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Since the discovery of a quasicrystalline structure in the
Mn - Al system,['l the complete structural characterization of
a quasicrystal remains an active and vital segment of
quasicrystal research. This problem entails finding both the
positional coordinates of the atomic network as well as how
the network is decorated by the constituent elements. Most
quasicrystalline phases involve ternary and quaternary com-
positions, which create complex structural problems to solve,
and also appear to exist for two different regimes: icosahedral
and dodecahedral systems.”) Many strategies to solve these
structures utilize related crystalline phases, called approxim-
ants, to provide models of atomic arrangements that may exist
in the quasicrystal itself.?] An important class of approximants
for icosahedral quasicrystals is the Bergman-phase struc-
ture,!! which occurs for numerous A-M-X (s—p-d) mate-
rials (A =Li, Mg; M =Cu, Zn; X = Al). Our own investiga-
tions have included detailed experimental and theoretical
studies of the structure, phase width, and site preferences for
Bergman phases in the Li-Mg-Zn-Al system.F71 Herein we
report a new compound discovered during this systematic
investigation, Li;,MgsZn; Al;, whose structure contains a
pseudo-pentagonal unit that could be considered as a possible
model of decagonal quasicrystalline structures.

Li;(Mg¢Zn3 Al; crystallizes in the space group Cmcm, with
five independent positions (Al-AS5) for Li/Mg atoms and
eight positions (M1-M8) for Zn/Al atoms (Figure 1).® The
Zn/Al atoms form a three-dimensional (3D) network of
truncated tetrahedra (one of the Friauf polyhedra) along with
two other polyhedra with 12 and 14 vertices that resemble two
different ways to fuse an icosahedron and a truncated
tetrahedron. All of these polyhedra encapsulate Li/Mg atoms.
The shortest M—M distances range between 2.42 and 2.85 A.
Most of the M sites are 100 % Zn; only the M6 and MS sites
refine as a mixture of Zn and Al atoms (site occupancies are:
M6=0.93(1)Zn + 0.07Al; M8=0.39(1)Zn + 0.61Al). As
evident in Figure 1 and emphasized in Figure 2, the important
structural kernel is a pseudo-pentagonal unit formed by a ring
of five truncated tetrahedra, each sharing two hexagonal faces
with adjacent polyhedra (shaded dark gray in Figure 1 and 2).
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Figure 1. a) The three-dimensional structure of Li;\MgsZn; Al; projected
along [100]; black: A1- A3 sites; white: A4, A5 sites; gray: M1 - MS sites;
b) projection along [100] emphasizing sheets of two different ribbons of
edge-sharing Friauf polyhedra running along [001].

Figure 2. The pseudo-pentagonal motif of shared truncated tetrahedra
(dark gray) plus coordination polyhedra around A4 (medium gray) and AS
sites (light gray). A sites and mixed-metal M sites are labeled; sites with no
labels are Zn.

This condensation of truncated tetrahedra creates two
pentagonal pyramids of Zn/Al atoms (M—M distances range
between 2.64 and 2.68 A) connected by a short distance
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(2.42 A) between apical atoms. The A1—A3 sites (Figure 2)
coordinated by the truncated tetrahedra involve different
mixtures of Li and Mg atoms (site occupancies: Al=
0.48(2)Li + 0.52Mg; A2=0.38(2)Li + 0.62Mg; A3=
0.24(2)Li + 0.76Mg). The next shell of polyhedra for this
motif consists of two Li-centered (A5)M,, (light gray) and
three Li-centered (A4)M,, cages (medium gray). These
pseudo-pentagonal units form zigzag chains along the ¢
direction by sharing two 14-vertex cages and the M8-MS
edges (2.63 A) that connect them (see Figure 1b). The
resulting chains are stitched together in the b direction to
form layers by sharing hexagonal faces of the Li-centered
(AS5)M;, cages, which also creates chains of these polyhedra
along the ¢ direction (note: there is a short Li—Li distance of
2.86(5) A through the shared hexagonal face. This distance
lies between the covalent diameter, 2.46 A, and van der Waals
diameter, 3.10 A of Li). The subsequent layers in the bc plane
(emphasized in Figure 1) are stacked along the a axis with a
shift of b/2 from one layer to the next. Therefore, the ribbons
of pseudo-pentagonal units alternate with the zigzag chains of
LiM,, cages in each layer.

The site symmetry of the pseudo-pentagonal unit in
Lij\Mg¢Zn; Al; is C,, with pseudo-fivefold symmetry along
the a axis at the M4 sites. The deviations from pentagonal
symmetry are slight: all M—M distances and M-M-M angles in
the bases of the pentagonal pyramids are 2.67(2) A and
108.0(5)°, respectively; all A—A distances and A-A-A angles
between the truncated tetrahedra are 3.22(2) A and 108.0(4)°,
respectively. A similar pseudo-pentagonal construct is found
in the icosahedral approximants, the Bergman phases
Li; Mg, o(Zn,Al,_,)s, (0.36 <x <0.73),1°1 with a site symmetry
C,, but these motifs are fused to form the 84-atom Samson
cluster, and show substantial deviations from pentagonal
symmetry: in the bases of the pentagonal pyramids, three
M-M distances are 2.65(1) A, while two are 2.80(1) A. The
truncated tetrahedra encapsulate slightly different mixtures of
Li and Mg atoms, which may influence the observed metrics:
among the five A sites, in Li;;MgsZn;; Al; there are 2 x 48(2),
2x38(2). and 1x24(2)% Li; whereas in the quaternary
Bergman phases there are 2 x 75(2) and 3 x 34(2) % Li.[

Tight-binding, linear muffin-tin orbital atomic sphere
approximation (TB-LMTO-ASA) calculations were per-
formed on “Li;oMgsZn;,Al,” as a model for the observed
structure to understand the composition and bonding charac-
teristics of LijgMgeZn; Al;.[' 121 The total density of states
(DOS) curve (Figure 3) shows no band gap at the Fermi level
(Er=—1.7eV) at the valence electron count per atom (vec)
of 1.86 e~ per atom for Li;(Mg¢Zny Al;. In fact, it lies just
below a distinct minimum in the DOS curve. The crystal
orbital Hamilton population (COHP) curves for M—M, M—A,
and A—A interactions indicate that none of their orbital
populations (i.e., bond orders) are optimized at 1.86 e~ per
atom.'] The COHP for all M—M contacts is optimized at
vec=1.96 e~ per atom (Figure 3), which locates the minimum
in the DOS curve and corresponds to the possible composi-
tions Lij, Mg, Zns, ,Al, (x + y=14). The M—A COHP
optimizes at an even higher vec value of 2.11 e~ per atom.
Attempts to synthesize “Li;(MgqZn,Als” (vec=1.96 e~ per
atom) produced the Bergman phase structure: x=0.71 for
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Figure 3. TB-LMTO-ASA DOS and COHP curves for Li;;Mg¢Zn;,Al,.
The contribution from M (Zn, Al) valence s and p orbitals is shaded. The
solid line at —1.7 eV denotes the Fermi energy for the observed vec=
1.86 e~ per atom; the two dashed lines at — 1.2 and —0.4 eV, respectively,
are Fermi levels for optimized M—M (vec =1.96 e~ per atom) and M—A
(vec=2.11 e~ per atom) contacts.

Li;sMg,o(Zn,Al,_,)ss. The overall compositions of these two
phases, Li\Mg¢Zn;Al;=A M3, and the Bergman phases
LijMg,o(Zn, Al )5 = AyMsy =~ AgM3;, are very similar.
Since the Li-Mg-Zn-Al Bergman phases are observed for a
vec value in the range 2.00-2.28 ¢~ per atom,” this new
quaternary compound prefers to form at lower vec values, that
is Zn-rich compositions, when compared to the Bergman
phases. Although the TB-LMTO-ASA calculations identify
that M—M and M—A interactions are strongest at low vec
values, further analysis of interatomic potentials may be
needed to elucidate the driving forces for forming this
structure.

To understand the elemental site preferences in this
intermetallic phase, extended Hiickel calculations were
performed on a model of Li;\Mg¢Zn;; Al; in which all atomic
sites were given the same atomic potential.l'* 5] The site
preferences for the different elements among the crystallo-
graphic sites are compared by their relative Mulliken
populations (Figure 4). This method involves placing the
same atomic potential at each site and calculating the
Mulliken populations relative to the average value for a
range of electron counts. It has proved to be very useful in the
characterization of site preferences between electropositive
and electronegative elements in intermetallic systems such as
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Figure 4. Relative Mulliken populations (x) of the A1-AS and M1-M8
sites versus the vec range from 1.75 to 2.25 e~ per atom. The two solid lines
indicate the observed vec (1.86 e~ per atom) and vec for optimized bonding
for M—M and M—A contacts together (2.2 e~ per atom; COHPy,x). The
optimum vec for the Li-Mg-Zn-Al R-phases is shown as a dotted line.
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the Bergman phases, ternary a-Mn structures, and complex
Ca-Li-Al systems.[>” 161 The computational result indicates
that all A sites are positively polarized and all M sites are
negatively polarized for the vec range between 1.8 and 2.2 e~
per atom, which are consistent with the relative electro-
negativities between Li/Mg and Zn/AlL

The pseudo-pentagonal units in the new intermetallic phase
Lij¢\Mg¢Zn; Al; link together to form layers rather than
icosahedral-like cages as in the Bergman phases (Figure 5).
If we attempt to build layered models with this building block
using the principle of self-similarity to form a framework for a

by o

Figure 5. Two observed ways of condensing five face-sharing truncated
tetrahedra: a) into ribbons as seen in Li;Mg¢Zn; Al;; and b) into cages as
seen in the Bergman phases found in Li-Mg-Zn-Al systems.>7] The
truncated tetrahedra are shaded light gray and the pentagonal pyramids
created by the condensation of these polyhedra are shaded dark gray.

decagonal quasicrystalline phase,['”! two aspects of structural
frustration arise: 1) too short M—M distances in polyhedra
surrounding A sites; and 2) large void spaces. Nevertheless,
the occurrence of five face-sharing truncated tetrahedra in
both Bergman-type crystalline approximants as well as the
structure of LiMg¢Zn; Al; identifies this motif as an
important kernel from which to build models of decagonal
and icosahedral quasicrystalline structures.

Experimental Section

Li¢\Mg¢Zn; Al; was first obtained from a reaction of the elements in the
molar ratio Li:Mg:Zn:Al=32:20:85:23 to study Bergman-type com-
pounds. The reactants were heated in a sealed Ta tube under dynamic
vacuum (ca. 10~*atm) at 1070 K for 2 days, then cooled to room temper-
ature in the furnace. The product contained a mixture of the title compound
(major), MgZn, (minor), and a trace amount of Al. The characteristic
silvery rods of Li¢MgsZn; Al; could be manually separated from the
product. Single-phase Li;;MgsZn3; Al; (>90% according to Guinier X-ray
powder diffraction) could be synthesized by mixing the elements in the
molar ratio, 10:6:30.75 £ 0.25:3.25 £ 0.25 using the same reaction condi-
tions mentioned above. Several reactions at different (Li/Mg) and (Zn/Al)
ratios were performed to study the phase width (Li:Mg:Zn:Al=-
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10:6:14:20, 10:6:20:14, 10:6:30.5:3.5, 10:6:31:3, and 10:6:34:0). The title
phase only occurred for the initial mixture, Li:Mg:Zn:Al=10:6:31:3. The
other reactions yielded mixtures of elements, MgZn,, a Bergman phase,
and the title compound, depending on the relative compositions of
Li:Mg:Zn:Al. The product is stable in the air for at least two weeks, but
decomposes readily in 0.1m HNOs(aq). Single crystals suitable for X-ray
diffraction analysis were selected from crushed products. At least two
independent single-crystal data sets were collected for each sample.
Further details on the crystal structure investigation may be obtained from
the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldsha-
fen, Germany (fax: (+49)7247-808-666; e-mail: crysdata@fiz-karlsruhe.
de), on quoting the depository number CSD-411919.
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