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Several of theM Cd; approximants i1 =Pr, Nd, Sm, Eu, Gd, Dy, Yb, Y, and Ct theM Cd; ; quasicrystals
(M=Yb and Ca have been synthesized and their structures have been refined from single-crystal x-ray-
diffraction data; the different types of disorder of the centra] @trahedra located in the dodecahedral cavities
of these closely related compounds have been examined and mutually compared. A model that describes this
disorder and can be applied to all the examihe@d; phases has been elaborated. The refinements made on
these phases differ from what is found in previous reports.
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. INTRODUCTION in the MCd; and newly foundM;sCd,s approximants
(M=Ca and Yb can provide vital clues concerning the
Bruzzoneet al. and Wang did most of the early work on mechanisms implicated in the nucleation process of the
the cubic MCds and structurally related hexagonal MCds , phaseg*?®
RE;5(Cd/Zn)g (RE=rare earth phases in the 1970<
more than fifteen years before the concept of quasicrystallin- 1. EXPERIMENT
ity was known® The phases were mainly characterized by
powder methods and often no refinements were made. A Cd metal(splinters from a rod of pure metal, purified by
closer examination of the early literature reveals many amMelting was mixed with chips of Pr, Nd, Sm, Eu, Gd, Dy,
biguities in the structural descriptions of these related comYP: Y, and Ca(STREM, 99.9% in the molar proportions
pounds; different types of structures have in several cases ©:1 and sealed in stainless-steel ampoules. The ampoules
been used to describe the same compound. The prototyp¥"® directly inserted into muffle furnaces at high tempera-

structure assigned to thd Cdy phases are YGd YbCd;,
4-6

apd RuBe,;. T.Tje Slfeltla.ta:] nedtyf\-/forks of tglese threﬁ typFSData SOUrcescrYSTMET (the metals databageBinary Alloy Phase

o strutlztures. are | gnt!ca, the al erel.'lce eFvv.een.t _em 'ef’)iagrams and Pearson’s Handbook of Crystallographic Data for

solely in their description of the species residing inside thgntermetallic Phase¢Refs. 20-22

central dodecahedral cavity that is found in all thieCdg

TABLE I. Previously reported structurally related binary alloys.

phases. In the case of EBe;; the cavity is reported to be Prototype

empty, while in the other prototype structures it contains a Phase structure Reference
Cd, tetrahedron exhibiting various types of disorder. The dis- CeCd ved 9
order of that tetrahedron is in Ybgdhodeled by a cube with PrCd YCdG 9
one-half occupancy of all vertices. In the case of ¥Glue NdCd, YCdG 10
model is an icosahedron with one-third occupancy of all ver- ©

) . . : SmCd YCdy 11
tices. The discovery of the stable binaW/Cd; ; quasicrys- EuCd ved 12
tals (M =Yb and Ca (Refs. 7 and 8has attracted the atten- Gde 6 d

tion of the scientific community and generated a renewed 4 RuBeyy, YCdg 13
interest in theRE-Cd systems. At the time of the finding of ThCa YCds 1
the MCdy; quasicrystals, the structurally relatedd Cd DyCds YCd, 14
phases were the highest known approximants. All reported HoCd; YCds 9
binary alloys that have been described in literature to date ~ ErC®% YCd 9
with one (or several of the three above-mentioned types of TmCdy YCdg 9
structures are summarized in Table I. The question that has ~ YPCds YCds, YbCdg 5
puzzled many scientists since the finding of tNECd; - LuCdg YCds 9
phases is how an internally symmetry-breaking species such  NpCd; YCdg 15
as the tetrahedron can be involved in the formation of these =~ CaCg YCdg 16
icosahedral quasicrystad.The related paper by Takakura SrCd; YCdg 16
et al?® also handles the structures of the approximant phases  YCds YCdg 4
YbCd; and CaCg¢g, providing the Elser decomposition with SGZn,, Ru;Be;; 17
the corresponding atomic decoration of the prolate rhombo-  Ru,Be;; RusBey; 6
hedron which is one of the necessary constituents of the Yybp,zn,, Ru;Be;, 18
three-dimensional Penrose tiling that describes a quasicrys- os;Be;, Ru;Be;; 19

talline structure. Detailed studies of the tetrahedral disordet
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TABLE Il. Experimental detalils.

Amount of Amount of Reaction Reaction Cooling

Compound M metal Cd metal temperature time rate
Pr;Cd,g 15 Pr: 0.1695 g Cd: 0.8335 g 605°C 42 h ~3°/min
NdCd; Nd: 0.1442 g Cd: 0.6743 g 595°C 90 h ~3°/min
SmCq Sm: 0.1810 g Cd: 0.8264 g 720°C 48 h ~1°/min
EuCdy Eu: 0.1926 g Cd: 0.8065 g 665°C 48 h ~3°/min
GdCdg Gd: 0.1573 g Cd: 0.6744 g 700°C 90 h ~3°/min
DyCds Dy: 0.1906 g Cd: 0.8115 g 720°C 48 h ~1°/min
YbCdy Yb: 0.1731 g Cd: 0.6747 g 595°C 90 h ~3°/min
CaCdqg Ca: 0.0412 g Cd: 0.6549 g 550°C 115 h ~3°/min
YCds Y:0.1535 g Cd: 1.1644 g 690°C 115 h ~3°/min

tures and heated to about 20 K below the reported meltind\l it is impossible to exclude the presence of trace amounts
points for each phase. After 40—115 h of isothermal heatingof other RE elements in some of the crystals. The EDX
the furnaces were switched off and the samples were lefainalyses were in each case performed on approximately six
inside to cool. Single crystals could easily be isolated fromdifferent crystals from each synthesized sample. The crystals
the resulting samples. The insides of the steel tubes wergelected for diffraction experiments could themselves not be
shiny, and showed no signs of any reaction with the mixtureanalyzed by EDX analysis since they were encapsulated in
All preparations were carried out in an inert atmospHare  droplets of epoxy glue to protect them from the surrounding
gon) in order to avoid detrimental effects from water vapor atmosphere. The compound {Cal;; was not synthesized as
or oxygen. All pertinent details of the experiments are givenpart of this investigation. The data used for the generation of
in Table II. isosurfaces for this compound was collected by Arnsher
The single-crystal data was collected on a Stoe IPDSnd Lidin as part of a previously published wdfk.
single-crystal x-ray diffractometer with a rotating anode Mo
Ka x-ray source operated at 45 kV and 90 mA. The single-
crystal data collected for the refinement of the Pr-containing
compound was collected on a Nonius Kappa charge-coupled The coordination of Cd atoms around the differevit
device with a MoK a x-ray source operated at 60 kV and 30 metals in theM Cds phases can be described with one single
mA. The refmementszgf the structures were performed usingolyhedron, theM Cd, polyhedron(Fig. 1). It is a mono-
the programiana2o00™* The unusually highRiy values for  capped, double, pentagonal antiprism with nearly perfect
some of the collected single-crystal dafable Il below  fiyefold symmetry. Twelve of these polyhedra are arranged to

are a result of the small size of the measured crystatsally  form the cluster unit that serves as the basic building block in
smaller than 6Qum; larger crystals were often twinned’he

high redundancy of the measured reflections, however, also
implies that the averaged intensities are reliable though the
Ryt values are high. The intensities of the reflections were
integrated using Stoe software and the numerical absorption
correction was performed with the programsrRep and
x-SHAPE?"?8 The energy dispersive x-ra§EDX) analyses
were carried out using a JEOL 820 scanning electron micro-
scope at 20-kV accelerating voltage with the Si detector
LINK AN10 000. Corrections were made for atomic number,
absorption, and fluorescence. The electron-density isosur-
faces were generated using the programp3p.?° The im-
ages were rendered using the prograrREESPACE version

5.2 andDIAMOND, version 2.1¢%31EDX analysis was used
solely to verify the absence of impuritigsf mainly other

RE elementsin the samples since the difference in compo-
sition between thé/ Cds ; quasicrystals, and thigl Cd; and

M 1:Cde approximants is less than 1 at. %, which is below
the margin of error for the instrument used. X-ray diffraction
was used for phase identification. The compositions obtained F|G. 1. (Color onling The MCdys polyhedron. TheM metal

from the EDX analyses did not contradict the results ob-(large sphereis surrounded by 16 Cd atoms forming a mono-
tained in the final refinements. However, a small extra peakapped, double, pentagonal antiprism. The pentagonal planes and
at 1.39 keV was observed in some of the crystals from thehe pentagonal pyramid at the top of the polyhedron have been
sample containing Pr; though the sample holder was made @blored for clarity.

Ill. STRUCTURAL DESCRIPTION
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FIG. 2. (Color online The basic building block of thé/Cds
phases. Ir{a) the cluster unit is built up of 18 Cd,s polyhedra and
eight Cg cubes. In(b) we see the alternative representation of the
basic building block. The defect triacontahedron is entirely com-
posed of Cd atoms; the pentagonal pyramids seen in the image
belong to the 12 underlying/ Cd, polyhedra(cf. Fig. 1). The
bright triangular faces indicating missing corner atoms are in fact
the planes that bisect the £dubes seen ifa).

FIG. 4. (Color onling (Adapted from Ref. 24.The structure of
the MCdg; phases can be displayed as a bcc packing of partially

. interpenetrating triacontahedral cluster units.
the M Cds andM 13Cdy¢ phases. This arrangement MfCd, ¢ P d

polyhedra automatically generate cube-shaped intersticesther. The dodecahedron serves as a cage for the disordered
(Cdg cubes that share square faces with the adjaddd,;  Cd, tetrahedron. It is important to emphasize that this
polyhedra. Each cluster unit is associated with eight surdodecahedron does not share any of its corners with the cen-
rounding Cg cubeqFig. 2@)]. In order to visualize thisin a tral Cd, tetrahedron; the two are completely disjoint. The
more effective way and to enable us to describe the struaext Cd shell is a Cg icosidodecahedrofFig. 3(b)], com-

tures of theM Cdy phases as a simple close packing of clus-posed of equilateral triangles and regular pentagons. This
ters, an alternative description of the cluster unit is preferpolyhedron is analogously created by connecting the inter-
able. The same cluster unit can be illustrated by connectingnediate pentagonal planes of the surroundih@d,s poly-

Cd atoms located at approximately the same distance frothedra to one another. The final and outermost Cd shell is the
the center of the cluster to one another; the resulting polyhedefect triacontahedrofFig. 3(c) and Fig. Zb)]. It is created

dron is a defect triacontahedron. This representation of thby connecting the outermost pentagonal pyramctpped
basic cluster unit is displayed in Fig(l. Apart from the pentagonal plangsof the surroundingMCd,s polyhedra
disordered and internally symmetry-breaking ;,Cétrahe- through the equidistant Cd atoms located in between them.
dron which forms the innermost and central component ofThe defects consist of missing corner atoms; this is illus-
the cluster unit, the subsequent Cd shells encountered goingated as bright triangular faces on the triacontahedron. The
from the center to the periphery of the cluster are the peneonstruction of the basic cluster unit from concentric Cd
tagonal Cd, dodecahedrofFig. 3(@)], otherwise referred to shells is illustrated in Fig. 3. The structures of tNECds

as the dodecahedral cavity. This polyhedron is created bghases can be described as a body-centered-cubic arrange-
connecting the Cd atoms in the baéah-cappefipentagonal  ment(bcc) of partially interpenetrating triacontahedral clus-
planes of all 12 surroundindyl Cd,s polyhedra to one an- ter units (Fig. 4. The Cg cubes found in between the

FIG. 3. (Color online (Adapted from Ref.
24) The Cdg pentagonal dodecahedron is seen in
(a); the Cq, tetrahedron residing inside has been
omitted in the image. The Gglicosidodecahe-
dron is seen inb), and the 12 pentagons in the
polyhedron correspond to the intermediate pen-
tagonal planes of the surroundiyCd,; g polyhe-
dra. Each of these pentagons has Mnmetal
atom situated at their geometrical centesen as
the large sphere in the magnifidiCd, ¢ polyhe-
dron to the left in the figune but these atoms
have been omitted in the image. The defect rhom-
bic triacontahedron is seen ifc). The tips of
the 12MCd,¢ polyhedra are seen as pentagonal
pyramids.

Triacontahedron

Icosi-dodecahedron

Dodecahedron
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TABLE Ill. Refined atomic positions for the synthesizBCd; phases i1 =Pr, Nd, Sm, Eu, Gd, Dy, Yb, Ca, and.Y

M Atom Wyck. Occ. X y z Uso (A?)
Pr Cdla 24 0.1013) 0 0.08548) 0.07688) 0.0323)
Nd Cdla 24 0.13411) 0 0.08226) 0.08088) 0.04Q5)
Sm Cdla 24 0.174016) 0 0.081110) 0.081611) 0.0546)
Gd Cdla 24 0.3568) 0 0.081%3) 0.080@3) 0.0912)
Dy Cdla 24 0.2236) 0 0.08199) 0.081610) 0.0513)
Y Cdla 24 0.09211) 0 0.074913) 0.088913) 0.0315)
Pr Cdlb 48 0.1162) 0.0435%6) 0.08954) 0.05896) 0.05Q02)
Nd Cdlb 48 0.0996) 0.037610) 0.08995) 0.06277) 0.0453)
Sm Cdib 48 0.0864) 0.035816) 0.089@13) 0.061915) 0.05Q04)
Eu Cdib 48 1/6 0.0345%16) 0.0832) 0.0662) 0.08610)
Dy Cdlb 4% 0.0724) 0.035719) 0.092814) 0.054919) 0.04Q5)
Yb Cd1lb 4t 1/6 0.02827) 0.080111) 0.075412) 0.07Q5)
Ca Cdib 48 1/6 0.2687) 0.080610) 0.074612) 0.0625)
Y Cdlb 4t 0.1215) 0.0255%7) 0.088Q7) 0.06848) 0.0483)
Pr Cd2 24 1 0 0.091626) 0.242217) 0.03063)
Nd Cd2 24 1 0 0.092115) 0.241147) 0.02513)
Sm Cd2 24 1 0 0.0921710) 0.2408314) 0.03685)
Eu Cd2 24 1 0 0.09123) 0.24263) 0.0412)
Gd Cd2 24 1 0 0.09136) 0.239027) 0.03523)
Dy Cd2 24 1 0 0.0920712) 0.2404316) 0.03547)
Yb cd2 24 1 0 0.0926011) 0.2397114) 0.03266)
Ca Cd2 24 1 0 0.0925513) 0.2393116) 0.03677)
Y Cd2 24 1 0 0.092248) 0.2406711) 0.030@4)
Pr Cd3 16 0.1835) 0.140117) 0.14017) 0.14017) 0.0433)
Eu Cd3 16 1/2 0.128%14) 0.128514) 0.128514) 0.14Q11
Pr Cd4 16 0.8185) 0.1621814) 0.1621814) 0.1621814) 0.03615)
Nd Cd4 16 1 0.1609%4) 0.1609%4) 0.1609%4) 0.02392)
Sm Cd4 16 1 0.161088) 0.161088) 0.161088) 0.030%3)
Eu Cd4 16 1/2 0.15849) 0.15849) 0.15849) 0.0553)
Gd Cd4 16 1 0.160564) 0.160564) 0.160564) 0.02272)
Dy Cd4 14 1 0.1607%9) 0.1607%9) 0.1607%9) 0.02643)
Yb Cd4 14 1 0.162809) 0.1628@9) 0.1628@9) 0.02793)
Ca Cd4 16 1 0.1631410) 0.1631410) 0.1631410) 0.027713)
Y Cd4 16f 1 0.160836) 0.160836) 0.160836) 0.02112)
Pr Cd5 & 0.18237) 1/4 1/4 1/4 0.004®B)
Eu Cd5 16 1/2 0.23%3) 0.2353) 0.2353) 0.1272)
Pr Cd6 48 1 0.1991%4) 0.342174) 0.115914) 0.02622)
Nd Cdé 4t 1 0.2002%3) 0.340883) 0.117464) 0.01442)
Sm Cdé 48 1 0.200446) 0.340726) 0.117767) 0.02423)
Eu Cd6 48 1 0.19712) 0.34742) 0.10812) 0.0351)
Gd Cd6 48 1 0.200183) 0.340583) 0.1166%3) 0.01922)
Dy Cdé 4 1 0.200448) 0.340598) 0.11815%8) 0.021%3)
Yb Cdé 4 1 0.200027) 0.3423%7) 0.116337) 0.02063)
Ca Cd6 48 1 0.1998%8) 0.341918) 0.116718) 0.02174)
Y Cd6 4&h 1 0.200345) 0.340495) 0.118336) 0.01672)
Pr Cd7 12 1 0.406588) 0 0 0.03085)
Nd Cd7 12 1 0.406687) 0 0 0.02584)
Sm Cd7 12 1 0.4063915) 0 0 0.03637)
Eu Cd7 12 1 0.407%4) 0 0 0.0422)
Gd Cd7 12 1 0.406117) 0 0 0.02813)
Dy Cd7 12 1 0.4055417) 0 0 0.03239)
Yb Cd7 12 1 0.4075315) 0 0 0.02768)
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TABLE Ill. (Continued.

M Atom Wyck. Occ. X y z Uso (A2?)
Ca Cd7 12 1 0.4075817) 0 0 0.03019)
Y Cd7 1 1 0.4055811) 0 0 0.02866)
Pr Cd8 24 1 0 0.3486%) 0.404895) 0.01843)
Nd Cd8 24 1 0 0.347214) 0.404194) 0.00972)
Sm Cds 24 1 0 0.3464%9) 0.403879) 0.02094)
Eu Cds 24 1 0 0.34862) 0.40512) 0.0291)

Gd Cds 24 1 0 0.3453%4) 0.403874) 0.01662)
Dy cds 24 1 0 0.3457111) 0.4043210) 0.01745)
Yb Cds 24 1 0 0.3436610) 0.404219) 0.01454)
Ca Cd8 24 1 0 0.3431611) 0.40421) 0.01585)
Y Cd8 24 1 0 0.345977) 0.404447) 0.013@3)
Pr Cd9 12 1 0.193048) 1/2 0 0.02574)
Nd Cd9 12 1 0.191666) 1/2 0 0.01403)
Sm Cd9 12 1 0.1909613) 1/2 0 0.023%6)
Eu Cd9 12 1 0.19324) 1/2 0 0.0322)

Gd Cd9 12 1 0.1897%6) 1/2 0 0.01973)
Dy Cd9 12 1 0.1904116) 1/2 0 0.02047)
Yb Cd9 12 1 0.1872113) 1/2 0 0.01816)
Ca Cd9 12 1 0.1861615) 1/2 0 0.01918)
Y Cd9 1% 1 0.1902011) 1/2 0 0.015%)
Pr Prl 24 1 0 0.298514) 0.190324) 0.01512)
Nd Nd1 24 1 0 0.299263) 0.189363) 0.00682)
Sm Sml 24 1 0 0.299476) 0.189136) 0.01773)
Eu Eul 24 1 0 0.29842) 0.1890018) 0.02769)
Gd Gdl 24 1 0 0.299043) 0.187513) 0.01422)
Dy Dyl 24g 1 0 0.299587) 0.189447) 0.01573)
Yb Ybl 249 1 0 0.300176) 0.187585) 0.01283)
Ca Cal 24 1 0 0.30083) 0.18813) 0.015913)
Y Y1l 24g 1 0 0.2996%9) 0.1898%9) 0.00984)

M Cdys polyhedra[cf. Fig. 2a)] were in the compounds in Dy;3Zns; this metal vacancy ordering gives rise to a super-
which M=Ce, Pr, and Eu observed to contain an additionaktructure and a deviation from the ideal 13:58 compositfon.
Cd atom near their central position at the fractional coordi-Another example is the already-mentioned compound
nates; ; 7. The refined atomic positions for the investigated Ce,Cd,, where exactly 50% of all cubic interstices are va-
MCd; phases are summarized in Table Ill. Crystallographiccant. The vacancies in this compound are ordered so that
data from the single-crystal refinements and final composievery C¢ cube having a corner of the central Catrahe-
tions are found in Table IV. dron pointing towards it will contract and consequently be
vacant. This long-range order between vacant/occupied Cd
cubes and oriented Gdetrahedra is the direct cause for
making the structure of GEds; primitive rather than body
The single-crystal refinements made as part of this inveseentered such as all other reportéCd; phases. The same
tigation show that deviations from the ideal and previouslykind of ordering could exist locally in the other compounds
reported 1:6 stoichiometry of the so-calle'Cds” phases  having additional Cd atoms in the gdubes, however, no
are recurring. A report has already been made reassessing ttiéfuse scattering was ever observed in the diffraction pat-
structure of the compound formerly known as “CeCt  terns collected from single-crystal x-ray data. Examples
which more accurately should be referred to ag@@h;.%>  where significant electron densities have been observed and
The compositional differences between theinvestigatednodeled with partially occupied atomic positions inside the
M Cds phases are caused by the additional Cd atoms locatedds cubes are the Pr- and Eu-containing phases described in
in some of the cube-shaped interstices present iM&ll, this work and the structural analog to the compound
RE;5(Cd/Zn)sg, andM ;5Cds phases=?* Partial occupation Ca;3Cdyg found in the Yb-Cd systerfr. The Cd, cubes share
and even long-range ordering between these sometimes veerners with the Cg) dodecahedron; this shared corner atom
cant, sometimes occupied cube-shaped interstices is knows denoted Cd4 in Table lll. As a result of the inherent dis-
to occur; e.g., in theRE;3(Cd/Zn)grelated compound order of the Cgd tetrahedron and the occasional occupation

IV. RESULTS AND DISCUSSION
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TABLE IV. Crystallographic data for the refined structures.

Formula P§Cdi1.18 NdCd; SmCq EusCdyg GdCd; DyCds YbCdg CaCdg YCdg
Molar mass 2466.6 818.7 824.8 25915 831.7 836.9 847.4 714.54 763.3
(g/mol)
Temperature of 293 293 293 293 293 293 293 293 293
measurement
(K)
Space group I m-3 I m-3 I m-3 I m-3 I m-3 I m-3 I m-3 | m-3 I m-3

a axis (A) 15.6433) 15.60%2) 15.5893) 15.9583) 15.4412) 15.4622) 15.6613) 15.7023) 15.4823)
Cell volume  3827.97) 3800.47) 3788.47) 4063.88) 3681.67) 3696.644) 3841.17) 3871.16) 3710.97)

(A3
z 8 24 24 8 24 24 24 24 24

F(000) 8398 8352 8400 8808 8474 8496 8592 7392 7848
Calculated 8.557 8.583 8.677 8.472 9.000 9.023 8.793 7.354 8.197

density

(g/en)
Absorption 27.144 27.648 28.812 28.470 30.887 32.125 33.853 20.069 29.349
coefficient

Rang of 2 451-27.38 3.3-52.1 44-51.8 255-28.33 3.3-52.1 3.7-52.2 3.7-51.8 4.4-51.8 1.84-25.52
)

Independent 813 695 697 934 670 693 694 801 680
reflections
Observed 621 623 548 221 603 439 681 466 577
reflections

[1=37(1)]
Rin (obs/al) 8.18/8.90 3.83/3.94 21.43/ 8.19/8.90  7.28/7.37 19.91/ 10.48/10.49 17.27/20.46 11.41/11.61

22.12 22.68
Number of 52 a7 48 48 46 a7 48 48 46
parameters
R1 0.0262 0.0211 0.0401 0.0519 0.0199 0.0373 0.0396 0.0432 0.0316
wR2 0.0531 0.0524 0.0858 0.1090 0.0488 0.0720 0.0646 0.0847 0.0726

Absorption  Numerical, Numerical, Numerical, Numerical, Numerical, Numerical, Numerical, Numerical, Numerical,
correction  from shape from shape from shape from shape from shape from shape from shape from shape from shape
Tmins Tmax 0.0237, 0.4346, 0.0425, 0.0225, 0.0291, 0.0361, 0.0142, 0.0534, 0.0527,
0.1027 0.7546 0.0952 0.0827 0.1158 0.1072 0.1001 0.1263 0.1441
APmaxs APmin  3.23,—2.78 3.75,—2.45 3.21,-3.25 14.68, 1.89,—2.47 3.38,—3.78 4.65,—7.19 3.41,—-3.77 3.22,—-5.58
(elA®) —14.48

Ale.sd 0.0003 0.0004 0.0003 0.0001 0.0004 0.0002 0.0002 0.0002 0.0003
a) b) i , d)
M =Ce M =Ce M=Pr M=El‘

FIG. 5. (Color onling Electron density isosurfaces at the @A 3 level in the location of the Gdcubes. The surfaces displayed(a
through(d) have been generated frofy,,s data originating from the individual single-crystal measuremem@jsand (b) The symmetry-
independent vacant and fully occupied cubes, respectively, of the compoy@d.¢e(c) The appearance of the symmetry-equivalent cubes
in the compound RCd;g 5. The additional Cd position is only-18% occupied but is clearly visible. The image also shows the slight
elongation of the atoms along the space diagonal to the cube, resulting in pear-shaped cornédgidrasappearance of the cubes in the
compound EyCd;g. The cubes contain three extremely elongated atoms modeled by split positions with half occupancy. This diagonal
disorder is accentuated with increasing Cd content inside thecQiues.

c)
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of the C¢ cubes by an additional Cd atom, the gdodeca-
hedron and thus the @dubes are distorted. This induces a ~_____/-SL_------ o
disorder on the Cd4 position that can be viewed as elonga %
tions in the Fourier mapsgsee Fig. 5 These elongations
become more prominent the higher the occupation of the
interstitial position. The best way to model this disorder in
the refinements was by introducing an extra split position
adjacent to Cd4. This position is denoted Cd3 in Table IIl,
and it is only occupied in the cases in which we have an

atom inside the Cglcube. This disorder propagates diago- , , . _

nally (in the[111] direction throughout the cubic unit cell by _F'G: 6. (Color onling Schematic representation of type-1 disor-

also affecting the relative orientation and thus the disorder O«fer, a 90° rotational disorder along the inherent twofold axis of the
. . . etrahedron, resulting in a cube with half-occupied corner positions.

the adjacent Cgtetrahedra in order to avoid too short Cd-Cd

distances. Three-dimensional Fourier maps showing the elec- o

tron densities calculated from experimental data in the locaS€Ntéd compoundSable Iil) clearly indicates that the sub-

tion of the C¢ cubes for the phases witd = Ce, Pr, and Eu structure alone fails to describe this compound in a satisfac-
are displayed in Figs.(8 through 5d) Y tory way. These results have still been included in this work

The additional Cd atoms occasionally located inside theto show the clear structural kinship between the Eu-

Cds cubes and the absence of the entirg, @drahedron in containing phase and the othkrCds compounds. Nothing

. indicating the presence of a superstructure was seen in the
the phases that have bee’? assigned to the strur_:tléfeeﬁu diffraction data collected for the Pr-containing compounds.
(cf. Table ) are the two items solely responsible for the

- : e Two types of disorder, which may or may not coexist, can
deviations from the ideal 1:6 stoichiometry of all the re- mainly be used to describe the Ctbtrahedra of théVl Cd
portedMCdg phases. In Table IIl these atomic positions areppaqes Type 1 is a 90° rotational disorder of the whole tet-
denoted Cdla and Cd1b for atoms comprising thg €ta-  (anedron along its inherent twofold axis resulting in an im-
hedron, and Cd5 for the additional position inside the; Cd age of a semioccupied cube in the electron-density maps
cubes. In most cases the refinements made as part of thigiy ). Type 2 is a triple split of the tetrahedral corner
work showed no significant electron densities inside thg Cd positions as a result of the corner atoms’ off-center displace-
cubes, thus the 1:6 stoichiometry is maintained. In additionent from the space diagonal to the cubic unit ¢Ely. 7).

to the already known case of gl&ds7, Fig. 5 clearly shows  The atomic position affected by the triple split is denoted
that significant electron densities are also found inside thesq1p in Table Ill. On a sufficiently large split, an intermedi-
Cdg cubes of the Pr- and Eu-containing phases, resulting ite state will be reached where the obtained coordination
the final compositions B€d,s ;5and EYCd;q. Several mea- polyhedron will have the appearance of a cube octahedron.
surements were made on different single crystals of the Piat this stage it is impossible to determine whether only the
containing phase and the refinements all indicated nonzergpe-2 disorder is present, or both type 2 and type 1. This is
occupancy of the Cd5 position. However, the occupancy of consequence of the inherent fourfold rotational axis of the
this atomic position was found to vary greatly. The final cype octahedron, in other words the same cube octahedron
refln_ed compositions all arrived within the hypothetical pre-can be obtained by increasing the triple split or triangular
dominance area given by fds, ; (0=6<1), whered  faces of a truncated cube. The atomic position that generates
=1 corresponds to completely filled g£dubes. The varia- the corners of the cube octahedron is denoted Cdla in Table
tions in Cd content were accompanied by subsequent varigy_ if the triple split is further increased; it will give the

tions in the cubic cell parameter that reached a maximunaffect of pseudo rotation. The whole procedure is schemati-
value of 15.958) A for a single crystal with the refined

composition PyCd,g (6=1). However, the actual range of
the suggested solid solution is yet to be explored. For con- ~
venience, however, the termMCdy” is still used in this t
work when referring to these related compounds with a com-
mon name, though not in the strict compositional sense.

Upon longer exposure to x rays the Eu-containing phase
showed weak superstructure reflections corresponding to a
F-centered cubic lattice with a doubled cell parameter. These
results have, due to their complexity, been excluded from
this study and are presented in a separate WbAl data J
concerning the Eu-containing compound herein presented as
EuCdyg are solely related to the substructure of this com-  FG. 7. (Color online Type-2 disorder, arising when the inher-
pound and should thus be interpreted as such. The fact thaht threefold axis of the tetrahedron fails to coincide with the space
the standard deviations for the different atomic positions andiiagonal to the cubic unit cell. The result is a triple split of the
the residual electron densities from the refinement otetrahedral corner atoms. The amount of splitting can be defined as
Eu;Cd,g are generally much greater than for the other prethe distance between these three corner atoms.
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FIG. 8. (Color onling The effect of pseudoro-
tation is obtained by successively increasing the
amount of the split in the type-2 disorder. This is
seen as an increase in the area of the patterned
triangular face on the three polyhedra in the fig-
ure. The polyhedron to the far right is identical to
the one on the far left but rotated 90°. The inter-
mediate cube octahedron is seen in the middle.

cally repre_se_nted_in Fig. 8. The model of the disordered tetunclear”® In conclusion the studies on théCds phases pre-

rahedron is justified by the fact that any other polyhedronsented in this work show that the disorder of these com-
constructed from the observed electron densities would yielyounds is not random and the icosahedral symmetry is still
unreasonably short Cd-Cd distances. Furthermore, the SUp}oken in spite of the tetrahedral disorder. It is also obvious
of refined occupancies in all cases adds up to four Cd atomg,5; though the structural kinship between the different
inside the dodecahedral cavity in the different refinementsM Cd, phases is obvious, they are not isostructural and the

Three-dimensional electron-density isosurfaces have bee(ﬂ ; -
. ~three prototype structures assigned to these phases fail to
generated from the collected single-crystal data for the dif- b b 9 b

. ratel ri hem in isf ry w ince vari
ferentM Cdy phases. The results showing the measured elecflccu ately describe t < a Sa.lt s acto.y ay since various
" . . orms of tetrahedral disorder exist and in some cases addi-
tron densities corresponding to the disordered tetrahedra |

cated inside the different dodecahedral cavities of th(e%lonal Cd atoms are found in the cubic interstices. Moreover,

investigated compounds are displayed in Fig. 9. the structural desgription of the species residing within the
The M 15Cdy phases are structurally closely related to thedodecahedral cavity of the two prototype structures YpCd
MCd, phases; the same basic structural building blocks ca@nd YCd finds little support in the single-crystal data col-
be used to describe these compounds and both structut@cted for these compounds as part of this work. In YpCd
types are essentially close packings of similar cluster unitéhe disordered Cgtetrahedron was modeled by a cube with
composed of spherical Cd shells with icosahedralone-half occupancy of all vertices in the original paper, not
symmetry’* An object with icosahedral symmetry must by taking into account the variable triple split seen in Fith)9
definition possess fivefold, threefold, and twofold axes ofln YCdg the disordered Cgtetrahedron was modeled by an
rotation. TheM Cds; quasicrystals have been identified asicosahedron with one-third occupancy of all vertices in the
icosahedral by electron-diffraction studie%but how the original paper. It is a well-known fact that an icosahedron
central tetrahedron fits into this structural view is still can easily be transformed into a cube octahedron by a minor

M=Gd

FIG. 9. (Color online Electron-density isosurfaces at the &5 2 level in the location of the Gdtetrahedra, inside the dodecahedral
cavities of the differentM Cds phases. The surfaces displayed in the figure have been generated frguhata originating from the
individual single-crystal measurements. The maps clearly show the differences in the disorder of teeabddron between the investi-
gatedM Cd; phases(a) The tetrahedron of GEd;;, displaying only type-2 disordeisee Fig. 7. When type-1(see Fig. 6 and type-2
disorders are combined the resulting polyhedron is a truncated cube; this is the case for the comp@dhgis€en in(e). The same
phenomenon is seen ifb), (h) and (i) where the Cg tetrahedra for the compounds;Bud; 515, YbCd;, and CaCg, respectively are
displayed, with the important addition of variability in the triple split manifesting itself as smeared out electron densitl®sit lis
particularly apparent that besides the type-1 and type-2 disorders an additional atom is seen at the position forming a cube octahedron
(Cd1a. This position is also occupied in thd Cdg phases wheré =Nd, Sm, Gd, Dy, and Y. The variation in the triple split causes the
crescent-shaped electron densities sedn)irid), (f), (g), and(j). All atoms in the Cdla and Cd1b positions were refined isotropically except
for the compound GdGgdwhere the irregular shape of the atoms in the resulting cube octahedron was modeled with anisotropic temperature
parameters. Only the equivalent isotropic temperature parameters are displayed in Table IlI.
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distortion. This description would be more appropriate butreflections were observed in the data collected for the Eu-
large anisotropic temperature parameters or higher-order agontaining compound, as well as significant electron densi-
harmonic tensors would be required in order to model theies inside the Cglcubes.

crescent-shaped electron-density distributions seen in Fig.
9(j). The model presented in this work uses a split position
approach to model these electron densities. The collected
single-crystal data indicate a nonstoichiometry for the Pr- This study has been financially supported by the Swedish
containing phase, giving a predominance area between thatural Science Research Council and the Foundation for
two end members Pr@dand PgCd;o. Weak superstructure Strategic Research.
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