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The infrared, polarized Raman, and inelastic neutron scattering spectra (650-10 cm-‘) of 
M&&&PS, and M~rsAg:.,& compounds, where M ” = Mn Cd, have been recorded and compared , 
with those of the related M”P& derivatives. It is shown that all these new metal-substituted systems 
maintain a bidimensional structure (CdC& type) consisting of P& entities, monometallic M”S6, and 
bimetallic (M’)& octahedra. The copper derivatives are disordered because of a random distribution 
of Cu& entities; meanwhile, the silver-containing lattices seem ordered. The vibrational modes as- 
signed to translational motions of Cur and Ag’ cations have been clearly identified in the low-frequency 
region (Y < 75 cm-‘). Finally, the magnetic and vibrational properties of the M~,,&I~.~~PS~ host lattice 
intercalated with Co(C,H& have been investigated; this definitely confirms the layered character of 
this new family of compounds. Q 1988 Academic Press, Inc. 

Introduction cal (3-5) and magnetic properties (3-6). 
For a long time, only FePS3 has been the 

The two-dimensional M”PS3 phases, subject of full X-ray structural determina- 
where M” is a transition metal ion, are tions (7) but recently accurate crystal struc- 
known to inter&ate guest molecules or tures of several MP& phases have been es- 
ions (Z-3) and to exhibit interesting electri- tablished (8-13). Their structure is related 

to that of CdC12, with metal ions and phos- 
* To whom correspondence should be addressed. phorus-phosphorus (P-P) pairs occupying 
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the cadmium positions and sulfur occupy- 
ing the chloride positions; the metal ions 
and P-P pairs are approximately octahe- 
drally coordinated in a distorted cubic 
close-packed lattice and the monoclinic 
structures result from the stacking of 
SM$j(P&I$ slabs developed in the 
(a x b) planes and separated by van der 
Waals gaps. 

In a preliminary communication (14), we 
reported the preparation and a survey of 
the structural, vibrational, and conduction 
properties of a new class of layer-type 
MP& compounds, Mft,MLP& where M’ 
= Cu (x = 0.13) or Ag (x = 0.5). We con- 
cluded that these new materials come from 
partial substitution of the M” ions within 
the layers and that the Cu’ ions are involved 
in a dynamic process responsible for 
the ionic conduction properties. Then, 
a complete structural determination of 
Mn0.87Cu0.26PS3 was established from sin- 
gle-crystal X-ray diffraction and powder 
EXAFS measurements (15). It turned out 
that in this lattice 13% of the Mn” ions are 
randomly substituted by bimetallic (CL?)~ 
pairs. The distorted layers thus contain 
(P&), (MnSb), and (SCu . . . CuS3) pseu- 
dooctahedra and they are still separated by 
empty van der Waals gaps. Consequently, 
these materials may behave as potential 
new host structures for intercalation reac- 
tions. 

The opportunity to obtain new host mate- 
rials in conjunction with interesting con- 
ductivity properties led us to carry out ad- 
ditional preparative and spectroscopic 
studies on other metal-substituted MP& 
phases, in particular, the above-mentioned 
Mn0.5Agl.,PS3 compound and the related 
cadmium derivatives, Cd0.&u0.26PS3 and 
CdO.~Agl.oPS~. Unfortunately, no single 
crystals suitable for X-ray studies were ob- 
tained in the latter cases and their detailed 
structures are still open to discussion. 
Nevertheless, much structural and dynamic 
information can be obtained from vibra- 

tional studies as emphasized in some previ- 
ous work devoted to M”P& (16-20) and 
Cr1~rgM~,5PS3 (21) compounds. 

We have thus carried out an extensive 
vibrational study of the title compounds to 
compare the structures of Mno.5Ag,.oPS3, 
Cd0.&u0.26P!$, and Cdo.sAg,.oP& with that 
of Mn0.&u0.26PS3. This paper reports a 
comprehensive infrared and Raman study 
and some incoherent inelastic neutron scat- 
tering investigations of these phases and 
of the intercalated Mn0.70Cu0.26PSj, [Co 
(C5HS)2],-.34 system. The accompanying pa- 
per (22) deals with a temperature-depen- 
dent analysis of the low-frequency vibra- 
tional spectra, providing better insight into 
possible ionic transport mechanisms. 

Experimental 

Synthesis 

The syntheses of polycrystalline Mno.87 
CU~.~~P!$ and Mno.5Ag,,0PS3 from appro- 
priate amounts of the pure elements have 
already been described (14, 15); Cd0.87 
CUO.~~PS~ and Cd0,5Ag,,0PS3 were ob- 
tained using the same procedure. The pu- 
rity of the samples was checked by chemi- 
cal analysis and powder X-ray diffraction 
methods; the observed stoichiometries cor- 
respond to the maximum degrees of metal 
substitution experimentally reached. How- 
ever, less substituted phases, with 0 < x < 
0.13 for Cur and 0 < x < 0.5 for Ag’, could 
also be prepared by decreasing the M’ con- 
tent in the reaction mixtures. Subsequent 
treatment by chemical transport yields the 
formation of single crystals of various qual- 
ities: Mn0.sCu0.26PS3 forms thin platelets 
(ca. 1.0 X 3.0 x 4.0 mm3) parallel to the 
layer planes (a, b), making it possible to 
record polarized Raman spectra and to per- 
form infrared absorption and reflection 
measurements (see below); alternatively, 
Mno.5Ag,.oPS3 and Cd0.&i0.26PS3 form con- 
glomerates with rough and overlapping 
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crystalline faces (ca. 0.2 X 0.2 mm2 and 1.0 
x 2.0 mm2, respectively) suitable for polar- 
ized Raman experiments. Finally, single 
crystals of Cd0.5Ag,.0PSx were never ob- 
tained. Intercalation of Mn0.87Cu0.26PS3 
has been performed by treating the host 
material with alcoholic solutions of 
(C5H&CoI, according to the method de- 
scribed in Ref. (23). From elemental analy- 
sis, this reaction leads to the stoichiometry 
Mno.~-1-yi2&d% [COW~SM~, where Y = 

0.34. 

Physical Measurements 

First, XPS and Auger spectra were re- 
corded at 240 K on polycrystalline samples 
of Mno.&Uo.2&$ to check that neither Cu” 
nor Cue centers were present (24). The 
Raman spectra were obtained on a triple 
monochromator Dilor RTUO instrument 
using the 5 14.5nm line of a Spectra Physics 
Model 164 Ar+ laser; weak exciting intensi- 
ties were generally used, ca. 100 mW for 
powder samples and ca. 5 mW for single 
crystals. 

Infrared spectra were recorded on a 
Perkin-Elmer 983 spectrometer (4000-200 
cm-‘), and on a Brucker IFS 113V interfer- 
ometer (300-20 cm-‘). Powder samples 
were dispersed in Nujol for absorption 
measurements or pressed into pure pellets 
for reflection analyses. Absorption and re- 
flection experiments on crystalline plate- 
lets, using the configuration E parallel to 
the (ab) layer planes, were carried out with 
a beam condenser (8x) and all the reflec- 
tion spectra were obtained at near-normal 
incidence (- 100). 

Inelastic neutron scattering (INS) experi- 
ments were performed at the Institut Laue 
Langevin (ILL, Grenoble, France) on the 
focusing IN6 time-of-flight spectrometer 
using an incident wavelength of 5.9 A and 
covering the 0.245-1.734 A-’ range of 
momentum transfer. The powder sample 
M~~.&u~.~~PS~ was contained in a circular 

slab-shaped aluminum container (4 = 5 cm) 
and its thickness was adjusted to ensure a 
transmission better than 90% to minimize 
multiscattering processes. The data reduc- 
tion program CROSSX (25) was used to cal- 
culate the incoherent scattering law Sinc(a, 
f3), where cz = hQ212kTM, j3 = hwlkT. To 
compare INS results with optical data, the 
frequency distribution function 

p(p) = 2p sinh /3/Z lhnq [’ -1 
was calculated using the extrapolation pro- 
cedure (26) performed with the program 
Florence at the ILL. 

Finally, the magnetic susceptibility mea- 
surements were performed with use of 
the Faraday method between 402 and 
300 K. The x&‘-versus-temperature curves 
strongly resemble the behavior observed in 
MnP& intercalates (27, 28). 

Results and Discussion 

Vibrational Spectra of the M{‘_,MLPSj 
Compounds 

In Fig. 1, one can compare the infrared 
absorption and Raman scattering spectra 
(650-10 cm-‘) of MnPS3, Mn0.&u0.26PS3, 
and Mno.sAg,.oPS3 and of CdP&, Cd0.s7 
CU~,~~PS~, and Cdo.sAg,,oPS+ The infra- 
red reflection spectra of the manganese- 
containing compounds are also included. 
The polarized Raman spectra ((Y,, and cr,, or 
cuy, components) obtained from oriented 
single crystals are shown in Fig. 2. All cor- 
responding band wavenumbers and pro- 
posed assignments are reported in Table I. 

One notes many analogies between the 
spectra of the parent M”PS3 compounds 
and those of the corresponding substituted 
derivatives. In particular, bands due to 
v(P-P), u,(PS,), and 6,(PS3) are always ob- 
served at about 450, 376, and 310 cm-‘, 
respectively. Similarly, the main group 
frequencies related to V&P&), &(PSx), 
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TABLE I 

INFRARED AND RAMAN BAND WAVENUMBERS (cm-‘) AND ASSIGNMENTS FOR THE MnP&, Mn0.87Cu0.26PS3, 

Mno.~Ag,.&%, CdPS3, Cd~.87Cu0.d$, AND Cdd%,P.% COMPOUNDS 

MnPS, Mno.nCuo &% Mno.s.% opsz CdPS3 Cda sOo.zsPS, Cda.sAa ok’s, 

IR R IR R IR R IR R IR R IR R Assignments 

- 
512 YS 519 m  

- S66W 
- - 

4som - 
- 382 vs 

316m - 
- - 
- 
- - 
- 

- 273 vs 
2.55 5 

- - 

- 244 vs 
- 225 ” 
- 220 sh 

194 s 185 VW 
152 s 154 m  
138 5 
115 YW II5 w 

- IIOW 

- 

- 
- 
- 

- - 

580 sh 577 w 
573 “S 571 m  
564 YS 562 w 

- 

449 w 
37s w 382 YS 
315 m  307 w 

- - 

- 319m 
323 sh - 
289 VW 281 sh 
266”~ 271 s 
254 s 
250 sh - 

- 243 s 
225 w 222 m  

- 211 sh 
193 s 192 VW 
156 s 154 w 

140 “4 142 w 
IIOVW 116”~ 
98 w 104 VW 

- 75 VW 
52 VW 57 m  
45 w 46 m  

- 37 sh 

575 sh - 
568 “S 567 m  
558 “s 560m 

- 553 m  
447 w - 

- 372 vs 
311 sh - 

- 319sh 
- 306s 

292 s 294 sh 
- 

- - 

- 246 m  
211 m  210 m  

- 2OOm 
J82 s 184 sh 

- 16o”W 

132 m  133 w 
- 

95 m  97 w 

48 w 51 w 
32 m  31 5 

- 

- 23 s 

- 

564 “5 

449 w 
- 

310 w 

- 
- 
- 

279 “w 
252 s 

- 
- 

193 s 

120 s 
100s 

- 
- 

- 
562 m  

- 

376 “s 
298 VW 

- 
- 
- 

271 s 

- 

248 “s 
230 m  
214 sh 

- 

I25 m  
110 w 

77 s 

- 
- 
- 

- 

577 sh - 
560 “S 56Om 
546 sh 553 sh 

450 w - 
370 VW 378 “s 
308 m  305 YW 

- 313 w 
300 sh 302 sh 

- 

265 sh 271 m  
250 s - 

- 

- 247 “s 
220 w 219 m  
200 sh 203 sh 
188 s 190 sh 
155 sh - 

125 sh 129 w 
112 5 IIOVW 
84 s 

68sh 66m 

- 77w 
- 56~ 
- 48sh 

- 

- 
562 vs 

448~ 
- 

305 sh 

- 

290 m  

- 

207 w 

173 m  

122 m  
106 sh 

L 

72.5 m  

67,5 m  
45 w 
30 w 

- 

370 “S 

I25 w 
108 w 

46 w 

21 s 

%4PS3) 

v(P-P) 
v,(PS,) 
WPS?) 

8dPSh 

T&G%) 

R;yWSd 

T;(Mn, Cd) 

T&&h, Cd) 

T&Ku. Ad 

T;(Cu, Ag) 

Norr. Y,  stretch; 6, deformation; T’, translation; R'. rotation: “s, very strong; s, strong: m,  medium; w, weak; YW, very weak; sh, shoulder. 

R&(P&), T’(PS& and T’(M”) modes can 
be straightforwardly recognized. This 
shows that the layered frameworks built up 
from P& entities are maintained in these 
new compounds as first demonstrated for 
Mn0.87Cu0.26PS3 (14, 1.5). In the same way, 
the Raman spectra of the various lattices 
exhibit quite similar polarization effects 
(Fig. 2) and, as a general rule, the polariz- 
ability components (Y, and cyyv give rise to 
identical spectra. Such an isotropy in the a 
and b directions confirms the bidimensional 
structure of these lattices; the layers thus 
result from the juxtaposition of P& (33%), 
Mu& [(2(1 - x)/3)%1 and (M:)& [(2x/3)%1 

pseudooctahedra and the monometallic and 
bimetallic sites are expected to be quite dif- 
ferent (Fig. 3). 

Despite the above-mentioned analogies., 
several significant spectral changes allow 
us to differentiate not only the M”P& and 
M!*-,MLPS3 families but also the copper- 
and silver-containing compounds. The pre- 
dominant features are the very low fre- 
quency signals (V < 75 cm-‘), strongly 
metal dependent and thus assigned to 
T’(M’) modes, and also the splitting of the 
v~(P&) and i&(P&) vibrations which con- 
firms the existence of distorted P& groups. 
In fact, as shown in Fig. 3, the change in the 
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600 400 200 cm-1 

FIG. 1. Vibrational spectra (650-10 cm-‘) of MnP$, Mn0.87Cu0.26PS3, Mq.,Ag,.,PS3, CdP&, 
C~,,&U,,~~PS~, and Cd,,sAg,.OPS1 polycrystalline samples. Solid line, IR absorption and Raman spectra 
at 300 K; dashed line, reflection spectra at 300 K. 

center-to-apex distances on going from the 
Mn”Ss octahedron (2.61 A) to the (Cui)& 
one (2.83 A) clearly indicates the presence 
of strong distortions within the layers. 
Moreover, comparison of the ionic radii of 
Cur (0.96 A) and Ag’ (1.26 A) and of the 
substitution rates in the copper (x = 0.13) 
and silver (x = 0.50) derivatives shows that 
the silver lattices must be markedly per- 
turbed. In fact, the spectra of the silver sys- 
tems display modifications more pro- 
nounced than those observed for the 
copper compounds, but these effects still 
cannot be compared with the drastic inten- 
sity and frequency changes reported for 
Ct$,r\Ag~.5PS~ and due to the presence of 
(Ag&) chain-like units (21). This definitely 
corroborates the existence of (Ag’)& bime- 

tallic entities in the M&Ag:.oPS3 systems. 
As comparable vibrational spectra are ob- 
served for the two copper derivatives on 
the one hand and for the two silver com- 
pounds on the other, we now examine suc- 
cessively these two classes. 

Mno.ncUo.d& and cdo.s-/cUo.d&. Fig- 
ure 4 presents the infrared reflection spec- 
tra of the two copper compounds, obtained 
from pressed pellets and from monocrys- 
Wine platelets. The corresponding absorp- 
tion spectra of Mn0.87Cu0.26PS3 are also in- 
cluded; band saturations are due to the 
excessive thickness of the available plate- 
let. Since the infrared and Raman spectra 
compare nicely with those of the M”PS3 
phases, assignments have been straightfor- 
wardly established with confidence (Table 
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Mn-3 X(ZZ)Y 

Mn0.57CUo.*.PS3 
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Cd PS, 
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FIG. 2. Raman spectra (600-10 cm-‘) of monocrystalline platelets, in the (zz) and the (xx) or (yy) 
configurations, for MnP&, M~&&J.~~P&, Mn,.~Ag,,&$, CdPS3, and Cdo.sQo.26PS, compounds at 
300 K. Inset: orientation of the crystal layer plane (ab) with respect to the x, y, and z directions. 

I); however, one notes new vibrational tices by a random distribution of 13% (Cu), 
components and some infrared Raman co- pairs among the metallic sites (14). More- 
incidences indicating a relaxation of the se- 
lection rules on going from M’iP& to A!!87 

over, the distortion of P2S6 groups is evi- 
dented mainly by the activity of new “in- 

CU~,J~PS~. This is a direct consequence of plane” polarized infrared and Raman 
the structural disorder induced in these lat- 6(PS3) components at 305-315 cm-i and by 
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M”S 
6 

unit fiwp* unit 

OS .P @Ml’ @Ma 
L 

FIG. 3. Schematic representation of the M” and M’ sites in M\L,MLPSj compounds. Characteristic 
distances in MnO.nCuO.xPS~ [from Ref. (14)] are a = 2.61 A, b = 2.83 A, c = 2.22 A. 

the intensity decrease of the Raman line at 
270 cm-‘. Analyses of less substituted cop- 
per phases (0 < x < 0.13) indicate that these 
intensity changes increase with the Cu’ 

. 

Cd 
0.67c"0.26ps3 

1 

600 400 200 Cm-1 

FIG. 4. Infrared spectra (650-30 cm-‘) of 
Mn,,&u, 26PS, and Cdo.&uo.z6PSS, polycrystalline 
samples and monocrystalline platelets (E // layer 
plane) at 300 K. Solid line, absorption spectra; dashed 
line, reflection spectra. 

ionic content although the frequencies do 
not shift: we thus assign the new bands at 
305-315 cm-’ to deformations of PS3 units 
located in the vicinity of a (Cu), entity; the 
40 cm-’ frequency shift underlines the exis- 
tence of higher constraints in the surround- 
ing of the (Cul)& pseudooctahedra. 

As expected, the infrared bands at 450 
and 380 cm-’ due to v(P-P) and B,(P&) out- 
of-plane vibrations in Cd0.&u0.26PS3 nearly 
disappear in the spectra of platelets (E par- 
allel to layer planes). Such behavior has al- 
ready been reported for CdP& (16) and 
MnP& (20) single crystals. Similar polar- 
ization effects seem to take place in 
MQ.&u~.z~PSJ but the results are more 
complex due to the presence of overtones 
in the 460-540 and 300-330 cm-’ regions 
(thick platelet). 

In the low-frequency region, the “in- 
plane” translation modes (T&J of the Mn” 
and Cd” ions are detected in the 130-66 
cm-’ range but no information concerning 
the T;(M”) and T/(M’) vibrations is ob- 
tained from the infrared spectra. In con- 
trast, these vibrations can be assigned from 
the Raman (Fig. 2) and inelastic neutron 
scattering results (Fig. 5). The low- 
frequency Raman spectra of both copper 
compounds exhibit two intense signals at 
55.5 + 1.0 and 47.0 ? 1.0 cm-’ in the 1y,, 
configuration, with intensities increasing 
with the substitution rate (x). Assuming 
that they are not markedly coupled with 
any other lattice mode, we assign them to 
T:(Cu’) “out-of-plane” translations. The 
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FIG. 5. INS spectrum of Mn0.87Cu0.~6PS3 at 520 K in 
the low-transfer-energy region (band wavenumbers 
are indicated in cm-‘). 

close analogies in frequencies, band con- 
tours, polarization properties, and tempera- 
ture dependence of these signals in both 
copper phases confirm that (CU’)~ pairs 
do exist in Cd0.87Cu0.26PS3 as in MnO.x, 
CU~.~~PS~. Under these conditions the re- 
maining two peaks at 78 and 66 cm-’ in 
Cd0.87Cu0.26PS3 (crXX or +) are probably due 
to T& modes. The more intense and sharp 
band at 66 cm-’ probably corresponds to 
the T&(Cd”) mode observed at 77 cm-’ in 
CdPS,; meanwhile we propose to associate 
the broad signal at 78 cm-’ to the T&(Cu’) 
vibration. 

Finally, the INS spectrum of Mno.s7 
CU~.~~P& exhibits a very intense broad sig- 
nal centered at -50 cm-’ and a medium 
intensity band at - 140 cm-‘, indicating that 
low-frequency modes involving the metal 
ions lead to large-amplitude motions (Fig. 
5). Although we are not dealing with a sys- 
tem possessing large incoherent neutron 
scattering ionic cross sections ((T?~ = 0.52 
x lO-24 cm* and #” = 1°C 0.40 X 10pz4 cm’), it 
is noteworthy that the high flux available on 
the IN6 instrument has allowed us to obtain 
reasonable statistics after a beam time ex- 

posure of a few hours. The former INS sig- 
nal thus corresponds to T:(Cu’) vibrations 
and the latter one is likely due to a TJ(Mn”) 
mode. In fact, the Cur ions and, to a lesser 
extent, the Mn” ions have been shown to 
present large anisotropic thermal factors in 
the direction perpendicular to the layer 
planes (14). This point of great interest for 
the ionic transport properties of this mate- 
rial at high temperature is developed in Part 
II of this study (22). 

Mao.&l.oPS3 and Cdekl,oP&. In 
contrast with the above results, the silver 
derivative spectra are significantly per- 
turbed. As noted earlier, this results proba- 
bly from the high degree of substitution (X 
= 0.5) and the steric hindrance of the (Agr)* 
pairs in these lattices. The &(PS3) com- 
ponents observed at 270-250 cm-’ in M” 
PS3 and split over the wide 320-250 cm-’ 
region in the copper systems appear now at 
306 cm-’ (Raman) and 290 cm-’ (infrared). 
This suggests that all the P2S6 units are sim- 
ilarly perturbed and that an ordered distri- 
bution of the P2S,, Mu&, and (Agr)& enti- 
ties takes place, each occupying one-third 
of the intralamellar sites. In support of this 
assumption, we note a decrease in the band 
multiplicity on the spectra of the silver 
compounds (Table I) which probably indi- 
cates a higher structural ordering. 

In the low-frequency region, two intense 
Raman peaks are observed at 31 ? 1 and 22 
? 1 cm-’ which are confidently assigned to 
translational modes of Ag’ ions. As shown 
in Fig. 2 (see Mno.sAgl.oPS3), the former sig- 
nal is due to a large contribution of the (Y,, 
polarizability component and it is assigned 
to a T:(Ag’) motion; this mode leads pre- 
sumably to large vibrational amplitudes of 
the silver ions. The later Raman signal is 
not totally polarized and it may correspond 
to T&(Ag’) modes as well as a weak line at 
51 cm-‘. Although no polarization data 
were obtained for the last compound, 
Cdo.~Ag’.oPS3, similar assignments are pro- 
posed and reported in Table I. 
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FIG. 6. Infrared spectrum (650-30 cm-‘) of the Mno.,oCue*~[Co(CSHS):]e.~4PS, system at 300 K. 
Asterisks indicate bands due to internal vibrations of Co(C,H&. 

Vibrational Spectra and hfagnetic 
Properties of Mno.&uo.2aPS3 Intercalated 
with Co(CsH& 

Attempts to intercalate Co(CsH& within 
the gaps of the substituted phase MnO,sT 
Cuo.26PS3 proved successful under con- 
ditions similar to those previously used for 
intercalation in MnPS (23). After com- 
plete reaction, we thus obtained MnO.,* 
CUO.XPSJ, [CO(C~H&],,J.+ Hence, the inter- 
calation mechanism involves the departure 
of Mn*’ ions and the subsequent creation of 
intralayer vacancies; no exchange of Cu’ 
ions is observed and the degree of interca- 
lation (y = 0.34) compares nicely to that 
reported in various MPS3 systems (25, 17, 
29) intercalated with this organometallic 
cation (0.33 ? 0.05). Therefore, as demon- 
strated previously (30), this concentration 
is determined mainly by the size of the 
guest species and the reaction is likely to be 
limited by the maximum filling of one layer 
of the intercalated species in the gap area. 
This shows that the Mn,,&u0.26PS3 phase is 
a new bidimensional host lattice able to in- 
tercalate guest molecules or ions. 

The infrared spectrum of this intercalated 
compound is shown in Fig. 6. No Raman 
spectrum has been obtained as the sample 
is a strongly absorbing material and decom- 
poses rapidly under laser irradiation. At 
first glance, the infrared spectrum is a jux- 
taposition of bands due to the guest cation 
and to the host lattice. Actually, the former 

ones are characteristic of internal modes in 
Co(CsH& and their band wavenumbers are 
similar to those known in halide salts (3Z). 
Weak perturbations of the lattice bands 
with respect to the spectrum of the unin- 
tercalated phase appear as in the MnP& in- 
tercalates (15). The main feature is the split- 
ting of the broadband centered at 570 cm-’ 
into two groups of absorptions at 605 and 
554 cm-’ which underlines the existence of 
structural distortions and perhaps the for- 
mation of a superstructure upon interca- 
lation (15, 27). These results are consistent 
with the presence of disorder in the Mn” 
surroundings and they agree with the mag- 
netic properties (see below). Finally, it is 
worthwhile to note that the weak signals at 
45 and 54 cm-’ can be related to those at 45 
and 52 cm-’ in the starting host lattice (Ta- 
ble I and assigned to T:(Cu’) motions. The 
absence of frequency changes in the Iow- 
frequency region suggests that the sur- 
roundings of the copper ions are not 
markedly perturbed upon intercalation. 

The variations of reciprocal magnetic 
susceptibilities as a function of temperature 
for Mn0.&&.26PS3 and its intercalated 
phase are reported in Fig. 7 (traces b and d) 
and are compared with those of MnPS3 
(trace a) and Mn0.8~PS3[Co(C5H5)2]0.34 (trace 
c) (27, 28). This analysis has led us to dis- 
tinguish between the high-temperature 
range (T > 60 K) and the low-temperature 
range (below 60 K). 
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FIG. 7. Experimental reciprocal magnetic suscepti- 

bility versus temperature for (x) MnP!%, (0) Mn,,.n, 

Cud% (+) Mno.x,PS,[Co(CcH~)~le.~4. and (Ai) Mn,, 7,, 

Cu,,.2hPSz[Co(C~H~)fl” M. 

The upper parts of traces b and c are al- 
most linear. They have been unambigu- 
ously ascribed to the paramagnetic behav- 
ior of antiferromagnetically interacting 
Mn2+ ions in the layers (15, 27, 28). Upon 
comparing the corresponding x values with 
those registered for the reference com- 
pound MnP& (trace a) it appears that 
substitution and intercalation have both 
induced an important reduction of the 
antiferromagnetic coupling experimented 
by the intralamellar Mn2+. At first glance, it 
seemed tempting to associate the almost 
coincident x-’ values observed for the two 
MnP&-related systems (b and c) with the 
rather close values of the Mn coefficients in 
their formula unit. In fact, one may expect 
that the exchange coupling parameter and 
the x-’ values decrease when the amount 
of MnZf vacancies increases. This trend is 
confirmed by the much lower x-’ values ob- 
tained with the intercalated substituted sys- 
tem (d). Nevertheless, previous magnetic 
studies have shown that no quantitative re- 

lationship holds between the lowering of 
the magnetic interaction and the amount of 
Mn2+ in the layer (27, 32). In fact, while 
EXAFS spectroscopy has revealed the 
existence of a noticeable local disorder 
around the Mn2+ centers in intercalated 
MnP& systems (31, 32), no similar obser- 
vation was made for the (MnS6) sites in the 
substituted compound Mn0.87Cu0.26PS3 (15). 
Hence, in this last system, the spin dilution 
induced by the random distribution of 0.13 
(CL&) entities among 0.87 unchanged 
(Mn&) units appears to be the only impor- 
tant factor responsible for reduction of the 
coupling. Such dilution effect exists in 
Mno.8~PS3[Co(CsH5)2]0.34, but the presence 
of metal vacancies also induces lattice 
distortions, with various slightly different 
(MnS& orientations, and thus leads to addi- 
tional modifications of the exchange path- 
way, which is known to be extremely sensi- 
tive to the local symmetry. Therefore, the 
quasi-coincidence of the high-temperature 
behavior of traces b and c cannot be ex- 
plained directly from stoichiometric consid- 
erations. 

Trace d presents a linear shape with a 
slope comparable to those of traces a, b, 
and c, still characteristic of an antiferro- 
magnetic exchange coupling. Both spin di- 
lution and canting effects, resulting from 
metal substitution and metal vacancies, 
again contribute to considerably reduce 
the coupling constant. Obviously, the 
Mno.7oCUo.26PS3[Co(C5H5)210.34 compound 
has almost reached the percolation limit be- 
yond which the remaining Mn2+ behave as 
uncoupled paramagnetic (S = 5) centers. 

Consider now the low-temperature 
range: the magnetic behavior of the interca- 
lated system (c) undergoes an abrupt transi- 
tion which has been shown to indicate the 
rapid onset of a weak ferromagnetism phe- 
nomenon among the locally disordered in- 
tralayer manganese (26, 27). The x-l trace 
of the substituted system (b) shows a 
weaker but still significant discontinuity 
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around 75 K. Since no suggestion of manga- 
nese ion disorder can be invoked in this 
case (15), we propose to interpret this low- 
amplitude transition as resulting from a 
weak ordering ferromagnetic phenomenon 
taking place among the stacked two-dimen- 
sional layers. As expected, this ordering 
phenomenon disappears after intercalation 
of bulky cobalticenium cations (see trace 
d). Finally, the reciprocal susceptibility of 
Mno.70Cuo.~~PS~[Co(C~H~)210.34 drops rap- 
idly below 30 K; this transition is now 
confidently ascribed to the intercalation- 
induced spin canting in this structure. As 
noted previously (32), comparison of traces 
c and d indicates that the transition temper- 
ature decreases when the amount of Mn2+ 
vacancies increases. 
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