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X, 1 Scope and Meotivation

Small metal particles freguently occur in many systems of
tgchnological importance such as heterogencous cétalysts. Hence
tﬁe-mechanisms whereby these particles grow; and their chemical and
bﬁysical behaviour are imbor%ant subjects. To understand these
re;uirés a rather detailed lmowledge of the precise particle structures
ana their thermodynamics, This is the general direction of this thesis.
Portunately particle structures and thermodynamics are in vractice
interlocked problems ~ the most powerful experimental method, direct
imaging in an electron micéroscope, normally provides so much infor-
mation that the only way of unravelling it is structural modelling!
o The major metal which has been studied is silver, which is
important. for its unigue catalytic behaviour in the epoxidation of
ethylene {1.2). To a lesser extent smali gold particles have also
been analysed as these often have very similar structures., " Additionzlly,
the theoretical analysis in Chapter 4 has been extended to include
a mumber of other, face-centered cubic (fcc) metals., Because of
their very'frequent ocourrence in sil#er, much of the work has
centered around particles with rather unusual, ncn—crystallogfaphic
packings called “multiply-twinned particles" (or ¥TPs). The detailed
structure of these particles and previous work on them is described
in Chapter 2.

The equilibrium surface structure of MTPs is examined, both
theoretically and experimentally, in Chapter 3. The decahedra; type
of these particles is shown %o have a rather unusual sufface structure
vhich includes re-ertrant surfaces at the twin boundaries. %This is
successfully modelled by a modified form of the Wulff comsiruction

(Wulff 1901). Theoretical structures and total surface erergies for



two extreme modelscd?facetiné are evaluated and discussed.

Following_.on from the total surface energy results in
.Ghapter 3, the remaining strain-dependent energy terms are evaluated
inZChapter 4. These are then employed fc analyse the energy balance
be;ween.ETPs and single crysitals, These resulis show that the
ét%bility of HTPs is very sensitive to the presence of any surface
imﬁurities, ‘

The high resolution st&uctures of small particles are considered
in Ghap%ers5 and 6., In Chapter 5 the structures of MTPs are considered
énd-the possible presence of partialrdislocations in these particles
reported. In Chapter 6 the structures of some more complicated particlesl
are investigaited, and a new species of particles termed "polyparticles"
are identified. These are similar to polycrystals, with the basic
structural unit beingra discrete particlg, rather than a”single crysfal.

Finally, in‘Chapﬁer 7 the presence of significant numbers
of MTPs in a heierogeneous catalyst_is reported, The possiﬁality
that these particles have unusual catalytic sites, and hence gnusual

catalytic behaviour is discussed.

1.2 Silver as a Catalyst

A particularly imﬁortant application of metallic silver, second
only to the adornment of the female sex, is as a catalyst for ihe

epoxidation of ethylene, The reaction

0
H, A Ag RN
0= C + 20 > H-C-C-H
’ - H H

ethylene ethylene oxide
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iz the means whereby the commodity, ethylene, is converted inio a

form suitable for industrial synthesis. The most familiar use of

ethylene oxide is probgbly in ethylene glycol, car "anti-freesze",

which is the hydrated form of the chemical. |
| Silver is the only meial which catalyses this partial

bﬁidation, ¥hy this should be so is not understood, despite the-

fa;t that this catalytic reactioen is probably the one which has been

most extensively studied. Thelreaction is probably between chemisorbed

.moleculaf oxygen and gas phase ethylene (see Clayion & Norval 1980 for =

recent review). Chemisorbed atomic oxygen is a negative factor,

leading to a complete oxidation to carbon dioxide. The ratio between

the amount of ethylene usefully converted and that burned (to G02 and

HZO) is termed the "selectivity", and is strongly affected by trace

impurities,  The most'importént of these is chlorine, added to the

gas feed as ethylene dichloride, which appears to poison the further

oxidation. It is not eclear whether the precise details of particle

size or morphology are important. The absence of any particle size

effect reported by ¥u and Harriot (1975) occurred in the absence of

any chloride promoter, and hence is unrepresentative of the industrial

conditions.

1.3 TFExperimentel Technigues

The experimental technigue employed {throughout this thesis is
eleciron microscopy. This is the most powerful and direct method of
examining small particles as information concerning their surface
and internal structwwe can be obtained in far more detail than is
possible with any other technicue . Fﬁr example, resolutions near

1o the alomic level are attainable in the most advanced instruments.
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The basic methods of operation, and the theory of image formation are

amply documented elsewhere and are not described here (see, for example,
Hirsh et a1 1965). In this section the principle technigues employed |
by the author are briefly described and cross-referenced, excepting
high resclution lattice imaging which is éonsidered in 5.2.
Three major btechnigues have been used: diffraction contrast
bright fields; axial dark field; and hollow cone dark field. A
comparison between the three techniques is given in Figure 1.1 and
Table l.i. Diffraction contrast bright field is the simplest and
easiest method of examining small particles, with exclusion of the
diffracted beams by an aperture producing dark contrast &t the particles.
Typical resolutions are between 0.5 and 1 nm, depending upon the size
cf aperture employed. However, the contrast levels are freguently
identification based upon this method alone is rather problematic
(spe Figure l.la),
| Improved contrast levels can be oblained by employing dark field
techniques, wherein an image is produced by selecting only one or
nore diffrécted beams with a suitable aperture. PFor axial dark
.field (Figure 1.1}, the illuminating beam is tilted so that the
diffracted beamé pass down the opliic axis of the microscope.
(Typically,B:nm resolutions were obta%ned, Judging by the apertiure
size.) Examples of this fechnique with small particles have been
provided by Ino (1966), Im-) and Ogawa (1967), Avery and Sanders {1970),
Yacuman and Ocana | - (1977), showing hoir structural and thickress
information can be obtained. An alternative method is hollow cone
dark field, where the specimen is illuminated with a hollow cone of
electrons Ytuned" so that the diffracted beams of interest pass down

the optic axis (Treacy et 2l 1978). Contrast iz here obtained with
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Figure 1.1 A comparison of Axial Bright Field (BF), Axial Dark Field (DT)
and Hollow Cone Dark Field (HCDF). The micrographs are: a),and b), a mat-
ching BF-DF pair (the DF was obtained over the (111) and (200) rings);

c), and d), a matching BF-HCDF pair (also over ‘the (111) and (200) rings).
The specimen is the silver sample prepared by évaporation onto NaCl, as
described in 3.2., the background being an amorphous carbon film. Far more
structural imformation is available with either of the Dark Field techniques.
Particularly fine thickness fringes are-obtained when using DF, whilst the
general contrast levels between the particles and the substrate are better
when using HCDF. Hence DF ig the better mode for obtaining structural imfor—
mation, whilst HCDF is better for identifying the particles,



TABLE 1.1

A comparison of Axial Bright Fiéld (BF), Axial Dark Field
(DF) and Hollow Cone Dark Field techniques with small
. metal particles. All the dark field values given are
“or. " suitable for imaging the (111) and (200) rings.

Operating

magnification (105)

Exposure {(secs)
times (x meter)
Aperture size (nmfl)

Structural identif-

ication of particles

(size in nm)

TUse for thickness
fringes

Advantages

!

L

Disadvantages

BF

1,25-2.00

1/2
5/4-1

2

10
bad
method

very
little

Easy to use.
Best employed
togethor with
dark field
techniques.

Low structural
resolution. Omn
its own can
give misleading
results.

DF

1.25-2.00

30-60
T1/3-1

C.2-10
)
only with
BF

very
good

High resolution
of structural
details. Most
powerful method
is to use sev-
eral different
tilts simultan-
eously . (which
can be pre-set).

Susceptible to
drift and ecgn-
tamination.,

HCDF

1.25-2.00

10-20
1/3-1

2-1"

32
good
method
problems
with overlap
Fasy to set up;
high contrast,
and relatively
short exposures
for a dark field
technique (high
incident inten-
sity).

Susceptible t
contamination
problems. Specimen
may move when
changing the
condensor aperture.

.1 These are the relative exposures to be employed when the exposure
: f0r the sample (as read from, for example, an exposure meter) is 1.
The samples examined normally consisted of a dense distribution of
'TP?rticles on a thin ( 10-20 nm) amorphous carbon film, so with a
different substrate, or a different distribution these values will
'C§ange. The first figure is for strongly diffracting large ( 20 nm
- dlameter) particles, the second for weak beam intensities or small

particles.

2.Contamination with small metal particles is often sever, probably
a5 a result of them acting as catalysts. The rate can be considerably
reduced by drying the samples prior to examination in a dessicator

with phosphorus pent

oxide.
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a suitable axial aperture, This technique provides all the possible axial
- dark field images for a particular diffradtion angle simultaneously,

and has considerable advantages in the detection of smail pariicles
(Treacy et al 1978). However, it was found in practice 4o provide
sfightly lower contrast levels and resclutions than axial dark field.

‘ g There are two other methods available for eXamining small

pa;ticles which have not been exploited by the au'tﬁoro It iz possible
fo'obtain,images similax to hollow cone dark field'micrographs using

& hollow cone objective éperture, the so called selected gzone dark

field technigue of Heinemann and Poppa (1975). This method is parti-~
Acularly useful for obfaining crystallographic information, but a |
better approach is direct laétice imaging (see Chapter 6 in particular).
Scanning ﬁréﬁSmission electron microscopes can also, at least in

principle, “brovide considerable information (see Treacy et al 1978).
A potentially very useful fechnique is direct microdiffraction (see, g,
Lynch, PhD Thesis 1980), . but in practice contamination rates

were found by {the author to be too fast.
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2.1 . Introduction

The first indication that small fecc pafticles ¢an have
urmmsual structures came with the work of Ino (1966), Ino and Ogawa
{1957), and, almost simultaneously, Allpress and Sanders (1967).
.Bo?h groups employed, for the first time, a combination of UHV
.(nélc"g pascals) evaporation and in-situ substrate cleavage to produce
clean metal particles. In the early stages of growth (particles
siged ~ 200 K in diameter) itwo new types of particles were observed
with non-crystallographic packings, These were identified as decahedra
" and icosahedra composed of Tive and twenty twin-related feoc tetrahedra
respectively (see Figures 2,5 - 2,17 ). The typical appearance of
these particles is shown in Figure 2.1.

ThiéTbhaﬁter provides an introducﬁion to these particles,
which are generally described as muliiply twiﬁned particles, or HTPs,
alfhoughrvarious other names have appéaéed in the 1iteraturé (e.g. cyclic
twins, mono and poly-pentagonal crystallites, peﬁtagonal and hexagoral
particles). The structure and crystallography of these particles is
described in 2.2 a2nd 2.3, the literature concerning the mechanism
of their formation in 2.4, their energies relative 1o single érystals
in 2.5 and a brief réview of the experimental evidence in 2.6. In
the section dealing with the formation of ETPs (2.4) a brief, preliminary
account of some original work by the author is included. This revives
2 somewhat neglected approach. To conclude this chapter, the simi-
larity of NTPs (principally the Ics) to some other structures found
in very different fields (ranging from medicine to a football pitch)
is mentioned in 2.7. 7

For the purposes of nomenclature, the two nouns “decahedron®

and "icosahedron" are reserved in this thesis exclusively for these
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Figure 2.1 The typical appearance of MTPs in a), a "nice" sample (epitaxial
silver on NaCl prepared as described in 5.3); b), and ¢), a matching Bright

Field-Hollow Cone Dark Field pair from a "nasty" sample (the annealed silver
sample on NaCl prepared as described in 3.2). The background is an amorphous
carbon film. With the nice sample, Bright Field alone is adequate for inden-—
tifying these particles, but for the rnasty sample Park Field techniques are

required: a number of fearureless particles in b) elearly show up as MIPs in
c) (taken using the (111) and (200) silver rings). It is also of interest to
compare the micrograph in a), which was taken at 100 kV,to Figure 5.3, which
was obtained at 500 kV.
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pelyhedra. The adjectives "icosahedral® and “"decahedral" are loosely
employed to denote particles with, respeciively. Ih énd D5h point
group symmetries (with no assumptions made concerning their surface
s%ructure). The two abbreviations Ic for icosahedral KTP and Dh for

1 .
decahedral KTP are frequently employed.
|

2.2 Hicrocrvstallite Kodel for NTPs

The most useful method for visualising the structure of NTPs
is as a collection of distorted feco microcrystallites. This
“picrocrystallite model® was first employed by Ino {1969}, who used
foe tetrahedra with (111) faces as the starting units. Normal tensile

forces are applied to two of the faces in the case of Dh, and three

of the fa;;é in an Ic¢ ¥o produce the shapes shown iﬁ Figure 2.2,

In both cases these forces must keep the faces to which they are
applied flat. (Mo restriction§ apply ic the other sﬁrfaces, except
the siandard elas%icity boundary conditions of zero applied stressés.)
Joining five of these distorted ietrahedra (face;sharing on the
tensile forces) for a Dh and iwenty for azn Ic, ihe completed HTPs are
produced.,

It is important #o realise that other, more comélicated shapes
than i{etrahedra can be employed as the initial buildirg blocks. The
faces on which the twins occur {those upon which the tensile forces
act) are fixed, but the facets which produce the particles external
surface can be varied. For example, Ino {(1969) incorporated a (100)
facet on each of his tetrahedral segments for a Dh. (This produces a
structure with a slightly lower total surface energy.) A more detailed
analysis of the optimum shépes of these iniﬁial'fcc-miqfocrystallites

e

is described in Chapter 3.



Figure 2.2 The shapes of the distorted tetrahedra present in MIPs.

Starting with a tetrahedron ( ABCD in the figure, with E the mid-
point of AC ), normal tensile forces are applied to the faces ABC
and ACD for the Dh, ABC, BCD and ACD for the Ie. In both cases these
faces must remain flat. For the Dh the angle BED is expanded from
70.53° to 72.000; in the Ic the angles between the three stressed

plains ( i.e. the angle BED and the two similar angles )} are

‘expanded by the same amount. The surfaces ABD and BCD in the Dh,

ABD in the Ic are not constrained { and need not be flat ). It
should be noted that the "sense" of these distortions is towards

an orthorhombic structure in the Dh, a rhombic structure in the Ic.
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An alternative approach to the individual siraining described

. above ig te consider a distorition to the colleciion of microcrystallites.
The various cracks present can be described as missing angular gaps,
and their elimination hence considered as eguivalent to incorporating

screw disclinations ‘into the HTPs. (Disclinations are defects

éhéracterise& by an angular deficit, comparable o the translational

~deficit in dislocations. A screw disclination has its rotation vector
ﬁafallel %o the defect line., For furither details see Nabarro 1967 =and

Tundamental Aspects of Dislocation Theory 19?0.) A single screw dis-

clination is present in Dh (de Wit 1972) as shown in Figﬁre 2.3, whilst
six pass through an I¢ as shown in Figure 2.4. (Twelve "surface
disclinations" are present in an icosahedral skin, as shown by

Harris 1970.) fThe magnitude of these disclinations depends upon

the .precise-definition of their rotational deficits - whethor by
reference to the atom positions in a translationally symmetric solid
(after Wabarro 1967); or by the rotation reguired to producé a simply-
connected body (de Wit 1972). The latter is more appropriate to

HTPs, and leads to a magnitude.7-356o.

_The precise nature of the internal strains produced by the dis-
tortions in MTPs islas yet unclear. Ino (1669) éssumed homogeneous
anisotropic elasticity theory to derive values of approximately 1%
and4% for Dhs and Ics réspectively. Bagley (1965} for the Dhs,
and more recently Heinemamn et al (1979)1'considerea that MTPs
possess different laitice structures - orthorhombic and rhombic
for lhs and Ics respectively. It should be noted that these
- different structures are equivalent to completely homogeneous sirains.
De Wit (1972) noted the similariiy between the decahedral particles
1The set of five papers by the gréﬁp of Heineménn, Poppa, Yacaﬁén

and Yang (197¢) are referred to here, and elgsevhere as Heinemarn el
-.al 1379)._ They are separately described in the references section.
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Figure 2.4
disclinations in an Ec.When the 20
segments (tetrahedra in the figure)
are assembled there is a a7,5° gap
around each of the twelve 5-fold
Symmetry axes. These lead to the
presence of six 17.5° screw disclin-
ations in the final particle.

Illustration &f the screw

Figure 2.3 Illustration of the screw

disclination in a Dh. As shown in the
figure, when the five segments are
assembled (here tetrahedra) there is

a gap of 27.5°. This can be eliminated
by incorporating a 7.5° screw disclin-
ation.
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and a screw disclination and derlved a plane strain solution (see 4.2.2).
A more detailed analysis, with an inhomogeneous isoiropic elasticity

solution for the Ics, is desc¢ribed in 4.2.

2.3 Crystallography of KTPs

2o3;i Introduction

The typical contrast from HTPs (in an electron microscope) and
Fheir electron diffraction patiferns are generally very cqmplicatedt
Consequently, qualitative theoretical models for their positionally-
resolved microdiffraction patterns are invalusble when atiempling to
7 interpret the experimental results.(GQuantitative models are fér harder
problems, requiring as they do assumptions about the form of the internal
distortions. Purthermore, ouantltatlve analysis of any experimental
resulis ig a very difficult and dangerous procedure as the particle
shapes enter into the resulis, by the wedge splittings as described
in 5.2). To obtain these, which is the subject of this section, a
simple homogenecus model is adopted here. Specifically, the electron
diffraction poles of an fec teirahedron are considered as homogeneously
mapped (by the distortioné) into fec poles of the MTP microcrystallites.
Por example, with this procedure all the edges of the distorted tetrahedra
in NTP8 are considered as {110> electron diffraction poles., Alternative
analyses have been presented Ly Ino (1966) and Ino and Ogawa (1967)
(vy incorporating.“cracks“ rather than strzins in the particles) who
include 21l the double (or triple) diffraction effects, and Heinemann
et a1 (1979) with & homogeneous strain, but few of the double
diffraction spots.

In all the following diagrams, perfect icosahedra or deczhedra

T - B N U 1 ‘m———— e o A ¥ _m X wme L om = - - - . o=
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noted that these are not, in general, the shapes of the particles as is
shown in 3.4 (although this is no% important with respect to the crystal-

lography).

1
2.3.2 Tcosahedral HTPs

There are three major symmeitry orientations of-these particles.
Tﬁe‘mcst common of these is when one of the microcrystallites has its
extornal {111) surfacé flat against the substrate, which occurs where
there is {1117 epitax} (eeg. for Au on alkali halides as observed by

Ino 1956). An illustration of an icosahedron with this orientétion

as viewed normal to the substrate is shown in Figure 2.%a, with the

' cerystallography of the particle deseribed in Figure 2.6 and 2.7. The
formation of pseudo-{111) double diffraction spots {as shown in Figure 2.7)
is an unusual and distinctive feature of this orientation.

The second major §rientation is with the icosahedron ditting
edge on to the substrate, as is fouﬁd, for example, for Au on alkali
halides (Heinemann et al 1979). Some further faceting is of course
required for this orientation, a (112) epitaxy, to occur. The
detailed crystallography is described in Figpre 2.8 and Figure'2a9,
with a sketch of the shape shown in Figure 2.5b.

Finally, the third symmeiry orientation is down one of the
five-fold axes; corresponding to a <1107 orientation; and is described
in Figures 2.10 and 2.11, with the shape shown in Figure 2.5¢. This
orientation has not to date been experimentally observed, probably

because it does not occur epitaxially.



<110> <110>

Figure 2.5 The external surface of an icosahedron (a,b and ¢)
and & decahedron (d,e and f) as viewed down the three major
symmetry axes of these structures. In b) and f) the lower
surfaces are related by a mirror plane symmetry to the upper
surfaces, in a) and c) by a center of symmetry. The distorted
- L A T il Te smm Ro oonarated hv iaining the vertices




Figure 2.6 The diffraction from a “111> oriented Ic, out to the (220) ring.
The particle here, shown in a), yields the total diffraction pattern shown
in b). This is best analysed by reducing the section being considered to any
of the six rotationally related segments, e.g. the segment AQD as marked in
a) and expanded in c¢). Also marked on ¢) are the positions of the edges of
the distorted tetrahedra. The breakdown is:

Primary spots: (lil)=R, and (220)=® .

Moire spots: O=%.695 nm; O =, 355 nm, and A =,235 nm (pseudo~(111) fringes).
All magnitudes quoted in this figure, and the following breakdowns for MTPs
are appropriate for Ag (or Au).

Positions of the spots in c¢) and d): m everywhere; all the spots along the
line marked 1 in d) in BOD: all the spots along line 2 in AOC, and those
marked along the line 3 in BOCE. (The (220) spots are Moirés, rather than
primary spots in the section BFCE.)
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the lattice fringes in
and the following

Figure 2.7 Simutation of
a - 111 oriented le. In this
figures, (110) planes rather than (220) planes
have been emploved (due to lack of a sultable
lettraline). Hence the common (222)/(220) Mo1vé
fringes,which in this case produce a very char-
acteristic rosette pattern, are shown with twice

thelr true spacings.



oo¥oo

Figure 2.8 Diffraction from a <112> Ic to (220) for the primary spots and (111)
for the Moires. The particle, shown in a) with its total diffraction in b),is
decomposable into the segments AOB and BOC as shown in ¢) and e) respectively,
with their diffractions shown in d) and £). The overlap between the spots ¥ , A
(produced by double diffraction between the (111) spots B and # ) and O , O should
be noted. {(This will complicate interpretation of these Moires.) The breakdown is:
Spacings: (i) primary spots— (111)= @ and B (2000= a4 , and (220)=@ and & .

(1i) Moires- © and A =v.695 nm; O and ¥ =%.355 nm, and & =%.270 mm.

Positions: (i) in ¢) and d)- in AOB-only, M , & and @ ; in AOF all the spots.

{(ii) In e) and f)-only the (220) spots@in FBCDEwhilst all are present in ODEF.
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Figure 2.10 Analysis of the diffraction from a <110» oriented Ic. The primary

spots are shown out to (220), the Moires ocut to (111). In an electron micros-—
cope, this orientation has the highest symmetry (10-fold rotational), and is

in consequence very complicated. The total particle, shown in a), produces

the total diffraction pattern shown in b). This contains a large number of
Moire spots. These are best analysed by considering a smaller segment, e.g.

the section OBC as marked in a) and shown in c), with the resulting diffraction
in d). One interesting aspect of d)is the presence of a "top-bottom'" effect:
the pattern is less symmetric than might be expected (see the spots marked as
¥ ). Diagram d) has been drafted for the electron beam coming out of the plane
of the paper, the spots B, K and & coming from the first diffracting segment.
The positional breakdown is:

Primary spots: in OAC (111)= W and & ; (200)= & and X ; in OBC (220)=@ and & .
Moire spots, all of which are present in OAC: O =v.695 nm; V =V.411 om; O =

" 355 nm, and A =".278 nm.
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Fligure 2,11 Simulation of the
lattice fringes in a - 110 or-
tented Te. The verv compllcated
appearance of the Moire fringes
should be noted.
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2.3.3  Decahedral KTPs

In common with the Ics, tﬁere are three major symmeiry orien-
tations for the Dhs. The one most frequently encountered is when
cné of the microcrystallites has an external (111) facet adhering
fozthe substrate, as illustrated in Figure 2.58, together with its
diffraction in Figure 2.12 and 2.13.

| The second important orientation is where one of the unshared

edges of a distorted tetrahedral segmen% is resting on the substrate -
a {1002 epitaxy, as found for either Ag or Au on alkali halides. All
.Wfiﬁe of the microcrystallites are activély diffracting from 10# inﬁéx
planes, thereby producing a rather complicated set of double diffraction
or Hoire spots. The breakdown of this diffraction is shown in Figure 2.14
and Figure 2,15, with a sketch shown in Figure .56, Similar to
the <1127 Ics,-some.furﬁher faceting must be present on this particle
for it to have this epitaxy.

The final orientation of importance is down the five-fold
© symmetry axis as shown in Figure 2.5f. It should be noted that this
(Cﬂl} orientation is perpendicular to the ({1007 orientation described
above, It is occasionally found for small Dh, probably as a fesult of
particle disturbances‘during sample preparation, rather than being a
natural epitaxial arrangement, The diffraction, which consists of

five rotaitionally related (011} poles, is described in Figure 2.16

and Figure 2.17.

2.4 Growth of ETPs

The precise mechanism whereby HTPs are produced {as against

their thermodynamic stabilities) is a problem which has to date only
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Figure 2.12 Diffraction from a <111> oriented Dh out to the (220) ring.

X rather complicated set of Moire fringes is produced, the two main omes,
marked on the figure as the spotsQandObeing redily visible with spacings
of ~.695 and .355 nm trespectively. The positional breakdewn is:

Primary spots: (111)=Min ABHE; (220)=A,¥ and@withain FBCD, ¥ in EFCD,
and @in DFC.

Moire spots: upright triangles ( including those circled ) in FBH; inverted
triangles in EFH, and all the spots are present in FGHJ.

.

Figure 2.14 Diffraction from a <i00> oriented Dh out to (220). The diffraction
here is similar to that ir Figure 2.12. However, all the Moire fringes are now
likely to occur in the images of these particles (see Figure 5.5).Two main areas
are present: The central region AFCE where all the spots are present, and the
remainder of the particle where only the (111) spots M and the (220) spots K
are active. The spacings breakdown as:

Primary spots: (111)=@ ; (220)= Xand @ , and (200)= & .

Moire spots: =", 695 nm; =~.355 nm; A =v.286 nm, and ¥V =v,239 nm.
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Figure 2.16 Breakdown of the diffraction from a <110> oriented
Dh: a), the particle structure; b) diffraction from the segment
ABC shown in a). The beam direction is indicated with a star, and
the streaking due to the twin boundaries is indicated. c¢) The
diffracrion from the total particle.



Figure 2.18 Illustration of the vibrational relationships
between MTPs and single crystals: a) interconversion of an
Ic (left) and a Dh (right). The two structures shown are
related by /5 rotations abouf one of the 5-fold symmetrv
axes, as indicated by the single headed arrows.Alternatively,
the Ic can be converted into the Dh by pulling apart two
opposing vertices, as indicated bv the double headed arrows.
b) Interconversion of an Ic (left) and a single crvstal
{right}. The rotations shown by the arrows interchange the
two structures. All the sides shown in the figures are of
the same length.
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been treated rather qualiiat;vely in the literature. Tuo models have
been proposed: layer growth upon very swall muliiply twimed muclei
{Komoda 1968), and accidental twimning (Allpress and Sanders 1967j°
% Layer growth is the mechanism whichk has received the most

gu%port (in the interpretation of results) in the literature (sece,

fo% example, Gillet 1977). The model assumes the existence of ﬁery
Sméil rigid mclei ﬁpon vhich layer growth {i.e. growth where the

étomé adopt the crystallography of the surface to which they are

added) procedes. This is almost certainly how very large ( » 1*»}

¥TPs are produced by, for example, electrodeposition (Disgard et 2l 1976).

However, there is a major problem with this model - whalt are the

initial muclei? The seven atom pentagonal bipyramid {a Th) and the

13 atom icosahedron aye those normally considered (see XKomoda 1968,
Gille® 197%5: but, as Hoare and Pal (1972) have critically commented,
there is very little reason to believe fhat either of these are
gonformationally rigid. Clustéfs this small are almost cer;ainly

mobile,; and are closer to liguids than to solids. Hence ziom

addition prodbably produces a new, completely differeni siructure

rather than an extension of the old one. Hoare and Pal (1970) suggested
that the smallest mucleus rigid encugh for layer growth is the 55 atom
YMcKay Tcosahedron {¥cKay 1962). Hence Ics can be produced by layer
growth, butl where do thé Dhs come from?

| ~The accidental twinning mechanism of Allpress and Sanders (1967) is

one way in which  Dhs can be produced. This model assumes the existence
of very snall {etrahedra upon which growih accidentally produces one
tvin boundary, fhen successively more twin boundaries, finally to end

up with KTPs. However, this mechanism requires the presence of #ery

samll single crystals as the iritial micleation products, whilst

. Komoda {1968} showed that NTPs were present even at the very early
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stages (particleé 1-2 nm 8CToSS).

To réconcile these problems concerﬁing NTP growth, retaining
the attractive layer growth model for the formation of very large
H?Ps, regquires a mechgnism wheréby small (e.g. 5 ﬁmi across) MTPg
o% single crystals can be produced. A model developed by the present
a%tﬁor,appears capable of +this. The basic feature of this model is
‘#ﬁat MTPs and singlé crystals are not completely unrelaled species
(és the microcrystallite model in 2.2 implies), but can be inter—
converted by relatively small rotational distortions. This can
be simply demonétrated with a framework model of an icosahedron.

If two opposing vertices are pulled apart and the apprecpriate "bonds"
are broken or allowed to stretch, a2 version of Dh is produced as shown
in Figure 2.18a. Similarly, holding two of the flat faces rigid

and rotétigg_the intermediary vertices produces & single crystal
(eubo~octahedron), as shown in Figure 2.18b. These distortions
correspord to vibrational modes effecting the whole structu;ee For
example, interconversion of aDh to (or from) an Ic corresponds to

a vibratioﬁ of class A (in, respectively, the Dy, and Ih'point
gfoups). For the application of poiﬁt group symmetry to vibrational
modes see, for example, Murrell, Kettle and Tedder (1965).

Hence, KTPs and single crystals can be interconverted, even
at relatively large sizés (e.g+« 5 mm across), by thermally excited
vibrations., The precise mechanism of KTP (or single cxrystal) formation
can be sketched as follows. A%t the very earliesti stages {a few tens

of atoms) very mobile structures are formed which freely interconveri
by the type of vibrations mentioned zbove. As the particles grow
these transformations become progressively harder (reguiring more

energy) until $he structure "erystallises® into conformationally

rigid entities. TFurlther layer growth upon these muclei can produce
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the very large particles frequently found. An interconversion of a
particle with one twin boundary into a:Dh, which then rearranges

to an Ic has in fact been observed by Yagi et al (1975 during
in-situ studies of particulate growth. (The final particle has
contrast typical of a, {1127 orieﬁted Ic, but was interpreted by

these authors as a rather different type.of particle.)

: 2.5 Thermodynanics of ¥TPs

Complete agreement has not been reached on the thermo&ynamic
stability of KIPs relative to single crystals. All the analyses (1o
date) have found fhe Ics to have lower fotal free eﬁergies than single
crystals at very small sizeg, but no particularly satisfactory
explanation for the Dhs has been proposed. |

- Pukano and Wayman (19&9) were the first to analyse this
Pproblem; employing a simple haipd sphere model with nearest«neighbour
interactions. They concluded that Ics (icosahedra in fact) were
stable relative fo single crystals for up to 1155 atoms, with no
stability for the Dh. Allpress and Sanders®{1970) improved upon
this type of atomistic approach, employing Horse and Hie potentials
with a homogenecous relaxation of the atom co-ordinates, and obitained
very similar resulis. Hoare and Pal (1972) approached the
problem in a similar fashion (Mie potentials), analysing the relative
stabilities of a wide variety of different structures and evaluating
the partition functions. Their resulis are rather more relevant
1o the growth of HTPs, where théy have already been described. Host
recently, an atemistic calculation has been carried out by Gordon et al
(1979), with a tight binding approximation and a homogeneous strain.

This produced the (exceptionally low) result of Ics being the
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preferred form (in Ni) fo? léss than 150 atoms.

A rather different apéroach was adopted by Ino (1969); namely
a continuum model with homogenecus anisotropic elasticity and surface
free energies. He found very small Ics to be stable relative to all
ot?er types, and suggested that Dhs were metastable compared %o
te%rahedra. Hore detaiied calculations based upon this approach,
wi;h the extra refinements of a more complete surface minimisation
(Chapter 3) and inhomogenecous elasticity (Chapter 4) are included
in this thesis. ‘These indicate that therenergeticg.of KTPs are

considerably more complicated than any of the previous analyses have

suggested.

2.6  Experimental EBvidence

[ Teu—

There is a considerable amount of iiterature where the gresence
of ¥TPs is reporied, buﬁ a relative sparsity of detailed expérimental
analyses céncerning their structures or the mechanisms of their growth.
In this seclion these latter works are briefly reviewed.

_The'basic sources for NTPsare the two original papers by Ino
(1965) and Ine and Ogawa (1967). These authors observed very
complicated electiron difffactionrpatterns during the early stages of
growth of Au on alkali halides in UHV. By taking high resolution
dark field electron micrographs arcund the various diffraction spots,
& positiconally-resolved microdiffraction pattern was obtained., These
showed that in addition to < 111> epitaxed tetrahedra, two new
particle; were.present. These were Ics and Dhs with {111y epitaxy,
the second paper also reporting the presence of <100 epitaxed Dh.
Shapes of icosahedra and decahedra, repsectively, were reported for

these particles. The detailed structure of the pariicles was explained



18

with a gualitative form of the microcrystallite model,

Similar particles were observed almost simultaneously by

Allpress and Sanders (1967) during the growth of kay, ¥i and Pd on

mica in UHV. The.experimental diffraction patterns and images are ana-
i
lésed here in less detail than Ino and Ogawa, but the resulis are

mére extensively discussed. An important measurement was the relative
|
I

. edge 1ehgths of the tetrahedra, Ths and Ics observed. This shoved

that {the different particle types 21l contained approximately the séme
number of atoms, thereby precluding a preferential growth mechanism

for MTPs (as was later suggested by Gillet f1976} = ) The

successive iwinning mechanism for KTPs, as described in 2.4, was

proposed.
Bvidence of a rather different nature was provided by Komoda
(1969) using axial lattice imaging of the (111) and (200) fringes in

¥TPs. The lattice fringes were observed to be slightly bent, this

“being taken as evidence in favour of inhomogeneous strains in WTPs.

Following from the observation of very small {1-2 mm -across) NTPs,
the layer growih mechanism based upon the seven and 13 atom nuclei
was propdsed (as previously described in 2.4). Unfortunately, despite
the exireme clarity of the images obtained, these interpretafions are
notrparticularly con&incing, Bent lattice fringes are fo be expected
when there are variations in the crystallite thickness (see Hashimoto
et al 1961 and 5.2) and need not be due to any internal strains.

The problems connected with the choice of seven and 13 atom nuclei

for the layer growth model have been discussed in 2.4 .

L

Important evidence congerning the behaviour of KTPs during
evaporative growth has been obtained by Yagi et al {1975). These
authors observed, in-siiu, the early stages of growth of Aun and Ag

on various subsirates at mecderate (=~ 1 mm ) resolution. HTPs
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wWere founa to be produced by three different mechanismss -layer growth
- on small nmuclei; rearrangement following the coalescence of two
particles (which produced Ics, not Dhs), and an internal rearrangement
vhere a particle with one twin boundary changed into a Dh, vhich laier
changed into an Tc. (The final particle is interpreted as a = {1129
oriented Ic by the present author, which is different to Yagi et alts
analysié.) The post-coalescence formation of Ics provides the only
#vailable,evidence foﬁ an absolute thermodynamic stability of these
particles., The igternal rearrangement ?rovides evidence in support

of the vibrational rearrangements described in 2.4.

An analysis of high resolution images (obtaired using filted
’illumina“tion) has been carried out by Gillet et al (1976). A splitting
of one of the Moire fringes in the Ics into two pairs‘%t an angle of
approximately 6°20" was observed. This was attributed to the presence
of some form of "fco strocture", that is, dislocations. This feature
was observed to occur in particles larger than approximatelg- 8 nm.
However, interpretation of these details, as with the work of Komoda,
is very complicated. {(In faét, nore probiems are likely when tilted,
rather than axial illumination is employed.) Further, corroborative
evidence is required for the full confirmetion of these resulis.

Kore recently, Heinemann et al (1979) have critically re-
examined the experimentzl evidence concerning MT?S. They drew atiterntion
to a nmamber of features (the loss of (220) "ghost images™ in the Thsq
2 splitting of the diffraction spots in the Ics, and the presence of
straight Moire fringes and continuous thickness fringes in boih types
of particles) which wefe considered to be incénsistent with the presence
of inhomogeneous strains. Hencelzgey considered that the microcrystallites
in the NTPs are not distorted foc crystals, but are, instead,

orthorhombic {for the Dhs) and rhombic (for the Ics) crystals. However,
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these features do not unambiguously disprove the existence of

inhomogeneous strains. The sirains present in these particles are

. relatively homogencous, except near the five~fold axis of the Dhs

o% the centre of the Ies (see 4.2 for the inhomogeneous sirain
sélutions}a Therefore the effects that they produce will be very
séall. - For example, on drafti;g the strain field in a-Th to

' s{mula%e the formation of the relevant Moire fringes (as in 5.4.1,
Figure 5.7), straight fringes are produced. Furthermore, thickness
fringes must always be continuous, whilst intensity changes are symp-
toms of inhomogeneous sirains. Finally, the loss of the (220) ghost
images and the splitting of the diffraction spoty are features also
1o be expected with an inhomogeneous strain.

2.7 Related Fields

An interesting, and in some cases relevant relationsﬁip exists
Yetween the study of MTPs and some other, rather distanit fields. In
this-section those known to the present author are briefly discussed.

A rather directly related field is the study of the very
large { Y 1w ) ¥TPs grown by electrodeposition techniqgues (see Digard
et al 1976, who also provide a useful review). One of the more
integpgting results of %his work is how the iype of particle produced
dépené; upon the overvoliage employed.-

Another directly relevant area is the study of small transition

metal or boron clusters {the so called "electron-deficient compounds")

The properties of these compounds should provide some ingight into
the very earliest stages (i.e. ) 20 atoms) of particulate growth. Ore
interesting result is the exceptional stabiliiy of the 13 atom boron

icosahedron — it behaves ip manv respects like a verv larze ztonm
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(see€bttbn’and Wilkinson 1972 for a useful'review).

urther afield is the common cccurfeﬂce of icosahedral
structures ir viruses (see any recent Cell Biology textbook). One
particularly relevent paper is that due to Caspar and Klug (1962),
who showed that {the lowest energy skin that can be built using
identical urits (implicitly proieins) with nearest neighbour inber—
-actions is the surface of an icosahedron.

Icosahedral structures are also of importance in architecture,
Buckminster Fuller (1363) showed in his design of the geodesic dome
that efficient building principles iﬁvolve an icosahedral symmetry.
Probably for similar reasons, the Buropean foothall design has
icosahedral symmebry.

. Finally, the icosahedron is & very special structure, being the

vwho based some of their astrological theories upon it.) Fxcept for

the "infinite" point groups Cuw s Dih » SV2 and R,, the icogahedral

33
point group is therefore the most symmetric point group (there are

120 symmetry operations in Iy, as againet, for example; 48 in Oh)'
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3.1  TIntroduction

An important characteristic of a2 HMTP is-its equilibrium
surface strucﬁure,.a topic which is invesiigated both experimentally
and theorefically in this chapter. The experimental resulis ;btained
for thermally-annealed particles (3.3) show one rather surprising
feature: the presence of re~entrant surfaces in Dhs. To.understand
this, a theoretical model based upen the Wulff construction is developed
in 3.4.2. In addition to giving structures reproducing the experi-
mental features (3.5.2 in particplar), this permits a rather useful
rerturbation approach explainiﬁg why there are any total surface
energy differences between ¥IPs and single crystals (3.4.3). The

predicted structures and energies for two extreme models of fadeting

are considered in 3,5, This is followed in 3.6 by a model explaining

why the resulis obizined here differ from any previous worky with a

general discussion in 3.7. ' e

3.2 Experimental Procedure

Specimens of silver were prepared by evaporation in a wvacuum
of (223:10“3 pascals onto amorphous carbon at 500, 600 and 700° €, and
cleaved Hall at 5000 C. These were then annealed at the deposition
temperéture for 30 minutes. A specimen of gold was prepared by evapora-
tion in the same vacuum conditions onto amofphous carbon at 600° C and
iannealéd for 10 minutes. For both metals, a range of particle sizes
was oblained by varying the deposition time across the substrates
with a movable shutter.

The spebimens deposited on NaCl were prepared for microscopy

by evaporation of a thin amorphous carbon film over the particles,
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followed by transfer of the particleskon the carbon support film onto
_ microscope grids (by dissolving the NaCl in water). The amorphous
carbon sﬁbsﬁratés employed were premounted on microscope grids.

The particles obtained in this fashion were examined in a
Siémens 102 eleciron microscope at 100kY using axial bright field
imaging combined with either axial or hollow cone dark field imaging

over the (111) and (200) rings,

3.3 Results

\

A wide variety of particle types were 6bserved, in agreement
with previous work for similarly aﬁnealed particles (Solliard et al
1976, Takahoshi et al 1978). 4 typical field of view is shown in
Pigure 3.1$::The external profiles of the parficles were rounded,
crudely approximating to spheres, although facets could be observéd
‘at higher magnifications. S -

A particularly interesting result was the surface struciure
of tﬁe Dhs, Eggardless of size, substrate or temperature, these
particles possessed well-formed noitches at the tﬁin'boundaries, as
shown in Figure 3.2, It can be seer from the figure that the planes
producing these re-entrant surfaces are nearly parallel to an adja-

cent twin boundary, from which they were indexed as (111) facets, or

possibly facets very close to (111).

3.4  Theory

3.4.1 Introduction

The problem that is analysed in this section is the thermo—
A

Avnoms A~ntTlar moact odnbTo Lol . oaw ~
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most useful approach to this problem is via the microcrystallite
' médel for NTPs (described in 2.2} in which a collection of single
crystals is elastically distorted. It is convenient to divide this
quel into two parts: a "plastic problem", which involves determining
tge most stable shape of the unstrained single crystal building blocks,
aﬁﬂ an "elastic problem"™; which considers the effects of the elastic
distortions. The plastic problem, which produces shapes closely
apfroximating those of the complete NTPs (ithe strains required are
only a few per cent), is considered in this section. The elastic
problem is considered in 4.2, along with & firs order correction for the
coupling between the elastic and plastic problems {(in 4.3).

When considering the pre-strained particle, two new names are
adopted: each single crystal element is described as a "precursof

segment",-;ﬁd the total particle is called a "precursor MTPH.

.

3.4.2 JFHodified Wulff Construction

PR

In this section, the eguilibrium shape of {he precursor segmenis
employed in consiructing ¥TPs is considered. This is an energy
minimisaﬁioﬂ problem, where the free variables are the normal distances
from some arbitrary origin to a number of surface planes and twin
boundaries., To obtain ; solution, two approximations are adopled:

" a continuum (rather than atomistic) treatment, and the assumption
tha{ 211 the precursor segments are identical. Both of these
approximations are discussed in 3.7. |

Given that the precursor segments are identical, only the
energy and shape of any one arbitrary segment has to be considered.

The solution to this type of problem was first given by Wulff (1901),

with general proofs of the theorem by Late (1943) and Dinghas {1943).
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If 33(§3)¢) is the excess surface free energy per unit area of the
strain-free surface defined ‘by the polar co-ordinates @, fé (referred
to as the "specific surface work™ of the face as suggested by Linford
1973), then the solution takes the form of the constrﬁction:

i (i) draw 35Q9)¢) in 3~D as a polar plot;

(ii) construct the planes normal to the radii at all points on

Ké(e)é) s and
(iii) the minimum energy shape is the inner envelope qf these

planes, |
The form of the consiruction for a single crystal is showm
in Figure 3.3.

The use of the strain-free term, specific surface work, is impori-
ant. The excess surface free energy is in genéral strain-dependent,
but the Wulff cqnstruction is valid only when the energy per unit area
of surface is dependent solely upon the surface normal, not upon the
pogition. This condition does not hold when étrains are inéluded,

An analysis including the effects of strains is given in 4.3.

To employ this construciion for the MTP precursor segments, a
modification must be made to include the twin boundaries. By virtue
of the symmeiry of the segments, each of the facets which combine
(after straining) tolproduce the twin boundaries have an energy per unit
area vhich is half that of a twin boundary {written as Kt/2). Incor—
porating exfra point values of Xf/2 in the Wulff construction produces
"{win facetis", vhich include all the effects of the twin boundaries.

An example of this "modified Wulff construction’, suiiable for 2
Dh precursor segment, is shown in Figure 3.4. |
Finally, when discussing the total energies of these shapes,

a dimensionless parameter Ew will be employed. This is defined by



Figure 3.1 é,typical field of view from the sample of silver prepared on
¥acl at 500 °C. Two DPhs with the notches just visible are indicated.

Fisure 3.2 A Dh of silver from the 700 °c sample on amorphous carbon; al),

hright field and b), dark field. The diffraction spots contributing to the
image in b) are indicated on the figure.



Figure 3.7 <11 scction of a Wulff construction for a single
crvstal. The form of v _(7,:) emploved in the fipure produces

the Strong Faceting Madel with 3 /3 (the broken
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Figure 3.4 ¢110> sectioh of a modified Wulff construction suitable

for a Dh, The form shown results in the Strong Faceting Model with
= y =1.15.

\ 0.1 { about x20 to large ) and YlOO/Yll .13

111 1
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where gu; is the specific surface work of an (111) face. The

advantege of tlis parameter is that it depends only upon the particle

shape (in a contimmum model - but see 3.7), and not upon the volume.

"~ 3.4.3 Perturbation Approach

The modified Wulff construciion developed in the previous
section completely includes the effects of the twin boundaries, bul
lacks any direct physical interpreiation. An ai%ernative approach,
which provides more insight, is 1o comsider the twin boun&arieé as
small perfurbations and apply perturbation theory. The surface

energy parameter E@;can be expanded in the form

£, = & + Eefblgmiﬂ €c

where £s is the zero order term, obtained by putting Kt = 0 in a modified
¥ulff constrﬁction, Et ig the first order correction c¢btained from the
twin boundary area of the ¥, = 0 construction, and ¢, is the residual
term contairing all the higher order correciions. For fcc metals
(except possibly aluminium) ¥y, ¥» ¥¢ % 001VY,, , so that tg is
the major term in €. A combination Qf Eg and &g is similar to the
treatment of the twin boundaries employed bty Ino (1969). The term
E& is a measure of how strongly the twin and surface terms interact.

The total surface energies of different particle types can be
gualitatively compared by their ES values. These vary because the

possible external surfaces in MTPs are restricted by the twin boundaries.
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stereographic plot (Pigure 3.5a), whilst MTP precursor segments
. have more limited domains, as also shown in Figure 3.5a. The different
domains can be conveniently reduced onto a stereographic triangle
givided into the two angular domains A and B shown in Figure 3.5b.
The domain of a single crystal is 48(A + B), a precursor Dh segment

8A + 12B, and a precursor Ic segment 6B. Utilising the relationship

- given in Appendix 3.1, for a single crystal

- li
e f 2 3
k-}») { SRR AL O S &S}]
tu
where the suffixes A, B denote 'ﬁhe values '!;aken.over these domains.
Substituting |

S48,¢)48 = ?SJL-

——a

- A ]
vhere 5’5 is a mean specific surface work, and S% the solid angle

of integration, then
B
- (& ) [ue { 50 xfﬂ.}]
H.
' 8imilarly, for a precursor Dh

) [b,mf S« wh’sﬁg]

Eg Ku

and for 2 precursor ic
1

ES = A (%‘;ﬂ)g L 140 5,3 &31

Hence ignoring the twin boundary energy, both types of MTPs

have lower total surface energies than a single crystal if
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Figure 3.5a) Stereographic plot for the zéro order surface energy
term in MIPs, The total shaded area shows the angular region of a

precursor Dh segment, that on the top right the angular region of
a precursor lc segment,

112

00l 011

Figure 3.5b) Stereographic triangle for use with MTFs. The angular
regions sheown in Figure 3_.5a) can be represented by suitable
combinations of the regions 4 and B shown above,
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o0 8
KE \SL > \'5 °
Fea® |
 As JLﬁ/JI% = 1.6137, the 2bove reduces to ?9/ ?3‘;’ 0.9296.

MTPs therefore have lower surface energies than single crystals
if the mean specific surface work of domain A is more than 0.9296 times
.%hat in domain B. Furthermore, the size of the surface energy
ﬁreferences will be direcitly related to the magnitude of this ratio.
This is very different to any simple consideration that MTPs have -
more {111) facets; low energy (111) and high energy (100} facets
favour MTPs, but so do many other possibilities. |

The fact that %he right hand side of the ineguality is less than
1 relates to the presence of the angular gaps. The total solid angle
subtended by a single crystal is 48(5LA + JLB). For a precursocr Dh
~the =olid angle subtégded by & is 4OJLA + 6O\ﬂvB which is also the
solid angle subtended with a fmll {i.e. including 5.t/2 facets) modified
" Hulff construction. {This can be shoun by considering an origin at
the centroid of the precﬁrsor MTP.) Similarly, for a precursor Ic
the total Ksolid angle is 120 L 3,

Subiracting these values, it is apparent that the angular
gap in a precursor Dh is 8 (SlJA - 1.551.3), and in a precursor Jc¢
48'(.51A - 1.5 \S'LB). With no angular gaps {i.e. Lt 1.5.52,3) the
ratio is 1.

This analysis is a useful method for obtaining the magnitude

~

of the angular gaps.- For example, the angular defieit in a precursor

Ic is shown to be exactly 6-times that in a precursor Dh.
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3.5  Theoretical Results

,3.5.1 Introduction

The concern of this section is to evaluate the shapes of total
surface energies employing the medified Wulff construction of 3.4.
'Fgr this purpose a form of Ug(ﬁﬁé) is required. However, there
appearsrto be very liftle experimental evidence as yet available for
the temperature regime of interest. Therefore, two models will be
employe& vhich represent the extremes of faceting: a strong faceting
model with (111) and (100) facets only (used already in Figures 3.3
and 3.4), and an isotropic faceting model where Xg(ﬁﬁé) is orientation
independent. - o

e

“
3.5.2 Strong Faceting Hodel

The shapes for this model of a single crystal (for reference),
a Dh precursor segment and an Ic precursor segment are shown in |
Figures 3.6, 3.7 and 3.8 respectively. These terms were obtained
ﬁy extracting the appropriate region between the twin facets from the
single crystal consiruction, as illustrated for a bh in Pigure 3.9.

All these values are valid if
L.

A3 3 Yo/, D %(thxmﬂ)
/

The precursor segment for z Dh differs considerably from a
tetrahedron, possessing five more fecets. Two of these are very small
and must be itreated with caution. For example, in a silver particle

of diameter 40 mm, the side length of these facets is 0.1 nm, i.e.



Figure 3.6 The shape of a single crystal with the Strong Faceting
Model. Dimensions are shown for a scale ( see Appendix ) of Y1117 fE -




Figure 3 7a) Plan down the <100» direction of a Dh précursor segment
in the Streng Faceting Model. The scale for the diagram is YlllZI/Jg'
Yy has been grossly exaggerated,
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"one atom”™. The other threeéfaceﬁs are very large and produce a far
more rounded shape than a decahedron. As is shown in the scale drawings
in Figure 3,10, the {0117 projection of the precursor Dh displays
t@ellarge re—-entrant surfaces experimentally observed, and the {1007
(;ide) projedﬁion is rather squat. For example, the length along
%h; shared <1107 axis is slightly more than the width across it.
Aréualitative fitting to the experimental shape could, in prinsiple,
bélobtained enploying a "éofter“ Torm of %gUBAO with more facetls.

A particularly important conseguence of this new shape is fhai

the total surface energy of the Dhs {i.e. the £, value) is considerably

lower than Inots {1969) value. The various parameters are:

: ' ) . ‘
iu:} = E‘Ol‘{%ﬁ g' k\‘, n)’&_. 3/3 ( %3‘”‘3)} -l [3 3

L

- | v
gy = Dothd3 (- RpV2)1% | asa

“5-&:."" €5/L\—${53/3\ |

so that
| two = v ¥/, - oln),
and €. = — fen - O(®)
where @z = Km/&\&m and 0= ¥g [y,

/

These are to be compared with

)
€= £g = Lroed3 (-38%) ] ‘

for a single crystal, and the D-Wulff polyhedron of Ino (1969 ){which has

* the {100) faceis. but not the noteh (111) planes)
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g = Lusa* 3 (W2 1B
Y
€. = [soSle (v &)/ (w217

lz-;iith EQ = gS"‘ & tx&;gm (Ino used a perturbation approach)
Whigr-e 4 = E’\_oo f Ty
i’ A1l these values can be obtained from the dimensions shown,

wi'ii:h the relationship given in Appendix 3.1 as a useful shoritcut.

Thé various parameters are all evaluated in Table 3.1 for
n = 0.5% (a mean value for fcc metals, explicit values are given in
Table 4.2) and o= 233 (broken band model).

The precursor segment for an Ie¢ differs only very slightly from
2 tetrahedron, containing three extra, very small (side 8k [a¥y, )
facets. As wilh the Dh, these must be treated cautiously: drawn to
scale they are also unde‘tec-ta’ole_. The energy values obtained differ
from Inots only by the coupling term Ec s wbich 1s again quite large.

Explicitly, these are given by: -

. Y
gw = tb’%”z E i’{\\tn\ﬁ- Sn's‘g 1 3 3

'
tg = [w'&.ﬁ]% , and

by = 3% /g

Hence
b = tge £ ¥y B " o(n?),
7
and £ = — &g bnyy - o ().

3.5.3 Isotropic Faceting Model

TIs 41 A wmnmd A P S .. N .. T SN . T T . - 1 . - -
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occur along the twin boundaries in both types of precursor NTPs, as

illustrated in Figure 3.11. Eowever, these grooves are so small that
their presence must be treated with caufiony; in the figure ?St/g_ﬁ’m
has been grossly exaggerated, for with a fealistic value {0,5-2%)

the grooves disappear in the drafiing.

The various energy parameters for a precursor Ic are:

- 3 n . ‘!. '
6= LEg v § apaes J- AW « 552 (\ d
| y 8

(‘_'.%«;.)Hz )} ]113

= f.s + €t b't/‘“-l-» OL(\-") 5

—

'Y

} ’
Qs = LQ\ (wr~ 7&&:&-_3 } 3
Eb = “’H is / (\-— A!Sf"/;%w) )Q.!‘\ds

igv - - &(n")

e = o . S - E ¢ {-p? 2
wwere B [ fa e TS 0__?1):{2}1( P)

/

Tc
and &I is the solid angle deficit in these particles given by

ASE‘= 48(JLA = 1--5&3) = 1,5405.



Figure 3.1t The ¢110» section of a precursor Lh obtained with
the Zero Faceting Model., As before, Yy has been grossly exaggerated,



TABLE 3.1

PARTICLE TIPE € £ €
) Rl O |

% Precursor Dh 5.436 5.407 5999

' Preoursor To 4914 4.890 7.335
" Single Crystal 5.499 5.499 -

b} Ino's Shapes

Octahedron 5.T19 5.719 i | -

Tetrahedron - 7.206 7.206 .

Decahedron o 6.192 6.161 3.081
Tcosshedron » 4.963 ' 4.890 7.335
D-Hulfgf;olyhedron 5.611 5.574 3.681

¢) Isotrovic Hodel

Precursor Dh 4.834 4.803 3.064
Precursor Ic T 44696 4.630 6.596
Single Crysial 4.836 4.836 -

Numerical values for the surface energy parameiers, evaluated for

8- 1/3 and ¥ /28, = 0.5%.

111
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For 2 precursor Dh:

n | l kS
2’:..0 = [E; Al Qm% 1809(‘,}&? ¥ af- -,,)!"z Al + 5-2-'“2&‘_3“2)\1%1

\ - Es“t‘ 5& gt/zm-" OL!\’L) 3

€5 = Lalun-as®)® .

o
cr
:

Sig €5\ 84 |, ama
QQ = - anﬁ')
e s [ BEL Y0

Q-p#)

: h
and A.i?, the-solid angle gap, given by
: N

g A-15 %)

fi

L\.&?”;

i

0.2568.

Finally, for a single crystal
‘('.Q = ES = (ly‘ﬁf) .

Rumerical values are given in Table 3.2, evaluated for n = 0.5%.

4s might be expected from the analysis in 3.4:3, the ¢, values

are now much more similar: for example, for a precursor Ic, £, is

smaller than in a single orystal if Yt [¥w € 3.127%, wvhich compares

to £ 29.72% in a strong faceting model. Furthermore, the coupling
ternm EQ is now very small, which is possibly 2 consequence of a breake-

down of the identical segments assumption, as discussed in 3.7.
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3.6 Kinetic v ThermoGynamic Surfaces

The major difference between the experimental resulis rrésented
here, and any previously reported, is the totally different surface
structure of the Dhs. With the form reported here observed over
a reasonable temperature range and two different subsirates, an explana-
tion for this difference is required. The ammealing appesars o be
feéponsible, as  is | explained below.

It is established that early growth occurs throﬁgh atom, or
very-small-cluster, a&ditionrto independent nuclei, with coalesence and
secondary nucleation arising at a later stage (see Pashley et al 1964).
This has been confirmed when MTPs are present by Allpress and Sanders 1967)
(see also 296). Furthermore, it is also esiablished that atom by atom,
or layer gfﬁﬁth,,i%EGompetitive, leading to the formation of low index
faces; 'tﬁe energy liberated by atom addition to a face is related to
—-55(9)¢) with high Kﬁ and favourable mucleation sites g;owing
to their eveniual elimination.

Therefore no relatively large By faces present in the modified
Wulff construction, or the notches, which are easy nucleaticn sites
(Frank 1949), are stable to atom addition. The only .stable faces will
probably be the (111) facets not involved in the notches, as these
probably have the lowest specific surface work. Hence growth by atom
addition cén be éxpected to produce decahedra and icosahedra; a prediction
vhich appears to be consistent with the previously reported structures
(e.g. Ino 1566).

It is only if tﬂe surfaces are equilibrated aftef growth is
completed that thermodynamic effects become iﬁportant, leading to the
experimentally observed and theoretically predicted structures. The

formation of decahedra and icosahedra by evaporation which become
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rounded guring annealing has been recently observed by Takhashi e?

a1 (1978), although this was attributed o contamination.

Discussion

3’1

The agreement obtained between the experimental observations

e I

‘and the theoretical results presented here would appear to be promising:
thé rather surprising re—enirant surfaces observed in the Dﬁs are
reproduced in the strong faceting model. It seems that the very

simple decahedra and icosahedra freguently taken to be the HTP structures
are really a consequence of the growth process, with ihe therﬁodynamically
most stable shapes being far more complicated. These more complicated
shapes have a very important conseguence as will be seen more fully

tﬁan that Of'élsingle crystal,

o An important area which appears to require a more extensive
analysis ig the assumption in 3.4.3 thd the precursor segments ére
jdentical: +this need not be the case. A more rigorous anal&sis
(included in Appendix 3.2) without this assumption has been aitempted
by the author based upon the Wulff construction proof of Laue (1943).
This shows that the modified Wulff construction corresponds o a
stationary value in the-enérgy. However, stationary points can be
minima, maxima or saddle points. For & full analysis, the second
derivativés must be analysed. Further investigation, unfortunaiely,
showed that no general answer could be provided {with this method).

Hore detailed analyses employing, for example, the geomeiric method
of Dinghas (1943) may clarify this important question.
It is suspected that the question of minime or maxima depends

upon the formof XS(G5¢) . This can be seen by considering the



Figure 2 .75)

30° isometric for a Strongly Faceted D precursor
segment. For clarity, Yy has been grossly exaggerated in the
figure.



A

Figure 3.8 The precursor segment of an Ic with the Strong Faceting
Model. Yy has been grossly exaggerated in the Ffigure,






<001>
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b)

Figure 3.10 Scale diagrams of a Strongly Faceted precursor bh,
drafted.for B=1/3 and n=0.5%: a), <110> projection and b), <100>
projection { front surface only ). The extra faceting due to the
twin boundaries has disappeared in the drafting. The similarity
of Figure 3.10a) to the particle in Figure 3.2 should be noted,
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‘problem as a constrained minimisation; +the variables are not all
’free; as the planes which end up as the twin boundaries must occur
in matching pairs. Constraired minimisations behave very differently
4o unconstrained minimisations: the number of possible search directions
is limited by the consiraints. When the faceting is very pronounced
there may simply be insufficient degrees of freedom for the particle
to "find" a lower energy configurationy with very litile faceting
(&.e. isotfopic faceting medel)} a route may be available-to a lower
Enerey. Tﬁis suggésts that the liguid-like model for coalescence
(Pashley et al 1964) ﬁay sometimes be inaccurate. Evidence indicating
4his is présented in Chapter 6.
The validity of a continrvum approximation isaﬂrimportaht guestion,
. specifically in its treaiment of surface facets, KS(§%¢) as size and
shape independent, and -the neglect of edge or corner terms.
A~sevére problem with the modified Wulff construction arises if
+he surface faceils are treated atomistically, as any facet must be
an integer multiple of the unit surface cell in its dimensions. Even
with a relatively large pérticle, it may not be possible to fit all the
f+heoretical facets, simultaneously, on the pariicle surface {particularly
-if any high index facets are present}. Therefore the éu;valu&;derived
above are really upper bounds ito the true values. A
The other problems can be best discussed with a pseudo-potential
formalism (see,'for example, Harrison 1966): dividing the total
energy into two components, a volume dependent ferm and an oscillatory
interatomic pair potential. The effect of a surface can be cbnsidered
as modifiying the locél volume and pair terms; Both these energy terms
can be expecied to show a total volume dependence, whilst the size of
the particle will effectively truncate the interatomic potentizl.

Hence the energy sum producing KSQEAD #ill probably .show a reasonably
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sizes, and may even be slightly position dependent. Additionally,

the neglgct of edge and corner atoms can be seen as a multiplé counting
corrections the combined changes in local wvolume and pair poiential
interactions for the twoe surfaces involved are almost certainly

larger than the true values. The corrections involvéd are probably
negative energy terms, but when comparing different particles their
neglect should not introduce appreciable errors.

: Finally, it should be noted thalt the surface structuﬁés of the
HNTPs observed here, or in any comparabie experiment, are true experi-
mental veriables: XgUgué) will be sirongly effected by thé conditions
empldyed, such as the trace gas absorbents. The sirong variability

of the t,, parameter with the details of faceting has important

consequences, as will be seen in 4.4.

v S,
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Appendix 3.1

& particularly useful relationship for evaluating the total
surface energies is that for any angular domein D of a Wplff or

medified Wulff constructicon drawm to a scale Elll = c

. > y ' > q3
o asmafEes npat

To prove this, consider an arbilirarily small element of
surface dSi, for which the specific surface work is Ki' The normal

distance from the plane of s, is~ given by
"‘L = g',‘c./g“i “

- Therefore the contribution by the cone from dSito the origin

is

dv = Y A8 ¥ /g s

and the contribution to the total surface energy is

Integrating over any domain D then

' D
w Y [ S) d\\!-fa
lﬁs

l{ 'E
- [3.. 2 BS(S)@ &S:} s = [ E S &V] ¢
T e 3 .

Bin
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The scale ¢ is arbitrary, and can conveniently be placed equal fo

-1 in many cases, so that

¢ = La$ s as]% . [ug}m"?z
Fa
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Appendix 3.2 i

Iﬁ this appendix it is shownlthat the modified Wulff construction
corresponds to a sialionary value of the total surface energy at
coﬁstant volume. The method used is based upon the proof by Laue
(1943) of the Wulff comstruction. |

| A co—érdinate system for the problem is reguired, as described
below and illustrated in Figuré 3.12. Firsitly, consider the micro-
crystalli{es as separate bodies, each of them having its own origin.
Define now a set of distances, me; %o denote the normal distances
from the rglevanﬁ origins to each of the external facels not involved
“in the twin boundaries. Let {the surface area of these facets be Hj,
with specific surface works Ki' Wext congsider those facets which
produce thgj?win bourdaries. These must be ireated with care to avoid
double counting errors. They must occur in matching pairs, and can
be divided into two sets. For this, consider nj and Nj as, respectively,
the nofmal distaﬁce to the appropriate origin and the surface area
for % of these facets, with n' and Ng being the variables {similarly
Gefined) for the complementary facets.

The basic-equations can novw be written dowm. The iolzl

- surface energy of the system, S, can be writien

The total volume, V, can be written
v = hEnu + KBS (nx. + ntE).
. 111 J J J JJ

Finally, the Lagrangian to be minimised, L, can be written



> External
Surfaces

Figure 3.12 The co-ordinate system for analysing the modified
Wulff construction, the details of which are explained in the

text.
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aﬁd.is subject to the constraints (for all j) that
RV A
7YY
The Gothic notation is employed to denote the set of points
on the plgnes of area Nj or NB«

To obtain a solution, consider differentiating L with a

dinear combination of the wvariables
P, = %aqmq + &bon, o+ %csng.

This search direction is chosen such that the above constraints are

all satisfied along it. This gives

Ok = 0= £ ¥ Wi £ - AN -
S R OPR

Noting the relationship ( after Laue 1943) thai

W oo Myt Em My L og (000 n'aN
Mv § T &J( $3 e 4)

and, furthermore, that Nj = NB vhen the constraints are satisfied

'

o = 0= £ (Y- MMy € (Xe-Alngea{) oy,
PR v otk 3 PR

For a general p,, a solution to this equation (and the similar

equations) is that

- A for all i, J.



43

/ The values of nj and~n3 are further constrained by the geometry
~of the gystem. Ixcept for a‘few, peculiar, cases the above conditions
are only satisfied simultaneously with the matching pairs constraint

if

Por other possibilities, the different microcrysiallites cannot
be fitted together. Hence the total surface energy of the precursor

HTP is stationary a2t constant volume if

Xi: §§;—,: E&_:_ = A for all i, j.
LT an 2n&

This is the condition for the modified Wulff construction used
in'3.4.2, — |

It.should be noted that the above solution is only one of
séveral (for example, some of {he precursor-segments can vanish),
Unfortunately {this type of approach (by Lagrangian Variables) is rather
unﬁieldy for investigating the naturé of any stationary points - large
Geterminants have to be evaluaied. Purthermore, the elastic erergy
terms in Chapier 4 may be importani. The symmeiric modified Wulff
construction slruld also bé a2 stationary point for these, and their

presence may be important in determining its nature.
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CHAPTER 4

ELASTIC ENERGIES AND THE ENERGY BALANCE IN MTPS

4.1 Introduction

4.2 Internal Strain Solutions
4.,2,1 Introduction
4.2.,2 Decahedral Particles
4.2.3 Tcosahedral Particles

4.3 Surface Strain Energies
4.3.1 Intrpductioﬁ

- 4.3.2 Definition of the Strain Dependence of the Excess
-~ Purface Free Energy

4.3.3 Origin of the Strain Dependence
4.3.4 Hagnitude of the Surface Stress Tensor
4+3.5 HNumerical Values

4.4 Energy Balance

4.5 Adsorption

4.6 Discussion

Appendix



4.1]' Introduction

The thermodynamic stability of MTPs is an important problem
1o which.no clear answer is as yet available. In particular,
there is no completely satisfactory answer as to why Dh should
occur., The intention of this chapter is to develdp a general model
for MTP thermodynamics which includes the effecis of typical
.(and as is shown, very important) experimental variables such as
anf surface impuritiés.

The construction of this chapter is a little complicated
as a mumber of different energy terms are considered. The basic
approach throughout is the application of inhomogencous isotropic
elasticity theory. This is employed in 4.2 to evaluate the internal
strain enérgies :present in ¥TPs when the individual microcrystallites
- are stréined to eliminate the angular gaps.

In 4.3 the complicated and important effeéts of elas%ically
distorting the WMTP surfacés are analysed. The results from 4.2
énd 4.3 are then combined with the results from the modified Wulff
construction {3.%) for an evaluation of the energy dbalance of MIPs
and single crystals in 4.4. As the model is relatively general,
it is possible to consider the effects of surface impurities, a
topic which is discussed in 4.5. Finally, the results obtained
and some of the likely conéequences of atoms rather than a continuum
are discusséd in 4.6. '

The predominant feature of the results is rather surprising:
the thermodynamics of MTPs appear to be very sensitive to the experi-
mental conditions. With favourable conditions the Ics are stable

for sizes up to about 20 nm, whilst the Dhs are either metastable
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intermediaries or stable iﬂ their own right between ~ 20 nm and

~ 60 ﬁm. However, it is possible for KTPs to be unsiable regardless

of size, and hence not appear.

4,2 Internal 5irain Solutions

4.2.1 TIntroduction

4

To understand_the free energies of NTPs, an estimate of the
energy spent in eliminating the angular gaps is required. This can
be obtained utilising inhomogeneous isoiropic elasticity theory.

A solution for the decahedral particles has been previously derived
by de Wit (1972), based upon the original equations of Volierra (1907).
This is briefly described.in 4,2.2, employing a slightly different

ﬂ?orm av&iding an axial cut-off. In 4.2.3 2 new solution for the
icosahedral particles is derived.

When describing these solutions the process will be considered
in two steps. Initially a purely angular “closure displacement®
or a "closure strain" is applied to transform the precursor MTPs
into simply commected bodies without any gaps. The second step
involves deriving the "equilibrium displacements" reguired to hold

these closure strains in equilibrium.

4.2.2 Deczhedral Particles

A suitable closure displacement for these particles is

Dh
Wg= PO A /uw »
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corresponding to the closure sirain

Cog = &S{?‘A[LFW

both of which are expressed in cylindrical polar co-ordinates, with
the z—axis oriented along the common axis of the five segments.

For a three dimensional Dh, no simple solution appears to exist

fo? the equilibrium displacements. However, if plane strain
'(ézz.= u, = 0), and a circular surface are assumed, then an
approxiﬁate expression for them can be obtained.‘ This takes the

form

1N
we= KBTS pwapla - 45
b () BT

for a circle of radius a, with boundary conditions of zero pressure

.. on the external surface, and zero displacements at the origin. This

yields'strains of

“Din Dh
Qep = p ST (bnpfoat) — OS5 ;

et (A+2n) g
- oo h
Qoo = BOSE. wpla  + ASLT .
beve (A2 g&mr
Q.ge = QQZ = Q’ZE S Qzy = 0O ')

a cubic dilatation

§

Ph |
Pe BT {2\ pfo + )
bt ()ﬁlv)& tle ) ’

. Dh .
and a volume independent strain energy W given by

Py Dw
-b33> = L E. 2XEEEB:_
e (A x2p)

2
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411 these strains become infinite on the z-axis.

To avoid this, de Wit (1972) introduced an axial cut-off.
However, in very large particles (which ¢e Wit was considering)
éextensivé strain relief is likely through dislocations, whereas
En small particles it is unreasonable to consider évaluaiing
%he stresses at less than a nearest neighbour distance {from the

érlgln) With +this restriction the stresses never become
excessxve.FOT example,0.1 "'nm from the centre of Dhs 5 Dﬂland
101m. in radivg, the cubic dilatatioﬁ is only ~2.8% and ~ 3.5%
respectively (in silver). It is therefore reasonable to avoid an
axial cufwoff. |

Tt éhould be noted that no further homogeneous strains along
the z direction (%z." constant) are reguired for the 1niegrated
?ﬁ streséj:o be zero; this condition is already met (& esi?- 0).
A more complete three-dimensional solution would relieve these
unbalanced stresses, probably by some form of extension paﬁéliel to
the z~axissand a further radial contraction.

4.2.3 TIcosahedral Perticles

The problem for an Ic is similar to that of an Dh, albeit
more compiicated. Fuil closure can be achieved by incorporating
six screw disclinations oriented'along the five-fold symmetry axes
as mentioned in 2.2. Rather than attempting to solve $his compli-
cated general problem, a simpler approximate solution is derived
here, |

It is possible to consider the average value of the closure
strainé, ignoring the compliczted angular dependence. This

corresponds to
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T, A ‘
Giewg = QL@%ﬁ = ﬁ&dl.clgwr | N Q_é;é = 0

These strains cannot exist in any simply-comnected body,'as

no displacement functions Ug ,'ué exist to produce them,

One further approximation is necessary - that the external

%ut they represent a good approximation to the true strains.
i
|
]
5

urface of the precursor NTP is completely spherical. This is
 probab1y 2 reasonable approximation, as even when emplbying the
strong faceting model (3.5) the deviafion from a spherical shape
is not particularly large.

The equilibriuvm strains can row be conéiderably simplified
because of the sphericél symmetry. No further angular sirains are
necessary, only an orientation-iﬁdépéndent radial displacement.
‘This can - be obtained from the equilibrium equations (see appendix)

"in the form

o -
w = AL Cwrinrla _ AN
, o C AR

br (AT A

where a is the particle radius., The derivation is given in the

appendix. This yields the final strains:

- To Tc
Q,rr = ASL [ K}N\t10;f;> ~ AST
b (Ax2w) [P Rty

' e ‘ b&rc
Q(§¢ = Q'% = Bl t& Vo o ¥ _— )
o (At 2p) LheT

i

Cre = Lgg Qgr = O

a cubic dilatation of

X
§= 2T (Bwmrkn),



j
and an elastic strain energy density of

Wy = L (AR (k)Y

which is again volume independent.

These stresses become infinite at the origin, suggesting

"~ that a central cut—off should be incorporated. However, the

region near the origin contributes very little to the total strain
energy, so this appears to be an unnecessary refinement. For

example, the cubic dilatation 10% out from the centre of a particle

‘is ~10%, but the energy stored.within this radius is only ~1% of

the total.

'Finglly, it should be noted that many of the properties

'normally associated with elastic solutions are not appropriate for

-the terms described above. The strain terms obtained are mnot true

"irial solutioﬁs“,rbut only approximations to the mean values,
averaged over the angular co-ordinates. Hence;ﬂno displacements
ur,‘ue s vf exist which can produce these strains; the compati-
bility equiations for the strains are not obeyed; the cubic
dilation is not a solution of Poisson's equation, and the total
strain enérgy is not an upper bound to the true value (i.e. the
variation principle cannot be applied). Details of the connection
between these properties'can be found in many textbooks, e.g.

Love {1944).
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and an elastic strain energy density of

S

wi = I (AR (Y
3 2T M 2p)

which is again volume independent.

These stresses become infinite at the origin, suggesting

" that a central cut-off should be incorporated. However, the

N

region hear the origin contributes very little o the total strain
energy, so this appears to be an unnecéssany\refinement. For
eXample,  the cubic diiatatign 10% out from the centre of & particie
is 'VIO%; but the energy stored.within this radius is only ~1% of
the total. o

Pinally, it should bé noted that many of %herpreperties
normally associate& with‘elastic 501u§ions are notrappropriate for
the terms described above. The strain terms obtained are not true
Hirial solutioﬁs", but only approximations %o the mean values,
averaged over the angular co-ordinates. Hence;_no displacements
ur,'ue LY exist which can prgdgée'these strains; +the compati-
bility equiations for the strains are not obeyed; - the cubic
dilation is not a solution of Poisson's equation, énd the total
strain enérgy is not an upper bound to the true value {i.e. the
variation principle cannot be applied). Details of the connection

between these properties‘can be found in many textbooks, e.g.

Love (1944).
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4.3 Surface Strain Energies

4.3.,1 Intreduction

% An important energy term with MTPs is the energy stored in
élastibally distorting their surfaces, their "surface strain

énergies". With the highly sirained surfaces present in MTPs,

] ’

,fhis term is important when the particle energies are compared.

Thizs section is concerned with a model for this term. In 4.3.2

. & precise definition for the strain dependence of the excess sur-

face free energy is provided, permitting & clear separation between

the plastic and elastic components. {There is considerable confusion

in the literature with the usage of these terms.) This is followed

in 4.3.3 by a discussion of the physical badkgrdund to the two

1eading\é%rain—dependent terms. Bxperimental evidence for the

‘“gurface stress" tensor (defined in 4.3.2) is briefly reviewed, and

criticised, in 4.3.4. Finally, in 4.3.5 a model for the first

order surface sirpin energies in HTPs is described.

4.3.2 Definition of ithe Sirain Dependence of the Excess Surface

Free Enerpy

The excess surface energy per-unit aree of unstrained surface,

r

]ﬂt s can be expanded as

.

Y38

¥ = Y5 ¥ i Aij @iy 4 A RiyRQ iy ERY  -oeee

vhere 55 is the specific surface work encountered in Chapter 3,

and gij iz  the "surface stress tensor™. This definition of the
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strain éepéndence, which differs from others available in the
1iﬁeratﬁre (e.g.'Linford 1972, 1973), has been adopied for‘three
reason§; Firsfly, the notation_ané-usage (energy integrals over
the unstrained state) are consistent with standard elasticity
theory. Secondly, the ferms gij and aijkl have simple interpre-
tations in an elastic model, Finally, no correlations gre
made with the liquid surface tension\term, which is a bad analogy

o

as étrains in a liquid are conceptvally different to those in a solid.

4.3.3 Origin of the Strain Dependence

-~ It is useful to consider the rhysical origin of the two
terms gij and aijkl'- In a bulk solid, an equilibrium exists between
the (attractive) elecf?qn gas and (net repulsive) atom-atom intep—
actions. Howefer, equilibrium need not exist at the surface
re{aining.the bulk atom positions; atoms are lost and the electron
gas rearranges {e.g. Lang and Kohn 1970, 1971). This provides
a driving force for atom rearrangements, both perpendicular to,

and in, the surface plane, but due to the atoms in the tulk

material the latter possibility cannot occur (for an infinite

surface).l In elastic terms, tractions at the "ends" of the
infinite surface sustain étresses throughout the/surface layer,
conserving the average interatomic spacing. The intezral of the
stress tensor throughout the surface layer corresponds, exactly,

1o the surface. stress tensor g_j. All the éomponents of 813
l -

llt is possible though to accomodate an expansion in the inter~ziomice
distances by reconstructing the surface. Hence the common
observationsof reconstructed surfaces suggest that gij is ofien
negative,.
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éorrespond to the surface stress term f  considered by Mays et al
rr

(1968), in which the "rr" notation is rather misleading. I+t should

be noted that gij has components in the surface plan only, as there

ican be no unbalanced stresses normal to a surface.

The second order fterm aijkl ariges from the different
i %

?las%ic moduli present in the surface layer. Assuming the surface

. sﬁ;esg tensor to be zero, the term é£ aijkleijekl corresponds

Cisdsk,1
to the difference between the energy'requireﬁ to distort the surface

layer and a corresponding regioﬁlof bulk materiale. As. such, it

-will be considered as part of the limitations of an isotfopic

elasticity model, and briefly discussed in 4.6.

4.3.4 Magnitude of the Surface Siress Tensor

The values of gij are not well understood. In prineiple
they can be derived from the lattice contractions in small particles
(e.g. Mays et 2l 1968) or thin plateléts (Smart et al 1972), but
the vesults obtained show considerable scatter. This is probably
a consequence of trace surfa?e impurities, to which the results
should be.partiéularly sensitive (see 4.5). Furthermore, inter-

pretation of results with small particles is comnlicated by any

lattice changes associated with iniernal defects, surface relaxations

or multiple—twinning. For example, modelling the effecis of
surface relaxations by a thin surface shell of abnormal lattice
parameter produces, to first order, an average latiice parameter
inversely proportional to the particle radius. This is exactly
the same dependence produced by a su:face stress.

For the purpcses of this chapter the approximaticn €111 =‘51‘11
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of gij for a (111) face. 'This assumes that the surface stresses

are positive, which need not be Y¥rue. The "standard" relationship

i

g.

i KS SL' % a‘&/ag‘é ( §..- Kronecker delta)

3 1J

{Shuttleworth 1950, ErikksonA1969) is not true for the sirict

h.'rdefinition applied in 4.3.2; ¥ 816 is a plastic term and does

not appear., The term 35?-/?;0:;3 may be genative, as suggested
by the common appearance of reconstructed surfaces. The effects
of different magnitudes will be conmsidered when the energy balance

is evaluated in 4.4.

4.3.5 HMNumerical Values

A mumerical evaluation of thé surface strain energy seems to
requife a number 6f approximations. Three differenﬁ effects musi
-bg considered: direct interactions with the surface strains in
ETPsg alterations o the eguilibrium shapes of the pariicles; and
perturbations to the internal strain field, Ir this section onlyr
the first order effecté arising from the surface siress tensor 813

are ,-consi@ereﬁ.

'The last of the three effecis can be avoided when particle
energies are being compared. With a perfecﬁ elastic solution the
closed NTPs are internally equilibrated eclastic systems without any
applied surface tractions or body forces. In terms of elasticity
theory, the surface siress tensor corresponds to a set of surface

tractions acting on the particles. However, it has been shown by

Eshelby (1951, 1956) that there is no interaction energy between
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any applied ‘surface tractions and an internally equilibrated

body. For this effect NTPs can thus be considered as strain-

free single crystals.

This interaction energy in a single crystal is small.

For example, with a spherical single crystal and an orientation-

v
]

%independent gij’ the net change in free energy is
i

- AG = ',Ti‘%(%%u\z

where a is the particle radius, and k the bulk moéulus. Therefore,
when the free energy of an MTP is compared to a single crystal,
only a small change in a small %erm (from the different faceting)
arises. This can be safely ignored,

T@gﬁ@irect interaction with the surface strains, and the
alteratiggg to the equilibrium shape appear to be intractable.
The combined effect of the two terms involves substituting the excess
surface free energy XQ in 4.2 for the specific surface work
employed inthe modified Wulff comstruction (3.4) Hovever, the
construction is now invalid; Ka in general varies across any
flat face, whilst a WWfr construction_is only applicable for a
function dependent. solely upon the surface normal. However, the
solutions available fgr\the surface sirains are only approx?mate
mean values, and ho evidence is as yet available for the orientation
dependenqe of the surface stresses. Hence, it islreasonable to
attempt only an approximate solution. This will be chosen so that ihe
modified Wulff construction can still be employed. Explicitly,
the relationship

£ 9y ey = 3u (Qee+2gs) 85(6,4)
v ‘ .

:£1Y
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will be assumed, where Q'Sé and Q,é¢, are the surface strains
derived in 4.2. Terms involving strains with components norm;l
to the surface do not arise, as gij exists only in the surface
plane (see 4.3.3).

This term can now be included in the modified Wulff con-

structions, leading o a2 new term E§ given by
3 .

E% Qw ! NN

= &Sttt iu)ll% for an Te, and
135t
Ic
i L) E.w % E.,:;/wo for an Dh,
< ~ g

w?.‘l:/h ‘l:hé tot-al surface~like er;.ergy given by
\"u3 (&Q i ¥ E‘S wa) _ .

The twin dependent term Eu} is employed here (rather than €s}
{0 include a strain dependence of the.twin boundéry energies.

These values are inaccurate, as there is little reason to be-
lieve that the arg;ula.r variation of é g %54 matches that for
83(6,@ , and the true solutions for Qee ; Qqﬂé at the surface are
unknown. However, they are probably good estimates. The Em
values vary by ornly 10% between the éxtremes of faceting (3.5).
The icosvahedral surface strains are good approximations %o $he
average values. The exira strains which relieve the ‘:::.\z stress in
& Dh probably involve an extension along the z-axis ( €,, <0 ) and

a radial contraction ( Qoo >0 ), and these further terms will

largely cancel. Hence the values given are probably accurate to

about +£20%.
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|
4.4  Energy Bazlance

It is now possible to analyoe the relative energies of the
different particles. The total free energy of any particle, G, can

be expressed in the form.

6o EY * € VP v g 4 HD)
~
where H(V) includes any further terms which are indevendent of
shape or strainl(e.g. the cohesive energy). The general behaviour
of the %otal,free energy for the three different particle types
(single crystals, Dhs and Ics) is éhoﬂn in Figure 4.1,
| The relative energies of any two particle types can be

rarameterised Uy a "cross—oVei diametern, D This is the diameter
i /

-
- a,b

of a spherical particle with the volume where the total free energies

-~

of particle types "a" and "b" are equal. This is given by

SR DR CRICUREeS

The total free energy of particle type "a" is smaller than that of
"h" for V<& — ',qu .

.Numerlcal values Tor these diame%ers are given in Table 4.1
for the five fce metals for which data is available. These were
evaluated from the §urfaée energy parameters (Table 4.2) and
th; elastic strain energy densities-(Table 4.3). Values for the
twin boundary energies and Spécific surface works are included
in Table 4.2, the elastic moduli in Table 4.3.

The expression for the cross-—over diasmeters can be divided

into two parts: the ratio of the specific surface work to the



II Figure 4.1 The general behaviour of the total free
energy of Ics, Dhs and single crystals ( Sc ). The
< —n three cross—overs A, B and C as marked can be used

to parametise the relative energies, and correspond

to the points where ﬁo<\ﬁv_\mu D and

Ic,Dh? UHnwmn

X ucw-mn respectively.

B C Dh




| / | TABLE 4.1

Values for the Cross-over Dizmeters, which provide
estimates of the relevant, experimental particle sizes

ig Al Au Cu Wi

Strong Faceting Model

D:Dh’s (I]Iﬂ) 92°7 ] ~=ve 6704 4?'3 -ve
Drc.s (zm) 18.7 7.6 20.6 15.3 1133
DIc,IDh (rm) 18.0 11.8 19.9 14.9 11.8
Zero Faceting Model

D])h,s (nm) , | ~ve —ve -ve ~ve —ve
DIc,S (nm) - ~ve ~-ve  ~ve ~ve  ~-ve

- (nm) | 0.5 e 0.5 0.0 -ve



Surface Erergy Parcmeiers. The specific surface works (3’111)
have been exirepolated from the values give by Linford
(1973 ) _%0,300° C employing & surface entropy of
1.2 mIn %% - (Chadwick and Kirchner 1970). Twin boundary
energies { K+) are half the Stacking fault energies given
by Coulomb (1978).

Ag AL Au - Cu N
¥ 111(Jm"2 | 1.90  0.996 2.26 2.5  2.96
Xﬁ(me'a) 0 10.C 62.5  17.5  22.5  62.5
8./2%8 (%) 0.264 3.14  0.388 0.488 1.05

Lo+ Eﬁ ~ Strong Faceting Kodel

Single Crystal 5.50 5.50 5.50 5.50 5.50

Dh 5.8 5.65  5.48  5.49  5.52

o,

Ie 5.9 5.23  5.09  5.10 5.13

o iw"’E& -~ Zero Faceting lodel

Single Crystal — 4.84  4.84  4.84  4.84  4.84
Dh | 4.87  5.05  4.88  4.88  4.92
Ic 4.85  5.25  4.87  4.88 4,96

. Elagtic lloduli and the IZlastic Sirain =nergy Densities
in NTPs. Values for the 2lastic modulil were taken
from the Initernational Table of Standards (1978 ).’

Ag Al Au Cu Ni
'
(cPa) ' 283,6 58,1 198.0 123.0 126.0
(GPa) 30.3 26.1 27.0' 48.3 76.0
'ugh (106 Pa)’ ~ 0.509 0.362 0.833  0.658 0.782

W2® (10° pa) 51.8  44.4 55.9  B1.9 122.0 . -
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. ) t
111/&‘”]3)’ and a “balance

term { 8¢« %.,“ By ) containing the effects of faceting, twin

1)

strain energy Gensity difference (¥

boundaries and surface stresses. The first rart is-relatively
insensitive to the metal involved, values of 3.36(£0.5) g and
0~0315(i0-009)k% being good approximations for comparing Ths
and Ics respectively to single crystals. These values are
probably too large, the sirain energy densities in both cases
_probably being overestimates (certainly so by the Variational
Principle for the Dhs). However, both appear 1o be significant
improvements upon Inofs (1969) resul%s;'being approximately 95%
(Dh), and 659 (Tc) smaller. The specific surface works are

. probably relatively accurate (+25%), the major uncertainty being
the surface egtropy. More importantly, very large reductions
are likely when ;dsorbed species are present (see 4.5).

o Tﬁe ratio. term never affects the most important result, the
signe of the cross-over diémeters, only their magnitudes, ”The

signs are determined by the balance term, which is sensitive to

the degree of faceting, the twin boundary energy and the surface
siresses, All three terms are of similar magnifgde, as shown in
Table 4.4 (for silver and aluminium) so that small variations

have large éffects. This can be seen for the tuin boundary energies
by comparing the silver and alumirium values, and for the faceting
by comparing the strong and zero faceting models (Tables 4.2 and 4.4).
The linear variation with the surface stress magniiude £111 has

not been explicitly calculated, but can be deduced from the sub-
totals in Table 4.4. It should be noted $hat these indicate
positive cross—over diameters for silver if g197 = 0, even for the

- zero-faceting model., This feature is shared by 2ll the metals

except aluminium.



TABLE £.4

‘Relative Contributions of the Three Effccts for Silver and

 Aluminiun: the faceting ( A€, ), the fvin boundaries
( At,-8tg), and the surf '

ace sirésses ( bty ).

Values are

shoun relative to single crystals with the same faceting,
with the signs shown identical o those in the cross-over
dizmeters, i.c. positive is favourable to NTP formation.

Phe sub—-totals illustrate the effect of neglecting the

surface strain energies .

Decahedral XTPs

FPaceting
Strong Zero
SILVER: -
Ags o 0.092- 0.033
Aty Ais : ~0,016 -_0.,01.6
) Subtotals, appropriate
~ for comsidering gyqyq = 0 0.076 0.017
. . L
N | - =0.054 ~0.048
Total for,‘gl-ll = ¥ 111 0,022 -0,031
ALUMINIUM:
N f_s 0.092 0.033
INTS Atg -0.187 -0.162
Subtotals, cppropriate
for corsidering €11y = ¢ -0,095 ~0.159
b g% - ~-0.054 ~0.050
Total for 111 = 25111 -0.209

Icosahedral HTPs

Faceting
Strong Zero
0.609 0.206
=0,001 ~0,035
0,608 0,171
-0.194 -0.186
0.404 -0,.015
0.609 0.206
=0,140 -0.414
0.469 -0.208
0- 268 "00410
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Clearly the results are sensitive to the model adopted,
and should be interpreted‘only as indicating the conditions favour—
able to NTP formation: extensive faceting, particularly any which
favours the appropriate angnlar regions (3.4); small values of
}he twin boundary to specific surface work ratio; and small

&o negaltive values of the surface stress tensor.
% Cne important new result is the position of the Dhs,

?arficularly in the strong faceting model. 1In the prévious con--
V{inuum analysis by Ino {1969}, these particles were always unstable
compared to single crystals (DDh,S 410), but metastable compared
o tetrahedra. As a conseguence of %he’improved treatment for
the surfaces of these particles (3.4), they now appear intermediary
between Ics and single crystals, possibly being the most stable
type in & narrow’size regime.

Aﬁéfﬁer important aspect is that the cross—over diameters
can take negative values; i.e. in certain conditions ¥TPs will
be unstablerat all sizes. In all previous theories, Ics éere

predicted to be the most stable form at very small sizes, wvhich is

inconsistent with their absence in certzin exveriment sysiems.

4.5 Adsorotion

An important application of the energetic formulation
presented is in understanding the effect of gas adsorption (or
absorption). This is probably the most imporiant variable
determining tne type of particles produced,

The free energy of adsorption, &C\ms , ¢can be expanded

in the form:

Y ol ads
ﬁc\‘&s(@’)é) = ¥y (o) Z Qi; @yt

43
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|

|
and its effects included by adding the two terms 4o the corresponding
elean metzal parameters.

The "sPecific adsorption work", 550\&3(«9343‘) ¢ ié negative
‘end normally quite large. Its major effect appears to be a pro-—
motion of faceting (see for example Blakeley and Somorjai 1977
and Flytzani-Stephanopoulos et al 1977) possibly by a nearly
‘ isotropic reduction in the effective 55(@,¥)(Rhead and ﬁciean
1964), The influence on HTP stabilify will be mixzed; cross-over
diameters will drop with the reduction in the eff;ctive specific
surface‘wofk, and the increase in)the effective twin componént
will rise through the increased face%iﬁg.

The "adsorption surface stress tensor®, g??s, does
not seemffd'have appeared in the literature {o date. Its =sign
4§pd magﬁitude probably depend upon the adsorptionrspecies. For
example, a monclayer of nickel on silver in layer register probably
has g??s }.0, the nickel lattice parameter being considerably
smaller._.Converselyla monolayer of silver on nickel probably
has g??s.( 0. Sirong promotion of MTP formation obviously occurs
for negative values.

Clearly, quite large gas dependence can be expected in the
most stable forms, and hence the observed structures, This is
consistént with the considerable variations in particle epitaxy
and morphology that can occur when the experimental conditions are
altered. Some preliminary experiments have provided a partial
confirmation for +this prediction. jhen samﬁles of gold on either
NaCl or amorphous aluminaz were annezled at 5600 C for 30 minutes in
either air at atmospheric pressure, 400 Pz of argon, or a vacuum

3

of ¢ 3 x 10 Pa, large numbers of ITPs were observed in the 0~ 20 mm

- S TR 1 - — -

—_— - _————
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in 400 Pa of hydrogen for the same period, almost exclusively
single crystals were observed for sizes ~+5 nm.. However, furiher
work on these lines seems required; the structure variations

were reproducible, but the epitaxy on the NaCl substrale was not.

i
4eb Discussion : :

'

The precise thermodynamics of small particles ére still
unclear, although a mumber of the general trends are now apparent.
The formation of MTPs is favoured by extensive faceling, small twin
‘boundaryrénergies and small or negative surface siresses., If
sufficient of these condiéions are met, Yes will be the most stable
particles al very small sizes, with Dhs either metastable inter-
mediarigéfaf stable in their own right within a narrow size regime.
For other experimental conditions, MTPs may be thermodynamically
unstable étrall sizes, and not appear. The presence of an& surface
impurities should_be_particularly important in determining whether
MTPs occur, a preﬂiction partially substantiated by some preliminary
resulis,

The extreme sensitivity of the particle stabilities aﬁd
faceting to impurities should be important in calalysis. MNany
gimple models for the écﬁioﬂ of various promoters or poisons
employ a blocked site model; +trace elements chemisorb preferentially
onto certain active sites, preventing them from participating
in any reactions.. A further indirect mechanism can now be proposed:
modification of the relative concentrations of the active sites
throﬁgh a2 change in the faceting or particle type. This model
is amenable to direct experimental test by high resolution analysis

of, for example, active and poisoned catalysts, work vhich should
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'b"eA .of considerable interest.

However, when aznalysing any experimental distribution of
particles, it should be remembered that the thermodynamic criteria
%ay not be the conitrolling effects. There is 2 second, trivial
. Lolution where the particle energies are equal -~ at zero velume.
@herefore at the earliest stages of particle growth (e.g. < 100 atoms)
,% Boltzmann distribution of particle types is likely, equilibrated
ﬁy the vibrational transformations mentioned in 2.4. With
further growth, these particle itransformations will become inhi-
bited, so that the observed particles may represent the effects
of partiéle coalescence spperimpoéed upon an earlier "frozen"

distribution.

With atoms rather than a continuum, other energy terms ma,

- be impor¥éﬁt. As mentioned in 3.7, the specific surface work is
sizé dependent, a fealture probably shared by the surface stresses.
The elastic moduli are also size and position dependeﬁt. This
latter effect corresponds o the second order surface sitress term
aijkleijekl’ and ia probaﬁly negative (i.e. favourable to ETPs);
loss of atoms should soften the retaining forqes.

An interesting effeci, analogous to the surface stresses,
may 6ccur rear the five—fold axes¢ The atomic co-ordination in
thié region is different to‘that in an fec materialy for example,
atoms on the axis have only five secoﬁd nearest neighbours, 211
normal to the axis. This produces a zero-point double siress
tensor, vhich might counteract the large stresses arisiﬁg near
these axes in the elastic solutions.

More accurate calcula%ions of the particle energies employing,

for example,pseudo-potentials would clearly be of considerable

- ?
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interest. However, these will need to faiﬁhfully represent the specific
surface'work; the surface stresses; the internal elasticity; any

" inhomogeneous relaxations, and be fully minimised with respect

to the surface shépe - 2 task of considerable complexity.

Alternatively, useful gualitative resulis might be obtained with
inhomogeneous relaxations and %hekmodified Wulff construction,
emﬁloying, for example, a MiePotential.

Anbther approach might be through an improved understanding
of the surface siresses and the adsorption surface stresses. The
latterlquantity may be amenable to éxperﬁmental measurement by
the incorporation of a strain stage into standard UHV equipment
with flash desorption capabilifies= Measurements of the EEEEH
“metal surface stresses appears, in coﬁfrast, to require an experi-
mental innovation. _ : _ :

In conqlusion, therthermodynamics éf MIPs are controlled by
the experimental conditions employed. ¥When they do occur, the Ics
can be stable up to sizes of about 20 nm, with the Dhs either
metastable intermediaries or stablé in their own right for sizes
between 20 nm aﬁd 60 rm . 'However, in some cases (such as for

gold particles in a hydrogen atmosphere) they mey never be stable.
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épj)éndix 4.1

&

In spherical polar co-ordinates, the displecements Ug 3 ugl)' .

u, are related to the strains by -

“ e = e 5 Qg = = P)

L e, ur -
or . 08 'S

Cdd = o 3“"#’*?“6(&8«- %r 3

V‘S\m@ _g
e = o3 (WY, L dur- = -3
e YT 2oty 2]

and. 2.(2,9’—5::. Sm@ a ks A -+ ;—3;——93%9

the cubic dilata"clon is given by

& T Qe+ Qg+ eéd,

LA—

the strain energy in any element of volume is given by

&h@lﬁ)g A (2.‘»»&, k&e‘é-\' Q"é -i»{a, 96 Qﬂﬁi{
R &@S) ?

and the equilibrium eguations for the stresses are.
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added to an unknown radial displacement u , the strains are

X
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Hence, the equilibrium equations above are satisfied if
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~

wvhere A and B are constants of integration.

Considering now the iwo boundary conditions:

Lim »_ =0 and 5 =0 atr=a
T
rs0

vhere a is the particle radius, then

and
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5.1 Intreduction

The most straightforward, and potentiallv the most powerful,
method for examining small parficles (ca 20nm or less) is lattice
imaging in a high resolution electron microscope. In addition 1o
observing any internal défects, an effective micro-diffraciion

pattern is oﬁtained with high spatial resolution. Threq ma jor
problems arises firstly, the image is not a complele representation
of the object as the microscope ﬁoes not faithfully itransfer the contrast
and position of all the lattice information; secondly, it is difficult
to ensure that any stréins are suitably projected éo as to be |
visible and readily interﬁretable in the.image, and finally, severe
“anomalies can occur through thickness variations and strains (Hashimoto
et al 1961)1particu1arly with dislooations (Cockayne et al 1971).

Thére are considerable advantages in employing higher accelerating
voi%ages for oblaining laitice images. Relative %o 100KV, diffraction
angles at 500kV, for example, are reduced by a factor of ~2.6,
fhereby substantially reducing the effects of spherical aberration.
Furthermore, values of the excitation parameters drop, and these reduce
the effects Qf thickness variations or strains. However, these gains
are offset by the increased many-beam nature of the diffraciion,.which
complicates any imege interpretstion,

This chapter is concerned with resulis obtained wsing the
Cambridge University 600xV H.R.B.H. (Cosslett et 2l 1979) on the
internal siructure of small gold and silver NTPs. These demonstirate
the presence of very fine variations in the lattice fringes and some
possible partial dislocations. However, the ready production of artifacis
in latiice images of small particles makes the interpretation of these

features ambiguous.
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5.2 | Interpretation of Lattice Fringes

To interpret latiice fringes requires an, a2 priori, under-
standing of how they are produced and how artifacis may occur. That.
iz {the subject of this sectiop. The basic theory is well established,
being described in many textbooks (e.g. Hirsh et al 1965}, but its
detailed application to small particles composed of many overlapping

microcrystallites has not appeared in the literature.

5:2.1  Theory of Lattice Fring Formation

» To a first approximation, latitice fringes can be derived from
C%he standard two beam dynamical approximation. The total exit wave

from crystal can be written (after Hirsh et al 1965)

? - ‘#30 e":m’i. E‘p-i N ‘ég Q'Dm‘;f;‘%g-f,

' . 27T¢ Kz'@:
vhere 86 g T Sin? L%/’A) Q,mm' g1k 4+ Cot (Q’/@A Q 5
i P L & :
qég = %i S;Gvnﬁa ( CLzTr 1&{ _ Q;th, \ \) ;
¥
¥, = S+ K‘S‘z* ‘!fg‘) * 3

’I
_‘b’a-.r. S- (83 ‘fi;)z , ond

3 = s‘is

5 being the excitation parameter, t the thickness and § +the extinction

S

éistance.
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The image intensity (for a perfect microscope) can then he

£ TT = W Ve g

where

o - T&“"‘ % (og‘ @ Ton b‘i ¢ Kf\“xg\§ S ) Eﬁ “:(X!"\Kz)]? C

. R B R LI AL

¢ s

g being the reciprocal lattice vecfar. The cosine term corresponds
to the lattice fringes, superimposed upon an essentially uniform background.

.

2:2:2 Bffects of the Dynamical Phase Shift

. .‘Tﬁe dynamical phase shift is the source of many problems. It
alters-with variations in either the crystal thickness or orientation,
and can thus iead to artifacts., 1In smali polycrystals with steeply
slopiné sides, thickness variaitions are always present and are analysed
here in detail, exterding the original work by Hashimoto et al (1961).

| The shape of any individual microcrystallite can be approximated
to a wedge, with the thickness vgriation specified by a "thickness"

vector", m, defined by
7 v t=m
N =

80 that t = m - (g," ,_9_), where p is the position vector in the object

plane and ¢ a constant vector. MThis thickness vector has a direct

experimental significance in the diffraction pattern. Substituting
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diffraction pattern. This céﬁtains four spots (rather then two) at

m%y, mBoy g+ g'ﬁl, g +-§1_'S‘2. This splitiing has been observed
for Mg0 smoke crystals by Cowley and Rees (1946, 1947) and Honjo (1947),
with 2 multiplicity of spots in the more general n beam dynamical
cese (Moliere and Wagenfeld 1958 and Lehmpfuhl and Reissland 1968).

. Furthermore, interfercnce between fhese beams produces the various
fringe patierns: the two Mundiffracted beams™ (_rg&l and 3‘62) the
bright field thickness fringes; +the two "diffracted beams™
(g + ,_1‘51,619 &+ 552) the dark field thickness fringes; and all four
together, the lattice fringes.

The éffect of on the fringe paﬁﬁern can be expressed by
two terms: a shift of the lattice'rediprocal vector to the mew value
ig % Am, and the inclusion of steps of TU at the minima of either
Lol or \dgl. mhe ‘shift coefficient, A, is nearly consbant with
thickness, particularly so for a largé excitation parameier where it
taﬁes the value 27 (s« Vg;g&(i.e. Qﬂ'(gs* ; where g?* is
the effective extinction distance). Values for the variation of 4 with
{thicknéss are plotted in Figure 5.1 for various excitaition parameters.
It should be noted that (in the two beam theory) this ferm arises solely
from the interference of the 2 undiffracted beams (m & 17 3&_5’2). Yith n
beam diffraction, a similar term is likely, ¥carried® by the diffracted
beams (i.e., formed by the mutual interference of the split diffracted
beams).

Hence the fringes produced, even with a perfect microscope,
need not faithfully represent the spacing or orientation of the atomic
planes. With !ml typically in the range pyR 1Ei, alterations of a
few degrees in orientation and a few per cent in spacing are possible.
Only at an exact Bragg orientation (vhere A = 0) or {by symmeiry) at an

exact three beam condition is a itrue image of the lattice planes
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|

rn:**u:)c?.w.i'c:ed.° Purthermore, the ;rtificial steps of-% a lattice fringe

occurring at the minima of either \#b\ or \@3\ might, for example,

be confused with stacking faults. |
Further effects also cccur with overlapping microcrystallites.

The phase shifts are magnified for Moire fringes, and are transmitted

- between wedges. To illusirate the latter effect, it is convénient

ﬁo consider two overlapping wedges, exactly Bragg oriented for iwo .

beam diffraction, with their diffraction vectors parallel but unegual

in magnitude (as shown in Pigure 5.2). Passage through the first

wedge; produces %wo mndiffracted and two diffracted beams with no

net fringe shifts (A = 0). The undiffracted beams now travel

through %he second wedge, producing fouﬁ new diffracfed beams and four

7un&iffracfed beams. To a first approximation, no fringe shifts will

accumulatehggr this second set of fringes, as the deviations from a

Brggg orientation of the two.main beams are very small. However,

~the diffracted be%ms from the first microcrystalliie are th;mselves

diffracted, this double diffraction ocourring well a;ay from a Bragg

orientéiion. Hence these beams accumilate a considerable fringe shifi

which is dependent upon the thickness of the second wedge. Thus,

lattice fringes can be disrupted by the thickness of other micro-

erystallites, even when the latter produce no fringes themselves.

5.2.3 Effects of the Spherical Aberration

The second source of anomalies is the spherical aberration.
Any wave travelling at an angle 8 %o the optic axis undergoes a phase

shift A where

x= E(n20%s 3 ¢g0")



O a6

g.{%gz gz
2nd Crystal

Figure 5.2 TIllustration of the transmission of the phase shifts
with overlapping microcrystallites. Shown in the figure are the

diffraction patterns after the Ist and 2nd crystals with @ for

. the positions of the diffraction spots and O for the. relevant

diffraction vectors (i.e. the spbts present in the absence of
the wedge splitting). As explained in the text, double diffrac-

tion from the 8; spot introduces a phase shift which depends
upon the thickness of the second crystal.
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and is displaced away from i’i:s point of origin relative to the optic

- axis Wy a vector§ o where

- 2,
§ = A VY% = 8(mrce?),
The effect of the phase shift % is normally discussed by the
Contrast Transfer Function, Sin X . This describes how (i.e. with
what amplitudes) the spatial frequencies at the exit surface of a crysial

are iransferred, by the microscope, o the image. (See, for example,

T

Cowley 1975). However, this approach is not particularly suitable
for sirong phase objects; such as lattice fri‘hges, egpecially as
it ignores the important effects of th)e‘translation § .
. For latdice fringes the most appropriate condition to conéider
is positioning the diffracted beams so that they interfere in the
image p‘iaﬁe wi’th.the'undiff/ra'cted beam arising from the same position
i'nr‘the object, that ;Ls E = 0. This automatically corresponds o a
stationary value (with respect to © ) for % . Hence no anomalies occur
from any small changes in the diffraction vector through the phase
shift{ {erm. Provided that no attempt is made to allocate the lattice
fringes exactly to the lattice planes ( o{# 0), this condition appears
to allow small variations to be directly resolved.

Unfortunately this is not true; for a reason that has not
received as much attention in the literature as it deseﬁes. When ._cg—_- a,
&,\g\lész ZCSS‘L which is not zero. Therefore any small change
of 1% in the lattice spacing is accompanied by a relatively large

translation (in units of the fringe spacing), given by
ARl @ = 26 8%m .
| A AT

For example, with the silver (111) lattice fringes (.235nm) this change
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is  32n% with a Siemens 102 ( C_ = 2mm, 100kV), 4n% with the micro-
" scope employed here (CS = 3mm, 500 kV}. Hence any small changes present
at the crystal exit surface are amplified and distorted by
the microscope.

I+ should be noted that the above comments are only sirictly
- true for two beam lattice fringes. In general, for n beam diffraciion,
' 2n diffracted and n uwndiffracted beams should be considered (3 beanm
fringes, with superimposed the wedge splitting discussed in 562)
Hence, more complicated behaviour is likely, including some loss of
contrast, For example, with symmetric three beam fringes, 3 fringe
spacing translations of the diffracted beams will produce desiructive

interference, with no observed lattice fringes.

5.2.4  Summary

Torsummarisez 'severe anomalies are to be expected iﬂ lattice
images of small parficles. In general the‘observed lattice fringes
do not haﬁe the samé orientation or spacing as the actual lattice
planes in the object. Any small variations in the object lattice
or thickness produce artifacts at the crystal exit surface which are
themselves further amplified and distorted by the image translations.
As is shown in the following sections, the micréscope that was employed
provides images of sufficient clarity for these very smali changes 1o

be readily detected,
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5.3 . Experimental De#ails

Gold and silver were evaporated onto NaCl and KC1l, respectively,
at 300° ¢ in 2 vacuunm of ~3 x 3.0_3 pascals, the substrates having
b;en previously cleaned in-situ. The samples were then allowed to
'céol to room temperaturc in the vacuum (taking ~ 45 minutes), were
c;ated by evaporation with a thin amorphous carbon film and mounted,
fia flotation on distilled water, én microscope grids. These samples
were examined using axial illuminationrlaitice imaging at accelerating
veltages of 5OOVand 575 kV, principally the former, with the Cambridge
HREM. An objective apertufe was often used which included the (220 beams
(n1443ﬁ§}§ although its absence-did not ﬁafgrially affect the images
obtained. Typical operating;conditions were with image magnifications
of.300,000 to 400,000 times, considerably defocussed illumination
(%o pﬁovide adequate illumination coherence), and exposure times
of 4%-or f% seconds. “Any residual image astigmatism was nogmally

corrected at magnifications in excess of 600,000 times, using'the

granularity in the carbon support film.

i

5.4  Results

The general appearance of the samnples is shown in Pigures

5«3 and 5.4,

5.4.1 Decahedral WTPs

These particles were found vith either <1007 or (<111%
epitaxies. With the <1007 orientation an irmvolved and characteristic

lattice pattern was observed, as shown in Figure 5.5. The very
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gure 5,4 A typical field of view of the Au sample. The

U
incipal particle types present are Ics { arrowed ) and
lyparticles { discussed in chapter © ), The epitaxial

i
r
o
irections of the substrate are indicated,



Figure 5.5 Two micrographs of a <100> epitaxed Dh near to the
defocus values where é}O for the {111) fringes {top) and the
(200} fringes (bottom}. Optical diffractograms are inset. of
interest are the contrast changes with defocus (the micro-
graphs were printed under identical conditions); the fine
variations of the (111) lattice fringes {when viewed from the
side), and the kink in the .286 nm double diffraction fringes.
This latter feature is due to the reversal in sign of the
thickness vector, m, across the line AB, as indicated,
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complicated appearance of the central region of these rarticles

arises from the preéeﬁce of four double diffraction fringes superimposed
upon the three primény lattice fringes (see the inset optical
d¢iffractograms, and the analysis in 2.3).'lThe existence of very fine
Vafia%ions in the lattice fringes {as can 5e seen by viewing them

from the side} should be noted in this and the subsequent figures,

These are certainly due to small thickness and strain variations.
Becanse of the problems analysed in 5.2, no attempt has been made

here to interpret these features,

There is an interesting example here of the dynamical phase
shifts analysed in 5.2.2: a distiret ﬁlnk can be seen in the .286 ﬁm
double diffraction fringes along the axis labelled AB in the figure.
This is produced by a reversal in the sign of m (for all the diffracting
segments)“;zbng this axis. This suggests that the particles are
similar in their external shape to 2 decahedron (on its sidg), without
any of the re-entrant surfaces described in 3.3. '

Tﬁe appearance of the <(111% oriented Dhs is shown in Pigure
5.6, In'%erms Qf their diffraction, these appear’to correspond 1o
those qnaiysed by Heinemann et al (197S). An interesting problem is
rosed by the Moire fringes presept in these particles which,as observed
by Heinemann ¢t al (1979), are siraight (see Figure 5.6 from =
distance, or see Figure 5.3}, These authors have interpreted this
result as évidence against. the presence of inhomogencous sirains,
vhich they predicted would produce bent Noire fringes. However,
this prediction is incorrect. Utilising de Wit's solution for the
strains (4.2.2), any point Xy ¥ in the precursor ETP is mapped to
the point X',Y' where |

X’ = Umuke)-cog (&« UL@/(;) 5 and.

LY
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Figure 5.6 Micrograph of a <111> epitaxed Dh, The (111) lattice fringes
are slightly bent, probably as a result of small changes in the thickness
vector or inhomogeneous strains, The (222)-(220) Moire fringes are straight

( to within a degree or two ), a feature which, as is explained in the
text and illustrated in Figure 5.7, proves very little,

'w@‘ . '_.. =

Figure 5.8 A Dh near to the 5-fold symmetry orientation. Two possible
partial dislocations are indicated which might be artifacts caused by

A

haif fringe ;} phase shifts between the ithickness fringes.



- ] ‘ 16
/'
! Considering now & set of pleanes parallel to the X axis, these

.ame rofated by an angle Q vhere
i

2 Tan { %0/} = Ton %.—%?k)

Hence the rotations present are very small, and (as noted by
&e Wit 1972) the accurately drafted sirain field is almost undetectable.
Even when fwo seis of planes are superimposed to simulate the formation
of these Moire friﬁges, practically no rotaltions can be detected,
ag is shown in Flgure 5¢Ts

A third orlentatlon was observed in a few cases (Plgure 5.8)
where the parﬁicles were tilted to the <¢110> orientation (probably

'as a reqult of dlsturbances during the transfer of the specimens onto
the microscope gridé),” ¥With the particles in the figure some defects
are visible which mightrcorrespond to ﬁartial dislocations, ﬁIf |
these are edge dislocations, they are in the correct positions for

a T%o (i.e. completely étrain relieving) grain boundary. Houever,
there 1s an alternative explanation. Careful examination reveals
that there are thickness fringes present here with %?t'85 A, The
half fringe phas shifts that these are associated with (see 5.2.2)

are just visible in the particles and appear to be the cause of

these apparent defects.

5.4.2 Icozahedral MTPs

The ¥os have no (100) surfaces, in contrast to the Ths, and so
have no £ 1007 epitaxy. In fact, for Ag a complete £ 1127 epitaxy

(i.e. along & twin boundary) was observed with the (111) and the (110)
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Figure 5.7 Simulation of the (222)-(220) Moiré fringes in a <111>
oriented Dh. The figure shows the result of superimpesing the (222)
and (220) lattice planes in a 10 nm radius particle, using the
displacements described in 4.2.2. The rotations of the Moiré fringes
are vanishingly small.
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plangs 15 two of the microcrystallites parallel to the substrate (100)
planes. For gold, the epitaxy was either <11T» or (fo a lesser
extent) 41127 , similar to that reported by Heinemann et al (1979).

Tﬁe lattice fringe configuration for the (1l2oriented particles
is shown in Figures 5.8 and 5.9 and is in good agreement with the
theoretical pre&ictions in 2.3, The large Woire fringes present in
- these particles (view Figure 5.8 from a distance, or (more clearly)
in Figures 5.3 and 5.9) had rather complicated forms, the precise
details of which varied from particle to particle. Similar to the
analysis presented in 5.4.1 for the Dhs, the reasonably straight nature
of these fringes {i.e. the absence of 2 300 splitting as predicted by
ﬁeinemann et al .1979) proves nothing aﬁouﬁ the'presence or absence
of inhomogeneous‘strains. In fact, any attempl (cez. that by Gillet
et al 19765m%0 interpret this type of variafion in the structure of
Hoire fringes withéutfprecise image calculaiions is very dangerous.
Small thickness variéfions, inhomogeneous girains or ihe présence
of partial dislocations‘could produce this behaviour.

A number of clear defects in the lattice fringes were observed
in these Yes, two of which are indicated in Figure 5.8. These may
be par%ial edge dislocations. However, it is not clear whether these
are real defects present in the object Ics, or anomalies of_the imaging
process, It is felt that further, corroboratiwe evidence is reguired
before positive interpretations are atfempted.

In the particles with the < 1117 epitaxy a very different
fripge configuration was observed, as shown in Figuré 5.10 and Figure
5.11. As has been previously aﬁalysed in 2.3, this arises from the
presence of (111), pseudo~{111) double diffraction and (220)-(222;
foire fringes. These Hoire fringes were relatively straight (see

Figure 5.11 from a disfance or Figure 5.4). This proves very little,
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Figure 5.9 Two members from a through focal series of a <112 oriented
lc. The defocus values are those for which =0 for the (111) lattice
fringes ( top ) and (200) lattice fringes. The positions of two possible
partial dislocations are indicated. Alsc of interest are the slightly
bent nature of all the lattice fringes, and the complicated appearance
of the (222)-(220) Moire fringes.



Figure 5.10 A 112 oriented To
of Au, Tor reasous that are not
understood, the lattice fringes
in the Au particles with this
epitaxy were not as 'clean' as
the corresponding Ag particles,

Figure 5.11 A <111>
eriented Ic of Au, with
the positions of two
possible partial disl-
ocations indicated. The
bending of the lattice
fringes { all of which
are (111} or pseudo- ke
(111) double diffractions
fringes} should be noted.
The Moire fringes here
are almost straight,
which proves very little
about the presence or ‘
absence of inhomogeneous .
strains. A small Dh near
to the 5-fold symmetry
orientation is shown

on the lower right.




Figure 5.12 Four members from a through focal series of a <111>
Ic of silver. Two possible partial dislocations are indicated on the
figure. One of the more interesting features is how little the positions
of these defects, and the general contrast varies with defocus (quoted

on the lower left of each particle as approximate values of |§J for the
{111) fringes).

oriented
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!
contrary to the interpretation of Heinemann et al (1979).

A mumber of possible partial dislocations were imaged in
these Ice, two of which are indicaied in Figure 5.10. As with the
<1127 oriented Ics, it is felt that a positive identification of

these features requires corroborative evidence.

i
I
1

5.5 Discussion

It should be clear from the results presented zbove that
high resolution latitice imaging is a particularly powerful method of
cbtaining expé;imenfal information from small particles. Very fine
fringesvariations and possible partial dislocations ﬁave been élearly
imaged. However, ;pterpreting the experimental data is not trivial,

o _ \
for the reasons discussed in 5.2: +the micrographs are not structural

£
1,
[T

images.,

rfo a large exféht these problems with the interpreta;ion
of the resulis occur because the particles urnder study are compli-
cated . MTPs, which are a collection of microcrystallites with twin
boundaries, thickness variations and possible irhomogeneous sﬁrains
or dislocations, provide an opportunity for 211 the known artifactis
(and probably, as well, those yet to be discovered) to occur. It is
for this reason that thé observed defects nave been interpreted as
"possibleipartial dislocations®. PFurther corroborative evidence is
reqguired for a more positive ideﬁtification (mach of which work the
author hopes to perform himself).

The most powerful approach for further work is probably the
combination of axial dark field images with direct lattice resolution.
(At the time.of this thesis, no dark field facilities were available

r

on the microscope employed.) TFor example, relatively low resclution
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(e.g. 10 g) characterisation of the microcrystallite thicknesses
(and the Durger's vectors of any partial dislocations) should permit
an interpretation of the high resolution detail.aVailable in the
;attice frihges. It shoula be noted thaﬁ interpfetations of the dark
;ield images could bé guite difficult. The artifacts present at
'the erystal - exit surface (5.2.2) could cause problems, in particular
tﬁe wvedge spliiting of the beams. (For example, this splitting of the
diffracted beem will produce inaccurate results wﬁen the Selected
Zone Dark Field method of Heinemarm and Poppa 1975 is used to decipher
the diffraction patterns.) Furthermore, weak beam images of any
dislocations might easily be lost in the carbon speckle. It may be
for this reéson that aislocations-havé never been reported in small
MTPs,

| 'Ahﬁalternaﬁ%ve épprqgch would be to obtain}better image
calculaiioﬁs than the approximate discussion provided in 5.2. Ideally
these would be full image simulations, but this is not plaﬁsiblé at
present. Current programmes employ a grid, so that a parficle largé
enbugh to be relevent, with a grid size sma2ll enough for the fine o
variations observed, will cause severe storage problems.

In conclusion, small (~ 20 nn diameter) NTPs, particuiarly Tcs,
may'contain large numbers of sirain-relieving partial dislocations.
These defects car be readily observed by‘direct lattice imaging at
500 XV. However, it is felt thet corroborative evidence is requireé'

to eliminate the possibility that these defects are anomalies of

the imaging process.
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CHAPPER 6

HIGH RESOLUTICN STUDIES OF SINGLE CRYSTALS,
LAMELLAR THIKNED PARTICLES & POLYPARTICLES

6.1 Introduction
6.2 Experimental Details
6.3 Results
6.3.1 Sinéle Grysgals
6.3.2 lamellar Twinned Particles
6.3.3 P;iyparticles
6:3.4 Polycrystals-

6.4 Discussion
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6.1 Introduction

This chaplter deals with results which demonstrate the

?tility of lattice imaging as a means of directly identifying
'%nd characterising small particles. The major advaniage of this
ﬁechnique is that all reasonably strong (111) and (200) dark field
iﬁages are effectively recorded simultaneously on a single
-microgréph with full directional information and very high spatial
resolution. This is of substantial convenience for decodingr
complicated particles. It is shown that many particles can be
classified under the broad heading of "polypariicles", which are
- similar %o polycrystals but with definite particles (e.g. Ics)

replacing single crystals as the basic units.

6,2 Eaxperimental Details

The same samples and operating conditions were employed as

described in 5.3,

6.3 Resulis

6.3.1 Sinrle Crystals

The single crystal particles observed were shaped in the
same way as described in previous work for similar epitaxially grown
particles (e.g. Ino 1966): nearly sguare shapes with a <1007
epitaxy (Figure 6.1), and triengles for the <111 epitaxy (Figure 6.2).

L feu rectangular <1C00% particles were also observed, almost
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Figure 6,1 Micrograph of a typical. slightly rectangular., <100%
epitaxed Ag single crystal. Crossed {020) and (002) lattice fringes
are evident,
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is shown in Figures 6.3 and 6.4. In Figure 6.3, the (200) lattice

fringes display a definite orientation chaﬁge aiong a line tbetween

the two arrous marked, indicating either a low angle grain boundary
or a-sharp change-in thickness. Both of these are associated with

late stages in cozlescence. Figure 6.4 shows two particles frozen,
probably by the cooling of the substrate, in the necking stage

of coalescence (Pashley et al 1964 ).

6.3.2 Lamellar Twinned Particles

These particles (lamellar twinned particles or LTPs) are
characﬁefised by & number of parallel twin boundaries, though the
simplest example, ghown in Fiéure 635, has only one twin boundary.
: If is poéngle to classify them as a simple type of polycrystal,

but their frequent observation (sece Hayashi et al 1977) suggests

that they should be considered as a distinct particle type.

6.3.3 Polyparticles

A very common observation was of particles which appeared
torcontaiﬁ HTPs or LTPs "embedded" among other crystals or recognisably
.coalesced with them. The HTPs were readily identified by the

characteristic pattern of their lattice fringes (see 5.4).

a Polyicosahedral }TPs
j .

These particles have the general form of Ics sharing
decahedra. The simplest exemple is %he bi-icoszhedral MIP; shown

in Pigure 6.6, upon which the two epitaxial directions for the silver



Ag particle showing evidence
for particle coalescence. There is a definite change in the lattice fringe

orientation on a line between the two arrows, indicating either the presence
of a low angleé grain boundary or a sharp change in the thickness vector.

Figure 6.3 Micrograph of a rectangular <100>

!

T

T enalercence,




Figure 6.5 A silver LTP imaged down the shared <110> axis. The position
of the twin boundary is very ill-defined.

Left hand side: )
Figure 6.6 Bi-icosahedral MTP of silver, probably a result of inter-
particular coalescence. The two epitaxial directions of the Ics on the
substrate are indicated.

Right hand side:

Figure 6.7 A composite particle (Ag) which provides evidence for
coalescence as the source of pelvicosahedral MTPs. Two <i12> epitaxed
Ies are shown, frozen in rhe process of coalescing inte a single Ic.

g




83

!
Ics kre also marked. It is clear that neither of the particles is

adopting the epitaxial aligmment, suggesting that the polypariicle
vas §roduccd by coalescence of two Icsy rather than nucleation of a
second Ic¢c upon the first, (A nucleation process would be expectéd

to cccur with one of the NTPs epitaxially aligred.) Perticles
resembling coalesced MTPs were suggested by Ino (1966) and Komoda
(1968), although neither were able to provide clear structural
identifications.

Further evidence of é coalescénoe mechanism for the formation
of these particles is shown in Figure 6.7 and 6.8. The composite
particle in Figure 6.7 seems to be two Ics, with the same orientation,
in the process of coalescing into a single Ic. Figure 6.8 shows
an Ic necking to another which is itself part of a composite particle.
The continﬁity of the lattiﬁe fringes between the Ics should be
noved.

(b) Icosshedral-Decahedral MTPs

In much the same way as described above for polyicosahedral
MTPs, these particles are the result of combining an Ic and a Dh.
by sharing two tetrahedral segments. An example is shown in Figure
6.9. MNot . only does this structure occur separately, but- it
also appears as part of 2 more complicated particle. Fipure 6.10,
for example, shows a Dh-bridging two Ics , in perfect register with

the right-hand Ic.

(c) Decahedral-Lamcllar HTPs

This particular struciure (Figure 6.11) again in a similar

way to those described above, corresponds %o a low energy matching



Figt_;re-é .8 Coalescence between an Ic and an elongated bi-icosahedral
MTP. The continuity of the lattice fringes across the 'neck' should
be noted.



Figure 6.9 Icosahedral-Decahedral MIP. An Ic, on the right, and a Dh,
i on the left, are sharing two tétrahedral segments. Silver is again the
§ metal.

Tigure 6.10 Example of 2 Dn bridging two Ios taken from the Ag sample,



} Figure 6.11 A Decahedral-Lamellar MTP of Ag. A strong (220) ‘shost!
image from one of the Dh segments is clearly visible.

Figure 6,122 An unidentified Au polyparticle, The left hand particle is
a (111) oriented Ic, which has celalesced with the particle on the right
{ & possible Ic ). & possible partial dislocation ( see 5.4.2 ) is
indicated in the figure,
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6.1$ would be a Dh with two rather extended segments and an addi-

tional twinned segment. However, the classification as deca-
hedral-lamellar MTPs is more consistent with the manner in which

these particles are probably formed, i.e. by coalescence,

(&) Hore Complicated Polyparticles

Particles where an identifiable segment was embedded in a
large undecodable region were also frequently observed., A number
of typical examples are shown in Figure 5;12 and are explained
in the figure captions. The present method of identification
is not always capable of comple?gly decoding these pariicles,
though advances in the image resolution (e.g. fesolving the

(220) 1a$ﬁice fringes) may permit this.

6.2.4 Polycrystals s

A number of particles were observed vhich could not be
classified. Examples are shown in Figure 6.13. It is possible to
give these the rather nebulous title of polycrystals, but this may
be inaccurate. It is suspected that they are really polyparticles
vhich are not in an orientation suifable for decoding their siructures

via lattice imaging.

6.4 Discussion

The predominant feature of the observetions reported here
is the mamner in which various particles, such as MTPs and LTPs,

appear to retain their integrity as units when involved in a larger



4
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! Figure 6.17b An unidentified Ay polyparticle, A <111» oriented Ic is

| embedded in the lower left of the particle. possibly extending towards
i the right and top.

Fipure 6,12c Unidentified Au polyparticle, The configuration of the
lattice fringes on the left and center suggest the presence of half
. bisected normal to the viewing direction ) a ¢111> ZIc. Some {222)
aall spacing fringes and (220) fringes are visible on the lower left,



Figure 6,13a Possible polycrystéluof Au, There is some evidence of
lamellar twinning towards the left, B

Figure 6.73b Anotker particle of Au which is tentatively identified
as & polycrystal, There is again some evidence for lamellar twirning,
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parﬁiole. In many ways, an analogy between polycrystals and poly~'
particles is useful: both are constructed from unit particles
(single crystals or twinned pafticles respectively) with Herain
boundaries® at the in_‘berfacese The approach does not change
gqualitatively with more complicafed units, but the rules for
rroducing low energy grain bhoundaries do. In common with
rolycrystals, pelypariicles appear to favour low energy grain
boundaries. TFor example, the shared decahedra present in
polyicosahedral MTPs are low energy houndaries between the Ics.
'The étability of fhe polyparticles is unclear. The con-
figurations may correspond %o local energy minima stable to small
per*bﬁrba’cionsy or they may be qutable‘intermediaries "frozen"
vith insufficient energy available for rearréngement to 2 more
favourab%grstruciure. The former is suspected to be the case £or
at least some of the particles (for the reasons discussed in 507),
although the matter will only be properly resolved by in-situ
analysis of particulate growth and further theoretical analysis.
Finally, it is interesting 4o note the similarity between
the structures observed here and some models for amorphous films.
Various authors (e.g. Hoare and Pal 1970, Gaskell 1975 and Mistry 1979)
have suggested polytetrahedral structures (vhich are polyicosahedral
EPPs in & 3-D netwvork) in amorphous materials. The observation
of polyiqosahedral NTPs-appears to'provide some circumstantiel

evidence for these models.
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7.1 Introduction

' In the introduction to this thesis, one of the motivations
for the line of research conducted was stated to be the significance
. of small particles in heterogeneous catalysts. Having now presented
in Chapters 3-6 a fairly extensive theoretical and experimental
analysis of small particle strubtures, particularly MTPs, it is
appropriate in this final chapter to investigate the relevance
of this work to catalysis. o

The possibility that NTPs are present in heferogeneous
catalysts was first suggested by Allpress and Sanders (1970) and
3investigated be Avery and Sanders (1970)e They found, however,
that at mos¥ 2% of catalyst particieé.10—35 nm‘ in size (for Au,
. Wi, P4 and Pt on ¥ —alumina) were multiply,%winned, Consequently

-

the significance of these unusual.structures in catalysis has
geﬁerally'been cchsidered to be small. ’

In this chapter, the presence of considerable numbers of
HTPs in a silver catalyst sﬁpported on « —alumina is reporied and

the possibility that these particles possess umisual catalytic

behaviour is discussed.

7.2 Experimental Procedure

The samples examined were supplied by ICI Litd., who prepared
them as follows (UK Patent 1369639). An 0.8 Mzg_l support of o —alumina
(Carborundun Ltd., Eo..SAHT96) was immersed in a solution of silver
oxelate in 45% water-45% ethylene diamine-10% ethanolemine. The
support was then pyrolysed in nitrogen at 200° € for 1 hour %o

decompose the oxalate to silver metal. The catalyst examined
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contained approximately 16% silver by weight. Samples were prepared
for microscopy-by allowing a drop of ground catalyst suspended in
acetone to dry on amorphous carbon films premounted on microscope
grids. These ﬁeré examined with a Siemens 102 microscope at 100 %V
agd the Cambridge HREM ai 500 kv (care being taken to avoid contamin—
'a%ion or beam heating of the sample which was observed to sinter

the silver).

T«3 Results

The samples examined consisted primarily of isolated metal

- particles of size beitween 100 and 200 nm ., although smaller
particles { {50 nm}.were occa;ionally foundAon amorphous regions

of substrale and a few large polycrystals were obsefvedg A typicai,'
low-magnification micrograph is shown in Figure 7.1.

‘The discrete particles displayed well-developed 111 .facets,
with Very little e&ge or corner rounding. MNore than 804 were
observed to be icosahedra or decahedra; the remainder included
twinned platelets, faulied needles and single crystals. Micrographs
of these various morphologies are shown in Figures 7.2 and 7.30 All
the Ics and most (but not all of the Ths displayed interral contrast
sﬁggestive of dislocatiéns, as noted previously for. large MTPs by
Saito et al (1978).

The larger polycrystals freguently displayed contrast similar
to that observed in polyparticles (see 5.3.3). For example, the
partiéle shown in Figure 7.4 contains a2 Dh combined with some other,
unidentified microcrystallites. Their presence was atiributed to
particie coalescence (as suggested in Ghapter 6}, supporting evidence

for vhich is shown in Figure T.5.



Figure 7.1 Low fnégnifiéation ﬁicrogfapﬁ. of a catalyst specimen.
MTPs are indicated on the figure.



Figure 7.4 High resclutior micrograph of a catalyst
{ taken on the Cambridge HE_R.EM, at 500 kV )., A Dh
5.fold symmetry orientation is present on the lower
is shown by the lattice fringe configuration.

polyparticie
near to the
ieft, as




Figure 7.5 Evidence for inter-particular coalescence. This micrograph
was obtained through a relatively thin region of the g~alumina support.
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T.4 'NTPs as Unusual Catalysts

The resulits preéented herein demonstrate that NTPs can
ocour in heterogeneous catalysts. This raises an important guestion:
are these unusual particles responsible for variations in catal;tic
behaviour with, for example, parficle size, trace impurities or
the subsfrate employed? As described below, there are substantial
reasonsg for believing fhat KTPs behave catalytigally in a very
different fashion to single crystal particles. Three major differences
between the surfaceé of KTPs and single crystals are highlighted:
the high concentration of ﬁnusu@} sites on the twin boundaries;
the different permution of surface faceé; and the ﬁresence of
sﬁrface strains or dislocations.

Atdag on a twin boundary can he expected to éisplayrgeometric
and electronic catalytic effects which have no analogue on a
;h point

group symmetry (i.e. hep co~ordination yather than fce ), so

single crystal surface. For example, these aloms have a D

their d-orbitals have different spatial orientations. The re-entrant

surfaces present in {he thermally equilibrated particles might possess
unusual catalytic properities, similar to their suggested significance

as faﬁourable nucleation fites for growth (Frank 1949). The

y

concentrafion of twin sites could be approciable: for example,
assuming thé strong faceting model (3.5.2) for a S5.qam rédius Dh,
approximetely 7% of the surface atoms are on the twin boundaries,
a third of these in the notches.

The different distribution of crystal faces (see 3.4.3)
could be significant for reactions which ére sensitive to the surface
crystallography. For example, the absence of any (100} surface in

Ics-could "poison"; as suggested in 4.6, a caﬁalygt dependent upon
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this face if large numbers 6£ these particles are present,

The expansions of thé surface layer by ~1% and ~ 2% for
Dhs and Ics~respectiveiy (see 4.2) may also be significant. TFor
Exampie, Flank and Beachell (1967) showed that lattice constant
~variztions in a silver catalyst (produced by 2lloying with gold)
correlated with the rate of ethylene oxidaiion. The high dislocatioen
densities present,; particularly if the defects imaging in 5.4 afe
true partial dislocaiions; could also be particulerly important. |

Anomalous surface sites and strained surfaces are, of course,
also found in other particleé. Re-entrant surfaces have been
observed for fec particles with an odd number of closely-spaced,
parallel fwin boundaries (1aﬁellar tuinned particles - see 6.3:3)
by Hayashi et al (1977). Similar sites and strained surfaces will
also be present in any polyparticles. However, the site density

in MTPs can be expected To he higher than in any other types.

7.5 Discussion

-

The ocecurence of ¥TPs in a heterogeneous catalyst is cénu
sistent with their freguent presence in epitaxial films., ¥TPs
may well ocour in many o%her catalysiss for exemple, micrographs
of a nickel catalyst (supplied by A. Szczpera) showed contrest
typical of HTPs. The apparent contradiciion between the resulis
presented here and those of Avery and Sanders {1970) is probably
due fo the different methods of production: the particles described
here vere prepared by'a mild pyrolysis, whilst Avery and Sanders
examiﬁgd.iheirs after a hydrogen anneal. It should be clear from
the analysis in Chapter 4 that the occurence and survival of

ETPs in catalysts are very sensitive o the conditions during both



o
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prepdration and runring.

The large sizes of the MTPs are prébably a result of the
growth‘process. The surface structures.were consistent with a layer
growth process {see 3.6) whichy with a sufficiently low mucleation
density to prevent appreciable inter-particular coalescence, can
in principle proceed indefinitely. Although almost certainly
metastable at these sizes, without sufficient activation energy for
a structural transformation te oceur, the particles will be frozen
ﬁith fhe multiply twimmed structures.

It should be noted that the other types of discrete particles
obgerved, particularly the needles, are alsc consistent with this
model for growth, Chemicall;, this mechénism, with iow nucleation
densities and. iayer gréwth, suggests that the oxalate decomposition
wés catalyggé by the silver,‘i.e. tﬁe reaction was autocatalytic.

'Clearly, it will now be of considerable interest to pfoduce
catalyst samples containing, for exampie, a large proportioé of single
crystals and compare their behaviour with a catalyst of NTPs., I%

ﬁight then be possidble to directly assess the importance of pariicle

morphology in catalysis.
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