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Experimental and Theoretical Studies of Elemental Site Preferences in Quasicrystalline
Approximants (R-Phases) within the Li-Mg—2Zn—Al System
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A series of ternary and quaternary R-phase compounds in thklgi-Zn—Al system are synthesized from pure
elements in sealed Ta tubes with starting compositions based on the suggestions from electronic structure
calculations using relative Mulliken populations to quantify the site preferences for the various elements. Single-
crystal structural analyses reveal new R-phase compounds with various Li/Mg and Zn/Al ratios. The space group
of all compounds ism3 (No. 204). Five quaternary phases{biaMdo.s32ZM.230Al 21401y (1), @ = 14.073(3) A;
Li1.00Mdo.63aZM 421l 1.961) (2), @ = 14.088(3) A; Li.o11M0o 62121310l 2.061) (3), @ = 14.096(5) A; Li 031y
Mdo.s0aZNi.783Al L5a3) (4), @ = 13.993(5) A; Lb7sM0o.sseZN2.a7aAl0.04) (5), @ = 13.933(2) A] and four

ternary compounds [kisaZNo.s1wAl 2.56(1)(6), @ = 14.135(3) A; Li 63ZN1 420l 1.05(1)(7), @ = 13.966(5) A; Li ez

Zn1_59(1)AI 1.78(1) (8), a= 13947(2) A; and I_1i_53Zn1_77(1AI1,60(1) (9), a= 13933(4) A] are identified. The crystal
structure exhibits an Al/Zn (M sites) network constructed from Mosahedra and B4 buckyball-type clusters.

Li/Mg atoms (A sites) fill cavities within the Al/Zn network to give pentagonal dodecahedsg.(Ahe site-
potential studies (relative Mulliken populations) indicate two groups of atomic sites (positively and negatively
polarized), which are consistent with the single-crystal studies. Further differentiation of site potentials among
the various electropositive sites leads to segregation of Li and Mg, which is also verified experimentally. The
analysis of relative Mulliken populations in an intermetallic framework provides a useful method for elucidating
elemental site preferences when diffraction techniques cannot unequivocally solve the site preference problem.

Introduction is only found in ternary or higher order intermetallic systéin&?

We recently reported a detailed, systematic investigation of

Quasicrystalline phases are a young class of solid-state he bh idth. el lsi ‘ hvsical .
compounds that exhibit noncrystallographic rotational sym- the phase W'qt ; elemental site preferences, physical properties,
and electronic structure of the ternary Mgn—Al R-phase

metries in their diffraction patterris2 Compositions (including 1 . :
phase widths), structures, and physical properties have beens.ySte.ml' According to our results, the seven cr-ystallograp.hyc
studied intensively for a variety of quasicrystalline phases in sites in the R-phase structure can be separated into three distinct

binary and ternary intermetallic systef<.To date, however, sets: (1) three_s_ites (52 atoms per u_nit cell exclusivgly clontain
the actual structures of most quasicrystals are still a mystery. the elec.troposmve Mg atoms (we wil caI_I these A S'te?" Al
On the other hand, some crystalline intermetallic compounds A2: A3): (2) three sites (96 atoms per unit cell) have mixtures
are considered “quasicrystalline approximants” because theirOf Zn and Al atoms (we will call these M sites: M1, M2, M3);

building blocks contain high-symmetry polyhedra that can be @nd (3) one site, called M4 (12 atoms per unit cell), contains a
used as possible models for components of quasicrystallinem'Xt“re of Zn and Mg atoms with ca. 33% vacancies. Electronic

structureg:38-19 One of these quasicrystalline approximants is structure calculations can rationalize the observed phase width

the Mgs(Zn,Al)s structure type (also called the R-phase in this sy;tem due to a region ofw nonbonding levels in
structure, Pearson symbol ¢l160), which was first reported by the densities of statgs (DOS) occurring over a range of valence
Bergman and Paulin@ Its structure features a network of fused €/€Ctron concentrations (vec's) between ca. 2.1 and 2.3%vec
polyhedra with icosahedra, pentagonal dodecahedra, and trunthe total number of valence electrons divided by the total number

cated icosahedra (Gtype cages). This particular structure type ©f atoms in a formula unit). Vacancies occur in the Vgn—
Al R-phases because the observed compositions set vec values
(1) Shechtman, D.; Blech, I.; Gratias, D.; Cahn, J. Bfiys. Re. Lett. that lead t‘? the occupation of some I,” amlb,ondmg 'eV‘?'S
1984 53, 1951-1953. when all sites are completely occupied. This explanation of

(2) Goldman, A. I.; Kelton, R. FRev. Mod. Phys.1993 65, 213. vacancies in an intermetallic system is similar to the Grimm
(3) Janot, CQuasicrystalsA Primer, 2nd ed.; Oxford University Press:
Oxford, U.K., 1994.

(4) Tsai, A. P.MRS Bull.1997, 22, 43—47. (11) Lee, C.-S.; Miller, G. JJ. Am. Chem. SoQ00Q 122, 4937-4947.
(5) Steurer, WZ. Kristallogr. 199Q 190, 179-234. (12) Elding-Ponten, M.; Lidin, SJ. Solid State Chenl995 115 270~
(6) Yamamoto, AActa Crystallogr., Sect. A-ound. Crystallogr.1996 273.
A52 509-560. (13) Audier, M.; Pannetier, J.; Leblanc, M.; Janot, C.; Lang, J.-M.; Dubost,
(7) Fournee, V.; Belin-Ferre, E.; Sadoc, A.; Donnadieu, P.; Flank, A. M.; B. Physica B1988 153 136.
Muller, H. J. Phys.: Condens. Mattet999 11, 191—208. (14) Tillard-Charbonnel, M.; Belin, Cl. Solid State Chemi991, 90, 270—
(8) Bergman, G.; Waugh, J. L. T.; Pauling, Nature 1952 169, 1057. 278.
(9) Bergman, G.; Waugh, J. L. T.; Pauling, Acta Crystallogr.1957, (15) Doering, W.; Seelentag, W.; Buchholz, W.; Schuster, H.ZJ.
10, 254. Naturforsch., BAnorg. Chem., Org. Chemi979 34B 1715-1718.
(10) Cooper, M.; Robinson, KActa Crystallogr.1966 20, 614. (16) Todorov, E.; Sevov, S. Gnorg. Chem.1997, 36, 4298.

10.1021/ic0008363 CCC: $20.00 © 2001 American Chemical Society
Published on Web 12/08/2000



Quasicrystalline Phases in the-tMlg—Zn—Al System Inorganic Chemistry, Vol. 40, No. 2, 200B39

A3 A2 Al

Figure 1. Crystal structure of the R-phase compound projected near
[100]. The AL-A3 sites are drawn as isolated ellipsoids inside the
clusters with different gray scales. White bonds connect Zn/Al atoms
(M1—M4). The thermal ellipsoids are drawn at 99% probability from
the data for Li.oouMgo.e3eZM.23aAl 2,142 (1).

Sommerfeld model of tetrahedral semiconductéiBherefore,

the crystalline, cubic R-phase structure presents numerous
possibilities for elemental site preferences and vacancy distribu-
tions in an intermetallic structure.

In this paper, we discuss a further theoretical study of the
R-phase structure, revealing that the site potentials of the three
A sites are not equal. This result prompted us to introduce other
electropositive elements, such as Li, Ca, or Eu, into the-Mg
Zn—Al system to form possible quaternary R-phases. To our
knowledge, the only quaternary R-phase system to be reported
is in the Na-Mg—2zZn—Al system, but the relative site occupan-
cies of Na, Mg, and Al atoms could not be definitely character-
ized because of their similar scatterings of X-rays. Our previous
results obtained for the ternary M@n—Al R-phase system
and the significant differences in X-ray scatterings between Mg
and Li, Ca, or Eu make it possible to completely investigate
the “coloring problem? in this system of quasicrystalline
approximants. Therefore, we also report the syntheses and the
first single-crystal structural characterizations of ternary and
quaternary R-phases in the-+tZn—Al and Li—Mg—2Zn—Al
systems.

The Theoretical Model ) o i )
Figure 2. Three coordination environments for the A atoms in the

Before we discuss the theoretical model of site potentials in ?-phé;se it_ruct;Jvrle. Th?Z therm;ll ellilos(Oli)OI pGaralmtta)terfj ar% tak_?; fLom the
) : ; : in Ei ata for Lh.ooaMQgo.e3ZM.23afl2142) (1). Gray bonds identify the

e e 1 el S I IO ot sl (34 s 14 verisci ) A2

. ; - . pe: truncated tetrahedron.
tallic systems adopting the R-phase structure, four distinct
positions (MEM4 sites) create a network of pentagonal polyhedron™?? which contains 84 M atoms from a central
pyramids, icosahedra, and buckminsterfullerene-type clustersicosahedron surrounded by twelve pentagonal pyramids. Ad-
(truncated icosahedra) and three other positions{A3 sites) jacent Samson polyhedra share hexagons dlaad} directions
fill interstices in the MEM4 network. The coordinaton —and M4-M4 edges along{10Q directions to create the
environments of the three A sites are shown in Figure 2. condensed, body-centered cubic packing of these building
Environments for A2 (Wyckoff site 16f) and A3 (Wyckoff site  blocks.
24g) are Friauf polyhedra, which are common structural The environment surrounding each Al site consists of 13 M
elements in binary MgZn and Mg-Al systems2°21 The four atoms (2 M1+ 8 M3 + 3 M4 site_s), with_AS atoms capping
hexagonal faces are all capped by other A-site atoms. Eight A2 W0 hexagonal faces and an M4 site capping the third hexagonal

and twelve A3 environments fuse to form the “Samson face, as shown in Figure 2a. This particular interstitial site
connects four adjacent Samson polyhedra in a tetrahedral

arrangementthese sites are the tetrahedral holes in a bcc

(17) Burdett, J. K.Molecular ShapesTheoretical Models of Inorganic

StereochemistryWiley: New York, 1980. paCklng.l“
(18) Miller, G. J.Eur. J. Inorg. Chem1998 523-536.
(19) Dowty, E.Atoms Version 5.0; 1999. (22) Samson, S. IStructure Chemistry and Molecular Biolagiich, A.,
(20) Friauf, J. B.Phys. Re. B 1927, 29, 34—40. Davidson, N., Eds.; Freeman: San Francisco, CA, 1968; pp-687

(21) Friauf, J. B.J. Am. Chem. S0d.927, 49, 3107-3114. 717.
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Figure 3. DOS and COOP curves from the model formula of JffAAl s4] for the R-phase. The two dotted lines denote the Fermi energies
corresponding to the observed vec range in theNlg—Zn—Al R-phases. Left: Total DOS (solid line), PDOS from AA3 sites (black shading),
and PDOS from M+M4 sites (gray shading). Right: COOP curves from contacts eAAdashed), A-M (dotted), and M-M (solid).

To study the site preference problem in R-phase compounds,A1—A3 orbitals have larger contributions at higher (unoccupied)
extended Hakel tight-binding band calculations were performed energies E > —6.0 eV). Therefore, the density of valence
on a model in which all seven crystallographic site%® were electrons on the MtM4 network is greater than that on the
assigned the same atomic orbital parameters (Al). The primitive A1—A3 sites on the basis of the characteristics of the occupied
unit cell containing 80 atoms was used, and a special-points energy bands in the R-phase. Since this calculation was carried
set of 60K points in the irreducible wedge of the first Brillouin  out with the same atomic orbital parameters at each site in the
zone of a bcc lattice was chosen to perform the integrations  structure, the resulting Mulliken populations are affected by the
for calculations of Mulliken populations, total and partial atomic coordination environment and the strengths of the various
densities of states (DOS and PDOS), crystal orbital overlap interatomic orbital interactions.
populations (COOP’s), and Fermi energié3? Atomic orbital The COOP curves for A-A (dashed line), A-M (dotted
parameters for Al aréli(3s)= —12.3 eV,Hi(3p) = —6.5 eV, line), and M—M (solid line) contacts are illustrated in Figure
and &(3s) = £(3p) = 1.167. 3. For 2.00< vec < 2.25, the integrated overlap population of

The total DOS and the COOP curves forl, A—M, and each contact is essentially optimized, since the orbital interac-
A—A interactions are illustrated in Figure 3 for the model +ions for all metak-metal contacts in this region of the DOS
described above. The contributions to the total density of states 5 nearly nonbonding. Moreover, since there are electronic
(PDOS) curves from the MiM4 and AI-A3 sites are  gaies contributing to this nonbonding region, R-phases should
represented respectively by gray and black areas. Two Fermipe metajiic conductors. These COOP curves also suggest that
energies kr) are marked by dashed lines and represent the g 1ota| strength of all chemical bonds in the R-phase structure
observed range in vec for R-phase structures: 20fec < is weakly sensitive to vec values in the range between 2.00 and
2.34. The DOS curve shows a significant drop in the number 5 5 4nq that unit cell sizes will be controlled by the average

of electronic states betwee 5'.8 af?d‘&o eV (2_'10< vec = atomic sizes rather than by special chemical bonding forces.

2.70), but no band gap occurs in this energy region. Furthermore, To elucidate the sit tentials for the diff t tal

the relative contributions of orbitals from the MM4 and the o elucidate he siie potentials for Ihe ditierent crystal-
lographic positions in the R-phase framework, we can compare

A1—A3 sites are essentially equal in this region of the DOS. . A .
On the other hand, the MiM4 orbitals have greater contribu- the calculated Mulliken populations for these crystallographic
’ sites. These results are plotted in Figure 4 as the relative

tions at lower (occupied) energieB (< —8.0 eV), while the > X x s
( pied) gies (= ) Mulliken population for each independent crystallographic site
vs total vec over a range of vec values in which the R-phase

(23) Hoffmann, R.; Lipscomb, W. NI. Chem. Physl962 36, 2179, 3489.

(24) Hoffmann, RJ. Chem. Phy4963 39, 1397. structure is observed for ternary and quaternary systems
(25) Ammeter, J. H.; Buergi, H. B.; Thibeault, J. C.; Hoffmann JRAm. (indicated by the two dotted lines). The relative Mulliken
(26) %‘ﬁar?]éﬁg’cﬁza.:10:63%?]‘”3:63.2;- Woodward, R. Broc. R, S, POPUlation for a site equals the difference between the average
London, Ser. AL979 366, 23-46. vec and the calculated Mulliken population for that site. The
(27) Chadi, D. J.; Cohen, M. lPhys. Re. B 1973 8, 5474. extended Haokel method allows such an analysis because the
(28) §5U397hba”k5v T.; Hoffmann, R. Am. Chem. S0d983 105 3528~ energy DOS is constructed solely from atomic orbital interac-
(29) Wijeyesekera, S. D.: Hoffmann, Rrganometallics1984 3, 949 tions; valence electrons are then placed in these crystal orbitals
961. according to the aufbau principle, and several different electron
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05 — z Mg. Therefore, to take into account potential size and electro-
: : chemical effects, our targets involved quaternary systems with
044 : . . e .
: Li, Ca, and Eu. Size seemed to play a decisive role; also
§ 031 - Al significant were the competing thermodynamic stabilities of
‘—g; - A2 binary aluminides, e.g., Capand EuAl, which contributed to
I : L-A3 the result that Li was the only element among these three that
g 014 : would form new quaternary derivatives of the R-phase structure.
E] : .
f, 0.0 +— H M3 Experimental Studies of Quaternary Li—Mg—Zn—Al
% 04 : : fM4 R-Phases
« y mM2 Synthesis.All materials were handled in an Ar-filled glovebox in
024 . : ~M1 which the concentration of Qvas lower than 10 ppm. Starting materials
03 : included Li ingots (Johnson-Matthey, 99.5%), Mg turnings (Johnson-
: 2'0 2' 5 2' 4 2'6 Matthey, 99.98%), Zn powder (Alfa, 99.9%), Al ingots (Alfa, 99.9999%),
) ’ : and Al foil. Maximum weighing errors were less than 1%. All reactant
vee mixtures were sealed in cleaned Ta tubes (Alfa, 99.99%; washed with
Figure 4. Relative Mulliken populations of the A1A3 and M1—-M4 15% HF/35% HNQ@50% HSO; solution and dried) that were placed
sites as functions of the vec range from 2.0 (‘¥fneg’) to 2.68 in evacuated, fused-silica Schlenk tubes. The ampules were heated to
("Mgs2Al108"). The two dotted lines indicate the lower and higher limit  1070-1120 K for 6 h, then cooled to 670 K at a rate of 5 K/h, and
of vec for ternary and quaternary+Mg—Zn—Al R-phases. Al: filled  finally cooled to room temperature to quench the reactions. Several

circle. A2: empty circle. A3: ﬁ"?d inverse triangle. Mll: empty inverse ifferent reactant mixtures were designed and measured to give targets
triangle. M2: filled square. M3: empty square. M4: filled diamond. (LiMg1-0)sAZnAl 1108 0 < U < 1. These reactions are summarized

. . . . in Table 2. All products were silvery and brittle, and sensitivity to
counts can be eX_am|ned_- For a given vec, a positive (ne_gat!Ve)moisture and air increased as the Li content increased. Reaction products
value of the relative Mulliken population means an atomic site were characterized by Guinier X-ray powder patterns using @u K
is positively (negatively) polarized. According to the concept radiation ¢ = 1.540 56 A). In all but one situation, reaction f, the
of topological charge stabilization in a chemical structure with R-phase structure was the major crystalline product, although subse-
nonequivalent positior®,the atomic sites with high Mulliken ~ duent single-crystal diffraction showed that there were subtle differences
populations (negative relative Mulliken populations) are favored get""e,e” ”f‘e COQ"F’OZ'“O“ of thle_ R'phase”"’_‘”d the reada”rt]_cﬁmpﬁsg'on-
for the more electronegative atoms and the sites with low eaction f produced a novel intermetallic structure, which will be

. - " . . . reported elsewher@.
Mulliken populations (positive relative Mulliken populations)

f d for th | o Fi 4 sh Single-Crystal X-ray Diffraction. Single crystals suitable for X-ray
are favored for the more electropositive atoms. Figure 4 ShOWs gitraction analysis were selected from small amounts of crushed

some important features: ~ products. Crystals in the EHMg—Zn—Al system showed needlelike
(1) The relative charges of the seven crystallographic sites morphologies and were mounted on the tips of glass fibers. Crystal
can be divided into two groups. The MM4 sites are quality was checked by rotation photographs on a Siemens P4 single-
negatively polarized, and the AJA3 sites are positively  crystal diffractometer with Mo i radiation ¢ = 0.710 73 A) at room
polarized. This is consistent with the relative electronegativities temperature (298(2) K). Diffraction data for detailed structural analyses
of the elements found on these two sets of positions for various Were collected at 298(2) K using a Bruker CCD-1000 diffractometer
ternary R-phase materials listed in Table 1: more electronegativew'th monochromatic Mo k& radlat|on and a‘detector to crystal distance
elements occupy the MAM4 sites. of 5.08 cm. At least two independent single-crystal data sets were
(2) The A3 site shows significantly lower positive charge collected for each sample. For each crystal, the data were collected in

; . . at least a quarter hemisphere and harvested by collecting three sets of
than both the Al and A2 sites, suggesting that two different frames with 0.3 scans inw for an exposure time of 3660 s per frame.

electropositive metallic elements may occupy theAB sites  The range of 2 values was 3.058.0°. The data were corrected for
in a nonrandom fashion. In this case, the more electropositive | orentz and polarization effects. Absorption corrections were based

atoms would preferentially segregate to the A1 and A2 positions on fitting a function to the empirical transmission surface as sampled

in the R-phase structure. by multiple equivalent measurements. The unit cell parameters were
(3) In the case of the MAM4 sites, the M4 site is the least determined from 90 frames of reciprocal space images and then least-
negatively polarized (closest to zero) when 24 ®ec < 2.50 squares-refined with all observed intensity data. Structures were solved

and there is a crossover point between M4 and M3 when vec PY direct methods (SHELXTL-V5.F229) and subsequently refined by
= 2.12. Our previous studies on the ternary MEn—Al full-matrix least-squares calculations based8mising a model based

34 i -
R-phase system indicated that Zn and Mg atoms as well as.Po" Mg.edZnAli-s.37°" An abbreviated summary of the crystal

. d he M4 ition for hiaher Al lographic data is given in Table 3. Detailed crystallographic data, atomic
vacancies occurred at the position for higher content positions, site occupancies, and internuclear separations for all com-

(vec= 2.28). _ _ pounds are available as Supporting Information.

These theoretical results, especially points 2 and 3, prompted  Magnetic Susceptibility Measurements.Magnetic susceptibility
us to investigate various quaternary derivatives of the R-phasemeasurements were carried out at 3T using a Quantum Design SQUID
structure in the MgZn—Al system by introducing other = magnetometer for the products of reactions d and i (Table 2)oLi
electropositive elements into the reactant mixture. We limited MgoeZn 2Al2.15 (5—260 K) and Li.saZnisiAlig7 (5—150 K). After
our scope to monovalent and divalent elements, i.e., alkali metaLdiamagnetic core corrections, both compounds show temperature
alkaline earth metal, and divalent rare earth elements (Eu and 31) Leo G5 Milor GO M _t_ .
V), and performed il tial wih hose elements thatwere. (53 Lee, &-5: e 0,3 Manscrpi npropraton
closest to Mg in size and electronegativity. We avoided Na Version 5.12; Siemens Analytical X-ray Instruments Inc.: Madison,
because it would be difficult to differentiate Na from Mg using WI, 1995.

diffraction techniques. Among these elements, Eu is closest in (33) ,\SAA'd’\_‘T V‘\e/rvs|i0fgglg Siemens Analytical X-ray Instruments Inc.:
.. .. . . . adison, y .

electronegativity to Mg and Li is closest in atomic radius to (34) Sheldrick, G. M. IrCrystallographic Computing:&Sheldrick, G. M.,

Kruger, C., Goddard, R., Eds.; Oxford University Press: Oxford, U.K.,

(30) Gimarc, B. M.J. Am. Chem. S0d.983 105, 1979-1984. 1985; p 175.
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Table 1. Summary of Known R-Phases with the Site Preference on Each Atomic Site

Lee and Miller

MQOP M1 M2 M3 M4 Al A2 A3

formula a, A 2a 24c 24b 48f 129 12h l6d 24e ref
Mgs2(Zn,Al) 49 14.16(3) Al Zn/Al Zn/Al Zn/Al Mg Mg Mg Mg 11
Mg1.64Zn,Al)337 14.13-14.41 Zn/Al Zn/Al Zn/Al Mg/Zn/Al Mg Mg Mg 11
(Li,Mg) 1.64Zn,Al)337 13.93-14.10 Zn/Al Zn/Al Zn/Al Zn/Al Li Li/Mg Li/Mg a
Li1e(ZNn,Al)337 13.93-14.14 Zn/Al Zn/Al Zn/Al Al Li Li Li a
LisoNiz7Size 12.741 Ni/Si Ni/Si Ni/Si Ni/Si Li Li Li 15
Lis:Cus7Sis1 12.933 Cu/Si Cu/Si Cu/Si Cu/Si Li Li Li 15
Li1sCusGap 13.568(2) Cu Ga Ga Ga Li Li Li 14
LizCuAls 13.9056(3) Cu/Al Cu/Al Cu/Al Al Li Li Li 13
Nas2AugiSizg 14.138 Au Si Au Au Au/Si Na Na Na 15
MgseNaieZnesAl 40 14.2173(7) Zn/Al Zn/Al Zn/Al Al Mg/Na Mg/Na Mg/Na 12
Nas2AugoGeso 14.620 Au Ge Au Au Au/Ge Na Na Na 15
NagsAu17Sns 14.989 Au Sn Au Au Au/Na Na Na Na 15
NagsChoPby 15.992(2) Cd Cd/Pb Cd/Pb Cd/Pb Na Na Na 16

aThis work.? Wyckoff site 2a (0, 0, 0).

Table 2. Labeled Summary of Reaction Compositions and Products Identified by Guinier X-ray Powder Diffraction and Single-Crystal X-ray
Diffraction Measurements for Various £tMg—2Zn—Al Reactions

reaction vec unit cellg, A)° identified minor phase(3) refined formuld vec
1. (LixM01-)1.6dZnyAl 1-y)3.37
(a) LIQ gd\/lgo 75Zn1 13°\| 2.24 2.272 14073(3) MgZﬂt) + Mgzznu(t) + Al(t) Li 1. 00(1Mgo eg(z)znl 23(1A| 2.14(1) (l) 223(2)
(b) Llo gd\/lgo 75Zn1 13A| 2.24 2.272 14088(3) Al(t)‘l‘ Zn(t) L|1 00(1Mgo 63(1)Zn1 42(1A 1.96(1) (2) 220(2)
(c) Lio.sdMg1.00ZN1.22Al 2 15 2.304 14.096(5) NA Li1.011M3o.62(1ZN1.310Al 2.06(1) (3) 2.21(2)
(d) Li100Mgo.eaZn 22Al 215 2.230 13.993(5) NA LiozaMgoeoaZMm 7eeAl1s03) (4)  2.11(4)
(e) L'|0,63|\/Igl,002n2,66AI0_71 2.016 13933(3) MgZﬂt) + MQZanl(t) + Al(t) Lio. 73(2Mgo 35(2)Zn2 47(1)A 0. 94(1) (5) 205(2)
(f) Li 1,0d\/|90,eaZﬂ25@A| 0.71 1.942 13951(4) RPhase (m)i— Al(t) Lig. oo(zMgo eo(z)zng 09(1)A 0. 31(1) 186(2)
2. LipedZnAl 15337 ) )
(g) L!l,egznllogAI 237 2.148 14135(3) LIZn(t){’ LIAI(t) + Al(t) Li 1.63ZNo, 81(1A| 2.56(1) (6) 219(1)
(h) ¥|1,63Zn1.22A| 2.15 2.104 13966(5) NA LiigaZny, 42(1A 1.95(1) (7) 219(1)
(I) LI 1.63ZN1.50Al 1 .87 2.048 13947(2) NA LigaZns. 59(1A| 1.78(1) (8) 203(1)
(j) Li163ZN225Al1.17 1.928 13933(4) Zn(t) |.1leazn1477(1A| 1.60 1)(9) 199(1)

aFrom Guinier powder patterns; m minor phase, t= trace amount? From Guinier powder X-ray diffraction$.Reference 31¢ From single-
crystal refinements: Not applicable.

Table 3.

(a) CrySta”Ograpth Data for the Five Quaternary SampleSQLlNgo 63(2)2”1 23(1A| 2.14(1) (1) Li1.00 1Mgo 53(1)Zn1 42(1A| 1.96(1) (2)
Li1.01aM0o.62aZM.310Al 2.061) (3), Li1.ozwMJo.soZNi7a@Al 1.593)(4), and Li.7s2MJo.s52MJo.s52ZN2.471Al 0.94(2) (5),
from Single-Crystal X-ray Diffraction Measurements

1 3 4 5
fw 160.16 167.63 163.26 181.51 211.44
space groupZ Im3, 32 Im3, 32 Im3, 32 Im3, 32 Im3, 32
acA 14.073(3) 14.088(3) 14.096(5) 13.993(5) 13.933(2)
vV, Aa 2787.1(5) 2807.0(4) 2801.8(7) 2806.2(6) 2699.3(8)
A(Mo Ka), A 0.71073 0.71073 0.71073 0.71073 0.71073
temp, K 293(2) 293(2) 293(2) 293(2) 293(2)
u, cmt 8.893 10.116 9.416 12.501 17.478
deaie, g/ 3.040 3.173 3.096 3.437 4.162

R1, WR2 | > 20(1)]°
R1, wR2 (all dat

0.0224, 0.0307
0.0381, 0.0322

0.0194, 0.0348
0.0272, 0.0360

0.0169, 0.0295
0.0229, 0.0305

0.0157, 0.0385
0.0178, 0.0391

(b) Crystallographic Data for the Four Ternary Samplq&:znolgl(lﬁlzlse(l) (6), Li1.632n1.42(1A| 1.95(1) (7),
Li163ZMm sa@Al 1.782)(8), and LieaZn1 77¢1Al 1601y (9), from Single-Crysal X-ray Diffraction Measurements

0.0240, 0.0498
0.0304, 0.0517

6 7 8 9
fw 133.53 157.22 163.76 179
space groupz Im3, 32 Im3, 32 Im3, 32 Im3, 32
a2 A 14.135(3) 13.966(5) 13.947(2) 13.933(4)
v, Aa 2759.4(1) 2721.1(5) 2717.3(6) 2704.4(5)
A(Mo Kay), A 0.71073 0.710 73 0.71073 0.71073
temp, K 293(2) 293(2) 293(2) 293(2)
u, et 6.206 10.381 11.525 12.727
dealo, glcn® 2.571 3.070 3.202 3.347
R1, wR2 | > 20(1)]P 0.0247, 0.0376 0.0199, 0.0367 0.0262, 0.0453 0.0176, 0.0306
R1, wR2 (all dat&) 0.0429, 0.0395 0.0277,0.0374 0.0421, 0.0474 0.0262, 0.0314
@ From Guinier powder patterns (298(2) RR1 = Y ||Fo| — [Fcll/Y|Fol; WR2 = |YW(F? — FA)yW(Fo?)?]Y2, w = o¢ 2.

independent susceptibilities above ca. 50 K oH¥go.e3Zni22Al2 .15

Results and Discussion

exhibits paramagnetic behavior and the average magnetic susceptibility

above 50 K is 8.51x 10°® emu/mol. On the other hand, ldsZn; 5o Compositions, structures, site occupancies, and properties of
Al g7shows diamagnetic behavior and the average susceptibility aboveintermetallic compounds in general are closely interrelated
50 K is —1.9 x 10~* emu/mol. aspects of such species and really cannot be considered
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Figure 5. Phase diagram representing various ternary and quaternary 1301 v
Li—Mg—2Zn—Al reactions (open circles, reactions-ja see Table 1) A
and refined compositions (filled circles). Filled diamonds are single- o3 1281 f
crystal results from ternary MgZn—Al R-phase compounds. v

12.6 4
separately. Nevertheless, to facilitate the discussion of our

results, we will address each aspect in its own section and |
conclude with an overview of these relationships. &

Compositions in Li—=Mg—2Zn—Al R-Phases Figure 5 sum- 122
marizes the compositional results in a pseudoternary (isothermal) “s50 2700 2750 2800 2850 2900 2950 3000 3050
phase diagram based upon vBdferent starting compositions
involving five quaternary mixtures (reactionsf Table 1) and
four temary Li~Zn—Al mixtures (reactions gj, Table 1) are for ternary and quaternary R-phase systems. Filled circles:Mg—

indicate(_j by open Circ_:les in the di‘f"gram- Cqmpositions based Zn—Al. Empty circles: Li-Zn—Al. Filled inverse triangles: MgZn—
upon refinements of site occupancies from single-crystal X-ray .

diffraction experiments are shown by filled circles on the same

diagram. Although starting compositions give a range in vec increase as both the average size and electron count of the
from ca. 1.8 t0 2.3, the single-crystal results produced a narrower component elements increase. Although the correlation with
range between 2.00 and 2.25, which is in excellent agreementayerage atomic volume is clear, the correlation with vec requires
with our findings from electronic structure calculations. The some explanation. Throughout the range of observed vec values
observed minimum vec value requires that the maximum Li/Al (2.00-2.35 for all examples in Figure 6), the orbitals near the
ratio be 1.0. Also, the maximum Li content is 0.325, which is corresponding Fermi levels show an overall nonbonding char-
exactly in accord with 52 A sites per unit cell. acter with respect to MM, A—M, and A—A contacts (see
Structures and Site Occupancies in L+Mg—Zn—Al R- COOP curves in Figure 3). Therefore, the trend in unit cell
PhasesThe positional parameters and site occupancies for the volume should follow the changes in atomic volumes associated
structures of quaternary £iMg—Zn—Al crystals were first with the elements controlling the vec. In the ternary classes of
refined by placing Mg atoms on the AJA3 sites and Al atoms R-phases, i.e., the HZn—Al and Mg—Zn—Al systems, vec
on the M1-M4 sites and fixing isotropic thermal displacement values increase as the Al/Zn stoichiometric ratio increases. Since
parameters. After a few cycles of least-squares refinements, thethe metallic radius of Al (1.43 A) exceeds that of Zn (1.34 A),
site occupancies indicated that the-AA3 sites (Wyckoff sites as vec increases in these two systems, the average atomic
12h and 16d) were electron deficient compared to Mg and volume increases and the unit cell volume also increases. For
should be partially occupied by Li. On the other hand, the the quaternary I-Mg—Zn—Al system, crystallographic experi-
refined electron densities on the MM4 sites were larger than  ments demonstrated that the Li/Mg stoichiometric ratio also did
that on Al and should be refined as a mixture of Zn and Al. not change. Thus, again, vec values increase as the Al/Zn ratio
Once the possible atom types were determined for each site,increases and the same trend will occur.
subsequent refinements included anisotropic displacement pa- Site occupancies among the different A and M sites in the
rameters. quaternary crystals also show interesting variations. Figure 7a
Figures 6 and 7 illustrate results concerning structures andreveals the Li site occupancies at the three different A sites in
site occupancies of quaternary and ternary R-phase systemsthe quaternary systems. The Al site is completely occupied by
Parts a and b of Figure 6 show the correlations between unitLi, whereas the A2 and A3 sites are occupied by a mixture of
cell volumes and, average atomic volume and vec, respectively.Li and Mg. Since the experimental vec values in the-Mg—
Included in these graphs are results from our earlier work with Zn—Al system lie between 2.00 and 2.25/atom, the relative
ternary Mg-Zn—Al R-phasesd! Clearly, the unit cell volumes  site occupancies follow theoretical expectations for the three A

Volume (A%
Figure 6. (a) Vec and (b) average atomic volume vs cell volum@ (A
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Li occup.

Al occup.

Al occup.

Figure 7. Relationship between site occupancies (Li, A sites; Al, M
sites) and unit cell constants (A) for ternary and quat
compounds.
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Figure 8. Relative Mulliken populations of A2, A3, and MIM4 sites
as a function of the vec range based on the mddelAl 40)Al 10s The
x axis indicates the observed vec range for ternary and quaternary
R-phases. A2: empty circle. A3: filled inverse triangle. M1: empty
inverse triangle. M2: filled square. M3: empty square. M4: filled
diamond.

ca. 2.15 and 2.25¢atom, the M4 sites are exclusively occupied
by Al atoms (there are no vacancies apparent in our refinements,
which is consistent with our conclusions from the Mgn—Al
system that introduced vacancies into the M4 sites when vec
exceeded 2.28¢atom). When vec drops below 2.15/atom

in the Li—Mg—2Zn—Al crystals, a small amount of Zn also
occupies each M4 site. All other M sites (M1, M2, and M3)
show a monotonic increase in Al content with lattice constant
for both systems. Unlike the case for the ternary-Nap—Al
systems, the Al content at the M2 sites varies among the
different crystals.

The goal of replacing Mg with Li in the electronic structure
of the R-phases is to introduce high-energy atomic orbitals at
the Li sites. To investigate the change in site potentials
throughout the R-phase structure, we treated the Li sites as
vacant (i.e., no atomic orbitals were positioned at these sites,
which is equivalent to placing a negative potential at these sites
that repels electrons) but included its one valence electron in
the total valence electron count. Figure 8 illustrates the variation
in relative Mulliken populations with vec for the model
O12A40M 108 (A2, A3, and all M sites are given Al parameters;
the Al site is vacant). From this calculation, we observe the
following results: (1) The M4 site clearly becomes the most
negatively polarized and highly attractive for the Al atoms. Such
sites are also not well suited to accommodate vacancies. (2)
The A2 site is definitely more positively polarized than the A3
site. In the quaternary HHMg—Zn—Al crystals, the A2 site
obtains significantly more Li than the A3 site, which agrees
with these theoretical results.

Conclusions

In this study, ternary and quaternary R-phases are character-
ized and the results reveal a nonrandom site preference for Li
and Mg atoms among the AJA3 sites in the structure. A
Mulliken population analysis from extended”tkel tight-

emary R-phase yinging pand calculations on the R-phase structure separates

the atomic positions into two groups of positively and negatively

sites exactly (see Figure 4). The A2 and A3 sites constitute polarized sites, whose site occupancies follow elemental elec-
pentagonal dodecahedra that cap the faces of the internaltronegativities. The site potentials of different atomic positions
icosahedra (M2 sites) in the Samson cluster. Parts b and ¢ ofdepend on the various coordination environments and lead to a
Figure 7 illustrate how the Al contents vary among the crystals difference among the three “cation” sites, AA3. A subsequent

in the Li—=Zn—Al and Li—Mg—Zn—Al systems. In all Li-Zn—
Al crystals and in the quaternary system when vec is between more readily occupies the isolated Al sites than the A2 and A3

X-ray diffraction study on quaternary samples indicates that Li
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positions that generate pentagonal dodecahedra. The behaviowe are currently applying this technique to related intermetallics
of the M1-M4 sites toward Zn/Al ratios are also affected by and quasicrystalline phases.
the Li atoms. The MEtM4 sites are all completely occupied,
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