temperature is simply to average A#(E€) over
energy, the more complex behavior of the I,
allows us to observe current reversals in both
directions in the experiment (Fig. 2A). In close
agreement between experiment and model, the
temperature at which reversal occurs is typical-
ly a few kelvin, a value that is related to the
energy scale of variations of A#(€) (Fig. 3). The
observed I__. exceeds that found in the model,

net

indicating that the voltage-induced modifica-
tion of the ratchet potential is stronger than
what is assumed in the calculation. Although a
rigorous theoretical treatment will be of interest
(24), the 1D single-barrier model used here
yields intuitive, qualitative understanding of the
sign and temperature dependence of the ob-
served net current.

The observation that the rocking-induced
flow of electrons with high and low energy is
in opposite directions (Fig. 3) has a funda-
mentally interesting implication: A tunneling
ratchet can perform the energy-sorting task
assigned to Maxwell’s demon (27), without
violating the second law of thermodynamics,
because it operates only at a finite voltage.
Another important aspect is that artificial
nanostructures can be used to test physical
principles that may be of importance in liv-
ing systems. Whether transport mechanisms
based on quantum effects such as the one
studied here play a role in biological motor
proteins is an intriguing question.
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Three-Dimensional
Atomic-Scale Imaging of
Impurity Segregation to Line
Defects

D. Blavette,* E. Cadel, A. Fraczkiewicz,i A. Menand

Clouds of impurity atoms near line defects are believed to affect the plastic
deformation of alloys. Three-dimensional atom probe techniques were used to
image these so-called Cottrell atmospheres directly. Ordered iron-aluminum
alloys (40 atomic percent aluminum) doped with boron (400 atomic parts per
million) were investigated on an atomic scale along the (001) direction. A boron
enrichment was observed in the vicinity of an (001) edge dislocation. The
enriched region appeared as a three-dimensional pipe 5 nanometers in diam-
eter, tangent to the dislocation line. The dislocation was found to be boron-
enriched by a factor of 50 (2 atomic percent) relative to the bulk. The local boron
enrichment is accompanied by a strong aluminum depletion of 20 atomic

percent.

The concept of “atmospheres” was introduced
by Cottrell and Bilby (/) in 1949 to explain the
role of impurities in the plastic deformation of
alloys. These so-called Cottrell atmospheres are
tiny clouds of impurity atoms around disloca-
tions in crystals. These line defects play a major
role in the plasticity of materials. The geometry
of an edge dislocation is described by an extra
half-plane inserted into the lattice (Fig. 1). The
locus where the half-plane terminates is the
dislocation line. Such a dislocation gives rise to
an elastic distortion of the lattice around the line
of the defect, and consequently to a stress field
with which solute impurities may interact. In-
terstitial impurities such as carbon or boron
cause a deformation of the lattice, which may
be partially released if these elements segregate
near line defects. The stress field created by
dislocations is the driving force for the migra-
tion of solutes toward dislocations. Interstitial
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impurities (or oversized atoms in substitution)
generally segregate in the dilated part of edge
dislocations, below the dislocation line, where-
as undersized substitutional atoms are likely to
migrate toward the compressed regions above
slip planes. This stress-induced migration there-
fore leads to the segregation of solutes along
dislocation lines and to the formation of solute-
enriched regions, the Cottrell atmospheres.
Their extent, as estimated from diffusion argu-
ments, is in the nanometer range. Cottrell atmo-
spheres play a major role in the mechanical
properties of materials. Their presence may in-
hibit the movement of dislocations, which are
“pinned” by the solute atmospheres. If temper-
atures are high enough to permit appreciable
diffusion, dynamic strain aging may occur dur-
ing deformation. These so-callgd Portevin-
LeChatelier instabilities are due to the pinning
of freshly formed dislocations *by new atmo-
spheres that form during deformation. Such
dynamic effects have been reported in a number
of steels (/).

Direct evidence for these atmospheres is
extremely rare because of the very high spatial
resolution required. Atom-probe field ion mi-
croscopy (APFIM) is the most promising tech-
nique for this kind of investigation because it
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Fig. 1. Schematic representation of an (001)
edge dislocation in a cubic lattice. The disloca-
tion line terminates the extra half-plane ().
The Burgers vector b is perpendicular to the
dislocation line. Impurities are expected to seg-
regate along the dislocation line, in the distort-
ed region of the crystal. This dislocation can
move along a slip plane parallel to b and the
line defect.

combines atomic-scale resolution with quan-
titative chemical analysis (2). One of the first
APFIM observations of atmospheres in iron
was carried out by Chang et al. (3) in low-
carbon martensites. However, this study was
only two-dimensional (2D), and because the
dislocation could not be displayed in three
dimensions, the distribution of solutes along
the line could not be shown. Cottrell atmo-
spheres were also analyzed using 1D APFIM
in NiAl intermetallics containing Zr and Hf
(4). Again, no 3D information on the atmo-
sphere was given.

Here, a solute atmosphere around an edge
dislocation was observed and analyzed on the
atomic scale in three dimensions. Three-dimen-
sional atom probe (3DAP) techniques (5, 6)

17 x 17 x 27 nm

depth axis

Fig. 2. A 3DAP image showing the presence of a
boron-enriched atmosphere in B2-ordered FeAl
intermetallics. Only boron atoms are represented;
Fe and Al are omitted for clarity. The cylindrical
envelope illustrates the rod-like morphology of
the boron-enriched atmosphere. Boron segre-
gates along a direction, (100), parallel to the
dislocation line shown in Fig. 3. The analysis start-
ed on the left side, and the volume was recon-
structed layer by layer along the depth axis. The
analyzed area is a square, 17 nm by 17 nm.
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Fig. 3. Top view of Fig. 2. This
3D image is a small slice per-
pendicular to the boron rod
shown in Fig. 2. The area vi-
sualized is 11 nm by 9.5 nm.
The third dimension of the
reconstructed volume (al-
most perpendicular to the
figure) is 5 nm. Imaged
planes, separated by 0.29 nm,
are almost perpendicular to
the (001) depth axis. Maps of
aluminum (green) and boron
(red) show the presence of a
boron-enriched Cottrell at-
mosphere along an edge dis-
location. The Burgers circuit
indicates the presence of an
edge dislocation, which is
thought to be above the cen-
ter of the atmosphere. The
dislocation line is perpendic-
ular to the image, and the
Burgers vector is perpendicu-
lar to Al-rich (001) planes
(see Fig. 1).

were used to investigate such atmospheres in
boron-doped FeAl intermetallics. Boron im-
proves mechanical resistance through a rein-
forcement of grain boundaries (7), and boron is
known to segregate to grain boundaries (8). We
investigated FeAl alloys that contained 40 atom-
ic % Al and 400 atomic ppm of boron. They
were subjected to a two-step treatment: 950°C
for 1 hour (quenching), then 400°C for 24 hours
(air cooling). This treatment gave rise to a well-
ordered B2 structure (9). Iron preferentially oc-
cupies the corners, and Al the centers, within the
body-centered cubic cell. The boron concentra-
tion is below the solubility limit, which has been
estimated to range between 400 and 800 ppm
(8). The second stage of treatment at 400°C
eliminates a large proportion of vacancies re-
tained after quenching from 950°C. The elimi-
nation of vacancy in excess at 400°C is known
to give rise to the formation of dislocations,
mainly of (100) Burgers vector (0).

We used 3DAP together with field ion mi-
croscopy (FIM) to determine the atomic-scale
distribution of chemical species around lattice
defects. This technique can map the 3D distri-
bution of chemical species with a depth resolu-
tion of a single atomic layer. An electric field
induces ions to evaporate from a needle-like
surface; these ions are then identified by time-
of-flight mass spectrometry (2). A position-
sensitive detector is used to determine the po-
sition of incoming ions and their initial location
at the specimen surface. The material is field-
evaporated at low temperatures (70 K in our
experiments), layer by layer, so that the small
volume that is analyzed (15 nm by 15 nm by
100 nm) can be reconstructed in 3D on a near-
atomic scale. Standard electropolishing proce-
dures were used to prepare specimens in the
form of sharply pointed needles (2). Experi-
ments were conducted along the (001) direction

to detect (001) dislocations present in the ma-
terial. Technical details are provided in (9).
Because of the small distances that can be
probed with 3DAP relative to the mean dislo-
cation spacing (100 nm versus 1 wm) and the
heterogeneous distribution of dislocations with-
in the material, numerous experiments were
necessary before a decorated dislocation could
be analyzed.

A 3D reconstruction (Fig. 2) shows the
presence of a boron (B) enrichment within
the small volume that was analyzed. This
enrichment appears as a pipe aligned along
the (100) crystallographic direction. This ori-
entation could be established from the orien-
tation of the detection area with respect to
zone axes in FIM images.

This B-enriched cloud is shown in a more
detailed way in Fig. 3, a top view oriented
parallel to the (001) planes. The axis of the
B-enriched pipe is perpendicular to the figure
plane. The ultrahigh resolution of 3DAP
makes it possible to image the stacking se-
quence of the superlattice (001) planes of this
ordered material. As expected for a B2-or-
dered structure, Al-enriched planes alternate
with Al-depleted (that is, Fe-enriched)
planes.

By counting the number of imaged planes in
the region limited by the white line, it is easy to
see that an extra half-plane is present in the top
part of the zone (Fig. 3). The dislocation line is
perpendicular to the figure and parallel to the
(100) direction. The construction of the so-
called Burgers circuit (white line) shows that an
edge dislocation is present. The Burgers vector
b is defined as the vector that closes the Burgers
¢ircuit; b is parallel to (001) and its length is
equal to the lattice parameter of the crystal (Fig.
3). This dislocation is therefore a perfect a(001)
dislocation of B2-ordered FeAl. Note also the
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Fig. 4. Radial distributions of Fe, 80
Al, and B (concentration in 70 -+
atomic percent, multiplied by 20 1
for boron) with respect to the
center of the boron atmosphere.
Boron segregation extends up to
3 nm from the dislocation core.
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local curvature of planes in the close vicinity
of the end of the extra half-plane, in good
agreement with geometrical descriptions of
edge dislocations.

The B-enriched pipe-shaped zone, parallel
to the dislocation line, is detected in the
vicinity of the extremity of the additional
half-plane (Fig. 3). This image therefore pro-
vides evidence that the B-enriched zone
shown in Fig. 2 is a Cottrell atmosphere.
Interstitial atoms like boron are likely to seg-
regate under the dislocation line, in the dilat-
ed region of the defect. Therefore, a plausible
location of the dislocation could be around 1
nm above the center of the atmosphere (Fig.
3). However, the exact location of the dislo-
cation line in the reconstructed image is dif-
ficult to ascertain with certainty.

The position of the B-rich pipe, slightly to
the right of the apparent position of the dis-
location line, is a priori surprising. However,
reconstructed images must be interpreted
with caution. The applied stress caused by the
high electric field may have led to a partial
breakaway of the dislocation from its atmo-
sphere during the investigation, resulting in a
shift of the line defect by a few atomic planes
toward the specimen surface (left side, Figs. 2
and 3). Preferential retention of boron from
one plane to the next may also shift boron
slightly (0.15 nm) to the left in Fig. 3.

Radial distributions of atomic species
(Fig. 4) with respect to the center of mass of
the atmosphere (that is, the axis of the boron
“finger” shown in Fig. 2) were calculated in
successive shells of equal thickness (0.2 nm).
The maximum concentration of boron Cj is
close to 2 atomic %. The extent of the atmo-
sphere, taken at one-tenth of the maximum
boron concentration (that is, Cy = 0.2 atomic
%), can be estimated at 3 nm.

In a first approximation, the interstitial
concentration Cy, at a given temperature 7 in
the strain field of a dislocation can be written
as Cy = CO° exp(w/kT), where C° is the
nominal boron concentration (400 atomic
ppm), u is the binding energy between the
dislocation and interstitial, and % is the Bolt-
zmann constant. From the present measure-
ments we estimate u ~ 0.2 eV, a reasonable
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value compared to the binding energy of
carbon in iron (~0.5 eV). [A more detailed
interpretation using recent models (71, 12)
has not yet been offered.] One feature in Fig.
4 is unexpected: The Al concentration falls at
the center of the atmosphere (20 atomic %, as
compared to 40 atomic % in the bulk).

Similar atmospheres were encountered
during the systematic experiments that were
carried out. Among the three boron-enriched
clouds that could be found, only one could be
interpreted quantitatively on a sound basis.
This atmosphere appeared as a rod-shaped
zone containing 6 atomic % boron. Similar to
what is shown in Fig. 4, the boron-enriched
zone was Al-depleted (33 atomic %). Its di-
ameter was close to 3 nm. Unfortunately, the
dislocation line associated with this atmo-
sphere could not be imaged.

The information revealed by 3DAP on the

spatial distribution of chemical species near
line defects is important both from an aca-
demic point of view and for applications. The
observed modifications of concentrations
close to dislocation lines evidently alter the
core structure of defects, which in turn has a
great influence on the plasticity behavior of
material. The existence of the unexpected Al
depletion within Cottrell atmospheres is an
intriguing phenomenon that remains to be
explained.
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Deflection of the Local
Interstellar Dust Flow by Solar
Radiation Pressure

M. Landgraf,"?* K. Augustsson,® E. Griin,* B. A. S. Gustafson®

Interstellar dust grains intercepted by the dust detectors on the Ulysses and
Galileo spacecrafts at heliocentric distances from 2 to 4 astronomical units
show a deficit of grains with masses from 1 X 10~"7 to 3 X 107"® kilograms
relative to grains intercepted outside 4 astronomical units. To divert grains out
of the 2— to 4—astronomical unit region, the solar radiation pressure must be
1.4 to 1.8 times the force of solar gravity. These figures are consistent with the
optical properties of spherical or elongated grains that consist of astronomical
silicates or organic refractory material. Pure graphite grains with diameters of
0.2 to 0.4 micrometer experience a solar radiation pressure force as meich as

twice the force of solar gravity.

Identical dust impact detectors (I, 2) were
installed on the Ulysses spacecraft, which
flies in a polar orbit around the sun, and on
the Galileo spacecraft, which continues to fly
in a jovian orbit. The instruments sense the
plasma cloud generated as individual dust
grains strike a detector plate at high velocity.
Independent impact plasma charge measure-

ments distinguish real events from spurious
recordings and were used to derive the grain
mass and impact velocity (3).

The Ulysses and Galileo dust measure-
ments were mainly designed to reveal the
spatial distribution of interplanetary dust
grains that are released from minor solar
system objects like asteroids and comets (4).
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