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Publishialstract (max 200-250 words)
The elastic and plastic deformation of a gold nanowire tested in three-point bending

configuration using the custom-built scanning force microscope SFINX was studied in-situ by

Laue micro-diffraction. A new data treatment method, which ba7$ on the integration of

diffraction patterns recorded along the deformed nanostructure, j ﬁ%ﬁed visualizing both

movement and shape of the diffraction peaks as a function the,_measurement position.

Besides bending, torsion is evidenced during the elast Qfsr.mation originating from a
—

misalignment of the SFINX-tip of the order of 60 nm with re#ect to the nanowire center. As

demonstrated by post-mortem Laue micro-diffra tigq_mafo‘), the plastic deformation is governed
! -

by the storage of geometrically necessary@ . Analyzing the shape of the diffraction
peaks, the activation of two unexpected sl s is found which does not coincide with the

slip systems with the highest resol ed% stress. These unexpected slip systems are probably
Sq

related to the dislocation nucl aR ss at the clamping point, which is influenced by the

local curvature.

Keywords: plasticity geg\gally necessary dislocations (GNDs), nanowire, in-situ three-
£

point bending tei},/% ic

-diffraction
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Publishingl. Introduction

Since the first mechanical tests on microwhiskers in the 1950s [1,2], studies have
demonstrated that the mechanical behavior of micro- and nanostructures differ from their bulk
counterpart e.g. showing higher yield strengths with values near the.theoretical limit of the
materials for some of the defect-free macro-pillars and nanowires [3;4]. Most of these micro-
and nano-mechanical tests were conducted in uniaxial testing configuration applying either a
tensile or a compressive stress. When plasticity sets inf dislocations tend to glide through the
structures before they can interact with each other [5];«atvariance with what happens at
macroscopic scales. In tension tested single-crystalline Au’nanowires, for example, dissociated
dislocations are generated as leading partials'with*higher Schmid factors. After nucleation, these
partial dislocations rapidly glide thrqugh the,nanowire leaving stacking faults behind, which
accumulate and eventually lead to'23dwinformation [6—8].

Bending is evidently a more cemplex mechanical test, which is less well studied especially at
the nanoscale. However the tmderstanding of bending behavior is crucial for many practical
situations such as fofiflexible electronics or MEMS devices. As pointed out by Nye in the 1950s
[9], in bending_tésts,“dislocations can be non-uniformly stored to minimize the strain energy
during meghanical loading, and are thus required for the compatible deformation of various
parts of the crystal. Recently, Konijnenberg et al. demonstrated that the bending deformation
for “RIB “fabricated cantilever micro-beams is mainly accommodated by the storage of
geometrically necessary dislocations (GNDs) [10]. Contrary to these micron-scale cases, some
recent molecular dynamics (MD) simulations suggest that at the nanoscale the bending is

accommodated by the formation of wedge-shaped twins similar to the ones observed in
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Publishiwgaxial tension tests [11,12]. While most studies reported in literature focused on the
cantilever bending of micrometer sized beams prepared via FIB milling [10,13-18], reports on
plastic bending experiments for defect-scarce nanostructures are limited. To further explore the
deformation mechanism for the bending at the nanoscale, in-situ three-point bending test is
performed on an as-grown Au nanowire in combination with“Laue/ micro-diffraction in the
present work. Based on the rotation of the Au crystal alofg«the*nanowire, the deformation
profile is extracted, which is further compared with finite<element method (FEM) simulations.
Combined with post-mortem Laue micro-diffraction maps ‘and SEM characterization, the
activated slip systems are discussed shedding additional light on mechanisms of plastic bending

in defect-scarce nanomaterials.

2. Experimental
In-situ three-point bending teSts _are‘performed using the custom designed scanning force

microscope SFINX [19], which istigstalled at the French CRG-IF beamline BM32 at the European
Synchrotron (ESRF) in GrghobleFrance) as schematically illustrated in the Fig. 1(a). The incident
polychromatic X-raydbeam with an effective energy range between 5 and 25 keV is focused
down to 400 nm*(V)« 500“nm (H) on the sample surface using a pair of Kirkpatrick-Baez (KB)
mirrors. The flueréscence yield is monitored using a Rontec XFlash 1001 energy-resolved point
detector_and«the diffracted X-rays are recorded by a MarCCD165 detector with 2048 x 2048
pixels ofi80 um in size, which is mounted at a distance of 70 mm and 90° with respect to the
incident beam (angular resolution of the detector around 0.065°).

Single-crystalline and nominally defect-free Au nanowires were grown by physical vapor

deposition on carbon coated tungsten or molybdenum substrates [3]. For three-point bending
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Publishitegts, the growth substrate was rubbed against a Si substrate patterned with 10 um wide and
1.5 um deep Si micro-trenches, transferring the as-grown Au nanowire. Some of the randomly
distributed Au nanowires cross Si micro-trenches forming self-suspended nano-bridges. To avoid
any sliding during mechanical testing, these Au nanowires are clamped to the Si supports by
depositing carbon from the residual gas in a SEM chamber. As illustrated in Fig. 1(b), the growth
direction of these Au nanowires is along [011] [7] and thefAy namgwites lie down on the Si
substrate with one of their <111> side facets [20]. The jlength of.the nanowire is around 19 um
and the width of the nanowire is about 360nm, which is similar to the size of the X-ray beam.
Bragg coherent X-ray diffraction imaging as well as_Laue micro-diffraction on similar nanowires
revealed that the suspended nanowire parts are. frée of both strain and defects However,
blurred diffraction patterns recorded for nanewire parts on top of the Si supports suggest that
the transfer process might affect thesstrain state in these nanowire sections [20].

For nano-mechanical testing, firstly, pre-selected nanowires are located by AFM imaging
using SFINX (noise around 10 nm) and mapping of the Au Ly fluorescence with the X-ray beam.
Subsequently, the SFINX-tip is positioned above the center of the self-suspended nanowire and
then lowered at a constant‘speed of 2 nm/s using the piezoelectric z-stage installed in SFINX.
The loading‘process is interrupted after each 50 nm displacement of the piezoelectric stage and
Laue micko-diffraction patterns are recorded along the deflected nanowire in steps of 770 nm
bysratating the downstream KB mirror in steps of 0.004° (calibration factor = 192 um/degree).
FachiKB.can takes around 3 min, where 13 diffraction patterns are recorded along the
suspended part of the nanowire. In this way, the complete deformation profile of the deflected

nanowire is measured via the recently developed KB scan approach, which avoids potentially
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Publishieeg ructive vibrations to the nano-mechanical testing equipment [21].

After the complete retraction of the SFINX-tip, a Laue micro-diffraction map is recorded
along the deformed Au nanowire in steps of 500 nm employing the sample translation stage.
The finer step size yields a diffraction map with higher intensity and spatial resolution. However,
the measurement positions are also slightly difference between<the jn situ and post mortem
diffraction map, which is compensated by comparing both<of them *to the SEM image. A
background Laue micro-diffraction pattern is recorded ofithe bare Si surface a few micrometers
distant to the Au nanowire. The nanowire deformation_iS additionally simulated within
continuum elasticity by the finite element method{FEM) using COMSOL Multiphysics taking into
account the exact nanowire geometry, the elasticieonStants of bulk Au, and considering the Au

nanowire being thoroughly clamped.

3. Laue microdiffraction dafaanalysis
For data treatment, the ‘background diffraction pattern is first subtracted from the

nanowire diffraction pattérns,“semoving the Si diffraction peaks and enhancing the visibility of
the Au Laue spots (sé€e Fig. S1%q supplementary material). The Au diffraction patterns are then
indexed employing the LaueTools software [22], and the Au crystalline orientation is extracted
as an orientation matrix (called UB matrix in the following) considering at least eight Laue spots
(The X directien of/the lab coordinates is along the beam direction, the Z direction perpendicular
tothe 2D detéector). Employing this indexing process, one-dimensional orientation maps along
the'nanowire are generated, which are presented as the deviation angles 0 for three distinct Au
crystalline directions (Au [111], Au[011], Au[211]) (further details can be found in the

supplementary material). These three crystalline directions correspond to the top surface


http://dx.doi.org/10.1063/1.5054068

E I P | This manuscript was accepted by J. Appl. Phys. Click to see the version of record. |

Publishidigection, the nanowire growth axis, and the direction perpendicular to the loading plane,
respectively.

One-dimensional orientation plots present the rotations of the crystal lattice which are
caused either by elastic deformation or by the presence of unpairedddislocations. However, for
weak diffracting objects such as the nanowires, extracting “the absolute orientation by
indexation is sometimes hindered by some eventual blukring«of the diffraction peaks.
Furthermore, as pointed out by Nye [9], three-diménsionalk measurements of the crystal
orientation are needed to calculate the curvaturg of the.atomic lattice and to deduce the
density of stored GNDs. Extracting the GND configuration from one-dimensional orientation
maps requires additional assumptions, whiekh compénsate for components missing in Nye’s
tensor [23]. Thus, in the present wark, an“alternative experimental strategy is developed to
further track the lattice rotation algng the.nanowire under mechanical testing. In this approach,
the background subtracted diffraction_patterns recorded at the same deformation state are
summed up generating igtegrated diffraction patterns. Thus, each integrated diffraction pattern
reflects a complete @rientation<profile of the deflected Au nanowire. Analogous to diffraction
patterns measured ‘using a pencil beam oriented parallel to the nanowire long axis, the
displacements and the shape of the Au Laue spots along the nanowire are clearly visualized as
contingous pathsOn the detector (see Mov. S1 in the supplementary material). Compared to a
pencil beam measurement, the experimental approach described in the present work, however,
provides /additional information about both the measurement position and the shape of
individual Laue spots. Similar to ref. [24], quantitative analysis of each individual diffraction

pattern is then achieved by comparing these paths to the ones produced by the relative rotation
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Publishiofgthe Au crystal along the nanowire around defined crystallographic axes.The orientation

matrix after a certain rotation is described with the following equation

cos(w) -—sin(w) 0
UBexpectea = UBorigin " C- \Sin(w) cos(w) (E{ - C71 (1)
0 0

1
where w is the rotation angle and C is the transformati@ between the crystal

coordinates (x, y, z axis along the three principal crystalline iFE)tion and rotation coordinates
T—
ez

(z’ axis is the rotation axis, x’, y’ axes are orthogonalQ} Considering the geometrical
parameters of the detector, these different orientétion matrices can be expressed as different

positions of the diffraction intensity on the di which eventually predicts the movement
a

and elongation direction of the diffraction pea a certain rotation.

~

The movement of the diffract n.%a ives access to the rotation along the nanowire
N

similar to 1D orientation maps. FSW ding in the vertical plane, the Au crystal along the

nanowire rotates around the [mﬂn the present work. The calculated deviation angles for
the top surface directi% 11]) and the growth direction (Au[011]) of the nanowire
coincide with the bending apgl s of the nanowire, while the deviation angle for the direction
perpendicular the ding plane (Au[211]) is zero. The transformation matrix C can be

written as

o / 0 1/V3 —2/V6
=~ ). C=|12 13 1/V6 (2)
)

K -1/NV2 143 1/V6

S

which predicts the expected path of the diffraction peaks for a pure vertical bending.

Combined with equation 1, the expected orientation matrix after this rotation is calculated,
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Publishing Considering edge dislocations, the 12 slip systems in FCC crystals induce rotations around
the 12 different <112> axes, thus generating 12 independent movements and streaking
directions of the Laue spots (as illustrated by Fig. S3 in the supplementary material). In Laue
diffraction formalism [25,26], the principal elongation direction of/the Laue spots is usually

referred as € direction, which is perpendicular to both the disloGation line direction 7 and the

momentum transfer vector % While the activation of a single slip.system causes movement
and streaking of the diffraction peaks in a well-defined “erystallographic direction, the
simultaneous activation of multiple slip systems results inca’movement that is defined by a
linear combination of the corresponding crystalling rotations. Hofmann et al. [27] illustrated
experimentally that already a single dislocation in awdnostructure leads to large bending angles
as compared with what happens in{the bulk. The induced pronounced rotation field may
significantly afffect the peak shape“as it\will be demonstrated for a plastically deformed Au
nanowire in the present work. This_combination of diffraction peak shape analysis with a simple
model provides additional information about the local rotation field within the probed volume
giving access both to.the’ activated slip systems and to the spatial distribution of the stored

dislocations (see section 4.2).

4. ReSults
A ssequence ff integrated background subtracted Laue micro-diffraction patterns at

differentudeformation states during a three-point bending test is presented in Fig. 2 with the
insetdisplaying the enlarged area around the Au 222 Laue spot. A movie showing the complete
evolution of the integrated diffraction patterns can be found in the supplementary material (see

Mov. S2). In the initial state (see Fig. 2(a)), when the SFINX-tip does not touch the nanowire, a
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Publishiglight spread of the diffraction peak positions is apparent, which corresponds to a small
variation of the Au crystalline orientation on the order of 2°. This small deformation might be
related to an unintentional folding of the cantilever part of the nanowire during the alignment
process (see post-mortem SEM image in Fig. 4(a)). At a movement of the piezoelectric z-stage of
200 to 300 nm the SFINX-tip gets into contact with the nanowire®and the integrated diffraction
patterns start evolving continuously. With increasing load, the Laue diffraction peaks describe
larger and larger elliptical paths on the detector (see Fig2 (b=d)). At the piezo movement of
1200 nm, the paths of the diffraction peaks splitginto twae_sémi-circles, which are separated
around the loading point. In a first approximation, the eontinuous change observed at small
movements of the piezoelectric stage is attriQuted td the elastic bending of the Au nanowire,

while the discontinuous change at Az 2 1200 is ascribed to plasticity.

4.1 Elastic deformation: bending +torsion
For understanding the coniifuQus evolution of the integrated diffraction patterns, the

movement of the Au 222/Late spot on the detector recorded at the piezo movement of 1100
nm is exemplarily présented in Fig. 3(a). The displacement of the Laue spot on the detector is
determined by tHe variation. of the deviatoric strain and/or the misorientation of the Au crystal
along the suspendéd nanowire. During bending, the deviatoric strain varies linearly through the
thickness of'the nahowire with an average value close to zero [28,29]. It is thus neglected within
a first approximation and the displacement of the Laue spot is solely attributed to the variation
of the Au krystalline orientation.

A“pure bending induces a rotation around the [211] axis along the nanowire, which

corresponds to an almost horizontal displacement of the Au 222 diffraction peak as indicated by

10
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Publishithg red line in Fig. 3(a). Thus, bending alone cannot explain the observed elliptical path.
Introducing an additional torsion leads to a rotation around the Au [011] direction
corresponding to a vertical displacement of the Au 222 spot on the detector (as illustrated by
the black line in Fig. 3(a)). The elliptical path observed for the Au 222 Laue spot can thus be
produced by combining these two kinds of rotations. From the cénter,of the Au 222 Laue spots
at each of the 13 measurement positions along the suspendéed-nanowire (highlighted by red full
dots in Fig. 3(a)), the bending and torsion profiles are/deduced_as presented by red and blue
open circles in Fig. 3(b), respectively. Close to the Si*suppects{positions 1 and 13), the Au 222
Laue spot is located next to the Si 004 diffraction"peak indicating that the crystalline orientation
of the Au nanowire is close to its initial state.thus;befiding and torsion angles are set to zero at
these two positions. For the suspended part.of the nanowire, the bending angle exhibits an
expected sine like variation ranging $rom':6° to +6° with the maxima observed at around half-
distance between the clamping“and«the loading point (positions 4 and 10). In contrast, the
torsion angle increases linearlysreaching a maximum of 9° at the loading position (position 7)
where the bending dnglefis approximately zero (see Fig. 3(b)). According to FEM simulations,
this additional torsionuis caused by a misalignment € of the SFINX-tip with respect to the center
of the nangwireswidth. As evidenced in Fig. 3(b), the bending and torsion profiles measured in
the experiment are well reproduced considering an applied force of 2.1 uN and a misalignment
ofshe SFINX-tip of 57 nm.

While so far, we mainly focused on the Au 222 Laue diffraction peak, similar results are
obtained for the other Laue spots as illustrated by Fig. 2(d). The continuous evolution of the

integrated diffraction patterns thus directly translates into an increasing bending and torsion of

11
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Publishitig nanowire during the three-point bending test. The peak-to-peak values for the bending and
the torsion angles at each deformation state are inferred from height and width of the ellipse
described by the Au 222 Laue spots in the integrated diffraction patterns, which are displayed in
Fig. 3(c) and (d), respectively. With increasing movement of the piezoélectric stage the peak-to-
peak value of the bending angle increases from 2° to 13° andithe/maximum torsion angle
increases from 0° to 9°. While the bending increases rapidly atssmallloads and starts to saturate
at larger Az, the torsion shows a steeper slope for higher<oads making it important for large
deformations. FEM simulations describe well the eXperimental’bending when defining Az = 270
nm as the contact point of the SFINX-tip. The discrepancies between the simulation and the
experimental bending angles at small Az may«be atiributed either to the slight deformation of
the Au nanowire at the initial state o to the“igtermittent contact at small loads. Regarding the
torsion, the experimental data do ‘mot show a continuous evolution and, hence cannot be
reproduced by FEM simulations egnsidering the same misalignment € over the whole range.
Different misalignments€g (20 and 60 nm) of the SFINX-tip with respect to the center of the
nanowire width do noet significantly affect the simulated bending angles, whereas the simulated
torsion increases_almost linearly with €. The scattered torsion thus might indicate that the
SFINX-tip slides on the nanowire during the loading process leading to the misalignment in the

range between20 nm and 60 nm.

4.2 Plasticity
4.2.1 Storage of GNDs

At the piezo movement of 1300 nm, the SFINX-tip is retracted from the nanowire. A one-

dimensional orientation map of the Au nanowire after complete unloading, which is

12
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Publishigugerimposed with a post-mortem SEM image, is presented in Fig. 4(a). According to the
movement direction of the Laue spots in the corresponding integrated diffraction pattern (see
Fig. 4(b)), the nanowire is divided into three sections, which are marked with four points. In the
center of the self-suspended nanowire, the post-mortem SEM imagg  rgveals a kink evidencing
the plastic deformation of the nanowire. In vicinity to the kink, laue micro-diffraction data are
missing because the diffraction intensity was below the detectionimit suggesting a strongly
perturbed crystalline lattice, i.e. a large number of gtored “dislocations. The discontinuous
evolution of the integrated diffraction pattern at thé piezo'movement of 1200 nm (see Fig. 2(e))
might indicate the kink formation around the loading pasition. Close to the Si supports (position
i and iv), all deviation angles are close to 0° indicating’that the nanowire is thoroughly clamped
during the deformation. Between the Si supgport and the kink (from position i to ii, and from
position iv to iii), the diffraction peaks move continuously on the detector implying a continuous
variation of the Au crystalline orfentation. The deviation angles of the wire direction (Au [011])
and the top surface difection_ (Au [111]) increase continuously to 13° and -16.5° when
approaching the nanQwirg center from the left-hand side and the right-hand side, respectively.
On the other hand, the deviation angle along the Au [211], which is the direction perpendicular
to the loading plane, does not exceed 4° all along the nanowire. Since the diffraction map is
recorded.after the complete unloading, the elastic strain within the nanowire is neglected, in a
firsteapproximation, and the large variation of the crystalline orientation observed is thus

attributed to the storage of geometrically necessary dislocations (GNDs).

13
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Publishing  4.2.2 Activated slip systems

In the post-mortem Laue micro-diffraction map (Fig. 4(b)), the movement of the Laue spots
does not coincide with any of the expected directions for the 12 slip systems generated by edge
dislocations in FCC crystals (see Fig. S3 in the supplementary materidl). Instead, the change of
the crystalline orientation shown in Fig. 4(a) can well be explained by the combination of two
simultaneously activated slip systems. Inverse pole figurescalculated for the <112> poles (as
presented in Fig. S4 in the supplementary material)revealithat the measured crystalline
orientation follows very accurately the expected rotatien induced by the [011](111) slip
system for the [121] pole and the [211] pole, whereas,itloes not match any of the expected
rotations generated by other slip systems“for the other <112> poles. This leaves only two
possibilities for a second activated slip system; either [101](111) or (011)[111]. The shape of
the diffraction peaks give access‘te, the\local rotation field induced by GNDs stored in the
material, and thus provide additignakinformation on the activated slip systems. Comparison of
the streaking directions ifiduced by the two aforementioned slip systems with the shape of the
diffraction peaks (a§_illustrated by Fig. S5 in the supplementary material) yields a good
accordance between'the streaking caused by [101](111) dislocations and the vertical spread of
the Laue spbts, ‘whereas the streaking direction induced by (011)[111] dislocations does not
show any.correspondence with the shape of the Laue spots. Thus, the GNDs stored are inferred
asombination of [011](111) and [101](111) slip systems, which induces rotations around the
Au[241]@and the Au[121]axes. The upper and lower borders of the trapezoidal shaped
ditfraction peaks can be well reproduced by a linear combination of rotations around these two

axes with ratios of 9.5 and 5.8, respectively (see Fig. 6). While this linear combination describes

14
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Publishiwgl! the shape of the diffraction peaks between the left Si support and the kink (positions i and
ii) as well as for some of the diffraction patterns close to the right Si support (position iv), the
measured Laue spots increasingly deviate from this prediction when approaching the kink from
the right-hand side. This presumably is caused either by elastic/strain or by additionally

activated slip systems.

4.2.3 Number of stored GNDs
According to Nye [9], the plastic rotation of a cpystal by.an-angle A8 is directly related to the
density of stored GNDs:

h JAY?) 3)
PenDeT b

where b is the Burger’s vector, and L\is the _probe length along b. Considering a single edge
dislocation and t being the effective thickness along the slip plane direction, the lattice rotation
induced by a single dislocation is desetibed by the following equation:
ABsingle = b/t (4)

The effectife thieknesS in nanomaterials is limited by the specimen size. As illustrated
experimentally by Hofmann et al. [27], a single dislocation line within a nanostructure induces a
sharp chalige of thedattice rotation similar to a tilt boundary in a bulk specimen (see Fig. 6(a)
and (b)). When two edge dislocations of two different slip systems are present in a nano-object
(ilustrated by the red and blue lines in Fig. 6(c)), each of them induces a separate rotation
around its corresponding <112> axes. With different line directions, the two dislocations divide
the'crystal into four parts exhibiting four different combinations of rotations. This distribution of
lattice rotations spreads the diffraction peak into two directions on the detector.

15
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Publishing  For the [011](111) and the [101](111) slip systems observed in the nanowire, multiple
dislocations are stored within the nanowire. As indicated by the blue and red lines in Fig. 6(d),
the dislocation line for edge dislocations of [011](111) type is perpendicular to the nanowire
axis while it is tilted by 30° for the [101](111) type dislocationd Considering a nanowire
thickness of 90 nm, each [011](111) and [101](111) type dislocation induces a rotation of
0.18° around Au [211] and 0.06° around Au [121], respectively, Within the probed volume, for
one rotation angle around the Au [211] axis, a multitlide of ‘rqtation angles around [121] is
present leading to the vertical lines separating thediffractien.peaks in Fig. 5. The ratio of these
two rotations differs across the nanowire width corespending to the upper and lower border of
the diffraction peak.

Connecting the positions with thé same“rgtation angles on the two sides of the nanowire
width (see Fig. S6(e) in the supplementary material), the distribution of the stored GNDs is
extracted as presented by Fig. 6(&), A'maximum of 15 [011](111) and 6 [101](111) type GNDs
is found close to the left clamping point (position i) and the number of stored dislocations
steadily decreases towards position ii. The angle between the line directions of the two slip
systems varies_ between 27° and 58°. Considering only edge dislocation, the line direction is
given by the slipxsystem and the angle are thus fixed. In the case of dislocations with screw
compaonents, ‘however, the line direction of the slip system is no longer fixed, which may
geheratestheariation of the line directions. Taking this into account would, however, require

three=dimensional calculations which are out of the scope of this work.

16
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Publishings. Discussion
The traditional indexation process measures the crystalline orientation on a 3D real space

grid allowing for decomposing the curvature tensor into contributions from different slip
systems [9]. The peak shape analysis developed in this work can be cénsidered as a projected
3D measurement of the crystalline orientation. Since there are only 9<independent components
in Nye’s tensor but 18 distinct dislocation types (edge and screwy), no“unique solution exists for
the slip systems. However, considering the finite dimension“ef ourspecimen and the continuity
of the dislocation lines within the specimen, the activation of the slip systems described above
is the most reasonable solution.

Contrary to the findings by Laue micre-diffraction, the resolved shear stress (RSS)
distribution, calculated for the 12 slip systems._using FEM in the framework of continuum
anisotropic elasticity considering the ‘complete experimental configuration (angle between
nanowire and Si micro-trench,/misalignment of SFINX tip) for Az = 1100 nm is maximal for the
[101](111), [110](111), J£01](111)5and [110](111) slip systems (see Fig. 7). It is thus similar
to a perfect plane strain hending (see Table 1 in the supplementary material) despite a
significant amount of torsion/being present during the in-situ three-point bending test and tilt of
the nanowiredwith respect to the Si support. Therefore, in spite of a very precise account of the
imperfectiens/of the nanomechanical test, they cannot account for the observed plastic
behavior. Theldiscrepancy of our experimental findings with respect to the simulations might be
related t@ the dislocation nucleation process within the nanowire. Actual three-point bending
tests<contain points of stress concentrations at the loading position and at the clamping points

(as illustrated by maximal RSS at these positions in Fig. 7).
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Publishing At the loading position (between position ii and iii in the post-mortem diffraction map), a
kink is observed after plastic deformation. While the post-mortem SEM image may suggest a
glide band where most of the dislocations escaped at the nanowire free surfaces, the non-
detectable low diffraction intensity at this position indicates a strohgly perturbed crystalline
lattice caused by the storage of a large number of stored GNDs at this position. Comparing the
integrated Laue micro-diffraction patterns recorded in-sitiwithsthe" post-mortem pattern
provides further information on the starting point and the“evolution of plasticity. A sequence of
the integrated Au 331 diffraction peak extracted from-theleft-hand side of the loading point for
piezo movements of 1100, 1200, and 1300 nm are presented in Fig. 8(a), (b), and (c),
respectively. With increasing load, the shape.as wellas the movement of the diffraction peak
gradually approaches the one after unloading, which is indicated by yellow lines (position i to ii
in the post-mortem diffraction map). As pointed out by Kirchlechner et al [18], in the
nanomaterial this broadening may “be_caused either by the storage of dislocations or by an
inhomogeneous strain distribution. While the broadening of the diffraction peak for Az > 1200
nm is mainly due t@_the' storage of GNDs, the slight deviation of the peak shape and the
increased peak widthat highest load (Az =1300 nm) are attributed to a remaining torsion and an
additional ithomggeneous strain within the loaded nanowire, respectively. The less pronounced
streaking.of the diffraction peaks from the Si support towards position ii implies that the GND
density ‘diminishes (see also Fig. 5(a)). Hence, it is reasonable to assume that dislocations
obseryed/after unloading are nucleated at the clamping position. As demonstrated in section 4,
the streaking of the Laue spots mainly corresponds to the rotation of the Au crystalline lattice.

In the vicinity of the clamping point, the peak broadening remains the same during and after
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Publishilgding indicating that the local lattice rotation at this position does not change. Thus, at this
position the GNDs are stored according to the curvature tensor as described by Nye [9]. Along
the nanowire, the broadening gradually spreads from the clamping point. The final GND
distribution might thus not only be influenced by the stress state determined by the complete
wire profile, but also by the local rotation at the nucleation position./The local rotation in the
vicinity of the clamping point is affected by the orientation the nanewire with respect to the Si
ridges which is about 114° as illustrated in Fig. 1. Since ghe:Si ridges are more rigid than the Au
nanowire, their edges impose a certain shape to the'bent nanoWwire which differs from a perfect
three-point bending test, thus leading to localizedrotations. As shown by the FEM simulations
in Fig. 3(b), slight variations of the torsion exist close to the two clamping points, which deviate
from the linear increase observed in the rest«wf the nanowire. The unexpected slip systems are
energetically the most favorable dnes accommodating the best the deformation geometry in
the vicinity of the clamping. Théy might be the L2 minimized solutions for Nye’s tensor at the
clamping point [9].

Before the discofitinuity in“the evolution of the integrated diffraction patterns at Az = 1200
nm (Fig. 8(a)), broadened diffraction peaks are already observed near the Si support, which
might be related«to the nucleation of dislocations. While the in-situ study presented here shows
the overall behavior (elastic and plastic) of the Au nanowire during a three-point bending test,
theloading stéps are too coarse to detect the very first dislocations nucleated and stored within
the"anowire. In addition, the inhomogeneous elastic strain within the bent nanowire broadens

the diffraction peaks and, thus hinders the detection of the first defects. Therefore, dedicated
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Publishiingtu investigations are needed with smaller loading steps and intermittent unloading to verify

the elastic deformation and determine the nature of the GNDs at the clamping points.

6. Conclusions
In conclusion, the elastic and plastic properties of three-foint)bent Au nanowires are

investigated by in-situ Laue micro-diffraction. A new datastreatment method employing the
integration of Laue micro-diffraction patterns is described, ‘which allows for visualizing the
movement of the diffraction peaks along the nanowire and.extfact the actual elastic and plastic
deformation. For the elastic deformation, both“hending/and torsion are present. While the
former is evidently expected, the latter is“caused by a misalignment of the SFINX-tip with
respect to the center of the nanowirewidth*ef the order of 60 nm. For the plastic deformation,
detailed peak shape analysis furthérallows for counting the number of stored dislocations and
points to the activation of thef011](111) and the [101](111) slip system which are
unexpected and in contradiction with recent MD simulations predicting the formation of wedge-
shaped twins [11] as well "as with the calculated critical resolved shear stresses. The
experimental findings.suggest that for defect-scarce nanomaterials, the final GNDs distributions
might be influencéd not only by the complete deformation profile, but also by the local rotation
field at<the dislocation nucleation position. Further insight in the plasticity of three-point bent
nanostructures may be obtained by future dedicated experiments concentrating on the

nucleation of the very first dislocations as well as by three-dimensional atomistic simulations.
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Publishiugplementary Material
The supplementary online material demonstrates the background subtraction of Laue micro-
diffraction patterns, thus removing the Si Laue spots from the substrate and enhancing the
visibility of the Laue diffraction peaks originating from the Au nanow(r/elt\further describes the
calculation of one-dimensional orientation maps from Laue rgtion patterns and gives

additional details on the finite element method simulatio .‘%ysis of the shape of the
T~
escri

diffraction peaks that is introduced in this paper is furtherd ed and additional information
on the determination of the activated slip systemsfis given: reover, a table with the Schmid

factors for the tensile side of a bent nanowire is presented:
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Publishifigure Captions
Fig. 1: (a) Schematic diagram of experimental configuration at BM32. (b) Scanning electron
microscopy image of a self-suspended Au nanowire before deformation. The measurement

positions along the nanowire during KB scans are marked by re gles and the scanning

direction is indicated by the arrow. Q

oA

Fig. 2: Integrated background-subtracted Laue micro-diffracti a terns of KB scans recorded
at the piezo movement of (a) 0 nm, (b) 400 nm, (¢) 800 ) 1100 nm, (e) 1200 nm, and (f)
1300 nm. The insets show an enlarged view of the.areag ound the Au 222 Laue spot. The red
full dots in (d) represent the positions of\‘h& eddiffraction spots for a bent and twisted

nanowire as presented in Fig. 3(b).

3\

AN

Fig. 3: (a) Enlarged view of the \:qgnd the Au 222 diffraction peak at the piezo movement
of 1100 nm. The expectéd movements of the Laue spot on the detector for a pure vertical
bending (rotation afQund Au [211] direction) and a pure torsion (rotation around Au [011]
direction) are ma k?ﬂsire and black lines, respectively. (b) Bending and torsion profile along
the suspended part of the nanowire inferred from the integrated Laue micro-diffraction pattern
showngin.(a) /d célculated by finite element method simulations taking into account a force of
2. 10N a)ﬁsalignment of the SFINX-tip with respect to the nanowire center of 57 nm. The
pea o-;)eak value of (c) the bending and (d) torsion angles estimated from the path of the Au

~
Laue spot plotted with respect to the ones obtained from the FEM simulation.
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PublishiFig, 4: (a) 1D orientation map of the plastically deformed Au nanowire superimposed on the

post-mortem SEM image. (b) Corresponding integrated background-subtracted Laue micro-

diffraction pattern recorded along the suspended nanowire (from position i to iv in Fig. 4(a)).

&

Fig. 5: Integrated diffraction patterns from position i to ii in Fig. fb) the Au 222, and (b) the

Au 442 Laue spot. Integrated diffraction patterns from positi W
T—

Au 442 lLaue spot. The yellow lines mark the expectéd«peak shapes generated by linearly

of (c) the Au 222, (d) the

combining rotations around the Au [211] and the AQ{QZ es.

A

Fig. 6: Schematic illustration of the lattice rw induced by a single edge dislocation: (a) side

. . . . \ . . . .
view, (b) top view. (c) The rotation co. % due to two single edge dislocations of different
xg\

~
slip system. (d) Schematic iIIustratK\ rotation field caused by the two type of dislocations
(top view). The probed vqume%{ed by the X-ray beam is marked by the pink rectangular.
Blue and red lines caofrespond to the stored [011](111) type and [101](111) type of

dislocations. (e) The4istribution of the GNDs from position i to ii along the nanowire extracted

from the peak sh(me .

£
Fig. 7:/The r Ived shear stress distribution along the nanowire for the 12 slip systems in the
v&a@

FCCuer culated from 2" Piola-Kirchoff stress tensor obtained in the FEM simulation. The

=

toSp d hack view corresponds to the top and bottom surface of the nanowire, where the
\mst stress is observed.
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Publishifig. 8: The Au 331 diffraction peak integrated from the left Si support to the loading position
recorded at the piezo movement of: (a) 1100 nm, (b) 1200 nm, and (c) 1300 nm. The red arrows
indicate the movement direction of the diffraction peaks from the Si support to the loading

point. The yellow lines mark the peak shape from position i to ii in tk/ ost-mortem diffraction

map. S
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