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Magnetic induction mapping in the transmission electron microscope using phase contrast techniques such as
off-axis electron holography and differential phase contrast imaging often requires the separation of the mag-
netic contribution to the recorded signal from the electrostatic contribution. When using off-axis electron ho-
lography, one of the experimental approaches that can be used to achieve this separation is to evaluate half of
the difference between phase shift images that have been recorded before and after turning the sample over.
Here, we introduce a cartridge-based sample mounting system, which is based on an existing on-axis tomo-
graphy specimen holder and can be used to turn a sample over inside the electron microscope, thereby avoiding
the need to remove the holder from the microscope to turn the sample over manually. We present three cartridge
designs, which are compatible with all pole piece designs and can be used to support conventional 3-mm-
diameter sample grids, SizN,-based membrane chips and needle-shaped specimens. We make use of a wireless
inclinometer that has a precision of 0.1° to monitor the sample holder tilt angle independently of the microscope
goniometer readout. We also highlight the need to remove geometrical image distortions when aligning pairs of
phase shift images that have been recorded before and after turning the sample over. The capabilities of the
cartridge-based specimen holder and the turning approach are demonstrated by using off-axis electron holo-
graphy to record magnetic induction maps of lithographically-patterned soft magnetic Co elements, a focused
ion beam milled hard magnetic Nd-Fe-B lamella and an array of four Fe3O,4 nanocrystals.

1. Introduction component of the magnetic induction within and around the sample

[19]. The technique relies on the use of an electron biprism to interfere

Magnetic materials are of interest for applications that range from
biomedicine [1-4] to waste water treatment [5], catalysis [6], data
storage and nanoelectronic devices [7-14]. The ability to image local
variations in the magnetic microstructure of a material with nm spatial
resolution and its dependence on parameters such as temperature
[15,16], electrical current [17] and applied magnetic field [18] is es-
sential for the fundamental understanding and development of new
magnetic materials and devices. The technique of off-axis electron ho-
lography can be used to record the phase shift of a high-energy electron
wave that has passed through a thin sample in the transmission electron
microscope (TEM). The phase shift is, in turn, sensitive to the in-plane
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an electron wave that has passed through the region of interest in the
sample with another part of the same electron wave that has passed
through vacuum alone (or through a clean region of support film)
[20,21]. When examining a magnetic material in the TEM, the con-
ventional microscope objective lens is usually switched off, in order to
create a magnetic-field-free environment at the position of the sample
[22]. Either an additional non-immersion Lorentz lens or the first
transfer lens of an aberration corrector can then be used as the primary
imaging lens. Alternatively, magnetic-field-free conditions at the spe-
cimen location can be achieved either by using an additional stage
between the condenser lens system and the objective lens [23] or by
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using a double objective lens system to cancel the magnetic field at the
sample location [24]. The phase shift experienced by the electron wave
that has travelled through the sample can be written in the form

PX) = @y + Pge = Ce f V(x,z)dz — %fAz(x, z)dz )

where @, and @ are the electrostatic and magnetic contributions to
the phase shift, respectively, z is the incident electron beam direction, x
is a direction perpendicular to z, V is the electrostatic potential, A, is the
component of the magnetic vector potential along z and Cg is a constant
that depends on the microscope accelerating voltage [25]. In the ab-
sence of long-range charge redistribution in the sample, such as that
caused by electron-beam-induced charging, the electrostatic potential is
dominated by the mean inner potential (MIP) [26]. Separation of the
magnetic and electrostatic contributions to the phase shift is usually
achieved by recording electron holographic phase shift images either
before and after reversing the magnetisation direction in the sample
[27-29] or before and after turning the sample over [30,31], followed
by aligning the phase shift images and evaluating half of their differ-
ence and half of their sum, respectively. Less commonly, it can also be
achieved by recording holograms at two microscope accelerating vol-
tages, or at two sample temperatures (e.g., below and above the Curie
temperature of the region of interest) [32].

Reversal of the magnetisation direction in the sample can be per-
formed in situ in the TEM either by using a dedicated in-plane magne-
tising specimen holder [33-36] or by tilting the sample to a chosen
angle, switching on the pre-calibrated magnetic field of the conven-
tional microscope objective lens, reducing the field to zero and re-
turning the sample to its initial tilt angle [27,29]. The first option
provides access to lower applied magnetic fields than the second one, as
a result of the difficulty of manufacturing magnetising coils that are
small enough to be used in the restricted space of the microscope pole
piece gap. Unfortunately, whichever approach is used, magnetisation
reversal may not result in an exactly opposite magnetic state in the
sample, leading to artefacts in the final phase difference image and
misinterpretation of the experimental results. Magnetisation reversal
may also not be suitable for samples that have high magnetic saturation
or support complex magnetic states [37].

An approach that involves turning the sample over, retaining its
original magnetic state, is therefore favoured. However, it is compli-
cated and time consuming to take the sample out of the microscope,
remove it from the specimen holder, turn it over and reinsert it into the
specimen holder and the microscope, especially if a precisely defined
sample orientation is required. The ability to turn the sample over in-
side the TEM instead of taking the specimen holder out would avoid
needing to handle it. Furthermore, it would avoid exposing the sample
to the magnetic return flux of the microscope lenses, which may be
significant even when a magnetic-field-free condition has been
achieved in the centre of the column, during the sample exchange
process. It would also be advantageous for speed and convenience and
for retaining the same sample tilt axis, especially when performing
multiple tilting or in situ experiments on the same sample. The latter
capability is important because magnetic phase shift images recorded at
different precisely known specimen tilt angles are required to obtain
information about the three-dimensional magnetic induction field and
magnetisation state of the sample [38-41].

A sample can be turned over inside the TEM by redesigning the
stage of the microscope [42] or by using a suitable specimen holder,
such as one designed for electron tomography experiments. However,
in the past these methods have typically limited the range of samples
that could be studied and, in some cases, special sample support geo-
metries were required [43,44]. Here, we describe how an on-axis to-
mography specimen holder can be modified to allow a wide variety of
sample geometries to be turned over inside the TEM, in order to mea-
sure their magnetic phase shifts using electron optical phase contrast
techniques. The operation of the specimen holder is compatible with all
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electron microscope pole piece designs. We introduce three cartridges,
which can be used to support conventional 3-mm-diameter support
grids, Si3N4 membrane chips and needle-shaped specimens. The car-
tridges are optimised to allow a high tilt range and to permit easy
handling and flexibility. We equip the specimen holder with an in-
clinometer, which can be used to measure the holder tilt angle with a
precision of 0.1° independently of the microscope goniometer readout
and to transfer the measured values wirelessly to a tablet computer.

Although we only present results obtained using the technique of
off-axis electron holography, the specimen holder that we describe can
equally be used to separate magnetic and electrostatic contributions to
signals recorded using other phase contrast techniques, such as differ-
ential phase contrast imaging and pixelated scanning TEM, as well as
for other experiments that require turning the sample over or precise
sample tilting.

2. Materials and methods

The development described below is based on an on-axis Fischione
model 2050 tomography specimen holder. Off-axis electron holography
experiments were carried out at 300 kV in an FEI (Thermo Fisher
Scientific) Titan 60-300 microscope equipped with a high brightness
XFEG electron source, an objective lens aberration corrector and a C-
TWIN (11 mm gap) pole piece. The objective lens was turned off and
the first transfer lens of the aberration corrector was used as a Lorentz
lens. The variation in magnetic field at the position of the sample with
objective lens current was pre-characterised using a Hall-sensor-
equipped TEM specimen holder. In this way, the microscope objective
lens current could be adjusted so that the sample was located in mag-
netic-free conditions or subjected to a chosen vertical magnetic field.
The electron optical spatial resolution in Lorentz mode is estimated to
be 1.5 = 0.5 nm. Off-axis electron holograms were recorded on a
2k x 2k Gatan Ultrascan charge-coupled device camera by applying
positive voltages in the range of 95 V to 120 V to a biprism positioned
close to the conventional selected area aperture plane of the micro-
scope, resulting in holographic interference fringe spacings of ap-
proximately 3.1 nm, and 2.8 nm, respectively. An interference width of
between 1.6 um and 1.8 um was achieved. The acquisition times were
between 4 and 8 s and after phase extraction the spatial resolution of
the phase information is expected to be between 8.4 nm and 9.3 nm.
The recorded off-axis electron holograms were processed using scripts
written in the Semper image processing language [45]. Corrections of
geometrical distortions in the holograms and analysis of the phase shift
images were carried out using scripts written in the Python program-
ming language.

3. Results and discussion

We begin by describing key aspects of the characterisation of the
magnetic field experienced by the sample when the microscope is op-
erated in Lorentz mode, not only when the sample is in the centre of the
column but also during its exchange. In an FEI (Thermo Fisher
Scientific) microscope that is equipped with a regular side entry spe-
cimen stage, the sample is inserted into the airlock at a tilt angle of
140°. After pumping, the airlock is opened by manually turning the
specimen holder to a tilt angle of 0°. The specimen holder is then in-
serted to achieve the final sample position in the middle of the column.
The two sample orientations are shown schematically in Figs. 1a and
1b.

Fig. 1c shows a Hall probe measurement of the out-of-plane mag-
netic field that the sample experiences when the specimen holder is
inserted into the column of a microscope that is equipped with a C-
TWIN pole piece and operated in Lorentz mode at an accelerating
voltage of 300 kV. The magnetic field experienced by the sample varies
between —6.4 mT and +6 mT as it is inserted into the microscope
column, even when the residual magnetic field at the centre of the



P. Diehle, et al.

Ultramicroscopy 220 (2021) 113098

Fig. 1. Schematic diagram showing the sample
position during insertion of a specimen holder
into an FEI (Thermo Fisher Scientific) Titan
microscope: (a) in the parking position and
(b) in the final inserted position. (c¢) Schematic
diagram of the variation in out-of-plane mag-
netic field strength experienced by a sample
during insertion into the microscope at 300 kV,
based on experimental measurements.
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column has been adjusted to below 0.1 mT. As magnetic fields of this
magnitude are strong enough to affect the magnetic microstructure of
many soft magnetic materials, turning the sample over inside the mi-
croscope is the preferred approach to use for separating the magnetic
contribution to the recorded signal, even when the microscope is op-
erated in Lorentz mode.

3.1. Cartridges and specimen tilt measurement

The Fischione model 2050 on-axis tomography specimen holder
consists of a main body, a cartridge and a needle that holds the sample.
The original needle support requires a complicated procedure to mount
the sample. In order to achieve compatibility with more commonly used
TEM sample geometries, we developed three new cartridges, which can
be used to hold conventional 3-mm-diameter TEM support grids, fo-
cused ion beam (FIB) milled specimens that are mounted on (e.g,
Omniprobe-style) support grids, Si3N, membrane chips and needle-
shaped samples. Each cartridge was manufactured from non-magnetic
materials, such as copper bronze, copper and titanium. The diameter of
each cartridge is 3.75 mm, which allows it to be completely retracted
into the specimen holder tube by 6.4 mm and to be turned over irre-
spective of the objective lens pole piece gap size. Based on the Hall
probe measurements described above, the sample in the retracted po-
sition is exposed to a magnetic field strength of 0.25 mT. The cartridges,
which are labelled 1, 2 and 3 here, are shown in Fig. 2.

Cartridge 1 (Fig. 2a) holds the sample from the top and bottom and
provides a tilt range of =+ 70°, which is limited by shadowing by the
support frame. Cartridge 2 (Fig. 2b) clamps the sample from only one
edge and provides an increased tilt range, as there is no additional
shadowing by a support frame. Cartridges 1 and 2 are designed to ac-
commodate conventional 3-mm-diameter TEM support grids, FIB-
milled specimens mounted on support grids and Si;N, membrane chips.
Cartridge 3 (Fig. 2c) offers the possibility of 360° rotation of thin
needle-shaped samples, such as those used for atom probe tomography

[46,47]1, which is a complementary method to TEM for three-dimen-
sional structural and chemical characterisation. In cartridges 1 and 2,
the sample is fastened by a clamp, which can be moved laterally and is
fixed by a screw. In cartridge 3, the needle-shaped sample is fixed by
two screws at the top and bottom of the cartridge.

The sample loading procedure involves two steps: i) loading the
sample into the cartridge; ii) mounting the cartridge into the on-axis
tomography specimen holder. A loading station (Fig. 3) is used to
mount TEM samples into the cartridges safely and reliably. First, the
cartridge is fixed on the left side of the loading station. For cartridges 1
and 2, loading of the sample follows similar procedures. After retracting
the clamp of the cartridge, the sample is placed directly into cartridge 1
or into the loading arm for cartridge 2. A support can be moved below
the thin tip of cartridge 1 to prevent mechanical deformation and da-
mage (Fig. 3b). For cartridge 2, the loading station provides precise
lateral and vertical adjustment of the loading unit that holds the
sample, relative to the clamping mechanism of the cartridge (Fig. 3c).
The knob at the lower part of the loading station is used to move a pin
in the vertical direction that supports a loading arm used during spe-
cimen exchange for cartridge 2. For cartridge 3, the specimen support
needle is placed into the cartridge and then fixed by a screw. For
mounting each cartridge into the on-axis tomography specimen holder,
the original unit (not shown), in which the cartridge is fixed to a re-
tractable mounting arm by a pin going through the hole at the end of
the cartridge, is used.

Fig. 4a shows the combined cartridge, tomography specimen holder
and inclinometer unit. A magnified view of the sample region shows the
attachment of the cartridge to the body of the specimen holder using a
pin. During insertion of the specimen holder into the electron micro-
scope, the cartridge is retracted into the specimen holder tube to protect
the sample and the thin support frame from inadvertent mechanical
damage. Fig. 4b shows the position of the cartridge in the specimen
holder during a TEM experiment after moving it out of the tube.

Tilting of the sample is controlled by either the microscope
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Fig. 2. Schematic diagrams and photographs of three
cartridge designs developed for the on-axis tomography
specimen holder. The scale bars on the photographs have
lengths of 2 mm. (a) Cartridge 1 holds a conventional 3-
mm-diameter TEM support grid and has a tilt range of
+ 70°, which is limited by shadowing by the support
frame. It can be used for thin or thick samples, including
SiN-based membrane chips. (b) Cartridge 2 has a
clamping mechanism that provides a full tilt range
without shadowing by a support frame. (c) Cartridge 3 is
designed to hold needle-shaped samples that have a
diameter of 0.25 mm, such as those prepared for char-
acterisation using atom probe tomography.

goniometer or the built-in internal rotation mechanism in the specimen
holder. The goniometer is controlled by the microscope control soft-
ware, which provides an electronic readout of the specimen holder tilt
angle. The tilt range of the microscope stage is typically limited to
+ 80°. In contrast, the internal tilting mechanism of the on-axis to-
mography specimen holder is operated manually and allows 360° ro-
tation. The on-axis tomography specimen holder allows the sample to
be turned continuously or in fixed steps, in either a clockwise or an anti-
clockwise direction. A seven-position indexing mechanism offers the
possibility to tilt the sample in increments of either 45° or 60°.
However, the holder itself does not have an electronic read-out of the
sample tilt angle. In order to overcome this limitation, as well as hys-
teresis and inaccuracy in the operation of the goniometer, an in-
clinometer unit was attached to the end of the specimen holder to

Support of  Position of Loading
cartridge 1tip sample arm

a Position of
cartridge

Support of
cartridge

Vertical movement

measure its tilt angle independently. Fig. 5 shows a photograph of the
specimen holder in the microscope goniometer with the inclinometer
unit attached to its end. It consists of a micro-electro-mechanical sensor
and a wireless bluetooth transceiver powered by two coin battery cells.
A wireless connection to the inclinometer is used to avoid vibrations
caused by a cable and to provide an accurate measurement of the tilt
position of the holder. Readout of the sample tilt angle is realised using
an application programmed in an Android tablet device. As the accu-
racy of the inclinometer depends on the voltage applied to the sensor
and on the temperature of the sensor, these two quantities are recorded
together with the specimen holder tilt angle during experiments. Its
accuracy also depends on the orientation of the sensor itself. Therefore,
a calibration curve was measured, allowing an accuracy of 0.1° to be
achieved routinely. The calibration curve was recorded by tilting the

Translational movement

of loading arm of the loading unit

Fig. 3. (a) Photograph of the loading station for mounting a sample into a cartridge. (b) and (c) show cartridges 1 and 2, respectively, inside the loading station
during the sample exchange procedure. The cartridge is fastened on the left side of the loading station. A loading unit (marked by a blue dashed line) is used with
cartridge 2 to allow precise lateral and vertical adjustment of the sample relative to the clamping mechanism of the cartridge (see image (c)). The length of the
loading station is 12 cm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. (a) Schematic diagram showing the cartridge, the on-axis tomography specimen holder and the inclinometer unit. The inset shows a magnified view of the
connection between the cartridge and the retractable mounting arm of the holder by a pin. The fully extended position of the mounting arm is only selected during
the sample mounting procedure. (b) The position of the cartridge in the specimen holder during a TEM experiment. The position of the cartridge in the specimen
holder is controlled by the marked switch. The cartridge is completely retracted into the holder during sample insertion into the microscope goniometer (not shown).
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Fig. 5. Photograph of the on-axis tomography specimen holder inserted into the microscope stage, with the inclinometer unit attached to its end, shown alongside a

schematic diagram of its wireless connectivity to a tablet computer to record the specimen holder tilt angle.

inclinometer sequentially in 1° steps.
At this point, a clear definition of the tilt angle is required to avoid

confusion. Three tilt angles can be distinguished: that of the sample,

that of the specimen holder and that of the microscope goniometer. For

a conventional single tilt specimen holder, these three angles are nor-
mally assumed to be equal. However, as a result of the internal rotation
mechanism of the on-axis tomography specimen holder, as well as
hysteresis and other mechanical inaccuracies in the goniometer and at
the position where the pin of the mounting arm meets the hole at the

end of the cartridge (displayed in Fig. 4), the three angles can differ for
the present cartridge-based tomography specimen holder. Unless
otherwise specified, the tilt angle refers to that of the holder.

For magnetic induction mapping using a technique such as off-axis
electron holography, the accuracy and precision of the sample tilt angle
are important. An error of A0 in the angle 6 (ideally 180°) by which the
sample is turned over can lead to a difference between the projected
lengths of regions of the sample in the two recorded images. This dif-
ference can introduce artefacts during subtraction to separate the
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Fig. 6. (a) Influence of an angular turning over error A6 on the projected length of a feature of interest on the sample plotted as a function of starting sample tilt
angle. The percentage difference in projected length between tilt angles of 0° and 180° + A6 is shown for different starting sample tilt angles and different errors A8
in the turning over angle. (b, ¢) Representative measurements of turning over error A8 using CBED patterns recorded from a GaAs single crystalline sample at nominal
sample tilt angles of 0° and 180° selected using the seven-position indexing mechanism of the on-axis turning specimen holder. In the present example, a turning over
error AO of 0.66° is measured. The tilt axis is marked by a dashed white line. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

magnetic from the mean inner potential (MIP) contributions to the
signal. Fig. 6a shows the influence of the error A6 on the difference in
projected length of an object plotted as a function of sample tilt angle.
An error A0 of up to 2° can lead to differences of up to 9% in the
projected lengths of regions of the sample at higher tilt angles. As stated
above, the specimen holder tilt angle (and therefore the turning over
angle of the holder) can be controlled to an accuracy of 0.1° with the aid
of the inclinometer. However, this does not ensure that the sample itself
is turned over with the same accuracy. Therefore, the difference be-
tween the specimen holder and sample tilt angles after turning the
specimen holder over was measured experimentally. Convergent beam
electron diffraction (CBED) patterns of a GaAs single crystal were used
to determine the sample tilt angle and hence the error A6. First, the

sample was tilted to the closest crystallographic zone axis of high
symmetry using the microscope goniometer, as shown in Fig. 6b. The
specimen holder was then turned over manually by 180° using the in-
ternal tilting mechanism of the on-axis turning specimen holder and the
inclinometer. The holder was rotated only in one direction to minimise
backlash. Fig. 6¢ shows the CBED pattern of the turned over sample.
The GaAs crystal is now tilted slightly away from the zone axis or-
ientation. The tilt angle needed to align the crystal again is equivalent
to A@. In practice, the turning over error AG was found to be a random
error. When using only the seven-position indexing mechanism to turn
the sample over, A@ was measured to be 1.2° on average. When em-
ploying the inclinometer, this value was reduced to 0.5° on average.
The relatively large value of A in both cases is thought to result from
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Fig. 7. Processing steps used to generate a magnetic phase shift image
by turning the sample over, illustrated for a lithographically patterned
30-nm-thick Co element deposited on a SisN4 membrane. Starting from
two reconstructed total phase shift images, geometrical distortions are

Sample
turned over

-

corrected and the phase shift images are aligned in angle and position.
Half of the difference and half of the sum of the two aligned phase shift
images are used to obtain the magnetic and MIP contributions to the
phase shift, respectively. Magnetic phase contours are then generated
by evaluating the cosine of a chosen multiple of the magnetic con-
tribution to the phase, while colours are obtained from the gradient of
the magnetic contribution to the phase, according to the colour wheel
shown. The final magnetic induction map shown in the figure has a
contour spacing of %” rad and reveals the presence of three magnetic

<
<

vortices. The MIP contribution to the phase shift reveals that a small
amount of resist has been left on the Co island and around it after

Geometric
distortion
corrected

electron beam lithography. Scale bar: 200 nm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the
web version of this article.)

Mirrored along
horizontal axis
and rotated

Magnetic
phase

Magnetic

induction potential

mechanical instabilities in the internal tilting mechanism of the on-axis
turning holder, which are mostly associated with the gearing between
the seven-position indexing mechanism and the gap between the
mounting arm and the sample cartridge. After turning the sample over,
the sample was refocused using the vertical control of the stage (z di-
rection) and fine-tuned by the focus. The height adjustment stayed
below 160 um for the 180° rotated sample relative to the original
conditions.

3.2. Magnetic induction mapping by turning the sample over

The advantages of using the turning specimen holder for magnetic
induction mapping are now demonstrated through the examination of a
rectangular 30-nm-thick Co island that had been deposited onto a 50-
nm-thick SisN, membrane using electron beam lithography. In order to
prevent oxidation of the Co film and to reduce electrostatic charging, a
10-nm-thick Al layer was deposited onto its surface. The sample was
loaded into the on-axis tomography specimen holder in cartridge 1

Mean inner

(Fig. 2a), initially magnetised out-of-plane using the magnetic field of
the objective lens and then examined in magnetic-field-free conditions.
Fig. 7 shows an overview of the experimental and digital image pro-
cessing steps that were used to generate magnetic phase shift images
with the turning over method. First, off-axis electron holograms were
acquired at 0° and 180° tilt angles selected using the internal tilting
mechanism of the on-axis tomography specimen holder and the in-
clinometer. After 180° rotation, the sample position relative to the
biprism was adjusted using the microscope stage movements in order to
record close to the same region of interest in the rotated sample and to
maintain the same imaging conditions. If the overlap region at the
opposite side of the biprism is used, it is also recommended to use the
opposite sideband in the reconstruction procedure to get the same sign
of the total phase images. At each tilt angle, total phase shift images
were reconstructed using object and vacuum reference electron holo-
grams [20]. It was found that the size of the Co element differs between
the 0° and 180° sample tilt angles by 4.6% in length and 3.5 % in width.
The turning over error can be excluded as an explanation for these
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differences, as it would require a turning over error A6 of approxi-
mately 15°. For a typical turning over error A6 of 0.5°, the expected size
difference is negligible for a starting sample tilt angle of 0°. Instead, it
was found that the apparent difference in object size results from the
presence of geometrical distortions caused by the lens system of the
microscope, which is positioned between the sample and the camera
[48-52]. The image distortion was measured experimentally and
characterised using an Au cross-grating over the magnification range
10k X to 100k x . The Au grid was rotated in-plane by 180° using a dual-
axis rotation tomography holder (Fischione model 2040) and an image
was recorded every 10°. Changes in distance between characteristic
features in the sample during rotation were measured at each magni-
fication. A linear approximation to the distortion field that neglects
non-linear terms (e.g. pincushion and barrel contributions) was mea-
sured based on the following formula [50]:

Xd x
(5)-»{)
D= R(d O)R*
01 @

where x; and y, are distorted image points, x and y are undistorted
image points and D is a distortion matrix. The matrix D can be de-
composed into a rotation matrix R by an angle a, a diagonal matrix with
a distortion coefficient d as an entry and an inverse rotation matrix R™!
by an angle -a.

A correlation between the distortion coefficient and magnification
was observed, which leads to the assumption, that the main contribu-
tion to the geometric distortion originates from the projector lens
system. However, the contributing effects of the extra lens and the
aberration corrector unit are not fully understood yet. Precise mea-
surements of the geometric distortions and correction of non-linear
contributions [49,51] will be important factors to improve the image
alignment procedure further. The measured linear geometric distortion
parameters were used as a starting point to correct the total phase
images. In order to contribute for variations of the microscope setup
and the associated lenses in the actual experiment, the distortion
parameters were adjusted to reduce the difference between both total
phase images. For the Co island shown in Fig. 7, a linear distortion
correction of 4% at 45° was applied. After correcting for the distortions,
the size difference between features in the two phase shift images was
below 0.1 %. After distortion correction, the turned-over phase shift
image was mirrored, rotated and aligned in angle and position, in order
to match the original phase shift image. Half of the difference between
the two corrected and aligned phase shift images was used to obtain the
magnetic contribution to the phase shift, while half of the sum of the
two phase shift images was used to obtain the MIP contribution to the
phase shift. The difference images are still observed to contain some
small residual misalignment artefacts, which are thought to originate
from slight remaining misalignment and non-linear distortions, but they
are within a tolerable range. A magnetic induction map was then
generated by evaluating the cosine of a chosen multiple of the magnetic
phase shift, as well as colours from its gradient. The magnetic induction
maps reveals the presence of three magnetic vortices inside the Co is-
land. This magnetic state results from magnetising the sample out-of-
plane at the beginning of the experiment. It should be noted that the
sample could not have been magnetised using the same out-of-plane
field in the opposite direction using the objective lens of the micro-
scope, as the available field range is asymmetrical, in the range of
—150 mT to +1500 mT. Hence, the turning over approach was the
only reliable way to observe the “three-vortex” state in this rectangular
Co island in the TEM. Furthermore, a magnetisation reversal experi-
ment can change the magnetic state of such a sample irreproducibly. In
order to illustrate this possibility, Fig. 8 compares the magnetising and
turning over approaches for an elliptical 30-nm-thick lithographically
patterned Co island deposited on a SisN, membrane. Figs. 8a and 8b
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show total phase shift images recorded after magnetising the sample in
opposite in-plane directions. In this case, the magnetic state did not
reverse exactly in the lower part of the ellipse. A magnetic phase shift
image calculated in this way would result in a “false” magnetic state. In
contrast, Fig. 8c and 8d show total phase shift images obtained by
turning the same sample over. The magnetic state is now exactly re-
versed between the two phase shift images and a final magnetic phase
shift image that represents the true magnetic state of the sample can be
obtained.

These examples highlight the limitations of using the magnetising
approach, in contrast to the turning over approach, for the reliable
mapping of magnetic states in nanostructures using electron optical
phase contrast techniques such as off-axis electron holography and
differential contrast imaging.

3.3. Further applications to hard and soft magnetic materials

Two further examples of the use of the turning specimen holder,
when it would be impractical to use other approaches for separating the
magnetic and MIP contributions to the phase shift measured using off-
axis electron holography, are now presented.

The first example is taken from a study of hard magnetic Tb-doped
Nd-Fe-B, which has a saturation magnetic induction of between 1.1 and
1.4 T [53]. A thin TEM sample fabricated from the bulk material usually
contains a high density of narrow magnetic domains. The domain wall
width is approximately 3.9 nm and scales with magnetic anisotropy
[54]. Turning the sample over is the only reliable way to obtain the
magnetic phase shift for a hard magnetic material such as Nd-Fe-B, both
due to the high magnetic saturation field and due to the rearrangement
of the magnetic domain walls after reversing the magnetisation in the
sample. In the present experiment, a FIB-milled lamella of Nd-Fe-B was
attached to an Omniprobe-style TEM support grid. A turning over off-
axis electron holography experiment was carried out inside the TEM
using cartridge 1. The procedure described above was used to obtain
magnetic phase shift images by turning the sample over. Figs. 9a and 9b
show original total phase shift images. A geometrical distortion cor-
rection of 4% at 45° was applied to the images before they were aligned
and used to obtain the MIP and magnetic contributions to the phase
shift ( Figs. 9¢c, d). The final magnetic phase shift image (Fig. 9d) and
magnetic induction map (Fig. 9e) show the presence of well-defined
180° magnetic domain walls. However, residual geometrical distortions
result in small misalignment artefacts at the edge of the sample in
Fig. 9d and 9e. Since the details of the magnetic domain walls were
found to be sensitive to the accuracy of the geometrical distortion
correction and to the alignment of the phase shift images, their well-
defined shapes demonstrate the successful correction of geometrical
distortions inside the sample using the present method. Such artefact-
free magnetic phase shift images are important for determining mag-
netic domain wall structures and widths. The local sample thickness can
also be determined from the MIP contribution to the phase shift
(Fig. 9¢).

The second example is taken from a study of an assembly of Fe304
nanoparticles [55]. As their magnetic coercivity is typically below
50 mT, it is important to avoid exposing the sample to external mag-
netic fields, as can happen during TEM specimen holder exchange
(Fig. 1). Fig. 10 shows experimental results obtained from four Fe;O4
crystals with sizes of between 72 and 78 nm in a rectangular arrange-
ment on a holey C film supported on a conventional Cu TEM grid. A
turning over experiment was performed using cartridge 1. The sample
was initially magnetised by tilting it in the TEM to 70° and applying a
1.4 T magnetic field using the conventional microscope objective lens,
before removing the applied field and tilting the sample back to 0°. In
off-axis electron holography studies of such crystalline nanoparticles, it
is often challenging to find a weakly diffracting condition, such that
none of the nanocrystals is close to a Bragg condition. In the present
experiment, a weakly diffracting condition was found by tilting the
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Fig. 8. Comparison between magnetising and
turning over approaches to obtain magnetic phase
30 shift images for a lithographically patterned Co
ellipse on a SiN membrane. (a, b) Total phase shift
images showing two different magnetic states re-
corded in magnetic-field-free conditions after ap-

plying external magnetic fields to the sample with
in-plane components in the directions of the black
arrows. A dashed red circle highlights an area,
where the magnetic state did not reverse exactly.
(c, d) Total phase shift images recorded at 0° and

180° tilt angles recorded in magnetic-field-free
H conditions after initially magnetising the sample
out-of-plane. Geometrical distortion correction
was applied to (c, d) and (c) was then mirrored and
rotated to match (d). Scale bar: 200 nm. (For in-
terpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)

sample by 8° from its nominally flat orientation. Precise wireless
monitoring of the sample tilt angle then allowed it to be turned by 180°.
Off-axis electron holograms were recorded before and after turning the
sample over inside the microscope. The processing steps described in
Fig. 7 were applied, including a geometrical distortion correction of 1 %
at 45°. The resulting MIP and magnetic contributions to the phase shift
are shown in Fig. 10c and 10d. The presence of slight residual geo-
metrical distortions results in minor misalignment artefacts at the edges
of the crystals. The final magnetic induction map shown in Fig. 10e
reveals an curling of the magnetisation close to the middle of the na-
nocrystal assembly [56]. The magnetic phase contours deviate in the
upper right crystal in Fig. 10e, perhaps due to the presence of an out-of-
plane-magnetised or non-magnetic region. Such a feature could have
been misidentified as an artefact if magnetisation reversal had been
used to separate the magnetic and MIP contributions to the phase
shift.

4. Conclusions and outlook

A cartridge-based modification to an on-axis tomography specimen
holder is introduced, in order to allow improved magnetic induction
mapping using electron optical phase contrast techniques, including off-
axis electron holography and differential phase contrast imaging, by
allowing the sample to be turned over inside the TEM. It is then not
required to remove the specimen holder from the microscope, which

would expose the sample to the magnetic return flux of the microscope
lenses. Three different cartridge designs have been developed, in order
to accommodate a wide variety of commonly-used TEM sample geo-
metries, including needle-shaped samples. A wireless inclinometer unit
has been added to the specimen holder to provide a vibration-free,
precise readout of the specimen holder tilt angle on a tablet computer to
improve the accuracy and precision of sample tilting. Applications of
the turning holder have been presented to studies of lithographically
patterned Co islands deposited on a Si;N4 membrane chip, a FIB-pre-
pared Nd-Fe-B lamella and an array of four Fe;0,4 nanoparticles. These
examples highlight the wide variety of sample choices and geometries
that can be studied using the turning holder. The use of such a turning
procedure is highly recommended for samples that have irreproducible
magnetic domain structures, high saturation magnetic moments, low
coercivities or magnetic states that require out-of-plane magnetic ex-
citation. When compared to other approaches for separating the mag-
netic contribution to the phase shift recorded using off-axis electron
holography, turning the sample over inside the TEM has the advantage
that it does not change the magnetic state of the sample, as well as
offering flexibility for magnetic vector field tomography [38,44,57].
Although our design is limited to a single tilt axis, in contrast to other
designs that enable the recording of two orthogonal tilt series in a single
experiment [44], it has the advantage of being able to accommodate
many sample geometries. Future developments of the cartridge and
holder design may introduce possibilities to apply electrical bias
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Fig. 9. Magnetic domain structure of a FIB-prepared Tb-doped Nd-Fe-B sample. (a, b) Total phase shift images recorded at sample tilt angles of 0° and 180°. (c, d) MIP
and magnetic contributions to the phase shift, respectively, determined after removing geometrical distortions and aligning the resulting phase shift images in angle
and position. (e) Final magnetic induction map. White arrows show the directions of the magnetic domains. The phase contour spacing is g rad. Scale bar: 200 nm.

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

potentials to the sample and to control the temperature of the sample Declaration of Competing Interest
either using heating or cooling. These add-ons are technically not im-
possible to implement, but represent major challenges to electro-me-
chanical engineering of the manufacturing process of the cartridge and
TEM tube elements.

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.
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Fig. 10. Magnetic induction mapping of four magnetite (Fe30,) nanocrystals. (a, b) Total phase shift images recorded at sample tilt angles of 8° and 188°, re-
spectively. (c, d) MIP and magnetic contributions to the phase shift, respectively. The upper scale of the colour bar refers to (a-c), while the lower scale refers to (d).
(e) Magnetic induction map obtained by generating contours of spacing % rad and colours from the magnetic contribution to the phase shift. Scale bar: 50 nm. (For

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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