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Imaging Defects in Vanadium (III) Oxide Nanocrystals
using Bragg Coherent Diffractive imaging
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Defects in strongly correlated materials such as V2O3 play influential roles on their electrical proper-
ties. Understanding the defects’ structure is of paramount importance. In this project, we investigate
defect structures in V2O3 grown via a flux method. We use AFM to see surface features in several
large flake-like particles that exhibit characteristics of spiral growth. We also use Bragg Coherent
Diffractive Imaging (BCDI) to probe in 3 dimensions a smaller particle without flake-like morphology
and note an absence of the pure screw dislocation characteristic of spiral growth. We identified and
measured several defects by comparing the observed local displacement of the crystal, measured via
BCDI to well-known models of the displacement around defects in the crystal. We identified two ~b
= a

6 [2̄11] partial dislocations in the crystal. We discuss how defects of different types influence the
morphology of V2O3 crystals grown via a flux method.

Transition metal oxides such as vanadium oxides are interesting
for a variety of technical applications, from electrochemical an-
odes1,2 to unique optical applications3,4 and supercapacitors.5

Vanadium (III) oxide (V2O3) particularly has been of interest due
to its temperature driven first-order metal-insulator phase transi-
tion that changes a variety of electronic and optical properties.6

The properties of vanaduium oxide systems has also been shown
to strongly depend on morphology and growth conditions, mak-
ing it a versatile material for many applications.7,8

Defects have been shown to heavily influence a variety of
both mechanical and electronic properties of nanoscale materi-
als, which in turn influences their performance in devices.9–13 In
particular, dislocations - while uncommon in nanoparticles - have
been shown to affect: lithiation in nanoparticle anodes in Li-ion
batteries,14, optical performance of light emitting diodes,9 and
mechanical deformation of nanostructures.11,15 The combination
of potential nanoscale device application and the dependence of
device performance on the type and density of defects results in
a need to further understand the formation and control of de-
fects in vanadium oxides, and how defects can influence particle
characteristic such as morphology or physical properties.

In this paper we demonstrate a flux method for growing V2O3

crystallites. We use transmission electron microscopy (TEM) to
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analyze the crystal orientation of the crystallites. We use Bragg
Coherent Diffractive Imaging (BCDI) to retrieve high-resolution
volumetric information about a crystallite showing a significantly
different shape than the flake-like particles observed in TEM and
optical microscopy. With the BCDI measurements we identified a
few partial dislocations with mixed screw and edge character.

BCDI is a technique that circumvents the phase problem of x-
ray analytics by over-sampling the diffraction pattern to recon-
struct the phase of the diffracted x-rays.14,16,17 It is used to get
high-resolution volumetric information about strain and lattice
distortion. In BCDI one reconstructs the phase of the light scat-
tered by a set of crystallographic planes satisfying the Bragg con-
dition. This recovered phase contains information about distor-
tions to the crystal lattice in the direction normal to the diffracting
planes. BCDI has been used extensively to map Bragg electronic
density, displacement, ferroelectric domains and strain within the
volume of crystals with nanoscale resolution;18–25 the best re-
ported resolution to date is 4-9nm.26 It has been shown that BCDI
can detect signatures of defects by measuring the disruptions to
the long-range order of the crystal.27–30 By examining these long-
range effects it is possible to identify defects below the resolution
limit of the technique, such as dislocation cores.

We use BCDI in conjunction with AFM, TEM, and optical mi-
croscopy to analyze defects in V2O3 crystallites grown via flux
method. We report on the nature of defects in two different crys-
tallites with different shapes: a flake-like crystallite with features
typical of crystals grown via a screw dislocation driven growth
mechanism,31,32 and a smaller particle showing a more complex
defect structure, featuring several mixed dislocations. We argue
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Fig. 1 (a)Diagram of the experimental setup used the BCDI measurements in this work. Coherent x-rays from a synchrotron source are directed
to the sample using a Fresnel zone plate (not shown) and is diffracted by a V2O3 crystallite. The constructive interference patterns of the diffracted
x-rays are recorded while rocking the sample in theta in steps of about 0.001◦ about the Bragg condition for the (006) peak, effectively measuring the
three-dimensional Bragg peak. When the Bragg peak is sufficiently over-sampled, it is possible to apply established phase retrieval algorithms to solve
for the complex wave function of the scattered X-rays; a schematic representing the basic form of these phase retrieval algorithm is shown in (b). The
retrieved complex scattered wave-function contains information on the Bragg electronic density and lattice displacement of the V2O3 crystallite.

that differences in morphology of these particles are potentially a
consequence of the different defect structures of the crystals.

1 Methods

V2O3 crystals were grown by flux method. A 5 ml graphite cru-
cible containing 0.2 g of V2O5 powder and 3.28 g of anhydrous
KCl (the mole ratio of V2O5:KCl is 1:10) was placed in an alu-
mina tube inside a furnace. The tube was evacuated to 0.1 Torr
and then filled with H2(5%)/Ar gas. A steady flow of 50 sccm
H2(5%)/Ar was maintained throughout the growth at ambient
pressure. The crucible was heated at 20◦C/min to 900◦C and
kept for 10 hours and then lowered at 0.5◦C/min to ambient. Af-
ter growth, the contents of the crucible were washed in water (to
dissolve the KCl) and black shiny crystals were obtained.

The as-grown crystals were analyzed with optical microscopy,
AFM, and BCDI. The optical microscopy was performed using a
Nikon Eclipse Ti-S inverted optical microscope to determine the
approximate size and shape of the crystals. The AFM measure-
ments were conducted with a MultiModeTM AFM in order to
study the topography of the particles. The BCDI was performed at
the I13-1 beamline of the Diamond Light Source in order to more
closely investigate defects indicated by the AFM measurements.

The diffraction patterns used for BCDI were collected as il-
lustrated in Fig. 1. A monochromatic beam of energy 11.0keV
and bandwidth (∆E/E) = 1× 10−4 was focused onto our sam-
ple with randomly dispersed (00l)-oriented crystallites. A Fres-
nel zone plate with diameter of 400µm and outer zone width
of 150nm was used to focus the beam. The sample was posi-
tioned slightly defocused and downstream of the focusing spot of
the Fresnel zone plate, and the final spot size was approximately
2µm full-width at half-maximum and carried a divergence of ap-
proximately 50 x 25 µrad. The detector was an Excalibur pho-
ton counting direct x-ray detector utilizing a Medipix3 chip, with

55µm x 55µm pixels. The detector was placed in the vicinity of
the V2O3 (006) Bragg diffraction peak at a distance of approxi-
mately 3m from the sample. The sample was scanned to reveal
Bragg spots emanating from individual V2O3 crystallites. Well iso-
lated Bragg peaks with fringe oscillations indicative of coherent
illumination were utilized for this study. Once the Bragg condition
was optimized and the sample was positioned to the approximate
center of rotation for the sample stage, the stage was rocked in
increments of about 0.001◦ while collecting the diffraction pat-
terns. These few hundred individual diffraction patterns eluci-
date the 3D structure of the Bragg peak, which encodes the Bragg
electronic population and lattice displacement for the reflection.

BCDI is a method for solving the phase problem of x-ray diffrac-
tion measurements. In the far field, and assuming the kinematical
scattering limit, the scattered amplitude can be expressed as the
Fourier transform of a strained crystal. The electron density of
such strained crystal is represented by a complex-valued Bragg
electron density. When diffracted x-rays are measured, the inten-
sity, I, of the measured x-ray is proportional to the square of this
amplitude, as shown in Equation 1.

I ∝

∣∣∣∣∫ ρ(~r)∗ e−i~G0·~u(~r) ∗ e−i~q·~rd~r
∣∣∣∣2 (1)

Where ρ is the real valued electronic density, ~G0 is the recipro-
cal lattice vector for a given reflection, ~u(~r) is the displacement
field, and ~q = ~k f −~ki is the momentum transfer vector. This shape
function (the integrand) is an expression for the location of each
atom in the crystal. This basis has an imaginary component that
reflects the displacement of the atom from the ideal position of
a given crystal projected onto the reciprocal lattice vector. How-
ever, the phase component is lost in the measured intensity of an
actual x-ray experiment. We algorithmically recover this phase
by utilizing an oversampled Bragg peak and repeatedly alternat-
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Fig. 2 Morphology, crystal structure and growth mechanism of V2O3 microcrystals. (a) Optical image of V2O3 flake-like microcrystals. (b) TEM
image of a V2O3 flake. (c) Electron Fast Fourier Transform (FFT) image with a zone axis [001] of the V2O3 flake in (b), conforming the single
crystal nature of the flake with the [001] axis normal to its surface. (d),(e) AFM image of a V2O3 flake, revealing a screw dislocation driven growth
mechanism. (e) is an enlarged view (dashed square) of the screw core in (d). (f) Height profile of the red line in (d), showing an average step height
of 4 nm (about three unit cells of V2O3). (g),(h) Schematic of the screw dislocation driven growth. The screw dislocation in a nucleus creates a
step edge and promotes the growth (curved gray arrow) (g) and eventually a dislocation spiral is formed (h). (i) Schematic of atomic structure of the
screw core in V2O3 crystal. The initial step edge is indicated as white atoms.
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Fig. 3 (a) shows the diffraction peak used for coherent imaging reconstruction. (b) shows the outline of the dislocation cores in the base of the
particle, based on the phase of the reconstructed crystal. The displacement is directly proportional to the phase of the reconstructed complex crystal,
as shown in Equation 1. The yellow solid lines represent the cores for the mixed and partial dislocations. (c), (d) show the location in the particle
of the cross sections shown in (e) and (f) respectively; the color of the images represents the phase of the crystal. The z-coordinate in (c) and (d)
points towards [006] direction, and the z-coordinate in (e) and (f) points towards [001] direction. These phase maps show signatures of dislocations,
with dislocation lines approximately along [001]. By converting phase to displacement we can determine the Burgers vector of the dislocation. (g),
(h) show radial plots of the displacement of the crystal around the dislocation cores, with an inset showing the pixels for one of the radii used for the
fitting process.
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ing between real and reciprocal space, using inverse and forward
Fourier transforms. The algorithm randomly generates a guess
of the phase information for the diffraction pattern, and imposes
the square-root of the measured intensity values as the ampli-
tude, while the crystal is confined to exist within a finite space
(the support). The phase of the diffracted x-ray beam was re-
trieved using a combination of hybrid input-output and error re-
duction described by Fienup.33 Once the phase of the wavefront
is retrieved, it is inverse Fourier transformed into a real space
complex-valued volume representing the crystallite. The ampli-
tude corresponds to the electronic density population of the Bragg
planes, and the phase is the projection of the displacement field
onto the momentum transfer vector of the scattering event. The
real electronic density reflects the periodicity of the crystallite and
the phase is proportional to the displacement of the core elec-
trons from their ideal lattice positions. It is important to note that
for highly strained crystals, the kinematic theory cannot always
provide adequate results and dynamical approach generalized by
Takagi and Taupin34,35 should be applied. A detailed overview of
the dynamical diffraction theory36,37, and BCDI16,22,38 is given
in a number of works available.

2 Results
The optical microscopy image in Fig. 2a shows three V2O3 crys-
tals in different shapes and sizes. The left crystal has a flake-like
shape (thin), the right-bottom one has particle-like shape (thick),
while the right-up one has a flake and a particle merged together.
The angle between the crystal edges are approximately 60 or 120
degree in small crystals (right-up and right-bottom), indicating
a hexagonal structure. However, for the large crystal (left), the
shape is irregular but there are 120 degree angled step edges on
the surface. The lateral size of the crystals are on the order of
tens of microns. The TEM image in Fig. 2b shows a thin flake.
It is difficult to transfer and locate the same flake from the TEM
grid to a substrate for BCDI experiment, however, these samples
are likely to have the same crystal structure. Also, they may have
different defect (dislocation) densities due to different supersat-
uration at different regions in the crucible during the growth.
The corresponding Fast Fourier Transform (FFT) image in Fig. 2c
reveals the α-corundum structure (metal phase) and high crys-
talline quality of this flake with the [001] axis normal to its sur-
face. Similar geometries have been observed in other materials
systems where growth conditions favor spiral crystal growth.12,31

The preliminary results showing a suspected dislocation made
this material sample an interesting candidate for coherent x-ray
imaging. Originally, the sample was selected for Bragg ptychog-
raphy characterization, another coherent x-ray imaging technique
where a sample larger than the beam size is imaged by measur-
ing the diffraction pattern from multiple, overlapping regions of
the crystallite. This was due to the size and shape of the particles
observed in previous measurements; however, during the exper-
iment we observed a diffraction pattern of a smaller particle - in
the size range where BCDI is effective - so we collected data and
analyzed this seemingly anomalous particle.

Coherent x-ray imaging is well suited for this application since
it creates a map of the atomic displacement with nanoscale res-

olution. While the resolution is too low to resolve individual
atomic positions, it is possible to detect and identify dislocations
based on the long-range effect they have on the atomic positions
compared to the perfect crystal.

The BCDI reconstruction of the small crystallite showed that
the measured crystal was hexagonal, with lateral size around 300
nm, and a height of about 1 micron. The Bragg electron den-
sity at the top of the crystal was very low compared to the base
of the crystallite. This could potentially be due to the low con-
tribution to the Bragg peak from a very defective portion of the
crystal. The phase of this low electron density region has sev-
eral discontinuities and large gradients, which supports the idea
of a very defective crystal. Due to the low Bragg electron density
and complicated phase structure, we avoid making claims about
the specific crystallographic features present in this portion of the
crystal, and it is excluded from the tracing of dislocation cores
shown in Fig. 3b.

In the lower region of the crystal, there are several disconti-
nuities in the phase, accompanied by regions of low electronic
density. These features are signatures of defects. We used the
algorithm published by Ulvestad et al. to estimate the path of
dislocations through the crystal.27 The results of this dislocation
tracing are shown in Fig. 3b. This algorithm identifies the path
of dislocations by tracing the singularity of the phase around dis-
locations cores. This technique is unable to identify the path of a
dislocation if it lacks this phase signature. Discontinuities in the
traced dislocations are likely due to the Burgers vector becoming
perpendicular to the momentum transfer of the scattering event
used for the reconstruction. This is noteworthy because disloca-
tions must either terminate at the surface of the crystallite or form
closed loops,39 so this is necessarily an incomplete picture of the
dislocations in the crystallite.

The results of this algorithm suggest that the defect structure
of this small nanoparticle is much more complex than was sus-
pected for the flake-like particle. We attempted to characterize
some of the dislocations by fitting the phase to standard mod-
els for displacement around an edge dislocation, as previously
demonstrated.14

The displacement around a dislocation depends on the type of
dislocations. Assuming the elastic limit, the displacement around
screw dislocations far from the dislocation core can be described
as:39

us =
~bθ

2π
. (2)

All of the displacement is in a single direction, along the direction
of the Burgers vector and dislocation line.

Similarly, the displacement around an edge dislocation can be
analytically expressed with two components. One component
that is perpendicular to the plane of extra atoms and parallel to
the Burgers vector:14

u⊥ =
~b
2π

(
θ +

sin(2θ)

4(1−ν)

)
, (3)

and a component parallel to the extra plane of atoms and per-
pendicular to the Burgers vector:14
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u‖ =
|~b|
2π

(
1−2ν

4(1−ν)
log(r2)+

cos(2θ)

4(1−ν)

)
. (4)

A displacement field indicative of a dislocation can be seen in
Fig. 3e. This feature is not well fit by the equations for edge or
screw dislocations; rather its angular dependence is like that of a
mixed dislocation, which can be modelled with a combination of
edge and screw components:39

~b =~be +~bs. (5)

The displacement was fit at several radii to ensure that the dislo-
cation had been rigorously identified, as previously demonstrated
by Ulvestad et al.14 One angular plot for this mixed dislocations
demonstrating the fit of the model is shown in Fig. 3g. The dis-
location was well fit by a Burgers vector of~b = a

6 [2̄11], where a
is the lattice parameter, with a dislocation line along [001]. The
data was well fit by this dislocation, with a root-mean-square-
error (RMSE) of 0.035. It is noteworthy that there is a reported
partial dislocation in the R3̄c crystal structure with a Burgers vec-
tor of ~b = a

3 [2̄11].40,41 This mixed dislocation appears to occur
where we would expect a screw dislocation to occur in spiral as-
sisted growth. The lack of a pure, perfect screw dislocation here
may help explain the discrepancy in particle shape between the
large flakes observed in AFM and optical microscopy measure-
ments and the smaller particle measured with BCDI.

The displacement in another portion of the crystal, shown in
3f, was fit using the same technique. One of the circular profiles
plotted is shown in Fig. 3h. Using several radii to rigorously iden-
tify the dislocation, the Burgers vector was again identified as~b =
a
6 [2̄11]. The quality of fit for this dislocation is marginally lower
than the previous dislocation, with an RMSE of 0.055. This is
possibly due to the neighboring dislocations influencing the dis-
placement in the region. In a similar analysis performed by Ulves-
tad et al. they introduced a correction for neighboring systems of
edge dislocations;14 this correction was not replicated due to the
asymmetrical nature of the dislocation system indicating that the
neighboring dislocations my not be equal and opposite, and the
proximity of the dislocation to the edge of the crystallite making
identification using concentric radial plots.

The nature of the dislocations identified in BCDI may provide
some insight into the stark contrast between the particle identi-
fied in the BCDI measurement and the particles observed with
optical and AFM measurements. The presence of a partial dislo-
cation implies the existence of a stacking fault near the base of
the crystal; stacking faults have been shown to reduce the energy
in thin films,42 but were only seen in films up to 8-10 nm - much
thinner than the particle observed here. The nature of these dis-
locations could lend insight into the varied morphology of the
grown crystallites. Further investigation with BCDI or other tech-
niques could help fully elucidate the role mixed dislocations play
in the stunted growth we observed in this system.

3 Conclusions
In summary, we used BCDI to probe the 3D defect structure of
a particle, and found a complex defect structure that may have

influenced crystal morphology. Our results hint at the role of
mixed, partial dislocations in crystal growth. BCDI is a promis-
ing tool for investigating the complex role defects have on crys-
tallite morphology. The impact of defect density and type on par-
ticle morphology remains a topic of further investigation. Also of
potential further interest is what impact these defects or corre-
sponding geometry have on the key properties of V2O3, such as
the metal-insulator transition.
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