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where Ny is the total number of double kinks.
By an extension of Eq. 4, D is approximated as
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where L is the loop-line length and Dy is the
kink diffusivity. Even when Ng < 1, the
identical result is obtained (/7). The power of
N reduces for extremely small N because the
attractive force is applied on two adjacent kinks
of opposite signs (2), accelerating the motion of
both kinks so that they coalesce. This satisfies the
dependence of Dy on N, as obtained in the
present study. The temperature dependence of D
is expressed by the term ¢ Dy in Eq. 7. Dy is
controlled by the dragged impurity atmosphere
surrounding the dislocation. The dragging stress
applied onto a dislocation by the atmosphere is
generally proportional to the velocity of the
dislocation, when the atmosphere can promptly
follow the dislocation motion (7, 26, 27). If we
set the proportionality factor to be B (27), Dy can
be approximated with the use of Einstein’s
relation (22)
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where b is the absolute value of b, o is the con-
stant, ¢ is the concentration of dragged impuri-
ties in the matrix, and D, [ = D, exp(—EJ/kT),
where E. is the activation energy for the migra-
tion of dragged impurities] is the diffusivity of
the impurity atoms that compose the atmosphere
(24). Here, other effects influencing Di—such as
phonon dragging, electron dragging, and Peierls
potential of the second kind (/, 28)—are neglected.
From Egs. 5, 7, and 8, the apparent activation
energy for the diffusion of a loop is expressed as
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In contrast, if the atmosphere dragging does
not occur and the phonon dragging due to the
phonon wind (28) is dominant, Dy for this
“naked” loop becomes constant above the Debye
temperature. This yields £ = Ey — %kT. In
general, the addition of solutes into pure Fe
changes the shear modulus only slightly (29);
therefore, their atmosphere will not effectively
influence the £y value. Thus, £ increases by £, +
2kT when the loop drags the atmosphere. The
most probable elements composing the dragged
atmosphere of all the impurity elements are C or
N. We do not know the precise values of £, for C
or N around the dislocation. However, if we
adopt E, values for C or N (£, = 0.83 eV for C,
E.=0.80 ¢V for N) (79), both the £} value and
the £ value for “naked” loops become ~0.4 eV.

Using in situ TEM, we have shown that
nanometer-sized dislocation loops can undergo

1D diffusion even in the absence of stresses that
are effective in driving loops. These findings are
relevant for the prediction of the lifetime of
radiation-resistant materials for nuclear fission
and energy systems in which the microstructures
are controlled by the motion of loops formed
upon high-energy particle irradiation. In addition,
this study opens up a pathway for further experi-
mental investigation of the unresolved dynamics
of extremely small self-interstitial atom complexes.
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One-Dimensional Fast Migration of
Vacancy Clusters in Metals

Yoshitaka Matsukawa™?*t and Steven ]. Zinkle®

The migration of point defects, for example, crystal lattice vacancies and self-interstitial atoms (SIAs),
typically occurs through three-dimensional random walk in crystalline solids. However, when vacancies
and SIAs agglomerate to form planar clusters, the migration mode may change. We observed
nanometer-sized clusters of vacancies exhibiting one-dimensional (1D) fast migration. The 1D
migration transported a vacancy cluster containing several hundred vacancies with a mobility higher
than that of a single vacancy random walk and a mobility comparable to a single SIA random walk.
Moreover, we found that the 1D migration may be a key physical mechanism for self-organization of
nanometer-sized sessile vacancy cluster (stacking fault tetrahedron) arrays. Harnessing this 1D
migration mode may enable new control of defect microstructures such as effective defect removal and
introduction of ordered nanostructures in materials, including semiconductors.

nanometer-sized defect clusters is current-

ly of particular interest in nuclear materials
research (/). Recent molecular dynamics (MD)
simulations have indicated that nanometer-sized,
sessile clusters of vacancies and glissile clusters
of self-interstitial atoms (SIAs) are produced
together in collision cascades during energetic

The one-dimensional (1D) fast migration of

ion and neutron irradiation (2). In face-centered
cubic (fcc) metals, sessile vacancy clusters often
form stacking fault tetrahedra (SFTs) having 3D
pyramidal structure. The configuration of the glis-
sile SIA clusters is a 2D platelet, 1/2<110>{110}
prismatic perfect dislocation loop. Sufficiently
small SIA clusters can exhibit 1D fast migration
(3-8), which transports the entire cluster contain-
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ing several tens of SIAs with a mobility compara-
ble to that of a single SIA (4). This anisotropic
migration of SIA clusters is currently considered
to have a noticeable impact on the evolution of a
material’s neutron-irradiation damage micro-
structure, which determines the material’s lifetime
in nuclear reactor environments (7, 9).

Although SIA clusters form a dislocation
loop, the 1D migration may involve a coopera-
tive atomic diffusion mechanism not described
by conventional dislocation theory. Because the
line senses of dislocation segments facing each
other in a loop are always opposite, it is impossible
to glide the whole loop in the same direction
simultaneously under shear stress, as shown in fig.
S1. In theory, it is possible to induce glide of the
entire loop in the same direction by pushing the
atoms in the prismatic column from one side. This
type of motion, which is traditionally called
prismatic punching, proposed by Seitz (10), can
be induced in specific situations, such as indenta-
tion. However, the loop’s 1D motion observed in
irradiated metals is not one way but reciprocates
back and forth, as reported by several researchers
(11-14). Therefore, prismatic punching does not
appear to be a viable mechanism. A widely ac-
cepted mechanism for the 1D migration has its
basis in thermally activated dense fluctuation of its
constituent elements, “crowdions,” in the dense
packed <110> atomic direction along their Burgers
vector in the case of fcc metals (4), as shown
schematically in Figs. 1 and 2. Figure 2 schemat-
ically shows the relationship between the loop 1D
migration direction, geometry of the loop, and
bundled crowdions. Because the 1D migration is
induced by collective motion of numerous neigh-
boring crowdions in the loop, this phenomenon is
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substantial only when the loop size is small: MD
simulations have indicated that only nanometer-
sized SIA loops exhibit 1D migration (4). A pre-
viously proposed alternative account for the 1D
motion within the scope of dislocation theory is
that the loop motion is induced by the thermally
activated formation and propagation of a double
kink on the loop, which is expressed by a (dislo-
cation) line tension model (5, 75), as shown in fig.
S2. However, in 1D motion all of the crowdions
inside the prismatic cylinder must be transported,
whereas the line tension model only describes the
motion of crowdions on the dislocation line. In MD
simulations, inner crowdions are often observed to
move before the crowdions on the loop perimeter
(as schematically shown in fig. S2F): The motion of
whole loop is led by the inner crowdions (/6).

A fundamental question is whether the 1D mi-
gration is also possible for vacancy-type prismatic
dislocation loops. Osetsky e al. examined the
possibility of 1D migration for vacancy loops in
both body-centered cubic (bec) and fece metals by
using MD simulations (/7). They predicted 1D
migration of small vacancy loops in bee iron but
not in fcc copper. The prismatic vacancy loop in
copper immediately became sessile by developing
stacking faults from the loop edges within a
picosecond. They attributed the absence of 1D
migration in fcc copper to its low stacking fault
energy. To date, there have been no observations of
1D migration of vacancy clusters, whereas several
experimental studies have reported 1D migration
of SIA clusters (//—14). Thus, based on the MD
results, the existing consensus is that the 1D mi-
gration of vacancy clusters is not possible, espe-
cially in fcc metals (7).

In the present study, vacancy loops were in-
troduced into 99.9975% pure fcc gold through
plastic deformation or quenching and then ex-
amined in a nominally stress-free condition. The
stacking fault energy of gold (32 mJ/m?) is even
lower than that for copper (45 mlJ/m?), which
would promote conversion of dislocation loops to
SFTs even more strongly in gold than in copper
(18). Therefore, 1D migration of vacancy clusters
is not expected in gold. A very high density of
vacancy clusters is produced by plastic deforma-
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on the basis of atomic
volume considerations;
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however, it is energetically more favorable to be arranged in a <001> dumbbell structure. The crowdion
distributes the localized displacement of the SIA along the <110> close-packed atom direction. Subtracting
an atom, i.e., introduction of a vacancy, may create a delocalized dilute atom configuration complementary
to the <110> crowdion (<110> voidion). Note that this configuration never occurs for single vacancies.

9 NOVEMBER 2007

tion in ductile metal thin foils having a specific
geometry (/9). Although the majority of vacancy
clusters produced by plastic deformation at room
temperature in gold are SFTs (/9), a few vacancy-
type dislocation loops are also produced. Those
dislocation loops exhibited 1D oscillating motion,
inconsistent with the reported MD simulation
results. Figure 3 and movie S1 show an example
of the observed behavior at room temperature. A
small dislocation loop (diameter about 2 nm, ~174
vacancies) glided intermittently back and forth
between two SFTs at an oblique angle along the
projection of the <110> direction (oscillating
distance of 1 to 2 nm). The loop position changed
frame by frame (frame rate of 30 frames/s) for
about 4 min and then suddenly transformed to an
SFT within a few video frames (<0.1 s). Because
SFTs are vacancy-type defects in fcc structures
(20), Fig. 3 provides evidence that nanometer-
sized vacancy loops can exhibit 1D migration.
The vacancy loop transformed into an SFT at an
intermediate position between two preexisting
SFTs, presumably because the stress field on the
loop from the two SFTs is balanced at the inter-
mediate position. As a result, a well-aligned SFT
array consisting of three SFTs was obtained.
There are many reports showing ordered ar-
rays of nanometer-sized SFTs created through
high-energy particle irradiation such as neutron
irradiation and ion bombardment (2/-23). Be-
cause SFTs are sessile, it has been believed that the
self-organized microstructure is created by glissile
SIA clusters exhibiting 1D migration; vacancy
clusters that are geometrically aligned along close-
packed <110> directions in fcc crystals would be
preferentially shielded from annihilation by the 1D
migrating SIA clusters. However, the present
dynamic observation (Fig. 3) suggests that spatial
self-organization of sessile SFTs can be achieved
through the 1D migration (and conversion to
SFTs) of glissile vacancy loops, without the neces-
sity of 1D migration of SIA clusters. Fig. S3
shows previously proposed models of loop-SFT
conversion (24), and fig. S4 shows the crystallog-
raphy of various potential loop geometries.
Figure 4 and movies S2 and S3 show the 1D
migration of a vacancy loop introduced into gold

Fig. 2. Schematic sketch of the 1D migration of
the SIA-type 1/2<110>{110} dislocation loop and
its atomic structure.
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by quenching that introduces only vacancies. The
transmission electron microscopy (TEM) obser-
vation was carried out at 113 K. The vacancy
loop (diameter about 3.5 nm; ~534 vacancies)
exhibited oscillating 1D migration for about 6
min, whereas single vacancies were immobile
below ~300 K in gold (25). The loop wiggled
intermittently, back and forth, along a straight
dislocation with a wide variety of migration dis-
tances for each oscillation. The maximum ob-
served migration distance per oscillation (within
two video frames, i.e., 66 ms) was 15 nm, which
corresponds to 52 times the {110} interplanar
distance in gold. In general, the number of atom-
istic jumps per second in a thermally activated pro-
cess is expressed as v = voexp(S/k)exp(—E/kT),
where vy is the lattice vibration frequency, k is the
Boltzmann constant, S is entropy, and T is
absolute temperature. We assume exp(S/k) =
1 for the sake of simplicity. The migration
energies of single vacancies and single SIAs in
gold are E, = 0.85 eV and E, = 0.19 eV,
respectively (26). Withvo=10"?s"!, vat 113K
is 1.3 x 10 > s™! for single vacancies and 3.4 x

Vacancy §
loop

10% 5" for single SIAs. The maximum observed
migration distance of the vacancy loop (15 nm)
corresponds to v = 789 s ! which gives E, of
0.22 to about 0.23 eV as the effective migration
energy for the vacancy loop 1D motion (27).
This effective migration energy for the 1D glis-
sile vacancy loop is much less than that for single
vacancies. This suggests that the mobility of
nanometer-sized dislocation loops via 1D migra-
tion is independent of the mobility of the constit-
uent point defects, that is, vacancies in this case.

The diffraction contrast images of the vacan-
cy loops observed in the present study are quite
unusual as a dislocation loop image. Seen from
the <110> direction, the loop is in an edge-on
view, i.e., visible as a line segment (28). However,
the loop image in Fig. 4 is oval in shape, elongated
in the 1D glide direction. The loop image in Fig. 3
is also oval in shape. This may be an artifact due to
the high velocity of 1D motion. MD simulations
(obtained for SIA loops) have indicated that the
loop’s oscillation is essentially a sub-picosecond—
time scale event (4). Such high-speed motion
cannot be captured by the present video-recording

1-D motion of vacancy loop
: CB (// [101]) or DB (// [011])

Fig. 3. Sequence of snapshots showing the 1D oscillating motion of a vacancy loop and eventual
transformation to an SFT (after 240 s) in deformed gold at room temperature.
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Fig. 4. Sequence of snapshots showing the 1D oscillating migration of a vacancy loop in quenched gold
at 113 K. The spatial dimension shown in the frame of 93.77 s is the jump distance from the previous
observed loop position at 93.70 s. Two types of crystallographically equivalent SFTs (marked by x and y)

are involved in the figure.
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system, whose time resolution is 33 ms. Instead,
a composite image of the loop’s motion during
~33 ms is recorded on a single video frame. Note
that the loop image remained the same even after
the motion became undetectable in Fig. 4. This
may be an indication that the loop was still
moving one-dimensionally with a very short
oscillating distance and high frequency, even after
the large motion detectable by the present dynamic
TEM observation disappeared.

The size of the vacancy loops observed in the
present TEM study (2 to 3.5 nm) is much larger
than the loop examined in the 1999 MD simu-
lation (up to 50 vacancies; <1 nm). On the basis of
the results on SIA loops obtained through MD
simulations, larger loops are less mobile than
small loops: The critical size above which the
predicted mobility is practically zero is ~100 SIAs
(~1.3 nm) in copper and ~300 SIAs (~2.4 nm)
in iron (4). However, in TEM experiments, much
larger SIA loops exhibit 1D migration above
450 K: The critical size in iron may be as large as
20 to ~30 nm (/7). The present experimental
results were obtained in a TEM operated at
200 keV, which is well below the critical voltage
to introduce Frenkel pairs (vacancy and an SIA)
into gold. The critical electron energy for Frenkel
pair creation is ~2 MeV because of the large mass
of gold atoms. The temperature increase by the
200-keV electron irradiation is negligible because
the specimen was thin (<50 nm) and the electron
beam diameter was less than 2 um, which gives
less than a few tens of Kelvin local temperature
increase for the electron beam fluxes used in the
present study (29).

Although vacancy loops cannot have
crowdions, we speculate that they may develop
an analogous (dilute) atom configuration similar
to crowdions (we tentatively call this dilute-
packed <110> atomic row “‘voidions”), as shown
in Fig. 1. Such a configuration does not occur
for single vacancies; however, in the form of a
1/2<110>{110} prismatic loop, numerous vacan-
cies are neighboring on a {110} plane, potentially
favoring this cooperative voidion configuration.

An unresolved question is whether the 1D
migration of SIA and vacancy clusters can be
effectively harnessed to enable directed assembly
of technologically useful nanoscale architectures.
The formation of a linear array of SFTs in Fig. 3
implies that it may be possible to create unique
nanoscale ordered defect microstructures by par-
ticle irradiation. The very high mobility of the 1D
glide vacancy clusters may also provide a hint
regarding efficient defect removal from not only
metals but also semiconductor materials, whose
defect clustering behavior is essentially the same
as fcc metals because of their similar crystal
structures, as well as introduction of nanoscale
ordered structures.
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Widespread Morning Drizzle on Titan

Maté Adamkovics,2* Michael H. Wong,* Conor Laver,* Imke de Pater2

Precipitation is expected in Titan's atmosphere, yet it has not been directly observed, and the
geographical regions where rain occurs are unknown. Here we present near-infrared spectra from
the Very Large Telescope and W. M. Keck Observatories that reveal an enhancement of opacity
in Titan's troposphere on the morning side of the leading hemisphere. Retrieved extinction
profiles are consistent with condensed methane in clouds at an altitude near 30 kilometers and
concomitant methane drizzle below. The moisture encompasses the equatorial region over Titan's
brightest continent, Xanadu. Diurnal temperature gradients that cause variations in methane
relative humidity, winds, and topography may each be a contributing factor to the condensation
mechanism. The clouds and precipitation are optically thin at 2.0 micrometers, and models of
“subvisible” clouds suggest that the droplets are 0.1 millimeter or larger.

zoo of clouds is scattered across Saturn's

largest moon, Titan, including convec-

tive clouds near the south pole (7, 2),
geographically controlled clouds at 40°S latitude
(3), and a large cloud of ethane near the north
pole (4). These and other types of clouds have
been predicted with the use of combinations of
chemical, microphysical, and general circulation
models (5, 6). Analysis of the methane relative
humidity profile at the Huygens probe entry site
suggests that there is a solid-methane cloud
from 20 to 30 km altitude and a light drizzle of
methane that wets the surface (7). However, the
fluvial channels seen at the landing site (&) are due
to heavier rainfall (9), which may occur during
intense storms that are predicted by dynamical
models (/0). Conditions in the lower troposphere
are best constrained where the Huygens probe
landed, yet a single weather station cannot char-
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acterize Titan's meteorology on a planetwide scale.
If widespread, methane condensation could be the
dominant pathway for returning methane to the
surface and closing the methane cycle.

Because the near-infrared aerosol opacity tin
Titan's atmosphere is low (t = 0.2 at 2 um), light
can penetrate to the surface at wavelengths
where methane absorption is negligible (/7).
Radiative transfer (RT) models of Titan's spectra
have been used to probe the heights of cloud
tops and the aerosol vertical structure (/, 2, 12, 13).
One of the main challenges in accurately re-
trieving altitudes with these models is that the
contribution function for a particular wavelength
is dependent on the vertical distribution of aero-
sol. Variations in surface reflectivity can also
be masked by near-surface atmospheric opacity.
One way to break these degeneracies is to simul-
taneously analyze spectra taken along different
paths through the atmosphere. Spatially resolved
spectra from a new class of instruments, such as
the OH-Suppressing InfraRed Imaging Spectro-
graph (OSIRIS) (/4) at the W. M. Keck Ob-
servatory or the Spectrograph for INtegral Field
Observations in the Near Infrared (SINFONI)

(15) at the Very Large Telescope (VLT), are an
ideal source of data for such an analysis. These
instruments may be used to create a global pic-
ture of Titan's lower atmosphere and surface.

During our campaign to monitor the seasonal
changes in the global distribution of Titan's
aerosol, we observed Titan on 28 February 2005
universal time (UT) with SINFONI (/3) and on
17 April 2006 UT with OSIRIS. Together the
two instruments provide independent measure-
ments of Titan at different epochs and viewing
geometries. Systematic errors that arise from
mosaicking and correcting for Earth's atmo-
sphere (fig. S1) are specific to each instrument,
and comparison facilitates the rejection of obser-
vational artifacts. Here we describe a method for
making measurements of condensed-phase opac-
ity from specific altitude regions in Titan's atmo-
sphere using narrow (10- to 15-nm) spectral
bandpass difference imaging. We used RT models
to quantify the altitude and magnitude of the
opacity enhancements, and we report the detec-
tion of widespread methane drizzle: precipitation
from stratiform clouds of solid methane.

In order to discern the light scattered by
clouds, drizzle, and haze in the lower tropo-
sphere, the contribution from the surface albedo
variation (Fig. 1A) was removed from the images
that probed the bottom of the atmosphere (Fig.
1B). We empirically quantified the relative sur-
face flux f'in images taken at wavelengths with
significant and with negligible methane gas
opacity by minimizing the correlation coefficient
between the surface-subtracted image of the
atmosphere and the image of the surface (fig.
S2). The mean surface flux in images probing the
lower troposphere is ~72% of the flux in images
of the surface, which is confirmed by our RT
models. After subtracting the surface contribu-
tion from images that probe the lower tropo-
sphere, we can identify equatorial opacity changes
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Materials and Methods

Vacancy clusters were introduced into gold specimens by deformation (Fig. 3) or quenching
(Fig. 4) as follows. The starting material for Fig. 3 was a gold ribbon of 99.9975% purity,
measuring 10 z m in thickness, and annealed in vacuum at 1173K for 2 h. The gold ribbon
was notched in the middle by a razor blade and strained and fractured in a transmission
electron microscope (TEM) using a commercial straining stage (GATAN Model 671
single-tilt cooling straining stage) with a crosshead speed of ~1 pm/s at room temperature.
Although the gold ribbon was never subjected to any chemical thinning, thin foil regions
transparent to a 200-keV electron beam were produced near the fractured edge through
thickness reduction accompanied by elongation (S/). The thickness of the thin foil portion
was less than 50 nm. A very high density of stacking fault tetrahedron (SFT) and a few
vacancy loops were produced together in the remnant thin foil. The vacancy loops exhibited
the one-dimensional (1-D) migration as shown in Fig. 3. The TEM observation was carried

out at room temperature.

The starting material for Fig. 4 was a gold sheet of 99.9975% purity, measuring 100 z m
in thickness. The gold sheet was quenched from 1273K in an open vertical furnace to 233K
in a CaCl, solution. The gold sheet was kept at 1273 K for 10 min in the furnace and at 233
K for 10 min in the quenched-in solution, respectively. After the heat treatment, the sheet
was cut into 12.5 mm x 2.5 mm pieces, and then the central portion of the piece was
electro-polished using a KCN, 67 g/L solution at room temperature. The gold specimen was
mounted on a cooling stage (GATAN Model 671 single-tilt cooling straining stage; however,
the specimen was not strained). The microstructure was observed at 113 K about 30 to 60
minutes after the temperature drop to minimize specimen drift associated with thermal

gradients.

The motion pictures were captured with a GATAN Model 622 camera at a frame rate of

30 frames/s, recorded on DV tapes, and then computer processed into sequential images.

Conversion mechanism of an SFT from a vacancy-type prismatic loop

Silcox & Hirsch (52), who first observed SFTs in quenched gold, considered that the
characteristic three-dimensional pyramid structure of SFTs was created from a
two-dimensional triangular Frank loop via the propagation of Shockley partial dislocations

from the loop edges on three crystallographically equivalent {111} planes, as shown in Fig.



S3A. This model is convincing to explain the geometric feature of SFTs, and is
reproducible in molecular dynamics (MD) simulations (S3). However, to date no direct
observation of this conversion has been reported, though the inverse conversion, i.e. the
transformation from an SFT to a triangular Frank loop has been reported by several
researchers (S4-55). If a prismatic vacancy loop transforms to an SFT via this mechanism,
the prismatic loop must transform to a triangular Frank loop prior to the Silcox-Hirsch

process.

Alternatively, Kuhlmann-Wilsdorf (S6) proposed variants of the SFT-loop conversion
mechanism, as shown in Fig. S3B-S3D. Her models were originally proposed to explain
how an SFT collapsed into a two-dimensional cluster during thermal annealing. The
unzipping of a single vertex corresponds to the inverse of the Silcox-Hirsch mechanism, the
transformation into a triangular Frank loop. Simultaneous unzipping of multiple vertices

results in the transformation into a triangular prismatic loop in either case.

These models imply that the prismatic vacancy loop that exhibited the 1-D motion in
Fig. 3 is triangular-shaped as shown in Fig. S4. Note that the vacancy loop examined in the
1999 MD simulations (S7) is hexagonal in shape (S8). This is because the stable
configuration for prismatic loops in fcc metals is hexagonal for vacancy-type and rhombic
for SIA-type in MD simulations (59). The effect of loop shape on the loop’s 1-D motion

and the transformation into an SFT needs to be examined further.

Interaction of prismatic loops with gliding dislocations

Although the vacancy loop moved along side the straight dislocation in Fig. 4, the loop
clearly kept a certain distance away from it. The straight dislocation has an apparent super
jog or kink at the position closest to the moving vacancy loop. As a result of this, the
distance is wider (~1 nm) on the upper right portion and narrower (~0.5 nm) on the lower
left portion of the dislocation line in Fig. 4. The position of the super jog/kink portion
moved together with the moving vacancy loop. In other words, the vacancy loop dragged
the super jog/kink.

The straight dislocation was introduced by handling when the thin foil specimen was
mounted on the cooling stage. Since the dislocation line is parallel to an edge of an SFT, the
character of the straight dislocation is screw or 60 degree. Considering that several

investigators have reported screw dislocations are dominant in thin foil deformation on gold



(S2), copper (S10-S11), and nickel (S72-S13), the straight dislocation in Fig. 4 is most likely
screw-type (S74).

It is well known that jogs on screw dislocations are obstacles that reduce the mobility of
screw dislocations. Since the jogs are edge in character, gliding together with the screw
dislocation corresponds to climb motion that requires vacancy absorption. They are glissile
‘along’ the screw dislocation without vacancy absorption since that is a normal glide
direction for the edge segments. However, it is difficult to induce jog motion by a uniform
shear stress since a bowed-out screw dislocation interrupts the jog migration path (S75). In
Osetsky’s MD simulation that reproduced a jog on a screw dislocation in a thin foil
condition, the jog migrated toward the foil surface due to the image force from the surface.
In the sense that the vacancy loops can transport jogs by the dragging effect, the present
results indicate that glissile dislocation loops have the potential to affect the mobility of

screw dislocations.

Effect of stress on the 1-D migration

An alternative explanation of the loop’s 1-D migration may involve the effect of stress
(strain-field) from the other nearby defects or interfaces such as SFTs (Fig. 3), a straight
dislocation (Fig. 4), and foil surfaces. In Fig. 3, the strain-field of nearby SFTs certainly
affected the 1-D migration. The vacancy loop finally settled down in between two SFTs
where the stress on the loop from these two SFTs is balanced: this stress balance may be a
significant contributing factor for the self-assembly of SFT arrays. In Fig. 4, the effect of
the strain-field of the straight dislocation on the loop 1-D migration is unclear. However,
the super-jog on the straight dislocation (most likely an edge segment on the screw
dislocation) is immobile without (external shear) stress, whereas the observation was
carried out under nominally stress-free conditions. The effect of image force from foil
surfaces on the vacancy loop and the super-jog migration was not significant in Fig. 4. The
vacancy loop and the jog were originally located near the foil surface at 0 s. The image
force from surfaces on a dislocation object is attractive; this would cause the vacancy loop
(and also the jog) to migrate toward the nearby surface and annihilate at the surface.
However, in our observations the vacancy loop (and the jog) migrated in the opposite
direction (i.e. toward the distant surface) at 290 s. Judging from these observations, it is
most likely that the loop’s 1-D migration was not affected by the image force from foil

surfaces and the migration of the dislocation super-jog was induced by the stress-field from



the vacancy loop.

Supporting figures

Frank loop: b=1/3 [111]

Fig. S1. (A) Shear stress allows dislocation loops to rotate only in the prismatic
cylinder. (B) In the 1-D migration mode, the entire dislocation loop glides
simultaneously in the same direction. The light shaded region represents the original
loop habit plane and the dark shaded region represents the location after atomic

migration.

Fig. S2. (A)(B) Double kink in the line tension model: a 2-D step on the dislocation
line. (C)(D)(E) Double kink considering the 3-D structure, i.e. how propagation of
material flow occurs into the loop interior. If the loop motion is induced by double kink
mechanism, the materials flow should propagate from the loop perimeter to the center.

(F) Unlikely manner of material flow from the viewpoint of double kink mechanism.



Fig. S3. Collapse processes of an SFT to a dislocation loop proposed by
Kuhlmann-Wilsdorf (S6): (A) unzipping from a single vertex, (B) two vertexes
simultaneously, (C) three vertexes simultaneously, and (D) all four vertexes
simultaneously. The resultant 2-D cluster is a triangular Frank loop for (A) and a

triangular prismatic loop for (B)(C)(D), respectively.



Fig. S4: Various shaped prismatic loops: (A) hexagonal, (B) rhombic, and

(C) triangular.
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