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The newly reported icosahedral quasicrystalline phase ~ScsCu,1Zn;9 was approached through four synthetic,
structural, and EDX analyses of the range of approximants formed by systematic substitutions of 0—4 Zn by Cu in
the reported ScsZny; as well as for the corrected ScsZnis (ScZns) composition. Structures of high yield products of
the 0, 1, 2, 3 Cu atom steps all refined as isotypic ScsCu,Zn;s— phases (Im3, Z = 8, a = 13.8311(5) to 13.7528-
(5) A for 0 < y <2.2), basically isostructural with RCds phases known for many rare-earth elements. The present
phases all exhibit the novel feature of disordered zinc tetrahedra in the center of four concentric polyhedral
clusters: pentagonal dodecahedron (Zn/Cu), icosahedron (Sc), icosidodecahedron (Zn), and triacontahedron (Zn).
The Cu tuning process reduces both the average electron count per atom (e/a) to 2.04 and the average atom size
until major amounts of the zinc-poorer quasicrystal separate along with the present normal crystalline phase near
four added Cu. The Cu is an important neighbor to the disordered Zn atoms. The approximant structure repeatedly
exhibits components with pseudo-icosahedral symmetry.

Introduction remarkable binary QC examples CaGgland YbCd 754

Quasicrystal (QC) phases are a novel class of intermetallic "€ known quasicrystals plus their presumed approximants
compounds with rotational symmetries in their diffraction 2'€ extensively utilized to generalize experience in the study
patterns that are incommensurate with translational periodic-Of quasicrystals. The approximants are translationally normal
ity. They are generally regarded as electron phases, aLrystalline compounds with customarily large unit cells that

described for example by Hum&othery ruleg,and prob- contain condensed high-symmetry building blocks such as
ably have band gaps or pseudogaps at or near the Fermicosahedra and dodecahedra and have compositions close to

energy? In addition, atomic size factors have been reported those of the related quasicrystals.

to play a critical role in quasicrystal formatiénThe The approximants to the above quasicrystals were origi-
optimized valence electron count per atoga) for icosa- nally taken to be YbCd and CaCgf although the recently
hedral quasicrystals was first considered to be in the rangediscovered CaGgs® may be even more appropriate. Ac-

of 2.1-2.25 but this was reduced to 2.0 with advent of the cording to what we conclude here was the first generally
correct structure for the former pair, that reported by Larson
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Five SeCuyZnig--Type Compositions (G6< y < ~2.2)

Table 1. Loaded Compositions, Guinier Cell Parametérs3j, and EDX and X-ray Refinement Results for Approximant Phase Safnples

products
loaded compositions EDX composition X-ray refined composition

X SaCuZni7—x latt. const (A) at. % (Sc/Cu/Zn) empirical ~SeCuZnig-y

0 SCann 13.8311(5) 15.3(2)/84.7(9) &j’he,m S(‘{;Zn]_s,o

1 SaCuoZNis.0 13.7923(5) 14.5(2)/3.1(3)/82.4(9) B saZM70 SaCW esZMi74

2 SQ;CUz_ozrlls_o 13.7598(6) 14.5(2)/7.0(3)/78.5(9) &U]__452ﬂ16_24 SaCu4eZNiss

3 SeCus.oZMao 13.7528(5) 14.6(2)/10.4(3)/75.0(9) b 14754 SaCw.1ZNi6.0

4 SQCU4,02I’113,0 [13.7469(5)T 15.4(2)/13.5(3)/71.1(9) SCU2A53ZI’113,35

aEquilibrated at 200C. P Uncertain because 0f70% admixed quasicrystal phase. Other products wesiegle phase.

dodecahedron, an icosahedron, an icosidodecahedron, an&xperimental Section
s0 on. The RC¢l(and CaCg) structures for a wide variety Syntheses. Starting elements of Sc chunks (99.9%, APL-
of rare-earth metals R (and Ca) have been recently put on | drich), Cu d o 0
. . . . , powder (99.9%, Alfa) and Zn shot (99.9%, Alfa) were

muclj firmer bas!s by the thqrough crystallographic Stu_d'es used as received. Following the reported compositiaZigg, five
of Gomez and Lidert: They in fact observed an amazing  4jioys with target compositions 82uZnu7_y for x=0, 1, 2, 3, 4
array of different configurations for the central disordered (eg/a values of 2.15, 2.1, 2.05, 2.00, 1.95) were synthesized to
atoms in Fourier maps, ranging from tetrahedra to almost approach the new quasicrystal. This step took place through melting
continuous “cubes”, as well as some moderately small off- the weighed elements together in a Ta container that had been weld-
stoichiometries in certain compounds. sealed within an argon atmosphere. The container itself had been

In contrast, the discoverers of the M§c—2Zn quasicrys- further enclosed within an evacuated Si@cket to avoid its air
tal’2 concluded that its approximant wass3e;7,12 evidently oxidation.. The samples were mgltgd at .700 for 2 h to
not noting the doubts raised about this structure and homogenize them, cooled to 570 within 10 min, and then _slowly
composition by the study of YGdThe cubic structure type cooled to 420°C at a rate of 5C /h for crystal growth. Flnally_,

. the samples were annealed at 20D for several days to gain

repqrted for Sng_m is exactly that of YCd etc.exceptthat. equilibrium and better quality crystals.
the |nnermost disordered atoms are not pre;ent, !eavmg a The products, which have a metallic luster and are a little brittle,
huge hole |n§tead.'Thus, Larson and Cromer in their CarefuIwere first examined under a microscope inside a glovebox filled
study of the isotypic YCgl° (=YsCdg) wondered whether yith purified nitrogen. Candidate crystals were selected from small
this feature also belonged in o7 (and in the reported  crushed pieces and inserted in thin-walled glass capillaries for
isotypic phases RBey7, etc*1°as well). The related Y preliminary checks with the aid of Laue photographs, and the
Zny7 has also been so assigriéd. remainders of the samples were ground for powder X-ray diffraction

Our investigations of the SeCu—Zn system, following to check the phase purity and to refine the cell parameters. Some
on the above information, have taken two directions. First, crystals were also exposed to room-temperature air for over one

starting with the reported $€r7, explorations of SEEUZMN 7 week to see whether they were stable. No color or surface changes
compositions fox = 0—4 chc;sen 50 as to redueka from were observed under the microscope, and no weight change was
2.15 by substitution of éu for Zn, led us into the present measured. Therefore, later processes with the products were carried

. . .__out in the air.
work, the discovery of a presumed approximant phase region o '

. L Analyses.To better define the end compositions of the com-
SGCUZNe-—y with ra”ge of compostnS at 20C of ab,O_Ut pounds obtained, semiquantitative energy-dispersive X-ray spec-
0 <y = 2.2. We will show that different compositions

) _ U > troscopy (EDX) and inductively coupled plasma (ICP) techniques
therein are all based on evident copper substitution for zinc yere utilized. The former analyzed cleaved, apparently flat, and

in the YCd; (RCd) type structure of ScZnand all include  clean surfaces of crushed bulk crystals on a JEOL 840A SEM/
the centered disordered Znetrahedron. Thus, the first  IXRF instrument, whereas 0-0.2-mm bulk crystals were visually
member of the series §ng, or ScZn, replaces SZn;7. selected under low magnification for ICP analyses.

The study provides a good example of tuning on the basis Powder X-ray Diffraction. X-ray powder diffraction data were
of size and electronic rules. Before this came our more secured with the aid of a Huber 670 Guinier powder camera
empirical discovery of a new quasicrystalline phase with a equipped with an area detector and CaKadiation ¢ = 1.540

slightly different composition;Scs {Cuny Zn71 7(=SaClh.1- 598 A). Powdered _samples_ were homogeneously dispersed_on a
Zny,.9), ela = 2.04, that separates at 480 17 flat Mylar surface with the aid of a I|_ttle petrolatum. The step _S|_ze
was set at 0.005and the exposure time was 1 h. Data acquisition

(11) Gamez, C. P.: Lidin, SPhys. Re. B. 2003 68, 024203. was controlled via the in-situ program. Peak search, indexing, and

(12) Kaneko, Y.; Arichika, Y.; Ishimasa, Philos. Mag. Lett2001, 81, least-squares refinements for cell parameters were done with the
7T ) aid of Winplotr and its built-in progran’$.The results showed that

13) ér”yirt‘;ﬁzzt’19Ré9'é4ngé%r.' B. Ya., Zavodnik, V. ESe. Phys. the main products were substantially single-phas5-97%)

(14) Sands, D. E.; Johnson, Q. C.; Kikorian, O. H.; Kromholtz, KAtta cubic crystalline approximants for < 3, whereas a mixture of
Crystallogr. 1962 15, 1191. about 30% approximant and70% quasicrystal phase was found

(15) Villars, P.; Calvert, L. DPearsons Handbook of Crystallographic in the x = 4 product. Table 1 lists the refined cell parameters
Data for Intermetallic Phase2nd ed; American Society of Metals:

Materials Park, OH, 1991; Vol. 1, p 169, 2195.

(16) Bruzzone, G.; Fornasini, M. L.; Merlo, B. Less-Common. Met97Q (18) Roisnel, T.; Rodriguez-Carvajal, J. Materials Science Forum,
22, 253. Proceedings of the $enth European Powder Diffraction Conference
(17) Lin, Q. S.; Corbett, J. DPhilos. Mag. Lett2003 83, 755. (EPFIC 7) Delhez, R., Mittenmeijer, E. J., Eds.; 2000, p 118.
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obtained, which were used later in bond distance calculations, the Table 2. Some Crystallographic Collection and Refinement Data
EDX analyses, and the compositions of the crystals refined for the

first four. The ICP analyses (not given) had better accuracies, but ;S,{,I.necj composition 1?{1%% Sf§g§'l é“’znm
the stoichiometries thereby determinedfor 1, 2, 3 largely only space group? Im3, 8 Im3, 8
confirmed the compositions loaded, indicating the simple crystal ~latt. gafa”ﬁa('&) 13.8311(5) 13.7598(6)
picking had not been successful. In contrast, the EDX results were géfl‘c)(g fcrd) 6256545549(2) 520754'2(2)
uniformly 30—32% lower in copper content than loaded and clearly 4 (Mo Kot (mm-2) 33.14 33.52

more consistent with the X-ray structural refinements, thereby R1, wR2 (%% 2.77,6.02 2.87,5.52
re_flecting fractionation of a small amount of copper into an unseen Huber diffractometer datd, — 1.540598 A, 23C. > R1 = S||Fo| —
minor phase. IFell/EIFal; WR2 = [SW(|Fol? — [FeD2DW(FA] 2.

Crystallography. Good-quality single crystals were mounted on

a Siemens APEX Platform CCD diffractometer equipped with map of the region (below). A 3-fold disorder of a tetrahedron seems
graphite-monochromatized ModKradiation, and diffraction data ~ more reasonable than an assignment as a single rather distorted

were collected at-293 K over a hemisphere of reciprocal space jcosahedron at one-third occupancy. The general similarity to the
up to 2 = 56.46. The individual frames were measured with an  yCdg!° (and RC@) results is striking.

w rotation of 0.3 and an acquisition t_|n_1¢ of 15 s. The SMART Very similar results were obtained for crystals from reactions
software was usgd for the datal acquisition, SAINT was used for loaded forx = 1, 2, and 3, including the generic characteristics of
the data extraction and reduction, and SADABS was used for the displacement parameters and invariant occupancies of the Zn4,

abso_rption correc_tion; all were in the program package. Structure Zn5, and Zn6 sites (Table 2 and Supporting Information). Consider-
solutions and refinements were performed using the SHELXTL ing that mixing of Cu and Zn on the same sites is common in many

package 'of crystallographif: prograf¥sAll data sets Showeq the other compounds (e.g., 6Zn 2! Ca;CusZny,22 and ALCUZn?), it
sgstematlgéltbsence Cond't'dml(g 3h +c|i(l+§| EZn, etc.),haIIEV\gng was presumed a similar event might occur in the three ternaries
t nze lpos§| elspace %Qu?’w.l C‘;"Q m .g);weve:,t et tats analyzed. But variations of such proportions along with a single
trl:ote ashlrrlp ertnente int et n prto.gr trt(r)]ngysuggeste isotropic displacement parameter for each of the three normal
at each structure was centrosymmetric, So the space group Wa?smaller) Zn positions as well gave only negative Cu occupancies.
tentatively taken to b&m3. All structures were successfully solved Possibilities of mixing Cu on most other Zn positions was also
therein by direct methods. Seven atoms were first located, and theexcluded because these resulted in either negative occupancies,

f'rSt. six were initially assgned to zn atom; and the last ONe Was stable refinements, or extremely large standard deviations. On
assigned to Sc on the basis of the peak heights and bond d|stance§he other hand, the chemical analyses and variations among both
For the binary produci(= 0), subsequent isotropic least-squares ina cell parameters and the atom positions with respect to

refinements proceeded smoothly to R112.1%, wR2=30.9%,  composition (Tables 1 and 2, Supporting Information) made clear
GOF= 1.09, at which point the largest difference electron densities ot cu and Zn do form some sort of solid solution in a slowly

were+11.0 and—10.8 eA~3. However, three zinc atom sets on changing structure in this region, as difficult as it may be to

the 12i (Zn4), 16 (Zn5), and one of the Z(Zn6) positions had  yigtinguish low copper contents-é—12% overall) because of the
somewhat larger displacement parameters (1Q = 17 — 24) very similar X-ray scattering by Cu and Zn. The displacement
than. did the othgr four, Whl('.;h suggested that the three ml_ght ha\_/e parameters were usually largest for Zn5, and this atom also showed
partial occupancies. Accordingly, both the occupancy and isotropic e gistinctive features: (1y0.25 A shorter separations from
parameters for each of the three Zn atoms were successively allowedy,q fractional Zn7 (2.26 A) (which may not be too unusual), (2)
to refine with the others held at full occupancy. The results indicated 7= 75 distances that are about 0.13 A shorter than those for
full occupancy for each within& that is, between 98(2)% and  ,iher ike bonds in the normal pentagonal dodecahedron that
104(3)%. The larger displacement parameters of the three Zn atomsy ;1 ounds the origin£2.53 A vs 2.66 A), and (3) two of the few

therefore must result for structural reasons. decreases in distances on Cu substitution, in the longer-Zn5

At this stage, the largest electron density infemap appeared  and Se-zn5 distances (Table 4 and Table S4 in the Supporting
to be a false peak only 0.53 A from Zn5, but the second one on a |nformation). Therefore, an amount of Cu in only the Zn5 position
24g position (10.8 eA~%) was a feasible addition because it was as fixed according to its proportion in the EDX results in the
~2.22 A from its nearest neighbor (Zn5). An additional Zn7 atom  tpree pseudo-ternary structural refinements of nomina 1, 2,
at this point then refined to a variable occupancy of 0.300(5). This ang 3 products. The results of these studies thus refined to
position generates what has been described as a 3-fold disorderedompositions Sgu,Zny5 , fory = 0, 0.65, and 1.49. An additional
tetrahedron in YCglby Larson and Croméf, so the occupancy  small amount of Zn~24(2)%, in a new fixed 8position was found
was fixed at 1/3. The final anisotropic least-squares refinements, iy the fourthx = 4 product, making its refined compositionsSc

with 47 parameters and 608 independent reflections Wwitl2o(l) Clp1eZNiso (Y = 2.19). This is the only significant example of
converged at RI= 2.77%, wR2= 6.12% and GOF= 1.09. nonstoichiometry and parallels those observed in somesRCd
Residual electronic densities then ranged between 54921.52 studiest!

A from Zn7, and—1.59 eA"%, 1.14 A from Zn7. Table 2 lists some crystallographic data, and Table 3 contains
_The last two features actually both reflect the apparent unusual \he corresponding atomic positions and isotropic-equivalent dis-

distribution of the Zn7 atoms (below). Their large isotropic placement parameters for thes8dig and SgCuy 48216 5 products

parameters) (~99(3) x 1073) or extreme anisotropic displacement (x=0, 2). Distances in these two are listed in Table 4. Positional

values (4:1 for the principal axes with relatively smatls) are and distance data for the other two structungs=(0.65, 2.19),
again characteristic of the disordered tetrahedron of Zn7. The

elongated and diffuse nature of these densities are clear in a Fourier
(21) Ng, S. C.; Brockhouse, B. N.; Hallman, E. Mater. Res. Bull1967,

2, 69.
(19) SHELXTL.; Bruker AXS, Inc.; Madison, WI, 1997. (22) Merlo, F.; Fornasini, M. LJ. Less-Common Me1985 109, 135.
(20) Farrugia, L. JJ. Appl. Cryst1999 32, 837. (23) Murphy, S.Met. Sci 1975 9, 163.
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Five SeCuyZnig--Type Compositions (G6< y < ~2.2)

Table 3. Positional & 10%) and Displacement Parameters {0°) for SaZnis and SeCuy.sZmes (X = 0, 2R

atom Wyckoff site symm. X y z Ueqy occupancy:Zn/Cu
Znl 12 mma2.. 1901(1) 0 9(1)
1895(1) 0 8(1)
zZn2 24 m.. 0 4044(1) 3457(1) 8(1)
0 4045(1) 3449(1) 6(1)
Zn3 4&h 1 1169(1) 3407(1) 1998(1) 12(1)
1144(1) 3426(1) 2001(1) 8(1)
Zn4 12 mm2.. 4053(1) 0 0 20(1)
4079(1) 0 0 15(1)
Zn5/Cu 24 m.. 0 2382(1) 916(1) 24(1) 100/0
0 2388(1) 912(1) 21(1) 78/22
Zn6 16 3. 1617(1) 1617(1) 1617(1) 17(1)
1626(1) 1626(1) 1626(1) 16(1)
Zn7 24 m.. 0 748(6) 810(5) 99(3) 1/3Zn
0 760(5) 823(5) 88(3) 1/3Zn
Sc 24 m.. 0 1898(1) 2997(1) 5(1)
0 1874(1) 3001(1) 4(1)

2 Parameters are listed in sequence fosZBgs and SeCuy.sZnie5 phases? U(eq) is defined as one-third of the trace of the orthogonalldgdensor.
¢ Mixed occupancy for Zn5/Cu was fixed at EDX proportion for the ternary crystal, while occupancy at Zn7 position was fixed at 1/3. The refined escupanci
of Zn7 were 30.0(5)% and 33.3(6)%, respectively.

Table 4. Bond Distances (A) in Two S€uZnis-y Phases

bonds SeZnig SaCup 4eZMiss bonds SeZniz SaCup.4eZNiss
Znl Zn2 X 2.502(1) 2.496(1) Zn5 Zn7 XL 2.264(8) 2.166(6)
Zn2 P 2.526(1) 2.510(1) Zn5 X 2.534(2) 2.510(2)
Zn3 4 2.7360(6) 2.6824(7) Zn3 X 2.620(1) 2.600(1)
Zn4 P 2.938(1) 2.899(1) Zn4 A 2.636(2) 2.644(2)
Sc X 3.231(1) 3.229(2) Zn6 2 2.6572(8) 2.6592(9)
zZn2 Znl X 2.502(1) 2.496(1) zZn7 » 2.720(8) 2.805(7)
Znl Ix 2.526(1) 2.510(1) Sc XL 2.955(2) 2.961(2)
Zn2 Ix 2.645(2) 2.628(2) Sc X 3.037(1) 2.990(1)
Zn3 P 2.6824(8) 2.6608(8) Zn6 Zn3 x3 2.6060(9) 2.6141(9)
Zn3 P4 2.7321(9) 2.6789(9) Zn5 X3 2.6572(8) 2.6592(9)
Zn4 P 2.832(1) 2.809(1) zn7 3 2.774(3) 2.766(3)
Sc x 3.035(2) 3.049(2) Sc 3 2.9656(9) 2.9507(9)
Sc X 3.109(1) 3.080(1) Sc Zn3 X2 2.919(1) 2.9119(1)
Zn3 Zn6 x 2.6060(9) 2.6141(9) Zn5 XL 2.955(2) 2.961(2)
Zn5 Ix 2.620(1) 2.600(1) Zn6 » 2.9656(9) 2.9507(9)
Zn3 P 2.6621(9) 2.6853(9) Zn3 X2 2.980(1) 2.988(1)
Zn2 Ix 2.6824(8) 2.6608(8) Zn3 X2 2.9954(8) 2.9878(8)
Zn2 Ix 2.7321(9) 2.6789(9) Zn4 XL 3.004(1) 2.975(2)
Znl Ix 2.7360(6) 2.6824(7) Zn2 XL 3.035(2) 3.049(2)
Sc X 2.919(1) 2.911(1) Zn5 » 3.037(1) 2.990(1)
Sc X 2.980(1) 2.988(1) Zn2 » 3.109(1) 3.080(1)
Sc x 2.9954(8) 2.9878(8) zn7 Zn5 x1 2.264(8) 2.260(1)
Zn4 Zn4 X 2.621(3) 2.534(3) Zn5 2 2.720(8) 2.766(3)
Zn5 4 2.636(2) 2.644(2) Zn6 2 2.774(3) 2.805(7)
Zn2 X 2.832(1) 2.809(1)
Znl P 2.938(1) 2.899(1)
Sc X 3.004(1) 2.975(2)

general data collection and refinement parameters, and anisotropidResults and Discussion
displacement data for all studies are contained in the Supporting
Information. In overview, these synthetic and crystallographic inves-
A synthesis reaction with the stoichiometry refined for the binary, tigations of the Se Cu—Zn system over the stoichiometrics
ScZns (SeZnyg) was later run under the same conditions. A crystal SeCuzn x = 0 — 4, reveal the presence of a homog
17—Xs - ’ -

therefrom gave a 0.022 A (2] larger cell parameter (13.853(1) . .
A) than for thex = 0 product (which solved as essentially,sc ~ €N€0OUS phase region over much of this sample range. The

Znyg). This fifth single crystal structure solution (residuals of 3.7, lower limitis ScZn (SesZns), a corrected composition and
6.3%) revealed the same structure motif with only small changes, structure formerly reported as /! that contains an
mainly in the slightly greater occupancy of the disordered Zn7 atom, additional disordered tetrahedron in an otherwise large hole
35.0(8)% vs 30.0(5)% before, and some small positional shifts (seeground the origin, basically the same as that reported for
Support.ing Informgltion). The occupancies lead literally to crystal- YCds 30 years ago. (A related but erroneous structure for
lographic compositions €Mz s VS S@ZM7 so(z) before, a 5.8 YbZns has also been publishéf). Otherwise, added Cu
difference, suggesting a small nonstoichiometrgyoccur for the - . .

binary. The atom positional changes are principally for Zn5, by substitutes for Zn in substantially the same structure up to
17.67iny, and distances thereabout change by 4, plus one at somewhat beyong= 2.2. These features and the polyhedra
150 (Zn5—-Zn6). The data are all contained in Table S5 in the that surround the tetrahedral distribution will be considered

Supporting Information. in detail later.
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Figure 1. Observed Huber powder pattern®Yf nominal SgCuZni7—x synthesis products, = 0—4. At the bottom are the powder patterns calculated
from literature parameters for &,z and our refined SZms data & = 0). At the top is the pattern of the quasicrystabS@ 1Zn;2 017

At the other end of the region, the previously discovered reflection at~9°. (This appears to have been missed in some
and somewhat Zn-poorer quasicrystal phaSeEsCu, 1ZNn;2.9 subsequent literature assignments.) None of our experimental
separates incongruently. This is the major component of asamples showed a stronger (110) reflection than expected
Cu-richer x = 4 product. (It should be noted that the from the SgZn;s result.
approximant and quasicrystalline compositions are not quite  Other than for small positional shifts, the patternsxXer
comparable because the present samples were equilibriund, 2, 3 agree very well with that for Scgrwhereas that for
products at 200 vs the 480°C used in the QC isolation, x = 4 clearly shows it to be a mixture with~70%
and the copper content of the latter appears to decrease witlguasicrystalline phase (top pattern). Careful searching of the
decreasing temperature.) X = 0— 3 patterns reveals three to four very weak and

The phase purities and the course of the changes acrossinassigned peaks in some (thosetat2~21.5 and~23.8
the entire phase region are evident in the Guinier powder are artifacts). Experimental patterns of thez3g- starting
data shown in Figure 1. This also demonstrates that theComposition versus that for the £t product synthesized
powder pattern calculated on the basis of the refined according to the refined composition show a clear but weak
Crysta"ographic positions for $€n;s (SCZI}) agrees very extra peak in the former near 38.8nd a possible second
well with the experimental onex( 0), whereas that at the ~ one at 39.3in 26, which could come from the known Zn-
bottom calculated from the atomic positions reported far Sc  Poorer SgaZnsg™ (isostructural with GehZnig™) (the stron-
Zn, At exhibits a large and anomalous intensity for the (110) gest peak of SgZnss at ~40.1° overlaps that at-40.12
for the phase studied). (A detailed comparison of these two
(24) Palenzorfanoted that the calculated density for the assigned composi- Patterns is given in the Supporting Information). The same
tion and structure of YiCdi7 was too low, so he added a full cadmium  may be true in thex = 3 and 4 products.
som o n ol e he squvakerseenic g9 lo e e Sigucture Descripion. The basic Stuciure can be de-
X-ray data. This result was transformed to the cenimi@ when it scribed in several ways. Neglecting for the moment what is
was listed inPearsons Handbook® with the added Cd atom now at

50% in a 16 position, as opposed to the correct 33% in g 84e (or (25) Palenzona, A.; Manfrinetti, B. Alloys Compd1997, 247, 195.
equivalent) in RCgl and ScZg (this work). (26) Wang, F. EActa Crystallog.1967, 22, 579.
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a)

b)

Figure 3. Environment of the Sc atom (yellow). Note the three pentagonal
layers of Zn neighbors and the near Zn7 member (green) in the disordered
tetrahedra. The last contact (3.47 A) is marked.

all ordered (Zn6-Zn5—2Zn5—-Zn6—2Zn5) and each Zn6 atom
has three Zn5/Cu neighbors. The next collection of atoms
are better described in two shells. In the first, Figure 2b, Sc
atoms (yellow) cap the 12 pentagonal faces of the dodeca-
hedron and thereby generate the dual isosahedron with a
radius of 4.91 A. The Zn6 cube also appears in these
polyhedral faces as the slightly larger component of the inner
dodecahedron. The next larger, Figure 2c, is a 30-atom Zn
polyhedron (icosidodecahedron) built of what for the moment
will be described as six flattened rectangular pyramids of
Zn3 with Zn4 capping atoms on each that are ordered along
the cubic axes (radius 5.60-5.70 A). Each Zn3 in this
caps a Zn6-Zn5—Sc triangular face in 3b. Furthermore, the
inner shell of Sc atoms is now seen to lie within Zn
Figure 2. Successive ordered atom shells about the origin in StiZat pentagons formed between these pyramids in which all Zn
Séirrzuntélthe dir?grgsg_étgbg?Zo(sr;?e?rsﬁﬂ?)siC(g)totzggicgﬁfx;m egfénSt/hCeU vertexes in each are members of two pentagons. The last
g)eirtazrongle?aace of thé dodecahedron; (c) 30-atom s%ell of Zn3 am(‘iJ Zn4 polyh_edron FOHSIS'[S of a Ia}rge lenc triacontahedron, Figure
atoms grouped along the cubic cell axes; and (d) the triacontahedral shell2d, with radii of 7.0-7.4 A in which normal Zr-Zn bond

of Zn1, Zn2, and Zn3 atoms. Note that all surface atom pairs in (d) are not |engths do not appear on every edge. This is made of 12
bonded. The isotypic structures containing Cu are generally very similar. Znl. 36 Zn2. and 24 Zn3 atoms

described as the 3-fold disordered (Zn@hits around the Alternatively, these four shells can also be usefully
origin, the regular part of the structure can be best describeddescribed in terms of the surroundings of each Sc atom in
in terms of four successive concentric shells of atoms aboutthe above Sc icosahedron. The structure can thus be built
that point. These total 138 atoms, terminating in a large 72- from 12 condensed Sc-centered Sc(Zn;epdlyhedra, one
atom triacontahedron that is, in fact, condensed with other of which is shown in Figure 3. The Sc environment can be
like members in the overall structure. Furthermore, the related to the components in Figure 2 in terms of the three
surface atoms on the last unit are not all interbonded, so it condensed Zn pentagonal neighbors therein. These consist
constitutes a more geometric formality. of the coplanar Zn3,4 rings (compare Figure 3c) that are
The separate components of this multiply endohedral or bonded above to a distorted capped pentagon [Znl-
concentric sphere model are shown in Figure 2. The first (Zn2,Zn3}] in the tricontahedron and below by the distorted
unit surrounding the disordered tetrahedra is a pentagonal-pentagon of Zn5(Cu) and Zn6 that make up each dodeca-
faced dodecahedron, Figure 2a, built of 12 Zn5/Cu atoms hedral face in Figure 3a. The SZn distances herein fall in
and eight Zn6 with radial distances from the origin of 3.53 a fairly narrow range of 2.923.11 A. Finally, the topmost
and 3.87 A, respectively. The distorted pentagonal faces areZn1 atom in Figure 3 is somewhat more distant (3.23 A), as
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Figure 5. Perspective Fourier map of the disordered Zn7 atoms about the
Figure 4. The bcc array of interpenetrating triacontahedra that describes 0rigin, which describe three disordered tetrahedra, each at 1/3 occupancy

the outer shell structure in $euZng-y, 0 <y < 2.2. (contours at 6 e/A3). The refined positions lie at the centers of the 12
components.

is the nearest component of the external disordered Zn7
tetrahedra directly below (green, 3.47 A) that will be
described in the following section. (The next nearest Zn7
are 4.22 A away.) The Sc atoms thus provide additional polar
bonding within the Zr-Cu network and therewith some of
the “glue” that holds the array of concentric clusters together.
The polyhedron about Sc is related to, but not the same as,

the Mackay’ and Bergmaf? clusters often used in quasi- h - h lo 2§ .
crystal models. Finally, Figure 4 gives a general view of the dodecahedron, Figure 3. (The angle In7is 177.)

bce cell of SczZp as built of shared, interpenetrating This does not occur among the reported R@samples.
triacontrahedra, one of which was shown in Figure 3d. Stronger Se-Zn interactions might be expected between
Shared hexagonal faces can be seen to propagate along th@ese smaller atpms. o

cell axes. The Znl. Zn2. and Zn3 atoms on the surface of 1he repeated icosahedral themes in this structure presum-
the tricontahedron described in Figure 3d are in fact all shared@P!y are important in icosahedral quasicrystal formation as
in the condensed result, Figure 4. well as thee/a values and the change in average atom size

Disordered Tetrahedra. The five structures refined inthe ~ With Cu substitution. It may also be significant that the
SaCuZnss y series and from the direct §n;s synthesis guasicrystalline phase separates at about the point that the

exhibit a single very similarly disordered Zn7 site at close 29 atom (in our model) is completely replaced by Cu (see
to one-third occupancy, the 12 centers of which describe aSupportmg'Infqrmatlon). Note that the decrea;e in lattice
cubeoctahedron. In simple terms, this distribution can perhapsconstant withx in Table 1 reflects the smaller size of Cu

be best described in terms of three tetrahedra with their 3-fold (0-037 A less in single-bond metallic ratf), and that this
axes appreciably displaced off the diagonal 3-fold axes of &/SO levels off at about the point of phase separation. The
the unit cell. Even so, the position still refines with a large, POSSiblé Cu saturation at this point may be significant in
anisotropic displacement parameter¥(g, ~ 90). In distinct that three Zn5/Cu sites are the closest n9|ghbors to the
contrast to what the refinement can give in terms of centric disordered Zn7, as seen at the bottom of Figure 3. Among
ellipsoids, Figure 5 shows the Fourier map of the diffuse the few Q|stances that show clear decre.ases as the copper
electron density in the region around the origin (symmetry COntent increases are Zn(Ce)Bn(Cu5) (in the back in

m3) in a perspective view, with contours drawn at 94, Figure 3 and across the top in Figure 2a) and twe Bt-
This is closer to “the truth”. There are still formally rather (CU)S contacts to the same atoms, which are among the larger
short Zn72Zn7 distances of 2.24 A within the tetrahedra of the 15 SeZ_n values. Qua5|_crystal fprmatlon may md_eed
between refined centroids, but the disorder, the larger P& @ccompanied by a distortion leading to a change in, or
standard deviations of the atomic positions, and, especially,IOSS of, the Zn7 (dis)order. 'I_'he principal macroscropic
the very anisotropic displacements deduced reflect ap-change on further condensation to form the QC is the
preciable positional disorder (and relaxation) within mean €limination of Zn to give an empirical compositionSc:-
Zn7 positions, so probably no two Zn atoms have such a(27) Mackay, A. L.Acta Crystallogr 1962 15, 916,
short separation. (28) Bergman, G.; Waugh, J. L. T.; Pauling, Acta Crystallogr 1957,

A detailed description of the Zn7 disorder may be a good 10, 254. .
deal more complex, and we have used only the simplest(2Y) Sanez C. P Lidin, SChem., Eur. J.accepted.

. o . . (30) Pauling, L.The Nature of the Chemical Bon@th ed.; Cornell
explanation. Gmez and Lidin found a relatively wide University Press: Ithaca, NY, 1960; p 403.

selection of disorder characteristics for this position in their
broad study of RCgphases, a number of which are more
complex than those seen héte(They have also found
ordered tetrahedra in an off-stoichiometry 4£d,52°) It
appears significant that the orientation of the highest density
regions (centroids) among the disordered Zn7 atoms center
on the Sc atoms and lie directly below the faces of the inner
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Cw.1Zny» 61 The quasicrystal witlela = ~2.04 (at 480°C) structure reports for the isotypic parentdBe;; and so on

thus separates(70%) from thex = 4 reaction (at 200C) because the disordered components would have been so very
along with a crystalline phase with the sant@tlat contains light. Otherwise, it's hard to imagine that a stable interme-
more Cu and Zn according to the EDX data, Table 1. tallic structure would exist with such a large cavity, as noted

The size proportions may be equally important, but further before!®
delineation of this feature in binary QC examples is limited

to cadmium systems. The Rgdtructure type occurs for Conclusion
nearly all rare-earth-metalCd systems; however, quasi- In this paper, the crystal structures within the homogeneous
crystal phases have been found only in the-Ca and Yb- approximant system $€uZn;gy (0 < y < ~2.2) were

Cd systems. The metal single-bond radius ratigs.g may ~ determined at four points to be the Y&ype (m3, Z = 8).
delineate the necessary size proportions fairly well in these The structure consists of a body-centered-cubic packing and
systems, that is, between ratios for CaCtl26%), YbCds condensation of 138-atom triacontahedra clusters, each of
(1.23), and EuCgl(1.34), the last being the smallest R that Which contains three smaller concentric and interbonded
is not known to form a QC. The lower limit may be reduced cluster shells plus a disordered tetrahedron in the center. The
by present data; the weighted radius ratio fos(861Zn;2. homogeneous function within the approximant phase region
is a reasonable 1.16, although this now pertains to a zn consists mainly of the limited substitution of Zn in;30;5
system. The tuning of $£ny; to a quasicrystalline phase by Cu, a reasonable process in terms of size effects and
thus reduces/a from 2.15 to~2.04 as the size of the more Hume-Rothery electronic concepts.

“anionic” portion is suitably reduced by Cu substitution as
well. The stability region of the normal phase at 2@may

of course overlap some breadth in the QC composition at
480°C. The recent discovery of the icosahedral quasicrystal
SeMgoCly Gas g’ with e/a = 2.01 may be related.
Presumably related QCs occur in;®¢10Zn75 systems, M
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= Ag, Au, Pd, Pt, but the compositions are not givén. Supporting Information Available: Tables of crystal and
Finally, in another direction, the disordered Zn and Cd refinement data, atomic positional, displacement ellipsoid, and
atoms found around the origins in SgZmand RCd, distance summaries for threes8cy,Znig-y products, together with

respectively, could have been easily missed in the original similar data for the stoichiometric &n;s. A detailed comparison
of impurity indications in the powder data for 20,7 vs SgZn;s.
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