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Figure I. Rutile epitaxic on hematite, Novo Horizonte, Bahia
Brazil. The orientation relationship hetween the rutile and
hematite is the same as that shown in figure 2. Houston
Museum of Natural Science specimen, Julian Gray photo.
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any mineral specimens—and by definition almost
all rocks—are intergrowths of crystals. Crystals
in an intergrowth arc usually randomly oriented,
but those exceptions, where we find nonrandom or crystallographically controlled intergrowths, are fascinating and
often quite beautiful in their symmetry. One of several types
of nonrandom (or regular) cry.stal intergrowths is epitaxy.
Generally speaking, epitaxy is the oriented overgrowth
of one mineral or crystalline material on another. In this
case, specific crystallographic directions of the substrate
and overgrowth are aligned. This occurs when certain structural planes in the overgrowth and the substrate have similar
spacing.s between atoms. In such instances the directions
of similar atomic spacing in the two crystals prefer to be
aligned rather than randomly oriented. There are many
instances of epitaxy in the mineral kingdom. A few common examples are pyrite on marcasite, rutile on hematite
(figs. 1, 2), and chalcopyrite on sphalerite (figs. 4, 5). It is
not difficult to imagine why two isomorphic minerals (same
structure but different chemistry) will have similar atomic
spacings and will form epitaxic relationships. Examples of
this include albite epitaxic on microcline and pyromorphite
epitaxic on apatite. In some cases the two minerals involved
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Figure 2. Schematic of rutile expitaxic on hematite formed due
to structural meshing hetween the (100) planes of rutile and the
(001) planes of hematite. In this case, the f-axis of every rutile
crystal is parallel to one of the three equivalentrt-axesof the
hematite, and the hematite c-axis is parallel to the rutile n-axis.
Modified from Herting-Agthe (2006).
in an epitaxic relationship are polymorphs (i.e., they have
the same composition but different atomic arrangements,
such as pyrite and marcasite or sphalerite and wurtzite). Yet,
in many cases both the chemistry and .structure of the two
minerals are different; however, along a certain few directions in the two crystals there is similar spacing between
their constituent atoms.
Recognition of epitaxy between two crystals can be easy
if the substrate and overgrowth have well-developed morphologies from which the orientation of the crystallographic
axes are readily apparent. Thus, if you can see that the axes
of one crystal are parallel to those of the other, you know
that an oriented relationship exists between the two. In
many mineral samples, you find numerous small crystals
of the overgrowth on a single larger substrate crystal (figs.
1, 4). Often the crystals in the overgrowth are physically
separated from one another. If you rotate the sample to a
position where light reflects directly off a face on one of the
overgrowth crystals and into your eye {specular rejlection),
you will notice that many or all of the other crystals are giving specular reflection at the same time (fig. 4). For this to
occur, all of the overgrowth crystals must have a similar orientation. If they are physically separated from one another
on the substrate surface, their mutual orientation is often,
but not always, due to an epitaxic relationship between the
overgrown crystals and the substrate.
Epitaxy, in the strictest sense, refers to the oriented relationship between two different minerals or crystalline mateVolume 61, )uty/August 2006
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Figure 3. Schematic of a pyrite nucleus freely suspended in
solution {homogeneous nucleus) and a pyrite nucleus that
has formed on the surface of a pre-existing marcasite crystal
(heterogeneous nucleus).

rials, such as the examples given above. However, it has
become commonplace in the physics and materials science
communities to use the term when referring to overgrowths
of the same material as the substrate. This is especially true
when describing an overgrowth and substrate that have
some property that differs dramatically, such as their electrical conductivity or electronic structure (e.g., the band gap in
semiconductors). A property such as electrical conductivity
cao change dramatically if a crystal is doped (partially substituted) with an impurity. For example, pure diamond is an
eiectricai insulator; however, when a small number of boron
atoms substitute for carbon in the structure it becomes a
semiconductor. Interestingly, this change in electronic structure, is what gives boron-doped diamonds their blue color.
To distinguish between the two, homoepitaxy is sometimes
used to describe overgrowths of the same material and
heteroepitaxy to describe an overgrowth on a different material. The International Mineralogical Society has sanctioned
nomenclature describing mineral intergrowths, including
epitaxy (Bailey 1977)"; it restricts the use of epitaxy to cases
where the two minerals involved are different species.
The article on sakura ishi in this issue (pages 284^292)
describes the formation mechanism of these unusual mica
pseudomorphs after cordierite-indialite intergrowths. They
originate as multiple epitaxic overgrowths of cordierite on
the prism faces of indialite. The cause of this and other
examples of epitaxy is related to the energy involved in the
formation of a crystal nucleus, or embryonic crystal, and
how nuclei form. It turns out that there is an energy barrier, an impediment, to the formation of crystal nuclei from
any medium, be it a solution, melt, or vapor. This barrier is
the result of certain interactions between the surface of the
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Figure 4. Chalcopyrite epitaxic on sphalerite, Ballard mine,
Treece, Kansas. The orientation relationship between the two
minerals is the same as that shown in figure 5. Author's
specimen and photo.

nucleus and the surrounding growth medium. The consequence of these interactions is that it takes the addition of
energy for a crystal nucleus to form.
One way to lower the energy barrier associated with nucleation is to decrease the amount of surface area of the crystal
nucleus in contact with the growth medium. This occurs if
the nucleus forms on the surface of a pre-existing solid substrate. The substrate can be any type of solid, including glass,
organic materials, or crystalline solids, in such a case, part
of the nucleus is in contact with the substrate; thus, the surface area in contact with the growth medium is diminished
compared to a freely suspended nucleus of equal size (fig. 3).
This type of nucleation is referred to as heterogeneous nucleation., whereas the formation of a freely suspended nucleus
is referred to as homogenous

nucleation.

The interaction between a heterogeneous nucleus and
its substrate also creates an energy barrier to its formation. However, this is less than the barrier resulting from
interaction with the growth medium; thus, heterogeneous
nucleation requires the addition of less energy than homogeneous nucleation. Epitaxy occurs because of a special kind
of heterogeneous nucleation in which the nucleus takes a
specific (nonrandom) orientation as it forms on a crystalline
substrate. This occurs because in certain situations there is
a smaller barrier to formation for an oriented overgrowth
compared to one of random orientation. These special situations arise when one or more of the structural dimensions

•Although some use epitactic as the adjectival form of epitaxy, the editors
of Acta CrystaUographica and the Journal of Applied Crystallography prerer
epitaxic for etymological reasons (Schneider i%3J, The use of epitaxial,
however, is not acceptable.
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in the surface of the substrate is very close to (usually within
10 percent) one or more of the structural dimensions in the
overgrowth (Sunagawa 2005). In such a case, the directions
of similar structural dimension in the two phases want to be
aligned. Hence, there is a control on the orientation of the
overgrowth as it forms. For example, in the case of rutile and
hematite (figs. 1, 2), there are directions of similar spacing
between the atoms in the (100) plane of rutik and the (001)
plane of hematite. If rutile heterogeneously nucleates on
hematite, these directions prefer to line up with one another.
This results in the a and c erystallographic axes of the rutile
overgrowth being parallel to the c and one of the three a
erystallographic axes of hematite, respectively.
Another common epitaxy found in nature is chalcopyrite
(CuFeS,) oriented on sphalerite (ZnS) (fig. 4). Classic examples inciude those from the Mississippi Valley-type deposits
of the Tri-State district in the United States (Rakovan 2006).
It is instructive to look at the atomic arrangement of the
interface between two minerals in an epitaxic relationship
to see how they mesh. Figure 5 is a ball-stick model of the
interface between the chalcopyrite and sphalerite. Spheres
represent atoms, and sticks show the bonds between them.
The three-dimensional structure of these two minerals is
very similar. In sphalerite each zinc atom is bonded to four
sulfur atoms in a tetrahedral arrangement. Likewise, the
copper and iron atoms In chalcopyrite are in tetrahedral
coordination, and the linkages between tetrahedra are the
same in the two structures. The atomic planes that define
the interface shown in figures 4 and 5 are the (111) of
sphalerite and the (112) of chalcopyrite. If chaicopyrite heterogeneously nucleates on a (111) face of sphalerite, all of
the copper and iron atoms at the interface can retain their
tuU tetrahedral coordination by bonding to sulfur atoms on
the sphalerite surface. This is preferable because it decreases
strain at the interface, but it is only possible if the chalcopyrite grows in a specific orientation relative to the sphalerite.
This orientation is one in which the similar atomic spacings
of the two minerals are aligned.
In extreme cases the Influence ofthe crystal substrate can
be even more profound than just causing an overgrowth to
grow in a certain orientation. The interaction of adsorbed
atoms with a surface can cause the overgrowth to assume an
atomic structure that would normally not form under the
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Figure 5. Structure diagram of the
interface (dashed hlack line) between
chalcopyrite and sphalerite in an epitaxic
relationship controlled hy meshing of
atomic spacings hetween the (111) plane
of sphalerite and the (112) plane of
chalcopyrite. By taking the orientation
shown, all of the copper and iron atoms
of the chalcopyrite can retain iheir letrahedral coordination hy forming bonds
(dashed gray lines) with S atoms on the
surface of the sphalerite. In this view of
the structures, only three out of every
four honds to each Zn, Cu, and Fe atom
can he seen.

figure 6. Chalcopyrite epitaxic on sphalerite, Dal'negorsk,
Primorskiy Kray, Russia. Specimen is 7 x 6.1 x 4 cm. Carnegie
Museum of Natural History specimen (#CM27709), Dehra
Wilson photo.

Figure 7. Galena epitaxic on pyrrhotite, Primorskiy Kray, Russia. Specimen is 5.1 x 3.2 x 0.9 cm. Carnegie Museum of Natural
History specimen (#CM27654), Debra Wilson photo.

conditions existent during its growth (Bloss 1994). In such
cases another polymorphic structure is more stable under
the conditions in which the overgrowth is formed. Thus, the
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structure that does form because of the epitaxic control is
said to be metastable.
Mimicking what is found naturally has led to technological advances, and epitaxy is the foundation of the design and
manufacture of many materials and devices used in industry
today, such as semiconductors and photonic devices. In fact,
epitaxy is the only affordable method for the high-quality
production of many semiconductor materials, including the
technologically important materials gallium arsenide and
indium phosphide that are used extensively in telecommunications devices. The growth of doped (containing added
impurities) silicon on the surface of pure silicon crystals is
an example of homoepitaxy that leads to the formation of a
semiconducting material commonly used in power devices
for a wide range of products, from pacemakers to vending
machine controllers. As mentioned above, the interaction of
adsorbed atoms with a surface can result in an overgrowth
assuming a metastable atomic structure. This has great
potential in different technological applications. The formation of a metastable polymorph of a particular material by
epitaxic growth may be advantageous because that polymorph cannot be synthesized homogeneously. For example,
epitaxic stabilization allows synthesis of ferromagnetic, ferroelectric BiMnO, films that cannot be nucleated homogenously at ambient pressures (Santos et al. 2002; Ohshima et
al. 2000). Indeed, without an understanding of epitaxy and
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the ability to create it in advanced materials, the world we
live in would be very different today.
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