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Abstract: Two new transition-metal-containing Zintl phases, Ca,CdSb, and Yb,CdSb,, have been
synthesized by flux reactions, and their structures have been determined by single-crystal X-ray diffraction.
Yb,CdSb, crystallizes in the noncentrosymmetric orthorhombic space group Cmc2; (No. 36, Z = 4). Ca,-
CdSh; crystallizes in the centrosymmetric orthorhombic space group Pnma (No. 62, Z = 4). Despite the
similarity in their chemical formulas and unit cell parameters, the structures of Yb,CdSbh, and Ca,CdSb,
are subtly different: Ca,CdSb, has a layered structure built up of infinite layers of CdSh, tetrahedra
connected through corner-sharing. These layers are stacked in an alternating AA~*AA~! sequence along
the direction of the longest crystallographic axis (A denotes a layer; A~* stands for its inversion symmetry
equivalent), with Ca?* cations filling the space between them. The structure of Yb,CdSh, features the very
same [CdSh,]*" layers of CdSh, tetrahedra, which because of the lack of inversion symmetry are stacked
in an AAAA -type fashion and are separated by Yb?" cations. Electronic band structure calculations
performed using the TB-LMTO-ASA method show a small band gap at the Fermi level for Ca,CdSh;,
whereas the gap closes for Yb,CdSh,. These results suggest narrow gap semiconducting and poorly metallic
behavior, respectively, and are confirmed by resistivity and magnetic susceptibility measurements. The
structural relationship between these new layered structure types and some well-known structures with
three-dimensional four-connected nets are discussed as well.

1. Introduction chemistry of these compounds brings together the most unique
combination of metatmetal interactions that are not charac-
teristic for the typical covalent or the typical ionic solids. As a
result, Zintl phases have diverse and complicated structures and
quite often exhibit a variety of unprecedented physical
rloropertiesl.”

The inherent complexity of the crystal and electronic struc-
tures transpires into serious difficulties in rationalizing the
structure-property relationships in such compounds. The classic
Zintl reasoning, which assumes a complete valence electron
transfer from the less electronegative elements to the more

Zintl phases are intermetallic compounds that are made up
of metals with very different electronegativities, most commonly
the alkali and alkaline-earth metals and the early to late post-
transition metals and semimetafs. In the past 1520 years,
extensive research efforts in the area have led to the extensio
of this classification to include some lanthanide elements, as
well as a variety of transition metais? Hence, the crystal
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electronegative ones so that each element achieves a closed-
shell state conforming to the octet rule, works satisfactory only
for a limited number of cases. More frequently, the interactions
in nonclassic Zintl phases (majority cases) are intermediate
between the localized 2-center-2-electron and the delocalized
multicenter bonding, i.e., full electron transfers and realization
of noble-gas configurations are rarely achieved. This holds
particularly true for structures containing elements with not very
different electronegativities, where structure descriptions in
terms of covalently bound polyanionic subnetwork and spectator
cations (providing simply the necessary bonding electrons and
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filling efficiently the available space) are deemed inadeq#ate. heating to 700°C (below the boiling point of Cd) at a rate of 200
Examples abound, most notably among the three-dimensional°C/h; (2) homogenization at this temperature for 20 h; (3) followed by
networks® where apparent violations of the octet rule and & Slow cooling to 400C at a rate of SC/h. At this point the reaction
deviations from the optimal electron count are compensated bymixture was taken out from the furnace and the excess of the molten
an interplay of the Madelung (lattice) energy and the size Cd was removed. The reaction product consisted of needle-shaped
effects?~11 Consequently, these take priority over the electronic crystals of YCdSh,

. i hich " the dominating factor for th After the structure and the composition were established by single-
requwe_men S, W 'c_: normally are the dominating factor for the crystal X-ray diffraction, several attempts to synthesizgeGttSh from
formation of the Zintl phases.

an “on-stoichiometry” reaction in welded Nb tubes were made but
As part of a broader program to better understand these proved unsuccessful. The main products of such reactions were;YbCd
aspects of the chemistry and physics of such complex interme-Sh, (CaALSk, type)? Yby;:Shie (Hou:Geyo type) 23 and YbCd (YCds
tallics, we embarked on the study of variodisand f-element type)1415 The Cd-flux reactions yielded the desired phase; however,
containing phases, mainly aimed at systems with one- or two- the crystals were on the small side to ensure accurate resistivity
dimensional partial anionic networks. Here, we report the first measurements. Therefore, to allow for a higher reaction temperature
series of unexpected results in relation to the synthesis and the Order to improve the size of the grown crystals, new reactions using
characterization of two new ternary Zintl compounds;¥#Sh molte_n lead m_e_tal, instead of cadmium, were employed. The optimized
and CaCdSh, the phase stability of which seems to be governed reaction conditions were as follows: a mixture of Yb, Cd, Sbh, and Pb
' . . in a ratio of 2:1:2:10 was heated from room temperature to°@sat
by factors that are different than the ones described above. The

. a rate of 200°C/h, allowed to dwell at this temperature for 20 h, and
structures of the two title compounds are both based on corner-y,qop, slowly cooled to 500C at a rate of 5°C/h. The flux was

shared CdSptetrahedra forming layers with the same con- gypsequently removed, and the outcome of the reaction wgBdgh
nectivity mode; however, regardless of the identical electronic in nearly 100% yield and excellent crystal quality.

and size requirements of the %band the C&" cations, the 2.1.2. CaCdSh,. Black, needle-shaped crystals of CdSh were
layers in YCdSh and CaCdSh are packed differently. This  synthesized from an analogous reaction among Ca, Cd, and Sbh in molten
finding is rather surprising because of the fact that virtually all lead, which appears to be the most accessible synthetic route to single-
other Yb and Ca counterparts are isoelectronic and isostructural crystalline CaCdSh. Numerous tries to synthesize it from stoichio-

In this sense, these unique layered structures can be viewednetric or cadmium flux reactions failed; the major product of such
as rare examples of polytypes (not polymorphs), whose dis- reactions was CaGSbg._ Th(_e temperature prof_lles employed in all of

. . these syntheses were identical to those described above 6d8h.

covery brings a new level of understanding to the role of the

. . . . . The crystals of both G&€dSh and YhCdSh appear dark-to-black
cations as structure directing factors. These ideas are dlscussegnd are very brittle. Although their surfaces slowly tarnish in air, powder

in the context of the imaginary process of deriving these nt_aw X-ray diffraction confirms that the bulk materials remain unchanged
layered structure types from some well-known structures with after exposure to ambient air longer than 1 week.

three-dimensional four-connected nets and are supported by 2.2, powder X-ray Diffraction. X-ray powder diffraction patterns
electronic structure calculations, which also show strong cation were taken at room temperature on a Rigaku MiniFlex powder

preference for each arrangement. diffractometer, using monochromatized Cw Kadiation. Data were
) ) collected in a#—6 mode (DHmax = 80°) with a step size of 0.04and
2. Experimental Section 10 s/step counting time. The data analysis was carried out using the

2.1. SynthesisHandling of all materials was carried out inside an JADE 6.5 software package. The position and the intensity of the peaks
argon-filled glove box or under a vacuum. All elements for the syntheses Matched well with those calculated from the refined structures. The
were used as received: Yb (Ames Laboratory, ingot, 99.99%), Ca diffraction patterns in the low-angle region (Supporting Information,
(Aldrich granules, 99.9%), Cd (Alfa, shot, 99.999%), Sh (Alfa, shot Figure S1) exhibit reflection conditions consistent with the primitive
99.99%). Two different synthetic procedures were explored: on- &nd base-centered orthorhombic symmetry ofdzksh and YhCdSh,
stoichiometry reactions in welded Nb-tubes or flux-reactions in alumina respecﬂyely. _ _ _ _
crucibles. Specific temperature profiles are mentioned below; further ~ 2-3. Single-Crystal X-ray Diffraction. Single crystals of the fitle
details on the techniques and the experimental procedures are giverfompounds were selected in a glovebox and cut in Paratone N oil to
elsewheré. suitable size for data collection: 0.06 0.04 x 0.02 mn% for Yb,-

2.1.1. YhCdSh,. Crystals of YbCdSh were initially grown from CdSh and 0.09x 0.03x 0.02 mnt for CaCdSh, respectively. They
a reaction loaded with the ratio of Yb/Cd/Sh1:36:1. The large excess ~ Were then mounted on glass fibers and quickly placed under the cold
of Cd was used as a metal flux, and the experiment was intended toirogen stream (ca-153°C) of the goniometer of a Bruker SMART
produce crystals of the hitherto unknown 90l ,Shs, isostructural CC'D-based diffractometer. Inten_sny data covering a fqll sphere of the
with the recently synthesized ¥ns Sy’ The elements were put ~ "€ciprocal space were collected_ln four batch runs at dlﬂgpgamd¢
into alumina crucibles and sealed in fused silica tubes under vacuum. angles. The frame width was 0.t » and®, and the acquisition rate

The reactions were carried out using the following heating profile: (1) Was 20 s/frame. The data collection, data integration, and cell refinement
were done using the SMART and SAINT prograifisiespectively.
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Table 1. Selected Crystal Data and Structure Refinement Table 2. Atomic Coordinates and Equivalent Isotropic
Parameters for Ca,CdShb, and Yb,CdShb; Displacement Parameters (Ueq®) for CapCdSh, and Yb.CdSh,
empirical formula Ca,CdSh, Yb,CdSh, Wyckoff
formula weight 436.06 g/mol 701.98 g/mol atom _position X y z Uea (A7)
data collection temp —153(2)°C CaCdSh in Pnma
radiation, wavelength Mo ¥, 1 =0.710 73 A Cal & 0.2303(2) 1/4 0.446 84(8) 0.0133(3)
crystal system orthorhombic Ca2 & 0.0347(2) 1/4 0.227 74(7)  0.0090(3)
space group Pnma(No. 62) Cma; (No. 36) Cd 4 0.13748(6) 1/4 0.650 77(3) 0.0102(1)
unit cell dimensions a=7.2536(13) A a=4.6184(17) A Sh1 Vo) 0.24593(5) 1/4 0.816 32(2) 0.0074(1)
b= 4.6030(8))/;\ b= 17.418(61)& A Sb2 &£  024419(5) 1/4 0.07142(3) 0.0092(2)
c=17.521(3) c=7.178(3) )
. Yb,CdSh in Cme;
unit cell volume Z 585.0(2) B, 4 577.44) R, 4 Ybl 4 0 0.30247(3) 0.52982(7) 0.0125(2)
density fcarcd 4.951 gferd 8.076 gferd Yb2 42 0 0.47879(3) 0.2212(1)  0.0093(2)
absorption coefficientu) 14.359 mnt 44.768 mnt ) ) )
goodness-of-fit 1199 1111 Cd da 0 0.098 96(5) 0.3955(2) 0.0099(2)
final Rindice$ [I > 20 Ry = 0.0222 R, = 0.0216 e 0007 210) 00000 oooead)
WR, = 0.0571 WR, = 0.0463 : (5) 001092)  0.0098(2)
final Rindices [all data] \T,le_:O (?20:;778 \T,lRZ_:O 8%}1%3 aUeqlis defined as one-third of the trace of the orthogonalidgdensor.

ARy = J||Fo| — IFell/3|Fol; WRe = [S[W(Fe? — FA2/ T [W(F?)?] Y2
wherew = 1/[0%F¢? + (0.0133- P)?] for Yb,CdSk andw = 1/[0?F? +
(0.0321- P)?2 + 0.2664- P] for CaCdSh, P = (F,? + 2F2)/3.

SADABS'® was used for semiempirical absorption correction based
on equivalentsTmin/ Tmax= 0.372 andRi,: = 0.044 for YCASB; Tmin/
Tmax = 0.470 andR,; = 0.032 for CaCdSh). Unit cell parameters
were refined using all reflections. The structures were subsequently
solved by direct methods and refined by full matrix least squares on
F2 using SHELXL!"¢For both YBCdSh and CaCdSh, all five atoms
in the asymmetric unit were located from the solutions and the structures
were subsequently refined with anisotropic displacement parameters
(Supporting Information, Figures S2 and S3 display the structures with
thermal ellipsoids). Site occupations were checked for deviations from
unity by freeing the site occupancy factor (SOF) of an individual atom
while the remaining SOFs were kept fixed, which proved that all sites
are fully occupied. Further details on the data collection and structure
refinements parameters are given in Table 1; several other points worth
specific mention are provided below.
2.3.1. YCdSh,. The systematic absence of reflections with indices
hkl, hk0: h 4+ k= 2n; hOl: hor | = 2n; h0O: h = 2n; 0kO, Okl: k =
2n, and 00: | = 2n confirmed the base-centering of the cell and the
presence of a-glide along theb-axis. The reflection conditions were
confirmed by powder X-ray diffraction as well (Figure S1). This
analysis suggested three possible space groopg2; (No. 36),Cm@
(No. 40), and the centrosymmetric space gr@&mcm(No. 63). The
intensity statistics were consistent with the noncentrosymmetric groups,
and the structure was successfully solve€ma;. Attempts to solve
and refine the structure in the other possible groups failed; satisfactory
structure refinement of the 33 parameters against the 661 structure
factors (o > 20(lo)) was achieved only irCm@; (Table 1). The
absolute structure coefficient (a.kthe Flack coefficient) was refined
to be 0.09(1). The final difference Fourier map was featureless with a
highest residual peak of c4.5 e /A3 less tha 1 A away from Yb1.
2.3.2. CaCdSh,. Despite the similar unit cell parameters and the
same Laue symmetry (Table 1), the reflection conditions faOd8h
were very different than those of ¥BdSh. The systematic absence
of reflections with indices Kl: k + | = 2n; hk0, h0O: h = 2n; 0kO: k
= 2n, and 00: | = 2n established the primitive cell and the presence
of n- and a-glides along thea- and c-axes, respectively, hence
suggesting only two possible space groups2;a (No. 33) and°Pnma
(No. 62). The intensity statistics strongly favored a centrosymmetric
model, and the structure was solved in the latter group by direct
methods.’® Subsequent refinements confirmed an ordered structure with
five unique crystallographic sites that are fully occupied. Refinements
of the 31 parameters against the 639 structure facters (20(lo))
converged at low conventional residuals (Table 1) and a virtually flat
difference Fourier map; the highest peak is in the order/A%and it
is located approximately 1.5 A away from Cd.

Table 3. Selected Bond Distances in Ca,CdSh, and Yb,CdSh,

atom pair distance (A) atom pair distance (A)
CaCdSh Yb,CdSh
Cd— Sh2x 2 2.8226(5) Cd-Sh2x 2 2.817(1)
Sh1 2.8981(8) Sh1l 2.892(2)
Shi 3.0054(8) Sbl 2.990(2)
Sbh1l- Cd 2.8981(8) Sb1 Cd 2.892(2)
Cd 3.0054(8) Cd 2.990(2)
Sh2— Cd x 2 2.8226(5) Sh2- Cd x 2 2.817(1)
Cal— Sh2x 2 3.177(1) Ybi- Sh2x 2 3.165(1)
Shlx 2 3.249(1) Sbix 2 3.245(1)
Sh2 3.541(2) Sh2 3.469(2)
Sh2 3.741(2) Sh2 3.739(2)
Ca2— Sh2 3.132(1) Yb2- Sh2 3.128(1)
Shlx 2 3.168(1) Sbhix 2 3.159(1)
Shix 2 3.200(1) Shix 2 3.198(1)
Cdx 2 3.375(1) Cdx 2 3.358(1)
Cdx 2 3.573(1) Cdx 2 3.554(1)

In the last refinement cycles, the atomic positions were standardized
using STRUCTURE TIDY8 Final positional and equivalent isotropic
displacement parameters and important bond distances and angles are
listed in Tables 2 and 3, respectively. Further information in the form
of CIF has been deposited with FIZ Karlsruhe, 76344 Eggenstein-
Leopoldshafen, Germany (e-mail: crysdata@fiz. karlsruhe.de), deposi-
tory number CSD 391389 for ¥dSh and CSD 391390 for
CaCdSh.

2.4. Property MeasurementsDetailed descriptions of the magnetic
susceptibility and the electrical resistivity measurements are provided
as Supporting Information. The data show essentially temperature-
independent paramagnetism for XulSh. The latter is also a poor
metal (o5 = 2.25 N2 - cm; p1o = 1.2 mQ - cm), whereas G&dSh
is a semiconductor with an estimated band gap of about 0.19(5) eV.
Graphical representations pfT) andy(T) are shown in Figure S4;
the resistivity data are plotted in Figure S5, respectively.

2.5. Electronic Structure Calculations.Electronic structure calcula-
tions were performed using the linear muffin-tin orbital (LMTO)
method® with the aid of the TB-LMTO prograr®® Exchange and
correlation were treated in the local density approximation (LBIA).
All relativistic effects except for spinorbit coupling were taken into

(18) (a) Parthe, E.; Gelato, L. MActa Crystallogr.1984 A40, 169-183. (b)
Gelato, L. M.; Parthe, EJ. Appl. Crystallogr.1987 20, 139-143.

(19) (a) Andersen, O. KPhys. Re. B 1975 12, 3060-3083. (b) Andersen, O.

K.; Jepsen, OPhys. Re. Lett. 1984 53, 2571-2574. (c) Andersen, O.

K.; Jepsen O.; Glzel, D. In Highlights of Condensed Matter Theory

Bassani, F., Fumi, F., Tosi, M. P., Eds.; North Holland: New York, 1985.

(d) Andersen, O. KPhys. Re. B 1986 34, 2439-2449. (e) Skriver, H. L.

The LMTO MethodSpringer: Berlin, 1984.

(20) Jepsen, O.; Andersen, O. Khe Stuttgart TB-LMTO Program, Version
4.7

(21) Von Barth, U.; Hedin, LJ. Phys. C1972 5, 1629-1642.
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Figure 2. A close-up view of a section of thé[CdSbg]“* layer in Yh-
CdSh, projected approximately along tlaeaxis. Relevant bond distances
and angles are listed in Table 3.

a- andc-axes as shown in Figure 2. The layers are stacked along
the direction of the longest crystallographic axis, thexis.

Due to the lack of inversion symmetry and the centering of the
unit cell, all layers have “identical geometry” but are not
positioned exactly on top of each other. In that sense, the
Figure 1. Structure of YbCdSh (Cme,), viewed down thea-axis. The stacking sequence of thé[CdSQ]‘l* slabs can be denoted as

Sh atoms are drawn as deep red spheres, and the Cd atoms are shown PR ; : ;
light-indigo spheres, which center the translucent tetrahedra, respectively.%AAA' keeping in mind that adjacent layers are displaced by

The Yb atoms are drawn as yellow spheres, and the unit cell is outlined. @ translation halfway along treeaxis (the viewing direction in

Figure 1). Layers of Y® cations that counterbalance the
account by the scalar relativistic approximatidiThe basis setincluded  charges fill the space between the anionic layers.
the 4, 4p, 3d orbitals for Ca; §, Sp, 4d, 4f orbitals for Cd and Sb; and The CdSh tetrahedra are distorted (Figure 2), as evidenced
the 6, 6p, 5d, 4f orbitals for Yb. The Ca g, Yb 6p, Cd 4, and Sb 4, from the Cd-Sb bond distances and from the -Sbd—Sb
4f orbitals were treat_ed with the downfolding technid@in both cases, angles, which range from 2.817(1) to 2.990(2) A and from
the k-space integrations were performed by the tetrahedron m#&thod 93.50(3} to 113.71(3), respectively (Table 3). These values
using a total of 600 irreducible-points in the Brillouin zone. The Fermi ) y ’ )

compare well with those reported for other ternary @d—Sb
level was selected as the energy refereree<(0 eV). . .

phases (A= alkali, alkaline-earth or rare earth metal) the
3. Results and Discussion structures of which are also based on Cgd8&irahedra; for

3.1. Structure Description Yb,CdSh and CaCdSh are new example, the CeSb contacts in the layered structure of YbCd

layered compounds, the structures of which contain identical S (P3ml, CaAbSi; type) range from 2.864 to 2.970 A, while

building units, Cd-centered tetrahedra of Sb that share cornersthe corresponding angles vary from 8856 110.43.12 Another

to form two-dimensional polyanionic sheet§CdSh)]*-, sepa- useful C"_m_p"?‘”son can be mad_e With. the compound Na(_:dSb
rated by YB+ and C&" cations, respectively. Despite this and _(ana TiNiSi type), the three-dimensional structure of_ which
despite the comparable unit cell parameters and chemical'® based on corner- gnpl edgg-shared QdSlh)ahedra (Figure
formulas, the title compounds are not isostructural (Table 1). S6)?° The latter are S|m|IarI¥ distorted: Cd5b d|§tances range
The major difference is in the way the layers are arranged in O™ 2.864 to 2.977 A, while the corresponding angles vary

space; hence, the two structures can be considered as polytypeéfom 104.29 t(.) 115.63.22 Slmll_ar bond distances and angles
i.e., as built up of layers of identical topology and composition are rz«gported in the channel-like struct_ure OfllSdeSblz. as
but with different stacking sequences. These two “polytypes” well. . Tr_lere are no CdCd or Sb-Sb distances that signify
are not easily related by the crystallograptanslationgleiche bonding interactions; the shortest-SBb contacts are between

t) or klassengleichék) group—subgroup relations; however, pairs of Sb1 atoms within the layerdssi-sp: = 4.285(2) A.
Eh)e structuresgof bce)(th) %ﬁ:dgl; ang Ca%dSQ can formally The shortest interlayer distances, 4.430(2) A, are between Sb1

be derived from the hypothetical compounds YbCdSb and and Sb2 in the direction parallel to tieaxis.

CaCdsh, respectively, both with the ubiquitous TiNiSi type. Thfe coordination polyhedra of the Yb a_toms _deserve special
These considerations are discussed in detail in the following Mention too. There are two crystallographically independent Yb
paragraphs. sites, both having the same point symmetry, but their local

3.1.1. YhCdSh,. Yb,CdSh crystallizes in a new type €nvironments are very different (Figure 3). The coordination
(Pearson’s symbabC20) with the orthorhombic space group  ©f \'(bl'res'embles tha@ of a distorted octahedror\, where thg Yb
Cme; (Figure 1), and its structure contains two antimony, one cation is tightly coordinated by four Sb atoms in “equatorial”
cadmium, and two ytterbium atoms in the asymmetric unit, all Position, bond distances 3.165(1) and 3.245(1) A, respectively
in special positions withx = 0 (Tables 1 and 2). The structure ~ (Table 3). These four antimony atoms lie in a plane, with the
is best described as made up of infinite layers of GdSb YP cation positioned 0.174 A away from it in a direction toward

tetrahedra, which are joined together through corners along thethe next nearest Sloo-sp2 = 3.469(2) A). The sixth Sb atom
caps the open square face from the opposite side, and it is

(22) Koelling, D. D.; Harmon, B. NJ. Phys. C1977, 10, 3107-3114. located 3.739(2) A away from Yb1 (Figure 3 left). Both “axial”
(23) Lambrecht, W. R. L.; Andersen, O. IRhys. Re. B 1986 34, 2439~

2449.
(24) Blochl, P. E.; Jepsen, O.; Andersen, O.Rhys. Re. B. 1994 49, 16223~ (25) Savelsberg, G.; Scfea, H. Z. Naturforsch.1978 33B, 370-373.

16233. (26) Park, S.-M.; Kim, S.-3J. Solid State Chen2004 177, 3418-3422.
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Sh2
sb2
Sbi Sb2 Yb2
St g & & Sbi |\ _sbi
o ) & aT
Sb
4 cd

Sh2

Figure 3. Detailed view of the Yb coordination in the structure of Yb
CdSh. Color code the same as that in Figure 1. Relevant bond distances
are given in Table 3. The coordination polyhedra of Ca inGitsh are
identical.

antimony atoms are almost equidistantly positioned with respect \\ < |
to the four “equatorial” Sb atoms. The closest Cd atoms to Yb1l .
are 3.674(2) and 3.895(1) A away. Such distances are 7 to 14%
greater than the corresponding sums of the Pauling’s metallic
radii of Yb and Cd (CN 12¥ and, therefore, are not considered Figure 4. Structure of CaCdSh (Pnma, viewed down theb-axis. The
as part of the first coordination sphere. Cd and Sb atoms are shown with the same colors as those,Qd&ip

The second ytterbium cation (Yb2) is coordinated by five (Figl;'uredl). The Ca atoms are shown as green spheres, and the unit cell is
. . . R . t .
antimony atoms with YbSb distances falling in the narrow outine

range from 3.128(1) to 3.198(1) A (Table 3). The shape of the longest crystallographic axis, theaxis in this instance, with

Yb2 coordination polyhedron most closely resembles a SQUAre oo+ cations filling the space between them. The layers are again

pyramid, which is a rare occurrence in the crystal chemistry of based on CdSktetrahedra, which are joined together through
ytterbium. Four of the five antimony atoms form a rectangle, ..o along the- and b-axes (Figure 4). The Cd-centered

and _the Yb_cation sits 0'422 A ab_ove itin a dir_ection towa_rd tetrahedra are similarly distorted as evidenced from the- Cd
the fifth antimony, Sb2 (Figure 3 right). Interestingly, there is Sb bond distances and from the-SBd—Sb angles, varying

another antimony, Sb2, that can cap the equatorial “square” facefrom 2 8226(5) to 3.0054(8) A and from 93.69(2b 113.33-
from the opposite side; yet, at a distance of 4.052(2) A, such (1) réspectEV()aIy (T.able ?E)) 69(2p 113.

contact (much longer that the sum of the corresponding radii The topol £ . dSh, of is identical
and not shown in Figure 3) arguably represents any significantt the opodogy (')b Zyetgs n fQé:th » O coTrseé&zé;ntt;ca
interaction. Yb2 also neighbors four Cd atoms at distances from 0 the one descrived above Tor Ihe example o » e
3.358(1) to 3.554(1) A, and they cap adjacent edges of the major difference here is in the way they are stacked. Because
. . ’ B - . 4—
antimony square pyramid and bring the total coordination of the Inversion symmetry, the stacking of tr{CdSh]
slabs is in alternating sequence and can be denoted as

number to CN 9. : S
AA~IAA~L (A1 stands for the inversion image of A). In that

The noticeably different coordination of Yb2 could mean .
disparity in the electronic state of the two nonequivalent cations; sense, YECdSh and CaCdSQ are b(?St. described as po_Iytyp_es,
the structures of which feature building blocks with identical

we note that Yb can exist as both ¥(f14) and YB* (f13) and _ LS .
there are many documented examples of Yb intermetallics, tc_)pol(_)gy,_but W_h'_Ch are §tacked n dlfferent_ manners. This
situation is reminiscent with the rare-earth silicides and ger-

where divalent and trivalent Yb occupy sites with different . . . .

coordinatior?®2? In spite of this, the fact that the very same m.anldes crystallizing with the orthgrhomb|c §Ee, and G&-

characteristics are observed in the structure of the Ca counterpartS s types, where s_ubtle change_s in the crystal stréjctures are
related to sets of intralayer SBi or Ge-Ge bonds® Such

suggests that this is not the case in,EdSk. These results d icularly in th L GAG h
are corroborated by the magnetic susceptibility data (Figure 84).compoun S, _partlgu arly in the @3'4 Gey SVSte”?’ ave
recently received increased attention, and systematic studies of

3.1.2. CaCdSh,. CaCdS tallizes in the orthorhombi
& bz. Cap b crystallizes in the orthorhombic the magnetic and crystallographic transformations in these

space grougPnma (Table 1), and its structure contains two h t that their di duni " iinat
antimory, one cadmium, and wo_ calcium atoms in the ot U Sl lC hing of Specific ntralayer bonds in the
asymmetric unit, all in special positions wiyh= 1/, (Table 2). .

y P P 4 ) crystal structuré® The comparison could be extended toward

We point out again that although the unit cell parameters are . d bi h chal id h f
very similar to those of YECdShk and despite the fact that many ma_ny an'umony and bismuth chalcogenides, the structures o
which form series of closely related homologdés.

Yb intermetallics have their Ca counterparts,€dSk and Ca-

R
a

CdSh are closely related but aretisostructural. The structure
of CaCdSh (Figure 4), just like that of YECdSh, is built up

Independent of the difference in the packing of the polyan-

ionic layers, the coordination of the cations remains the same

of infinite 2[CdSh]*~ layers stacked along the direction of the N both YB:CdSh and CaCdSh. There are two crystallographi-

(27) Pauling, L.The Nature of the Chemical Bon8rd ed.; Cornell University
Press: Ithaca, NY, 1960; p 402.

(28) Ahn, K.; Tsokol, A. O.; Mozharivskyj, Y.; Gschneidner, K. A.; Pecharsky,
V. K. Phys. Re. B 2005 72, 054404.

(29) Tobash, P. H.; Bobev, 3. Am. Chem. So2006 128 3532-3533.

(30) (a) Mozharivskyj, Y.; Pecharsky, A. O.; Pecharsky, V. K.; Miller, GJ.J.

Am. Chem. So2005 127, 317—324. (b) Meyers, J.; Chumbley, S.; Choe,
W.; Miller, G. J. Phys. Re. B 2002 66, 012106.

(31) Poudeu, P. F. P.; Kanatzidis, M. Ghem. Commun2005 21, 2672

2674.
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cally independent Ca sites, again both with the same point Hypothetical 3[Cd,Sb_]* network

symmetry but with different local environments (Figure 3). Cal (TiNiSi type)

sits at the center of a very distorted octahedron, where it interacts v v v

with two Sb1l and two Sb2 atoms in an “equatorial” position, v '

bond distances 3.249(1) and 3.177(1) A, respectively (Table v

3). The Ca cation is 0.179 A away from the plane of those four 'ﬁ v

antimony atoms. The other two Sb atoms cap the open square

face from both sides and are much further away from Cal, v v v

3.541(2) and 3.741(2) A (Figure 3 left). Ca2, similar to the case (removal o Ao G 2toms p—

for Yb2, is more tightly coordinated by five antimony atoms 4 4

arranged in space as a square pyramid. The &adistances v V

fall in the narrow range from 3.132(1) to 3.200(1) A (Table 3) 'v
v

and compare very well with those observed i, €dSh. Ca2 v
also has four Cd neighbors at distances 3.375(1) and 3.573(1)
A, respectively. v v
3.2. Structural Relationships and Electron Count Perhaps

the most interesting feature of these structures is in the way Z2(CdSb,]* layers (Yb,CdSb,) <[CdSb,]* layers (Ca,CdSb,)
they are related to the structure of the hypothetical compounds Figure 5. A schematic representation of the way the structures of Yb
YbCdSh and CaCdSb (TiNiSi type, Pearson’s symbel2, CdSh and CaCdSh are related to those of the hypothetical compounds
space groufPnma.*5 Many intermetallic phases are known to YbCdSb and CaCdSh. The formal derivation of tEg[aCdSbg]“*_ layers

- . . .o . . through the “patterned” removal of one-half of the Cd atoms in the three-
crystallize with this ubiquitous type (including the archetype dimensional four-connected network with the ubiquitous TiNiSi type is
CeCuy),'® and thorough structure descriptions can be found in emphasized (see text for details).
several earlier publicatior’d.For the sake of clarity, here we
point out only that the structures of YbCdSb and CaCdSb reducing the dimensionality of the polyanionic subnetwork as
(reformulated for convenience as$@d,Sh,, A = Ca, Yb or schematically shown in Figure 5. This imaginary process affords
perhaps another divalent metal) can be viewed as three-the derivation of the layered structure of XSk by breaking
dimensional four-connected nef§Cd,Sb,]*~ and A+ cations the “red” tetrahedra in a consecutive manner and moving one
filling the empty space within the polyanionic framework. of the Yb sites in a direction toward the created vacancy to
Semiempirical band structure calculations, coupled with precise compensate for the “empty space”. Similarly, the structure of
structure determinations on a series of isostructural compounds,Ca,CdSh can be derived by the alternating elimination of “red”
show that the network bonding becomes increasingly strongerand “blue” tetrahedra (inversion images), respectively, and the
as the valence electron count is increased from 20 electrons inappropriate resizing of the unit cell (note that the different colors
CaPdiIn to 28 electrons in CaPd&®However, the calculations emphasize the center of symmetry in the parent structuredn Ca
for systems with more than 32 electrons show that the stability cdSh and the lack of inversion symmetry in ¥bdSh). Using
of the framework sharply decreasésTherefore, it is not  the same scheme, it is conceivable that the removal of more
surprising that the isostructual and isoelectronic CaAgSb, cd, 2/3, for example, will result in the formation of infinite
YbAgSb, and NaCdSb having 32 electrons per unit cell are chains of corner-shared [Cdgtetrahedra and the formulas of
found to be the most electron-rich phases with this structure. ¢ ,ch hypothetical compounds will be £aiSk and YkCdSh.
The in-depth analyses of the crystal overlap populations for the ajthough no such compounds are known so far, there are related

three different types of bonds involving the tetrahedrally compounds, whose structures feature such one-dimensional
coordinatedi-metal clearly indicate that as the valence electron . oins such as GalAs; and EynP; to name just a fevi5e

concentration increases, antibonding states of predominantly one ) . )
g P y A completely different mechanism for reducing the valence

kind are being populated. Interestingly, these turn out to be : : ; .
originating from the shortest CeSb bonds, i.g those interac- electro_n c_oncentranon a_nd thereby the dlmens_lonahty Of. the
tions that “fuse” the tetrahedral units through common edges polyanionic framework will be through the exclusion of a cation
to form a 3D-network (Supporting Information, Figure S6) and the subsequent reconstruction of the layers. This will lead
) N ' " to the realization of YbCgBh, and CaCgSh, with the layered
Following these arguments, it is evident that thegCASh, . 15 o -

. . - ; CaAl,Si, type !> Elaborate description of this structure type can

compounds in question, having 36 electrons, will not be stable a5 S
be found elsewher®;3>since such a transformation is beyond

with the same three-dimensional structure. In fact, no equiatomic th fth L . | h i i
compounds of the alkaline-earth metals, group 12 transition . € scope ol the present discussion, only a schematic representa-

metal, and the pnicogens have been discovered st e tion of this imaginary process is provided as a reference in the
excess valence electrons, obviously, cannot be tolerated in SuchSupportlng Information (Figure S7).

three-dimensional four-connected nets, and it will require some ~ These considerations prompt the attention to another interest-
sort of structural rearrangement so that the effect of the ing observation regarding the formal electron count in the series
antibonding states is diminished. One such means will involve of compounds discussed above. For example, using the Zintl
the formal removal of one-half of the Cd atoms, thereby rules; 3 the structures of Y4#CdSk and CaCdSh can be

(32) Nuspl, G.; Polborn, K.; Evers, J.; Landrum, G. A.; Hoffmann,lfrg. (34) Cordier, G.; ScHar, H. Angew. Chem., Int. Ed. Endl981, 20, 466-466.
Chem.1996 35, 6922-6932 and the references therein. (35) (a) Zheng, C.; Hoffmann, R.; Nesper, R.; von Schnering, HJ.GAm.

(33) The electron count does not include thelectrons; onlys- andp-electrons Chem. Soc1986 108 1876. (b) Zheng, C.; Hoffmann, R. 3olid State
are considered. The number is per unit clK 4), following the electron Chem.1988 72, 58. (c) Burdett, J. K.; Miller, G. Xhem. Mater199Q 2,
counting scheme from ref 32. 12.
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Figure 6. Calculated band structure for €2dSh (left). Drawn on the same energy scale is the projected total and partial DOS (right). Contributions from
different atoms are color-coded.
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Figure 7. Calculated band structure for ¥BdSh (left). Drawn on the same energy scale is the projected total and partial DOS (right). Contributions from
different atoms are color-coded.

Table 4. Integrated —COHP (eV) for the Average Cation—Antimony and Cadmium—Antimony Interactions in Ca,CdSh, and in Yb,CdSh,?@

Ca,CdSb, Yb,CdSb,
Pnma Cmel, Pnma Cme2,
Cal(Ybl)-Sb 0.580 0.510 0.178 0.401
Ca2(Yb2)-Sb 0.736 0.732 0.412 0.617
Cd-Sb 1.555 1.538 1.669 1.459
d orbital population 0.642 0.605 0.736 0.644
[Cal or Ybl]

aThe calculations are performed on the real structures and on the hypothetical counterparts by using the structural parameters from Tables 1 and 2.
Values for the less stable model in each case are highlighted in blue.

rationalized as [YB'],[Cd?*][Sb®"], and [C&"],[Cd?t][Sb®]>, the optimal valence electron concentration will be by using small
respectively, i.e., as typical charge-balanced Zintl phases. Suchcations, such as Li, Be, or Mg, which can occupy small
a conclusion, although based on an overly simplistic concept, tetrahedral voids in the structure (created by the removal of one-
is nicely supported by the band structure calculations and by half of the Cd atoms, Figure S8). This last point deserves a
the magnetic susceptibility measurements. Following the samespecial mention here because it could be used as a practical
formalism, it is evident that charge neutrality can be achieved guide for the prediction of new compounds capable of existence
only for the “2—1—-2" (or “1—2—2") stoichiometry. CaCdSb  within these families and beyond. To further illustrate that idea,
and CaCdSh for example will be one-electron rich and one- we point out the recently reported compoundtimGe; (A =
electron deficient (per formula), respectively. On the contrary, Ca, Sr), which have a layered structure made ug[tfiGe,]5~

the triel analogues (T+= Al, Ga, In) of the above-mentioned  layers3® The geometry of these layers and the coordination of
“3—1-—3" compounds, in which the tetrahedrally coordinated the A-cations in this structure (Pearson’s symbBR4, space
Cd?t are substituted by ¥t (e.g., E4inP5®9) or the alkali-metal group Pnm3 are virtually the same as those for the building
counterpart of the electron-rich CaCdSb (e.g., NaCe)Stwill
be charge-balanced Zintl phases too. Another way to provide (36) Mao, J.-G.; Xu, Z. -H.; Guloy, A. Minorg. Chem2001, 40, 4472-4477.
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blocks in the structure of G&dSh (Pearson’s symbabP20,
space groug’nmg. The difference lies in the presence of the
extra cation, Li, without which the structure will be electron
deficient and probably unstable, [€3[Li T][In3"][Ge*]..36
Importantly, the small lithium cations do not cause additional
distortions of the layers and occupy tetrahedral voids as
predicted above.

3.3. Electronic Structure and Properties. Self-consistent
electronic band structure calculations were performed on both
compounds, and the results are shown in Figure 6 fe€G8k
and in Figure 7 for YbCdSh, respectively. The calculated
electronic structures are consistent with the formal electron count
as discussed above and with the physical properties; €3t
is a direct band gap semiconduct@y (~ 0.16 eV), in which
the electrons in the valence band could be activated to the
conduction band through the high symmeitrpoint G (0,0,0).
However, for YBCdSh the gap closes and there are some small

overlaps between the valence and the conduction bands, again

at the G-point. These computational results are fully cor-
roborated by the experimentally measured resistivities of both
CaCdSh and YCdSh (Figure S5). Such differences in the
resistivity of nominally isoelectronic phases are not unusual as
seen in the example of the recently reported G&by and
YbZn,Sky, where the existence of a solid solution of G& b,Zn,Shy
provides for a unique way of varying the electronic properies.

Plotted on the same energy scale in Figure 6 are the total
and the partial density-of-states (DOS) diagrams faGd&h.
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From the plots, it is clear that the bands around the Fermi level Figyre . Projected partial DOS and integratedCOHP diagrams for
are predominantly contributed by Ca and Sb states. Detailedselected cationanion and aniorranion interactions for GE€dSk (a) and

analysis of the DOS reveals that these are mainly composed o
Ca-3 and Sb-p orbitals, suggesting that this—d mixing
should have a strong effect on the electronic properties of this

fYb2CdSh (b). Calculations are performed on the “real” structufesra
for CaCdSh; Cme; for Yb,CdSh) and on the hypothetical structures by
swapping the cations. See text for details.

compound. We note that the mixing between the cation’s based intermetalliéand usually accounts for the long-distance

d-bands and thg@-bands of the anion has been the subject of

magnetic interaction when direct overlap could not be reached

several recent publicatioi§8 The specifics have been analyzed (RKKY mechanism)?

in detail and shown to play an important role and account for
the metallicity of some classical Zintl phase®$.In CaCdSh,
as mentioned already, the nearest valence bands and conductio|

The interpretation of the DOS, combined with the crystal

orbital Hamilton populations (COHP) presented in Figure 8,

leads to the conclusion that both LalSh and YkCdSh have

bands around the Fermi level are separated in energy, whichthe same electronic requirements (32 valence electrons per unit
makes the Fermi level fall into a gap in the total DOS. Thus, cell) and that both are electron precise phases. These compu-

the valence electrons are basically localized in the-Sla and
Cd—Sb sublattices, both of which are electron precise.

The corresponding total and partial DOS (Figure 7) curves
for Yb,CdSh are very similar to those of G&dSk, and the
states around the Fermi level are predominantly contributed by
Yb- and Sb-bands. These are mostly originating from b-5
and Sb-p orbitals, which indicate thgp—d mixing between
cationic and anionic states again plays an important role on the
electronic structure. However, because of the filléditals,
the Fermi level is now shifted to just above the Ybsfates

and the band gap disappears. This characteristic, as well as the

small mixing between Yb#and -5 orbitals near the Fermi
level, explains the poor metallic behavior for X¢dSh. Such
an admixture of- andd-states is very common in rare-earth-

(37) Gascoin, F.; Ottensmann, S.; Stark, D.; Haile, S. M.; Snyder, &dud.
Funct. Mater.2005 15, 1860-1864.

(38) (a) Li, B.; Mudring, A.-V.; Corbett, J. Dinorg. Chem 2003 42, 6940—
6945. (b) Mudring, A.-V.; Corbett, J. Onorg. Chem.2005 44, 5636—
5640.
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tational results are fully corroborated by the temperature-

dependent magnetic susceptibility data (showing divalent oxi-
dation state for the Yb, Figure S4) and by the resistivity
measurements (Figure S5), which suggest narrow-gap semi-
conducting behavior for GEdSk and poor-metallic behavior

for Yb,CdSh. However, it must be pointed out that the small

intra-atomic mixing between the Yh-4nd -5l orbitals causes

weakening of the interactions as evidenced by the-8b

COHP (Figure 8); the bands with a clear mixing have a
nonbonding or even slightly antibonding character.

From all of the above, the physical properties of the title
compounds can be explained and understood. However, the
guestion why the cations and the anions in these two compounds
pack differently has not been answered yet; after all the

(39) (a) Dronskowski, RComputational Chemistry of Solid State Materials:
A Guide for Materials Scientists, Chemists, Physicists and oth¥iigy-
VCH: Weinheim, Germany, 2005. (b) Bobev, S.; Bauer, E. D.; Thompson,
J. D.; Sarrao, J. L.; Miller, G. J.; Eck, B.; Dronskowski, RSalid State
Chem.2004 177, 3545.

(40) Kittel, C. Solid State PhysicsAcademic Press: New York, 1968.
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2[CdShky)4 layers are identical and the ¥bor C&" have Another remarkable aspect of the crystal chemistry of-Ca
very close cationic sizes and similar coordination requirenténts. CdShk and YkCdSh is that, in both structures, the polyanionic
Therefore, further calculations were carried out by interchanging layers have identical topology and composition but are stacked
the structures (Figure 8). The COHPs for several atomic in different manners. Therefore, the two structures can be
interactions were compared and contrasted, and the resultsconsidered as unusual examples of intermetallic polytypes,
indeed indicate a strong cation preference for each arrangemenwhich is a surprising finding since the ionic radii of the ?b
(Table 4). In particular, robust indicators are the interlayer+¥bl and the C& countercations are nearly identical, and both
Sb interactions in YECdSh, which become much weaker upon compounds are expected to be isostructural. Furthermore, the
changing the symmetry frol@ma; to Pnma(Table 4); recall layered structures of @@dSh and YCdSh are closely related
that cations'd-orbitals and Sb+s orbitals mix and contribute  to the TiNiSi-type structure with a three-dimensional four-
significantly for the DOS near the Fermi level. In that sense, connected network on one hand and theAT&ass type with

the optimization of the interlayer CalSb and Yb*Sb one-dimensional chains on the other. The imaginary process of
interactions would have an important role in the structure reducing the dimensionality involves the formal removal of
selection; in CgCdSh, for example, the centrosymmetric lattice  tetrahedrally coordinated Cd atoms in order to keep optimal
provides a slightly better overlap between the @aad Sb-p valence electron concentration. In this sense, our combined
orbitals than the noncentrosymmetric one (Table 4). On the experimental and theoretical study of the bonding in these new
contrary, for YBCdSh, the centrosymmetric lattice provides phases brings new understanding of the role of the cations as
poorer overlap between the cation and anion states. Evidently,structure directing factors.
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Two new ternary compounds, Sh and YbCdSh, h . ;
W W Y pou fL2dSh b b, have files in CIF format (for YbCdSh and for CaCdSh), along

been synthesized and structurally characterized. Despite the " . . . .
similarity in their chemical formulas and unit cell parameters, with graphical representations of the experimental and simulated

the structures of the title compounds are unexpectedly different. powder pattems, plots of the crystal structures with anisotropic

Both feature unique layered structures that contain very similar displacement p?ramggg, plotz of thﬁ mag_netlc susceptl_blllty
building units, which are based on Cd-centered tetrahedra of measurements for ¥ b, and a schematic representation

Sb to form layers 2[CdSbg]4i Such two-dimensional struc- of the way the structures of YbG8k, and CaCeSh; are related

. to those of the hypothetical compounds YbCdSb and CaCdSb.
tures of corner-shared tetrahedral units are very rare among thel_hiS material isyaFl)vaiIabIe free gf charge via the Internet at
transition-metal phases but are well-known in main-group 9

chemistry and, in particular, for some classes of silicates and hitp://pubs.acs.org.
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