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1. INTRODUCTION
Twinning is widespread in crystalline materials of various
origin and nature. Basic concepts and definitions of twinning
are treated in many textbooks and review papers [1–3]. A
description of the crystallographic fundamentals of twinning
can be found in the International Tables for Crystallography,
Volume D: “Physical Properties of Crystals” [4]. Twins may
form as a result of erroneously attaching atoms or molecules
to a growing crystal such that two crystals appear to be grow-
ing out of or into each other. Character and rule of twinning
can be understood by considering the sequence of atomic
layers added to a crystal during growth. Stacking of close-
packed planes in face-centered cubic crystals is possible in
three different positions denoted A, B, and C leading to a
regular growth sequence ABCABCABCABCA. If, for exam-
ple, the central A layer of this sequence is followed by a layer
of misplaced atoms assuming the wrong position C, upon
which a regular stacking appears again, then the following
sequence will form: ABCABCACBACBA. In this way the
crystal lattice is mirrored at the central layer A, which is eas-
ier to see if the central letter A is replaced by a vertical line �
representing a mirror or twin plane: ABCABC�CBACBA.
There are two general types of twin style: contact and pen-
etration [5, 6]. The one considered here is contact twins
that have a composition plane, the twin plane, that forms a
boundary between the twinned subunits.
Twinning often has a serious effect on the outward shape

and symmetry of a crystal, in particular in the case of

repeated twinning. Two types of repeated twinning are
known: lamellar and cyclic. Lamellar twinning forms from
parallel contact twins repeating continuously, one after
another. Cyclic twinning requires nonparallel coplanar com-
position planes. If these twin planes enclose an angle being
an integer part of 360�, then a complete circle can be
formed by cyclic twinning. Some classic minerals like cassi-
terite (SnO2), wurtzite (ZnS), and rutile (TiO2) form cyclic
twins called “trilling,” “fourling,” “sixling,” or “eightling”
quite according to their twin angles of 120�, 90�, 60�, or
45�, respectively. Cyclic twinning is also found in minerals
of the spinel (MgAl2O4) group whose specific rule of twin-
ning bears its name, the spinel twin law. Here a twin plane
is parallel to one of the octahedral habit planes enclosing
an angle of 70.53�, which is close to 2�/5. Repeated cyclic
twinning according to this twin law does not form a com-
plete circle, but leaves a small gap. Nevertheless, it enables
the formation of “fivelings” of a number of crystals.
Actually, repeated twinning, also called polysynthetic

twinning, or multiple twinning, is rather common in natu-
ral minerals and crystalline materials. There are also known
examples of twin compounds composed of cyclicly arranged
twin pairs [7]. However, it is the type of fivefold twinning
on alternate coplanar twin planes in small particles, creat-
ing “fivelings” of unique morphology, for which the term
“multiply twinned particles” (usually abbreviated as MTPs)
was applied. The term MTP will herewith be used for such
particles, otherwise, for example, for fivefold twinning in
thin films, the term “fivefold twinned structures” is used.
The unique morphology of MTPs and the unusual symme-
try of the arrangement of building units are essential struc-
tural features, mostly at dimensions of a few nanometers,
but fairly often also up to micrometer or even millimeter
dimensions.
Fivefold twinning in thin films and nanoparticles of

nanometer dimensions is in itself a whole class of materials,
the origin of widespread structures resulting from a great
variety of substances and fabrication processes involved.
These are introduced in this chapter together with the issues
of synthesis, formation mechanisms, and stability and lattice
defects. Various illustrative examples are aimed at empha-
sizing the importance of this phenomenon in the area of
nanostructured materials. It always has attracted the atten-
tion not only of crystal growth and crystallography research,
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2 Fivefold Twinned Nanoparticles

but also of cluster physics, physical chemistry, surface sci-
ence, thin film growth, and materials research. The occur-
rence of quintuples of twins and local fivefold structures
includes also quite different materials systems ranging from
biological materials to minerals, such as proteins [8], polyox-
ometalates [9], viruses [10], surfactant bilayers [11], natural
diamond [12], and self-assembled metal nanoparticle super-
lattices [13]. Within the minerals, even particular diamond
species of extraterrestrial origin, which were contained in
meteorites, are found [14]. Appropriate examples will be
mentioned when discussing various aspects of fivefold twin-
ning. This chapter is accompanied by an almost complete list
of references that makes available results and experiences
of previous work in a greater context.

1.1. Crystallographic Characteristics

The characteristics of materials that favor MTP formation
are: (i) face-centered cubic (fcc) or diamond cubic (dc)
crystals, (ii) low twin boundary energy, and (iii) a sur-
face energy anisotropy with, for example, ��111� < ��100�,
where {111} and {100} are the indices of surfaces of lowest
energy for cubic crystals. However, any other crystal allow-
ing repeated cyclic twinning with twin angles of about 2�/5
would fit as well, if the twin boundary energy is not exceed-
ingly large. The structural peculiarities of such particles com-
prise the following characteristics: (i) They are composed of
equisized subunits of tetrahedral shape, (ii) the subunits join
together on adjacent bounding faces (twin planes), (iii) the
subunits enclose an angle of ∼2�/5, and (iv) the involved
tetrahedra share common axes of fivefold symmetry. Shape
and composition of particles formed according to the above
construction scheme are (i) the decahedron (pentagonal
bipyramid), consisting of 5 tetrahedra with 1 fivefold axis,
bounded by 10 triangular faces, and (ii) the icosahedron,
consisting of 20 tetrahedra that share 6 fivefold axes and one
common point at the center, bounded by 20 triangular faces.
Composition and shape of the decahedron (point group
symmetry D5h) and the icosahedron (point group symmetry
Ih) are schematically shown in Figure 1. As tetrahedral sub-
units of regular fcc or dc lattice, respectively, cannot form
a complete space-filling structure, there remains an angu-
lar misfit (resulting in a gap of 7.35� for the decahedron),
which is not considered in the drawings. Strictly speaking,
the fivefold axes in such materials are only of pseudo-fivefold
symmetry, unless there is some rearrangement of the lattice.

Figure 1. Shape of MTPs and their composition of tetrahedra: (Dh)
decahedron and (Ic) icosahedron. Adapted with permission from [220],
H. Hofmeister, Cryst. Res. Technol. 33, 3 (1998). © 1998, Wiley-VCH.

For single crystalline particles of most of the materials
(cubic crystals) considered here, the common growth form is
that of a cuboctahedron that is bounded by triangular octa-
hedron faces, or {111}, and square cube faces, or {100}.
This semiregular or Archimedian solid is drawn as a hard
sphere model in Figure 2. Different from that, MTPs such as
the icosahedron (Platonic solid), also drawn in Figure 2, are
bounded by triangular faces of equal type, or {111}, only.
This octahedron face is energetically favored for fcc and dc
crystals because of the surface energy anisotropy of most of
these materials, as in according to the above mentioned con-
dition (iii) of MTP formation. That is how MTPs minimize
their surface energy by approaching a spherical shape, which
is most effectively achieved with the icosahedron.

1.2. Modes of Appearance

The mode of appearance of fivefold twinned particles
depends on both their orientation with respect to a planar
substrate (or a matrix) and the evolution of their surface
morphology as influenced by the growth conditions. With
respect to a planar substrate, there are four possible high
symmetry orientations for both types of MTPs. Decahedra
may be situated (i) with their fivefold axis perpendicular to
the substrate plane, as in “fivefold” orientation or (011);
(ii) with the fivefold axis parallel to the substrate plane, as in
“parallel” or (001); (iii) with one tetrahedral bounding face
resting on the substrate, as in “face” orientation or (111);
and (iv) with the common edge of two tetrahedra resting
on the substrate, as in “edge” orientation or (112). As can
be seen from Figure 3, this gives as projection on the sub-
strate (or imaging) plane a regular pentagon, a rhombic, a
shortened pentagon, or a slightly less shortened pentagon,
respectively. Icosahedra may be situated (i) with the com-
mon edge of two tetrahedra resting on the substrate and two
fivefold axes parallel to it, as in “edge” orientation or (112);
(ii) with one corner resting on the substrate and one fivefold
axis parallel to it, as in “parallel” orientation or (001); (iii)
with one fivefold axis perpendicular to the substrate, as in
“fivefold” orientation, or (011); and (iv) with one tetrahedral
bounding face resting on the substrate, as in “face” orienta-
tion or (111). Figure 4 shows the corresponding projections
on the imaging plane giving a hexagon shortened along a
diagonal, a hexagon elongated along a diagonal, a regular
decagon, or a regular hexagon, respectively. The assignment
of orientations in terms of crystal axes indices (in braces)

Figure 2. Hard sphere models of the surface morphology of cubocta-
hedron and icosahedron.

Proofs Only

Unbekannt
====



Fivefold Twinned Nanoparticles 3

Figure 3. Orientation of decahedra on a substrate: “fivefold” (011),
“parallel” (001), “face” (111), and “edge” (112).

concerns one, two, or five tetrahedra situated in the corre-
sponding orientation.
The growth conditions are usually described by a growth

parameter � that relates the rates of growth along differ-
ent crystal directions. For fcc or dc materials, it is given by
� = √

3v1007v111, where v100 is the growth velocity of cube
faces and v111 is that of octahedron faces. The effect of �
on the crystal morphology is a continuous variation start-
ing, for example, with a perfect cube shape for � = 1, via
the cuboctahedron shape shown in Figure 2 for � = 1	5,
which corresponds to thermal equilibrium growth, to the
octahedron shape for � = 3. Under thermal equilibrium, the
growth morphology may also be described by a parameter

 relating the surface free energies �100 and �111 of the low-
est energy surfaces. However, crystal growth usually is far
from thermal equilibrium; thus the shape evolution is not
characterized by minimizing the surface energy, but rather
the growth rate of each face as determined by the kinet-
ics. For MTPs this may lead to deviations from the ideal
shapes introduced above, which range, for example, for the
decahedron from a star-shaped (A) to a strongly faceted
(B) and a prism-shaped specimen (C) corresponding to a
variation of growth parameters from 3 to 2 and 1.5, respec-
tively, as shown in Figure 5. Shapes B and C are named

Figure 4. Orientation of icosahedra on a substrate: “edge” (112), “par-
allel” (001), “fivefold” (011), and “face” (111).

Figure 5. Deviations from the ideal shape of decahedra: (A) star-
shaped, (B) faceted (Marks), and (C) prism-shaped (Ino).

“Marks decahedron” [15, 16] and “Ino decahedron” [17] by
those who first introduced the corresponding models. An
example of the formation of re-entrant edges, where twin
boundaries emerge to the surface, as well as faceted dim-
ples at the emergence points of fivefold axes, represents the
Cu decahedron in Figure 6. Accordingly, re-entrant edges,
faceted dimples, and pyramidal capping of triangular faces
may occur at icosahedra [18].

1.3. Features of Fivefold Twinning

1.3.1. Natural Origin
Fivefold twinning, being a widespread habit of nanoparti-
cles and nanostructured materials, actually is not only found
in synthetic materials, but also in structures with a natu-
ral origin. As a most striking example, one may mention
the polyhedral forms of certain viruses and their pentagonal
aggregation. This was predicted in 1956 by Crick and Watson
[19] and was confirmed in 1958 and later, mainly by elec-
tron microscopy means [10, 20–23]. Another example from
biology is the hollow icosahedron configuration in vivo of

Figure 6. Early findings of fivefold twinning (fivelings) of natural
occurrence.
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4 Fivefold Twinned Nanoparticles

certain protein supermolecules [8]. In the course of studying
the presolar history of matter, fivefold twinned diamonds of
extraterrestrial origin have been found in meteorites [14, 24].
By far, the most numerous and earliest examples of nat-
ural occurrence of fivefold twinning are known from the
field of mineralogy. In former centuries, an essential part of
the contemporary materials science was developed by min-
eralogists, mining engineers, and metallurgists. Thus it is
understandable that in the first half of the 19th century the
natural formation of “fivelings” in some minerals was known
and therefore reported subsequently in textbooks and shape
catalogues [25–29].
It was as early as 1831 that Rose [30] reported the

observation of a strongly faceted decahedron of gold, the
schematic drawing of which, shown in Figure 6, is an aston-
ishing precursor of the Marks decahedron given in Fig-
ure 5B. Next to gold, fivefold twinning was also frequently
observed in diamond of natural origin. This was reported
for the first time by von Waltershausen [31]. Besides slightly
faceting at the twin boundary tips, the original drawing,
shown in Figure 6, contains a gap between subunits oIV and
oV , corresponding to a defect caused by the lack in space
filling with five tetrahedra. The first finding of a copper
fiveling was reported 1882 by von Lasaulx [32]. This mul-
tiply twinned crystallite, also shown in Figure 6, is charac-
terized by a nearly star-like shape and pentagonal dimples
at the emergence of the fivefold axis. The indication of a
7�20′ gap between subunits O1 and O5 is based on theo-
retical considerations rather than on experimental observa-
tion. The MTPs of natural origin usually exhibit sizes around
1 to 2 mm. Further findings of natural fivefold twinned crys-
tallites including, besides the already mentioned Au, dia-
mond, and Cu, also Ag, sphalerite (ZnS), marcasite (FeS2),
magnetite (Fe3O4), and spinel (MgAl2O4), are presented
together with the year of first mention of the corresponding
mineral and related references in Table 1. One particular
observation was reported by von Rath in 1877 [33] con-
cerning an approximately 2 mm long pentagonal needle of
gold whose shape corresponds to an elongated form of the
prism-shaped decahedron in Figure 5C. This way, all essen-
tial shape variations of decahedra as introduced in Figure 5
were known by the end of the 19th century. The forma-
tion of fivefold twin junctions by cyclic twinning in naturally
occurring substances, as confirmed by continued observa-
tions in the first half of the 20th century, was supported from
a theoretical crystallography point of view by Herrmann [34]

Table 1. Natural occurrence of fivefold twinned structures.

Matter (First mention) Refs.

Au (1831) [26, 28, 30, 33, 397, 398, 418]
Ag (1944) [29]
Cu (1882) [29, 32]
C (dc) (1863) [7, 12, 14, 24, 25, 27, 29, 31, 424, 425]
ZnS (1882) [7, 27, 32]
FeS2 (1977) [426]
MgAl2O4 (1877) [427]
Fe3O4 (1984) [428]
virus (1958) [10, 20–23]
protein (1997) [8]

who introduced the noncrystallographic point-groups D5h of
the decahedron and Ih of the icosahedron. A description of
simple forms of these noncrystallographic classes was given
by Niggli [35].

1.3.2. Synthetic Origin
The investigation of fivefold twinned structures in synthetic
nanoparticles and thin films started in the second half of
the 20th century by Segall [36] with the observation of pen-
tagonal grains of pyramidal shape in cold rolled Cu upon
thermal etching in 1957. This was followed in 1959 by the
observation of pentagonal whiskers (i.e., rod-like shape) of
Ni, Fe, and Pt grown from the vapor phase on W sub-
strates by Melmed and Hayward [37] who also explained
the peculiar shape by assuming five twinned fcc subunits
with only slight lattice distortions. Mackay [38] presented
in 1962 a hard sphere model of icosahedra, described them
as being made up of 20 tetrahedra, discussed their char-
acteristics, calculated the density of closed shell icosahe-
dra, and demonstrated a mechanism of transition to the fcc
structure. In the same year Schlötterer [39–41] reported on
fivefold twinned pyramidal grains of Ni grown by electrode-
position, and one year later Wentorf [42] described fivefold
twinned crystallites of synthetic diamond with indications of
a small-angle grain boundary accommodating the angular
misfit. In 1964 Faust and John [43] reported on Si and Ge
fivefold twinned grains grown from the melt. Skillman and
Berry [44] found fivefold twinned particles of AgBr grown
from solution. Ogburn et al. [45, 46] communicated the
observation of pentagonal dendrites of Cu grown from the
vapor phase. Schwoebel [47, 48] reported pentagonal pyra-
mids of Au grown in fivefold orientation on Au(110) and
Au(100) surfaces, and Gedwill et al. [49] obtained fivefold
twinned grains of pyramidal shape in the deposition of Co
by hydrogen reduction of CoBr2, respectively. Similarly, in
1965 De Blois [50, 51] found the formation of pentagonal
shaped whiskers of Ni by hydrogen reduction of NiBr2. In
the same year Bagley [52–54] proposed a model of pentag-
onal decahedra made up of five twinned tetrahedra whose
orthorhombic lattice only slightly deviates from the fcc crys-
tal lattice. In 1966 Downs and Braun [55] found fivefold
twinned grains in the plating of Ni by thermal decomposi-
tion of nickel carbonyl.
The discovery of decahedral and icosahedral particles of

Au and Ag formed in the early stage of thin film growth
on alkali halide and mica substrates as well as by evapora-
tion in inert-gas atmosphere in 1966 [56–64] is connected
with extended availability and improved capabilities of elec-
tron microscopes at this time, which favored focusing on
fivefold twinned structures of nanometer dimensions. This
way, already in the first ten years of exploration, broad
experimental evidence of the phenomenon, correct nomen-
clature, clear models, and reasonable insight in formation
mechanisms was achieved. Since then a continuous and even
increasing interest in fivefold twinned structures in nanopar-
ticles and thin films produced a more than linear increase
(from 1 in 1957 to 25 in 2001) of publications per year and
was more and more devoted to technologically important
materials like diamond, semiconductors, and Ni. The five-
fold twin structure could be made visible, in particular, by
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Fivefold Twinned Nanoparticles 5

HREM as it is shown in Figure 7 by the example of a deca-
hedron of Rh [65]. The HREM image (left) of the MTP
situated in fivefold orientation (twin boundaries marked by
arrow heads), as in with the fivefold twin junction perpen-
dicular to the image plane, together with the corresponding
diffractogram (right) give a clear representation of its sym-
metry as well as spacings (e.g., of {111} and {200} planes)
and angular relations of the lattice of the tetrahedral sub-
units involved. Utilization of dedicated experimental tech-
niques like cluster source equipped molecular beam devices
for synthesis [66] and real-time video recording equipped
electron microscopes for characterization [67–71] enabled
elucidating new models and mechanisms of MTP formation
as well as uncovering a rich variety of new materials hav-
ing such structures. The appeal of fivefold symmetry was
tremendously encouraged with the disclosure of icosahedral
quasicrystals and related phases [72–75] and with the inven-
tion of the quasilattice concept to describe these structures
basing on local icosahedral packing of atoms contained in
tetrahedrally close-packed and related phases of intermetal-
lic compounds [76–79]. Between both fields there are certain
relations from a structural point of view, such as via decago-
nal twinned crystalline approximant phases [79–82].

2. MATERIALS SYNTHESIS
AND FORMATION MECHANISMS

2.1. Materials Overview

Fivefold twinned structures may be found in any crystalline
material that allows twinning on alternate coplanar twin
planes enclosing an angle of about 2�/5. Favorite materials
throughout the periodic table of elements are the transition
metals Fe, Co, Ni, Cu, Ru, Rh, Pd, Ag, Ir, Pt, Au; the lan-
thanide’s Sm and Yb; as well as the group II element Mg,
group III elements Al and In, and group IV element Pb, that
have fcc crystal lattice, at least for the modification present
in multiply twinned particles. Additionally, the group IV ele-
ments C, Si, and Ge with dc crystal lattice contribute to the
MTPs. Further, multiply twinned structures are known from
a number of alloys like Au-(Fe, Co, Ni, Cu, Pd), Al-(Li,
Cr, Mn, Fe, Cu, Zr), Ni-(Zr, Ti), Pt-(Fe, Rh), and Si-Ge.
There exists also a considerable list of binary and ternary
compounds from which MTPs have been reported, includ-
ing AgBr; the nitrides and carbides BN, TiN, TiCN and

Figure 7. Decahedral particle of Rh in 5-fold orientation grown
by vapor deposition on NaCl. Adapted with permission from [97],
H. Hofmeister, Mater. Sci. Forum 312–314, 325 (1999). © 1999, Trans.
Tech. Publications.

BC, Cr2C2−x, SiC; the oxides Fe2O3, Fe3O4, SnO2, BaTiO3,
and B6O; and further the compound semiconductors GaP,
CuInSe2, CdSe, and CdTe. The list of materials, to which
even the molecular crystals fullerite C(60) and C(76) must
be added, as well as supramolecular polyoxometalates and
surfactants, is still increasing.
A summary of these materials together with their main

characteristics and the routes of synthesis applied is given
in Table 2, where elements, alloys, compounds, and compos-
ite materials with fivefold twinned structures are listed. For
each entry, the table contains the year of first mention, the
total number of publications known until now, and a number
of representative references. This summary must be com-
pleted by composite materials consisting of MTPs embedded
in a matrix like Ge, Si, or Si-Ge precipitates in Al alloys
[83–88]; Cu precipitates in Ni-Zn-Cu alloy [89]; and Au, Ag,
or Co precipitates in polymer or glass matrix [90–96]. As
an example of matrix-embedded MTPs, Figure 8 shows a
decahedral particle of Ag grown by precipitation in glass
[97]. The HREM image (left) of the particle (twin bound-
aries marked by short lines) clearly shows its nearly spherical
shape determined by the metal-matrix interface energy. The
accompanying diffractogram (right) reveals symmetry, lat-
tice plane spacings, and angular relations according to the
approximately fivefold orientation. Another class of mate-
rials should be finally mentioned, namely colloidal crystals
or self-assembled superlattices consisting of two- or three-
dimensional arrangements of metal nanoparticles that form
fivefold twinned structures quite according to those previ-
ously described [13].

2.2. Routes of Synthesis

2.2.1. Vapor Phase Techniques
The synthesis of fivefold twinned nanoparticles and thin
films may be proceeded by a large number of various pro-
cesses and specific techniques. Generally, they differ by the
state of the material applied in the synthesis. We distin-
guish synthesis (i) from the vapor phase, (ii) from the liquid
phase, and (iii) from the solid phase. Vapor phase synthe-
sis (i) includes (a) heterogeneous nucleation and growth of
particles and thin films by various methods of either physical
or chemical vapor deposition on substrates, and (b) homo-
geneous nucleation and growth of particles by aggregation
within an inert-gas atmosphere. Most of the early work on
metal MTPs has been done according to the process scheme
given in (a) by thermal evaporation of the metal within an
evacuated chamber and condensation of the metal vapor on
appropriate substrates [57, 60, 98–111]. Physical vapor depo-
sition was also applied in the formation of multiply twinned
nanoparticles and thin films of Ge [112–121], SnO2 [122],
Fe2O3 [123], and C(60) or C(76) [124–128]. Chemical vapor
deposition has been used for formation of multiply twinned
nanoparticles and thin films, for example, of diamond [18,
129–132] (particles) and [133–146] (thin films), or Si and Si-
Ge [147–149], TiN [150–152], TiCN [153, 154], SiC [152],
GaP [155], and BN [74, 132] from precursor molecules, the
decomposition or reaction of which provides the species
deposited. The inert-gas aggregation technique (b) was suc-
cessful in producing MTPs of most of the metals [64, 101,
156–167] and Si and Ge [168, 169], as well as alloys of
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6 Fivefold Twinned Nanoparticles

Table 2. Materials with fivefold twinned structures: (A) elements, (B) alloys, (C) compounds, and (D) composites.

Synthesis Characteristics Refs.

A. Elements

Mg (1981) inert-gas aggregation, cluster decahedra, closed shell [160, 242]
beam expansion icosahedra

Fe (1959) PVD, inert-gas aggregation decahedral whiskers, [37, 101, 158, 159, 293]
decahedra

Co (1964) solid-phase reduction, inert-gas decahedra, icosahedra [49, 64, 293, 425]
aggregation

Ni (1959) PVD, electrodeposition, hollow whiskers, icosahedra, [37, 39, 157, 159, 165, 190, 200, 202, 204, 206, 208, 426]
inert-gas aggregation, decahedra, thin films,
colloidal synthesis rod-shaped decahedra

Cu (1957) electrodeposition, thin films, rod-shaped [36, 39, 45, 98, 100, 157, 159, 178, 193, 231, 363, 388]
inert-gas aggregation, decahedra, icosahedra
colloidal synthesis,
PVD, e-beam

Ru (1988) colloidal synthesis structural fluctuations [71]
Rh (1981) solid phase reduction, PVD, decahedra, icosahedra [65, 108, 226, 371, 374, 410, 435, 436]

colloidal synthesis,
electrodeposition

Pd (1966) PVD, inert-gas aggregation, decahedra, icosahedra, [56, 63, 64, 99, 101, 107, 159, 161, 174, 198, 249, 438, 439]
electrodeposition, double icosahedra
colloidal synthesis

Ag (1966) PVD, inert-gas aggregation, decahedra, icosahedra, [60, 63, 98, 105, 157–159, 166, 174, 205, 207, 211,
electrodeposition, rod-shaped decahedra 217, 230, 255, 258, 291, 292, 349, 354, 441, 441]
colloidal synthesis, e-beam

Ir (1997) electrodeposition decahedra, icosahedra, [210, 216]
shape variations

Pt (1959) PVD, inert-gas aggregation, decahedral whiskers, [37, 104, 161, 191, 210, 376, 411, 444]
colloidal synthesis, shape variations,
electrodeposition decahedra, icosahedra

Au (1964) PVD, inert-gas aggregation, decahedra, icosahedra, [13, 40, 47, 57–59, 61, 62, 64, 105, 106, 157–159, 161, 173,
colloidal synthesis, rod-shaped decahedra, 182, 189, 210, 212, 237, 239, 240, 254, 259, 324–327, 335,
electrodeposition, double icosahedra; 365, 366a, 378, 382, 387, 400, 407, 411, 447–450]
solid-phase reduction self-assembled

nanoparticles superlattice
Sm (1992) inert-gas aggregation decahedra [66]
Yb (1993) inert-gas aggregation decahedra, icosahedra [162, 452]
Al (1997) e-beam irradiation decahedra, icosahedra [232]
In (1999) physical vapor deposition decahedra, tetragonal [109, 111, 340]

lattice sub-units
C (dc) (1963) high-pressure melt synthesis, decahedra, misfit faults, [18, 42, 129–132, 138, 139, 141–143, 145, 350–352,

CVD, dynamic-shock icosahedra, thin films, 456, 457]
synthesis star-shaped &

rod-shaped decahedra
Si (1964) melt growth, matrix decahedra, misfit faults, [43, 147, 149, 168, 169, 185, 186, 234, 266, 270]

precipitation, CVD, PVD, thin films, star-shaped
inert-gas aggregation decahedra

Ge (1964) melt growth, matrix precipitation, star-shaped & rod-shaped [43, 96, 112–116, 120]
PVD, inert-gas aggregation, decahedra, thin films,
solid phase crystallization, decahedra
ion implantation

Pb (2000) inert-gas aggregation, PVD decahedra, tetragonal [110, 164]
lattice sub-units

B. Alloys

Au-Fe (1999) PVD, electrodeposition decahedra, icosahedra [213, 385]
Au-Co (2002) electrodeposition decahedra, icosahedra [213]
Au-Ni (2002) electrodeposition decahedra, icosahedra [213]
Au-Cu∗ (1997) inert-gas aggregation, decahedra, icosahedra, [170, 210, 215, 432]

electrodeposition rod-shaped decahedra
Au-Pd (1990) colloidal synthesis decahedra of rounded shape [428]
Fe-Pt (2002) colloidal synthesis, decahedra, icosahedra, [171, 434]

inert-gas aggregation ordered phase transition
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Fivefold Twinned Nanoparticles 7

Table 2. continued

Synthesis Characteristics Refs.

Ni-Zr (1985) rapid solidification thin films, quasicrystal [80, 437]
approximants

Ni-Ti (1986) rapid solidification thin films, quasicrystal [437]
approximants

Rh-Pt (1990) colloidal synthesis decahedra [371, 433]
Al-Li∗ (1985) matrix precipitation, thin films, icosahedra, [219, 442, 443]

rapid solidification quasicrystal approximants
Al-Cr∗ (1993) rapid solidification star-shaped decahedra [82, 187]
Al-Mn∗ (1985) rapid solidification thin films, icosahedra, [81, 82, 339, 451]

star-shaped decahedra
Al-Fe∗ (1987) rapid solidification thin films, quasicrystal [79, 188]

approximants
Al-Cu∗ (1988) rapid solidification thin films, icosahedra, [187, 442]

quasicrystal approximants
Al-Zr∗ (1985) rapid solidification thin films, tetrahedrally [453]

closed-packed structure
steel (1983) steel processing decahedra, tetrahedrally [454, 455] 2

closed-packed structure
Si-Ge (2001) CVD decahedra, thin films [149]
C (60) (1992) PVD, aerosol synthesis decahedra, icosahedral [124–126, 128, 405]

clusters, star-shaped
decahedra

C (76) (1995) PVD decagonal twinning [127]

C. Compounds

AgBr (1964) solution growth decahedra [44, 429]
BN (1985) CVD, e-beam irradiation decahedra, thin films, [132, 228, 403]

star-shaped decahedra
TiN (1988) CVD rod-shaped & star-shaped [150–152]

decahedra, thin films
TiCN (1985) CVD decahedra [153, 154]
BC (2002) arc evaporation icosahedra [167]
Cr3C2−x (1991) reactive sputtering decagonal twinning [183]
SiC (1996) CVD star-shaped decahedra [152]
Fe2O3 (1983) PVD decahedra [123]
SnO2 (1996) PVD thin films, multiple [122]

twin junctions
B6O (1998) high-pressure melt synthesis, icosahedra, hierarchic [179, 180, 184, 241, 341, 343]

pulsed laser deposition structure, decahedra
BaTiO3 (1998) solid phase chemical reaction thin films, multiple [445, 446]

twin junctions
GaP (1988) CVD thin films, multiple [155]

twin junctions
CdTe (1993) PVD hollow whiskers [406]
CuInSe2 (1994) molecular beam epitaxy thin films, multiple [353]

twin junctions
CdSe (2002) colloidal synthesis icosahedra [418]
polyoxometalate self-assembly icosahedra, hierarchic [9]
(2001) structure

surfactant self-assembly hollow icosahedra [11]
(2001)

D. Composites

Co/polymer (2000) colloidal synthesis polytetrahedral packing [93]
Cu/Ni-Zn-Cu (1993) matrix precipitation decahedra [89]
Ag/glass (1991) ion exchange, ion implantation decahedra, icosahedra [90, 94]
Au/polymer (1998) colloidal synthesis, PVD decahedra, icosahedra [91, 92]
Ge/Al (1986) matrix precipitation decahedra, rod-shaped decahedra [83, 84, 85, 86]
Si/Al (2001) matrix precipitation decahedra [88]
Si-Ge/Al (2001) matrix precipitation decahedra [87]
Ge/silica (2001) ion implantation, co-sputtering decahedra [95, 96]

Note: Entries in italics refer to tenfold twinning, asterisk signs indicate possible changes of order or stoichiometry in alloys.
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Figure 8. Decahedral particle of Ag in fivefold orientation grown by
precipitation in glass. Adapted with permission from [97], H. Hofmeis-
ter, Mater. Sci. Forum 312–314, 325 (1999). © 1999, Trans. Tech.
Publications.

Au-Cu and Fe-Pt [170, 171]. The process scheme given in
(b) mainly enables particulate mass production of the cor-
responding material [159, 169, 172–174] and investigation of
unsupported particles [164, 175–178]. The vapor phase route
also includes modern techniques of materials synthesis such
as pulsed laser deposition [179–181] and sputtering [95, 182,
183]. A typical example of growth from the vapor phase is
given in Figure 9. The rhombic profile of the decahedral Rh
particle [108] shown in the HREM image (left) is due to the
(001) orientation of the base tetrahedral subunit relative to
the electron beam. The accompanying diffractogram exhibits
spots originating from {111}, {200}, and {220} lattice plane
fringes of the (001) oriented base and two (112) oriented
top tetrahedra marked by squares and circles, respectively.
Additional spots marked by open arrows result from Moiré
type contrast features in the particle center due to superpo-
sition of subunits of both orientations [166].

2.2.2. Liquid Phase Techniques
Liquid phase synthesis (ii) includes (a) growth from the melt
and (b) growth from solution via precipitation by chemical
means (b1) or by electrodeposition (b2). High-pressure melt
growth was used for diamond [42] and B6O [184] synthe-
sis. Precipitation from alloy melt was utilized for the growth
of Si and Ge MTPs [43, 185, 186]. Most of the quasicrys-
talline phases and their approximants have been produced
by rapid cooling of Al-Mn and similar alloy melts [74, 187,
188]. The solution route (b1), or colloidal synthesis, has
been frequently used for wet chemical formation of multiply
twinned AgBr [44] and metal particles of Au, Ag, Cu, Pt,

Figure 9. Decahedral particle of Rh in parallel orientation grown by
vapor deposition on NaCl.

Pd, Ni, and Ru, as well as Pt- alloys [91, 189–198]. The solu-
tion route (b2), or electrodeposition, is widely utilized for
fabricating protective coatings, mostly of Ni, whose appear-
ance depends on grain size and texture, which may be con-
trolled by the electrode potential. Fivefold twinned grains
are the main constituents of films with �110	 texture. Multi-
ply twinned structures have been reported for Au, Ag, Cu,
Pt, Pd, Ni, Ir, Rh, and Cu- alloys deposited as films [40, 199–
204] or particles [45, 205–213]. As it was mainly revealed by
the work of Da-ling Lu [209, 210, 214–216], the crystal habit
of fcc metal particles is controlled by the electrode potential
in solution, as in icosahedra and decahedra are formed at
lower potential, whereas at higher potential less or no MTPs
occur. Typical examples of MTPs grown from solution can
be found in Figure 18 where HREM image contrast fea-
tures of icosahedral Ag particles formed by hydrolysis of a
mixed solution of tetraethoxy orthosilicate and silver nitrate
in ethanol plus water [217] are presented.

2.2.3. Solid Phase Techniques
Solid phase synthesis (iii) includes several subroutes: (a) pre-
cipitation from solid solutions in crystalline or glassy hosts,
(b) solid phase crystallization from the amorphous phase,
(c) solid phase reduction by reactive gases like H2 or CO
of highly disperse metal compounds, and (d) irradiation-
assisted processing by electron beam or ion beam impact
applied to induce particle formation in a matrix or on a
substrate. Precipitation of fivefold twinned nanoparticles in
crystalline matrix was reported for Au, Ag, Cu, Ni, Al-Li,
Si, Ge, and Si-Ge [83–89, 181, 182, 186, 218, 219] where
shape deviations, such as rod-like particle shapes, depend-
ing on orientation relations between precipitate and matrix
as well as on the respective interface energy, were fre-
quently observed. Precipitation of MTPs in glassy hosts was
observed for Ag in soda lime glass, doped by ion exchange,
upon thermal processing [90, 94, 220–222] and for Si in
SiOx by thermal decomposition of SiO [223]. Ag decahe-
dra formed in glass matrix keep their structural peculiarities
even when stretching the glass at elevated temperatures
results in elongation of the previously spherical particles
[220]. The amorphous-to-crystalline phase transition accord-
ing to process scheme (b) has been studied intensively for
thin films of Ge [113–117, 119, 224] and powder particles
of Si [147, 148], which exhibit a distinct tendency to five-
fold twinned structure formation. Solid phase reduction, or
process scheme (c), has been used for decades to fabri-
cate highly dispersed, supported metal particles, such as for
application in heterogeneous catalysis. MTPs of Au, Ag, Cu,
Rh, Co, and Ni are reported for this subroute [49, 50, 55,
217, 225–227] to occur on appropriate carriers. In recent
years, a number of techniques for irradiation-assisted pro-
cessing was developed to produce new nanoparticles and
nanoparticulate composites. These techniques include elec-
tron beam irradiation to induce particle formation by reduc-
tion and aggregation of precursors where MTPs have been
observed for BN, Ag, Cu, Al, Si, and Ge [95, 96, 228–234],
as well as ion beam irradiation to introduce, as in to implant,
dopants like Ag or Ge in a matrix so as to enable particle
formation. MTPs originating from the latter technique were
found for Ag and Ge in glassy hosts [94–96]. Finally, as a
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further route to fivefold twinned nanostructures, one should
mention here the self-assembly of ligand-stabilized metal
nanoparticles into superlattices of two or even three dimen-
sions [13] that exhibit fivefold twin junctions similar to the
pentagonal aggregations of virus particles [22]. When using a
micelle route to preferentially create multiply twinned metal
particles [235, 236], one could compose in this way a fivefold
twinned superlattice of MTPs.

2.3. Formation Mechanisms

2.3.1. Nucleation-Based Formation
The formation of MTPs and fivefold twinned structures is an
important issue, since understanding of the relevant mech-
anisms may help to control conditions for preferred for-
mation or prevention of such structures. The great variety
of materials and processes involved cannot be attributed to
only one mechanism of formation. In general, we distinguish
(i) nucleation-based and (ii) growth-mediated formation of
fivefold twins. The nucleation (i) or noncrystallographic
packing of atoms, is complemented by layer-by-layer growth
in the course of which the noncrystallographic arrangements
transform to quintuples of twins. The growth-mediated for-
mation (ii) may proceed by cyclic twinning operations due to
(a) misstacking of atoms (growth twinning) or (b) mismatch
of lattices (deformation twinning) during growth.
MTPs are observed in the nucleation stage (a) of thin

film growth on substrates via physical [237–240] and chem-
ical vapor deposition [18, 129, 130], as well as in inert-gas
aggregation [159, 161], melt growth [241], solution growth
[189], electrodeposition [201], and solid phase crystalliza-
tion [116]. Sometimes the noncrystallographic nature of the
nuclei formed is emphasized by the name “paracrystalline
nuclei” [201]. The preferred formation of closed shell struc-
tures with icosahedral arrangement is confirmed by the
observation of magic numbers in the mass spectra of tran-
sition metal clusters [242–248]. Fcc metal clusters obey the
building plan of Mackay icosahedra [38] as it has been
shown for five-shell Pd clusters of 561 atoms by direct
imaging [249]. The first steps of evolution for such clusters,
starting from a 1 shell nucleus, by shape maintaining layer-
by-layer growth contain 13, 55, 147, 309, 561, 	 	 	 atoms as
schematically drawn is shown in Figure 10. Likewise, pen-
tagonal decahedra may evolve from a nucleus of decahedral
shape whose initial growth sequence contains 7, 23, 54, 105,
181, 	 	 	 atoms. During growth the noncrystallographic pack-
ing of atoms is transformed to a fivefold twinned arrange-
ment of translationally ordered subunits whose small size
enables compensation of the angular misfit [92].

Figure 10. First steps of fcc closed shell cluster evolution of icosahedral
shape.

The nucleation of fivefold symmetry in dc materials pro-
ceeds, according to their bonding characteristics, via cage
rather than closed shell structures having pentagonal dodec-
ahedron (20 atoms) and truncated pentagonal bipyramid
(15 atoms) shapes, which are analogues of icosahedron
and decahedron, respectively. The first steps of a layer-like
growth sequence of decahedral shape, containing 15, 60,
140, 265, 490, 	 	 	 atoms are illustrated in Figure 11. With
the dodecahedron nucleus, a growth sequence of 20, 100,
292, 568, 994, 	 	 	 is obtained when its 12 pentagonal faces
are decorated by truncated pentagonal bipyramids. Always
three of these attached cages of the first layer share one
atom, at which formation of a tetrahedral subunit of a dc
lattice may start in the course of further layer-like growth
[250, 251]. In the above cluster models, the tetrahedral bond
is preserved with bond angles and bond lengths only slightly
differing from that of bulk dc crystals. The outer atoms
have dangling bonds that may be saturated, for example,
by hydrogen. 15 atoms and 20 atoms hydrogenated carbon
cage clusters correspond to the hydrocarbon molecules hex-
acyclopentadecane and dodecahedrane [252], respectively,
which are assumed to be effective in the nucleation of dia-
mond MTPs by methane decomposition [129]. The forma-
tion of fivefold twinned structures of Ge was proposed to
originate from a 15 atoms nucleus formed in the amorphous
phase [116]. A 100 atoms cluster first has been proposed to
explain defect structures in the heteroepitaxial growth of Si
on spinel [250].

2.3.2. Growth-Mediated Formation
If not nucleated from the beginning, MTPs also may form
during growth by repeated cyclic twinning. The main source
of growth twinning is misstacking of atoms at faces of low
growth rate so as to produce reentrant edge configurations,
which enable accelerated growth along a twin boundary [43,
117, 120, 186, 253]. In the particle stage of growth, twinning
may proceed by the formation of primary, secondary, and
tertiary twins on pre-existing tetrahedra as shown schemat-
ically in Figure 12. This process is found to operate not
only to form decahedra, but also icosahedra by successive
stacking of tetrahedra. Rather soon after the nucleation
mechanism has been introduced, alternatively the tetrahedra
stacking mechanism began to be discussed [57, 93, 169, 205,
254–257]. First it was been observed during in situ investi-
gation of the epitaxial growth of Au on MgO [258] and was
later confirmed by an ex situ study on the growth of Au on

Figure 11. First steps of dc cluster evolution of decahedral shape.
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10 Fivefold Twinned Nanoparticles

Figure 12. Successive stacking of tetrahedra in twin position resulting
in MTP formation.

AgBr [259]. The formation of multiply twinned structures by
successive twinning on alternate cozonal twin planes also has
been found in thin film growth of Ni, Ge, and SnO2 [117,
122, 134, 202, 260]. In all cases, the formation of triple twin
junctions is a decisive step in favor of fivefold twinning. Fre-
quently, networks of interlinked threefold and fivefold twin
junctions are observed in these films. Local fivefold twinned
structures have been considered as essential growth stimu-
lating constituents of preferred fcc growth of van der Waals
crystals [261–263].
In addition to misstacking of atoms during growth as

one possible origin of repeated twinning, the intersection of
stacking faults and twin lamellae, introduced into the lat-
tice of growing thin films because of plane strain deforma-
tions, must be considered. Deformation twinning may serve
as a means of relaxing plane strains. The ability of fivefold
twinned structures to accommodate large interfacial strains
due to lattice misfit and thermal expansivity differences is
known from the heteroepitaxial growth of semiconductors
on insulating substrates [155, 264–266]. Strain-induced twin
formation starts with the introduction of 90� Shockley partial
dislocations passing through the strained lattice [267–270].
Successive penetration of a strained lattice by dislocations
on alternate twin planes consequently will lead to the cross-
ing of twins. A simple case of twin intersection, as in the
penetration of a stacking fault SF through a twin T, observed
in the solid phase crystallization of Ge thin films [117, 220],
is shown in Figure 13. In the crossing region, a secondary
twin is formed. At the intersection of stacking fault and twin
boundary, five-membered rings occur resulting from disloca-
tion reactions [270]. The latter will act as seeds of prospec-
tive fivefold twin junctions upon propagation of additional
dislocations on adjacent planes and will also lead to an
extension of the secondary twin.
Sometimes, the origin of a certain fivefold twinned struc-

ture cannot be attributed to only one of the above discussed
formation mechanisms, but may result from an interplay
of growth twinning and deformation twinning. At various
stages of thin film growth, extended structures containing
several individual multiple twins may occur. During thin
film growth of Au and Ag, decahedral and icosahedral

Figure 13. Secondary twin formation upon intersection of a twin band
T by a stacking fault SF during solid phase crystallization of Ge.
Adapted with permission from [97], H. Hofmeister, Mater. Sci. Forum
312–314, 325 (1999). © 1999, Trans. Tech. Publication.

MTPs have been observed to form polyparticles via coales-
cence preserving almost completely their previous structures
[271, 272]. Networks of interlinked fivefold and threefold
twin junctions have been found in electrodeposited Ni films
having �110	 texture [202, 204, 260]. Similar networks occur
at advanced stages of the solid phase crystallization of amor-
phous Ge [114, 119, 120, 224, 253, 273] as well as in the
chemical vapor deposition of diamond [134, 136, 139] and
Si [149]. In the applied range of temperature and film thick-
ness, it is generally assumed that kinetic factors dominate
the growth that has been described as “solid-like growth”
by Marks [272]. However, the formation of MTPs has also
been discussed as being due to transformation to a higher
symmetrical arrangement [274].

3. STABILITY AND PHASE TRANSITIONS

3.1. Stability of Fivefold Twins

Frequently, MTPs and fivefold twinned structures do not
exist separately, but in coexistence or even competition with
structures that exhibit regular crystal lattice without twins.
Their stability is an intriguing issue mainly because of the
discrepancy between noncrystallographic packing of atoms
and its extension in three-dimensional space. Experimental
and theoretical investigations of clusters, a few atoms up to
several hundreds or even a few thousands of atoms in size,
aimed at determining stable forms and their size limits, have
been mostly done on rare-gas [262, 275–281] and transition
metal [243, 246, 282–289] clusters produced in supersonic
beams during gas expansion. Atomistic studies, using data
from electron diffraction [164, 176–178, 276–278, 290–292]
and mass spectrometry [242–244, 293, 294], by means of
molecular dynamics and Monte Carlo simulations employing
various pair interaction potentials [245, 247, 279, 280, 287,
295–297], revealed a wealth of knowledge on magic num-
bers and growth sequences [242, 244–248], thermal stabil-
ity, shape and structure [246, 282, 284, 296, 298–307], phase
transitions [248, 262, 289, 297, 308–316], and melting behav-
ior [288, 310, 317] of clusters of icosahedral, decahedral,
fcc crystalline, or disordered structure. However, there has
been predicted not a global minimum of potential energy for
a multitude of structural motifs and cluster configurations,
but very small energy differences such that clusters do not
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necessarily have a single stable structure at realistic temper-
atures [282, 309, 317, 318]. Moreover, there has been found
not a single sequence of phase transitions like icosahedral
to decahedral to single crystalline fcc and its dependence on
size and temperature, but also a reversal of this sequence
[311] as well as a gradual instead of immediate transition
[297, 308]. In addition, from molecular dynamics simula-
tions there has been predicted, besides the layer-by-layer
growth, also a certain probability of misstacking of atoms
leading to island growth in twin position, which enables tran-
sition of decahedral to icosahedral shape by growth as it was
experimentally observed on a much larger size scale [259].
Finally, experimental magic numbers associated with struc-
tures based on Mackay icosahedra have been classified by
atomistic simulation to be of kinetic origin [319]. Even if
the intermolecular potential disfavors the icosahedral struc-
ture, it occurs frequently due to potential characteristics
that enhance kinetic trapping effects. The existence of such
kinetic effects suggests that it will be possible to control
structures of clusters and nanoparticles by tuning external
parameters to enable design of nanomaterials properties.
The above findings are analogous to the configurational

instabilities inherent to particles of sizes smaller than 8 nm
[320, 321]. Real-time video recording of HREM investiga-
tions on very small metal particles revealed fast changes
between a number of structures including cuboctahedra (sin-
gle crystal), single twinned cuboctahedra, fivefold twinned
decahedra, and icosahedra [67–71, 89, 322–327]. Some of
these structures may be understood as result of a fivefold
twin junction (also described as wedge disclination [328] or
line disclination [329]) entering into and moving through a
particle [330, 331]. Steps of this movement will include also
asymmetric decahedra like the one of Ag shown as exam-
ple in Figure 14. An eccentric position of the fivefold twin
junction can be observed more often the smaller the parti-
cles are. The structural transformations observed along with
a much higher rate of particle rotations in the presence of
an electron beam may be understood in terms of statistical
fluctuations with the probability of a particular configuration
depending on size and temperature [320, 321].
MTPs consisting of regular fcc or dc subunits contain

spatial discontinuities that introduce inhomogeneous strains.
Additional strain and twin energy resulting from the spe-
cific composition of MTPs may be balanced by a reduction
of surface energy up to a certain size above which trans-

Figure 14. Asymmetric decahedral MTP of Ag grown by physical vapor
deposition on alumina with eccentric position of the fivefold junction.

formation to single crystalline particles of cuboctahedral
shape was expected. Strain relief by structural modifications
such as homogeneous lattice distortions or the introduction
of lattice defects as inhomogeneous lattice distortions may
extend the range of stability. Energy balance considerations
including cohesive, surface, adhesive (i.e., concerning parti-
cle/substrate interaction), elastic strain, and twin boundary
energy aimed at calculation of stable size regions for MTPs
of transition metals in comparison to their single crystalline
counterparts [16, 17, 332] provide stable and quasistable size
limits around 30 and 300 nm for icosahedral and decahedral
MTPs of Ag, respectively. Transitions from multiply twinned
structures to single crystalline fcc have been observed for
very small metal particles in gas expansion experiments by
electron diffraction techniques from which crossover sizes of
3.8 nm have been derived for Cu [333], whereas in compa-
rable experiments a size-independent transition was found
for Ag [178] and a dependence on the type of inert gas was
found for Pb [164]. On the other hand, experimental stud-
ies on MTPs gave evidence of their extension to sizes far
above the size limits derived from stability considerations
(see Section 1.1.). One of the reasons for this behavior is
that they may undergo lattice transformations and in many
cases exhibit lattice defects.

3.2. Lattice Transformations and Defects

The lack in space filling that results when composing MTPs
of regular fcc tetrahedral subunits raises the question of
whether the lattice of some or all of these subunits may
adopt a slightly changed state of uniform distortion. To allow
for the absence of spatial discontinuities in MTPs, some
kind of structural modification or lattice defect is needed.
This may be brought about by elastic strains acting on the
tetrahedral subunits as first described by S. Ino to calculate
their stability [17]. A slight, uniform distortion, for example,
transforms the tetrahedral subunit fcc lattice into one having
body-centered orthorhombic (BCO) point group symmetry
so as to enable a Bagley decahedron with twin angle 72�

[52–54]. Figure 15 shows the fcc unit cell of lattice param-
eter a inside which a BCO unit cell of lattice parameters
a, b, c is drawn. As long as a = √

2 b and b = c (i.e., the
nearest neighbor distance), the inscribed tetrahedron has fcc
characteristics. The required uniform distortion is achieved

Figure 15. Tetrahedral twin subunit of a decahedron transformed from
fcc to BCO lattice.
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12 Fivefold Twinned Nanoparticles

by applying a biaxial stress to elongate c (c = 1	0515 b) and
to shorten a (a = 1	3764 b) [334]. This transformation pre-
serves the close packing, but widens the angle between the
triangular faces meeting at the y-axis from 70.52� to 72�.
Another uniform distortion transforms the tetrahedral sub-
unit fcc lattice into one having rhombohedral (rho) point
group symmetry so as to enable a Mackay icosahedron with
twin angle 72� [38]. Figure 16 shows the fcc unit cell of
lattice parameter a inside which a rho unit cell of lattice
parameters b is drawn. As long as the rhombohedral cell
angle is � = 60�, the inscribed tetrahedron has fcc character-
istics. By applying an uniaxial stress along the cube diagonal
direction close packing is preserved in the icosahedron with
a rhombohedral structure, but � is enhanced to 63.43� [334].
The nearest neighbor distance however is different now for
interplane atoms (b = OA, OB, OC) intraplane atoms (c =
AB, AC, BC) with c = 1	0515 b. Consequences of these
model considerations for lattice characteristics, diffraction
patterns, and image contrast features have been demon-
strated by crystallographic and electron microscopy studies
on Au particles [334–338].
Accommodation of the angular misfit by transformation

to the rho lattice has been reported also for Al-Mn multiple
twins [339]. Contrary to the above examples where lattice
distortions are assumed uniformly throughout all tetrahe-
dral subunits, there are also reports about tetragonal lattice
distortions in only one or two subunits while the remain-
ing tetrahedra exhibit fcc lattice. This behavior has been
observed for decahedral MTPs of In [109, 111, 340] and Pb
[110]. The lattice of In bulk metal usually has base-centered
tetragonal (BCT) point group symmetry and adopts fcc
structure only in multiply twinned nanoparticles, whereas
the lattice of Pb bulk metal usually has fcc point group
symmetry and adopts BCT structure not only in MTPs, but
also in single crystalline and single twinned nanoparticles.
Icosahedral MTPs of the Fe-Pt intermetallic phase have
been assumed to adopt the L10 superstructure, which was
not found in untwinned nanoparticles of this material [171].
Interestingly, the L10 superstructure has not only promis-
ing magnetic properties, but also enables formation of per-
fect decahedra without any need of distortion. Based on
this structural characteristic, an icosahedron model has been
proposed that consists of two such L10 decahedra, having

Figure 16. Tetrahedral twin subunit of an icosahedron transformed
from fcc to rho lattice.

one common vertex and their fivefold axes in line, com-
pleted by a “belt” of ten slightly distorted tetrahedra [171].
It should be noted here that, similar to chemically ordered
L10 decahedra of Fe-Pt, icosahedra of a few materials have
been found that do not require elastic straining to close the
angular gap, because their lattice characteristics already fit
to the condition that the tetrahedron angle � amounts to
63.43�. This has been reported for MTPs of C(76) having
monoclinic lattice [127], for B6O where oxygen atoms are
three-coordinated to icosahedral B(12) clusters in a rho lat-
tice [179, 180, 184, 241, 341], as well as for BC with rho
lattice [167]. Although clusters having fivefold symmetry are
well known as entities in crystal structures [342–344], up to
now only the above mentioned B(12) have been found to
be arranged in hierarchical packing from which icosahedral
MTPs may form.
Elastic strains in fivefold twinned structures of fcc and dc

materials determine not only the general structural charac-
teristics [16, 17, 275, 328, 332, 345, 346], but also that of
the twin boundaries involved [347]. At sizes distinctly above
10 nm, inhomogeneous elastic strains [348] allow rather
large reductions of the strain energy stored in MTPs such
that stress relief processes may occur involving the forma-
tion of lattice defects [332]. Typically, planar defects such as
stacking faults and secondary twin boundaries are observed
[115, 321, 349]. A particular stress-relieving configuration
observed in fivefold twinned structures of Si and Ge [115,
117, 169] is shown in Figure 17. It consists of regular arrays
of tetrahedrally arranged stacking faults emerging at stair-
rod dislocations. Such stacking of fault arrays results in an
angular lattice dilatation in the respective twin subunit, while
the neighboring subunits remain undistorted. Two pairs of
stacking faults are sufficient to accommodate the angular
gap at the length scale of the particle shown here. More
extended arrays in combination with small angle bound-
aries have been observed at Si particles of larger dimen-
sions. Localized strains, defects, and misfit faults, which
often simply consist of a small angle boundary, are by
far the most reported inhomogeneities in MTPs and five-
fold twinned structures of diamond [27, 129, 350–352], Si
[169], TiN [151], and CuInSe2 [353]. Individual dislocations

Figure 17. Array of two pairs of stacking faults (marked by arrow
heads) emerging from stair- rod dislocations in one tetrahedral twin
subunit of a Ge MTP (left) and the corresponding model representa-
tion of a twin sub-unit with one pair of stacking faults (right). Adapted
with permission from [220], H. Hofmeister, Cryst. Res. Technol. 33, 3
(1998). © 1998, Wiley-VCH.
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[105, 349, 354] and point defect agglomerations [107, 348]
are rather scarcely observed.

4. STRUCTURAL CHARACTERIZATION

4.1. Characterization Methods

4.1.1. Electron Microscopy
and Diffraction Methods

Electron diffraction as employed to the study of cluster
beams using refined methods of diffraction peak analysis
[164, 176–178, 277, 278, 290–292], similar methods have
been applied in XRD studies [305, 355], enabling one to
distinguish between MTPs and single crystal structures on
a scale of only a few nanometers or even less. The impor-
tance of electron microscopy for structural characterization
of MTPs and fivefold twinned structures in synthetic materi-
als from the very beginning has already been pointed out in
Section 4. This essential role results from the submicrome-
ter size scale at which the phenomenon of multiple twinning
mostly was found, thus being the actual domain of electron
microscopy structural characterization. Utilization of a con-
siderable number of methods and techniques ranging from
simple shadow casting [10, 40] to state-of-the-art investiga-
tions devoted to, for example, observation under ultrahigh
vacuum and at low temperature conditions [111], revealed
many of structural characteristics that otherwise could not
have been elucidated. Within the continuously increasing
number and quality of electron microscopy studies, there
have been employed electron diffraction pattern recording
of individual MTPs and calculation of such patterns [337,
356–362], in situ experiments to follow growth and transfor-
mation processes inside the electron microscope [234, 255,
258, 355, 363], weak-beam dark-field and related imaging
modes for visualizing the internal structure of MTPs [259,
335, 336, 364, 365], HREM [105, 109, 191, 217, 273, 325, 326,
349, 354, 366–373] and corresponding image contrast calcu-
lation [121, 174, 175, 347, 362, 369, 372, 374–391], tilt series
to study how external shape and internal structure of MTPs
change with their orientation to the electron beam [166, 190,
192, 362, 392], real time observation of fast processes such
as structural fluctuations or particle coalescence [67, 70, 322,
323, 325, 326, 381, 393], and combination of XRD or X-ray
absorption spectroscopy (EXAFS) investigations with TEM
or HREM studies [194, 355, 394].

4.1.2. Selected Area Electron Diffraction
Special attention is devoted to selected area electron diffrac-
tion (SAED), from which fivefold symmetry may be recog-
nized in a direct manner, and HREM, from which unique
“fingerprints” may be obtained. Actually, before and besides
HREM imaging, it is the SAED pattern of an individual
decahedron in fivefold orientation, one of the first was pub-
lished 1964 by Schlötterer [40] and another striking exam-
ple 1972 by Ino et al. [395], which is directly convincing
and allows one to examine with high accuracy the symme-
try as well as spacings and angular relationships of multi-
ply twinned particles. To illustrate the capabilities of this
method, Figure 18 shows as an example the SAED pattern
of a decahedral Ni grain in fivefold orientation within an

Figure 18. Selected area electron diffraction pattern of a decahedral Ni
grain (fivefold orientation) within an electrodeposited thin film.

electrodeposited thin film having �110	 texture. This grain
of about 400 nm extension in a plane perpendicular to its
fivefold axis exhibits secondary twin boundaries in two of the
tetrahedral units. Accordingly, in the diffractogram a slight
splitting of related spots of {111} and {222} type can be
seen, which indicates an inhomogeneous relaxation of elastic
strains due to the space filling gap. For the sake of clar-
ity, no assignment of spots has been added to the SAED
pattern, but two circles are drawn enclosing the innermost
spots of {111} and {200} type. From this rather complex
electron diffraction pattern, it can be clearly seen that not
one single crystal, but a grain consisting of five subunits in
well-defined orientation relationship are transmitted by the
electron beam. Likewise, diffraction patterns from regions
of 1 nm size of multiply twinned Au nanoparticles obtained
by means of a microdiffraction equipment operated in the
scanning transmission mode [396] confirm the particle com-
position of twinned subunits.

4.1.3. High Resolution Electron Microscopy
Imaging of lattice plane fringes by high resolution elec-
tron microscopy of MTPs frequently reveals, in combination
with diffractogram analysis and image contrast calculation, a
clear signature of particle shape and internal structure [166,
382, 384, 385, 390]. This is demonstrated in Figure 19 for
Ag icosahedra arranged in various orientations with respect
to the electron beam. It comprises HREM image, diffrac-
togram, particle model, and diffractogram scheme of the
particles in “face” orientation, “edge” orientation, “fivefold”
orientation, and one tilted around 10� out of “edge” toward
“fivefold” orientation (from top to bottom). The edge length
of the HREM images corresponds to 4.8 nm. These image
contrast features depend on the configuration of tetrahedral
subunits that are oriented such as to give rise to lattice plane
contrasts. In the “face” oriented icosahedron, for example,
there are six twin planes parallel to the electron beam, or the
axis of observation, leading to six sets of {111} lattice plane
fringes. However, there must be considered superposition
of lattice plane fringes where tetrahedral units are stacked
one above another. That is why the image details cannot be
straightforwardly interpreted in terms of lattice planes and
increasingly become more complicated the more superposi-
tion occurs. The highly complex contrast patterns in HREM
images of icosahedral particles due to superposition of vari-
ous lattice segments cause corresponding complex spot pat-
terns in the diffractogram. However, the frequently observed

Proofs Only

Herbert Hofmeister
==

Herbert Hofmeister
=ed=

Herbert Hofmeister
 

Herbert Hofmeister
==

Herbert Hofmeister
1.3.2.

Herbert Hofmeister
=================

Herbert Hofmeister
1

Herbert Hofmeister
2

Herbert Hofmeister
3



14 Fivefold Twinned Nanoparticles

Figure 19. HREM “fingerprints” (edge length 4.8 nm) of icosahedral
Ag particles in various orientations: “face,” “edge,” “fivefold,” and
tilted around 10� out of “edge” toward “fivefold,” from top to bottom,
together with diffractogram (right) and model (left).

diffractogram spot splitting, as shown in Figure 19, is no
direct evidence of angular misalignment or spatial mismatch
of the lattice of twinned subunits. Actually, the shape of
image regions of equal lattice plane fringe arrangement is
reflected in the diffractogram fine structure [390], as in,
it is related in a certain way to the electron diffraction
spot fine structure of polyhedral crystallites observed ear-
lier [396]. The fine structure of diffractogram spots also is
found for calculated HREM images of icosahedra assuming
a rho pointgroup symmetry without any lattice defects. By
Fourier transform processing of various projections of tetra-
hedral subunit model images, the interference nature of the
phenomenon has convincingly been demonstrated [390].

4.2. Size and Shape

The additional strain and twin energy associated with the
formation of MTPs may be balanced by a reduction of sur-
face energy up to a certain size (see Section 8), above which
transformation to single crystalline structures is expected.
Experimentally observed fivefold twinned structures how-
ever, not only frequently exceed the size limits based on
thermodynamic considerations, but also exhibit distinct devi-
ations from the nearly spherical shape into various types of
rod-like or even star-like particle shapes. One reason for

this behavior is the accommodation of angular misfit by the
introduction of lattice transformations or lattice defects (see
Section 9). Another reason is that obviously certain growth
conditions not only favor deviation from the ideal MTP
shape (see Section 3), but also enable exceedingly large par-
ticle size. Besides the two examples of Figures 20 and 21,
which show a large decahedral MTP of Pd in “fivefold”
orientation and a large icosahedral MTP in “parallel” ori-
entation, the most impressive examples of extremely large
MTPs of various materials (i.e., those having micrometer
size and above) are compiled in Table 3. These include deca-
hedral particles of the molecular C(60) crystal fullerite [125]
exceeding the millimeter scale of size, and icosahedral par-
ticles of boron suboxide B6O [341] with sizes around 40 �m.
While most of the MTPs on the micrometer scale are of
decahedral shape, the above-mentioned extraordinary large
icosahedra forming material exhibits a rhombohedral struc-
ture with a rhombohedral unit cell angle of � = 63	1� being
very close to the one for ideal icosahedral twinning.
Multiply twinned rod-like particles may form from deca-

hedral nuclei by preferential growth along the fivefold axis.
First observations were made within Au crystals of natural
occurrence [33, 398–400]. Different from regular decahedra,
these particles exhibit extended prism faces of {001} type.
Their multiply twinned nature is revealed most easily from
tilting experiments in the electron microscope, as has been
shown recently for rod-like silver particles grown by inert-
gas evaporation technique [166]; this reference also sums
up the literature about MTPs of rod-like shape in synthetic
materials. As may be concluded from the model shown in
Figure 5C, rotation around the long axis of the particle, sit-
uated perpendicular to the electron beam, is found to pro-
duce two characteristic image contrast patterns, separated
from one another by 18� rotation, both having rotational
periodicity of 36�. According to a rather recent publication,
decahedral nanorods have also been fabricated via a biore-
duction route [401]. Elongation of icosahedral MTPs toward
rod-like shape may be achieved not simply by growth, but
by successive growth twinning, this way reaching beyond the
shape of complete icosahedra. As shown by the model in
Figure 22, particles of elongated shape can be formed by
stacking two icosahedra into each other such that they share
five tetrahedra grouped around a common fivefold axis, as in
a decahedron. Characteristic image contrasts of triple rhom-
bic shape result from positioning one of the fivefold axes

Figure 20. Decahedral particle of Pd in fivefold orientation grown on
KI substrate by vapor deposition.
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Fivefold Twinned Nanoparticles 15

Figure 21. Pt-C shadow casting of an icosahedral particle of Ag grown
on AgBr substrate by vapor deposition. Adapted with permission from
[220], H. Hofmeister, Cryst. Res. Technol. 33, 3 (1998). © 1998, Wiley-
VCH.

of these particles, being their long axis, parallel to the sub-
strate, or perpendicular to the electron beam [387]. Hence
the three decahedral regions involved show {111} lattice
plane fringes within rhombic areas (shaded in Figure 22).
In addition, these decahedra in “edge” orientation exhibit
{220} lattice plane fringes within square areas (hatched in
Figure 22). From atomic-scale simulations of copper poly-
hedral nanorods [391, 402], both types of rod-like MTPs
have been found as stable geometrical structures. Multiply
twinned particles of star-like shape may form, as deviation
from the decahedron shape, by reduced growth rate along
the five twin boundaries of the tetrahedral subunits. Hence,

Table 3. Size extrema found in fivefold twinned materials.

Material Approx. size Type (Year) Ref.

Cu 100 �m Dh (1957) [36]
diamond 100 �m Dh (1963) [42]
Ni 3 �m Dh (1964) [40a]
Si 500 �m Dh (1964) [43]
Co 40 �m Dh (1964) [49]
Ni 8 �m Dh (1966) [55]
Ni ∼2 mm Dh (rod) (1966) [51]
Ag 100 �m Dh (1968) [46]
Cu 300 �m Dh (1969) [225]
diamond 1 mm Dh (1972) [12]
(natural)

Ni 50 �m Dh (1976) [207]
Au (natural) 800 �m Dh (rod) (1978) [398]
diamond 600 �m Dh (1979) [350]
TiN 5 �m Dh (rod) (1988) [150]
C (60) 2 mm Dh (1993) [125]
Yb 1.5 �m Dh (1993) [162]
TiN 10 �m Dh (star) (1996) [152]
SiC 50 �m Dh (star) (1996) [152]
Au 60 �m Dh (1996) [399]
B6O 40 �m Ic (1998) [341]
Au 4 �m Dh (star) (2001) [212]
Si 40 �m Dh (star) (2001) [88]
Cu 1 �m Dh (rod) (2000) [392]
surfactant 1 �m Ic (hollow) (2001) [11]
bilayer

BC 10 �m Ic (2002) [167]
Pd 1 �m Dh, Ic (2002) [198]

Figure 22. Schematic drawing of a “twinned icosahedron” particle con-
sisting of 35 tetrahedral subunits.

these tetrahedra exhibit {111} truncations at their periph-
eral corners resulting in a star decagon projection when
viewed in “fivefold” orientation. Star-like MTPs first have
been reported for Cu of natural occurrence [32] and later
for synthetic materials such as diamond [18, 42], Ge and
Si [43, 88, 185], BN [132, 403], colloidal gold [212, 404],
TiN and SiC [151, 152], Al-Cr-Si alloy [82], and also C(60)
[405]. Finally it should be mentioned that a number of mul-
tiply twinned structures are hollow, as in they exhibit an
external shape of fivefold symmetry but an internal void of
variable extension. Hollow fivefold twinned structures are
mainly found in whiskers of pentagonal cross-section [50, 51,
406] and in organic materials such as proteins or surfactant
bilayers [8, 11].

5. PROPERTIES AND APPLICATIONS

5.1. Structure-Sensitive Properties

Physical and chemical properties of materials assembled
of fivefold twinned nanoparticles may differ from materi-
als consisting of untwinned nanoparticles in a variety of
aspects according to their respective structural characteris-
tics. These differences concern properties sensitive to the
surface energy, the lattice symmetry, the internal structure,
and the surface structure, and they may cause changes,
such as of the melting point, magnetic moment, electronic
transition, and chemical reactivity, respectively. For MTPs
embedded in a matrix of foreign material instead of the
surface structure, the interface structure has to be consid-
ered, which via particle-matrix interaction may influence the
elastic properties of the composite. In studies devoted to
the properties of multiply twinned nanoparticles mostly the
influence of their real structure on heterogeneous cataly-
sis is stressed [65, 108, 156, 163, 217, 226, 363, 371, 374,
407–412] since adsorption and reactivity are highly structure-
sensitive properties. In a very recent investigation, Au MTPs
have been found to lower selectivity and activity in the par-
tial hydrogenation of unsaturated aldehydes with respect to
the desired product allyl alcohol [227]. That means MTPs
of Au are not useful for this reaction path. For separated
Au(55) clusters of closed shell composition, an extraordinary
high resistance against oxidation has recently been reported
[413] that most probably is due to their icosahedral morphol-
ogy. Tetrahedral subunits with the rho lattice of B6O per-
fectly fit together at a common vertex without dislocations
needed to accommodate an angular gap, thus enabling the
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16 Fivefold Twinned Nanoparticles

growth of rather large icosahedra of boron suboxide [179,
180, 184, 241, 341]. Consequently, glide planes are locked
in these particles that may result in a low density mate-
rial of extraordinary hardness. Quite similar is the situation
with massive icosahedral crystals of boron carbide, for which
the well known hardness of this compound could be further
improved because of being multiply twinned with icosahe-
dral symmetry [167]. Precipitation hardening in structural
alloys of AL-Si-Ge is dependent on the precipitate morphol-
ogy, which is largely determined by twinning [87]. Multiply
twinning completely changes the interface with the matrix,
and consequently the strengthening effect of these precip-
itates in the metal matrix is reduced. Since the formation
of multiple twin junctions apparently promotes the growth
of Si nanowires in the oxide-assisted route [414], it will be
interesting to see to which extent this structure may influ-
ence the optoelectronic properties of the material.

5.2. Symmetry-Dependent Properties

The appearance of spontaneous ferromagnetic order in Pd
nanoparticles of about 6.8 nm size has been explained by a
transition from single crystalline to multiply twinned struc-
ture with decreasing size [313]. The icosahedral symmetry
is considered to contribute to the onset of ferromagnetic
ordering or to the increase of an already existing mag-
netic moment. The main driving force in this transition has
been shown to be the strong surface anisotropy of fcc sin-
gle crystals being replaced by the energetically more stable
icosahedral arrangement below the above size [313]. Sto-
ichiometric Fe-Pt nanoparticles of 3 to 6 nm in size are
found to preferentially exhibit icosahedral structure upon
appropriate thermal processing [171]. Icosahedral MTPs of
this alloy are assumed to be stabilized by transition to the
L10 ordered phase, which exhibits large magnetocrystalline
anisotropy [171]. This may be the basis for future magnetic
materials with nanometer dimensions. For studying their
physical properties the Raman, Brillouin, and elastic tensors
of materials that exhibit fivefold point group symmetry have
been calculated [415–417]. Concerning the optoelectronic
properties of nanoparticles there is a very recent report
on an excellent combination of fluorescence spectroscopy
and HREM of isolated semiconductor nanoparticles allow-
ing both methods to be applied to the same specific particle
[418]. This way changes not only in size, but also in that
structural as well as morphological characteristics can be
correlated to fluorescence properties of isolated nanoparti-
cles. First results of the investigation of CdSe nanoparticles
on transparent Si3N4 substrate indicate that the emission
of strong fluorescence is not restricted to single crystalline
particles of about 8 nm size, since icosahedral MTPs of
slightly smaller size also show such emission [418]. More and
systematic studies are needed to ascertain the role of the
respective structural characteristic in this behavior.

6. SUMMARY
The aim of this chapter is to emphasize by illustrative
examples and comprehensive references the importance of
the widespread habit of fivefold twinning in nanostructured
materials and to shed some light on the multitude of its

facets. In particular, it shall enable us to link synthesis and
processing of technologically promising or even important
materials, their fivefold twinning characteristics, and their
physical and chemical properties. This also includes the issue
of comparing nanoparticulate materials, which preferentially
have fivefold twinned structure to those being mainly in the
untwinned state (see, e.g., [227]). For more detailed read-
ing about this fascinating and rather complex phenomenon,
some review articles concerning experimental as well as the-
oretical work in this field may be recommended. These
are “Structure of Small Metallic Particles,” by M. Gillet
[419]; “Noble Metal Clusters” by R. Monot [420], “Com-
parison Between Icosahedral, Decahedral, and Crystalline
Lennard–Jones Models Containing 500 to 6000 Atoms,” by
B. Raoult et al. [279]; “Phase Instabilities in Small Particles,”
by P. M. Ajayan and L. D. Marks [320]; “The Energetics and
Structure of Nickel Clusters: Size Dependence,” by C. L.
Cleveland and U. Landman [284]; “Experimental Studies of
Small Particle Structures,” by L. D. Marks [421]; “Growth
and Structure of Supported Metal Catalysts,” by P. J. F.
Harris [411]; “Preferred Structures in Small Particles,” by
N. Doraiswamy and L. D. Marks [321]; “Shells of Atoms,” by
T. P. Martin [294]; “Crystallography of Clusters,” by J. Urban
[384]; “Pentagonal Symmetry and Disclinations in Small Par-
ticles,” by V. G. Gryaznov et al. [328]; and “Structure, Shape,
and Stability of Nanometric Sized Particles” by M. J. Yaca-
man et al. [422]. The review “Forty Years Study of Fivefold
Twinned Structures in Small Particles and Thin Films,” by
H. Hofmeister [220], gives a comprehensive record of four
decades work (1957–1997) on fivefold twinned structures in
small particles and thin films. The present chapter shall not
only make available models and experimental findings of
previous investigations in a greater context, but also stimu-
late future studies on this phenomenon.

GLOSSARY
Dislocation A line defect in a crystal, along which the lat-
tice is displaced by a certain amount perpendicular or par-
allel to the dislocation line.
Ferromagnetic order Chemical order in a crystal that
exhibits interaction at the atomic level, causing the unpaired
electron spins to line up parallel with each other in a domain
where a magnetic moment results.
Fluorescence The emission of light by a substance imme-
diately after the absorption of energy from light of usually
shorter wavelength.
Glide plane A low index crystal plane along which trans-
lation of one part of a crystal relative to the other part may
proceed by the movement of dislocations.
Pair interaction potential Intermolecular potential descri-
bing the interaction between pairs of atoms derived from
empirical models of interatomic bonding, used for computer
simulation of bond energy and atomic structure of clusters.
Point group symmetry A method of denoting the combi-
nation of symmetry elements that a crystal contains.
Stacking fault A planar defect in a crystal where one part
is displaced relative to the other part, such that the dis-
placement does not correspond to a translational symmetry
operation.
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