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Bragg coherent diffraction imaging struggles to phase data from nanocrystals exhibiting large strain
inhomogeneities, which significantly limits its applicability across many scientific scenarios. Here, we
demonstrate the experimental realization of Bragg coherent modulation imaging, an approach that
incorporates wavefront modulation into the diffracted beam, enabling unambiguous structure recovery and
resolving highly strained crystals. This method provides a more robust tool for three-dimensional lattice
strain measurements in nanocrystals.
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Introduction—Bragg coherent diffraction imaging
(BCDI) [1–3] exploits x-ray coherence [4] and phase
retrieval [5–7] to measure three-dimensional (3D) lattice
strain in crystals with a spatial resolution below 10 nm and a
strain sensitivity down to 10−4 [8]. The 3D reciprocal space
volume in the vicinity of a Bragg peak is measured; an
intensity measurement leads to a classic phase problem
where the amplitude is known and the missing phase
information must be recovered using algorithms. The result
is a 3D complex image (object function), where the modulus
represents the Bragg crystallographic electron density and
the phase corresponds to the projected lattice displacement
along the Bragg reflection [9,10]. A natural extension
involves measuring multiple noncoplanar Bragg reflections
to obtain the full strain tensor for each voxel in an image

[8,11,12]. BCDI has been applied to unveil the lattice strain
effects in a variety of materials, including catalysts [13–15],
ferroelectrics [16–18], semiconductors [19,20], and lithium
battery materials [21–23], among others.
To date, BCDI applications have focused mainly on

nanocrystals with relatively small deformation fields,
where the reconstructed object phase values are restricted
within the range of ½−π; π�, equivalent to a unit cell of total
deviation across the whole crystal [24,25]. However, in
cases where multiple phase wraps are present, existing
phase retrieval methods are relatively unsuccessful [26].
This is due to the inability to reliably resolve the shape
function, the 3D volume of the crystal also known as the
support constraint, and manifests as some nonphysical
crystallographic electron density “gaps” in the recon-
structed volumes [24]. Inherent to inverse problems is
the coexistence of multiple equivalent solutions (twins)
[27], which could be responsible for the difficulty in
searching for the correct support function.
One way to overcome the aforementioned BCDI limi-

tations is to add a wavefront modulator to the diffracted
beam, a method coined Bragg coherent modulation imag-
ing (BCMI) [28]. This provides a definitive constraint, if
the modulator is well known, and allows for the unam-
biguous reconstruction of the diffracted signal. Numerical
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simulations [28] show that BCMI demonstrates superior
performance for highly strained nanocrystals and solves the
twin problem of BCDI. The technique requires the insertion
of a wavefront modulator after the sample, i.e., in the
diffracted beam, which resolves its propagation ambigu-
ities. The interference between the sample exit wave and a
known modulator introduces a strong constraint in recip-
rocal space, which facilitates data inversion [29–31].
The experimental realization of BCMI, however, is not

trivial. First, the wavefront modulator must be precisely
positioned only a few millimeters downstream of the
sample. Second, the modulator’s transmission function
must be accurately calibrated to provide essential prior
knowledge required for the BCMI phase retrieval. Third,
the modulator’s high sensitivity to sample drift poses a
significant challenge to effective data inversion [28]. Here,
we present the first BCMI experimental demonstration at
the ID01 beamline of the European Synchrotron Radiation
Facility-Extremely Brilliant Source (ESRF-EBS, Grenoble,
France) [32]. Viable solutions for modulator installation
and calibration are suggested, along with the incorporation
of a position correction algorithm into the BCMI phase
retrieval process to address sample drift. Case studies of
BCMI on low-strain (LS) and high-strain (HS) platinum
(Pt) nanocrystals are presented, highlighting the superior
reconstruction capabilities in terms of both accuracy and
robustness compared with the current BCDI method.
Experiment—The experiment setup is shown in Fig. 1(a);

it is similar to BCDI except that a wavefront modulator
is inserted downstream, within a few millimeters, of the
sample (d1). The large sample-to-detector distance
d1 þ d2 ¼ 5.35 m necessitates a horizontal scattering
geometry, with the sample mounted vertically. The long
detector arm is crucial for BCMI as it ensures the sufficient
oversampling required for the ptychographic calibration of
the modulator [30] in the diffracted beam where the beam is
relatively large (several microns).
The modulator used in the experiment was made of a

1.5 μm thick layer of sputtered tungsten (W) deposited on a
Si3N4 membrane and has a random structure fabricated by
lithography. The random pattern has been optimized to have
approximately 50% sparsity, and structural disconnectivity
was avoided through a morphological filtering process [30].
The modulator was mounted on a specialized nanogoni-
ometer, which was installed on the eta circle of the ID01
Huber diffractometer [see Fig. 1(b)]. The nanogoniometer
(Supplemental Material S1 at [34]) offers three-axis trans-
lations (x, y, and z axes) and two-axis rotations (Mchi
andMphi axes), ensuring precise alignment of the modulator
perpendicular to the Bragg diffracted beam direction. At an
experimental x-ray energy of 9 keV, the theoretical induced
phase shift (Δϕ) of this modulator on the incoming
wavefront is calculated to be 2.4 rad, matching the modulator
ptychographic calibration [see End Matter (EM)
Appendix A] with the results shown in Fig. 1(c).

We used dewetted Pt crystals with a size ranging from
100 to 800 nm as a model sample (Supplemental Material
S2 at [34]). The crystals were predominantly oriented
with the [111] direction perpendicular to the surface of
the yttria-stabilized zirconium substrate. When the
sample was mounted vertically, the (111) specular Bragg
reflection was observed in the horizontal plane. The
monochromatic incident beam was focused down to
1.5 μm using Beryllium compound refractive lenses
(CRLs), with the coherent illumination defining slits set
to 140 μm ðxÞ × 300 μm ðyÞ . Upon illumination of the
target Pt nanocrystal, the diffracted beam scatters from the
modulator and then propagates to the Eiger-2M detector
[35]. The distance (d1) for the measured LS and HS Pt is
1.35� 0.01 mm and 3.15� 0.01 mm, respectively, and
these values were retrieved together with the ptychographic
reconstruction of the modulator (Supplemental Material
S3 at [34]).
The BCMI measurements were conducted immediately

after the modulator calibration, rocking the Pt crystal
within a range of ½−0.5°; 0.5°� at a step size of 0.005°
around the (111) Bragg reflection. The exposure time for
each diffraction slice was 1 sec. BCMI measurements were
executed on two Pt nanocrystals: the LS Pt measuring
520 × 740 × 850 nm3, characterized by strain predomi-
nantly confined within the range of ½−0.05%; 0.05%�,

FIG. 1. BCMI experiment setup. (a) BCMI experiment sche-
matic; CRLs, compound refractive lenses. The coordinates in the
sample frame follows the CXI convention [33], i.e., x outboard, y
vertical up, and z downstream. The coordinates in the detector
frame are denoted as x0y0z0. (b) Photograph of the sample-
modulator configurations. The modulator is mounted on the
nanogoniometer (three translation axes on two rotation axes). The
sample and modulator are highlighted with green outlines in top
view, with the x-ray path indicated by a dashed red line.
(c) Ptychographic reconstructed modulator function, with the
modulus shown by brightness and the phase shown by color.
Inset: the phase line plot at the location of the black dashed line.
Scale bar is 1 μm.
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and the HS Pt measuring 260 × 810 × 580 nm3, exhibiting
a broader strain distribution spanning ½−0.2%; 0.2%� (see
Supplemental Material S4 at [34] for data processing,
which includes Refs. [17,36–38]). BCDI measurements
were also performed using the same acquisition parameters
for direct comparison by removing the modulator. Both the
BCMI and BCDI diffraction data [39] were preprocessed
for use, with the detailed information shown in
Supplemental Material S4 at [34]. We note that, although
the acquired BCMI data show approximately a 10%
reduction in intensity compared to BCDI, this has a
negligible impact on phase retrieval.
Results—As only the LS Pt crystal can be phased by

BCDI, a direct comparison of BCDI and BCMI can be
made. The reconstruction strategies are provided in EM
Appendix B and Supplemental Material S5 and S6 at [34].
Figure 2 illustrates the BCMI and BCDI reconstruction
properties and results. The BCMI reconstruction demon-
strates strong robustness; all 100 reconstructions were
successful and have a low error metric with free log-
likelihood (LLK) [40] values around 6.0. The unique
solution is also guaranteed [Fig. 2(b)]. By contrast, the
BCDI reconstructions are highly sensitive to the initial
object guess, as shown by the discrete distribution of the
free-LLK values and multiple outcomes. These outcomes
can be categorized into three types: correct (33%), con-
jugated (42%), and incorrect (25%) (see Supplemental
Material S7 at [34]).
Figures 2(c) and 2(d) display the BCMI and BCDI

reconstructed object functions, respectively. These were
obtained by performing an eigen decomposition on the
three best reconstructions (ranked by free-LLK index) and
taking the first eigensolution, a common way to refine
object estimates [40]. The relative weight of the first
eigensolution for BCMI and BCDI reconstructions are
99.49% and 98.34%, respectively. Here BCMI demon-
strates a superior reconstruction primarily due to its better
modulus homogeneity, seen by a central peak of 0.64 in its
normalized modulus histogram [Fig. 2(e)]. This aligns with
expectations for such data inversion because the value
of the shape function (modulus) ideally should be a
constant [9]. The BCDI reconstruction, however, exhibits
some inhomogeneity, and its modulus histogram displays a
broader distribution with double peaks at 0.58 and 0.77.
This modulus inhomogeneity can likely be attributed to
the phase retrieval getting trapped in local minima. The
resolution of the BCMI and BCDI reconstructions, evalu-
ated using Fourier shell correlation (FSC) [41] with a
1=2-bit threshold (Supplemental Material S8 at [34]), was
determined to be 24.4 and 45.8 nm, respectively, indicating
that BCMI achieves a higher resolution [Fig. 2(f)].
The BCMI and BCDI reconstructions for the HS Pt

nanocrystal employed the same strategy used for LS Pt. As
anticipated, the BCMI HS Pt consistently maintains its
superiority, demonstrating remarkable robustness and high

accuracy. All of these BCMI reconstructions yield similar
results and exhibit small free-LLK values of approximately
2.13 [Figs. 3(a) and 3(b)]. The retrievedHS Pt object shows
specific wrapped phase (highly strained) and still demon-
strates modulus homogeneity, as shown in Figs. 3(c)
and 3(e). We emphasize that the BCMI reconstruction
properties for HS Pt surpass the capabilities of BCDI.
This is identified by the high free-LLK values of
BCDI reconstruction, ranging from [3.0, 4.3], and the
incomplete retrieved results [Figs. 3(a) and 3(b)]. The
BCDI reconstructions with other phase retrieval algorithms
[6] are unlikely to provide significant improvement (see
Supplemental Material Fig. S10 at [34]).
The primary challenge in BCDI phasing for highly

strained crystals lies in the difficulty in finding the right
support function using the shrink-wrap method [28,42]; the
support is allowed to expand and contract between iter-
ations. This often results in a completely erroneous update
of the support, leading to a failed reconstruction. As a
validation test, another set of BCDI reconstructions using a

FIG. 2. BCMI and BCDI reconstruction results of LS Pt
nanocrystal. (a) Free log-likelihood (LLK) plots of both BCMI
and BCDI reconstruction trials. (b) Selected BCMI (upper row)
and BCDI (bottom row) reconstruction results; only the y0z0 phase
cross sections are shown, and the free-LLK values are marked on
the panels. (c),(d) Central cross sections of BCMI and BCDI
reconstructed objects; the phase offset has been removed for
better comparison. (e) Histogram of the BCMI and BCDI
reconstructed object modulus. (f) FSC plots of the BCMI and
BCDI reconstructed objects. Images shown in (b)–(d) are in the
detector conjugated space. Scale bar is 200 nm.
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fixed known support function derived from the BCMI
result was conducted. The BCDI approach, in this case,
appears feasible but exhibits less robustness and lower
accuracy compared to BCMI, as well as the lower spatial
resolution. Despite having a low free-LLK value falling
within the range of [1.7, 2.5], only 33% of reconstructions
were successful. The lower success rate could be attributed
to the symmetric shape of HS Pt and the competition of
correct and conjugated solutions, as illustrated in Fig. 3(b).
The retrieved object, shown in Fig. 3(d), showcases a
noticeable modulus inhomogeneity, featuring a much
broader distribution in its modulus histogram [Fig. 3(e)].
The modulus structures are highly correlated to the
wrapped phase, which provides insight into why the
shrink-wrap algorithm [42] becomes ineffective during
the HS Pt reconstruction. We note that the differences in
the BCDI and BCMI reconstructed object phase patterns

arise from a slight crystal misorientation during measure-
ment (see Supplemental Material Fig. S4 at [34]), which
has a negligible impact on the assessment of reconstruction
properties. The poor reconstruction performance on HS Pt
underlines the limitations of BCDI and highlights the need
for additional constraints such as the modulator constraint
in BCMI.
Discussion and conclusions—The BCMI method inte-

grates wavefront modulation into the diffracted beam,
greatly enhancing the robustness, spatial resolution, and
accuracy of image (phase) retrieval. The robustness of the
BCMI approach relies on the modulation effect, which
depends on the phase strength of the modulator (modula-
tion magnitude) and the sample-to-modulator distance
(effective modulation area). Under effective modulation,
the accuracy of BCMI strongly depends on the modulator
calibration and the magnitude of the sample drift. With the
long detector arm, high stability of the sample stage, and a
refined sample alignment procedure at ESRF-EBS ID01,
we achieve reliable ptychographic calibration of the modu-
lator and reduced sample drift.
This method, from the hardware perspective, requires an

essential element of a wavefront modulator and a dedicated
goniometer for precise installation and alignment. The
modulator only needs to consider the material at the
working x-ray energy and does not demand a complex
design, making it relatively fabrication-friendly compared
to high-precision x-ray focusing optics like Fresnel zone
plates. From a software perspective, BCMI reconstruction
needs significant computing power because of the slice-by-
slice propagation model (see EM Appendix B). The near-
field wavefront propagation and the position correction
algorithm consume the most processing time. However,
this could be improved through algorithm optimization
such as parallel computing. The time-consuming aspects
of the experiment involve modulator alignment and
calibration. Excluding alignment, the calibration process
typically takes 5 to 20 min when using ptychography,
depending on the calibration area and the overlap ratio of
the ptychographic scans.
Although BCMI introduces new challenges in both

experimentation and data analysis, it provides valuable
opportunities for studying highly strained nanocrystals and
other complex samples in 3D. The main limitation of
BCMI is the restricted sample environment due to the close
proximity of the modulator to the sample, which currently
limits its compatibility with existing in situ setups.
In summary, we have successfully demonstrated the

experimental realization of the 3D BCMI method on
isolated nanocrystals, overcoming implementation chal-
lenges and achieving precise measurements of highly
strained crystals. This method has shown superior robust-
ness and accuracy in image (phase) retrieval compared to
standard BCDI. The unambiguous structure recovery and
the unique capability to phase highly strained nanocrystals

FIG. 3. BCMI and BCDI reconstruction results of HS Pt
nanocrystal. (a) Free-LLK plots of the BCMI, known-support
BCDI, and BCDI reconstruction trials. Because of the time-
consuming nature, only 30 BCMI reconstruction trials were
performed. (b) Selected BCMI (upper row), known-support
BCDI (middle row), and BCDI (bottom row) reconstruction
results; only the y0z0 phase cross section are shown, and the free-
LLK values are marked on the panels. The black outline is used to
guide the identification of conjugated solution. (c),(d) Central
cross sections of BCMI and known-support BCDI reconstructed
objects. (e) Histogram of the BCMI and known-support BCDI
reconstructed object modulus. (f) FSC plots of the BCMI and
known-support BCDI reconstructed objects. Images shown in
(b)–(d) are in the detector conjugated space. Scale bar is 200 nm.
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paves the way for studying samples beyond the current
capabilities of BCDI, enabling detailed insights into struc-
tural features like strain and defects. We anticipate that this
new approach will become a routine tool for 3D strain
characterization in nanomaterials.
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Appendix A: Modulator calibration—We calibrated the
modulator using ptychography [43] with the Bragg
diffracted beam, specifically using the most intense Pt
(111) diffracted beam as the illumination. The
ptychographic scan was performed in the x-y plane
perpendicular to the diffracted x-ray beam using the
Smaract piezo motors of the nanogoniometer; a scan
area of 6 × 6 μm2 resulted using a spiral trajectory with
a step size of 120 nm. In the current demonstration, the
modulator calibration was performed each time when
changing the measured crystal. Figure 1(c) and Fig. S2
(b) show the ptychographic reconstructed modulator
functions for the LS and HS Pt nanocrystals, where the
modulator’s 2.45 rad phase shift matches the theoretical
calculation value given by the formula Δϕ ¼ ð2π=λÞδt,
where λ is the x-ray wavelength, δ is the real part of the
refraction index of W at the current x-ray energy, and t
is its thickness. The modulator reconstruction defines the
achievable spatial resolution in the final BCMI
reconstruction; as the data was cropped we expect to
achieve a pixel-size resolution of 23 nm (see Supplemental
Material S3 and Fig. S2 at [34]). The merits of using
ptychography under the crystal diffraction beam to calibrate
the modulator are summarized in Supplemental Material
S3 at [34].

Appendix B: BCMI reconstruction—The BCMI
reconstruction employed an optimized phase retrieval
algorithm, with a key modification to correct for sample
drift [44] introduced by integrating a position correction
scheme [45]. This correction is essential because the
modulator is highly sensitive to drift, with the position
information being directly encoded in the diffraction
patterns. Without accounting for this effect, artifacts
and image distortions would arise. By contrast, this issue
does not occur in BCDI as long as the beam is large
enough, due to the Fourier shift theorem.
The optimized BCMI propagation model (forward and

backward) is written as

ψ j ¼ Fm→DMPo→mfT RQjρg

and

ρ ¼
XJ

j¼1

Q�
jR

†T −1P−1
m→oM−1F−1

D→mfψ jg;

with notation detailed in Supplemental Material Table S2 at
[34]. It describes BCMI wavefront propagation in three
steps at each rocking angle j, through the wavefront
propagator P, the modulation operator M, and the
Fourier transform F . The operator f·g−1 is the inverse
of the operator f·g (where · ¼ P, M, and F ), with the
subscript o,m, andD indicating the computational plane of
the object, modulator, and detector, respectively. The
projection R and back-projection R† operator, along with
the angle-associated phase terms Qj and Q�

j (the conju-
gate), facilitate the dimensional transformation of the object
ρ between 3D and 2D, enabling the slice-by-slice calcu-
lation to be conducted effectively [28,46,47]. The trans-
lation operators T and T −1 were introduced to correct
sample drift and are defined as T ∶ fðx − sjx; y − sjyÞ and
T −1∶ fðxþ sjx; yþ sjyÞ, where the sample shift values sjx,
sjy would be retrieved by correlation calculation of phase-
modulated object projections ρj (RQjρ) and their updates
ρ0j (i.e., the projections after applying the modulus con-
straint). Implementation of BCMI phase retrieval is pro-
vided in Supplemental Material S5 at [34].
Another key point to reach a successful BCMI

reconstruction is that the phase retrieval algorithm needs
a support guess function (located in detector conjugated
space [48]) with correct voxel positions, primarily in the
x0-y0 plane. Again, this is due to the position encoding effect
of the modulator. To generate this support (see Supplemental
Material Fig. S8 at [34]), we first need to search the
reconstruction window and determine the pixel size in the
x0-y0 plane by phasing the central x0y0 BCMI diffraction data.
Subsequently, we combine the pixel size range in the z0 axis,
evaluated from the autocorrelation function, to generate a
cube-shaped support function. The BCMI reconstructed
object will be confined in the support region.
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