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Computational microscopy with coherent 
diffractive imaging and ptychography

Jianwei Miao1,2 ✉

Microscopy and crystallography are two essential experimental methodologies  
for advancing modern science. They complement one another, with microscopy 
typically relying on lenses to image the local structures of samples, and 
crystallography using diffraction to determine the global atomic structure of 
crystals. Over the past two decades, computational microscopy, encompassing 
coherent diffractive imaging (CDI) and ptychography, has advanced rapidly, 
unifying microscopy and crystallography to overcome their limitations. Here,  
I review the innovative developments in CDI and ptychography, which achieve 
exceptional imaging capabilities across nine orders of magnitude in length scales, 
from resolving atomic structures in materials at sub-ångstrom resolution to 
quantitative phase imaging of centimetre-sized tissues, using the same principle 
and similar computational algorithms. These methods have been applied to 
determine the 3D atomic structures of crystal defects and amorphous materials, 
visualize oxygen vacancies in high-temperature superconductors and capture 
ultrafast dynamics. They have also been used for nanoscale imaging of magnetic, 
quantum and energy materials, nanomaterials, integrated circuits and biological 
specimens. By harnessing fourth-generation synchrotron radiation, X-ray-free electron 
lasers, high-harmonic generation, electron microscopes, optical microscopes, 
cutting-edge detectors and deep learning, CDI and ptychography are poised to make 
even greater contributions to multidisciplinary sciences in the years to come.

The invention of the telescope and microscope, both of which are 
based on lenses, had a pivotal role in driving the scientific revolution 
of the seventeenth century1. Since then, various forms of lens-based 
microscopy, including optical, phase-contrast, confocal, fluorescence, 
super-resolution, X-ray and electron microscopy, have been crucial in 
expanding our understanding of the microscopic world2. Another fun-
damental field is crystallography, which has greatly advanced physics, 
chemistry, geology, materials science, nanoscience, biology and life 
sciences over the past century3. In 1999, the methodology of crystal-
lography was extended to determine the structure of non-crystalline 
samples, merging microscopy with crystallography by replacing the 
lens with coherent diffraction and computational algorithms4. This 
experiment, benefiting from earlier advances in crystallography5,6, elec-
tron microscopy7, optical phase retrieval8–10, synchrotron radiation11 
and detector technology12, sparked a wave of developments in CDI and 
modern ptychography methods13–19. It also initiated an ongoing interna-
tional conference series on coherent scattering and phase retrieval20. 
These methods have been extensively implemented using synchrotron 
radiation13–15,17, X-ray-free electron lasers (XFELs)14,15, high-harmonic 
generation (HHG)15, electron microscopy18 and optical microscopy19. 
They have found truly multidisciplinary applications, from achieving 
the highest resolution in microscopy21–24 and detecting atomic-scale 
defects in superconductors25, to 3D mapping of spin textures26–28, 
nanoscale strain in electrodes29–32 and phase imaging of tissues33,34, 

biominerals35–37, cells38–46, viruses47–51 and proteins52,53. While several 
review articles have focused on specific subfields13–19,54–56, to the best 
of my knowledge, a comprehensive review covering the entire field has 
not yet been published.

In this review, I present a thorough overview of the innovations in CDI 
and ptychography. I discuss various CDI and ptychography methods 
that rely on iterative phase-retrieval algorithms (Box 1 Fig. 1), which 
alternate between real and reciprocal space to find global solutions that 
are consistent with experimental measurements and constraints16,18,55,56. 
Unlike conventional microscopy, which requires wavelength-specific 
lenses for photons and electrons2, CDI and ptychography utilize focus-
ing optics to shape the incident wave into a probe function and capture 
diffraction patterns directly. By employing the same principle and 
similar phase-retrieval algorithms across the entire spectrum (Box 1), 
both the magnitude and the phase of the transmission functions of an 
object are reconstructed from these diffraction patterns. The result-
ing images are free of aberrations, with resolution limited only by the 
wavelength of the incident radiation and the spatial frequency of the 
diffracted waves. To illustrate the versatility and broad applicability of 
CDI and ptychography, I highlight several recent breakthroughs across 
different disciplines. These include using electron ptychography to 
achieve resolutions that exceed the limits of aberration-corrected 
electron microscopy21–24; quantitative characterization of point 
defects in high-temperature superconductors25; nanoscale imaging of 
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Box 1

Principle and iterative algorithms for phase retrieval
When a beam of photons or electrons hits 
a detector, the intensity of the beam can 
be measured but the phase information 
is lost, which is often referred to as a 
‘phase problem’. Holography addresses 
this problem by using the interference 
between a reference wave and an object 
wave to record both the amplitude 
and the phase of the wavefront186. The 
phase problem has also been crucial in 
crystallography, in which discrete peaks 
are diffracted from crystals. Over the 
years, several phasing methods have been 
developed, including direct methods, 
isomorphous replacement, molecular 
replacement and multi-wavelength 
anomalous dispersion187. However, unlike 
crystallography, CDI and ptychography  
involve a coherent wave that is incident  
on a non-crystalline sample or a 
confined wave illuminating a crystal, 
producing continuous diffraction 
intensity instead of discrete peaks. 
Solving the phase problem in these 
cases requires different methods. In 
1952, it was suggested that sampling 
the continuous diffraction intensity at a 
frequency finer than the Nyquist interval 
might provide phase information188. In 
the 1970s, three Fourier-based iterative 
algorithms were developed for phase 
retrieval7,8,189, stimulating early theoretical 
and computational studies on the uniqueness of the solution9,10,190,191. An important parameter is the overdetermination ratio, defined as αo = M/N, 
where M and N are the number of independently measured points and unknown variables, respectively. This ratio generalizes the oversampling 
ratio first introduced in 1998 (ref. 10). Recently, theoretical studies on the uniqueness of the solution have been revived55,56,192,193, demonstrating that 
a unique solution becomes possible when αo ≥ 1 in the absence of noise. However, because of the incompleteness of the measured data and the 
presence of noise, αo must be several times larger than 1 to guarantee successful phase retrieval55,56,193. This requirement can be achieved through a 
combination of oversampling, overlapping and other constraints.

Currently, phase retrieval in CDI and ptychography predominantly relies on Fourier-based iterative algorithms, including the Gerchberg–
Saxton algorithm7, error reduction8,189, hybrid input–output8,189, a difference map194, a shrinkwrap76, relaxed averaged alternating reflectors195, 
oversampling smoothness196, an extended ptychographic iterative engine197, maximum likelihood198,199 and others16,18. The schematic of the 
iterative algorithms for CDI, in which the measured Fourier magnitude is combined with a random phase set to create a complex wave, is 
shown in Box 1 Fig. 1a. Applying the inverse Fourier transform, −F 1, to the complex wave generates an object function, which is modified by 
imposing real-space constraints, such as support, positivity and sparsity8,16,200. By taking the Fourier transform, F , of the modified object 
function, a new complex wave is obtained. The magnitude of the complex wave is replaced by the measured Fourier magnitude but retains 
the phase, producing an updated complex wave for the next iteration. After several hundred or thousands of iterations, the algorithms 
generally converge to final solutions.

Box 1 Fig. 1b shows the basic principle of the iterative algorithms for modern ptychography18,197, which starts with initial guesses of a 
probe, P(r), and an object function, O(r). Multiplication of these two functions at a scan position results in an exit wave. Applying the Fourier 
transform to the exit wave produces a complex wave, which is modified by replacing its magnitude with the measured Fourier magnitude. 
The inverse Fourier transform of this modified complex wave generates a new exit wave, which updates the probe and object functions. 
These updated functions are then used as inputs for the next scan position, as shown in Box 1 Fig. 1b with four scanning positions. A single 
macro iteration is completed after processing all the scan positions. Modern ptychography combines oversampling in reciprocal space with 
overlapping in real space to achieve αo ≫ 1, allowing the algorithms to converge rapidly after tens or hundreds of macro iterations. These 
algorithms can also be applied to Fourier ptychography, which extends iterative phase retrieval to full-field imaging set-ups by exchanging 
constraints in real and reciprocal space19. Fourier-based iterative algorithms, also known as alternating projection algorithms, are widely 
used in CDI and modern ptychography, but convex optimization methods, such as PhaseLift201, PhaseCut202 and others55, have also been 
developed for phase retrieval. Despite their computational complexity limiting practical application, these methods have spurred intense 
study in numerical algorithms for phase retrieval in applied mathematics55,56,192,193.
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Box 1 Fig. 1 | Iterative phase retrieval for CDI and modern ptychography. a,b, Schematic diagrams 
of iterative phase-retrieval algorithms for CDI (a) and modern ptychography (b), where F  is the Fourier 
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magnetic, quantum and battery materials26–32,57–61, nanomaterials36,62,63 
and integrated circuits64–66; quantitative phase imaging of biological 
specimens33–53,67,68; and capturing ultrafast phenomena59,61,69,70. Finally, 
I provide insights into the future directions of this rapidly expanding 
multidisciplinary field, which is expected to have an even more pro-
found impact on science and technology in the coming years.

CDI and modern ptychography
CDI methods
When a coherent wave illuminates a non-crystalline sample or  
a nanocrystal, the far-field diffraction pattern is continuous and  

can be sampled at a frequency finer than the Nyquist interval (that is, the 
inverse of the sample size). When the number of independently meas-
ured points exceeds the number of unknown variables by a sufficient 
amount10, the phases can, in principle, be retrieved from the diffrac-
tion pattern (Box 1). This method, known as CDI or lensless imaging4, 
has been implemented in various configurations, including conven-
tional CDI (cCDI)15, Bragg CDI (BCDI)13, reflection CDI (RCDI)15, Fresnel 
CDI71, coherent modulation imaging72 and holographic CDI (HCDI)73,74. 
In cCDI, the forward diffraction pattern of a sample is recorded by a 
detector (Fig. 1a), followed by phasing to reconstruct its image (Box 1 
Fig. 1a). By tilting the sample at different orientations, a series of dif-
fraction patterns can be collected to reconstruct the 3D structure 
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Fig. 1 | Schematics of representative CDI and modern ptychography 
methods. a, Conventional CDI. A coherent wave illuminates a sample and the 
detector records an oversampled diffraction pattern. b, Bragg CDI. Diffraction 
patterns around one or multiple Bragg peaks are collected from a nanocrystal. 
c, Reflection CDI. The diffraction pattern is measured from a surface or interface 
using reflection or grazing incidence geometry. d, Holographic CDI. The 
diffraction pattern arising from both an object and a reference wave is acquired, 
and iterative phase-retrieval algorithms are used to overcome the limitations 

of holography. e, X-ray ptychography. An X-ray probe raster-scans an extended 
sample, with each probe overlapping the adjacent ones, and a detector records 
the diffraction pattern at each scan position. f, Electron ptychography.  
A focused electron beam scans the sample, collecting a series of diffraction 
patterns from partly overlapping regions. g, Fourier ptychography. An LED 
array illuminates the sample from various angles, generating a series of 
confined Fourier spectra, which are selected by an aperture to produce a 
sequence of images on an image sensor.
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of the sample75. cCDI has been successfully implemented using syn-
chrotron radiation42,43,45,47,75–77, XFELs48–50,52,78, HHG79–81 and electron 
microscopy82–85. A major advantage of cCDI is its ability to perform 
single-shot diffractive imaging by capturing the diffraction pattern 
from an XFEL pulse before the sample is destroyed78,86. Furthermore, 
the use of plane-wave illumination ensures that the diffraction pattern 
remains translation invariant with the sample, greatly simplifying the 
sample alignment process during image reconstruction. However, a 
limitation of cCDI is the necessity for isolated objects or the use of a 
finite beam to define the sample size.

BCDI harnesses the coherent diffraction pattern of a nanocrystal, 
which oscillates around each Bragg peak, owing to the finite size of 
the sample87,88. By rocking the nanocrystal relative to an X-ray beam, 
the 3D diffraction patterns around one or multiple Bragg peaks can 
be measured and then phased to obtain the 3D complex density of the 
nanocrystal (Fig. 1b). The amplitude and phase of the complex density 
correspond to the shape and lattice deformation of the nanocrystal, 
respectively, making it possible to determine the nanocrystal’s strain13. 
A unique feature of BCDI is its ability to probe the 3D strain, lattice 
dynamics and dislocation propagation inside nanocrystals in response 
to external stimuli29,31,36. RCDI extends the applicability of BCDI to 
non-crystalline samples89–92. By measuring coherent diffraction pat-
terns from a surface or interface using reflection or grazing incidence 
geometry (Fig. 1c), the amplitude and phase of the surface exit wave 
can be reconstructed. RCDI is particularly suited for coherent extreme 
ultraviolet sources based on HHG and can be combined with ptychog-
raphy to map the 3D surface morphology and interface structure of 
extended samples with chemical sensitivity93–95. Compared with other 
surface-sensitive techniques, such as scanning electron microscopy 
and atomic force microscopy, RCDI offers the distinct advantage of 
providing quantitative phase information about surface and interface 
structures. Moreover, it has the potential to use ultrafast pulses from 
HHG to investigate heat, charge and spin transport in materials with 
high spatiotemporal resolution95.

Fresnel CDI uses focusing optics to create a curved wave to illuminate 
a sample, and the resulting Fresnel diffraction pattern is measured by 
a detector71,96. When the curved incident wave is predetermined, the 
complex density of the sample can be reconstructed by phase-retrieval 
algorithms with fast and robust convergence (Box 1). Another method of 
achieving rapid and robust convergence is coherent modulation imag-
ing72, which modifies cCDI by inserting a wavefront modulator between 
the sample and the detector. The modulator enhances phase-retrieval 
convergence, relaxes the detector’s dynamic range requirements, and 
increases tolerance to missing data. By using iterative phase-retrieval 
algorithms to reconstruct the amplitude and phase of a hologram 
(Box 1), HCDI resolves the twin-image problem in in-line holography73,74 
(the mixture of an image and its complex conjugate) and surpasses the 
resolution limit in off-axis holography58,61,97 (Fig. 1d). Table 1 summarizes 
the advantages, current limitations and applications of various CDI and 
ptychography methods. The rapid development of these methods has 
been driven by cutting-edge detector technologies, including hybrid 
pixel detectors and pixel array detectors98,99. An important develop-
ment is the electron microscopy pixel-array detector (EMPAD)99, 
featuring a 128 × 128 pixel array, a dynamic range of 106 electrons per 
pixel and a frame rate of 1.1 kHz. This advancement has increased the 
resolution and sensitivity of electron ptychography. More recently, the 
next-generation charge-integrating X-ray detector, named CITIUS100, 
has been introduced. With its 728 × 324 pixel array, a peak signal capac-
ity of 1,840 photons per pixel per frame and a frame rate of 17.4 kHz, 
CITIUS is expected to greatly improve the data acquisition speed and 
image quality of X-ray CDI and ptychography.

Another computational method that benefits from CDI is the devel-
opment of advanced iterative algorithms for tomography. In many 
tomography applications, data acquisition is constrained by the radi-
ation dose required and the geometric limitations of the tilt range. 

Accurately reconstructing 3D structures from incomplete and noisy 
data poses a challenge comparable to phase retrieval from diffrac-
tion patterns (Box 1). In 2012, using an oversampling-based iterative 
algorithm101, atomic electron tomography (AET) was developed to 
achieve 3D resolution at 2.4 Å without assuming crystallinity or aver-
aging102. This technique iteratively searches for optimal solutions that 
satisfy both the measured data and the constraints101,103. Over the years, 
more-powerful iterative algorithms have been developed to enhance 
the 3D reconstruction104 and precisely localize the 3D coordinates of 
individual atoms in materials103. A breakthrough in AET is its ability 
to determine the 3D atomic structure of amorphous materials105,106, 
addressing a long-standing challenge in the physical sciences. Fur-
thermore, integrating ptychography with AET, which is referred to as 
pAET, offers the potential to resolve the 3D positions of light atoms in 
radiation-sensitive materials107,108, paving the way for advanced char-
acterization of a wide range of materials.

From conventional to modern ptychography
Ptychography, derived from the Greek words ptycho, meaning ‘to fold’, 
and graphein, meaning ‘to write’, was proposed in 1969 to solve the 
phase problem in electron diffraction from crystals109. When a small 
coherent beam illuminates a crystal, the far-field diffraction pattern 
comprises a series of Bragg diffraction spots. These spots arise from 
the convolution of the Bragg peaks diffracted from the crystal and the 
Fourier transform of the illumination function of the beam. Increasing 
the convergence of the incident beam enlarges the diffraction spots, 
enabling them to overlap. The region of overlap can be used to estimate 
the phase difference between each pair of diffraction spots, except for 
an ambiguity involving its complex conjugate. This ambiguity can be 
eliminated by slightly shifting the incident beam to create a second 
overlap region. Although extending the method to non-crystalline 
samples was suggested, no general solution was proposed, owing to 
the absence of Bragg diffraction in these samples110. Over the next 38 
years, ptychography was sporadically implemented with non-iterative 
phase-retrieval methods, such as Wigner distribution deconvolu-
tion18,111–113. A breakthrough came in 2007 with the experimental reali-
zation of modern ptychography114, using an iterative phase-retrieval 
algorithm115.

Modern ptychography initially combined scanning transmission 
X-ray microscopy with CDI, also known as ptychographic CDI15,17,114. In 
this implementation, an X-ray probe scans an extended sample, with 
each probe overlapping adjacent ones (Fig. 1e). A detector collects a 
sequence of 2D diffraction patterns, from which the magnitude and the 
phase of the probe and the sample transmission functions are simul-
taneously reconstructed by iterative phase-retrieval algorithms17,18,116 
(Box 1 Fig. 1b). Despite retaining the name, modern ptychography fun-
damentally differs from its original conception109,110 for four key rea-
sons. First, modern ptychography leverages oversampled diffraction 
patterns in reciprocal space and overlapping regions in real space to 
achieve an overdetermination ratio substantially greater than 1, ena-
bling rapid and robust phase retrieval (Box 1). Second, conventional 
ptychography typically requires prior knowledge of the probe func-
tion and a scanning step size that is half the resolution111. By contrast, 
modern ptychography uses iterative algorithms to simultaneously 
reconstruct both the probe and the object functions116. This develop-
ment allows for a considerable increase in the scanning step size and the 
field of view (FOV), with resolution limited only by the highest spatial 
frequency of the diffraction pattern. Third, modern ptychography 
incorporates a mixed-state approach to address partial coherence 
and measurement imperfections117, resulting in more-precise recon-
struction of both the probe and the object functions. Furthermore, 
advanced algorithms are used to correct for probe position errors 
caused by mechanical drift or stage inaccuracies, greatly enhancing 
the fidelity of the reconstructed images118,119. Finally, conventional 
3D structure determination requires either sample tilting, as used in 
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tomography and crystallography, or a through-focus series, as used 
in confocal microscopy. In 2010, ankylography was introduced as a 
means of extracting 3D structural information from a single view120. 
Despite initial controversy121,122, this novel concept has been adopted 
into multislice ptychography22,123–125, which enables the extraction of 
3D structural information from thick samples without the need for 
sample tilting or a through-focus series.

Building on these unique capabilities, modern ptychography has 
been integrated into various imaging techniques (Table 1). By har-
nessing the penetrating power of X-rays, ptychography combined 
with tomography enables quantitative 3D imaging of nanomaterials62, 
biological specimens34,35,46 and integrated circuits64,66 at the nanoscale. 
Furthermore, vector ptychographic tomography, combined with X-ray 
magnetic circular dichroism, has been developed to map 3D magnetiza-
tion fields and visualize topological defects in magnetic materials26–28. 
In 2018, modern ptychography was advanced through the implemen-
tation of scanning transmission electron microscopy2 (STEM) with 
a cutting-edge pixel array detector99, a technique also referred to as 
4D STEM126 (Fig. 1f), achieving a resolution of 0.39 Å21. The resolution 

was further improved to 0.23 Å using multislice ptychography22. 
Modern ptychography has also been successfully applied to an uncor-
rected electron microscope, achieving a resolution surpassing that 
of aberration-corrected electron microscopy24. Furthermore, ptych-
ography is highly dose efficient, collecting nearly all the electrons 
and allowing the imaging of radiation-sensitive materials at atomic 
resolution127–133. These developments highlight the power of modern 
electron ptychography to characterize a wide range of materials with 
unprecedented resolution and sensitivity.

Fourier ptychography
Lens-based microscopy has a critical trade-off between the FOV and 
the resolution. A large FOV requires a low numerical aperture of the 
objective lens, and achieving higher resolution necessitates a higher 
numerical aperture19. This trade-off is quantified by the space– 
bandwidth product (SBP), which is defined as the product of the reso-
lution and the spatial extent of the acquired image. For conventional 
optical microscopes, the SBP is typically on the order of 10 megapixels19. 
In 2013, Fourier ptychography (FP) was developed to greatly enhance 

Table 1 | Advantages, current limitations and applications of various CDI and ptychography methods

Method Advantages Current limitations Applications

Conventional CDI Enables single-shot diffractive imaging; 
achieves high spatial and temporal resolution; 
provides translation invariance with the sample

Requires isolated objects or finite beams; relies 
on large detectors with high dynamic ranges; 
necessitates computationally intensive phase 
retrieval

Nanomaterials, quantum and energy 
materials; dynamics and ultrafast 
phenomena; biological specimens, 
including cells, cellular organelles, 
viruses and proteins

Bragg CDI Enables 3D strain mapping with nanoscale 
resolution; offers high sensitivity to lattice 
distortions and defects; supports advanced 
in situ and operando studies

Requires crystalline or polycrystalline samples; 
demands complex experimental set-up and 
data acquisition; involves computationally 
intensive phase retrieval

Nanomaterials and battery materials; 
defect dynamics in materials; catalysts; 
thin films; biominerals

Reflection CDI Extends BCDI to non-crystalline samples; 
enables 3D mapping of extended surfaces 
when combined with ptychography; provides 
quantitative phase information of surfaces

Demands specialized beamlines and 
instruments; involves increased complexity in 
data acquisition; necessitates sophisticated 
algorithms for X-ray grazing incidence geometry

Nanoparticles; semiconductor 
nanostructures; thin films; liquid 
surfaces; interfaces; catalysts

Holographic CDI Enhances the image quality and resolution 
of holography; facilitates rapid phase 
retrieval; achieves high spatiotemporal 
resolution; enables low-dose imaging

Requires high coherence of the illuminating 
source; demands precise experimental 
conditions such as stability and alignment; 
encounters challenges in achieving accurate 
3D imaging

Magnetization dynamics; phase 
transitions in quantum materials; 
fluctuating states in materials; biological 
specimens, such as tissues and cells

X-ray ptychography Reconstructs both the probe and the complex 
transmission function; achieves a large FOV 
with nanoscale resolution; utilizes a mixed-state 
approach to account for partial coherence and 
imperfect measurements

Demands sophisticated and stable 
experimental set-ups; involves long data 
acquisition times, which limits its use 
in dynamic studies; requires advanced 
algorithms along with substantial 
computational resources

Magnetic, quantum and energy 
materials; nanomaterials and catalysts; 
advanced nanoelectronics such 
as integrated circuits; biological 
specimens, such as biominerals, 
neuronal tissues, cells and cellular 
ultrastructure

Electron ptychography 
(4D-STEM)

Achieves the highest resolution in microscopy; 
reconstructs both the probe and the complex  
transmission function; enables 3D reconstruction  
with multislice ptychography; offers electron 
dose-efficient imaging technique; employs 
analytical phase recovery using Wigner 
distribution deconvolution and single sideband

Demands advanced detectors, precise 
sample positioning and stability; 
involves extended data acquisition times; 
requires advanced algorithms and substantial 
computational resources; necessitates fine 
scanning step sizes for Wigner distribution 
deconvolution and single sideband, which 
are less accurate than iterative phase retrieval

Crystal defects in 2D materials, 
semiconductors and superconductors; 
energy, magnetic, ferroelectric 
materials and nanomaterials; 
radiation-sensitive and light-element 
materials, such as catalysts, oxides, 
MOFs and polymers

Cryo-electron 
ptychography

Provides phase contrast for light elements such 
as C, N and O; achieves high resolution over a 
large FOV; enables imaging of thicker biological 
specimens through multislice reconstruction; 
eliminates the need for contrast transfer 
function correction

Faces challenges with cryo-sample vibration 
and drift; requires extended data acquisition 
times; necessitates advanced phase-retrieval 
and 3D image reconstruction algorithms to 
address low signal-to-noise ratios; demands 
substantial computational resources

Structural biology: macromolecules 
and viruses; cell biology: cellular 
structures, organelles and protein 
complexes; neuroscience: neural 
structures, synapses and protein 
aggregates; radiation-sensitive 
materials: batteries, organic–inorganic 
nanostructure and soft matter

Fourier ptychography Greatly enhances the SBP of optical 
microscopy; enables quantitative phase 
imaging of thicker biological specimens; 
achieves 3D imaging without the need for 
sample tilting or through-focus series

Necessitates complex experimental 
implementation; Demands high 
computational resource; suffers 
from reduced depth resolution, owing to 
the ‘missing cone’ problem in 3D imaging; 
exhibits low dose efficiency

Quantitative phase imaging of 
tissues, multicellular organisms, cells 
and subcellular structures; digital 
pathology and cytometry; aberration 
metrology and surface inspection; 
applications in X-ray and electron 
microscopy
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the SBP of optical microscopy33, although a non-iterative implementa-
tion of the method had previously been demonstrated using electron 
microscopy134,135. As the reciprocal counterpart of modern ptychogra-
phy136, FP scans the Fourier spectrum across an aperture in reciprocal 
space and captures images in real space19, whereas modern ptychog-
raphy scans a probe in real space and collects diffraction patterns in 
reciprocal space18. Specifically, FP uses a coherent wave to illuminate 
a sample at an incident angle, producing a 2D Fourier spectrum at the 
focal plane of the objective lens (Fig. 1g). An aperture positioned at 
the focal plane selects a confined Fourier spectrum to generate an 
image. Changing the incident angle of the illumination shifts the Fou-
rier spectrum relative to the aperture. By varying the incident angle, 
a series of confined Fourier spectra, each overlapping with adjacent 
ones, are selected by the aperture to yield a sequence of images on a 
sensor. When the overdetermination ratio is larger than 1 by a sufficient 
amount, achieved through a combination of overlapping in reciprocal 
space and oversampling in real space, the magnitude and phase of the 
entire Fourier spectrum can be reconstructed from the acquired images 
using iterative phase-retrieval algorithms (Box 1).

FP was initially implemented by replacing the illumination unit of a 
conventional optical microscope with a light-emitting diode (LED) array. 
By sequentially turning on one LED at a time, a series of low-resolution 
images were captured to reconstruct the complex-valued object33 
(Fig. 1g). However, this implementation required long acquisition 
times, often on the order of minutes. This drawback was overcome 
by reducing data redundancy and using multiplexed illumination137, 
in which multiple LEDs are randomly illuminated simultaneously to 
capture each image. Other high-speed data acquisition schemes have 
also been implemented, including laser-based illumination, parallel 
acquisition with multiple cameras and single-shot recording19. These 
developments have reduced the acquisition time for FP, enabling the 
imaging of live samples in vitro39. The captured low-resolution images 
are then processed using iterative phase-retrieval algorithms to recon-
struct complex-valued objects (Box 1), enabling the rapid creation 
of gigapixel-sized images without the need to scan the sample. The 
resolution (d) of FP is defined19,40 as d = λ/(NAobj + NAill), where λ is the 
illumination wavelength, and NAobj and NAill are the numerical apertures 
of the objective lens and the maximum illumination angle, respectively. 
This formula represents a substantial improvement in resolution over 
conventional optical microscopy.

The conceptual innovations developed in modern ptychography 
can also be incorporated into the data-processing and phase-retrieval 
algorithms used in FP. These include simultaneous reconstruction of 
the probe and object functions116, correction for position errors118,119 
and the use of a mixed-state approach to address partial coherence and 
imperfect measurements117. These innovations have improved the accu-
racy of the method by computationally correcting pupil and optical 
aberrations, intensity variation and the incident angle of the LEDs. Fur-
thermore, by integrating ankylography120, multislice reconstruction123 
and diffraction tomography138, FP can extract 3D structural information 
without the need for sample tilting or through-focus series41,139,140. These 
advances have established FP as a non-invasive, label-free method for 
the quantitative phase imaging of tissues, multicellular organisms, cells 
and subcellular structures, achieving gigapixel-scale SBPs (Table 1).

Multidisciplinary applications
Achieving the highest resolution in microscopy
In 2018, modern ptychography combined with STEM surpassed the 
resolution of aberration-corrected electron microscopy21. This was 
achieved by raster-scanning an 80 keV electron probe across twisted 
bilayer MoS2 and recording diffraction patterns at each position using 
an EMPAD detector99, capturing signals up to 107 mrad. Through itera-
tive phase retrieval (Box 1 Fig. 1b), both the probe function and the phase 
image of the sample were reconstructed from the diffraction patterns. 

The reconstructed phase image of twisted bilayer MoS2 is shown in 
Fig. 2a, revealing varying interatomic distances between the molyb-
denum atoms. The resolution of 0.39 Å is 2.5 times higher than that of 
aberration-corrected electron microscopy under the same imaging 
conditions. The resolution was further enhanced by using multislice 
ptychography22, in which a defocused electron probe at 300 keV was 
scanned across a PrScO3 crystal 21 nm thick. Diffraction patterns were 
recorded by the EMPAD detector99, and multislice ptychographic phase 
retrieval was applied for reconstruction. The phase image of the PrScO3 
crystal is shown in Fig. 2b with a resolution of 0.23 Å after summing all 
the slices. Line scans along the Pr–Pr dumbbell and O–Sc–O directions 
indicate that all the atomic species, including oxygen atoms, are well 
resolved (Fig. 2c). Further innovations in electron ptychography have 
since pushed the information limit to 0.14 Å by representing atoms with 
Gaussian functions, modelling the electron probe using aberration 
coefficients and correcting misalignment between the probe direction 
and the zone axis of the crystal23,141.

Electron ptychography not only achieves the highest resolution, 
but also provides better dose efficiency than other electron micro-
scopy methods. It has been applied to the quantitative atomic-scale 
imaging of light elements in materials such as zeolites129,132,133, super-
conductors25, metal–organic frameworks131 and electrodes127. The 
multislice ptychographic reconstruction of a zeolite 40  nm thick 
at 0.85 Å resolution, using a dose of 3,500 e− Å−2, is shown in Fig. 2d. 
The reconstruction reveals the positions of oxygen atoms and the 
orientations of adsorbed molecules133. Energy-filtered multislice 
ptychography has also been advanced to detect oxygen vacancies in 
La3Ni2O7−δ, a material that exhibits high-transition-temperature super-
conductivity at around 80 K under high pressure25. A ptychographic 
phase image of a 6  Å slice of La3Ni2O7−δ at a depth of 6.6 nm is shown 
in Fig. 2e,f, revealing oxygen vacancies at the inner apical sites of the 
NiO6 octahedra. Furthermore, by combining multislice ptychography 
with electron energy-loss spectroscopy, a correlation is established 
between nanoscale stoichiometry and electronic structure. These 
results are expected to stimulate further theoretical and experimental 
studies to reveal the pairing mechanism of superconducting nickelate 
materials under high pressure. Although multislice ptychography 
shows great promise, its current primary limitation is a much lower 
depth resolution than lateral resolution22,120,125. However, combin-
ing ptychography with AET can overcome this limitation107,108, which 
would enable 3D atomic-structure determination of light elements 
and radiation-sensitive materials.

The 3D atomic structure of crystal defects and amorphous 
materials
By incorporating iterative algorithms from CDI into tomographic 
reconstruction101, AET has become the highest-resolution method 
for resolving the 3D structure of crystal defects and disordered mate-
rials102,103. In 2021, AET was advanced to determine the 3D atomic 
structure of amorphous materials105. The 3D atomic arrangement 
of a multi-component metallic glass composed of eight elements is 
shown in Fig. 2g. The elements were categorized into three types on 
the basis of their atomic numbers: cobalt and nickel as type 1; rubidium, 
rhodium, palladium and silver as type 2; and iridium and platinum as 
type 3. Type-3 atoms act as solute centres, surrounded by type-1 and 
type-2 solvent atoms, forming short-range order clusters. Some of 
these clusters connect to create medium-range order (Fig. 2h). Four 
types of medium-range order were identified in the metallic glass: 
face-centred cubic, hexagonal close-packed, body-centred cubic and 
simple cubic. AET was also used to resolve the 3D atomic structure 
of monatomic amorphous materials, including a tantalum thin film 
and two palladium nanoparticles106. A quantitative analysis revealed 
pentagonal bipyramids as the predominant atomic motifs in these 
materials. Contrary to conventional understanding, these pen-
tagonal bipyramids do not assemble into complete icosahedra but 
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instead interlink to form networks that extend into medium-range  
order.

More recently, AET has been used to determine the 3D atomic posi-
tions and local chemical order of medium- and high-entropy alloy nano-
particles, revealing lattice distortion, strain tensors, dislocations, twin 
boundaries and chemical short-range order in 3D detail142. The twin 
boundaries were induced by the chemical short-range order, marking 
the first experimental observation of structural defects correlating with 
chemical order. AET was also used to determine the surface morphol-
ogy, local atomic structure and chemical composition of platinum-alloy 
nanocatalysts at the single-atom level143. The experimentally measured 
3D atomic coordinates and chemical species were input directly into den-
sity functional theory (DFT)-trained machine-learning models to iden-
tify the surface active sites of the nanocatalysts. These ground-breaking 
experiments have shown that, with powerful computational methods 
and advanced electron microscopes, AET greatly increases our under-
standing of structure–property relationships in materials. Moreover, by 
integrating ptychography with AET, pAET has the potential to extend this 

capability to a broader range of materials, including radiation-sensitive 
ones, enabling deeper insights into their 3D atomic structures.

Nanoscale imaging of quantum materials and magnetization 
dynamics
Quantum materials exhibit exotic electronic, magnetic, optical and 
topological properties as the result of interactions between charge, 
spin, orbit and lattice degrees of freedom144. The coupling of electron 
spin and orbital motion gives rise to magnetic spin textures such as vor-
tices, skyrmions, hedgehogs and hopfions, which are of great interest 
for both fundamental research and technological applications26–28,57,145. 
By integrating X-ray magnetic linear and circular dichroism, CDI and 
ptychography have enabled the 2D and 3D imaging of these magnetic 
spin textures. Figure 3a illustrates the 3D spin textures of a Bloch point, 
also known as a hedgehog or topological magnetic monopole (TMM), 
initially revealed by vector ptychographic tomography at a resolution 
of 100 nm (ref. 26). Improvements have since increased the 3D resolu-
tion to 10 nm (Fig. 3b), enabling quantitative characterization of the 
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Fig. 2 | The 2D and 3D atomic-scale imaging of materials. a, Ptychographic 
reconstruction of twisted bilayer MoS2 at 0.39 Å resolution21. Scale bar, 5 Å.  
b, Multislice ptychographic reconstruction of a PrScO3 sample 21 nm thick along 
the [001] direction22. The two blue lines relate to the graphs in c. Scale bar, 2 Å. 
c, Line scans along the Pr–Pr dumbbell and O–Sc–O directions, corresponding 
to the two blue lines in b. d, Multislice ptychographic reconstruction of a Zeolite 
Socony Mobil-5 catalyst along the [010] direction133, resolving all atoms, 
including the oxygen atoms indicated by the white arrows. Scale bar, 1 nm.  
e, Phase image of a 6 Å slice of La3Ni2O7–δ at a depth of 6.6 nm from the surface, 
obtained by multislice ptychography25. Large, intermediate and small blobs 
represent lanthanum, nickel and oxygen atoms, respectively. The coloured 
arrows relate to the graph in f and the dashed circle indicates oxygen  

vacancies at the inner apical sites. f, Line scans along the red and blue arrows in e, 
illustrating the quantitative phase variation between nickel and oxygen atoms. 
The dashed circle denotes the phase change resulting from oxygen vacancies 
at the inner apical sites. g, 3D atomic structure of a metallic glass nanoparticle 
resolved by AET105. Scale bar, 2 nm. h, One of four types of medium-range order 
observed in the metallic glass nanoparticle. Short-range-order clusters 
(dashed circles) exhibit translational order but lack orientational order105. 
Images in a and e–h reproduced from refs. 21 (a), 25 (e and f) and 105 (g and h), 
Springer Nature Limited; images in b and c reproduced from ref. 22, American 
Association for the Advancement of Science; image in d adapted from ref. 133, 
American Association for the Advancement of Science.
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3D spin textures of 138 TMMs and anti-TMMs in a ferromagnetic metal 
lattice28. The analysis revealed that TMM–anti-TMM pairs stabilize at 
shorter distances than do TMM–TMM or anti-TMM–anti-TMM pairs. 

To achieve higher resolution, Lorentz electron ptychography has been 
demonstrated to image magnetic spin textures near skyrmion cores, 
boundaries and dislocations with nanometre-scale resolution57 (Fig. 3c).  
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Fig. 3 | Nanoscale imaging of quantum materials, electrodes, nanomaterials 
and integrated circuits. a,b, 3D images of topological spin textures of a Bloch 
point (also called a hedgehog or a TMM) at a resolution of 100 nm (ref. 26) (a) 
and 10 nm (ref. 28) (b). my in a represents the y-component of the magnetization. 
Scale bars, 100 nm (a), 10 nm (b). c, Magnetic field at the boundary between two 
skyrmions. White arrows and a cross illustrate an anti-vortex point57. Scale bar, 
2 nm. d, Single-shot CDI for imaging quantum vortices, illustrating a 
representative diffraction pattern of a helium-4 droplet doped with xenon 
atoms60. The distribution of the Bragg spots (highlighted by red circles) 
indicates that the xenon atoms are condensed around the cores of multiple 
quantum vortices (inset). e-h, 3D in situ observation of strain evolution in 
lithium-rich layered oxide cathodes31 (e), measured at 3.9 V (f), 4.43 V (g)  
and 4.49 V (h). i, 3D imaging of a nanoparticle superlattice, revealing grain 

structure and a disordered region near the centre62. Scale bar, 200 nm. j, Non- 
destructive quantitative 3D imaging of a 7 nm integrated circuit66, showing the 
lowest layer of the integrated circuit, a characteristic transistor unit cell and fin 
field-effect transistor components; ρED is the electron density. Scale bars, 1 μm 
(left), 100 nm (right). k, Cross-section of the 3D reconstruction across the fins 
(indicated by the horizontal arrow labelling the fins in j). Scale bar, 50 nm. l, Line 
scan along the dashed line in k, displaying the variation in electron density of 
the 30-nm fin pitch. Images in a, b, c and j–l, reproduced from refs. 26 (a), 28 (b), 
57 (c) and 66 ( j–l), Springer Nature Limited; image in d adapted from ref. 60, 
American Association for the Advancement of Science; images in e–h adapted 
from ref. 31, Springer Nature Limited; image in i reproduced from ref. 62, 
American Association for the Advancement of Science.
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Furthermore, AET has been used to determine the 3D coordinates of 
the iron and platinum atoms in an FePt alloy nanoparticle with 22 pico-
metre precision146. These 3D atomic coordinates were used in DFT 
calculations to correlate chemical order and disorder with magnetic 
properties such as atomic spin and orbital magnetic moment, and local 
magnetocrystalline anisotropy.

Although high-resolution imaging of spin textures deepens our 
understanding of topological magnetic defects, probing magneti-
zation dynamics is equally important. HCDI enables the simulta-
neous imaging of magnetic structures and dynamics by recording 
time-series diffraction patterns with X-ray magnetic circular dichro-
ism and reconstructing fluctuating magnetic states through iterative 
phase-retrieval algorithms (Box 1 Fig. 1a)58,59. Incorporating hierarchi-
cal clustering analysis enabled HCDI to capture magnetic fluctuations 
in degenerate stripe domain states with 18 nm spatial resolution and 
387 ms temporal resolution58. To improve temporal resolution, HCDI 
was integrated with the pump–probe technique, allowing observa-
tion of the nanoscale dynamics of magnetic spin textures in cobalt– 
palladium multilayers on femtosecond timescales59. Furthermore, 
X-ray ptychography was combined with pump–probe laminogra-
phy to capture the 3D magnetization dynamics in a GdCo thin film27, 
achieving a lateral resolution of 50 nm and a temporal resolution of 
70 ps. These experiments highlight the great potential of CDI and 
ptychography for quantitatively imaging the 3D structure and dynam-
ics of spin textures with high spatiotemporal resolution.

Beyond imaging magnetic spin textures, single-shot CDI has also 
been used to visualize quantum vortices in superfluid helium droplets 
using intense femtosecond XFEL pulses60. Helium-4 droplets with radii 
ranging from 100 nm to 1 μm were generated and injected into an XFEL 
beam. As they passed through the vacuum, evaporative cooling reduced 
the droplet temperature below the superfluid transition temperature. 
Some individual droplets were intercepted by the XFEL pulses, produc-
ing single-shot coherent X-ray diffraction patterns. A representative 
diffraction pattern of a helium-4 droplet doped with xenon atoms to 
enhance the diffraction contrast is shown in Fig. 3d. The distribution 
of the Bragg spots indicates that the xenon atoms condensed around 
the cores of multiple quantum vortices, forming an equilateral trian-
gular lattice within the superfluid droplet (Fig. 3d, inset). Following this 
experiment, a series of studies were conducted147,148, including the use 
of iterative phase retrieval (Box 1) to reconstruct the droplet shapes and 
the spatial arrangement of xenon-doped quantum vortices149. Another 
quantum material investigated using CDI is VO2, which undergoes a 
prototypical insulator–metal transition when heated or excited by an 
ultrafast laser pulse61,150. Pump–probe HCDI, coupled with resonant 
X-ray spectroscopy, captured the light-induced phase transition in 
VO2 with a spatial resolution of 50 nm and a temporal resolution of 
150 fs (ref. 61). This approach revealed a distinct structural evolution 
model, shedding light on the insulator–metal transition in VO2. These 
experimental results demonstrate that CDI and ptychography are pow-
erful tools for imaging quantum materials across various length- and 
timescales.

3D nanoscale imaging of electrodes, nanomaterials and 
integrated circuits
Lithium-rich layered oxides stand out as one of the most promising 
cathode materials for the next generation of lithium-ion batteries 
because of their high energy density and cost-effectiveness. However, 
their commercialization has been hindered by rapid voltage decay 
during cycling31. Overcoming this obstacle requires a fundamental 
understanding of the underlying mechanism of voltage decay. In situ 
BCDI has been used to image the 3D structural dynamics of lithium- and 
manganese-rich (LMR) layered oxides at the nanoscale, revealing the 
origin of their structural degradation during cycling31. Figure 3e–h 
shows the 3D lattice displacement and strain evolution of an LMR pri-
mary particle during the electrochemical reaction, captured by in situ 

BCDI. The LMR primary particle comprises two coherent domains: 
LiTMO2 (where TM stands for the transition metals nickel, manganese 
and cobalt) and LiMnO3. The pristine structure of the particle displays 
both compressive and tensile strain. After the initiation of delithia-
tion, tensile strain begins to accumulate on the surface of the LiTMO2 
domains (Fig. 3f), where lithium extraction initially takes place. With 
continuous lithium extraction, the tensile strain increases and extends 
into the interior of the LiTMO2 domains. When almost all the LiTMO2 
domains are delithiated, the tensile strain reaches its maximum and 
spreads through almost the entire particle (Fig. 3g). With further 
increase in voltage, the LiMnO3 domains are activated, triggering 
oxygen release and transition-metal migration, thereby reducing the 
tensile strain (Fig. 3h). This experiment elegantly demonstrates that 
severe lattice strain accumulation in LMR cathodes during cycling 
drives structural degradation and oxygen loss. These findings have 
been reinforced by further experimental measurements and DFT cal-
culations31. As in situ and operando BCDI emerge as a primary tool to 
probe the 3D lattice displacement and strain evolution in electrodes at 
the nanoscale29,31, X-ray ptychography has been integrated with spec-
troscopy and tomography to visualize 3D structure, morphology and 
chemical states with high spatial and energy resolution30,32,151. Together, 
these methods are uniquely positioned to tackle some fundamental 
problems in heterogeneous electrode materials.

CDI and ptychography have also been used to image the structure 
and dynamics of various nanomaterials36,62,63,69,70,87,88,152,153. For instance, 
in situ BCDI has been employed to capture 3D grain dynamics during 
heating and 3D dislocation evolution during crystal growth and dis-
solution36,153. X-ray ptychography has been combined with tomogra-
phy to determine the 3D structure of nanoparticle superlattices and 
multi-element frameworks engineered by DNA origami, achieving a 
half-pitch resolution of 7 nm (ref. 62) (Fig. 3i). This resolution enabled 
the identification of the 3D coordinates of individual nanoparticles 
and the quantitative characterization of point defects, dislocations, 
surface reconstruction and grain boundaries in the superlattice. By 
using extremely short and intense XFEL pulses, single-shot CDI has been 
used to capture the shapes, facets and morphology of nanoparticles at 
femtosecond timescales63,154. The technique has also been combined 
with the pump–probe technique to image ultrafast phenomena, such 
as lattice dynamics and irreversible melting in individual nanocrys-
tals69,70,155. By leveraging advanced synchrotron radiation, XFELs and 
HHG, CDI and ptychography have emerged as powerful methods  
for studying the structure and dynamics of nanomaterials with high 
spatiotemporal resolution.

Beyond material characterization, X-ray ptychography has become 
an important metrology tool for the 3D visualization of modern nano-
electronics, such as integrated circuits64–66. Defect inspection, failure 
analysis and reverse engineering of integrated circuits necessitate 3D 
imaging metrology across various length scales. The conventional 
method relies on a combination of optical microscopy, electron 
microscopy and ion milling techniques, often involving destructive 
sample preparation. X-ray CDI and ptychography can achieve higher 
resolution than optical microscopy and image thicker samples than 
electron microscopy, making them well suited for the non-destructive 
examination of integrated circuits. After the initial experiment of imag-
ing an IBM integrated circuit with Fresnel CDI156, there was a break-
through in 2017. Ptychographic X-ray tomography was used for the 
non-destructive 3D imaging of an Intel Pentium processor, achieving 
a half-pitch resolution of 14.6 nm with a diameter of 10 μm (ref. 64). 
Furthermore, by leveraging the planar geometry of integrated circuits, 
X-ray ptychography was combined with laminography to visualize not 
only the 3D volume of an entire chip, but also to provide high-resolution 
3D images of magnified subregions65.

Improvements in ptychographic X-ray tomography since then have 
enabled the quantitative 3D imaging of a 7 nm commercial integrated 
circuit66. By fabricating the circuit into a cylinder with a diameter of 
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5 μm, a half-pitch resolution of 4.2 nm (a Rayleigh resolution of 8.4 nm) 
was achieved. This was made possible by two key innovations: burst 
ptychography, which captures multiple low-exposure diffraction 
frames at each scanning position, and digital refocusing of projections 
to extend the depth of field66. These developments greatly increased the 
imaging volume, resolution and data acquisition speed. The quantita-
tive 3D reconstruction of the lowest layer, detailing the gates, contacts 
and fins, is shown in Fig. 3j. A cross-section and line scan display the 
electron-density variation of the 30 nm fin pitch (Fig. 3k,l). This break-
through highlights the potential of ptychographic X-ray tomography 
for the non-destructive imaging of complex microelectronic devices 
and paves the way for future increases in resolution.

Quantitative phase imaging of biological specimens
Biological objects vary greatly in size, spanning seven orders of mag-
nitude from bones and tissues to cells, cellular organelles, viruses and 
proteins. Visualizing their structures therefore normally requires dif-
ferent imaging modalities. However, CDI and modern ptychography 
methods offer a solution to this multi-length scale problem by unify-
ing different imaging techniques with the same principle and similar 
phase-retrieval algorithms (Box 1). Figure 4a,b showcases quantitative 
phase imaging of a tissue with a 120 mm2 FOV and 370 nm resolution, 
obtained using FP67. By digital refocusing in post-data analysis, this 
method can achieve both a large FOV and high resolution for imag-
ing thick biological samples19. When combined with ankylography120, 
multislice reconstruction123 and diffraction tomography138, FP becomes 
a non-invasive and label-free 3D imaging tool for biomedical applica-
tions41,139,140. Figure 4c,d illustrates the quantitative 3D reconstruction 
of the refractive index of unstained HeLa cells, revealing the nuclei, 
cytoskeletal fibres and cytoplasmic organelles within the cells. The 
method achieved lateral and depth resolutions of 390 nm and 899 nm, 
respectively, surpassing the capabilities of conventional quantitative 
phase-imaging techniques41. A key advantage of the method is its ability 
to capture a 3D volume of approximately 1.7 × 1010 voxels, containing 
2 × 1014 cells, with a FOV of 1.77 mm2, without requiring sample tilt-
ing or through-focus series. By incorporating rapid data-acquisition 
schemes such as multiplexed illumination39,137, this method can be 
used for in vitro 3D imaging of multicellular organisms and subcellular 
structures with a large FOV and high resolution.

Compared with FP, X-ray CDI and ptychography offer higher res-
olution for quantitative imaging of biological samples, including 
biominerals35–37, tissues34,68 and cellular ultrastructure42–46. The 3D 
phase reconstruction of a bone sample obtained by ptychographic 
X-ray tomography is shown in Fig. 4e, revealing high-contrast osteo-
cyte lacunae (cavities in the bone matrix) and canaliculi (the complex 
network of channels)35. The resolution of the methods is ultimately 
limited by radiation damage. One approach to mitigate this limita-
tion is to rapidly freeze biological samples at liquid-nitrogen tempera-
ture157–159. The ptychographic X-ray tomography of frozen–hydrated 
mouse brain tissue is shown in Fig. 4f,g, revealing myelinated axons, 
cell nuclei, lysosomal lipofuscin and neuronal pigmented autophagic 
vacuoles68. Ptychographic tomography has also been combined with 
X-ray fluorescence to image a frozen–hydrated green alga with a lateral 
resolution of 45 nm and a depth resolution of 55 nm (ref. 46) (Fig. 4h). 
The 3D fluorescence signals, displaying the distribution of the elements 
phosphorus, calcium, sulfur, chlorine and potassium inside the cell, 
were correlated with high-resolution 3D mass density to visualize the 
cellular ultrastructure without the need for chemical labelling.

For thinner biological samples, considerably higher resolution can 
be achieved by cryo-electron ptychography160. Figure 4i shows the 
3D reconstruction of the rotavirus structure from approximately 500 
particles at 1.86 nm resolution51. The resolution of cryo-electron ptych-
ography has since improved to 5.8 Å by averaging 11,552 apoferritin 
particles53. Compared with cryo-electron microscopy and tomogra-
phy157, cryo-electron ptychography offers three advantages. First, it 

reconstructs the electron probe along with the magnitude and phase 
of a biological specimen, enhancing image contrast for weakly scat-
tered features and eliminating the need for contrast transfer function 
correction. Second, the method simultaneously achieves high resolu-
tion and a large FOV. Finally, multislice ptychography can be used to 
image thicker biological samples than cryo-electron tomography can 
achieve. With further development, the resolution of cryo-electron 
ptychography will continue to improve, making it a versatile technique 
for the high-resolution 3D imaging of proteins, viruses and cellular 
ultrastructure (Table 1).

Another approach to reducing radiation damage is to capture the 
diffraction pattern of a biological sample using an intense and ultra-
fast X-ray pulse before the sample is destroyed78,86. This diffraction- 
before-destruction approach, inspired by the development of XFELs11,15 
and the initial CDI experiment4, spurred the development of two 
research directions. The first is serial femtosecond crystallography161, 
in which a single XFEL pulse generates resolvable Bragg diffraction 
from a nanocrystal. By collecting diffraction patterns from numer-
ous nanocrystals at various orientations, a 3D diffraction pattern can 
be assembled and phased to reveal the 3D atomic structure of the 
nanocrystals. Serial femtosecond crystallography has enabled the 
determination of protein and small-molecule structures at room tem-
perature162 and has inspired the development of microcrystal electron 
diffraction163. The second direction is single-particle imaging, in which 
CDI is combined with XFELs to perform diffractive imaging of cells164,165, 
cellular organelles166 and viruses48–50. The 3D reconstruction of the 
mimivirus, obtained by averaging 198 particles49, is shown in Fig. 4j. 
Although the principle of the single-particle imaging method has been 
computationally and experimentally established, its resolution has 
thus far been limited to the nanometre scale50. This limitation arises 
because X-rays have scattering cross-sections four to five orders of 
magnitude lower than those of electrons2. Consequently, cryo-electron 
ptychography offers advantages over X-ray-based CDI methods for 
imaging thin biological samples at high resolution. Meanwhile, coher-
ent X-ray sources with high brightness are rapidly being developed 
worldwide11,15. By measuring the continuous X-ray diffraction patterns 
from imperfect microcrystals of the membrane protein complex photo-
system II, researchers have improved the resolution of the photosystem 
II dimer structure from 4.5 Å to 3.5 Å (ref. 52) (Fig. 4k,l). With further 
development, X-ray CDI methods could become important tools for 
the high-resolution imaging of biological specimens that are too thick 
for cryo-electron ptychography.

Future directions
By integrating microscopy with crystallography, CDI and ptychogra-
phy have revolutionized our understanding of microscopy, leading 
to widespread scientific applications. Looking ahead, I outline future 
directions for this multidisciplinary field that are expected to have a 
greater impact and become accessible to a broader user community. 
Currently, CDI and ptychography rely predominantly on iterative 
algorithms to retrieve phase information from diffraction patterns 
(Box 1). However, practitioners often require algorithmic training 
and must optimize the parameters to achieve satisfactory results, 
which limits the accessibility of these powerful methods. Even for 
experienced users, phase retrieval and image reconstruction can 
require hours to days, depending on the size and complexity of the 
data. To address this limitation, we can draw from the crystallography 
and cryo-electron microscopy communities, which have successfully 
implemented dedicated software suites using standard file formats, 
data objects, automation pipelines and graphical interfaces157,167. By 
adopting similar specialized software suites that are currently under 
development168,169, we can streamline automated phase retrieval and 
image reconstruction for CDI and ptychography. Another important 
and rapidly advancing direction is deep-learning phase retrieval74,170,171. 
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By leveraging powerful neural-network models such as convolutional 
neural networks, autoencoders and generative adversarial networks, 
as well as effective learning strategies, these methods can learn the 
complex relationship between diffraction patterns and object trans-
mission functions56,172, bypassing conventional iterative algorithms 
and offering flexibility in handling large-scale datasets. Deep-learning 
methods hold the potential to transform phase retrieval in CDI and 

ptychography, enabling faster and more robust reconstruction of 
complex structures from diffraction patterns173–177.

By harnessing advanced phase-retrieval algorithms and state-of-the- 
art detectors, electron ptychography has achieved record-breaking 
2D resolution in recent years21–23, surpassing aberration-corrected 
electron microscopy, even when conducted using an uncorrected 
electron microscope24. Implementing automated data-acquisition 
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Fig. 4 | Quantitative phase imaging of biological specimens. a, FP image  
of a tissue with a FOV of 120 mm2. Scale bar, 1 mm. b, Reconstructed phase of 
the 0.2 mm2 central region in a with a resolution of 370 nm (ref. 67). Scale bar, 
40 μm. c, 3D reconstruction of the refractive index (RI) of unstained HeLa 
cells41, depicted for a selected region within a 1.77 mm2 FOV at z = 2.93 μm. Scale 
bar, 100 μm. d, Magnified 3D view of a cell corresponding to the red square in c, 
with a lateral resolution of 390 nm and a depth resolution of 899 nm. Scale bar, 
10 μm. e, 3D phase reconstruction of a bone sample with osteocyte lacunae (L) 
and canaliculi (C) resolved35. Scale bars, 5 μm. f, 3D imaging of frozen hydrated 
mouse brain tissue showing myelinated axons (blue arrowheads), cell nuclei 
(yellow asterisks) and spherical structures (pink arrows)68. Scale bar, 10 μm.  
g, 3D segmentation of the reconstructed volume in f at the same scale, displaying 
myelinated axons (blue), cell nuclei (yellow) and spherical structures (pink).  
h, Correlative 3D X-ray fluorescence and ptychographic tomography of a 
frozen hydrated green alga46, showing phosphorus-rich regions (dark green), 

calcium-rich regions (red) and sulfur-rich regions (yellow), with the nucleus 
(Nu), acidocalcisomes (Ac), pyrenoid (Py), chloroplast (Ch), contractile 
vacuoles (CVs) and lipid bodies (LB). Scale bar, 2 μm. i, 3D reconstruction  
of the structure of a rotavirus at 1.86 nm resolution using cryo-electron 
ptychography51. Scale bar, 25 nm. j, 3D reconstruction of a mimivirus using 
XFEL-based single-particle imaging49. k,l, Improving the resolution of the 
photosystem II dimer structure from 4.5 Å (k) to 3.5 Å (l) by phasing the 
continuous X-ray diffraction patterns52. Images in a and b reproduced from  
ref. 67, Elsevier; images in c and d adapted from ref. 41 under a Creative 
Commons licence CC BY 4.0; image in e reproduced from ref. 35, Springer 
Nature Limited; images in f, g and i reproduced from refs. 68 (f and g) and 51 (i) 
under a Creative Commons licence CC BY 4.0; image in h reproduced from  
ref. 46, American Association for the Advancement of Science; image in j 
reproduced from ref. 49. American Physical Society; and images in k and l 
reproduced from ref. 52, Springer Nature Limited.
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and real-time phase retrieval is crucial to broadening the user base for 
electron ptychography. These advancements will enable routine imag-
ing at sub-ångström resolution, making the technique more accessible 
and driving its wider adoption across scientific disciplines. An exciting 
frontier is the determination of the 3D atomic structure of technologi-
cally critical materials, especially those comprising dose sensitivity and 
light atoms such as lithium, carbon, nitrogen and oxygen. Numerical 
simulations and preliminary experiments demonstrate that pAET is a 
dose-efficient method with the potential to achieve this goal107,108,178. 
With improvements in sample preparation, automated data acquisi-
tion, phase retrieval and tomographic reconstruction, pAET is poised to 
become a crucial technique for resolving the 3D structure of quantum, 
energy, polymeric and amorphous materials at atomic resolution. 
Another important advance is cryo-electron ptychography, which 
recently achieved a resolution of 5.8 Å (ref. 53). With the optimization 
of data-acquisition procedures and the advancement of specialized 
phase-retrieval and 3D image reconstruction algorithms, substantial 
improvements in resolution are anticipated. Moreover, integrating 
multislice reconstruction with cryo-electron ptychography holds the 
potential to capture the 3D ultrastructure of cells and tissues beyond 
the thickness limits of conventional cryo-electron tomography157.

With the widespread development of fourth-generation synchro-
tron radiation, XFELs and HHG sources11,15,179, an increasing number of 
dedicated coherent X-ray imaging beamlines and stations are being 
constructed worldwide. This trend solidifies CDI and ptychography 
as the primary methods for the quantitative imaging of thick samples 
with high spatial and temporal resolution. The great increase in X-ray 
brightness allows BCDI to routinely map the 3D lattice displacement 
and strain fields of various materials at the nanoscale29,31,36,69,180. Mean-
while, ptychographic X-ray tomography enables the visualization of 
the 3D structure of thick samples, such as electrodes30,32,151, nanoma-
terials62, magnetic materials26–28, integrated circuits64–66, bone35 and 
neuronal tissue34,68, with a large FOV and nanoscale resolution. How-
ever, the resolution is ultimately limited by radiation damage. Numeri-
cal simulations and preliminary experiments have demonstrated 
that in situ CDI, leveraging coherent interference between a strong 
beam for illuminating static structures and a weak beam for dynamic 
structures, could reduce the radiation dose by up to two orders of 
magnitude compared with conventional CDI and ptychography181,182. 
Thus, developing methods to fully harness the coherence of these 
bright X-ray sources for low-dose CDI is an important direction for 
future research. For radiation-hard materials, fourth-generation syn-
chrotron radiation could provide the coherent X-ray flux needed for 
atomic-resolution CDI. With the ability of X-rays to penetrate samples 
thicker than electrons and offer elemental, chemical and magnetic 
contrast, achieving atomic-resolution CDI would be an important 
breakthrough in X-ray diffraction and imaging, complementing elec-
tron ptychography. Moreover, by harnessing ultrafast pulses from 
XFELs11,15 and HHGs179, CDI and ptychography could further increase 
the spatiotemporal resolution in ultrafast imaging. This improvement 
is expected to deepen our understanding of dynamic processes such 
as phase transitions, nucleation, melting, heat and spin transport, 
crack and shock formation, and lattice and grain dynamics183.

FP has been established as a powerful tool for the quantitative 
phase imaging of tissues and cell cultures, offering a larger FOV and 
higher resolution than conventional optical microscopy19. An impor-
tant future direction is to make this method more accessible to the 
wider user community by implementing automation pipelines for 
data acquisition, phase retrieval and image reconstruction. The 
dedicated software suites developed for X-ray and electron CDI and 
ptychography can be applied to this sub-field, and vice versa184. Further-
more, FP has been integrated with darkfield measurements to enable 
high-resolution, wide-field imaging using an aberration-corrected 
analytic phase-retrieval framework185. These advancements could 
establish FP as a standard tool for quantitative phase imaging and 

disease diagnosis19. Another promising direction involves address-
ing outstanding problems in biology and biomedicine. This includes 
enhancing 3D resolution for live cell imaging and correlating FP with 
super-resolution and fluorescence microscopy19.

While lens-based microscopy has served as a foundational tool in 
modern science for over three centuries, computational microscopy, 
encompassing CDI and modern ptychography, has emerged as a trans-
formative force over the past 25 years. These advanced techniques 
have revolutionized imaging capabilities, breaking resolution records 
in microscopy, simultaneously achieving high resolution and large 
fields of view and enabling quantitative imaging of magnetic, quan-
tum and energy materials, catalysts, integrated circuits, and biological 
specimens. Building on their technical advancements, CDI and ptych-
ography have opened new avenues for addressing critical challenges 
across a wide range of disciplines, including physics, chemistry, mate-
rials science, engineering, nanoscience, and biology. Looking to the 
future, these methods are set to remain at the forefront of innovation, 
driving the development of next-generation imaging tools, enabling 
transformative scientific applications and shaping multidisciplinary 
research for decades to come.
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