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Holography - originally developed for correcting spherical aberration in transmission electron microscopes
- is now used in a wide range of disciplines that involve the propagation of waves, including light optics,
electron microscopy, acoustics and seismology. In electron microscopy, the two primary modes of
holography are Gabor’s original in-line setup and an off-axis approach that was developed subsequently.
These two techniques are highly complementary, offering superior phase sensitivity at high and low spatial
resolution, respectively. All previous investigations have focused on improving each method individually.
Here, we show how the two approaches can be combined in a synergetic fashion to provide phase
information with excellent sensitivity across all spatial frequencies, low noise and an efficient use of electron
dose. The principle is also expected to be widely to applications of holography in light optics, X-ray optics,
acoustics, ultra-sound, terahertz imaging, etc.

olography was proposed by Denis Gabor in 1948 “to offer a way around” the resolution-limiting spherical

aberration of the transmission electron microscope (TEM)". As a result of the development of the laser, the

importance of holography as a technique for measuring both the amplitude and the phase of a wave-
function was soon realized and Denis Gabor was subsequently awarded the Nobel Prize in 1971°. In the TEM,
holography is now used not only to correct microscope aberrations® but also to characterize electrostatic poten-
tials*, charge order®, electric and magnetic fields®, strain distributions”*, semiconductor dopant distributions® and
unstained biological specimens'’, in each case with nanometer, sub-nanometer or even sub—Angstrf)m spatial
resolution. When examining biological or in general soft materials that contain primarily light elements, most
structural information is carried in the phase of the elastically scattered wavefunction. However, such specimens
are often beam-sensitive and require great care with regard to electron dose, as the ratio of inelastic (damaging) to
elastic scattering events is high. It is therefore important to develop low-dose techniques for measuring the phase
of electron wavefunctions quantitatively. Furthermore, investigating ordinary specimens over the full spatial
frequency range with high resolution and high sensitivity is very challenging.

Holography;, i.e., coherent wavefront reconstruction, can be performed using a wide variety of experimental setups.
For electron holography alone, Cowley identified 20 independent forms'!, of which the two most widely used modes
are off-axis and in-line electron holography. Off-axis electron holography was pioneered by Mollenstedt and Diiker'
and is based on the use of an electrostatic biprism, which usually takes the form of a charged wire placed in the
electron beam path, as illustrated in Fig. la. The biprism is used to produce a fine interference fringe pattern, from
which the complex wavefunction of the fast electron can be reconstructed using either linear algebra' or an optical
bench'. In-line electron holography (see illustration in Fig. 1b)"'*, which is also referred as focal series reconstruction,
also works at much lower degrees of spatial coherence than off-axis electron holography, but requires the use of a
computational algorithm to solve a non-linear'*™*® (or, in some cases, approximated linear'**°) set of equations. These
equations relate the complex electron wavefunction ¥(r) to image intensities I(r; Af) that are usually recorded at
multiple planes of focus, each characterized by its defocus Af from the reference focus at which the wavefunction is to
be recovered. Off-axis electron holography has good phase sensitivity at low spatial frequencies, whereas either a large
defocus range*"**, or variable defocus steps (as recently published by Haigh et al**), or model-based approaches®**
must be used to approach faithful reconstruction of low spatial frequency phase information by using in-line electron
holography. At high spatial frequencies, both the spatial resolution and the phase sensitivity of in-line electron
holography are higher than those of its off-axis counterpart for the same field of view and electron dose®.
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Figure 1| Schematic view of microscope setups: (a) off-axis and (b) in-line electron holography.(c) Shows how the in-line data can be acquired
immediately after switching off the biprism, in a fully automated fashion by simply shifting the image. (d) Shows how the data have been acquired for the
present work: the biprism was retracted, and the sample was slightly shifted to allow investigation of identical specimen areas by both methods.

Off-axis and in-line electron holography require very different
optical setups for optimum performance and are highly complement-
ary'®*>**7, For maximum phase sensitivity, off-axis electron holo-
graphy is typically performed with highly elliptical illumination
(Fig. 1a) (ellipticity ratios of ¢ = 30 are common), whereas in-line
electron holography is usually performed with isotropic spatial coher-
ence (Fig. 1b). While high-frequency phase information is encoded
very efficiently in in-line electron holograms®, experiments that aim
at the reconstruction of low spatial frequency phase information are
much more reliable (and quantitative even when using a low electron
dose) when carried out using off-axis electron holography. Because of
its need for highly coherent illumination, electron dose rates in off-
axis electron holography are typically low and exposure times are
very similar to the total exposure time of a focal series acquired for
in-line electron holography. These fundamental differences between
the two methods result from how phase information is encoded.
While the off-axis setup encodes all spatial frequencies with equal
strength (with a decrease in signal to noise ratio at higher frequen-
cies), the phase sensitivity of in-line electron holograms is propor-
tional to the spatial frequency squared (~|q|?), i.e., it is low across
long distances and higher for very fine details. For applications such
as the measurement of magnetic fields, dopant distributions or con-
centrations of oxygen vacancies in oxides®, good phase sensitivity
over the full range of spatial frequencies is required.

Here, an experimentally simple approach that combines in-line
and off-axis electron holography and takes full advantage of their
complementarity is presented, allowing a phase signal to be obtained
with excellent signal-to-noise properties over all spatial frequencies.
It also serves as a model for other holography applications at X-ray,
microwave, radio, ultraviolet, visible optical wavelengths**~* etc.,
where shortcomings like the ones described above are observed
due to the usage of either the in-line or the off-axis setup. The per-
formance of the method is demonstrated by the investigation of iron-
filled multi-walled carbon nano-onions. Off-axis and in-line electron
holography experiments are carried out on the same region of the
same sample with the same illumination conditions, allowing profiles
of the projected electrostatic potential across individual particles to
be determined quantitatively.

Results

In order to allow experimental conditions optimized for off-axis
electron holography to be applied also for the in-line electron holo-
graphy experiment, several approaches are possible, two of which are
illustrated in Figs. 1c and 1d. In Fig. 1c the electrostatic biprism is left
within the path of the electron beam, but the image shift coils are used
to shift the area of the sample that has previously been investigated by
off-axis holography on the detector. Since the image shift required

for this is directly proportional to the biprism voltage that has been
applied for the off-axis experiment, this procedure can easily be
implemented in a fully automated fashion. For the proof-of-principle
experiments presented below we have first removed the biprism, and
then mechanically shifted the specimen, so that the area of interest
was again visible on the detector (Fig. 1d). Since our simulations have
shown that the relative benefit of combining in-line and off-axis
electron holography is independent of the illumination ellipticity
(see Fig. 4i-k), we set ¢ = 1 in the experiments presented below.

Figure 2 shows an outline of the algorithm, illustrating the deter-
ministic nature of linear off-axis electron holography reconstruction
and the iterative nature of the refinement algorithm employed for in-
line electron holography reconstruction. It is a general feature of
most iterative in-line electron holography reconstruction algorithms
that the very strongly encoded high-frequency details of the phase of
the wavefunction are reconstructed first, before slowly varying fea-
tures in the phase are recovered®. In the presence of noise and
residual inelastic scattering contributions to the experimental intens-
ity measurements, the latter features may not be recovered at all.
Fortunately, the refinement of experimental parameters and image
registration is most sensitive to the accuracy with which high-fre-
quency details have been estimated. It is therefore possible to first
refine these details from a set of defocused images, using an empty
phase map as a starting guess. During this process, the focal series can
be aligned and the experimental parameters can be refined. The
resulting estimate of the wavefunction can then simply be replaced
with that recovered from an off-axis electron hologram and further
refined by making it consistent with all in-line electron holograms.
More specifically, the complete unwrapped phase and amplitude are
imported separately, without applying any filtering for a specific
frequency range. Since the iterative in-line reconstruction algorithm
ensures that both the phase and the amplitude are consistent with the
images in the focal series, the phase signal at low spatial frequencies is
not affected significantly if only a few iterations are performed*. This
procedure effectively extends the spatial resolution of the wave-
function obtained using off-axis electron holography, improves its
signal to noise and removes the Fresnel fringes originating from the
edges of the biprism.

Figure 3 illustrates results obtained by applying both off-axis and
in-line electron holography alone and the combined (hybrid)
approach to a sample of iron-filled multi-walled carbon nano-onions.
The noise level in the wavefunction obtained using off-axis electron
holography alone, which is much higher in both amplitude and phase
(Figs. 2a—c) than that obtained using either the in-line or the hybrid
method, results in part from the fact that highly elliptical illumination
(which is normally employed for off-axis electron holography but has
only a very subtle effect on the signal-to-noise properties of in-line
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Figure 2 | Schematic outline of the wave reconstruction algorithm used in the present work.

holograms) was not used in the present study. The application of
in-line electron holography alone can be seen to reconstruct the
amplitude well. However, ringing artifacts, which are not present
in the off-axis reconstruction, are visible near sharp edges in the
phase of the wavefunction (Figs. 3 d,f). The missing low spatial
frequencies when using in-line electron holography can also be
seen in a power spectrum generated from the reconstructed wave-
function (see below)*”**. Figure 3 shows that, when the two meth-
ods are combined, the spatial frequencies that are missing from
the in-line electron holography result are recovered, while the
higher resolution of the in-line approach is retained. The ampli-
tude image is also improved, including the elimination of biprism
fringes inherent in the off-axis technique. These results are also
supported by the reconstructions from simulated data shown in
Figure 4. Due to the ability to directly compare the reconstructed
phase images with the phase put into the simulations, the effec-
tiveness of the hybrid approach can be verified in a very quant-
itative manner (see also Figs. 4i, 4k, and 4l). These simulations also
allowed us to keep the electron dose exactly the same for all three
techniques and easily test for the effect of changing the ellipticity of
the illumination and verify that the hybrid approach presented here
works very well at any (experimentally realizable) value of e.
Moreover, it clearly shows that the signal-to-noise properties of
the phase image recovered by the hybrid approach are superior to
those for both off-axis and in-line holography, individually, assum-
ing exactly the same electron dose in all three cases.

Moving now back to the experimental data, Figure 5 shows power
spectra generated from the three sets of experimental results, which

illustrate the deficiency in information transfer in the phase obtained
using in-line electron holography (Fig. 5a) up to a spatial frequency
of ~0.1 nm™". Figure 5b shows that the amplitudes reconstructed
using the in-line and hybrid methods are much less noisy than those
reconstructed using off-axis electron holography (see also
Supplementary Fig. 1). The limited spatial resolution in the off-axis
reconstruction is a result of an effective scattering angle limiting
aperture applied during reconstruction. Using round, instead of
elliptical illumination, the noise of the off-axis reconstruction is very
high, despite an exposure time of 10 s. The experimental data con-
firm our simulations in that at lower spatial frequencies the recon-
structed phase is much more reliable if it is obtained using off-axis
electron holography, whereas at higher spatial frequencies in-line
electron holography provides the same information but with much
less noise. The power spectrum of the phase obtained using the
hybrid method shows a good match to that from the off-axis recon-
struction at lower spatial frequencies (up to ~0.2 nm™"), while above
this frequency it converges to the power spectrum obtained using in-
line electron holography (Fig. 5 a,k).

Power spectra generated from the complex wavefunction (Figs. 5
d-f) demonstrate that, for the same field of view, the spatial resolu-
tion obtained using the in-line and hybrid methods is much better
than that achieved using off-axis electron holography. In the example
shown here, the cut-off resolution (outlined by a dashed red circle)
was set to 0.405 nm for the in-line and hybrid methods. This is
slightly larger than the physical objective aperture, whose shadow
(outlined by a dashed yellow circle) can be seen in Figures 5e and 5f.
For the off-axis method, the resolution had to be limited to 0.972 nm
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Figure 3 | Comparison of results obtained from a sample of iron-filled multi-walled carbon nano-onions using three methods: top row (a, d, g)
amplitudes; middle row (b, e, h) phases; bottom row (, f, i) amplitude and background-subtracted phase profiles; left column (a, b, ¢) off-axis electron
holography method; middle column (d, e, f) in-line electron holography method; right column (g, h, i) hybrid holography method.

by the numerical aperture size used during reconstruction. In addi-
tion to power spectrum analysis, profiles extracted from the diffrac-
togram also support the information loss in the in-line electron
holography phase image, and how much of this has been recovered
by the hybrid method (Figs. 5g and 5k). Although magnification and
thus the absolute aperture sizes can be increased, this will also cause
an increase in noise, and the resolution ratio of the two techniques
will remain similar if the same number of detector pixels is used for
both methods.

Discussion

There are two main advantages of combining the in-line and off-axis
methods: an increase in spatial resolution and a decrease in noise
over the full range of spatial frequencies. For off-axis electron holo-
graphy, the interference fringe spacing limits the maximum numer-
ical aperture size that can be chosen during reconstruction. For a
given illumination ellipticity, source brightness and exposure time,
the fringe spacing cannot be decreased without increasing the noise.

For the in-line and hybrid methods, the physical objective aperture
size can be increased up to the information limit. In Figure 6 and
Table 1, a comparison of the reconstruction methods is presented for
different frequency ranges of the phase images. A similar comparison
is shown in Supplementary Fig. 1 for the amplitude images. In
Figure 6, phase images filtered over three different spatial frequency
ranges are shown for each of the three techniques, alongside profiles
taken from areas marked by red boxes. The profiles illustrate the fact
that the hybrid method matches the off-axis result at lower spatial
frequencies (Figs. 6 a—d) and the in-line result at higher spatial fre-
quencies (Figs. 6 e-h) and all show a good match in the intermediate
frequency range (Figs. 6 i-1). From Table 1, it is apparent that for full
and medium spatial frequency ranges (0.1-1 nm™") the noise in the
phase, estimated in the vacuum region where we expect the true
phase to be flat, is approximately 4 times lower when using the hybrid
method than for off-axis electron holography. The approximately 4
times lower noise in the phase, presented in Table 1, confirms that the
hybrid method has better noise properties than off-axis electron
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Figure 4 | Simulations: Comparison of noise and resolution of phase maps reconstructed from different simulated data sets with noise properties
corresponding to equal total exposure times and electron doses. (a) The original, noise-free phase map (0 = ¢(r) = 0.9) used for simulating off-axis and
in-line holograms. The red square indicates the area from which Figs. (e)—(h) have been extracted, in each case from the phase map immediately above it.
(b) Off-axis holography reconstruction for an exposure time of 0.4 s, (c) In-line holography reconstruction from 7 equally long exposed images with a
total exposure time of 0.4 s. (d) Hybrid (off-axis + in-line) reconstruction. Exposure time for the initial off-axis hologram: 0.1 s and for the complete
focal series: 0.3 s. (i) Plot of the square root of the azimuthally averaged power spectrum of the difference between reconstruction and original, i.e.

2
mean (‘FT [¢,EC —¢g,ig] ‘ (q)) for the cases (b), (c), and (d), as well as for the initial off-axis reconstruction used as a starting guess for the hybrid

approach. The simulated data from which these reconstructions were performed are shown in Supplementary Fig. 5, along with a detailed description of
the assumed acquisition parameters. (k) and (1), same as (i), but for elliptical illumination conditions.

holography alone, promising an improvement in the reliability of
quantitative holography-based experiments that are aimed at map-
ping electric and magnetic fields, charge distributions and strain.

In simulations, where we can directly compare the reconstruction
with the expected result, this comparison is more straightforward,
and we can also quantify the standard deviation of the power spectra
of actual and reconstructed phases, as shown in Figs. 4i, 4k, and 4.
The increase in spatial resolution and simultaneous decrease in noise,
despite equal total exposure times, becomes very obvious when com-
paring Figs. 4b (magnified in 4f) and 4d (magnified in 4h).

The mean inner potential of the specimen was obtained as a
demonstration of the capability of the method by dividing the mea-
sured phase by the local specimen thickness (Fig. 7b), which was

measured from an energy-filtered TEM (EFTEM) thickness map
and by a wavelength-dependent electron-matter interaction con-
stant. The mean inner potential at the edge of the specimen, which
consists of carbon, is found to be close to the theoretical value found
in the literature®. The amplitude of the reconstructed wavefunction
can also be used to obtain a thickness-independent mean inner
potential image, as shown in Supplementary Fig. 2. The main error
in determining the mean inner potential is the accuracy with which
the local specimen thickness can be determined.

A further advantage of the hybrid method is its applicability to
beam-sensitive specimens. Off-axis electron holography has high
phase sensitivity at low spatial frequencies, requires a short exposure
time and imparts a low total electron dose on the specimen since it is
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Figure 5 | Information transfer: Information transfer of (a) phase, (b) amplitude and (c) complex wavefunction plotted as a function of spatial frequency
for off-axis (black), in-line (green) and hybrid (blue) methods, with enlargements of selected regions shown below. The cut-off resolutions for the
off-axis method (0.972 nm) and the in-line method (0.405 nm) are marked in (c). (d—f) show power spectra of the complex wavefunction calculated for
the (d) off-axis, (e) in-line and (f) hybrid methods. The shadow of the objective aperture used in the microscope is outlined in yellow in (e) and (f), while
the red circle shows the cut-off frequency applied during reconstruction. The power spectra show how the low spatial frequency information that is
missing in results obtained using in-line electron holography is recovered when using the hybrid approach. The horizontal and vertical lines in the power

spectra are artifacts resulting from non-periodic boundaries of the images.

a single shot method. However, the exposure time needs to be
increased to achieve high phase sensitivity at higher spatial resolu-
tion. Focal series acquisition schemes can be optimized for beam-
sensitive samples by first acquiring images at small defocus values
(for retrieving high spatial frequency information which suffers first
from potential beam damage) and only then recording images with

large defocus values®. Partial spatial coherence of the illuminating
electron beam results in strong damping of the fine details of images
recorded for large over- or under- focus, making these images com-
paratively insensitive to small structural changes produced by elec-
tron irradiation. In this way, the data ideally become increasingly
insensitive to beam damage with increasing electron dose. In the
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Top row: off-axis; middle row: in-line; bottom row: hybrid methods. Line profiles determined by projecting the intensity in the boxes marked in
red are shown in (d), (h) and (i).

Table 1 | Noise levels (standard deviations) of reconstructed phase and amplitude measured in the vacuum region
Frequency range (nm~')
Method 0-0.1 0.1-1 1-2.5 Full range
Phase Off-axis 0.021 0.1 - 0.110
Inline 0.006 (not reliable) 0.018 0.005 0.017 (not completely reliable)
Hybrid 0.006 0.012 0.006 0.026
Amplitude Off-axis 0.158 3.796 - 3.124
Inline 0.008 0.069 0.096 0.114
Hybrid 0.006 0.072 0.091 0.115

SCIENTIFIC REPORTS | 4:7020 | DOI: 10.1038/5srep07020 7




L
2L
Y|
4 [ Phase error=+0.03
40 n i 1 1 1

[
20
10 | Thickness error

for C=+ 6.28 nm

Phase (rad) o

Thickness (nm)

Mean Inner
Potential (V)

15 [ MIP error for C=+0.3 V
0 5 10

1 1 1 1 1 1 1 1 i 1
15 20 25 30 35 40 45 50 55 60 65 70 75 80
Distance (nm)

Figure 7 | Mean inner potential calculated from reconstructed phase
image obtained using the hybrid method. (a) Original phase image;
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hybrid method, both the off-axis exposure time and the number of
images in the focal series can be decreased to reduce the electron
dose. Although beam damage was not an issue in the present work,
Supplementary Fig. 3 shows that the hybrid method by including in-
line electron holograms recorded at only 3 different planes of focus
can recover the phase with very low noise and high spatial resolution.
However, the recovery of the wavefunction from 13 images is better,
as can be seen from the correct recovery of the shadow of the object-
ive aperture in Figure 5f.

In summary, we have demonstrated that the major weaknesses of
in-line and off-axis electron holography can be overcome by com-
bining the two techniques, resulting in a hybrid method that can be
used to reconstruct a complex electron wavefunction with high spa-
tial resolution and low noise over all of the spatial frequencies that are
collected during the experiment, with relaxed experimental require-
ments for instrumental stability and interference fringe spacing. In
the example presented here, a full spatial frequency range was
achieved, providing an improvement over the absence of low spatial
frequencies when using in-line holography alone. Even though the
hybrid technique adds an additional step to the experimental pro-
cedure and may very slightly increase the noise at very low spatial
frequencies when compared to off-axis electron holography alone,
the total acquisition time uses the electron dose more efficiently to
recover more of the wavefunction. The same overall phase sensitivity
and noise level cannot be achieved using off-axis or in-line electron
holography alone, given the same electron source brightness and
exposure time. The efficient use of electron dose realized by the
hybrid technique offers great potential for applications to biological
materials and high-resolution studies.

Methods

In off-axis electron holography, the electrostatic biprism attracts the spatially
coherent electron wave function on either side of it towards the optic axis of the
microscope, thereby introducing a relative wavevector q. between an object wave and
a reference wave. The reference wave, which is usually part of the electron wave-
function that has not been scattered by the object, can often be regarded simply as a
tilted plane wave. The Fourier transform of the resulting interference pattern, which
corresponds to the sum of an object wave 2™ 4" x A(r).e¥(") and a reference wave
+e~2 i i oiven by the expression'

FT{1+A*(7)}
+ WFT{A(P*0}@6(F - T7)
+ uFT{A(7)e* "} ®5(3+ 4,)

central band
sideband+1 (1)
sideband — 1

FT{Lu(7)} =

where q is the two-dimensional reciprocal space coordinate, A(r) and ¢(r) are the
amplitude and phase of the object wavefunction and p is the contrast of the holographic
interference fringes. As shown in Fig. 1a, in order to achieve the necessarily very high
spatial coherence perpendicular to the electrostatic biprism required for off-axis elec-
tron holography, the illumination is setup to be highly elliptical. The degree of ellipticity
is defined by the number &, which is simply the ratio of the illumination convergence
angles for the short and long axis of the ellipse. If the shear q is large enough, then the
sidebands are separated from the central band in reciprocal space and a simple inverse
Fourier transform of one of the sidebands yields the reconstructed wavefunction. Since
only a relatively small part of the data is used for reconstruction, the resolution is at
least 34 times lower than that of the recorded data set.

In non-linear in-line electron holography, the object wavefunction is its own
reference wave, avoiding the need for an electrostatic biprism. The wavefunction can
then potentially be reconstructed at the full image resolution. In this paper, we employ
an iterative flux-preserving in-line electron holography reconstruction algorithm',
which minimizes the difference between defocused images (in-line holograms)
simulated from the current estimate of the electron wavefunction at each iteration
and the experimental measurement, taking into account incoherent aberrations
(partial spatial and temporal coherence) and refining values of experimental para-
meters such as defocus Af, the illumination convergence semi-angle o, image regis-
tration and defocus-induced distortions, which are all only known approximately.
The image intensity I(r; Af, ¢) of any member of the focal series at defocus Af and
illumination ellipticity ¢, from which the wave function ¥(r) is to be reconstructed is
given by

I(7, Af, &) =FT ' [FT[Ia(7, Af)]'Espat (. Af, &)-MTF(q)] )
where,

In(F, Af) =|FT~ [FT[¥(F)|"CTF(q, Af) Eremp () H(@)]|* (3)
CTF(G, Af) = exp(in|g)’ [Af +0.52Cs4|’]) (4)
Eomy(d) = exp(— [05 7 2. 473]") (5)

S L 2] < Omax
H@)= { 0, Ad|> Omax (©)
Eqpu(3, Af, £) = exp (- [n ok Af(qi_,_gq;)]z). 7)

In Eq. 2, the flux-preserving approximation'® has been adopted, which, in case of
negligible effect of the spherical aberration C; on the spatial coherence envelope
Egpae(@) (Eq. 7), accounts more accurately for the intensity distribution in in-line
holograms, than the more widely used quasi-coherent approximation. In the above
formulae the coherent transfer function CTF(q) (Eq. 4) has (for readability reasons)
been limited to include only the effect of defocus (4f) and spherical aberration (Cy),
but can easily be extended to include any other coherent aberration coefficient as well.
In contrast to earlier work, the ellipticity ¢ of the illumination is explicitly included in
the envelope function accounting for partial spatial coherence (Eqpa(q)) which here
assumes the direction of high spatial coherence (characterized by the semi-
convergence angle ), i.e. the direction normal to the biprism in an off-axis electron
holography experiment, to lie along the x-axis. Furthermore, an objective aperture
(H(q)) (Eq. 6) admitting only scattering angles less than 0,,,, and a partial temporal
coherence envelope (Etemp(q)) (Eq. 5) depending on the focal spread A¢are
considered.

Nano-catalyst particles with a core-shell structure, consisting of carbon nano-
spheres with iron cores, were selected as a test material to assess the limits of the
method. The core-shell particles have fine feature sizes between ~0.5 and 0.8 nm
since the carbon phase is only partially crystalline. The carbon layers are buckled, and
display clear phase contrast. This sample therefore works very well as a test object for
assessing the spatial resolution of the method. In order to combine the two methods,
an off-axis hologram and a focal series were recorded from the same area using an FEI
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Titan 80-300 TEM equipped with two electron biprisms and a Gatan imaging filter
with a 2048 X 2048 pixel charge-coupled device (CCD) camera. The experiment was
carried out at an acceleration voltage of 300 kV. For this experiment both off-axis and
in-line acquisitions were done using round illumination conditions having inserted a
30 um objective aperture. First the off-axis electron hologram was acquired using a
biprism voltage of 89.4 V (0.38 nm fringe spacing) to obtain an optimum field of view
and resolution and a 20 s exposure time. Then, the biprism was turned off and
retracted from the beam. The sample was shifted to bring the same area of interest
back on the detector and a focal series was acquired from the same area using the
FWRWtools* plugin, applying linear defocus increments with a 90 nm defocus step
size. The illumination conditions were not changed between the off-axis and in-line
electron holography data acquisitions (Fig. 1c). At each defocus, an image was
acquired using a 3 s exposure time. The objective lens was used for changing the
focus, following assumptions that are explained elsewhere'®. For both off-axis and in-
line electron holography, zero-loss filtering, employing a 10 eV energy-selecting slit
was used, in order to reduce the contribution of inelastically scattered electrons.

Reconstruction of the off-axis electron hologram was performed using the
HolograFREE* software. For in-line and hybrid reconstruction, a flux preserving
non-linear in-line holography reconstruction algorithm'® was used. This method
takes into account the modulation transfer function (MTF) of the CCD camera
(whose effect is shown in Supplementary Fig. 4), as well as partial spatial coherence
and defocus-induced image distortions. The algorithm also refines experimental
parameters such as defocus and the illumination convergence angle. In order to
combine the two methods, the same region of interest that was selected for in-line
electron holography was aligned with the amplitude images obtained from the off-
axis reconstruction. Then, the in-line reconstruction algorithm was re-run, starting
from the off-axis amplitude and (unwrapped) phase, refining the imaging parameters
that were fitted during the first in-line reconstruction. Since the phase and amplitude
that were obtained from the off-axis data were also used for an initial guess using the
hybrid method, the same illumination conditions were assumed for the off-axis and
in-line data. The thickness measurement required for determining the mean inner
potential was obtained by EFTEM thickness mapping, with mean free paths calcu-
lated using David Mitchell’s mean free path estimator script*. In the region at the
center of the particle, where both iron (Fe) and carbon (C) are present, a mean free
path of 183.3 nm was assumed. This value was calculated according to the volume
ratio of Fe to C, for which the Fe core was assumed to be spherical with a radius of
7.5 nm and the particle radius was assumed to have a measured value of 22.5 nm. For
the C shell region, a mean free path of 188.3 nm was used.
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