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The low-frequency Raman spectra of Mn0.87Cu0.Z6PS3r Cd~.s7Cu0.~~PS~, Mno.sAg,.oPSs, and CdO.sAg,.OPS~ 
layered compounds have been recorded from powder samples and/or single crystals between 15 and 
800 K. The temperature dependences of these spectra reflect the dynamics of the MI ions and they 
have been fitted using different theoretical models. In Mn,,,,Cu 0 r6PSr a nonlinear coupling between the 
Cut translational mode perpendicular to the layer plane and an intralayer vibration governs the passage 
of the copper ions into the interlayer space, which is a determining step in the ionic conductivity 
process. Similar conductivity properties are expected in C~,,&U~.~&S~. In contrast, this step is not 
observed in the silver-containing compounds. o 1988 Academic press, IK. 

Introduction 

In this paper we discuss the dynamic 
properties of the title compounds over the 
temperature range 15 to 800 K. Recently, 
ionic conductivity properties have been 
found in some M:i-,M~P~~ derivatives 
(with X = S, Se) and ascribed to mobility 
of the M’ ions. In particular, Gulbinski 
and Feltz (I) have shown the existence 
of silver transport and conductivity in 
Cdi-xAg,PSex compounds (0 I x I 0.15). 
Similarly, in Mn0.8$u0.26PS3 we have char- 
acterized (2) a weak but strongly tempera- 
ture-dependent ionic conductivity. The in- 
crease, between 300 and 600 K, of the 
conductivity parallel to the layer plane by 

* To whom correspondence should be addressed. 

four orders of magnitude suggests the 
existence of a thermally activated trans- 
port process, and preliminary Raman 
spectra obtained (2) from powder samples 
between 125 and 450 K have revealed 
unexpected temperature variations of 
the bands ascribed to Cui translational 
modes. 

To better understand the cation dynam- 
ics in this class of compounds, new Ra- 
man studies of Mn0.87Cu0.26PS3, Cd0.87Cu0.26 
PS3, Mm&d%, and Cdo.Aa.&% POW- 
ders and single crystals were carried out 
between 15 and 800 K. Complete vibra- 
tional assignments were already proposed 
in a previous paper (3); here, we discuss the 
very low frequency region (O-100 cm-‘) 
where translational modes of the copper 
and silver cations appear. 
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FIG. 1. Schematic representation of the projection of the M~I,,&u,,~~PS~ structure in the a, c 

Experimental 

Sample preparation and handling have 
been described in Part I (3). Raman spectra 
were recorded with a triple monochromator 
Dilor RT130 instrument equipped with a 
Spectra Physics SP 164 argon ion laser (ho = 
514.5 nm). Efficient rejection of the inci- 
dent interference light at 15 cm-’ above the 
excitation laser line was performed with a 
homemade monochromator. Detection was 
carried out using a cooled RCA C31023 
photomultiplier tube and rapid scans were 
accumulated in a microcomputer control- 
ling the spectrometer. Low-temperature 
spectra (U-300 K) were obtained with a 
liquid helium cryostat (Merit) and high- 
temperature measurements (300-800 K) 
were performed using a homemade furnace 
(4). Temperature effects have been demon- 
strated on powder samples for all com- 
pounds and on single crystals for Mno.87 
c’ku6ps3 and cdo.87cb.26p~3. 

Results 

The crystal structure of Mn0.&u0.26PS3 
(Fig. 1) has been determined by Mathey et 

al. (5). Layers developed in the a x b direc- 
tions, composed of juxtaposed P&,, MnS6, 
and S3Cu . . . CuS3 pseudooctahedra, are 
separated by van der Waals gaps. The Cu’ 
ions are located inside the layers at ca. 0.14 
A from the sulfur plane. The structures of 
the other compounds are not known but 
probably can be compared (3) to that of 
M%87hl26PS3. 

The low-frequency Raman signals as- 
signed to translational modes of the MI ions 
are strongly temperature dependent (Figs. 
2-4), whereas the rest of the spectra remain 
essentially unchanged. 

For the Cu’ intercalated single-crystal 
platelets in the (ZZ) configuration, the low- 
frequency Raman bands near 60 and 45 
cm-l (Figs. 2 and 3) are ascribed to copper 
translational components along a coordi- 
nate (T:) perpendicular to the layer plane 
(3). The intensity of the high-frequency sig- 
nal (Q,) vanishes at high temperature, while 
the intensity of the low-frequency compo- 
nent (vz) increases rapidly above 300 K. Si- 
multaneously , frequencies and bandwidths 
are but little affected. These effects most 
probably reflect the dynamics of the Cu’ 
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FIG. 2. Raman spectra (-100 to + 100 cm-‘) of a 
monocrystalline M~,,+Z!U,,~J~~ platelet ((Y,, configura- 
tion) between 15 and 750 K. 

ions along the T: coordinate, and since 
there is no evidence from the rest of the 
spectra for significant structural transition, 
a thermally activated jumping mechanism is 
likely to take place. 

The low-frequency spectra of the silver- 
containing compounds (Fig. 4) show three 

peaks near 22, 31, and 48 cm-’ at 300 K, 
corresponding to TiY, T:, and T& Agr vibra- 
tions (3). Larger bandwidths and band split- 
tings observed at low temperature for 
Mno.5Agr.oPS3 may be due to superstructure 
effects (6). For both compounds, the main 
bands show similar temperature effects 
which differ from those observed for the 
copper derivatives: intensities increase 
continuously from 25 to 750 K and there is 
no relative intensity inversion. 

The mean amplitudes of the MI ions in 
the z direction can be estimated from the T: 
frequencies, in the harmonic approxima- 
tion, by using the Cruickshank equation 
(7): 

(z&M’)) = I2 - 
8n2cmv( T:) 

coth hc4T:) 
2kT ’ (‘I 

w 20 
y/cm-l 

FIG. 3. Raman spectra (O-100 cm-‘) of a C&,s7 
CuO.&!& monocrystalline platelet (cu,, configuration) 
between 80 and 450 K. 
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FIG. 4. Raman spectra (O-60 cm-‘) of Cd0.5Ag,.,PS, (left) and Mno.sAg,.0PS3 (right) polycrystalline 
samples between 25 and 750 K. 

The values found at 300 and 750 K are re- 
ported in Table I. The copper oscillation 
amplitude in Mno.87Cu0.26PS~ at 300 K (low- 
temperature state) agrees with that deter- 
mined from XRD thermal factors (5) ((u~)“~ 
= 0.13 A). Very large vibrationai ampli- 
tudes are observed at high temperature in 
all cases. This is consistent with the exis- 
tence of very large (Mr)$& octahedra in 
these structures. 

TABLE I 

BAND WAVENUMBERS v(T;) AND MEAN T: 
AMPLITUDES OF THE Cd IONS IN 
THEIR LOW-TEMPERATURE (L.T.) 

AND HIGH-TEMPERATURE (H.T.) 
STATES AND OF THE Ag’ IONS IN THE 

M:‘-,MLPS, COMPOUNDS (Ml1 = Mn, Cd) 

L.T. state H.T. state 
hl) (4 .#!&:.dS Temperature effects suggest that Cui and 

Agi dynamics are not the same. The Cu’ 
motion is certainly different at low and high 
temperatures and one may assume either a 
double minimum potential along T: or two 
different potentials linked by another trans- 
lational coordinate or a nonlinear coupling 

300 K 
4T;) 58 cm-’ 46 cm-’ 30 cm-’ 
(UP 0.17 A 0.22 ‘4 0.25 A 

750 K 
VU-;) 58 cm-’ 42 cm-’ 28 cm-l 
(d)‘” L 0.27 ii 0.34 A 0.35 A 
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with an internal mode in the layer. In the 
next part a quantitative analysis of the data 
shows that the last assumption is the most 
satisfactory. Contrarily, there is no evi- 
dence for multiple Agr sites in the silver- 
containing compounds and temperature ef- 
fects may be explained accordingly. 

Theoretical Models and Discussions 

The dynamics of the cations can be de- 
scribed in terms of potential functions con- 
sistent with the observed frequency and in- 
tensity variations with temperature. This is 
possible since, owing to their very low fre- 
quencies, many vibrational states of the T: 
modes are rapidly occupied when the tem- 

N 

perature increases and the observed effects 
are related to the anharmonicity (i.e., the 
shape) of the potential experienced by the 
cations. 

The basic assumption of the model is 
that, within their Ti potentials, the Cur and 
Agr ions jump randomly between the 
ground and excited states, dividing their 
time in the ratio of the Boltzmann popula- 
tion factors, and the jumping rate is so rapid 
that only the thermally averaged frequen- 
cies and intensities are observed. Similar 
hypotheses have been widely used to ac- 
count for the large temperature effects ob- 
served for very low frequency methyl tor- 
sional modes (8-12). Considering the 
first-order transition moment, the observed 
frequency for an oscillator is 

c[(n + l)lDv(n)l[E(n + 1) -E(n)]exp[-E(n)lRT] 
u(T)=; No 

c [(n + l)lDv(n)lexp[-E(n)lRT] + RT exp(-EblRT) 
0 

(2) 

N is the number of discrete levels and Dv(n) 
represents the bandwidth for the II + IZ + 1 
transition. The last term in the denominator 
accounts for the continuum above the 
threshold energy Eb corresponding to a 
possible escape of the cation from its site. 
The bandwidth may vary to a large extent 
and probably increases rapidly for higher 
excited states. When it is large enough, the 
contribution of the corresponding transition 
to the observed band is embedded in the 
spectral baseline and may be neglected. In 
this case, a simplified approach is to con- 
sider only the lowest K + 1 levels of the 
oscillator: 

v(T) = ; 

3 (n +;)[E(n + 1) -E(n)]exp[-E(n)lRT] 

5 (n + 1) exp[-E(n)lRT] 
0 

(3) 

The number K has no real physical mean- 
ing since it represents only an equivalent 
number of equally damped vibrational lev- 
els and it provides a poor phenomenologi- 
cal estimate of the unknown variation of the 
damping with the energy of the state. 

For the Agr-containing compounds, the 
intensities of the T’ bands increase rapidly 
and continuously much in the same way as 
expected for a harmonic oscillator (fre- 
quency vO) with negligible damping factor 
variations: 

5 (n + l)exp(-n&lRT) 
Z(T) = CY ’ 

2 exp( - nhvolRT) 
(4) 

0 

or 

1 
z(T) = Q I -exp(-hq,/RT)’ (5) 

Here (Y is proportional to the square of the 
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FIG. 5. Temperature effect on the intensity of the 
T’(Ag’) modes in Mn,,5Agl &‘S,: experimental data for 
the components at 23 cm-’ (*), 30 cm-’ (A). and SO 
cm-’ (+) and calculated curves for harmonic poten- 
tials. 

transition moment. The temperature effect 
is determined entirely by the frequency of 
the mode and this model accounts qualita- 
tively for the different intensity enhance- 
ments for the two compounds at high tem- 
perature. Figure 5 shows the experimental 
and calculated temperature dependences of 
the intensities of the T’(Ag) modes in 
Mno.5Agl,oPS3. Very similar plots are ob- 
tained with Cd0.5Ag,.0PS3. Discrepancies 
between observed and calculated intensi- 
ties may be due to the effects of anharmo- 
nicity and damping of the upper vibrational 
states which have been neglected. There is 
no evidence for contributions that could be 
ascribed to a continuum and the energy 
threshold is certainly very high. 

For the copper-containing compounds, 
owing to thermal averaging, a double mini- 
mum potential along Ti is unlikely. There- 
fore, each band is ascribed to an anhar- 
manic potential which remains unchanged 
at any temperature. Temperature effects on 

frequencies thus reflect the anharmonicity 
of each potential while relative intensity 
variations are governed by two simulta- 
neous factors: the variation of intensity in- 
side each potential and the relative occupa- 
tion probabilities. 

The lowest energy levels are supposed to 
fulfill the equation 

E(n + 1) -E(n) = E(n) 
- E(n - 1) -nDE (6) 

which describes the anharmonicity near the 
minimum. The relation may not hold for the 
whole potential and the dissociation thresh- 
old (Eb), if it exists, is considered an inde- 
pendently adjustable parameter. 

The averaged integrated intensity for 
each potential (j = 0 and 1 corresponding 
to the high- and low-frequency compo- 
nents, respectively) is 

Zj(T) = Cyj 

2 (n f l)exp[-E(n)lRT] 
n 

9 exp[-E(n)/RT] + RT exp(-EblRT) 
0 

(7) 

with K much lower than the maximum 
number of discrete levels according to Eq. 
(6). aj is proportional to the square of the 
transition moment for the T: mode. 

If the two bands are ascribed to two dif- 
ferent sites for the Cur ions separated by a 
potential barrier E along another transla- 
tional coordinate, the intensities for the 
high- and low-frequency components are 
determined by the Boltzmann occupation 
probability factors of a two-state system: 

1 
Jo(T) = 1 + exp(-E,RT) ZoU) (8) 

exp( -EIRT) 
JIG? = 1 + exp(-E,RT)] II(T) (9) 

Alternatively, it may be supposed that 
there is a nonlinear coupling of Ti to a mode 
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FIG. 6. Temperature dependence of the TJ(Cu’) fre- 
quencies in Mn,, &u,, ?,PS?: experimental data (A) and 
calculated curves (-) for the Y,, component, with E0 = 
65 cm-‘, DE = 4 cm-l, and K = 4 (upper trace), and 
for the Y, component, with E,, = 54 cm-‘, DE = 2 
cm-l, and K = 11 (lower trace). E,,, DE, and K are the 
0 + 1 transition energy, the anharmonic increment, 
and the number of levels, respectively. 

of the layer lattice: the band at very low 
temperature (Q) then corresponds to the 
Cu’ dynamics when the layer mode is in its 
ground state, while the low-frequency band 
(Y,) appears only when the layer mode is in 
its first excited state. Assuming a harmonic 
potential of frequency vx for the layer 
mode, the corresponding intensities are 
then 

J,(T) = [l - exp(-hv,lRT)]l&f) 

J,(T) = exp(-huX/RT) 

(10) 

[l - exp(-hvxlRT)]Z1(T). (11) 

The formulas are slightly different if all the 
excited states of the X mode are supposed 
to contribute to the low-frequency compo- 
nent: 

JO(T) = [l - exp(-hvxlRT)lZo(T) (12) 

J,(T) = [exp(-hvXIRT)lZ,(T). (13) 

The parameters included in the different 
models have been adjusted to fit the ob- 
served frequency (Fig. 6) and intensity vari- 
ations (Fig. 7 and Table II) for MnO,*, 

CUO.~~PS~. All values, being more or less 
model dependent, deserve serious reserve 
and must be considered as only indicative; 
however, it appears that some reliable in- 
formation concerning the dynamics of the 
Cu’ ions at different temperatures may be 
sorted out. 

0 ,  

;  

lb) 

hT* 
200 400 ooo 

T/K 

FIG. 7. Temperature effects on the intensity of the 
T$3$) components in Mn0.8,C~.26PSs. (A) Expeti- 
mental data for the high-frequency component (Y& 
(A) experimental data for the low-frequency compo- 
nent (Y,), (-) curves calculated with the parameters 
shown in Table II for models a, b, and c, respectively. 
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TABLE II 

PARAMETERVALUESDERIVEDFROMTEMPERATUREEFFECTSON 
THE INTENSITY OF THE TpG BANDS NEAR 60 AND 45 cm-r 

Model a 

PO(T) = 
1 

1 + e-5mhlRT 65 4 3 I undet. 

P,(T) = 
e-500hiRT 

1 + e-5mh/RT 54 2 25 160 4000 

Model b 
PO(T) = , _ e-350h/RT 

p,(T) = e-350hlRT[l - e-350hIRT] 

Model c 
PO(T) = ] - e-250MRT 
p,(T) = e-UOhlRT 

65 4 3 1 undet. 
54 2 25 1.8 4000 

65 4 3 1 undet. 
54 2 22 1 3000 

Note. E. is the 0 + 1 transition, DE the anharmonic increment, K 
the number of energy levels, (Y the relative transition moments, and 
Eb the dissociation threshold. Frequencies and energies are in cm-i. 
Models a, b, and c correspond to Eqs. (8) and (9) (10) and (1 l), and 
(12) and (13), respectively, in the text. 

The frequency shifts depend only on the 
anharmonicity of the potentials and on the 
damping of the energy levels (or the equiva- 
lent number K), but not on the activation 
process for the high-temperature regime. It 
appears that only a very limited number 
of energy levels (3 or 4) contribute to the 
high-frequency component near 60 cm-‘, 
whereas more than 10 levels must be in- 
cluded to fit the observed data for the low- 
frequency band. It is thus likely that the 
damping increases much more rapidly in 
the former than in the latter potential. 

Owing to the large number of unknowns, 
the three models may account for the ob- 
served temperature effects on frequencies. 
The main uncertainty is the change in the 
Raman transition moment for the two po- 
tentials; however, it seems unlikely that 
this change exceeds one order of magnitude 
and thus the first model [Eqs. (8) and (9)1, 
which requires the transition moment to 
vary by a factor of 160 (see Table II), is 
rejected. Therefore, the thermally activated 
process corresponds more probably to a 

nonlinear coupling of the Ti mode to a lat- 
tice motion located in the region 250-340 
cm-’ , i.e., a mode involving a deformation 
X of the P& groups (3) (v,P&, 6PS3 or 
T:,P&). This is consistent with the fact that 
from a structural point of view, the Cu’ ions 
are interacting with the sulfur atoms (5). 
This interaction is stronger in the funda- 
mental than in the excited X(P&) states and 
thus leads to a higher frequency, a lower 
oscillation amplitude, and a more rapidly 
increasing damping effect for the T: mode 
in the former state than in the latter states. 
Since no vibrational progression is ob- 
served for any mode in the region 250-350 
cm-‘, even at high temperature, a signifi- 
cant shift of the T: potential minimum in the 
excited states is unlikely and the copper 
ions probably stay in their intralamellar 
sites. The ‘dissociation threshold along the 
T: coordinate (3500 t 500 cm-’ = 10.0 t 
1.4 kcal/mole) corresponds to Cu’ exiting 
from these sites. Since the half oscillation 
amplitude of Cu’ at 750 K (l/2 (&“* = 
0.17 A; see Table I) is comparable to the dis- 
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10 3 x T-1 (K-1) 

FIG. 8. Variation of the conductivity of 
Mn,,.8Q,,26PS3 versus reciprocal temperature (A) (the 
straight line corresponds to the Arrhenius plot ob- 
tained with AExtivation - 20 kcal/mole). 

tance between the intralamellar cation site 
and the sulfur layer (0.14 A), the T: dissoci- 
ation threshold can be identified with the 
energy barrier that the Cut ions must over- 
come to move from the layer to the van der 
Waals gap (Fig. 1). This energy limit is 
much lower than the activation energy (A& 
-20 -C 3 kcallmole) estimated from the 
slope of the conductivity curve (Fig. 8). 
This indicates that the ionic conductivity is 
only partially limited by the passage of the 
Cut ions into the interlamellar space where 
higher jumping barriers to free diffusion are 
encountered. Under these conditions the 
thermally controlled population of the 
X(PS3) states may be seen as a preliminary 
step of the complicated path along which 
the Cu’ ions trapped in the layer sites may 
enter the van der Waals gap and contribute 
to the ionic conductivity. Evidently, the 
participation of the X(P&) mode in this 
mechanism reflects the fact that the sulfur 
atoms must move aside to allow the copper 
ions to enter the gap. 

Although incomplete and poor-quality 
spectra do not justify performing theoreti- 
cal calculations in the case of Cdo.87 

CU~,~~PS~, temperature effects very similar 
to those reported for Mn,&u0,2~PS3 are ob- 
served (Fig. 3) and the Cut dynamics is 
probably nearly the same in these com- 
pounds. In particular, a quantitatively com- 
parable coupling of the T:(Cu’) mode with a 
PS3 vibration near 250 cm-t can be assumed 
in both cases. This is consistent with the 
fact that the Y(P&), 6(PS3), and T&(P&) 
modes have nearly equal frequencies in 
M%.87CU0,26PS3 and in Cdo.wCUo.d% (3). 
Similar ionic conductivity properties can 
thus be expected in these two lattices. 

On the contrary, though the large Ag’ 
ions undergo very large amplitude T: mo- 
tions and are obviously strongly interacting 
with the sulfur atoms, the T:(Agi) potential 
remains essentially insensitive to excita- 
tions of the lattice modes and there is no 
spectroscopic evidence for dissociation 
threshold. No jumping or diffusion pro- 
cesses are seen, probably because of the 
large size of the silver cation. As a conse- 
quence, no ionic conductivity is expected 
in the silver-containing compounds within 
the temperature range considered. 

Conclusion 

The Cu’ translational modes in Mno.87 
CUO.Z~PS~ and Cd0.&%.26PS3 are identified 
unambiguously from polarized Raman 
spectra on single crystals. The T: mode per- 
pendicular to the layers is characterized 
by two bands having relative intensities 
strongly dependent upon temperature, and 
the Cu’ dynamics is not the same at low 
(- 15 K) and high (>300 K) temperatures. 

A quantitative analysis of the frequencies 
and intensities suggests that this change in 
dynamics may be due to a nonlinear cou- 
pling of the Ti and a PS3 internal mode near 
250 cm-l. Moreover, the energy threshold 
for the Cu’ ion to move from its intralayer 
site to the van der Waals gap is found in the 
range 3000-4000 cm-i. The ionic conduc- 



292 POIZAT, FILLAUX, AND SOURISSEAU 

tivity in these compounds, resulting from References 
Cu’ transport in the van der Waals gap, oc- 
curs probably via a complicated path which 
has not been completely explained; how- 
ever, a first step in this process is the exci- 
tation of the PS3 mode and the passage of 
the Cu’ ions into the interlamellar space. 
The activation energy derived from con- 
ductivity measurements (A& = 7000 f 
1000 cm-‘) shows that there are certainly 
additional potential barriers and energy dis- 
sipation processes on the way of the mobile 
cations. 

No ionic transport is observed in the re- 
lated silver-containing systems where the 
Agl ions are trapped in deep quasi-har- 
monic potentials. This is well explained by 
considering the large ionic volume and 
steric hindrance of Ag’ compared with 
cu’. 
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