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Abstract: A precise investigation of NbO has been carried out
by advanced electron microscopy combined with powder
and single crystal X-ray diffraction (XRD). The structure of
pristine NbO has been determined as Pm-3 m space group
(SG) with a = 4.211 Å and the positions of Nb and O at the 3c
and 3d Wyckoff positions, respectively, which is consistent
with previous report based on powder XRD data. Electron
beams induced a structural transition, which was investigated
and explained by combining electron diffraction and atomic-

resolution imaging. The results revealed that the electron
beam stimulated both Nb and O atom-migrations within each
fcc sublattice, and that the final structure was SG Fm-3 m with
a = 4.29 Å, Nb and O at the 4a and 4b with 75% occupancy
and same chemical composition. Antiphase planar defects
were discovered in the pristine NbO and related to the
structural transformation. Theoretical calculations performed
by density functional theory (DFT) supported the experimen-
tal conclusions.

Introduction

Transition metal oxides (TMO) have attracted a lot of interest
because of their special physical and chemical properties.[1]

Niobium belongs to the V-th family, Vanadium group, and has
the electron configuration of [Kr]4d45 s1 with various valences. It
shows superconductivity below Tc = 9.25 K, and is widely used
in industries for improving strength and toughness of steels.[2]

Several niobium oxide phases, such as NbO, NbO2, Nb2O5, and
Nb3n+1O8n-2 (n = 5–8), have been reported.[3] Vanadium has the
electron configuration of [Ar]3d34 s2, has various valences,
similar to Nb and therefore several oxide phases, VO, V2O3,
VnO2n-1 (n = 3–8), VO2, VnO2n+1 (n = 3, 4 & 6) and V2O5, have
been also reported.[4] However, significant differences can be
clearly observed between NbO and VO in their phase
diagrams.[5] VO has a wide composition range similar to TiO.

Both VOx, (0.8 � x �1.3) and TiOy, (0.7 � y �1.25) have the
NaCl-type structure (space group, SG, Fm-3 m, #225) as a high-
temperature phase with randomly distributed vacancies (point
defects) in both metal and oxygen sublattices.[6] However,
niobium monoxide shows a narrow phase existence of exactly
50% Nb and O compositions as a stoichiometric compound and
it is stable in temperature and pressure up to 1920 K or 7.7 GPa,
respectively, without phase transformation.[7]

Furthermore, NbO is of particular interest as it is the base
example of the nbo-type net in reticular chemistry. This
topology is proposed for a systematic enumeration and a series
of metal–organic frameworks (MOFs) formed by different kinds
of linkers were found sharing the same nbo net topology.[8] For
a long time the structure of NbO was considered as a NaCl-type
structure with 25% ordered vacancies in both the Nb and O
sublattices. The topology, electronic states and bonding
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structure were studied by theoretical calculations.[9] Precise
powder X-ray diffraction (PXRD) and neutron diffraction experi-
ments suggested a cubic structure with the SG of Pm-3 m
(#221) through extinction conditions from observed reflections,
and then the structure model was proposed based on “ordered
vacancies” without precise single crystal structure analysis. The
model was the following: The Nb and O atoms are located at
the 3c (face center) and 3d (edge) Wyckoff positions with site
symmetry m-3 m, while vacancies occupy the sites of 1a (vertex)
and 1b (body center) Wyckoff sites with site symmetry 4/
mmm.[10]

If the occupation probabilities of Nb at the 3c and 1a sites
and O at the 3d and 1b sites are different, then the extinction
condition for Pm-3 m, would be fulfilled. Therefore, by diffrac-
tion alone it is insufficient to achieve a precise structure
solution of NbO and the occupation probabilities still require a
deeper investigation.

Additionally, the structure of NbO would be affected under
different types of irradiation. A neutron radiation study of single
crystal NbO revealed a structural transformation in which the
atom occupancy increased in both the 1a and 1b sites for Nb
and O, respectively, which returned into the original form at
about 900 °C.[11] An electron microscopy (EM) study also showed
a structural change under scanning transmission EM (STEM)
revealing a significant variation at the vacancy columns.[12]

These observations showed that the structure of NbO would
change under different types of irradiations, but detailed
information of this phenomenon is not clear yet.

In order to achieve a complete understating of the trans-
formation that took place, EM offers several advantages
unmatchable by other techniques. In STEM mode, the electron
beam can be used as stimulation source for the structural
transformation in a controlled way at the atomic level. By EM
methods, both averaged and local structural information could
be obtained by electron diffraction (ED) and high-resolution
imaging.

In this work, we first measured both chemical composition
and density followed by a structural study of the pristine NbO
crystal by PXRD and single crystal X-ray diffraction (SCXRD) as
precise as possible. This also gave a starting calibration for EM
study on the pristine NbO crystal. We have used a multi-
technique approach based on advanced electron microscopy
methods, including Cs-corrected STEM imaging,[13] combined
with ED approaches, selected area ED (SAED) and three-
dimensional electron diffraction (3D ED).[14] Using Cs-corrected
STEM, the structural transition process was observed from three
electron-beam incidences along [100], [111], and [110] under a
controlled electron dose.

At last, the structure solution of both, the pristine and the
electron-beam-induced transformed Niobium monoxide, was
obtained by electron crystallography combining SAED and 3D
ED. Besides, an antiphase planar defect in the pristine NbO was
observed, potentially related to the structural transformation.
DFT calculations and Electron Energy Loss Spectroscopy (EELS)
were performed together with the ED method to analyze and
explain the electronic state and the structural transformation

mechanism. A feature of duality with ionic and metallic proper-
ties was also revealed.

Results and Discussion

Initially, a precise analysis of the pristine NbO was performed
through PXRD, SCXRD, elemental analysis, and density measure-
ments to obtain the structure of the pristine material. To obtain
a precise lattice parameter, PXRD was performed with Cu Kα1

radiation in transmission mode, see Figure S1 and Table S1. the
pristine NbO was identified as Pm-3 m SG with unit cell
parameter a = b = c = 4.211 Å. After measuring the density of
NbO, 7.28 � 0.01 g/cm3, and the elemental composition Nb :O
= 1 :1 by Energy Dispersive X-ray Spectroscopy (EDS) and
Electron Energy Loss Spectroscopy (EELS) elemental analysis
(Figures S2–S4, Table S2), the unit cell was deduced as Nb3O3

(containing 3 Nb and 3 O per unit cell). Subsequently, SCXRD
data was employed to solve the structure, 1745 reflections of a
95.1% completeness within 0.37 Å resolution were collected
obtaining a pristine Nb3O3 structure with the unit cell a = b = c
= 4.2158 Å, α = β = γ = 90° and the Pm-3 m SG. The structure
solution had a residual parameter R1 = 3.85%. Figure 1 shows
the structure solution of the pristine Nb3O3 solved by SCXRD,
which is in agreement with the elemental analysis and the
density measurement result. There are two Wyckoff sites with
atoms at; 3c (0,1/2,1/2), (1/2, 0,1/2), (1/2, 1/2, 0) for Nb and 3d
(1/2,0,0), (0,1/2,0), (0,0,1/2) for O.

In previous reports, Nb3O3 was described as 25% ordered
vacancy with NaCl-type structure. In this description, vacancies
are located at 1a (0,0,0) and 1b (1/2, 1/2, 1/2) sites, thus the 1a
+3c and 1b+3d sites would form the Nb and O fcc sublattices,
respectively. However, considering the definition of vacancy,
which is a type of point defect in a crystal where an atom is
missing from one of the lattice sites,[15] the occupation
probability at vacancy positions may not be exactly 0%. Thus,
the occupation probability at 1a and 1b in the pristine Nb3O3

structure, which was affected by the electron beam irradiation
without breaking the symmetry of the Pm-3 m space group,
requires further investigation. After obtaining the structure

Figure 1. Structural model of pristine Nb3O3 solved by SCXRD. Green circles
correspond to Nb and red ones to O. Wyckoff sites (Pm-3 m) are also
indicated. The unit cell axes a, b and c are marked by red, green, and blue
arrows, respectively.
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solution of pristine Nb3O3, structure refinement considered
various occupancies of the a, b, c and d sites using both SCXRD
and PXRD data. See Figures S5-S6 and Tables S3-S8. The results
revealed the precise solution for Nb3O3 with 100% occupancy
at the 3c and 3d sites for Nb and O, respectively, and 0%
occupancy at the 1a and 1b sites. The electron density map,
Figure S7, reconstructed from the SCXRD data, also proved that
no obvious residual electron density was found at the 1a and
1b positions, indicating that in the pristine Nb3O3 structure, the
positions at 1a and 1b were not occupied by any atom.

Under EM observation when the sample was irradiated by
the electron beam, we observed a structural transition. Figure 2
shows the structural evolution of Nb3O3 under electron beam
irradiation. The Cs-corrected STEM-HAADF images of the first
scan (pristine material), of the partially transformed and of the
fully transformed structure which were extracted after continu-
ous beam irradiation in scanning mode along the [100], [111]
and [110] zone axes are depicted. For every micrograph the FFT

diffractogram, plane group averaged image and the intensity
line profiles are shown inset (all raw image frames, plane group
averaged images and intensity profiles are shown in Figures S8-
S10). Along the [100] direction (Figures 2a–c), five STEM frames
were collected with the same electron dose, every image frame
was recorded with a 0.04 × 0.04 Å2 pixel size during 10 μs per
pixel. Thus, the electron dose and total exposure time for each
frame were 1.20 × 106 e/Å2 and 10s. In the first frame
(Figure 2a), the two signals were observed, attributed to the Nb
(c) + O (d) columns and the Nb (c) + O vacancy (b) columns. In
this mode, the columns containing the Nb vacancy (a) and O (d)
were not visible. However, during irradiation of the materials, a
faint signal began to appear in the Nb vacancy (a) + O (d) sites,
suggesting that some Nb atoms in the c sites moved to the a
sites or even replace O in the d sites.

Along the [111] direction (Figures 2d–f), eight STEM frames
were collected continuously with 0.04 × 0.04 Å2 pixel size
during 5μs per pixel, the electron dose for this set was 5.99 ×

Figure 2. Cs-corrected STEM-HAADF images of Nb3O3 along [100] (a) Initial stage, (b) during transformation, (c) fully transformed. [111] (d) Initial stage, (e)
partially transformed, and (f) fully transformed. [110] (g) Initial stage, (h) partially transformed, and (i) fully transformed. In every micrograph, FFT
diffractograms, the plane averaged images (p4 mm along [100], p6 mm along [111], and p2 mm along [110]), the intensity profiles extracted from the dashed
lines and the structural models viewed along corresponding directions are shown inset.
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105 e/Å2 and the total exposure time was 5 s. The first frame
shows a Kagome lattice arrangement, formed by the signal
from the Nb (c) + O (d) columns. The center of the hexagon
corresponded to the columns with the Nb vacancy (a) + O
vacancy (b), where, after irradiation, a signal emerged. It could
be inferred that some of the Nb in the c sites moved to the a or
b sites, but it could not be establish whether Nb in the c sites
migrated to the d sites.

For [110] (Figures 2g–i), ten frames were collected with a
0.065 × 0.065 Å2 pixel size during 5μs per pixel. Every frame was
recorded with an electron dose of 2.27 × 105 e/Å2 and a total
exposure time of 5 s. The pristine structure (Figure 2g) shows
two kinds of columns with different intensities, the Nb (c) + Nb
vacancy (a), and the Nb (c) + Nb (c). As the STEM-HAADF
contrast is sensitive to both atomic number and the amount of
atoms in the columns, the intensity difference here corre-
sponded to a different amount of atoms per column 1 :2
respectively. During irradiation, the contrast difference of these
two columns gradually decreased (Figure 2h) until the material
fully transformed (Figure 2i), where all columns displayed
similar intensity. This observation suggested that some Nb in
the c sites moved to the Nb vacancy in the a site, and that the
diffusion from c to the b (oxygen vacancy) or d sites (oxygen
replacement) could be excluded since neither the pristine nor
transformed STEM-HAADF images shows signals in columns
where the O was present.

The total electron dose employed along the three orienta-
tions was decreased from 6 × 106 e/Å2 along [100], to 4.8 ×
106 e/Å2 along [111] and finally 1.8 × 106 e/Å2 along [110];
nevertheless, the transformation was completed within 50s.
However, for a lower electron dose, the transformation was not
observed.

This structural transition only took place in the region
scanned by the electron probe. Figure S11 shows a low
magnification Cs-corrected STEM-HAADF image from a NbO
single crystal which was partially irradiated, where the atoms
moved or re-arranged locally maintaining the crystallinity and
the lattice. A transmission EM (TEM) image with the SAED
patterns recorded from another partially irradiated NbO single
crystal corroborate this behavior, see Figure S12. Elemental
analysis performed by EELS collected from the pristine and
from the fully transformed NbO proved that the elemental ratio
was maintained being Nb :O = 1 :1 (Figures S3–S4). Therefore, it
is safe to assume that the chemical composition per unit cell
was always Nb3O3 even during the transition.

The contrast of the atomic columns along the three main
zone axes at different irradiation times was analyzed by
measuring the intensity variation, shown in Figure S13. To
clarify the relation between the SGs we introduced four
parameters; Va

Nb, Vc
Nb, Vb

O and Vd
O, which are vacancy concen-

trations in the Wyckoff positions a, b, c & d for Pm-3 m. Then, as
the chemical composition per unit cell was maintained as Nb3O3

during the structural transition, the following apply: [I] For the
Nb-sublattice, the 1a and 3c positions are occupied: Va

Nb + Nb(1
- Va

Nb ) and 3{Vc
Nb + Nb(1- Vc

Nb )}, respectively under the
conditions, Va

Nb+3 Vc
Nb=1.0 and Va

Nb ¼6 Vc
Nb. [II] For the O-

sublattice, the 1b and 3d positions are occupied: Vb
O + O(1 - Vb

O

) and 3{Vd
O + O(1 - Vd

O )}, respectively under the conditions, Vb
O

+ 3 Vd
O = 1.0 and Vb

O ¼6 Vd
O.

The atomic (column) arrangement, especially the Nb
columns, (which gives the main Z-contrast in the STEM-HAADF
images[16]), is significantly different along the [100] and [111]
directions. Along the [110] such difference would not be so
evident but should still be distinguishable as the amount of Nb
atoms per column would change from 1 :2 in the pristine
material (Pm-3 m) to 1 :1 in the transformed structure. Then, the
theoretical intensity ratio in the STEM-HAADF images will be
related to the ratio of Nb atoms. Along [100], two signals were
measured, (a + d and c + d). The theoretical intensity ratio will
be related to the ratio of Nb atoms: (1 - Va

Nb)/(1 - Vc
Nb). Along

[111], the theoretical intensity ratio of the two measured
columns (a + b and c + d) would be (1 - Va

Nb)/(1 - Vc
Nb). Along

[110], the two measured columns (a + c and c + c) would
display a theoretical intensity ratio of (2 - Va

Nb - Vc
Nb)/(2 - 2Vc

Nb).
By measuring the intensity variation along the three main zone
axes, (1 - Va

Nb)/(1 - Vc
Nb) would change from 0 to 1 along [100]

and [111] direction. While, along [110] it would vary from 0.5 to
1 according to (2 - Va

Nb - Vc
Nb) /(2 - 2Vc

Nb). As the amount of
atoms per unit cell was constant; Va

Nb + 3Vc
Nb = 1.0, it could be

concluded that for the pristine material Va
Nb = 1, Vc

Nb = 0, and
at the final stage Va

Nb = Vc
Nb = 0.25. This indicates that the

electron-beam-induced structure transformation of Nb3O3 is
from originally 0% and 100% occupancy for 1a and 3c sites
respectively, to an equally 75% Nb occupancy.

ED analysis was also carried out to follow this transition.
Initially, 3D ED was employed to collect the entire 3D reciprocal
space of the structure before and after transformation to obtain
the precise structure solution. Firstly, a 3D ED dataset and SAED
patterns along the three main zone axes ([100], [111] and [110])
were collected minimizing the exposure to the electron beam.
Secondly, the structural transformation of the same crystal was
induced by an intense STEM probe, which was scanned along
the crystal. After electron irradiation, the SAED patterns along
the three main zone axes were collected. The complete
structural transformation was corroborated when no additional
changes were observed by either ED or imaging. At this stage,
an additional 3D ED dataset was collected.

SAED patterns of the pristine crystal and of the fully
transformed material are shown in Figure 3. For the pristine
structure, the SAED patterns show a cubic P-lattice with no
extinctions that appeared after irradiation. The reflections in the
SAED patterns after irradiation could also be indexed by the
same cubic lattice, but transformed from a P-lattice to an F-
lattice. The reflection conditions are summarized as: 00 l (l=2n),
hhl (h+ l=2n), 0kl (k, l=2n), hkl (h+k, h+ l, k+ l=2n). Note
that for some of the spots that gradually disappeared, it still
remained a weak signal after transformation. However, after
measuring the intensity of these reflections, they became lower
by a factor of 102 than the remaining ones, indicating that the
majority of the Nb3O3 structure had already transformed. The
raw SAED patterns and line profile intensity measurements are
shown in Figures S14–S16.

The two 3D ED datasets collected from the same crystal
before and after transformation were used to reconstruct the
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reciprocal space. The reflection intensities were then used to
solve the two structures using the super flip method and later
refined using JANA 2020 software.[17] Figure S17 shows the slice-
cut views of the reconstructed 3D reciprocal space along the
three main zone axes as well as the solution models of these
two structures. Table S9 shows the crystallographic information
for the solved structures.

For the pristine Nb3O3, no extinctions were observed in the
collected 3D ED data resulting in a structure solution within
Pm-3 m SG. The final refined unit cell parameters were a=b=

c=4.21 Å, α=β=γ=90°. Figure S17d shows the pristine Nb3O3

model. The reciprocal intensity completeness was 99.0% in
0.4 Å resolution, and the residual parameter R1 of this structure
solution was 21.27%. The structure solution, Nb and O locating
at 3c sites and 3d sites, respectively, in agreement with the

reported and calculated data (density, elemental composition
and SCXRD), where every unit cell contains 3(Nb+O) atoms.

The same process was applied after transformation. In this
dataset, the electron diffraction shows significant extinctions
(see Figures S17e-g). The diffraction conditions were 00 l (l=
2n), hhl (h+ l=2n), 0kl (k, l=2n), hkl (h+k, h+ l, k+ l=2n).
These diffraction conditions corresponded to an F-lattice in
agreement with the SAED observations. The structure solution
was obtained with the SG of Fm-3 m. Figure S17h shows the
model after structure solution and refinement with a slightly
expanded unit cell a=b=c=4.29 Å, α=β=γ=90°. This
structure solution had a residual parameter R1=10.92% and
the data completeness was 100% with 0.5 Å resolution.

By combining the information obtained from the SAED
patterns, the 3D ED structures determined before and after
electron irradiation, and the sequential Cs-corrected STEM-
HAADF images, it can be deduced that the structural trans-
formation occurs from Nb3O3 (Pm-3 m) with Nb and O at the 3c
and 3d sites (Va

Nb = Vb
O = 1; Vc

Nb = Vd
O = 0), to a transition

state, in which Va
Nb and Vb

O were larger than 0.25 while
maintaining the Pm-3 m SG, and to a final stage in which both
Va

Nb and Vb
O reached to 0.25, with 75% occupancy of Nb at 1a

and 3c, and 75% occupancy of O at 1b and 3d. The SG of final
stage was then transformed into Fm-3 m, and Nb and O would
locate at 4a and 4b sites (4a in Fm-3 m comes from equalized
1a and 3c sites in Pm-3 m and 4b in Fm-3 m comes from
equalized 1b and 3d sites). Schematic models of the pristine,
transition state and fully transformed structures are shown in
Figure 4.

To further identify the atom migration, especially to confirm
the composition maintenance of Nb3O3 per unit cell rather than
Nb4O4 of ideally rock salt structure, DFT calculations were
employed to investigate the transformation mechanism. Fig-
ure 5a shows the calculated Electron Energy Loss Function
(EELF) based on the pristine Pm-3 m Nb3O3 and on the Fm-3 m
rock salt structure with 100% occupancy of the 4a and 4b sites
(denoted by Nb4O4) and the experimental EELS data collected
from the same area before and after transformation. The

Figure 3. SAED patterns of NbO before (a, b, c) and after structure
transformation (d, e, f) along [100], [111] and [110]. In the SAED patterns
before transformation there were no extinctions, indicating a P-lattice. After
electron irradiation, the SAED patterns show extinctions of 00 l (marked in
red), hhl (green), 0kl (yellow) and hkl (blue). The scale bar corresponds to
5 nm� 1.

Figure 4. Illustration of the electron-beam-induced structural transition of Nb3O3 in the pristine stage, during the transition, and after the transformation. In
the pristine stage, Nb and O locate at the 3c and 3d sites, respectively; during the transition, the Nb atoms migrate within the a+c sublattice, as well as O
atoms migrate within the b+d sublattice. After the transformation, the occupancies of the Nb sublattice (a and c in Pm-3 m) and the O sublattice (b and d in
Pm-3 m) become equivalent and equal to 75%. Therefore, the SG transforms to Fm-3 m, and the Wyckoff sites for Nb and O in the transformed structure are
4a and 4b in Fm-3 m. The unit cell axes a, b and c are marked by red, green and blue arrows.
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characteristic edges in the EELF were expected to match with
the experimental EELS data. The major difference between Pm-
3 m Nb3O3 structure and the hypothetical rock salt structure in
the EELF are the edges at 30 eV and 40 eV. Figure 5b shows the
EELS experimental data for the Nb-N2,3 edges collected from the
original and the irradiated sample; however, the major differ-
ence at 30 eV and 40 eV was not observed, being both of them
similar to the EELF of the pristine Nb3O3. Additional EELS data
are depicted in Figure S18, showing no significant differences
between the original and the transformed material, which
indicates that the structure after transformation may not be the
ideal rock salt structure with 100% occupancy but it would
maintain a similar electronic state as Nb3O3.

To analyze this aspect, the Electron Localization Function
(ELF) was calculated for Pm-3 m Nb3O3 and the hypothetical
rock salt Nb4O4, see Figure 5c. The results show a coexistence of
ionic and metallic bonds in the Pm-3 m (Nb3O3) with significant
residual electron localization between atoms. While for the rock
salt structure, only ionic bonds dominate. The ionic-metallic
properties could also be revealed by the physical characteristics
of Nb3O3. Figure S19 shows optical micrographs of Nb3O3

revealing both metallic-shine and cleavage surfaces. By STEM-
HAADF imaging, together with SAED and FFT diffractograms,
the cleavage surface index preference could be recognized as
{100} and {110}, see Figure S20.

From the electron density map of the pristine Nb3O3

reconstructed from the SCXRD and the electric potential map
reconstructed from 3D ED, the metallic-ionic property was also
evidenced. In Figure S7 the electron density map reconstructed
from SCXRD of the pristine Nb3O3, it could be observed that
there was a residual electron distribution between atoms, which
was in agreement with the unlocalized metallic bond distribu-
tion observed in the ELF results. In the 3D ED electrostatic
potential map reconstruction, collected from the same NbO
crystal before and after structural transformation, the pure ionic
property was not observed in the transformed structure
(Figure 5d). In the electrostatic potential map of the Pm-3 m
structure, a residual electrostatic potential (similar to the ELF
and SCXRD results), could be observed. For the 3D ED electro-
static potential map after transformation, even for Fm-3 m SG,
the residual electrostatic potential could still be observed,
which was similar to the electron distribution of Nb3O3 Pm-3 m.

Figure 5. (a) Comparison of the theoretical EELF result obtained with the structure model of the pristine structure (Nb3O3, Pm-3 m) and the hypothetical rock
salt structure (Nb4O4, Fm-3 m). (b) EELS data collected from the same area before and after electron beam irradiation. (c) Comparison of the ELF results
obtained with the pristine structure (Nb3O3, Pm-3 m) and the hypothetical rock salt structure (Nb4O4, Fm-3 m). (d) Electrostatic potential map of Nb3O3 before
structural transformation in Pm-3 m and after structural transformation in Fm-3 m reconstructed from the 3D ED data. Z = 0 and 1/2 correspond to the Nb-O4

and Nb4-O4 planes in the Pm-3 m SG (see Figure 5c). In Fm-3 m, the two planes are geometrically identical. Unit cell axes a, b and c are marked by red, green
and blue arrows, respectively.
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This indicates that the unlocalized metallic electron distribution
remains after transformation.

Based on the maintenance of the unlocalized electron
distribution, it could be inferred that in the transformed Nb3O3,
Fm-3 m, the ionic-metallic bonds coexistence remained, which
means that the 4-coordinated bonding was maintained, and
the manner in which the structure was transformed consisted in
the translation of atoms. A two-unit cell structural model was
built to simulate the structural transformation, in which the

second unit cell (on the top) was shifted (original Nb (c) site
towards the vacant Nb (a) site) with the assumption that
electron beam radiation does not change the electron
composition, but only laterally shifts the top layer of the
sample. We calculated and compared the total energy with
respect to the original one to see if such a lateral shift was
energetically plausible, see Figure 6. Figure 6a shows the
original two-unit cell model (pristine material) along the a-axis,
with a slight tilting for better visualization (top) and along the
c-axis (bottom). The final structure after the shift is shown in
Figure 6c, where the yellow arrow tracks the lateral shift of the
top layer. The relative total energy with respect to the pristine
material is shown in Figure 6b; under the continuous shift, the
total energy difference increased, reaching a maximum when
the unit cell was displayed by one quarter.

After that, the relative energy began to decrease and finally
reached a lower value than that of the initial state (pristine
material), suggesting that it was energetically preferable for the
Nb atom to partially migrate from the c site to the a site.
Therefore, the electron beam would act as a stimulus providing
the driving force to trigger the lateral shift.

The migration of atoms (one Nb in 3c exchange with Nb
vacancy in 1a, one O in 3d exchange with O vacancy in 1b),
would generate an antiphase defect, which was actually
observed in the pristine Nb3O3 material. Figure 7 shows the
models proposed and the Cs-corrected STEM-HAADF analysis of
the antiphase planar defects along [100] and [111] directions.
The planar defects could be described as a {110} glide plane,
with the two domains gliding parallel along the {110} plane
with a distance of half a diagonal unit cell. In the boundary of

Figure 6. Total energy difference vs. Nb displacement based on a two-unit
cell model. (a) Two-unit cell model corresponding to the pristine Nb3O3

structure from side and top view. (b) Energy difference calculation with
respect to Nb atom displacement. (c) Transformed two-unit cell model with
a 0.5 unit cell Nb atom displacement. The path of the Nb atom shift is
marked by the yellow arrow, the unit cell axes a, b and c are in red, green
and blue arrows respectively.

Figure 7. Illustration and STEM-HAADF images showing antiphase planar defects in pristine NbO. (a) Illustration of the atoms dislocation in the antiphase
structure. The atoms dislocation are marked by arrows and the antiphase boundary is marked in grey. The unit cell axes a, b and c are marked by red, green
and blue arrows. (b,d) Structure model of NbO antiphase glide along the {110} plane, viewed along [100] and [111]. Two sides of domain are marked in
different colours, the antiphase boundary is marked by the red dashed line, and unit cells are marked in blue. (c,e) STEM-HAADF images of antiphase planar
defect along [100] and [111] with FFT diffractogram and spot mask filtered image inset. The antiphase boundary is marked by the red dashed line, masked
spots are marked by yellow circles.
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the two sides, the dislocation of atoms was exactly the Nb atom
shifts from the c site to the a site and O atom shifts from the d
site to the b site. This planar defect evidenced the existence of
an antiphase structure. In an antiphase structure, the transla-
tional symmetry of two domains, sharing the same ordered
structure, will be broken at the antiphase boundary (APB).[18] In
Figure 7a, the antiphase Burger vector (marked by arrows), from
c to a or d to b, is indexed as u= (0, � 1/2, � 1/2), and the APB
plane vector is indexed by n= (0, � 1, 1). The relationship
between them agrees with the rule of a conservative APB, u·n=

0, suggesting that no chemical composition change would be
expected[19] as it has been experimentally observed. Figures 7b
and 7d show the structural model of the antiphase planar
defect observed along the [100] and [111] directions. The
regions marked in light yellow are the domains that were
translated along the diagonal (red dashed line) by half of the
unit cell, while the APB is marked with a red dashed line. The
Cs-corrected STEM-HAADF images of the antiphase structure
along [100] and [111] are depicted in Figures 7c and e, with the
APB marked by a dashed red line. To clearly observe the
antiphase structure, the image was mask filtered using two
reflections that contained information of the phase dislocation
(yellow circles in the FFT diffractogram). In the filtered image
top right, a distinct phase change was observed at the
antiphase boundary marked in red. During EM observation,
such defects were rarely observed, and most of the NbO crystals
were single crystals. However, a low magnification image of a
region of pristine NbO “rich” with defects is presented in figure
S21.

To simulate the {110} antiphase boundary, we further
constructed a lateral shift interface model of two pristine Nb3O3

blocks, see Figure S22, and calculated the relative energy
change during the shift. In the interface plane, both Nb and O
atoms shift by 1/2(a-c) along the [101] direction. The total
energy difference per atom and the energy barrier were both
reasonably small with a high probably for the lateral shift to
occur under the electron beam radiation.

This APB could then be considered as the first step observed
in the transformation mechanism induced by the electron
beam, in which some Nb and O atoms occupy the original
vacant positions. In the Nb3O3 structure, one atom is
surrounded by four nearest fcc sublattice vacancy positions,
and the Nb(c) and O(d) atoms would randomly migrate to the
nearest a and b positions, respectively, forming a local
antiphase domain, and increasing the occupancy at the a and b
sites. When the process is completed, averaged equivalent 75%
occupancy probabilities for Nb at 1a and 3c, and for O at 1b
and 3d, are observed. Within each antiphase domain, the
chemical environment (including the electron valance state and
the chemical composition) is not expected to be changed, as
observed in the transformed Nb3O3 structure by 3D ED, EELS
analysis and DFT calculations.

Conclusion

In this work, we have presented an exhaustive analysis of Nb3O3

starting from the pristine material and following the structural
transformation that takes place under electron beam irradiation.
The pristine Nb3O3 structure was unambiguously solved by
combining the information obtained from PXRD, SCXRD,
density measurement and elemental chemical analysis resulting
in a unit cell containing 3 atoms of Nb and 3 atoms of O with
the Pm-3 m space group, where Nb and O are located at 3c (0,
1/2, 1/2), (1/2, 0, 1/2), (1/2, 1/2, 0) and 3d (1/2, 0, 0), (0, 1/2, 0),
(0, 0, 1/2) sites, respectively. The sites at 1a (0, 0, 0) and 1b (1/2,
1/2, 1/2) are not occupied by any atom in the pristine material.
The structural transformation was then followed by atomic
resolution electron microscopy, observing that Nb migrates to
the 1a sites while O migrates to the 1b sites until the
occupancies are equivalent. In the final transformed structure,
the space group is Fm-3 m with all four possible sites (1a and 3c
for Nb; 1b and 3d for O) occupied with 75% occupancy, but
maintaining the Nb3O3 chemical composition, as confirmed by
theoretical DFT calculations and spectroscopic analysis.

Antiphase boundaries are observed in the pristine material
generating a structure very similar to the first steps of the
structural transformation initiated by electron beam irradiation.

Experimental Section
Synthesis of NbO: In the 1960's, the structures of TMO (TM� Ti, V
and Nb) with TM/O ratio close to 1 attracted a lot of interest due to
the existence of vacancies and their arrangements to explain their
physical properties. At that time, one of the authors (OT) studied
the structures of Ti� O and V� O by PXRD and EM, and prepared a
NbO single crystal at Tohoku University for the next study. The
synthesis process was following: first, an NbO rod was prepared by
melting a proper mixture of Nb metal-sponge and Nb2O5 powder
with arc-melt, shaping it into a cylindrical rod, then the NbO single
crystal was grown from the rod by floating-zone method with high-
frequency furnace. The crystals show shiny gold colour and clear
cleavage, which are typical features of metallic and ionic crystals,
respectively.

Density measurement: The Density of NbO crystals was measured
based on Archimedes principle on a density analytical balance. The
Weight of NbO was first measured in dry air, then a NbO crystal
was suspended and immersed in purified water to measure the
buoyancy. The density of sample was calculated based on the
known density of water and air at 20 °C.

X-ray diffraction analysis: PXRD measurement was performed in a
Rigaku SmartLab automated multipurpose X-ray diffractometer
equipped with a monochromator for Cu Kα1 primary unit incidence.
The NbO sample was crushed from the large single crystal into a
powder state and loaded in a glass capillary tube. The capillary
tube has an outside diameter of 0.2 mm and a wall thickness of
0.01 mm. PXRD data was collected using the Debye Scherrer
method in transmission step-scan mode with 0.1°/min scan speed
from 10° to 115° with 0.01° step size.

Using Mo Kα radiation, SCXRD data were collected from a piece of
NbO with a diameter about 100 μm in a PHOTON III detector
(Bruker D8 Venture). Diffraction data was reduced by CrysAlisPro
software. The empirical absorption correction used spherical
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harmonics, implemented in the SCALE3 ABSPACK scaling algorithm.
Using Olex2,[20] the structure was solved with the SHELXT[21] structure
solution program using Intrinsic Phasing and refined with the
SHELXL[22] refinement package using Least Squares minimization.

Cs-corrected STEM and SAED observation: NbO was deeply
crushed into a fine powder using mortar and pestle. It was then
dispersed in HPLC ethanol under ultrasonic treatment for 5 min.
Afterwards, the solution was dropped onto a TEM copper grid with
ultrathin carbon film and dried under infrared light.

Atomic resolution STEM-HAADF images were taken in a Cs-
corrected STEM, JEM-ARM300F, with cold FEG and a double tilt
holder operated at 300 kV. STEM images were recorded using a
30 μm condenser lens aperture forming an electron probe con-
vergence semiangle of 24 mrad, the STEM probe current was
measured as 30.7 pA. The collection angle for the HAADF data was
54–220 mrad. Aberration correction was executed by COSMO
software, which is connected to the instrument and collects
Ronchigram of the electron probe at amorphous carbon.[23] SAED
patterns were collected from the area of interest using SA aperture
in diffraction mode. Both TEM images and SAED patterns were
recorded on a TEM JEM-2100Plus, with LaB6 and TVIPS camera
operated at 200 kV.

3D ED analysis: 3D ED data from the original and from the
irradiated NbO crystals were collected on a JEM-ARM300F Grand
ARM using a double tilt holder. The electron diffraction series were
collected by recording an in-situ video using Gatan OneView
camera with continuous goniometer tilting. The goniometer tilting
speed was measured as 1.8°/s, and the frame exposure time was
set to 0.3 s resulting in a 0.45° frame angle increment. For pristine
NbO, 126 electron diffraction pattern frames were collected, cover-
ing a 67.5° angle range. Then, this single crystal was irradiated in
STEM mode during 30 mins, using a probe current of 204 pA to
ensure that the structure was fully transformed. After irradiation,
another 3D ED dataset was collected under the same conditions as
for the pristine one. 117 electron diffraction frames covering 62.64°
were collected. The collected 3D ED data were loaded in PETS2 to
extract diffraction intensities, and the structure were solved and
refined by JANA 2020.

EDS elemental analysis: Energy Dispersive X-ray Spectroscopy
(EDS) elemental mapping and chemical analysis were performed in
a JEOL F200 TEM equipped with a Schottky type-emission gun and
JEOL EDS detector operated at 200 kV. The averaged chemical
composition was obtained after analyzing 20 different crystals.

EELS analysis: EELS data before and after irradiation were collected
on a Grand JEM-ARM300F at 300 kV in STEM mode by Gatan 965
GIF Quantum ER spectrometer. Low energy spectra including zero
loss peak, plasmon and Nb-N2,3 edges were collected on a
US1000FTXP camera, middle and high energy spectra including Nb-
M4,5, Nb-M2,3, Nb-L2,3, and O� K edges were collected on a retractable
direct detection Gatan camera (K2). Alignment of filter was
individually adjusted for each camera when collecting correspond-
ing spectra or spectral images. To maintain the pristine structure as
much as possible, a low dose was employed to analyze the original
material. No signs of structural transformation were observed after
the measurement.

Elemental analysis was performed on the middle range energy
spectra based on the Nb-M4,5 and O� K edges. Spectra were
collected from two regions of the pristine material and of the
transformed material in 2D scan mode. The elemental composition
of the two regions were determined by Nb-M4,5 and O� K character-
istic edges in the integrated spectra of the full collected regions.

SEM observation: Scanning EM (SEM) images were taken using a
JEOL JSM-7800F Prime instrument. Crushed NbO powder was
dropped onto conductive tape, which was stuck on a copper SEM
sample stage and blown by compressed air to remove residual
sample. For imaging, GB (gentle beam) mode was employed; in this
mode, a 2 kV bias voltage was generated on the sample stage, and
the electron probe could gently land on the sample avoiding
charging effects while maintaining very good spatial resolution
using a high accelerating voltage. The accelerating voltage of the
electron probe was 3 kV, and the landing voltage after bias was
1 kV.

Ab initio Calculations: We performed the density functional theory
study of NbO with the Quantum Espresso package.[24] The
calculations were done with the generalized gradient approxima-
tion and the projector augmented wave pseudopotential as
obtained in PS library[25] for the electronic properties and geometric
optimization. The input file was generated with “Materials Cloud”
Quantum Espresso input generator.[26] The Brillouin zone discretiza-
tion was 8×8×8 for the bulk and 8×8×2 for the interface/surface
obtained within the Monkhorst–Pack scheme.[27] The kinetic energy
cutoff was chosen as 50 Ry for wave functions and 400 Ry for
charge density and potentials. During relaxation, the convergence
threshold was 8×10� 5 eV on total energy and 1×10� 4 eV/Å on
forces.
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