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Mg.Zn11-type) yields an irrational superstructure phase
Ga7,51(2) and Sc4Cu14,75(2)Ga7,51(2). These crystallize in

Cmmm, a = ~8.31 A, b= ~21.72 A, ¢ = ~8.30 A. The structures feature Sc, dimers, Cus octahedra, a 3D
CuGa (Cug,Gay) framework, and arachno gallium-centered Cu,Gas icosahedra that are condensed into zigzag
chains. The arrangement of these building blocks exhibits a topologic relationship to Mg,CusGas. Further studies

reveal that the quaternary compound exhibits incommensurat

e modulations along a, with g = (0.694, 0, 0). Structure

refinements with superspace group Xmmm(a00)000 led to saw-tooth modulations for two fractional or mixed sites
that avoid short Cu—Ga distances. Band structure analyses reveal that the Fermi surface and bonding are sensitive

to the incommensurately modulated atoms.

Introduction

The growth in experience, insights, and knowledge regard-
ing stoichiometry, crystal structure, electronic structure, and
bonding relationships in polar intermetallic phases containing
heavy triels (gallium, indium, and thallium) has been notable
in recent year$:3 In particular, we have developed clearer
ideas as to how to electronically tune compositions to special
points near to where new quasicrystalad, especially, their
neighboring crystalline approximafifscan be discovered.
These are usually found in the region of about two val-
ence electrons per atore/@ = 2.0), neighbors of Hume
Rothery electron phasé<. For example, the discovery
of Mg.CuGas (PmB)8 and a study of its electronic struc-
ture have enabled us to purposefully synthesize both the
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SaMgo.17ClioGay 25 1/1 crystalline approximant (AC) and
its corresponding quasicrystal (QC) via a new concept of
tuning to a calculated pseudogasince then, applica-
tions of pseudogap tuning to, specifically, Mag,; and
NaAuglns have also resulted the discoveries of both 1/1 and
2/1 ACs and QCs in the SaMig—Zn and CaAu—In
systemg011

Yet, this is not the end. The many other intermetallic
phases with low valence electron counts per atefa) @re
generally poorly studied or not yet known. For example, a
recent study of Ca#uclng reveals its novel structure, a
notably low e/a (1.59), the character of an electronic
transformation that relates @®u;olns to the isotypic Zy-
Nii, and possible electronic tunabiliti€sin another ex-
ample, a recent theoretical population analyses of the Laves-
type NaCd (e/a = 1.67) demonstrated the clear formation
of interpenetrating polar cluster networks in this and related
phases that coincides with the general structural descriftion.
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Derivatives of Cubic MgCusGas

Table 1. Summary of Loaded Reactions, Reaction Conditions, Dominant Products, and EDX Results

EDX for dominant phase
ID reaction ela condition$ main products (Sc/Mg/Cu/Ga)

S6Mgs—xCuisGars

1 3.0 2.00 A ~50% 1/1 AC

2 35 2.01 A ~60% 1/1 AC

3 4.0 2.03 A ~80% newCmmm 15.5(2)/0.1(1)/53.9(3)/30.5(4)
4 4.5 2.04 A >90% 1/1 AC

5 5.0 2.05 A >90% 1/1 AC

SuMgyClis-yGay 52
y

6 0.4 1.89 A >95% newCmmm 16.0(2)/1.4(4)/53.6(4)/29.0(4)
7 0 1.88 A >95% newCmmm 16.1(1)/0 / 52.0(3)/31.9(6)

8 0.4 1.89 Q ~80% 1/1 AC

9 0 1.88 Q ~80% 1/1 AC

aA: sample was reacted at 80CQ for 3 days, cooled to 578C at a rate of 10C/hr, and then slowly cooled to 40C at 2°C/hr for crystal growth,
followed by annealing at that temperature for 2 days; Q: sample was directly quenched from melt¥at*80@e 1/1 AC is the YCgttype S@Mdo.sClho Gar 3
cubic phase; see also ref 9.

Nonpolar regions that separate the polar and nonpolar sitegnade to determine the maximum magnesium limit in it. A change
were also noted. Thus, explorations concerning intermetallics of £1.3% (= 0.5/39) in the total scandium loaded produces mainly
in low e/a regions, whether experimentally or theoretically, the 1/1 AC phase (Table 1).

and regarding new or known phases, continue to tantalize Powder X-ray Diffraction. Data acquisition was performed on
our scientific imagination. a Huber 670 Guinier powder camera equipped with an area detector

. and monochromatic Cudl radiation £ = 1.540 598 A). Powders
In the present article, we report a new network structure . ) )
were homogeneously dispersed on a Mylar film support with the

that also exhibits incommensurately modulated displacements,;; petrolatum. The step length was set at 0°0GEd the

for some atoms; a phase that has again been discoveredynosyre time was 0.5 h. Figure S1 in the Supporting Information
during electronic tuning syntheses within the-8¢g—Cu— shows the XRD patterns for the products of reactions 3, 6, and 7
Ga systeni.As such, it also exhibits close relationships to in Table 1, together with the simulated pattern calculated according
both the SeeMg—Cu—Ga 1/1 AC and the QC in both to the single-crystal results for the quaternary compound.
composition and structure as well as a superstructure of the SEM-EDX Analyses. The elemental compositions of several

parent MgCusGas. single crystals from each of the reactions 3, 6, and 7 were
determined via semiquantitative energy-dispersive X-ray spectros-
Experimental Section copy (EDX) on a JEOL 840A scanning electron microscope (SEM)

equipped with an IXRF X-ray analyzer system and a Kevex
Quantum light-element detector. To increase the accuracies, samples
mounted in epoxy were carefully polished to avoid the influence
of sample tilting. During measurements, samples were first scanned
via backscattered electrons, from which phases with different
compositions were clearly represented by their different darknesses.
Then the detector was focused on each phase area to acquire its
spectrum, with at least four readings being made for each phase.
The average values (Table 1) were used to compare with the refined
compositions from X-ray diffraction data.

¢ e X-ray Diffraction Studies. Single crystals were mounted on a

A, and ¢ = 8.300 (2) A and refined to a composition of about g\ e APEX Platform CCD diffractometer equipped with graphite
SaMgo.Cuis Savs So, a reaction with that stoichiometry (reaction  ,nqchromatized Mo i (2 = 0.71073 A) radiation for structure

6) (Table 1) and a parallel reaction without magnesium (réaction yesermination. Data sets were collected over one hemisphere with
7) were loaded and reacted under the same conditions. Powderan acquisition time of 10 s per frame. Data integration and

diffraction analyses indicated that both resulted in high yields absorption and Lorentz polarization corrections were done by the

(>95%) in the new phase region (Figure S1 in the Supporting ga|NT and SADABSsubprograms in th&MARTsoftware pack-
Information). The products have a metallic luster and well-faceted agesi* Structure determinations and refinements were performed

morphology, and they are inert in air at room temperature such \ iy, the SHEL XTLversion 6.1 subprogradi.Assignments of the
that no change is observed in powder patterns, even after 24 month§pace groulCmmmwere made on the basis of tmemmLaue

of exposurg._ ) ) symmetry determined by the diffractometer, the systematic ab-
Two additional parallel reactions (reactions 8 and 9) were also gances. and the me#2 — 1| values, and this was confirmed by

run and quenched directly from melts at 8@ (Table 1). Powder 6 sypsequent successful solutions and refinements of the struc-

diffraction analyses revealed that both containe80% of the tures.

YCde-type 1/1 AC plus unidentified phase(s), suggesting that &  the strycture solution of a crystal from high yield quaternary

peritectoid reaction that converts the 1/1 AC and the unknown phase 4 tion (reaction 6) is used as an example. Sixteen atoms were
into the title phase occurs at a lower temperature. The new phase

also exhibits a variable composition range according to the single (14) SMART Bruker AXS, Inc.: Madison, Wi, 1996.
crystal analyses of products 6 and 7; however, no attempt has beer{15) SHELXTL Bruker AXS, Inc: Madison, WI, 2000.

Syntheses.The quaternary compound was encountered unex-
pectedly as the principal product-80%) after an exploratory
reaction of the Sc/Mg/Cu/Ga composition 4:2:18:15 that was
designed to tune to the reported QC plgseaction 3, Table 1).
The sample was equilibrated at 800 for 3 days, cooled to 570
°C at a rate of 10C/hr, and then slowly cooled to 40@ at 2
°C/hr for crystal growth, and finally annealed at that temperature
for 2 days.

Single-crystal diffraction revealed that the crystals occurred in
space groummm(No. 65), witha = 8.312(2) A,b = 21.716(4)

Inorganic Chemistry, Vol. 47, No. 3, 2008 1021



Lin et al.

first located by direct methods, 13 of which with suitable separations Table 2. Crystal Data and Structure Refinement Parameters for
for Ga—Cu pairs and the other three for-SCu/Ga pairs. Therefore, ~ S@Mgosoeflhias0ef58 61(2)

they were initially assigned to gallium and scandium, respectively. space group, Z Cmmm4
Subsequent isotropic least-square refinements proceeded smoothly fw (g/cne) 1643.8

and converged at R48.8%. Examination of the isotropic thermal unit cell (A)

parameters revealed that 8 of the 13 assigned gallium atoms were ‘g 3.13%%2(21)

too heavy compared to the average of the other atdigg 0.016 c 8.3;00(2)
versus 0.008 A, so they were tentatively assigned to copper in V (A3)/d; (Mg/m3) 1498.2(5)/7.29
the subsequent refinements. Rechecking the displacement param- abs. coeff. (mm?) 35.15

eters after a few cycles showed that all of the atoms had reasonable refins collected/R; 4725/0.0305

. . . obs. indep./res./params 1042/0/90
isotropic values except for Cullg; = 0.030 &). This suggested RUWR2 | > 20(1)] 0.0272/0.0691
a mixture with a lighter element or a partially occupied position. (all data) 0.0300/0.0706
The latter was checked by allowing its occupancy to refine with res. peak and hole (ePf 1.14 and-1.37

others held at full occupancy. The refined value was 1.01(2), a ) ) )

full occupancy but still with a larg&Jie (0.031 ). Therefore, a  SGs1afls203Ga196) In this case, the equivalent to the mixed
Cu7/Mg admixture evidently accounts for the large isotropic CU7/Mg site in (reaction 6) refined as 76(2)% copper alone, which
parameter and was so assigned. (In the following, Cu7 identifies 'S reasor)able inasmuch as there is no magnesium in this sample.
this site for convenience.) At this stage, examination of the Summaries of crystal data and refinement for the crystal from
difference Fourier map revealed a weakly diffracting position réaction 6 are given in Table 2. The refined positional parameters
(1/4, 1/4, 0) with an intensity of about 13.4 é/And a distance of and equivalent isotropic displacement parameters are listed in Table
2.09 A from Cu7. Assignments of either gallium or copper to this 3- The anisotropic displacement parameters (Table S1 in the
position did not change a lot in terms of occupancy Hngvalues Supporting Information) and the cif for reaction 6 product are given
(40% and 0.091 Afor gallium versus 42% and 0.0872%or in the Supporting Information, together with all of the crystal-
copper). However, the assignment of this position to Gaé gave aquraphic data (Tables S%54 in the Supporting Information) and
better agreement between refined and experimental compositionsCif for crystal 7. .

according to EDX analyses (Table 1) and was more reasonable in  The foregoing results normally signal reasonable structure
terms of these atoms’ distinctive structural roles and functionalities Selutions. The only indication of a problem is that the anisotropic
as well. Noteworthily, reversal of all of the copper and gallium displacement parameters (ADP) of Ga6 are very abnormal
sites in the refinements pultk, for all of the gallium (except Gag) ~ (U12/U22/Uss > 140:1:1), as also shown by the observed electron
in the range of 0.0140.020 e/A? obviously too large compared ~ densities mapped in Figure 1. In addition, somewnhat latger
with those for scantium, 0.0081.0096 e/A2 whereas those for ~ values (7:1) in certain directions are also found for Cu3, Cu4,
copper (except Cu7), 0.000D.0068 e/A2 are relatively too Cu6, and Cu7. The reason must relate to their environments
small. In addition, assignments of copper/gallium admixtures to in@smuch as very similar pathologies appear for both structures
all of the normal copper and gallium positions result in either (Table S1 versus Table S4 in the Supporting Information) and are
unstable refinements or deviations of occupancies from unity that imPplicit in the final incommensurate analys?s as well.

remain within 3. The crystallographic discernment between cop-  Considering the special cell parameters’ relationship(c),

per and gallium is impressive, yet the same result has beenthe abnormal ADPs, and the partla_l occupancies of Gaé, it was
repeatedly observed in other intermetallic phases, for example, in N€cessary to check whether alternative symmetries or cells existed
Li 13CUGa1,18 NagCCyGanyl? SrCuGal® Mg,CuGas? and or not. Therefore, datasets for several crystals from reaction 6 were
MgssClpaGass 19 Copper and gallium are easily distinguished in ~ collected by either SMART CCD or STOE IPDSMinstruments

terms of their structural functionalities and coordination environ- With longer exposure times. This time, all of the datasets showed
ments in this and other cases. additional reflections that could not be indexed with space group

The final anisotropic least-squares refinement for sample 6, with Cmmm a“df% =~83LAb=~2172Ac=~ .8'30 A For_
a secondary extinction correction, converged atRa.72%, wR2 example, an image frame from the former dataset, in part a of Figure

= 6.91%, and GOF= 1.069 for 90 variables and 1042 independent i ’ shhovt\)/s that n_ea}rly al 2: the reflectlc;]nshare mdei):ed, r?s shO\livnd
reflections. The maximum and minimum residual peaks in the final y the boxes, circles, and crosses (which mean that the marke

difference Fourier map were 1.14 anel.37 e/A3 The refined reflection is within the scan range of the current, the preceding,
composition is SMMgo soeClha soBare1z (Z = 4), o normalized, and the subsequent frames, respectively). However, there are two
S015.0M01 g3(ECUss 49(§ﬁa,za 60(8') consistent with the EDX data unindexed reflections in this image, A and B. Through a movable
Sce ' ‘ ' o T ' crosshair, indices of about (2.7, 2:03.5) and (2.7-2.0, —3.5)
Ci6.02MO1.44CUs3 6aCe09.04y Very similar situations were en- indicated for A and B tivelv. This indicat -
countered during the refinement of a crystal from reaction 7, except /¢ 'ndicated lor A and B, respectively. This indicales a possibie
that occupancies for unmixed Cu7 and Gaé sites we?é and incommensurate modulation yecnpw (O._7,_O, 0.5). (An alternate
51%, respectively. The final refinement converged atR2.99% treatment of the extra reflections as arising from the 3 x 2
WR2,= 6.49% and GOE= 1.108 for 89 variables and 10'41 superstructure of a normal crystal gave only poor refinements.)
independént réflections The.maximum and minimum residual Actually, evidently incommensurate reflections were also seen in
peaks in the final differen.ce Fourier map were 1.13 a1 e/A3 thehOl zone image constructed from the STOE IPDS datasets (part

The refined composition is FCuia76S& 512y OF normalized, b of Figure 2).

. . According to the STOE IPDS data, incommensurate reflections
Sq reasonably consistent with the EDX data, ) !
15,084 40(6f5%8.60(0) Y were also found it2l, h4l, h6l.. zone photos, but not imll, h3l...

zones inCmmmsymmetry; and the modulation vector was refined

(16) Tillard-Charbonnel, M.; Belin, Cl. Solid State Chem991, 90, 270.

(17) Chahine, A.; Tillard-Charbonnel, M.; Belin, @. Kristallogr. 1994 from all such reflections as (0.694, 0.002, 0.499). For simplicity,
209, 542.

(18) Fornasini, M. L.; Merlo, FJ. Less-Common Mel988 142, 289. (20) STOE WIinXPOW, STOE & Cie Gmbhkerson 2.10; Hilpertst:

(19) Lin, Q.; Corbett, J. DInorg. Chem.2005 44, 512. Darmstadt, Germany, 2004.
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Derivatives of Cubic MgCusGas

Figure 1. Projections of the observed Fourier map along thelirection, showing electron densities at Cu7/(Mg) and Ga6 positions in (a)
SuMgosCui4Gay g and (b) SeCu4dGay s The plots are drawn at a contour level of 1 é/&olid and dashed lines denote positive and negative contours,
respectively.

Table 3. Atomic Coordinates and Equivalent Isotropic Displacement Parameters flg&eCui4.505a.61(2) (Reaction 6)

atom Wyck. symmetry X y z UeA?) Occ.= 100%
cul 16 1 0.15898(8) 0.30661(3) 0.23436(8) 0.010(1)
cu2 16 1 0.22331(8) 0.07959(3) 0.22368(8) 0.011(1)
Cu3 & .m 0.1653(1) 0.15655(5) 0 0.017(1)
Cu4 4 mm2 0 1/2 0.1866(2) 0.012(1)
Cus & mm2 0 0 0.2626(2) 0.015(1)
Cu6 4 m2m 0 0.06228(7) 0 0.016(1)
Cu7/Mg 4 m2m 0 0.2592(1) 0 0.018(1) 0.50/0.50(2)
cus 4 2mm 0.2572(2) 0 0 0.012(1)
Gal ] .m 0.2461(1) 0.13293(4) 12 0.014(1)
Ga2 ) m.. 0 0.40487(4) 0.3481(1) 0.011(2)
Ga3 4 m2m 1/2 0.42853(6) 1/2 0.013(1)
Ga4 4 m2m 0 0.30209(6) 1/2 0.014(1)
Gab 4 ..2Im 1/4 1/4 1/2 0.008(1)
Gab % .2/m 1/4 1/4 0 0.60(5) 0.61(2)
Scl & m.. 0 0.18491(7) 0.2961(2) 0.009(1)
Sc2 4 m2m 0 0.3871(1) 0 0.011(1)
Sc3 fh 2mm 0.2983(3) 0 12 0.011(1)
we used a doubled unit cell, that B,x b x 2c, andq = (0.694, main and satellite reflections converged at R17.79%, wR2=

0, 0) to describe the structure in the superspace determination.12.56%. Then, first-order positional modulation waves were applied
Systematic absence analyses revealed the following extinctions:to all of the atoms, through which refinements improved to=R1
hkim, h+k =2n,1 + m=2nandh + k+ | + m = 2n. The 5.41%, wR2= 8.45% for the main reflections and R427.14%,
choice of setting yields an unconventional centerfigvith the WR2 = 35.43% for the first-order satellites. At this stage,
components (1/2 1/2 0 0), (0 0 1/2 1/2), and (1/2 1/2 1/2 1/2), in  examination of the x:x4 sections through the atomic domains of
which the first vector comes from the experimental observation, cy7 and Ga6 suggested that both exhibited saw-tooth-like modula-

the second, from the doubling of tleaxis, and the last, the sum  {jo waves, and they were so assigned in subsequent isotropic least-
of the former two components. Because no extinction conditions squares refinements. These converged at=R4.44%, wR2=

compatible with s-glides could be identified, the superspace group 6.22% for the main reflections and R4 22.9%, wR2= 31.0%

i 21
could be determined to bémmm¢00)000 for the first-order satellite reflections. Table 4 summarizes the

The atomic coordinates of the 3D structure were transformed superspace refinement results. whereas the atomic positions
into the (3+ 1)D space grouixmmm(a00)00ith the aid of the disp Iaczments and other structL;raI arameters are de osFi)ted in th'e
programJANA20062 Subsequent isotropic refinements on both place ' . ; P P

Supporting Information (cif).

(21) Janssen, T.; Janner, A.; Looijenga-Vos, A.; de Wolff, Pliferna- The atomic domains in the x4 direction show that Ga6 and Cu7

tional Tables for CrystallographyKluwer Academic Publishers: have the strongest modulation effects, followed by Cu3, Cu6, Cu4,

Dordrecht, The Netherlands, 1995; Vol. C, Chapter 9.8. . L .
(22) Pefitek, V.; Dugk, M.; Palatinus, LJANA2006 Institute of Phys- and Gag3, whereas the remainder have negligible modulation waves.

ics: Praha, Czech Republic. The modulations closely parallel the ADPs in the average structure
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Figure 2. (a) SelectedSMARTCCD image frame from crystal $dgosCui45Gay 6 Obtained at an exposure time of 45 s per frame, showing unindexed
reflections withCmmmsymmetry. Two of the unindexed reflections are marked as A and B, with their correspdkdliradues. The circledikl on the right

side correspond to A, at the crosshairs. Boxes, circles, and crosses denote that the marked reflections are within the scan range of the easéinig the pr
and the subsequent frames, respectively. (b) A reciprocal space view diGhedne of a dataset collected by STOE IPDS Il with an exposure of 3
min/frame. Rows of incommensurate reflections are evident, as guided by arrows.

(Tables S1 and S4 in the Supporting Information). Moreover, the ~7.2 e/& by adding, for example, ADP modulations for Ga6 and
R1 and wR2 values of the first-order satellite reflections become removing the saw-tooth function of Cu7, the difference maps did
quite large (43.1 and 57.4%) if the smaller positional modulation not justify this as a feasible structural model. The R values and
contributions for all but Ga6é and Cu7 are removed. residual peaks can be decreased more by adding, for example,
Note that the highest residual peak/hole densitiekl(8/~13.1 second order positional modulation waves, anharmonic ADPs, and
e/A3) are mainly a consequence of the inadequacy of the saw-toothtemperature modulations; however, these results are not straight-
function, the artificial effects of least-squares refinements, and, of forward in terms of refinements. The reason is thdtl.9% of the
course, the limited data quality. The first effect is evident in both overall possible reflections are unobservied (3o(1)), and of those,
observed and difference Fourier maps (Figure S2 in the Supporting94.4% come from the satellite reflections. This is also the reason
Information). Although the residual peaks could be decreased to why the R values for the satellite reflections are very large (Table

1024  Inorganic Chemistry, Vol. 47, No. 3, 2008
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Figure 3. Perspective views of (a) cubic M@usGas (Pm3) and (b) orthorhombic SMg,Cuis- xGa.7.s (Cmmn), showing their topological structural

similarities. The former contains Mglimers (red), Cgloctahedra (blue polyhedra), Ga@gicosahedra (green), and a 3D@Eamework (purple bonds).

Structure (b), as a comparison, contains @mers (red), Cgioctahedra (dark blue), zigzag chains of Ga4-centeregarachno icosahedra (green) along

a, and a 3D Cu(7)Ga(6)(GeGa) open framework (purple bonds). This framework can also be viewed as 2@Cu.Ga layers bridged by Cu7 (or

Cu7/Mg in the quaternary phase) and Ga6 atoms (dashed circled). Numbers are marked for selected atoms as listed in Table 3. Red spheres represent
electropositive magnesium in (a) and scandium in (b); green, gallium; blue, copper (including Cu7/Mg). The same holds for following figueabbetail

the building blocks in (b) are given in Figure 4.

Table 4. Incommensurate Structure Refinements of exhibit mixed Cu7/Mg and partially occupied Ga6 positions as
SauMdo.s0fClia.502587.61(2) major parts of the incommensurate structure. Therefore, the Ga6
space group Xmmn{a00)000,q = (0.694, 0, 0) atom was omitted in the calculations, and the Cu7/Mg sites were
unit cell (A) replaced by copper, which resulted in a formula 0fG¢sGa;.
a 8.311(2) The ASA radii were calculated automatically, and no empty spheres
E iééég Eﬁg were inserted with a maximum overlap restriction of 16%. All of
data/res./params (overall) 5117/0/87 the WS radii calculated are reasonable: 28673 A for gallium,
Robs(overall) | > 3a(1)] R1=0.0833, wR2= 0.0704 2.61—2.81 A for copper, and 3.283.62 A for scandium. The band
Rail (overall) R1=0.2467, wR2=0.0789 structure was sampled with 2424 x 24k points in the irreducible
Obs./all (main refins) 919/1124 wedge of the Brillouin zone. For bond analyses, the crystal orbital
R (main) R1= 0.0444, wR2= 0.0622 Hamiltoni lati COHP hod 2COHP d
Obs /all (first satellite refl.) 388/1957 amiltonian population (COHP) method was u > data
R (first satellite) R1= 0.2288, wR2= 0.3100 represent the energy contributions for all of the electronic states of
Obs./all (second satellite refl.) 132/2036 selected bonds through partitioning the band structure energy in
R (second satellite) R% 0.6616, wR2= 0.8041

terms of the respective orbital pair contributions.

4). Inasmuch as a long exposure dataset (5 min/frame) from the Results and Discussion

STOE IPDS Il obviously did not improve the quality of the solution, . . .

further endeavors to justify a structure solution from these samples  Phase Stability and Relationships to MgCusGas and

through laboratory X-ray diffractometer means were judged to SC¢-Mg—Cu—Ga 1/1 AC. As implied in the experimental

clearly not be worth the time required. The same situation possibly Section, scandium substitutions in MGas result in not

holds for the ternary compound, as estimated from the averageonly the SeMgo CuhosGa.731/1 AC and its corresponding

structural refinement results (Figure S1 in the Supporting Informa- i-QC phasébut also the title phase. The close relationships

tion). among these phases are in part shown by their similar chem-
Electronic Structure Calculations. Band structure calculations  jcg| compositions. The ratio of electropositive to electronega-

were performed for the average structure model by means of thetive components in the title phase 4Big,Cuis — xGa.7s, lies
self-consistent tight-binding linear-muffin-tin-orbital method in the within a range of 1:5.58 (4:22.3x = 0) and 1:5.63

local density and atomic sphere (ASA) approximations, within the (4:22.5,x = 0.5) within its stoichiometry range, very close

f k of the DFT methotf 26 A ted, th fined struct
rameworicorthe metho s note © refined structures to those of MgCu:Gas (1: 5.50), the 1/1 AC (1: 5.97), and

(23) Anderson, O. K.; Jepsen, Bhys. Re. Lett. 1984 53, 2571. the Se-Mg—Cu—Ga QC phase (1:5.67). More chemical

(24) éwzeg,tO.:t Snob,gd_itneAarizled tB_and Sstrt{cthe i\/letthodil in Electronic  gspects to this substitution process are also evident and will
na-str rean n ringer r nger- : .
Vgrlag: Sgrﬁne ge”:qznypl'gg%? . Springer Lecture Nogringe be considered after the structural analyses are described.

(25) Shriver, H. LThe LMTO MethopSpringer-Verlag: Berlin, Germany, Structurally, the beginning and final relationships are also
1984. ; i el A ~ 72

(26) Tank, R.; Jepsen, O.; Burkhardt, A.; Andersen, OTB-LMTO-ASA manifested in the cell parametera; ~ ¢, ~ ac, bo = 7% x
Program version 4.7; Max-Planck-Institut fu-estkoperforschung:
Stuttgart, Germany, 1994. (27) Dronskowski, R.; Bloh, P.J. Phys. Chem1993 97, 8617.
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Figure 4. (a) Off-[010] projection of a single 2D G@Cu -G layer, in
which one repeating unit is circled. (b) A zigzag chain of Ga4-centered
CwGas arachno icosahedra (green polyhedra) ilM8xCuis - xGa.7.5 Each
arachno icosahedron adjoins a S&cl dimer, which forms a complete
heteratomic icosahedron. Each Ga5 atom is also a center of another
heteratomic icosahedron that contains two-S8t1 dimers, four Cul, two
Gal, and two Ga4 atoms (see text). (c) Environments of Cu7 and Ga6
bridging atoms, which are incommensurately modulated in saw-tooth manner
to form modulated chains alorsy

Figure 5. (a) Pairs of bond distances for Ga6u3 (blue) and
Ga6-Cu7/Mg (red). Dotted lines represent the mean bond distances in a
3D structure refinement. (b) The positional displacements of Ga6 (and
Cu7/Mg, inset) in the three axial directions in terms of the internal t
coordinates, which are the projectionsef onto theA, axis alongRs
direction in (3+ 1)D space.

ing that its structure, in part a of Figure 3, consists of four

parts: Mg dimers (red), Cg octahedra (blue), Ga@gu
ac, in which the subscripts “0” and “c” denote the title jcosahedra (green), and a Gaetwork (purple). The last
orthorhombic and the primitive cubic MGuGa phases,  exnibits a 3D open framework with large tunnels alang
respectively, and = 1.618 is the golden mean. Accordingly, 5nd small tunnels along and b, in which the respective

. . 5 i
che g:tIerha;sr:aa;smal\J C};] ;be Nl ;rritlgnaI:superfrt]ri:ctLtj];esgf green Ga@Cu icosahedra and the red Mdimers reside.

92 re %’ . d i[?Z/l Aéll th a2f’1'|| ; P In contrast, the blue Guctahedra are located in G&ages.
can aiso be viewed as a h the foflowing, we Therefore, the framework can be alternatively described as

will discuss their detailed structural relationships. _ a 3D condensation of G@Ga networking units through
(?rystal Structure and Incommensurate Modulathn. six shared GaGa edges.

Being a closely related superstructure of J@gsGas, the title Part b of Fi 3 (d th le) sh th

compound certainly retains some features of its parent. art b ot migure (.rawn on the same sgae) shows the

Therefore, it is useful to review the structure motif of superstructure of the title compound, in which a modified

Mg.CwGas (Z = 3). As described before,it can be version of the former 3D open framework now has enlarged

conveniently written as Mg, s(Cls)(Ga@Cuy,)Gaw, mean- tunnels along andc through the insertion of Cu7 and Ga6
bridging atoms. (The last are the atomic sites that are

(28) In terms of the numeric relationships, the title phase might be called Particularly incommensurate.) The large tunnels alarage

a 1/0— 2/1 — 1/0 AC in the jargon used for quasicrystals. The order fjlled with zigzag chains of Ga4-centered & arachno
of an AC is determined by its lattice parameters. Generally, the lattice . hed lvhed d th Il | |
parameters of quasicrystalsf and itsg/p cubic approximant crystal Icosanedra (green polyhe ra)’ and the small tunnels along

(AC) have a fixed mathematical relationshipy, = 2as(p+qr)/v/- ¢, by Sc2 atoms. Note that in MGuGas, all of the

(2+7), in which 7 = 1.618, the golden mean, apdand g are two . . .

consecutive Fibonacci numbers. Note that, however, zero is not a magnesllum atoms form dimers, and SupSta_nt'a”y all of the
member of the Fibonacci series according to Fibonacci's original rabbit magnesium has been replaced by scandium in the new phase.
problem, yet it fits the mathematical expression of the problenm F( ; ; ; ; " P

Y 2) = Fn + 1) -+ F(n). Very few intermetallic phases have been However, in this case the insertion of additional bridging

referred to as 1/0 ACs. atoms (Ga6 and Cu7) has made the-S822 distances too
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Figure 6. (a) Densities-of-states (DOS) per cell for hypotheticalC3gsGa;. Inset: DOS of Cu7. The PDOS of (b) copper, (c) gallium, and (d) scandium
are also shown. Note the break in the energy scale in (a) and (b).

large to be bondingX7.0 A), but SctScl and Sc3Sc3 are also collinear because they occur on thd 4, 1/4, 1/2)
remain as dimers. and equivalent sites.) Actually, the Se$cl dimers also
The 3D framework in part b of Figure 3 can be viewed as have suitable bonding distances to Cul, Cu4, Gal, and Ga5
2D layers interconnected by the bridging atoms alori@art (all <3.1 A), such that they complete the former /Gas
a of Figure 4 shows the projection of a single layer in which arachno icosahedra to generate distorted heteratomic icosa-
the repeat unit (circled) is G@Cus:s:Gay2. Each unit shares  hedral chains. Simultaneously, the shared Ga5 atoms are also
its Cu4-Cud4 and Ga3Ga3 extremities with four like  centers of heteratomic icosahedra defined by two-Sd1
neighbors, and the Cu3Cu3 edges, with both bridging dimers, four Cul, two Gal, and two Ga4 atoms. Therefore,
atoms above and below the layer. In comparison with the the contents in large tunnels in effect consist of a highly
green Cy@Gay unit in Mg,CusGas, the replacement of the  condensed zigzag heteratomic icosahedral chain of a type
gallium by copper in the Gacage shrinks not only the cage never seen before.
but also the central Guwctahedra (blue). As seen in part b Last, we consider the bridging Cu7 and Ga6 atoms, part
of Figure 4, the latter have been squeezed alondtheis ¢ of Figure 4. According to the average structural data,
to give shorter apex (Cu6) to waist (Cu5 and Cu8) distancesthe mean Cu?Ga6 distances are-2.09 A and for the
(~2.53-2.65 A) and elongated distances between waist Ga6-Cu3, ~2.15 A. The improbable shortness of these
atoms fi(Cu5—Cu8)= 3.05 A]. Note that the Cyoctahedra idealized bonds is solved in the present structure by the
in Mg.CusGas are regular, with all of the edge distances equal necessity that mixed Cu7/Mg and fractional Ga6 atoms never
(2.633 A)8 locate at these mean positions. Rather, both show incom-
The zigzag chains of gallium-centered G arachno mensurate displacements, particularly large for Ga6. In
icosahedra, in part b of Figure 4, exhibit remarkable structure addition, both of their occupancies become partial in the
complexity and beauty. Note that the Ga@%nosahedra ternary structure when all of the magnesium is removed.
in Mg.CusGa; alternate with Mg-Mg dimers along thec Part a of Figure 5 shows the modulated €«Fa6 (red)
direction? In the new structure, the G8as arachno icosa-  and Cu3-Gaé (blue) bond distance correlations in terms of
hedra form zigzag chains by sharing Ga5 atoms so that thethe internal t coordinates, which are the projections of x4
respective Ga4 centers and the shared Ga5 atoms are lineallpnto theA, axis alongRs direction in (3+ 1)D space? Both
arranged ((Ga4-Ga5-Gad= 179.98(3}). (The Ga5 atoms  bond distances become reasonable through the saw-tooth-
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like modulations (including both position and occupancy
modulations). The modulations result mainly from the
positional displacements iix direction, as shown in part b

of Figure 5, consistent with the observed electron densities
(Figure 1) and the refined ADPs for the mean structure (Table
S1 in the Supporting Information).

Some chemical aspects of the structural and electronic
changes that relate the two phases are informative. The
process with the parent as 2MisGas = Mg4Cui,Gao and
yields the ternary S€u47Gar s, during which all of the
magnesium is first replaced by scandium with a gain of 4
e . At the same time, 2.5 galliums are removed and 2.75
coppers (3¢ naturally) are added, which correspond to an
overall change of-2.5(3) + 2.75= —4.75 €. In other
words, a net oxidation of only about 0.75 per formula
unit (~26 atoms) of product occurs during this transforma-
tion. (The equivalent calculation for the refined quaternary
product gives a 0.33 eoxidation.) The distinctive structural
functionalities of copper versus gallium appear to be most
responsible for the changes seen in Figure 3. The cation
features appear rather similar in both, and the major changes
take place in gallium versus copper placements and functions.
Green gallium is seen to be the principal framework generator
in Mg.CusGas (left) with copper (blue) forming both the blue
octahedra and the green icosahedra. The switch of some
gallium to copper with the change in formulas (above)
accompanies substantial alterations of atom roles as well as
the cubic to orthorhombic distortion. The framework now
becomes predominately copper, with only a little gallium
left in the bridges around the outside. The octahedra remain
copper but become appreciably distorted because the sur-
rounding atoms are now mostly copper atoms, which form
shorter bonds. A major change occurs in the former isolated
gallium icosahedra, which are converted to condensed
arachno icosahedral chains (green) with a@ag composi-
tion. As a result, Ga6 and Cu7 (circled) are inserted into the
outer network in an incommensurate manner to avoid
otherwise close contacts, presumably in a drive to fill space
well and perhaps for bonding reasons (below).

Electronic Structure. Parts a-d of Figure 6 show the
densities-of-states (DOS) and partial DOS (PDOS) of the
hypothetical Sg€CwsGa; after necessary approximations
regarding mixed and fractional sites. A total of 198 elec-

trons per formula unit fill states up to the Fermi energy

. _ . . Figure 7. The crystal orbital hamilton population—COHP) data
(EF)’ which CorreSpondS te/a = 1.85 (WlthOUt counting (eV/bond) for (a) Cu-Ga, Se-Sc, and Se Ga; (b) Cu7Cu and Cu-Cu;

Cu 3d° electrons). The value is close to the experimental and (c) Cu7Sc and CeSc in the hypothetical SE€usGay. The bonds to

e/a values of the title compositions (1.88.89). The DOS Cu7 (Cu?Cu and Cu?-Sc) exhibit considerable largerCOHP values at
bands exhibit several general features similar to those of thezﬂggzgtﬁ’;"g the ferml enerdy ihan the avefage of corfesponding Iypes,
SaMJo.4CuiosGar 3 1/1 AC and/or MgCusGas.8° As can be

seen, the very broad copper 3d bands lie mainB.0 eV The crystal orbital hamilton population (COHP) data, in
below theEg, but retain considerable contributionsk in parts a-c of Figure 7, show that no bond type is fully
parts a and b of Figure 6, mainly through orbital mixings optimized atEr, suggesting that additional electrons might
with scandium 3d and gallium 4p states. As for the scandium stabilize the structure. This may be another driving force
3d states, they lie mainly-2 eV aboveEg, but they also  for the inclusion of Ga6 in the title phase, although,
contribute some states Bk, more so than gallium 4p, as unfortunately the diffuse and fractional Ga6é had to be
shown in parts ¢ and d of Figure 6. Such a function is of excluded in the band calculations. We may alternatively
course not provided by magnesium. consider Cu7, another atom that is strongly incommensurate,
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to judge the importance of these bridging atoms in bonding term 1/0-2/1—-1/0 AC for the title phas® best identifies
and, eventually, a possible reason for the incommensuratethis idea because icosahedral QGQCs) can be considered
modulations. As shown in the inset of part a of Figure 7, as a type of 3D, incommensurately modulated crystals. We
the PDOS for all of the Cu7 orbitals lies betweeR.3 and believe that the attainment of additional crystals with 1D or
— 1.6 eV, on the right side of the large copper 3d band. 2D incommensurate modulations might help considerably
Therefore, the Fermi surface properties should be rather morein cracking the secret structures BfQCs. Although the
sensitive to Cu7 than to the other copper atoms, suggestingaverage structure gained provides the general features for
the bridging atoms (or the incommensurate modulations the title phase, some cautions regarding the superspace
generated by them) play important roles in this structure. refinements remain because of the limited incommensurate
The comparisons of COHP data between CuCu versus reflection intensities.

all of the Cu—Cu and Cu#Sc versus all of the CuSc also ]
support this idea. In parts b and ¢ of Figure 7, theOHP Acknowledgment. We thank Prof. V. Pétéek for his
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