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Hard x-ray diffraction microscopy enables us to observe thick objects at high spatial resolution. The reso-
lution of this method is limited, in principle, by only the x-ray wavelength and the largest scattering angle
recorded. As the resolution approaches the wavelength, the thickness effect of objects plays a significant role
in x-ray diffraction microscopy. In this paper, we report high-resolution hard x-ray diffraction microscopy for
thick objects. We used highly focused coherent x rays with a wavelength of ~0.1 nm as an incident beam and
measured the diffraction patterns of a ~150-nm-thick silver nanocube at the scattering angle of ~3°. We
observed a characteristic contrast of the coherent diffraction pattern due to only the thickness effect and
collected the diffraction patterns at nine incident angles so as to obtain information on a cross section of
Fourier space. We reconstructed a pure projection image by the iterative phasing method from the patched
diffraction pattern. The edge resolution of the reconstructed image was ~2 nm, which was the highest reso-
lution so far achieved by x-ray microscopy. The present study provides us with a method for quantitatively
observing thick samples at high resolution by hard x-ray diffraction microscopy.

DOI: 10.1103/PhysRevB.82.214102

I. INTRODUCTION

X rays are a useful probe for characterizing bulk struc-
tures at high resolution because of their high penetration
power and short wavelength. X-ray microscopy has particu-
larly contributed to the visualization of interior structures
buried within thick cells or bulk metals that are difficult to
observe by the well-established method of electron micros-
copy. However, x-ray microscopy still lags behind electron
microscopy in terms of resolution owing to the difficulty in
fabricating x-ray lenses, although a 15 nm resolution has
been achieved in a synchrotron experiment using a Fresnel
zone plate.! To avoid this difficulty, a lensless x-ray micros-
copy combining coherent x-ray diffraction and the oversam-
pling phasing method, i.e., x-ray diffraction microscopy, was
proposed by Sayre? in 1980 and demonstrated by Miao et
al® in 1999. In this method, an object is illuminated with
coherent x rays and its far-field diffraction pattern is re-
corded. An image of the object is reconstructed by applying
iterative phasing methods*~¢ to the diffraction pattern. After
the demonstration, important methods for the visualization of
strain fields,” the observation of extended objects,®? and the
structural determination of single biomolecules'® were devel-
oped. As a result, a number of application studies in materi-
als science!'~!% and biology'®~2° have emerged.

The spatial resolution of x-ray diffraction microscopy is
limited, in principle, by only the x-ray wavelength and the
largest scattering angle recorded. The theoretically achiev-
able resolution is half of the x-ray wavelength. However, it is
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difficult to achieve higher resolution since the diffraction in-
tensity rapidly decays in accordance with a power law. The
use of highly focused incident x-ray beams is effective for
collecting higher angle diffraction data at a high signal-to-
noise ratio. Recently, higher resolution x-ray diffraction mi-
croscopy has been realized using advanced x-ray focusing
devices such as refractive lenses and total reflection mirrors.
The spatial resolution has reached the sub-5-nm scale?’?? in
two dimensions and the sub-10-nm scale'’ in three dimen-
sions.

Further improvement of the spatial resolution of x-ray dif-
fraction microscopy remains a challenge. It is particularly
discussed in application studies using x-ray free-electron la-
sers, such as the single-shot imaging of single biomolecules.
Here, note that, as the resolution approaches the wavelength,
the thickness effect of objects plays a significant role in x-ray
diffraction microscopy.”? In almost all coherent x-ray imag-
ing studies, two-dimensional image reconstruction has been
carried out on the basis of the projection approximation. The
sample thickness is approximated to be zero, in other words,
the propagation of the diffracted x rays inside the object is
neglected. In a higher resolution scheme, one encounters the
thickness effect and cannot use projection approximation.
Thus, it is necessary to collect and handle diffraction data
without neglecting the thickness effect.

In this paper, we report the highest-resolution projection
image reconstruction of a thick metallic nanoparticle by hard
x-ray diffraction microscopy, which is realized by both using
high-density coherent x rays focused by total reflection mir-

©2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.82.214102

TAKAHASHI et al.

FIG. 1. (Color online) Schematic layout of the relationship be-
tween the Ewald sphere and Fourier space: the spatial distribution
of speckles across the ¢,=0 plane is schematically drawn using a
gray square. The rotation of the scattering object in real space cor-
responds to the rotation of the Ewald sphere around the origin of the
Fourier space. When the sample is tilted, higher ¢ diffraction data in
the g,~0 plane is observable, as shown by dotted lines.

rors and collecting diffraction data with the curvature of the
Ewald sphere. The present study provides us with a method
for quantitatively observing thick samples with high spatial
resolution by x-ray diffraction microscopy.

II. THEORY

When an object with an electron density of p(x,y,z) is
illuminated by coherent x rays with plane waves and its far-
field scattering waves satisfy the Born approximation, the
magnitude of the structure factor F(Q), where Q is the scat-
tering vector, is equal to the magnitude of the Fourier trans-
form of p(x,y,z), which is expressed as

|F(Q)| = ‘ f p(x,y,2)e 40+ dxdydyz | . (1)

When diffraction, whose intensity is proportional to the
square of F(Q), is collected under an oversampling condi-
tion, p(x,y,z) can be reconstructed by applying the phase
retrieval algorithm to the diffraction pattern. When the recon-
struction is carried out from the two-dimensional diffraction
pattern in the ¢,=0 plane, the reconstructed image corre-
sponds to the projection of p(x,y,z) through the z axis.

The observable coherent x-ray diffraction in the forward
geometry can be understood from the arrangement of the
Ewald sphere in Fourier space, as shown in Fig. 1. When
diffracted photons are detected by a two-dimensional detec-
tor such as a charge-coupled device (CCD), the single dif-
fraction pattern gives information on the Ewald surface in
Fourier space. Chapman et al.”} defined the numerical aper-
ture of the diffraction microscope as

NA = CIx,max)\9 (2)

where \ is the wavelength and g, ,,, is the maximum lateral
distance of the Ewald surface. As ¢, increases, the observed
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FIG. 2. (Color online) Schematic of the coherent x-ray diffrac-
tion experiment for collecting information on a cross section in
Fourier space: focused coherent x rays with a wavelength of 0.1051
nm were radiated onto an isolated silver nanocube particle. To in-
terrupt parasitic scattering x rays from the mirrors, guard slits were
placed between the mirrors and the focus. Forward diffraction in-
tensities were observed using a CCD detector. A direct x-ray beam-
stop was placed in front of the CCD detector. The incident x-ray
angle was controlled by adjusting a two-axis rotational stage with
angles of ¢ and w.

information drifts away from the ¢,=0 plane. The minimum
longitudinal distance of the Ewald surface is expressed as
qz’min@—NAz/ 2\. If the Ewald departure is half of the
speckle half width, the permissible value of the sample thick-
ness D is expressed as

D <

2NA* G)
For example, when one reconstructs images with a 1 nm
resolution from a single diffraction pattern recorded using x
rays with a wavelength of 0.1 nm, the samples that can be
used are limited to objects thinner than 20 nm. Otherwise, by
collecting a tilt series of diffraction pattern, the diffraction
intensities have to be assemble through the origin of recip-
rocal space, which is equivalent to the standard precession
method of x-ray crystallography.’*

III. EXPERIMENTAL DETAILS

A silver nanocube with an edge length of ~150 nm was
used as a sample, which was prepared by a modified version
of the polyol synthesis technique developed by Xia and
co-workers.?> Sliver nanocubes are single crystals with a
face-centered-cubic structure.?® The nanocube was supported
by a 100-nm-thick SiN membrane. Since the SiN membrane
has an amorphous structure and a considerably uniform
thickness, the small-angle intensities of X rays scattered from
the membrane are much weaker than those of x rays scat-
tered from the nanocube.

The experiments on coherent x-ray diffraction were per-
formed at BL29XUL in SPring-8.2” Figure 2 shows a sche-
matic of the coherent x-ray diffraction experiment. The x-ray
energy was tuned to 11.8 keV (A=0.1051 nm) with an un-
dulator gap and a Si (111) double-crystal monochromator.
The x-ray beam was two dimensionally focused onto a spot
of ~1 um size by Kirkpatrick-Baez mirrors. An isolated

214102-2



HIGH-RESOLUTION PROJECTION IMAGE...

(a)

q) @ _1° Oo 10
-1°

0° \

1°

PHYSICAL REVIEW B 82, 214102 (2010)

(b) Coherent Diffraction Intensity ( arb. units )
10° 10’ 10 10° 10*

400

300

200

-400 -300 200 100 O 100 200 300 400
-1
q,(pm™)

FIG. 3. (Color online) (a) Diffraction patterns of the silver nanocube at nine incident angles: each diffraction pattern is composed of an
array of 1300 X 1340 pixels. (b) Diffraction pattern in the ¢,~0 plane derived from the nine diffraction patterns of (a). The total pixel
number is 1611 X 1611. q is defined as |g|=2 sin(@/2)/\, where © is the scattering angle and \ is the x-ray wavelength.

silver nanocube was placed at the focus and illuminated with
the focused x-ray beam. The flux density at the focus was
~1.0X 10* photons/s/nm?. Since the nanocube is much
smaller than the focal spot, the illuminated x-ray beam is
regarded as a plane wave. The diffracted x-ray photons were
detected by an in-vacuum front-illuminated CCD detector
with 1300 X 1340 pixels and pixel size of a 20X20 um?
placed 309 mm downstream. The position of the beamstop
was adjusted so that the missing center of diffraction patterns
becomes small.?? The incident x-ray angle was controlled by
adjusting a two-axis rotational stage, where ¢ and w are the
horizontal and vertical angles, respectively. At (¢,w)
=(0°,0°), the x-ray beam is entered into the vertical direc-
tion for the (001) plane of the nanocube. It is defined that k;,
is parallel to ¢, at (¢, w)=(0°,0°).

According to the criterion given by Eq. (3), a single dif-
fraction pattern provides a projection image with a resolution
worse than ~2 nm under the present experimental condi-
tions. When the incident x-ray angle is tilted by 1°, the
Ewald sphere crosses speckles with a 1 nm resolution in the
q.~0 plane. Data collection in the range from —1° to +1° for
¢ and w provide information with a resolution better than 1
nm resolution in the g,~ 0 plane. In the present experiment,
diffraction data were collected at nine incident angles: from
—1° to +1° for ¢ and w at 1° intervals. The x-ray exposure
time at each angle was 180 s.

IV. RESULTS AND DISCUSSION
A. Diffraction pattern

Figure 3(a) shows the diffraction patterns of the silver
nanocube at each angle. The black square in the upper right
in each pattern is an unmeasured region due to the beamstop.

The diffraction patterns show a cross-shaped structure that
result from the cubic shape of the particle. At (¢, w)
=(0°,0°), the contrast of speckle patterns in the upper left is
almost equal to that in the lower right while that at the other
angles is clearly different. For example, at (¢,w)=(
—1°,0°), speckle patterns in the upper left have a high con-
trast compared with those in the lower right. It has been
reported that the centrosymmetry of speckle patterns de-
creases when the x-ray absorption and/or multiple scattering
in an object is not negligible.?-3" In the present experiment,
the sample thickness is about 100 times less than the attenu-
ation length at the present x-ray energy. In addition, the
amount of x-ray absorption of the nanocube was ~1%. The
multiple scattering and the absorption effect are negligible.
Thus, the asymmetric feature of the present diffraction pat-
terns results from only the thickness effect (i.e., curvature of
Ewald sphere).

Next, the diffraction pattern in the g,~0 plane was de-
rived by patching the nine diffraction patterns in Fig. 3(a) on
basis of the relationship between the Ewald sphere and the
sample orientation. Part of the missing data due to the beam-
stop was interpolated using the centrosymmetry of the dif-
fraction pattern. The area less than ~10 wm™' remains as
the missing center. Finally, the diffraction pattern was rotated
so that the cross-shaped pattern became parallel to the ¢, and
g, directions. Figure 3(b) shows the derived diffraction pat-
tern in the g,~0 plane. On the other hand, the highest-g
diffraction intensities were observed at 500 um~' (@
=3.01° and NA=0.053), which means that structures were
resolved with 1 nm resolution by x-ray diffraction analysis.
In the present experiment, the observable highest-¢ diffrac-
tion was limited by the detector size.

Figures 4(a) and 4(b) show the enlarged images indicated
by the white square in the pattern at (¢, w)=(0°,0°) in Fig.
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FIG. 4. (Color online) (a) Enlarged images of diffraction pat-
terns at (¢, w)=(0°,0°) of Fig. 3(a) and the patched pattern dis-
played in Fig. 3(b). Selected positions are indicated by white
squares in Figs. 3(a) and 3(b), respectively. Cross-sectional plots
through the peak top of the specles of (a).

3(a) and in the pattern in Fig. 3(b) and their cross-sectional
plots through the peak top of speckles, respectively. The in-
tensity of the patched diffraction pattern gradually decreases,
similarly to the intensity distribution of Fraunhofer diffrac-
tion from a rectangular hole. On the other hand, the speckle
intensities at (¢, w)=(0°,0°) rapidly decay at more than
250 um~'. On the basis of Eq. (3), the sample thickness was
estimated to be ~150 nm. This is the observation of a clear
difference in coherent diffraction intensity due to only the
thickness effect.

B. Reconstructed image

The projection image of a silver nanocube was recon-
structed by the hybrid input-output method® with Shrinkwrap
algorithm.3! It is known that the phasing algorithm works
well to estimate the missing central data. The iterative pro-
cess started from a random electron-density map in a square
support, and the support was revised iteratively every 1000
iterations using intermediately reconstructed images. Here,
the support is a nonzero region in real space. In the iterative
process, the electron density outside the support is forced to
decrease gradually in real space and the measured coherent
diffraction data is used in reciprocal space. The iterative pro-
cess was continued for up to 2X 103 iterations. Two-
dimensional images of a silver nanocube were reconstructed
starting from 100 different random electron-density maps,

PHYSICAL REVIEW B 82, 214102 (2010)

(b) ()

Line scan through P

FIG. 5. (Color online) (a) Projection image of the silver
nanocube reconstructed from the diffraction pattern in Fig. 3(b). (b)
SEM image of an identical silver nanocube. Scale bars in (a) and
(b) correspond to 100 nm. (c) Cross-sectional plot through line P in

(a).

and their images were averaged to obtain the final recon-
struction.

Figures 5(a) and 5(b) show the final reconstructed image
and a scanning electron microscopy (SEM) image of an iden-
tical nanocube before irradiating x rays, respectively. The
reconstructed image corresponds to the projection of the
electron density of the nanocube. The projection image is
clearly visible and does not contradict the surface image ob-
tained by SEM. The side of the square shape is ~150 nm,
which is consistent with the thickness estimated from the
intensity distribution of the diffraction pattern. Figure 5(c)
shows a cross-sectional plot through line P indicated in Fig.
5(a). The edge resolution is 2.0 nm, which is slightly im-
proved compared with our previous result.’> However, it is
worse than the resolution estimated from the diffraction pat-
tern. The present high-g diffraction data suffer the signal loss
due to the photon shot noise as shown in Fig. 4. It is thought
that the degradation of the edge resolution is caused by the
signal loss.*

V. CONCLUSION

We have presented a method of high-resolution hard x-ray
diffraction microscopy for thick objects. To achieve higher
resolution in x-ray diffraction microscopy, it is crucial not
only to improve the flux density of coherent x rays but also
to collect and handle the diffraction data which includes the
thickness effect of objects. In this study, we used high-
intensity x rays with a wavelength of ~0.1 nm produced by
total reflection mirrors. Diffraction patterns of a silver
nanocube with an edge length of ~150 nm were measured
at various incident x-ray angles so as to fill a cross section in
Fourier space. A diffraction pattern with information of 1 nm
resolution was observed at a scattering angle of 3.01°. The
diffraction pattern in the g,~0 plane was derived by patch-
ing nine diffraction patterns, and a projection image was then
reconstructed through the z axis by the iterative phasing
method. The edge resolution of the reconstructed image was
~2 nm, which was the highest resolution achieved by x-ray
microscopy. We believe that the present results will pave the
way for the quantitative observation of thick objects with a
high spatial resolution and the subsequent investigation of a
wide range of materials and biological systems.
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