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Three-dimensional model of quasicrystalline atomic structure
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A three-dimensional model of quasicrystalline atomic structure is proposed. The model originates from a
33-atom dodecahedral cluster and involves a strategy allowing us to progressively increase the size of the
system using only three basic clusters as building blocks. The structure obtained is characterized simulta-
neously by dense local atomic packing and by global quasicrystalline prop@nti@issic icosahedral symme-
try, the absence of translational order, and self-similarity at different length scAle$39-atom computer
model has been built following the proposed strategy and has demonstrated the possibility to combine global
guasicrystalline symmetry with a reasonable local packing of atoms. In order to elucidate the hierarchical
nature of the long-range order in the proposed model, it is also analyzed using the disclination network
approach[S0163-182806)03042-1

. INTRODUCTION then arranging them in spat&;*®or by molecular dynamics
(MD) cooling down of a “melt.”*"*® The advantage of the
Modern analytical theories of the atomic structure of qua-MD approach is the immediate determination of the relevant
sicrystalline materials involve two principal approaches. Theatomic positions without any additional assumptions on the
most widespread one makes use of a two-step constructideometric laws governing atomic packing. However, the
scheme, wheré) a certain “ideal” quasicrystalline lattice is Structures obtained by MD simulations are too complicated
built, using, e.g., three-dimension@D) Penrose tilingor a  to be analyzed without an appropriate reference frame, which
projection of a 6D cubic lattice onto physical 3D sp&ce, can be obtained only from analytical models. Unfortunately,
and (i) this lattice is further decorated with atoms or atomicthe space packing with the basic clusters used in the existing
clusters in that or another way’ The underlying icosahe- models cannot be achieved without cluster interpenetration
dral local symmetry of the tiling allows such models to pro-Of @ noticeable interstitial space between the clusters.
vide a good description of corresponding x-ray diffraction Moreover, the lack of an appropriate long-range construction
patterns. However, these models are not very helpful for unstrategy usually does not allow one to indicate a clear way to
derstanding the atomic structure of quasicrystals. First of all€xpand such models to large length scales.
when a quasicrystalline cluster is nucleated and grows from This paper reports a choice of basic atomic clusters and a
the melt, the attachment and detachment of atoms at the clugtrategy of quasicrystal expansion using these clusters as
ter surface are governed by the local environment and loc4tuilding blocks. In Sec. Il this strategy is described in terms
energy gain, and not by the complicated global rules of Penof & formal iterative process, allowing us to expand the struc-
rose rhombohedron packing. Second, even assuming that ofig® from an initial 33-atom cluster up to macroscopic sizes.
can somehova priori |dent|fy the t|||ng' there is no unique The Strategy involves no interpenetration of basic C|USterS,
recipe of rhombohedra decoration, since the only restrictiofvhereas the interstitial space is eliminated by a siftales-
imposed on a decoration scheme s that of providing a redic” ) distortion of building blocks during the expansion pro-
Sonab|y dense local atomic packing_ As a resu|t’ the moderﬁedure. The I’eSU|tIng structure satisfies both the local re-
decoration models rely very much on the ingenuity of theduirements of dense atomic packing and the global
authors and on analogies to crystalline Frank-Kasper phasekestrictions imposed by the quasiperiodicitjong-range
or intermeta”ic Compounds Wlth Composition Close to that oficosahedral orientational Ol’del’, Self-Similal’ity at different
corresponding quasicryst&lsThird, the oblate rhombohedra length scales, etr.In order to demonstrate the nature of the
in Penrose t|||ng are met On|y as parts of |arger aggregates &tomm: structure far from the nuc|eatlon S|te, a Computer
rhombic  dodecahedra, rhombic icosahedra, andnodel of a 439-atom cluster built following our strategy is
triacontahedra_'rherefore the models based on Penrose ti|_deSCI’ibed in Sec. lll. An efficient visualization of the under-
ing use in fact four basic structural units and the decoratiodying hierarchical symmetry in the structure proposed is
Of the |arger units cannot be unambiguous|y deﬁned b>given in Sec. IV in terms of the disclination network ap-
specifying the decorations of basic rhombohedraore-  Proach.
over, contrary to widespread opinion, there seems to be no
reason for the decorations of individual rhombohedra and
their typical quasicrystalline aggregates to be unique over the
whole quasicrystalline structure. As indicated by MD simulations of the quick cooling
Another approach attempts to simulate the structure oflown of a binary atomic melf a liquid metallic alloy can
guasicrystals, following the natural process of quasicrystafreeze into a metglass, quasicrystal, or Frank-Kasper-type
growth from an initial nucleation site. This is done either crystal depending on the cooling rate: The lower the cooling
analytically, by defining some “basic” atomic clusters and rate, the higher the symmetry in the structure obtained. In

IIl. CONSTRUCTION SCHEME
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FIG. 2. Schematic representation of the expansion procedure for
the dodecahedral units. The invisible edges of two polyhedra in the
low right corner are shown by dashed lines.

icosahedron faces or edges. Being supplemented with 12
icosahedrally arranged atoms in the third shell, these alterna-
tives give rise to two basic clusters encountered in the mod-
ern models of quasicrystalline structusee, e.g., Refs. 5,13
and 14, that is, a 45-atom triacontahedron and a 55-atom
Mackey icosahedron, respectively. In the case when the com-
ponents of a quasicrystalline alloy have approximately the
same atomic radii, the triacontahedron cluster provides sub-
stantially denser local atomic packing. Therefore we assume
that the second shell atoms decorate the faces of the first
FIG. 1. (@ 13-atomic icosahedral clustefo) 33-atomic basic  Shell icosahedron, forming a 33-atom dodecahedral cluster
unit D{Y . D{Y; see Fig. 1b). This dodecahedral cluster is chosen as a
basic unit for our construction strategy, whereas the con-

other words, one can expect that quasicrystals occupy, in %tructiqn procedure itself is prompted by the following con-
sense, an intermediate position between metglass and icosdderations. _ _ o
hedral crystal. Since the same local struct(tteminance of Let us represent 13 internal atoms in the basic G}
the icosahedral local atomic arrangemestinherent in both ~ With their Voronoi polyhedra. Since the central atom and the
metglass and icosahedral crystalline phases, one can expecems in the first coordination shell are icosahedrally coor-
to be appropriate for quasicrystals as well. Therefore, thélinated, their Voronoi polyhedra are slightly distorted
difference between these materials should be manifested f#Pdecahedra put together in a fashion, shown in Fig. 2. The
the long-range ordering. Metallic glasses are known to havearts of the space left for the vertex atomsfy can be
no long-range order, whereas crystals have €u#., both  easily recognized as quarters of the polyhedron shown in
orientational and translationalong-range order. According Fig. 3. This polyhedron is nothing but the Voronoi polyhe-
to general considerations of quasiperiodiditye assume in dron for an atom with the coordination numkee., number
our model that only orientational long-range order is con-of atoms in the first coordination shell =16, introduced by
served in quasicrystals. Frank and Kaspéf as one of the atoms providing locally
Let us start the construction by choosing one atom as dense atomic packing and denotedZk5. The first shell
central one and arranging atoms around it in a shell-overeonfiguration ofZ16 is shown in Fig. &).
shell way. The icosahedral first coordination shell provides The Frank-Kasper atoms are known to be typical for
the most energetically favorable local packing of equal-sizedcosahedral metglass and crystalline alloys and it seems
atoms2>?! Consequently the atoms with icosahedral environ-highly attractive to transform the vertex atoms mﬁ) into
ment[to be referred to below a&12 atoms; see Fig.(&] Z16 by adding to our dodecahedral unit cell another 12 such
dominate in metglass and Frank-Kasper phd$eéHaving  units in a fashion shown in Fig. 2, slightielastically”)
in mind the similarity of local ordering in these structures todistorting these cells so that their surfaces are brought into
that of quasicrystals, as well as the expected icosahedral glgontact, and then “gluing” these contacting surfaces in such
bal symmetry, we assume the central atom to beZd2 a way that the coinciding atoms at the “glued together”
type?® Already the second coordination shell allows two al- surfaces are united and shared by neighboring units. In order
ternatives: One can place atoms over the centers of either the fill the hollow places in the corners of the construction
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FIG. 3. A Voronoi polyhedron foriZ16. The separation into
quarters is indicated by dot-dashed lines.

obtained, let us introduce one more basic @i} by adding

28 atoms above the faces of the 16-coordinated first neighbor g, 5. 439-atomic clusteD® (the darkness of spheres de-
. . . s 12

shell of Z16. The resulting second shell, shown in Fi§)4  creases with increasing shell numper

is a scaled copy of the Voronoi polyhedron of the central

atom. Note that four atoms in the first shigepicted in Fig.
4(a) with somewhat larger sphergsare connected to the
central atomZ16 by the bonds surrounded by six neighbor-
ing atoms. The mutual disposition of these four bonds is
tetragonally symmetric in space and thus ID%) unit can be
subdivided into four identical quarters, each confined within
a body angle made by a trio of neighboring six-coordinated
bonds. In order to terminate the expansion step, let us take 20
such quarters andafter appropriate elastic deformatjon
“glue” their external surfaces to the corresponding surfaces
in the hollow corners, as indicated in Fig. 2. The resulting
439-atom arrangemem!? is shown in Fig. 5 and has the
same dodecahedral shapel#s) .

Starting from this point, the iterative expansion procedure
is straightforward. At the second step we put together 13
second-level dodecahedf{? and add to the corners 20
quarters of theD{? cluster, which can be obtained from
D(lé) by the expansion procedure similar to that described
above, with the only modification that the third basic unit
D{¥ is to be introduced. This basic unit can be constructed in
the same way as the other two, i.e., by surrounding a “regu-
lar” Frank-Kasper atonz14 (i.e., an atom with the coordi-
nation numberZ=14) with two coordination shells, as
shown in Fig. 6. Such an inflation procedure can be repeated
again and again, giving progressively larger sizes of the
atomic clusters and involving only inflation of three basic
units D,,, Dy4, and D4g. The general inflation rules for
basic units at a leval=1 can be schematically described as

D{,Y=13D{)+20x :D{?, )

DY, V'=12D{}+3D{}+24x D!, 2
FIG. 4. (a) The first coordination shell of a Frank-Kasper atom

Z16. The atoms with six surface neighbors are depicted by larger (i+1) i) M) 1y (i)
spheres(b) 45-atomic basic unib{y . Dig ~=12D3,+4D3;+(1+28X7)Dys, )
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TABLE I. Parameters of the computer model@f2 . The shell
radii are in the units of the LJ length parameter

Shell Shell Atoms per Atom Shell
number type shell type radius
S1 I 12 Z12 1.01
S2 D 20 Z16 1.80
S3 | 12 Z12 2.00
A TI 60 Z12 2.64
S5 D 20 Z16 2.98
S6 I 12 Z12 2.99
S7 ID 30 Z16 3.56
S8 TT5 60 Z12 3.53
S9 I 12 Z12 4.05
S10 TT3 60 Z12 4.07
S11 TI 60 Z16* 4.29
S12 TD 60 Z142 4.63
S13 D 20 Z16* 4.92

FIG. 6. 39-atomic basic unb{Y .

a8Assuming further cluster growth according to the scheme pro-
where the fraction 1/4 indicates that only a quarter of the posed.
correspondind 46 Unit is required to fill in a hollow corner

of the correspondingi ¢+ 1)-level unit. Both these considerations have prompted us to apply the
The construction scheme presented indicates that the iconstruction strategy described above in order to build a
flation factorsf®, defined as model of a 439-atom clusted!? . First of all, a ball-and-
. . , stick model was built shell by shell from plasticine balls
fO=di*+Hd0), (4 (“atoms”) connected with stickg“bonds”) so that both

stick ends were kept inside the balls. The ball diameter was
equal to~ 0.4 of the stick length. The parameters of the
ball-and-stick model were then used as the input data for a
computer program, allowing it to relax the cluster by adjust-
ll. SIMULATION ing the shell diameters and the edge lengths of the rings
At least two points should be addressed in order to justifyfo.rmed b_y truncation Of. r_egular shell-forming polyhedra,
i without distorting the original shell symmetry. The relax-
the relevance of the procedure described above for real qua-. : : ’ . .
ation resulted in a noticeable narrowing of the interatomic

sicrystalline materials. First of all, our construction scheme;. . . .
. u " : . ._distance dispersion, even though the surface effects are quite
provides a “global” spatial arrangement of various basic

cells, being in this respect similar to Penrose tiliafhough pronouncede.g., the e}tz?ms in th&9 shell are shifted no-
the basic structural units are quite differerin contrast to t|czabl_y kclos%r }0 thé;5 surface as compared to the ball-
other global schemes, we meet no ambiguities with cel@Nd-stick mode _ L

decoration, since the basic units are composed of densel It was fpund that the atomic positions n each new shell
packed atomic clusters and are put together so that only t e unequivocally determined by the structure of the preced-

canonical Frank-Kasper environmeftsvith coordinations N9 Shell, provided we assume that the added atoms are of
12, 14, and 16 are created for interfacial atoms. However"® F(rgnk-Ka_sper type. The second-level dodecahedral clus-
our model involves elastic distortions of basic units and thuder D17’ consists of 13 shells around a centzl2 atom.

can be invalid if these distortions will be too large. The im- These shells can be classified into seven types, namely,

portance of the distortions can be estimated provided we cai§osahedror(l), dodecahedroiiD), icosidodecahedrofi.e.,
calculate a radial distribution function for the atoms in the30-atom decoration of icosahedron midedg#s), truncated

arrangement. icosahedror{Tl), truncated dodecahedr¢fD), and triacon-
Another specific feature of our model is the presence of d&hedron truncated over fivefold'T5) or threefold (TT3)
center of symmetry, which implies that quasicrystal growthvertices. OnlyZ12 and Z16 atom types are met inside
occurs in a shell-by-shell fashion. This peculiarity does no0$2 . The vertex atoms ob{? should be 0fZ16 type and
contradict the experimental observation that quasicrystallinéhose onD{? edges 0fZ14 type, provided further cluster
grains usually originate from nucleation sif@sMoreover,  growth follows the construction scheme proposed. The shell
small(up to 100 nm in diametgicosahedral quasicrystalline parametergshell types, number and types of atoms in the
precipitates keep a well-defined dodecahedral sRajpst as  shell9, as well as the shell radii obtained after the cluster
one would expect from our construction scheme. Howevertelaxation using monatomic Lennard-Jones potential with the
in order for the shell-by-shell growth mode to result in theLJ length parametesr=1 are summarized in Table I. Note
proposed global structure, the atomic structure of each shethat the first three shells constitute a 45-atom triacontahedral
should provide just appropriate accommodation for the ateluster, Fig. 7, whereas six first shells form a cluster, Fig. 8,
oms of the subsequent shell. used in Ref. 6 for decoration of a “canonical-cell” tiling

where d¥) is the edge length of théth-level polyhedron
D{) should be approximately equal to 3.
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(CCT). Similar to CCT, the latter clusters are readily met in INTERATOMIC DISTANCE

our model; however, their relative positioninglong the
fivefold symmetry axgsis different from that proposed in D{? cluster relaxed with the LJ potential. Each histogram column is

Ref. 6. . . L o presented as a stack of contributions from atom pairs, A-B, and
The distribution of interatomic distances within the re- g_g \yhereB atoms are those located on disclinations Aridside

laxed cluster is shown in Fig. 9. The first maximum of the the matrix. The distances are in the units of the LJ length parameter
distribution function is well pronounced and has the width of 4,

approximately 20% of the average interatomic distance. An

average interatomic spacing in the neighboiiig-Z16 and  effects arising during the cluster equilibration and should not
Z16-Z12 pairs tends to be-10% larger than that i@12-  be regarded as a better estimate.

Z12 pairs, indicating the preference for at least two compo-

nent composition of quasicrystals, with somewhat larger at- IV. DISCLINATION NETWORK APPROACH

oms being located 216 (and possiblyZ14) positions. A
similar trend has indeed been observed during the MD qua,

sicrystal formation in a binary system with slightly different network” approach, introduced originally by Frank and

atomic rad"_'ls ) ) ) Kasper(under the name of “basic skeletohWwhen consid-

The scaling factof ") in the ball-and-stick model is equal gring ocal atomic arrangements in crystalline alf3y8and
to 2.65, which is very close to the value of 2.618, corre-fyrther extended to metallic glasses by Nelédbhis ap-
sponding to the center-symmetrical Penrose tifindeco-  proach is based on the consideration of interatomic bonds,
rated according to Ref. 4. After relaxatiéf) has increased rather than the atomic positions. Each bond is characterized
up to 2.73, however, this value is influenced by surfacepy the so-called bond coordination number, i.e., the number
of the nearest-neighbor atoms forming a ring around the
bond. In materials with the dominance of icosahedral local
symmetry of atomic environmenténcluding metglasses,
quasicrystals, and Frank-Kasper crystalse majority of
bonds have coordination numbers equal to 5, whereas the
remaining(“incorrect” ) bonds have coordinations equal to 6
or 422 The restrictions of locally dense atomic packihtf
do not allow such incorrect bonds to be isolated, but force
them to form a closed network. Moreover, all atomic posi-
tions in a densely packed arrangement of atoms can be indi-
cated, provided the spatial configuration of the network is
determined. In other words, atomic structures with icosahe-
dral local order can be conveniently described in terms of
spatial structure of their network of incorrect bonds. It can
also be justifietf that the linear sections of the network
(aligned bond chainscan be interpreted in terms of wedge
disclinations(in the usual elasticity theory serf9e

The introduction of disclination networks in icosahedrally
ordered media is to a certain extent similar to the introduc-

FIG. 8. 137-atomic cluster formed by atoms in the first six tion of dislocations in ordinary crystals. However, in contrast
shells. Dark spheres, sh&#; larger light spheres, shedb; smaller  to dislocations, the disclinations are not “defects” in the
light spheres, shefs6. usual sense, but rather an intrinsic structural feature of

FIG. 9. The distribution of interatomic distances within the

A useful alternative to the shell-by-shell description of the
ucture obtained can be given in terms of the “disclination
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icosahedrally ordered mediaMoreover, the typical length 35
of straight pieces of these “disclinations” constitutes only o T o te266
several(very often, e.g., in the Frank-Kasper alloys, only :,_-, sor . ° . =271
ong interatomic distances. Hence, one should not be too 2 asf 0 ° v t2rr
straightforward in treating the “disclination network” in o I o °
macroscopic applications along the same lines, as the dislo- 3 2or Lo ° °
cation one. Being treated in terms of the disclination network & 15} § ¢ e o o o o o o o s 0 e v v v oo
concept, metglass, quasicrystals, and Frank-Kasper crystals§ 1ol i VYoo .
differ only in the spatial ordering of the network. In metglass § TV, .
the network is practically disorderéfiand in Frank-Kasper & osf VY v
phases it forms crystalline long-range structureshereas . . -
in quasicrystals one can expect a hierarchical type of discli- 0 5 10 15 2
nation ordering? INFLATION STEP,

Our inflation scheme implies that bonds connecting the '
second-shell atoms in all three basic urm%), Dgi"), and FIG. 10. Disclination densit)o(')x(d(l))z vs the inflation step
D{Y are six coordinated and can be treated in terms of thgumberi at different values of.
disclination approach as pieces of the “negative 72° wedge Gy
disclinations.’?* Having in mind that the positions d12 limp™'=p.., ®)

atoms in each basic cell are uniquely defined by the cell itself o

and can be put out of consideration, we may trace only thavherep() is the disclination density in the cluster after the
inflation of the disclination network. At the first step of con- ith inflation step.

struction one obtains @irst-leve) disclination dodecahedron ~ The full disclination lengths in thdth-level clusters,
formed by edges ob{Y). At the second inflation step one L, are given by

puts together 13 disclination cells, forming nearly tetragonal

(i) — (i—1) (i-1) ()
disclination nodes, and supplements them witlisacond L12=133; 7+ 5L ~+10d, ©)
level) dodecahedron of disclinations connecting the vertices (i) 4oy (i—1) (i-1) (i-1) i)
of D{? (these second-level disclinations originate in our Lia=12L3, 743l “ 6Ly 1T, (@)
- (2) . . . . - .
scheme from the filling oD}5 corners with quarters of a Li=12 0 D4l D+ 8L Y+ 140, (8)

unit, originating from aZ16 aton). The subsequent inflation
steps lead to the introduction of higher-level disclination netwhere the edge length of thigh-level polyhedrond®, is
works, each subsequent network being an exact copy of thessumed to be the same for all basic units of the same level
preceding one, but scaled by an inflation factor. The discli-and we have taken into account that each edge is shared by
nation networks of different levels do not intersect, making athree polyhedra of the same level. Let us additionally neglect
disclination hierarchy. Disclinations of each level play at thethe dependence of the scaling facté? oni, i.e., f(i)=f.
same time the role of “superdisclinations” with respect to Then

the disclinations of the preceding lev@h the sense that the
higher-level disclinations are surrounded by sixfold rings of
the lower-level disclinations The inflation scheme implies
that both the atomic and the disclination structures obtained
are characterized by intrinsic icosahedral symmetry, the aqv-;
sence of translational order, and self-similarity at different
length scales.

_ LY

hereV(Y)=(15+7./5)(dM)%/4 is the volume of the first-
vel dodecahedron.
The fulfillment Eq.(5) turns out to be very sensitive to the

T choice of the inflation factor valugee Fig. 10 allowing us
Thus the geometry of the disclination netwdfind the to obtain a numerical estimate 6f=2.714. At this value of

I?]ng-_range stomlclgrdyarn our T]]Odel IS qgltg d|ffere.nt fror‘rl1l_ f the disclination density converges quickly to a constant
that in both Frank-Kasper phases and in quasicrystaliing,, of p.=1.5(d®) 2. Comparing this value to that ob-
decorations derived on their baisn fact, the hierarchical : . . . .

AR X ; - tained in Ref. 31 in terms of the lattice spaciagof the
disclination structure obtained is very similar to that Pre-iiyeal” icosahedral tessellation in a curved space, one gets
dicted in Ref. 30 as a result of decurving the so-ca{&8,3 '
polytope, i.e., the regular tetrahedral tessellation of a 3D dV=11a.
sphere in a four-dimensional space. This equivalence allows
us to obtain one more estimate of the inflation factor. Indeedlf we assume tha& represents an interatomic distance be-
when only “negative” disclinations are involved in the de- tween icosahedrally packed atoms within the first-level basic
curving of the “ideal” tessellation from a higher- units, this relation clearly indicates an advantage of position-
dimensional spacéwhich is the case in Ref. 30the discli- ing somewhat larger atoms to the cites laying on disclina-
nation density in the resulting infinite cluster in the usualtions (i.e., those with coordinationd = 16 and 14.

Euclidean space tends to a unique nonzero limiting value At this junction it seems interesting to mention that in

p-, independent of the decurving procedure defdiff. quasicrystals of Al-Mg-Cu type the atomic size of one ele-
Therefore with the increase of the cluster size the followingment is indeed approximately 10% larger than the sizes of
equation should hold: the other two. The relative numbers 812, 714, andZ16
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atoms in the cluster®{}), calculated according to Eqel)—  rather large clusters satisfying the composition rules de-
(3), reach their limiting values of 63.2 : 7.0 : 29.8 already atscribed in the paper.
the inflation leveli=4 (corresponding to a cluster size of  The interpretation in terms of the disclination network
approximately 20—30 njm Assuming that the larger atoms approach reveals the hierarchical nature of the long-range
occupy positions iZ16 and possiblyZz14 sites on the dis- order in the structure obtained, just as one should expect
clination network, their concentration should constitute apfrom general consideratioris.
proximately 30—40%, in excellent agreement with experi- Both the atomistic modeling and the disclination interpre-
mental values. tation indicate the enhancement of the structure stability if
the sites at disclinations are filled by somewhat larger atoms
V. CONCLUSIONS than those in the matrix. The filling of disclination sites with
somewhat larger atoms requires the concentration of these
The paper presents a strategy of the quasicrystalline lagtoms at a level of 30—40 %, which agrees well with the
tice construction, which combines the advantages of an at@xperimental values for quasicrystals of Al-Mg-Cu type.
mistic approach with the well-established global properties Finally it should be mentioned that the model presented
(intrinsic icosahedral symmetry, the absence of translationalere can be generalized in order to construct different types
order, and self-similarity at different length scalesquired  of quasicrystalline structures with nonicosahedral global
from a quasicrystalline structure. The strategy uses thre@ymmetry, starting, e.g., fro®{Y or D(l%s)' However, this

simple basic atomic clusters as building blocks, which aréyroblem will be treated in more detail elsewhere.
added together with small elastic distortions, but without in-

tersections or interpenetrations. The structure obtained con-
sists of only canonical Frank-Kasper ato®$2, Z14, and
Z16, thus providing dense local atomic packing in the sys-
tem. The research described in this paper was made possible in

A 439-atom computer model of B{2 cluster, built ac- part by Grant No. 31300 from the International Science
cording to this strategy, demonstrates the possibility to buildFoundation.

ACKNOWLEDGMENT

1D. Levine and P. J. Steinhardt, Phys. Rev38 596 (1986. 19The same problem is met when they attempt to decorate Penrose
2C. L. Henley, Phys. Rev. B4, 797(1986. ) tiling with atomic clusters.
3P. A. Kalugin, A. Yu. Kitaev and L. S. Levitov, Pis'ma Zhk&p. 20F, C. Frank, Philos. Mag42, 1014(1951).

Teor. Fiz.41, 119(1985 [JETP Lett.41, 145(1985]. 2IM. S. Watanabe and K. Tsamuraga, J. Non-Cryst. Sdlif118
4C. L. Henley and V. Elser, Philos. Mag. B, L59 (1986. 187(1990.
5T. Tei, K. Kimura, and S. Takeuchi, J. Phys. Soc. Ji®.796  --F- C. Frank and J. S. Kasper, Acta Crystallobt, 184 (1958.

(1990 ZF. C. Frank and J. S. Kasper, Acta Crystallob, 483 (1959.

’ 24

GC. L. Henley, PhyS Rev. B3, 993 (199]) D. Nelson, PhyS Rev. B8, 5515(1983

M. Mihalkovi¢, W.-J. Zhu, C. L. Henley, and M. Oxborrow, 2 Alternatively, one can assume that the c_entr_al atom is absent at
Phys. Rev. B53, 9002(1996. all, and the construction starts from the first icosahedral shell, as

8M. Audier, Ch. Janot, M. de Boissieu, and B. Dubost, Philos. is assumed to be appropriate for the AIMn-type quaS|cry§taIs
Mag. B 60, 437 (1989. (see, e.g., Refs. 6 and )l However, here we do not follow this

) T . ossibility, first of all, because a first-shell icosahedron allows
%A. Katz, in Aperiodicity and Order 2: Introduction to the Math- b y

. f . ledited by M. V. Jari¢Academic. B just enough space to fit one more atom of the same type and,
tematllcgs8;) Qulajl7crysta9 ited by M. V. JarigAcademic, Bos- second, because nucleation from an empty central position is not
on, , P .

observed in MD simulationéRef. 18.

iiA- LeLann, Philos. Mag. E56, 371 (1987. 25D, Shechtmann, 1. Blech, D. Gratias, and J. W. Cahn, Phys. Rev.
M. Audier and P. Guyot, Philos. Mag. B3, L43 (1986. Lett. 53, 1951(1984).

12M. Audier, P. Sainfort, and B. Dubost, Philos. Mag58, L105 27y _ Yu-Zhang, J. Bigot, J.-P. Chevalier, D. Gratias, G. Martin, and
(1986. R. Portier, Philos. Mag. 558, 1 (1989.

13Q. B. Yang, Philos. Mag. B8, 47 (1988. 28y. A. Borodin, J. Non-Cryst. Solid492-193 599 (1995.

14Q. B. Yang, Philos. Mag. B1, 155(1990. 2R. de Wit, in Fundamental Aspects of Dislocatignadited by

15D, Romeu, Acta Metall. Mater38, 113(1990. J. A. Simmons, R. de Wit, and R. Bullough, Natl. Bur. Stand.

163, L. Robertson and S. C. Moss, Z. Phys88 391 (1991). U.S. Spec. Publ. No. 31(U.S. GPO, Washington, D.C., 1970

1"M. Dzugutov, Phys. Rev. LetZ0, 2924(1993. Vol. 1, p. 651.

183 W. Roth, R. Schilling, and H. R. Trebin, Phys. Rev.5B, 303, F. Sadoc and N. Rivier, Philos. Mag.35, 537 (1987).
15833(1995. 31y, M. Manichev, Sov. Phys. JET®1, 793(1995.



