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Abstract: The title compound was pre- 
pared from the elements by reaction in a 
sealed tantalum tube at 1320 K followed 
by slow cooling to 970 K.  EuAuSn crys- 
tallizes with a pronounced subcell of space 
group Zmma (KHg, type). Additional 
very weak reflections required a quintu- 
pled h axis. The superstructure was re- 
fined from single-crystal four-circle dif- 
fractometer data (Imm2, a = 479.1 (1) pm, 
h = 3833.6(5) pm, c = 820.1 (1) pm, 2 = 

20, wR2 = 0.0834, 367s F 2  values and 94 
variables). Six crystallographically differ- 

ent europium sites occur in the superstruc- 
ture. Each europium site has an ordered 
near-neighbour environment of six gold 
and six tin atoms in the form of two tilted 
hexagons. Magnetic susceptibility mea- 
surements show Curie- Weiss behaviour 
above SO K with an cxpcrimcntal magnet- 
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ic moment of 7.6(1)pB/Eu, indicating di- 
valent europium. EuAuSn orders antifer- 
romagnetically a t  about 12 K and under- 
goes a metamagnetic transition at a criti- 
cal field of 2.0(2) T. Electrical conductivi- 
ty measurements show metallic behaviour 
with a room temperature value of 
260 pLRcm. '"Eu and Il9Sn Mossbauer 
spectroscopic experiments are compatible 
with divalent europium and show com- 
plex magnetic hyperfine field splitting at 
low temperature. 

Introduction 

The ternary rare earth (RE)/transition metal (T) intermelallics 
of the simple composition R E T X  with X = Ga, In, Si, Ge, or 
Sn exhibit an unusually large variety of different crystal struc- 
tures and magnetic properties.". Today more than 1000 of 
these equiatomic compounds are known. They crystallize in 
more than 30 different structure types.[31 Several of these resem- 
ble ordered ternary variants of well-known binary structures. 

We have recently synthesized a whole series of new equi- 
atomic EuTX compounds with X = In, Ge, Most of these 
intermetallics adopt the KHg,-type structure['] with a statistical 
distribution of the transition metal and X atoms on the mercury 
position, or crystallize with the TiNiSi-type structure,['] an or- 
dered ternary version of the KHg, type. Characteristic struc- 
tural motifs of these structure types are chains of transition 
metal centred trigonal prisms that are formed by the europium 
and the respective X atoms. With the 33 K ferromagnet Eu- 
AuGe (space group Inzm2)[','] we obtained a newly ordered 
version of the KHg, type. The different ordering in the EuAuGe 
structure results from a new type of arrangement of the trigonal 
[AuGe,Eu,] prisms. In going to the higher homologue tin, we 
observed another novel prism arrangement for EuAuSn. 
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In the prcscnt papcr we give a full account of the rehements  
of the subcell and the superstructure of EuAuSn and discuss the 
crystal chemistry of these structures in the context of a group- 
subgroup scheme following the Barnighausen formalism.[9. 
Additionally, we have determined the magnetic and electrical 
properties of this new stannide, which we have also investigated 
by "'Sn and "'Eu Mossbauer spectroscopy. 

Experimental Section 

Synthesis: Starting materials for the preparation of EuAnSn were ingots of 
europium (Johnson Matthey), gold wire (Degussa, diameter 1 .0 mm) and tin 
granules (Merck), all with stated purities better than 99.9%. The large eu- 
ropium ingots were cut into smaller pieces in a dry box and kept under argon 
before reaction. Very careful handling of the europium ingots was necessary 
in order to minimize the introduction of impurities such as ferromagnetic 
EuO or EuN, which can irreversibly affect the magnetic measurements. The 
argon was purified over molecular sieves, titanium sponge (900 K) and an 
oxisorb catalyst.'"] The elemental components were mixed in the ideal 1 : I  : 1 
atomic ratio and sealed in a tantalum tube under an argon pressure of about 
800 mbar. The tantalum tube was suhsequently sealed in a silica tube to 
prcveiit oxidation, and in a first step annealed at 1320 K for two days. The 
temperature was then lowered by 50 K every other day and finally held at 
970 K for three weeks. After the tube had been cooled by radiative heat loss, 
the silvery product could easily be separated quantitatively froin the tantalum 
tube. 

X-ray investigations: A modified Guinier powder pattern"*] of the sample 
was recorded with Cu,,, radiation using 5 N  silicon (n  = 543.07 pm) as an 
internal standard. To ensure correct indexing of the diffraction lines, the 
observed pattern was compared with the calculated one" using the position- 
al parameters of the refincd structure. The lattice constants were obtained by 
a least-squares refinement of the Guinier powder data. Single-crystal intensity 
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data were collected by use of a four-circle diffractometer (Enraf- Nonius 
CAD4) with graphite monochromatized Mo,, radiation and a scintillation 
counter with pulse-height discrimination. Since the superstructure reflections 
were all very weak, long counting times were chosen in order to achieve a 
reliable peak/hackground ratio. The longest total counting time was 240 s per 
reflection, corresponding to a minimum scan speed for 0 of 0.33"min ~ All 
other relevant data concerning the data collections are listed in Table 1. 

Magnetic measurements: The magnetic susceptibilities of polycrystalline 
pieces were determined with an MPMS SQUID magnetometer (Quantum 
Design) between 4.2 and 300 K with magnetic flux densities of up to 5.5 T. 

Electrical conductivity: The specific resistivities were measured on a small 
block (1.3 x 1 . 2 ~  1.0 mm') with a conventjonal four-probe technique over 
the temperature range 4.2-300 K. Cooling and heating curves wcrc identical 
within the error limits, and reproducible for different samples. 

Mossbauer spectroscopy: Europium and tin Mossbauer experiments were 
performed on a polycrystalline sample from the same batch as for the suscep- 
tibility measurements. The 151Sm:EuF, and Ca"'"SnO, sources were held 
at  room temperature while the temperature of the absorber was varied be- 
tween 4.2 and 300 K. 

Results and Discussion 

Polycrystalline samples of EuAuSn are light grey and stable in 
air over long periods of time. No decomposition whatsoever was 
observed after several months. Single crystals have very irregu- 
lar platelet-like shape and exhibit a metallic lustre. 

Lattice constants: The StruCturdl similarity of EuAuSn to the 
KHg,-typc structure was instantly visible on the modified 
Guinier film.[t21 The powder pattern could easily be indexed 
with a small body-centred orthorhombic cell: a = 479.20(4) pm, 
b =766.85(6) pm, c = 820.26(6) pm and V = 0.30142(5) nm3. 

Abstract in German: Die Titelverbindung wurde durch eine Reak- 
tion der Elemente bei 1320 K i n  einer geschlossenen Tantalampul- 
le und anschlieflendes langsames Abkiihlen auf970 K hergestellt. 
EuAuSn kristallisiert mit einer stark ausgepragten Unterzelle der 
Raumgruppe Imma (KHg,-Typ) . Zusatzliche sehr schuache Re- 
,flexe bedingten eine Verfinffachung der b-Achse. Die Uberstruk- 
lur wurde unhand von EinkristalldifJi.aktometerdaten verfeinert: 
Imm2; a = 479.1 ( I )  pm; b = 3833.6 ( 5 )  pm: c = 820.1 ( I )  pm: 
Z = 20; u R 2  = 0.0834; 3675 F 2 -  Werte und 94 Variable. In der 
Uberstruktur (reten .sechs kristallographisch unahhangige Euro- 
piumatome auf Jedes Europiumatom hut pine geordnete Umge- 
bung von sechs Gold- und sechs Zinnatomen, welche jeweils in 
Form zweier geneigter Sechsringe urn die Europiumatome ange- 
ordnet sind. Magnetische Messungen zeigen Curie- Weiss- Ver- 
halten oherhalb von 50 Kmit  einem experimentellen magnetischen 
Momenl von 7.6 (1 )  p B ,  wus auj'zweiwertiges Europium hindeu- 
tet. EuAuSn is1 ab ca. 12 K antijkrromagnetisch und hat einen 
metamugnetischen Uhergang hei einer kritisclzen Feldsturke von 
2.0 ( 2 )  T Leitfahigkeitsuntersuchungen zeigten metallisches Ver- 
halten mit 260 pQcm hei Raumtemperatur. 15' Eu- und l t9Sn-  
Mbybauer- spektroskopische Messungen sind in Einklang mit 
zweiwertigen? Europium und lassen bei tiefer Teinperatur kom- 
plexe magnetische Hy~~erfeinfeldaufspaltungen erkennen. 

Table 1. Crystal data and structure refinements lor the subcell and the superstructure of 
EuAuSn. 

Subcell Superstructure 

empirical formula 
formula weight 
temperature 
wavelength 
crystal system 
space group 
unit cell dimensions 
(diffractometer data) 

formula units per cell 
calculated density 
crystal size 
scan type 
absorption correction 
transmission ratio (niax;min) 
absorption coefficient 
F(000) 
0 range for data collection 
range in hkl 
total no. reflections 
independent reflections 
reflections with I >  2a(/) 
refinement method 
datajrestraintsiparameters 
goodness of f i t  on F2 
final R indices [ />2rr( / ) ]  
R indices (all data) 
R (subcell reflections) [a] 
R (supercell reflections) [a] 
R (overall) [a] 
extinction coefficient 
absolute structure parameter 
largest diff. peak/hole 

~- ~~-~~ 

EuAuSn 
467 62 gmol- '  
293(2) K 
71.078 pm 
orthorhombic 

Imrnn (no. 74) 
a = 479.1 ( I )  pm 
h =766.7(1) pm 

I /  = 0.7012 nm3 
z = 4  z = 20 

/ l l ! r l l 2  (no. 44) 
( I  = 479 l ( 1 )  pm 
h = 3831.6(5) pill 

V = 1.5063 nm-' 
" = 820.1 ( I )  pm C = 820.1 ( I )  PITI 

10.31 gcm? 
10 x 10 x 20 pmJ 
(u i2 tl 
from $-scan data 
0.997:0.241 
77.03 mtn ~ ' 

768 3840 
2 to 70 
+7, +12, + I 3  
1829 9061 
385 [R,", = 0.0662) 
371 (R,,s,l14 = 0.0360) 

385/0/ 12 3675;l 94 
1.351 1.036 
RI = 0.0252, 11'R2 = 0.0604 

2 to 70 
F7 ,  f 6 1 .  + 1 3  

3676 (R,,,, = 0.0672) 
1909 (R,,,,,,,$ = 0.0723) 

full-matrix least-squares on  F' 

R i  = 0.0294, u.K? = 0.0824 

675 > l n (F) .  K 1 = 0.0490 
R I  = 0.0266, WR? = 0.0604 R I  = 0.0909. l r ~ 2  = 0.0834 

i x m >  I ~ ( P ) .  R I  = 0.0462 
3 5 5 >  Iu(F), RI = 0.0470 

- 0.04 (2) 

- 
- 
- 

0.026 (1) 0.00092(2) 

2.4831 - 2.477 enm-3 4.019 - 3.467 

[a] These values were calculated with the program RWERT [I41 tising the formula 
R = ZIE - F,lWfi1I. 

The strongest (1 2 1) and two further superstructure reflections 
(1 11 2 and 1132) were visible on the Guinier pattern only as 
very weak lines. 

Lattice constants of the subcell and the superstructure cell of 
the singlc crystal were refined from 25 high-angle reflections on 
the four-circle diffractometer (see Table 1). The refined data for 
the subcell reflections of a = 479.10(1) pm, h =766.67(1) pm, 
c = 820.10(1) pm and V = 0.30123(5) nm3 were in excellent 
agreement with the lattice constants derived from the Guinicr 
powder data. 

Structure determination and refinements: Single crystals of 
EuAuSn were isolated from the sample by mechanical rragmen- 
tation and examined by Buerger precession photographs to es- 
tablish both symmetry and suitability for an intensity data col- 
lection. The photographs (reciprocal layers h k 0 and 0 k I )  
clearly showed the quintupled KHg,-type cell with orthorhom- 
bic Laue symmetry mmni and the only systematic extinctions 
found were those for a body-centred latticc. All relevant crystal- 
lographic data and experimental details are listed in Table 1. At 
this point it is noteworthy that the superstructure reflections 
were observed for all crystals investigatcd, and also for those of 
other samples. 

The structure of the subcell (KHg, type, space group Imma 
with a statistical distribution of gold and tin atoms on the mer- 
cury position) was evaluated first. The complete data set was 
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therefore reduced by eliminating all superstructure rcflcctions 
and considering only the smaller subcell. The starting atomic 
parameters were obtained from an automatic interpretation of 
direct methods with SHELX-86." The subcell structure was 
subsequently refined with anisotropic displacement parameters 
for all atoms by means of SHELXL-93.["] The refined compo- 
sition for the subccll was EuAu,,,,(,,Sn,,,,,,. The residuals and 
atomic coordinates are listed in Tables 1 and 2. 

The key to solving the superstructure was to find the ordering 
for the gold and tin positions along each sidc of the zigzag chains 
of the europium atoms (Figure 1). Since the subcell structure of 
EuAuSn adopts the space group Inmu,  only the subgroups of 
Imnm need be considered as possible space groups for the super- 
structure." 71 In the superstructure both translational and rota- 
tional symmetry are losl. Thus, the asymmetric unit of the su- 
perstructure is ten times as large as that of the subcell. Such a 
symmetry reduction of index 10 is only possible in two separate 
steps: a tr.un.rlationengleiche reduction of index 2 (t 2) followed 
by an  isomorphic reduction of index 5 (i 5) or, equivalently, in 
the first step an isomorphic reduction of index 5 (i 5) followed by 
a translationenglcirlze reduction of index 2 (t 2). The i 5 reduc- 
tion is not a maximal isomorphic tranformation of the lowest 
index and therefore it is not listed in the International Tables.''71 
The complete symmetry tree for EuAuSn in going from 
the aristotype AlB, will be discussed later, under the heading 
Crystal chemistry. 

The single-step symmetry reduction of the translationmgle- 
iche t 2 type is already known for E u A ~ G ~ . ' ~ .  81 This germanide 
crystallizes with a n  ordered version of the KHg, type, but with- 
out losing translational symmetry. Its space group is Imrn2, a 
translutionengleiclze subgroup of index 2 (t2) of Inzrna. From a 
geometrical point of view, the EuAuGe structure is built up of 

(- -9  - -1 vup 
EuAuln 
(-+, -+) J Y U P  

EuAuSn 't-2 (- + + + -- + + + -, - + + + -- + + + -) x UP 

Figure I .  Projections of the crystal strnctures of EuAuGe, EuAuIn and EuAuSn 
along the short axis. All atoms lie on mirror planes at x = 0 and .I = '% (EuAuGe 
and EuAuSn). indicated by thin and thick lines. respectively. The mirror planes in 

EuAuIn are at j' = '/a and 1' = % . T h e  transition metal centred trigonal prisms are 
outlined. The orientations of the prism5 are labelled +i f  they point in the + z  
direction and -if they point in the opposite direction. 

trigonal [Eu,Ge,] prisms centred by gold atoms (Figure 1). Be- 
cause of the non-centrosymmetricity of the structure and the 
therefore polar z axis, the germanium atoms of these prisms 
point only towards the --z direction (Figure 1). We assign to 
this prism arrangement the notation "- - " for the two prisms 
along one h translation period. 

?ble 2. Atomic coordinates and anisotropic displacement parameters (pm2) for the wbcell and the superstructure of' EuAuSn. UC, is defined as a third of the trace of [he 
orthogonali7ed tir, tensor. The anisotropic displacement factor exponent takes the form- -2rr2[(kn*)'t i ,, +. . . +2hkri*h*L',,] 

:I) Subcell 

F ti 4 c 0 !4 0 53971 (9) 115(3) 110(3) 100 (4) 0 lox(?) 
M [a1 8 h 0 0 04199 ( 7 )  0 16484(6) 97(2) 211(3) 81 ( 3 )  - 2 ( 2 )  liO(2) 

h) Superstructurc 

ELI I 
Eu 7 
tll 1 
t u  4 
t u  5 
t n  6 
Au 1 
A u  7 
Au 1 
Au4 
Au 5 
Sil 1 
S n 3  
Sn 3 
Sn4 
Tn 5 

2 h  
4 11 

4 I/ 
2 N 
4 d 
40' 
4 <I 
4 ( I  
4 I/ 
4rl 
4 d 
4 d 
4 rl 
4 (1 
4 ii 
4 d 

0 
n.xono2 (3) 
0.60090 (3) 
0 
0.80039 (-3) 
0.59868(3) 
0.74332(2) 
O.Y3Y65(2) 
0.54372(2) 
0.85942(2) 
0.65610(2) 
0.94022(4) 
0.53914(3) 
0 73903 (4) 
0.86033 (4) 
0.66074 (3) 

0.7063 (3) 
0.7069 ( 2 )  
0.7097 (2) 
0.2910 (3) 
0.2872 (2) 
0.2856(2) 
0.41 13(2) 
0.5825 ( 2 )  
0 s x m ( 2 )  
0.4128 (2) 
0.4119(2) 
0.4118(3) 
0.4127(3) 
0.581 l ( 2 )  
0.5839 (3) 
0.5822 (3) 

97(7) 
124(5) 
122(6) 
116(7) 
104(5) 
97(5) 
R9(3) 

1 08 (4) 

97(4) 

72(7) 

83 (6) 
90(7) 
82(6) 

116(4) 

91 (4) 

75(7) 

106(6) 
98 (4) 

116(4) 
120(7) 
99 (4) 
99 (4) 

151 (3)  
161 (4) 
147(3) 
169 (4) 
163(3 )  
209 ( 7 )  
120(7) 

125(6) 
104(6) 

101 ( 5 )  

bi] M dcnotca a skitiaical occupancy of 50% Au and 50% Sn 
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In deducing the superstructure of EuAuSn, three aspects have 
to be taken into account: 

It was assumed that the positions of the europium atoms are 
hardly affected by the ordering of the gold and tin atoms, as 
was the case for the EuAuGe structure. Thus, each europium 
position of the superstructure can be precalculated from the 
subcell parameters. 
The measurement of the Friedel pairs of all reflections during 
data collection clearly indicated a non-centrosymmetric 
structure. 
The task was to arrange ten gold-centred [Eu,Sn,] trigonal 
prisms in a chain along the y axis of the superstructure cell. 

Considering the non-centrosymmetricity, the prism arrange- 
ment "- + + + - - + + + - " (shown in Figure 1 in the same 
formalism as for EuAuGe) is the only reasonable one in accor- 
dance with thc space group Imm2 (Figure 2). This ordering 
scheme was assumed for the calculation of all starting atomic 

P 6Im 2/m 2/m 

IA'BZI 
I 
t3 

a, a+2b, c + 
k2 

.f. 
a, b, 2c 

I2,lm2,lm 2,la 

IKHS,I 
I 
t2 

lmm2 
4 

i'5 

.f. 
a, 5b, c 

lmm2 

Figure 2. Group- suh- 
group relationship for 
EuAuSn starting from 
the aristotype AlB, 
The indices of the k h -  
.v~ng~eiche (k j ,  the wun.T- 
Iutinnengleiclir (t) and 
the isomorphic (i) tran- 
sitions, as well as the 
unit cell transforma- 
tions, are given. 

positions from the subcell sites. No 
damping was necessary during the re- 
finement procedure, which went 
smoothly to the residuals listed in 
Table 1. 

As a check for the correct composi- 
tion, all occupancy parameters were re- 
fined in a separate series of least-squares 
cycles. The occupancy parameters and 
also the equivalent isotropic displace- 
ment parameters gave no indication of 
mixed occupancy of the gold and tin 
sites. Within the refinement, only one 
reflection with F," < - 2o(F,2) was treat- 
ed as unobserved.["] A final difference 
Fourier synthesis was flat and revealed 
no significant residual peaks. The results 
of the refinement are summarized in 
Table I .  Atomic coordinates and 
interatomic distances are listed in Ta- 
bles 2 and 3. Listings of the observed 
and calculated structure factors are 
available.[' Although the refinement 
converged to excellent residuals for all 
reflections, we prefer to calculate sepa- 
rate residuals (Table l )  for the super- 
structure reflections, since the overall 
residual is strongly affected by the dom- 
inating subcell reflections. The low 

residuals for the superstructure reflections (assuming a lo cut- 
off) emphasize the high quality of the superstructure refine- 
ment. 

Crystal chemistry: With EuAuSn we observed a new ordered 
ternary version of the KHg, type. Although such an atomic 
arrangement is commonly called the CeCu, type'''' in the litcr- 
ature, we call it the KHg, typeL5] since KHg, is the first com- 
pound to have been identified with this structure. EuAuSn 
belongs to a large family of intermetallic compounds with struc- 
tures derived from the well-known AIB, type. The crystal- 
chemical relationship in going from the aristotype AlB, is 

Table 3. Interatomic distances (pmj in EuAuSn. All distances shortei tllaii 475 pin 
(hu Eu. Eu-Au. Eu-Sn) and 410pni (Au Au, Au Sn. Sn Sn) 'ire listed: stan- 
dard dcvialions arc all equal or lcss than 0.2 pm. 

Eul  4 Sn2 329.4 
2 S n l  3329 
4 A u 2  348.2 
2 A u 3  351.5 
2 Eu6 383.8 
2 Eu4 416.4 

Eu2 1 A u l  .325.6 
1 Au4 331.7 
2 A u l  336.3 
2 A u S  337.6 
1 Sn3 341.5 
1 Sn5 342.6 
2 S n 4  347.8 
2 Sn3 350.3 
1 E u 5  390.5 
1 Eu6 393.7 
2 EuS 419.4 

Eu3 1 AuS 323.1 
2 Au4 329.1 
2 S n l  i31.2 
1 Sn2 339.7 
2 A u 3  340.9 
1 Sn4 341.0 
1 Au2 343.0 
2 S n 5  347.8 
1 Eu5 383.7 
1 Eu4 392.5 
2 Eu6 422.4 

Eu4 2 A u 2  332.7 
4 At13 338.5 
2 S n 2  344.6 
4 S n l  3460 
2 Eu3 392.5 
2 E u l  416.4 

EuS 2 S n 5  328.4 
2 Sn3 329.8 
1 Sn4  334.7 
1 Su3 336.8 
2 A u l  340.0 
2 A u 4  345.3 
1 Au5 350.0 
I A u l  350.8 
1 Eu3 353.7 
1 Eu2 390.5 
2 E u Z  419.4 

Eu6 1 Au3 322.3 
2 A u 2  326.7 
2 Sn4 330.8 
I SnS  3402 
1 S n l  3409 
2 Au5 341.4 
1 Au4 3454 
2 Sii2 346.9 
1 E u l  383.8 
1 Eu2 393.7 
2 Eu3 422.4 

A u l  2 S n 3  277.5 
1 Sn3 279.1 
I Eu2 3256 
1 All5 334.3 
2 Eu2 336.3 
2 Eu5 340.0 
1 Eu5 350.8 

Au2 2 S n l  277.4 
I Sn2 282.8 
1 Sn4 304.1 
2 E u 6  326.7 
1 Eu4 332.7 
1 Eu3 343.0 
2 E u l  348.2 

Au3 1 S n l  276.6 
2 Sn2 277.9 
1 Euh 3223 

2 Eu4 338.5 
2 Eu3 340.9 
1 E u l  351.5 

1 All3 335.2 

Au4 2 S n 4  277.7 
1 Sn5 281.9 
1 S n l  309.8 
2 Eu3 329.1 
1 Eu2 331.7 
2 E u 5  345.3 
1 Eu6 345.4 

A115 I Sn4  776.3 
2 SuS 277.8 
1 b u 3  323.1 
I At11 334.3 
2 Ell2 327.6 
2 Eu6 341.4 
1 Eu5 350.0 

S n l  1 Au3 276.6 
2 Au2 277.4 
1 Au4 309.8 
2 Eu3 331.2 
I ELI I 332.9 
1 Euh 340.9 
1 El14 346.0 

Sn2 2 A u 3  277.9 
1 Au2 282.8 
1 S n 2  300.1 
2 k u l  329.4 
1 Eu3 339.7 
1 Eu4 344.6 
2 Euh 3 4 . 9  

S n 3  2 A u l  277.5 
I Ail1 279.2 
I St15 300.2 
2 EUS 329.8 
1 Eu5 336.8 
I Eu2 341.5 
2 En2 350.3 

Sn4 1 AuS 276.2 
2 Au4 277.7 
1 Au2 304.1 
2 Eu6 330.4 
1 EuS 3347 
1 E u 3  341.0 
2 ELI? 347.8 

Sn5 2 AuS 277.8 
I Au4 281.0 
I Sn3 300.2 
2 Eu5 31x4 
I Eub 340.2 
I E u 2  342.6 
2 Eu3 347.8 

shown in a group-subgroup schemc in Figure2 following a 
formalism proposed by Blrnighausen.[" ' O1 A complete AIB, 
tree with more than 30 different structure types will be published 
in a forthcoming paper.[201 The complete AIB, tree has a hexag- 
onal and an orthorhombic branch. The structure of EuAuSn 
belongs to the latter. Starting from the aristotype AIB2, therc is 
a translutionengk.iche symmetry transition of index 3 ( t  3) from 
space group P6/mmm to space group Cmmm followed by a 
klassengleiche transition of index 2 (k 2). Thus the KHg, typc 
structure in spacc group Imma is reached (Figure 2).  At this 
point it is worthwhile to note that the latter symmetry reduction 
from the hexagonal to the orthorhombic system allows a tilting 
of the hexagons surrounding the cation, whereas in all hexago- 
nal structures even the puckered hexagons are parallel to each 
other. Continuing from the KHg, structure, we have two pos- 
sible ways of lowering the symmetry in order to reach the Eu- 
AuSn type. One is a translutionengleiche transition (t 2) via the 
EuAuGe structure (space group Imm2) followed by an isomor- 
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phic transition of index 5 (i 5). On the other hand this symmetry 
reduction can be attained by an isomorphic transition of index 5 
(i5) to space group Imma followed by a translntionengleiche 
transition (t 2). We have considered the first way, since the Eu- 
AuGe structure in space group Imm2 is already known to exist 
(Figure 2). 

From a geometric point of view, the structure of EuAuSn can 
be built up from trigonal prisms. The europium atoms form 
zigzag chains running along the y axis a t  two different heights 
( r  = 0 and .x = ‘1,). Together with the tin atoms, the zigzag 
chains form trigonal prisms, which are centred by the gold 
atoms. Three-fifths of these trigonal prisms point towards the 
$ 2  direction while the other two-fifths point towards the --z 
direction. This is the direct reason for the non-centrosymmetric- 
ity of the structure. For a better comparison, thc structure of 
two other ordered ternary variants of KHg, are also presented 
in Figure 1. In the well-known centrosymmetric TiNiSi-type 
structure of EuAuIn, the trigonal [AuEu,In,] prisms are alter- 
nately arranged in the +z and -z direction, while the 
[AuEu,Ge,] prisms in EuAuGe point exclusively in the - z  di- 
rection. Considering this geometrical view, the different order- 
ing variants are clearly distinguishable. 

For a closer look at  the EuAuSn structure, it is interesting to 
compare the individual coordination polyhedra. All six crystal- 
lographically different europium atoms have coordination num- 
ber (CN) 16, with six gold, six tin and four europium atoms in 
their coordination shell (Figure 3) with the gold and tin atoms 
forming different distorted and tilted Au,Sn, hexagons. Where- 
as thc polyhedra havc an almost identical europium coordina- 
tion, there are large differences in the coordination by the gold 
and tin atoms. The most remarkable feature of the coordination 
polyhedra is the tilting of the different Au,Sn, hexagons, which 
directly results from the symmetry reduction from the hexago- 
nal to the orthorhombic crystal system. This tilting strongly 
influences the europium coordination. 

In hexagonal EuCuGe with the AIB,-type structure,[41 each 
europium atom has six europium neighbours within the basal 
hexagonal plane (at the same distance) and two further europi- 
um atoms perpendicular to it. The copper and germanium 
atoms form a sandwich-like coordination of two Cu,Ge, 
hexagons around each europium atom (Figure 3). Because of 
the strong tilting of the hexagons in EuAuSn, two of the six 
europium atoms from the basal plane are now at  shorter dis- 
tances from the central europium atom, while the four other 
europium atoms have moved away. This is a direct consequence 
of the Eu- Eu zigzag chains (Figures 1 and 3), as can be seen by 
comparison with the straight lines in the highly symmetric AlB,- 
type structure of EuCuGe. The six europium polyhedra (Fig- 
ure 3) can be divided into three groups with similar coordination. 

There are three different arrangements of the Au,Sn, 
hexagons present. Whereas the gold and tin atoms within the 
tilted hexagons are directly superimposed for Eu 1,  Eu2, E u 4  
and Eu5, the hexagons are rotated by about 60“ for E u 3  and 
Eu6. This results in weak Au-Au and stronger Sn-Sn interac- 
tions between neighbouring gold and tin atoms for the E u l .  
Eu2. E u 4  and E u 5  polyhedra, whereas there are only Au-Sn 
interactions between the hexagons for Eu 3 and Eu 6. The tilting 
of the hexagons consequently leads to the formation of chains of 
different Au,Sn, squares (Figure 3). 

subcell-EuAuSn lmma 
O E u  

EuCuGe fG/mmm 

superstructure-EuAuSn lmm2 

Figure3. Coordination polyhedra of the europium atoms in the structure5 of 
EuCuGe (AIB, type) and EuAuSn. All the neighbours listed in ‘Table 3 are drawn. 
The anisotropic displacement parameters of the subcell polyhedron are drawn with 
a 95% probability limit. 

The Au-Sn intralayer distances within the different Au,Sn, 
hexagons vary from 276.3 to  282.8 pm with an average value of 
278.2 pm. This average Au-Sn distance is only slightly larger 
than the sum of Pauling’s single bond radii of 273.5 pm for gold 
and tin,’”] indicating essentially covalent bonding within these 
hexagons. These distances compare well with the average Au- 
Sn distancc of 275.3 pm in NaAuSn, which has a TiNiSi-type 
structure.[22. 231 The interlayer Au --Sn distances of 304.1 and 
309.8 pm in the polyhedra around Eu 3 and Eu6 are much 
longer. 

The different Au-Au distances between the hexagons range 
from 334.3 to 335.2 pm, and the Sn-Sn distances from 300.1 to 
300.2 pm. The Sn-Sn interactions may certainly be considered 
to be bonding in comparison with P-tin, where each tin atom has 
two neighbours a t  302pm and two further neighbours at 
318 pm forming a flattened tetrahedron.r24’ The formation of 
these Sn- Sn bonds may be one reason for the formation of  the 
superstructure and for the stability of this compound. The Au- 
Au interactions are only weak in comparison with the corre- 
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sponding Sn-Sn interactions. The interlayer Au- Au distances 
of 334.3 and 335.2pm are significantly longer than in f c c  
gold,[241 where each gold atom has twelve neighbours at 
288.4pm. The interlayer Au-Au distances of 316.0pm in 
E u A u G ~ [ ' ~ * ~  and of 327.9pm in E r , A ~ , s n [ ~ ~ ]  may also be 
considered to be weak interactions. All these distances 
compare well with those in molecular compounds such as 
[{ Au(iPrO),PS,] z] ,[261 [iPrN H,AuC=CC,H,]'~'~ or 
[Au"'(DMG),Au'Cl,] ,[281 where such secondary Au- Au bonds 
(291.4 up to 327 pm) are sufficiently strong to cause dimeriza- 
tion in solution and polymerization in the solid state. Similar 
weak Au-Au intcractions were also observed in Au,P, and 
Au,P,,,I.[~~~ 

Similarly, different arrangements of the hexagons are also 
present in the hexagonal structures of ScAuSi and YAuS~,[~"' 
but the puckered hexagons in these structures are parallel to 
each other. Whereas the yttrium silicide crystallizes with the 
LiGaGe-type structure in space group P6,mr with staggered 
Au,Si, hexagons, ScAuSi adopts its own structure type (space 
group P6m2) with an eclipsed arrangement of the Au,Si, 
hexagons. This results in weak Au-Au (294pm) and Si-Si 
(276 pm) interactions between the hexagons. 

Chemical bonding in EuAuSn may to a first approximation 
be described by the concept of a polyanionic network. The eu- 
ropium atoms are by far the most electropositive component of 
EuAuSn, and they will largely have transferred their two valence 
electrons to the three-dimensional [AuSn] network. The divalent 
character of the europium atoms was determined by magnetic 
susceptibility and ' 5 1 E ~  Mossbauer spectroscopic measure- 
ments (see below). The formula of our compound may then be 
written as Eu2+[AuSnI2-, but, because of the complex atom 
distribution within the three-dimensional polyanion, a simple 
assignment of oxidation numbers is clearly not possible. 

A more detailed view of chemical bonding in KHg2- and 
TiNiSi-type intermetallic compounds based on extended Hiickel 
calculations was given in a very recent paper by Nuspl et al.[231 
These authors investigated the crystal and electronic structures 
of the isotypic TiNiSi-type compounds CaPdIn, CaPdSn, 
CaPdSb and CaAgSb. In these four palladium intermetallics the 
T,X, rectangles within the [TX] polyanions are all tilted in order 
to maximize the distance (i.e. minimize the repulsion) between 
the more electroncgative atoms. We observed this independent- 
ly, from the structure refinements of a whole series of such 
intermetallic compounds with europium as the electropositive 

However, for the recently reported germanides EuAuGe", 
and NaAuGer3'] as well as for EuAuSn, we observe new ar- 
rangements of these rectangles. In these three compounds the 
tilted hexagons are stacked on each other; this results in weak 
Au-Au, Ge-Ge and Sn-Sn interactions within some of these 
rectangles. The different arrangements of the T2X, rectangles in 
EuAuSn are outlined in Figure 3. Theoretical studies of the 
electronic structures of EuAuGe and EuAuSn are now in pro- 
gress. 

In Figure 3 we also present the coordination polyhedron of 
the europium atom in the subcell refinement, drawn with an- 
isotropic displacement parameters. The larger U,, parameter 
for the 8h position of the subcell refinement (Table 2) is a direct 
indication of an ordering between the gold and tin atoms. The 

clearest indication of the superstructure, however, was given by 
the additional reflections on the Buerger photographs. Yet in 
several other disordered KHg,-type compounds'". 3 2  ~ 341 where 
the U,, parameters are also about three times as large as U , ,  
and U,, , no superstructure reflections occur. We interpret these 
larger U,, values as an indication of a largc degree of short 
range order within these compounds. 

At this point it is important to ask whether or not other 
compounds may be ordered, especially those with largc differ- 
cnces in scattering factors between the transition metal and the 
main-group element that are described as having a statistical 
distribution (disordered KHg,-typc). Only detailed investiga- 
tions of single crystals can clarify this question. 

We have recently investigated the ternary compounds 
E ~ z n G a , ' ~ ~ ]  EuAgGa, EuAuGa,13 E U Z ~ I ~ , ' ~ '  EuAgIn,["' 
E ~ A g c e , ' ~ ~ ]  EuCuSn and EuAgSn["] by X-ray diffraction of 
single crystals, first by Buerger precession photographs and lat- 
er by refining thcir structures from four-circle diffractometer 
data. However, none of these compounds, even EuAuGa, with 
large differences in the scattering factors between gold and gal- 
lium, showed any superstructure reflections indicating an order- 
ing between the transition metal and main group element. These 
results may be attributable to a deviation from the correct 1 : 1 : 1 
composition indicating homogeneity ranges ; however, the com- 
positions refined from the single-crystal X-ray data were all very 
close to the ideal compositions EuTX. High-resolution electron 
microscopy may be helpful for studying the short-range order of 
this interesting class of compounds. 

In summary, we have observed a new quintupled superstruc- 
ture of the KHg, type structure which elegantly extends the rich 
crystal chemistry of AIB,-related intermetallic compounds. 

Magnetic and electrical properties: The temperature dependence 
of the inverse susceptibility of EuAuSn is presented in Figure 4. 

1 1 1 1 1 1 1 1  

50 100 150 200 250 300 
T [KI 

Figure 4. Temperature dependence of the inverse magnetic susceptibility of 
EuAuSn measured at a magnetic flux density of 2 T. The inset shows the low-tem- 
perature data obtained at 0.01 T. 

EuAuSn shows Curie-Weiss behaviour above 50 K. The 
straight line indicates the absence of a possible EuO impurity 
(T, = 70 K). The magnetic moment of perp = 7.6( l)pB deduced 
from the Curie-Weiss graph is in good agreement with the 
theoretical value of pcf, =7.94pB for the free Eu2+ ion. The 
paramagnetic Curie temperature (Weiss constant) of - 8 (1) K 
was obtained by extrapolation of the linear l / x  versus Tplot to 
I / %  = 0. EuAuSn orders antiferromagnetically at 8 .5 (5 )  K at 
small magnetic flux densities, as is evident from the inset of 
Figure4. A second minimum is apparent in this curve at 
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5.5(5) K, most probably due to a different antiferromagnetic 
spin alignment. Magnetic ordering has already been detected at  
12 K by the Mossbauer experiments, as discusscd below. The 
dependence of magnetization on external flux density is shown 
in Figure 5. In this plot we observe a straight line up to a flux 

B [ T l  
Figure 5. Magnetization 1 s  external magnetic flux density of kuAuSii at  2 and 
30 K 

density of 2.0(2) T, as can bc cxpected for an antiferromagnet. 
The magnetization curve shows a slight curvature above 2 T, 
indicating a metamagnetic transition (antiferromagnetic to fer- 
romagnetic spin alignment). The magnetic moment at the 
highest obtainable flux density of 5.5 T amounts to  3.5(1)pB/Eu 
at 2 K, much smaller than the maximum saturation moment of 
7 . 0 ~ ~  for divalent europium. In view of the six crystallographi- 
cally different europium positions in the superstructure, one can 
easily understand that the nature of magnetic ordering in Eu- 
AuSn is very complex. 

The specific resistivity ( p )  of EuAuSn (Figure 6) decreases 
with decreasing temperature, as is usual for metallic conductors. 
The room-temperature value of the specific resistivity ol' 
260 pQcm indicates quite good metallic conductivity for this 
ternary stannide. 

0 50 100 150 200 250 300 

T [ K l  
Figure 6. Temperature dependence of the spccific rcsistivity of EuAuSn 

'19Sn and '"Eu Mossbauer spectroscopy: '"Eu Mossbauer 
spectra a t  78, 9.2 and 4.2 K are presented in Figure 7, together 
with thcorctical transmission integral fits including static mag- 
netic hyperfine splitting. The fitting parameters for these and 
some additional measuremcnts are listed in Table 4. Above the 
magnetic ordering temperature of 12+ 1 K (as determined by 
I " ELI Mossbauer spectroscopy; compare with the magnetic 
data above) a single line is detected in the Eu" region with an 
isomer shift 6 = -11.0 mms- '  a t  room temperature and with 
vanishing electric field gradient. In the Eu"' region a n  impurity 
componcnt can bc sccn at  6 = 1.3 mms-  ', which is included as 
a simple Lorentzian in all fits, but not reported in the table. At 
4 K the area of the impurity is about 7 % of the total area. 

100.0 1 7 7 8 . 0  K 

Y 

.$ 100.0 

s 

9.2 K 
ii 

4.2 K 
V i $ 

2 100.0 e 

95.5 

I I I 

-35.0 -17.5 0 + I75  +35.0 

velocity [ mmls ] 

Figurc 7. '"Eu Miissbauer spectra of EuAuSn containing a amall amount of an 
Eu"' impurity. 

Table 4. bitting parameters of I5 'Eu  Mossbauer measurements oil EuAuSn. Num-  
bers in parentheqes represent the statistical errors in the last digit. Parameters with- 
out parentheses were kept fixed. Linewidth paraineters and isomel- shifts of the 
different components were coupled. 

T, K Omrns- '  r , m m a - '  IB,I.T IB,I.T /BJl 'r 

300 -11.02(3) 2 3  - - 

7s -10.86(4) 2.3(1) - 

14.7 -10.94(6) 2.2(2) - 

13.8 -10.80(5) 2.3(1) - - - 

- 

- - 

11 -10.73(7) 2.3 7 6 ( 8 )  4 3 ( 7 )  - 
9.2 -10.68(9) 2.3 14.8 (6) 6.1(7) 1.4(5) 
4.2 -10.88(9) 3 5(4) 21.4(6) 10.3(9) X ( 6 )  

Below the ordering temperature the Eu" spectrum is symmet- 
ric, indicating that the quadrupole interactions arc negligible. 
The magnetically split spectrum can be fitted by three hyperfine 
components with ratios fixed a t  4: 3: 3. This ratio agrees reason- 
ably well with crystallographic information, indicating that the 
six diffcrent Eu sites can be grouped into threc pairs (scc Fig- 
ure 3) of very similar coordination. At 4.2 K the internal fields 
of the three components are very different, amounting to 21.4, 
10.3 and 2.2 T. At this temperature the enhanced linewidths of 
the fit indicate that the grouping into three components is only 
an approximation. The six crystallographically different europi- 
um sites certainly causc a very complex hypcrfinc ficld splitting 
at low tempcraturc. 

The "'Sn Mossbauer spectra are shown in Figure 8. together 
with the fits. The fitting parameters are given in Table 5. Above 
the magnetic ordering temperature of europium, the spectrum 
is fitted well by one component with an isomer shift 
b =1.93 mms- '  a t  room temperature and a quadrupole split- 
ting AEQ = 0.77 m m s - ' .  In this signal a tin impurity must be 
included, corresponding to the Eu impurity mentioned above. 
In a previous Mossbauer study on E ~ z n S n ' ~ ~ ]  with only a single 
tin site, tin was subjected to a large transferred magnetic hyper- 
fine field of 12.8 T at  4.2 K. The magnetically split spectrum was 
then well separated from the signal of the impurity, which was 
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Figure 8 "'Sn Mbssbduer spectra of EuAuSn showing transferred magnetic 
hyperfine field5 below the magnetic ordering temperature of europium. The 
small magnetic hyperfine splitting of the central component is simulated by line 
broadening. 

Table 5. Fitting pal-ameters of "'Sn Miissbauer meawrements on EuAuSn. 
Linewidth parametei-s. isomer shifts and electrical field gradients of the different 
components are identical except that the sinall hyperfine splitting of the most promi- 
nent peak in the spectrum in Figure 8 is simulated by Lorentzian line broadening 
A3 = 2.1 (4) m m s ~  ' iit 4.2 K. 

300 193(1)  098(4) 0 77(3) - - 

78 198(2) 104(6) 0 76 (4) - - 

15 I99(1) 103(5)  0 77(3) - - 

10 197(1) 1 Q(6) -018 0 7 ( 2 )  - 
4 2  1 9 8  14(1)  - 0 3 8  8 3(2) 42(1)  

located near 2.1 mms- ' and was therefore hidden when hyper- 
fine fields were smaller or totally absent. 

In EuAuSn magnetic hyperfine fields are also transferred to 
the various tin sites below the ordering temperature of europi- 
um. As in the europium spectrum, three subspectra were used to 
fit the experimental data with intcnsitics in the ratio 1 : 3.5: 1 at 
4.2 K.  Two magnetic flux densities of lB,l = 8.3 and 
lBzl = 4.2 T are well separated at  4.2 K.  Their directions are 
both perpendicular to that of the electrical field gradient princi- 
pal axis, which results in a change of AEQ by a factor of - '/, 
and produces the correct asymmetry of the signal. The third 
component of the magnetic hyperfine spectrum represents the 
tin sites with a small transferred hyperfine magnetic field. This 
component is simulated by a simple Lorentzian curve and also 
includes the presumed impurity near 2.1 mms- I .  
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