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Structural Topology and Chemical Bonding in Laves Phases**

Alim Ormeci, Arndt Simon,* and Yuri Grin*

The nature of the atomic interactions in intermetallic com-
pounds is continuously under investigation.?) Different
techniques are applied for the analysis of the chemical
bonding in this class of inorganic compounds; for example,
deep insights into the building up of the complex crystal
structure of NaCd, were obtained by extended Hiickel and
DFT (LDA) calculations.”) Laves phases comprise an enor-
mous number of intermetallic compounds with general
composition MN, and multicomponent derivatives. They
were thought to be understood in respect of the factors
influencing their formation. Early on, a geometric rule for
stability as well as an electronic rule for the occurrence of
certain structural variations, for example cubic versus hex-
agonal variants, have been developed. The geometric rulel*
based on a common close-packing of hard spheres with
different sizes identified an “ideal” radius ratio ry/ry=
\/3/2=1.225 as a necessary condition for the formation of
this family of structures. The only then-known alkali metal
phase KNa,” supported the validity of this rule: The radius
ratio r¢/ry, = 1.24 for the chemically very similar metals K and
Na closely matches the ideal value.® As to the electronic rule,
it was claimed that the valence electron concentration (VEC)
is the crucial factor defining the variety of the crystal
structures of the Laves phases. In a theoretical study, both
electronic and size factors were found to be important.”
Later critical assessment of the literature data™ revealed in
particular that the maximal numbers of Laves phases are
formed at the radius ratios of 1.15 and 1.30, and, moreover, at
the “ideal” value of 1.225 only few representatives are found.
The first attempts to analyze chemical bonding were made
within the tight binding and extended Hiickel formal-
isms;'*? later, quantum chemical studies based on aug-
mented plane waves method were performed.!'® Experimen-
tally, evaluation of the charge density from the diffraction
data was attempted.['¥]

In a Pearson diagram, the “ideal” radius ratio is identified
as the condition of strain-free M—N and N—N contacts with
respect to the atomic radii r, and ry of the elements."
However, the distribution of actual structures in the Pearson
diagram does not take too much notice of such strain-free
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contacts, particularly when elements of very different chem-
ical character such as potassium and bismuth are combined.
The discovery of additional Laves phases of the alkali metals,
CsNa,!"! and CsK,,'” clearly indicated that the radius ratio
rylry=1.43 and 1.15, respectively, can deviate significantly
from the “ideal” value even in the case of very similar metals,
which agrees well with the conclusions of reference [9]. The
interatomic distances d; of these three inter-alkali phases
strictly follow a linear relationship, which corresponds to a
Vegard-type law [Equation (1)]:

dj=F;(ry +2ry) (1)

where factors F; are defined by geometrical features of the
structures based on the closest packing of spheres of different
size.'""'8] A theoretical basis for this relationship is given in
reference [19]. The atomic radii ry, and ry are derived from
the observed distances in the respective elements and
normalized to the coordination number CN=12. Taking
into account the different coordination numbers of the M and
N atoms in the Laves phases, a general relation [Equation (2)]

2ry—dym)/2ry =0.6450 1), /ry—0.7670 ()

has been derived, where d,,,, is the shortest distance between
the M atoms."¥ The equation describes the structure of Laves
phases as the closest packing of spheres with different sizes,
and holds for the cubic and the hexagonal variants provided
the latter have the ideal c/a ratio of \/8/3. Numerous phases
formed from chemically not too different metals closely
follow Equation (2) (Figure 1), which also shows some
compounds deviating strongly from it.1%20:2]

Thus, the position of compounds in a Pearson diagram in
respect to Equation (2) may serve as a guideline for the
analysis of chemical bonding in the only seemingly homoge-
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Figure 1. Pearson diagram for selected Laves phases. The solid line
corresponds to the Equation (2).
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neous family of Laves phases, which comprises in its extremes
intermetallic compounds with low difference in electronega-
tivities between the components and rather salt-like species
with large difference in electronegativity.

This was the starting point for our consideration of the
bonding features in Laves phases. To visualize similarities and
differences in the bonding of Laves phases, we analyzed
several representatives in terms of electron localizability and
electron density. The first attempt of such analysis of a Laves
phase CaAl, was made™ using the idea of electron local-
ization function.” The local maxima of ELF were found
between the aluminum atoms and also aluminum and calcium
atoms, indicating a bonding different from the elemental
aluminum. We use the electron localizability indicator
(ELI®) for the evaluation of the atomic interactions in
Laves phases. The ELI was initially designed to depict the
position-dependent fraction of a same-spin electron pair per
fixed, sufficiently small charge enclosed in compact regions
(microcells) in space and was therefore denoted as ELI-q.
Another variant of the ELI, named ELI-D, depicts the
position-dependent average number of electrons per fixed
fraction of a same-spin electron pair.?! Deviations from the
spherical distribution of ELI for the noninteracting atoms
may appear in chemical compounds in the form of local
maxima (attractors) between the atoms or in form of the
structuring of their inner shells; both features are fingerprints
of the atomic interactions.” Hereafter we use ELI-D and
refer to it as ELI. The results of the calculations for selected
representatives of Laves phases are presented in Figure 2
(distributions of ELI in the (1120) plane) and Figure 3
(isosurfaces of ELI).

Figure 2. Electron localizability indicator in the Laves phases CsNa,,
BaMg,, MgZn,, and KPb,. ELI distributions in the (1120) planes are
shown together with the color scale for ELI values of each compound.

In Laves phases formed solely from alkali metals, for
example KNa,, CsK,, and CsNa,, ELI is characterized by a
spherical distribution in the inner shells of atoms, indicating
that the electrons of these shells do not participate in the
bonding within the valence region, in accordance with
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Figure 3. ELI isosurfaces visualize the positions of the ELI attractors
and reveal multicenter bonding in selected Laves phases.

expectation (Figure 2 for CsNa,). Two types of ELI maxima
are present; topological analysis shows that these have
polysynaptic basins.”! The first type is located inside the
tetrahedra N, and the second is positioned within the
tetrahedra MN; visualizing the four-center interactions
(Figure 3 for CsK,).

By increasing VEC we come to BaMg, (Figure 2). In this
case there are three sets of ELI attractors; all are close but
shifted off-center from the N—N contacts. All three stand for
the multicenter M—N bonding. Two sets visualize four-center
M,N, (or in more strict sense six-center M,N,) bonds. The
third set is located in front of the edges of the bipyramids of
the tetrahedral network representing three-center bonds MN,
(or in a more strict sense the five-center bonds M;N,).

Introducing transition metals leads to more complex ELI
topologies in the Laves phases. In both prototypes, MgZn,
and MgCu,, ELI reveals a similar picture: The inner shells of
copper and zinc are not structured (see Figure 2 for MgZn,).
Similar to BaMg,, the ELI attractors are positioned in the
tetrahedra N,, M,N, and MN,, revealing multicenter inter-
actions (Figure 3 for MgZn, and MgCu,).

Two representatives of titanium containing Laves phases,
TiZn, and TiBe,, differ strongly in the topology of ELI
(Figure 3). The fact that the inner shells of titanium are not
markedly structured is unexpected in the first instance and
signalizes the participation of only the fourth-shell electrons
in the bonding with beryllium or zinc. The maxima of ELI in
TiZn, are located in the mixed tetrahedra, as in the
magnesium compounds. Despite the same number of valence
electrons, the ELI distribution in TiBe, is simpler than in
TiZn,. The attractors are positioned within the triangles MN,
(or in a more strict sense in the bipyramids M;N,), are but
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very close to the N—N contacts. Dominance of N—N contacts
in the bonding situations of C14 phases has already been
emphasized.!'”

In the ELI representation of KPb, (Figure 2 and Figure 3),
no distinct attractors are found between potassium and the
framework. A single set of ELI attractors is observed; all of
them are located in the last shell of the N atoms (six attractors
per N atom). Formally the corresponding basins are trisy-
naptic (three-center M,N bonds; Figure 3), but their location
in the outer shell of lead atoms implies a closed-shell-like
configuration. Furthermore, structuring of the last shell
towards the neighboring N atoms indicates N-N bonding.”!
The ring-like distribution of ELI around the Pb, tetrahedra
indicates rather covalent interactions within the network. The
picture is very similar to that in the Zintl-like compound
K, Pb, (Figure 4) with discrete Pb,*~ anions.

Figure 4. ELI isosurfaces around the Pb, tetrahedra in KPb, (see
Figure 3), K,Pb,, and the isolated anion Pb,*".

Despite the differences in the topology of ELI and
different chemical composition of the phases discussed above,
the total picture of the bonding also reveals similarities. The
ELI maxima are localized mainly in vicinity of the N atoms;
there are no maxima between the M atoms (Figure 2 and
Figure 3). Stability of the structural patterns of Laves phases
suggests a common driving force for realization of the closest
packing motif with different chemical elements. To evaluate
the role of the charge transfer as a possible driving force, the
atomic charges were investigated by applying the quantum
theory of atoms in molecules (QTAIM) approach.””! Within
this approach, the boundaries of an atom in a molecule or in a
solid are defined through the zero-flux surfaces of the
gradient field of the total electron density. Typical shapes of
the QTAIM atoms in the Laves phases CsBi, and KPb, are
shown in Figure 5. Integration of the electron density inside
the region formed by the zero-flux surfaces (atomic basin)
gives the charge of an atom (see Computational Methods).

Figure 5. QTAIM atoms in the Laves phases CsBi, (structure type
MgCu,, left) and KPb, (structure type MgZn,, right).
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The maximal normalized charge transfer is limited to
unity at the maximal electronegativity difference. For a
variety of Laves phases MN,, the normalized charge transfer
from the M atoms to the N atoms is related to the difference
between the electronegativities of the elements N and M. The
electronegativity values from the scales of Sanderson®! and
Allred-Rochow® were utilized. The analysis of the relation-
ship between the normalized charge transfer and the electro-
negativity difference (Figure 6) shows, despite a relatively
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Figure 6. QTAIM charge transfer versus electronegativity difference for
selected Laves phases shown for the Sanderson electronegativity scale.
(Results for the Allred—Rochow scale (not shown) are similar.)

strong scattering of the data, the expected but not obvious
general trend of charge-transfer increase with the electro-
negativity difference. BaNa,*!! reveals small but reverse
normalized charge transfer (—0.16) from N to M, which is in
agreement with the Sanderson electronegativity scale but
contradicts the Allred—-Rochow scale, therefore requiring
additional studies. The origin of the offset value of 0.2 is
revealed by a calculation of the charge transfer for hypo-
thetical compounds “KK,”, “SrSr,”, and “NbNb,”. Unex-
pectedly, the calculations for these homoatomic compounds
reveal normalized charge transfers of approximately 0.2 from
M to N. We consider this electronegativity-independent part
as induced by structural topology.

This straightforward interpretation needs further elucida-
tion however, as the significant charge transfer in, for
example, the inter-alkali metal compounds (almost 0.5 for
KNa,) is surprising and puzzling. A closer inspection of the
QTAIM atomic volumes of the alkali metals reveals enor-
mous differences for the same kind of atoms in different
phases. Just to mention the extremes: the potassium atom has
a volume of 42 A® and 86 A* in KNa, and CsK,, respectively,
and the cesium atom is characterized by 67 A® and 91 A® in
CsNa, and CsK,, respectively. On the other hand, the QTAIM
calculations for the binary compounds in the system Cs—KF!
showed that the volume of the cesium atom increases with its
concentration, and that the Laves phase CsK, follows this
trend in the system. Such large differences are only possible
and meaningful in the case of a rather even electron density
distribution between the atoms, as found in the elemental
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metals themselves. This assumption was tested by comparing
the valence electron densities in the basins of M and N atoms,
which should differ only marginally. Indeed, if the respective
core volumes (see Computational Methods) are subtracted
from the QTAIM atomic volumes, the valence electron
densities exhibit nearly identical values for the M and N
atoms with a small difference in electronegativity. For the
compounds KNa,, CsNa,, and CsK,, valence electron density
differences are calculated to be between M and N atoms of
0.00144 ¢ A%, 0.00002 e A%, and 0.00241 e A%, respectively. For
the Laves phases of M and N atoms greatly differing in the
electronegativity, the valence electron density differences are
an order of magnitude larger; for example, in CsBi, it is
0.08659 ¢ A>. In combination with the ELI analysis, this
indicates an increasing tendency towards formation of N°~
anions. Thus, the crystal structure of KPb, is dominated by
charge transfer to the polyanionic framework of corner- and
face-condensed Pb, tetrahedra known as discrete anionic
units from more cation-rich compound K,Pb,, or K*,Pb,*"
(Figure 4). The transformation from an intermetallic phase to
a normal valence compound is even more pronounced in
KB, ,Pb,s: The electron count for the Bi, ,Pb, (>~ tetrahedron
is close to that in elemental phosphorus P,, and the character-
istic structural motif of the Laves phases, the condensed
tetrahedra, distorts into discrete tetrahedral units.*"

The ratio of valence electron densities in different atomic
basins turns out to be another good measure for the
characterization of chemical bonding in Laves phases
(Figure 7). On the left hand side of the diagram, phases

gﬁ - T T T T T o . ]
S RbBi, |
g sf .
N
‘B
g KPb |
=
24T o’
£ _
g
<3k -
2 NﬁAg2 KBi, CsBi, 1
sl i
g~ ScAl,
B o

[ CsK TiB: 1
e eC SYME}/I eCthenie?n, 2 1izn
2 kN b2 ¥ eCaAl, 9, g : .
& % CaMg, BaMg, ! 2 ! . !

0 0.5 1 15 2

Sy -Su

Figure 7. Valence electron density ratio versus electronegativity differ-
ence for Laves phases (Sanderson scale).

accumulate that exhibit a value of this ratio of almost unity.
The charge transfer for the compounds is found to be rather
small, and a multicenter bonding is revealed by ELI analysis.
This type of interaction is very similar to the bonding found in
the metallic elements that have an almost free-electron
nature,® and is a necessary condition for the geometrical
rule of size additivity that is obeyed by these phases. As in the
charge density transfer, BaNa, also behaves oddly here
(density ratio of 0.89 at AS=—0.08 on the Sanderson scale).
In this compound the stabilizing role must clearly be played
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by the (multicenter) heteronuclear covalent bonding. On the
right hand side of the diagram, the value of the ratio of
valence electron densities deviates significantly from unity,
which is in agreement with the larger charge transfer detected
for QTAIM atoms and indicates formation of M®* cations and
(N,)®~ polyanions.

In conclusion, the study of the chemical bonding involved
in the Laves phases by QTAIM and ELI/ED approaches
shows that the diversity of the phases may be understood in
terms of the electronegativity difference between M and N
atoms. When this difference is small, the charge transfer from
M to N is quite small. The corresponding Laves phases are
characterized by multicenter bonding similar to that involved
in elements. In contrast, when N is much more electro-
negative than M, the charge transfer from M to N is larger and
the analysis of chemical bonding by ELI indicates the
formation of polyanions (N,)>".

Computational Methods

The chemical bonding analysis was based on first-principles electronic
structure calculations. In this study, the full-potential non-orthogonal
local orbital method (FPLO) with the recently implemented ELI
module® is used. Topological analysis of ELI-D gives, along with the
core electron regions, the ELI-D bond attractors and the correspond-
ing bond basins through the zero-flux surfaces of the ELI-D gradient
field.

Transfer of charge from the less electronegative to the more
electronegative element in a binary compound is a generally accepted
view. However, quantifying the relation between the amount of
charge transfer and the electronegativity difference has proved to be
elusive. Herein, we address this issue by proposing two approaches
that are applicable only to binary Laves phases. The first is based on
the atomic charges calculated according to QTAIM. In a Laves phase
MN,, the maximum amount of charge that can be transferred from
the less electronegative M atom to the N network is the valence
electron number of M, Z**,, (which is 1 for alkali metals and 2 for
alkaline earth and transition metals). Since there are two N atoms in
the formula unit, the maximum excess charge an N atom can get is
AQpox = Z',/2. The actual calculated charge transfer per N atom is
defined as AQy = Q*™,—Z,, where Z, is the atomic number of N and
Q*M is the total charge contained in the atomic basin of N. We
introduce the concept of normalized charge transfer, f=AQON/AQ -
The relationship between f and the difference AS between the
electronegativities Sy and S,, was investigated using two different
electronegativity scales subject to the following conditions: 1) Due to
the presence of geometry-driven charge transfer, f will be non-zero
even when AS =0; 2) for large values of AS, f should tend to unity.
This analysis suggests a relationship expressed by f=1—(1— f,eom)e 5%,
where fy.om is @ number between 0.1 and 0.2. The parameter A has
different values for different electronegativity scales.

The formulation of a VEC-like idea using quantum mechanically
calculable quantities is based on two observations: 1) the charge
transfer due to electronegativity difference involves valence electrons
only, and core electron numbers do not change; 2) our extensive ELI
analyses show that core volumes of an element in different Laves
phase compounds remain unchanged within 10%. Thus, AS affects
mainly the valence electron count and the volume of the atomic
valence region, which are quantities that can easily be calculated by
combining QTAIM and ELI analyses. The QTAIM analysis yields an
atomic volume V), and charge Q,, for atom M in the compound;
topological analysis of ELI-D gives atomic core volumes V*;;, and
for core charges nominal values Z°;, from the Aufbau principle can
be used. Thus, a valence electron density can be defined as D, =
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(Ou—=Z<\)I(Vy—V,). The ratio Dy/D), is thus expected to be
very close to unity provided the electronegativity difference AS=
Sy—Sy 1s not too large.
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