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ABSTRACT

Magnetization structures in magnetic materials are usually imaged in dedicated Lorentz transmission electron microscopes. Compared to
conventional transmission electron microscopes, the magnetic field of the objective lens at the sample is removed by replacing the objective
lens with a Lorentz lens below the sample. While this modification is critical for soft-magnetic materials whose magnetic state is affected by
the strong magnetic field of the objective lens, we propose that this is not necessary for permanent magnets such as Sm-Co and Nd-Fe-B.
Conventional and Lorentz microscopes are compared for imaging divergent and convergent domain walls in a Sm(Co,Fe,Cu,Zr);; magnet.
Both techniques provide an almost identical resolution and accuracy in the measurement of the domain-wall width parameter using focal-
series imaging of divergent domain walls. It is further demonstrated that both techniques can be utilized to analyze the intensity profile of
convergent domain walls. From this, the product of sample thickness and magnetic induction is extracted. These results illustrate that con-
ventional microscopes can be used to image the magnetic state of permanent magnets with a resolution comparable to dedicated Lorentz
microscopes, which make magnetic imaging experiments significantly more accessible to a wider scientific community.

© 2021 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/10.1063/5.0055270

The worldwide increasing pressure for the protection of the envi-
ronment, with the needed reduction in oil use for energy production,
drives a strong demand for magnetic materials, and in particular, for
harder magnets, as exemplified by the recent drastic increase in the
market share of electric cars."” Their optimization demands a more
detailed characterization of their microstructure, which is best
achieved by transmission electron microscopy (TEM). The so-called
Lorentz transmission electron microscopy (LTEM) relies on the fact
that the Lorentz force F deflects the electrons passing through a mag-
netized region, as described by F = —ev x B, where e is the electron
charge, v is the velocity of the incident electrons, and B is the in-plane
magnetic induction of the sample.”* Only the component of magnetic
induction perpendicular to the electron beam contributes to the deflec-
tion, making LTEM sensitive only to the magnetic components in the
plane of the TEM thin foil. It is the gradients in the magnetization
direction, such as those present in magnetic domain walls (DWs), that
produce out-of-focus contrast. Whether the contrast is bright or dark
depends on the defocus sign (under- or overfocus) and the sense of

the magnetization gradient. Neighboring DWs usually have opposite
magnetization gradients in permanent magnets, so they will appear as
alternating bright (convergent) and dark (divergent) contrast. With
changing the sign of defocus, convergent DWs become divergent, and
vice versa.

In conventional TEM, samples are exposed to the magnetic field
of the objective lens, which is usually around 1 T. This is sufficient to
saturate soft-magnetic materials and thus alter their intrinsic magnetic
structure to such a degree that it becomes unobservable. In dedicated
LTEM, the objective lens is turned off and replaced with a Lorentz lens
below the sample in order to remove the magnetic field at the sample
location. This enables magnetic imaging of soft-magnetic materials,
but it comes with a significant reduction in the spatial resolution of the
resulting image. Furthermore, the additional modification to the
microscope described above to enable LTEM is not easily available in
many circumstances, the first being its price.

The magnetic texture of hard-magnetic materials, such as
Sm-Co and Nd-Fe-B magnets, is currently being studied using
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Lorentz TEM.™® However, their coercivity is typically between 1.5 and
2T, which is higher than the strength of the magnetic field of the
objective lens. This indicates that the objective lens may not affect the
magnetic state of permanent magnets and that conventional TEM
may be used for magnetic imaging. In this work, LTEM and conven-
tional TEM are compared with respect to the magnetic imaging of
DWs in a Sm(Co,Fe,Cu,Zr);; permanent magnet in order to investi-
gate the feasibility of using conventional TEM for magnetic imaging of
permanent magnets in a quantitative manner.

The Sm(Co,Fe,Cu,Zr);; was produced by Arnold Magnetic
Technologies from metallic powder in a multiple-step solution anneal-
ing and tempering process.” The chemical composition of the sample
is  Sm(CoggoFeg21Cugg7Zr003)77. Its microstructure consists of
Sm,Co; cells, approximately 100 nm wide, intersected with Cu-rich
SmCos cell walls and Zr-rich Z platelets.”” Domain-wall pinning at
the SmCos cell walls results in characteristic zig-zag DWs, separated
by magnetic domains that are approximately 200 nm wide.””

Electron-transparent TEM samples were made using a conven-
tional lift-out technique on a focused ion beam scanning electron
microscope Helios 600i dual-beam. The lamellae were fabricated in
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such a way that the easy axis of magnetization, which is also the c-axis
of the hep crystallographic structure, was in the lamella plane. This
ensured a perfect alignment of DWs with the electron beam. The sur-
face contamination on the FIB lamella was removed using a Hitachi
ZONETEM plasma cleaner.

The imaging experiments were performed in conventional TEM
and Fresnel LTEM modes using an FEI F30 microscope operated at
300kV. The lamella thickness was measured on the same instrument
using the log-ratio technique applied to an electron energy-loss spec-
trum (EELS) obtained with a GATAN GIF spectrometer.

Figure 1 presents an overview of the different kinds of contrast in
the Sm(Co,Fe,Cu,Zr);; magnet. The dominant magnetic contributions
to the contrast in the image are divergent and convergent DWs, while
the dominant non-magnetic contribution to the contrast comes from
diffraction. Divergent DW's can be differentiated from diffraction con-
trast in several ways, as demonstrated in Figs. 1(a)-1(c), which com-
pare underfocus, overfocus, and in-focus Fresnel images of the same
area, respectively. First, when the sign of defocus is changed, divergent
DWs become convergent, i.e., their contrast changes from dark to
bright. Second, any magnetic contrast, including DWs, disappears in

convergent |
at underfocus

/

diffraction

FIG. 1. (a)—(c) Fresnel images of the same area at 300 um overfocus (left), 400 um underfocus (middle), and in focus (right), demonstrating the flipping of DW contrast from
divergent to convergent, in difference to diffraction and microstructural contrast, which are also visible in focus. (d) Fresnel image at 1035 um underfocus and (e) TEM image
at 300 um underfocus showing the divergent and convergent DWs studied in this work, as well as diffraction contrast.
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focus, while non-magnetic contrast, including diffraction contrast, per-
tains in focus. Third, diffraction contrast, especially when it relates to
lamella bending, moves and changes its shape when the lamella is
tilted and can sometimes be completely removed by doing so. Note
that the details of the microstructure are also visible in the in-focus
image, e.g., the Sm,Co,; cell walls (indicated by an arrow) and the Z
phase (thin, almost horizontal lines).

Figures 1(d) and 1(e) compare a Fresnel mode LTEM image at
1035 pum underfocus and a conventional TEM image at 300 um under-
focus, respectively. They show the divergent and convergent DWs ana-
lyzed in this study, as well as diffraction contrast. In LTEM, divergent
DWs exhibit an electron intensity reduction (dark contrast) similar to
that of the diffraction contrast. In conventional TEM, the intensity
reduction for diffraction contrast is higher than for divergent DWs,
i.e., the diffraction contrast is stronger. The stronger relative presence
of non-magnetic contrast, such as diffraction and mass contrast, is a
disadvantage of conventional TEM in comparison to LTEM, because
non-magnetic contrast interferes with magnetic contrast. However,
this is counteracted by the higher resolution that can be obtained by
conventional TEM, giving it an advantage over LTEM.

Figure 2 shows magnified Fresnel images of the divergent DW at
different defocus values and the corresponding intensity profiles. The
DW contrast and width increase with increasing defocus. The maxi-
mum underfocus value achievable by the microscope’s Lorentz lens is
1035 pum, where the intensity reduction across the DW is 23%. At an
underfocus value of 485 um, which is approximately half of the maxi-
mum defocus value, the intensity reduction is 15%. The underfocus
value of 135um is the lowest defocus at which the DW can be
observed, and the intensity reduction is only 8%. At lower defocus
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values, the DW cannot be distinguished anymore from the back-
ground noise. Higher reduction in the intensity across the DW profile
means a stronger contrast in the Fresnel image and a higher accuracy
of the measurement of the full-width at half maximum (FWHM). The
measurements of the FWHM are therefore more precise at higher
defocus values.

Figure 3 shows magnified conventional TEM images of the same
divergent DW as shown in Fig. 2 at different defocus values and the
corresponding intensity profiles. Again, the DW contrast and width
increase with increasing defocus, and the image also distorts signifi-
cantly. The maximum underfocus value for which a non-distorted
image can be obtained is 300 um, and this imposes an upper limit on
the defocus value although higher defocus values may be achieved by
the objective lens. At 300 um underfocus, the intensity reduction
across the DW is 33%, which is larger than the intensity reduction of
23% at 1035 pum underfocus in LTEM. The influence of non-magnetic
contrast is particularly important at an underfocus value of 140 pm. It
appears at a distance between 80 and 100 nm at the right side of the
FWHM, as shown in Fig. 3(e), and causes a significant error in mea-
suring the FWHM. At this defocus, the intensity reduction is 21%.
The lowest defocus value at which the DW can be distinguished from
the background noise is 100 ym, which is lower than in LTEM. At this
defocus, the non-magnetic contrast shown in Fig. 3(e) is not present,
and the error in measuring the FWHM is lower, despite a lower inten-
sity reduction of 14%. From these results, it can be concluded that the
advantages of conventional TEM over LTEM are a higher contrast,
i.e., a higher reduction in the intensity across the DW and a better visi-
bility of magnetic textures at lower defocus values. The disadvantages
of conventional TEM compared to LTEM are a greater image
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FIG. 2. Fresnel images of a divergent DW and its relative intensity profiles along the line indicated in panel (a) for underfocus values of (a) and (d) 1035 um, (b) and (e)

485 um, and (c) and (f) 135 um.
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FIG. 3. Conventional TEM images of a divergent DW and its relative intensity profiles along the line indicated in panel (a) for underfocus values of (a) and (d) 300 um, (b) and

() 140 um, and (c) and (f) 100 pm.

distortion with increasing defocus and a stronger relative presence of
non-magnetic contrast.

Although no magnetic textures can be observed in focus (at
zero defocus), the FWHM of the electron intensity reduction across
divergent DWs can be measured at different defocus values and lin-
early extrapolated to zero to find the expected FWHM at zero defo-
cus. This corresponds to the DW-width parameter dpw, which
describes the FWHM of the DW magnetization profile.'” The DW-
width parameter should be distinguished from the DW width,

which describes the extent of rotation from 0 to 7 across the
DW magnetization profile. The linear extrapolation is presented in
Fig. 4 for the divergent DW shown in Figs. 2 and 3. The obtained
values of dpyw are 3.0 = 0.9 nm for LTEM and 2.5 * 1.0 nm for con-
ventional TEM.

The theoretical value of dpw can be found through the following
equation:

dpw = /A/Ky, (1)
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FIG. 4. Focal-series measurements of the DW-width parameter for a divergent DW, recorded by (a) LTEM and (b) conventional TEM.
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where A is the exchange stiffness and K|, is the uniaxial magnetocrys-
talline anisotropy.” For Sm(Co,Fe,Cu,Zr);7 A =247 pJm ' and
K, =33MJm>, leading to dpw =2.7 nm.”"" The theoretical and
experimental values agree well with each other within the experimental
error. Despite the fact that each technique has its advantages and dis-
advantages, these results indicate that both LTEM and conventional
TEM can be used to reliably measure dpy of divergent DWs with the
same resolution and accuracy.

The contrast of convergent DWs forms as a result of the interfer-
ence between electrons coming from differently magnetized regions.
Their intensity profile contains useful information about the properties
of the magnetic material. For example, the fringe spacing s seen
between the interference maxima or minima can be measured to cal-
culate the product of the magnetic induction B in the material and the
thickness ¢ of the magnetic region through which electrons travel,
according to the equation'”

h
Bt =—,
2es

)

where h is Planck’s constant and e is the electron charge. This equation
makes the assumption that the product of the induction and thickness

scitation.org/journal/apl

Bt does not depend on the defocus value for a sufficiently large thick-
ness of the magnetic region.

Figures 5(a) and 5(b) show an LTEM close-up image of the con-
vergent DW presented in Fig. 1 and its measured intensity profile at
935 um underfocus. The central maximum has a significantly larger
intensity than the higher-order maxima. The intensity reduction
between the central maximum and first-order maxima is 29% * 1%.
While three maxima are observed at the left side of the central maxi-
mum, only one is observed at the right side due to background noise.
The measured fringe separation is 27 * 7nm, giving an induction
thickness of 76 = 21 T nm (tesla nanometers). Figures 5(c) and 5(d)
show a conventional TEM image of the convergent DW presented in
Fig. 1 and its measured intensity profile at 300 um underfocus. In this
case, two maxima are observed at each side of the central maximum.
The background noise introduces an artificial rise at the right side of
the central maximum, producing an error in measuring the intensity.
The intensity reduction between the central maximum and the first-
order maxima is 35% * 3%. The measured fringe separation is
28 * 4 nm, giving an induction thickness of 74 = 10 T nm. The values
measured by LTEM and TEM agree with each other strikingly well.
The main difference is that the standard deviation from the average
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FIG. 5. (a) Fresnel image at 935 um underfocus of a convergent DW and (b) its relative intensity profile along the line indicated in panel (a). (c) Conventional TEM image at
300 um underfocus of a convergent DW and (d) its relative intensity profile along the line indicated in panel (c).
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value is much larger for LTEM due to its higher level of background
noise.

The lamella thickness in the region of the convergent DW, as
measured by EELS, varies between 80 and 90 nm. This is not the same
as the thickness ¢ in the induction thickness product B, because ¢ rep-
resents the magnetized region through which the electrons travel. The
lamella surfaces are generally oxidized, partly contaminated, and dam-
aged, so that the lamella thickness is expected to be larger than ¢. From
these results, it can be estimated that the magnetic induction in the
sample is larger than 1T. Interestingly, Bt for TEM is not different
from that for LTEM, although the magnetic field of the objective lens
is much stronger than that of the Lorentz lens. This validates our initial
assumption that the magnetic state of the Sm(Co,Fe,Cu,Zr);; sample
is not significantly affected by the magnetic field of the objective lens.

In conclusion, it is shown for Sm(Co,Fe,Cu,Zr), magnets that
both conventional and Lorentz TEMs may be used to perform mag-
netic imaging and yield comparable spatial resolution and accuracy in
measuring the DW-width parameter of divergent DWss. It is also dem-
onstrated that convergent DW's can be analyzed by both techniques to
measure the product of the magnetic induction and thickness of the
magnetic region. Clear guidelines on how to use conventional TEM
for magnetic imaging of permanent magnets are given, which is key to
those who do not have the ability of modifying their microscopes for
Lorentz TEM. These results are therefore significant for a wide scien-
tific community.
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