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The electronic structure of inorganic solids such as Li,Ga and LisAl, containing infinite zigzag homoatomic chains
is discussed. It is shown that Li,Ga, a solid for which a Zintl-type electron-counting approach would suggest that
a half-filled sz-type band occurs as in trans-polyacetylene, is really a three-dimensional solid with strong covalent
interchain connections and small effective charge transfer. The zigzag chains do not play a dominant role as far
as the electronic structure near the Fermi level is concerned, and there is no reason for the occurrence of a Peierls
distortion despite the possible analogy with trans-polyacetylene. It is suggested that even assuming that a Zintl-
type approach is appropriate for electron counting purposes, the infinite zigzag chains in this compound and those
in trans-polyacetylene are not isolobal. The bonding in LisAl; and Li,Ga is very similar, and both phases are
predicted to be stable three-dimensional metals.

Introduction occupation of antibonding states and thus lead to a progres-
sive dismantling of this structure, as found for instance in
LisGas and LkGa,® where the crystal structure is build from
double and single layers, respectively. The most interesting
of these compounds is, however,,Ga whose crystal
structure contains isolated uniform zigzag chains of Ga
atoms®

Looking for analogies between the structure and properties
of organic and inorganic (or organometallic) systems has
been, and undoubtedly will remain, an extremely useful and
suggestive approach to predict, understand, and generate new
systems. However, the structure and properties are ultimately
dictated by the electronic structure so that only when there
is also a clear-cut relationship between the corresponding
electronic structures, as illustrated for instance by the isolobal

* Authors to whom correspondence should be addressed. E-mail: analogy? these relatlons.hlps can be. fully endorsed. PrObabl.y
alemany@qf.ub.es (P.A.); canadell@icmab.es (E.C.). 6 93402 1239 there is no modern solid-state series of lectures or book in
(P.A); +34 93 580 1853 (E.C.). Fax+34 93 402 1231 (P.A);  which the explanation of the Peierls distortion timns-
+3f8,31§,%2g§fd(5§¥ée|Ona_ polyacetylene, i.e., a dimerization, does not play a starring

*ICMAB (CSIC). role. The building of ther-type band structure based on the

(1) Zintl, E.; Brauer, GZ. Phys. Chem. B933 20, 245. * i >
(2) Kniep, R. InChemistry, Structure and Bonding of Zintl Phases and 7 and 7* orbitals of a G=C double bond leads to a

lons Kauzlarich, S., Ed.; VCH Publishers: New York, 1996; pp xvii transparent interpretation of the origin of this ubiquitous

LiGa! ranks among those solid-state compounds whose
preparation and structural characterization by Zintl and co-
workers in the early 1938ded to the development of one
of the more simple and useful concepts in solid-state
chemistry, that of Zintl phasésA more systematic inves-
tigation of the Li/Ga phase diagram was initiated in the 1970s
by Klemm, Stdwr, Schider, and co-workers, and compounds
such as LiGa, LisGa, and LbGa were characterized®
LiGa exhibits the NaTl structure, where the more electro-
negative Ga atoms form a three-dimensional network of
locally tetrahedrally coordinated atoms, something which is
rationalized formally assuming a full charge transfer. In-
creasing the Ga electron concentration should lead to

3 )éX);i'ae o E B Mier W. A ch nt. Ed. Enal phenomenon and, maybe more importantly, illustrates how
S 1573 {’2’ é@ﬁ?{‘;'_‘a””' - Ter, 1. Angew. &hem., nt- £ Ed- - what otherwise would be an abstract physical concept may
(4) Thimmel, R.; Klemm, WZ. Anorg. Allg. Chem197Q 376, 44—63. be understood in terms of well-known chemical concepts
(5) Mller, W.; Stthr, J.Z. Naturforsch., BL977, 32, 631-636.
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such as localization vs delocalization, metaietal bonding bonding froms antibonding bands. Our recent work on
in the transition metal related systems, etc. Thus, no chemistphases such assRis, '3 K3Bi,, % BaslnsBis,'* etc., has
becoming aware of the iGa structurecan avoid some sense  clearly shown that a meaningful discussion of aspects related
of surprise when realizing that despite formally having five to the actual degree of charge transfer in Zintl-type phases
electrons/Ga atom, and thus one electron/atom to fill the must be based on accurate first principles calculations. Both
m-type levels as irtranspolyacetylene, the Ga chains in  strong Coulomb interactions and uncertainty in the relative
Li,Ga do not exhibit any dimerization. Here we must point values of the parameters used in semiempirical calculations
out that all along this manuscript the tewiimerizationis for the alkali-metal and non-alkali-metal elements may
used in the sense that theM—M—M--+- zigzag chains are  seriously affect the degree of mixing of their orbitals, a
not strictly uniform. The difference in the two MM bond central issue here. In view of the prominent role played by
lengths can be large when the M atoms belong to the upperPeierls distortions in our understanding of the structure and
rows of the periodic table (i.e., the-C bonds intrans properties of solids, we believe the problem deserves further
polyacetylene which really correspond to single and double analysis on the basis of accurate first principles calculations.
bonds) but can be much smaller for heavier atoms as for Here we report the results of such a study on the basis of
instance Ga. the consideration of the iGa and LAl phases. Both phases

If we are trying to understand this observation, the obvious have been the subject of a previous first principles stady,
fact that in LiGa the uniform Ga chains are not really but the focus of this work is very different.
isolgted but embedded in.a “sea” of lithium atoms im-  computational Details
e o ot o 1L 1P clttons o a1 U e e
out using a numerical atomic orbitals density functional theory

connect the Ga chains so that they act as a kind of restoringprT) approaci® which has been recently developed and designed
force opposing the natural tendency toward dimerization of for efficient calculations in large systems and implemented in the
the Ga chairfsor (ii) because of the GaLi nonnegligible SIESTA codéel’-1¢ The use of atomic orbitals instead of plane
interactions the Ga chains are less electron rich than whenwaves greatly facilitates a chemical analysis of the results. We have
complete electron transfer is assumed and consequently theised the generalized gradient approximation to DFT and, in
m-type bands are not really half-filled, decreasing the particular, the functional of Perdew, Burke, and ErnzeM@nly
tendency toward dimerization. Once it is realized that solids the valence electrons are considered in the calculation, with the
such as L§Al,%, CaSh! or CrB-type phases such as CaSi core being replaced by norm-conserving scalar relativistic pseudo-
or CaGe!! in which the more electronegative atoms, despite POtentials’ factorized in the KleinmanBylander form?2 We have
formally r,1aving electron concentrations larger than IiG.a used a split-valence doublghasis set including polarization orbitals

il f I ” . hai h d for all atoms, as obtained with an energy shift of 100 ni&Vhe
still form analogous uniform zigzag chains, the secon integrals of the self-consistent terms of the Ket8ham Hamil-

explanation seems more likely. Miller has thoroughly (onian are obtained with the help of a regular real space grid in

examined this kind of.problems and made very perceptive which the electron density is projected. The grid spacing is
comments? However, it was found on the basis of semiem- determined by the maximum kinetic energy of the plane waves

pirical tight-binding calculations that in }&Ga the Fermilevel  that can be represented in that grid. In this work, we used a cutoff
exactly separates thebonding fromz* antibonding bands.  of 150 Ry. The Brillouin zone (BZ) was sampled using grids of
Consequently, the key question, i.e., why the Peierls distor- (10 x 10 x 10) and (6x 6 x 6) k-pointg* for Li.Ga and LAl

tion does not develop, still remains unanswered except if re_spectively. We have checked _that the results a_lre well converged
the Li—Ga interaction is strong enough to suppress the with respec’F to thg real space grid, the BZ sampling, and the range
distortion. Although it cannot be completely discarded that of the atomic orbitals.

these Li-Ga interactions are Coulombic in nature, it seems (13) (a) Rodiguez-Fortea, A.; Canadell, Exorg. Chem 2003 42, 2759~

that orbital mixing between the Li and Ga should provide a 2.7;6%5 (3)eﬁl$wgﬂy+§&§a£?dggh E&e?l???lgﬂgfj A';‘isg'éfl-o(\ﬁ) Sonou,
more reasonable mechanism against the distortion. But this

Chem. Eur. J2004 10, 3616-3621.
implicates only partial electronic transfer from Li which, at
least at first sight, seems difficult to reconcile with Miller’s
observation that the Fermi level exactly separatessthe
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C.; Amiell, J.; Delhaes, P.; Canadell, E.; Pouget, JPRys. Re. B (19) For reviews on applications of the SIESTA approach, see: (a) @rdejo

1995 52, 8747-8758). P.Phys. Status Solidi B0O0Q 217, 335-356. (b) Sachez-Portal, D.;
(9) Hansen, D. A.; Smith, J. Acta Crystallogr., Sect. B968 24, 913~ Ordejm, P.; Canadell, EStruct. Bonding2004 113 103-170.

(8) This kind of mechanism apparently compensates the tendency toward
a Peierls distortion in some inorganic (CauS,;: Canadell, E.;

918. (20) Perdew, J. P.; Burke, K.; Ernzerhof, Rhys. Re. Lett 1996 77,
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Figure 1. Crystal structure of LiGa, where the full and empty circles
refer to the Ga and Li atoms, respectively. (a) is a view of the approximately
hexagonal (LiGa) layers perpendicular & (b) and (c) are projections of
the structure along the and a directions, respectively. In (c) the atoms
belonging to different (LiGa) layers (i.e., those @ anda/2) are shown
with circles of different sizes. Distances are in A.

Alemany et al.

is to note that there are ({Ga) layers perpendicular to the

a direction (see Figure 1a) which can be described as being
approximately hexagonal lattices with one-third of the
positions being occupied by Ga atoms and two-thirds by Li
atoms. The unit cell of L.iGa contains two of these layers,
every layer being shifted bly/2 with respect to the adjacent
ones (see Figure 1b). Thus, successive gallium zigzag chains
alonga are separated by double rows of Li(2) atoms; in fact,
as it will be discussed below, these are better described as
uniform zigzag lithium chains along forming (GaLliy)
layers parallel to thea) planes (see Figure 1b). These layers
alternate along thé direction with layers of Li(1) atoms
forming a centered rectangular lattice. In such a way, every
Ga atom is surrounded by four Li(1) at 2.70 AZ%) and
2.86 A (x2) and two Li(2) at 2.77 A x2). Six additional

Li atoms at distances between 3.05 and 3.20 A are also found.
As shown in Figure 1a, two of the six G&i contacts
smaller than 3.0 A and two of the six contacts larger than
3.0 A occur within the (LiGa) layers. Several relatively short
Li—Li contacts, both within these layers (2.71 and 2.75 A)
and between them (2.72 A), must be noted. Except when
otherwise stated, the terms inter- and intralayer interactions
in the following discussion refer to these {Ga) layers.

To confirm the existence of regular chains inGa, we
optimized first the crystal structure without imposing con-
straints in the dimensions or symmetry of the cell. Since the
unit cell contains two gallium atoms/gallium chain, the kind
of distortion we are discussing, i.e., a dimerization, is
perfectly feasible. The optimized structure is found to be
orthorhombic & = 4.632,b = 9.693,¢c = 4.453 A) and

Qualitative aspects of the electronic structure were analyzed usingcontains uniform gallium chains with Gaa distances of
semiempirical tight-binding band structure calculations based upon 2.68 A and Ga-Ga—Ga angles of 1123 which are very

the effective one-electron Hamiltonian of the extendedchel
method?%@ The off-diagonal matrix elements of the Hamiltonian
were calculated according to the modified Wolfsbekelmholz
formula2®® Single< Slater-type orbitals were used in all cases. The
exponent®¥2 and ionization potentia#8® used were 1.770 and
—13.216 eV for Ga 4s, 1.550 ant6.049 eV for Ga 4p, 1.167 and
—11.794 eV for Al 3s, 1.167 and5.976 eV for Al 3p, 1.625 and
—19.654 eV for C 2s, 1.165 and11.129 eV for C 2p, and 1.30
and—12.565 eV for H 1s.

Results and Discussion

Crystal Structure and Absence of a Peierls Distortion
The crystal structure of kGa is shown in Figure 1. There
are planar uniform zigzag chains of gallium atoms along the
c direction and contained in thé@ plane. Thus, in the
following the & system of these chains will be considered
to be built from the porbitals. The GaGa distance within
these chains is 2.62 A, and the €@a—Ga angle, 112%
The Ga-Ga distance is shorter that the typical-Gaa single
bond distance found in LiGa (2.69 A) or in4Ga (2.67
A). The more simple way to describe the structure ofia

(25) (a) Whangbo, M.-H.; Hoffmann, Rl. Am. Chem Socl978 100,
6093-6098. (b) Ammeter, J. H.; Bgi, H.-B.; Thibeault, J.; Hoffmann,
R.J. Am. Chem S0d978 100, 3686-3692.

(26) (a) Alvarez, STable of Parameters for Extended ¢kel Calculations
Barcelona, Spain, 1987. (b) Vela, A.; @pez, J. LJ. Phys. Chem.
1988 92, 5688-5693.

376 Inorganic Chemistry, Vol. 44, No. 2, 2005

similar to the experimental values. Thus, our calculations
confirm that there is no tendency toward a dimerization in
this phase.

Nature of the Gallium—Lithium Interactions and
Actual Charge Transfer. Every zigzag gallium chain must
lead to four filledo-type bands, two mostly associated with
the 0 Ga—Ga bonding levels and two with mostly Ga?sp
like lone pairs, and a pair of-type bands. The four lower
o bands and the lowet one are those which by analogy
with transpolyacetylene should be filled assuming complete
charge transfer from the lithium atoms. Since there are two
zigzag chains/unit cell of the solid, the lower bands in the
band structure of LiGa are expected to be a set of eight
o-type bands originating from bonding or nonbonding
levels of the zigzag gallium chains and two pairstdfands.
Even in such a naive description, some lithium character is
of course expected to be found in these lower bands. The
degree of mixing among the bands of the gallium zigzag
chains and those associated with the lithium atoms is what
makes more or less appropriate the use of a Zintl-type scheme
to approach the electronic structure of the phase. The
calculated band structure along the three main directions of
reciprocal space is shown in Figure 2, where the two pairs
of bands which originate mostly from thesystem of the
Ga chains have been highlighted along theZ direction
(i.e., thec* direction). Note a quite strongly avoided crossing
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Figure 3. Calculated density of states forj3a. The total contribution
of the gallium orbitals and those of the galliungs) are also shown.

—0.187 for Li(1), and—0.054 for Li(2). Even bearing in
mind the possible shortcuts of the Mulliken analysis, these
— — figures are quite clear in showing a very important mixing

9= Y of the lithium and gallium orbitals. The calculated overlap

) e :i(b J T . : r he hori | dashed populations are also quite informative. That for -Gaa
Er']%“rr:fgks t%atﬁ;‘ aed invefgr‘gﬂrﬁoyogf%iy:e(rfé,%’ 8;:\2(03?0, 1 bonds is large, 0.188, and some of those associated with the
0), andzZ = (0, 0, 1/2) in units of the orthorhombic reciprocal lattice vectors. Li—Li interactions are far from negligible, 0.045, 0.039,
The four bands corresponding to thesystem of the Ga chains have been (0,037, and 0.034. The first and third of these contributions
ggshgggtfgﬂ',g.ther_z direction, with an avoided crossing indicated by & 5.0 5550ciated with the intralayer contacts of 2.75 and 2.71
A, respectively, whereas the second and fourth are associated
between the upper of these bands nZaand a mainly with the interlayer contacts of 2.72 and 3.16 A, respectively.
lithium-based band with the same symmetry. As a matter of This very clearly shows the existence of a 3D network of
fact, at around 1 eV above the Fermi level several mostly Li—Li interactions. Alternatively, it can be noted that the
lithium-based bands appear and mix strongly with the upper overlap populations of 0.045 are associated with the uniform
part of the set of above-mentioned bands which originate zigzag chains of Li(2)Li(2) interactions along thec
from the twoxr bands and the four lower bands of the direction and those of 0.034 with the Li(1) atoms of the
uniform zigzag gallium chains. Although the bands based centered rectangular lattice. Those of 0.039 and 0.037
on the z levels of the gallium chains can be clearly interconnect these two systems leading to the 3D network.
recognized despite the mixing with lithium orbitals, this is Let us emphasize that the lithium participation in the filled
quite difficult for theo bands. Except for the lower two pairs levels really comes from orbital mixings with gallium orbitals
of bands, with strong contributions of the gallium s orbitals, and not from the existence of mostly lithium bands which
even for the three symmetry lines shown in Figure 2 it is dip below the Fermi level. This is at the origin of the many
difficult to clearly say if several of the bands are mostly positive Ga-Li overlap populations. In fact all Galli
gallium based. Of course, within most of the Brillouin zone, contacts shorter than 3.25 A are associated with positive
where theo andr bands can mix, it is not easy to follow overlap populations. Those associated with the-Gél)
the so-calledr bands. Thus, on the basis of the analysis of contacts of 2.70, 2.86, and 3.05 A are 0.127, 0.086, and
the nature of the bands plotted in Figure 2, it must be 0.048, respectively, whereas those associated with the Ga
concluded that the mixing of the lithium levels into the Li(2) contacts of 2.77, 3.16, and 3.20 A are 0.097, 0.043,
occupied bands is considerably more heavy than expectedand 0.038, respectively. The somewhat smaller overlap
from the simple nate approach and thus that there are strong populations with the Li(2) atoms harmonize with the smaller
Ga—Li interactions in LpGa. electron density associated with these atoms. Thus, on the
The extent of these galliumithium interactions is more  basis of these results, we can conclude thaGhimust be

simply seen on the density of states plot of Figure 3. The considered as a tight 3D network in which the gallium chains
calculated DOS is overall in good agreement with the are strongly connected through Glai and Li—Li bonding
previous calculations based on a different approach (i.e., theinteractions. Consequently, there should be a strong restoring
linear muffin tin orbitals (LMTO) method}? The lithium force opposing the possible distortion of the gallium chains.
contribution is important everywhere. (Let us remind that The question is now: are the gallium chains really
in DFT approaches using localized basis sets as the presensusceptible to such a distortion? If the answer is yes, then
one the total DOS is simply the addition of those of the we must consider what kind of distortion. Let us remind that
different atomic contributions. Thus, the lithium contribution the calculated charge transfer is very different from the
in Figure 3 is just the difference between the total and gallium expected one on the basis of the simple reasoning. Thus, it
contributions shown.) Even in the region dominated by the seems unlikely that there are two electrons inthgystem
Ga s orbitals (from—8 to —3 eV), almost one-third of the  associated with the gallium chains and a dimerization may
DOS comes from lithium orbitals. This participation is larger not be favorable. Here we should be aware, however, of the
above this region, and at the Fermi level it is practically 40%. difference between the real and formal electronic distribution,
In fact, the calculated Mulliken charges at€.241 for Ga, i.e., the difference between the real charge and oxidation

Inorganic Chemistry, Vol. 44, No. 2, 2005 377



Alemany et al.

state of an atom. The real question we must ask is: are there
really gallium based one-dimensional features in the DOS
near the Fermi level of this phase, whatever their actual
gallium—lithium percentage contribution is?

Remember that tha system of tharans{polyacetylene
zigzag chain like that of the gallium chains in,Ga is just
a folded one-dimensional band so that it should appear in
the DOS as a single one-dimensional contribution. In other
words, even if strongly connected, do the gallium zigzag
chains show up in the electronic structure near the Fermi
level? After all one-dimensional electronic features in
structurally two- or three-dimensional solids do exist and
have strong consequences for their physical behavior in
phases such as the purple bronzes, monophosphate tungsten
bronzes, eté’28 A one-dimensional feature occurs in the r 7 T 7
DOS with a very characteristic shape, i.e., a double-peakedgigyre 4. calculated extended kel band structures for the uniform
contribution with maxima at the borders and a minimum near zigzag chains of (ajranspolyacetylene (E€C, 1.40 A; G-C—C, 120)
the middle (). In contrast, two- and three-dimensional and (b) gallium as in liGa. The dashed line refers to the Fermi level which

. in (b) corresponds to (Ga)e.

features tend to be more spread out and have maxima around’

the middle?® These one-dimensional features can be easily ¢q¢ the possibility of a Peierls distortion, whose nature will

seen in the DOS even if there is quite extensive orbital yenend on the number of electrons in the chain, remains.
mixing between the more and the less electronegative rpe question we should examine now is if there is some

elements and several bands overlap, as for instance injyyingic difference between theranspolyacetylene and

-204]

25
2164

KsBi,.132

Energy
Energy
o

k DOS
When we look at the galliume-type contribution to the
DOS in Figure 3, it is very clear that it is very spread and
tends to peak around the middle of the broad contribution.

Thus, the pgallium orbitals apparently do not give rise to
a one-dimensional contribution to the electronic structure of
Li,Ga. In other words, from the electronic viewpoint, the

crystal structure does not contain chains. Consequently, ther

are no partially filled one-dimensional bands and there is
no driving force for any kind of Peierls distortion within the
gallium chains, in good agreement with the uniform chains
found in the experimental structure.

Are Zigzag One-Dimensional Chains of Main Group
Atoms with Five Electrons/Atom and Those oftrans-
Polyacetylene Equivalent?The end point of the previous

discussion is that although it may be appealling to consider

Li,Ga as containing infinite zigzag gallium chains immersed
in a sea of lithium atoms, strong G&i and Li—Li
interactions make it really a three-dimensional solid from
the electronic point of view. At this point the question of
why there is not a Peierls distortion becomes irrelevant.
However, does that mean that infinite gallium zigzag chains
in any solid must lose their identity? Of course not. In that

(27) Whangbo, M.-H.; Canadell, E.; Foury, P.; Pouget, Bdencel99],
252, 96-98.
(28) Canadell, E.; Whangbo, M.-iChem. Re. 1991, 91, 965-1034.
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zigzag gallium (or in general, any main group atom) chains
with the same formal number of electrons (i.e., five electrons/
atom). For this purpose, let us just consider a single gallium
chain completely isolated from the rest of the solid and in
the absence of any Coulomb field. To highlight the relation-
ship between the nature of the topology and electronic
structure, let us just consider a simple tight-binding extended-
Huckel band structure (i.e., a calculation in which the actual
filling of the bands does not modify the band structure itself).

The calculated band structures for unifotrans-poly-
acetylene and gallium zigzag chains are shown in Figure 4a,b,
respectively (note the different energy scales in these figures).
The high-lying antibonding* bands (i.e., th&* cc ando* cy
of trans-polyacetylene ana*gaca Of the zigzag gallium
chain) are not shown in these figures. We assume that the
chains run along the direction and stay in theyg) plane.

he lower pair of bands originate from the s orbitals of
gallium (which mix in p contributions to better describe the
Ga—Ga bonding) and the two next pairs of bands originate
from the p and g orbitals, respectively. Here, as well as in
trans{polyacetylene, the two bands can cross because they
are of different symmetry with respect to the)(plane. The
p«-type bands, i.e., the-type ones, are highlighted in Figure
4. The band structure ofranspolyacetylene has been
discussed in detail many times. We refer the reader to ref
29 for a very detailed, chemically oriented, discussion of
the nature of the different bands. The important feature for
the problem at hand is that in Figure 4b theapd g bands
are not very different in energy and thus, since there is a
total of six electrons to fill them, both are partially filled. In
contrast, the two bands are clearly separatedrams-
polyacetylene (Figure 4a) so that only the uppdype band

(29) Hoffmann, R.; Janiak, C.; Kollmar, QVlacromoleculesl991, 24,
3725-3746.
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is empty. This leaves the band orbitals at the Fermi level

(i.e., the out of phase combinations of the(2a) and =*
(2b) orbitals) half-filled and provides the driving force for
the Peierls distortion. The similarity in the two pairs of bands

and as a consequence the fact that the two upper bands are
partially filled does not depend on the actual values of the

Ga—Ga distance or the G&Ga—Ga angle as far as they are
reasonable. Of course, a dimerization opens a gapasid
stabilizes the system in the case wanspolyacetylene

because the Fermi level lies just where the gap opens. In

the case of the gallium chain the opening of a gap dbes

not stabilize the system because both the states lowered and

raised are filled.

I
\

The kind of Peierls distortion which can occur in a one-
dimensional system with partially filled bands can be
understood by analogy with the situationtianspolyacety-
lene. If the size of the unit cell becomagimes larger, the
Brillouin zone becomes times smaller and the original band
structure must be folded into the new smaller Brillouin zone
to contain exactly the same information. For a one-
dimensional 1 filled band, if the unit cell is takep times
larger, the Brillouin zone will b times smaller. The Fermi
level will thus occur at the border of the new Brillouin zone
so that a distortion which increaspsimes the unit cell will

2b

Energy

k

a distortion which leads to a unit cell which is k{Zimes
larger should open a gap simultaneously in both bands. For
instance, ifk; is 1/8, therk, must be 3/8 and, consequently,

a tetramerization must open a gap for both bands.
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open a gap at the Fermi level exactly for the same reason as It is obvious that the kind of distortion appropriate for a

in trans{polyacetylene. Thus, it is the filling of the band what
determines the new periodicity, i.e., the structural distortion.
More formally, the repeat unit after the distortion is K/2
times larger than the initial one, whekeis the Fermi wave
vector (in units of the associated reciprocal vector). For
instance, for a half-filled one-dimensional batkd= 0.25
and 1/%; = 2 so that the system will dimerize.

For the band structure of Figure 4b there are two Fermi
wave vectorsk; andk; (3), associated with the lower and
upper partially filled bands, respectively. Although in
principle it can be thought that a different kind of distortion

one-dimensional zigzag chain of this type will be in general
incommensurate; i.e., 2 will not be an integer so that
the new lattice will not be commensurate with the original
one. The driving force for a structural modulation or Peierls
distortion is weaker for incommensurate distortiétigo this
intrinsic weakness one must take into account that in real
solids, even in very favorable situations, the one-dimensional
character will be somewhat disturbed by some kind of
interchain interaction. This will lead to some warping of the
otherwise planar Fermi surface for the ideal one-dimensional
systemd® and will even decrease the driving force for the

must be associated with each of the two bands, it is easy todistortion. In practice, the tendency to undergo the incom-

show that a single distortion will suffice to open gaps in

both of the bands at the Fermi level. Since every level can

be filled with two electrons, 2(3) is the number of holes/
unit cell associated with the lower band and 2(2[#/X;])

= 2(1 — 2ky) is the number of electrons associated with the
upper band. Since there are two electrons to fill the two

mensutate modulation will be very small.

The difference between the two band structures of Figure
4 is very simple to understand. Let us assume that the gallium
(or in general any main group atom) chain, with two atoms/
repeat unit, is linear. In that case the cylindrical symmetry
makes the pand g orbitals completely equivalent and the

bands, this means that the number of holes in one band musgorresponding pairs of bands degenerate. Lowering the

be equal to the number of electrons in the other band, i.e.
2k; = 1 — 2k,. Thus, as schematically shown 4n where
two different representations of the Brillouin zone are given,

(30) Whangbo, M.-H. InCrystal Chemistry and Properties of Materials
with Quasi-One-Dimensional StructureRouxel, J., Ed.; Reidel
Publ.: Dordrecht, The Netherlands, 1986; pp-3B5.
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symmetry toward a zigzag chain makes the two pairs of
bands different (by decreasing thg—p, overlap while
keeping the p—p, and allowing the mixing of pwith the s
and p orbitals), but they keep a strong memory of their initial

)
DA AN
equivalence. The orientation of the pnd p orbital is :; @ U [
A~/
)

however completely different. If some atom or group of
atoms having & orbital higher in energy than the prbital
approaches the main group atoms alongytitirection, as
for instance the hydrogen atomstimanspolyacetylene, the j
px band will remain unaltered whereas thanill be lowered.
In that way the pair of pbased bands become completely
filled whereas only the lower one of the pair of bands
can be filled and the driving force for a dimerization of the
zigzag chain occurs.
In summary, the additional ligand to locally create three
o bonds/atom is necessary to leave all thés, p, and p)
bands completely filled and the(py) bands half-filled. The
observation that a zigzag chain of gallium atoms must have
both the p- and p-based bands partially filled is general
for any main group atom as the above qualitative argument
and extended-Huckel calculations show. Consequently, even
if the interchain interactions could be reduced so that the 0.1 b*
main group metal atom zigzag chains would keep their rigure 5. Calculated Fermi surface for iGa shown as different sections
identity in the solid, it is not expected that they will exhibit perpentii_cular to tEE—Y_direction (i.e.b*) of the Brglogin zsgre:_ (fz% 0-15/*2;
a dimerization as ranspolyacetylene, simply because ($,0% 00 YT (0, 12 0.0 (42 12 0) and =0 72
although both chains are structurally related, they are too
different from the electronic viewpoint. These contributions are associated withhtype bands of
Dimensionality and Fermi surface As shown in the band  the gallium chains. The very strong warping indicates a
structure of Figure 2, the Fermi level cuts several dispersive strong coupling along tha direction. In addition there is a
bands so that the system is predicted to be metallic. For apair of closed contributions which are associated with the
system with partially filled bands the Fermi surféce o-type levels of gallium. When sections for smaller values
separates the regions of the Brillouin zone which are of the k, component are considered, the two identical
associated with filled levels from those which are associated components separate progressively and interact and for very
with empty levels. Since the carriers of metallic systems are small values new contributions appear. As a whole, the Fermi
those electrons at the Fermi level, the Fermi surface containssurface is very complex, typical of a three-dimensional metal
much information concerning the conductivity of the system. and without large parts which can be superposed with others
However, as discussed in the previous section for the purely(i.e., nested). Thus, kGa is predicted to be a stable three-
one-dimensional case, the Fermi surface is also importantdimensional metal. Some memory of a strongly perturbed
in explaining the origin of electronic instabilities of systems one-dimensional behavior associated with the gallium chains
with partially filled bands, like the Peierls distortion. Some is detected, but it is so strongly perturbed that it is not
sections of the calculated Fermi surface ofda are shown  relevant for the physics (i.e., three-dimensional conducting
in Figure 5. If the conductivity had been dominated by properties) nor the structural properties (i.e., absence of a
partially filled bands of the gallium chains, the Fermi surface structural modulation along the zigzag chains direction).
would had been one or several pairs of more or less warped LigAl4, a Solid in Which the Zigzag Chains Are More
planes perpendicular to the chains direction, i.e., the Spaced As shown in Figure 6a, bAl, contains zigzag
direction, the warping being proportional to the strength of uniform chains of aluminum atoms along thelirection?
the interchain interaction. The calculated Fermi surface is These chains are more far apart from each other than in
however quite complex and different but contains valuable Li,Ga, and thus, if the interactions with the Li atoms were
information concerning the problem at hand. not as strong as in that phase, there could be some chance
Let us consider first the section fé&y = 0.5. Because of  for them to keep their identity in the solid. Here the formal
the nonsymmorphic symmetry elements, all band levels arenumber of electrons/aluminum atom assuming a complete
doubly degenerate in this plane of reciprocal space (see forcharge transfer is however somewhat higher, 5.25. As
instance the bands at thépoint in Figure 2) so that the discussed by Miler and Stdir> the packing in LiGa is
corresponding section is really the superposition of two strongly related with that in LAl but also with that in the
identical ones. Using an extended zone scheme, this sectiorLiGa phase.
can be described as containing pairs of very warped lines Our first principles calculations for this phase led to a very
running along the borders of the Brillouin zone perpendicular similar picture of the electronic structure for theGa and
to the direction of the gallium chains (i.e., thalirection). LigAl, phases. The DOS of Figure 6b is overall in good
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Figure 6. (a) Crystal structure of lgAl4, where the full and empty circles
refer to the Al and Li atoms, respectively. (b) Calculated density of states
for LigAl4. The total contribution of the aluminum orbitals is also shown.

agreement with the previous full-potential linearized aug-
mented plane wave (FLAPW) resulfsAs shown in Figure
6b, there is again a very strong mixing of the lithium orbitals
into the filled levels, the mixing being even larger than in
Li,Ga, simply because of the larger proportion of lithium
atoms. The calculated Mulliken charges for the two different
Al atoms aret0.377 andt-0.397 whereas those for the five
different Li atoms are-0.095,—0.099,—0.152,—0.207, and

—0.258. The calculated overlap populations are also of the

same order as those in,da. The calculated tight-binding
band structure for the isolated aluminum chain is practically
identical with that of Figure 4b. Although we will not
comment in any detail, the study of the Mulliken analysis,
DOS and Fermi surface shows that in this phase there is
three-dimensional network of AlLi, Li—Li, and Al—Al

a

considered as a building block dominating the electronic
structure near the Fermi level, as found for the gallium chains
in Li,Ga.

Conclusion

The electronic structure of kGa and LAl 4, two phases
which are closely related in terms of packing and contain
uniform zigzag chains of gallium and aluminiun, respectively,
have been studied on the basis of first principles DFT
calculations. It is clear that in both phases there is a three-
dimensional network of MM, M —Li, and Li—Li (M = Ga,

Al) bonding interactions, within which the zigzag chains do
not play a dominant role as far as the electronic structure
near the Fermi level is concerned. In addition, it is found
that from the electronic structure perspective the zigzag
chains of group 13 metal atoms are fundamentally different
from that oftrans{polyacetylene in that two orbitals lead to
partially filled bands in the first case but only one in the
second. In other words, the zigzag chains of doubly charged
group 13 metal atoms and that wanspolyacetylene are
not isolobal’ Even though it is appealing, the analogy
between the appropriately charged zigzag chains of main
group atoms in solids and that of the prototypitans-
polyacetylene lacks any basis from the electronic structure
viewpoint. Both LiGa and LAl , are predicted to be stable
three-dimensional metallic conductors. The electron transfer
in these phases is found to be very different from that
suggested by the traditional Zintl approach, a fact whose
consequences in related phases deserves further study.
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