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ABSTRACT: Magnetic  oxides host  rich spin-
orbit-coupled  phenomena  central  to  data
storage and quantum technologies, yet near-
atomic  quantification  of  their  spin  and  orbital
moments  remains  challenging,  obscuring
origins  of  phenomena.  Electron  magnetic
circular dichroism (EMCD) provides a unique
solution,  while  many  oxides  suffer  electron-
induced  valence  changes  that  corrupt
spectral  fidelity,  imposing  long-standing
limitations  on  high-resolution  moment
investigation.  On  a  widely-used  yet  beam-
irradiation-susceptible  oxide  CoFe2O4,  we
demonstrate  an  EMCD  methodology
addressing this challenge. First, a dose strategy tailoring the dose rate was proposed to preserve spectral fidelity. Second,
an optimized EMCD geometry with a joint-parameter post-processing (JPP) method and an artifact correction method was
developed to overcome the conflict between oxides’  low tolerance of electron dose and EMCD’s intrinsic demand of high
dose. An example statistical analysis demonstrated that JPP method reduced background-related error of Fe orbital-to-spin
ratio from 0.18 ± 0.04 to 0.12 ± 0.01, and the correction method further improved it to 0.065 ± 0.005, in high-resolution low-
dose cases. These developments enable simultaneous detection of reliable EMCD signal of Fe and Co in model CoFe2O4,
indicating the potential of revealing subtle variations in magnetic microstructures. Our methodology unlocks high-resolution
spin-orbit-coupling research in beam-sensitive magnetic oxides.
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 1    Introduction

Magnetic  oxides  have  long  been  of  great  interest  owing  to  their

diverse  physical  phenomena  and  significant  potential  in
applications  such  as  ultra-high-density  data  storage,
superconductivity,  and quantum computing [1−3].  Understanding
their  spin-orbit  coupling  is  key  to  unraveling  the  mechanisms
underlying magnetic phenomena such as the spin Hall effect [4, 5],
topological  states  [6, 7],  magnetic  anisotropy  [8, 9],  and
magnetoresistance  [10−12],  which  underpin  their  applications.
Electron  magnetic  circular  dichroism  (EMCD),  a  transmission
electron  microscopy  (TEM)  technique  based  on  momentum-
resolved  electron  energy-loss  spectroscopy  (q-EELS),  can  measure
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spin  and  orbital  moments  at  atomic  resolution  [13−15],  thus  has
emerged as a powerful tool for probing spin-orbit interactions, with
particular  promise  for  investigating  interfaces,  defects,  and
topological structures.

Recently,  the  EMCD  technique  has  been  extensively  applied  to
elemental metals [16−19], alloys [20−23], intermetallic compounds
[24, 25],  doped  dilute  semiconductors  [26, 27],  as  well  as  oxides
[28−32].  However,  its  efficient  application  to  electron-beam-
sensitive  metal  oxides  remains  challenging,  mainly  due  to  the
intrinsic  contradiction  between  the  high  electron  dose  demand  of
EMCD  technique  and  the  low  dose  tolerance  of  these  oxides.  On
one  hand,  the q-EELS-based  EMCD  technique  detects  scattered
electrons  within  a  restricted  angular  range,  inherently  requiring
high  doses  to  resolve  the  weak  magnetic  signal  from  background
noise. On the other hand, a large range of functional oxides, such as
transition-metal or mixed-valence oxides, are susceptible to a loss of
oxygen  atoms  and  a  change  in  valence  state  of  metal  elements
under  high-energy  electron  irradiation  [33−38],  which  can  easily
distort  EELS fine structures may severely undermine the reliability
of  the  EMCD  magnetic  measurements,  making  the  technique
ineffective.  This  is  more  severe  when  EMCD  experiments  were
performed  in  scanning  TEM  (STEM)  mode  for  achieving  high
resolution.  Consequently,  EMCD  methodologies  specifically
optimized  for  beam-sensitive  oxides  are  highly  required  for
achieving  reliable  magnetic  information  under  strict  dose
limitations.

This work proposes an EMCD methodology tailored for beam-
sensitive  magnetic  metal  oxides,  using  a  representative,  widely-
applied and beam-sensitive oxide CoFe2O4 as a model system. The
development  of  the  dose  control  strategy,  the  experimental
configuration optimization, as well as the post-processing methods
are  demonstrated  in  detail.  These  efforts  significantly  improve  the
reliability  of  EMCD  measurements  of  beam-sensitive  oxides  and
open new opportunities  for  quantitative  magnetic  characterization
of diverse oxide materials.

 2    Results and discussion

 2.1    Method design and model structure
The  EMCD  methodology  developed  in  this  work  integrates  both
experimental  and  data-processing  advances  in  three  key  aspects.
First,  an  irradiation  strategy  is  designed  to  preserve  the  EELS
spectra  shape  during  irradiation  under  optimized  dose  efficiency.
Second,  an  optimized  EMCD  configuration,  supported  by  a
dedicated correction method, is introduced to enhance the signal-to-
noise  ratio  (SNR)  under  limited  doses.  Finally,  a  post-processing
approach  is  developed  to  improve  the  magnetic  quantification
precision for high-noise EMCD spectra.

The  irradiation  strategy  is  established  by  experimentally
observing  beam  damage  using  EELS  under  varying  cumulative
doses and dose rates. In conventional on-axis EELS, beam-induced
oxygen  vacancies  and  changes  in  metal  valence  can  shift  peak
positions  and  alter  the  shape  of  core-level  edges,  as  illustrated  in
Figs.  1(a) and 1(b).  EMCD  is  obtained  as  the  difference  between
two  consecutively  acquired q-EELS  spectra  using  a  small  off-axis
aperture,  as shown in Fig.  1(a).  Ideally,  this difference reflects only
the  presence  of  a  non-zero  magnetic  moment.  Any  factor  other
than  magnetism  that  brings  additional  differences  will  distort  the
EMCD spectrum, as  displayed in Fig.  1(c),  potentially  introducing
significant  errors  in  the  quantification  of  magnetic  moments.
Therefore, the dose needs to be restricted to preserve spectral shape,
with  irradiation  time  and  spectral  SNR  also  being  important
considerations.

Under a limited dose, the low SNR of EMCD spectra becomes a
prominent problem. This work optimizes the EMCD configuration
by  placing  the  aperture  deviating  from  classical  positions  towards
diffraction  spots,  enabling  the  collection  of  a  higher  amount  of
inelastically scattered electrons in a single acquisition. However, this
configuration can inevitably introduce artifacts into EMCD spectra
due  to  the  complex  asymmetry  of  the  intensity  distribution  on  a
diffraction plane [31, 39]. So, this work correspondingly proposed a

 

Figure 1    Schematic  illustration  of  beam-induced  change  of  EELS  spectral  shape  and  distortion  of  EMCD  spectrum.  (a)  General  EELS  and  EMCD  experimental
configuration, (b) beam-induced change of conventional on-axis core-level ionization edge, and (c) beam-induced distortion of EMCD spectra.
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careful artifact removal method, referring the simulated distribution
information of elastically and inelastically scattered electrons.

Despite  these  optimizations,  EMCD  spectra  still  exhibit  higher
noise  levels  than  conventional  on-axis  EELS,  bringing  significant
error  to  moment  quantification.  Consequently,  a  post-processing
method  was  developed  to  mitigate  the  impact  of  incomplete
background  subtraction  on  quantitative  accuracy  in  the  case  of
limited dose conditions.

The  model  structure  used  to  demonstrate  the  EMCD
methodology is CoFe2O4 (CFO), a multi-cation spinel oxide known
for  its  tunable  ferrimagnetism,  high  potential  for  spintronic
applications,  and  beam-sensitive  high-valence  cations  [40−42].
Figure  2 illustrates  this  beam  sensitivity  by  comparing  CFO  with
Y3Fe5O12 (YIG).  Atomic-resolution  high-angle  annular  dark-field
(HAADF) STEM images of CFO ([001] zone axis) and YIG ([110]
zone  axis)  are  shown  in Figs.  2(a) and 2(b) with  their  structure
schematics  in Fig.  2(c).  CFO  has  Fe3+ in  oxygen  tetrahedra  and
Co2+/Fe3+ in  oxygen  octahedra  sites,  while  YIG  has  Y3+ occupying
oxygen dodecahedra and Fe3+ residing in octahedra/tetrahedra sites.
Figure 2(c) presents a comparative estimate of the oxygen-vacancy
formation  probability  as  a  function  of  cumulative  electron  dose
[43], based on VASP-calculated formation energies Ec (3.53 eV for
CFO,  3.81  eV  for  YIG)  [44].  We  emphasize  that  this  calculation
only  provides  a  trend-level  comparison  rather  than  an  absolute
quantitative  prediction.  It  can  be  seen  that  the  red  curve  for  CFO
tends  to  require  lower  electron  dose  to  achieves  certain  oxygen-
vacancy  formation  probability  than  the  blue  curve  for  YIG.  This
trend  agrees  with  the  comparison  of  their  experimental  on-axis
EELS spectra at Fe-L2,3 edges changing with irradiation in Figs. 2(d)
and 2(e).  Under  similar  TEM conditions,  YIG (3.78  ×  109 e·nm−2)
shows  negligible  spectral  change,  while  CFO  (2.98  ×  109 e·nm−2)
exhibits  clear  peak  shifts  and  intensity  variations,  confirming  that
Fe3+ is less stabilized in CFO. In the following, systematic irradiation
experiments will be performed on the beam-sensitive CFO.

 2.2    Electron irradiation strategy
This  part  proposed  an  irradiation  strategy  for  CFO,  identifying
critical  electron  dose  and  dose  rate  to  balance  SNR  and  beam
damage. Figure 3 compares a series of on-axis EELS spectra under
varying dose conditions. The corresponding raw data are provided

in Fig. S1 in the Electronic Supplementary Material (ESM). On-axis
EELS  is  used  for  excluding  any  influence  from  magnetism  on
spectral  shape.  The  SNR  is  defined  as  the  ratio  of  the  L3 peak
intensity  within  the  energy  range  [706  eV,  710  eV]  after
background  subtraction  to  the  standard  deviation  of  the  noise  in
the pre-edge region.

First, Figs. 3(a)–3(c) compare Fe-L2,3 edges detected with a probe
size of 2 nm and beam currents of 80, 40, and 20 pA corresponding
to  a  dose  rate  of  3.98  ×  107,  1.99  ×  107,  and  9.95  ×  106 e·nm−2·s−1,
respectively.  The  acquisition  time  is  40  s,  making  a  single-
acquisition  dose  of  1.59  ×  109,  7.96  ×  108,  and  3.98  ×  108 e·nm−2,
respectively.  In each figure,  two spectra were successively  acquired
at the same sample location with identical exposure times. At 80 pA
in Fig. 3(a), significant changes were observed, including a 0.36 eV
chemical shift  toward lower energy losses and a 7.7% reduction in
L3 intensity, implying oxygen vacancy formation and the reduction
of valence state of Fe ions [45, 46]. In Fig. 3(b) at 40 pA, L3 intensity
decreases  by  4.5%  with  a  less  pronounced  chemical  shift.  In
contrast, Fig.  3(c) at  20  pA  shows  little  change  in  the  edge  shape,
though the SNR has decreased mainly from 129.26 in the 80 pA-40
s to 60.08 in the 20 pA-40 s.

Second, keeping the total dose reveals the impact of dose rates on
the spectral shape and SNR. In Fig. 3(d), at 80 pA-10 s (same total
dose  as  20  pA-40  s),  the  L3 intensity  decreases  by  4.4%,  nearly
matching  the  change  in  the  case  of  40  pA-40  s,  suggesting  that
higher dose rates accelerate damage. This implies that the dose rate,
rather than total dose alone, dominated CFO damage. The spectral
evolution  under  60  pA-20  s  shown  in  Fig.  S2  in  the  ESM  further
corroborates  these  findings.  It  agrees  with  the  damage  by  the
induced  electric  field  (DIEF)  mechanism,  where  exceeding
threshold current densities trigger atomic displacement [42, 47, 48].

In addition, the beam current condition of 20 pA corresponding
to  a  relatively  low  dose  rate  of  9.95  ×  106 e·nm−2·s−1 is  maintained,
and  the  exposure  time  is  extended  from  40  to  60  s.  The  spectral
shape  is  still  preserved  in Fig.  3(e),  and  the  SNR  improves  from
64.08  to  76.74.  Extending  to  80  s  further  improves  SNR  to  82.27,
while  a  slight  reduction  in  L3 intensity  (1.8%)  can  be  seen  in
Fig. 3(f). Even so, this beam damage is weaker compared to the 40
pA-40 s case. In the following, the condition of 20 pA-60 s is used
for EMCD experiments.

 

Figure 2    Comparison  of  the  beam-sensitivity  of  CFO  and  YIG  structures.  (a)  and  (b)  Atomic-resolution  HAADF-STEM  images.  (c)  VASP-calculated  correlation
between electron dose and oxygen vacancy formation probability. (d) and (e) Conventional on-axis EELS spectra were consecutively acquired twice.
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These findings suggest that reducing the dose rate and extending
the  exposure  time  effectively  suppresses  defect  formation  and
improves  the  SNR.  This  provides  a  practical  dose-control  strategy
for EELS and EMCD studies in beam-sensitive oxides.

 2.3    Correction  methods  of  EMCD  artifacts  for  beam-
sensitive oxides
An  optimized  dose  condition  of  20  pA-60  s  is  set  for  CFO
considering  beam  damage,  yet q-EELS  at  20  pA  suffers  from  low
SNR  due  to  much  smaller  off-axis  apertures,  often  obscuring
EMCD  signals.  As  mentioned  above  in  the “method  design  and
model  structure” part,  adjusting  the  aperture  position  towards
diffraction  spots  can  increase q-EELS  signal  intensity  and  SNR,
while easily introduces artifacts into EMCD spectra.

The  artifacts  can  be  explained  and  quantified  with  simulations
based  on  theories  of  Bloch  wave  and  inelastic  electron  scattering
[31, 39]. In theory, q-EELS intensity can be described by the double
differential scattering cross-section (DDSCS) in Eq. (1) [49].

∂ 2σ
∂Ω∂E

= ∑q

Adet
q;q

q4
·S
(
q,q′)

+∑q∑q′ ̸=q
2×Re

[Adet
q;q

q4
S
(
q,q′)]

(1)

Adet
q;q/q4

S(q,q′
)

a(q ·q′
)

The term  represents the product of  the corrected Bloch
wave  coefficients  for  the  incident  and  scattered  detected  electrons,
where q and q′  denote  the  momentum  transfer  vectors.  A  mixed
dynamic  form  factor  (MDFF)  appearing  in Eq.  (1) and
simply  expressed  in Eq.  (2) has  a  real  component ,
representing  non-magnetic  contributions,  and  an  imaginary

 

Figure 3    Comparison of two successively acquired on-axis EELS spectra at Fe-L2,3 edges under varying dose conditions. (a) 80 pA-40 s, (b) 40 pA-40 s, (c) 20 pA-40 s, (d)
80 pA-10 s, (e) 20 pA-60 s, and (f) 20 pA-80 s.
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ib(q×q′
)

eeeBBB
component ,  containing  magnetic  information.  The
vector  in  it  is  the  unit  vector  of  the  external  magnetic  field,
typically generated by the objective lens.

S
(
q,q′)

=
a(q ·q′

)+ ib(q×q′
) · eeeBBB

q2q′2
(2)

The equations  indicate  that  the q-EELS at  any diffraction-plane
point includes both nonmagnetic and magnetic signals, and the q-
EELS intensity distributions can be strongly modulated by dynamic
electron  diffraction  conditions.  For  the  CFO  specimen  (~  30  nm
thick),  tilted  by  7°  from  the  [001]  zone  axis  to  establish  a  ±(400)
three-beam  condition,  reciprocal-space  DDSCS  maps  were
simulated. Then, the reciprocal space map of the magnetic EMCD
signal  at  the Fe-L3 edge,  as  shown in Fig.  4(a),  can be obtained by
subtracting  the  imaginary  DDSCS  components  of  the  lower  half
from those of the upper half, using the ±(400) diffraction row as a
symmetry  axis.  The  map  of  the  nonmagnetic  signal  as  shown  in
Fig.  4(b) is  extracted  in  a  same  way  from  the  real  components  of
DDSCS.

Both maps exhibit spatial asymmetry. The asymmetry in Fig. 4(a)
reflects  the  ideal  EMCD  signal,  whereas  the  nonmagnetic
asymmetry  in Fig.  4(b) represents  an  experimental  artifact.  In
addition, the magnetic EMCD signal decays rapidly near diffraction
spots,  while  non-magnetic  signals  exhibit  maximum  intensity  in
these regions. As a result, placing the aperture near the spots (solid
circle)  leads  to  overestimation  of  the  EMCD  signal  at  the  Fe-L3
edge, while the L2 edge is underestimated due to the reverse EMCD
sign  compared  with  L3 case  and  the  unchanged  nonmagnetic
asymmetry. In other words, the detected Fe-L2,3 intensity of pos+ is
like artificially elevated and pos- suppressed,  producing artifacts in
the final EMCD spectrum.

As  compared  in Fig.  4(c),  although  conventional  aperture
placement  like  the  dashed  circles  in Figs.  4(a) and 4(b) largely
avoids  these  artifacts,  it  yields  poor  SNR  of  15.58  under  limited
electron  dose,  while  positioning  a  larger  aperture  closer  to
diffraction  spots  like  the  solid  circles  improves  SNR  to  23.08  but
introduces  nonmagnetic  asymmetry  that  must  be  corrected.  This
asymmetry may be mitigated experimentally via a double-difference
procedure  [50, 51],  while  this  procedure  requires  double  dose,
making it not applicable to the beam-sensitive cases.

In this work, the EMCD signal was intentionally acquired in the
solid-aperture region as shown in Figs. 4(a) and 4(b) to improve the
SNR  in  low  dose  cases.  Actually,  the  commonly  used  post-edge
normalization  procedure  can  partly  remove  the  asymmetry-
induced  artifacts.  The  reason  why  the  post-edge  normalization
cannot make a full removal is that the sensitivity of the L2,3 edges to
changes in dynamic diffraction conditions can hardly be the same
with  the  sensitivity  of  the  post  edge.  Then,  the  correction  of  the
residual  asymmetry-induced  artifacts  is  anchored  experimentally
using the non-magnetic O-K edge.

k= Ipos−
O-K /Ipos+

O-K

Figure  4(d) shows  two  post-edge-normalized q-EELS  spectra  at
the O-K edge acquired at EMCD positions (pos+ and pos−), where
a small but systematic intensity difference is clearly resolved. There
can be a correction factor , defined as the ratio of two
integrated  O-K  edge  intensities  at  two  EMCD  positions.  For
instance, the k in Fig. 4(d) is 0.985. This experimentally determined
factor  can  then  be  applied  to  further  normalize  the  post-edge-
normalized  Fe-L2,3 q-EELS  spectra.  Although  the  Fe  3d  and  O  1s
states  behave  differently  in  anisotropy,  such  correction  can  still
contribute  to  reduce  the  asymmetry-induced  artifacts.  Note  that  a
same  correction  factor k is  applied  to  L3 and  L2 edges,  as  in  this
work we consider L3 and L2 edges are similarly sensitive to dynamic
electron diffraction changes.

 

Figure 4    Simulations of asymmetry of magnetic EMCD and nonmagnetic signal on diffraction plane. (a) and (b) Reciprocal space map of magnetic and nonmagnetic
signal at the Fe-L3 edge, respectively, for the CFO structure in a ±(400) three-beam condition and with the thickness of ~ 30 nm. (c) Comparison of experimental EELS
spectra acquired with apertures like solid circles and dashed circles. (d) Comparison of the O-K edges extracted from the normalized q-EELS spectra acquired at pos+ and
pos− under identical experimental conditions (20 pA-60 s).
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 2.4    Post-processing  method  improving  quantification
precision
Despite  of  the  optimization  proposed  above,  the  noise  level  of
EMCD  is  still  higher  than  conventional  on-axis  EELS  spectra,
therefore  inherently  limiting  the  precision  of  magnetic  moment
quantification  from  EMCD  spectra.  To  address  this,  a  joint-
parameter processing (JPP) method is proposed.

fB = Ax−r

fBpos+ = A1x−r + δ1 fBpos− = A2x−r + δ2 δ1 δ2

A1 A2

ml/ms

Figure 5(a) presents a simplified noise-free EELS model of Fe-L2,3
edges  composed  of  mathematical  functions,  providing  greater
details than our Fe-L2,3 models previously reported in our previous
work in Ref. [47]. The background curve in blue is described by an
inverse power law,  (r = 3.6, fixed for noise-free spectra in
Fig.  5)  and  peaks  by  several  Gaussian  functions.  The  inset  of
Fig.  5(b) presents  two q-EELS  spectra  generated  from  this  model,
with  Gaussian  noises  of  identical  level  added.  Their  backgrounds
are  and , where  and  are
noises  and  the  possible  difference  in  and  reflects  the
asymmetrical background intensity. The true  value of 0.09 is
set as an example.

The  EMCD  post-processing  commonly  applies  independent
parameter  processing  (IPP)  approach,  where  the  same  pre-edge
window is used to fit the backgrounds of two noisy q-EELS spectra
separately.  Noise  causes  deviations  in  the  fitted r values,  so
discrepancies  arise  in  the  background  subtraction  between  two q-
EELS spectra. This introduces significant errors in the EMCD signal
intensity  and  moment  quantification.  As  shown  in Fig.  5(b),  at  a
noise  level  of  10  which  is  comparable  to  that  of  the  experimental

ml/msspectra in Fig. 6, the  ratio of 0.28 calculated via IPP method
can substantially deviate from the set actual value of 0.09. This effect
is clearly reflected in the green error bars in Fig. 5(d). Each error bar
was derived from 100 simulated pairs of q-EELS spectra at the same
noise  level,  with  15  error  bars  covering  noise  levels  ranging  from
0.002  to  0.027.  The  noise  level  is  defined  as  the  ratio  of  the  Fe-L3
peak  maximum  to  the  standard  deviation  of  the  pre-edge  noise
after background subtraction.

δ

The proposed JPP method reduces these errors by jointly fitting
the background of two q-EELS. First, two q-spectra are summed to
form a new one, as in Eq. 3. Taking logarithms on both sides, the r
becomes  a  coefficient  of  a  linear  equation  in Eq.  4.  This  log-
transformed  approach  offers  improved  numerical  stability  and
reduced sensitivity to noise compared to direct  exponential  fitting.
The  is negligible compared with the signal after natural logarithm
operation.

fB = fBpos+ + fBpos− = (A1 +A2)×x−r + δ1 + δ2 =

(A1 +A2)×x−r + δ (3)

ln fB = ln[(A1 +A2)×x−r + δ]≈ ln[(A1 +A2)×x−r] =

ln(A1 +A2)− r× lnx (4)

fBpos+ = A1 ×x−rfit fBpos− = A2 ×x−rfit A1 A2

This  allows  determination  of  a  single  fitted  parameter rfit by
fitting  the  linear  equation.  Next, rfit value  is  applied  to

 and  to fit the  and . Now
two  fitted  functions  are  determined. Figure  6(c) is  obtained  by
background  removal  using  the  two  determined  functions,

 

ml/ms

Figure 5    A simulation study of noise-dependent EMCD quantification precision with different post-processing methods. (a) A mathematical model of Fe-L2,3 edges. (b)
q-EELS spectra and EMCD signals obtained with the IPP process at a noise level of 10; the inset shows q-EELS spectra before background removal. (c) Spectra obtained
with the JPP process at a noise level of 10. (d) Statistics of  values obtained from 100 data for each noise level treated with IPP and JPP processes.
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performed  on  the  same q-EELS  pair  in  the  inset  of Fig.  6(b).  In
contrast,  two  methods  yield  different  values  of  (0.28  and
0.10)  as  well  as  different  peak  intensities  (0.14  and  0.11)  and
integrated edge intensities (−3.48 and −2.44). The difference can be
more clearly seen in Fig. 6(d), in which red error bars are obtained
with  the  JPP  method.  For  examples,  IPP  yields  values  of
0.094  ±  0.008,  0.098  ±  0.046,  0.091  ±  0.087,  0.103  ±  0.142  for  the
noise  levels  of  1,  5,  10  and  15,  whereas  JPP  gives  0.094  ±  0.005,
0.097  ±  0.028,  0.095  ±  0.052,  0.101  ±  0.082,  corresponding  to  a
decrease of error bars by approximately 40% while a similar mean
value.  It  indicates  that  the  JPP  method  remarkably  enhances
quantitative precision without compromising accuracy.

 2.5    EMCD experimental

ml/ms

ml/ms

Figure  6 presents  the  experimental  EMCD  results  using  the
optimized  dose  condition  and  proposed  aperture  positions.  Note
that  these  spectra  are  filtered  for  presentation,  while  the
quantification  results  are  obtained  with  raw  data.  Actually,
according to Ref. [52], the quantification value will not change even
with filtering.  In Fig.  6(a),  two q-EELS spectra  show simultaneous
presence  of  the  O-K,  Fe-L2,3,  and  Co-L2,3 edges.  No  chemical
shifting  is  observed  for  any  of  the  three  elements,  and  O-K  edges
are  superimposed,  verifying  that  the  observed  differences  between
the  two q-EELS  spectra  at  Fe-L  and  Co-L  peaks  are  not  due  to  a
valence  state  change  during  the  irradiation.  The  purple  EMCD
spectrum,  which  is  the  difference  of  the  two q-EELS  after
background subtraction using JPP method proposed in Section 2.4,
exhibits  negative  peaks  at  Fe-L3 and  Co-L3 while  positive  peaks  at
Fe-L2 and Co-L2,  indicating non-zero magnetic  moments  for  both
Fe and Co atoms. Then, the pre-edge background of Fe-L2,3 edges is
also removed using the JPP method, and an EMCD signal of Fe is
obtained in Fig. 6(b). The quantified result is  = 0.12 ± 0.01,
in which the error ± 0.01 is estimated by varying the window width
for pre-edge background subtraction.  Statistical  values can be seen
in Table S1 in the ESM. Note that it is in sharp contrast with 
=  0.18  ±  0.04  obtained  with  the  common  IPP  method,  indicating
the effectiveness of JPP method in experimental spectra.

Figures  6(b) and 6(c) compare  EMCD signals  of  Fe  before  and
after  correction  referring  to  O-K  edges. Figure  6(b) exhibits
relatively  strong  Fe-L3 and  weak  Fe-L2 intensity  in  the  EMCD

ml/ms

spectrum.  The  reason  has  been  detailly  explained  in Fig.  4.  After
corrections with k = 0.985, Fig. 6(c) displays reduced Fe-L3 intensity
and enhanced Fe-L2 visibility,  yielding a  revised value of  =
0.065 ± 0.005 that aligns more closely with reported X-ray magnetic
circular dichroism (XMCD) literature values [53, 54].  This implies
the  critical  necessity  of  artifact  correction  for  quantitative  EMCD
analysis in beam-sensitive materials.

 3    Conclusions
In  conclusion,  the  methodological  advances  developed  in  this
work—including  the  dose  strategy  tailoring  dose  rate,  aperture-
based  SNR  enhancement  combined  with  an  artifact  correction
method,  and  JPP-based  post-processing  method—establish  a
comprehensive framework for quantitative EMCD studies of beam-
sensitive  oxides.  Within  the  framework,  simultaneous  and  reliable
EMCD measurements of Fe and Co in beam-sensitive CoFe2O4 has
been obtained. Importantly, a significant improvement in the ml/ms
quantitative  precision  has  been  achieved  with  our  developed  JPP
post-processing  method,  tackling  the  challenge  of  high-noise
EMCD  spectra  in  limited  dose  conditions.  In  addition,  the
correction based on O-K edge normalization effectively suppresses
residual  asymmetry-induced  artifacts  without  applying  model-
dependent  corrections.  This  framework  substantially  extends  the
applicability  of  EMCD to  spin-orbit  coupling  studies  in  a  broader
range  of  magnetic  oxides  and  provides  new  opportunities  for
advancing spintronic material design.

 4    Experimental section

 4.1    Sample preparation
A CoFe2O4 (CFO) thin film, used as a model sample in this work,
was  epitaxially  grown  on  a  SrTiO3 (001)  substrate  by  molecular-
beam epitaxy. A commercial Y3Fe5O12 (YIG) thin film was used as a
reference  sample.  Cross-sectional  TEM  specimens  were  prepared
using  a  Thermo  Scientific  Helios  5  CX  focused  ion  beam  (FIB)
system equipped with a Ga+ ion source. Final thinning was carried
out  by  successive  low-energy  ion  polishing  at  2  kV/10  pA  and
1  kV/16  pA  to  minimize  surface  amorphization.  Prior  to  TEM
observation,  the  specimens  were  plasma-cleaned  sequentially  with

 

Figure 6    Experimental EMCD signal (filtered) of Fe and Co before and after correction. (a) Two q-EELS and EMCD spectra containing O-K, Fe-L, and Co-L edges. (b)
Enlarged EMCD signal of Fe applying the JPP method. (c) EMCD signal corrected applying both JPP method and O-K edge normalization. Statistical values can be seen
in Table S1 in the ESM.
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Ar/O2 and SF6 plasmas to remove organic  residues,  silicon oxides,
and hydrocarbon contaminants.

 4.2    TEM experiments
TEM experiments were performed on a Thermo Fisher Spectra 300
STEM  operated  at  300  kV,  equipped  with  a  high-brightness
Schottky  field-emission  gun  with  monochromator  (X-FEG
UltiMono), probe and image Cs correctors, an energy filter (Gatan
1066 GIF), and a K3 direct electron detection camera. EELS spectra
were  acquired  with  a  C2  aperture  of  20  μm,  a  semi-convergence
angle of 500 μrad, a camera length of 115 mm, and a probe size of
9. The width of half maximum of the probe is about 2 nm (see Fig.
S3 in the ESM).  EMCD measurements  were performed under the
±(400) three-beam condition on a region approximately 30 nm in
thickness, as determined from on-axis low-loss EELS spectra.

 4.3    Simulations
The  development  of  the  artifact  removal  method  is  based  on
simulations of elastic and inelastic electron scattering. Variations in
EMCD  signal  intensity  with  sample  thickness  and  crystal
orientation  can  be  modeled  with  the “bw” code  [55],  developed
within the Bloch Wave framework. In addition, in-house C++ and
MATLAB  codes  were  designed  to  simulate  reciprocal  space  maps
of  the  EMCD  signal  and  identify  the  asymmetric  nonmagnetic
components responsible for artifacts. All simulations were made in
±(400)  three-beam  conditions  of  the  CFO  structure.  These
simulations were then used to correct experimental EMCD spectra.
As high-noise-level EMCD spectra are common in the condition of
limited electron dose, an in-house MATLAB codes were developed
to  establish  a  post-processing  method  that  can  improve  the
quantification precision for high-noise-level EMCD spectra.

In addition, as a reference for irradiation strategy, the correlation
between  electron  dose  and  oxygen  vacancy  formation  probability
was  estimated  with  density  functional  theory  (DFT).  DFT
calculations  were  carried  out  using  Vienna ab  initio simulation
package (VASP). The exchange-correlation energy of the CFO and
YIG  systems  was  described  using  the  Perdew–Burke–Ernzerhof
(PBE) functional within the framework of the generalized gradient
approximation  (GGA).  Detailed  parameters  in  simulations  and
calculations can be seen in the ESM.

ml/ms

 Electronic  Supplementary  Material: Supplementary  material  (the
raw  data  of  conventional  core-level  EELS  spectra  under  different
conditions before and after irradiation, the probe size, the statistical
values  of ,  and  the  detailed  parameters  and  methodologies
for DFT calculations) is available in the online version of this article
at https://doi.org/10.26599/NR.2026.94908566.
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