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S to Co coordination in Co~Ss is tha t  of the Rh(m) 
with the S(f) ,  S(i) and S(j)  atoms. The average 
distance for these is 2-33 ,~ (Geller, 1962b) compared 
with the average te trahedral  Co-S distance, 2.19 :~. 
Moreover, the relat ively longer Rh(m)-Rh(m)  than  
Co (f)-Co (f) distances (Table 4) would imply  a relative 
shortening of Rh(m)-S distances. Thus we are able 
to conclude tha t  the 4-coordination distances are 
relat ively as one would have predicted. 

I t  is possible tha t  the more complex bonding and 
packing in the Rhl~S~5 results in the shortening of 
the bonds of the single Rh  atom in the unit  cell 
having octahedral  coordination. By  s tudying the 
systems in which Co replaces Rh  in Rh~:S~.~ and tha t  
in which Rh replaces Co in CoDSs, we hope to gain 
some further  insight into the bonding and atom sizes 
as well as effects on the superconductive properties 
of I{h17S15. 
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The Crystal Structure of the Superconductor Rh~TS~s 

BY S. GELLER 

Bell Telephone Laboratories, Incorporated, Murray  Hill, New Jersey, U . S . A .  

(Received 1 March 1962) 

Crystals of Rh~TS~s, isostructural with those of P(I~TSe~, belong to one of three space groups 
O~-Pm3m, T~-PT~3m or O l- l)432, have a lattice constant of 9.911 _+ 0.001 A, and two formula units 
per unit cell. The structure of l{hl~S15 has been refined in Prn3m from selected single-crystal X-ray 
data. It  is shown that  there are relatively short Rh-Rh  contacts in Rh17S15. 

Introduction 

To date, only Rh17SJ5 and Pd~vSe~s are known to 
crystallize with the structure to be described in this 
paper. A detailed account of the s tructural  s tudy  of 
PdlTSe15 has a l ready been given (Geller, 1962); it  was 
ment ioned tha t  X-ray  data  from both R.h17S~5 and 
Pd~TSe~5 were useful in the solution of the s tructural  
problem. The main  purpose of the present paper  is 
to report  on the s t ructural  details of RhlTSIs and to 
point out how they  differ from those of PdlTSels. 

The rhodium-sul fur  system was first invest igated 
by Juza,  Hulsmann,  Meisel & Blitz (1935). They found 
a compound tha t  they  designated Rh,~Ss, which 
appeared from X-ray powder diffraction data  to have 
pr imi t ive  cubic symmetry .  The compound was found 
to be superconducting by Matthias,  Corenzwit & 
Miller (1954). Recently,  Kjekshus  (1960) carried out 
X-ray studies over a temperature  range on compounds 
alleged to be RhgSs and PdgSes. The s t ructural  s tudy 
has conclusively shown, however, tha t  the correct 
formulae of the compounds are Rh17Sl~ and PdlTSe1.5, 
as shown in the paper on the lat ter  compound. 

Exper imenta l  

The latt ice constant obtained from a powder photo- 
graph (taken with a 114.6 mm. diameter  Norelco 
St raumanis  camera and using Cu K radiation) of a 
specimen with an originally intended composition 
Rh0Ss is 9.911 _+ 0.001 A. This value probably  repre- 
sents the latt ice constant  of Rh17S15 well within 
experimental  error. A compound RhDSs would contain 
78.31% Rh by weight while RhlvS15 contains 78.44% 
Rh by weight;  the difference is small. Fur thermore  
a specimen made up with intended composition RhsS7 
(78-58% Rh) contained e lementary  rhodium as shown 
by  an X-ray  photograph. Excess sulfur would be 
difficult  to see in the 'RhDS8.' The phase appears to 
be fair ly sharply defined in the R h - S  system, but  
even i f  there were some solution of sulfur in the 
Rh17S~, there would probably  not be a significant diffe- 
rence in latt ice constant  between 'RhDSs' and Rh17S~5. 

Wi th  two Rh17Sl~ in the unit  cell, the X-ray density 
7.60 g.cm. -.~ is in good agreement with the value 
7.68 g.cm. -3 obtained pycnometr ica l ly  on an "Rh,~Ss' 
specimen. 
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An essentially* single crystal  of irregular shape 
and less t han  0-2 ram. each dimension, was photo- 
graphed with a Buerger precession camera with the 
[100] direction as precession axis. Weissenbcrg photo- 
graphs were also t aken  about  both the [100] and [1 I0] 
directions as ro ta t ion  axes. Mo Kx radia t ion  was used 
throughout .  

The diffraction symmet ry  was m3m. There were no 
systematic  absences; thus the probable space groups 
are O~,-Pm3m, T~FP-43m and O1-P432. 

The hk0 and hkI in tens i ty  da ta  used in the s t ructure 
ref inement  were obta ined from the precession photo- 
graphs;  the hkk data  used in the ref inement were 
obta ined from the Weissenberg photographs,  only 
those reflections for which sin 0h~k<0"790 being in- 
cluded. ]?he in tens i ty  est imates were made visually 
by comparison with a calibrated in tensi ty  strip. 
From the precession-camera data,  relat ive IFh~zi e 
were obta ined by applying the  Lorentz-polarizat ion 
corrections as obtained from Waser (1951, 1952) and 
Grenville-Wells & Abrahams (1952) charts  supplied 
by Nies.1- Lorentz-polar izat ion corrections were also 
applied to the Weissenberg da ta  in the usual way. 
No corrections were made for absorpt ion or extinction.  

R e f i n e m e n t  of t h e  s t r u c t u r e  

I t  has been shown in the paper  on Pd17Se15, t ha t  it 
is not  possible to make a choice of the most probable 
of the three space groups to which the crystal  might  
belong. The lowest s tandard  errors were obtained in 
the centrosymmetr ic  space group, but  this in itself 
does not  necessarily mean tha t  it is the most probable 
one. In  fact, as a result of the work on the PdlTSe15, 
the author  is led to the speculat ion t ha t  if a s t ructure  
t ru ly  belongs to a non-centrosymmetr ic  space group 
but  is only a very  small per tu rba t ion  on a centro- 
symmetr ic  one, it is highly probable tha t  it will 
converge more rapidly  in the la t ter  and have lower 
s tandard  errors on the average. Tha t  is, the s tandard  
errors for like parameters  will be about  the same in 
the two groups, but those which arise from the addi- 
t ional  degrees of freedom in the non-centrosymmetr ic  
group will have large s tandard  errors associated with 
them (Geller, 1962). For Rh17St~, ref inement was 
based only on the centrosymmetr ic  space group Pm3m. 

* In some of the photographs, some extra spots at)peared 
which were obviously from an occluded crystallite. 

t N. P. Nies, 969 Skyline Drive, Laguna Beach, California. 

The total  number  of independent  reflections within 
the precession camera range on the zcroth and first 
layer photographs about  [100] and on the zeroth 
level Wcissenberg photograph about  [i10] with 
sin 0~kk <0"790 was 402. Of these, 128 were too weak 
to be observed. 

Ref inement  was carried out using the IBM 704 
Bus ing-Levy  (1959) least-squares program adapted  
to the IBM 7090 with a compat ibi l i ty  program. 
At first all reflection ampli tudes of observed reflections 
were given uni t  weight while thosc of rcflections too 
weak to be observed were weighted zero. The s tar t ing 
posit ional parameters  were the analogous final param- 
eters of I)d~TSer5 except for the Rh atoms in 24m. 
These were t aken  as x--0.360 and z=0.140 as against  
0.352 and 0.150 respectively for PdlTSe~5. The change 
was based on examina t ion  of a number  of the ampli- 
tudes. Star t ing values of isotropic tempera ture  factors 
were 0.10 A 2 for all Rh  atoms and 0.25 A ~ for all 
S atoms. In  the calculation of s t ructure ampli tudes,  
the atomic scattering factors used for Rh were those 
of Thomas & Umeda (1957) and for sulfur, those of 
Dawson (1960). The real par t  of the dispersion cor- 
rect ion (Dauben & Templeton,  1955) was applied to 
the Rh scattering factors. 

Al though after the first least-squares cycle there 
was l i t t le  change in posit ional parameters,  there was 
some difficulty with the tempera ture  factors as was 
also found for Pd~TSels. In  early i terat ions several of 
the ampli tudes from reflections which suffered heavily 
from ext inct ion were given zero weight and in sub- 
sequent i terat ions those for which IAF I ~ 30 were 
given zero weight; the changes in positional param- 
eters were not  significant. The tempera ture  factors 
were more reasonable but several were still negative* 
in the last cycle. Examina t ion  of the correlation 
matr ix  (Geller, 1961) indicates t ha t  interact ions be- 
tween the tempera ture  factors and posit ional param- 
eters are all small and therefore tha t  we may  have 
some confidence in the in tera tomic distances calcu- 
lated from the lat ter .  The final parameters  and 
s tandard  deviat ions based on the use of 219 ampli- 
tudes with uni t  weight are given in Table 1. Calculated 
and observed ampli tudes with the posit ional param- 
eters given in Table 1 but  with values of B, 0.05 J~e 
for all Rh  and 0-10 A 2 for all S atoms are listed in 
Table 2. The discrepancy factor including considera- 

* However, the stand~Lrd errors (Table 1) indicate that none 
of these are significantly different from zero. 

Atom Position 

Rh 24m 
S 12j 
S 12i 
S 6f 
I~h 6e 
Rh 3d 
Rh 1 b 

Table 1. Final parameters and standard errors 

x y z B 

0.3564 0-3564 0.1435 0.01 
0.1696 0.1696 ½ -- 0.01 
0.2310 0.2310 0 0.12 

½ ½ 0.2643 0.14 
0 (} 0-2388 --0"05 
0 0 ½ O-00 

½ ½ --0.24 

0.0001 
O.0006 
0"0008 

a(z) 

0.0002 

0.0016 
0.0005 

a(B) 

0.02 
0.09 
0.11 
0.15 
0-07 
0.07 
0.15 
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Tablc 2. Observed and calculated amplitudes 
hkO hk I hkk hkk hkk hkk 

h k F 0 F c h k F ° F¢ h k FO Fc h k F ° F c h k F ° F c h k F ° F c 

22'0 239 103 - 97 195 -203 10 33 89 80 18 79 - 13 10 91 - 85 
2'83 3~6 5 22 1~8 - ~ 2  5 0 ~25 2~1 11 378 - ~ , e  ,S S < 7e - 30 11~ 10 2311 236 
170 I 9 < 67 - 10 11.5 71~7 12 3 9 b, 96 20 6 < 76 83 15 I0 110 - 68 

,,o . , , ,  : o  _ , . ,  i !  . ,  , ,  7 152 - 1 3 9  8 2 < 77 - 30 hT~ "/09 170 -1~3 t " " <k -" 0 11 151 - l k 8  
8 < 62 k2 9 2 el - 71 127 b,l t "t 128 1 I1 92 82 
9 170 166 10 98 86 109 0 12./ 3 ~ 2 2 - 262 -307 16 112 5 77 213 -21 I 1 < 70 - 

t0  I k l  116 11 90 66 I1 0 151 166 17 3 308 -2  173 -17~  2 I I  327 - 2 9  

,z 8~ ./o 13 - 1 13 o , : s ~  ~8 19 , -1o~ 98 ~ ~o - ~  ~ ,1 1 ~  - I ~  

~ ,~p, -1,1 ~ 3 < .  ,1 1, o ~ ~1, ~ ~ ~ ,  . ~  1~ ; < . /o  ° o . 11 , , ,  - 1 .  
25 313 7 3 378 -} I l l7 18 00 77 - 86 I1 I1 I$| - 58 |1~ 177 1~ 10 11 < "/8 39 

~ < ~, ~ 1o' <, :1~ o ~3 < 11 ,~  
8 2 < 61 18 11 3 160 161 22 0 3 ~ ;  272 8 b, 58 573 17 7 -335  i l  133 -1  

1o 22 ,1o ,11 1~ ~ ~ . /  -~o~ ~ . ~  - ~  1o ~ ~3o -1,3 1, ./ 13~ - , ~  1o ~ ,1 < , ~  , ,  
11 65 - 5 b, 20 - 21 218 230 11 b, 12h 98 2 8 92 81 12 251 201 
12 22 110 100 5 b, 126 126 5 207 - 1 9 l  12 b, 18 b, 139 ~ 8 123 113 / 12 ~ 7 5  30 
13 51 3b, 6 b, 57 81 157 -1~,7 13 b, < 67 33 125 118 12 76 58 

3 e~ - s e  t ~ 1~, 1 ~  t lOl ,o5 I~, ~, ~,~ ~ ~ 8 ~9 Sl ~ ,z < ts  - 1 ~  

5 3 51 I10 9 h 8h 78 109 -102  16 b, 2 ~  71 52 - 1{7 5 12 
6 3 < 55 - 2 10 b, 89 - 99 10 58 b,1 17 b, 157 8 8 373 310 6 12 152 112 
7 3 185 190 11 ~ 72 - 61 11 270 -288  18 b, 110 - 88 9 8 133 109 7 12 < "/8 I1 
8 3 186 172 12 h 73 52 12 < 58 32 19 b, < 78 15 10 8 < 69 - 9 8 12 168 122 
9 3 162 131 13 h 189 168 13 < 63 53 20 b, 279 256 11 88 < 71 28 09 12 < 78 91 

,0  ~ 163 - 167  5 5 ./~I - 81 ,~, < 65 _ 1~./ 21 k < 76 6 12 158 117 1 12 6h s 
11 11{~I -15./  6 ~ ./2 - , Z  'S < 70 , ,  z 5 < ~z - , ,  13 e < ./s 35 11 12 < 78 ,e 
12 ] 68 - 59 199 -20i~ 16 72 1~1 3 5 9 b, - 88 I11 212 230 12 12 173 133 

2011 1711 8 5 1311 128 17 155 -168  11 5 217 183 15 88 < 79 - 3 13 12 < 77 33 
1~ b, 573 1002 - ,8 < 77 2 b, 5 5 77 - 7 3  16 ,2e 8 1 i{ ,z  115 66 
5 I1 162 1~,~ 19 55 ~ g 235 19 110 - 88 69 5 b, 1./ 78 ./ 13 77 ./8 
6 b, 207 -203  11 55 91 - 7 1  20 < 7 8  . : 76 5 I lO - 97 18 8 < 7 8  ~ 0 13 77 ./5 

<< 3~ ,1 ~ ,1~ - , ~  ~ ~ < ~  , 5 13 < " / ~  - 2 ,  

13 II 266 220 11 6 < 93 30 7 2 - b,5 70 3 99 < 67 - 39 - I I I  110 8 13 78 81 
5 ~ 137 133 12 6 < 93 3 8 2 5h 66 15 5 < 7 b, - 5  b, 9 9 < 70 - h 5  09 13 << 78 - 5 

< 59 25 7 7 191 212 9 2 b,I - l l l l 16 5 < 76 ~8 tO 9 <' 72 3 b, 1 13 78 6 
./ 5 61 55 98 77 < 98 - 32 10 2 < 511 - 3]  17 5 < 78 - 3 b, I1 99 105 - 79 11 13 |61~ - Ib,8 

~ I~,  , ~  , ~  -1~t  I ,  ~ < ~9 - le ,e ~ < 7~ ~, ,~ ,~, 1~8 '~o ,3 es ./~ 

1o ; << ~, , , -33~ o 

12 5 63 67 73 15 70 3 6 62 5 '  16 99 << 78 5~ 3 lh  61~ 70 
76 6 293 351 9 8 91 88 16 2 < 72 29 II 6 211 -182  17 76 I~ 1 b, 191 -188  

lb,8 -16  b, 10 8 < 93 33 I./ 2 < 76 - b,6 5 6 51 - 37 0 10 3511 361 5 1 b, < 78 - Ib, 
8 66 283 3~0 11 8 "/2 62 18 2 < 7 7  - b , 9  6 6 20 b, 196 1 1 0  11 b, -11~ 6 1~, 1"/3 153 

10 6 213 -2b,6 1 92 h 20 79 b,5 8 6 128 131 ~ I0 77 78 8 1 b, 216 211 
11 6 60 53 221 32 < 77 - 15 9 6 109 -106  10 2h"/ -252  9 I b, < 77 22 
127 67 101 106 59 h2 I 227 -178 5 10 < 68 - 2 b, 0 15 << 77 - 29 

215 -219  ' 3  3 662 -813 I1 6 < 66 b,O 6 I0 18 b, 171 15 77 
8 7 65 - 53 b, 3 200 202 12 6 6 6./ 53 7 10 Tsl~ -139 32 IS < 77 - 38 
9 7 83 93 5 3 251 -232  13 108 - 8h 8 10 270 215 15 172 -16h  

10 7 106 126 6 3 77 - 90 ~h 6 lh6 116 09 10 < 75 E h 15 < 76 - 1; 
TI 7 70 76 7 3 330 379 ~5 6 106 - 92 I I0 291 -268 5 15 107 - 80 

365 b*07 
9 8 l l h  li~! 

10 8 106 -131 
I1 9 8 97 101 

230 223 
tO 9 e 5'1 - z l  

tion of multiplicity but excluding the 600, 800 and 2.78 .4, which is 0.()3 _~ longer than the elementary 
440 amplitudes is 0.12. When the three amplitudes Pd-Pd distance, 2-75 /~. In elementary Rh which has 
are included, the discrepancy factor is 0.13. the same cubic close-packed structure as elementary 

Pd, the nearest neighbor Rh-Rh distance is 2.69 ~ .  
Thus the Rh(d)-Rh(e) distance in Rh17S15 is 0-10 A Descr ipt ion  of the s tructure  
shorter than the elementary Rh-Rh distance, indicat- 

The interatomic distances in Rh,TSI~ are listed in ing considerably stronger bonding than between the 
Table 3. For ease of comparison the analogous PdlTSela analogous Pd(d)-Pd(e) neighbors. This would account 
distances are also listed. The general features of the for the longer Rh(d)-S(j) distances. 
Rh17Sl~ structure are shown in Fig. 2 of the paper on Further corroboration of the preceding argument is 
Pd~TSe~5 (Geller, 1962). However, in detail, there are obtained from examination of the Rh-S distances 
important differences in the Rh17Sl~ and PdlTSel~ involving Rh(e), which is surrounded by a square of 
structures. S(i) atoms (though Rh(e) is 0-08 A out of the plane 

The Rh(b)-S(f)  are shorter than the Rh(d)-S(j)  of the S(i) atoms) and one Rh(d) atom. The Rh(e)-S(i) 
distances (Table 3), even though the former are distance, 2-29 _~, is shorter than that of Rh(b)-S(f) ,  
octahedral whereas the latter appear to be square- but not in the same proportion as the analogous 
coordination distances. This is reverse of the situation distances in PdlTSe~. Again this is justified by the 
in PdlTSel~. On the other hand, Rh(d) also has two shorter Rh(e)-Rh(d)distance. 
Rh(e) neighbors at 2.59 :~ which together with the The average Rh(m)-S distance is 2.33 A, not 
4 S(j)  atoms completes an octahedron about Rh(d). significantly different from the Rh(b)-S(f)  distance. 
In PdiTSel~, the analogous Pd(d)-Pd(e) distance is This appears to be somewhat anomalous, but again 
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Table  3. Interatomic distances and standard error 
in RhlTS15 

Analogous 
Pdt7Sel5 

Atom Neighbors Distance a distance 

Rh(b) 6 S(f) 2.336 ~ 0.016 .~ 2.576 tit 

Rh(d) 4 S(j) 2.378 0"009 2.527 
2 Rh(e) 2-588 0-007 2.781 

Hh(e) 4 S(i) 2.291 0.008 2.438 
l Rh(d) 2.588 0.007 2.781 
4 Rh(e) 3.348 0-007 3.566 

Rh(m) 1 S(i) 2.261 0.010 2.430 
I S(f) 2.342 0.010 2.492 
2 S(j) 2.349 0.006 2.509 
1 Rh(m) 2.844 0.004 3.184 
2 Rh(m) 2.846 0.003 3.137 
2 Rh(m) 2.984 0"003 3.029 

S(f) 4 S(f) 3.304 0.022 3.643 
4 S(j) 3.406 0.012 3.64l 
4 Rh(m) 2.342 0.010 2.492 
I Rh(b) 2.336 0.016 2.576 

S(i) 4 S(i) 3.238 0-009 3.445 
4 S(j) 3.210 0.007 3-440 
2 Rh(e) 2.291 0.008 2.438 
2 Rh(m) 2.261 0.010 2.430 

S(j) 2 S(f) 3.406 0.012 3.641 
4 S(i) 3.2 l0 0.007 3.440 
2 S(j) 3"362 0.013 3.572 
i Rh(d) 2.378 0.009 2.527 
4 Rh(m) 2.349 0.006 2.509 

e x a m i n a t i o n  of the  m e t a l - m e t a l  d i s tances  ind ica tes  
a possible reason.  The th ree  nea res t  R h ( m ) - R h ( m )  
dis tances ,  a l t h o u g h  0.16 _~ longer t h a n  the  e l e m e n t a r y  
dis tances ,  are r e l a t ive ly  cons ide rab ly  shor te r  t h a n  the  
ana logous  P d - P d  d i s tances ;  the  nea res t  ne ighbor  
P d ( m ) - P d ( m )  d is tances  average  3.15 ~ which  is 
0.40 A longer  t h a n  the  e l e m e n t a r y  d is tance .  Thus  i t  
appear s  t h a t  in Rh~TS~5 the  R h - g h  bonds  are in 
general  s t ronger  t h a n  the  P d - P d  bonds  in  PdlTSe15. 
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Neutron Diffraction Study of A m m o n i u m  Perchlorate  

BY H. G. SMITH AND H. A. LEVY 

Chemistry Division, Oak Ridge National Laboratory,* Oak Ridge, Tennessee, U . S . A .  

(Received 30 October 1961) 

A neutron diffraction s tudy of single; crystals  of NHaCI() 4 at  room temi)erature has indicated tha t  
the orientat ion of the ammonium ion in the crystal  is random, and suggests tha t  it is undergoing 
free or nearly free rotation. 

I n t r o d u c t i o n  

A room t e m p e r a t u r e  single c rys ta l  s t udy  of a m m o n i u m  
perch lora te  was u n d e r t a k e n  in order  to compare  the  
s t r u c t u r e  of th i s  c o m p o u n d  wi th  the  ' i somorphous '  
c o m p o u n d  h y d r o n i u m  perch lo ra te  (also unde r  in- 
ves t iga t ion  by the  authors) .  A s t ruc tu re  compr is ing  
an  ordered,  h y d r o g e n - b o n d e d  a r r a n g e m e n t  of the  
a m m o n i u m  ions h a d  been sugges ted  from X- ray  

* Operated for the U.S. Atomic Energy Co,nmission by 
Union Carbide Corporation. 

difference Four ie r  pro jec t ions  by  V e n k a t e s a n  (1957). 
This  a r r a n g e m e n t ,  however ,  is not  cons i s ten t  w i th  the  
presen t  n e u t r o n  d a t a  which suggests  t h a t  the  am- 
mon ium ion is undergo ing  essent ia l ly  free ro ta t ion .  
The recent  inf ra- red  (Wadd ing ton ,  1958), nuc lear  
magne t i c  resonance  ( N M R )  (Ibers,  1960, and  R icha rds  
& Schaefer,  1961), hea t  capac i ty  (,Justice & W e s t r u m ,  
]961) and  cold n e u t r o n  (Rush,  Tay lo r  & Havens ,  
1961) s tudies  s t rong ly  suppor t  these  results .  The  
0H3C104 n e u t r o n  d i f f rac t ion  s t u d y  in  which the  
0 H ~  ion is disordered,  b r t  not  ro ta t ing ,  will be 
repor ted  a t  a la ter  date.  


