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The ternary antimonides @4dRy1/3)Sk, (R=Y, Ce—Nd, Sm, G&-Tm) and (U,Ry/2)3Sb; (R =Y, Gd—Ho) have

been prepared by reaction of the uranium antimonide,W8th the corresponding rare earth antimonitR&,

and an excess of elemental antimony at high temperatures. The crystal structure of the isotypic gyt

has been determined from single-crystal X-ray data @fsftlofS0h.3259)Ske. It is isotypic with PbCl: Pnma Z
=4,a= 754.6(1),b = 419.6(1),c = 1025.7(3) pm. The compounds of the other series crystallize with a new
structure type, which has been determined fog 4ddH0o.511)3Sky: Immm Z = 4, a = 410.1(1),b = 1447.7(3),

¢ = 1821.2(5) pm. In both structures, the metal positions have mixed occupancy and high coordination numbers.
Both structures contain numerous weak-S&ib bonds, thus forming a band of antimony atoms in the structure of
(UgsGdyy3)Sky and a chain and a three-dimensionally infinite network of antimony atoms in the structure of
(UgoHo4/2)3Shky. Analyses of the SbSb bonding within the antimony polyanions on the basis of bond-length
bond-strength considerations indicate that the uranium atoms have mixed or interm&tibdevalence in these
compounds. The structure of {kH01/2)3Sb; may be considered as a defect variant of the structure gfiG8hys.

Introduction (A = lanthanoids and actinoid$jwe became interested in the
crystal structures of the compounds;&HSk” and “UGdSh”,
which are reported here. Somewhat to our surprise, they turned
out as pseudobinaries with mixed occupancy of all metal
positions. We have also prepared the corresponding series of
isotypic antimonides with other rare earth metals. A brief
account of the present work has been presented at a confétence.

Solid-state antimonides are attracting increasing interest in
recent years because of their potential as thermoelectric
materialst™> Some 10 years ago, the pseudo-binary section
USh,—GdSh of the phase diagram uraniungadolinium-
antimony was studied, resulting in two ternary compounds,
which were designated at that time with the formula&dSh
and UGdShS In the course of our investigations of binary and

ternary antimonides, e.gR;Shs (R = Sm, Gd-Dy),” Ndy—x- Experimental Section

Shyo-y,® AT4Shi2 (A = Ca, Sr, Ba, and rare earth elemerits; Sample Preparation and Lattice ConstantsThe ternary uranium
Fe, Ru, Os},UsTSh; (T =Ti, V, Cr, Mn),!° RTSk, (R = rare rare earth antimonides were prepared by reaction of the binaries USb
earth elements and uraniufi;= Mn, Co, Cu, Ag, Au, Zn, and RSk, with an excess of elemental antimony in an arc-melting
Cd)'! RTSk; (R = rare earth element§; = V, Cr),!2 RTSb furnace. Starting materials were turnings of uranium (Merck, “nucle-
(R = rare earth elementd = Rh, Ir, Ni),*® and ARw,_,Sh arrein”), ingots of the rare earth elements (Heraeus, nominal purity

99.9%), and shots of antimony (Johnson Matthey, 99.5%). The uranium
turnings were treated with diluted nitric acid to remove oxide impurities,
the rare earth ingots were cut into small pieces, and the antimony shots

(1) Morelli, D. T.; Meisner, G. PJ. Appl. Phys1995 77, 3777.
(2) Sales, B. C.; Mandrus, D.; Williams, R. Kciencel996 272, 1325.

(3) Mahan, G.; Sales, B.; Sharp,Physics Todayl997 50(3), 42. were ground to powder. The components, in the ideal atomic ratio U:Sb
(4) Sales, B. C.; Mandrus, D.; Chakoumakos, B. C.; Keppens, V.; andR:Sb= 1:2, were cold pressed into pellets and sealed in evacuated

Thompson, J. RPhys. Re. B 1997, 56, 15081. silica tubes. These were placed in a cold furnace, rapidly heated to
(5) Thermoelectric MateriatsNew Directions and Approachggritt, T. 850 °C, kept at this temperature for 5 days, and cooled to room

M., Kanatzidis, M. G., Lyon, H. B., Jr., Mahan, G. D., Eds. Symposium (o mperature in the furnace. The resulting binary compounds; &igb
Proceedings, Vol. 478, Materials Research Society: Pittsburgh, PA, RSbE) were in the form of porous solids. 'glj'hey Wyere ngc))und toz powders

1997.
(6) Slovyanskikh, V. K.; Sanygin, V. P.; Kvardakov, A. M.; Martynova, ~and mixed with an excess of antimony powder in the ratiosA RSy

L. F. Russ. J. Inorg. Cheni99Q 35, 603. Sb of 2:1:0.6 and 1:1:1.2, corresponding to the overall formal
(7) Altmeyer, R. O.; Jeitschko, WZ. Kristallogr. 1988 182 3. compositions “(Y;sRy3)Sky. 2" and “(U12Ry2)3Shr ¢”, respectively. The
(8) Altmeyer, R. O.; Jeitschko, WZ. Kristallogr. 1989 186, 5. excess antimony was added to compensate for the loss by evaporation
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Table 1. Lattice Constants of the Orthorhombic Compounds Table 2. Crystal Data for (JsGdy5)Sh and (U2H0,/2)3Sb?
(Uz2i3Ru5)Ske and (Uy2Ru/2)sShy Obtained from Guinier Powder Déta emirical formula (UGS (UaH012)5Sbr
compound a(pm) b (pm) ¢ (pm) V (nn) space group Pnma(No. 62) Immm(No. 71)
(UssY1)Sh  754.4(2)  4186(1) 10257(2) 03230 o ?5?3 ngggg ‘1“112'71(71()3)
(U2sCeu3)She 758.2(1) 423.7(1) 1034.8(2) 0.3324 ¢ (pm) 102;5_2(2) 1821..2(4)

(UyPrgShy  758.2(1)  423.1(1) 1032.4(2)  0.3312
(UzaNdu)Sh:  758.0(1)  422.6(1) 1031.7(3)  0.3305 ¢ h
UssSmu)Sh:  755.4(1)  420.3(1) 1027.5(2)  0.3263 y
(0o000sh  7546(1) 4196(1) 10257(3) O0azas  Compositon UorsoGothas)Se  WUosaHoosia)Str
(UpsThu)Ske  754.7(1)  418.7(1) 1024.3(2)  0.3237 fw 456 1454

V (nmd) 0.3245 1.0813
z

(UzaDyi)Ske  7543(1)  418.2(1) 1023.6(2)  0.3229 I((pfn)) 2l 0 2
(UHou)Sh  7540(1)  4180(1) 1023.1() 03224 AP Ll Jie

(UsErg)Shy  753.4(1)  417.9(1) 1022.0(2)  0.3217

—1
(UpsTm)Sh  7532(1)  417.3(1)  1020.9(2)  0.3209 ﬁ((ﬁ)T ) e 0 o
UuYudSh  4112()  145200) 18241() 10891 ROk, 0:022 0020

(UyGd)sShy  411.4(1)  1453.2(4) 1825.2(5)  1.0912
(U12Tup)sSky  411.0(1)  1451.7(3) 1823.4(5)  1.0879 aThe lattice constants were obtained on the four-circle diffractometer.
(U12Dy12)sSby - 410.3(1) 1450.0(3) 1825.8(6) 1.0862 b R=Y[|Fo| — |Fell/S|Fol; Ry = [T W(F2 — FAZIW(F2)2Y2 w =
(UrHou)sSby  410.1(1)  1447.7(3)  1821.2(5)  1.0812 1/[o¥F?) + (aP)? + bP], whereP = (Max (F.?) + 2F3)/3,a= 0.0410,

= Standard deviations in the positions of the least significant digits 274P = 0 o (Unszsf5th.azs)Ske; @ = 0.0341 andb = 46.714 for

are given in parentheses throughout the paper. (Uo.aauHoo510)sSbr.
1 scan data. Additional details of the data collections are listed in Table
2 and in the Supporting Information.
0.0276 |- .\-\. . The structures were determined and refined using the program
packages SDPand SHELX-97:8 The positions of most heavy atoms
1 0.0274 - p y were determined by direct methods, and the remaining atoms were
9 00272 . '\?,9 located by difference Fourier syntheses. The structures were refined
E ’ r - \’?},ysb | with a full-matrix least-squares program using atomic scattering factors,
< 0270 w Ne” ] corrected for anomalous dispersion, as provided by the protrahe
> 264 — weighting schemes reflected the counting statistics, and a parameter,
0.0268 | "*’/&6 '\-\. i correcting for isotropic secondary extinction, was optimized as a least-
° squares variable. It was found that in both structures, all uranium and
0.0266 - 1 rare earth atoms are located at sites with mixed occupancy. Therefore,
A=Y Ce Pr Nld Pm SmEu Gd 16 3y Ho Er T these sites were refined with constrained full occupancy. We also
checked for deviations from the ideal occupancies for any of the

Figure 1. Average atomic volumes of the compounds/{Rh5)Sh f . - . . ; o
and (UyRy2)sShr. antimony sites by fixing the just determinedRJfatios and refining

the occupancy values of all antimony atoms together with their
displacement parameters. These refinements resulted in occupancy
values of 100.4(4) and 100.5(3)% for the Sb1 and Sb2 positions of
(U25Gdi3)Shy, respectively. For (W:Ho012)3Shy, the occupancy param-

during the arc melting. The arc melting was carried out under 0.6 bar
argon (99.996%), which was (further) purified in a titanium sponge

furnace. The arc-melted pellets werde turned over and remelted at Ieasteters of the antimony atoms varied between 99.4(6) % for Sbé and

twice to enhance their homqgeneity. It is also pos_sible to obtain the 101.2(6) % for Sb5. Hence, within two of the rather small standard
tefrtr;]ar)é_con_wpobnds bzégacponto_f ﬁpld-ptrgssed m|>;tures of p0\ivdder3 deviations, no indications were found for deviations from the ideal
°.|. et ||r3\ar|efs 75%‘% thSISEIS: 0|1<3h|om_e r:c amo‘:nl sin e:j/afcuat;]e occupancy values for the antimony positions. Therefore, during the final
stiica tubes Tor 7 aays a ~- [Ne single crysta’s used for the efinement cycles, the ideal occupancy values were assumed for all
structure determlnathns were |_solated from crushed samples prepare ntimony sites. These refinements with anisotropic displacement
by Ct:he latter prepaltratlon technlqgﬁ. | bl . parameters for all atoms resulted in the compositions#d5.325)-
ompact samples are gray with some luster, comparable to mgotssz and (Up.4aH0o511):Sb. The positional parameters and equivalent

of e!erfnerlnal S|I|cqnaP0\;vd_eredEsampIe3_are dark g)](ray. 'I;Ihey are stablejg o nic displacement parameters are listed in Table 3. The structures
In air for long periods of time. Energy-dispersive X-ray fluorescence o4 e near-neighbor coordinations are shown in Figures. Zhe

analyses in a scanning electron microscope did not reveal any impurityanisotropic displacement parameters are listed in a table in the
elements heavier than sodium. Supporting Information

The samples were characterized by Guinier powder X-ray diagrams

and recorded with Cu &; radiation usingu-quartz @ = 491.30,c = Discussion
540.46 pm) as an internal standard. The observed diffraction diagrams )
were identified by comparison with diagrams calculdtagsing the The new ternary compounds are represented by their volume

positional parameters of the refined structures. The lattice constantsper atom ratios, V/A, in Figure 1, together with the average

listed in Table 1 were obtained by least-squares fits. The average atomicatomic volumes determined by us for the previously repérted

volumes of these compounds are plotted in Figure 1. gadolinium containing compounds, 58dUs” and “UGdSh’".
Structure Determinations. The single crystals of (4Gdys)- The VI/A ratio of the cerium compound @4Ce;)Sh, is

Sk, and (Uy2How)sSby isolated from the crushed samples had the shape gomewhat greater than that of the corresponding praseodymium

of needles, with the needle axes extending in the direction of the short ., 54 nq “indicating that cerium is trivalent. If cerium were

translation periods. They were examined in a Buerger precession Camer%etravalent,’ a considerably smaller /A ratio would be expected.

to establish their suitability for the intensity data collection. These data . .
were recorded on a four-circle diffractometer (Enraf-Nonius CAD4) On the other hand, the V/A ratio of the samarium compound

with graphite-monochromated Modkradiation, a scintillation counter

; _hei eeriminati (17) Frenz, B. A. and Associates, Inc. and Enraf-Non&IBP (Structure
with pulse-height discrimination, and background counts at both ends Determination PackageVersion 3: College Station (Texas) and Delft

of eachf/26 scan. Empirical absorption corrections were applied from (Holland), 1985.
(18) Sheldrick, G. M.SHELX-97: A Program Package for the Solution
(16) Yvon, K.; Jeitschko, W.; Parth&. J. Appl. Crystallogr 1977, 10, and Refinement of Crystal Structuréniversitd Gottingen: Germany,
73. 1997.
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Table 3. Atomic Parameters of (&,575(99%_325@)8@ and (UJ_49(1H00_51(193Sb7a

occupancy X y z Bq

(Uo.675(9f50h.3250) Sk (Pnma PbCh type)
u/Gd 4c 0.675(9)/0.325(9) 0.21576(3) 1/4 0.34875(2) 0.55(2)
Sh1 & 1 0.09365(5) 1/4 0.66414(4) 0.73(1)
Sb2 £ 1 0.12190(5) 1/4 0.04894(4) 0.62(1)

(Uo.4901H00 51(1)3Sky (Immm own type)

U/Ho(1) g 0.458(9)/0.542(9) 0 0.14131(2) 0.36826(1) 0.57(2)
U/Ho(2) 4 0.56(1)/0.44(1) 0 0 0.16960(2) 0.56(1)
Sh(1) 8 1 0.21156(3) 0.19775(2) 0.61(1)
Sb(2) 8 1 0 0.36031(3) 0.41093(2) 0.79(1)
Sb(3) 4 1 1/2 0 0.30047(3) 0.61(1)
Sh(4) 4 1 0 0.33745(4) 0 0.75(1)
Sb(5) z 1 1/2 1/2 0 0.89(1)
Sb(6) A 1 0 0 0 1.17(1)

aThe last column contains the equivalent isotropic valBggof the anisotropic displacement parametexd@ 4, pn¥), as defined byBeq =
87°Ueq, Where Ueq is one-third of the orthogonalized; tensor. The positional parameters were standardized with the program STRUCTURE
TIDY. % Occupancy parameters of the mixed atomic positions U/Gd and U/Ho were refined with constrains. Therefore, only one of the two standard
deviations listed for each combined occupancy parameter is independent.

Sb1 (m)

y UIGd Sb
1m @ O
s @ O

Figure 2. Crystal structure of the Pbglype antimonide (k}sGahs)Shy.

All atoms are situated on mirror planes, which are separated from each
other by half a translation period of the projection direction. These
atoms are connected by heawyy= %/4) and light lines ¥ = /,), which

do not necessarily correspond to chemical bonds. The four antimony
atoms enframed and designated with the ledtésrm a band which is
shown from a different point of view in Figure 5.

(2) (2 2
Sb3 (mm)

Sb2 (m)

(U2sSmy3)Sk, somewhat deviates from the smooth function.
This is probably due to a slightly different Rfatio. The V/A
ratios of the yttrium compounds 6dY 1/3)Skp and (Uy2Y 1/2)3Shy
fit between those of the corresponding gadolinium and terbium !
o . &P

compounds. This is also the case for several series of rare earth / @
(R) transition metal T) aluminides, e.g., the series with the 0= 09
compositionsRTAl 15.2921 For the antimonide®RAgSh,!! and
aluminidesRsCriAl 4522 and RgMo4Al 43,22 the cell volumes of
the yttrium compounds fit between those of the terbium and
dysprosium compounds. For ternary rare earth transition metal U+,H01):Sh
carbides and phosphides, the cell volumes of the yttrium _ ( 1/_2 ) 1/2)3 ’
compounds were found to be between those of the terbium andFigure 3. Near-neighbor coordinations in the structures af«Bth3)Sk:
dysprosium compounds or between those of the dysprosium andd (UzH012)sSby. The site symmetries of the central atoms are given

: ) . : . In parentheses. Single-digit numbers correspond to the atom designa-
holmium compounds; for oxides, it usually is between those of 4 oo
the dysprosium and holmium or holmium and erbium com-

Sb4 (mm) Sb5 (mmm)

pounds?324Thus, there is a tendency for the atomic volume of
yttrium to decrease relative to the atomic volume of the other

(19) Gelato, L. M.; PartheE. J. Appl. Crystallogr 1987, 20, 139.

(20) Thiede, V. M. T.; Ebel, Th.; Jeitschko, W. Mater. Chem1998 8,
125. (23) Jeitschko, W.; Block, G.; Kahnert, G. E.; Behrens, RIKSolid State

(21) Thiede, V. M. T.; Jeitschko, WZ. Naturforsch 1998 53b, 673. Chem 1990 89, 191.

(22) Niemann, S.; Jeitschko, V. Metallkd. 1994 85, 345. (24) Jeitschko, W.; Jaberg, B. Solid State Chen198Q 35, 312.
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® O 0 O 172 @ O

Figure 4. Crystal structure of (W,Ho01,2)sShy. All atoms are situated
on mirror planes ax = %, andx = 0 as indicated by heavy and light

lines, respectively. These lines do not necessarily correspond to chemical
bonds. Single-digit numbers indicate atom designations. The structure

contains antimony chains and a three-dimensionally infinite network
of antimony atoms. Fragments of the chaiB$ &nd the network@)
are outlined and shown from different viewpoints in Figure 5.

( (2 2)mm(1)

(D)

Figure 5. Cutouts of the polyanionic antimony baAdn the structure

of (U23Gdy3)Shy, the chainB, and the neC of (U12H01/2)sShy shown

in Figures 2 and 4. In the upper parts of the three partial fighre3
andC, the antimony atoms are shown as in the Figures 2 and 4; below,
these polyanions are shown in projections perpendicular to their infinite
extensions. Interatomic St8b distances are given in pm units.

rare earth elements in going from aluminides and antimonides

via carbides and phosphides to oxides.
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The compounds (,5R1/3)Shy crystallize with the orthorhom-
bic PbC} type structure, which has almost 500 representafives.
This simple structure has already been observed for the binary
pnictides with typically tetravalent metals: iP5 28 ZrP,,26.28
HfP,,26 ThP,,2° ZrAs;,30 HfAs,,3132 ThAS,;,2? andB-ZrShy.33 The
compounds (bl3Ry/3)Sky also belong to the same branch of the
PbC} type structure as these binary dipnictides with similar
axial ratios,a/c and @+c)/b.3* The structure is shown in Figure
2, with (Uy3Gdy3)Shy as an example. The uranium and
gadolinium atoms statistically occupy one site, which is sur-
rounded only by (nine) antimony atoms (Figure 3). Hence, there
are no metatmetal bonds. The antimony atoms occupy two
sites, one (Sb2) with four metal neighbors in approximately
tetrahedral coordination, the other (Sbl) with five metal
neighbors in approximately square-pyramidal arrangement. In
addition, both antimony atoms have antimony neighbors. The
Sb1l atom has two very weak Sb$b2 bonds, with a distance
of 322.6 pm. The Sb2 atoms form a zigzag chain, with-Sb2
Sh2 distances of 296.5 pm. In addition, they have two Sbl
neighbors (at 322.6 pm). The resulting antimony polyanion is
one-dimensionally infinite in the form of a band (Figure 5).

In a recent paper, the ZintKlemm concept was combined
with bond-length bond-strength relationships in order to ratio-
palize antimony-antimony bonds in rare earth polyanti-
monides® For an Sb-Sb bond of 280 pm, a bond order of one
(corresponding to one two-electron bond) was assumed. As-
suming the octet rule to be valid, an antimony atom with one
Sb—Sb bond thus obtains an oxidation number-e2.4* For
longer bonds, the bond order is lower. When the—Sb
distances exceed 350 pm, the antimony atoms are considered
to be isolated from each other. They obtain the oxidation number
—3. Using this relationshig, we obtain for the SbSb bonds
of 322.6 and 296.5 pm in (4Gdy3)Sh, bond orders of 0.316
and 0.640, corresponding to oxidation numbers ok (@.316—
3.00=) —2.37 for the Sb1 atoms and §20.640+ 2 x 0.316—
3.00=) —1.09 for the Sh2 atoms. Since the gadolinium atoms
are normally trivalent, we can calculate the valency (corre-
sponding to the oxidation number) of the uranium atoms by
using the occupancy parameters of the uranium and gadolinium
atoms of 0.675 and 0.325 and balancing the formal charges.
This results in the formula [(@'6%0_67d+2'4£I(Gd+3)0,32d+0'97-
[Sb17237Sh271.09-346 which indicates that the uranium atoms
have a mixed{3/+4) or intermediate valencyt3.69). In any
case, their valency is greater thaB, and this may be the reason
the PbC} type structure has not been observed for binary
antimonides of the (trivalent) rare earth elements. On the other
hand, PbCl type pnictides are known for many typically
tetravalent metals, which we have enumerated in the preceding
paragraph. Only fof-ZrSh, has this structure been refined with
great accuracy? Interestingly, an extendedtdkel calculation
for this compound showed occupied antibonding states close
to the Fermi levef This, in turn, allows one to rationalize why

(25) Villars, P.; Calvert, L. DPearson’s Handbook of Crystallograhic Data
for Intermetallic PhasesThe Materials Information Society: Materials
Park, OH, 1991.

(26) Hulliger, F.Nature 1964 204, 775.

(27) Lundstion, T.; Snell, P.-OActa Chem. Scand 967, 21, 1343.

(28) Snell, P.-OActa Chem. Scand 968 22, 1942.

(29) Hulliger, F.Nature 1966 209, 499.

(30) Trzebiatowski, W.; Wglowski, S.; Lukaszewicz, KRoczniki Chemii
1958 32, 189.

(31) Jeitschko, W.; Nowotny, HMlonatsh. Chem1962 93, 1284.

(32) Rundgvist, S.; Carlsson, Bcta Chem. Scand 968 22, 2395.

(33) Garcia, E.; Corbett, J. OJ. Solid State Chen1988 73, 452.

(34) Jeitschko, W.; Altmeyer, R. . Naturforsch.199Q 45h 947.

(35) Jeitschko, W.; Altmeyer, R. O.; Schelk, M.; Rodewald, U. €h.
Anorg. Allg. Chem2001, 627, 1932.
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Scheme 1 .
- 6 2 Z ? ? (3) 246$7
H :1— : —1 : i : ? 1 o) 1 C (2)
a) —5p--3b-35b- yM4 e
| : : : g G
(o] (o]
3 2 2 3

O (@)
4 4
. . 9 ? Q
i on Sh 1 1
b) - Sbl ISb =+ ? Lo way § Sesh
C— 2 o S0, Q bonds
9 o 03 C2> up to
Table 4. Interatomic Distances in (47530 3250)She and 304 pm

.
«O
»0 @0 »0
o)

N
o3

(Uo.a91H00 51(2)3Sb? [e) ~ Pt [e]
(Uo.675(9ﬁdo.325(995bz O\R%
U/Gd: 2Sbl 314.2 Sbl: 2U/Gd 314.2 Sh2: 2Sb2 296.5 }5 2
1Sb2 315.6 2U/Gd 317.1 1U/Gd 315.6 ~ 0 o) o) w
2Sbl 317.1 2Sb2 3226 2U/Gd 318.1 S 3
2Sb2 318.1 1U/Gd 336.4 2Sbl  322.6 Sb-Sb
1Sb2 323.9 [1Sb2 395.3] 1U/Gd 323.9 o . o bonds
1Sbl 336.4 [2Sb2  396.3] [1Sb1l 395.3] 2 up to
[2Sbl  396.3] 0 o e O O  313pm

O O N 0 O
(Uo.491H00 51(2)3Sbr ® 0
14.9 Sb2:  2Sbi 303.4 Q O

U/Hol: 2Sb3 3

1Sb5 315.3 2U/Ho2 323.2
2Sbh4 317.1 1Sh2 324.4
2Shl 319.2 1U/Hol 326.4
1Sh2 326.4 2Sh6 330.5
1Sb1 326.8 [2Sb4 387.7]
U/Ho2: 1Sbé6 308.9 Sbh3: 2U/Ho2 314.4 Sb-Sb
2Shl 310.5 4U/MHol 3149 bonds
2Sb3 314.4 Sbh4: 2Sb5 3121 up to
4Sbh2 323.2 4U/MHol1 317.1 331 pm
Sb1: 2Sh1l 301.1 [4Sb2 387.7]
2Sb2 303.4 Sbs: 4Sb4 3121 Figure 6. Bond distances within the polyanionic antimony network
1U/Ho2  310.5 4U/Hol  315.3 and antimony bands in the structure of @H01)3sSh;. Single-digit
2U/Hol  319.2 Sbé:  2U/Ho2  308.9 numbers in the upper part of the drawing correspond to the designations
1U/Hol  326.8 8Sh2 330.5 of the antimony atoms. The Sb3 atoms do not form-Sb bonds.

aThe distances were calculated with the lattice constants obtained . . .
from the Guinier powder data. All distances shorter than 400 pm are despite the longer spread of the distances (which should result

listed. Standard deviations are all 0.1 pm or smaller than that. Atoms in a longer average distance), the average distance for the U/Ho2
with distances listed in brackets are not shown in Figure 3. atoms is shorter. This suggests a higher formal charge for the
U/Ho2 sites, which conforms with the higher U/Ho ratio of

in (U23Gdy3)Shy the uranium atoms are not purely tetravalent. 0.56(1)/0.44(1) for the U/Ho2 site as compared to the U/Ho
Apparently, with mixed (or intermediate) valenBt#*+ atoms, ratio of 0.458(9)/0.542(9) for the U/Ho1 site. (For comparison,
no antibonding SbSb states need to be occupied in£G30d/3)- the metallic radii for the coordination number 12 are 176.6 pm
Shy. In this context it is also fitting that the antimony sites in  for holmium and 156 pm for uraniuf. In the elemental
the zirconium antimonidg-ZrSh, were found to deviate from  structures the holmium atoms are certainly trivalent, whereas
the full occupancy. The exact composition was found to be the average uranium atom in the structure of elemental ur&hium
ZrShy gs643 Unoccupied Sb sites allow antibonding -SBb almost certainly has a valency higher than three.)
interactions to be turned into nonbonding states, which are  The structure of (W.Ho1/2)3Sh; has six antimony sites, with
energetically more favorable. The latter can readily be demon- total coordination numbers (Figure 3) varying between 6 for
strated by comparing three antimony atoms in a chain with the Sb3 and Sb4 atoms and 10 for the Sb6 atoms. The Sh6
single Sb-Sb bonds, as compared to the situation when the atoms have two metal neighbors, the Sh2 atoms have three metal
antimony atom in the middle of the chain is taken out. For this neighbors, the Sbl, Sb4, and Sb5 atoms have four metal
demonstration we use the Lewis formalism, where two electrons neighbors, and the Sb3 atom is somewhat exceptional in that it
are represented by a solid line. In the following scheme the has six metal and no antimony neighbors. Thus, with the
three antimony atoms of the chain obtain a) a total formal charge exception of the Sb3 atom, all antimony atoms form-Sip
of —3 as compared to b) the formal charge-ef for the two bonds with bond lengths varying between 301.1 pm for the
antimony atoms of the broken chain. Thus, a larger formal Sh1-Sb1 bond and 330.5 pm for the Sb8b6 interactions.
charge can be accommodated if some antimony sites remainThe Sh1, Sb2, and Sb6 atoms form a three-dimensional network
unoccupied. with the somewhat arbitrarily outlined building elemé&hshown

The structure of the compounds j(&R1/7)3Shy, determined in Figures 4, 5, and in the lower part of Figure 6. The cavities
for (Uo.49(1H00.51(1)3Sky, is of a new type with a total of eight  of this network contain one-dimensionally infinite bariBlef
atomic sites. Both of the two metal sites are coordinated by Sh4 and Sb5 atoms, the isolated Sh3 atoms, and (of course)
nine antimony atoms forming a trigonal prism, where the three also the metal atoms. The SBb bonding is outlined in Figure
rectangular faces of the prism are capped by three additional
antimony atoms. The U/HeiSb distances cover the range from  (36) Tfe%tum, E; Gscwne:]dnetr, K.;DV(\:/aq%réLg\%MS l;-S- Demmgt

. H i (0] ommerce: asnington, , . oee! earson,

e s Gt and Py o et 10 Ay o
distances amount to 319.0 and 316.8 pm, respectively. Thus,(37) Donohue, JThe Structures of the Elemen®iley: New York, 1974.




Ternary Uranium Rare Earth Antimonides

Table 5. Antimony—Antimony Distancesl; (pm), Bond Orders
(Bond Strengths, Bond Valencies), and Formal Chargesh in
(Uy2Hoy0)sShy as Calculated from the Equation = exp[(280—
d;)/37F

atom d Ui > vj ch/Sh ch/cell
Sbh1l: 2Sbl 301.1 2 0.565 1.13

2Sb2 303.4 2 0.531 1.06 —0.81/Shl —6.48/8Shl
Sb2: 2Shl 3034 2 0.531 1.06

1Shl 3244 1x 0.301 0.30

2Sb6 330.5 2 0.255 0.51 —1.13/Sh2 —9.04/8Sh2
Sh3: — - - - —3.00/Sh3 —12.00/4Sb3
Sb4: 2Sb5 3121 2 0.420 0.84 —2.16/Sh4 —8.64/4Sh4
Sb5: 4Sh4 3121 4 0.420 1.68 —1.32/Sb5 —2.64/2Sb5
Sbh6: 8Sh2 3305 & 0.255 2.04 —0.96/Sb6 —1.92/2Sb6
total formal charge per unit cell: —40.72/28Sb

@ The last two columns contain the formal charge per antimony atom
(ch/Sh) and the formal charge of the antimony atoms per unit cell
(ch/cell) .35

6. We have used the previously optimized bond-length bond-
strength relationsh# to assign bond orders and formal charges
to the Sb-Sb bonds in (W,Ho01/,)3Sky, as outlined above for
(U23Gdy3)Shy and shown in Table 5. This analysis results in a
total formal charge of-40.72 for the 28 antimony atoms of
the unit cell. For a formula unit, this corresponds to a formal
charge of—10.18. By compensation of the formal charges one
obtains formal charges (valencies) for the uranium atoms,
assuming a formal charge af3 for the holmium atoms. The
corresponding formula for the compound then is [[f8%¢ 4o
(HO™3)0.51 7339 3[Shy] 1018 |t can be seen that the average
uranium atom of this compound obtains a valency of 3.80.
Again, as already discussed for 46Gd;3)Shy, this allows one
to rationalize why this structure has not been found for binary
rare earth antimonides.

In Figure 7, we demonstrate that the structure affid;,)sShy
has great similarity with the structures reported for the com-
pounds LaTShis (T = Mn, Cu, Zn) and CgMnShys.38 For the
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Figure 7. Comparison of the (kkH01/2)3Shy and CeMnShys structures.

In the upper parts of the drawings, the trigonal prisms of antimony
atoms surrounding the uranium and lanthanoid atoms are outlined. In
the lower left-hand part of the figure, the Spairs in CeMnSh;s
substituting for the Sb6 atoms of {kHo0,,)3Sb; are shown. The
antimony environments of the manganese atoms igM@8h;s are
emphasized.

The recently reported structure ofiBayShys also has some
similarity to the structures of (14Ho1/)3Shy and CeMn1—,Shys-y.
The reader is referred to Figure 10 of the paper by Mills and
Mar* for a comparison of the structures of;f@a;Shys and

latter compound the structure has been determined independently-asMnShys (the latter being isotypic with G&INShys).

in our laboratory, resulting in the composition &g gooy
Shis go1)*® The difference between the structure of the series
LngTShys and the presently reported structure of /6Ho1/2)3Shy

is emphasized in the projections of the two structures shown in

the lower part of Figure 7. It can be seen that the positions of
the manganese atoms of &nShis are unoccupied in
(UgoH012)3Shy and that two adjacent antimony atoms of
CesMnShis are substituted by a single antimony atom in
(UyoHoy/0)sShy. These substitutions may be expressed by the
crystal chemical formulas GEINSh;;ShO and (U/Ho}O-
Shi1,Sh, where the squar€sindicate vacant sites. In reality
this coupled formation of vacancies and substitutions is more
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complicated, since the manganese atoms are situated on a fourcg10564J

fold position with an occupancy of only 40%.
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