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Atomic-Scale Visualization of Antisite Defects in LiFePO,
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We visualize the antisite exchange defects in LiFePO, crystals with an ordered olivine structure by
using annular dark-field scanning transmission electron microscopy (STEM). A recognizable bright
contrast is observed in some of the Li columns of STEM images in a sample annealed at a lower
temperature, which directly demonstrates the disordered occupations by Fe atoms. Furthermore, such
exchange defects appear to be locally aggregated rather than homogeneously dispersed in the lattice,
although their overall concentration is fairly low. The present study emphasizes the significance of atomic-
level observations for the defect distribution that cannot be predicted by macroscopic analytical methods.
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Olivine-type minerals, some of which are major constit-
uents of Earth’s upper mantle [1], have been extensively
studied due to their geophysical significance and have been
used as insulators and refractories when outstanding ther-
mochemical stability is required [2]. Among all of the
thermodynamic variables, the point defects in these min-
erals, such as cation vacancies, antisite defects, and hydro-
gen impurities, are known to critically affect the physical
properties of the minerals including electrical conduction,
ionic diffusion, and deformation behavior [3]. Determi-
nation of the cation partitioning between the two different
octahedral interstitial sites (edge-sharing “M1” and
corner-sharing “M2” sites) in the unit cell has been a
particularly important issue for understanding crystallo-
graphic stability under specific circumstances [4,5]. Thus
far, most of the analytical investigations on the antisite
exchange were largely based on neutron powder diffrac-
tion. However, such a macroscopic diffraction approach
can only show the overall simple distribution of metal
cations between the two sites through the refinement of
obtained spectra. In this regard, direct atomic-level obser-
vation of the antisite defects is essential to precisely probe
the local distribution of the defects in the crystal lattice,
especially when the degree of the exchange is quite low.

The recent development of aberration-corrected scan-
ning transmission electron microscopy (STEM) [6,7] along
with progress in the Z-contrast technique [8—13] not only
enable the achievement of sub-angstrom resolution for
imaging [10], but also allow the probing of zero-
dimensional point defects in crystals to be facilitated
with enhanced spatial localization of the intensity of the
electron beam [11,13]. Taking LiFePOy,, the mineral name
of which in nature is triphylite, with cation ordering, as an
example for investigation of the cation exchange in an
ordered olivine structure, we directly visualized the antisite
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defects in the lattice at an atomic scale by aberration-
corrected high-angle annular dark-field (HAADF)-STEM.
In addition, the defects in the LiFePO, crystal were ob-
served not to be distributed homogeneously, but to be fairly
localized when annealed at 600 °C. While some of the
olivine silicates show an increase in cation intermixing
between the two different octahedral M sites as the tem-
perature increases above 600 °C [for instance, MnMgSiO,
and MnFeSiO, (Ref. [5])], we found that such disordered
defects in LiFePO, crystals were scarcely detected during
the STEM analysis when annealed at a higher temperature,
demonstrating a remarkably high degree of ordering.

LiFePO, samples were prepared using high-purity lith-
ium carbonate, iron oxalate dihydrate, and ammonium
dihydrogenphosphate [14]. A small amount (2 mol%) of
potassium carbonate was also added as a flux. A stoichio-
metric powder mixture of the starting materials was cal-
cined at 350 °C for 5 h in Ar. The calcined amorphous
powders were fired again for 5 h at 600 and 800 °C,
respectively, to obtain fine crystalline particles for the
neutron powder diffraction analysis. Dense pellets pressed
with the calcined powder for STEM observation were also
sintered at 600 and 800 °C for 5 h in the same Ar atmo-
sphere. The neutron powder diffraction measurement was
performed using a neutron source with a wavelength of
1.8367 A. The diffraction data were collected at room
temperature over a scanning range of 0° <26 < 160° at
a step of 0.05°. Rietveld refinement for structural parame-
ters and data fitting was also carried out using the General
Structure Analysis System. The occupation factors of Li
and Fe sites were taken as main variables during the data
fitting.

Atomic-resolution Z-contrast images were taken in
JEM-2100F (JEOL, Japan) at 200 kV with a spherical
aberration corrector (CEOS, Germany). The optimum
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size of the electron probe was ~1.2 A. The collection
semiangles of the HAADF detector were adjusted from
73 to 195 mrad in order to use large-angle elastic scattering
of electrons for clear Z-sensitive images. The thickness of
the observed regions in each sample was less than 15 nm
when measured from the intensity ratio between the first
plasmon-loss and the zero-loss peaks in the electron energy
loss spectra. Image simulations were performed using the
multislice method. The intensity in ADF images was cal-
culated by summing up the scattered electrons with col-
lection semiangles of 60 to 200 mrad.

As illustrated in the inset of Fig. 1, Li [green (or light
gray) sphere] and Fe [red (or gray) sphere] are located in
the M1 and M2 sites [14,15], respectively, forming an
ordered orthorhombic olivine structure in a space group
of Pnma. We first performed high-resolution neutron dif-
fraction analysis using LiFePO, powder samples synthe-
sized at 600 ° C to examine the overall occupation factor in
each octahedral M site. Figure 1 compares the measured
neutron diffraction pattern and its refined result, showing
good agreement between the two patterns. The occupation
factors of the Li and Fe sites were calculated to be 0.989
and 0.993, respectively, during the data fitting (see
Table S1 in the supplementary information) [16]. Thus,
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FIG. 1 (color online). Neutron powder diffraction data and
their Rietveld refinement pattern for LiFePO, annealed at
600 °C for 5 h. The observed intensity data are represented by
red (or gray) plus (+) signs, and the green (or light green) solid
line overlying them is the calculated intensity. Differences
between the observed and the calculated intensities are plotted
underneath in pink (or gray). Vertical tick (I) signs above the
differences indicate the Bragg reflection positions. The inset is a
crystal structure of LiFePO, shown perpendicular to the b axis,
illustrating a well-ordered cation partitioning between Li and Fe;
Li [green (or light gray)] in the M1 octahedron and Fe [red (or
gray)] in the M2 octahedron. Phosphorus [yellow (or lightest
gray)] is located in the tetrahedral site, forming a polyanion with
four oxygen (gray) atoms, [PO,>~.

based on this refinement result, we can estimate that the
concentration of the antisite defects in LiFePOy, is approxi-
mately 1% at 600 °C. When using a sample annealed at
800 °C for the same analysis, however, we obtained higher
occupation factors: 0.999 for Li sites and 0.996 for Fe sites
(see Fig. S1 and Table S2 in the supplementary informa-
tion) [16]. Consequently, the present neutron diffraction
reveals that the formation of the antisite exchange in
LiFePOQ, is suppressed with increasing the temperature.
Such a well-ordered crystal structure was directly con-
firmed by HAADF imaging. Figure 2 shows a raw
HAADF-STEM image [Fig. 2(b)] in the [010] projection
of a LiFePO, crystal annealed at 600 °C together with an
illustration of the atomic arrangement in the unit cell with
the same orientation [Fig. 2(a)]. For direct comparison, the
two-dimensional atom arrays are superimposed on the
STEM image. The inset in Fig. 2(b) also shows a simulated
HAADF image for a unit cell. Because Li [green (or light
gray)] is too light to be imaged (even lighter than carbon),
each atom column for Li has no contrast at all, which is in
accord with the simulated image. The periodically arrayed
bright spots in Fig. 2(b) thus directly represent each Fe-P
column combined as one single image feature. Fe and P are
~1.26 A apart from each other in the two-dimensional
projection, a distance which might be far enough for the
Fe and P columns to be resolved as independent intensities
in aberration-corrected STEM. However, since the two
atoms are not located on the same plane perpendicular to
the b axis, as three-dimensionally shown in Fig. 2(a), the
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FIG. 2 (color online). Illustration of the atomic configuration
in a unit cell of LiFePO, and HAADF-STEM image. (a) The
schematic for the [010] projection represents an ordered arrange-
ment of Li [green (or light gray)] and Fe [red (or gray)]. In this
projection, the phosphorus [yellow (or lightest gray)] tetrahedron
appears to be much closer to the Fe octahedron than it is in three-
dimensional real space. (b) The Z-contrast STEM image of the
[010] projection directly demonstrates the ordered atom columns
for Fe-P as bright features. The Li columns are invisible due to
the low atomic number of Li. The superimposed atomic array on
this image compares the locations of each atom. The inset
indicates a simulated ADF image, consistent with the experi-
mentally obtained image. The scale bar is 5 A.
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FIG. 3 (color online). A series of simulated ADF images as a
function of the degree of disordering between the M sites. The
intensities in each image are calculated for (a) 0%, (b) 5%,
(c) 10%, and (d) 15% Li-Fe exchanges. The Li columns show a
sufficiently bright intensity to be recognized at 15% exchange,
whereas the contrast in the Fe columns hardly varies with the
exchange.

Fe and P columns are not obviously discriminated, but are
instead represented as an oval-shaped single feature in our
case, consistent with the simulated image shown in the
inset.

To compare the contrast variations by the M-site ex-
change quantitatively, we carried out image simulations as
a function of the degree of exchange. Figure 3 shows a
series of simulated images in the [010] projection when the
degree of Li-Fe exchange hypothetically varies up to 15%
at each M site. While no detectable variation in intensity is
observed in the Fe columns for the exchange, it is noted
that the Li columns show a visible white contrast when a
15% Li-Fe exchange occurs at each octahedral site, as
indicated by a red (or gray) arrow in Fig. 3(d). The actual
intensity of an atom column is dependent on the average Z>
of each atom if the column consists of different atoms [17].
In this regard, unlike for the Li columns, the insensitive
change in contrast for the Fe columns is not surprising
because just a small portion (15%) of much heavier Fe
atoms are replaced with lighter Li atoms.

The b lattice constant for LiFePO, is ~6 A, and two Li
atoms are located in the unit cell through the Li column
along the b axis, as shown in the inset of Fig. 1. If the
specimen thickness is assumed to be ~12 nm, the scanned
region during the STEM can be estimated to contain 20
unit cells in the [010] projection, indicating that 40 Li
atoms are included in every Li column. Therefore, the
simulation result shown in Fig. 3 demonstrates that the
occupation by six Fe atoms (~15% of 40) in each Li

column can make the column visible with sufficient inten-
sity when a thin specimen is used as it was in this study.
During the STEM analysis, we critically observed
HAADF images showing a detectable intensity in some
of the Li columns for the sample annealed at 600 °C,
whereas such a Li-to-Fe exchange contrast was scarcely
found in the sample annealed at 800 °C. Figure 4(a) illus-
trates a raw HAADF image and its magnified parts that
reveal a visible Z contrast for some of the Li columns in the
600 °C sample [red (or gray) arrows], directly indicating
that Fe atoms occupy the Li sites as antisite defects. These
images were captured for a typical region with the defects
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FIG. 4 (color online). HAADF-STEM images and their mag-
nified images for each region denoted by a yellow (or light gray)
rectangle for LiFePO, crystals with a [010] zone. (a) The
enlarged images clearly show that some of the Li columns
have a bright contrast in significant intensity for a sample
annealed at 600 °C [red (or gray) arrows] while maintaining
the ordered arrangement of the Fe-P contours. (b) No Li columns
with visible intensity are observed when annealing at 800 °C.
Such a high degree of ordering in the Li sites is in good
agreement with the neutron diffraction result. Each correspond-
ing deconvoluted image is provided in color (shading) on the
right, respectively. The scale bars are 5 A.
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so as to show that the visible columns were locally aggre-
gated, although the ordered framework is maintained quite
well in many of the observed regions, as shown in Fig. S2
in the supplementary information [16]. By contrast, any
visible intensity in the Li columns was hardly found for the
800 °C sample, as represented in Fig. 4(b) and more clearly
in the magnified images. To clarify that the bright contrast
of the visible Li columns does not originate from the
background noise by the electron probe function, a decon-
volution processing [18] was carried out with the raw
HAADF images [19]. Each deconvoluted image corre-
sponding to the region denoted by a yellow (or lightest
gray) rectangle is also shown in color (shading) on the right
in Figs. 4(a) and 4(b), respectively, confirming the antisite
defects on the Li columns consistently. An additional
image comparison for more information is provided in
Fig. S3 in the supplementary information [16].

It should be noted that invisible contrast in the Li col-
umns does not always mean the absence of the exchange
defects in the lattice, as demonstrated in the image simu-
lation of Fig. 3. However, recalling that the overall M site
exchange between the Li and Fe sites for the 600 °C
sample is as slight as just ~1% based on the neutron
diffraction result, such a remarkable variation in the
HAADF images shown in Fig. 4(a) viably suggests that
the exchange defects in the Li sites are localized at a lower
temperature rather than to be homogeneously distributed in
the lattice.

The M1 sites in the olivine structure are edge-sharing
octahedral interstitials, as described above. Thus, the dis-
tance between the neighboring cations in the M1 sites is
shorter than that in the corner-sharing M2 sites [15]. Such a
structural configuration leads to the distorted shape of the
oxygen octahedra for the M1 sites to minimize the electro-
static repulsion between the cations [15]. If some of Fe?*
ions occupy the M1 sites instead of Li* in LiFePO,, addi-
tional electrostatic repulsion due to their higher valence
number can be induced, eventually resulting in a structural
instability. In this regard, we do not expect that the local
aggregation of disordered Fe in the Li sites would be
thermodynamically favorable. It can be deduced therefore
that the aggregation may be reduced by annealing at a
higher temperature or for a longer enough period of time.

Although the Fe-P contours in the HAADF images are
insensitive to the exchange by Li atoms, we have observed
a few Fe-P contours with fairly low intensities during the
STEM, as exemplified in Fig. S4 in the supplementary
information [16]. Because associated Fe vacancies may
contribute to the low intensity in addition to the exchange
by Li in this case, it will not be simple to determine
whether or not the exchange defects are localized in the
case of the Fe sites. Further complementary analyses are

necessary to precisely address the distribution of the dis-
ordered Li atoms occupied in the Fe sites.

In summary, we have directly demonstrated the disor-
dered occupations by Fe atoms on Li sites in LiFePO, with
an ordered olivine structure, using HAADF-STEM. Such
exchange defects appear to be locally clustered in the
lattice at a relatively low temperature, although their over-
all concentration is fairly low. The HAADF-STEM with
the corrected spherical aberration can be extensively used
as a powerful methodological tool for understanding the
atomic-level distribution of point defects.
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