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This review examines the physical reasons why nanopastitifier in structure from the bulk.
Certain simple properties of nanoparticles are explainealtyh these structural filerences.

A powerful method of measuring the three dimensional stmecof nanoparticles, Coherent
X-ray Diffraction, is introduced. A key experiment is described ttssuCXD to study the
redistribution of strains on the surface offa nanocrystal. Some future perspectives are
discussed in conclusion.

KEYWORDS: nanocrystal, equation of state, coherent X-ray diffraction, crystal structure, surface structure,

strain, X-ray imaging, ...

1. Physical properties of nanoparticles

The basic physical characterisations of any solid mataralencapsulated in its “equa-
tion of state”, which provides the equilibrium structuredasomposition as a function of the
most basic thermodynamic variables, temperature andymesA first approximations to ex-
tend this concept to nanomaterials is to add a third dimensidhis picture, their size. We
are therefore starting to see phase diagrams plotted (stamunpressure) as a function of
temperature and size. New phases are being discovered htss&reathat have dticiently
different physical properties that they can be usefully exgdbih suitable applications.

The simplest general assumption one can make to explain whgparticles are fier-
ent from the bulk phase of the same material is that they comt@re surface. They also
show electron confinemenffects which give rise to shifted spectral properfie.is not a
coincidence that much of the interest in the structure obparticles comes from the field of
surface science, where a large amount of information idabia. There are “rules of thumb”
in surface science that a surface displays certain liqligl firoperties, such as interatomic
diffusion, at a given fraction of the bulk melting temperatuce,example O0/'Ty. A general
understanding of this phenomenon is that surfaces tendvi® $efter vibration modes than
the bulk and so have thermal properties that operate at Iteveperatures than the bulk.
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Because of their large surface component, nanoparticeegenerally expected to melt at
lower temperatures than the bulk. As discussed in this wewigs is found experimentally
for cluster® with the deviation from bulk behaviour commencing at a siz&adnm.

1.1 Sructure of nanoparticles

The role of the surface can be used in a straightforward aegirto explain the sim-
plest measure of the structure, the lattice constant. Saisaesses, measured by a variety of
methods, for metals are usually tensile and relativelydaig the range of 2in.34 These
are of course strongly influenced by the details of any serfaconstruction and the adsorp-
tion of foreign species, hence whether or not the surfacéesned to the high standards of
Ultra-high Vacuum (UHV) conditions. If such a stress is jpr@son the surface of a spherical
particle of radiusR, the surface stresss will give rise to a pressure fferenceAP between
the inside and outside, according to the classical Giblsyidon equation, otherwise known
as the Young-Laplace equation, used to explain the stalofisoap bubbles among many
other applications:

20'5
AP = —. 1
- (1)

This pressure dierence then compresses the particle by an amount given lppthpress-
ibility or bulk modulus,K, of the material. In an isotropic material, the changa, of the

lattice constantg, follows at one third the rate of the volume,

Aa 20

~ = K& (2)
Equation 2 was used in the 1960’s to interpret electron rsmwpe images of nanopatrticles in
order to measure surface stres3ddore recently, it has been used to observe the change in
lattice parameter of nanopowders by Mittemegeral.®) The samples were prepared as smalll
nanocrystalline powders and progressively annealed toehnitemperatures in a automated
system. On each annealing cycle, the particle dian2ter2R is given by the width of itsn
situ X-ray powder dffraction, while the lattice constant is given by the peak jomsi Plots
of 22 it vs. 1/D have a slope given bys, according to equation 2, as shown in Fig 1. The
experiment gave good results for Cu and Pd powders, showing: 2N/m, but showed
a discrepancy at very small size for Ni powders that waslaiteid to grain boundaries at
the interparticle contacts. Since the grains touch eacérgothe (free) surface tension is no
longer relevant and needs to be replaced by an interfacialde. If the sputtered Ni grains
are randomly oriented with respect to each other, the naderil be full of grain boundaries

which cannot be as closed-packed as the crystalline grairespartial lack of filling of all
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Fig. 1. Powder X-ray difraction measurements of nanocrystalline powder®afEach point represents a
different state of post annealing of the sample. The peak positiexpressed as relative strain on the vertical
axis. The reciprocal of the particle size, from the linewigt horizontal. Reprinted with permission from “Non-
monotonic crystallite-size dependence of the lattice patar of nanocrystalline nickel”, J. Sheng, U. Welzel,
and E. J. Mittemeijer, Appl. Phys. Lett. 97, 153109 (201@p@ight 2010, American Institute of Physics.

atomic sites in these grain boundaries eventually resaltstensile force which causes the
lattice constants to be expanded. This is what was obseoratid smallest nanopowdered
Ni samples measured by powdeffdiction lineshape analysis.

Individual gold nanocrystals were studied by Huah@l. using coherent electronftiiac-
tion methods:® Careful model building, achieved on the atomic scale, foudtinct con-
traction of the outer layers of the crystal, as expected fegumation 2. However when similar
particles are thiolated, the outer layers are found to baesed with respect to the bulk®
This is due to chemical invasion of the surface layers by thghair of the thiol used to coat

the particles.

1.2 Equation of Sate

The simplest pictures of cohesion in solids involve someratbmic potential that is in-
herently anharmonic; the energy rises faster on compnesisan on expansion. Anharmonic-
ity is responsible for the curvature of the compressionoesp of a solid, usually called the
“equation of state”: the change of lattice constant withlegeppressure follows a concave
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Fig. 2. Nano equation of state. Powder X-rayfdaction measurements of unit cell volume of nanocrys-
talline powders ofAu and Ag as a function of pressure measured in a Diamond Anvil Celprireed (ab-
stractexcerpffigure) with permission from “Unexpected High fBtiess of Ag and Au Nanopatrticles”, Q. F. Gu,
G. Krauss, W. Steurer, F. Gramm, A. Cervellino, Phys. Rett. 160 045502 (2008). Copyright (2008) by the
American Physical Society.

shape whereby bigger pressure increments are requiredjla¢mhpressures to produce the
same change of lattice parameter. By extension of the angisngéve above, it would be ex-
pected that nanopatrticles, by virtue of their smaller ¢atttonstant, would compress more
slowly under added external pressure than their bulk copates. This expectation is encap-
sulated in the widely quoted maxim that “smaller is strofiger

The “nano equation of state” of Ag and Au nanopowders was areddy Guet. al. using
X-ray powder ditraction in a Diamond Anvil Celt) The results ofA—;‘ vs. P, shown in Fig
2, demonstrate a smaller slope and generally smaller peessind for the nanoparticles as
compared with the bulk. For the sizes used;-1000nm diameter, they found approximately
double the sftness or bulk modulus, or half the amount of compressibility.

Predictions can therefore be made for the pressure respditerger nanoparticles. The
crystal shapes, discussed below, comprise extended iBalkdgions and sharp corners. By
virtue of the Gibbs-Thomson pressure, the sharp corneonsgwill be under compression
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and will show a stiter response to pressure. Since the bulk-like regions ofitget nanopar-
ticles will compress normally, a redistribution of straiowd be expected upon application
of pressure: the inhomogeneous distribution of strain wdnglcome further enhanced.

1.3 Phase Diagrams

Just as in classical phase diagrams of bulk materials slgophase transformations be-
tween diferent crystal structures as a function of temperature aedspire, it is expected
that new phases would become stabilized as a function ofdhetimermodynamic variable,
nanopatrticle size. A good example of this behaviour is see¢ha structures of semiconduc-
tor nanowires, often grown by the Vapor-Liquid-Solid (VL®gthod*? 3 InP is cubic (Zinc
Blende) in the bulk but found to take the hexagonal Wurtzitacsure in nanowire$*
Other I1I-V semiconductors, such as GaP and GaAs, are apihamot as close to being
unstable as nanowires in the cubic phase; neverthelessstimev a strong trend towards
hexagonal stacking along their cubic 111 crystal direciby the introduction of frequent
stacking fault$® One very interesting example is Zn-doped InP nanowires iviiow pe-
riodic arrays of stacking faults intimately linked to thess-sectional shape of the wirds.
Along the wire, the shape evolves from a left-pointing tgkmto a right-pointing triangle,
then switches direction by the introduction of a stackingtfashich reverses the trend in the
next half-period. Many other materials are expected to stizerdependent changes of phase
and are presumably waiting to be discovered. Among theitrangnetals, the stability ofo
andCu lie close to the HCAFCC or BCQFCC transition and can display the opposite phase
in strained thin filmg."

Nanocrystals have additional degrees of freedom from buiksps in their choice of
structure, because they are no longer bound by the coristrairiong-range translational
symmetry. Five-fold rotation axes are inconsistent with lbng-range translational periodic-
ity of a crystal lattice, so local 5-fold packing does notwcm crystals. Clusters and small
nanoparticles can obtain lower energy, more stable, sirestby employing 5-fold packing.
For example, the central atom of an icosahedral cluster ait@fhs is able to get closer to
its neighbours than in a face-centred cubic (FCC) sphereipgekrangement. Small clus-
ters are sometimes found to display ‘magic numbers’ of pretesizes, which correspond to
closed icosahedral or decahedral shells. Famous exanmgl@sig and Auss clusters which
are unusually stable and can be crystalli8ed.

At slightly larger size, decahedral particle shapes ocaurntaining a single 5-fold
axis®19 This results in elongated particles, which could in priteipxtend to ‘nanorods’
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or even ‘nanowires’, since full translational symmetry dsnmaintained along the particle
5-fold rotation axis. A particularly elegant example of adeedral crystal shape was discov-
ered for the thiolatedu,o4(RS)44 clustert? Here, a stiiciently monodispersed preparation
of particles was synthesised that it could be crystalli§dek crystal structure was solved to
1.1A resolution by X-ray crystallography. The structure wasirid to bechiral with heli-
cal packing around its 5-fold axis; two enantiomorphs of @pte chirality appeared in the
crystallographic unit cell. The cluster is decahedral ia tore and contains a mixed Au-
S compound layer at the exterior, resulting in significarhtarged Au-Au spacings with
the thiol sulphur atoms burying into the outer shell of thetiples® The chemistry of the
sulphur atom is striking as it forms S-Au-S ‘staples’ withdar bonding of the central Au,
three-fold coordination at the S with 9@onding of the two S-Au bonds and the thiol ‘R’
ligand bisecting. The ‘staples’ were also been found to hllsttheoreticall$?) as well as ex-
perimentally in surface science studies of S on?Ag? as well as in thiolated\uss clusters,
which were found to contain Au;3(Au(RS)3)s core-shell chemical configuratidh.

1.4 Sructure of larger nanoparticles

The surface free energy is the relevant quantity that detesrithe shapes of large crys-
tals. By extension, when théfects of stress are included, this can be applied to nanadsyst
The surface energy is anisotropic because of the discred@i¢he atomic structure at the sur-
face. Close-packed facets are energetically favoured atdowperatures because their atoms
have higher coordination number, while stepped regionsinecfavourable at higher tem-
perature due to the contribution of the configurational @pyrof the steps to the free energy.
The surface free energy as a function of crystal orientadisplays a series of cusps, with
the deepest ones corresponding to the lowest energy féaeexample 111 on face-centred
cubic (FCC) crystal$® The lowest energy shape of a crystal is therefore a compmbds
tween the additional surface area needed to accommodatackdas and the energy saved by
the close packing. An elegant theory by \WefY predicts that the equilibrium crystal shape is
given by the Legendre transformation of the surface enarggtfon of orientatiort®2% The
general result is an approximately spherical shape, upaohathe steps are thermodynam-
ically fluctuating at finite temperature, intercepted by faatets?>25 As the temperature is
increased, the area of the facets diminishes progressivatets can disappear altogether at
a critical temperature called the roughening transifioff)

The structure of larger nanoparticles can be considerechasxgension of this ideal,
macroscopic bulk situation, once the strain due to the sarfress is introduced. While
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the surface free energy depends largely on temperaturetithes depends on the chemical
state of the crystal surface and its environment, througtiaexts with neighbouring particles,
substrates, solvents, surfactant layetcs All finite crystals will have surface strains present
due to theseféects, but by the somewhat arbitrary definition of ‘nanomatst, nanocrystals
are those in which the surface straifieets permeate the entire crystal and so significantly
change the physical properties of the average material.

Surface free energy and surface stress are interrelatedities, related through the Shut-
tleworth equatiorf? and measured in the same unitsNyfm or J/m?.* The surface free en-
ergy is always positive and usually quite large becausecbaats for the loss of cohesive
energy (broken bonds) associated with the formation of tasearby breaking a bulk crystal.
Surface stress can be positive or negative depending onhi@ical environment, men-
tioned above, and state of reconstruction of the surfacestvhetal surfaces have positive,
‘tensile’ surface stress due to the electronic contrimgfd A simple explanation, often called
“Smoluchowski smoothing®? is that a broken metal crystal will have rough boundarie$sof i
Wigner-Seitz unit cells filled with electron density; whémstredistributes to form a smoother
boundary, the centre of mass of the electron density retraatards and Coulomb forces will
cause a net inward contraction of the surface atoms leadirstréss. This also leads to an
inward relaxation of the surface metal ion core positiondely seen in the structure of metal
surfaces’!)

The surface free energy determines the equilibrium cngdtape (ECS) of a nanocrystal,
typically showing an alternating pattern of approximatspherical regions, with fluctua-
tion steps, and atomically flat facets. The surface strems #tts on the spherical regions
to produce a Gibbs-Thompson (GT) pressure, according tq1ggand the corresponding
strain Equ(2). The relative fraction of facets and sphérscaface within the ECS theory
is independent of particle size, while the GT pressure amtesponding distortions of the
crystal become bigger for smaller crystals. Rough estimatehe expected strains can be
drawn from the numbers already used above. ArB08ized crystal might have corners of
radiusR =~ 30nm from its ECS geometry. With a stregs ~ 2N/mand a compressibility of
K ~ 200GPa, this will give rise to local strain variations of D% between the corners and the
facets. At the surface, such strains will correspond tackattistortions of M3nm or 10% of
a lattice spacing.

The important conclusion is that metal nanocrystals shbalk a facetted shape and
an inhomogeneous pattern of strain, with compressed sdgmeder their spherical surface
regions and relatively uncompressed segments under theilafiets. This is confirmed by
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experiments using coherent X-rayfdaction (CXD) methods described below. The image of
Figure 3 shows the external surface of a free standingi®@@ide, 150mtall Au nanocrystal,
coloured according to its local strain, the measured corapoof the distortions of its lattice
from an ideal crystal latticé& 32 The flattened shape of the crystal in Fig 3 can be understood
because the time to reach equilibrium is prohibitively lamgl the true equilibrium crystal
shape is never practically reached. Smaller nanocrystaigdibe expected to demonstrate
these ECS féects more easily. The structure of this nanocrystal showsdiktribution of
nanoscale strains arising from the variation of local ¢&tttonstant around the surface. It is
clear from the figure that the strain tends to follow the edgfebe crystal shape, where the
spherical regions are located. The distortions corresporadquantitative phase variation of
about 05 radians in good agreement with the expectations giveneabov

1.5 Depression of melting point of nanoparticles

The depression of melting point as a function of particle sizgold was measured by
Buffat and BoreP) The melting point is seen to drop steadily with the inversehefparticle
size eventually with quite substantial melting-point degsions, over 500 for Au crystals
below 25nm in size. The &ect was originally observed by Takagi in thin films under an
electron microscop&) Similar melting point depression experiments were camigilising a
microcalorimeter on Sn nanoparticisand on oxide-coated Al nanoparticsall showing
a similar trend. Theféect is understood to be explained by the Gibbs Thomson (GBspire
effect described above: the melting point depressidry, is proportional to the GT pressure
AP due to the #ect of surface stress in Equ(1), which increases /& YVarious models
for the proportionality (and deviations from it) are in thgetature? 3435 put the simplest
concept is the thermodynamic Clausius-Clapeyron equatiscriténg the slope of thB —T
phase boundary in a phase diagram. This equivalent to s#lyaighe vapour pressure of a
small particle of radiuRR is increased by an amounatP given by Equ(1), so it melts at a
proportionately lower temperature.

2. Coherent X-ray Diffraction

A useful method of analysing the shapes and pattern of stiaimanocrystals is Coherent
X-ray Diffraction (CXD)3¢3") The method relies on the use of highly coherent beams of X-
rays generated by undulator sources of synchrotron radiativhen the beam is coherent
across an entire crystal grain, itsfdaction spots will be strongly modulated by interference
between waves scattered by all its extremities. If the degfecoherence of the beam is
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insuficient, the visibility of these modulations would be redudéthe coherence length of
the source is matched to the size of the crystal, by the usptmfsp the full coherent flux can
be used, which can be in the range of 1®1® photons per second. For present day sources,
this limits the minimum size of nanocrystals which can belgd to about 66m diameter.

The pattern of modulation appears as fringes surrounding Baagg peak of diraction
from the crystal lattice. The simplest fringes are thosechlarise from interference between
pairs of opposing facets on the crystal shape. Then the sheapsform is a%x/xs/s) (‘sinc)
function with a fringe spacing on the detectgrgiven by the ‘grating formulas = % where
A is the wavelengthd the distance between the facete.(size of the sample), anid is the
detector distance. Spherical crystals give a circulaggipattern given by a corresponding
3D Airy function. The facetted spherical shape discussen@bvill give a combination of
both these patterns as an amplitude superposition whidldisplay intermodulation of the
patterns. An example of a coherenffdaction pattern is shown in Fig 3(c). This is the central
frame of a rocking series measured around one of1th&} Bragg peaks of the crystal shown
in Fig 3(a) and (b). The stack of such frames, spanning thkimgocurve, completely sur-
rounds the reciprocal lattice point measured and so reptesize complete fraction pattern
of the object in three dimensions (36§37

Such difraction patterns are ‘oversampled’ with respect to theiaphityquist-Shannon
sampling frequency. There are more pixels measured in daettidn of the difraction pat-
tern than the half-period of th%j—" (‘sinc’) function, so there are more measurements than the
information needed to completely describe the finite-badtiwobject. Shortly after the pub-
lication of the Shannon sampling theorem, Sayre pointedt@aitsuch oversampledfthiac-
tion patterns contain enough information to solve the plpasblem, so could be inverted to
images® However, it took from 1953 until 1999 for this to be demontthexperimentally
for X-rays by Miao3® Even though the X-ray detector cannot measure phase, trse mifia
the complex amplitude describing the Fourier transformhaf hanoparticle shape, is em-
bedded in the relative position of the fringes recordedsThissing phase can be recovered
from the measured intensity data by a suitable algorithrmguthe finite extent of the ob-
ject (its ‘support’) as the only additional constraint. $imathematical phase retrieval prob-
lem has been extensively studied and found to have a unidqueosoin all but deliberately
constructed “pathological” casé¥.For CXD problems, the most important methodological
breakthrough was the introduction of the “Hybrid Input-@uif’ (HIO) method by Fienup?
which was found to avoid stagnation of the algorithm. HIO iglely used today, but new
methods such as those based on ‘Compressed Sef&iighay provide an alternative route
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to a general solution method.

2.1 Complex electron density

An ideal nanocrystal, described by an external shape gu#tiperfect lattice of atoms,
would give rise to a CXD pattern that would be symmetric abaghereciprocal lattice point.
This follows from the inversion symmetry of the magnitudeloé Fourier transform of a real
object. Moreover, the CXD distribution surrounding evenagg peak would be identical.
Neither of these is true in practice because of the presenhsiain within the nanocrystal.
This can be used to image the strain: the inverse Fouriesftvam of the asymmetric érac-
tion pattern (once phased) is a complex density functiore fagnitude of this function
represents the electron density of the crystal, while tlaé-space phase imagg(r), repre-
sents its distortion from an ideal lattice, mapped out asnatfan of positionr within the
crystal®®:3") This statement is fully quantitative and expressed by thgiomship

¢(r) = Q- u(r), 3)

whereQ is the momentum transfer vector of the reciprocal latticempmeasured and(r) is
the field of displacement vectors of the distortions fromitkeal crystal lattice. The spatial
derivative of the displacement field is the formal strairs@nAccording to Equ(3), only one
component of the displacement field is measured at a timprafgction onto the Q-vector.
However if phase images from three or more independent @#s&eare combined together,
a full 3D reconstruction ofi(r) can be made. This has been achievedZu® nanocrystals,
for which full 3D images of each component of the full straéngor have been publish&d.

Visualisation of 3D vector fields is a generic challenge lnseahese contain a wealth of
information. Cross sections of individual components cadibplayed as contour plots, but
several sections are required to convey the full infornrativen that the quantity measured
is a real-space phase, a colour circle is a useful way to shdwit a full 3D map still re-
quires multiple sections. For nanocrystals, the displayhoet of Fig 3(a,b) has been found
particularly useful. The strains tend to be mostly concaett on the external surface and de-
cay smoothly towards the interior; this is expected fromgbkition of the Poisson equation
which governs the elastic response to stresses which amiskeosurface. Fig 3(a,b) show
isosurfaces, displayed at a single contour level, of thetela density to represent the shape
of the crystal; the isosurface has then been coloured by llhsgyof the complex electron
density, which then shows the surface variation of the irdagemponent of the displacement
field.
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Fig. 3. (Color online) (a) Top view and (b) 111 side-facet view of agh¢ nanocrystal oAu measured by

Coherent X-ray Difraction (CXD). A single isosurface contour is shown, coxliaccording to the local strain,
represented as real-space phase. The colour scale isf@ord radians (blue) ta-0.75 radians (red). Eight

arrows (length 250m) denote the crystal 111 directions. (c) CXD pattern of a kimirystal measured on a
Charge-coupled Device (CCD) at the centre of its rockingyeg?

This Bragg CXD method is very sensitive. According to Equ{3g phase changes by 2
for every increment of the projection of(r) by one lattice spacing. Thus the 10% spacing
change envisioned in the introduction is sean as a cleaalsifi©.6 radians. This is roughly

the magnitude of the strains seen in Fig 3.

2.2 In-situ thiolation of Au nanocrystal

A recently published experimet was carried out to investigate the stresses induced in
an Au nanocrystal by the formation of self-assembled monolag&d\) of thiol on its sur-
face?*® The crystals were made by dewetting an@0thin film on aSi wafer by annealing
in a nitrogen atmosphef®. This method leads to crystals with a ‘fibre’ texture on the-sub
strate, about 208n in diameter and spaced aboyim apart. These crystals were transferred
to the CXD difractometer inside a nitrogen bag and measured at tffespecular 111 Bragg
peak. The image in Fig 3(a) is typical of the nanocrystalpared in this way.

Immediately after measurement, a dose of propane tGihl;SH, was administered by
forming a drop on ethanol solution on the tip of a syringedesihe nitrogen environment.
The thiol evaporates and forms a SAM on the surface oftlneanocrystal. Without entering
the hutch, a second CXD measurement was made ohthies modified crystal. To visualise
the small changes in real space, théf@ience Fourier (DF) methéd was used to create a
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3D map of the dierences before and after formation of the SAM. This methgdegerred to
subtraction of images because it is insensitive to any ettat arise from the HIO phasing
step. A second measurement, one hour later, found a simitambre pronounced set of
changeg?

The changes in the structure of tA& nanocrystal due to formation of the SAM are
shown in Fig 4(a). The picture on the left shows a transluseage of the crystal, reoriented
so that itsQ-vector is pointing up the page. An isosurface of thiedences is superimposed,
coloured according to the phase with yellow represenging+s/2 and light blue represent-
ing ¢ ~ —nr/2. These represent equal and opposite relative displadsroktine crystal in the
forward and backwards direction €f, according to the DF formalisri¥) If the strains are
radial on the surface of the crystal, it is expected that iggdst diferences lie alon@. The
opposite sign means both ends of the crystakgpanded relative to the sides.

Fig 4(b) is a cross-section image of the vertical displagaraenulated by Finite-element
Analysis (FEA) to simulate this pattern of strain. In the EEAthin skin on the surface is
explicitly stressed by changing its thermal expansionfioc@ent and applying a temperature
change. In the example shown, a negative sirgss —1.5N/m, was applied to the spherical
facets of the model and no stress was applied to the facetd)ddfect is virtually indistin-
guishable from other combinations with the sam@edence?® The simulated pattern, which
strongly resembles the observation, shows a quantitatittenn of displacements in the pi-
cometre pm) range, which can be scaled to the measurement to obtairréss sliference.
The measurement is not sensitive to absolute stress, whigltauses a uniform pattern, but
to the relative stresses applied. Using the known bulk madaf gold the relative stress is
determined to bAos = 4.5+ 2N/mrising toAos = 9.5+ 3N/min the second measurement,
one hour late?? The direction of the dference requires more positive stress on the facets
than on the spherical regions, resulting in a relative imdisplacement of the facets upon
thiol adsorption.

Similar values of stress have been measured in micromezdiacantilever measure-
ment8% 5V of stresses generated by applying thiols to micron-tt8tkmembranes coated
on one side withAu. The specificAu — S bonding causes stress on the coated surface of
the cantilever, causing it to bef8>® In experiments on 200nm-sized-grained films it was
also found that the stress takes several hours to Btiittd.Such cantilevers have important
medical applications as sensétsThe fact that such large stresstdiences were detected
in the CXD experiment indicates that the structure of the SAMstbe very dierent be-
tween the flat and the curved surface regions of the nanatrystis is understandable when
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Fig. 4. (Coloronline) (a) Diference Fourier (DF) image ofA&u nanocrystal before and after thiol deposition.
The isosurface is coloured by the phase of tHBedénces found. (b) Finite-element Analysis (FEA) caldatat

of the vertical component of displacement arising froffiedential stress applied to the flat facets and curved
regions?®

it is considered that small radius thiolated nanopartiébesr chemically intermixed layers
of S andAu® 19 by formation of ‘staples®” these regions have enlargéd — Au distances,
while uncoateddu nanoparticles are contractéd® Surface science studies of SAMs formed
on low-index surfaces, representative of the nanocryatatf, are close-packed monolayers
without intermixing?!:?? So the conclusion is that, upon thiolation, the curved pairtie
crystal form an intermixed thiol structure while the flatéts form more conventional SAMs.

2.3 Futuredirections of CXD
CXD is a generally useful tool for imaging the patterns of istraithin nanocrystalline

grains. Because it uses X-rays which penetrate many mié¢nside matter, a wide range of
in situ applications can be envisaged to look at crystalline grainged deep inside another
material. UHV studies of the formation kinetics of nanot¢ays by dewetting of thin films.
Studies of alloy nanocrystals, where surface segregati@cts are important, are likely to
lead to ‘core-shell’ structures. It is expected that ther lve not only core-shell structures
formed by composition or choice of crystal structure, boatore-shell arrangements of
strain itself, even in an otherwise single-phase matd?allycrystalline materials can be taken
apart grain by grain, or assembled grain be grain to lookeastrains expected whenever two
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grains start sintering together.

The spatial resolution attainable at present is in the regic30nm, limited by counting
statistics at the extremities of thefllaction patterns. This will get better as some low power
(1/3 or 1/4) of both the incident flux (better sources) and exposure fibetter stability).
Current beamline stability, of optics with respect to the glanlimits the total experiment to
about one hour, but this is likely to improve. Fortunatelyttoe application of imaging strain
fields, 30m resolution is usually sticient: strain fields are long range and slow varying.
The length scale of the variation of strain follows that c# #mallest feature in the structure,
according to classical elasticity theory. For this reasorg because of the penetrating prop-
erty, CXD will remain competitive with respect to transmasielectron microscopy (TEM),
which is capable of much higher resolution. It is interegtio note that a current trend in
TEM is to analyse images in terms of ‘geometric phaéelyhich is a lower-than-atomic
resolution analogue of the phase described in Equ(3).

Some challenges lie ahead for CXD. Because of the need of adugaprounding the
sample, constrained by the oversampling criterion, it héimded field of view. Scanning
versions of CXD based on the ideas of ‘ptychographycan solve this problem, but are
still not fully developed for imaging strains. Another gealdimitation is the need to extend
CXD to the case of large strains, with displacements biggar thlattice spacing. In this case
phase wrapping occurs in the measured quantity, the phdsgu(B). This in turn results in
diffraction patterns which are no longer “single centrad, variations of the Airy function,
but more like multi-peak “speckle” patterns instead. Th®Hiased phasing algorithms are
often found to fail in this case and will need to be improved.

Acknowledgment

Many colleagues contributed to the developments of the CXhaaks described in this
work. | particularly value the contributions of Moyu WataRachel McKendry, Manuel
Voegtli, Gabriel Aeppli, Yeong-Ah Soh, Xiaowen Shi, GangoKg, Xiaojing Huang, Jesse
Clark, Ross Harder, Mark Pfeifer, Garth Williams and Ivantsayants, who influenced the
work and ideas presented here. The development of the neethestribed was supported
by a FP7 grant 227711 “Nanosculpture” from the European &ebkeCouncil. Beamtime
for the experiment described was provided by the AdvancedddPhSource, operated by the
U.S. Department of Energy under Contract No. DE-AC02-06CHZ136e CXD instrument
at Advanced Photon Source beamline 341D-C was built with #oNal Science Foundation
grant DMR-9724294.

14/19



J. Phys. Soc. Jpn. DRAFT

References
1) A. P. Alivisatos: Semiconductor clusters, nanocrystatel quantum dots, Scien@&l

(1996) 933

2) P. Butat, and J. Borel: SizefEect on Melting Temperature of Gold Particles, Physical
Review A,13 (1976) 2287

3) W.Haiss: Surface stress of clean and adsorbate-covelidd,Rep. Prog. Phy64 (2001)
591

4) H. Ibach: The role of surface stress in reconstructiotagal growth and stabilization
of mesoscopic structures, Surf. Sci. R2§(1997) 195263

5) H. J. Wasserman and J. S. Vermaak: Surf. &(1970) 164

6) J. Sheng, U. Welzel, and E. J. Mittemeijer: Nonmonotonystallite-size dependence of
the lattice parameter of nanocrystalline nickel, Appl. ®Hyett.97 (2010) 153109

7) Huang, W. J., Sun, R., Tao, J., Menard, L. D., Nuzzo, R. @&l ,2u0, J. M.: Coordination-
dependent surface atomic contraction in nanocrystalsatesieby coherent dliraction,
Nature Mater7 (2008) 308313

8) I. K. Robinson: Giant molecules or tiny crystals?, NatMi&erials,7 (2008) 275
9) M. W. Heaven, A. Dass, P. S. White, K. M. Holt, and R. W. Murr@yystal Structure of

the Gold NanoparticleN(CgH17)4][ Aus(SCH,CH,Ph)1g], J. Am. Chem. Sod.30 (2008)
3754

10) P.D. Jadzinsky, G. Calero, C. J. Ackerson, D. A. Bushned,R. D. Kornberg: Structure
of a thiol monolayer-protected gold nanoparticle at 1.1sargn resolution Scienc&l8
(2007) 430

11) Q.F. Gu, G. Krauss, W. Steurer, F. Gramm, and A. Cervellimexpected High Siness
of Ag and Au Nanoparticles, Phys. Rev. Leif0 (2008) 045502

12) A. Rastelli, M. Stffel, J. Tersd, G. S. Kar and O. G. Schmidt: Kinetic evolution and
equilibrium morphology of strained islands, Phys. Revi1@4 (2005) 026103

13) Kodambaka, S., TerpJ., Reuter, M. C., and Ross, F.M.: Diameter-independestiki
in the vapor-liquid-solid growth of Si nanowires, Phys. Restt. 96 (2006) 096105

14) Algra, R. E., Verheijen, M. A., Borgstrom, M. T., Feinér, F., Immink, G , van Enck-
evort, W. J. P., Vlieg, E, Bakkers, E. P. A. M.: Twinning supéices in indium phosphide
nanowires, Naturd56 (2008) 369

1519



J. Phys. Soc. Jpn. DRAFT

15) Thelander, C, Agarwal, P, Brongersma, S, Eymery, J, Eeind-., Forchel, A, Schef-
fler, M, Riess, W, Ohlsson, B. J., Gosele, U. and Samuelsoianowire-based one-

dimensional electronics, Materials Today2006) 28

16) V. Favre-Nicolin, F Mastropietro, J Eymery, D Camacho, Wiguet, B M Borg, M E
Messing, L-E Wernersson, R E Algra, E P A M Bakkers, T H Metz&eHarder and | K
Robinson: Analysis of strain and stacking faults in singleowires using Bragg coherent
diffraction imaging, New Journal of Physi&2 (2010) 035013

17) B.M. Ocko, I. K. Robinson, M. Weinert, R. J. Randler and/DKolb: Thickness-Induced
Buckling of bcc Copper Films, Physical Review Lett885(1999) 780

18) L. D. Marks: Rep. Prog. Phys7 (1994) 603
19) P. M. Ajayan, and L. D. Marks: Phys. Rev. L&, (1998) 585587

20) D. Jiang, M. L. Tiago, W. Luo, and S. Dai: The Staple MoAf:Key to Stability of
Thiolate-Protected Gold Nanoclusters, J. Am. Chem. S@6.(2008) 2777

21) P. Maksymovych, O. Voznyy, D. B. Dougherty, D. C. Soresamd J. T. Yates: Gold
adatom as a key structural component in self-assembled lay@re of organosulfur
molecules on Au(111), Progress in Surface Scieg&c€010) 206

22) Miao Yu, N. Bovet, C. J. Satterley, S. Bengio, K. LoveloekK. Milligan, R. G. Jones,
D. P. Woodrdf, and V. Dhanak: True Nature of an Archetypal Self-Assembjgt&m:
Mobile Au-Thiolate Species on Au(111), Phys. Rev. 193t(2006) 166102

23) M. Wortis: in Chemistry and Physics of Solid Surfaces VII Springer Series in Surface
Science 10, ed. R. Vanselow and R. Howe, (1988) 367

24) G. WUR: Z. Krist. 34 (1901) 449

25) J. C. Heyraud and J. J. Metois: Equilibrium Shape and Testye: Lead on Graphite,
Surface Scienc#28 (1983) 334

26) L. Kuipers, M. S. Hoogeman, and J. W. M. Frenken: Step ayoson Au(110) studied
with a high-temperature, high-speed scanning tunnelirggaoacope, Phys. Rev. Leitl
(1993) 3517

27) J. W. M. Frenken and J. F. van der Veen: Phys. Rev. b¢1{1985) 134

28) Avron, J. E., van Beijeren, H., Schulman, L. S. and ZiakK RP.: Roughening transition,
surface tension and equilibrium droplet shapes in a twoedsional Ising system, Journal
of Physics A: Mathematical and Generdh, (1982) L81

16/19



J. Phys. Soc. Jpn. DRAFT

29) M. Watari, R. McKendry, M. Voegtli, G. Aeppli, Y-A. Soh,.>Shi, G. Xiong, X. Huang,
R. Harder and |. Robinson: Berential stress induced by thiol adsorption on facetted
nanocrystals, Nature Material® (2011) 862

30) R. Smoluchowski: Anisotropy of the Electronic Work Ftion of Metals, Phys. Re&0
(1941) 661

31) M. Finnis and V. Heine: Theory of Lattice Contraction atRrfaces, J. Phys. F - Metal
Physics4 (1974) L37

32) G.J.Williams, I. A. Vartaniants and |. K. Robinson: Ortiation variation of surface strain,
R. Harder, M. A. Pfeifer, Physical Review B (2007) 115425

33) M. Takagi: Electron-Ofraction Study of Liquid-Solid Transition of Thin Metal FiknJ.
Phys. Soc. Jpr@ (1954) 359

34) S. L. Lai, J.Y.Guo, V. Petrova, G. Ramanath, and L. H. &l8ize-Dependent Melting
Properties of Small Tin Particles: Nanocalorimetric Maasoents, Phys. Rev. Let7
(1996) 99102

35) SunJ.and Simon S. L.: The melting behavior of aluminunoparticles, Thermochimica
Acta 463 (2007) 32

36) I. K. Robinson and R. Harder: Coherenfiiiction Imaging of Strains on the Nanoscale,
Nature Material$3 (2009) 291

37) M. A. Pfeifer, G. J. Williams, I. A. Vartanyants, R. Hardand I. K. Robinson: Three-
dimensional Mapping of a Deformation Field inside a Nanetal Nature442 (2006)
63

38) D. Sayre: Some Implications of a Theorem due to Shannotg Brystallographic®
(1953) 843

39) Miao, J., Charalambous, P., Kirz, J. and Sayre, D., Naie(1999) 342344

40) R.H.T. Bates: Fourier phase problems are uniquely béévia more than one dimension,
Optik, 61 (1981) 247

41) J. R. Fienup: Phase retrieval algorithms: a compari&pp]. Opt.21 (1982) 2758

42) M. C. Newton, R. Harder, Xiaojing Huang, Gang Xiong and .|R¢binson: Phase Re-
trieval of Diffraction from Highly Strained Crystals, Physical Revie\s8B3(2010) 165436

43) Saghi, Z., Holland, D.J., Leary, R., Falqui, A., Bertdai, Sederman, A.J., Gladden, L.F.,
and Midgley, P.A.: Three-dimensional morphology of iroridexnanoparticles with re-
active concave surfaces. A compressed sensing-electmoography (CS-ET) approach,
Nanolettersl1 (2011) 4666

17/19



J. Phys. Soc. Jpn. DRAFT

44) M. C. Newton, S. J. Leake, R. Harder and I. K. Robinson: &tdienensional imaging of
strain in a single ZnO nanorod, Nature Materia2010) 120

45) R. G. Nuzzo and D. L. Allara: Adsorption of bifunctionafyanic disulfides on gold sur-
faces, J. Am. Chem. Sot05 (1983) 4481

46) C.D. Bain, E. B. Troughton, Y. T. Tao, J. Evall, G. M. Whitdé=s and R. G. Nuzzo: For-
mation of monolayer films by the spontaneous assembly ofnacghiols from solution
onto gold, J. Am. Chem. Soi11 (1989) 321

47) J.C.Love, L. A. Estrfd, J. K. Kriebel, R. G. Nuzzo and G M. Whitesides: Self-Assemble
Monolayers of Thiolates on Metals as a Form of Nanotechngldgem. Rev105 (2005)
1103

48) M.Kim, J.N.Hohman, Y. Cao, K. N. Houk, H. Ma, A. K.-Y. Jerdd S. Weiss: Creating
Favorable Geometries for Directing Organic PhotoreastionAlkanethiolate Monolay-
ers, Scienc831 (2011) 1312

49) R. Henderson and J. K. Nfat: The diterence Fourier technique in protein crystallogra-
phy: errors and their treatment, Acta CryBR7 (1971) 1414

50) R. A. McKendry, J. Zhang, Y. Arntz, T. Strunz, M. HegnerPHLang, M.K. Baller, U.
Certa, H-J. Guntherodt, and C. Gerber: Multiple label-frembtection and quantitative
DNA binding assays on a nanomechanical cantilever arrayg.Matl. Acad Sci. U.S.A.
99 (2002) 9783

51) M. Watari, J. Galbraith, H. P. Lang, M. Sousa, M. HegneiG€Erber, M. A. Horton and
R. A. McKendry: Investigating the molecular mechanismsegbiane mechanochemistry
on cantilever arrays, J. Am. Chem. S429 (2007) 601

52) J.Fritz, M.K. Baller, H.P. Lang, H. Rothuizen, P. Ve#tigk. Meyer, H.-J. Guntherodt, Ch.
Gerber and J.K. Gimzewski: Translating Biomolecular Rextgn into Nanomechanics,
Science288 (2000) 316

53) R. Berger, E. Delamarche, H-P. Lang, C. Gerber, J. K. Givake E. Meyer, H-J. Guen-
therodt: Surface Stress in the Self-Assembly of Alkandshoo Gold, Scienc276 (1997)
2021

54) M. Godin, P. J. Williams, V. Tabard-Cossa, O. Laroche, LB¥aulieu, R. B. Lennox
and P. Grutter: Surface Stress, Kinetics, and Structure lkdmfethiol Self-Assembled
Monolayers, Langmui0 (2004) 7090

1819



J. Phys. Soc. Jpn. DRAFT

55) M. Godin, V. Tabard-Cossa, Y. Miyahara, T. Monga, P. Jlisvis, L. Y. Beaulieu, R.
B. Lennox and P. Grutter: Cantilever-based sensing: thénooigsurface stress and opti-
mization strategies, Nanotechnologd/ (2010) 075501

56) J.W. Ndieyira, M. Watari, A. D. Barrera, D. Zhou, M. Vobgil. Batchelor, M. A. Cooper,
T. Strunz, M. A. Horton, C. Abell, T. Rayment, G. Aeppli and R.McKendry: Nanome-
chanical detection of antibiotic mucopeptide binding in @adal for superbug drug resis-
tance, Nature Nanotechnolo@y(2008) 691

57) Hytch, M J, Houdellier, F, Hue, F, and Snoeck, E: Darkdfedectron holography for the
measurement of geometric phase, Ultramicrosctiy(2011) 1328

58) Rodenburg, J. M., Hurst, A. C., Cullis, A. G., Dobson, B.Reiffer, F., Bunk, O., David,
C., Jefimovs, K., and Johnson, |.: Hard-x-ray lensless intpgirextended objects, Phys.
Rev. Lett.98 (2007) 034801

1919



