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Electronic Structure of the AgTry; (A=K, Rb, Cs; Tr=Ga, In, Tl) Zintl Phases:
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The electronic structure of the AgTry; (A=K, Cs; Tr=Ga, In, Tl) Zintl phases has been studied by means of first-principles
density functional theory (DFT) calculations. It is shown that the hypoelectronic Try4 cluster in these phases must be
considered as Try;®~ even if it would require just a 7— charge to maximize its bonding, filling all its bonding and
nonbonding levels. Our calculations show that the lowest empty orbital of the isolated Tr;,”~ clusters is an a;-type orbital.
However, a degenerate e-type set of orbitals is higher but quite close in the case of the Gay;”~ clusters. Thus, for the
isolated Try4 ™ clusters, the extra electron occupies always an a;-type antibonding orbital that contains, however, some
Tr—Trbonding component thus leading to a weak global antibonding character. In the solid, cluster—alkali-metal bonding
interactions occur and spread the cluster levels into bands, but the extra electron still fills the a;-type cluster level for most
of the AgTry1 phases. The cluster—alkali-metal interactions have a minor role in stabilizing this orbital but they provide the
necessary delocalization to lead to the metallic character of these phases. In contrast, the e-type antibonding levels of the
Gay,"~ isolated cluster are those which become filled by the extra electron in the CsgGay solid. This phase should be
metallic, but occupation of this degenerate pair of cluster levels would lead to a structural instability that may be avoided by
reducing the interactions of the alkali-metal atoms with the cluster levels. In that way the occupation appropriate for the
isolated cluster is restored (i.e., one electron fills the a; cluster orbital), but the extra electron now remains localized on the
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cluster, thus leading to the unexpected activated conductivity observed for the CsgGaq1 phase.

Introduction

The relationship between the structure and the number of
electrons in many intermetallic Zintl phases containing
anionic clusters has been traditionally rationalized on the
basis of Wade’s rules." This approach works very successfully
as long as the clusters are deltahedral. The preparation
of KgIny,,>? containing In;; clusters, provided not only the
first homoatomic indium cluster but also an example of
a cluster that is stable for a number of skeletal electrons
lower than that predicted by Wade’s rules. In this phase,
potassium cations are located between Inq; clusters in such a
way that every cluster is surrounded by 24 potassium cations
(see Figure 1). Sevov and Corbett® showed that the low
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electron count was related to the strongly distorted geometry
of the In;; cluster. In fact, this cluster is not at all deltahedral
but can be described as a pentacapped trigonal prism where
the triangular ends of the prism are considerably expanded.
On the basis of extended Hiickel calculations, these authors’
showed that all the bonding levels of such a cluster are filled
for an electron count corresponding to In;;’~ so that they
proposed that this phase should be formally described as
(K")gIny; " (e7), with one electron mostly delocalized over
the Cations.2 CSgT111,4 Rb8T111,4’5 K8T111,4’6 Rb81n117
(although different attempts failed at reproducing this
phase),” and CsgGa,;® have also been reported, and all of
them have the same structure except for small distortions of
the Tr;; clusters which in some cases have Ds;, symmetry but
in others only Ds. In apparent agreement with the above-
mentioned chemical description, most of these phases have
been found to be metallic but, surprisingly, CsgGa;; was
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Figure 1. AgTr,; phases: (a) crystal structure (R3¢) and (b) Try, clusters,
showing the atom and cluster bond labeling used in the present work.

found to behave as a semiconductor.® It is worthwhile noting
that several halide phases like CsgGa;|Cl, RbgGa;,Cl,
CsgTlyBr, and so forth have also been prepared.8 The
A and Tr positions in these phases are essentially the same
as those in the corresponding binary compounds, and the
halogen fills voids within the alkali-metals’ sublattice.
CsgGa;Clis a diamagnetic semiconductor, something which
is consistent with the (Cs")sGa, 177(C17) formulation for this
phase.8 Isolated Tl;;”~ clusters are also present in the
structurally more complex ternary phase K;4CdoTl,;,” and
palladium centered Tlj; clusters have been found in
AgTl; Pd, (A =Cs, Rb, K; x =0.84—0.68)."°

Despite the structural similarity of the AgTr;; phases,
CsgGa;; exhibits a clearly different physical behavior.
Whereas all other phases exhibit Pauli paramagnetism,
CsgGay; is paramagnetic and follows a Curie—Weiss law
above 90 K, when some kind of structural transition occurs
accompanied (or followed) by a magnetic transition.® How-
ever, it has not been possible to obtain structural data at low
temperatures. Thus, the magnetic susceptibility studies sug-
gest that the extra electron must be localized in CsgGa;; but
delocalized in the other AgTr;; phases. This is confirmed by
the resistivity measurements, since CsgGay; exhibits activated

(9) Tillard-Charbonnel, M.; Chahine, A.; Belin, C.; Rousseau, R.; Canadell,
E. Chem. Eur. J. 1997, 3, 799.
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conductivity whereas the other AgTry; phases are metals.®
This is a puzzling result. Whereas one may feel comfortable
with the idea that the extra electron, which is not needed to
fulfill the electronic requirements for the cluster stability, is
actually delocalized along the cationic sublattice of these
salts, it is difficult to understand how this extra electron may
localize in CsgGay, if it is not on the cluster. However,
according to the extended Hiickel studies, such electron
would fill a high-lying antibonding orbital which, in addition,
is doubly degenerate (e). Consequently, in contrast with the
experimental results, a Jahn—Teller distortion lowering the
D; symmetry of the cluster would be expected. All these
observations show that there is a clear need for a detailed
electronic structure study of these phases which can provide
grounds on which to discuss the two following questions:
where is the extra electron? and what makes CsgGa,; differ-
ent from the other presently known AgTr;; phases?

To the best of our knowledge the electronic structure
of KglIny; has been the object of two previous studies. Blasé
et al.'' carried out extended Hiickel calculations which
confirmed that the clusters should be described as In;; "~
and the extra electron should fill potassium—indium bonding
levels. However, recent work on Zintl phases like KBi,, ">
K;Biy,'?® Ba,Ga,Sbe,'* Li,Ga,'”® and so forth has clearly
shown that a meaningful discussion of aspects related to the
actual degree of charge transfer in Zintl-type phases must be
based on accurate first-principles calculations. Both the
neglect of Coulomb interactions and the uncertainty in the
relative values of the parameters for the alkali and non-alkali
metals used in extended Hiickel calculations may seriously
affect the degree of mixing of their orbitals, a central issue
here. Llusar et al.'® carried out periodic Hartree—Fock
calculations and proposed on the basis of an analysis of the
integrated density that the extra electron is delocalized over
the potassium layers. However, the density of states (DOS)
plots reported by these authors strongly suggest that the
electrons underlying the metallic character of the system are
mostly associated with the indium clusters. Thus, none of
these studies seem to provide an adequate answer to the two
previous questions. Here we report a first-principles study of
the electronic structure of several of these phases which we
believe offers a plausible explanation of the origin of their
different physical behavior.

Computational Details

First-principles calculations for CsgGa;;, CsgGa;;Cl,
CsgTly; and Kglng; were carried out using a numerical atomic
orbitals DFT approach,'* developed for efficient calculations
in large systems and implemented in the SIESTA code.'>~ "7
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Table 1. Intra Cluster Bond Lengths (A) for CssTl;;, KgIny;, and CssGay,

number of
bonded bonds
bond atoms per cluster CsgTlyy Kglng; CsgGay,
a Tr1—Trl 3 3.230 3.102 2.756
b Tr1—Tr3 6 3.150 3.053 2.681
c Tr1—-Tr2 6 3.067 2.967 2.642
d Tr1-Tr2 6 3.150 3.063 2.630
e Tr2—Tr3 6 3.440 3.284 2913

“See Figure 1b for the labeling.

We have used the generalized gradient approximation to
DFT and, in particular, the functional of Perdew, Burke,
and Ernzerhof.'® Only the valence electrons are considered in
the calculation, with the core being replaced by norm-con-
serving scalar relativistic pseudopotentials'® factorized in the
Kleinman—Bylander form.?° The 3d electrons of Ga, 4d
electrons of In, 5d electrons of Tl, 5p electrons of Cs and 3p
electrons of K were treated as valence electrons. We have used
an optimized?!?? split-valence double- basis set including
polarization orbitals for all atoms. The energy cutoff of the
real space integration mesh was 300 Ry, and the Brillouin
zone was sampled using grids of (9 x 9 x 9) k-points.>* All
calculations reported in this work have been carried out using
the experimental rhombohedral cell.>*#

Results and Discussion

The rhombohedral crystal structure of the AgTr;; phases
(R3c¢) is shown in Figure la. It is built from isolated Try;
clusters arranged in layers perpendicular to the c-direction.
These clusters are separated by two types of crystallographi-
cally inequivalent alkali-metal atoms. The A1 atoms (in blue)
form slabs separating the layers of the Try; clusters whereas
the A2 atoms (in purple) fill the voids in the cluster layers. In
this way, every Try; cluster is surrounded by 24 alkali-metal
atoms (18 Al and 6 A2). The Try; clusters (see Figure 1b for
atom and bonds labeling) can be described as pentacapped
trigonal prisms although the cluster is so compressed along
the 3-fold axis that the six Tr—Tr distances within the
triangles are too long to have any bonding significance.
The loss of the six Tr1—Trl bonds is partially compensated
by the development of six relatively long but non negligible
Tr2—Tr3 bonds (noted “e” in Figure 1b). Thus, the Try;
cluster (see Figure 1b) holds a series of three Tr1—Trl bonds
(“a”), six Tr1—Tr3 bonds (“b”), twelve Tr2—Tr1 bonds (“c”
and “d”), and six Tr2—Tr3 bonds (“¢”). The experimental
bond lengths for CsgTl;, CsgGa;; and Kgln;; are reported in
Table 1.

Shown in Figure 2 is the DOS as well as the cesium local
DOS calculated for CsgTly; (recall that in DFT approaches
using localized basis sets such as the present one, the total
DOS is simply the addition of those of the different atomic
contributions). The contribution of the thallium 5d orbitals
which occurs at lower energies, around —12 eV, is not
included in Figure 2. All contributions below —4 eV are
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Figure 2. Calculated DOS for CsgTl;; as well as the local contribution of
the Cs atoms.

mostly thallium 6s in character with weak cesium contribut-
ions and account for 22 electrons per CsgTl;; formula unit.
The wide component centered around —1.5 eV is built from
the thallium 6p orbitals but contains a very substantial
contribution from the cesium levels. Integration of this
contribution leads to a total of 18 electrons per CsgTl;;
formula unit. Consequently, since all levels below the energy
gap around —0.4 ¢V are mostly cluster in character, if the
Fermi level was in this gap, there would formally be a total of
40 electrons per cluster which thus should be described as
Tl;,”~. The results of Figure 2 are in complete agreement with
the description of the electronic structure of the discrete Try;
clusters given by Sevov and Corbett:> nine bonding levels
accounting for 2n — 4 (n being the number of vertices of
the cluster) skeletal electrons of the cluster below which occur
11 s levels of the Tr atoms. The key feature of Figure 2 is,
however, that the extra electron needed to reach the 41
electrons per formula unit is concentrated on the cluster: at
the Fermi level, 81% of the DOS originates from the Tly;
clusters. This is also the case for the other AgTr;; phases we
have studied: 67.2% for CsgGa;; and 72.1% for KgIn;;. Thus
we can quite firmly answer the first question raised in the
introduction: the extra electron mostly goes to an antibonding
orbital of the cluster which is somewhat stabilized through
bonding interactions with the more higher-lying levels of the
alkali-metal atoms, thus acquiring the necessary delocalizat-
ion to ensure the metallic character of the system. Conseq-
uently, the Try; cluster in the AgTr;; phases should be
formally described as Try,*".

Even though this conclusion is clear, we note that it raises a
serious question. The present first-principles and previous
extended Hiickel studies®***!! lead to the same conclusion
concerning the electronic requirements for stability of the
Try; cluster. However, according to the extended Hiickel
studies, the lowest empty level of the Try,’  unit is a
degenerate set of e-type orbitals so that, if the extra electron
fills them, a Jahn—Teller distortion breaking the D5 (or Dsy,)
symmetry of the cluster should be observed. To avoid this,
the formulation Try;” (e”) was postulated in these studies.
However, our first-principles calculations show that this
description is not appropriate. Thus, we must consider in
more detail the nature of the level accommodating the extra
electron. We first carried out calculations for the Try,’~
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Figure 3. Nature of the lowest empty levels of the Tr; /7~ cluster.

Table 2. Calculated Energy Gaps “ between the a;- and e-Type Empty Orbitals for
the Try,"~ Clusters of Different AgTr; Phases

CsgTly;  RbgTly; KTl Rbglng;  Kglng; CsgGa;, CsgGa;Cl

0.56 0.54 0.56 0.38 0.37 0.27 0.27
“In eV; see A in Figure 3.

clusters as found in the CsgTl;;, KgIn;;, CsgGa,y, CsgGa,Cl,
Rnglnyy, KSTII 1 and Rbng]] phases.24 In all cases we found
that the lowest unoccupied orbital is a non degenerate a|-type
orbital and the e-type degenerate set is higher in energy
(see Figure 3). The calculated energy gaps between the a;-
and e-type orbitals are reported in Table 2. The gaps are
essentially independent of the slight distortions induced in the
solid by the rest of atoms around the clusters and decrease
from TI to Ga. Exactly the same trend is obtained when the
calculations are carried out for the Try;% ™ clusters. The lowest
lying non degenerate a;-type orbital (see Figure 3) is essent-
ially built from 6p. orbitals of the Tr1 and Tr3 atomsin such a
way that it leads to antibonding Tr1—Tr3 interactions but
keeps bonding Tr1—Trl interactions. This orbital is sym-
metric with respect to the mirror plane (only approximate for
the slightly distorted D5 clusters) cutting the three Tr1—Trl
bonds. In contrast, the two higher lying e-type orbitals are
antisymmetric with respect to this plane and are built from
the Trl and Tr3 6p, and 6p, orbitals, respectively. We note
that although the contribution of the Tr2 orbitals is small for
both types of orbitals (and hence the absence of contributions
in the representations of Figure 3) it is is noticeably larger for
the e-type orbitals.

To understand why the a; orbital is the lowest empty level
in these Try;”~ clusters it is useful to look at the Mulliken
overlap populations® associated with it for each type of bond
of the cluster. The calculated overlap populations for the

(24) The calculations are carried out using the same periodic code as for
the real AgTry; solids using a Try;"" repeat unit in a large box so as to
effectively isolate the different clusters surrounded by a uniformly distributed
n+ charge. The use of this uniform charge simply induces a rigid shift of all
the levels while keeping the neutrality of the system.

(25) Mulliken, R. S. J. Chem. Phys. 1955, 23(1833), 2343.
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Table 3. Calculated Tr—Tr Mulliken Overlap Populations for the Isolated Try,”~
and Try;®~ Clusters as well as the Try; Clusters in the Complete Solid Structure for
CSSTllla KgInl 1» and C53Ga1 1“

CSng] 1 KgInl 1 CSgGal 1

bond Tl;, "~ T1,,%” CsgTly; Iny; " Ing,® Kglng, Ga,,”~ Ga,,8~ CsgGay,

0.127 0.159 0.118 0.167 0.197 0.117 0.165 0.197 0.130
0.171 0.155 0.128 0.205 0.188 0.139 0.229 0.197 0.192
0.163 0.162 0.133 0.195 0.193 0.140 0.201 0.197 0.165
0.144 0.141 0.117 0.167 0.162 0.122 0.186 0.179 0.154
0.073 0.073 0.062 0.086 0.085 0.066 0.075 0.072 0.062

oo o

“See Figure 1b for the labeling of the different Tr—Tr bonds.

Tr—Tr bonds in the isolated Try;’~ and Tr;,*~ clusters as
well asin the AgTry; solids are reported in Table 3 for CsgTl,
Kgln;;, and CsgGay;. Using the values in Table 3 and taking
into account the number of bonds of each type it is easy to
find that the total overlap population change due to the
occupation of the a; orbital is —0.024 for CsgTl;;, —0.060 for
Kgln;;, and —0.180 for CsgGa, ;. These values are associated
with weak antibonding interactions since they are only
17.6%, 36.7%, and 104.7% of the average overlap populat-
ion of a single Tr—Tr bond of the cluster. Thus, the anti-
bonding character introduced in the whole cluster as a result
of the occupation of the a, orbital is smaller or equal to the
bonding character associated with only one of the 27 Tr—Tr
bonding interactions of the cluster. It is clear from the values
of Table 3 that the antibonding character of this orbital
results mostly from the balance between the three bonding
Trl1—Trl interactions (0.096 for CsgTl;;) and the six anti-
bonding Trl1—Tr3 interactions (—0.090 for CsgTly;). The
total antibonding character thus coincides approximately
with the contribution of the weak (but there are as many as
12 per cluster) Tr1—Tr2 interactions (—0.024 for CsgTly;). In
addition, the interaction of the Trl and Tr3 atoms with the
high lying cesium orbitals may provide an additional source
of stabilization as attested by the many slightly positive
cluster—cesium overlap populations (but see below). These
results suggest that occupation of the a; cluster orbital does
not represent a strong penalty for the stability of the cluster
units. We have tried to understand the reason for the
difference in the first-principles and extended Hiickel results
by looking at differences in the orbital character. We found
that in the extended Hiickel a;-type orbital, the 6p. individual
contributions of the Trl atoms are strongly hybridized with
6p, and 6p,, so that one of the lobes points better toward the
capping Tr3 atoms, increasing the antibonding character,
and the other lobe points outside the Tr1—Tr1 bond, strongly
decreasing the bonding character. As a result, in the extended
Hiickel calculations the a; orbital is considerably raised in
energy above the e pair.

Now we must turn to the solid to see if this simple bonding
picture is modified because of the spread of the cluster
orbitals into bands. An analysis of the DOS in the region
of interest is shown in Figure 4. We report in Figure 4a the
total DOS and cesium local DOS. The thallium contribution
clearly dominates in the region around the Fermi level
(~80%). The contributions of the three different types of
Tl atoms are reported in Figure 4b. The ratio between the
TI11/T13/T12 contributions around the Fermilevelis 11.1:2.2:1
whereas the ratio between the number of atoms is 3:1:1.5 so
that it is clear that the extra electron fills levels which are
mainly T11 and T13 in character and only weakly T12. The two
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Figure 4. (a) Calculated DOS in the region around the Fermi level for
CsgTly; including the local contributions for all the cluster atoms (TI)
as well as those of the Cs1 and Cs2 atoms; (b) local DOS associated with
the three types of Tl atoms; and (c) local DOS associated with the 6p. and
(6p, + 6p,) orbitals of the TIl and TI3 atoms.

cesium contributions (Cs1 and Cs2) are reported in Figure 4a.
The ratio between the Cs1/Cs2 contributions is 4.5:1 whereas
the ratio between the numbers of atoms is 2:1. Consequently,
the contribution from the alkali-metal atoms in the double
layers (Csl) dominates over the contribution of the alkali-
metal atoms in the voids of the cluster layers. These two
observations suggest that in the solid it is also the a;-type
orbital which accommodates the extra electron. Since in the
following this will prove to be a key feature, we should

Cobian et al.

examine this question in more detail at this point. There is
a simple way to distinguish between the contribution of the
a;-type and e-type cluster orbitals to the DOS. As can be seen
in Figure 3, the main components of the two orbitals are
found in the T11 and TI3 atoms with the important difference
that whereas the first (a;) is mainly built from the 6p. atomic
orbitals, the latter (e) are mainly built from the 6p, and 6p,
orbitals. Thus, projecting the DOS total contribution of
the TI1 and TI3 6p. local contributions and the TI1 and TI3
(6px + 6p,) local contributions is an easy way to detect the
participation of the cluster a;- and e-type orbitals in the DOS
curves. Taking into account that the first is associated with
Just one cluster orbital, whereas the second is associated with
two of them, the results in Figure 4c very clearly confirm that
in CsgTly; the extra electron fills states originating from the
cluster a;-type orbital.

What can be said concerning the cluster—alkali-metal
interactions in the solid? The Cs contributions to the filled
levels of Figure 2, the decrease in the cluster Tr—Tr overlap
populations when comparing the isolated Try;®” cluster and
the solid, as well as the calculated charges for the cations,
+0.59 (Csl) and +0.60 (Cs2), they all suggest an important
mixing of the alkali-metal and cluster orbitals. The calculated
charges for the Kgln;; phase, +0.41 (K1) and +0.46 (K2), are
for instance notably smaller than those calculated with the
same computational settings for a typical ionic salt of
potassium like KF (4-0.64). Even bearing in mind the possible
shortcomings of a Mulliken population analysis, these results
make clear that there is an important contribution of the
cesium atoms to the covalent bonding in this phase. Taking
into account all TI—Cs distances below 5.0 A, every Tl is
implicated in six interactions, every T12 in four, and every TI3
in six. We have evaluated all these overlap populations and
found a very substantial positive cluster—alkali-metal over-
lap population (1.440 per cluster). A fraction of 66.6% of the
total A—Tr overlap population per cluster is associated with
the T11 atoms, 17.1% with the TI2 atoms, and 16.2% with the
TI3 atoms. Taking into account the different number of
atoms of each type in a single cluster, this means that every
TI1 is associated with 11.1% of the total overlap population,
every TI12 with 5%, and every TI3 with 8.1%. With small
variations we have found similar results for the other
phases.”® Thus, although all cluster atoms contribute to the
cluster—alkali-metal bonding, the T11 atoms slightly domi-
nate. Every Csl is associated with 12.4% of the clus-
ter—alkali-metal overlap population and every Cs2 is associ-
ated with 12.7%. Consequently, although the interactions of
the cluster with the double layers of alkali-metal atoms are a
little bit stronger, the cation—cluster interaction is quite
isotropic with a significant covalent character.

The relative weight of the cluster—alkali-metal and Tr—Tr
bonding/antibonding contributions to bonding in the CsgTl;;
phase and the reason for the availability of the a; cluster
orbital to hold the extra electron can not be conveniently
discussed in terms of the Mulliken overlap populations (and
their solid state counterpart the Crystal Orbital Overlap
Populations, COOP27), as we did for the isolated cluster,

(26) Note that in addition to formally changing the cluster charge, the
presence of halides in the network of the AgTr;;X phases substantially
perturbs the alkali-metal subnetwork (for instance a shrinkage of the
¢ parameter is induced) as well as the alkali-metal-cluster bonding and thus,

in that indirect way, also influences the intracluster bonding.
(27) Hughbanks, T.; Hoffmann, R. J. Am. Chem. Soc. 1983, 105, 3528.
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bonding and total cluster—Cs bonding; (b) total T11—TI1, TII-TI2,
TI2—TI3, and TI1—TI3 cluster bonding; and (c) total TI1—Cs, TI2—Cs,
and T13—Cs bonding. Note the different scales for the COHPs.

because it is well-known that overlap populations associated
with different pairs of atoms are not comparable (in addition
to well-known problems when they implicate relatively dif-
ferent pairs of atoms). In these circumstances, a better
adapted tool are the so-called Crystal Orbital Hamilton

(28) Dronskowski, R.; Blochl, P. E. J. Phys. Chem. 1993, 97, 8617.
(29) Dronskowski, R. Computational Chemistry of Solid State Materials;
Wiley-VCH: Weinheim, 2005.
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Populations (COHP)**° curves, which are similar in spirit
to the COOP curves. Essentially, in a COHP analysis it is the
energy instead of the number of electrons what is partitioned
into local contributions. In other words, the COHP curves
indicate the contribution of an atom pair to the Kohn—Sham
energy of the levels in a given energy region. Although the
Kohn—Sham energy is not really the total energy, the COHP
curves are a very useful analytical tool quantitatively measur-
ing bond strengths of different pairs of atoms. Shown in
Figure 5a are the calculated COHP curves for the total T1—TI
and T1—Cs interactions, whereas in Figures 5b and 5c we
report plots to analyze the different contributions to these
interactions. Note that bonding/antibonding interactions are
associated with negative/positive values in the COHP curves,
respectively. The first observation is that the cluster—cesium
interactions in the region of the extra electron are very weakly
stabilizing compared with the intracluster ones. The reason is
that from an energetic viewpoint the stabilizing interactions
associated with the T11 —Cs interactions are almost compens-
ated by antibonding T13—Cs interactions (see Figure 5¢). The
bonding cluster—cesium interactions are strong in the lower-
lying filled states below the band gap around —0.4 eV.
However, they are remarkably weak in the region filled by
the extra electron because of the sign changes associated with
the orbitals of T11 and TI3 atoms in the a; and e antibonding
cluster levels which lead to a partial cancellation of the
T11—Csand T13—Cs contributions. In summary, the bonding
cluster—alkali-metal interactions play only a secondary role
in stabilizing the levels filled by the extra electron, and we can
concentrate on the intracluster interactions. The COHP
curves associated with the different intracluster interactions
are shown in Figure 5b. Analysis of these curves for the
region filled by the extra electron leads to the same picture
developed for the isolated cluster: the bonding Tr1—Tr1 and
antibonding Tr1—Tr3 almost compensate, and finally the
global curve is given by the contribution of the many weak
Tr1—Tr2 interactions and the Tr2—Tr3 interactions. Thus,
the spread of levels and interaction with the alkali-metal
orbitals does not significantly modify our simple explanation
put forward for the isolated cluster.

Now we can turn to the second question raised in the
introduction: what makes CsgGa,;; different from the other
AgTry; phases? We report in Figure 6 the analysis of the DOS
for CsgGay; in its hypothetical metallic state. The main
features of the DOS apparently are quite similar to those of
Figure 4. The only noticeable differences are a somewhat
larger participation of the cesium (33.8% vs 19% around the
Fermi level) and Tr2 atoms (the ratio between the Gal/Ga3/
Ga2 contributions around the Fermi level is 7.8:1.6:1).
Recalling that we noted a somewhat larger participation
of the Tr2 atoms in the e-type cluster orbitals, these small
variations seem to reflect changes between the nature of the
states filled by the extra electron. The slightly larger
participation of the Tr2 atoms leads to a slightly larger
interaction with the cesium atoms and suggests that the e-based
bands should be broader. At this point we must turn back
to Table 2 were the energy differences between the a;- and
e-type orbitals in the isolated clusters are reported: this gap
has been reduced by a factor of 2 in CsgGa;| with respect to
thatin CsgTly;. Since this gapisjust 0.27 eV it is quite likely
that a larger interaction with the alkali-metal atoms may

(30) Glassey, W. V.; Hoffmann, R. J. Chem. Phys. 2000, 113, 1698.
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Figure 6. (a) Calculated DOS in the region around the Fermi level for
metallic CsgGa;; as well as local contributions for all the cluster atoms
(Ga), as well as those of the Cs1 and Cs2 atoms; (b) local DOS associated
with the three types of Ga atoms; and (c) local DOS associated with the
4p. and (4p, + 4p,) orbitals of the Gal and Ga3 atoms.

bring an inversion in the nature of the levels filled by the
extra electron in the solid. This is confirmed by the results
of Figure 6¢c showing that in CsgGa;; the Gal and Ga3 4p.
levels are practically empty whereas the Gal and Ga3 (4p, + 4p,)
are the major components of the states filled by the extra
electron. Thus, the e-type cluster orbital has become the
cluster orbital that is filled with the extra electron for metallic
CsgGay;. The same conclusion is reached when the projected
DOS of the a;- and e-type orbitals of an isolated Try;
cluster are examined (see Supporting Information, Figures

Cobian et al.

Figure 7. Electron density associated with the levels filled by the extra
electron for (a) Csg Tl and (b) metallic CsgGa, 1, in a plane including one
Tr1—Trl bond as well as the Tr3 capping atoms of the clusters situated at
the bottom of the plot. For simplicity, only half of the plot along the
c-direction of the hexagonal cell is represented. Note the very different
shape in the vicinity of the Tr1—Tr1 cluster bonds indicating accumulat-
ion/depletion of electron density for Csg Tl (a)/CsgGay (b), respectively.
Trl: red, Tr2: yellow, Tr3: green, Csl: blue and Cs2: purple.

S1 and S2). Let us note that calculations for the diamagnetic
semiconductor CsgGa;Cl led to an identical analysis of the
DOS except for the fact that (a) the states above the gap
around —0.4 eV are now empty, and (b) there are new low-
lying filled 3s and 3p Cl peaks.

An even more direct proof for the change in the nature of
the highest filled cluster orbital between CsgTl;; and CsgGay
is provided by the plots in Figure 7. There we represent the
electron density for the states found between the gap around
—0.4 eV and the Fermi level (i.e., the levels filled by the extra
electron) for a plane including one Tr1—Trl bond as well as
the Tr3 capping atoms of the lower clusters (for simplicity, we
only represent half of the plot along the c-direction of the
hexagonal cell). Looking at the pair of clusters at the bottom
of the plot it is immediately clear that there is an accumula-
tion of electronic density in the region of the Tr1—Tr1 bond
for CsgTly; (Figure 7a) whereas there is a decrease for
CsgGay; (Figure 7b), nicely reflecting the Tr1—Trl bonding
character of the a; orbital filled for the former and the
Tr1—Trl antibonding character of the e orbitals filled for
the latter. The calculated gaps between the a; and e levels of
Table 2 suggest that the tendency to fill the e-type cluster level
progressively increases from Tl to In and Ga. Our calculat-
ions for the intermediate Kgln;; phase show that thisis indeed
the case, although it is only for CsgGa;; that the inversion has
occurred.
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The e vs a; cluster orbital occupation by the extra electron
is an essential difference which we believe is at the heart of the
different conductivity behavior of the CsgGa;; phase. By
populating the cluster e-type level, the phase is susceptible to
a structural instability of the Jahn—Teller type, destroying
the 3-fold symmetry axis of the clusters, which would affect
the whole structure through the many cluster—alkali-metal
bonding interactions. However, the system has a way to
avoid such instability without undergoing any structural
change just by restoring the “natural” filling of the cluster
levels, thatis, by filling the a; level at the expense of the e level.
It simply needs to reduce the interactions of the alkali-metal
atoms with the e- and a;-type cluster levels since in that way,
the cluster levels will not substantially spread in the solid and
will recover the a; below e level ordering of the isolated
cluster, thus avoiding in this way the structural instability by
localizing the extra electron on the cluster. The price to be
paid for this localization is that the electronic conduction
must now be activated. Note that according to this suggestion
in both the CsgTly; and the CsgGay; phases the a; cluster
orbital is filled with one electron, although in the former it
delocalizes whereas in the latter it remains localized in the
cluster. Consequently, the comparison between CsgTlj; to
CsgGay; can be seen as a kind of Mott localization process
induced by the need to avoid a structural instability of the
metallic phase in the latter. It is interesting to note that this
way to avoid the structural instability by localizing the
electrons related with the metallic behavior is, in some way,
reminiscent of the explanation for the origin of ferromagnet-
ism in bee-Fe put forward by Dronskowski et al.>' There, by
undergoing a spin polarization process decreasing the popul-
ation of Fe—Fe antibonding levels near the Fermi level of the
metallic state, the system may be stabilized without undergoing
any structural change. Thus, in both cases there is a purely
electronic mechanism avoiding the structural instability

(31) Landrum, G. A.; Dronskowski, R. Angew. Chem., Int. Ed. 1999, 38,
1389.
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which leaves the crystal structure unaltered but that has
strong consequences for the physical properties.

Concluding Remarks

As perceptively noted by Corbett et al.,>**!” the need
for extra alkali-metal atoms in phases like AgTr;; must
result from packing requirements. The beauty of the
AgTrq; phases lies in the fact that by adopting the peculiar
shape of the clusters that they do, the electron deficiency
with respect to Wade’s rules can be accommodated while,
at the same time, the extra electron with respect to its
optimum electron count does not introduce severe anti-
bonding interactions. Although this extra electron could
induce some structural instability depending on the nature
of the Tr atom, the system has at its disposal a purely
electronic mechanism to avoid it while changing the nature
of the electronic conductivity. There is certainly a very
subtle interplay of packing and bonding requirements at
work behind the structure and transport properties of
these quite unique phases.
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