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Molecular dynamics simulations were used to model the Eshelby dislocation inside Pd and Ir
nanowires and to predict the powder diffraction pattern using the Debye scattering equation. We
find that the ideal dislocation solution by Eshelby is in good agreement with the observed twist
angle and deviatoric strain, even though it ignores both the splitting of the Eshelby dislocation into
two partials and surface stress. Surface stress plays a significant role only for nanorods with small
aspect ratio (~1:1). We also find that Wilson’s prediction on the diffraction peak broadening for
the Eshelby dislocation is overestimated because it ignores the fact that the Eshelby twist relaxes
the deviatoric strain. Moreover, the twist loosens the correlation along the nanorod, causing
additional line profile broadening, which is read by diffraction as a decrease of coherent domain
size when the total twist angle is bigger than 1.5°. Overall, our findings suggest a novel way to
predict and analyze the dislocations as well as the resulting strain fields in the twisted
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nanocrystalline rods. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4918918]

I. INTRODUCTION

Eshelby showed, in 1953,! that screw dislocations paral-
lel to the axis of thin rods are stable if they lie within a cen-
tral region, where image forces cannot draw them out.
However, edge dislocations are unstable and tend to slip
away from the crystal lattice. The elastic field and stability
of single or multiple Eshelby dislocations can be calculated
using more details, e.g., by taking into account the mixed
dislocation type, the split into partials in face-centered-cubic
(FCQ) lattices, and surface stress. However, as shown in this
paper, the main result from Eshelby’s model, the twisting of
a thin rod in proportion to the total screw component of dis-
locations, is valid except in the extreme case of thin disks,
i.e., large diameter compared to height.

The so-called Eshelby twist is a consequence of the me-
chanical equilibrium met by a screw dislocation in a cylindri-
cal rod (with at least one free end). The dislocation-induced
torque twists the elastic medium by an angle o« = —b/[nR?]
(twist angle per unit length)," where b is the modulus of the
Burgers vector and R is the rod radius. In a rod of length H,
the total twist is simply obtained as oH. As a consequence the
twist angle is small and often hard to detect experimentally,
except in needle-like crystalline domains with high aspect
ratios.

Recent work on nanowires and similar systemsz’3 has
drawn attention to the possibility of measuring Eshelby twist
and exploiting its effect practically.* The discovery of
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branched nanowires and the chiral pattern produced by the
Eshelby twist allows for the observation of this twist using
real space imaging tools such as scanning electron micro-
scopes. An alternative technique for the observation of dislo-
cations and twist, which Eshelby mentioned in his original
paper, is X-ray diffraction (XRD). Very soon' after
Eshelby’s original paper AJC Wilson® tackled the problem
of determining the diffraction line broadening effect of a
straight dislocation in a cylindrical rod, providing approxi-
mate expressions for integral breadths. The underlying hy-
pothesis, however, only considered the displacement
component along the screw dislocation line, u, = b0/[27],
disregarding any twist or rotational components that surely
affect the position of the scattering centers.

This might appear as a minor problem, limited to the
evolution of the theory of dislocations and diffraction.
However, all following theoretical developments, like those
made by Krivolglaz®® and by Wilkens,'”!" were based on
the same assumption. This approximation, which is a useful
simplification, may be acceptable in a few limited cases, e.g.,
for geometrically constrained crystalline domains (as in a
polycrystalline microstructure), but it might be quite mislead-
ing for free crystalline domains. The question arises whether
the Eshelby twist can influence the correlation between scat-
tering centers that is the fundamental mechanism underlying
diffraction from crystalline media. In the present work, using
FCC crystalline (Pd and Ir) nanorods as examples, this funda-
mental problem is tackled by using two different approaches:
continuum mechanics with some details added to the original
Eshelby solution, and an atomistic approach, based on
Molecular Dynamics (MD) simulations.
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Il. ESHELBY TWIST BY TWO SHOCKLEY PARTIAL
DISLOCATIONS

The original Eshelby’s paper in 1953 discusses the per-
fect screw dislocation lying along the axis of thin rods.'
However, in FCC crystals, the perfect screw dislocation with
the Burgers vector b = $(110) tends to dissociate into two
partial dislocations having Burgers vectors b:, =¢(121) and

};p =£ (211), because this reaction lowers the total energy of
the system.12 As shown in more detail below, the actual dis-
tance between two partials is limited by the formation of a
stacking fault ribbon with width d (see Fig. 1): the larger the
faulting energy, the smaller the separation between partials.
The screw components with || = 21y

3‘ induce the repul-
sive elastic force ub?/[2nd) per unit length, while antiparal-

lel edge components with \li| = ‘f/’%l generate the attractive

elastic force ub?/[2n(1 — v)d] per unit length between two
partial dislocations, where u and v are the effective isotropic
shear modulus and Poisson ratio, respectively. As the screw
components are larger, the overall elastic interaction
between dislocation pairs is repulsive. In addition, a stacking
fault with energy 7y generates an additional attractive force
(equal to y per unit length). The balance between repulsive
and attractive forces dictates the equilibrium distance

d, = % (b? — l}i). Cubic elastic constants, stacking fault
energy, and lattice constants of Pd were computed, using
the Embedded Atom Model (EAM) potential (see below),
to be, C;;=235GPa, C,=180GPa, C4yu=82GPa, 7y
=169 mJ/m’, ap=0.3890nm."? respectively. Following the
approach of Scattergood and Bacon for the anisotropic elas-
tic medium,m’15 we obtain an effective shear modulus
w=47.5GPa and a Poisson ratio v =0.466. This leads to
d, = 0.318 nm. Such a short distance means the separation
between partials is always much smaller than the diameter of
the nanorod, allowing us to disregard image forces acting on
the dislocation from the free surface of the nanorod.

Because the edge component does not induce any tor-
que, only screw dislocation components contribute to the
twist angle of a nanowire. When a screw dislocation is

2
b 1_7)

FIG. 1. Dissociation of an ideal screw dislocation (a) into two Shockley par-
tial dislocations with separation distance d (b). Stacking fault is generated
between the two partial dislocations after dissociation.
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located at distance 6 from the center, the Eshelby twist

nR?
Weinberger in 2011.'° Summing the twist angles from two

partial dislocations, we obtain 22 ( ‘32) =-b (1 52).

angle per unit length is given by - (1 — 5—2) as shown by

7R? T R) T wR? T R?
. 2, .
Because the correction term % is less than 0.04% when R is

8 nm, we can compute the Eshelby twist angle neglecting
the contribution of the Shockley partial dissociation.

lll. MD SIMULATION OF CYLINDRICAL ROD
NANOCRYSTALS WITH AXIAL SCREW DISLOCATION

We study cylindrical Pd nanocrystals of diameter (D)
and height (H) ranging from 8 to 64 nm, with and without
screw dislocations (described by a shift of the atomic coordi-
nates as u, = b0/[2n))"” along the [hh0] axis, with the FCC
unit cell oriented as shown in Fig. 2. The MD simulations
were performed via LAMMPS code (Large-scale Atomic/
Molecular Massively Parallel Simulator)'® employing the
Embedded Atom Method potential'®' and Langevin ther-
mostat at 300 K combined with a constant NPT (constant
Pressure - O Pa - and constant Temperature) integration with
1 fs time step. Next to an equilibration period of Ins, a time
trajectory of the atomic positions in space was recorded as a
sequence of 100 independent microstructure snapshots
sampled at a time interval of 1 ps. Finally, the space arrange-
ment of the atom coordinates was averaged over the time tra-
jectory so to cancel out any dynamic contribution to the
distortion field.

As clearly visible from a top view (Fig. 2(d)), the screw
dislocation line with Burgers vector b = $(110) splits in two
partials with b, = ¢(121) and b, = 4(211). The picture also
shows the twist resulting from the dislocation shear strain
discussed in Sec. II. The dislocation line and the partials also
seem to be twisted, as shown in Fig. 2(e). This is because
upper and lower parts of the dislocation line split into two
different {111} slip planes with a relative angle of 70.5°.
This configuration is energetically favorable compared to
that in which a dislocation splits into one {111} slip plane,
because per unit length screw dislocations have lower energy
than the edge dislocations and thus the burgers vectors and
dislocation lines become more parallel.

MD simulations show not only the morphology of
the screw dislocation but also the strain field to be differ-
ent from the ideal screw dislocation solution of contin-
uum mechanics. Fig. 3 shows that the dislocation line is
split into two partials (cf. Fig. 2) this introduces a nar-
row region of faulted atomic layer stacking. The two par-
tial dislocation lines are positioned asymmetrically due
to the surface step at the top and bottom surface of the
nanorods. Things are further complicated by the surface
relaxation effect, caused by under-coordination of the Pd
surface atoms. Despite all the complexities, the twist
angle provided by MD simulations closely matches the
one derived from the Eshelby formula of continuum
mechanics (Figs. 4(a) and 4(b)).

All this is shown in detail for both Pd and Ir cylinders
with fixed height and increasing diameter. Similar evidence
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FIG. 2. MD simulation of cylindrical Pd nanocrystals without (a) and with (b) a screw dislocation laying on the [hhO] axis. Crystallographic orientation is sche-
matically shown in (c), whereas the top view in (d) shows details of the dislocation split in partials and the twist, which is also shown in more detail in (e).

condition imposed by the free surface which becomes
increasingly relevant for growing D/H ratio.

Deviations are also observed for the opposite condition,
i.e., very low D/H ratios, although surface effects seem to be

emerged from simulations made in a temperature range of
200K to 600 K. The calculated twist rate closely agrees with
values given by the Eshelby formula, which is little affected
by the split in partials of the screw dislocation. Significant

deviations are only observed for disk-shaped nanocrystals,
i.e., for high D/H ratios, where the twist angle from MD sim-
ulations is markedly smaller than the value from the contin-
uum mechanics models of the previous section. Such
deviations (Figs. 4(c) and 4(d)) are caused by the boundary
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much less relevant for needle-like nanocrystals. Further
details are provided by simulations with a variable step on
the top-bottom surface: it was found that, by increasing Top-
Bottom step on the surface to b, the twist angle increases,
still remaining below the expected Eshelby value.
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FIG. 3. Isotropic (volumetric) (a) and deviatoric (b) strain on [112]/[110] cross sections of MD simulated cylinders with axial screw dislocation for different

diameter (D) and height (H).
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FIG. 4. Eshelby twist angle (a), (c) and rate (b), (d) for MD simulated cylindrical Pd nanocrystals with fixed height (H) and variable diameter (D) (left), and
vice-versa (right). Ideal Eshelby theory refers to a straight line whole screw dislocation, whereas the improved model is from the present paper.

Free surfaces have a marked effect even in the absence
of any line defect. Because of the surface strain field, the av-
erage FCC unit cell of Pd in the MD simulation undergoes a
monoclinic distortion. As shown in Fig. 5 for the cylindrical
domain of Fig. 4, the main effect is that the [h00] cube edge
perpendicular to the [hhO] cylinder axis (cf. Fig. 1) is gener-
ally different from the other two ([h0O] and [OhO]) edges.
The trend changes with the cylinder aspect ratio (D/H), as an
effect of the correspondingly different ratio between lateral
surface and top-bottom surfaces. The presence of the axial
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screw dislocation does not qualitatively change the picture,
but amplifies the distortion, especially for needle-like cylin-
ders (larger lateral surface). It is worth noting the distortion
tends to disappear for the D =H case, which makes the cyl-
inder shape closer to the symmetry requirement of the cubic
elastic tensor.

As expected, the main strain component is deviatoric.
Fig. 6 shows trends of deviatoric strain as a function of the
radial distance from the cylinder axis. MD results refer to the
cylindrical domains of Fig. 5, at half cylinder height ((a), (c)
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FIG. 5. Unit cell parameters (FCC Pd cube edge, refer to Fig. 1(c)) from MD simulated cylinders with different D/H aspect ratios: with fixed (16 nm) height
and varying diameter (a) and vice versa (c). Trends are shown with (dashed) and without (line) screw dislocation laying on the [hhO] axis. Corresponding frac-

tions of lateral surface and top-bottom surface are shown below (b), (d).



164304-5 Leonardi et al.

J. Appl. Phys. 117, 164304 (2015)

=L
o
Ok

PRI S N T S T N
— -+ Ideal profile

_— .
1 (Screw deformation field only) é D16nm H 8nm | ! — == |deal profile £ =LL
| c D 16nm H 16nm ‘ (Screw deformation field only) e 6 nr
_ 1004 D 8m H1énm -5 —— D16nm H32nm|[ £ )
& D 3 L ionm @ D16nm H 64nm 100] \  --o- Twist deformation field only |
£ D64nm H16nm § 10 {8\  --o- Screw & Twist deformation field ]
g k] | —e— MD Screw Dislocation
% g £ —— MD Free standing cylinder(110)
£ 104 E
o 3 £
- F ©
s = F S
3 = [ &
D i L% -, - | .g
(a) ==—.._| 8
1 P ————————————r ——————————t %
4 8 12 16 20 24 28 32 'S
100 dmte 0o o o 000 o b0 0 0 o 8 e g, o
i\ Fa
27 1. 5
52 IR i
© .10 S 3
S c = E
3 g ] DT : P
aa {b) AT PY (d) ,
1T 1+ — — T
(] 4 8 12 16 20 24 28 32 0 1 2 3 4 5 6 7 8

Radial Distance (nm)

Radial Distance (nm)
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and (d)) and near the cylinder bases (b), respectively. The
trend according to the continuum mechanics expression for
an ideal screw dislocation (dash-dot line) in an infinite me-
dium diverges in the core region as &g., = Lﬁnﬁi (obtained as
the deviatoric component®” using the standard equation for
the strain tensor”), whereas MD values are high but finite,
forming a plateau across a finite thickness region around the
partial dislocations.

The infinite medium continuum mechanics expression is
only matched over a short range just outside the core region.
Moving in a radial direction toward the free surface, devia-
toric strain from MD simulations stops decreasing and starts
increasing again, owing to the surface relaxation effect. MD
simulations confirm that cylinder height has no relevance on
the radial distribution of the deviatoric strain (Fig. 6(c)),
whereas near the free basis surfaces of the cylinder (b) strain
trend is flatter, mostly related to the surface relaxation effect.

Results for the D=H = 16 nm cylinder are shown again
in Fig. 6(d). As discussed previously, this is the case where
the cylindrical shape is closer to the elastic symmetry restric-
tions of a cubic phase. The MD trend for the same cylinder
without dislocation, where the deviatoric strain is solely
given by the surface relaxation effect is also shown.
Similarity with trends in Fig. 6(b) is quite evident. These
results explain why there is a marked deviation from the infi-
nite medium continuum mechanics expression. However,
such deviations are diminished by the Eshelby twist, which
is responsible for a deviatoric strain component that
increases with the radial distance, so that the combined effect
(screw and twist) gets closer to the MD simulation.

IV. DIFFRACTION FROM FREE NANOCRYSTALLINE
RODS WITH AXIAL DISLOCATIONS

From the previous discussion, it is quite evident that,
even in the best case (H=D cylinder), the twist tends to

reduce the shear strain considerably with respect to the infi-
nite medium continuum mechanics prediction. In the follow-
ing we discuss how the twist—and more in general, the
complex morphology of dislocations in a free nanocrystal—
influences the scattering of radiation.

Given the atomic coordinates from MD simulations, it
is a simple task to use the Debye Scattering Equation
(DSE)* ™ to calculate the diffraction pattern for a powder
of cylindrical domains, i.e., a powder or a polycrystalline
aggregate made of identical domains with random orienta-
tion. In Fig. 7, the simulated patterns for a powder of D=H
=16nm cylinders is shown for perfect (crystallographic)
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and with screw dislocations, given as scattered intensity as a function of Q,
the wavevector transfer modulus (a). Details are highlighted in (b) and (c).
Patterns are obtained by applying the Debye Scattering Equation to atomic
coordinates provided by MD simulations (see text for details).
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crystals and after the application of atomic displacement due
to screw, twist, and screw plus twist. Here, screw is referred
to the strain field from an ideal screw dislocation in an infi-
nite medium. It is interesting to note that the twist decreases
the broadening of the diffraction peak profiles, which is an
indication of a reduced strain effect with respect to the
screw-only case. Screw is responsible for the split of some
diffraction lines, most notably the (hhO) lines, as a direct
effect of the shear strain of the screw dislocation laying on
the [hhO] axis. This feature is smoothed and disappears when
the twist effect is combined with the shear strain
(screw + twist). Further interesting features can be observed
by comparing powder patterns and corresponding single-
crystal reciprocal space (RS) intensity distributions. This
is shown for Pd cylinders of different diameter and height
(Fig. 8) all with a screw dislocation along the [hhO] axis.
Cylinders with smaller diameters ((a), (b), and (c)) have
broader peak profiles, the broadening being more visible for
increasing Q (b), as the dislocation density is proportionally
larger in a needle-like (low D/H) cylinder than in a flat disk.
Domain shape and strain anisotropy combine to give differ-
ent broadening of the diffraction maxima, a feature most

J. Appl. Phys. 117, 164304 (2015)

easily observed in the corresponding RS map (c) which also
shows the split in two maxima of some reflections. This
effect tends to decrease for increasing diameter, as the corre-
sponding deviatoric strain also decreases with the radial dis-
tance. For the orientation used in (c) RS maps (vertical axis
along [hh0]), the spread of intensity (“streaking”) is caused
by interference from cylinder (parallel) bases, an effect more
pronounced for increasing diameter.

As an effect of the dislocation strain and twist, if the cyl-
inder is long enough, upper/lower regions tend to lose correla-
tion, as if the rod were made of different sub-domains. This is
shown for the powder patterns in ((d) and (e)) and correspond-
ing RS maps (f): here it is clearly visible that the {hh0} peaks,
and all other peaks from atomic planes with the same [hhO]
zone axis (all planes perpendicular to the cylinder circular
cross-section) spread over an angular range. This angular dis-
persion increases with the distance from RS origin as a typical
strain-related effect’® and is more pronounced for lower D/H
values. All of this is in good agreement with the Eshelby for-
mula, as the total twist is proportional to H/D?.

It is worth testing powder diffraction modelling proce-
dures on DSE simulated data. Powder patterns from MD
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simulations can be used as experimental data and analyzed
by a modern Line Profile Analysis, like Whole Powder
Pattern Modelling (WPPM).?”"?° Details on WPPM are eas-
ily found in the extensive published literature: in brief, dif-
fraction line profiles across the whole available powder
pattern are described by profile functions directly related to a
microstructural model of the material; contributions of finite
domain size and lattice defects are simultaneously accounted
for by a convolution of the corresponding line profile compo-
nents. Such a convolution, which supports a least squares
minimization algorithm to fit experimental data (in the pres-
ent case, DSE patterns from MD simulations), is carried out
in terms of Fourier Transforms (FT) of the profile compo-
nents arising from the different microstructural effects. No
arbitrary adaptive profile functions are used, and the entire
powder pattern can be modelled in terms of a few micro-
structural parameters. In the present case, the contribution of
the finite cylindrical crystalline domains is represented by a
corresponding analytical FT and allows refining D and H,*°
whereas dislocation strain broadening is described by the FT
expression given by the Krivoglaz-Wilkens theory.®™'' The
latter involves the Burgers vector modulus (related to the Pd
unit cell parameter, a, as b =a/ fz), average dislocation
density, p, effective outer cut-off radius, R,., and average
contrast factor, Cpyq,'''? expressing the anisotropy of the
dislocation strain field for the given slip system and the ani-
sotropy of the elastic medium.""

According to the theory, the outer cut-off radius should
be about twice the radius of Wilkens’ restrictedly random
dislocation region,m’11 which in this case reasonably coin-
cides with the cylinder diameter D, whereas the dislocation
density, for a cylindrical domain, should theoretically be
4/[rD?, i.e., the inverse of the circular cross-section area.

Fig. 9 shows the WPPM result for the D=H=16nm
cylinder without (a) and with (b) the screw dislocation along
the [hhO] cylinder axis. The two powder patterns were mod-
elled together, linking corresponding parameters. The result
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for the cylinder free of line defect is nearly perfect (flat resid-
ual), with refined cylinder size values in close agreement with
the expected ones. It is indeed possible to fix D=H=16nm
in the WPPM analysis with no significant effect on the model-
ling quality. The small but measurable strain caused by sur-
face relaxation was modelled in terms of a microstrain
function similar to that proposed by Adler and Houska,**3*
with the important additional consideration of strain anisot-
ropy. The latter was based on a fourth order invariant function
of the Miller indices first proposed by Popa.*"*%

In the WPPM analysis of the cylinder with screw dislo-
cation (Fig. 9(b)), the strain broadening component from sur-
face relaxation was convolved with the dislocation strain
broadening component. WPPM is not as perfect as in Fig.
9(a), a result visually demonstrated by the modelling resid-
ual. Refined parameters correspondingly differ from the
expected values: results are shown in Fig. 10 for cylinders of
different sizes, all with a dislocation along the [hhO] axis.

Refinements tend to be unstable when all parameters are
simultaneously optimized. For this reason a strategy was
adopted to limit free parameters. Best results (i.e., better
agreement between refined parameters and nominal values
of dislocation density, cut-off radius and cylinder (H and D)
size) were obtained for cylinders with D=H (open green
symbols) which, as already pointed out, better conform
to the restrictions of Pd cubic symmetry. However, refined
dislocation density is always smaller than the nominal
(4/[nD?)) value, which implicitly assumes the strain field of
an ideal straight dislocation. This is clearly the effect of the
Eshelby twist, which partly relaxes the shear strain of the
dislocation. Deviations are larger for D # H cylinders, with
the only significant exception of the H= 16 nm, D =64 nm
cylinder where the twist (proportional to H/D?) is smallest,
so the strain field is closer to a screw dislocation in an infi-
nite medium (red full squares).

It is interesting to see the result for cylinders of different
height and constant (fixed) D= 16nm (blue full squares). As
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FIG. 9. WPPM results for the powder pattern of a D =H = 16 nm cylinder without (a) and with (b) a screw dislocation along the [hhO] cylinder axis. Details
are shown in the insets. Data are obtained from MD simulations (circle), whereas the line is the least-squares modelling (WPPM) result. Line below (residual)
is the difference between data and WPPM result.
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along the [hhO] axis. See text for details.

in previous cases the refined dislocation density is systemati-
cally smaller than (about half) the nominal value. In addition
to that, for increasing H, which in this set of simulations also
means increasing H/D, refined heights increasingly deviate
from the expected values. As in Figs. 8(d) and 8(e), this is
caused by a larger than expected broadening, which is seen by
the modelling as a smaller H effect. Same comments as those
concerning Figs. 8(d), 8(e), and 8(f) hold here: in cylinders
with high H/D (i.e., needle-like cylinders) the upper/lower
regions of the crystalline domain tend to lose correlation
because of the twist. The latter, for a constant diameter, line-
arly grows with the cylinder height, causing a progressive loss
of correlation which is read by diffraction as a domain size
effect: cylindrical nanocrystals appear as made of smaller,
incoherently scattering sub-domains along the [hh0] axis.

To better understand this feature, besides referring to the
RS map in Fig. 8(f), it is interesting to see RS maps and pow-
der patterns for the same cylindrical rod with no dislocation.
Cylinders with D = 16 nm were made of two H= 16 nm parts
one on top of the other, with the upper one rotated by differ-
ent angles around the common [hhO] axis (and no shift from
the ideal structure spacing). These additional MD simula-
tions mimic the twist effect in a sharper and more extreme
way. Fig. 11 shows RS maps with reflections from atomic
planes sharing the [hhO] (cylinder axis) zone axis (same ori-
entation as in Fig. §(f)): all points tend to split forming two
clearly distinct maxima, a feature clearly visible for tilt
angles larger than ~0.5°. The analogy to the twist effect is
quite evident: the spread of intensity over an angular range
in Fig. 8(f), given by the progressive loss of correlation
caused by the twist, here is replaced by the split of intensity
maxima when the two H=16nm cylinders are misaligned
by more than ~0.5°.

A WPPM analysis of the corresponding powder patterns
shows (Fig. 11) that for tilt angles >1.5° coherence between
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FIG. 11. Reciprocal space maps for D=16nm cylinders made of two
H=16nm parts, rotated by different angles around the cylinder axis (a).
WPPM results for D and H are shown in (b), whereas (c) shows a detail of
the modelling in the angular region encompassing the (hh0O) peak of cubic
Pd, and (d) the difference between simulated pattern and WPPM.

the two half-cylinders is completely lost, so that powder dif-
fraction “sees” completely separate (incoherently scattering)
domains of exactly H=16nm. Transition from H=32nm
single-crystal to two H= 16 nm crystals is observed across a
tilt angle range, between about 0.2° and 1.5°, where WPPM
provides intermediate H values.

As a fine feature of these simulations, it is interesting to
observe the evolution of the modelling quality for the (hhO)
peak (Figs. 11(b)-11(d)). Data simulated by the DSE, being
powder diffraction patterns from a cubic (Pd) phase, include
profile sub-components from all equivalent combinations of
Miller indices; these are 12 for the {hhO} family, two of
which refer to the cylinder axis, [hhO], which is the only
direction along which correlation is not influenced by the
tilt. This is the reason why the modelling, which is nearly
perfect with no tilt, gives a significant residual for large tilts
(above 1.5°), when crystalline domains appear to be
D=H=16nm for all other directions. In some way, this
detail shows the global robustness of the WPPM approach,
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and of powder diffraction in general, as the final result is
determined by the whole pattern, with contributions from
many peaks and as many different crystallographic
directions.

V. CONCLUSIONS

Dislocations in nanorods are significantly different from
the straight line model frequently employed by continuum
mechanics, but the solution proposed by Eshelby is in good
agreement with the observed twist angle and deviatoric
strain, even though it ignores surface stress and the splitting
of dislocation into two partials.

In this work by using atomistic simulations we have
proved that dislocations in nanorods produce effects that can
be observed using either single-crystal or powder diffraction
techniques. Thus laying the groundwork for experimental
observation and data analysis. The most significant results
we observed were:

(1) The Eshelby twist equation should be corrected to include
the splitting of dislocations into partials, even if the effect
on the twist angle is negligible, for diameters that are
large compared to the distance between the partials;

(2) Twist angle values based on atomistic simulations analy-
sis using a standard EAM approach are in good agree-
ment with Eshelby continuum mechanics predictions,
despite the differences between the ideal straight line
screw dislocation assumed in the Eshelby model, and a
more realistic atomic structure offered by MD, where the
dislocation line is split into partials and is itself twisted;
moreover, the strain field is also partly affected by the
free surfaces, because of the surface relaxation effect
(lower coordination of surface atoms). Significant devia-
tions from Eshelby formula are observed in disk-like cyl-
inders, where the free surface constraint and strain are
more relevant than in needle-like rods.

(3) Free surfaces and axial dislocation cause a distortion of
the crystal lattice; this can be seen either in terms of dis-
tortion of the average cubic unit cell of Palladium or as
deviatoric strain across the cylindrical nanocrystal. The
latter significantly deviates from the traditional (contin-
uum mechanics) expression for an ideal screw disloca-
tion. Unlike the latter, strain in MD simulations (i) does
not diverge in the core region, and (ii) does not decay
monotonously with the distance; on the contrary, devia-
toric strain increases again in the surface region because
of the surface relaxation effect; in general, observed
strain results from a combination of shear strain and
twist effect, which MD simulations show to be (iii)
always smaller than the strain predicted by the ideal con-
tinuum mechanics expressions (which refer to an ideal
straight dislocation line in an infinite medium).

(4) All these features are visible in diffraction patterns, for
both single crystals and powders. In agreement with the
previous comments, an analysis of the powder pattern
gives dislocation densities always below the nominal
(4/[=D?)) value. This is a further confirmation that the
Eshelby twist partly relaxes the shear strain of an axial
dislocation in a free rod. In addition to that, the twist
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weakens the correlation between more distant regions of
the cylindrical domain, up to the point that needle-like
nanocrystals appear as made of sub-domains (i.e.,
smaller sections along the cylinder axis) which scatter
incoherently.

All these features should be relatively easy to observe in
diffraction experiments on single-crystals or powders, thus
providing a powerful tool for the study and practical applica-
tions of twisted nanocrystalline rods.
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