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The structural diversity of main group cluster and oligomeric L

. L . - . ) ® ¢ ® o«
anions found in Zintl phases is astonishinglomoatomic anions € ce® } &
of group 14 metalloids such as Ge are particularly diverse in the e w\
geometries they adopt to satisfy their octet. These include clusters Og

trigonal prismatic G, the distorted bicapped square antiprismatic
Ge? 4 the octahedral G& 5 the tetrahedral Gé& 6 and the Gg~ @ 06
butterfly ion; to name a few. Many of these species were originally Ge® @ &~ ¢ L e«
discovered as isolated fragments, but in several cases polymerization 0'; < \0 \{
into extended structures has been obsefvéd. ‘ ﬁ&% %
Recently, we have begun investigating the effects of including & cCe / : !
rare-earth ions in Zintl phases that have the ability to be mixed e ¢ e g =~
valent such as EU(BWEW") and Yb(YE/Yb3"). The rationale (A) (B)
behind this is that perhaps new and interesting phases may be stabrjg,re 1. (A) The overall structure of YiSe:Sh; as viewed along the
ilized by the presence of a mixed- or intermediate-valent “spectator” axis. (B) A segment of the infinite chain of edge sharing tetrahedra
cation. This concept was illustrated in ¥m,Bis, where the charge Composed of the Zintl ioA«(Ges)*~. Formally, this chain is isoelectronic
of the system can be balanced by gY}a(Yb3*) with tetrahedrally 10 SiS.

coordinated(Z#r),, linearly coordinated and bridging (Bi),, and which is similar to those reported for BEe;_Sbis and ZrGeS#213

) ’ N 10 Mivard. o i o i
singly coorq|r_1ated (BF)2* Mixed or |nFermed|ate valent rare . The remaining species are isolated ions of Yb and Sb. The resulting
earth containing compounds can give rise to anomalous physmalstmcture can be charge-balanced as follows:2(¥Yb®")x(Gey)* -

behavior such as }ﬁond? |nhsul€lslt|n_g [:;lhenolmen? and hetfivy ferrﬂlon(sw_)él(sz_). Inspection of the bond distances reveals that one of
occurrence as well as technologically relevant properties Such asy, o v, jong (Yb(3)}"is clearly more tightly coordinated and could
large thermoelectric power and anomalous thermal expadsion.

) . be regarded as smaller and more highly oxidized. The Yb bond
We present here the new mixed-valent Zintl phasgG@Shs. 10 cas are Yh(B)Ge(L) 3.151(1), Yb(1ySb(L) 3.156(1), Yb(1)
Ge and Sb containing Zintl phases are a small class of com- Sh(3) 3.371, and Yb(1)Sb(2) 3.6865(6) A: Yb(2) Sb(2) 3.065(1)
1214 intrian i . ) : ) . )
poundsi® ™ however, what makes ¥BesShy an intriguing vy 5)_sp(3) 3.360(1), and Yb(2Sb(1) 3.7569(7) A; and Yb(3)
discovery is the presence of the new Zintl anion (48)@be-Ge?"), Ge(1) 2.9143(5), Yb(3)Sb(1) 3.1215(6), Yb(3)Sh(2) 3.1597(5)
which adopts a one-dimensional infinite chain of edge-sharing and Yb(.3)—Ge(2,) 3.2812(6) A. ' ' '
tetrahedra isoelectronic with the Si&ructuret® and the fact that If the interaction. between ihe two Sh(3) atoms is considered
it is stabilized _by the presence of mixed- or intermediate-valen_wt nonbonding, a different charge-balancing scheme would result:
“spectator” cations. Third, this compound has only homoatomic (Yb2H)(Yh3*)a(Ge*)5(SF-)s. The two charge-balancing schemes
bonding among its main group elements. It is highly unusual for would produce different p.hysical properties. Specifically, the
Sbh and Ge to coexist in a structure and not form bonds to each : '

. . N magnetic susceptibility would be quite different and therefore
other. Band structure calculations and magnetic susceptibility data g ptibility a

. . . - diagnostic for which scheme is most appropriate. Variable-
support the notion that Y®e;Shs is a mixed-valent Zintl phase. . .
The structure of YiGeShs, see Figure 148 is highly sym- temperature magnetic susceptibility data showed that above 120 K

i tallizing in the tet oy d the data followed a Curie/Weiss law withs = 5.7 ug per formula
EeJ'C’ crysta ';'.ng: Irlh € fetragon mmmstpa_T_E g;loutp., ‘i?] 'ca}.n it unit andd = —168 K, Figure 28 The calculated effective magnetic
ﬁ _eclzoncw;poi,? |n_o ree malnt(_:omplonentské _e |rFs_ IS 61:9? ni emoment for the first charge-balancing scheme isu6,3° whereas
Using ihe ZiniKlemm concept, we have aseigned an oxidaton 116 5660nd (VB)S(Yb2")s (Ge)* (S5 )it would be 7.9ue
state of 2- to the Ge(1) atoms which form the bridge between the Based on the susceptibility measurements, the first scheme seems

. . most consistent. Below 120 K, the inverse susceptibility deviates
LWC; tetrahtfagrgléyl cioo'gdlnartlt_adh(r‘:le(Z) ?tomsl (Vr\l"th a Ge_(.'i§3(2) t ffrom the Curie/Weiss law until approximately 40 K. The Curie/
istance of 2.531(1) .)’ which has a formal charge assignment ol \yqiqq |4y is followed in the low-temperature region from 2 to 40
zero. The second moiety is an Sb dimer formed by the bonding of

. ) . K with a resulting magnetic moment of 2/3. The changing
symmetry equivalent Sb(3)Sb(3) with a distance of 3.339(1) A, moment could be due to a temperature-induced valence fluctuation

il g
h the tri | bi idal 2 the distorted tri d
such as the trigonal bipyramidal &e?2 the distorted tricappe e uhﬂk Q\ . #0
-
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Figure 2. Temperature-dependent susceptibility data fogGéaShs.
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Figure 3. Temperature-dependent electrical conductivity (four probe) and
thermopower performed on a polycrystalline ingot.

states), we made an extensive effort to show that the chain is
composed exclusively of Ge atoms and not a disordered Sbh/Ge set
First, Sb and Ge are readily distinguishable by X-ray scattering
and all Ge and Sb site occupancies are refined to the full value
(>96%); second, the Ge(®)ze(2) distance of 2.531(1) A is
substantially shorter than Siése bonds found in other compounds
which range between 2.653 and 2.8342A3 The Ge(1}Ge(2)
distance is comparable to other reported-Ge distances that range
from 2.43 to 2.59 &4 In addition, the title compound can be made
in quantitative yield by a direct stoichiometric combination of the
elementg? These facts are consistent with the absence of Sb atoms
in (Ge)*~. Despite the rarity of having bonded atoms of mixed
oxidation states, similar cases exist as for example jii&swhere
formally Te*™ and Té~ atoms coexist in the same anion speéfes.
Band structure calculations performed on the title compound
show?? that the Yb(3) orbital contributions near the Fermi level
(Er) are much more hybridized as compared to Yb(1) and Yb(2)
ions23 The calculations indicate strongly hybridized Yb 5d bands,
with Ge and Sb p-bands allowing electrons from a putativé"Yb
to transfer into the conduction band to become3Yior an
intermediate-valent state. The calculations also indicatgGgh
Sh; to be metallic, and this is confirmed by the charge-transport
measurements shows in Figure 3. The conductivity, which980
S/em at 300 K, increases monotonically with falling temperature,
characteristic of a metét. The thermopower shows anomalous

behavior, being small and negative at low temperature and becoming
positive above room temperature. The change in sign suggests a

change in carrier type that could be linked to the temperature-
induced valence fluctuation mentioned above. The likely cause of
the metallic behavior is the incomplete electron transfer from the
Yb ions to the anionic network due to the hybridization of the Yb-
(3) d states.

The compound Y§GeSh; is stabilized because the “spectator”
Yb atoms are in a mixed-valent state. It contains the new Zintl ion

1.(Gey)*~, which is also mixed valent featuring Ge atoms in two
different oxidation states. Its metallic nature notwithstandings-Yb
Ge;Sbh; is an unusual, nonclassical phase whose structure and
magnetic susceptibility are properly rationalized by the Zintl/Klemm
concept. Exploiting the potential of mixed- or intermediate-valent
“spectator” cations to stabilize new phases and to control their
physical properties can now augment this concept.
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