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Three new PdP&, (0 c y < 1) compounds have been prepared between the known end members, PdP, and 
PdS2, as well as certain selenide isotypes. The semiconductors, PdPS (orthorhombic, P2, ca or Pmcu) and PdPSe, 
were obtained from the elements by reaction at autogenous pressure. The metallic, pyrite-type compounds 
PdPO.& .33 and PdPO.,$el .41, as well as a second metallic type phase of approximate composition PdP0.33S1.67r 
were prepared under high pressure in a tetrahedral anvil device. The unrelated thiophosphate Pd3(PS& (trigonal, 
P3ml) was also obtained at autogenous pressure. The crystal structure of this semiconductor was solved by 
refinement of X-ray powder intensity data using trial and error methods. Reactivity was much lower in the 
related Pt systems and only substitution of small amounts of S for P in pyrite-type PtP, was observed. 

Introduction 
Ternary pnictide chalcogenides MZX of the d6-8 

transition metals have been studied by Hulliger 
(Z-3), Hahn and Klingen (4), and Banus and Lavine 
(5). Essentially the complete series of phospho- 
sulfides and selenides for the d6 iron group, i.e., the 
semiconducting arsenopyrite-type compounds 
FePX, RuPX, and OsPX (X = S, Se), and for the 
d’ cobalt group, i.e., the semiconducting pyrite-type 
compounds COPS, RhPS, and IrPS as well as the 
pyrite-related ullmannite-type compounds RhPSe 
and IrPSe, are reported. Of the possible d*-nickel 
group phosphosulfides and selenides, however, only 
the metallic pyrite-type compound NiPS is de- 
scribed. In contrast, pyrite- or ullmannite-type ar- 
senic, antimony, and bismuth sulfides and selenides 
of both palladium and platinum form readily (I), 
i.e., PdAsS, PdAsSe, PdSbS, PdSbSe, PdBiSe, PtAsS, 
PtSbS, PtSbSe, etc. In view of this discrepancy, it 
was of interest to investigate the reactivity of Pd and 
Pt with P plus S or Se under a wide range of reaction 
temperatures and pressures in an effort to obtain 
further information on this series of compounds. 

Experimental Section 
Preparation of Compounds 

Reactions were carried out at autogenous to 3 
kbar pressure in sealed and evacuated silica tubes, 

*Contribution No. 1761. 
3t 

or at pressures of 2s6.5 kbar in a tetrahedral anvil 
device of National Bureau of Standards design (6). 
Sealed-tube reactions at autogenous pressure were 
run in a unit capable of being heated to 1100°C and 
pressured to 200 atm with argon to act as a back-up 
to prevent rupture of the silica tubes from internally 
developed pressure. At 3 kbar pressure, reactions 
were also run in sealed, evacuated silica tubes in a 
bomb pressured with argon and capable of being 
internally heated by a platinum resistance furnace 
to a temperature of about 1400°C. The silica flowed 
around the sample, thus allowing transmittal of this 
higher pressure. The high-pressure runs were made 
in boron nitride crucibles. The operating procedures 
and calibration points for the tetrahedral anvil have 
been described previously (7). 

Reactants (>99.99 % pure) in elemental form were 
ground together and pelleted prior to reaction. 
Depending upon reactant densities, pellets charged 
in anvil reactions weighed about 0.5-I g. and those 
in sealed-tube reactions about 0.5-2 g. Heating 
cycles were as follows : (1) 20-65 kbar pressure/heat 
2 hr at lOOO-12OO”C/cool 4 hr to 400”C/quench; 
(2) 3 kbar pressure/heat 2 hr at 12OO”C/cool4 hr to 
400”C/heat off; and (3) autogenous pressure/heat 2 
hr at 9OO”C/cool 3 hr to 600”C/heat off. Impurities 
in the reaction products such as sulfur and unstable 
phosphorus sulfides and selenides were removed by 
an initial extraction with CS2 followed by treatment 
with warm water or water-acetone mixtures. An 
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ultrasonic bath was used to aid in dispersing the 
impurities for subsequent decantation. Products 
were then air dried following a final acetone treat- 
ment. 

Analytical 
Following digestion of the phosphochalcogenides 

with an oxidizing acid, palladium was determined 
by the standard dimethylglyoxime precipitation 
technique. A sodium peroxide-Parr bomb fusion 
was used to convert S and P in these materials to 
sulfate and phosphate. Palladium was removed 
from the acidified oxidation products with an ion- 
exchange resin. Sulfur was then determined as 
BaS04 and phosphorus by the ammonium phospho- 
molybdate procedure. 

Density measurements were made on IO-100 mg 
of solid sample pieces by a liquid displacement 
technique using bromoform. 

X-Ray Data 
Single-crystal data were obtained from precession 

photographs. X-Ray powder diffraction patterns 
were taken at 25°C with a Debye-Scherrer camera 
or a Hagg-Guinier camera which used mono- 
chromatic CuK,, radiation and a KC1 internal 
standard (a = 6.293 1 A). Films were read on a David 
Mann film reader, model No. 1222. Cell dimensions 
were refined by a least-squares method and showed 
a standard deviation of &O.OOl A or less. 

Electrical and Optical Measurements 
Electrical resistivity was measured on single 

crystals using a four-probe technique. Activation 
energy of resistivity, E,, is defined by the relation 
p = po &/k’-. 

The optical band gap of some of the phospho- 
sulfides was determined from absorbance measure- 
ments made on thin (25-35 p) single-crystal platelets 
with a Cary 14 Spectrophotometer over the wave- 
length range 0.2-2 CL. The index of refraction of PdPS 
could be adventitiously derived from one such 
measurement in which a periodic variation of trans- 
mission with wavelength occurred because of inter- 
ference between directly transmitted light and that 
internally reflected from the fairly smooth, plane- 
parallel crystal platelet faces. 

Results 

PdPS 
With an atom ratio of reactants of Pd: P: S = 

1: 1: I, the compound PdPS was obtained essentially 

as single-phase material at reaction pressures rang- 
ing from autogenous to 65 kbar. Crystals were 
usually in the form of silvery, laminar platelets, but 
small parallelepipeds were also isolated from some 
runs at autogenous pressure. The compound PdPS 
mixed with other Pd phosphosulfides was also 
obtained from reaction charges of Pd : P : S = 1: 1: > 2 
that were heated at pressures below 40 kbar. It was 
not observed to form when these same reaction 
charges rich in sulphur were heated at 600-1200°C 
and a pressure of 65 kbar. 

Elemental analyses were made on crystals pre- 
pared at 65 kbar/l200”C. Analyses calculated for 
PdPS: Pd, 62.80; P, 18.28; S, 18.92. Found: Pd, 
60.92; P, 17.80; S, 20.31. This compound was stable 
to about 800°C when heated in an argon atmosphere. 

Single crystal X-ray data indicated PdPS to have 
orthorhombic symmetry in space group P2, ca or 
Pmca. Cell dimensions a = 5.693, b = 13.305, and 
c = 5.678 A were obtained by refinement of Guinier 
X-ray powder data (Table I). A unique composition 
is indicated by the fact that these same cell dimen- 
sions were obtained on products prepared through- 
out the pressure range autogenous to 65 kbar. In 
addition, variations in the ratio of starting materials, 
which still gave this orthorhombic phase as one of 
the reaction products, led to no variation in these 
cell dimensions. Crystals had a measured density of 
5.13 g/cm3; the calculated density for eight formula 
weights of PdPS per unit cell is 5.22 g/cm’. 

Four-probe resistivity measurements on singIe- 
crystal PdPS showed it to be a semiconductor with . 
resistivities p2980K 9 x 1O’and p4250K 3 x IO4 ohm-cm, 
and an activation energy of resistivity, E,, of 0.7 eV. 
From optical transmission measurements on a 
crystal platelet, a band edge near 0.9~ was observed, 
indicating an optical band gap, dE, of about 1.38 
eV. The geometry of the crystal used in this optical 
measurement was such that the refractive index, n, 
of PdPS could be determined from the same data. 
A value of n between 3.1 and 3.6 was calculated. 
Magnetic susceptibility measurements showed PdPS 
to be diamagnetic. 

PdPSe 
With an atom ratio of reactants of Pd:P: Se = 

1: 1: 1, the compound PdPSe was isolated at reaction 
pressures ranging from autogenous to 20 kbar. 
Silvery, blade-like crystals were obtained. Traces of 
PdPSe were also observed in products prepared at 
45 kbar pressure, but not in those heated at IOOO- 
1200°C and 65 kbar pressure. Analyses calculated for 
PdPSe: Pd, 49.18; P, 14.32. Found: Pd, 49.94,49.96; 
P, 15.11, 15.18. 
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TABLE1 
X-RAYDIFFRACTIONPOWDER PATTERNSOF PdPX 

PdPS PdPSe 

hkl dobs -0- 
020 6.6500 
011 5.2171 
120 -- 
111 3.8465 

m-w -- 
031 -- 
121 3.4413 
040 3.3250 
131 2.9773 
200 2.8443 
002 2.8380 
210 2.7826 
050 -- 
220 2.6167 
141 -- 
211 2.4981. 
112 2.4948 
230 2.3975 
122 2.3739 
231 -- 
151 -- 
042 2.1591 
241 -- 
202 2.0099 
212 l-9873 
250 -- 
052 -- 
300 -- 
310 -- 
152 -- 
251 -- 
232 1.6310 
113 1.7798 
260 -- 
033 -- 
321 1.7376 
123 1.7341 
162 -- 
331 -- 
133 1.6648 
252 -- 
302 1.5777 
312 -- 
213 i.5648 
181 -- 
262 1.4895 

--- -^ 
233 -- 
400 1.4235 
004 1.4194 
420 -- 
191 -- 
352 -- 
073 -- 
034 -- 
114 -- 
323 1.3138 
204 -- 
144 1.2725 

1110 dabs I/IO --- 
5 -- se 

15 -- -- 
-- -- e- 

100 3.9515 55 
-- -- -- 
-- 3.5680 20 
20 -- -- 

15 E:,": loo 5 - 10 
5 -- -- 

z 2.9131 2.8621 55 60 
-- 2.7127 30 

5 2.6932 20 
-- 2.6199 35 z 2.5633 -- 65 -- 
10 2.4571 25 

5 -- -- 
-- 2.2653 35 
-- -- -- 
10 2.2103 25 
-- 2.0697 2 
:"5 

+ii; 

30 -- 

-- . 10 
-- -- -- 
-- 1.9497 5 
-- -- -- 
-- 1.8795' 50 
-- -- -- 
7: 1.8263 -- 40 -- 

-- -- -- 1.7843 85 
CJJ -- -- 
20 _- -- 
-- 1.7089 15 
-- -- -- 
2 -- -- 

-- 1.6427 5 
15 1.6218 15 
-- 1.6098 15 
2 -- -- 

-- 1.5693 15 
2 1.5249 20 

-- -- -- 
-- -- e- 

: 1.4643 -- -5 
-- 1.4111 20 
-- 1.4i55 15 
-- 1.3914 5 
-- 1.3731 5 
-- -- -- 
-- 1.3475 5 
20 -- -- 

412 1.2665 
214 1.2646 

-- 1.3041 5 
5 -- _- 

10 -- -- 
15 -- _- 

15 4 -- -- 1.2541 5 

dam 

6.7350 
5.2507 
4.4208 
3.8858 
3.7416 

mm 
3.4689 
3.3684 
3.0010 

-- 
2.8528 
2.8014 
2.7000 

-- 
2.5949 
2.5252 

-a 
2.4156 

-- 
-- 

2.2389 
2.1764 

-- 
2.0191 
1.9999 

-- 
1.9529 

-- 
1.8912 

-- 
1.8616 
1.8434 
1.7892 
1.7715 
1.7487 

-- 
-- 
me 

1.6784 
-- 
me 
-- 
-- 
__ 
__ 
me 

1.5126 
1.4951 

-- 
-- 

1.4036 
-- 
-- 
-- 

1.3582 
-- 

1.3215 
1.2761 

-- 
-- 
-- 

I/I, 
15 

5 

7: 
5 

-- 
30 

100 
25 

so 

:: 
-- 
10 
25 
-- 
25 
-- 
-- 

z: 
-- 
20 
25 
-- 
15 
-- 
10 
-- 
20 

205 
60 
70 
-- 
-- 
-- 
5 

-- 
-- 
-- 
-- 
-- 
-- 
-- 
5 
5 

-- 
-- 
15 
-- 
-- 
-- 
2 

-- 
5 
5 

-- 
-- 
-- 

The Debye-Scherrer X-ray diffraction powder 
pattern of PdPSe (Table I) could be indexed on the 
basis of an orthorhombic unit cell with a = 5.856, 

b = 13.569, and c = 5.824 A. As with PdPS, varia- 
tions in both reaction pressures and the ratio of 
starting materials, which still gave this phase as one 
of the reaction products, led to no variation in 
equivalent d values in the X-ray diffraction patterns. 
The similarity in the powder patterns of PdPS and 
PdPSe suggests that these two compounds are 
isotypic. A structure determination will be done on 
PdPSe. 

Four-probe resistivity measurements on single- 
crystal PdPSe showed it also to be a semiconductor 
with resistivities phO”k 4 x lo33 P300"K 30, and P400"K 
1 ohm-cm, and an activation energy of resistivity, 
E,, of 0.15 eV over the temperature range 300- 
400°K. 

PdPS,Se, --x 
Reactions of Pd:P:S:Se in 1:1:0.75:0.25; 

1: 1:0.5 :0.5, and 1: 1: 0.25 : 0.75 atom ratios at 20 
kbar/lOOO”C gave similar products comprising 
silvery, blade-like crystals. Like PdPSe, these 
quaternaries also had X-ray diffraction powder 
patterns that appeared to be isotypic with that of 
PdPS and the majority of their reflections could be 
indexed on the basis of orthorhombic unit cells 
similar to those of PdPS and PdPSe, i.e., a = 5.738- 
5.788, b = 13.499-13.544, and c = 5.698-5.770 A. 
The diffraction pattern for a phase of approximate 
composition PdPS,.,,Se,.,, is listed (Table I). 

In contrast to the formation of PdPS at lOOO- 
12OO”C/65 kbar from an atom ratio of Pd: P: S = 
1: 1: 1, a change in reactants so that the ratio of 
S:P is greater than unity gives, under the same 
high-pressure conditions, several new phases in- 
cluding silvery crystals of a pyrite-type compound 
PdPo.&.33~ An essentially unique composition for 
this latter product is suggested by the fact that the 
same cell dimension, a = 5.844 A (Table II), was 
obtained on products prepared from a range of 
starting materials in which the charge ratio of S : P 
varied from 1.5 : 1 to 3 : 1 and the charge ratio of 
Pd: P varied from 1.5 : 1 to 1: 1. Analytical and 
density data confirmed the approximate non- 
stoichiometric composition PdP,.$r ,33, in contrast 
to the stoichiometric pyrite-type phase PdPS hypo- 
thesized in the literature (I). Analyses were obtained 
upon small lots of crystals isolated from runs pre- 
pared from the following atom ratios of the 
elements: Pd:P:S=(a) and (b) 1:1:2, (c) 1:1:1.5, 
(d) 1: 0.67: 1.33. The data indicate a S : P ratio of 2: 1 
in the pyrite phase. Analyses calculated for pyrite- 
type PdP0,67S,.33 with a= 5.844 A; P, 12.17; S, 



PALLADIUM AND PLATINUM PHOSPHOCHALCOGENIDES 303 

TABLE II 

X-RAY DIFFRACTION POWDER PA~ERNS OF PdP,Xzmy 
PYRITE-TYPE PHASES 

hkl d obsd IlLI d ab%i I/IO 

111 
200 
210 
211 
220 
221 
311 
222 
320 
321 
400 
410 
331 
420 
421 
332 
422 
511 
520 
521 
440 
531 
600 
610 
61 1 

620 
621 
533 
622 
444 
632 
711 
640 
720 
721 
642 
731 

3.3870 85 
2.9315 90 
2.6204 45 
2.3913 45 
2.0702 90 
1.9535 10 
1.7644 100 
1.6889 60 
1.6224 25 
1.5632 30 
1.4622 10 
1.4180 5 
1.3419 60 
1.3077 50 
1.2767 5 
1.2464 5 
1.1937 70 
1.1251 60 
1.0859 10 
1.0679 10 
1.0332 25 
.9878 30 
.9742 25 

3.4938 35 
3.0269 100 
2.7071 70 
2.4711 70 
2.1395 60 
2.0202 5 
1.8252 100 
1.7471 25 
1.6789 40 
1.6183 50 

- 
.9485 
.9242 
.9125 
.8913 
.8812 
.8434 
.8352 
.8184 
.8104 
.8027 
.7953 
.7810 

- - 
1.4676 2 
1.3887 20 
1.3539 25 
1.3208 15 
1.2902 10 

1.2358 15 

1.1648 50 
1.1237 15 
1.1057 10 
1.0700 30 
1.0230 10 
1.0094 20 
.9959 5 
.9819 15 
.9578 10 

.9463 5 
.9240 15 

- 

- 
5 

10 
2 

20 
15 
5 
5 

70 
70 
10 

5 
50 

- 

- 
- 
- - 

.8477 5 

.8397 20 

.8319 10 

.8241 10 

.8091 15 

.7885 2.5 

25.17; density, 5.65 g/cm’. Found: (a) P, 12.4; (b) 
P, 13.03; S, 26.36; S:P = 1.95: 1 atom ratio; (c) P, 
12.47; S, 27.57; S:P=2.14: 1 atomratio; (d) density, 
5.66 g/cm). 

High pressure is necessary and the ratio of starting 
materialsiscriticalin thepreparationofPdP0,$S,,33. 
Thus, this phase was obtained at 65 kbar but not 
at 40 kbar from the atom-charge ratios Pd: P: S = 
1: 1: 1.5-3.0 and 1:0.67: 1.33. Under the same 
reaction conditions and at atom-charge ratios of 

Pd:P:S=l:l:l or 1:2:1, the compounds PdPS 
(orthorhombic) or PdPS plus PdP2 (monoclinic) 
were obtained instead. 

Four-probe resistivity measurements on a single 
crystal of this pyrite-type phase showed it to be 
metallic with an essentially invariant resistivity, 
p4.2”K 1.7 x 1o-4, p298”K 2 x 10m4 ohm-cm. Magnetic 
susceptibility measurements indicated Pauli para- 
magnetism with a temperature-independent value of 
xs 0.20 x lop6 emu/g over the measured range 
77-300°K. 

PdP,Se,+ (0 < y < 1) 
Selenide-containing, pyrite-type phases PdP,Se,-, 

were also obtained at high pressure. In contrast to 
PdPo.&.m a variable ratio of Se: P is indicated 
since unit cell dimensions over the range a = 6.05- 
6.13 A were observed in products prepared from 
different ratios of starting materials and at differ- 
ent temperatures and pressures. Thus, pyrite- 
type PdP,Se2-, was obtained from such atom- 
charge ratios as Pd:P:Se= l:l:l, 1:0.5:1.5, and 
1:0.67: 1.33-2.67 and at pressures of 40-65 kbar. 
Traces of this phase were also detected in runs made 
at 25 kbar but not at 20 kbar pressure. 

Reaction of Pd: P: Se = 1: 1: 1 at lOOO”C/65 kbar 
gave silvery, crystalline material as one phase. 
Debye-Scherrer X-ray diffraction powder data in- 
dicated these silvery crystals to have a pyrite-type 
structure of cell dimension a = 6.056 A (Table II). 
Their measured density was 7.06 g/cm3, indicating 
an approximate composition PdP0.s,Se,,41. Golden 
crystals also present were identified as monoclinic 
PdP,. The presence of PdP2 along with the pyrite 
phase confirms the fact that the stoichiometry of the 
latter has a ratio of Se to P greater than unity. This 
phase also showed metallic conductivity. 

PdP -0.33 s-1.67 

In addition to the pyrite-type compound 
PdPo.,,%.33 obtained at 65 kbar pressure, reaction 
of an atomic ratio of Pd:P:S=l:1:3 at 1200- 
lOOO”C/65 kbar gave a second silvery, crystalline 
phase. X-Ray patterns of these materials could be 
indexed for the most part on the basis of tetragonal 
cells whose dimensions (a - 5.63-5.67, c - 6.4% 
6.43 A) related to those of orthorhombic PdPS. 
Variations observed in the X-ray patterns of these 
“tetragonal” materials as obtained from different 
syntheses suggested changes in composition and 
probable crystal symmetry as well. Analyses on one 
product made at lOOO”C/65 kbar indicated a higher 
sulfur content than in the pyrite phase PdP0,67S1,33 
but with the essential 2: 1 ratio of anions to cation 
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TABLE III 

X-RAY DIFFRACTION POWDER PATTERN 
OF PdP-o.d-I.&’ 

hkl 

111 
002 
200 
--- 

201 
112 
211 
202 
220 
221 
311 
222 
--- 

321 
400 
313 
331 
420 
332 
422 
333 
--- 

225 
404 
424 

3.395 100 
3.245 60 
2.817 85 
2.712 2 
2.591 5 
2.511 10 
2.351 10 
2.126 70 
1.992 40 
1.901 35 
1.718 80 
1.698 40 
1.567 15 
1.518 10 
1.408 10 
1.374 20 
1.300 10 
1.259 10 
1.230 5 
1.173 20 
1.131 10 
1.093 15 
1.086 15 
1.062 5 

.9949 10 

.9531 10 

a Tetragonal cell dimensions: 
a = 5.63A and c = 6.48k 

still pertaining. Analyses calculated for PdP,,,,S, .67 : 
P, 6.06; S, 31.41. Found: P, 6.41; S, 31.81. The 
Debye-Scherrer X-ray powder pattern of this com- 
position is given in Table III. Like the pyrite phase, 
an essentially invariant resistivity was observed on 
this material, p4,2DK 9.3 x 10m4, p2980K 8.5 x 10e4 
ohm-cm. 

High pressure (above 40 kbar) was found to be 
necessary for the synthesis of this phase rich in 
sulfur and high temperature also favored its forma- 
tion. Thus at 65 kbar pressure, runs at 1000, 800, 
and 600°C gave decreasing yields with PdS being the 
main product formed at 600°C. 

W(Wz 
Reaction of an atom ratio of Pd : P : S = 1: 1: 2.5- 

3.5 in sealed silica tubes at 900”C/autogenous pres- 
sure or 12OO”C/3 kbar pressure gave the compound 
Pd,(PS4)2 in the form of red-purple crystals, with 

many as hexagonal platelets. Small amounts of 
silvery PdPS plus yellow-orange phosphorus sul- 
fides formed at the same time. This latter impurity 
was removed by hot water treatment as described 
in the Experimental Section. Reaction pressures up 
to 25 kbar have given products containing Pd3(PS4)2 
as one of the phases but at 45 kbar or higher forma- 
tion of this composition was not observed. Reactant 
ratios of S:P greater than unity are also a requisite 
to obtain this phase. 

Elemental analyses were made on several batches 
of crystals prepared at autogenous pressure. 
Analyses calculated for Pd3(PS4)* : Pd 50.06; P, 9.72; 
S, 40.23. Found: Pd, 49.43, 51.10, 51.89; P, 9.05, 
9.38, 9.67, 9.69, 9.90, 9.91; S, 41.51, 41.53. This 
compound was stable to about 730°C when heated 
in an argon atmosphere. In oxygen, oxidation 
commenced around 450°C. 

Single-crystal X-ray data indicated Pd3(PS4)2 to 
have trigonal symmetry in space group P321, P3m1, 
or Pgml. Hexagonal cell dimensions a = 6.836 and 
c = 7.239 8, were obtained by refinement of Debye- 
Scherrer X-ray powder data. A unique composition 
is indicated by the fact that the same cell dimensions 
were obtained from products prepared over the 
pressure range autogenous to 25 kbar as well as from 
a variety of reactant ratios. These included Pd : P: S = 
1: 1: 1.5-3.5, 1:0.5-0.67: 1.5-1.33, and 1:0.67:3. 
Other phases including PdPS and PdS formed in 
variable amounts at the same time. Crystals had a 
measured density of 3.57 g/cm3; the calculated 
density for one formula weight of Pd3(PS4)2 per unit 
cell is 3.61 g/cm3. 

The crystal structure was solved by refinement of 
X-ray powder intensity data (Table IV) using trial 
and error methods. Relative intensities were col- 
lected from a diffractometer tracing by obtaining 
relative weights of the peaks. The sample was 
prepared by grinding, passing through a 325-mesh 
screen, and sprinkling on a glass slide coated with 
Vaseline. A Norelco diffractometer was used at a 
scanning rate oft deg/min with the chart scaled to 
1 in./deg. Twenty-one pieces of data were collected, 
Least-squares refinements were done using a pro- 
gram written by Dr. C. T. Prewitt which handles the 
sums of nonequivalent overlapping reflections. 
Atomic scattering factors were obtained from 
“International Tables for X-Ray Crystallography,” 
Volume III, Tables 3.3.1 and 3.3.1B. The real and 
imaginary parts of the anomalous dispersion correc- 
tion and Lorentz and polarization factors were 
applied during the refinements. 

Atomic positions were chosen on the assumption 
that the structure was related to the CdIz-type since 



PALLADIUM AND PLATINUM PHOSPHOCHALCOGENIDES 305 

TABLE IV 

X-RAY DIFFRACTION POWDER PATTERN AND OBSERVED 
AND CALCULATED INTENSITIES OF PdJ(PS& 

hkl --- 
001 
100 
1 0 1‘ 

-j 101 
002 
110 
111 
102 1 1OT 
200 
201 

1 2or 
112 
003 
202 

-1 202 
103 
103 
210 1 

300 
212 
212 
301 

I 301 
203 

> 203 
004 
302 
220 
221 
31 
213 4 
213 
11 
311 7 311 
204 
201/ > 222 

_ 00 
401 3 4oi 
214 
223 
402 
304 
205 
322 
225 

d obs. 

7.2313 
5.9272 
4.5911 

dcalc. 

7.2390 
5.9285 
4.5586 

3.6172 
3.4387 

3.0926 

2.9623 
2.7416 

3.6195 
3.4228 
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it is layer-like and has the same space group (P%l). 
In comparison to the CdI,-type, the a axis is doubled 
and the compound is cation deficient. In CdI,, there 
is one formula per unit cell, and the cations are 
placed at 0, 0, 0 and the anions at 3, 3, z; 5, 3, ,? 
with z = t. In Pd3P,S8, the three Pd atoms were 
placed in the special positions 3e; 3, 0, 0; 0, 5, 0; 
and 3, 3, 0. Six S atoms were placed in positions 6i; 
x, 2, z with x = i and z = 4. The remaining two S 
atoms were placed in positions 2d; 3, 3, z where 

z = 3. This assignment results in a square-planar 
arrangement of the sixfold group of S atoms about 
the Pd atoms; the remaining two S atoms are at an 
angle of 102” from the plane and bonded at a much 
longer distance from the Pd. The coordination of 
each Pd may be considered a very distorted, 
elongated octahedron. The two P atoms were 
placed at positions 2d; 3, 3, z with z = 0.3. This 
places the P atoms in sites surrounded tetrahedrally 
by four S atoms. 

Refinements of these positions and isotropic 
temperature factors were carried out, and an R 
factor of 0.07 was obtained based on intensities. The 
temperature factors, however, behaved badly and 
rose to 6 and 7 for the S atoms and became negative 
(-0.65) for the P atoms. This behavior of the 
temperature factors could be caused by insufficient 
data or by disorder in the structure due to stacking 
faults. The structure, however, appears to be essen- 
tially correct. Another refinement was done in which 
the temperature factors of the S atoms were held at 
2.5 and those of the P atoms at 1.0. The positional 
parameters and isotropic temperature factors of Pd 
were refined, and an R factor of 0.065 was obtained. 
These parameters were used for calculation of bond 
distances and angles. 

The intensity data are shown in Table IV. Refined 
parameters and bond distances and angles are shown 
in Table V. The numbers of the atoms correspond 
to the numbers of the atoms on the structure (Fig. 
1). The errors in bond angles and distances are quite 

TABLE V 

REFINED PARAMETERS AND BOND DISTANCES AND ANGLES 
FOR PdI(PS& 

(Space group Phi) 
Wyckoif ---------- Temperature 

Atom notation x Y z factor 

Pd 3e l/2 0 0 2.1(6) 
S 6i 0.174(2) 2 0.177(5) 2.5 
s 2d l/3 2/3 0.58(l) 2.5 
P 2d 1,13 2/3 0.30(l) 1.0 

Atoms” Distance in A Angle in degrees 

S(l)-Pd(l)-S(2) 2.32(3) 2.32(3) 90(l) 
S(l)-Pd(l)-S(5) 2.32(3) 2.32(3) 90(l) 
S(l)-P(l)-S(2) 2.10(5) 2.10(5) 102(3) 
S(l)-P(l)-S(3) 2.10(5) 2.00(10) 116(3) 
S(4)-Pd(2)-S(3) 2.32(3) 3.59(8) 102(l) 

4 Atom numbers correspond to numbers in Fig. 1. 
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0 Pd 

0 s 

e, P 
FIG. 1. Crystal structure of Pd,(PS,),. 

large, and refinement from single-crystal data is 
indicated. 

Four-probe resistivity measurements on single- 
crystal Pdj(PS& showed it to be a semiconductor 
with resistivities f2,s0k 7 x lo’, p3000K 4 x 106, 
pja5”k 3 x lo4 ohm-cm and activation energy of 
resistivity, E,, of 1 eV. Optical transmission was 
measured on a flat platelet some 25 p thick and a 
band edge of 0.55 p was observed, indicating an 
optical band gap, AE, of about 2.2 eV. Magnetic 
susceptibility measurements showed Pd3(PS4)2 to be 
diamagnetic. 

PdP2S7 
In addition to the silvery, crystalline PdP0.67S1.33 

and PdP,o,xjS- 1.67 phases obtained at 65 kbar 
pressure, reaction at 12OO”C/65 kbar of an atom 
ratio of Pd: P: S = 1: 1: 3 also gave a glassy-appear- 
ing, blue-black product in the form of irregularly 
shaped and conchoidally fractured chunks. This 
material was amorphous to X-rays. Analyses 
approximated the polyanion composition PdP2S,. 
Calculated: Pd, 27.09; P, 15.77; S, 57.14. Found 
P&ax - 25 by emission spectroscopy; P, 16.59; S, 
55.60; density, 2.90 g/cm3. Slow hydrolytic decom- 
position of this material was observed. 

PtP,S&Y 
Analogous reactions to those forming new Pd 

phosphosulfides were also carried out between Pt, 
P, and S. Thus such atomic ratios of Pt : P: S as 
2:1:3, 1:0.67:1.33, l:l:l, and 1:1:3 were heated 

at lOOO”C/65 kbar and 900-1000”C/200 atm backup 
pressure in sealed silica tubes. At autogenous 
pressures, the known CdI*-type Pt& and pyrite-type 
PtP2 (a = 5.696 A) phases were obtained with PtS 
also being identified at times. At 65 kbar pressure, 
a small amount of S was forced into the PtP2 
pyrite-type lattice since the unit cell size increased 
to 5.729 A. None of the other intermediate phospho- 
sulfides obtained in the Pd system was observed to 
form with Pt. 

Discussion 

PdP&-,, Compounds (0 G y G 2) 
The three compounds PdPS, PdP0.67S1.33, and 

PdP,0.33S,,.,7 having essentially a 2:l ratio of 
anions to cation have now been found to exist 
between the known end members, PdP2 and PdS2. 
Certain selenide isotypes have also been obtained. 
Both stoichiometry of reactants and reaction pres- 
sure are critical to the preparation of each of these 
compounds with the reaction pressure being varied 
from autogenous to 65 kbar. Reactivity is much 
lower in the related Pt system and only substitution 
of small amounts of S for P in pyrite-type PtP2 was 
observed. 

In monoclinic PdP2 (a), the P atoms form con- 
tinuous zig-zag chains along the a axis leading to 
a polyanion structure in which each P may be con- 
sidered to have a formal valence of -1. The coordina- 
tion of Pd+2 is square-planar with each metal atom 
being bonded to four P atoms, each from a separate 
chain. This PdP2 compound is a diamagnetic semi- 
conductor (9) in accord with the electronic structure 
of this type of d* configuration. The Nip2 isotype 
of PdP, converts to the pyrite-type structure at 
pressures above 15 kbar (IO), but the inherent 
stability of Pd in a square-planar arrangement seems 
to preclude a similar transition in PdP:, at least to 
pressures near 65 kbar (10). 

The other end member of this series, ortho- 
rhombic PdS2 (II), may be considered to have a 
distorted pyrite-type structure. Each Pd atom is 
surrounded by four S atoms, again in an essentially 
square-planar configuration. Two additional S 
atoms lie at a greater distance from the Pd on an 
axis approximately perpendicular to the plane of the 
other four S atoms. In this c direction, weak bonding 
between atoms leads to a layer-type material. This 
compound also shows the expected properties of a 
diamagnetic semiconductor (12). In contrast to 
PdP2, the application of 65 kbar pressure to PdS2 
has been observed in this laboratory and elsewhere 
(13) to lead to an appreciable shortening of the 
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Pd-S distances in the c direction. This reduction in 
distortion of the anion octahedron about Pd leads 
to metallic rather than semiconducting behavior in 
this high-pressure form of PdS2. 

Although structural studies will be necessary for 
positive confirmation, the following hypothesis is 
proposed to account for the properties of the three 
PdP,S,-, phases obtained in this work as inter- 
mediates between PdPI and PdS2. The apparent 
absence of any phases between PdP2 and PdPS 
suggests that the anions in these two compounds 
occupy distinct positions such that neither com- 
pound allows any range of substitution. The semi- 
conductivity and lamellar crystalline habit of the 
orthorhombic PdPS phase are indicative of the 
presence of square-planar Pdt2 and the existence of 
polyanions. The most probable anion configuration 
is a combination of [P-l], chains as in PdP2 and 
[S-Slm2 pairs as in PdS*. Thus formal valencies in 
PdPS would be Pd+2, P-‘, and S-i. 

PdP$, have also been prepared. Although errors in 
the bond angles and distances of Pdj(PS4)2 as 
derived from the present structure determination are 
relatively large, the structure obtained readily ex- 
plains the semiconducting and diamagnetic pro- 
perties of this compound. The data show Pd3(PS4)2 
to be a thiophosphate and thus the valences 2 * (PSJ3 
and 3 .Pd+2 may be assigned. Data on structure and 
properties of other thiophosphates including Cu3PS4 
(15, 16), BPS, (27), AlPS, (18), GaPS, (16), InPS, 
(16), and BiPS, (16,19), are reported throughout the 
literature. Pyrothiophosphates M2P2S, of Fe, Ni, 
Zn, Cd, and Pb are also indicated (20). 
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and no intermediate compositions are found, it 
seems that a specific excess of S is necessary to 
disrupt the [P-‘1, chains in PdPS to form this new 
compound. In pyrite-type PdP,.,,S,.3J, the anions 
are all paired; consequently, the formal valence of 
Pd is +25 with each atom having an average of 7+d 
electrons. According to the molecular orbital 
diagram for pyrite-type compounds (I4), six elec- 
trons occupy the t29 levels leaving 13 electrons in the 
e, conduction band. Thus the material exhibits 
metallic conductivity. 
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