
Imaging Ultrafast Dynamical Diffraction Wave Fronts in Strained Si with
Coherent X Rays

Downloaded from: https://research.chalmers.se, 2022-07-02 09:29 UTC

Citation for the original published paper (version of record):
Rodriguez-Fernandez, A., Diaz, A., Harihara Subramonia Iyer, A. et al (2021). Imaging Ultrafast
Dynamical Diffraction Wave Fronts in Strained Si with Coherent X Rays. Physical Review Letters,
127(15). http://dx.doi.org/10.1103/PhysRevLett.127.157402

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology.
It covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004.
research.chalmers.se is administrated and maintained by Chalmers Library

(article starts on next page)



Imaging Ultrafast Dynamical Diffraction Wave Fronts in
Strained Si with Coherent X Rays

Angel Rodriguez-Fernandez ,1,* Ana Diaz ,2 Anand H. S. Iyer,3 Mariana Verezhak,2 Klaus Wakonig,2

Magnus H. Colliander ,3 and Dina Carbone 4

1European X-Ray Free Electron Laser GmbH, Schenefeld DE-22869, Germany
2Paul Scherrer Institute, Forschungsstrasse 111, Villigen PSI, Switzerland CH-5232

3Department of Physics, Chalmers University of Technology, Gothenburg, Sweden SE-41296
4MAX IV Laboratory, Lund University, Lund, Sweden SE-22100

(Received 17 December 2020; revised 23 June 2021; accepted 26 August 2021; published 8 October 2021)

Dynamical diffraction effects in thin single crystals produce highly monochromatic parallel x-ray beams
with a mutual separation of a few microns and a time delay of a few femtoseconds—the so-called echoes.
This ultrafast diffraction effect is used at X-Ray Free Electron Lasers in self-seeding schemes to improve
beam monochromaticity. Here, we present a coherent x-ray imaging measurement of echoes from Si
crystals and demonstrate that a small surface strain can be used to tune their temporal delay. These results
represent a first step toward the ambitious goal of strain tailoring new x-ray optics and, conversely, open up
the possibility of using ultrafast dynamical diffraction effects to study strain in materials.
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The emergence of fourth generation synchrotron sources
based on low-emittance rings [1] and of spatially coherent
x-ray free electron lasers (XFELs) [2,3] open a new era in
the study of high-coherence materials, such as perfect
crystals, using high-coherence probes [4]. Recent years
have seen an increase in the development and use of inverse
microscopy techniques based on coherent x rays [5–11] and
other types of speckle analysis [12,13] for the study of
crystalline materials, as well as for the characterization of
coherent x-ray beams [5,14–17]. These methods are based
on the assumption of a Fourier transform relation between
the sample’s electron density and the x-ray scattered field,
derived from the so-called kinematical approximation [18].
On the other end, large single crystals are one of the
primary optical elements for x-ray experiments. For these,
more complex interactions including multiple diffraction,
absorption, and refraction effects must be considered,
which are well described by the dynamical diffraction
theory [18–20]. Dynamical diffraction effects have already
proven very useful for applications in ultrafast x-ray optics
[21]. Nevertheless, dynamical diffraction can arise already
from samples of modest dimensions (∼500 nm) and, in
conjunction with the use of coherent nanobeams, have
already been shown to be not only measurable [22,23] but
also a hindrance to standard inversion algorithms for digital
microscopies [24] and requiring adaptive solutions [25].
Here, we show that the exceptional coherence properties

of the x-ray beam produced at MAX IV Laboratory can be
exploited to understand dynamical diffraction effects in
crystalline samples and how the wave front changes in the
presence of strain and propose an approach to analyze
them. The effect under study, presented theoretically in

Ref. [26], consists of the appearance of multiple mono-
chromatic beams in the diffracted and forward directions,
which present a transverse displacement of a few microns
between each other. These beams, also known as echoes,
are delayed between each other by few femtoseconds
depending of the thickness of the crystal and energy of
the x-ray beam. This ultrafast effect is used in x-ray optics
at XFELs for self-seeding radiation production [21]. We
have previously demonstrated the transverse displacement
of the echoes in diamond plates [27] and Si wafers [28]
using a 2 μm beam focused onto an optically coupled x-ray
detector with submicron resolution. In this Letter, we
improve the resolution of our previous works and demon-
strate that localized surface strain in a Si wafer can produce
a spatial modulation of the echoes that translates into the
tuning of their time delay.
A nanobeam is used to select regions of a Si sample

where a residual strain field was created by nanoindenta-
tion. The coherence of the x rays is exploited to measure the
finely structured echoes, strongly dependent on the local
strain field, with a sub-100 nm resolution only achievable
with inverse microscopy. The technique used, known as
x-ray teleptychography [29], is capable of measuring the
x-ray diffracted field, using as a probe a small pinhole
placed after the sample [30]. In this way, no assumption is
made on the interaction of x rays with the sample and this
approach can be extended to study dynamical diffraction
effects. A similar configuration, using a large coherent
beam, with the sample in the diffraction condition for strain
sensitivity, has been recently shown in [31,32]. The results
presented are corroborated by simulations based on
dynamical diffraction theory. This Letter provides a very
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fine tool to understand the role of dynamical diffraction in
the study of ultrafast processes in perfect and strained thin
crystals. With this knowledge, new x-ray optics for high-
coherence sources can be designed when a better control of
the temporal dependence of the diffracted signal is needed.
Finally, this Letter proposes an approach for the study of
strained microcrystals and time-resolved lattice deforma-
tion [33] in highly ordered materials when dynamical
effects are dominant, using the echoes as a probe.
The samples used in this Letter are two Si(100) wafers of

100 μm thickness. On the surface of one of them, a series of
nanoindents are performed using an Alemnis nanoindenter
inside a Zeiss Leo Ultra 55 field emission gun scanning
electron microscope, as shown in Fig. S1 of the
Supplemental Material [34]. Each indent produces a strain
field that propagates radially from the indent with an
amplitude that decreases exponentially with distance
[35,36]. The Si samples are measured with x rays using
a Laue geometry, with the Si(111) planes in diffraction
conditions, so that the forward diffraction (FD) signal can
be measured, as described in our previous work [27,28]. A
schematic of the sample geometry is shown in Fig. 1. The
FD signal can be only described using dynamical diffrac-
tion theory [18,19,26], which includes all x-ray interactions
within the crystal unit, beyond the diffraction of the
incident beam with the directly illuminated volume.
Because of the crystal’s long-range order, the diffracted
photons see more lattice planes also in the diffraction
condition. Therefore, the photons can be diffracted multiple
times both in the diffracted and forward directions. The
diffraction inside the crystal occurs in the volume enclosed
by the beam size in the y direction and the gray triangle in
Fig. 1 in the x-z plane. At the crystal exit surface, all

diffracted waves interfere, generating the transverse dis-
placed echoes [26,27], both in the forward and diffracted
directions, with wave vectors k0i and kHi, respectively,
with i ¼ 1; 2;… the number of the x-ray beams generated.
Because of the different paths the waves follow inside the
crystal, they accumulate a temporal delay with respect to
each other [26,27]. The time delay Δt and the transverse
displacement Δx associated with each beam are related
linearly [26] by

Δx ¼ c cotðθÞΔt; ð1Þ

where c is the speed of light and θ is the Bragg angle [37].
The measurements are performed at the beam

line NanoMAX using a photon energy of 8 keV
(λ ¼ 0.155 nm) selected by a Si(111) monochromator.
At this energy, the flux at the sample is of 1011 ph=s
and the Kirkpatrick-Baez (KB) mirrors produce a highly
coherent x-ray focused beam with ∼110 nm waist and
250 μm focal depth, with a divergence of ∼1.2 mrad in
both horizontal and vertical directions [17]. The Si samples
are mounted on a scanning stage in the KB focal plane. A
3 μm diameter pinhole is mounted on a second piezo
scanning stage 3.68 mm downstream the sample along the
beam propagation axis, as shown schematically in Fig. 1.
The asymmetric Si(111) reflection, θ111 ¼ 14.3°, is chosen
to match the ∼1 eV monochromator bandwidth. For Laue
symmetric geometry the extinction length of Si(111) at
8 keV is 18.54 μm and the absorption depth is 220.38 μm.
The detector, a photon counting Merlin system with a
512 × 512 array of pixels with 55 μm edge size, is placed
4.5 m downstream of the sample, to satisfy the ptycho-
graphic sampling requirement from the pinhole at the
energy used. A He-filled flight tube is used to minimize
air scattering between pinhole and Merlin detector. A
Pilatus 100 K detector is placed in the horizontal scattering
plane to optimize the Si(111) reflection.
The intensity of the forward wave front is measured with

teleptychography scans [29], for both samples and both in
and out of the diffraction condition. Teleptychography
measurements are performed by scanning the pinhole in
the x-y plane, over an area of 18 × 36 μm2 for the strain-
free sample and 18 × 27 μm2 for the nanoindented sample,
with a step size of 0.5 μm. In order to counteract possible
drifts of the setup, the dataset is acquired over eight
separated scans, each covering an area of 10 × 10 μm2,
with 1 μm overlap between adjacent areas, as shown in
Fig. S3 of the Supplemental Material [34]. Data
reconstruction is performed with a tailored routine [38]
that combines 500 iterations of the difference map algo-
rithm [39] without updating the reconstruction of the
pinhole for the first 499 iterations and 1500 iterations of
a maximum likelihood refinement [40] with update of both
wave front and pinhole. This routine applies a common
refinement of the wave front in the overlapping areas, while

FIG. 1. Schematics of the diffraction setup. The focused x-ray
beam with wavelength λ and wave vector k0, jk0j ¼ 2π=λ,
impinges on the Si sample oriented with a family of atomic
planes (with spacing d) in diffraction conditions, k0 þH ¼ kH,
with jHj ¼ 2π=d. The photons are diffracted at an angle 2θ along
kH . Echoes in the forward (diffraction) direction are indicated
with their wave vectors k0i (kHi). The position of the indents on
the sample, the pinhole used to scan the wave front, and the two
pixel detectors, one in the forward and one in the diffraction
direction, are shown.
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the refinement of the pinhole is independent for the eight
scans [41]. In the reconstruction, we use the pinhole
obtained with a test specimen as an initial guess, see
Fig. S4 of the Supplemental Material [34].
The teleptychography reconstructions return the ampli-

tude and phase of the forward diffracted wave field and the
transmitted beam at the pinhole position (cf. Fig. S5 of the
Supplemental Material [34]). Figures 2(a) and 2(a′) show
the forward diffracted intensity (the square of the retrieved
amplitude) from the strain-free sample out and in diffrac-
tion conditions, respectively. Echoes are indeed only seen
in diffraction. These measurements reproduce previous
results obtained with direct measurements [27], validating
our approach. The divergence of the focused beam is not
propagated through the echoes in the diffraction plane, but
is only visible in the direction perpendicular to it. In the

horizontal plane, indeed, the crystal acts as an x-ray beam
filter diffracting only the photons with a divergence
comparable with the Darwin width of the selected diffrac-
tion peak, which in our case is of 100 nrad [18]. In the ver-
tical plane, this filter effect does not apply [cf. Fig. 2(a′)].
Nevertheless, the transmitted beam preserves the full
divergence of the incoming beam, overlapping with the
echoes at large distance from the sample. Figures 2(b) and
2(b′) show the diffracted intensities of Figs. 2(a) and 2(a′)
at the sample plane, obtained by the propagation of the
retrieved wave field [29,32]. The sample plane coincides
with the location of the x-ray beam focus and, therefore,
provides the best possible resolution of the forward
diffracted field. Here, we note that there is no strict corres-
pondence, in real space, between the position of the sample
in the focus of the beam, its thickness, unintentionally

FIG. 2. Intensity of the FD wave front from strain-free Si wafer at two angles: (left) 1° away—echoes are absent—and (right) at the
diffraction angle. (a),(a′) Reconstruction at the pinhole plane. (b),(b′) Reconstruction propagated to the KB focus. (c),(c′) Simulation at
the focus. (d),(d′) Line cuts through (a),(a′) and (b),(b′). The simulated signal, lower line, is offset for clarity. (e′) Propagation of (a′) along
the beam direction z up to the sample position, illustrating the divergence of the transmitted beam and the parallel echoes.
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comparable to the beam focal depth, and the propagation of
the echoes in the focal plane. Indeed, the diffracted field
measured is produced at the sample exit surface, and the
backpropagation of the wave field beyond this point does
not reflect any physical reality. The pixel size obtained
for the reconstruction is 32 nm, while the resolution is
estimated to be 55 nm, using Fourier ring correlation [42]
for two different scans of the forward beam out of
diffraction conditions (see Fig. S6 in the Supplemental
Material [34]). Figures 2(c) and 2(c′) show the simulation of
the intensity of the forward diffracted field at the sample
position for the configuration used, i.e., a 100 μm thick Si
crystal at the asymmetric (111) reflection, using a hori-
zontal diffraction geometry and a strain-free model, as
described in [27]. The agreement with simulations is more
clearly seen in the line cuts shown in Figs. 2(d) and 2(d′),
where the data are offset for clarity. Figure 2(e′) shows a
map of the intensity of the echoes along the beam
propagation direction. Because of the beam divergence,
already at a distance of 2 mm from the sample surface, the
echoes are overlapping with the divergent transmitted
beam. Moreover, the echoes are parallel to the beam
propagation direction, as expected.
From the indented sample, data are collected at different

positions to compare the FD wave fronts produced by
different strain fields. The dynamical diffraction goes far
beyond the volume affected by the indent-induced strain. As
a consequence, the echoes are still produced with a large
contribution from the strain-free part of the Si crystal.
Simulations of the expected echoes distribution are per-
formed with our code [27,28] that we have adapted to model
strained crystals following the work in Refs. [43–45]. The
model assumes that the indent produces an isotropic strain
field of amplitude proportional to the load, which decreases
with distance from the indent following an inverse expo-
nential law. Numerically this is achieved by slicing the
crystal in 20 nm layers parallel to the surface, each with a
different value of lattice parameter following the exponential
decay. This numerical step, necessary to reduce the complex-
ity of the calculations, approximates the radial to a linear
decay. Despite the fact that the approximation introduces a
variation of a factor between 1 and 2 of the effective decay
length x rays experience along all possible paths defined by
the dynamical diffraction process, it still provides good
correspondence between data and simulations. We expect
that improving the model to reflect a true radial decay will
increase this correspondence. Finally, our model also dis-
regards the strain anisotropy expected along different crys-
tallographic directions, due to different elastic constants.
This should be included in a future model.
Figures 3(a)–3(c) show the results from the inversion of

the data collected, respectively, at 1 mm from the indented
area and close to two nanoindents with loads 25 and
75 mN. The FD signal retrieved shows an increase of the
number of echoes and a decrease of their mutual distance

for increasing indentation strength. At higher strain, the
echoes tend to merge into a continuum. Simulations of the
dynamical diffraction signal using models with different
strain fields provide a rather good agreement with data.
Teleptychography reconstructions from this sample and the
respective simulations are shown in Figs. S7–S10 of the
Supplemental Material [34]. More accurate fitting routines
will be implemented in the future. However, the position of
the echoes are easily extracted via algorithms to find local
maxima, as shown in Fig. S11. New echoes with shorter
time delays arise in the strained areas, confirming this
experimental approach to observe the strain-tailored FD
maxima involved in this ultrafast process. Their time delay,
visualized in Fig. S12 of the Supplemental Material, can be
calculated using Eq. (1) and is shown in Fig. 4. The strain
amplitude (expressed as a fractional variation of the lattice
parameter) and the decay length of the exponential that best
reproduces the data for the three regions (see Fig. S9 in
Supplemental Material at [34]) are (i) 5 × 10−5 over 2 μm,
Fig. 4(a), (ii) 10−4 over 7 μm, Fig. 4(b), and (iii) 10−4 over

FIG. 3. Line cuts through the retrieved (empty dots) and
simulated (filled dots) echoes from the indented Si sample in
regions with different strain state, cf. text for details. Intensities
are offset for clarity.

FIG. 4. (Left) Transverse displacement of the echoes along the
first 8 μm of the reconstruction with respect to the transmitted
beam as extracted from Fig. S11 in the Supplemental Material
at [34] and (right) calculated delays from Eq. (1). For the strain-
free sample and the indented sample at the positions (a), (b), and
(c) as presented in Fig. 3. The bars correspond to the half width at
half maximum of the respective echoes.
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10 μm, Fig. 4(c). These findings are in agreement with
results from literature [46].
These pioneering results demonstrate the extreme sensi-

tivity of dynamical diffraction effects to localized strain
fields of small amplitude. Echoes are produced from a
volume extending throughout the full sample thickness, of
which the strained area represents a mere 10%. Further
improvement of the model will include the implementation
of a radial decay of the strain field and eventually the
crystal elastic anisotropy. A natural progression of this
research is measuring echoes in the diffraction direction,
where the spatiotemporal signal does not suffer from the
absorption effects, as in FD. As presented in Fig. S13 in the
Supplemental Material [34], the echoes probe the crystal in
a more homogeneous manner, which allows one to retrieve
more clearly the information from lattice deformations.
We have presented an experimental study of the dynami-

cal diffraction produced by a Si wafer in transmission
geometry, in the presence of a localized strain. We have
shown that strain can be used to finely tune time delay of
the echoes, in a way we are able to model. We achieve a
high resolution in both sample and detection space with the
use of a focused beam combined with a teleptychography
approach. With the use of a nanobeam, we effectively
increase the sensitivity of our measurement to strain
gradients and sample heterogeneity by reducing the illu-
minated volume. Our approach provides a sensitive and
efficient way to analyze the impact of strain of different
amplitudes onto dynamical diffraction effects from perfect
crystals. Conversely, understanding how dynamical dif-
fraction is affected by the presence of strain in otherwise
perfectly ordered crystals offers a new and visibly more
sensitive tool for the characterization of strain and defects
in crystalline materials. This Letter provides insights on the
dynamical effects arising in coherent imaging experiments
involving high-atomic-number crystals, such as Ni, Au,
InSb, or CdTe, for which the extinction length reduces to
the micron and submicron level, and contributes to the
landscape of emerging experimental and analysis
approaches developed to model them. It is important to
mention that the presence from the echoes in the diffracted
signal could be distorting the results in temporal ultrafast
studies.
Finally, being able to predict and control the behavior of

dynamical diffraction in the presence of strain opens the
fascinating possibility of strain-tailoring ultrafast optics.
This might include the generation of multibunch sources
from single ultrafast pulses or the production of tailored
crystals for split-and-delay lines with full control of the
timing and width of the generated pulses with respect to the
incoming pulse.
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