with the Lorentz lens (objective mini-
lens), and the use of the CS image corrector allowed to maintain
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FIG. 1. Schematic diagram of the three types of nano-pillar stacks, providing detailed compositions of the ferromagnetic free layers. Several consecutive layers of same
dimension are repeated, as indicated.

a spatial resolution approaching ∼1 nm. Stacks of eight electron
holograms (each acquired for 4 s) were aligned and averaged to
improve the signal-to-noise ratio of the reconstructed phase images,
in practice, using the Holoview software.19 Similarly, the Holoview
software was used to perform π phase-shifting electron holography,
to further improve the spatial resolution and signal-to-noise ratio
of the phase. More details will be given in Secs. III B and III C.
In situ heating up to 400 ○C was performed using a Gatan heating
holder under field-free magnetic conditions to examine the effect of
thermal annealing on stack 2, each time for 30 min. The additional
thermomagnetic behavior of stack 3 was investigated up to 250 ○C,
allowing 30 min to stabilize from the thermal drift at every temper-
ature interval. The heating was repeated, and the magnetic reversal
was performed at each temperature interval to isolate the mean inner
potential (MIP) and subtracted from the first heating to reconstruct
the thermomagnetic behavior of the nano-pillars.25,44

III. RESULTS
A. Sample preparation

Descriptions of sample preparation protocols are often
neglected in reports of magnetic imaging using an electron holog-
raphy, although it is a critical step in the reliable reconstruction of
their magnetic properties. Figure 2 presents the methodology for
the systematic transfer and preparation of single rows of PSA-STT-
MRAM nano-pillars from a large array of stack 1 for the purpose of
their localized TEM characterization. This newly developed method
allows reliable and repeatable TEM sample preparation of PSA-
STT-MRAM nano-pillars with limited Ga+ ion exposure, as Ga+

ion implantation and irradiation can adversely affect their magnetic
properties. The SEM image of Fig. 2(a) displays an exemplar array

of PSA-STT-MRAM nano-pillars after the ion-beam etching stage,
each of ∼150 nm length and ∼30 nm diameter [Fig. 2(a), inset], and
with ∼1 μm lateral separation [Fig. 2(a), arrowed blue].13 To pre-
vent against Ga+ ion exposure, an ∼1 μm thick layer of organic resin
was spin-coated over the surface prior to transfer to the FIB-SEM.
The sample was inserted in the FIB-SEM and tilted perpendicular to
the FIB-beam direction (52○). A protective W strip (∼20 μm long,
∼3 μm wide, ∼2 μm thick) was then deposited along the same axis
as the rows of nano-pillars using a FIB current of 0.28 nA to pro-
tect the resin from Ga+ ion irradiation and to provide mechanical
stability. Large trenches were milled on either side of the W mask
[Fig. 2(b)] with progressively lower FIB currents (21 nA → 9.0 nA
→ 6.5 nA) to reduce the thickness of Ga+-damaged surface layers.
The FIB section (∼18 μm long, ∼2 μm wide, and ∼10 μm thick)
was released and transferred to an Omniprobe® Cu lift-out grid,
where the layers of protective W and organic resin layers are clearly
observed [Fig. 2(c)]. The front face of the section was tilted by 1○

away from the FIB beam direction and milled using progressively
lower FIB currents (0.92 nA→ 0.46 nA→ 0.28 nA) to further reduce
the thickness of Ga+-damaged surface layers until a row of nano-
pillars were visible within the resin [Fig. 2(d), inset]. The section
was tilted by 2○ in the opposite direction (1○ relative to its initial
position) and back-milled using the same FIB currents until the
lamella thickness was ∼300 nm [Fig. 2(e), inset]. The Cu lift-out grid
was then removed from the FIB-SEM and transferred to a plasma-
cleaner for the purpose of etching the organic resin layer with an
oxygen/argon plasma mixture (6 min). The plasma-etched lamella
was re-inserted in the FIB-SEM and tilted to 52○ to prevent exposure
of the nano-pillars, and a small notch (100 × 300 nm2) was milled
on the right-hand side of the remaining free-standing W protec-
tive mask [Fig. 2(f), green arrow]. The micro-manipulator was then
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FIG. 2. (a) SEM image of an array of
PSA-STT-MRAM nano-pillars (∼150 nm
length and ∼30 nm diameter) fabricated
through sequential ion beam etching.
Adapted from Ref. 13, SEM images
of the (b) large FIB-milled trenches on
either side of the FIB-deposited protec-
tive W mask; (c) lamella transferred to
a Cu lift-out grid showing the protective
W mask, organic resin layer, and Si sub-
strate; and (d) front-milling of the lamella
with sequentially smaller FIB currents to
reveal the desired row of nano-pillars
(inset). (e) FIB image of the back-milled
lamella with a thickness of ∼300 nm
(inset). SEM images showing the FIB
notch position and motion of the micro-
manipulator (arrowed, white) to (f) bend
and (g) break the W mask to (h) reveal
a single row of nano-pillars. (i) HAADF
STEM image and EDX chemical maps of
an exemplar nano-pillar (stack 1) show-
ing its morphology and the Co, Fe, Ru,
Ta, and O content.

positioned behind the left-hand side of the W mask, before being
driven forward, bending the W mask ∼5 μm [Fig. 2(f), white arrow
direction] while only monitoring the motion of the W mask with
the e-beam. The micro-manipulator was then driven rightward, fur-
ther bending the W mask away from the lamella or until it breaks at
the FIB notch [Fig. 2(g)], leaving a single row of nano-pillars for the
purpose of TEM analysis [Fig. 2(h)]. The HAADF image and EDX
chemical maps of Fig. 2(i) display an exemplar nano-pillar (stack
1) comprising a magnetic Co/Fe section (bottom) with a diameter
as small as ∼10 nm. The chemical analysis also reveals the thin Ru
capping layer, hard Ta mask (∼15 nm diameter, ∼70 nm length),
and external O layer, attributed to both residual organic resin and

surface oxidation. It is noteworthy that the Ga signal present was
found to be on the same level as the background noise for all the
nano-pillars presented in this paper and, hence, indicates limited
Ga+ ion implantation.

B. Magnetic imaging using electron holography
Off-axis electron holography was used to image the magnetic

configuration within the ∼20 nm diameter PSA-STT-MRAM nano-
pillars. Figure 3 presents a schematic of the basic experimental setup
for the electron holography of the nano-pillar samples prepared in
Sec. III A. A voltage is applied to the electron biprism [Fig. 3(a)],
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FIG. 3. (a) Schematic of the experimen-
tal setup for off-axis electron holography.
(b) Procedure for using an electron holo-
gram to reconstruct a total phase image,
ϕ(x,y) of a small nano-pillar.

which allows two components of a coherent electron beam to inter-
fere: (1) the objective wave that passes through the sample and the
(2) reference wave passing near the sample, through a region free
of electromagnetic potential. The overlap region of the two inter-
fering waves is typically between 100 nm and 2 μm wide and is
proportional to the applied biprism voltage but inversely propor-
tional to the interference fringe spacing and fringe contrast. For this
study of small PSA-STT-MRAM nano-pillars, voltage in the range
150–220 V was applied to the biprism and it resulted in electron
holograms with interference fringe spacing from ∼2.3 nm down to
∼1.6 nm, respectively. The intensity and position of the interference
fringes were used to reconstruct both amplitude and phase informa-
tion of the nano-pillars, respectively, by using a processing routine
based on fast Fourier transforms (FFTs) [Fig. 3(b)]. The magnetic
properties of the nano-pillars are obtained from the magnetic con-
tribution to the reconstructed phase image. The spatial resolution of
the phase image is directly related to the interference fringe spacing,
while the phase sensitivity is related to the fringe contrast, acquisi-
tion time, and electron beam intensity. The high spatial coherence
required for the electron holography is achieved by significantly
elongating the electron beam in the direction perpendicular to the
electron biprism axis, with the large directional spread resulting
in higher coherence of the electrons on either side of the biprism.
Consequently, the elliptical illumination reduces the total amount
of electrons available to create the interference fringes of the over-
lap region. Longer acquisition times on the order of several tens of
seconds increase the signal-to-noise ratio in the recorded electron
hologram and, hence, improve the phase sensitivity. However, the
microscope is more susceptible to instabilities and sample drift dur-
ing these long acquisitions, particularly at the high magnifications
of 70 000 times used for the small PSA-STT-MRAM nano-pillars
and during in situ heating experiments. As the electron beam inten-
sity is limited, the alternative method to improve the signal-to-noise

ratio of the phase image is to acquire a series of holograms and add
them together, through which phase sensitivities of 2π/1000 rad have
been reached.31–33 The fringe contrast in the electron holograms
and spatial resolution of phase maps can be further improved by
π phase-shifting holography, where the electron beam was tilted in
order to shift the holograms by half the interference fringe spacing
between successive hologram acquisitions, such that the center band
could be removed from the Fourier reconstruction by subtraction of
the two holograms.34 These improvements will be demonstrated in
Sec. III C. The total phase shift, ϕ(x,y), of the electron wave recorded
perpendicular to the incident electron beam direction z has two
components sensitive to (1) the electrostatic potential, ϕe, and (2)
the out-of-plane component of the magnetic vector potential, ϕm, in
the specimen, as summarized by

ϕ(x, y) = ϕe(x, y) + ϕm(x, y) = CE ∫ V(x, y, z)dz

− (2πe
h
)∫ Az(x, y, z)dz,

where CE is an interaction constant at the chosen TEM acceler-
ating voltage, V is the electrostatic potential, e is the elementary
charge of an electron, and Az is the out-of-plane magnetic vec-
tor potential. ϕm can be isolated through acquiring two separate
electron hologram sets before and after reversing the magnetic con-
figuration of the sample (thus the sign of Az and ϕm), subtracting
one ϕ from the other to eliminate the ϕe contribution, and divid-
ing by two. Reversing the sign of ϕm is commonly achieved by two
methods: (1) physically flipping the sample by 180○ either inside
or outside the TEM or (2) tilting the sample to large opposing tilt
angles while positioned between the TEM pole-piece and applying
saturating magnetic fields using the TEM objective lens, with the
assumption that the sample relaxes into perfectly opposite magnetic
states. Both these methods are implemented in this paper. A less
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common method is to use a separate controllable magnetic source
within the TEM or sample holder to apply in-plane fields to reverse
the magnetization component of the sample.

Figure 4 illustrates the process for reconstructing ϕm and asso-
ciated magnetic induction maps of an exemplar nano-pillar from
stack 2. The amplitude image of Fig. 4(a) displays the general mor-
phology of the nano-pillar with a diameter of ∼40 nm at its largest.
Figures 4(b) and 4(c) demonstrate the variation in the ϕ(x,y) maps
of the nano-pillar in both orientations after tilting the sample and
applying a saturating field in opposite directions using the objective
lens. The asymmetric part in each phase map is attributed to the ϕm
contribution from the stray magnetic field, appearing as contribu-
tions with opposite intensities on either side of the nano-pillar. ϕm
is isolated by subtracting the two orientations [Fig. 4(d)], and the
cosine of ϕm (amplified by a factor of 100) allows the visualization
of magnetic equipotential lines evidencing the magnetic contours
[Fig. 4(e)]. It clearly shows the magnetization of nano-pillar orien-
tated along its long axis, as well as a stray magnetic field emanating
from its tip. The map of the in-plane magnetic induction B� shown
in Fig. 4(f) is calculated from the phase gradient of ϕm using the
following equation:

B(x, y, z) = ∇ × A(x, y, z),

where∇ is the nabla operator and × is the cross product. The direc-
tional information of the in-plane induction can then be included
and is indicated by the color wheel [Fig. 4(f), inset].

C. Magnetic imaging of the PSA-STT-MRAM
nano-pillars

Figure 5 illustrates how electron holography can be used
to image subtle magnetic variations of a multi-layered nano-
pillar, by improving the ϕm signal through image stacking. The
HAADF STEM image displays its morphology (∼60 nm height,
∼35 nm largest diameter) and layered growth structure of stack 2
[Fig. 5(a)]. The associated EDX chemical maps [Fig. 5(b)] clearly
show that the nano-pillar comprises a multi-layered composition of
Co (40 nm)/MgO (2 nm)/FeCoB (20 nm)/MgO (2 nm)/Co (20 nm),
as expected from the schematic of stack 2 displayed in Fig. 1. Sim-
ilar to Fig. 2(i), the external O layer is attributed to both residual
organic resin and surface oxidation. To isolate the ϕm signal in this
instance, the sample was tilted to high angles and a saturating field
was applied in opposite directions using the objective lens. The large

FIG. 4. Electron holography of the exemplar nano-pillar (stack 2) and its reconstructed (a) amplitude and [(b) and (c)] phase images after applying a saturating field in
opposite directions by tilting to ±40○. (d) The isolated magnetic contribution to the phase, ϕm. (e) Amplified cosine of (d) by 100 times to create a map of equipotential lines.
(f) Projected magnetic induction map calculated from the phase gradient of (d), with the direction of magnetization indicated by the color wheel (inset).
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FIG. 5. (a) HAADF STEM image of a multi-layered nano-pillar from stack 2 (∼60 nm height, ∼35 nm largest diameter) and (b) EDX chemical maps showing the elemental
distribution of Fe, Co, Mg, and O. (c) Reconstructed ϕm contribution of the nano-pillar from a single electron hologram. (d) ϕm signal by averaging an eight-image electron
hologram stack. (e) Graph of the line profiles taken across the diameter of the nano-pillar in (c), blue, and (d), red, demonstrating a significant improvement in ϕm signal-
to-noise ratio. (f) Associated magnetic induction map showing contours flowing along the major axis of the multi-layered nano-pillar and a dipolar stray magnetic field. The
contour spacing is 0.063 rad (cosine of 100 times ϕm), and the field direction is indicated by the color wheel (arrowed, inset). Magnetic induction maps acquired (g) before
in situ annealing; and after (h) first in situ annealing to 400 ○C for 30 min; and (i) secondary in situ annealing to 400 ○C for 30 min.

change in ϕm across the diameter of the nano-pillar in Fig. 5(c)
indicates a strong degree of magnetic induction normal to this direc-
tion and again reveals that the magnetization is oriented along
the long axis of nano-pillar through PSA. The line profile taken
across its diameter provides further quantitative details of this ϕm
gradient and shows the level of signal-to-noise in single holo-
grams [Fig. 5(e), blue line]. Figure 5(d) demonstrates the signif-
icant improvement in the ϕm signal from the small nano-pillar
achieved by aligning and averaging an eight-image stack of holo-
grams, which is reinforced by the analogous line profile [Fig. 5(e),
red line]. The corresponding contoured magnetic induction map
[Fig. 5(f)] is created through combining amplification of the cosine
(×100) and the phase gradient to indicate the field direction (color
wheel, inset). It clearly shows that magnetization flows through the

multi-layered nano-pillar in a direction parallel to its long axis (indi-
cated by white arrows), confirming its out-of-plane PSA, and gives
rise to a stray dipolar magnetic field. Figures 5(g)–5(i) illustrate
the effect of thermal annealing on the magnetic configuration of
the native nano-pillar [Fig. 5(g)], all acquired at room tempera-
ture, post-annealing. After initial annealing to 400 ○C, the magnetic
contours flow in a transverse direction across the central FeCoB
layer and deviate away from the long axis in the top Co layer
[Fig. 5(h)]. This change in magnetic orientation becomes more
pronounced with additional in situ annealing to 400 ○C [Fig. 5(i)]
and is attributed to thermally induced degradation of the mag-
netic properties of individual layers and their exchange interac-
tion across their interfaces, which will be explained in more detail
Sec. IV.
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Figure 6 presents the thermomagnetic behavior of a
FeCoB/NiFe nano-pillar (stack 3) during in situ heating to
250 ○C. The HAADF STEM image [Fig. 6(a)] displays the general
morphology of the nano-pillar with a Ta mask (top) and lower
shaft. This is confirmed by EDX chemical mapping of Fig. 6(b),
revealing that the NiFe section of the nano-pillar is ∼60 nm high
with a diameter of ≤20 nm and is separated from the hard Ta mask
by the ∼3 nm Ru capping layer. The initial combined EDX/magnetic
induction map of Fig. 6(c) is created from an eight-hologram
series and displays the nano-pillar at 20 ○C. Again, the ϕm signal
was isolated by tilting the sample to high angles and the objective
lens was used to apply saturating fields in the opposite directions.
The magnetization is clearly pointing from the bottom to the
top of the NiFe section and confirms its PSA. The associated
magnetic induction maps of Fig. 6(c) display the nano-pillar during
heating from 20 to 250 ○C. It is evident that the NiFe section
retains its upward direction of magnetization at all temperatures
up to 250 ○C.

Figure 7 presents the morphology, chemical analysis, and elec-
tron holography of a larger nano-pillar (stack 3), with the HAADF
image of Fig. 7(a) showing its diameter of ∼70 nm. The associ-
ated EDX analysis [Fig. 7(b)] displays the magnetic NiFe section to
exhibit a height of ∼60 nm, which is again separated from the hard
Ta mask with a thin Ru layer, as well as an external O layer attributed
to surface oxidation and residual organic resin. Figure 7(c) shows a
single electron hologram of the thicker nano-pillar, where the inter-
ference fringes are difficult to resolve in the Ta mask, which will
influence the phase reconstruction from the FFT [Fig. 7(c), inset].
In order to improve the contrast of the interference fringes, the π
phase-shifting electron holography method was used to obtain the
hologram presented in Fig. 7(d). In this case, the interference fringes
are phase-shifted by π in two consecutive electron holograms, and
their difference shown in Fig. 7(d) demonstrates the removal of the
contribution of the bright-field image to the electron hologram, and
hence, the removal of the center band in the FFT. This allows a

reduction in voltage applied to the biprism to increase the interfer-
ence fringe contrast, but without losing spatial resolution, thanks
to the ability to use a larger numerical aperture on the sideband
(acting as a low-pass filter) during the FFT reconstruction process
[Fig. 7(d), inset].34 The magnetic contour map [Fig. 7(e)] was recon-
structed from two π phase-shifted 16-electron hologram series, with
the magnetization of the nano-pillar in each stack reversed by phys-
ically flipping the sample. After application of the π phase-shifting
method on 16-electron hologram series, series of eight phase images
are obtained and then aligned to provide averaged phase images
with improved signal and spatial resolution. The difference between
the two average phase images did present artifacts in the Ta mask,
and hence, only the magnetic induction present in the NiFe section
is shown in Fig. 7(e). Nevertheless, the magnetic signal is easily
resolved and is consistent with a vortex-state, where the core of the
vortex is oriented along the major axis of the nano-pillar [Fig. 7(e)].
Due to the less anisotropic nature of the vortex state, this sample
was physically flipped outside of the TEM in order to isolate the ϕm
signal.

IV. DISCUSSION
In this paper, we have shown that it is becoming routine to pre-

pare and transfer single rows of <10 nm diameter p-STT-MRAM
nano-pillars from large arrays with minimal FIB beam damage for
localized TEM analysis. However, their small size and volume makes
access to their local magnetic properties using TEM techniques chal-
lenging. Here, off-axis electron holography is demonstrated to be
a very effective method to visualize the magnetic configuration of
nano-pillars with diameters as small as ∼20 nm. This methodology is
enhanced through averaging and π phase-shifting series of electron
holograms, improving both the sensitivity and spatial resolution of
the reconstructed phase images. By averaging only eight electron
holograms, the signal-to-noise ratio observed for the stray field is
experimentally doubled, which is key for the magnetic mapping of

FIG. 6. (a) HAADF STEM image of a nano-pillar from stack 3 and (b) associated EDX chemical map showing the elemental distribution of Ru, Fe, Ni, Ta, and O. (c)
Combined EDX/contour maps showing magnetic induction contours flowing along the major axis of the ∼20 nm diameter NiFe section (pink), at 20 ○C and during in situ
heating to 150, 200, and 250 ○C. The contour spacing is 0.042 rad (cosine of 150 times ϕm), and the field direction is indicated by arrows.
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FIG. 7. (a) HAADF STEM image of a large PSA-STT-MRAM nano-pillar (∼200 nm height, ∼70 nm largest diameter) and (b) EDX chemical maps showing the elemental
distribution of Fe, Ni, Ru, Ta, and O. (c) Electron hologram of the large nano-pillar and associated FFT (inset) with aperture used for phase reconstruction (red circle). (d)
Difference between two consecutive electron holograms phase-shifted by π, with associated FFT (inset) and larger aperture used for phase reconstruction (red circle). (e)
Magnetic induction map showing contours flowing along the major axis of the NiFe section. The contour spacing is 0.126 rad (cosine × 50 times), and the field direction is
indicated by the color wheel (arrowed, inset).

these small devices. If required, a larger culmulative number of holo-
grams can be summed to compensate for the low beam intensities
used for off-axis electron holography. Isolation of the magnetic con-
tribution to the phase, ϕm, has confirmed the out-of-plane PSA of the
nano-pillars, which has only previously been measured indirectly by
magnetoresistance measurements or simulated through micromag-
netic modeling. Furthermore, combining electron holography with
in situ heating within the TEM has provided a direct route to image
subtle variations in their magnetic configurations and their thermal
stability. These aspects are less explicit in indirect bulk magnetore-
sistance measurements, which cannot distinguish physics such as a
decrease of the tunneling magnetoresistance effect, a decrease of the
magnitude of magnetization, or a tilt of the magnetization direction.
This is demonstrated in Figs. 5 and 6 where the in situ heating of
the nano-pillars exhibited significantly different magnetic behaviors.
The thermal annealing of the multi-layered nano-pillar to 400 ○C
(Fig. 5) has clearly influenced the interaction between the magnetic
layers. The nano-pillar initially exhibited PSA with magnetization
oriented along its long axis through all three layers. However, the
higher temperature of 400 ○C is considered to have chemically
altered the multi-layered structure through diffusion and intermix-
ing, which has degraded both the magnetic properties of individual
layers and their exchange interaction across their interfaces. For
example, the coercivity, unidirectional anisotropy coefficient, and

saturation magnetization of CoFeB have been shown to decrease
when annealing to >300 ○C.35 Annealing to >400 ○C has also been
shown to cause intermixing within Co-alloy layered films, result-
ing in a 40% reduction of its exchange bias field due to a decreased
mean exchange stiffness across their interfaces and mean ferromag-
netic interfacial moment.36,37 Furthermore, Ta has been shown to
be susceptible to interdiffusion at high temperatures, which can fur-
ther dilute the saturation magnetization of CoFeB/Co layers.17 All
these factors combined with the middle CoFeB layer exhibiting a
larger diameter than thickness, which provides a degree of shape
anisotropy along a transverse axis of the nano-pillar, are thought
to cause the degradation of the initial PSA across the multi-layered
nano-pillar. In contrast, the heating of the FeCoB/NiFe nano-pillar
(Fig. 6) reveals that the dipolar magnetic orientation along the major
axis of the NiFe section (bottom to top) is retained at all temperature
intervals up to at least 250 ○C. This thermal stability is significantly
larger compared to standard p-STT-MRAM stacks based on ultra-
thin films,38–41 supporting the use of PSA-STT-MRAM in a variety
of applications that require reliable performance over a range of
operating temperatures. However, an increase in the diameter of
the NiFe section (Fig. 7) to values analogous to its layer thickness
(∼70 nm) changes the favored magnetic configuration. Figure 7(e)
shows that flux loops on either side of central magnetic contours
are contained within the NiFe section, indicative of a vortex state
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observed edge-on.42–44 Hence, it is interpreted that the vortex core
aligns with the long axis of the nano-pillar, with the reference FeCoB
layer providing a degree of perpendicular anisotropy at the inter-
face before wrapping around the vortex core in the NiFe section.
While the larger diameter of 70 nm may not be ideal for increas-
ing the areal bit density of SST-MRAM devices, binary switching of
vortex cells using alternating currents has been explored in vortex
random-access memory (VRAM).45 Vortex states are also of great
interest in magnetic sensor devices,46 oscillators,47 and biomedical
devices.48 Due to the 3D nature of the vortex state and interfacial
coupling with FeCoB layer, it necessary to be aware that tilting the
sample and applying the magnetic field of the TEM objective lens
may not consistently reverse its more complex magnetic configura-
tion compared to the previous nano-pillars (Figs. 5 and 6). On the
other hand, while physically flipping the sample in Fig. 7 will reverse
the projection of ϕm, care must be taken due to artifacts introduced
from the thick Ta mask, alignment of the opposite ϕm images, and
the distortions in protector lens system.49 A lesser caveat of perform-
ing electron holography or in situ heating of these nano-pillars is the
presence of the organic resin residual from sample preparation. It is
advised to perform an initial heating to induce any chemical changes
to both the sample and resin layer to prevent further changes dur-
ing subsequent heating of the experiment. As the residual organic
resin is non-magnetic, it did not contribute to the ϕm images,
but excess amounts may produce electrostatic charging and intro-
duce artifacts. Wet-chemical etching of FIB lift-outs with HF acid
has been shown to produce high-quality Si/SiGe nano-pillars with
clean oxide free surfaces.50 However, the use of HF acid is known
to preferentially react with Ni to form an insoluble NiF2 layer51

and, hence, would degrade the structure and magnetic properties of
the NiFe section.

In conclusion, we have provided a direct route for the localized
magnetic studies of a range of 3D p-STT-MRAM nano-pillars. We
have shown that electron holography, through acquisition of holo-
gram series or π phase-shifting, can be used to image directly subtle
variations or thermal stability of <20 nm PSA-STT-MRAM or DMTJ
nano-pillars during in situ heating. As smaller and more complex
p-STT-MRAM devices are fabricated, this study unlocks practical
pathways for direct imaging of the functional magnetic performance
of these 3D systems with high spatial resolution and sensitivity.
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19V. Boureau, M. Staňo, J.-L. Rouvière, J.-C. Toussaint, O. Fruchart, and D.
Cooper, “High-sensitivity mapping of magnetic induction fields with nanometer-
scale resolution: Comparison of off-axis electron holography and PDPC,” J. Phys.
D: Appl. Phys. 54, 085001 (2021).
20M. J. Benitez, A. Hrabec, A. P. Mihai, T. A. Moore, G. Burnell, D. McGrouther,
C. H. Marrows, and S. McVitie, “Magnetic microscopy and topological stability of
homochiral Néel domain walls in a Pt/Co/AlOx trilayer,” Nat. Commun. 6, 8957
(2015).

APL Mater. 10, 061104 (2022); doi: 10.1063/5.0096761 10, 061104-10

© Author(s) 2022

https://scitation.org/journal/apm
https://doi.org/10.1038/s41928-020-0461-5
https://doi.org/10.1016/j.mattod.2017.07.007
https://doi.org/10.1016/j.mattod.2017.07.007
https://doi.org/10.1038/nmat2804
https://doi.org/10.1109/jproc.2016.2590142
https://doi.org/10.1088/0022-3727/46/7/074001
https://go.nature.com/3gQyWzf
https://doi.org/10.1063/1.4870917
https://doi.org/10.1038/srep05895
https://doi.org/10.1103/revmodphys.89.025008
https://doi.org/10.1039/c8nr01365a
https://doi.org/10.1038/s41467-018-03003-7
https://doi.org/10.1088/1361-6463/ab0de4
https://doi.org/10.1039/c9nr10366j
https://doi.org/10.1039/d1nr01656c
https://doi.org/10.1021/acsaelm.1c00198
https://doi.org/10.1063/1.4983159
https://doi.org/10.1016/j.ultramic.2015.01.003
https://doi.org/10.1088/1361-6463/abc77d
https://doi.org/10.1088/1361-6463/abc77d
https://doi.org/10.1038/ncomms9957


APL Materials ARTICLE scitation.org/journal/apm

21T. P. Almeida, D. McGrouther, R. Temple, J. Massey, Y. Li, T. Moore, C. H.
Marrows, and S. McVitie, “Direct visualization of the magnetostructural phase
transition in nanoscale FeRh thin films using differential phase contrast imaging,”
Phys. Rev. Mater. 4, 034410 (2020).
22T. P. Almeida, T. Kasama, A. R. Muxworthy, W. Williams, L. Nagy, T. W.
Hansen, P. D. Brown, and R. E. Dunin-Borkowski, “Visualised effect of oxida-
tion on magnetic recording fidelity in pseudo-single-domain magnetite particles,”
Nat. Commun. 5, 5154 (2014).
23T. P. Almeida, A. R. Muxworthy, W. Williams, T. Kasama, and R. E. Dunin-
Borkowski, “Hydrothermal synthesis, off-axis electron holography and magnetic
properties of Fe3O4 nanoparticles,” J. Phys.: Conf. Ser. 522, 012062 (2014).
24R. E. Dunin-Borkowski, T. Kasama, A. Wei, S. L. Tripp, M. J. Hÿtch, E. Snoeck,
R. J. Harrison, and A. Putnis, “Off-axis electron holography of magnetic nanowires
and chains, rings, and planar arrays of magnetic nanoparticles,” Microsc. Res.
Tech. 64, 390–402 (2004).
25T. P. Almeida, T. Kasama, A. R. Muxworthy, W. Williams, L. Nagy, and R.
E. Dunin-Borkowski, “Observing thermomagnetic stability of non-ideal mag-
netite particles: Good paleomagnetic recorders?,” Geophys. Res. Lett. 41, 7041,
https://doi.org/10.1002/2014gl061432 (2014).
26T. P. Almeida, A. R. Muxworthy, A. Kovács, W. Williams, and R. E. Dunin-
Borkowski, “Observation of thermally-induced magnetic relaxation in a magnetite
grain using off-axis electron holography,” J. Phys. Conf. Ser. 902, 012001 (2017).
27T. P. Almeida, A. R. Muxworthy, A. Kovács, W. Williams, L. Nagy,
P. Ó. Conbhuí, C. Frandsen, R. Supakulopas, and R. E. Dunin-Borkowski,
“Direct observation of the thermal demagnetization of a vortex structure
held by a non-ideal magnetite recorder,” Geophys. Res. Lett. 43, 8426,
https://doi.org/10.1002/2016gl070074 (2016).
28J. Shah, W. Williams, T. P. Almeida, L. Nagy, A. R. Muxworthy, A. Kovács, M. A.
Valdez-Grijalva, K. Fabian, S. S. Russell, M. J. Genge, and R. E. Dunin-Borkowski,
“The oldest magnetic record in our solar system identified using nanometric
imaging and numerical modeling,” Nat. Commun. 9, 1173 (2018).
29V. Boureau, V. D. Nguyen, A. Masseboeuf, A. Palomino, E. Gautier, J. Chat-
terjee, S. Lequeux, S. Auffret, L. Vila, R. Sousa, L. Prejbeanu, D. Cooper, and B.
Dieny, “An electron holography study of perpendicular magnetic tunnel junctions
nanostructured by deposition on pre-patterned conducting pillars,” Nanoscale 12,
17312 (2020).
30T. P. Almeida, S. Lequeux, A. Palomino, R. C. Sousa, O. Fruchart, I. L. Pre-
jbeanu, B. Dieny, A. Masseboeuf, and D. Cooper, “Quantitative visualization of
thermally enhanced perpendicular shape anisotropy STT-MRAM nanopillars,”
Nano Lett. 22(10), 4000–4005 (2022).
31S. Lequeux, T. Almeida, N. Caçoilo, A. Palomino, I. L. Prejbeanu, R. C. Sousa,
D. Cooper, and B. Dieny, “PSA-STT-MRAM solution for extended temperature
stability,” in 2021 IEEE International Memory Workshop (IMW) (IEEE, 2021).
32E. Voelkl and D. Tang, “Approaching routine 2π/1000 phase resolution for off-
axis type holography,” Ultramicroscopy 110(5), 447–459 (2010).
33R. A. McLeod, M. Bergen, and M. Malac, “Phase measurement error in
summation of electron holography series,” Ultramicroscopy 141, 38–50 (2014).
34V. Boureau, R. McLeod, B. Mayall, and D. Cooper, “Off-axis electron
holography combining summation of hologram series with double-exposure
phase-shifting: Theory and application,” Ultramicroscopy 193, 52–63 (2018).
35G. Vallejo-Fernandez, T. Dimopoulos, M. Ruehrig, and K. O’Grady, “Annealing
effect on thermal stability and microstructure in IrMn/Co60Fe20B20 bilayers,”
J. Magn. Magn. Mater. 310, e786–e788 (2007).

36F. Letellier, L. Lechevallier, R. Lardé, J.-M. Le Breton, K. Akmaldinov, S.
Auffret, B. Dieny, and V. Baltz, “Direct imaging of thermally-activated grain-
boundary diffusion in Cu/Co/IrMn/Pt exchange-bias structures using atom-probe
tomography,” J. Appl. Phys. 116, 203906 (2014).
37F. Letellier, V. Baltz, L. Lechevallier, R. Lardé, J.-F. Jacquot, B. Rodmacq,
J.-M. Le Breton, and B. Dieny, “Effects of sputter-deposition-induced and post-
deposition thermally activated intermixing on the exchange bias properties of
[Pt/Co]×3/(Pt)/IrMn films,” J. Phys. D: Appl. Phys. 45, 275001 (2012).
38N. Perrissin, N. Caçoilo, G. Gregoire, S. Lequeux, L. Tillie, N. Strelkov, A.
Chavent, S. Auffret, L. D. Buda-Prejbeanu, and R. C. Sousa, “Perpendicular shape
anisotropy spin transfer torque-MRAM: determination of pillar tilt angle from 3D
Stoner-Wohlfarth astroid analysis,” J. Phys. D: Appl. Phys. 52, 505005 (2019).
39T. Almeida, S. Lequeux, A. Palomino, N. Caçoilo, A. Massebouef, R. Sousa,
O. Fruchart, I. L. Prejbeanu, B. Dieny, and D. Cooper, “Direct observation of
the perpendicular shape anisotropy and thermal stability of STT-MRAM nano-
pillars examined by off-axis electron holography,” Microsc. Microanal. 27(S1),
2170–2172 (2021).
40N. Caçoilo, S. Lequeux, B. M. S. Teixeira, B. Dieny, R. C. Sousa, N. A. Sobolev,
O. Fruchart, I. L. Prejbeanu, and L. D. Buda-Prejbeanu, “Spin-torque-triggered
magnetization reversal in magnetic tunnel junctions with perpendicular shape
anisotropy,” Phys. Rev. Appl. 16, 024020 (2021).
41W. Zhang, Z. Tong, Y. Xiong,W. Wang, and Q. Shao, “On the temperature-
dependent characteristics of perpendicular shape anisotropy-spin transfer torque-
magnetic random access memories,” J. Appl. Phys. 129, 223903 (2021).
42M. J. Hÿtch, R. E. Dunin-Borkowski, M. R. Scheinfein, J. Moulin, C. Duhamel, F.
Mazaleyrat, and Y. Champion, “Vortex flux channeling in magnetic nanoparticle
chains,” Phys. Rev. Lett. 91, 257207 (2003).
43T. P. Almeida, A. Kovács, R. E. Dunin-Borkowski, and S. McVitie, “Effect of
annealing on the magnetic states of FEBID-grown cobalt nanopatterns examined
by off-axis electron holography,” J. Microsc. 279(3), 217–221 (2020).
44T. P. Almeida, A. R. Muxworthy, A. Kovács, W. Williams, P. D. Brown, and
R. E. Dunin-Borkowski, “Direct visualization of the thermomagnetic behavior of
pseudo-single-domain magnetite particles,” Sci. Adv. 2, e1501801 (2016).
45S. Bohlens, B. Krüger, A. Drews, M. Bolte, G. Meier, and D. Pfannkuche,
“Current controlled random-access memory based on magnetic vortex
handedness,” Appl. Phys. Lett. 93, 142508 (2008).
46D. Suess, A. Bachleitner-Hofmann, A. Satz, H. Weitensfelder, C. Vogler, F.
Bruckner, C. Abert, K. Prügl, J. Zimmer, C. Huber, S. Luber, W. Raberg, T. Schrefl,
and H. Brückl, “Topologically protected vortex structures for low-noise magnetic
sensors with high linear range,” Nat. Electron. 1, 362–370 (2018).
47N. Locatelli, D. Vodenicarevic, W. Zhao, J.-O. Klein, J. Grollier, and D. Querlioz,
“Vortex-based spin transfer oscillator compact model for IC design,” in 2015 IEEE
International Symposium on Circuits and Systems (ISCAS) (IEEE, 2015).
48M. Goiriena-Goikoetxea, A. García-Arribas, M. Rouco, A. V. Svalov, and J.
M. Barandiaran, “High-yield fabrication of 60 nm Permalloy nanodiscs in well-
defined magnetic vortex state for biomedical applications,” Nanotechnology 27,
175302 (2016).
49P. Diehle, A. Kovács, T. Duden, R. Speen, K. Ź. Soderžnik, and R. E. Dunin-
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