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Grain boundaries (GBs) serve as fast diffusion paths for dopant atoms, and the
segregated dopants can significantly alter the materials’ properties. However,
the exact mechanism of fast dopant diffusion along the GBs, particularly at
atomic scale, is still unclear. Here we show direct observation of preferential
GB diffusion of Hf dopant atoms along the 31 symmetric tilt GB in a-Al,O3,
using time-resolved atomic-resolution scanning transmission electron micro-
scopy and statistical tracking of Hf atom locations. Molecular dynamics
simulations incorporating artificial neural network interatomic potentials
reveal that Hf atoms preferentially diffuse along the GB by exchanging with co-
segregated Al vacancies at the GB. Moreover, we demonstrate that GB inter-
stitial diffusion can greatly enhance the diffusivity of Hf atoms along the GB,
where shuffle motion plays a key role in lowering the activation energies for GB

diffusion.

Impurity doping is a major strategy for controlling the physical and
chemical properties in a wide variety of materials'”. Metals and cera-
mics are often used in polycrystalline form, which contain numerous
grain boundaries (GBs, the interface between crystallites), and the
doped impurities typically enrich at the GBs as a result of preferential
diffusion along the GBs. Such fast GB diffusion significantly impacts
the polycrystalline materials’ properties, including grain growth, GB
migration, recrystallization, sintering, and high-temperature plastic
deformation®”. So far, the GB diffusion has been characterized by
macroscopic measurements of concentration profiles along the GBs
using tracer atoms, or isotopes®. While these studies have demon-
strated that GBs serve as fast diffusion paths for dopants, the precise
atomistic origins and atomic-scale diffusion paths at GBs remain
unclear due to the absence of direct observation of dopant dynamics.
Moreover, atomic-scale theoretical calculations of dopant dynamics at
GBs have been limited, because the calculations require large super-
cells and long timescale computations. Previous theoretical studies
have used molecular dynamics (MD) simulations with empirical
interatomic potentials, but they often fail to predict the atomic

structures and energetics of GBs, compared to the density functional
theory (DFT) calculations. Therefore, a new approach is needed to
deeply understand the dopant dynamics at GBs. Here, we directly
observe the diffusion dynamics of Hf dopant atoms at the a-Al,O5 231
[0001]/(47110) GB using time-resolved atomic-resolution scanning
transmission electron microscopy (STEM), and we successfully tracked
single Hf atom diffusion along the GB. To track the Hf diffusion process
at the atomic level, we used a 300 kV electron probe, which can pro-
vide sufficient energy to overcome the diffusion barrier without
knocking out Hf atoms (maximum energy transfer is 4.8 eV, see Sup-
plementary Note 1). Therefore, we can directly observe Hf diffusion
dynamics even at room temperature without damaging the sample’.
Furthermore, we performed large-scale MD simulations of Hf atom
diffusion at the GB using an artificial neural network (ANN) interatomic
potential trained on massive DFT calculations, which allows us to
evaluate Hf atom diffusion dynamics and their energetics with DFT
accuracy'®™. On the basis of our synergetic experimental and theo-
retical investigations, we elucidate that Hf atom diffusion along the GB
is accelerated by two distinct mechanisms: vacancy exchange with co-
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segregated Al vacancies and GB interstitial diffusion, which has not
been realized before. In the GB interstitial diffusion, the activation
energy is significantly reduced to 0.5 eV with the aid of shuffle motion
through the GB interstitial sites.

Results

Hf atom diffusion along the «-Al203 X31 GB

So far, time-resolved annular dark-field (ADF) STEM imaging have been
used to directly observe dopant diffusion in the bulk, twin boundary,
and on the surface”*". Figure 1a shows an atomic-resolution ADF STEM

image of the Hf-doped %31 a-Al,0; GB viewed along the [0001]
direction, where time-sequentially acquired 50 frames (total acquisi-
tion time: 85 sec.) were averaged (See Supplementary Movie 1). Owing
to the Z-contrast nature of ADF STEM (Z is the atomic number)™, the Al
atomic column is brighter than the O atomic column in the bulk region
(Zo =8, Z5 =13), as indicated by the overlaid structural model in upper
left of Fig. 1a. To compensate the mis-tilt between two grains, a peri-
odic array of specific structure is formed along the GB, which is known
as structural unit®. The structural unit comprises four white polygons: a
seven-membered ring A, an elongated seven-membered ring B;, and
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Fig. 1| Time-resolved atomic-resolution ADF STEM images obtained from the
Hf-doped X31 a-Al,O; GB viewed along the [0001] axis. a Time-averaged atomic-
resolution ADF STEM image of the Hf-doped %31 GB. The left black and white
arrowheads indicate the location of the GB core and the segregated Hf dopants,
respectively. The structural unit is overlaid by white polygons. b The maximum
intensity map obtained from the time-resolved ADF STEM images, where the bright

contrast corresponds to the temporal locations of the Hf dopants. The white
arrowheads in the two rectangle regions indicate the locations of Hf dopants at the
GB interstitial sites. c-e, f~h The selected two series of Hf diffusion processes in the
structural unit, where the same Hf dopants are indicated by the numbered white
arrowheads. The scale bar in (a) is 5 A, and (b) share the same scale. The scale bar in
(c) is 3 A, and (d-h) share the same scale.
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Fig. 2 | Statistical analysis of Hf locations and their transitions probabilities at
X31 a-AlL, O3 GB. a All the Hf locations (red circles) projected in a structural unit
obtained from time-resolved ADF STEM data sets. b The distribution of Hf occu-
pation at Al sites (circles) and interstitial sites (squares) in the GB. ¢, d The counts of
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Hf atom jumps between Al columns (circles) or through GB interstitial sites
(squares), respectively. The total acquisition time of images is 799 seconds (470
frames), corresponding to the total number of the tracked structural units of 3120.
The scale bar in (a) is 3 A. Source data are provided with this paper.

two six-membered rings C¢ and Dg. As indicated by the white arrow-
heads in Fig. 1a, we observed significant bright dot contrasts within
the structural units, suggesting that Hf atoms segregate at the GB core
(Zyr = 72). Figure 1a is the full-frame averaged ADF STEM image, so the
brighter contrasts indicate that Hf atoms have remained longer at
these sites. To track the Hf diffusions at the GB, we construct a max-
imum intensity map (Fig. 1b), where a maximum value is selected from
all frames for each pixel (see Methods)®. Even if a single Hf atom
remains at a specific site for only one frame, Hf locations should appear
as bright contrasts in the maximum intensity map. The bright Z-con-
trasts are well localized in the GB, and the Hf atoms are mainly located
at the Al atomic columns of the structural unit, suggesting that the Hf
atoms are in the form of substituting Al atomic columns in the GB core.
However, as marked by the white arrowheads in the two rectangle
areas in Fig. 1b, the Hf atoms are also located between the Al atomic
columns, and we will refer to these locations as the interstitial sites in
the GB. The selected frames are shown in Fig. 1c-h, and we found two
representative Hf diffusion processes: (i) Hf atomic jumps between Al
sites at the GB (Fig. 1c-e) and (ii) Hf atomic jumps between or through
interstitial sites at the GB (Fig. 1f - h, see Methods). The interstitial
diffusion generally requires high activation energy in the bulk, making
it an unusual process in a-Al,O; bulk. Therefore, the observed

interstitial diffusion could contribute to the diffusion only along the
GB. We note that a 300 kV electron beam was used for atomic-scale
observations, which can provide sufficient energy to promote dopant
diffusion’. Figure 2a shows all the Hf locations projected in a structural
unit (4963 red circles). We tracked all the Hf atoms frame by frame for
five datasets of time-resolved ADF STEM images, and the total number
of the tracked structural units is 3120 frames. Using Gibbsian excess,
the Hf concentration at the GB is estimated to be 0.25 + 0.02 atom nm
(See Methods). Most of the Hf atoms are observed at the Al atomic
sites in the GB core, and the statistical counts for each atomic site are
given in Fig. 2b. As expected from the maximum intensity map of
Fig. 1b, 97% of Hf atoms are observed within the structural units, and
the remaining 3% of Hf atoms are also in the first neighbors to the
structural units. The most frequently observed GB site for Hf atoms is
the center of the ring A;, which is consistent with the time-averaged
image of Fig. 1a. The other sites of the ring A, also have relatively high
occupancy of Hf atoms. Although the rings C¢ and D¢ also have the
center atomic sites, the occupancies of Hf atoms are much lower than
that in the center of the ring A,. In addition to the Al atomic sites, we
also found a small proportion of Hf atoms at the GB interstitial sites, as
marked by diamond in Fig. 2b. These GB interstitial sites are confined
in the ring B, and the right side of the ring A;.
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Fig. 3 | The theoretical atomic structure and defect formation energies of Hf
dopants at X31 a-Al,0; GB. a The energetically most stable atomic structure of
pristine X31 GB overlaid on the ADF STEM image viewed along the [0001] axis.

b The defect formation energies of Hf dopants in the bulk as a function of Fermi
level under the oxygen-rich limit. The vertical black line indicates the Fermi level at

thermal equilibrium at 300 K, where the numbers in (b) correspond to the charged
states of point defects. ¢ The defect formation energies of Hf}; and V3 in £31 GB
as a function of the projected distance from the GB core. d, e The site dependence
of the defect formation energies of Hfy; and V3, respectively. The scale bar in (a)

is 3 A. Source data are provided with this paper.

In this experiment, the temporal resolution is limited to 1.7 sec-
onds, so we cannot directly observe the activation process of Hf
atomic jumps, which may occur in the picosecond order. However, we
can track atomic jumps by calculating the difference of Z-contrast
intensity between two consecutive frames. When a Hf atom moves
from site a to site 3, site o appears darker, and site 3 appears brighter
in the difference image (see Methods). Using a series of difference
images, we counted the number of Hf atomic jumps, and the cate-
gorized Hf diffusion counts (i) between Al sites and (ii) between or
through interstitial sites in the GB are summarized in Fig. 2c, d,
respectively. Since most Hf atoms are localized in the center of ring A5,
we observed numerous Hf jumps within A5 ring, particularly between
Al sites in the GB (Fig. 2c). Similar Hf jumps between Al sites were also
observed in C4 and Dg rings. In contrast, Hf jumps associated with
interstitial sites (indicated by gray squares in Fig. 2d) are localized in
the B; ring and the right side of the A; ring, suggesting that a specific
interstitial mechanism governs GB diffusion in these regions.

Hf diffusion paths and their energetics

To understand the origin of the preferential Hf diffusion along the 31
GB, we performed theoretical calculations. First, we constructed the
atomic structure of pristine X31 GB using the y-surface method with
DFT calculations. However, the obtained structure models are incon-
sistent with the experiment. This is because the relaxed GB structures
are strongly dependent on the initial atomic configurations, which can

easily be trapped in local minimum structures™ . Moreover, DFT
calculation requires massive computational resources, which limits the
exploration of the large configuration space. To globally explore the
configuration space for the ¥31 GB structure, we conducted a simu-
lated annealing calculation™® using DFT-trained ANN interatomic
potentials", which can significantly reduce the computational cost but
maintain computational accuracy. Figure 3a shows the most stable
structure of the X31 pristine GB superimposed on the ADF STEM image
of the Hf-doped 31 GB. The theoretical structural model is in excellent
agreement with the experiment. The GB energy of the structure
(2.04) m™?) is significantly lower than that in the previous report’
(3.93)m™) and close to the recent result” (2.07) m™) (see Methods
and Supplementary Note 2). Although the Hf dopants segregate at the
¥31 GB, the structural unit remains unchanged from the pristine
structure, and therefore the Hf dopants segregate in the form of Al
substitutional defects’. Since the valence state of Hf*" is different from
AI*, it is essential to theoretically investigate stable Hf defects and
other charge compensating defects. Figure 3b shows the defect for-
mation energies of the Hf dopants and native defects in the a-Al,O3
bulk as a function of the Fermi level in the oxygen-rich limit evaluated
using density functional theory calculation®® (see Methods). The Fermi
level in the thermal equilibrium is given by the vertical line (3.42 eV).
To denote the point defects, we use the Kroger-Vink notation®. For
example, when Hf*" substitute AI, it is denoted as Hf}, (or Hf),
where 1+ indicates the effective charged state of the point defect. We
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consider six types of point defects: Al substitutional (Hfy;), O sub-
stitutional (Hfp), Al vacancy (Va), O vacancy (Vop), the complex of
residing Hf; and Al vacancy ([Hfa;rVall), and the complex of residing
Hf and Vo ([HfArVo1)? In the bulk, Hf is in the form of Hfx** (Hf*") and
the defect charge is compensated by V, at the Fermi level (dashed
line in Fig. 3b). However, the defect formation energies of the most
stable Hf'" and VA are considerably high (2.1eV). Therefore, these
defects could co-segregate to the GB core, and the charge neutrality
can be achieved locally”. To evaluate the stability of point defects in
the GB, we calculated the defect formation energies of Hf 5™ and V>
for all the Al sites in the GB core (395 sites). Figure 3c shows the defect
formation energies of Hfy™ and V,* as a function of the projected
distance from the GB core. When the projected distance from the GB
core is more than 5A, the formation energies of Hfy* and Vx> are
close to those in the bulk. While in the GB core, most of defect for-
mation energies are much lower than those in the bulk, suggesting that
Hf ' and V" defects should preferentially segregate to the GB core.
Figure 3d, e show the site dependence of the defect formation energies
for Hf,' and Va*", respectively. The defect formation energy of Hf 5" is
significantly reduced in rings A; and B;. According to the quantitative
evaluation of coordination environment at each atomic site, the Al-Al
coordination numbers in the rings A; and By are reduced, and thus, the
free volumes are consequently increased, which strongly contributes
to the lowering of the defect formation energies in the GB core (See
Supplementary Fig. 1). On the other hand, the coordination environ-
ment in the rings Cg¢ and Dy is nearly identical to that in the bulk, and
therefore the defect formation energies in the rings C¢ and D¢ are
similar to those in the bulk. On the basis of thorough theoretical cal-
culations, we elucidate that Hfy'" and Va® defects simultaneously
segregate to the GB core, and the charge compensation should be
achieved in the GB core. The accumulated V> are localized within the
GB core, which significantly increases the encounter probability
between Hf atoms and V,,. Therefore, the Hf atom could preferentially
diffuse along the GB via vacancy-related mechanism.

GB interstitial diffusion of Hf atoms

Time-resolved ADF STEM images in Fig. 1c-h show two different types
of Hf diffusion processes in the GB: Hf atomic jumps (i) between Al
sites and (ii) via GB interstitial sites. Our defect formation energy cal-
culations reveal that Hf}; and V3, charged defects co-segregate in the
GB, which could induce vacancy-exchange diffusion between Al sites.
To investigate the GB diffusion mechanism of Hf atoms, we performed
nudged elastic band (NEB) calculations**, where we explored minimum
energy paths and evaluated their activation energies for Hf diffusion in
the GB. To thoroughly explore the Hf diffusion paths in the GB, we
employed the following two approaches: (i) the brute-force search of
the vacancy exchange diffusion between two adjacent Al sites, and (ii)
the extraction of diffusion paths from high-temperature MD calcula-
tions (see Methods). Figure 4a shows the calculated Hf atom trajec-
tories in X31 GB using the NEB method, and the stronger red and blue
curves represent the more stable trajectories (smaller activation
energies). Since the activation energy of Hf atom diffusion in the bulk is
2.0 eV (see Supplementary Fig. 2), we excluded the Hf trajectories with
activation energies exceeding 2.0 eV in Fig. 4a. The red curves repre-
sent the Hf trajectories between Al sites, corresponding to the vacancy
exchange diffusion. In the majority of the GB region, the activation
energies of these red curves are significantly lower than those in the
bulk (average: 1.37 eV), indicating vacancy exchange diffusion is pre-
ferential in the GB. However, in the ring B, the activation energy via
the vacancy exchange mechanism is relatively high, suggesting that
the other diffusion mechanism is active. The blue curves in Fig. 4a
represent the Hf trajectories through GB interstitial sites, which are
localized in the ring B; and the right half of ring A, as marked by white
triangles in Fig. 4a. In this diffusion process, multiple Al atoms and Al
vacancies are involved in, and we discuss the diffusion behavior of two

representative cases (see Supplementary Movie 2, 3): (i) Hf diffusion
between Al sites via a GB interstitial site (Fig. 4d: a; > i, > ag), and (ii) Hf
diffusion between interstitial sites via an Al site in the GB (Fig. 4e: b, >
ae ~ ). Figure 4b shows the energy surface of Hf diffusion as a func-
tion of Hf displacement, with snapshots of Al and Hf trajectories given
in Fig. 4d. The Hf diffusion is achieved by the following four steps: (I)
when the Al at a5 site is vacant, the Hf atom at a; site moves into the GB
interstitial site i», and the a5 site becomes vacant (Hf: a; - i,), () the Al
atom at q; site moves into the a5 site (Al: a; - a), and the Al atom at a,
site moves into i site (Al: a, »> iy), (1) the Hf neighbor Al atom at b, site
moves into the vacant a; site (Al: b,~> a3), and the vacancy is formed at
b, site, and (IV) the Hf atom at i, site move into agq site (Hf: i,> ag).
Processes I and IV in Fig. 4b correspond to the Hf atom diffusion, and
these activation energies are -1 eV, which are much lower than those in
the vacancy exchange mechanism. Figure 4c, e show the second case
of the energy surface and diffusion path for the Hf GB interstitial dif-
fusion, respectively: (I) initially, the Al atom is at i, site, and the
neighbor a; site is vacant, and the Hf atom at b, site moves into ag site
(Hf: b, > ag), (II) the Al atom at a; site moves into the vacant site a;, and
the a; site becomes vacant (Al: a; > a;), (Ill) the Hf atom and the Al
atom at as site show slight relaxation, and (IV) the Hf atom at aq site
moves into i, site (Hf: ag > i»). In this case, Hf atom diffusion corre-
sponds to processes I and IV, and the activation energies have con-
siderably low value of 0.5eV. Unlike typical interstitial diffusion, the
present Hf atom diffusion goes through the GB lattice sites in pro-
cesses Il and I, and then Hf atom moves into the other GB inter-
stitial site.

Discussion

On the basis of the STEM observations and theoretical calculations, we
elucidate that two distinct Hf diffusion mechanisms occurred at the
GB: (i) the vacancy exchange mechanism, and (ii) the GB diffusion via
interstitial sites. As shown in Fig. 4a, most of the GB diffusion is
achieved by the vacancy exchange mechanism, where the local atomic
structures are close to that of the bulk. However, at the C; and the right
half of A; rings, the local structure is significantly distorted from the
bulk, and the Hf atom diffusion becomes complex, i.e. the Hf atoms
diffuse through the GB interstitial sites accompanied by multiple Al
atom diffusion. Compared with the vacancy exchange mechanism, the
GB interstitial diffusion can significantly reduce the activation energy,
and we discuss why the specific GB interstitial sites are used for the Hf
diffusion, as indicated by white arrowheads in Fig. 4a. Figure 5 shows
the dichromatic pattern of the X31 GB orientation, which is useful for
the geometric description of the general GB atomic structures®. The
red and blue circles represent the lattices (Al atomic columns) in the
perfect crystal of the upper and lower grains, respectively. The light
red and blue circles represent the extended lattices to the other side of
the grain, and the black circles represent the coincident site lattice,
where the lattices of both grains coincide. Except for the minor
structural reconstruction, the red and blue lattices agreed with the
observed Al atomic columns in the 231 GB in Fig. 3a. Therefore, the
majority of the observed GB diffusion between the GB lattices in the
rings A, C¢ and D¢ can be considered as bulk-like vacancy exchange
mechanism. In the ring B;, however, Hf atoms often diffuse through
the GB interstitial sites. The observed GB interstitial sites matched the
extended lattices in the structural unit well, as indicated by the white
arrowheads in Fig. 5. The distances between the lattices and extended
lattices are much shorter than the nearest-neighbor lattice spacing,
and the movement between the lattices and extend lattices is known as
shuffle motion. As shown in Fig. 2b, the observed Hf atoms at the GB
interstitial sites are in the rings A; and B, and the observed GB inter-
stitial sites match the extended lattices in Fig. 5 well, suggesting that
the shuffle motion is the key to GB interstitial diffusion. According to
the theoretical calculations, the Al-Al and Al-O coordination numbers
and their Voronoi volumes in the rings A; (right half) and B; are largely
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Fig. 4 | The calculated Hf trajectories and their activation energies in X31 a-
AlL0; GB. a The red and blue curves represent the minimum energy paths for Hf
dopants at the X31 GB, where red and blue curves correspond to the paths between
Al sites and through GB interstitial sites, respectively. The white arrowheads indi-
cate the GB interstitial sites. b, c Two selected activation energy surfaces of the Hf
transitions as a function of Hf displacement, which are related to the GB interstitial

diffusion process. The light-blue points correspond to the local minimum energies.
d, e The corresponding Hf trajectories for (b, c) respectively, where the dark/light-
blue, red, and green circles represent Al, O, and Hf atoms. The light-blue circles
indicate Al atoms with large displacements. The dashed circles indicate the location
of Al vacancies. Source data are provided with this paper.
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Fig. 5 | Dichromatic pattern of the X31 GB orientation. The red and blue circles
represent the lattices (Al sites) in the perfect crystals of upper and lower grains,
respectively, and the black sites represent the CSL sites. The smaller circles with
light colors represent the extended lattices to the other side of the grains. The white
triangles indicate the GB interstitial sites, and the black arrows represent the dis-
placements between the lattice and the interstitial sites, corresponding shuffle
motion. The black arrowhead indicates the location of the GB core.

deviated from that of the bulk (see Supplementary Fig. 1). Therefore,
the activation energy for Hf diffusion in the rings A; (right half) and B,
becomes larger by vacancy exchange mechanism. However, using
shuffle motion, Hf atoms can diffuse through the GB interstitial sites,
and the activation energies are remarkably reduced, which makes the
diffusion along the GBs faster.

In summary, we demonstrated that Hf atoms preferentially diffuse
along the a-Al,O3 X31 GB, using time-resolved atomic-resolution ADF
STEM imaging. MD simulations with ANN interatomic potentials
revealed that charged defects of Hf ™ and V* co-segregate to the GB
to maintain charge neutrality. This co-segregation significantly
increases the encounter rate between Hf atoms and Al vacancies,
facilitating Hf diffusion along the GB via vacancy exchange mechan-
ism, particularly at A; (left half), C¢ and D¢ rings. While in the distorted
A (right half) and B, rings, Hf atoms diffuse through the GB interstitial
sites via the shuffle motion, and the GB interstitial diffusion mechan-
ism becomes dominant. Even in general GBs, there always exists the
extended lattices at GBs, and therefore, the shuffle motion should
assist GB interstitial diffusion, and the GBs act as fast diffusion paths.
The present findings suggest that charged dopants at GBs tend to co-
segregate with counter-balancing defects, such as vacancies, and that
their diffusivity is enhanced through the GB interstitial diffusion
mechanism. This behavior may be exploited to design novel materials
exhibiting improved physical properties-such as fast ionic con-
ductivity, electronic transport, and thermal conductivity-which are
typically degraded by the presence of GBs.

Methods

Sample preparation and electron microscopy

The Hf-doped %31(47110)/[0001] a-Al,O; bicrystal was fabricated by
thermal diffusion bonding of two single crystals (Shinkosha Co Ltd.)
with Hf deposited on one surface using chemical vapor deposition. The
sample was annealed at 1773 K for 10 h in air. The electron-transparent
thin specimen for STEM observation was prepared by mechanical
polishing and Ar ion milling (10-15 nm thick). Time-resolved ADF STEM
images were acquired by ARM300CF (JEOL Ltd.) installed in the Uni-
versity of Tokyo, equipped with a cold field-emission gun and Delta-
type corrector. The illumination semi-angle is 30 mrad, operated at
300 kV, and the probe current was typically less than 10 pA. The col-
lection semi-angle for ADF detector was 64 to 200 mrad. The Hf atom

diffusions were observed in 5 different regions of the specimen. The
dwell time was 6 ps/pix for a wide field of view (256 x 1024 pix), and the
total acquisition time ranges between 85 to 204 s (50-120 frames). We
note that most of the impurity levels in the a-Al,O5 single crystals are
less than 1 ppm, and the highest impurity of Si is less than 10 ppm.
Although we performed energy dispersive X-ray spectroscopy analysis
at the GB, we did not detect such impurities at the GB, which is com-
patible with our previous pristine 213 and 231 a-Al,03; GBs***.

The quantification of Hf concentration at the GB

We estimate the Gibbsian excess of Hf at the GB by counting the
number of Hf atoms from experimental ADF STEM images with the aid
of systematic image simulations. The Gibbsian excess of Hf is defined
as Mye= (e - VGBpf#”‘) /S, where nyis the total number of Hf atoms in
the GB, Vgg is the total volume of the GB, p,‘},}’k is the concentration of
Hf in the a-Al,0; bulk, and S is the GB area. Assuming that p¢* is zero,
the Gibbsian excess can be simplified to = ny¢/ S. The frame aver-
aged number of Hf atoms (ny) is experimentally measured to be
15.5+1.8 atoms. The GB area S can be calculated as the product of the
GB length and the depth. When a single Hf atom is located at the deep
depth, it could be difficult to observe in ADF STEM image. Therefore,
we performed multislice image simulations of a single Hf atom in a-
Al,O5 231 GB with different depth locations at the center of the ring
A/*°.We used a 300 kV electron probe, an illumination semi-angle of 30
mrad and an ADF detector spanning from 64 to 200 mrad. The spe-
cimen thickness was set to 13.2 nm, comprising 40 Al atoms along the
column. Supplementary Fig. 3a-c show the simulated ADF STEM
images with a single Hf atom at the depth of 0 nm, 5.9 nm, and the
pristine, respectively. As the depth location of the Hf atom increases,
the maximum intensity decreases. Supplementary Fig. 3d shows the
integrated intensity of the column with a single Hf as a function of the
depth from the entrance surface. At 6 nm depth, the integrated
intensity at the Hf containing atomic column is close to that of the
pristine, suggesting that one cannot observe Hf atoms located deeper
than 6 nm. Using 6 nm for the depth length, the Gibbsian excess of Hf
is estimated to be 0.21+0.02 atoms nm 2

STEM image analysis

The specimen drifts in the time-resolved ADF STEM images were cor-
rected by a cross-correlation algorithm?. To accurately track the Hf
atom positions, we removed the quantum noise of the time-resolved
ADF STEM images by total third-degree variation filter (see Supple-
mentary Movie 1(a))*®. Hereafter, the intensity of pixel (x, y) at frame i is
denoted as /(x, y, i). The time-averaged map /,,.(x,y) was constructed
by averaging over all frames: /,,c(x,Y)=1/N¢qmesy i/(x, Y, i), where
Nframes is the total number of the frames. The maximum intensity map
Iax(X,y) was constructed by taking the maximum intensity over all
frames: /I, (x,y)=max;/(x,y,i)". To clearly visualize the Hf atom
positions, the time-averaged map was subtracted from the original
time-resolved ADF STEM images, by which the background Al/O
intensities are removed and the Hf atom positions can be visualized as
bright spots (see Supplementary Movie 1(b)). The number of Hf atom
jumps was counted by taking the difference between two consecutive
frames: lyg (X, ¥, D =1(x,y, i +1) - I(x, y, D). In the difference image, when a
Hf atom moves from site A to site B, the pair of bright and dark con-
trasts appear, which can be assigned as the Hf atom diffusion.

Hf interstitials at the GB

To determine the elemental type of the interstitial atom in Fig. 1f, we
performed ADF STEM image simulations. Supplementary Fig. 5a shows
the experimental ADF STEM image of a-Al,03 X31 GB, where an inter-
stitial atomic site is marked with the white arrowhead. Supplementary
Fig. 5b-d show the simulated ADF STEM images of the pristine GB, Al
interstitial, and Hf interstitial, respectively. Note that the depth loca-
tion of the Al interstitial is set at the entrance surface to maximize the
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contrast, while the depth of the Hf interstitial is set at 25.0 A beneath
the entrance surface. While the intensity of the single Al interstitial
(Z=13) is considerably weak, the single Hf interstitial (Z=72) exhibits a
bright contrast comparable to the experimental image. Therefore, the
interstitial atom in Fig. 1f should be a Hf atom.

Hf occupancy at the center and lower left sites of ring A,

To estimate the Hf occupancy at each Al column in the center and
lower left of ring A;, we performed ADF STEM image simulations.
Supplementary Fig. 6a (Fig. 1a) shows the time-averaged experi-
mental ADF STEM image of the Hf-doped a-Al,O3 GB. There are six
structural units (SUs), as indicated by the white heptagons. Note that
the Hf occupancies of the other Al columns are significantly low,
because the Hf dopants move around as single atoms. Since it is
difficult to consider all the configuration of Hf locations along the
depth, we used structure models with Hf partial occupations in the
projection®. Supplementary Fig. 6b-d show the simulated ADF STEM
images of the pristine GB, the GB with 35% Hf occupancy at the center
of the ring A5, and the GB with 15% Hf occupancy at the lower left site
of the ring A, respectively. Owing to the Z-contrast nature of ADF
STEM, even a small fraction of Hf shows much brighter contrast than
the other columns, which are comparable to the experimental image.
Supplementary Fig. 6e and f show the respective simulated and the
experimental line profiles along the line AB in Supplementary Fig. 6¢,
where the intensities are normalized by the integrated intensity of
the pure Al columns. Supplementary Fig. 6g and h show the simu-
lated and experimental line profiles, respectively, along the line CD in
Supplementary Fig. 6d. To estimate the Hf occupancy, we fitted the
integrated intensities of the simulated Hf containing atomic
column with a power function® as shown in Supplementary Fig. 6i
and j for the Hf at the center and at the lower left, respectively. The
plots indicate the integrated intensities in the experiment, and the
estimated Hf occupancies are summarized in the Supplementary
Table 1.

The construction of ANN interatomic potential

We have used the ANN Al-O-Hf interatomic potential created by Yokoi
et al.". The potential has two hidden layers each with 78 nodes. The
atomic environments are described by 36 two-body and 120 three-
body symmetry functions with a cutoff radius of 5A. The training
dataset includes 39715 structures consisting of single crystals and
various GBs. The mean absolute errors in the total energies and atomic
forces between the DFT and ANN calculations are 3.92 meV atom™ and
79.8 meV A, respectively. The mean difference in the energies of the
pristine X31 GBs between DFT and ANN is <Eppr - Eann>=
0.038 +£0.013) m>

Theoretical calculation

The point defect formation energies in the bulk were calculated using
the projector augmented wave method implemented in the Vienna ab
initio simulation package (VASP 5.4.4)**2, The defect formation energy
of a point defect D with a charged state q is defined as*®

Ep (D] =E [D7] — Zin; + qep @

where E,,.[D7] is the total energy of the supercell with a defect D7, n;
and y; are the number of the element { in the supercell and the che-
mical potential, respectively. ¢ and ¢; are the charged state and the
Fermi level of the system, respectively. In the bulk, we used the
2 x2x2 supercell (80 atoms) with a cutoff energy of 500 eV and a k-
point mesh of 2x2x 2. For accurate evaluation of energies, hybrid
functional HSE* and supercell correction with extended FNV scheme
were employed***. The Fermi level of the system is determined using
the charge neutrality condition®”: 3, .qcp 4+ ¢, — ¢, =0, where cp 4 is
the concentration of a point defect D with a charged state g, ¢y, is the

concentration of holes, and c. is the concentration of electrons,
respectively. GB energies, defect formation energies in GB, GB segre-
gation energies, and activation energies were evaluated using the ANN
interatomic potential”. Our GB models contain two identical GBs to
compensate for the boundary condition. To remove the interaction
between these GBs, the distance between GBs was set to 16.90 A. In the
simulated annealing calculations, 250 independent calculations were
performed to thoroughly search for the configurational space. First,
250 initial random structures were generated by heating the GB core
(7.0 A width) at 20,000K and the structure were extracted every
0.5 ps. Each structure was cooled from 3000 K to O K with the cooling
rate of 10 K/ps. Since there are no symmetric constraints in our cal-
culations, the two GBs can become inequivalent after annealing.
Therefore, two GBs were extracted from the supercell and new
supercells with identical two GBs were generated. Following the
structural relaxation, GB energies of the relaxed structures were
evaluated, which is defined as

1
Ogg= 24 (ngi - Zi”iﬂi) 2

where £ g)B[ and A are the total energy of the supercell containing two

GBs and the GB area, respectively. The defect formation energy of D7 in
the GB is evaluated by the sum of the defect formation energy in the
bulk £,[D] and the segregation energy at site i Eg,p[i, D7:

£ i, D) = (D] +E

seg |1 D] 3

The segregation energy is defined as the difference of the defect
formation energy between at GB site i and in bulk:

E

seg[i» DT =EfP[i, DT — Ef[D9] = Eqp[i,D%] — E o [bulk, D] (4)

where it can be approximated as the difference in total energy of
supercell with a defect at GB and in the bulk.

Estimation of the thickness of the surface-strained region

In thin TEM specimens, surface strain may affect the diffusivity
mechanism. To estimate the width of the surface-strained region, we
relaxed the structure of a 10.2 nm thick a-Al,O5; (0001) surface slab
using the ANN potential”. Supplementary Fig. 9 shows the bond
length between Al atoms and their nearest-neighbor O atoms as a
function of the distance from the surface. Near the surface, the bond
length deviates from the bulk value (1.86 A) as indicated by the
dashed line. As the distance from the surface increases, the deviation
decreases and converges to the bulk value at a depth of more than
1nm. Given the 10-15 nm thickness of our TEM specimen, most of the
observed Hf jumps are unaffected by surface strain effect.

Data availability
Source data are provided with this paper.

Code availability

The codes used for the calculation using the artificial neural network
interatomic potential are available from the corresponding author
upon request.
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