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ABSTRACT: Topological defects are ubiquitous in physics and include
crystallographic imperfections such as defects in condensed matter
systems. Defects can determine many of the material’s properties, thus
providing novel opportunities for defect engineering. However, it is
difficult to track buried defects and their interfaces in three dimensions
with nanoscale resolution. Here, we report three-dimensional visualization
of gold nanocrystal twin domains using Bragg coherent X-ray diffractive
imaging in an aqueous environment. We capture the size and location of
twin domains, which appear as voids in the Bragg electron density, in
addition to a component of the strain field. Twin domains can interrupt
the stacking order of the parent crystal, leading to a phase offset between
the separated parent crystal pieces. We utilize this phase offset to estimate
the roughness of the twin boundary. We measure the diffraction signal
from the crystal twin and show its Bragg electron density fits into the
parent crystal void. Defect imaging will likely facilitate improvement and rational design of nanostructured materials.
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Many nanostructured materials show novel properties
relative to their bulk counterparts, including size-tunable

thermodynamics, crystallographic facet dependent kinetics, and
extended life cycles.1 Defects, or crystallographic imperfections,
can further alter these properties.2−4 For example, screw
dislocations can act as fast hydrogen diffusion channels in
palladium nanocrystals during the hydriding phase trans-
formation5 and twin domains can enhance photocatalytic
activity.6 Twin domains are important in many technological
and fundamental challenges,7 including enhanced hardening of
stainless steel,8 understanding plastic deformation mechanisms,9

and hydrogen embrittlement.10Motivated by the opportunity for
defect engineering, many researchers worked to develop imaging
techniques capable of resolving defects. Recently, electron
tomography was used to visualize the 3D structure of a ten-
nanometer gold nanoparticle and identified twinned regions of
the crystal.11,12 Another technique challenged the theoretical and
experimental assumption that coherent twin boundaries are
always perfectly flat interfaces.13 Here, we show that coherent X-
ray diffractive imaging (CXDI) is particularly sensitive to defects
and can resolve their full 3D structure nondestructively for thick
samples in macroscopic amounts of electrolyte thereby accessing
a previously unexplored area.

Coherent X-ray diffraction imaging in Bragg geometry is a
powerful tool that uses interference produced by coherent X-rays
coupled with phase retrieval algorithms to reconstruct the 3D
electron density and atomic displacement fields in nanocryst-
als.14−22 The primary advantage CXDI provides over other
imaging techniques is the ability to image, nondestructively, both
the electron density, typically with a resolution of tens of
nanometers, and the displacement field, with subangstrom
resolution, in full 3D detail for thick (>100 nm) samples
immersed in realistic sample environments. Thus, it can be used
to study buried defects and interfaces with great precision.
A CXDI measurement consists of aligning and centering a

nanocrystal in the focused beam. In this case, the nanocrystal was
on a silicon substrate. An area detector (such as a charge-coupled
device (CCD)) is then placed far enough away from the crystal to
satisfy the “far field” condition and to ensure the diffraction
pattern is oversampled by at least a factor of 2. The crystal is then
rotated in small steps23,24 and the individual 2D patterns stacked
together to form a 3D data set.25,26 The data set is inverted using
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phase retrieval algorithms to produce a real space image that is, in
general, complex. The real part corresponds to the electron
density from the atomic planes in the particular Bragg orientation
(hereafter referred to as the Bragg electron density).27 This point
is essential as it shows that pieces of a crystal not satisfying the
chosen Bragg condition, for example, twin domains, will be
invisible in the retrieved Bragg electron density maps. The
imaginary part is related to the displacement field, u, viaϕ =G · u,
where G is the scattering vector. In this particular case, ϕ =
G11−1u11−1, and a phase value of 2π corresponds to a
displacement of one d11−1 spacing.

24 Thus, a phase of 0.5 rad,
which is reproducible in the reconstructions, translates into a
subangstrom displacement. The strain is then determined to
better than 10−4.28 . How accurately that value can be placed to
specific spatial locations within the reconstruction is given by the
phase retrieval transfer function. For further experimental details,
please see Supporting Information Methods.
Twin domains occur when two crystals share some of the same

crystal lattice points and are related by a symmetry operation. In
the face centered cubic structure, the packing of {111}
crystallographic planes proceeds in ABC ordering. A crystal
twin would share one of these planes, say C, but follow amirrored
packing order, for example CBA, which is the mirror of the
previous sequence. Thus, a crystal with a strain-free twin domain
can be formed via the sequence ABCABCBACBABCABC in
which the underlined text indicate the shared planes and the bold
letters indicate the planes belonging to the twinned crystal. We
distinguish these from deformation faults, which are slips that
maintain orientation, for example, ABCABC|BCABCABC. The
twin crystal planes are rotated with respect to the parent crystal
lattice and, thus, will appear as a missing Bragg electron density in
particular Bragg reflections. To investigate the possibility of twin
domains in gold nanoparticles, we compared the coherent X-ray
diffraction data from two different crystals.
Figure 1a−d shows experimental data for two gold nanocrystal

in an aqueous environment using a liquid flow cell as shown in
Supporting Information Figure S1. Figure 1a is the log of a 2D
slice of the 3D Bragg reflection (see Supporting Information
Figure S2 for a 3D rendering of the diffraction data showing
Figure 2a cross-section location). Figure 1b shows the fringe
modulation from the finite size of the nanocrystal as well as the
decay of the fringe intensity as a function of Q, the reciprocal
space coordinate. Qmax corresponds to spatial length of 6 nm,
whereas Q1 is near the center of the Bragg peak. This data is
consistent with a crystal that has no defects (visible at our
resolution) affecting the (11−1) crystallographic planes. Figure
1c,d, corresponding to another crystal, is different. A clear
enveloping in fringe intensity is seen both in Figure 1c and in
Figure 1d, which is attributed to (potentially multiple) missing
sections of Bragg electron density in the (11−1) crystallographic
planes. For the case of a single twin domain, an analogy can be
drawn between the diffraction pattern and the double slit
experiment. The missing Bragg electron density gives rise to
interference between the two crystal pieces leading to an
enveloping of the intensity, as is the case for double slit
diffraction. To verify this relationship and view the defect in real
space, we performed phase retrieval25,29−31 on the 3D diffraction
data sets (see Supporting Information Methods for details). For
recent progress in phase retrieval, see refs 23 and 32−35.
Figure 2a,b shows the Bragg electron density of the crystal in

real space as a green isosurface drawn at 35%, whereas the
assumed location of the substrate is shown in black. Recall that
the Bragg electron density is the electron density recovered from

measuring a particular Bragg peak. While the physical electron
density is approximately homogeneous over the sample, the
Bragg electron density will show voids when subsets of the
measured planes are rotated out of the Bragg condition. The
defect-free crystal has a six-sided shape consistent with electron
microscopy images (Supporting Information Figures S3 and S4)
and a continuous Bragg electron density determined with 12 nm
resolution as defined by the phase retrieval transfer function
(Supporting Information Figure S5). The defective crystal has a
region of approximately 100 nm of missing Bragg electron
density as evident by the gap between green isosurfaces (drawn at
a 35% level) in Figure 2b (for a slice showing the magnitude of
the retrieved Bragg electron density, see Supporting Information
Figure S6). The missing region must be rotated out of the (11−
1) Bragg condition. Two separated nanocrystals in exactly the
same orientation could explain this result but are not seen in
scanning electron microscopy (SEM) images (Supporting
Information Figure S1). In addition, this scenario is extremely
unlikely due to the sensitivity of the Bragg condition to the
particle’s orientation. Although we focus on the case of a single
twin domain here, Supporting Information Figure S7 shows a
more complicated example. If the twin domains are smaller than
the resolution (12 nm) then they cannot be faithfully
reconstructed. However, in principle, all possible combinations
are distinctly encoded into the diffraction pattern (see
Supporting Information Figure S8 for three examples). To
further understand the defect, the displacement field inside the
nanocrystal was investigated.
Figure 3a shows a central cross-section taken perpendicular to

the substrate of the phase inside the defective nanocrystal shown
in Figure 2b. A displacement field pixel with a value of 1.07 rad,
for example, indicates that the unit cells in this location are
displaced from their equilibrium positions on average by 0.4 Å in

Figure 1. Coherent X-ray diffraction data for two representative
nanocrystals. (a) 2D slice of the log of the (11−1) Bragg reflection from
a single gold nanocrystal in solution showing a clear fringe pattern with
decaying intensity. (b) Line plot along the white line drawn in panel a of
the intensity along the fringes. (c)−(d) Same as above, but for a different
crystal with a noticeably different intensity profile.
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the [11−1] direction. There are no edge or screw dislocations
evident in this projection of the displacement field.36,37 There is
also no rapid displacement variation near the boundary of the

missing Bragg electron density, indicating small strain. Thus, the
defect boundary is likely a coherent, meaning both the parent and
twin share the atomic planes at the interface. Figure 3b shows a

Figure 2. Electron density isosurface for a defect-free and defective crystal. (a) Two different views of a defect-free crystal represented by a green
isosurface drawn at 35%, whereas the substrate is represented as a black plane. (b) Defective crystal represented by a green isosurface that shows a region
of missing electron density. The assumed substrate location is shown in black.

Figure 3. Atomic displacement map and twin crystal schematic for two crystals. (a) Central cross section taken perpendicular to the substrate of the
phase, which is proportional to the u11−1 displacement field, for the defective crystal shown in Figure 2b. (b) Schematic of the twin domain responsible
for the missing electron density. The stacking sequence is shown and the yellow highlighted planes are coherent interfaces. The width of the crystal twin
is such that the spacing, l, is an integer multiple of three d11−1 as no phase offset is seen. (c) Atomic displacement map in radians for a different crystal. A
phase offset in the disconnected piece of the parent crystal is visible.
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schematic of a crystal twin that generates a missing region of
Bragg electron density in a strain free fashion. The crystal twin is
a mirror image of the original crystal and has stacking order CBA.
It forms two coherent interfaces with the original crystal that are
strain free. Its width, l, must be an integer, n, multiple of three
d11−1, where d11−1 is the distance between (11−1) atomic planes,
due to the approximately zero phase offset observed between the
parent and disconnected crystal pieces. Figure 3c−d reveal a
different case in which the disconnected piece is phase offset
from the parent crystal. We utilized the average and standard
deviation of the phase offsets to gain information about the
roughness of the coherent twin boundary.
Consider an atomically flat twin boundary that breaks the

stacking order between two pieces of a parent crystal. The
disconnected piece of the parent crystal in the absence of any
other effects should have a uniform phase offset that is set by the
twin width. However, it was shown that twin boundary interfaces
are seldom perfect,13 which implies the phase offset of the
disconnected piece is actually a sum of phase offsets
corresponding to different twin crystal widths: l = 3nd11−1 (0
phase offset), l = (3n + 1)d11−1 (2π/3 offset), l = (3n + 2)d11−1
(4π/3 offset) for n an integer. Thus, the standard deviation of the
phase is related to the roughness or variation of the twin width
along the interface. We are insensitive to roughness jumps of l =
(3n + 3)d11−1, which yields no offset.
The parent crystal in Figure 3b has an average and standard

deviation ofφ0 = 0.37± 0.37 rad, whereas the disconnected piece
has φ0 = 0.43 ± 0.24 rad. We thus conclude that the interface is
nearly flat as the differential offset between the two pieces is very
close to zero. For the reconstruction shown in Figure 3c, the
phase offset for the parent piece is approximately zero while for
the disconnected piece it is φ0 = −2.23 ± 0.46 rad. The expected
value from a twin of width l = (3n + 1)d11−1 and perfectly flat
interfaces is−2π/3 or−2.09 rad. This surface, thus, is likely more
rough, due to additional jogs and kinks, due to the larger
discrepancy between the calculated and measured values. Note,
however, that strain will also contribute to phase variations.
To completely characterize the crystal structure, three or more

independent Bragg peaks must be measured.38−40 This ensures
that any defects present are discovered, as defects in certain
orientations do not affect certain Bragg reflections, for example,
the defect-free crystal discussed in Figure 2a could have a defect
that is invisible in the (11−1) Bragg planes.
In the following discussion, a patterned gold nanocrystal

sample (see Supporting Information Figure S2 and Methods)
was used that makes comparison with an electron microscopy

image of the same crystal facile. The rotated, faulted twin
domains are indexed in the coordinate frame of the parent crystal.
A mirror of the f.c.c. reciprocal lattice around the [−111]
direction maps the other {−111} lattice points onto
permutations of {1/3, 1/3, 5/3}. We first located the (−111)
and (200) reflections from a single gold nanocrystal using a
confocal microscope to align the crystal to the center of rotation
of the diffractometer.40−44 These motor positions were input
into the beamline control software (SPEC) that then calculated
the position to measure the (1/3 1/3 5/3) Bragg peak,
corresponding to the twin portion of the crystal.
Figure 4a shows an electron microscopy image of a gold

nanocrystal on a patterned substrate. A defect is visible as a slight
contrast change in the SEM image. Figure 4b shows the Bragg
electron density isosurface drawn at a 35% level resulting from
measurement of the (−111) Bragg peak. The defective region is
shown quite clearly as a region of missing Bragg electron density.
Figure 4c is the Bragg electron density corresponding to the (1/3
1/3 5/3) Bragg peak, which has a fractional index due to the
mirroring of the twin and parent crystal lattices. For slices of the
twin diffraction data and Bragg electron density, see Supporting
Information Figure S9. The size and shape of the crystal twin’s
Bragg electron density in Figure 4c fit into the void in Figure 4b
as shown in Figure 4d. This is final confirmation that the defect
visible in the diffraction data is indeed a crystal twin formed in a
strain free fashion.
We studied topological defects in gold nanoparticles using

coherent X-ray diffractive imaging. The 3D defects we observe
appear as regions of missing Bragg electron density and show
little strain at the boundaries between the crystal and the defect.
Thus, we conclude that twin domains are responsible. The twin
domain widths cause discrete phase offsets between the pieces of
the parent crystal. We use this fact to estimate the twin/parent
crystal interface roughness. We show twin domains themselves
can be measured by CXDI and their electron densities fit into the
parent crystal voids. Our results showCXDI is a powerful tool for
understanding defects and can potentially aid in the design of
mechanical, electronic, and optical properties of nanocrystals.

■ ASSOCIATED CONTENT

*S Supporting Information
Sample synthesis, experimental method, and phase retrieval
details are described in additional detail. Four additional figures
are provided showing sample SEMs, the aqueous cell, and the
resolution. The Supporting Information is available free of charge

Figure 4. Measurement of a Crystal and its Twin. (a) Electron microscopy image of the gold nanocrystal measured with CXDI. (b) Bragg electron
density isosurface drawn at a 35% level from the (−111) Bragg peak measurement. (c) Bragg electron density isosurface measured from the twin crystal
at (1/3 1/3 5/3), whose density is missing in panel b. (d) Densities overlaid produce a uniform crystal. The twin crystal is indexed in the parent crystal’s
reciprocal lattice, which gives fractional Bragg peak indices as expected.
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on the ACS Publications website at DOI: 10.1021/acs.nano-
lett.5b01104.
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