Quasicrystals

The well ordered world of solid materials was forced
to reassess its rules of order by the spectacular results of
D. Shechtman, I. Blech, D. Gratias, and J. W. Cahn [1].
By the year 1801, the fundamental laws of crystal
morphology had been well established, and in the last
two decades of that century, theories of the internal
symmetries of crystals were being discussed [2]. Early
in the following century, 1912-1916, the development
of x-ray diffraction techniques allowed the periodic
arrangement of atoms in a crystal to be established
experimentally [3]. By 1984 it was universally accepted
that an x-ray diffraction pattern with sharp peaks could
only be the result of a periodic arrangement of atoms or
molecules occurring in a crystalline solid, and every
possible crystal symmetry was known [4].

In general, crystals are classified according to their
allowed translational and rotational symmetry opera-
tions. Each possible crystal lattice is characterized by
having a smallest structural unit, called a unit cell, and
when those cells are stacked together face-to-face, an
infinite region of space can be filled without leaving a
single hole. Quite notable in the mathematics of crystal
symmetry is the impossibility of a three dimensional
crystal possessing a five-fold axis of rotation.

“We report herein the existence of a metallic
solid which diffracts electrons like a single
crystal but has point group symmetry m33
(icosahedral) which is inconsistent with
lattice translations.” [1]

That pronouncement appearing in Physical Review
Letters in 1984 heralded the discovery of a new class of
materials, now called quasicrystals, which possessed the
heretofore forbidden icosahedral point symmetry!

It is not surprising that there followed immediately
several years of raging controversy regarding the origin
of the diffraction symmetry, but importantly, sufficient
results from electron diffraction experiments were
reported in this initial paper to confirm that the icosa-
hedral symmetry was indeed real. The primary point of
contention was the well-known experience that dis-
allowed diffraction patterns could be produced artifi-
cially as a result of a superposition of multiple allowed,
but rotated, patterns. As a crystal is grown, it is not
uncommon for the growth direction to change suddenly
resulting in a process called twinning. Indeed, John
Cahn said [5], “My reaction was, ‘Go away, Dany. These
are twins and that’s not terribly interesting.’”
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Fig. 1. Stereographic projection of the symmetry elements of the
icosahedral group m35.

However, to produce the five-fold symmetry,
twinning would have to occur five times in succession.
That hypothesis can be tested experimentally by focus-
ing the diffraction beam on smaller and smaller regions
of the specimen. When the size of the diffraction
volume becomes too small to enclose all five twins, the
five-fold symmetry must disappear. Such was not the
case in the work of Shechtman, Blech, Gratias, and
Cahn! The five-fold symmetry persisted to the smallest
dimension that was examined, about 10 nm, and there
was no evidence of twinning.

Rather quickly, a number of models were developed
to explain the icosahedral symmetry of the diffraction
patterns. The leading contenders were a relatively dis-
ordered “icosahedral glass” phase and a highly ordered
tiling model.

The icosahedral glass model, initially proposed by
Shechtman and Blech [6] and developed by Stephens
and Goldman [7], is composed of many interconnected
aligned polyhedra of icosahedral symmetry. These
glasses possess long range orientational order, but no
long range translational symmetry. Although these
structures do not form a regular lattice, models indicate



Fig. 2. John Werner Cahn, NIST Senior Fellow, received the 1998
National Medal of Science, conferred by the President of the United
States on the recommendation of the National Science Foundation.

that they are able to produce diffraction peaks as sharp
as those that were measured in the earliest icosahedral
phases. However, the glass models have too great a
degree of disorder to be consistent with the extremely
sharp diffraction spots of icosahedral phases such as
Al-Cu-Fe and Al-Cu-Ru phases that were observed
subsequently.

The tiling models are based on a concept devised by
Roger Penrose in 1974 for tiling the plane quasiperiod-
ically using two tile shapes rather than a single unit cell
[8]. In 1981 Alan Mackay generalized the Penrose tiling
to three dimensions using two types of rhombohedra
[9]. In the following year, Mackay designated the two-
and three-dimensional patterns as “quasi-lattices” and
speculated on possible structures where atoms sit on the
quasi-lattice points of the 2-D structure. He showed that
these structures give rise to optical diffraction patterns
with ten-fold symmetry! In 1984 Peter Kramer and
Reinhardt Neri of Tubingen [10] and Dov Levine and
Paul Steinhardt [11] of the University of Pennsylvania
independently developed a three-dimensional general-
ization of Penrose tilings by projecting a three dimen-
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sional cut through a higher-dimensional periodic lattice.
These three-dimensional tilings filled space using two
or more rhombohedra and the calculated diffraction
patterns were quite similar to the 3-fold and 5-fold
patterns published by Shechtman, er al. Other models
using the 6-D projection approach were developed and
shown to be capable of matching the diffraction patterns
quite well.

By rotating tiles or clusters of tiles in a Penrose
pattern, structures intermediate to the perfectly ordered
Penrose tiling models and the icosahedral glass models
can be obtained. This additional disorder generates a
strain which is consistent with the experimentally
observed systematic broadening of diffraction spots.
The disordered tiling model thus can account for the
varying degrees of strain observed for various alloy
systems. It has been suggested that the presence of
disorder even contributes to the stability of the struc-
tures through an increase in entropy.

The physical realization of quasicrystals and the intel-
lectual understanding of their formation thus has been
achieved. At the foundation of this discovery is the work
of Shechtman, Blech, Gratias, and Cahn, which has
spawned an entirely new branch of materials science.
Already, papers numbering in the thousands have been
published on this subject in the disciplines of physics,
crystallography, and mathematics. It may be noted that
Shechtman and Cahn have continued to lead, stimulate,
and encourage much of this work.
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Prepared by Ronald Munro in consultation with Frank
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