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ABSTRACT: The assignment of distinct roles to electronics
and sterics has a long history in our rationalization of chemical
phenomena. Exploratory synthesis in the field of intermetallic
compounds challenges this dichotomy with a growing list of
phases whose structural chemistry points to an interplay
between atomic size effects and orbital interactions. In this
paper, we begin with a simple model for how this interdepen-
dence may arise in the dense atomic packing of intermetallics:
correlations between interatomic distances lead to the inability
of a phase to optimize bonds without simultaneously short-
ening electronically under-supported contacts, a conflict we
term electronic packing frustration (EPF). An anticipated con-
sequence of this frustration is the emergence of chemical
pressures (CPs) acting on the affected atoms. We develop a
theoretical method based on DFT-calibrated u,-Huckel calcu-
lations for probing these CP effects. Applying this method to
the Ca,Ag; structure, a variant of the CaCus type with defect
planes, reveals its formation is EPF-driven. The defect planes
resolve severe CPs surrounding the Ca atoms in a hypothetical
CaCus-type CaAg;s phase. CP analysis also points to a rationale
for these results in terms of a CP analogue of the pressure-
distance paradox and predicts that the impetus for defect plane
insertion is tunable via variations in the electron count.

or all of their differences, tantalizing parallels exist between

the chemistries of molecules and intermetallic phases. One
example is the distinction between electronic and steric effects. This
distinction is particularly central to our conceptual understanding of
metals, as the consideration of neither electronic states nor atomic
sizes alone provides a fully satisfying depiction of the metallic state.
The conductivity and delocalized bonding in metals is vividly captured
by the modern view of their electronic structure as derived from Bloch
wave functions or crystal orbitals delocalized over the entire crystal."
However, this view does not directly address the rich structural variety
intermetallics exhibit at the more local level of individual coordination
polyhedra. These geometrical features are better embraced with a
concept closely connected to sterics, that of close packing of spheres
with definite radii.” As the electronic and sphere-packing perspectives
highlight different aspects of metals, they are often viewed as
describing different factors governing stability.

Exploratory synthesis, however, is challenging this dichotomy
with a growing number of phases whose structures are §0verned
by interactions between electronic and size effects.” In this
Communication, we will describe a theoretical approach to inte-
grating these contributions to stability, focusing on their inter-
dependence at the outset. In doing so we will see a simple model
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Figure 1. Schematic illustration of electronic packing frustration.

emerge that can express the results of DFT calculations in a
predictive language suggestive of new synthetic endeavors.

Let us begin with a simple picture of how atomic size and
electronic interactions may be coupled in intermetallics. The
structures of these phases usually exhibit dense atomic packing,
with coordination numbers (CNs) of 14, 16, 18, or even higher
being common.” With such high CNs, contact distances become
difficult to adjust independently of each other, i.e., strong correla-
tions occur among the interatomic distances. One might wonder
then to what extent the observed distances reflect ideal bond
lengths and to what extent they represent a compromise between
competing interactions. The answer to this question will largely
depend on how quantum mechanics distributes bonding electron
density throughout the structure (Figure 1). When optimization
of bonding contacts requires shortening neighboring contacts
with little electronic support, a tension arises. We refer to this
conflict between the dictates of electronics and the realities of
atomic size as electronic packing frustration (EPF).

Over the course of this paper, we will build on the concept of
EPF using as a model system a phase for which empirical evidence
hints that such frustration plays a role: Ca,Ag. It crystallizes in a
variant of the CaCus type (exemplified in Figure 2 by Ca,Ag,’s
closest strontium analogue, SrAgs*) in which layers of Ag atoms
are deleted periodically along the c-axis, resulting in the more
complex monoclinic Yb,Ag; structure type (Figure 2c).>

The stability of this superstructure relative to the simpler,
more common CaCus type appears to be connected to both
atomic size and electron count. While Ca,Agy is the closest known
approximation to a CaCus-type phase in the Ca—Ag system,’ this
superstructure gives way to its CaCug-type parent structure in
many related systems. CaCus-type phases are observed for
SrAgSA"7 and CaCus® in which Ca or Ag of Ca,Ag, is substituted
with elements of different atomic size, and CaPds’ in which
substitution of Ag with Pd leaves the ratio of atomic sizes largely
unchanged but lowers the electron count by five per formula unit.
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SrAgs unit cell

Figure 2. Comparison of the SrAgs and Ca,Agy crystal structures. Panel
(a) focuses on a single SrAg; unit cell, while panel (b) zooms out to show
multiple cells for comparison with Ca,Ag; in panel (c).

This dependence of the Ca,Ag; structure on both atomic size
and electron count suggests a role for EPF in its stability.

How might we find clearer indications that EPF is involved in the
formation of the Ca,Ag; structure? In structures with severe EPF, the
interatomic distances are restrained from reaching their ideal lengths.
One consequence of this could be the emergence of local pressures
acting on the affected atoms. The notion of such local pressures
induced by the constraints of a crystal lattice has a long history under
the term chemical pressure (CP)."® In our analysis of Ca,Ag5, we will see
that this concept, when expressed in the language of orbital interactions,
unifies the roles of atomic size and electronics in intermetallic phases.

In the next paragraphs, we will develop a simple theoretical
approach to analyzing and visualizing CP distributions in crystal
structures. The basis of this approach is classic Hiickel theory.""
The simple Huckel method has a number of advantages for
investigating EPF. First is its potential for accuracy, with the
proper parametrization. In Figure 3a,b, we compare the band
structures calculated for Ca,Agy’s simpler Sr counterpart, SrAgs,
with GGA-DFT'? and with the Hiickel method"? using para-
meters refined against the DFT result."* While some differences
are apparent, there is a close correspondence between these band
structures: the root-mean-squared deviation in the energy levels
up to 1 eV above the Fermi energy (Er) is only 0.04 eV.

A second convenient feature of the Huckel method is the
transparent connection it affords between geometry and electro-
nic structure. This connection is made explicit by the Method of
Moments:"® the moments of the electronic density of states
(DOS) can be written both as functions of the DOS curve,

u = / B DOS(E) dE

and as functions of the structure via sums of products of
Hamiltonian matrix elements (Hij) S
ty =Y Y HipHyi Hi
h n In
The link between structure and the DOS is completed by the
ability to reconstruct a DOS curve from its moments using any of
a variety of moments inversion schemes.

A third advantage of the Huckel method is that, when supple-
mented with a short-range interatomic repulsion potential, it can
reproduce the expected distance dependence of bonding interac-
tions. A convenient formulation for this is given by the t,-Huckel
model.'® Here the repulsion energy of the system is approximated
as being proportional to the second moment (¢,) of the DOS,
leading to the total energy E, piickel = YU2 + Emiicker Where y
is a proportionality constant (usually chosen to reproduce the
equilibrium volume of a structure), and Egy;q is the sum of the
energies of the electrons from a simple Hiickel calculation. Despite
its simplicity, the u,-Huickel method works; it has been successfully
applied in elucidating structural trends in systems ranging from
Hume—Rothery phases'” to stacked organic 77-radical cations."®
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Figure 3. Validation of a DFT-calibrated Hiickel model for SrAg;. (a,b)
Band structures of SrAg; calculated with (a) GGA-DFT and (b) a best-
fit Hiickel model. (c,d) Contour plots of the SrAg; total energy as a
function of unit cell volume (V) and ¢/a ratio calculated using (c) GGA-
DFT and (d) the u,-Hiickel method.

The use of the u,-Huckel method allows us to reproduce not only
the distribution of electronic energy levels as calculated with GGA-
DFT but also the energetics for distortions of the unit cell. This is
illustrated in Figure 3c,d with contour maps of the total energy of
SrAgs as functions of its unit cell’s volume (V) and the ¢/a ratio
calculated using GGA-DFT and a best-fit 1,-Hiickel model."” The
match between the two levels of theory here is not as quantitative as in
the band structures, but there are key similarities. The two plots agree
on the location of the minimum as well as the scale of the energetics
involved (in both, the contours are drawn at intervals of 0.2 eV).

When the DFT results are translated into a p,-Huckel model,
as illustrated for SrAgs, the CPs can be analyzed in a simple way.
Because i, = LYH;H; = ZiZjH,-jz, the total energy can be
expressed as a sum of onsite and pairwise interaction terms: '

E;tz-Hiickel = YH, + EHiickel - Z Z(VHijz + (Z onC:‘iCn,j)Hij)
i g n

where ¢, ; is the coefficient of atomic orbital j in crystal orbital
and o, is the occupancy of that crystal orbital. This expression allows
us to similarly decompose the pressure of a phase (P = —9E/dV)
into an average over individual pairwise interactions:

- % _ vy C V) = L
P = v = ZJZGV(VHH + (§0"Cn,iC”‘])Ht]) - Norszsz}

where N, is the number of orbitals in the crystal, and pj; is the
pressure arising from the interaction between atomic orbitals i and
j (i = j terms are zero). In other words, within the y,-Hiickel method,
the total pressure can be expressed as an average of CP contributions
arising from individual bonding interactions. At the energy-minimized
volume, the total pressure is zero, and the above equation amounts to
resolving the static equilibrium into a sum of competing terms.

In the left panel of Figure 4a, we show what this type of analysis
can tell us about SrAgs. Here, we add up all the CP contributions
acting on each atom and represent these net CPs as spheres. The
radius of each sphere is proportional to the magnitude of the net
CP experienced by the corresponding atom, while the sphere
color gives the sign of the CP—black for negative, white for
positive. This convention is based on an astronomical analogy: an
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Figure 4. pu,-Hiickel chemical pressure (CP) analysis of SrAgs (left) and a
hypothetical CaCus-type CaAg;s phase (right). (a) Net CP values for the Sr or
Ca atom and its neighboring Ag atoms. CP values are plotted as spheres, with
the color indicating the sign of the CP (black for negative, white for positive)
and the radius giving the magnitude. (b) Distributions of the CP contributions
around each atom projected onto low-order spherical harmonics (I < 3).

atom with a black sphere is pulling its neighbors toward it like a
black hole, while an atom plotted with a white sphere is pushing
out on its surroundings like a white-hot star radiates.

From this plot, it is clear that substantial CPs are present in the
structure. The Sr atom is represented by a large black sphere,
corresponding to a net CP value of —8.2 GPa. This is balanced by
the CP values of the Ag atoms, which appear as small white
spheres describing net CP values of 1.5 or 1.7 GPa.

We can see how these CP values result from Sr—Ag and
Ag—Ag interactions by investigating the spatial distribution of
the CP terms about each atom. A visual way of exploring this is to
project these CP contributions onto low-order spherical harmo-
nics centered on each atom, and then graph the weighed sum of
these functions as a representation of the angular distribution of
the local pressures acting upon the atom. Such CP anisotropy
functions are displayed for SrAgs in Figure 4b. Each atom is
overlaid with a radial surface consisting of lobes in white and
black. The radial extent of the surface along any given direction is
proportional to the magnitude of the CP along that direction,
while the color indicates the sign as described above.

Here, the black sphere of the Sr atom now appears slightly
stretched along ¢, but the CP distribution appears to be negative
along all directions, indicating that the contacts of the Sr to its Ag
neighbors are longer than ideal. Bonding here could be enhanced
through contraction of the Sr coordination polyhedron. The Ag
atom CP anisotropy surfaces explain why such contraction does
not occur. The Ag atoms all have white lobes with components
along the Ag—Ag contacts in blue; these contacts are already too
short. Compressing the structure to optimize the Sr—Ag inter-
actions would further strain overly short Ag—Ag contacts.

From these results, we can understand why no Ca version of this
phase is observed. Our CP analysis of SrAgs reveals that Sr is
already too small for its electronic context in this structure. On
replacing Sr with the smaller Ca, the need for contraction around
the Ca to obtain reasonable Ca—Ag distances would exacerbate the
Ag—Ag strain. A ,-Huckel CP analysis of a hypothetical CaCus-
type CaAg;s phase (using a structure geometrically optimized with
GGA-DFT, and Huckel parameters refined against the DFT results
as described in the Supporting Information) confirms this
(Figure 4a, right): the net CP computed for the Ca atom increases

(a) CaAgs

(b) CaAg;

@ negative pressure
o) positive pressure

Pca=-10.2 GPa

Figure S. u,-Hiickel chemical pressure (CP) analysis of (a) a hypothe-
tical CaCus-type CaAgs phase and (b) Ca,Ag;. Net CP values are
plotted with spheres, following the conventions of Figure 4. pc, gives
values for the net CP acting on the Ca atoms.

from the —8.2 GPa calculated for Sr in SrAgs to —10.2 GPa. The
increased EPF around the Ca is also evident in the shape of its CP
anisotropy surface (Figure 4b, right). The surface is now more
profoundly elongated along ¢, indicating that the distances to the
Ag atoms in the planes above and below are particularly strained.

These CP results for CaAgs anticipate the observed Ca,Ag,
structure. One way of soothing some of the overstretched
Ca—Ag contacts along ¢ would be to move the Ca atom out of
the plane, shortening the contacts to the Ag atoms either above
or below. Doing so, of course, would add further strain to the
Ca—Ag contacts on the opposite side. However, the situation
changes drastically if such a motion of the Ca atom is coupled
with the insertion of a defect plane on the opposite side, as in
Ca,Ag; (Figure S). The defect plane supports the Ca atom’s motion
out of the honeycomb layer by positioning two Ag atoms behind it
at a close distance (3.24 A vs the average Ca—Ag distance of 3.52 A
for CaAgs), as indicated with dashed gray lines in Figure Sb.

Comparison of the CP values calculated for CaAgs and Ca,Ag;
confirms this picture, as shown in Figure 5. In Figure Sa, the Ca
atoms of CaAgs appear again as large black spheres, indicating
high negative CP values of —10.2 GPa. In Figure Sb, we move to
Ca,Ag;. Here the large black spheres on the Ca have largely
vanished, with small black remnants corresponding to a CP value
of only —1.2 GPa. The transition from CaAgs to Ca,Agy has thus
largely relieved the large negative Ca CP.

Another way of looking at these results is found by comparing
the Ca coordination environments in the hypothetical CaAgs and
the observed Ca,Agy phases. During the transition from CaAgs to
Ca,Agy, the CN of the Ca by Ag changes from 18 to 14, with the
average Ca—Ag distance decreasing from 3.52 to 3.31 A (see
Figure S1 in the Supporting Information).” This parallel decrease
in both the CN and the contact lengths in response to negative
pressure mirrors a classic trend in pressure-induced phase transi-
tions, the pressure-distance paradox:*' upon going from a low-
pressure to a high-pressure phase, CNs generally increase. The
increased number of bonds to each atom means that individual
bonds are weaker, and the interatomic distances are conse-
quently longer. Bond lengths increase, despite the higher pres-
sure. On going from high-pressure to low-pressure phases, the
trend reverses. CNs decrease, while bond lengths shrink.

The transition between CaAgs and Ca,Ag; can be understood ina
similar language when physical pressure is replaced with chemical
pressure. In CaAg;, the Ca atoms experience negative CP. In res-
ponse, the Ca CN decreases, with shorter Ca—Ag distances arising,
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In short, defect plane insertion into the CaCus type to produce the
Ca,Ag; structure can be viewed as a CP-induced structural transition.
So far, we have seen that the t,-Htickel CP analysis can explain the
nonexistence of CaAgs and the origin of the Ca,Ag; structure. The
simplicity of the method also allows us to make predictions about
how the driving force for defect plane insertion in the CaCus type
depends on variables controllable in a synthetic experiment, such
as the valence electron concentration. Increasing the valence
electron count by one per formula unit exacerbates the negative
net CP of the Cain CaAgs from —10.2 to —13.4 GPa. Decreasing
the valence electron count by the same amount, on the other
hand, soothes the Ca net CP from —10.2 to —7.1 GPa. The impetus
for the insertion of defect planes is then predicted to decrease if Ag
were to be partially substituted with an element with fewer valence
electrons but similar size, such as Pd. Substitution with a similarly
sized element with more valence electrons, such as Cd, would
increase the driving force. Such predictions are consistent with the
observations that CaPds adopts the CaCus type, while the Ca—Cd
phase diagram exhibits a Gd;4Ags; type phase in which 20-atom
fragments of the CaCus type occur.”” These results also hint that
other variants of the CaCus type between these extremes may be
synthesizable by partial substitution of Ag with Cd or Pd.

Here, we have considered one mechanism by which complex
structures may be stabilized in intermetallics, electronic packing
frustration, and have pursued the implications of this mechanism
through a theoretical analysis of the Ca,Ag; structure. We saw
through t,-Huckel CP analysis that such frustration indeed underlies
the formation of this phase. The CaCus-type CaAgs phase that might
be expected in the Ca—Ag system is calculated to have large negative
CP values around the Ca atoms. Insertion of planar defects to create
the Ca,Ag; structure brings relief by providing the Ca sites with a
smaller, tighter coordination environment. This can be rationalized by
extending the pressure-distance paradox to CP-induced phenomena.

This analysis has relied upon the transparency of the p,-Huckel
method as well as its ability to reproduce the results of higher-level
calculations. However, the CP analysis can be extended beyond
semiempirical methods. The key feature of t,-Huckel that our CP
approach uses is the ability to decompose the total energy into a sum
over a spatial distribution of contributions to the energy, in this case
bonds and onsite terms. In principle, the total DFT electronic energy
could be similarly decomposed, this time as an integral over the energy
density distributed over the unit cell. A DFT—CP distribution could
then be obtained from the derivative of this energy density with respect
to the unit cell volume. We will present our efforts to realize such a
DFT-based CP analysis, as well as an exploration of the generality of
the CP analogue of the pressure-distance paradox, in future articles on
CP as a driving force for structural complexity in intermetallics.
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