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A B S T R A C T

Crystal diffraction is a well-established technique for high-resolution structural analysis of material science
and biological samples. However, the recovered structure is a result of averaging over all the unit cells in
the crystal, which smears out the imperfections, atomic defects, or asymmetries and chiral properties of the
individual molecules. We propose Bragg holography, where a nano-crystal is imaged at a defocus distance
allowing separation of the diffracted beams, without turning them into peaks. The presence of a reference
wave gives rise to a Bragg hologram, which can be reconstructed by conventional holographic reconstruction
algorithms. The recovered complex-valued wavefront contains the complete information about the atomic
distribution in the crystal, including defects. Bragg holography is demonstrated for gold nano-crystals, and
its feasibility for biological nano-crystals is shown.
1. Introduction

X-ray crystallography, where signal is averaged over thousands of
unit cells, has been routinely applied for solving the molecular structure
of biological and material science samples [1]. The current trends in
electron crystallography are aimed towards analysis of nano-crystals,
specifically their structure and deformations at atomic scale [2–4].
High-resolution imaging of material science and biological crystalline
samples can be realized in an electron microscope by a number of estab-
lished techniques, such as selected-area electron diffraction (SAED) and
high-resolution transmission electron microscopy (HRTEM). Standard
SAED yields data with good signal-to-noise ratio (SNR) and insensitivity
to real space specimen drift; but this technique yields only structure
factor amplitudes, and the corresponding phases must be obtained
via other means, such as molecular replacement [5]. Conventional
HRTEM yields a real-space intensity image which, as is well-known, is
greatly corrupted by the optical transfer (signal at some frequencies has
inverted contrast, and signal at other frequencies is lost completely).
Thus, white dots in the image may not actually be at the atomic
positions at all. There are other strategies to address these challenges.
In 1992, Coene et al. demonstrated the unambiguous high-resolution
reconstruction of samples obtained from a focal series acquired in a
transmission electron microscope (TEM), which has become a practical
tool for image analysis in HRTEM [6]. Coherent diffraction imaging
(CDI) [7] has been demonstrated in TEM by Zuo et al. who retrieved
the structure of a double-walled carbon nanotube at atomic resolu-
tion from a diffraction pattern acquired using TEM with a nominal
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microscope point resolution of 2.2 Å [8]. CDI can be successfully
used for reconstruction of crystalline nano-particles in combination
with other techniques [2,9,10]. However, CDI of crystalline samples is
highly challenging because of non-uniqueness of the reconstructed sam-
ple structure [11]. Recently Russo and Henderson suggested imaging
nanocrystals in defocus mode and demonstrated that this creates a set
of Bragg diffracted waves that appear separately from one another [12].

In this study we show how unambiguous crystal structure can
be recovered from a single image in a TEM, by utilizing a Bragg
hologram. The acquisition configuration is such that we are able to
acquire the genuine amplitude and phase of the specimen transmitted
wave, without any associated reversals or losses at specific frequencies.
Having access to the full wave allows numerical back-propagation to
the specimen, with confidence that the reconstructed image signal can
be directly related to the sample structure (including defects). Further
to that, in principle we can also propagate to any arbitrary plane within
the three-dimensional specimen. The details, including some practical
limitations and constraints, are the subject of this paper.

2. Results

2.1. Principle

Fig. 1 shows a schematic diagram of beam propagation in the elec-
tron microscope for Bragg holography. A nano-crystal illuminated with
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Fig. 1. Bragg holography of nano-crystals. Schematic diagram of beam propagation in an electron microscope, when nano-crystal is imaged (a) in-focus (a) and (b) at a defocus
𝛥𝑓 , 𝜗 is the diffraction angle. The first-order Bragg diffracted waves are observed at 𝜗 = 2𝜗B. The interference patterns formed by superposition with the reference wave (Bragg
images) are shown in top view in (b). (c) Example of an experimental Bragg hologram of MgO nano-crystal acquired with 300 keV electrons at defocus distance of 7 μm. At this
magnification with the utilized experimental hardware, the pixel size was insufficient to sample the fringes inside each Bragg image. (d) A Bragg hologram acquired at a higher
magnification, the interference pattern in the red square is shown in (e), exhibiting periodical fringes. (f) Amplitude of Fourier transform of the interference pattern in the gray
square in (d), showing two side-peaks due to periodic fringes in the interference pattern. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
a plane electron wave diffracts the electron wave at angles governed
by Bragg’s law

2𝑑 sin 𝜗B = 𝜆𝑛, (1)

where 𝜗B is the diffraction angle, 𝜆 is the wavelength, 𝑛 is an integer, 𝑑
is the distance between the diffracting planes. An in-focus image of the
nano-crystal can be obtained by using a system of lenses which focuses
all the diffracted waves back together into an image (Fig. 1(a)). When
the nano-crystal is imaged at defocus (Fig. 1(b)), the Bragg diffracted
waves appear separated from one another, laterally positioned at a
distance

𝛥𝑟 = 𝛥𝑓 tan (2𝜗B) (2)

from the zero-order image, Fig. 1(c)–(f), where 𝛥𝑓 is the defocus. An
example of the defocus series is shown in Fig. 2. A Bragg hologram is
a defocused image of a crystal illuminated with a plane wave with an
extent that significantly exceeds the lateral size of the crystal, so that
the diffracted beams interfere with the illuminating plane wave, form-
ing holograms. The complete information about the complex-valued
distribution of the scattered waves is thereby recorded according to
the holography principle [13], as shown in Fig. 1(a)–(b). We refer to
these individual interference patterns as Bragg images, and the full
interference pattern that includes all Bragg images as a Bragg hologram.
The reference wave extent should be broad enough to cover all the
diffraction orders. The resulting Bragg hologram has components of
both in-line and off axis holograms. In the zero-diffraction order, an
in-line hologram is formed by interference with the wave propagating
through the crystal. In the higher diffraction orders, the diffracted
beams interfere with the unperturbed reference beam, thus creating
off-axis holograms (Fig. 1(c)–(f)). The number of Bragg images and the
symmetry of their positions relative to the center of the Bragg hologram
2

(unlike the 2D hologram distribution) are given by the intersection
of the allowed diffraction orders with the Ewald sphere, as shown in
Fig. 3.

A Bragg hologram can be reconstructed by applying conventional
holographic reconstruction algorithms. The signal in the central spot is
an in-line hologram distribution, and this type of hologram is known to
suffer from the so-called twin-image [14,15] — an out-of-focus sample
image superimposed onto an in-focus image. As we show below, in both
cases of non-biological and for biological nano-crystals this problem
can be solved and the complex-valued distribution of the exit wave,
that is the wavefront right behind the sample, can be reconstructed and
contains the complete 3D structural information about the sample.

2.2. Non-biological crystals

For non-biological crystals, the twin image problem can be solved
by numerically removing the signal in the central region (zero-order
Bragg image) and replacing it with a constant value equal to the back-
ground (intensity of the reference wave), as described in Appendix B:
Bragg hologram high-pass filtering. To achieve separation between the
zero-order and higher-order Bragg images, the lateral size of the crystal
𝑠 should be smaller than the center of the first-order Bragg image:

𝑠 < 𝛥𝑓 tan (2𝜗B). (3)

The numerically filtered Bragg hologram is then reconstructed by prop-
agating the wavefront from the defocus plane to the in-focus plane. The
wavefront propagation is calculated by the angular spectrum (ASM)
method [16–18], which boils down to computing the exit wave wave-
front distribution 𝑢 from the wavefront 𝑢B in the Bragg hologram plane
by applying the following transform:

𝑢 = FT−1
{

FT(𝑢B) exp
[

𝑖2𝜋𝑧√1 − (𝜆𝑓𝑥)2 − (𝜆𝑓𝑦)2
]}

, (4)

𝜆
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Fig. 2. Bragg images as function of defocus distance for a MgO nano-crystal of about 50 nm × 50 nm × 50 nm in size, close to (200) orientation, measured with 300 keV electrons
at: (a) close to focus, (b) +1 μm, (c) +2 μm, (d) +3 μm, and (e) +4 μm defocus. Bragg images appear at a distance 𝛥𝑟 from the center of the Bragg hologram, where 𝛥𝑟 is defined
by Eq. (2). For (200) MgO nano-crystals, the distance between atomic planes is 2.11 Å which gives for 300 keV electrons the Bragg diffraction angle of 𝜗B = 4.67 mrad. At defocus
of 𝛥𝑓 = +4 μm (not shown here), the positions of the Bragg images are 𝛥𝑟 = 50 nm from the center, so that the Bragg images would be separated from the central shadow image.
At this magnification with the utilized experimental hardware, the pixel size was insufficient to sample the fringes inside each Bragg image. The scalebars correspond to 50 nm.
The intensity range is the same for all the panels.
where FT and FT−1 are Fourier and inverse Fourier transforms, respec-
tively, (𝑓𝑥, 𝑓𝑦) are the coordinates in the Fourier plane, and 𝑧 is the
distance between the two planes. By setting 𝑧 = 𝛥𝑓 , the complex-
valued wavefront distribution right behind the sample is obtained. By
setting 𝑧 to 𝑧 = 𝛥𝑓 + 𝛥𝑧 the complex-valued wavefront distribution
at a distance 𝛥𝑧 into the sample is obtained. Thus, by selecting 𝛥𝑧
values, in principle, a 3D distribution of the wavefronts at different
planes inside the sample can be obtained. However, it must be noted
that in order to resolve the atomic arrangements along the 𝑧-axis, 𝑧-
resolution, defined by the extent of the Bragg hologram (numerical
aperture), must be sufficiently high. The central region in the Bragg
hologram (zero-order Bragg image) contains the information related to
a uniform, constant distribution. Setting the zero-order Bragg image
to the background intensity during the reconstruction procedure is
equivalent to subtraction of that constant. Since the atomic distribution
is described by a non-constant and typically a periodical function
(except for defects), this constant off-set can be ignored. In the next
sub-section we show an example of reconstructed spatial distribution
of atoms and a defect obtained by this approach.

2.2.1. Simulated Bragg hologram
A simulated example of Bragg hologram of a model crystal and

its reconstruction are shown in Fig. 4. The model crystal is made of
finite-sized hexagonal (graphene-like) lattices in three planes. In the
middle plane, one node (atom) is missing, as shown in Fig. 4(a)–(c). The
corresponding Bragg hologram was obtained by calculating wavefront
propagation through the three planes and then to a defocus distance.
The transmission function of each layer is given by exp [𝑖𝜎𝑣𝑧(𝑥, 𝑦)],
where 𝜎 is the interaction parameter and 𝑣𝑧(𝑥, 𝑦) is the projected
potential, each layer was assumed to be a hexagonal-arranged lattice
of carbon atoms with the closest distance between the atom of 1.42 Å,
the distance between the planes was 3.35 Å, the electron energy was
80 keV. The defocus distance was selected such that the individual
Bragg images are separated from one another, 𝛥𝑓 = 500 nm, shown in
Fig. 4(d). In the obtained Bragg hologram the zero-order Bragg image
was replaced by a constant (Fig. 4(e)). The crystal distribution was
3

reconstructed by calculating the wavefront propagation from the plane
of the Bragg hologram to the three planes inside the sample using
the ASM. The ASM allows wavefront propagation to any plane inside
the sample, which allows quasi three-dimensional reconstruction. The
corresponding reconstructed distributions are shown in Fig. 4(g)–(i). It
is apparent, in this case, that the reconstructed distributions are almost
indistinguishable, and the missing atom in plane 2 cannot be seen. The
reason is that the axial resolution 𝑅𝑧 = 2𝜆∕(NA)2 [19], where NA is
the numerical aperture NA = 𝑆∕(2𝑧) where 𝑆 is the detector size and
𝑧 is the sample-to-detector distance, amounts to 𝑅𝑧 = 1.3 nm, which
is much larger then the distance between the planes, and the signal
from the adjacent planes are practically appear in one plane. Thus,
although three-dimensional information is reconstructed, it cannot be
resolved due to poor axial resolution. When the distance between the
planes exceeds the resolution limit, the signal from different planes can
be distinguished, as shown in Fig. 4(j)–(l), where the missing atom
is reconstructed in plane 2. The results shown in Fig. 4 demonstrate
that the filtering out of the low-resolution information allows artifact-
free recovery of the high-resolution information, so that the individual
defect could be accurately retrieved. The limiting factor remains the
axial resolution, which can be improved by either adjusting the geo-
metrical parameters of the setup, or by using advanced reconstruction
methods that allow separation of the signal from different planes along
𝑧-axis [20]. Aside from the black dots which represent the actual atoms,
there is some background texture (lines and flower-like features) in the
reconstructions shown in Fig. 4(j)–(l). This relates to the interference
of the waves from the out-of-focus atoms from adjacent planes.

2.2.2. Experimental Bragg hologram
Experimental results obtained by Bragg holography are shown in

Fig. 5. The details of electron diffraction experiments are provided in
Appendix A. As test samples we used MgO and gold nano-crystals. An
image of a gold nano-crystal acquired at close to focus conditions is
shown in Fig. 5(a). A Bragg hologram of the same crystal is shown
in Fig. 5(b), and the same hologram with the numerically filtered
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Fig. 3. Bragg images of MgO crystal of about 50 nm × 50 nm × 50 nm in size, close to (200) orientation, acquired at defocus of +5 μm, when the sample was tilted in 1◦

increments, from (a) −6◦ to (l) +5◦. The image is zoomed out to show the distribution of the Bragg images as a function of tilt; the sampling at this magnification is insufficient to
resolve the interference patterns inside each Bragg image. The scalebars correspond to 50 nm. The intensity range is the same for all the panels. The axis of rotation corresponds
to the vertical direction in the shown micrographs.
zero-order Bragg image is shown in Fig. 5(c), the details of numer-
ical filtering are provided in Appendix B: Bragg hologram high-pass
filtering. The complex-valued exit wave reconstructed from the Bragg
hologram is shown in Fig. 5(d) and (e). Artifact-free reconstruction
is obtained from the filtered Bragg hologram, where the zero-order
diffracted wave in the center of the hologram is set to zero (Fig. 5(e)
and (f)). Atomic planes can be resolved in the obtained reconstructions
(Fig. 5(f) and (g)). From the results shown in Fig. 5 it is evident
that while conventional imaging provides intensity measurement only
(Fig. 5(a)), the Bragg hologram captures the amplitude and phase
distributions of the scattered wavefront (Fig. 5(f) and (g)).

2.3. Biological crystals

A particularly interesting application of Bragg holography is in
imaging of biological nano-crystals. The lattice constant in biological
crystals is an order of magnitude larger than that in material science
nano-crystals and therefore the Bragg diffraction angles are respec-
tively smaller. This in turn causes an experimental difficulty to detect
the Bragg images separately from the central shadow and from each
4

other, as much larger defocus distances are needed. For example, for
a 30 nm bacteriorhodopsin 2D crystal with trimer-to-trimer distance
of 6.3 nm and the distance between the diffracting planes of 5.4 nm
(Fig. 6(a)–(b)), imaged with electrons of 300 keV kinetic energy, a
defocus distance of approximately 83 μm would be required to get
the center of the first-order Bragg image separated from the central
Bragg image. Moreover, at such large defocus distances, the Fresnel
diffraction effects are substantial, resulting in each Bragg image being
not localized to a certain region but spread over the entire Bragg
hologram area and overlapping with other Bragg images, the effect
of which cannot be avoided or numerically filtered. On the other
hand, the twin image signal becomes less disturbing at large defocus
distances close to Fraunhofer holography regime [21], because the
waves diffracted by the individual atoms are diffracted at high angles
given by ∝ 𝜆∕𝑎, where 𝑎 is typical inter-atomic distance. In this case,
there is no need for filtering out the central Bragg image and the entire
Bragg hologram can be numerically processed, an example is shown
in Fig. 6(c)–(f). At smaller, and more realistic defocus distances, such
as 10 μm, it is possible to retrieve the nano-crystal structure from its
Bragg hologram, although the twin image is present as a low-frequency



Ultramicroscopy 230 (2021) 113376T. Latychevskaia et al.
Fig. 4. Illustration for imaging of individual defects by Bragg holography. (a)–(c) A 3D crystal consisting of three planes with a single defect in the middle plane (plane2), the
defect is in the region shown in the red square. (d) The corresponding Bragg hologram. (e) Filtered Bragg hologram, where the zero-order Bragg image is replaced by a constant.
(f) Exit wave-front distribution reconstructed from the Bragg hologram, phase distribution is shown. (g)–(i) Reconstructed phase distributions at the three planes in the sample;
the distance between the planes is 3.35 Å. (j)–(l) Reconstructed phase distributions at the three planes in the sample; the distance between the planes is 20 nm. The black dots
represent the actual atoms, and are the features of primary interest in the current work. The background texture in the reconstructions (with lines and flower-like patterns) arise
from the numerical reconstruction process, and relates to the interference of the waves from the out-of-focus atoms from adjacent planes. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
background signal Fig. 6(e)–(f) (details of the simulations are provided
in Appendix C: Simulation of Bragg hologram of bacteriorhodopsin).
Because the zero-order Bragg image does not need to be filtered out,
the zero-order and the first-order Bragg images do not need to be clearly
separated. For this reason, the restriction on the crystal size given by
Eq. (3) does not apply for biological crystals.

The radiation dose for high-resolution biological imaging amounts
to about 5 𝑒∕Å2 to preserve the atomic structure at resolution of
2 Å [22]. The simulations shown in Fig. 6 were done at the radia-
tion dose of 4 𝑒∕Å2, assuming a 16 bit dynamic range detector. In
the reconstruction, the signal in higher-order Bragg images is focused
back to the sample image by wavefront propagation. Therefore, noise
superimposed onto Bragg hologram leads to noise superimposed onto
the reconstructed sample distribution, as illustrated in Fig. 6(e)–(h).

For correct sampling of Bragg holograms of biological nano-crystals,
a much larger number of pixels would be required for the detector,
than is typically found on conventional microscopes (a detector with
5

2048 × 2048 pixels is used for this work). Expressed in terms of field
of view and pixel sampling, if for example a 500 nm biological crystal
were imaged, including Bragg images to 4th order, a field of view of
4500 nm × 4500 nm would be required. With a typical 2048 pixels per
side, this would lead to a sampling of approximately 2.2 nm/pixel,
which will set the resolution limit. The lateral resolution of the recon-
structed structure is given by Abbe criterion: 𝑅𝑥,𝑦 = 𝜆∕(2𝑁𝐴), where
𝑁𝐴 is the numerical aperture [19,23]. The simulations shown in Fig. 6
are done for a crystal of size 31.5 nm × 31.5 nm, for a total area of
400 nm × 400 nm (5 × 5 trimer units), sampled with 8000 × 8000
pixels, which gives both the pixel size and the lateral resolution ac-
cording to the Abbe criterion of 50 pm. Thus, Bragg holography in
principle has the potential of being a high-resolution imaging technique
for biological crystals, provided that the experiments are performed
employing a very large (e.g. 8000 × 8000 pixel camera [24]), shorter
electron wavelength (e.g. at accelerating voltage of 20 keV) to increase
the scattering angles, and small biological crystals.
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Fig. 5. Bragg holography of a Au nano-crystal realized with 300 keV electrons. (a) In-
focus image of the crystal acquired in standard TEM mode. (b) Bragg hologram of the
same sample obtained at defocus distance 𝛥𝑓 = 900 nm, and the same hologram after
numerical filtering (c). (d) and (e) Amplitude and phase distributions, respectively,
reconstructed from the Bragg hologram by wavefront propagation to in-focus plane.
Phase values in (e) are ranging from 0 to 1.50 radian. (f) and (g) Amplitude and
phase distributions, reconstructed from numerically filtered Bragg hologram in which
the central spot was suppressed. Phase values in (g) are ranging from 0 to 0.29 radian.

3. Discussion

In conclusion, Bragg holography allows acquisition of the amplitude
and phase of the wavefront scattered by a 3D nano-crystal. The crys-
tallinity of the sample results in Bragg diffraction, the Bragg images
superimposed with the reference wave provide direct access to the
phase information, in one single-shot image. The recovered complete
complex-valued 2D distribution of the exit wave can be propagated
6

Fig. 6. Bragg holography of a bacteriorhodopsin nano-crystal, simulated study. (a)
Phase distribution of the exit wave and (b) magnified region corresponding to a single
trimer. The phase values are ranging from 0 to 0.71 radians. (c) Bragg hologram
simulated at defocus distance 𝛥𝑓 = 10 μm and (d) magnified region in the red
square; the intensity values are 0.69 − 1.40 au. (e) Phase distribution of the exit
wave reconstructed from the Bragg hologram shown in (d) and (f) magnified region
corresponding to a single trimer; the values are ranging from −0.24 to 0.65 radians.
(g) and (h) the same as (e) and (f), but reconstructed from a Bragg hologram with
noise added, signal-to-noise ratio SNR=10. The images are sampled with 8000 × 8000
pixels, one bacteriorhodopsin trimer is sampled with 126 × 126 pixels. The radiation
dose is 4 𝑒∕Å

2
, a 16 bit dynamic range detector is assumed in the simulations. (For

interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

backward through the crystal planes, thus in principle allowing 3D
atomic structure reconstruction. The reconstructed structure is not a
result of averaging over the unit cells that compose the crystal, it
is a direct image of the entire crystal. Crystal imperfections such as
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individual defects and internal strain can be visualized. The resolution
of the reconstructed nano-crystal structure is given by the NA of the
imaging system. The lateral and axial (along the 𝑧 axis) are given by
𝑅𝑥,𝑦 = 𝜆∕(2𝑁𝐴) and 𝑅𝑧 = 2𝜆∕(𝑁𝐴)2, respectively [19].

The experimental acquisition process is relatively robust, Bragg
olograms can be conveniently acquired in a standard electron mi-
roscope. A standard scintillation-based CCD camera with relatively
ew pixels (2048 × 2048) was used in this work to demonstrate the
oncept. The full potential of the technique could be readily accessed
ia availability of a higher specification detector with more pixels,
nd higher quantum efficiency. For non-biological samples, an artifact-
ree (twin image free) reconstruction can be obtained by numerically
uppressing the zero-order Bragg image. For this, individual Bragg
mages should be sufficiently separated from each other. The condition
or obtaining Bragg images separated from one another is that the
ateral size of the crystal 𝑠 is smaller than the distance to the center

of the first-order Bragg image: 𝑠 < 𝛥𝑓 tan (2𝜗B). The period of fringes
in a Bragg image is given by 𝑇 = 𝜆∕ sin 𝜗 where 𝜗 is the angle between
the interfering waves, which can be re-written as 𝑇 ≈ 𝑑, where we
considered the Bragg law 2𝑑 sin 𝜗B = 𝜆𝑛. This period should be sampled
correctly with at least two pixels per period according to the Nyquist–
Shannon theorem [25,26]. For higher-order Bragg images, particularly
for material science samples, this interference pattern period can be
very small and when sampled incorrectly, a moiré pattern or even a
constant intensity instead of the correct interference pattern may be
mis-detected.

Bragg holography can be applied for high-resolution imaging of
biological crystals. For biological crystals imaged with a few microns
of defocus, the twin image appears as a low-frequency signal super-
imposed onto the reconstruction and therefore does not contaminate
the high-resolution structural information. The relatively small Bragg
diffraction angles due to the large lattice period in biological crystals
can be compensated by using low keV energy electrons which increase
scattering angles. In addition, detecting systems with a large amount
of pixels should be employed to provide sufficient amount of pixels
per unit cell. Overall, high-resolution real space imaging of biological
crystals by Bragg holography, obtaining both amplitude and phase
information, is a feasible task. While diffraction on single molecules
cannot be realized due to insufficient signal from a single molecule and
radiation damage problem [27], Bragg holography technique offers an
alternative solution by using single molecules assembled into crystal
which multiplies the scattered signal to be sufficient for detection,
but at the same time allows reconstruction of individual molecules
assembled into the crystal.
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Appendix A. Electron diffraction experiments

Electron microscopy data was acquired using a ThermoFisher Titan
G2 transmission electron microscope, operated at 300 kV. This mi-
croscope is equipped a Schottky XFEG source, a spherical aberration
corrector for the objective lens (CEOS Gmbh), and a 2048 × 2048 pixels
7

Gatan Ultrascan1000XP CCD camera, with 16-bit dynamic range and
14 μm pixel size.

MgO nano-cubes were synthesized as follows. Magnesium wire
(MAA0327, 1 mm diameter, Japan Fine Steel, Ltd) was ignited inside
a fume hood, and the resultant smoke, containing nanocrystals, was
collected on TEM grids placed above the wire. The grids were exposed
to the smoke for approximately 5 s. SiN grids, with membrane thick-
ness of 20 nm were employed (Alliance Biosystems, product number
SN100-A20MP2Q05). The resultant MgO particles were consistently
crystalline, with cubic external morphology, and with sizes in the range
from approximately 20 to 200 nm. The specimen coverage varied with
the distance between the wire and substrate, and a distance of 35 mm
roduced a suitable particle density on the TEM grids. The particles
ended to aggregate, but nevertheless it was usually straightforward to
ind a single isolated particle, with no other particles within the nearby
ield of view.

For experiments with gold nano-crystals, commercially available
old nano-particles were utilized (Nanocomposix, Product Number
UXU10-1M, with specified diameter of 10 ± 2 nm). The suspension
ontaining the particles (in aqueous 2 mM sodium citrate) was dropped
nto copper grids with amorphous carbon support membranes.

ppendix B. Bragg hologram high-pass filtering

Transmission function of the entire area with the sample can be
ritten as 𝑡 = 1 + 𝑜, where one corresponds to the regions without
ny sample, and 𝑜 is a function which describes the alternations caused
n the incident wave by the presence of the sample. For example, for
hase shift samples (such as biological molecules), the transmission
unction can be written as 𝑡 = exp (𝑖𝜎𝑉𝑧), where 𝜎 is the interaction
arameter and 𝑉𝑧 is the projected potential. When illuminated by a
lane wave of amplitude 𝐴, the wavefront behind the sample is given
y 𝐴𝑡 = 𝐴(1+𝑜) and when propagated for some distance, the wavefront
ecomes 𝐴(1+𝑜) → 𝐴(1+𝑂). The recorded intensity is 𝐻 = 𝐴2

|1 + 𝑂|

2 ≈
𝐴(1 + 𝑂 + 𝑂∗), where 𝑂 is the object wavefront, 𝑂∗ is the twin image

avefront, and the term |1𝑂|

2 is negligibly small. Without sample, or
n the regions of the hologram where the signal from the sample is
egligible, the recorded intensity is given by the background: 𝐵 = 𝐴2,
nd this way the background intensity can be determined.

Bragg hologram distribution 𝐻 is numerically filtered and recon-
tructed as follows:

(1) The average background intensity (intensity due to reference
ave alone) 𝐵 is evaluated from the hologram.

(2) 𝐻2 = 𝐻∕𝐵−1 is calculated. This gives 𝐻2 = 𝐻∕𝐵−1 ≈ 𝑂+𝑂∗.
(3) In 𝐻2 distribution, the central region is suppressed by setting

he values to 0 with blurred edges, the obtained distribution is 𝐻3.
(4) 𝑜 is reconstructed from 𝑂 by calculating wavefront 𝐻3 backward

o the in-focus position.
The transmission function is obtained as 𝑡 = 1 + 𝑜 and then the

bsorption and phase distributions are extracted from the transmission
unction as explained elsewhere [28].

ppendix C. Simulation of Bragg hologram of bacteriorhodopsin

For large number of pixels, as in the present study, current compu-
ational power does not allow to perform multislice calculation [29].
herefore, the total scattered wave here is obtained by summation over
ll scattered waves from individual atoms. For an individual atom at a
osition (𝑥0, 𝑦0, 𝑧0) the scattered wave in the far-field is given by

(𝑘𝑥, 𝑘𝑦) ≈ exp (𝑖𝑘𝑧0) exp
(

−𝑖𝑧0
√

𝑘2 − 𝑘2𝑥 − 𝑘2𝑦
)

×

∬ exp
[

𝑖𝜎𝑣𝑧(𝑥 − 𝑥0, 𝑦 − 𝑦0)
]

×

exp
[

−𝑖(𝑘𝑥𝑥 + 𝑘𝑦𝑦)
]

d𝑥d𝑦, (5)

where 𝑣𝑧(𝑥, 𝑦) is the projected potential of the atom. The follow-
ng transformation can be applied: FT

(

exp
[

𝑖𝜎𝑣𝑧(𝑥 − 𝑥0, 𝑦 − 𝑦0)
])

=
exp

[

−𝑖(𝑘 𝑥 + 𝑘 𝑦 )
]

FT
(

exp
[

𝑖𝜎𝑣 (𝑥, 𝑦)
])

and we an re-write Eq. (5) as
𝑥 0 𝑦 0 𝑧
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𝑈 (𝑘𝑥, 𝑘𝑦) ≈ exp (𝑖𝑘𝑧0) exp
(

−𝑖𝑧0
√

𝑘2 − 𝑘2𝑥 − 𝑘2𝑦
)

×

exp
[

−𝑖(𝑘𝑥𝑥0 + 𝑘𝑦𝑦0)
]

FT
(

exp
[

𝑖𝜎𝑣𝑧(𝑥, 𝑦)
])

=

𝑢𝑖(𝑘𝑥, 𝑘𝑦)FT
(

exp
[

𝑖𝜎𝑣𝑧(𝑥, 𝑦)
])

, (6)

where the first term 𝑢𝑖(𝑘𝑥, 𝑘𝑦) depends on atomic coordinates (𝑥0, 𝑦0, 𝑧0),
and the last term FT

(

exp
[

𝑖𝜎𝑣𝑧(𝑥, 𝑦)
])

is the same for all atoms of the
same element type.

The atomic coordinates of bacteriorhodopsin were downloaded
from protein database structure 1BRD [30,31]. The input data was an
array of coordinates of all atoms (𝑥𝑛, 𝑦𝑛, 𝑧𝑛) in picometers, not in pixels.
Hydrogen atoms were added by using UCSF Chimera software, but their
contribution was so small that they can be neglected.

The first term in Eq. (6) was calculated by summing up contribu-
tions from all atoms of the same element type:

𝑢𝑖(𝑘𝑥, 𝑘𝑦) =
∑

𝑛
exp (𝑖𝑘𝑧𝑛)×

exp
(

−𝑖𝑧𝑛
√

𝑘2 − 𝑘2𝑥 − 𝑘2𝑦
)

exp
[

−𝑖(𝑘𝑥𝑥𝑛 + 𝑘𝑦𝑦𝑛)
]

, (7)

where (𝑘𝑥, 𝑘𝑦) are the coordinates in the Fourier space. No fast Fourier
transforms were applied in the simulations to avoid sampling artifacts.
𝑢𝑖(𝑘𝑥, 𝑘𝑦) was simulated for each type of atoms separately: H, B, C,

and S, thus giving 𝑢H(𝑘𝑥, 𝑘𝑦), 𝑢B(𝑘𝑥, 𝑘𝑦), 𝑢C(𝑘𝑥, 𝑘𝑦), 𝑢N(𝑘𝑥, 𝑘𝑦) and
𝑢S(𝑘𝑥, 𝑘𝑦).

The transmission function of a layer with an atom at (𝑥 = 0, 𝑦 =
0) was calculated as: 𝑡(𝑥, 𝑦) = exp

[

𝑖𝜎𝑣𝑧(𝑥, 𝑦)
]

, where 𝑣𝑧(𝑥, 𝑦) is the
projected potential of an individual atom calculated as:

𝑣𝑧(𝑟) =

4𝜋2𝑎0𝑒
3
∑

𝑖=1
𝑎𝑖𝐾0

(

2𝜋𝑟
√

𝑏𝑖
)

+

2𝜋𝑎0𝑒
3
∑

𝑖=1

𝑐𝑖
𝑑𝑖

exp
(

−𝜋2𝑟2

𝑑𝑖

)

here 𝑟 =
√

𝑥2 + 𝑦2, 𝑎0 is the Bohr’ radius, 𝑒 is the elementary charge,
𝐾0(...) is the modified Bessel function and 𝑎𝑖, 𝑏𝑖, 𝑐𝑖, 𝑑𝑖 are parameters that
depend on the element type of the atoms and are tabulated in Ref. [29].
In 𝑣𝑧(𝑟), the singularity at 𝑟 = 0 was replaced by the value of 𝑣𝑧(𝑟)
at 𝑟 = 0.1 Å. The transmission function is simulated for each type of
atoms separately: H, B, C, N and S, thus giving 𝑡H(𝑥, 𝑦), 𝑡B(𝑥, 𝑦), 𝑡C(𝑥, 𝑦),
𝑡N(𝑥, 𝑦) and 𝑡S(𝑥, 𝑦). The total wavefront in the far-field was calculated
according to Eq. (7) as a sum of the products of the Fourier transform of
the scattered wave with atomic coordinates over all chemical elements:

∑

𝑖=H,B...
FT

[

𝑡𝑖(𝑥, 𝑦) − 1
]

𝑈𝑖(𝑘𝑥, 𝑘𝑦), (8)

where 𝑈𝑖(𝑘𝑥, 𝑘𝑦) is a sum over all 𝑢𝑖(𝑘𝑥, 𝑘𝑦) for all atoms of particular
element type. In Eq. (8), one is subtracted to avoid summing up of
the unscattered wave for all atoms. The exit wave is then obtained by
inverse Fast Fourier transform (FFT) of the result of Eq. (8) and adding
one (unscattered wave).
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