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Abstract We visualized lithium atom columns in LiV2O4 crystals by combining scan-
ning transmission electron microscopy with annular bright field (ABF) im-
aging using a spherical aberration-corrected electron microscope (R005)
viewed from the [110] direction. The incident electron beam was coherent
with a convergent angle of 30 mrad (semi-angle), and the detector collected
scattered electrons over 20–30 mrad (semi-angle). The ABF image showed
dark dots corresponding to lithium, vanadium and oxygen columns.
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Rechargeable lithium-ion batteries are key compo-
nents of portable electronic devices. Because
LiM2O4 (M: transition metal ion), which has a
spinel structure, provides a three-dimensional tun-
nel for lithium diffusion [1,2], its potential as a
cathodic material for batteries has been noted,
but implementation of such a material has been
delayed due to its limited cycling and unsatisfac-
tory storage performance at elevated temperatures
[3] as lithium ions are inserted into or extracted
from host materials during battery operation. Thus,
to improve battery performance, it is important to
visualize the behaviour of lithium atoms in and
around host materials. Recently, electron energy-
loss spectroscopy has been used to clarify the dy-
namic behaviour of lithium distribution on the
nanometre scale during the charge–discharge cycle
in Li1.2Mn0.4Fe0.4O2 [4]. Unfortunately, the reso-

lution of the experiment did not reach the atomic
level.
High spatial resolution on the order of several

tens of picometres has been applied to image mate-
rials containing lithium atoms at the atomic level by
retrieving the exiting wave phase of a specimen
from a focal series of high-resolution transmission
electron microscope (TEM) images [5]. This
method has been used to resolve lithium atomic
columns in LiCoO2 crystals [6]. Using an aberra-
tion-corrected TEM, lithium atomic columns in
Al3Li precipitates have been clearly visualized [7].
On the other hand, high-angle annular dark field
(HAADF) images have been unsuccessful in im-
aging lithium atomic columns even with a spherical
aberration-corrected electron microscope. Because
the intensity at each atomic column strongly corre-
lates with the atomic number (Z) [8,9], light ele-
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ments are less intense than heavy elements. In
HAADF, lithium column sites in LiFePO4 have been
visualized by exchanging 15% of the Li atoms with
Fe atoms [10]. Recently, aberration-corrected scan-
ning transmission electron microscopy (STEM) im-
aging using an annular detector located within the
bright field region has been reported to visualize
oxygen columns, strontium columns and titanium
oxide columns in a SrTiO3 crystal [11]. This annular
bright field (ABF) imaging, which takes advantage
of the large convergent angle of the incident beam,
is an interesting approach to imaging lithium atomic
columns located near columns of heavy elements.
In this study, we visualized lithium atom columns

in LiV2O4 crystals (space group of F
d3m and lattice

constant of 0.824 nm) by ABF imaging with our
spherical aberration-corrected electron microscope
(R005) [12] that enabled a dumbbell shape in the
HAADF image, which corresponds to a pair of ger-
manium atomic columns aligned to the [114] direc-
tion with a 47-pm spacing, to be resolved [13]. We
observed the lithium, vanadium and oxygen col-
umns by viewing the LiV2O4 crystals from the
[110] direction.
As shown in Fig. 1, vanadium columns are located

at both Vα sites (denoted by the purple spheres) and
Vβ sites (denoted by the light purple spheres). The
blue lines show a rhombic unit which connects Vα

sites at the corner. Each Vα column contains two
vanadium atoms per unit cell length along the [110]
direction (0.58 nm), whereas each Vβ column con-
tains one atom. Along the horizontal diagonal line
of the rhombic unit (parallel to the [001] direction),
two lithium columns (green spheres) are located be-
tween two oxygen columns (red spheres) with a dis-
tance between adjacent columns of 0.103 nm. Along
the [110] direction, there are one lithium atom and
two oxygen atoms per unit length (0.58 nm).
To prevent electron irradiation damage to the spe-

cimen, the STEM probe had a relatively low current
of 10 pA. The probe was converged with a semi-
angle of 30 mrad, within the range of which the elec-
tron beam is determined to be coherent by the
Ronchigram. ABF images were obtained by collect-
ing electrons scattered between 20 and 30 mrad in
the semi-angle. The detection angle was limited by
a handmade aperture. The HAADF images, which
had a detection angle ranging from 75 to 200 mrad,

were simultaneously obtained with the ABF images.
The dwell time per pixel was 38 µs. The size of each
pixel was 16.5 pm. Single LiV2O4 crystals were
grown via the flux method [14]. The LiV2O4 crystals
were crushed in ethanol, and the specimens were
prepared by desiccating a drop of this suspension
onto a holey carbon support film.
In Fig. 2a and b are simultaneously acquired raw

ABF and HAADF images from the same region
viewed from the [110] direction, respectively. The
specimen is wedge shaped, and the observed region
is in the vicinity of the edge. The atomic columns ap-
pear as dark dots in the ABF image (Fig. 2a), al-
though they are bright dots in the HAADF image
(Fig. 2b). In Fig. 2b, the intensity of the bright dots
increases monotonously along the [1̄10] direction
from the top to the bottom of the panel in relation
to the increase in thickness along the [1̄10] direction.
These bright dots, which form the network of rhom-
bic units shown in Fig. 1, are assigned as vanadium
Vα sites. The white lines denote a rhombic unit. In
the ABF image, the vanadium columns at the Vα sites
appear as dark dots. In the rhombic unit, two dots,

Fig. 1. Schematic illustration of LiV2O4 crystal atomic structure as
viewed from the [110] direction. The shaded area is the projection
of the unit cell. Purple and light purple spheres indicate vanadium
columns at Vα sites (at the corner of the rhombic unit illustrated by
blue lines) and Vβ site, respectively. Small red spheres indicate oxy-
gen columns. Green spheres are lithium columns. Along the diagonal
line of each rhombic unit ([001] direction), a vanadium, an oxygen,
two lithium, an oxygen and a vanadium columns are aligned. The lith-
ium column is 0.103 nm from the oxygen column, and the oxygen
column is 0.206 nm from the Vα column. Each column has atoms
of the same element. The vanadium (Vα) and oxygen columns contain
two atoms within the unit length (0.58 nm), and the vanadium (Vβ)
and lithium columns contain one atom.
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which are along the diagonal line parallel to the [001]
direction, are located at the same position as the
oxygen columns in Fig. 1. Furthermore, the two
weak dots between two oxygen columns are as-
signed to the lithium columns.
Figure 2c is the processed ABF image of Fig. 2a,

which was obtained after employing a radial differ-
ence filter and a frequency filter to the raw image.
The radial difference filter subtracts the noisy back-
ground using the method described in references
[15,16], while the frequency filter passes reciprocal
wavelengths below (80 pm)−1 with the edge smoothed
from (80 pm)−1 to (67 pm)−1. Therefore, periodical
spots below (80 pm)−1 are maintained as shown in
the Fourier transform of Fig. 2d. The vanadium, oxy-
gen and lithium atomic columns are more clearly ob-
served (Supplementary Fig. 1) in the processed ABF
image of Fig. 2c than Fig. 2a due to the lower noise
level in Fig. 2c.

Figure 3a is an enlarged raw image. Along the hori-
zontal line ([001] direction), which connects Vα col-
umns located at the corner of each rhombic unit,
two weak dots are seen between two oxygen col-
umns; these dots correspond to the sites of the lithium
columns. Figure 3b is the processed image of the same
region. The dark dots for the lithium columns are
clearly observed. The right panel shows the intensity
profile along the [001] direction. In the profile, image
contrast of the dark dots is reversed and displayed as
peaks. We find that the peaks appear at the vanadium
(Vα), oxygen and lithium columns. Among 240 lithium
columns (the 8 × 15 rhombic units) in the processed
image, 220 columns showed peaks discriminating
from the peaks of the neighbouring oxygen columns.
The intensities for each of the vanadium (Vα), oxygen
and lithium columns gave the histogram, which
showed that the peak ratio of these columns was
about 4:2:1 (Supplementary Fig. 2).

Fig. 2. (a) and (b) Raw ABF and HAADF images of LiV2O4 crystal viewed from the [110] direction. The area is 6.59 × 5.43 nm2. White lines
indicate the rhombic unit illustrated in Fig. 1. (c) Processed ABF image. (d) Fourier transform of the processed ABF image. The highest index of
the reflection spot is 448, which corresponds to (84 pm)−1. The 004 spot and 440 spot correspond to (206 pm)−1 and (146 pm)−1, respectively.
Large circle indicates the frequency filter set at (80 pm)−1.
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In the raw ABF image of Fig. 2a, the intensity pro-
files along the diagonal lines of 120 rhombic units,
after averaging, gave a curve shown in Fig. 3b. The
intensity ratio of vanadium (Vα), oxygen and lithium
columns was also 4:2:1. Thus, the lithium column has
been observed with high contrast above the noise
level (Supplementary Fig. 2). This suggests that the
observed dark dots in the ABF image represent the
real existence of the lithium atomic columns.
We simulated an ABF image of a LiV2O4 crystal

using a multi-slice calculation and the following
experimental parameters: a convergent semi-angle
of the incident electron beam of 30 mrad and a
detection angle of 20–30 mrad in the semi-angle.
The simulated image was convoluted with a Gauss-
ian function of 16 pm at full width at half maximum
[17] because the estimated Gaussian probe size for
the cold field emission emitter of the R005 micro-
scope was 16 pm [13]. The uncertain parameters
in the experiment were specimen thickness and
defocus. We simulated ABF images for thicknesses
from 3 to 12 nm in 3-nm steps and defoci amounts
from 3 nm (over-focus) to −3 nm (under-focus) in

1-nm steps. The change in the intensity ratio between
the vanadium, oxygen and lithium columns is negli-
gible as the thickness varies at a constant focus value.
On the other hand, varying the focus at a constant
thickness causes the intensity profile of each col-
umn to be sharper for a defocus range from the
in-focus to 1-nm over-focus. These results are simi-
lar to those in a previous report [18]. Additionally,
the simulated results agree well with the observed
ABF image where the lithium columns in the entire
area in Fig. 2 are visible regardless of the specimen
thickness.
Quantitatively, the intensity ratio in the simulation

is about 4:3:1, as shown in the profile of Fig. 3c. The
relative intensities of the lithium to the vanadium
column at the Vα site are the same in the simulation
and observation, while the intensity of the oxygen
column is higher in the simulation than in the obser-
vation. The dark contrast at the lithium column is
not an artefact, but shows the existence of the lith-
ium atom. When lithium atoms are assumed to be to-
tally deficit, the simulated ABF image does not
exhibit contrast at the lithium sites. Hence, we con-

Fig. 3. Enlarged ABF image of a LiV2O4 crystal viewed from the [110] direction. (a) Raw ABF image and (b) Processed ABF image. (c) Simulated
ABF image. The right panel shows the intensity profiles along the [001] direction (width of 1 pixel = 16.5 pm). In the profile, image contrast of the
dark dots is inverted and displayed as peaks.
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clude that the two weak dots between the oxygen
columns in the ABF image are lithium columns, al-
though the quantitative disagreement between the
experiment and theoretical calculation remains to
be clarified.
In conclusion, lithium atom columns in LiV2O4

crystals have been visualized by ABF imaging from
the [110] direction of the crystal using a spherical ab-
erration-corrected electron microscope (R005). Van-
adium, oxygen and lithium atomic columns appear
as dark dots in the ABF image. The intensity ratio
of vanadium at the rhombic lattice sites, oxygen
and lithium is 4:2:1 in the experiment.
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