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ABSTRACT: Interfaces between periodic domains play a
crucial role in the properties of metallic materials, as is vividly
illustrated by the way in which the familiar malleability of many
metals arises from the formation and migration of dislocations.
In complex intermetallics, such interfaces can occur as an
integral part of the ground-state crystal structure, rather than as
defects, resulting in such marvels as the NaCd, structure (whose
giant cubic unit cell contains more than 1000 atoms). However,
the sources of the periodic interfaces in intermetallics remain
mysterious, unlike the dislocations in simple metals, which can
be associated with the exertion of physical stresses. In this
Article, we propose and explore the concept of structural
plasticity, the hypothesis that interfaces in complex intermetallic
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structures similarly result from stresses, but ones that are inherent in a defect-free parent structure, rather than being externally
applied. Using DFT-chemical pressure analysis, we show how the complex structures of Ca,Ag, (Yb,Ag, type), Ca;,Cds,
(Gdy4Ags; type), and the 1/1 Tsai-type quasicrystal approximant CaCdg (YCdj type) can all be traced to large negative pressures
around the Ca atoms of a common progenitor structure, the CaCus type with its simple hexagonal 6-atom unit cell. Two
structural paths are found by which the compounds provide relief to the Ca atoms’ negative pressures: a Ca-rich pathway, where
lower coordination numbers are achieved through defects eliminating transition metal (TM) atoms from the structure; and a
TM-rich path, along which the addition of spacer Cd atoms provides the Ca coordination environments greater independence
from each other as they contract. The common origins of these structures in the presence of stresses within a single parent
structure highlights the diverse paths by which intermetallics can cope with competing interactions, and the role that structural

plasticity may play in navigating this diversity.

1. INTRODUCTION

The development of materials properties is a multiscale
endeavor, as the physical behavior of a material depends not
only on the bulk crystal structures of its component
compounds, but also on the character and distribution of the
interfaces within and between them. A classic example is the
plasticity of malleable metals, which arises from the ease with
which dislocations can form and migrate in response to physical
stresses." More recently, nanostructuring has been used to
introduce interfaces to enhance the mechanical®® thermo-
electric,'™® and optical properties'®'" over the bulk phases
alone. Techniques to control interface formation thus valuably
complement the search for new solid state compounds with
useful properties.

An important opportunity is offered by intermetallic phases,
as they represent a class of compounds in which interfaces can
occur periodically as intrinsic aspects of their crystal structures.
For instance, domains of the simple Laves phase crystal
structures can be perceived in the structures of Fe,W; (the p-
phase, hR13),"> a-Mn (cI58)," y-brass (cI52),"* Zr, Re,s
(hR92),"* and NaCd, (cF1176)."*'® However, whereas
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metastable interfaces in other materials can be created through
mechanical deformation or the synthetic targeting of
nanostructures, the role of interfaces in stabilizing intermetallics
remains an open question, one whose answer may offer ways to
tune crystal structures for particular applications.

In this Article, we will offer an approach to understanding the
origins of interfaces in intermetallics based on their structural
similarities to dislocations in malleable metals. The association
of dislocations with stress led us to wonder whether the
fragmentation of simple intermetallic structures to yield more
intricate ones may be indicative of another kind of force: one
arising internally within a simple structure. The interfaces
between simple structures in complex intermetallics would then
represent the ability of a crystal structure to deform itself in
response to internal tension, an effect we term structural
plasticity. Structural plasticity, then, is a hypothesis that solid-
state phases can respond to stresses inherent in them in a
manner analogous to their reactions to stresses applied
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Figure 1. Structural plasticity of the CaCuj structure type. As the transition metal (TM) to Ca radius ratio increases, the simple CaCuj type

fragments into more complex structures.

externally, with one important difference: the result of the
process is a new and more complex crystal structure (which
retains fragments of the original), rather than a macroscopically
deformed object.

With the advent of our recently developed DFT-chemical
pressure (CP) analysis,"’ "
requisite internal stresses necessary for structural plasticity are a
frequent occurrence in simple intermetallic structures.'’ >
Examples of simple structure types found to exhibit such local
pressures include the CaCus,"”** WSis,'® and AuCu, types.”®
For some combinations of elements, these pressures can be so
severe that they drive structural transformations, such as the
insertion of interfaces in the first two instances (as expected

we have begun to see that the

from the analogy with dislocations), and the incorporation of
guest atoms in the third case.

Over the course of this Article, we will use the DFT-CP
approach—combining results on new systems and updates on
our earlier analyses with the latest CP methods—to explore
how far this concept can be taken in explaining the range of
crystal structures encountered in intermetallic systems.
Focusing on one simple structure type as a model system,
the CaCus type, we will show how the various degrees of
chemical pressure can give rise to a progression of crystal
structures (Figure 1). The CaCug type will emerge here as the
progenitor to three more complex structures: Ca,Ag, (Yb,Ag;
type),”~> the Ca;,Cds; (GdAgs, type),”® and the 1/1
Tsai-type quasicrystal approximant CaCdg (YCd, type).*>*!

Two distinct structural paths will become apparent for the
release of negative pressures at the Ca atoms: One may be
called the Ca-rich branch and is characterized by the deletion of
transition metal atoms, which lowers the dimensionality of the
CaCus-type features to slabs (Ca,Ag;) and columns
(Ca4Cds;). The second path, the transition metal (TM)-rich
branch, involves the insertion rather than the deletion of TM
atoms, and ultimately supports the creation of the curvature
underlying the icosahedral clusters of the Tsai-type approx-
imant. The resulting “family tree” of structures illustrates the
potential of the structural plasticity concept to describe and
relate intermetallic crystal structures in terms that reflect the
driving forces shaping them, and offer suggestions for synthetic
experiments aimed at modulating these driving forces.

2. EXPERIMENTAL SECTION

The DFT-chemical pressure (CP) analysis was applied to the results of
LDA-DFT calculations on a variety of CaCus-type phases, Ca,Ag; and
Ca,Cd; in the Yb,Ag, type, and ordered models of Ca;,Cds; and
CaCdy. The LDA-DFT calculations were performed with ABINIT,*>*?
using plane-wave basis sets. All calculations in ABINIT utilized the
LDA exchange-correlation functional of Goedecker, Teter, and
Hutter®* and Hartswigen—Goedecker—Hutter norm-conserving pseu-
dopotentials.*® Further computational details, such as the k-point grids
and energy cutoffs used for each calculation, are provided in the
Supporting Information.

All crystal structures were geometrically optimized with ABINIT
using a two-step procedure: the ion positions were first relaxed within
a fixed unit cell, after which all parameters were simultaneously
optimized. Single-point calculations were then performed at the
geometrically optimized volume, and a slightly reduced and expanded
volumes (total volume range = 3%). From these calculations, grid data
for the kinetic energy densities, electronic densities, and local
components of the Kohn—Sham potential were extracted as input
for the DFT-CP analysis.

The CP analysis itself is carried out using the latest version of our
DFT-CP package,®® which consists of two main programs: CPmap,
and CPintegrate. CPmap utilizes the spatially resolved energy outputs
from the single-point calculations to create a pressure map of the
entire unit cell, and employs the grid unwarping procedure."’
CPintegrate interprets the map through integrating the pressures
within the regions assigned to each interatomic contact and projecting
the results onto spherical harmonics.

Contact volumes were created using the Hirshfeld-inspired scheme,
in which the radial free atom electron density profiles placed at each of
the atomic positions is used to determine which two atoms contribute
most strongly to the pressure at each voxel."” For the compounds
examined here, this scheme on its own led to a strong sensitivity of the
results to changes in the profiles used, due to the small size of the
atomic core regions and the tendency for them to be dominated by a
single interaction type. This sensitivity was remedied through the use
of isotropic core averaging.18 In this procedure, the spherical
symmetric portions of the pressure map around the atomic positions
within a specified radius are replaced with their average values, while
the directional aspects of the pressure map are left unchanged. The
program CPisocore newly added to our DFT-CP package applies this
averaging between the CPmap and CPintegrate steps. For the results
presented here sphere radii for the procedure were set to 85% of the
standard metallic radii of the elements, while making sure that no
overlap between the spheres occurred.
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3. RESULTS AND DISCUSSION

3.1. Chemical Pressure in CaCus;-Type Compounds. As
we will see over the course of this Article, an opportunity for
the emergence of structural plasticity is found in the CaCug
structure type, whose simple structure belies a tense
compromise between competing interactions. The CaCug
type can be viewed in terms of a stacking of hexagonal layers
(Figure 2a), in which kagome (blue) and honeycomb (green)
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Figure 2. Chemical pressure (CP) schemes for CaCug type phases. (a)
The crystal structure is comprised of alternating layers of transition
metal kagome (blue) and honeycomb (green) nets. The honeycomb
nets contain a calcium stuffing atom in each hexagonal ring. CP
distributions are plotted for CaCus-type phases with the compositions
(b) CaPd;, (c) CaAgs, and (d) CaCds. Of these, CaPd; is the only
observed compound, while the other two are hypothetical. Plotting
conventions: the distance of the CP surfaces from the atomic centers is
proportional to the sum of the voxel pressures along that direction
(see scale bar), while the sign of the pressure is given by the color of
the surface (black for negative, white for positive).

nets of transition metal atoms alternate. Atoms of a second,
relatively electropositive element (red), such as an alkaline
earth or lanthanide, lie in the hexagonal void spaces that arise
from this layer stacking. The result is described by a simple
hexagonal unit cell containing only six atoms.

It is in this simplicity, however, that the possibility of internal
strain arises: all of the atoms lie on high-symmetry positions,
and the only parameters that can be adjusted to optimize the
various Ca—Ag, Ca—Ca, and Ag—Ag interatomic distances are
the cell volume and ¢/a ratio. Clearly the structure type is not
flexible enough to simultaneously achieve ideal distances for all
interaction types. Instead, the experimentally observed
distances must reflect some sort of compromise, as has been
recognized from empirical factors for a wide range of
intermetallics in the insightful work of W. B. Pearson.>”

The opportunity to visualize such compromises through
quantum mechanical calculations is offered by the DFT-
Chemical Pressure (CP) method. In this technique, the
macroscopic pressure of a phase is resolved onto a pressure

grid passing through its crystal structure. This pressure grid can
then be interpreted in terms of interatomic interactions,
through the integration and projection of pressures within
volumes corresponding to specific contacts between atoms.

In Figure 2b—d, we present the CP schemes obtained in this
manner for three CaCus-type phases, one experimentally
observed (CaPds) and two that are hypothetical (CaAg; and
CaCd;) according to the phase diagrams.””**** Here, the
distributions of pressures around the atoms are represented
with surfaces centered on the nuclear positions. The distance
from an atomic center to a point on its CP surface represents
the magnitude of the pressures experienced along that direction
(in terms of the product of the number of voxels within the
contact volume and their average pressure value), whereas the
color of the surface represents the sign of the pressure. Black
indicates negative pressures calling for the contraction of the
structure, while white is used to label positive pressures which
push for the expansion of the structure (this color scheme can
be made intuitive by reference to astronomy: black holes pull
their surroundings toward them, while stars appear white
because of the light that they radiate).

The result for the first compound, CaPds, exhibits several
features common to all three. The Ca atom at the center of the
plot appears with a large CP surface resembling a d? orbital:
large black lobes dominate along the vertical direction
(corresponding to a pressure value of —902 GPa at the
apexes),*® whereas a small donut of white runs along the
equator. The negative pressure lobes correspond to Ca—Pd
distances that are longer than ideal for the palladium on the
kagome nets above and below (blue), while the positive
pressures of the ring indicate that the Ca—Pd contacts in the
plane are already too short. Between the Pd atoms, the pressure
features appear smaller, with the shorter contacts in blue
exhibiting small positive pressures, and negative pressures
occurring along the longer contacts on the honeycomb layer
(green). These positive and negative CP features balance out so
that the net pressure on the phase is zero.

This balance changes when we substitute Pd with Ag or
Cd.*" Replacing Pd with larger atoms leads to an expansion of
the transition metal sublattice, including the hexagonal voids in
which the Ca atoms lie. The chemical pressure scheme of
CaAg; reflects this, with the donuts of positive pressure around
the Ca atom largely vanishing, as the in-plane Ca—Ag contacts
become relatively less short. In its place positive pressure
features grow more pronounced between the Ag atoms. By the
time we reach CaCds, the major tension is between the overly
stretched out-of-plane Ca—Cd distances and the contacts
within the Cd sublattice that are already too short.

From this perspective, we can rationalize why CaPd; is an
experimentally observed compound, while for CaAgs and
CaCds no such CaCus-type phase exists. In CaPds, the Ca
experiences an awkward fit in its coordination environment,
with some neighbors being too close and some too distant.
However, this compromise chiefly involves optimizing the
heteroatomic interactions which drive the formation of the
intermetallic phase. As we move to CaAgs and CaCds, the
situation shifts more and more toward the formation of optimal
heteratomic Ca-TM contacts being impeded by repulsion
between the TM atoms. By CaCds, the Ca atom is becoming
simply too small for its coordination environment. As we will
see soon, the presence of such internal stresses in the
hypothetical CaAgs and CaCdg phases sets the stage for
structural plasticity.
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3.2. Structural Plasticity in the Ca—Ag System. Having
explored the CP distributions within the CaCus type, we are
now ready to delve into how these internal stresses are relieved
by going to more complex structures. Upon moving to these
new structures, the compositions will change relative to the
original 1:5 composition, which will make direct comparisons
of thermodynamic stability difficult. However, we will see that
by thinking about the local coordination environments as open
systems, from which atoms can come and go, we will be able to
explain many of the structural features of these intermetallic
phases from the point of view of CP relief.

Let us begin with the closest observed relative to a CaCus-
type in the Ca—Ag system: the Yb,Ag-type Ca,Ag,. As is
shown in Figure 3, the structure is built from a layering of TM
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Figure 3. Structural relationship between (a) the CaCus type and (b)
the crystal structure of Ca,Ag;.

honeycomb and kagome nets, with the Ca atoms placed in the
hexagons of the honeycomb nets, just as in the CaCuy type.
However, the overall architecture is different: whereas the
CaCu;s type exhibits a simple alternation between honeycomb
and kagome nets, in Ca,Ag, every other kagome net is missing.
These deletions divide the structure into CaCus-type slabs,
which are shifted relative to each other at the interfaces.

Some of the structural characteristics of Ca,Ag, are
anticipated by the DFT-CP scheme that we saw earlier for
the hypothetical CaAg; phase (Figure 2c). The dominant
features in the CaAg; CP plot are the presence of large negative
pressure lobes pointing up and down from the Ca atom
(—1302 GPa at the apexes), which express a strong drive for
shorter contacts to the Ag atoms in the layers above and below.
The desire of either one of these lobes could be satisfied by the
vertical motion of the Ca atom toward either of these layers,
but this would solve only half of the issue. Moving the Ca atom
up would create shorter Ca—Ag contacts to the layer above, but
only at the expense of stretching the already too long contacts
to the layer below, while the reverse situation would occur for
moving the Ca atom down. In other words, the symmetry-
equivalence of the negative pressure lobes leads to a stalemate.

The stalemate ends, however, if a superstructure is created
that breaks the symmetry relating the upper and lower Ag
layers. This is what is accomplished by the layer-deletions that
lead to the Ca,Ag; structure (Figure 4, right). The removal of
one kagome layer allows for the Ca atom to move toward the
remaining layer and achieve closer Ca—Ag contacts. The
motion is further supported by the horizontal shift that occurs
between the CaCus-type slabs as the structure heals. The shift
places two Ag atoms from the neighboring layer almost directly
above each Ca atom at a distance of 3.14 A (in our
geometrically optimized structure) vs 3.56 A for the interlayer
Ca—Ag contact in CaAg;.

10765

1000 GPa
—

Figure 4. Chemical pressure release on moving from the hypothetical
CaCus-type CaAgs phase to the observed Ca,Ag, structure. See the
caption to Figure 2 for plotting conventions.

These trends in the coordination number and distances
mirror our experience with pressure-induced phase transitions.
Transitions driven by the application of physical pressure
generally lead to an increase in the atoms’ coordination
numbers. The increased number of neighbors means that each
individual interaction is weaker, and this results in a
counterintuitive lengthening of bond distances under pressure,
a observation known as the pressure—distance paradox.*” The
opposite trend is seen on going from a high pressure phase to a
low pressure one: atoms will then take on fewer neighbors at
shorter distances. Such a situation occurs as the Ca,Ag,
structure forms in response to negative pressures in the Ca
environment of the CaCus type: the calcium atoms decrease
their Ag neighbor count from 18 at an average distance of 3.42
A to 14 with an average distance of 3.20 A.

The favorability of this new arrangement is evident in the CP
features calculated for Ca,Ag; (Figure 4). On the Ca atoms, the
large negative pressure lobes have become substantially
reduced, so much so that they are no longer the most
prominent CP features. The locus of the stresses is now at the
interfaces between CaCus-type slabs, where positive CP lobes
point along interlayer Ag—Ag contacts. The combination of
these positive Ag—Ag pressures and residual negative pressures
on the Ca atoms suggests that the Ca,Ag, structure is not a
universal solution to the CP scheme of the CaCug type.
Increasing the size of the TM atoms relative to the Ca ones
would again begin to stretch the Ca-TM distances. Indeed on
moving from the Ca—Ag to Ca—Cd system, more impressive
structural transformations are observed, as we will describe in
the next section.

3.3. Manifestations of Structural Plasticity in the Ca—
Cd System. From the similarities encountered in the CP
schemes calculated for the CaAgs and CaCds in the CaCug
type, it is not surprising the Ca—Cd system would also seek
alternatives to this simple structure. What is striking, however,
is the number of solutions that the Ca—Cd system finds. At
least four Ca—Cd phases exist near the 1:5 composition, which
comprise all of the known compounds on the Cd-rich side of
the phase diagram between CaCd, and elemental Cd:

dx.doi.org/10.1021/ic5020412 | Inorg. Chem. 2014, 53, 10762—10771



Inorganic Chemistry

Ca,,Cds,,”*" CaCd;,, ™ Ca;3Cdyg,*™ and CaCdy.*! The first of
these represents a continuation of the fragmentation of the
CaCu; type seen in Ca,Ags, while the latter three correspond to
a Tsai-type icosahedral quasicrystal and its two periodic
approximants. Through CP analysis on Ca;,Cds; and the
simplest Tsai-type approximant, CaCd,, we will see how these
phases are also expressions of the simple CaCug type’s
structural plasticity.

3.4. Structural Plasticity-Inspired View of Ca,,Cds;’s
Structure. We begin with Ca;,Cds;, as it shares common
themes with the Ca,Ag, structure we examined above. One
simple yet crucial contribution that the theme of structural
plasticity can make to our understanding of this compound is to
provide a framework for describing its crystal structure.
Ca,;,Cd;, crystallizes in the Gdj,Ags, structure type (Figure
S) observed in a number of RE-Cu and RE-Ag systems (RE =

Sintercolumn
matrix

Figure S. Columns of the CaCus-type features in the crystal structure
of Ca,Cds;. (a) The distribution of columns within the unit cell of
Cay,Cds;. (b) One repeat length of the column, shown alongside (c)
the original CaCujy type.

electrogositive metal, such as a lanthanide, actinide, and alkaline
earth),”**7%% and ternary variants incorporating Ga or Sn.%77%0
This structure’s moderately large hexagonal unit cell of 65
atoms is difficult to reduce to a handful of intuitive structural
motifs. However, its proximity in composition to a hypothetical
CaCus-type phase encourages us to seek connections to this
simpler structure type.

Such a connection becomes immediately apparent upon
looking at the coordination environments of the Cal sites,
which lie along high-symmetry hexagonal axes of the structure
(Figure Sa). The Cal atoms occur in pairs that lie in spaces
created by the stacking of three Cd hexagons, the top and
bottom of which can be extended through inclusion of
neighboring Cd atoms to make larger fragments of kagome
nets (blue). These hexagonal features resemble the hexagonal
channels hosting the Ca atoms in the CaCus type (Figure Sc).
Here, though, the stack is only three hexagons tall, and is
terminated on the top and bottom by Cd triangles disordered
over two orientations in the refined crystal structure due to

their position on a Cg axis>’ (though in Ca—Hg and Sr—Hg
analogues ordered versions have been observed).%" These
CaCus-type units occur periodically along ¢, separated by
shared triang]es.

The remainder of the structure could then be conveniently
described as a matrix of atoms separating these CaCus-derived
columns from each other (Figure Sa). However, a deeper
analysis, involving an admittedly obsessive level of detail,
reveals that the coordination environments of the Ca atoms in
this region (Ca2 and Ca3) can be similarly interpreted in terms
of CP release (readers not interested in the specifics are
welcome to rejoin us at the beginning of section 3.5). For both
Ca2 and Ca3, the Ca atoms appear in pairs whose nearest
neighbors can be sorted into three nearly planar, distorted rings
by analogy to the three hexagons of the Ca coordination
polyhedra in the CaCus type (Figure 6a, b).

Although these rings exhibit severe deviations away from
those of the CaCuj type, these discrepancies are in-line with the
expectations of the CP analysis. The upper and lower rings are
contracted relative to a hexagon, while the central ring remains
either hexagonal (Ca3) or is expanded to a bent heptagon
(Ca2). This appears to be excellent tailoring of a Ca
coordination environment that originally exhibited negative
pressure lobes pointing up and down, and a small but positive
pressure ring in the horizontal plane.

Now that we have rationalized the shapes of these irregular
coordination polyhedra, we are now faced with seeing how they
are arranged in the matrix space between Cal columns. The
polyhedra surrounding the Ca2 and Ca3 dimers have a
dumbbell-like shape (Figures 6a, b), which allow them to
pack efficiently in a triangular fashion such that the head of each
dimer lies in the neck of another (Figure 6c, d). This packing is
supported by an arrangement of square and triangular faces
around the perimeters of the dumbbells that is complementary
between head and neck. The compatibility is such that the
triangular units seamlessly fuse through the sharing of these
faces (Figure 6e, f). Through similar face-sharing the Ca2 and
Ca3 triangular units join into sheets with openings for the Cal
columns to pass through (Figure 6g—j).

The Ca2 and Ca3 sheets stack in an alternating fashion along
the c-axis, with the dimer orientations shifting by almost 90°
between neighboring sheets (Figure 6k). The staggering of the
dimer orientations allows the neighboring dimers to nestle
closely neck-to-neck (Figure 6l), and share faces (as can be
seen in more detail in the Supporting Information).

In this discussion of the Ca coordination environments of
Ca4Cds;, we have accounted for all of the symmetry-distinct
sites of the crystal structure. All atoms in the structure
participate in the CaCus-derived columns surrounding the Cal
sites, and/or the irregular polyhedra of the Ca2 and Ca3 sites,
whose shapes seem adapted to respond to the chemical
pressures experienced by the Ca atoms in the CaCuy type. In
this way, the full structure can be expressed as providing a
favorable alternative to the constrained geometry of the CaCug
type.

3.5. Chemical Pressure Release in Ca;,Cds;. How well
do the structural features we just described for Ca;,Cds, really
provide relief to the CP issues that a CaCus-type CaCds phase
would experience? In Figure 7, we follow the CP distributions
around the Ca atoms in Ca—Cd phase as the CaCus type is
broken up through the insertion of interfaces. For the CaCus-
type CaCd; (Figure 7a), we see the familiar large negative
pressures lobes on the Ca atoms (reaching —1253 GPa along
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Figure 6. Structure of the intercolumnar matrix in Ca;,Cds;. (a, b)
Coordination environments of the Ca2 and Ca3 sites occur as
dumbbell-shaped homodimers. (c, d) Dumbbells pack neatly into
triangular units in a head-to-neck fashion, which is supported by (e, f)
the sharing of complementary faces. (g, h) Triangular units in turn fuse
with each other into sheets, which are represented schematically in (i,
j)- (k) Ca2 and Ca3 layers stack in an alternating fashion along ¢ with
neighboring dumbbells staggered to allow (1) the sharing of atoms at

neck-to-neck contacts.

the z axis) balanced against positive pressures within the Cd
sublattice.

Introducing planar interfaces to form a Cd analog to Ca,Ag;
would seem to be a reasonable solution to this tension. In fact,
CP calculations on such a structure (Figure 7b) show a similar
form of relief around the Ca sites as was found earlier for
Ca,Ag,, with the most intense negative CP lobes on the Ca
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Figure 7. Progression in the chemical pressure scheme as the (a)
hypothetical CaCug-type CaCds phase is fragmented first to (b) a
Ca,Ag,-type Ca,Cd, phase (also hypothetical), and then to (c—e) the
observed Gd,Ags,-type Ca;,Cds; phase. Plotting conventions are
given in the caption to Figure 2.

now only corresponding to —886 GPa. Unlike in Ca,Ag,
however, the Ca atoms exhibit prominent negative CP features
pointing across the interface (reaching —622 GPa), which are
countered by positive lobes on the interfacial Cd atoms. Even
with the presence of these interfaces, the Cd atoms are
sufficiently large that bonding around the Ca atoms is still
impeded.

Moving to the Ca;,Cds; structure, with its more extensive
fragmentation of the CaCus type, leads are a larger release of
the Ca atoms’ negative CP (Figure 7c—e). As in Ca,Cd,, the
CP distributions around the Ca sites appear much more
isotropic than in the CaCu; type. For the majority Ca2 and Ca3
sites achieve negative CPs as mild as —390 and —630 GPa
along their most intense directions (mild, that is, relative to the
corresponding value of —1253 GPa for the CaCus type). The

dx.doi.org/10.1021/ic5020412 | Inorg. Chem. 2014, 53, 10762—10771



Inorganic Chemistry

Cal sites in the CaCus-derived columns bear CP lobes of
—1158 GPa toward the center of the CaCus-type unit and
—250 GPa toward the triangles at the kinks in the column. The
relatively large value of the former may indicate that the Cal-
centered columns are templated by the geometrical require-
ments of intercolumnar matrix, rather than vice versa.

In addition to illustrating a driving force for the formation of
the phase, the CP schemes of the Ca2 and Ca3 coordination
environments help provide a retrospective justification for the
layered description used in Figure 6a, b to draw an analogy to
the CaCus type. In CP plots of Figure 7d, e we emphasize the
same layers in these environments using thicker cylinders. The
contacts within the layers on the whole exhibit different CP
features than those between them: the intralayer contacts tend
to be punctuated with positive pressure lobes, whereas many of
those between the layers show negative CP. These layers that
were originally identified in a search for connections to the
CaCu; type thus have some relevance to the electronic
structure of the phase.

In summary, the Ca;,Cds; structure can be seen as a more
drastic response to the internal stresses of the CaCug type than
the Ca,Ag, structure. In both cases, the deletion of transition
metal atoms from the CaCuj type relieves negative CPs around
the Ca atoms by providing tighter Ca coordination environ-
ments. In Ca)Ag;, the Ca coordination number by Ag is
decreased from 18 to 14, whereas in Ca;,Cds, this number gets
as low as 13 (for the Ca3 site). This, of course, suits the greater
severity of the CP issues in CaCds compared to its Ag analogue.

3.6. The Cd-rich Path to Chemical Pressure Relief:
Tsai-type Cluster Formation in CaCdg. The complex
structures we have considered so far all involved the use of
TM-poor stoichiometries to tighten the coordination environ-
ments of the Ca atoms. In the Ca—Cd system, a series of phases
are also present on the Cd-rich side of the 1:5 stoichiometry: a
Tsai-type icosahedral quasicrystal and two approximants to it. A
look at the CP distributions in these compounds offers the
potential to include quasicrystallinity as a possible expression of
the structural plasticity of intermetallics.

To explore this possibility, let us focus on the simplest (and
thus most amenable to electronic structure calculations) of
these phases: the 1/1 Tsai-type approximant CaCd, (Figure 8).
Its structure consists of body-centered cubic packing of
spheroidal Tsai-type clusters, which are usually described in
terms of concentric shells. The center of the cluster is occupied
by a Cd tetrahedron (Figure 8a), which is orientationally
disordered in the refined crystal structures (although an
ordering transition has been noted at low temper-
atures).””~%* We will lock these tetrahedra to one specific
orientation for computational feasibility. This is surrounded by
a Cd pentagonal dodecahedron (Figure 8b), which is in turn
encapsulated in a Ca icosahedron (Figure 8c), Cd icosidode-
cahedron (Figure 8d), and finally a defect soccer-ball
arrangement of Cd atoms (Figure 8e).

From this point of view, this arrangement of atoms might
appear to have little in common with the simple CaCuy type.
However, if we zoom in on the Ca coordination polyhedron of
CaCdg, a connection begins to take shape (Figure 8g). The Ca
sits in a pentagonal void space, defined by three staggered
pentagons: one in the plane of the Ca, with the others above
and below, an arrangement very similar to the double hexagonal
antiprism that defines the Ca coordination environment in the
CaCugs type (Figure 8h). In essence, the Ca’s coordination in
CaCdg is a pentagonal analog of that in the CaCus type.
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Figure 8. The quasicrystal approximant CaCdg is based on the Tsai-
type cluster, which is usually described in terms of concentric
polyhedra: (a) a central, positionally disordered Cd tetrahedron, (b) a
Cd dodecahedron, (c) a Ca icosahedron, (d) a Cd icosidodecahedron,
and (e) a defect Cd fullerene-like cage. The cluster packs in a body
centered cubic fashion to form the full (f) CaCdg structure. A closer
look at the (g) Ca coordination environment within this structure
reveals a connection to (h) that in the CaCug type.

The contraction from a hexagonal polyhedron to a
pentagonal one would seem like an excellent means of relieving
the negative CPs that would be experienced by the Ca atoms in
the CaCuy type. Such is confirmed by a comparison of the CP
distributions calculated for CaCds and an ordered model of
CaCd, (Figure 9). On moving from CaCds to CaCdy, the most

intense Ca net negative CP features shrink significantly from

CP driven
contraction

1000 GPa
—

Figure 9. Chemical pressure-driven transition between the (a)
hypothetical CaCus-type CaCds and (b) the Tsai-type approximant
CaCdy. For plotting conventions, see the caption to Figure 2.
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—1253 GPa to —697 GPa, with the distribution of pressure
lobes becoming much more isotropic.*®

The use of pentagonal polyhedra thus helps satisfy the Ca
atoms’ need for tighter coordination, but it introduces a new
problem: pentagonal units are significantly more difficult to
arrange periodically in space than hexagonal ones. A beautiful
solution to this issue is found by the structure of CaCdy, as is
detailed in our earlier communication:** the substitution of
hexagons with pentagons is accommodated by the introduction
of curvature. The shells of the Tsai-type cluster comprise
curved analogues to the layers of the CaCug type, in the same
way as introducing pentagons into a graphene layer eventually
leads to a Cq, fullerene.

The relief of the CPs upon adopting the CaCdy structure
extends beyond the Ca atoms’ immediate surroundings. Most
of the Tsai-type cluster from the icosidodecahedron down
toward the core exhibits only relatively subtle CP features. The
main exception is in some of the contacts between the central
tetrahedron to the next shell outward, which may be partially
relieved by moving to a model in which the orientations of
these units are allowed to vary, providing a closer
approximation to the true disorder. The largely strain-free
nature of the cluster interior helps us understand why this unit
should be the fundamental building block of Tsai-type
quasicrystals.

All this is not to say, however, that the CaCdg structure is
free from chemical pressures. If we shift our attention from the
contents of the Tsai-type clusters to their interactions with each
other, more intense pressure lobes become apparent. The
strongest of these appear quite prominently at the unit cell
faces where neighboring clusters meet through shared hexagons
(see the Supporting Information for figures illustrating this).
Such CP features at the cluster interfaces hint that alternative
arrangements of the clusters may be favorable, as are indeed
seen in the more complex Ca;;Cd,s approximant,* and the
CaCd;, quasicrystal itself.**%°

Now that we have examined the CP scheme for CaCdy, let us
zoom out and compare the structural means of CP relief here
with those of the CaAg, and CaCds, structures. In the
structures we discussed earlier, the tighter Ca coordination
environments were obtained by moving to a more Ca-rich
stoichiometry: the removal of TM atoms led to fewer available
for coordination to the Ca. In CaCdg, the stoichiometry moves
the other way, i.e. to the Cd-rich side of the 1:5 composition.
Smaller Ca coordination environments here are achieved by
using extra Cd atoms to reduce the sharing of these atoms by
Ca coordination polyhedra. In the CaCus-type, the transition
metals have either three or four Ca neighbors. In CaCdy, the
introduction of the Cd, tetrahedron at the Tsai-type cluster
core and the absence of Ca atoms associated with the hexagons
of the fullerene cage lowers the average number of Ca—Cd
contacts per Cd to 2.72. Ca—Cd contacts are then given more
freedom to contract in response to negative CP without the
burden of stretching other Ca—Cd interactions.

4. CONCLUSIONS

In this Article, we have developed the theme of structural
plasticity by combining updated results of our earlier DFT-CP
studies of the Ca,Ag; and CaCd, structures, with a new analysis
of driving forces stabilizing the complex structure of Ca;,Cds;.
All three of these phases share a common origin in the presence
of large negative CPs in the Ca coordination environments of
the CaCus-type phase that would normally be anticipated to

form in the Ca—Ag and Ca—Cd phases at the 1:§
stoichiometry. In each case, structural variations are introduced
which tighten the Ca coordination, but different approaches are
taken to accomplish this. In Ca,Ag; and Ca ,Cdy,, the CaCug
type is progressively fragmented through the deletion of Ag/Cd
atoms. In CaCdg, however, additional Cd atoms are
incorporated to create greater independence of the Ca
coordination polyhedra. The ability of the structures to choose
between transition metal insertion and deletion to modulate the
surroundings of the Ca atoms is represented by the two
branches of the structural family tree in Figure 1.

Through this work, we have seen how the concept of
structural plasticity can be used to draw causal relationships
among a disparate collection of crystal structures. We are
looking forward to further expanding this network of
connections, and to exploring how this concept can be applying
to a broader range of solid state inorganic compounds. In terms
of building on model system described in this Article, the
AuBe; structure type is another common crystal structure that
is adopted by compounds that combine late transition metals
with an electropositive metal. We recently illustrated how its
stability relative to the CaCus type is enhanced as the
electropositive metal is made smaller.'” The transition from
the CaCug to AuBe; types could be added as a fixed
stoichiometry branch to Figure 1, with the AuBe;s type then
serving as the starting point for the complex AuBe;—MgCu,
intergrowth structures that have been observed in compounds
such as YbCu, (mC7448).578

Another potential use of the structural relationships revealed
in this work is the design of syntheses targeting new phases. As
all of the complex structures discussed here emerge from the
release of negative pressures around the Ca sites in CaCus-type
phases, elemental substitutions that modulate these pressures
could be used to stabilize other structures. For instance, the
partial replacement of Cd or Ag in the Ca—Cd and Ca—Ag
systems, respectively, with smaller Pd atoms would lessen the
stresses in the Ca coordination environments. This in turn
could lead an enhancement of the CaCus-type features with
new distributions of interfaces in the reaction products. An
exciting avenue for future research will be to explore these
expectations through solid-state synthesis.
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