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ABSTRACT: In the structural diversity of intermetallic
phases, hierarchies can be perceived relating complex
structures to relatively simple parent structures. One
example is the Nowotny Chimney Ladder (NCL) series, a
family of transition metal—main group (T—E) compounds
in which the T sublattices trace out helical channels
populated by E-atom helices. A sequence of structures
emerges from this arrangement because the spacing along
the channels of the E atoms smoothly varies relative to
that of the T framework, dictated largely by optimization
of the valence-electron concentration. In this Communi-
cation, we show how this behavior is anticipated and
explained by the Density Functional Theory-Chemical
Pressure (DFT-CP) schemes of the NCLs. A CP analysis
of the RuGa, parent structure reveals CP quadrupoles on
the Ga atoms (telltale signs of soft atomic motion) that
arise from overly short Ru—Ga contacts along one axis
and underutilized spaces in the perpendicular directions.
In their placement and orientation, the CP quadrupoles
highlight a helical path of facile movement for the Ga
atoms that avoids further compression of the already
strained Ru—Ga contacts. The E atoms of a series of
NCLs (in their DFT-optimized geometries) are all found
to lie along this helix, with the CP quadrupole character
being a persistent feature. In this way, the T sublattice
common to the NCLs encodes helical paths by which the
E-atom spacing can be varied, creating a mechanism to
accommodate electronically driven compositional
changes. These results illustrate how CP schemes can be
combined with electron-counting rules to create well-
defined structural sequences, potentially guiding the
discovery of new intermetallic phases.

he art of synthesis, in its highest form, involves the

recognition of specific points of reactivity in widely
available starting materials that can be used to build molecules
of increasing complexity. Such an approach is in stark contrast to
the state-of-the-art strategies for designing inorganic solid-state
compounds. Methods such as evolutionary algorithms and
machine-learning models generally aim for the final crystal
structure that will be obtained for a given composition.' > This
emphasis on synthetic products, as opposed to patterns of
reactivity, aligns well with the expectation that the high
temperatures used in traditional solid-state synthesis overwhelm
any kinetic effects. However, solid-state chemistry is also rich in
tantalizing structural relationships that are suggestive of
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transformations governed by chemical principles. For example,
many complicated structures can be derived (at least
conceptually) from variations on simpler ones through
distortion, fragmentation, intergrowth, or other rearrange-
ments.’ The ability to predict the rearrangements offered by
different structures would open avenues to new intermetallic
chemistry. Here, we will illustrate how in one striking series of
phases, the Nowotny Chimney Ladders (NCLs),” a full
structural sequence can be extrapolated from the atomic packing
and electron-counting requirements of a common parent
structure, suggesting a more general scheme for anticipating
superstructure formation in metals and alloys.

The NCLs are a family of transition metal—main group (T—
E) phases known for their helix-within-a-helix motifs (Figure 1):
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Figure 1. Examples of the NCL phases. (a) RuGa, (TiSi, type) parent
structure.'" Helix-within-a-helix motifs of other members shown as (b)
top and (c) side views.">

the T atoms are arranged into a flattened diamond network (/-
Sn type) to form 4-fold helical channels. The E atoms occupy
these channels to form a second set of helices that run in a
parallel direction, but with a period that is largely decoupled
from that of the T atoms. The relative spacing and helicity of the
E atoms is determined by the stoichiometry. The composition
TE, corresponds to the TiSi,-type parent structure (exemplified
by RuGa, in Figure 1a) with one period of the T helix wrapping
around exactly two E atoms that belong to a zigzag chain.
Longer-period or even incommensurate arrangements® '
emerge for more E-atom-poor stoichiometries (TE,_,) as the
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helical repeat lengths for the T and E sublattices come out of
register with each other.

When the T atoms come from group 7 or higher, these
stoichiometries are dictated, sometimes with exquisite preci-
sion,13 to achieve electron concentrations of 14 per T atom, a
correlation known as the 14-electron rule.'*~"” Prior theoretical
work connected this special electron count to the presence of an
electronic band gap or pseudogap at the Fermi energy (Eg)
separating filled and empty levels across the series (Figure
2),'°7** which has helped motivate investigations into the
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Figure 3. Helicity encoded by the CP scheme of the NCL parent phase
RuGa,. (a) CP anisotropies for one channel of the RuGa, structure,
with red dashed lines indicating a set of overly compressed Ru—Ga
contacts. (b) Helical path traced out by the Ga CP quadrupoles. (c)
Side view of the helical path.

Figure 2. Electronic density of states (DOS, generalized gradient
approximation-DFT) distributions for a series of 14-electron NCL
structures. The contributions from transition-metal d character are
shaded in black. Gaussian broadening has been applied to emphasize
the more general features of the curves.

electronic behavior and thermoelectric properties of the
NCLs.””**7*® The persistence of this stabilizing feature at 14
electrons per T atom was traced to the connectivity of the T-
atom sublattice. Here, T@T, tetrahedra of the p-Sn-type
arrangement allow each T atom to covalently share electron
pairs with four T neighbors (supported by bridging interactions
with the E atoms). Filled 18-electron configurations are then
achieved with only 14 electrons on each T atom,”” in line with
the 18-n bonding scheme for T—E intermetallics.*’

Such a picture makes clear prescriptions for what
compositions should be preferred by different T—E combina-
tions: in the Ru—Sn system, reaching 14 electrons per Ru atom
requires the composition Ru,Sn;, while for the Ir—Ga and Ir—
Ge pairings, the dictated stoichiometries are Ir;Gas and Ir,Ges.
However, because the key parameter determining the ideal
electron count is the T—T connectivity, the bonding scheme
leaves open the question of what arrangement the E atoms
should take around the T sublattice. What steers the structure
toward helical motifs rather than, say, random E atom vacancies?

Given the dense arrangements usually present in intermetallic
phases, a likely candidate is the atomic packing efliciency, i.e.,
how well the spatial requirements of the atoms are satisfied. The
hypothesis that atomic packing factors influence the placement
of the E atoms within the NCL structures can be evaluated with
the Density Functional Theory-Chemical Pressure (DFT-CP)
method,” ™" in which interatomic pressures arising from
geometrical constraints are visualized using the output of
electronic structure calculations.

Let us begin with the CP scheme for the parent phase of the
14-electron NCLs, RuGa,, focusing on a single Ru channel and
the Ga zigzag chain that it contains (Figure 3a). The local
pressures experienced by each atom are represented with radial
plots, with the distance from any atomic center to the surface
surrounding it being proportional to the sums of the pressure
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contributions experienced by the atom from that direction. The
sign of the pressure is then indicated with color: black portions
of the plot correspond to directions of negative pressure,
denoting interactions that would be stabilized by the contraction
of the structure (too long interatomic distances), while the white
teatures tell of interactions for which expansion of the structure
would be favorable (too short interatomic distances). The
average of these CPs over the whole structure gives the phase’s
macroscopic pressure (zero for a geometrically optimized
structure).

In Figure 3a, a tension can indeed be perceived between
interatomic distances desiring expansion and contraction. The
Ru atoms appear with predominantly positive CPs, with white
lobes pointing to the nearest-neighbor Ga atoms in the Ru
channels. These positive CPs, along the short Ru—Ga contacts,
are also reflected in narrow white lobes emanating from the Ga
atoms. The remainder of the Ga CPs, however, are negative and
diffuse, representing sparse atomic packing along the other
directions that prevents the expansion of the structure.

The anisotropic CP distribution around the Ga atoms bears
some resemblance to a distorted d,> orbital, with its pair of
positive lobes being directed along one axis and a negative ring
wrapping around the equator. Such quadrupolar CP features are
strongly indicative of soft atomic motions (as reflected in the
vibrational modes or even the emergence of modulations)**°
because displacements perpendicular to the positive CPs would
both lengthen the overly short distances and lead to denser
packing along one direction of negative pressure. Such Ga
motions are thus anticipated to be relatively facile. An inspection
of the phonon band structure (see the Supporting Information)
confirms these expectations.

When we imagine atoms following these paths of negative
pressure, an illuminating feature emerges. The placement of
each Ga within a 4-fold Ru helix means that its two close Ru
neighbors on opposite sides are at different heights, one above
and one below (Figure 3a). A tilting of the Ga CP quadrupoles
out of the plane of the page results. Because of this tilt, the
direction of easy Ga movement runs along the channel, with an
angle conforming to twist of the Ru helix. Following this path a
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little further, in fact, leads us toward the negative CP feature of a
neighboring Ga atom within the same Ru channel. Connecting
these arcs together between the Ga atoms reveals a helical path
along the c axis that avoids close Ru—Ga contacts (blue curve in
Figure 3b,c) and shares the same repeat period as the Ru helix.

The availability of this continuous route of soft motion
provides a simple way by which the stoichiometry of the NCLs
can be adjusted in response to electronic requirements. RuGa,
exhibits a band gap at 14 electrons per T atom due to its
optimized 18-n bonding scheme. Upon moving from the Ru—Ga
to Ir—Ga system, an isostructural IrGa, phase would have one
extra electron per Ir atom relative to the ideal count. Restoring
the 14-electron count would then necessitate the removal of one
Ga atom for every three Ir atoms, leading to the stoichiometry
Ir;Gas. Slightly increasing the spacing of the Ga atoms along the
helical path of soft motion provides a mode for gently removing
these Ga atoms.

As illustrated in Figure 4, this is indeed the mechanism taken
by Ir;Gag and the other 14-electron NCLs. Here, the DFT-
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Figure 4. Placement and CP features of the main-group atoms of a
series of NCL structures relative to the helical path highlighted by the
CP quadrupoles in RuGa,. The persistence of the CP quadrupoles
suggests the presence of soft atomic motions along the path.

optimized structures and CP schemes of Ir;Gas, Ru,Sn;, and
Ir,Geg are shown together with the helical path derived from our
analysis of RuGa, (with adjustments made for the differing cell
parameters and average magnitude of displacements of the E
atoms from the channel center). In each case, the E-atom
positions are closely aligned with the predicted path, with the
major difference being in their spacing. The E-atom spacing is
closest for RuGa, and becomes sparser with decreasing E
content.

The CP schemes of the phases reflect these gradual structural
changes. As the E atoms sample different positions along the
helical path, their CP quadrupoles continue to highlight the path
as a course of easy motion. In other words, the T-atom channels
essentially provide continua of possible E-atom positions,
consistent with the observation that incommensurate arrange-
ments can arise when necessary to adhere to the 14-electron
rule.”” This connection could be explored further by studying
how the energetics of the commensurate NCL phases change as
the E atoms are shifted by different degrees along the ideal
helical path—effectively exploring the energy dependence on
the t, intercept in the (3 + 1)D model of the NCLs.*’
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In this Communication, we have illustrated how the CP
scheme of the NCL parent structure reveals a well-defined path
by which the T—E ratio can be tuned in response to electron-
counting perturbations. The resulting picture bears common-
alities with another phase we recently analyzed, FeZAls, with its
unusual columns of weakly ordered Al atoms.” In both the
NCLs and Fe,Al;, density of states (DOS) minima emerge in the
electronic structures at electron counts that optimize 18-n
bonding schemes, but aligning the E with these gaps requires
adjustments to the stoichiometry relative to a simple, ordered
basic cell. Also, in both cases, the T-atom frameworks of the
structures provide arrays of E-atom CP quadrupoles that open
routes through which the structure can accommodate a range of
compositions. For the NCLs, this results in an impressive series
of structures, while in Fe,Al;, it leads to disorder and low-
temperature polymorphism.***’

In these systems, complex structural chemistry is heralded by
two simple features that can be sought out in other
intermetallics: (1) an electronic band gap or pseudogap
indicating a preference for a specific electron count and (2) a
sublattice of CP quadrupoles that allow facile diffusion of atoms
through the structure. In such cases, the atomic packing and
electronic factors in a system can respond cooperatively to
electronic perturbations through new structural chemistry. We
are looking forward to exploring the predictive nature of this
scheme through identifying structure types with this combina-
tion of features and synthetically investigating their potential as
progenitors to wider series of compounds.
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