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Off-axis Electron Holography and Electron Magnetic Circular Dichroism are powerful Transmission Electron
Microscopy (TEM) techniques capable of mapping magnetic information with near-atomic spatial resolution.
However, the magnetic signals obtained is semi-quantitative due to factors such as thickness variations and
local crystallographic changes. Precise determination of spatial thickness variations can make these techniques
more quantitative. Electron Energy Loss Spectroscopy (EELS) provides a method to measure thickness variations
within a region of interest. The absolute thickness depends on reliable estimates of the inelastic mean free path
(4), which is often unknown for many materials. Alternative techniques, such as Scanning Electron Microscopy
(SEM) and Convergent Beam Electron Diffraction (CBED), either lack spatial resolution in thickness mapping
or are accurate only within a limited thickness range. Here, we present a straightforward approach to precisely
determine the inelastic mean free path (1), enabling accurate thickness measurements from EELS maps.
We compare these thickness measurements with CBED- and SEM-based methods, identifying discrepancies,
particularly in thinner samples (< 100 nm). Finally, we demonstrate how this calibrated thickness measurement

can provide quantitative magnetic maps using TEM-based magnetic measurements.

1. Introduction

Magnetic Imaging techniques in Transmission Electron Microscopy
(TEM) provide excellent spatial resolution up to atomic resolution
through techniques like off-axis Electron Holography [1] and element
specific mapping techniques like Electron Magnetic Circular Dichroism
(EMCD) [2]. In contrast to bulk magnetic measurement techniques, the
overall magnetic signal from a TEM lamella (produced from the bulk)
usually depends not only on the material properties like saturation
magnetization, magnetic anisotropy, Gilbert’s damping factor; but also
on the shape and preparation technique of the TEM lamella which in-
troduces effects like shape anisotropy, surface amorphization etc. Some
of these unknown factors, introduced primarily during sample prepara-
tion, makes the TEM based measurement techniques semiquantitative.
The thickness of the samples is one such parameter which usually
plays a crucial role in dictating the magnetic state of the sample [3,4]
and usually needs to be accounted for while exploring effects such as
spin current induced switching [5], magnetocrystalline anisotropy [6],
Dzyaloshinskii-Moriya interaction (DMI) using TEM based techniques.

* Corresponding authors.

Focused ion beam (FIB) based sample preparation offers a versatile
platform for magnetic sample preparation with controlled thickness.
The TEM lamella prepared using this technique can be in the range
of sub 50 nm up to 250 nm based on the application and the type of
imaging to be used. The thickness control at the lower end is critical
in EMCD where the signal is sensitive to sample thickness 10—50 +
5 nm ([7,8]). On the other extreme, thickness upto 250 nm (or more)
are required for three dimensional imaging of magnetic textures like
skyrmions, chiral bobbers, magnetic hopfions and bubble ([9-12]).
Understanding the spatial variation in thickness of the sample is crucial
to not only segregate different magnetic contributions but also to ensure
no unintended magnetic pinning sizes are created during fabrication.

Primarily, there are 3 different e-beam based methods commonly
used for thickness measurements of TEM lamella - (1) scanning elec-
tron microscopy (SEM) [13], (2) electron energy loss spectroscopy
(EELS) [14] and (3) convergent beam electron diffraction (CBED). Scan-
ning electron microscope measurements involve imaging the lamella
edge after the FIB sample preparation. Although this technique is con-
venient and has a theoretical resolution upto 0.5 nm [15], secondary
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electron emissions from the sample edges prevent accurate thickness
determination especially for insulating samples and for thicknesses <
100 nm. Any thickness variation along the lamella cannot be accurately
measured either. This method is also not convenient for conventional
mechanical polishing based sample fabrication where the sample can-
not be aligned edge on with the electron beam. Correlating images from
different SEM detectors like through-lens detector (TLD) and the in-
chamber electron detector (ICE) with EELS can help extend SEM based
techniques to provide Lamella site specific thickness information but
this would require calibrating the EELS method first [13].

The EELS and CBED techniques are optimal for obtaining spatial
variation of thickness of the TEM lamella and can be used for samples
prepared with FIB and mechanical polishing. The sensitivity of the EELS
technique is better for thinner samples while the CBED technique is
appropriate for thicker samples. Apart from these issues, both EELS
and CBED techniques require accurate estimation of the mean free path
(4) and extinction length (&) for measuring the absolute thickness. At
present, there is no database or convenient method for estimating the
A of a custom magnetic material making absolute thickness measure-
ments extremely difficult. The extinction length, £ can be estimated as
a fitting parameter of the CBED data but this technique offers other
challenges such as sensitivity to only crystalline samples, complicated
patterns in complex structures etc. A comparison between the CBED
and EELS thickness showed that both the methods cover a range of
thicknesses [16]. Other TEM based thickness measurements methods,
based on weak beam dark field [17], geometric tilting methods [18]
and High Angle Annular Dark Field Scanning TEM [19], have addi-
tional requirements such as well calibrated diffraction conditions, flat
sample geometry with uniform thickness, precise tilt control, and other
calibrations relative to TEM operation conditions.

The present work strives to demonstrate how an accurate thickness
measurement can make magnetic imaging in TEM more quantitative.
To address this problem we first determine the TEM lamella thickness
using a combination of methods. Based on the error analysis, we use the
best method to obtain 2D thickness of a TEM lamella. This thickness
measured will then be used for magnetic measurements such as off-
axis electron holography and EMCD. The manuscript consists of 3
main parts - (1) the bulk magnetic and structural characterization of
the showcase magnetic material — Yttrium Iron Garnet, (2) various
thickness measurement techniques on a TEM lamella and (3) magnetic
measurements on YIG using Electron Holography and EMCD.

2. Magnetic system and its characterization

For the present study, we use Yttrium Iron Garnet (YIG) deposited
on a Gallium Gadolinium Garnet (GGG) substrate as the magnetic sam-
ple. YIG is a showcase material for developing various next-generation
magnetic memory and computing architectures due to its ultralow
Gilberts damping factor (< 10~*). The YIG (10 pm)/GGG crystal used
for this study was grown using liquid phase epitaxy. The quality of
the bulk films were ensured using ferromagnetic resonance (FMR)
measurements. The epitaxy and the chemical composition of the sys-
tem were measured using scanning transmission electron microscopy
(STEM) done using an FEI Titan G2 80-200 ChemiSTEM microscope
with a Super-X energy dispersive X-ray spectroscopy detector operated
at 200 kV and discussed in Supplementary Information, Section A. All
TEM lamellae were made using the focused ion beam technique using
an FEI Helios NanoLab 460F1 FIB-SEM.

2.1. YIG characterization using ferromagnetic resonance (FMR)

The quality of the YIG crystal was investigated using ferromagnetic
resonance (FMR) measurements with a bulk crystal of size 1 cm X
1 cm x 5 mm. Ferromagnetic resonance in YIG is excited by applying
an external dc field, H,, using a 3D vector magnet. The external H,,
exerts a torque to the magnetization of the YIG and precesses around
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the H,, until it damps down and aligns with the external field. In
order to sustain the precession, an external ac field, H,, is applied
orthogonal to H,. by pumping a /I, into a coplanar waveguide placed
beside the sample. When H,, is close to the resonance frequency for a
given H, , sustained oscillations of the YIG magnetization occur and
are detected using field modulation technique. The FMR spectra for
different frequencies in the range of 5-9 GHz were measured.

The line width, AH and the resonant field, H,, for different fre-
quencies was extracted from the FMR spectra by fitting it to symmetric
and asymmetric Lorentzian functions given below,

AH(H,, — Hy)
"(AH)? + (Hy, — Hy)?

(4H)* = (Hy. — Hy)*
"(AH) + (H, — Hp)?

X(n)=1L (€D)]
The AH vs. frequency curve extracted from Fig. la is shown in
Fig. 1b. The Gibert’s damping factor,a was extracted using a linear fit

according to the equation,
AH = aHy+ 22 ¢ @
14

where y is the gyromagnetic ratio. The Kittel fit is shown in Fig. 1c.
The in-plane anisotropy H, and the magnetization M, were extracted
by fitting the Kittel plot to the equation,

f= % \/(Hdc + Hy+ M,y )(Hye + Hy) 3)

The Gilbert’s damping factor, « of the YIG was estimated to be 2.08 x
1073 (from Fig. 1b) while the M, and H, was estimated to be 0.156 T
and 0.0064 T (from Fig. 1c) respectively. The values of « and M, are
close to those reported in the literature [20,21] and thus the quality of
the crystal was considered to be good. High resolution STEM imaging of
the YIG and energy dispersive x-ray (EDX) spacial mapping is described
in supplementary information, section A.

3. Thickness measurements of TEM lamella
3.1. From Electron Energy Loss Spectroscopy (EELS)

The most convenient way to measure the thickness of a TEM lamella
is using electron energy loss spectroscopy. The EELS-based thickness
measurement relies on the inelastic scattering of electrons as they pass
through the sample. As the sample thickness increases, more electrons
undergo inelastic scattering, reducing the intensity of the zero-loss
peak. To obtain a spatially varying thickness map, the microscope is
operated in STEM mode and the thickness of the sample is estimated
from the low loss EELS spectrum. The thickness of the TEM lamella at
each point of the scan is calculated from the EELS spectra using the log
ratio method [22] using the formula,

t/A=—In(Iy/1,) @

where [, is the intensity of the zero loss peak and I, is the total
intensity, ¢ is the lamella thickness at the probe position and 4 is the
inelastic mean free path in YIG. Other EELS based techniques like
Bethe sum rule and Kramers-Kronig sum rule require different mate-
rial parameters such as Bohr radius, number of atoms per unit area,
specimen density, atomic weight, dipole polarizability per atom etc.
which may be difficult to obtain for a complex material like YIG [22].
In contrast, accurately estimating thickness using the log-ratio method
is only limited due to the usually unknown, A, which is a property of
the material and the error in measuring I, accurately due to the energy
dispersion used for the measurement.

In the present study, we measure the absolute thickness of the YIG
crystal by measuring the mean free path, 4 of YIG . The following
strategy was employed for this. A cross sectional lamella of a 40 nm
thick YIG grown on a GGG along the (100) direction was prepared
using the focused ion beam technique. A high angle annular dark field
(HAADF) STEM survey image of the top interface of the lamella is
shown in Fig. 2a. The ¢/ of the thin area of YIG was measured using
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Fig. 1. Ferromagnetic resonance measurements on bulk YIG/GGG. (a) FMR spectra measured in the frequency range of 2-9 GHz, (b) linewidth vs. frequency curve and (c) Kittel

plot extracted from the FMR spectra.

the Eq. (4). A representative EELS low loss spectrum is shown in Fig.
2b. A 2D low loss EELS map was acquired in the area where the 40 nm
YIG is present is shown in the green box in Fig. 2a. The 7/ 4 of the 40 nm
YIG layer, averaged along the width of the lamella is shown in Fig. 2c.
The HAADF intensity contrast is also plotted to accurately determine
the region containing the YIG.

The value of the mean free path was measured by measuring the
lamella thickness at the YIG area. A cross sectional lamella was made
from the original lamella for this purpose. Two (10 nm) layers of
gold were sputtered on either side of the lamella to create adequate
Z contrast while imaging using HAADF STEM. The cross section was
created by deposting adequate carbon protective layers on either side
of the initial lamella by mounting it in the flip stage of the FEI Helios
NanoLab 460F1 FIB-SEM. A HAADF image of the lamella is shown in
Fig. 2d. The gold and the carbon layers and the YIG layer are marked
in the inset of Fig. 2d (i). The sample was tilted back to the (100)
zone axis using the diffraction pattern along the thickness of the YIG
layer. The intensity profile of the crosssection shown in the inset of
Fig. 2d provides the thickness of YIG on the initial lamella which was
measured to be 66.2 + 2.1 nm. Thus, the value for the mean free path,
A was estimated to be 126.4 + 6.2 nm. The thickness of any YIG lamella
used henceforth, can be calculated from the low loss EELS spectrum
using the estimated value for A. More information about the sample
preparation and an EDX map of the lamella is given in supplementary
information, section B. The errors in the accurate measurement of A
due to this method is discussed in supplementary information, section
C.

3.2. From scanning electron microscopy

The most common technique used for measuring the thickness of
a TEM lamella is using the scanning electron microscope associated
with the dual beam FIB. For this study, two different lamellae were
produced - (1) appropriate for Electron Holography with a thickness
> 100 nm and (2) for EMCD measurements with thickness < 50 nm.
The SEM image of the top view and side view of both these lamella
fabricated using the FIB is shown in Fig. 3a and b. The FIB fabrication
was similar to the protocol employed by Tyukalova et al. [5]. Once the
lamella thickness approached about 200 nm while milling at 30 kV, 80
PA, the final thinning was done at 5 kV, 40 pA. For the lamella 1 which
was targetted for the EMCD studies, milling was continued until a hole
developed at the bottom of the sample (the bend contours around the
hole can be seen at the bottom of Fig. 3a-ii). A thickness wedge was
thus created near the end of the lamella. Lamella 2 was also finished
at 5 kV, 40 pA to remove the surface damage layers on either side of
the lamella. The high tilt low kV milling also introduced a thickness
variation near the top edge of the sample as seen in Fig. 3b-ii.

The sample thickness was measured from the SEM image of the top
view of the sample as shown in Fig. 3a-i. The intensity profile along
the thin area and the thick area of Lamella 1 is shown in Fig. 3c.
From the top view, the thickness of the thinner area is 57 + 40 nm
while the thicker area is 424 + 56 nm. The white contrast around the
top of the protective layer in the SEM images, created due to large
secondary electron emission near the surface, introduces uncertainty
in the thickness measurement. In the thicker area, the bulk thickness is
clearly visible and the uncertainty is at the edges. So the thickness was
measured as the full width half maximum (FWHM) between the white
contrast on either side of the edge in the green curve in Fig. 3c. For the
thinner area, the top of the lamella is indistinguishable from the white
contrast. The thickness was thus measured as the FWHM of the merged
peak as shown in the red curve in Fig. 3c. Similar effects can be seen
in lamella 2 as well and the thicknesses of the thin and thick layer was
estimated to be 208 + 81 nm and 345 + 60 nm respectively.

The challenges in SEM based thickness estimation, apart from the
secondary electron emission from the top, were the inability to measure
local variation in thickness of the lamella, difficulty in determining
appropriate beam conditions, distortions due to projection effects, get-
ting the appropriate tilt conditions and mechanical instability when
measuring features < 100 nm. From the contrast observed in Fig. 3a-ii
and b-ii for lamella 1 and 2 respectively, the thickness is not uniform
from top to bottom. The thickness just below the Pt layer seems to
be thinner in both cases. In lamella 2, the thickness monotonically
increases from this point and it is difficult to estimate the maximum
thickness from the top view of the lamella 2. Similar thickness increase
can be seen in lamella 1 as well. Due to the uncertainty in SEM based
thickness measurements, this technique is unsuitable for quantitative
magnetic analysis and was instead used as a reference for consistent
lamella preparation. The secondary electron emissions from the surface
can be suppressed by measuring the lamella thickness at multiple
sample tilts > +1°. An example of such a measurement is discussed in
supplementary information, section D. However, the error in thickness
for this method remains significant.

3.3. From convergent beam electron diffraction (CBED)

Thickness estimation from CBED is one of the earliest techniques
developed for thickness estimation in TEM for crystalline samples since
1940s. The measurement is done in STEM mode which allows for
measurement of spatial variation in sample thickness similar to EELS
method. The CBED-based thickness measurement relies on dynami-
cal electron diffraction theory. As an electron wave passes through
a crystalline sample, it undergoes multiple scattering events along a
given crystallographic orientation, with the scattering intensity and
pattern varying as a function of thickness. The interference between the
transmitted beam and the diffracted beams produces a characteristic
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Fig. 2. Quantitative thickness measurements using EELS. (a) HAADF image of the 40 nm YIG used, (b) a sample low loss EELS spectrum, (c) profile of the 7/ perpendicular to
the growth direction, (d) HAADF image of the cross section of the lamella showing the lamella thickness of the YIG layer, (d-i) inset showing the carbon, gold and YIG layers.
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Fig. 3. SEM images of TEM lamellae used in this study, (a- i) top view and (ii) side view of TEM lamella-1 used for EMCD measurements and (b - i) top view and (ii) side view
of the TEM lamella-2 used for Electron Holography, line profiles from SEM images of (c) lamella 1 and (d) lamella 2 used for measuring the sample thickness.

intensity modulation in the CBED pattern, which can be analysed to
determine the sample thickness. An elaborate plotting technique for
determining the thickness from CBED patterns for crystalline samples
was given by [23,24]. Different computationally intensive methods for
CBED based thickness measurements were demonstrated [25-27]. Even
though many of these techniques can provide much more intricate

information about the crystal and accurate thicknesses. Setting up these
methods is cumbersome.

In this study, the Allen and Kelly method for calculating the sample
thickness from CBED technique was used. The TEM lamella used in
this study was a single crystal with unit cell dimension of 12.38 A.
The YIG crystal was tilted to a 2 beam condition to observe the dark



J.V. Vas et al.

t=144 nm
(a-i)h

Ultramicroscopy 275 (2025) 114140

T T T T T T T T

r —t=653nm A
——t=144.89 nm
[ ——1t=1459nm |
ol ]
i.: - -
o
a | ]
50 0 50 100 150 200 250 300 350
Pixels
£ 2001 (c) I 1
c 180} ]
~ - A
&? 160} e 1
o &
£ 140} 1
O
K L s 4
£ 120
[a) L ]
Q100 -
&S sor _/,-" ]
60 L——

60 80 100 120 140 160 180 200
EELS Thickness (nm)

Fig. 4. (a) CBED patterns of (000) and the (444) of YIG at 3 different spots with increasing thickness, (b) intensity profile of the (444) spot and (c) comparison of thickness

estimated using CBED and EELS.

and bright patterns in the diffracted beam. The beam convergence is
adjusted so that there is no overlap between the direct beam and the
diffracted beam. For the Si samples usually used for demonstrating the
CBED technique, the dark and bright bands were observed in the (004).
Given the complex structure of the YIG, the (444) reflection was used
to obtain a similar pattern. Some representative CBED pattern obtained
from YIG at various sample thickness are shown in Fig. 4a.

The Kelly and Allen methods are more straightforward and can
easily be used using the software tools developed by Hou [28] which
operates within the Gatan digital micrograph. The success of this
method relies on finding the correct 2 beam condition which provides
the expected interference pattern and chosing the right index '»’ for a
given thickness range.

The fringe minima observed in the diffracted beam of the CBED is
linked to the specimen thickness as per the equation,

(7 +1/EH% = n} 5)

where s; is the deviation of the ith minimum from the exact Bragg posi-
tion, ¢ is the extinction length and #; is an integer. The s; corresponding
to each index position can be calculated from the equation,

s = (40/205)(A/d},) (6)

where 40 is the fringe position from the centre, 20, is the distance
in pixels between the direct beam and the diffracted beam, 4 is the
electron wavelength which is 0.02509 A at 200 kV, d,,, is the lattice
spacing corresponding to the (444) reflection. The thickness, ¢ and the
extinction length ¢ can be extracted from the intercept and slope of a
s,.z/n? vs. 1/n[.2 plot as per Eq. (5). From Fig. 4a, at regions of lower
thicknesses, the number of dark and bright fringes is not sufficient for
calculating the sample thicknesses and thus this method is not accurate
at lower than ~ 70 nm lamella thickness for YIG while using the (444)
reflection. The extinction length, & was estimated to be 106.4 + 8.4 nm.
The intensity profile for various thickness of YIG are shown in Fig.
4b. Due to the large extinction length of YIG, the number of fringes
available for measuring the thickness (even in thicker areas) is limited
for YIG which resulted in the uncertainty in the measurements.

Table 1
Comparison between TEM lamella thickness measured using various techniques.

Points SEM thickness (nm) EELS thickness (nm) CBED thickness (nm)

1. 57+40 76.5+2.1 80+ 10.0

2. 57 +40 949 +2.5 101.7 £12.2
3. 424 + 56 168.39 + 4.5 172.1 £3.6
4. 424 + 56 14548 £3.9 1693+ 1.1
5. 424 + 56 17248 + 4.6 192.8 + 6.1

3.4. Comparison between techniques

A comparison between the different thickness measurement tech-
niques are shown in Table 1. The measurements are done on lamella
1 shown in Fig. 3a. The first 2 measurements were done near the area
marked in red while the other 3 points were made in the thicker area.
For the CBED and EELS measurements, the microscope was operated in
STEM mode and sample was tilted to the 2 beam condition. The camera
length was adjusted to obtain the CBED pattern on the CCD camera
and the spectrometer was operated such that the low loss EELS spectra
could be collected if the camera is retracted. Since the CCD camera was
not available with the STEM-SI mode, the beam was manually moved to
collect the CBED and EELS data from the same locations on the sample.
The SEM method seems to provide a thickness value considerably
larger than the EELS technique and the CBED technique. This could be
because of the uncertainty in the measurement introduced by secondary
electron emission at both edges. The CBED thickness seems to correlate
well with the EELS thickness measurements as shown in Fig. 4c.
The CBED method which is more sensitive to crystalline thickness
was expected to be more accurate at higher thickness range (which is
reflected in the error bars) where the accuracy of the EELS method need
not be accurate due to the larger scattering. No noticable effect of dead
layer (created due Gallium implantation in the FIB) was visible maybe
due to the large amount of low kv FIB milling used for fabricating
lamella 1.



J.V. Vas et al.

Phase Plots

(a)

(2]
o)
o)
@
E
=
[
14

Ultramicroscopy 275 (2025) 114140

Contour Plots

MIP corrected

0.22

300{ (i Lo.20
() Lo.18
Lo.16 E

F0.14 =,

N
a
=]

F0.12

Thickness (nm)
N
o
o

—— Thickness

T —————M, (MIP corrected) [o-10
—— M (uncorrected) 0.08

0 20 40 60 80 100 120
Profile (pixels)

150
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from the raw hologram (d) reconstructed amplitude map. (e) phase map and (f) magnetic contour plot reconstructed after correction for mean inner potential, (g) B calculated
from the phase map, (h) thickness map of the same area measured using EELS, (i) estimated M, with and without correction for mean inner potential.

3.5. TEM-based magnetic measurements

3.5.1. Off-axis electron holography

The magnetization of the YIG sample was studied using off-axis
electron holography. The measurements were done on the FEI Titan G2
60-300 platform with an image corrector, a calibrated Lorentz mode
and a double biprism set up. A voltage of 100 V was applied to the
electron biprism and the top interface was positioned so that the beam
passing through the vaccum interfered with the beam through the sam-
ple. The acquisition was done on a Gatan K2 direct electron detector for
a total of 10 s. The objective lens magnetic fields and sample tilts were
adjusted such that the sample was uniformly magnetized during this
acquisition in-order to ensure no variation in the magnetic signal due to
any domain structure near the area of interest. The hologram recorded
near the top interface of the YIG sample is shown in 5a. Simultaneously
a reference image was also collected in vaccum by moving the sample
out of the field of view.

The reconstruction of the hologram was done using the Holoworks
package version 6 [29] available in the Gatan Digital Micrograph plat-
form. The reconstructed phase map and the amplitude map is shown in
Fig. 5b and d respectively. The magnetic contour plot obtained from the
raw phase is shown in Fig. 5c. In-order to obtain a pure magnetic signal,
the phase contribution from the non-magnetic signal, the mean inner
potential of the sample, was extracted and removed. A methodology
used for the removal of MIP is given in supplementary information,
section F. The phase map and the contour plot after removal of the MIP
is shown in Fig. 5e and f. The YIG sample is uniformly magnetized along
the x direction. The magnetic field at the top of the sample seems to be
lesser than in the bulk since the density of the contour lines increases
from top to bottom. This may be because of the thickness variation
due to the non uniform low kv milling induced during the FIB sample
preparation.

In-order to quantitatively estimate the sample magnetization, we
calculate the total magnetic field encountered by the electron beam.
We can calculate the 7B from the electron phase difference using the
equation [30,31],

tB = |§[nZ x Vol @)

where ¢ is the lamella thickness, B is the magnetic field induced by the
sample, 7 is the reduced Plank’s constant, e is the electron charge, n, is
the unit vector perpendicular to the sample plane and ¢ is the electron
phase measured in electron holography.

The reconstructed ¢B is shown in Fig. 5g. This magnetic field that
interacts with the electron beam as it passes through the TEM lamella
consists of the sample magnetization and the fringing field. Since the
YIG is a soft ferromagnet, the fringing field outside the YIG is expected
to be small. The direction of the fringing field is expected to be opposite
on the top and bottom interfaces. Thus, the phase difference introduced
is expected to be primarily due to the sample magnetization. The 7B can
be replaced with M, in Eq. (7). For a magnetic material, we do not
expect the sample magnetization, M, (which is a material constant) to
vary within the material and the observed change in intensity should
be the effect of the thickness non uniformity. The thickness of the
sample was measured using the EELS method in the same area so that
the quantitative nature of the measurement can be ascertained. The
thickness plot of the same area measured using low loss EELS is shown
in Fig. 5h. The line scan comparing the thickness profile (calculated
from the ¢/4) and the M, calculated, with and without MIP corrected,
are shown in Fig. 5i. Without MIP correction, the value of M, was
an underestimate. The M, calculated after MIP correction correlated
well with the value obtained from FMR measurements shown in Sec-
tion 2.1. Thus, combining the thickness measurements using EELS along
with off-axis electron holography can provide quantitative magnetic
information of the YIG sample.
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Fig. 6. EMCD signal with thickness (a) HAADF image of the sample showing the area of interest, (b) 2 beam condition showing the area used to acquire the EMCD signal, (c)
EELS Fe edge after post edge normalization in a thin and thick region, (d) HAADF image of the scan area, (e) difference in L3 edge (f) Thickness map of the same area calculated
from low loss EELS, (g) EELS L3 edge difference vs. thickness profile calculated from (e) and (f).

3.5.2. EMCD measurements

The Fe element specific magnetic moment in YIG was mapped using
the electron magnetic circular dichroism (EMCD) technique. The EMCD
signal is known to be sensitive to both tilt conditions and sample
thickness. In this paper, we demonstrate how the accurate thickness
measurements using the EELS technique can help to choose appropriate
areas of the sample for EMCD measurements. The experimental condi-
tions for obtaining EMCD signals from YIG was demonstrated by Song
et al. [32]. At 300 kV, the EMCD signal was expected when the sample
thickness was between 30 and 80 nm with a 2 beam condition with the
(444) reflection excited. Similar conditions were used in this study for
obtaining the thickness dependent EMCD signal. A YIG (110) sample
was cut from the bulk crystal (grown along the (100) direction) using
FIB to a flag geometry. The (110) direction was chosen to minimize the
sample tilt to approach the 2 beam condition with the (444) reflection.

The EMCD experiments were carried out using a double corrected
TFS spectra 300 microscope equipped with a Gatan Continuum 1066
energy filter (GIF) operated at 200 kV. The thin region achieved after
the low kv milling is shown in Fig. 6a. The sample was tilted to the
2 beam condition with the (000) and (444) reflections as shown in
Fig. 6b. For the aperture positions marked as + and — in Fig. 6b,
two EELS spectra were acquired of the Fe with a dispersion of 0.25
eV/channel. The EMCD signal was recorded at the transition region
between the thin and thick areas as marked in Fig. 6a. Principle

component analysis was performed on the raw signals to improve signal
to noise ratio [33,34]. The EELS spectra were background subtracted
and post edge normalized and their difference was taken to obtain the
EMCD signal [35]. Background subtraction and post edge normalization
were done to make sure that the signals captured from the two aperture
positions were comparable. The peaks were also normalized at each
scan position using the L3 edge obtained from the + aperture. The core
loss spectrum from + and — apertures at the thinner region 1 and
region 2 are shown in Fig. 6¢c. The EMCD signal is clearly visible in
the thin region 1 on both the L3 and L2 peaks while it disappears in
the thicker region 2. The HAADF image of the scanned area is shown
in Fig. 6d. The difference in L3 edge indicating the EMCD signal is
shown in Fig. 6e. A clear signal was observed in the thin area with the
20% difference in EMCD while the signal gradually reduced in the thick
areas to below 10%. A thickness map of the same area was calculated
from the calibrated low loss EELS method from the same scan area and
is shown in Fig. 6e. The thickness of the sample was ~ 30 nm in the thin
area at the top of the scan area and can be seen gradually increasing
to > 180 nm. The loss of EMCD signal matched well with the thickness
map. The EMCD signal vs thickness, shown in Fig. 6g was sinusoidal in
nature similar to the theoretical prediction by Song et al. [32].

The accuracy of the thickness measurements were compared using
the thickness profile at region 1 and region 2. The thicknesses at
regions 1 and 2 were 76 nm and 145.5 nm according to calibrated
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EELS compared to 118 nm and 157.5 nm as measured using CBED. The
EMCD signal was expected to be observed in the thickness range of 30
to 80 nm. Given the signals observed in Fig. 6¢, the thickness measured
by calibrated EELS seems to be much more accurate as compared to
CBED.

4. Conclusions

The influence of TEM lamella thickness towards quantitative mag-
netic mapping using off-axis electron holography and electron magnetic
circular dichroism was investigated. The sample system used for this
study was Yttrium Iron Garnet, a ferrimagnetic insulator. Three com-
monly used thickness measurement techniques — SEM based, EELS
based and CBED based, were investigated for accurately determining
the 2D thickness of a TEM lamella. An experimental strategy to ac-
curately calibrate the inelastic mean free path, A, in low loss EELS
based thickness measurements was pursued to obtain absolute thickness
values from this technique. For the YIG sample, the inelastic mean
free path, A, was measured to be 126.4 + 6.2 nm. The SEM based
technique had larger errors associated with it. The CBED technique
correlated well with the EELS measurements. The absolute thickness
values obtained from the EELS technique were used to quantify the
magnetic signal measured using electron holography. After correcting
for the mean inner potential, the M, measured from electron holog-
raphy, showed good agreement with bulk FMR measurements. The
thickness vs. EELS signal followed the theoretically predictions. From
the calibrated EMCD measurements, the dependence on the sample
thickness (in the 40—120 nm) on the L3 edge difference is clearly visible.
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