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ABSTRACT

The electron energy-loss magnetic chiral dichroism (EMCD) technique has been generally applied to single-phase magnetic crystals while
rarely used for composite structures. It is mainly due to the lack of in-depth understanding of EMCD in the latter case where an additional
phase may present under or above the investigated magnetic phase in the electron beam path. Here, we report EMCD signals acquired on a
15-nm-thick magnetic iron film with different thicknesses of the MgO substrate underlayer. By comparison, for areas with total thicknesses
of t ¼ 0:59k and t ¼ 1:02k expressed with the mean free inelastic path of electron k, the relative dichroic signals at the Fe-L3 edge are
3:8%61:0% and 3:5%61:6%, respectively, demonstrating no significant difference within the error range. However, the dichroic signal inten-
sity at the Fe-L2 edge peak is 77.6% larger in the thinner area of t ¼ 0:59k. Accordingly, the extracted mL=ms ratio of Fe 3d moments is 63%
smaller in the thinner area even after the plural scattering is removed. Then, we confirm that the presence of an additional nonmagnetic
phase under a magnetic iron crystal can noticeably affect the quantified value of the mL=ms ratio of iron moment determined from the
EMCD measurements. Furthermore, the larger thickness of the underlayer may result in relatively higher valuation of the mL=ms ratio of the
upper layer. A correction method, considering the different influence of the underlayer on the Fe-L3 and L2 edges, is in demand for develop-
ing potential applications of the EMCD technique to such composite nanomaterial systems.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5100245

Electron energy-loss magnetic chiral dichroism (EMCD) is an
electron energy-loss spectroscopy (EELS)-based technique to locally
characterize element-specific spin and orbital magnetic moments in
crystalline materials.1–3 The magnetic information is obtained from the
EELS spectra recorded at two different positions on the diffraction
plane, where different combinations of electron scattering vectors give
rise to left- and right-handed polarized virtual photons in analogy with
circular polarized X-rays in the synchrotron-based X-ray magnetic cir-
cular dichroism (XMCD) technique.1 Since EMCD was first demon-
strated by Schattschneider et al.,1 much effort has been made to
develop it into a routine magnetic characterization technique in the
transmission electron microscope (TEM).4–14 Various EMCD experi-
mental setups, for instance the energy spectrum imaging,4,5 double aper-
ture q� E mode,6 spatially resolved EELS mode,7 and scanning TEM,8,9

have been proposed to improve the signal to noise ratio and the spatial
resolution. In addition, the signal interpretation regarding the magnetic
moment quantification has been widely concerned. The EMCD signal is

not only simply affected by the intrinsic magnetism but also modulated
by the dynamic electron diffraction condition which is related to the
crystal structure, crystal orientation, and specimen thickness.3,10,11 With
a deep understanding of the dynamic diffraction, the quantification of
element-specific and even site-specific orbital and spin moments has
been experimentally realized.11,12 Moreover, the theoretical simulation of
the relative EMCD signal in various diffraction conditions has been
widely applied for optimizing the experimental conditions13,14 of EMCD
or broadening its applications.15

For the moment, the interpretation of quantitative results
extracted from the EMCD signal is essentially based on an assumption
that only one single-phase crystal is present in the electron beam path
for each acquisition. Some EMCD experiments in the literature are
actually in accordance with the assumed condition. For instance,
experiments were performed on a single crystal in polycrystalline mate-
rials of Fe,9 Co,16 Ni,16 or their oxides7,17 or on epitaxially grown thin
layers of single-crystalline Fe, Mn, and their compounds observed from
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the cross-sectional view.10,14,18,19 However, the assumption may fail if
the EMCD technique is applied to other widely used systems such as
core-shell structures, embedded nanoparticles, and multilayers observed
along the out-of-plane direction. More than one material may present
in the beam direction, considering that a complete removal of one com-
ponent material in these composite structures may be difficult or possi-
bly introduces changes in magnetic moments of other components.
Accordingly, there will be many open questions, for instance, how to
understand the dynamic electron diffraction effects in such systems and
how under the crystal the upper one affects the EMCD signal of each
other. Actually, there have been reports of EMCD signals acquired on
similar models, i.e., plane-view TEM samples of Fe thin films with
GaAs1 and MgO5,6 substrates, while there is little discussion about the
influence of substrate underlayers on the dichroic signal of the Fe film.

In this letter, we performed EMCD experiments on a plane-view
sample of a single-crystalline iron thin film on MgO(001) substrates.
EMCD signals of Fe-L2;3 edges were acquired at two different areas
where the electron beam passed through the same thickness of the iron
layer but a different thickness of the MgO underlayer. Comparisons
were made on the EMCD signals and the corresponding orbital to spin
moment ratios of Fe 3d moment between the two areas. The influence
of the MgO underlayer on the EMCD of the magnetic iron layer was
discussed.

An iron thin film was deposited on aMgO (001) single crystal sub-
strate via pulsed-laser deposition. Cross-sectional and plane-view TEM
specimens were prepared with conventional methods including
mechanical thinning (MultipreTM system) and Arþ ion-beam milling
(PIPS-Gatan). The plane-view one, for instance, was first polished from
the MgO substrate side until 10lm and then milled from the same side
to achieve electron transparency. TEM experiments were performed at
room temperature on a Tecnai F20 microscope operating at 200 kV fit-
ted with a postcolumn energy filter (Gatan GIF Quantum). The thick-
ness uniformity and crystal structure of the iron layer were checked by
bright field and high resolution TEM in the cross-sectional sample.
EELS and EMCD experiments were performed on the plane-view sam-
ple. It should be noted that the plane-view sample was intentionally
installed on the TEM holder in a way that the electron beam can first
pass through the iron layer and then MgO under it. The ferromagnetic
iron layer of the plane-view sample was constantly magnetized out-of-
plane, in the direction parallel to the electron beam, to saturation by a
magnetic field of 2T from the objective lens in TEM (see the magnetic
hysteresis curves in Fig. S1 in the supplementary material).

For EMCD experiments, a nearly parallel beam with a probe size
of around 200nm in diameter was used to illuminate the sample.
Diffraction patterns were obtained in the conventional selected area
electron diffraction (SAED) geometry. A 6ð110Þ three-beam diffrac-
tion condition was achieved by tilting the Fe crystal by 5 degrees from
the [001] zone axis. Two chiral positions, the symmetrical points on
the Thales circle passing through the transmission and Fe(110) Bragg
spots, were successively selected by the objective aperture. Accordingly,
two EELS signals at Fe-L2;3 edges included in the energy range from
650 eV to 854 eV were recorded, and normalization of the two signals
was performed by aligning the integrate values under them in the range
from 760 eV to 800 eV. Orbital to spin moment ratios of iron along the
electron beam axis were extracted from EMCD signals, which are the
difference of the two EELS signals, with EMCD Sum Rules3 using
Matlab. Statistical results were obtained by repeatedly acquiring

EMCD signals at the same experimental condition. More detailed
information about the principle and experimental setups of EMCD are
presented in Fig. S2 in the supplementary material. Meanwhile, low-
loss EELS spectra were also acquired without any objective aperture,
for checking the relative thickness t=k of the observed area and the
plasmon scattering, where t is the local thickness and k is the mean
free inelastic path of the electron. The same experimental process was
applied to two different areas, and their experimental results were com-
pared with each other and also with the theoretical result simulated
with a program demonstrated in Ref. 20. This program, on the basis of
the simulation of elastic and inelastic electron scattering, can be used to
simulate the dependence of the relative EMCD signal of the single-
crystalline sample on various experimental parameters such as sample
tilt and sample thickness.20

Figure 1(a) presents a bright field TEM image of the cross section
Fe/MgO(001) sample observed from the MgO [010] zone axis. The
thickness of the iron layer is quite uniform, which is measured to be
15nm. The SAED pattern of the area in the dashed circle of Fig. 1(a) is
presented in Fig. 1(b), indicating that the iron layer is single crystalline
and its epitaxial relationship with the MgO substrate is Fe[110](001)//
MgO[100](001). A high resolution TEM image of the Fe/MgO inter-
face in Fig. 1(c) verifies that the iron layer was well epitaxially grown
on the substrate. In this image, only Fe(110) lattice planes are resolved
for the iron layer and both MgO(002) and (200) planes are resolved
for the substrate. The Fe(110) interplanar spacing is measured to be

FIG. 1. (a) A bright field TEM image of the cross-sectional iron thin film on the
MgO(001) substrate along the MgO[010]//Fe[1�10] zone axis. (b) The diffraction pat-
tern of the area in the dashed circle in (a). (c) The high resolution TEM image of
the area in the dotted square in (a).
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dFeð110Þ ¼ 0.2028nm,21 about 4% smaller than the MgO(002) interpla-
nar spacing of dMgOð200Þ ¼ 0.2110nm.22 The tensile stress of MgO on
the Fe lattices has been released at the interface through the lattice mis-
match dislocations, which introduce the contrasts indicated by white
arrows in Fig. 1(c). Additionally, there is interdiffusion of Fe atoms
into the MgO substrate, in the variation of �3.5% along the interface.
More information on the interface can be seen in Fig. S3 in the supple-
mentary material.

Figure 2 demonstrates the experimental results of electron diffrac-
tion and low-loss EELS on the plane-view sample of Fe/MgO(001).
Figure 2(a) shows a conventional low-magnification TEM image. The
areas of about 200nm in diameter in the two circles marked as A and
B are selected to be observed. Area A is closer to the vacuum area than
area B. The curvilinear contrasts that are most obvious near the vac-
uum are bend contours, and the areas in A and B are considered as flat
without bending. Figure 2(b) compares the low-loss EELS spectra
acquired at the two areas. Their zero-loss peak intensities have been
normalized to 1 and centered at 0 eV. Both spectra show plasmon
peaks approximately at the energy loss of 22 eV with the full width at
half maximum above 18 eV, while the peak height for area B is 45%
larger than that for area A. Determined with a log-ratio method23 from
the low-loss spectra intensity, the thickness t ¼ 1:02k of area B is
larger than t ¼ 0:59k of area A. The absolute values of the thickness in
areas A and B are estimated to be around 60nm and 100nm. Figs. 2(c)
and 2(d) show the corresponding diffraction patterns acquired at areas
A and B along the zone axis of Fe[001]//MgO[001]. It can be seen that
two sets of diffraction spots are resolved in both Figs. 2(c) and 2(d).

We index the patterns and ensure that one set of spots marked by yel-
low arrows are from the body-centered cubic (bcc) Fe crystal, and the
other ones marked by green arrows are from face-centered cubic (fcc)
MgO. The distances from spot Fe(110) and MgO(200) to the transmis-
sion spot 0 have a �4% difference, so as the distance from Feð1�10Þ
and MgO(002). It agrees with the difference of dFeð110Þ and dMgOð200Þ
interplanar spacings mentioned above. Thus, we ensure that areas A
and B are double-layer structures of Fe and MgO, and the Fe lattice is
relaxed on MgO. Now, we can say that there is a 15-nm-thick single-
crystalline bcc Fe thin film with single-crystalline fcc MgO underlayers
presenting in the electron beam path in both areas A and B, and the
MgO layer is relatively thinner in area A, as sketched in Fig. 2(e).

Before demonstrating the experimental EMCD results of the two
areas, Fig. 3(b) shows the simulated thickness-dependent relative
dichroic signal for a bcc Fe crystal orientated in a 6ð110Þ three-beam

FIG. 2. (a) A conventional low-magnification TEM image of the Fe/MgO(001)
plane-view sample, in which area A and area B are marked with blue and red
circles, respectively. (b) The low-loss EELS spectra of area A and area B with the
zero-loss peak normalized to 1 and centered at 0 eV; the diffraction pattern
acquired in (c) area A and (d) area B along the MgO(001)//Fe(001) zone axis and
the yellow and green arrows indicate the diffraction spots of Fe and MgO, respec-
tively. (e) A sketch to demonstrate the difference of areas A and B in the relative
thickness of Fe and MgO crystals along the electron beam.

FIG. 3. (a) A sketch of the chiral positions in the diffraction plane. (b) The simulated
relative dichroic signal of Fe-L3 changing with the thickness of Fe in the 6ð110Þ
three-beam condition; the typical EELS and EMCD spectra (before the plural scat-
tering removed) measured in (c) area A and (d) area B, and the shadow areas indi-
cate the normalization region.
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condition as shown in Fig. 3(a). The relative dichroic signal here is
defined as the difference divided by the sum of the two chiral EELS
spectra. We can see that the relative signal intensity fluctuates with the
thickness of the Fe crystal due to dynamic electron diffraction effects,
and the intensity is as high as 11.5% at the thickness of 15 nm which is
the thickness of our magnetic iron film. It should be noted that the
thickness in Fig. 3(b) does not include the thickness of other crystals
as underlayers but only for the magnetic iron layer.

Typical experimental EELS and EMCD signals at Fe-L2,3 edges of
areas A and B are shown in Figs. 3(c) and 3(d). It can be seen in both
(c) and (d) that the two EELS spectra acquired at chiral positions show
an intensity difference at the Fe-L3 and Fe-L2 edges, and the EMCD
signals have opposite signs at the two edges. The noise level of the
EMCD spectra, defined by the standard deviation of the EMCD signal
in the pre-edge energy range divided by the average intensity of two
EELS spectra at the Fe-L3 peak, is 0.6% for area A and 1.0% for B. The
relative dichroic signal intensity at the Fe-L3 edge is measured to be
3:8%6 1:0% for area A and 3:5%6 1:6% for area B. The error bar is
determined from several EMCD spectra repeatedly acquired at the
same area in the same experiment condition. Both experimental values
are smaller than the theoretical value of 11.5%. Actually, this discrep-
ancy in similar material systems is generally presented in the literature.
For instance, in Ref. 1, the value for a 10-nm-thick Fe thin film on the
GaAs substrate of unknown thickness is measured to be 3.5% (follow-
ing our definition of the relative dichroic signal), smaller than its theo-
retical value of 16.1%. Another experimental value is about 3.7% in
Ref. 5 for a 10-nm-thick Fe thin film on the MgO substrate of
unknown thickness in a similar 6ð110Þ three-beam condition as in
our experiment. The information of the substrate thickness is not pro-
vided and discussed in these references. There are several possible
causes of the relatively small experimental dichroic signal. First, the
integration of the signal over the finite spectrometer entrance aperture
and the nonzero convergence angle reduces the dichroic effect.1

Second, the electron beam passed through two phases which are bcc Fe
and fcc GaAs or MgO. Their interface with imperfect dislocations and
the difference in their lattice parameters make the real dynamic diffrac-
tion condition much different from the ideal condition assumed in the
simulation and thus change the relative dichroic signal.

When comparing the two experimental values, no significant dif-
ference of the relative dichroic signal at the Fe-L3 edge for areas A and
B is observed, given a 0.4% difference in their noise levels of EMCD
signals and 0.6% difference in their error ranges. However, the EMCD
signal intensity at the Fe-L2 edge peak is 77.6% lower for area B.
Accordingly, the mL=ms ratio of Fe 3d moment calculated from the
EMCD signals with EMCD sum rules is determined to be 0:1160:02
for area A with t ¼ 0:59k and 0:2460:03 for area B with t ¼ 1:02k.
The mL=ms value for area B is 118% larger than the value for area A,
and both values are larger than 0.09 which is measured from a similar
bcc iron layer with a thickness of t ¼ 0:23k without the presence of
the MgO substrate in Ref. 24. One cause of the discrepancy between
the values for areas A and B may be the difference in plural scattering.
In Figs. 3(c) and 3(d), we can easily see that the EELS spectra after the
Fe-L2 edge have higher intensity for area B and especially the peak at
the energy of around 730 eV which is in accordance with the plasmon
peak at 22 eV. Actually, the plasmon scattering has influence on the
dichroic signal.24 For instance, it has been derived in Ref. 24 that the
plural scattering has little influence on the dichroic signal intensity at

the Fe-L3 edge but noticeably decreases the one at the Fe-L2 edge for
bcc Fe, thus increasing the measured mL=ms ratio of Fe 3d moment.
After removing the plasmon scattering by deconvoluting EELS spectra
in Figs. 3(c) and 3(d) by low-loss EELS spectra in Fig. 2(b), themL=ms

ratio is 0:086 0:02 for area A with t ¼ 0:59k and 0:136 0:03 for
area B with t ¼ 1:02k. The mL=ms value for area B is still 63% larger
than the value for area A. Given the same thickness of the magnetic
iron layer with saturated magnetization for the two areas, we confirm
that the presence and the thickness variation of the MgO underlayer
have a significant influence on the dichroic signal of the iron film and
the extracted mL=ms ratio of Fe 3d moment. A larger underlayer
thickness may results in higher valuation of the mL=ms ratio. The
results are contrary to the common understanding of the known
EMCD sum rules, in which the dynamic diffraction effects and the
intrinsic magnetism are two independent factors to influence the
dichroic signal intensity, and the value ofmL=ms does not change with
any variation of diffraction conditions. As to the cause of the contra-
dictory, the possibility of different intrinsic magnetism for the two
areas has been carefully ruled out by our previous discussion, and the
dynamic electron diffractions for the case of double layers in the elec-
tron beam path should be concerned. It is possibly due to that the dif-
ferent influences of the dynamic diffractions in MgO underlayers of
different thicknesses and the influence of the imperfect Fe/MgO inter-
face on the intensity of Fe-L3 and L2 edges have not been taken into
consideration in the known sum rules. An investigation of a relative
correction method is in demand.

In summary, we investigated the EMCD signal of a 15-nm-
thick magnetic iron film with a MgO substrate underlayer in the
electron beam path. Two areas, t ¼ 0:59k and t ¼ 1:02k respec-
tively, with the same thickness of iron but different thicknesses of
MgO were selected and carefully checked with electron diffraction
and low-loss EELS. The relative dichroic signals at the Fe-L3 edge
for the two selected areas present no significant difference within
the error range, while they are more than three times smaller than
the theoretical value that is simulated on a single-crystalline
15-nm-thick iron layer. In addition, the dichroic signal at the
Fe-L2 edge relative to the Fe-L3 edge is smaller for the area of t
¼ 1:02k with a thicker MgO underlayer, and, correspondingly, the
measured mL=ms ratio is 63% larger. We thus experimentally veri-
fied that the presence of the layer under a magnetic iron film can
affect the EMCD signal of iron and, more importantly, the
extracted mL=ms ratio of Fe 3d moments, in a way that a larger
underlayer thickness may result in higher valuation of the mL=ms

ratio. Our work provides important reference information for the
potential application of the EMCD technique to composite nano-
material systems.

See the supplementary material for the schematic diagram of the
EMCD experimental setups, the magnetic hysteresis loops of our Fe/
MgO(001) sample, and the elemental map at its interface.
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