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ABSTRACT Recent progress in achieving high degrees of monodispersity in
chemical synthesis of complex nanostructures creates the unique situation in
which individual nanostructures become representative for the whole ensemble.
Under these conditions, atomistic simulations can play a completely new role in
interpreting structural data obtained from averaging techniques. We apply this
approach to fivefold twinned Ag nanowires for which the existence of an ambient-
stable tetragonal phase in the nanowire core has been recently proposed.
Quantitative comparison of experimental X-ray diffraction data with atomistic

— experiment
— simulation

(200)

44 45 46
20in deg

calculations unequivocally shows that the diffractograms can be fully explained by the complex strain state and defect structure of fivefold twinned Ag

nanowires with fcc crystal structure. In addition, our approach enables rapid and accurate determination of wire diameters by a modified Scherrer analysis

which uses a database generated by atomistic simulations.
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he success of nanotechnology hinges

on the controlled fabrication of mil-

lions to billions of identical nanostruc-
tures. This is because size, shape and
composition critically influence the physical
properties exploited in functional devices,
like plasmonic resonances of metallic
nanostructures'? and band gaps of quan-
tum dots.>* New techniques to control the
shape of increasingly more complex nano-
structures are developed.>® The need for
identical nanostructures has spurred tre-
mendous progress in achieving high de-
grees of monodispersity using concepts
like templating,” self-limited growth,®° sur-
factant molecules,’®'" external stimuli,'*'3
or by applying advanced classification
schemes.'® Further optimization of synthesis
routes requires quantitative characteriza-
tion of large ensembles of nanostructures.
A comprehensive characterization is further-
more important for the development of
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quantitative physical models and in identifying
novel structure—property relationships.
Nanostructures are typically character-
ized individually using microscopic (e.g.,
transmission electron microscopy (TEM))
techniques or as ensembles by spatially
averaging (e.g., X-ray diffraction (XRD))
methods. Currently, spatially averaging
techniques are often used for quality con-
trol, whereas microscopic studies on indivi-
dual nanostructures are more and more
combined with atomistic modeling, which
nowadays allows the material specific simu-
lation of large and complex nanostructures.
So far, the direct comparison of XRD and
atomistic simulations has been limited to
very small nanocrystals'>~'” or nanocrystal-
line materials.'® 22 Hardly any work exists
that exploits the feasibility of atomistic
simulations to quantitatively model XRD data
of larger and more complex nanostructures. A
different approach is to probe single isolated
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nanostructures in sophisticated X-ray diffraction set-
ups at beamline facilities, e.g., the study on the com-
position and strain of a Ag/Au core—shell nanowire
using coherent X-ray diffraction.”> However, the now
achievable, unprecedented degrees of monodispersity
open up new possibilities to use atomistic simulations
for the quantitative evaluation of averaged data easily
accessible from widely used laboratory equipment.

Wet-chemical or gas synthesis routes for the fabrica-
tion of nanostructures usually do not result in a well-
defined crystallographic orientation on a substrate.
Powder diffraction data obtained in Bragg—Brentano
geometry are therefore frequently used for estimating
nanoparticle size and internal strain based on concepts
like the Scherrer formula or Williamson-Hall plots.2*
However, these concepts rely on approximations which
are generally not applicable in the case of complex
nanostructures.?®?” For highly monodisperse nanopar-
ticles with a distinct structure, a direct comparison with
simulated diffraction data based on atomistic models is
expected to be much more appropriate.

An example for such nanostructures are fivefold
twinned Ag nanowires in which five twin boundaries
intersect at the nanowire axis and, due to the closure
error between the twin segments, create considerable
internal strain, see Figure 1A,B. These nanowires are
not only fascinating because of their unique structural
properties,®®3 but have recently attracted consider-
able interest due to their use in transparent
electrodes®?~3* for organic solar cells.**~3” Ag nano-
wire networks deposited by doctor blading or spray
coating have already reached the low sheet resistance
and high optical transmission of state-of-the-art sput-
tered ITO films and, moreover, show advantages with
respect to their fabrication and mechanical properties
making them particularly interesting for flexible elec-
tronics. The dimensions and the strain state of these
nanowires have a large influence on their stability and
mechanical integrity and play a key role for their
performance in transparent electrodes.38°

Recently, Sun et al*" used high-resolution X-ray
diffraction to study the internal structure of fivefold
twinned Ag nanowires. On the basis of the observation
of peak splitting, which is not expected for the face-
centered cubic (fcc) crystal structure of bulk silver, a
novel body-centered tetragonal phase has been pro-
posed. The authors conclude that the “fivefold twin-
ning structure is key to the formation and stability of
this tetragonal phase”, which is stable “even at ambient
conditions”.*' The new silver phase is supposed to be
stabilized in the core of the nanowires. This claim is
supported by the observation that galvanic removal of
the core results in a gradual loss of peak splitting in
in situ XRD experiments. However, no comparison of
experimental X-ray diffractograms with calculated dif-
fractograms based on an atomistic model has been
done at any stage of the work.
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Figure 1. Structure of fivefold twinned nanowires: (A) crys-
tallographic directions, (B) closure of the 7.35° gap by a
positive partial wedge disclination, (C) atomic strain state in
the simulated relaxed fivefold twinned Ag nanowire (d* =
29 nm). The shown segment is in the same orientation like
the one highlighted in (B). Introduction of coordiante
system of crystal directions which is used throughout this
work. The coordinate system refers to the segment shown
with bold lines.

In the present work we use atomistic simulation
based on semiempirical many body potentials in com-
bination with XRD experiments to study the inner
structure of monodisperse fivefold twinned Ag nano-
wires. Experimental X-ray diffractograms are measured
in Bragg—Brentano geometry exploiting the texture
effect of nanowires dispersed on a substrate. The size
distribution and defect structure of the nanowires are
independently evaluated by TEM. Molecular statics
simulations are employed to produce equilibrium
atomic configurations of the fivefold twinned nano-
wires, which in a second step are used to calculate
X-ray diffractograms. For this, the well-known Debye
formula is modified to account for texture. The com-
plementary experimental and simulation approach
allows us to confirm that fivefold twinning in combina-
tion with the naturally occurring disclination strain field
accommodating for the 7.35° angular gap consistently
describes the inner structure of the nanowires. There is
no need to introduce an “ambient-stable tetragonal
phase” as suggested by Sun et al.*' Moreover, features
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in the diffractogram sensitive to plastic strain relaxa-
tion are identified. Finally, a modified Scherrer analysis
for quick and reliable determination of wire diameters
is established which is very useful for practical applica-
tions. Our exemplary study shows the great potential of
using atomistic simulations for quantitative evaluation of
X-ray diffractograms of monodisperse nanostructures.

RESULTS AND DISCUSSION

To first illustrate the expected strain state of the
fivefold twinned Ag nanowires, Figure 1C shows the
strain distribution inside one segment of a representa-
tive nanowire (diameter d* = 29 nm) calculated from
molecular statics simulations as described in the
Materials and Methods. The four different strain com-
ponents, 7, 1y, 1. and 7, are represented as color
maps overlaid onto the atomic configuration, while #,,
and 7, have been observed to be zero. To increase the
wedge angle of a perfect fcc segment from 70.53° to
72°, the segment has to be strained in tension along
the [101] direction and/or in compression along the
[010] direction (using the coordinate system intro-
duced in Figure 1). The tensile strain along [101] is
reproduced in the atomistic calculations by the red and
yellow color in the 7,, map. The strain is not uniform
but is largely localized at the upper center part of the
segment adjacent to the nanowire surface. Similarly,
the compressive strain along [010] reproduced by the
blue color in the 7, map is not uniform. In this case, the
strain is largest close to the center and at the very
surface of the nanowire due to surface relaxation. The
strain in the cross-sectional plane also introduces strain
712z along the wire axis via transversal contraction. Due
to the applied periodic boundary conditions, #,, is
uniform across the wire section. Finally, the shear strain
7xy is most pronounced along the twin boundaries.
Regarding the size effect on the strain state of fivefold
twinned Ag nanowires, the strain distribution has been
found to be self-similar for the investigated sizes.

Figure 2 summarizes results of a microscopic evalua-
tion of the real Ag nanowires selected for this study.
First, Figure 2A shows a scanning electron microscopy
(SEM) image of Ag nanowires dispersed on a silicon
substrate, similar to the situation in the X-ray diffraction
experiment. The preferential orientation of nanowires
parallel to the substrate surface is clearly visible.
Figure 2B shows a typical plan-view TEM image of
nanowires dispersed on a C-foil. The variation of the
contrast along the wire axis is due to slight bending of
the wires giving rise to bend contour contrast. The
ensemble of nanowires appears to be monodisperse.
To evaluate the size distribution of the nanowires, the
projected diameters d of 99 nanowires have been
measured from plan-view TEM images at higher reso-
lution. The corresponding diameter distribution is
depicted in Figure 2C and is characterized by a mean
diameter of 32.6 nm and a standard deviation of
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Figure 2. Microscopic evaluation of fivefold twinned Ag
nanowires: (A) SEM image of nanowires dispersed on a
silicon substrate, (B) CTEM plan-view image of nanowires
dispersed onto C-foil, (C) HRTEM image of nanowire cross
section prepared by shadow FIB (see Supporting Informa-
tion for better resolution of HRTEM image), (D) distribution
of projected diameters d of 99 nanowires measured from
CTEM plan-view images.

4.2 nm. From the HRTEM image of a typical wire cross
section shown in Figure 2D, the fivefold twinned
structure is clearly visible. (The image is available in a
better resolution in the Supporting Information.) The
real wires slightly deviate from the ideal structure
depicted in Figure 1A, which was used for the atomistic
simulations in Figure 1C. The wire surface is slightly
rounded, thus deviating from {100}. Moreover, the
intersection line of the five twins is generally slightly
displaced from the center of the wire. Finally, the real
wires often contain some stacking faults inside the
segments indicating that part of the internal strain is
released by the glide of partial dislocations, which are
incorporated in the twin planes.*? In contrast to the
rather uniform wire diameter, these features slightly
deviate from wire to wire. Therefore, we consider the
fully strained wire shown in Figure 1C to be the most
reasonable model to start with. Of course, the above-
mentioned deviations from ideal wire geometry and
internal structure have to be taken into account when
comparing experiments and simulations as will be
shown for X-ray diffractograms.

Figure 3 illustrates the geometry of our XRD experi-
ments in direct and reciprocal space. Due to Bragg—
Brentano geometry, only lattice planes parallel to the
substrate contribute to the measured diffractogram
corresponding to scattering vectors h perpendicular
to the substrate surface. Since the dispersed nanowires
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(111) (200) (220) (311)(222)

Figure 3. Schematic illustration of experimental setup ex-
ploiting the texture effect: (A) sketch of fivefold twinned
nanowires dispersed on a substrate, inset exemplarily
showing (020) planes of one segment being in condition
for strong diffraction; (B) drawing of the reciprocal space of
one fivefold twinned nanowire (only kinematically allowed
reflections up to (222)); blue and bluish reflections corre-
spond to one segment as highlighted in (A); plane illustrates
circular averaging over red and blue reflections due to
rotational degree of freedom of nanowires. The inset shows
a possible XRD diffractogram.

lie flat on the substrate, only lattice planes parallel to
the wire axis are expected to contribute corresponding
to scattering vectors in the cross-sectional plane of the
wires. At intersection points, nanowires lie on top of
each other thus deviating from the flat geometry.
However, unless the local curvature is considerable,
low-index diffraction vectors not contained in the wire
cross section will hardly reach Bragg condition. Aver-
aging over the whole sample, the signal can therefore
be expected to be almost exclusively determined
by scattering vectors perpendicular to the wire axis.
This geometric texture effect allows us to probe
selectively the cross-sectional size and strain state of
the fivefold twinned nanowires. Assuming that the
rotational orientation of the nanowires on the
substrate is statistical, which is strongly supported by
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Figure 4. X-ray diffractograms of Ag nanowires: from ex-
periment (red curve), calculated from simulation of relaxed
fivefold twinned nanowire (d* = 29 nm) (blue curve), calcu-
lated from unrelaxed fivefold twinned nanowire (d* =
29 nm) with atoms displaced according to the analytical
displacement field of a positive partial wedge disclination
with @ = 7.35° (cyan curve) for a linear elastic isotropic
material. Dashed lines indicate theoretically expected peak
positions for perfect fcc Ag (a = 0.409 nm).

our results (see below), the diffraction intensity of
many nanowires is determined by rotational averaging
(or integration) in a plane perpendicular to the nano-
wire axis in reciprocal space, as sketched in Figure 3B.

The experimental diffractogram of dispersed Ag
nanowires is depicted in Figure 4A (red curve). The
individual diffraction peaks are shown enlarged in
Figure 4B. The peak positions are considerably shifted
with respect to the values expected for perfect fcc Ag
(dashed vertical lines), which is a direct consequence of
the lattice strain in the nanowires (cf. Figure 1C). In
agreement with the tensile strain #,, of the (220) lattice
planes and the compressive strain 7,, of the (200)
lattice planes, the corresponding peaks are shifted to
smaller and larger 26-values, respectively. However, a
more detailed analysis of the peak positions and peak
breadths and their relationship to the nonuniform
strain and finite size of the nanowires requires a
detailed quantitative study based on the results of
atomistic simulation.

To achieve this, X-ray diffractograms have been
calculated from the relaxed atomistic configurations
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using kinematic diffraction theory as described by the
well-known Debye formula.** To account for the geo-
metric texture discussed above, the spherical integra-
tion has to be replaced by a circular integration in the
plane perpendicular to the wire axis in reciprocal space
(cf. Figure 3B). A similar approach has been employed
to enhance the interpretability of X-ray diffractograms
of nanocrystalline materials."® ?*The resulting diffrac-
tion intensity /(h) of an atomistic configuration of N
atoms of same kind with atomic scattering factor f(h) is
given by
I(h) o< f(h)2[N +/ p(ri)o2rthr) dri] (1)
0
with the pair distribution function p(rj’) of the config-
uration, rji’ the projected distance of two atoms onto
the cross-sectional plane and J, the zero order Bessel
function of the first kind (see Supporting Information).
To be able to directly compare the calculated dif-
fractograms to the experimentally observed, the calcu-
lated diffractograms have been modified by polarization
factor, Lorentz factor, geometry factor and Debye—Waller
factor. To account for the occurrence of Cu-Ko.1 and -Koi2
radiation in the experiment, these have been superposed
in the calculated diffractograms (for more details see
Supporting Information). Finally, to study the effect of
nanowire size on the diffraction profile and to find the
“best fit” to the experimental measurement, X-ray dif-
fractograms have been calculated for nanowires with
different diameters ranging between 13 and 45 nm.
Figure 4 directly compares the experimental X-ray
diffractogram discussed above (red curve) and the
calculated X-ray diffractogram constituting the “best
fit” (blue curve). The best fit was obtained by adjusting
the nanowire size in the simulation until the breadth of
the dominating (111) peak equals the experimental
value, which resulted in a nanowire diamter of d* =
29 nm. Almost identical diameters (£1.5 nm) are
obtained when the breadths of the diffraction peaks
(200) or (220) are used instead (see below). On the basis
of the fact that the atomistic simulations are carried out
with an idealized nanowire structure and that the wire
diameter is the only parameter that has been adjusted,
an excellent agreement between calculated and mea-
sured X-ray diffractograms is achieved. For the (111),
(200), (311) and (222) diffraction peaks, the simulation
nicely reproduces all the observed peak shifts as well as
the peak breadths and peak heights (see Figure 4 and
Table 1). Only the (220) peak is not perfectly reproduced
showing significant differences in peak position and
peak height. The main characteristics of the diffraction
peaks for the Ag nanowires, i.e., peak position and peak
breadth (FWHM), are summarized for the experimental
data and the shown “best fit” simulation in Table 1.
To show the applicability of disclination theory to
the microstructure of fivefold twinned nanowires, one
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TABLE 1. Peak Positions and Peak Widths of X-ray
Diffractograms of Fivefold Twinned Ag Nanowires from
Experiment (20naxexpr FWHM.,,) and from Relaxed
Simulation d* = 29 nm (20 ax,sim» FWHM;,); Theoretical
Peak Positions (20,,,) for a = 0.409 nm fcc Silver

Zglheo/ zemax,exp/ FWHMexp/ ngax,sim/ FWHMsim/

peak (deg) (deg) (deg) (deg) (deg)
m 38.11 38.07 0.42 38.06 0.42
200 4429 44.80 0.83 44.75 0.84
220 64.44 64.05 0.72 63.87 0.69
M 71.39 78.19 1.02 78.10 1.03
222 81.53 81.43 0.84 81.38 0.94

more X-ray diffractogram has been calculated. The
analytical linear elastic solution for the displacement
field of a w = 7.35° positive partial wedge disclination in
a cylindrical disk of isotropic material as described by
De Wit* has been applied to an unrelaxed atomistic
configuration with atoms positioned according to the
perfect fcc lattice in the five nanowire segments. The
calculated X-ray diffractogram, which has been added
to Figure 4 (cyan curve), shows that already the analy-
tical disclination strain field nicely accounts for the
observed peak positions, peak heights and peak
breadths of (111), (200), (311) and (222). The corre-
spondence is however not as good as for the “best fit”
obtained with atomistic simulation. This is expected
since the analytical model is based on isotropic elasti-
city and does not include surface effects.

The nanowire diameter of d* = 29 nm obtained by
adjusting the calculated XRD diffractogram to the
experimental one is only slightly smaller than the value
of d = 32.6 nm derived from plan-view TEM images
(cf. Figure 2). This further supports that the idealized
nanowire structure used in the atomistic simulation is
an appropriate model for the real nanowires. The
slightly smaller diameter obtained with the “best fit”
simulation indicates that one (or more) sources of peak
broadening in the real nanowires are not correctly
reflected in the model. (It has, however, to be noted
that the definition of d* as the diameter of a cylinder of
equivalent cross-sectional area in the simulations dif-
fers from the observed projected diameter d in plan-
view CTEM.) Most likely, peak broadening results from
the presence of extended defects which partly release
lattice strain, like partial dislocations in the twinning
planes connected to stacking faults.* Strain releasing
lattice defects could also explain why the (220) diffrac-
tion peak in the experimental X-ray diffractogram is
shifted from the “best fit” simulation (blue) toward the
expected peak position for a perfect fcc lattice (dashed
line). Interestingly, the other two diffraction peaks
sensitive to strain, (200) and (311), are nicely described
by the “best fit” simulation and do not show corre-
sponding shifts toward the perfect fcc peak position.
This may be explained by the fact that dislocations

VOL.8 = NO.2 = 1629-1638 = 2014 F@L@Mi{\)

WWwWW.acsnano.org

1633



incorporated in the twin planes mainly release strain
in the outer part of the nanowires. According to
Figure 1C, the tensile strain 7, parallel to [202] is
strongest in this part of the nanowire and is thus
expected to be most strongly affected. In contrast,
the compressive strain 7,, parallel to [020] is concen-
trated in the center of the nanowire and is thus
expected to be largely unaffected by the presence of
dislocations in outer regions of the nanowire. This
argumentation is further supported by the pro-
nounced shift (in the expected direction) of the (220)
peak in a diffractogram calculated for a nanowire with
a single partial dislocation connected to a stacking
fault (see Supporting Information).

How can we understand the discrepancy between
our results and the recently reported findings by Sun
et al. who investigated similar Ag nanowires and
observed “noticeable peak splitting not expected for
the fcc phase”?*' (For the reader's convenience and the
subsequent discussion, their peak profiles are repro-
duced in Figure 5A.) On the basis of these profiles and
the gradual loss of peak splitting during transformation
of the Ag nanowires into Ag—Au alloy nanotubes, they
proposed the existence of a “novel ambient-stable
tetragonal phase” of Ag in the core of the nanowires.*'
The apparent discrepancy can be easily resolved by
taking into account the absence (or low degree) of
texture in the diffraction experiments by Sun et al. In
their diffraction studies the Ag nanowires were sand-
wiched between Kapton tapes and the X-ray diffracto-
grams were taken in transmission mode. Even though
it is unlikely that the orientation of the nanowires is
completely random a pronounced texture has ob-
viously not been established by this preparation. In
fact, Sun et al. reported that the same peak splitting
occurred for nanowires dispersed in solution.

In the following we show that our atomistic simula-
tions can also explain the peak splittings in the experi-
mental X-ray diffractograms by Sun et al. To account
for a random orientation of the Ag nanowires in
calculated X-ray diffractograms, the well-known Debye
formula has to be used instead of eq 1. For a mona-
tomic configuration of N atoms having atomic scatter-
ing factor f(h), the intensity is proportional to

oo

I(h) =< f(h)* [N +/ p(ry)sinc(rhry) dr;] )]

0
utilizing the pair distribution function p(r;), r;; being the
distance between atom j and j (see Supporting Infor-
mation for more details). In contrast to eq 1, the Debye
formula in eq 2 averages over all possible crystal
orientations implying that there is no preferential
orientation or texture effect.

Figure 5B shows the X-ray diffractogram of a relaxed
fivefold twinned Ag nanowire (d* = 45 nm) calculated
with eq 2. To allow for a direct comparison with the
peak positions in the experimental X-ray diffractogram
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Figure 5. Comparison of (A) high-resolution X-ray diffracto-
grams of Ag nanowires reported by Sun et al.*' and (B)
calculated from simulation of relaxed fivefold twinned
nanowire (d* = 45 nm) with a wavelength of 0.042460 nm.
Dashed lines indicate theoretically expected peak positions
for perfect fcc Ag (a = 0.409 nm).

by Sun et al. (Figure 5A), the same wavelength (1 =
0.042460 nm) was used in the calcuation. Before
directly comparing the calculated diffractogram with
the experimental one, the position, shape and splitt-
ing of the individual diffraction peaks revealed in
the simulation are discussed with respect to the
strain state of the fivefold twinned Ag nanowires
(cf. Figure 1Q).

The {200} peak is split into two peaks due to two
different strain states for the (200) directions. Following
the coordinate system from Figure 1, the [010] direction
shows compressive strain (as already discussed),
whereas the [100] and [001] directions show the same
amount of tensile strain, as they lie between the tensilely
strained [101] and [101] direction and are symmetric
with respect to the strain state. This results into a peak
splitting shifting the (020) peak to higher 26-values and
the (200) and (002) peaks to smaller 26-values. As can be
seen from Figure 5B, the peak intensities follow a 1:2
ratio with the (020) peak being broader than the (200)
and (002) peak. This could easily be explained by a
stronger distribution in the strain state along [010] than
along [100] and [001] as the latter get contribution from
the uniformly strained [101] direction. However, the
dimensions of the scattering volume also change with
the different orientations in the wire, which also has an
influence on peak breadth.

The {220} peak is split into three distinct peaks
corresponding to three unequivalent {110) directions
in the symmetry of the strain state. The [101] direction
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(lying in the cross section) shows a distribution of
significant tensile strain (as discussed above), while
the [101] direction representing the wire axis shows a
uniform tensile strain of only about 0.2%. The other
four independent (110) directions lie within the twin
planes inclined to the wire axis and are mainly affected
by the compressive strain state in [010] direction. These
three different strain states can be assigned to the
three distinct {220} peaks in the calculated X-ray
diffractograms. The significantly tensilely strained
[101] direction corresponds to the {220} peak at the
lowest angle while the [101] direction with its uniform
but small tensile strain corresponds to the peak in the
middle, being only slightly shifted to lower angles from
the perfect fcc position. The other (110) directions and
their compressive strain state correspond to the {220}
peak at the right having the largest overall intensity. As
before, the comparison of the breadths of the peaks
corresponding to the [101] and [101] directions could
be explained by the effect of broadening due to strain
state distribution versus uniform strain not considering
the influence of different dimensions of the scattering
volume with different orientations. Similar considera-
tions can be made for the {111} and {311} peaks.

The direct comparison of panels A and B in Figure 5
shows that all the peak positions and peak splittings
observed by Sun et al. are reproduced by our calcula-
tions based on atomistic simulations. The minor differ-
ences between the experimental and simulated X-ray
diffractograms can be ascribed to several influences.
On the one hand, the simulations have been executed
for a nanowire of d* = 45 nm diameter, the largest
diameter considered in our simulations, whereas the
experiments by Sun et al.*' have been performed on
nanowires with an average diameter of 85 nm. This
leads to a larger broadening of the peaks in the
simulated X-ray diffractogram in comparison to the
experimental one (see also Figure 6 for an estimate on
the effect of size on peak breadth). On the other hand,
the distribution in diameters for the experimental nano-
wires leads to a peak broadening in respect to the
simulation. The effects of temperature (Debye—Waller
factor) and diffraction geometry (polarization, Lorentz
and geometry factor) have not been taken into account
in this simulation, which would lead to a dampening of
the intensities with increasing angle. Moreover there
might have been some texture effects in the experiments
due to the huge aspect ratio of nanowires as well as inner
defects of the nanowires differing from the perfect
geometry in the simulations (see Supporting Information
for the effect of defects on the peak profiles).

The fact that the data by Sun et al.*' are overall well
reproduced by our simulations again confirms that
fivefold twinned Ag nanowires are well described by
an fcc phase with a complex but continuous strain
distribution resulting from the partial wedge disclination
compensating for the angular gap in the fivefold twinned
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Figure 6. FWHM of the peaks observed in simulated X-ray
diffractograms of relaxed fivefold twinned Ag nanowires in
dependence of the diameter d* (red) (lines are linear inter-
polations between data points); the FWHM observed in the
experiment is drawn as green horizontal line, the FWHM of a
simulated diffractogram of an unrelaxed fivefold twinned
Ag nanowire with atoms in positions according to a perfect
fcc lattice is drawn as blue cross, relationship according to
Scherrer formula plotted as black dashed line.

microstructure. Obviously, there is no need to introduce a
novel body-centered tetragonal phase of Ag for inter-
preting the XRD data.

Arelated discussion about a potential new phase has
been held in the literature regarding multiply twinned
decahedral and icosahedral nanoparticles.**>' Multiply
twinned decahedral nanoparticles exhibit a similar mi-
crostructure as the fivefold twinned nanowires. The only
difference is that they do not have a lateral extension (in
the direction denoted [101] in Figure 1A) but are
bordered by 10 {111} surface facets giving the nano-
particle the shape of a pentagonal bipyramid.?® The
microstructure of multiply twinned icosahedral nano-
particles consists of 20 subunits and is thus more
complicated to compare to fivefold twinned nanowires.
However, both types of multiply twinned nanoparticles
are built from cubic crystals and exhibit the same closure
error between the twin segments as the fivefold twinned
nanowires. On the basis of conventional TEM studies, the
group around Heinemann and Yacaman concluded that
multiply twinned decahedral Au nanoparticles possess a
body-centered orthorhombic crystal structure, as neither
gaps nor an inhomogeneous lattice strain could be
detected.*>~*® The group around Marks et al. performed
a thorough theoretical analysis of the energetics of multi-
ply twinned structures.>’ Their comparison of the models
assuming a homogeneous body-centered orthorhombic
crystal structure or an inhomogeneous strain state of
the fcc structure due to a disclination clearly shows the
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energetic favorability of an inhomogeneous strain state in
the case of decahedral nanoparticles.®® In a following
experimental work, Marks showed the occurrence of
inhomogeneous strain in multiply twinned nanoparticles
revising the works by Heinemann, Yacaman and co-work-
ers but underlines the issue of uniqueness of the
interpretation.®® In the meantime, the model of inhomo-
geneous strain appears to be generally accepted for the
case of multiply twinned nanoparticles. The capabilities of
modern equipment brought further insight, e.g., the work
by Johnson et al.>> who mapped the strain distribution in
decahedral Au nanoparticles using aberration-corrected
high-resolution TEM. Very recently, Ophus et al.>® investi-
gated the strain distribution in multiply twinned deca-
hedral RhPd nanoparticles using HRTEM focal series
reconstructions in tandem with molecular statics sim-
ulations. Both studies clearly show the presence of inho-
mogeneous strain further supporting the model of dis-
clination induced strain in multiply twinned nanoparticles
with fcc crystal structure.

Our results for fivefold twinned Ag nanowires are in
line with the described findings for nanoparticles.
However, we emphasize that it is beyond the scope
of the present study to show the uniqueness of the
interpretation of the XRD data in terms of an atomistic
model. Rather our approach starts with a reasonable
atomistic model (strained fcc segments to fill the
angular gap) which is structurally relaxed in atomistic
simulations. From the resulting atomic configuration
XRD data are calculated and compared with experi-
mental XRD measurements. On the basis of our results
we can firmly conclude that there is no need to
introduce a novel phase of Ag since the normal fcc
phase with its elastic properties can already nicely
explain the experimental data. The fact that the atomic
configuration resulting from the molecular statics si-
mulations clearly exhibits an inhomogeneous strain
state (Figure 1C) further supports the model of inho-
mogeneous strain as a homogeneous strain state
(structurally equivalent to the proposed body-centered
tetragonal phase) would have been a possible out-
come of the simulations as well, especially as such a
state has been used as initial configuration before
relaxation.

Finally, in view of the application of XRD for quick
characterization of nanowires, one may ask: What can
be learned from 6 — 26 diffractograms of monodis-
perse nanowire samples without carrying out exten-
sive atomistic simulations, like in the present paper? Is
it possible to directly deduce the diameter of the
nanowires in a way similar to the Scherrer formula?
Since the (111) peak is least affected by lattice strain, it
is near at hand to use the breadth of this peak for
evaluation of the nanowire diameter. With the use of
the results of the atomistic simulation, the relationship
between the nanowire diameter and the (111) peak
breadth is depicted in the top part of Figure 6.
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The diagram furthermore shows the relationship given
by the simple Scherrer formula (with geometric param-
eter A = 1.0), the peak breadth observed in the experi-
ment (green horizontal line) and the simulation of a
strain-free nanowire with atoms in positions according
to a perfect fcc lattice of d* = 29 nm diameter (blue cross).
As expected, the Scherrer formula strongly underestimates
the nanowire size since the coherent volume for diffraction
is reduced by the fivefold twinning. More precisely, the
coherent diffraction volume is reduced to the size of one
segment of the fivefold twinned nanowire, with the only
exception being the {111} lattice planes, which are
common to two adjacent nanowire segments. In addition,
the maximum coherent volume may be further reduced
by the presence of strain and defects. The lower part of
Figure 6 shows the same plots for the (200) and (220)
peaks, for which similar observations can be made.

With the use of a database of FWHM as function of
nanowire diameter created from atomistic simulations
(red curvesin Figure 6), it is possible to directly evaluate
the wire diameter for a monodisperse sample from the
peak breadths in experimental X-ray diffractograms
without having to worry about all the complicated
effects of the particular microstructure. Such a mod-
ified Scherrer plot accounts for all the effects of size,
strain and inner defects that are described in the
atomistic simulation. The transfer of this approach to
other nanostructures from the great diversity of today's
nanotechnology is expected to be fruitful.

CONCLUSIONS

In summary, atomistic simulations based on semi-
empirical many body potentials have been combined
with XRD experiments to gain insight into the inner
structure of fivefold twinned Ag nanowires. The strong
texture effect of nanowires dispersed on a flat sub-
strate on XRD in Bragg—Brentano geometry has been
exploited to selectively study size and strain in the
cross-sectional plane of the nanowires. The direct
comparison of experimental X-ray diffractograms with
calculated diffractograms based on atomic coordinates
from relaxed atomistic simulations or from the analy-
tical displacement field of a partial wedge disclination
convincingly demonstrates the applicability of discli-
nation theory to describe the fivefold twinned micro-
structure. This leads to the conclusion that fivefold
twinned Ag nanowires are well described by the
normal fcc phase in the strain field of an w = 7.35°
positive partial wedge disclination. There is no need to
introduce a “new” body-centered tetragonal phase of
Ag (as suggested by Sun et al.*") to explain the experi-
mental findings.

Our case study demonstrates the great potential of
atomistic simulation to characterize nanostructured
samples in tandem with XRD experiments if the samples
show good monodispersity. The atomistic simulations
can account for the intricate effects of size, strain fields

VOL.8 = NO.2 = 1629-1638 = 2014 F@L@Mi{\)

WWwWW.acsnano.org

1636



and defects and, therefore, allow a feasible characteriza-
tion by XRD experiments. With a modified Scherrer
analysis, the data provided in this work can be readily
used to evaluate the diameters of fivefold twinned Ag

MATERIALS AND METHODS

On the experimental side, fivefold twinned Ag nanowires
similar to those used in transparent electrodes for organic solar
cells**~37 have been chosen for the study. For statistical evalua-
tion of the wire diameters, the nanowires have been dispersed
on a C-grid and studied by conventional TEM (CTEM). With the
use of a shadow FIB (focused ion beam) technique,54 individual
Ag nanowires have been cut into cross sections thin enough for
high-resolution TEM (HRTEM). CTEM and HRTEM investigations
have been performed with a Philips CM300 microscope and
an aberration-corrected FEI Titan® 80-300 microscope, respectively.
X-ray diffractograms have been acquired in Bragg—Brentano
geometry using a Bruker D8 Advance diffractometer. To suppress
diffraction contributions from the substrate, the nanowires have
been dispersed on a vicinal (911) Si wafer. The 6 — 26 diffracto-
grams have been acquired for the range of 8° < 260 < 100° with a
step size of 0.014°, and the background has been subtracted using
a spline approximation. To ensure the machine calibration, a
corundum standard calibration sample has been used.

On the simulation side, equilibrium configurations of fivefold
twinned Ag nanowires at 0 K have been calculated by energy
minimization using the fast inertial relaxation engine (FIRE)*® to
accommodate for the complex situation of fivefold twinning.
The atomic interaction was modeled by the embedded atom
method (EAM)*®*” using the interaction potential for Ag by
Williams et al.>® The initial configurations of the perfectly
pentagonal fivefold twinned nanowires with five {100} surfaces
have been built placing atoms according to the lattice constant
a = 0.409 nm given from the potential properties with a
prestrain in tangential direction to compensate for the resulting
misfit (compare Figure 1B). During optimization, the box length
was allowed to change to reach an overall stress free state of the
nanowire. Concerning the simulations, the diameter d* is
defined as the corresponding diameter of a cylinder of equal
cross-sectional area. Periodic boundary conditions (PBC) have
been applied along the nanowire axis to simulate infinitely long
nanowires. The boxlengths were larger than 10 nm. The strain
state in the relaxed configurations has been analyzed using the
atomic strain tensor.> Visualization was done using ParaView.®
The calculation of X-ray diffractograms based on atomistic
configurations of the nanowires is described in the main text.
To study the effect of size on the X-ray diffractograms and
furthermore find the best fit to the experimental data, d has
been varied between 13 and 45 nm in the atomistic simulations.
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nanowires from XRD in Bragg—Brentano geometry. We
anticipate the use of atomistic simulation to become a
key element in the quantitative XRD analysis of nano-
structures and nanostructured materials.

section, effect of size on X-ray diffractograms, effect of defects
on strain state and X-ray diffractograms. This material is avail-
able free of charge via the Internet at http://pubs.acs.org.
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