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Electron magnetic circular dichroism opens a new door to explore magnetic properties by transmitted electrons in the
transmission electron microscope. However, obtaining quantitative magnetic parameters, such as spin and orbital magnetic
moment with element-specificity, goes a long way along with the development and improvement of this technique both
in theoretical and experimental aspects. In this review, we will give a detailed description of the quantitative electron
magnetic circular dichroism (EMCD) technique to measure magnetic parameters with spin-specificity, element-specificity,
site-specificity, and orbital-spin-specificity. The discussion completely contains the procedures from raw experimental data
acquisition to final magnetic parameters, together with the related custom code we have developed.

Keywords: quantitative electron magnetic circular dichroism (EMCD) technique, dynamical diffraction ef-

fects, spin and orbital magnetic moment
PACS: 68.37.Lp, 61.05.jd, 07.55.Jg

1. Introduction

The newly developed techniques in the modern advanced
transmission electron microscope (TEM) aim to reach the ul-
timate limitation of spatial resolution and energy resolution
to resolve the subtle details and fine changes of atomic struc-
ture, chemical composition, and electronic structure. How-
ever, magnetic information is usually rarely explored to keep
pace with these rapid developments because of the limited
magnetic characterization techniques throughout the history
of this field in the TEM. Overall, several magnetic imaging
techniques are involved, namely Lorentz microscopy, off-axis
electron holography, and differential phase contrast.!-?! There
is no denying that they have provided plenty of magnetic infor-
mation in different ways. Still, the pursuit of new techniques
with much higher spatial resolution and more detailed mag-
netic information has never stopped though it is developing
slowly.

In 2006, Schattschneider et al.'! for the first time demon-
strated that an electron magnetic circular dichroism (EMCD)
signal can be detected in the TEM by transmitted electrons af-
ter his proposal of using electron energy-loss spectra (EELS)
based on specific diffraction geometry in 2003, which is
reported as the EMCD technique. As a counterpart of x-ray
magnetic circular dichroism (XMCD),>%! based on the trans-
mitted electrons instead of the expensive synchrotron radia-
tion source, EMCD provides the same magnetic parameters
with element specificity. Paired with the complementary ana-
lytical methods for crystallographic, electronic, and chemical
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information at atomic scale in modern advanced TEM, EMCD
has become a new powerful technique for the comprehensive
study of magnetic materials at nanometer scale in recent years.

EMCD differs from previous magnetic characterization
methods in the TEM as it is presented as a spectroscopy
technique. It provides a new insight of magnetic measure-
ment in the following three aspects. Firstly, it is the same
as XMCD with both element specificity and spin specificity,
which is an advantage comparing with these phase contrast
based on magnetic imaging techniques that are bulk sensitive.
The element with different spin orientation has definitely re-
solved a deeper understanding of magnetic behaviors. Sec-
ondly, EMCD provides intrinsic magnetic parameters, spin
and orbital magnetic moment, as it can directly probe the spin
characters of electrons. Note that phase contrast methods re-
ply on the phase shift caused by magnetic potential, which
is an assemble of spin electrons with interaction. Finally,
the new record of spatial resolution for EMCD has just been
broken from ~ 1 nm!”! to atomic-plane resolution by in-
troducing the chromatic-aberration-corrected TEM!! or us-
ing the beam-shift EMCD technique.!'!! This record for the
former one should be the best one among reported results
for all magnetic characterization techniques in the TEM.!?]
In addition, EMCD is still being developed now and new
achievements have already been made, such as EMCD for
polycrystalline,'?! in-plane EMCD technique, 3! and EMCD
in Lorentz mode.!'*!> Along with these characteristics and
advantages, one of the most challenging and attractive issues
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for EMCD is to obtain reliable quantitative magnetic param-
eters at nanometer scale, that is the quantitative EMCD tech-
nique and the main topic of the present review.

However, EMCD is actually a complicated technique be-
cause of its electron-based detection source, additional strict
requirements according to its basic principle, etc. Even so,
lots of efforts have been devoted to promote the development
of the EMCD technique both in theoretical and experimental
aspects in past years, such as the improvements of spatial res-
olution and signal-noise-ratio (SNR),!”--16-17 the fundamen-

[18-22] and quantitative measure-

tal understanding of its theory
ments of spin and orbital magnetic moments with element-
specificity and site-specificity.[>>”1 Concerning the topic of
this review, we summarize these issues for quantitative EMCD
magnetic measurement as follows. First of all is the dynam-
ical diffraction effects. In the periodic crystal structure, the
incoming electron wave function becomes a superposition of
Bloch waves, and dynamical diffraction effects become quite
remarkable to affect the intensity and distribution of EMCD
signal in the diffraction plane.?’:?%2%! In addition, it leads to
additional coefficients in the sum rules, complicating the quan-
titative EMCD technique.?”) As the crystal serves as a beam
splitter to create the chiral EELS signal, monocrystalline of
the probed area, and dynamical diffraction effects are unavoid-
able. The second one is the strict diffraction geometry, which
is critical to provide the conjugate positions for signal acqui-
sition. The diffraction geometry is limited to the systematical
reflection condition, such as two-beam and three-beam cases,
and extended to zone axis now."*’! Besides, the asymmetry of
different diffraction geometries and its influence on the quan-

Magnetic materials

. Structure analysis

General routine to
seek proper dynamical
diffraction conditions

. Code for simulation (BW+Matlab)

Intrinsic MCD signals

&

titative magnetic measurement has already been discussed,
which refers to the accuracy of quantification.[?32%-31-33] The
third one is the notoriously low intensity and SNR of EMCD
signals. A high-quality signal leads to highly reliable quanti-
tative measurements. Optimizing experimental conditions and
improving SNR will be of significant benefit to quantitative
EMCD technique. The last but not the least should be the com-
plex and tedious data processing and signal extraction. There
are some pitfalls here and much attention should be paid to
minimize the errors.

In this review, we will give a detailed description of pro-
cedures on quantitative EMCD magnetic measurement, along
with the custom code we have developed to simulate dynam-
ical coefficients, process the raw data, extract intrinsic mag-
netic chiral dichroism signals, and calculate magnetic param-
eters and errors. The flowchart is displayed in Fig. 1. The ex-
ample of Y3zFesO1, (YIG) is taken for demonstration here. In
the second part, the theory of dynamical diffraction effects and
EMCD is shortly presented to help understand the calculation
principles of dynamical coefficients. In the third part, the key
points for experimental signal acquisition and raw data pro-
cessing are introduced to obtain initially experimental EMCD
signals. In the fourth part, together with the calculated dy-
namical coefficients and pre-processed experimental EMCD
signals, the intrinsic MCD signals free from dynamical diffrac-
tion effects are extracted. In the fifth part, the magnetic param-
eters with error analysis are calculated based on the sum rules.
Finally, the conclusion is drawn to summarize the quantitative
EMCD technique and an outlook is given.

Sum rules

l Multivariate statistical Analysis (custom Matlab code)

signals acquisition

data processing
(custom Matlab code)

. TEM with EELS spectrometer

Experimental design
and optimization

(asymmetry; detector
positions; SNR)

Fig. 1. (color online) The flowchart of quantitative EMCD technique.

2. Simulating dynamical coefficients

The experimental EMCD signal suffers from dynamical
diffraction effects, thus the quantitative relationship between
EMCD and dynamical diffraction theory should be established

to calculate the dynamical coefficients for the extraction of
intrinsic MCD signals. In this part, the basic theory will be
introduced first. Then, the input/output parameters of the cus-

tom code for calculating dynamical coefficients will be dis-
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cussed, taking the example of YIG under different experimen-
tal diffraction conditions.

2.1. Basic theory

The EMCD signal contains two EELS spectra from con-
jugate positons. The theory of dynamical diffraction effects
and the EMCD technique has been established over the past
few years. Two parts are involved: dynamical diffraction ef-
fects and mixed dynamic form factors (MDFFs). The details
can be found in Refs. [18] and [19]. Based on their theory, the
final double differential scattering cross-section (DDSCS) at
opposite chiral positions of ‘+’ and ‘-’ in the diffraction plane

are given by our group as follows: 2423

2
<89E&<’Q)i = Y [u (E)+ u_(E) + o(E)la
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Y is generally a product of Bloch coefficients corresponding
to a certain diffraction condition, and 7 is a thickness de-
pendent function. The specific expressions can be found in
Refs. [17], [18], [24], and [25]. ¢ is the momentum transfer.
Variables ¢, 4 and po can be treated as the x-ray absorption
spectra (XAS) for incident photons with left circular polar-
izations, right circular polarizations and linearly polarizations
parallel to the wave vector direction, respectively.

Here we denote i (E)+ u—(E)+ Ho(E) as the isotropic
signal and .y (E) — u—(E) as the magnetic signal, which can

18191 and will not

be calculated by atomic multiplet theory!
be discussed here. Then, we define the terms of momentum-
transfers and dynamical diffraction coefficients as the weight-

ing factors for intrinsic signal. The simplified formula is, >

1
Spectra, = 3 Z [on (s + p- + po) £ ay(uy —p-)], (3)

u

where
2« Il T Ay 9l .
a=3 Y e T xRe(Ayy), (4)
bt 9°q
/ /
Dy = D (0o
au = Z : )2 /2y xel(q q) XIm(Aq,q’)a (5)
aqd 11

u represents the coordinates of different atoms at different po-
sitions in a unit cell. a, and a,, are the dynamical coefficients

to be calculated. Spectra; and Spectra_ are the EELS spec-
tra acquired from the symmetric positions in the diffraction
plane, respectively. The EMCD signal is the difference of the
two spectra,

EMCD = Spectra, — Spectra_ = Zau(u+ —u-).  (6)
u

2.2. Custom code for dynamical coefficients

Based on the theoretical frame described above, several
kinds of software have been developed, such as the Bloch
wave (BW) by Loffler et al., 36! the BW + Matlab code by our
group,?*231 and also the Modified Automatic Term Selection
(MATS) algorithm by Rusz et al.[37-381 In particular, the algo-
rithm for MATS is optimized to avoid summation of negligible
terms and to improve the calculation speed. Moreover, MATS
is able to deal with the case of convergent beam, e.g., in the
scanning TEM (STEM) mode, 8! rather than the assumption
of plane-wave illumination in the case of BW software. Here,
we will focus on the case of plane-wave illumination with our
own developed Matlab code together with the BW software.

The detailed expressions of dynamical coefficients are
presented in Egs. (4) and (5), so the first step is to obtain the
Bloch coefficients and momentum transfers under a certain
diffraction condition for a particular crystal structure. This
part is taken by the BW software, in which the input parame-
ters can be involved in one input file and the output file con-
tains the Bloch coefficients, elongations of the wave vector,
and momentum transfers in each point-like detection position.
One can refer to Ref. [36] for the software. In the input file,
these following parameters are involved: crystal structure with
atom positions and lattice parameters, accelerating voltage,
energy loss, sample thickness, detector positions, the selected
reflections being excited both for the incident and outgoing
beam, and the direction of incident beam or the orientation of
sample. The principle is to solve the dispersion function be-
fore and after energy loss under certain incoming and outgo-
ing conditions. The incoming condition is determined by the
orientation of crystal structure relative to incident beam. The
outgoing condition is determined by the detector positions.

After that, our custom Matlab code is used to calcu-
late dynamical coefficients based on Eqs. (4) and (5) through
the summation over each atomic position. This step is time
consuming with the increased number of incoming/outgoing
beams, which has already been optimized in Jan’s MATS al-
gorithm. Even so, our custom code with a small amount of
reflection basis can guarantee the convergence of dynamical
coefficients for the systematical case, such as the two-beam
or three-beam case.!*®! Finally, the dynamical coefficients for
nonmagnetic and magnetic components are obtained, which
will be used in Section 4.

2.3. An example of YIG

To present the characters of site specificity and spin speci-
ficity for the quantitative EMCD technique, it is better to
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choose the magnetic materials with the same element sited
at different crystallographic positions. Here, we take YIG as
an example. In addition, YIG has a very complex crystallo-
graphic and magnetic structure, and it is suitable to demon-
strate the generality of the quantitative EMCD technique. YIG
has a ferromagnetic and garnet structure. Yttrium ions are lo-
cated at the dodecahedral sites, and iron ions are located at
octahedral (oct) and tetrahedral (tet) sites, respectively. The
magnetic moments of octahedral and tetrahedral Fe ions are
antiparallel in alternate {111} planes. The magnetic structure
can be written as Y3[Fe3™, }loct[Fei ", 11eO12. The projec-
tion of the YIG unit cell along the [1-10] direction is shown
in Fig. 2(a) (not including oxygen atoms). The EMCD signals
for YIG can be expressed as

1
Spectra, = 2 [aoct(.u-+ +u_+ .uO)oct
+ Bret (Mt + 1+ Ho)ret]

1
+ E [aoct(u+ - .u—)oct + btet(“-&- - ,u—)tet] - (7)

Here, we choose three kinds of diffraction conditions to
meet the requirement of quantitative measurement for the en-
hancement of Fe at octahedral and tetrahedral sties, that is,
(4-44) three-beam and two-beam cases, 20g incident with (8-

-----

(-4-4-4) (000) (444) (444)

(000)

88) planes strongly excited, see Ref. [26] for details. The tilt
angle is about 9.4° to reach the (4-44) three-beam case from
the [1-10] zone axis. By tilting the incident beam further in the
perpendicular direction by ~ 0.3°, the (4-44) two-beam case is
obtained. The calculations are conducted under the systematic
reflections with the (incident/outgoing) 5/5 beams along the
reflections axis used. The accelerating voltage is set to 300 kV
and the thickness is 45 nm after the optimization as shown in
Fig. 2(b) at the maximum of relative intensity. The dynamical
coefficients of Qloet, Brets doct, and bocy are finally calculated for
each point-like detector position in the diffraction plane un-
der different diffraction conditions. The simulated distribution
of the relative intensity of the EMCD signal under these three
diffraction conditions is shown in Fig. 2(c)-2(e). The relative
intensity of EMCD signals for Fe is defined with the combina-
tion of dynamical coefficients as follows:

Spectra, — Spectra_

Spectra, + Spectra_
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atet(.u+ +u-+ ,uO)tet + ﬁoct(ll-J- + U+ IJO)oct
Aiet — Doct (,u+ — U )Fe
Olier + Boct (IJ+ +u-—+ .UO)Fe ’

®)

E .5 .
2 059(b) total EMCD
’g% 0.4 tet Fe
= oct Fe

= 0.3

&

&

& 024

o

Z 014

o 00D

=

g -0.14

R

o -0.2

£

= -03

=

—T— T T T TT
0 20 40 60 80 100 120 140 160 180 200
Thickness/nm
106

{04

0.2

-0.4

06

(888)  (444)

(000)

Fig. 2. (color online) Simulated dynamical coefficients of YIG. (a) Crystal structure of YIG along the [1-10] direction. (b) Simulated
thickness dependent EMCD signals under (444) two-beam case. (c) and (d) Simulated EMCD signals with (4-44) planes strongly
excited under two-beam and three-beam case. (e) Simulated EMCD signals with (8-88) planes strongly excited. The circles represent
the detector positions with strong intensity of EMCD signals for high SNR (from Ref. [26], Figs. 1 and 2).

3. Experimental signal acquisition and data
analysis

In the EMCD experiment, we take two EELSs at partic-
ular positions in the diffraction plane and the EMCD signal is
the difference of these two EELS spectra. The simulated distri-

bution of EMCD signals in the diffraction plane under certain
diffraction conditions will provide a practical guide to acquire
an EMCD signal with high intensity and SNR. In this part, we
will talk about some key points in the EMCD experiments and

data processing procedures to get EMCD signals.
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3.1. Key points in experiments

EMCD is based on critical diffraction geometry, thus the
accurate diffraction condition is the determinant precondition.
The Kikuchi lines are firstly used to tune the orientation close
to the expected orientation. For fine alignment, beam tilt is
often much more effective. The diffraction pattern should be
checked before and after the signal acquisition to make sure
that the diffraction conditions are not changed during the ex-
periments, which might be caused by sample drift or damage.
The sample thickness plays a decisive role and the larger thick-
ness generally will lead to a less obvious or even disappearing
EMCD signal. The optimized thickness can be deduced from
simulations as mentioned in Section 2. It is better to roughly
estimate the thickness using the low loss EELS before EMCD
measurement. The probe area with high crystallinity is neces-
sary and the damaged or amorphous area will not conform to
the standard that the crystal serves as a beam splitter.

Plus position (b)

& (444)

-

1(000)

The EMCD signals are acquired at two conjugate posi-
tions, so the detector positions are very strict. The objective
aperture (OA) or entrance aperture (EA) of the gatan image
filter (GIF) system can be used to select the chiral positions as
shown in Fig. 3. Empirically, it is better to shift the diffrac-
tion pattern with respect to the fixed positions of OA or EA.
Many guided lines are plotted on the computer screen to locate
the positions accurately and quickly. It was reported ! that a
software Loopy can be used to set, store, and recall the desired
detector positions within milliseconds, which will effectively
help to further save the experimental time. The diffraction pat-
tern together with detector positions should be recorded as it
will be used later to extract the corresponding dynamical coef-
ficients. The collection angle is determined both by the camera
length and entrance aperture. The certain collection angle is
chosen based on the simulated distribution of EMCD signals
in the diffraction pattern.

Minus position

Plus EELS

(d) Minus EELS

Fig. 3. (color online) Experimental setup for chiral EELS signals. (a) and (b) Energy-filtered diffraction pattern for (444) two-beam
case. The white circles represent the fixed position of entrance aperture of the GIF system. The rectangles are used to locate the relative
positions between entrance aperture and diffraction pattern. (c) and (d) The corresponding chiral EELS signals with the acquisition

time of 5 s.

For the detector positions, the asymmetry has already
been emphasized before both in the signal acquisition and
quantitative measurement.”>! To meet the requirement of
symmetry, the dynamical coefficients for nonmagnetic signals
should be equal for the ‘+’ and ‘—’ positons to make sure that
the nonmagnetic signals are canceled out for pure EMCD sig-

nals. Then the magnitude of asymmetry is defined as the rel-

ative error of dynamical coefficients for nonmagnetic compo-

nents,

oy — o
oy +o’

®

asymmetry =

where o and o_ are the dynamical coefficients. The distri-

bution of asymmetry for three kinds of diffraction geometry is
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shown in Fig. 4 ((a) for the three-beam case, (b) for the two-
beam case, and (c) for 26y incident). The areas with small
value represent better cancelation of the nonmagnetic part and

£30.15
0.1
- 10.05
0
-0.05
-0.1
-0.15

(-4-4-4)  (000)  (444)

(444)

a purer EMCD signal. The detector positions with strong in-
tensity and negligible asymmetry are selected in the experi-

ments.

[10.15 [ 1015

0. : 0.1

10.05 0.05
0 0
-0.05 -0.05
0.1 0.1
-0.15 -0.15

(000) (888) (444) (000)

Fig. 4. (color online) Distribution of asymmetry for nonmagnetic component in the diffraction plane. (a), (b), and (c) are corresponding
to the diffraction geometry of three-beam, two-beam, and 26p incident in Fig. 2, respectively, (from Ref. [26], Fig. S4).

3.2. Data processing for experimental EMCD signals

After the EMCD experiments, we have only got the raw
data of paired EELS. First of all, energy calibration should be
done for all the spectra. If the dual EELS GIF system is avail-
able, it is easy to do the calibration with respect to the low
loss peak. Otherwise, the oxygen pre-edge or the onset of L3
edge of Fe is used. After that, the following whole processing
procedures are displayed in Fig. 5.

For each group of data, the plus and minus EELS should
be firstly processed with pre-edge background subtraction.
The backgrounds for the original EEL spectra at ‘+’ and ‘-’
EEL spectra are fitted in the pre-edge region following the
power-law function of AE™", in which E represents the energy
loss, A and r are the fitting parameters. Then the subtracted
edges for the ‘+” and ‘-~ spectra are shown in Fig. 5(a).

The plural scattering will also influence the measurement
of magnetic parameters.[*?! The removal of plural scattering
for ‘+” and ‘-’ background-subtracted edges is conducted in
the Digital Micrograph software or our custom Matlab code
using the Fourier-ratio deconvolution with a zero-loss modi-
fier function*! as shown in Fig. 5(b). The deconvolution is

necessary as it will largely influence the relative intensity of
L, edge when the sample is thicker, making the EMCD sig-
nals of the L, edge invisible. A detailed interpretation can be
found in Ref. [40].

Although the ‘+’ and ‘—” EELS spectra are acquired at
the same conditions, such as acquisition time and collection
angle, a slight variation of intensity exists and should be re-
moved. At last, the ‘+’ and ‘—” deconvoluted edges are normal-
ized by the integration of the intensity in a post-edge window
between 50 eV and 100 eV after the onset energy of the L3
edge to against the effects of asymmetry, based on an assump-
tion that in the post-edge region the magnetic signal is negli-
gible and only non-magnetic spectral components remain. By
subtracting the two spectra, the EMCD signal is obtained in
Fig. 5(c). Smooth Spectra is not recommended for the quan-
titative EMCD technique as it will introduce artifacts espe-
cially when the signal is very noisy. It is beneficial to improve
the SNR with the increase of data volume. The processed
EMCD signals for YIG under different diffraction conditions

are shown in Fig. 6.
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Fig. 5. (color online) Data processing procedures of EMCD spectra. (a) Pre-edge background subtraction. (b) Removal of plural
scattering and post-edge normalization. (c) Experimental ‘+’, ‘=’, and EMCD spectra (from Ref. [24], Fig. S9).
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Fig. 6. (color online) Experimental EMCD signals of Fe element in YIG under different diffraction conditions. (a) and (b) are the EMCD
signals from two-beam and three-beam cases, respectively. (c) and (d) are the EMCD signals with the octahedral and tetrahedral Fe enhanced
under the incident angle of 26g, respectively. The schematic drawings in each figure briefly show the diffraction geometry and the blue circles

represent the positions of entrance aperture (from Ref. [26], Fig. 3).

4. Extracting intrinsic magnetic signals

The experimental EMCD signals still contain the dynam-
ical coefficients and only the ratio of orbital and spin magnetic
moment can be obtained based on the EMCD sum rules. To
extract the intrinsic MCD signals for spin and orbital mag-
netic moment separately, the further processing is necessary.
In addition, due to the low SNR of EMCD signals, plenty of
datasets should be taken to improve the accuracy of quantita-
tive magnetic measurement. The lowest SNR and standard of
data volume are not evaluated here. This is because the exper-
iments here are conducted in the TEM mode. The line or area
scanning of EMCD signals in the STEM mode is required to
discuss these issues, in which case the signals with different
SNR can be extracted from the datasets. This part should be
quantitatively discussed in the future. Therefore, normaliza-
tion of all datasets and statistical methods are introduced in
this part.

4.1. Normalization

A series of experimental EMCD spectra will be acquired
with different intensities at different positions. It is obvious
that signals with different intensities will lead to an inconsis-
tent SNR. Therefore, it is better to keep the total intensity at the
same level. To put them together the normalization is needed.
Note that the normalization here is different from the post edge
normalization for EMCD signals above. Based on Eq. (7),
the experimental isotropic spectra (Spectra;+Spectra_); and

EMCD spectra (Spectra  —Spectra_ ); are deduced as follows,

(Spectra, + Spectra_);
= wilog(Uy + 1+ Ho)oct Fe + Bi(lt + M- + Ho)etFe], (10)
(Spectra, — Spectra_);

= w; [a,'(,ll+ - uf)octfe + bi(“Jr - .uf)tctfe}y (1 1)

where w; is the parameter related to an individual EMCD ex-
perimental measurement, which should be normalized among
different measurements. By integrating Eq. (10) over the L3
and L, edge of Fe,

N, = / (Spectra, + Spectra_);dE

Ly+1L3

—wile+B) [ (et potpo)RdE. (1)
Ly+L3
The normalization factor w; is expressed as
N;

— . 13
(0 + B J (s + i ¥ fo)po 4B )

wi

For each group, the integration over a certain energy range for
(Spectra +Spectra_); (N;) can be calculated after the removal
of fitted background with a double step function. At last, by
substituting Egs. (12) and (13) to Eq. (11), the final EMCD

signals are expressed as,

(Spectra, — Spectra_);
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Nia; (Mg — U)ot Fe

- a; + ﬁi f (.u+ + U+ ﬂO)ocl,Fe
L2+L3

Nib; (M4 — 1 )tet Fe

o+ Bi f (‘u+ + U+ /JO)tet,Fe )
Lr+L3

(14)

(Spectra —Spectra_ ) are the processed EMCD signals in Sec-
tion 3. N; is the integration of isotropic signal. Along with the
calculated dynamical coefficients in Section 2, the required pa-
rameters in Eq. (14) are all determined. The intrinsic isotropic
signal is still involved in the formula as it also appears in the
sum rules (see below). The dynamical coefficients (including
isotropic and anisotropic) here together with the normaliza-
tion factors become the new weighting factors. Note that the
dynamical coefficients here are obtained by averaging all the
values falling into the detector. Our custom Matlab code is
able to conduct this step by correlating the detector positions
in the experimental diffraction plane with simulated distribu-
tions, in which the positions of diffraction spots and diameter
of aperture should be provided. These data can be manually
extracted from the recorded experimental diffraction pattern in
Section 3. The mesh grid for the diffraction plane in the sim-
ulation is usually set at 0.2-0.25 mrad per pixel to guarantee
the accuracy and calculation speed.

4.2. Least square fitting for intrinsic signals

The matrix form of Eq. (14) can be written as!>**?]
D=WS"+E, (15)
where
Goctl biett

Oloct1 + Btetl Qoct] + Btetl

AoctN bretN

OloetN + BreN m

N is the number of spectra. The matrix D represents the ex-
perimental dataset of EMCD spectra divided by normaliza-
tion factor ;. The matrix S represents the intrinsic MCD
The matrix W is
composed of weighting factors, and E denotes the residual.

signal of octahedral and tetrahedral Fe.

Through the least square fitting method, the optimal matrix
ST can be solved by fitting the experimental data matrix D
to the best level for which the sum of the square of the el-
ements in matrix F is minimized. The optimal solution is
ST = (WTW)~!(WTD). The intrinsic MCD signals for oc-
tahedral and tetrahedral Fe of YIG are shown in Fig. 7. The op-
posite sign of EMCD signals for octahedral and tetrahedral Fe
indicates the antiferromagnetic coupling between them. For
crystal structure with only one crystallographic site, the case
becomes much more simple.

6000 —————7T———T1—

4000+

2000+

Intensity/arb. units
=
1

T . T ¥ T ¥ T . T .
700 710 720 730 740 750
Energy/eV

Fig. 7. (color online) Intrinsic EMCD signals for octahedral (black) and
tetrahedral (red) Fe of YIG (from Ref. [24], Fig. 4).

5. Magnetic parameters and error analysis

Now the intrinsic MCD signals free from dynamical
diffraction effects are obtained, similar to the XMCD signals.
Therefore, it is ready to apply the sum rules for magnetic pa-
rameters.

5.1. Sum rules

Here, we will talk about the sum rules first. The XMCD
technique has its own sum rules to get quantitative magnetic
parameters based on the experimental spectra,*>* while it
is not entirely suitable to EMCD, for which the dynamical
diffraction effects should be taken. In 2007, the analytical
form of sum rules for EMCD is derived and the quantitative
magnetic parameters, the ratio of spin, and the orbital moment
for the magnetic element are obtained after applying it to ex-
perimental results.>*2!1 The formula of EMCD sum rules is
similar to XMCD sum rules. However, it should be noted that
the orbital and spin magnetic moments are expressed explicitly
in terms of both experimental spectra and dynamical diffrac-
tion coefficients, which is not the same case in XMCD. The
sum rules used here are the formula of XMCD (Egs. (16) and
(17)). This is because the intrinsic signals are free from dy-
namical diffraction effects. The contribution of the magnetic-
dipole operator (T;) can be neglected for 3d metal. The inte-
gration energy ranges are 704 eV-717 eV for the Fe L3 edge,
and 717 eV-731 eV for the Fe L, edge here. The n;, values for
oct Fe and tet Fe are both chosen as 5 due to their 3d> elec-
tronic configurations, which is just an approximation value.

J(uy —p-)dE +Lf (M —p-)dE

Ls <LZ>
== 16
L.f (W + 4+ o) dE 2ny, (16)
2,3
—pu_)dE -2 —u_)dE
L{(m o) sz(m ) 208 T
Lf (s + 4+ po)dE © 3wy 3w
23

where (S.), (L;), (T.) are respectively the ground-state ex-
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pectation values of spin momentum, orbital momentum, and
magnetic-dipole operators. ny, is the number of d holes.

Applying the sum rules to the intrinsic MCD signals, the
magnetic parameters of YIG are obtained as listed in Table 1.
It is always better to compare some of these magnetic param-
eters with those from other techniques, which might help to
evaluate the accuracy of the EMCD technique. In contrast,
the EMCD technique not only shows the capability of solv-
ing magnetic structures, such as the ferromagnetic structure of
YIG, it also achieves very comprehensive magnetic informa-
tion. The characteristics, spin specificity, site specificity, el-
ement specificity, and orbital-spin-moment specificity are all
demonstrated here, which cannot be achieved by any single
magnetic characterization technique.

Table 1. Magnetic parameters of YIG.

Magnetic EMCD Neutron  First principle Macro
parameters diffraction  calculation = measurement
my/mg (oct) 0.0640.02
mp/mg (tet) 0.08+0.02

mpg(oct) 0.2840.03

my, (tet) 0.314+0.03

mg (oct) 4.5+0.2

mg (tet) 3.9+0.2

Mot 4.84+0.2 4.12
Miet 4.24+0.3 4.20
Miotar (unit cell)  3.0+0.7 3.1 4.36 33

Note: my,/mg refers to the ratio of orbital and spin magnetic moment
(my, is the orbital magnetic moment and mg is the spin magnetic moment).
Mot and Mg, are the total atomic magnetic moments (including the orbital and
spin magnetic moment) of oct and tet Fe in the units of ug per atom. Mgy
is the total magnetic moment for Y3FesOj; in a unit cell. (from Ref. [26],

Table 1).

5.2. Error analysis

The error analysis is necessary to evaluate the reliability
of quantitative measurement and the error bars from different
sources are given to help understand and improve the accu-
racy of the quantitative EMCD technique. The estimation of
these errors involves the deviations from data pre-processing,
the noise in EMCD spectra, the measurement of sample thick-
ness, and the calculations of theoretically obtained dynamical
coefficients. The total error is obtained by adding them to-
gether. We will give a respective discussion in the following.

For the data pre-processing, we have used different pre-
edge windows, low-loss spectra and normalization regions in
each step as discussed in section 3. It turns out that the errors
from data processing, including pre-edge background subtrac-
tion, removal of plural scattering, and post-edge normalizing,
are very small and their contributions are all negligible. There-
fore, the details are not presented here. The reason is that the
SNR for chiral EELS here is relatively high. The high counts

and thin sample in the EMCD experiment in the TEM mode
lead to a high signal-background ratio and weak multiple scat-
tering. However, this part should be re-considered if the SNRs
of EELS signals are very low, such as in the STEM mode or
others.

For the noise in EMCD spectra, the standard errors for the
magnetic parameters are calculated from a series of indepen-
dent pairs of EMCD spectra as shown in Table 2. The total er-
ror of my, /mg is almost totally contributed by this term, show-
ing the great importance of SNR for the quantitative EMCD
technique. Therefore, it is always helpful to obtain the my,/mg
from a large amount of data, such as in the EFDIF (energy fil-
tered diffraction) mode or STEM mode reported in Refs. [8],
[23], and [45]. Besides, the SNR also leads to a large error of
magnetic moments.

The measurement error of sample thickness is about
+1.7 nm determined by convergent beam electron diffraction
(CBED) and low-loss EELS. The dynamical coefficients cor-
responding to the thickness varying from 45.0 nm to 48.4 nm
(t = 46.7 nm) are calculated to give the error. However, its
influence on magnetic parameters is negligible, for the change
of dynamical coefficients in this range of thickness is very flat
as shown in Fig. 2(b).

The error of dynamical coefficients is difficult to be evalu-
ated. The possible uncertainties in the imprecise knowledge of
experimental dynamical diffraction conditions will undoubt-
edly contribute to the error of magnetic parameters. These
factors, such as the orientation of sample, detector positions,
convergence and collection angle, tilt angle from zone axis,
partial coherence of the incident beam, and the defects of the
sample, will contribute to the uncertainty of dynamical coeffi-
cients, while only some of them can be determined currently.
For example, the estimation for the positons of detector and
tilt angle is done here. The center of the detector is moved to
right and left with 0.1G4_44 along the systematic row with a
diameter of 0.5G4_44 under the two-beam case during the cal-
culations, which is close to the position of the collection aper-
ture in the experiments. The change of dynamical diffraction
coefficients is less than about 6.5%. For the tilt angle from the
[1-10] zone axis, we take the angles of 8.4°, 9.4°, and 10.4°
respectively to calculate the dynamical coefficients and the
variation is less than 3%. Therefore, the actual error should
be larger than 9.5%.
unknown. As they all have an effect on the dynamical coeffi-

However, the exact value is actually

cients during the quantitative measurement, we finally use the
20% random error of dynamical coefficients to estimate it (er-
rors in Table 2 take this case). Meanwhile, the random noise
with maximum of £10% and £5% are also used to estimate
the errors as shown in Table 3 for comparison. It is found that
the errors for magnetic parameters are very sensitive to the
value of random noise, especially the total magnetic moment.
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Table 2. Errors of different sources (from Ref. [26], Table S1).

Error source my/ms (oct Fe) my /ms (tet Fe) Moci Fe Miet Fe Mo /unit cell
Noise 0.021 0.017 0.11 0.15 0.33
Thickness 0.000 0.000 0.01 0.01 0.04
Dynamical coefficients (20%) 0.003 0.004 0.15 0.18 0.65
Total error (20%) 0.021 0.018 0.19 0.24 0.73
Calculated value 0.06 0.08 4.8 4.2 3.0

Table 3. Errors of dynamical coefficients with different random noise (from Ref. [26], Table S2).

Error sources my,/ms (oct Fe) my,/mg (tet Fe) Moct Fe Mt Fe Mioar/unit cell
Dynamical coefficients (20%) 0.003 0.004 0.15 0.18 0.65
Dynamical coefficients (10%) 0.001 0.001 0.11 0.07 0.27
Dynamical coefficients (5%) 0.001 0.001 0.05 0.02 0.10

Total error (20%) 0.021 0.018 0.19 0.24 0.73
Total error (10%) 0.021 0.017 0.15 0.17 0.43
Total error (5%) 0.021 0.017 0.12 0.15 0.35
Calculated value 0.06 0.08 4.8 4.2 3.0

That is to say, the quantitative EMCD technique is heavily
dependent on the simulation of dynamical diffraction effects.
It is obvious that the calculation of dynamical coefficients is
very complicated. Then it is impossible to obtain accurate dy-
namical coefficients due to the uncertainty discussed above.
Therefore, advanced statistical methods with specific physical
significance and boundary conditions, such as the multivariate
curve resolution (MCR)!3%4246] that has already been tested,
should be developed or combined together to solve these prob-
lems for further development of quantitative EMCD technique
in the future.

6. Conclusion and outlook

In this review, the detailed procedures for the quantitative
EMCD technique are presented taking the example of YIG.
The whole process can be summarized as follows: acquir-
ing experimental chiral EELS signals and pre-processing for
EMCD signals, simulating dynamical coefficients, extracting
intrinsic MCD signals, calculating magnetic parameters and
error analysis. The related custom code (QEMCD, quantita-
tive EMCD)[*7] can be divided into two parts: simulating dy-
namical diffraction effects by BW software and custom Matlab
code, and extracting intrinsic signals and magnetic parameters
by custom Matlab code, which can be required from the cor-
responding author Dong-Sheng Song. The magnetic parame-
ters, orbital and spin magnetic moment with spin specificity,
element specificity, site specificity, and orbital spin specificity
can finally be measured for magnetic materials with different
crystallographic structures.

However, there are still some issues of the quantitative
EMCD technique that should be addressed. The first one is the
low intensity and SNR of EMCD signals though it has already
been optimized by simulating the dynamical diffraction ef-
fects. With the XFEG electron gun and K2 camera with direct

electron detection installed on the EELS spectrometer, [47.48]
the SNR can be further greatly improved with extremely in-
creased source brightness and detection efficiency. Under the
current experimental conditions, the smallest total magnetic
moment per atom that has been quantitatively measured is

e.?”] To improve

0.5up to our best knowledge in the literatur
the detection sensitivity, the SNR and data volume are impor-
tant. The lower limit should be the error of magnetic moment,
which approaches 0.2up in Table 1. For fixed SNR, the in-
creased data volume might be helpful to reduce the errors,
thus the detection sensitivity. However, the actual lower limit
of detect sensitivity for the quantitative EMCD technique is
still unknown, which should be explored in the future. The
second one is that the spatial resolution here is around 50 nm
limited by the diameter of electron beam in the TEM mode.
The spatial resolution is determined by the experimental setup,
which is around 1 nm in the STEM mode!® and ~ 0.4 nm in
the chromatic-aberration-corrected TEM mode.!'”! However,
none of them have achieved the quantitative magnetic mea-
surement as shown in this review. For the STEM mode, the in-
creased complexity of dynamical diffraction effects makes dy-
namical coefficients much more uncertain. For atomic-plane-
resolved EMCD, the intensity and SNR are still low even with
the acquisition time of almost one hundred seconds. It is sup-
posed that these problems will be solved in the immediate fu-
ture with newly advanced facilities. The third problem is that
the quantitative EMCD technique is only available to materials
with collinearly magnetic structure. That is to say, it provides
the averaged magnetic parameters of the probe area. For these
non-collinearly complex magnetic systems, such as helix or
spin frustration, the magnetic moment varies in the real space.
Therefore, new methods need to be developed to cope with it
and much more rich magnetic information will be obtained to
understand the underlying mechanism of magnetic behaviors
from a new insight simultaneously.
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