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The electronic (900-300 nm), infrared, and Raman (500-10 cm-‘) spectra of polycrystalline samples of 
IrS2 and IrSe, were investigated. A complete vibrational assignment is proposed in terms of stretching 
and bending motions of IrXi or IrX, distorted units and based upon frequency shifts when substituting 
sulfur by selenium. All the assignments were checked by a complete valence force field calculation of 
the IrS, phase, including short-range and long-range interactions where most of the force constants 
were transferred from the Fe& pyrite and marcasite compounds. Values of the force constants, of the 
principal potential energy distributions and mean square vibrational amplitudes definitely confirm the 
existence of anomalously long (SJ pairs, whose Raman stretching modes appear at 334 and 316 cm-‘, 
and of large constraints beween the various IrS, units. In addition, a resonance Raman study has been 
performed using various exciting radiations in the visible region (676.4-457.9 nm) and the Raman 
excitation profiles of many modes have been obtained. All profiles of totally symmetric modes as well 
as non-totally symmetric vibrations show intensity enhancement at low energy (in the near-infrared) 
electronic bands, so that comlex interference and vibronic coupling mechanisms occur: this suggests 
large overlap of the metal d (Ir) and ligand p(X) type orbitals in the electronic band structures of the 
very narrow-band semiconducting IrS, and IrSez phases. 0 1991 Academic Press. Inc. 

Introduction manganese) occur as two-dimensional (2D) 
structures and, in contrast, those containing 

The development of high power cells us- metals on the right of the Periodic Table 
ing transition metal dichalcogenides MX, (X occur mostly as tridimensional (3D) ar- 
= S, Se) as cathode materials in ambient rangements of the pyrite or marcasite type. 
temperature lithium secondary batteries is However, in this last family there are sev- 
still a problem of current interest. The chal- era1 noticeable exceptions; in particular, the 
cogenide compounds containing group IVb, IrX, and RhSe, phases display a 3D struc- 
Vb, and VIb elements (with the exception of tural arrangement, as does a new type of 

FeS, recently obtained under “soft chemis- 
* To whom correspondence should be addressed. try” conditions through removal of the two 
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lithium atoms from the ternary Li,FeS, 
phase (1). This new, rather amorphous, 
FeS, has been characterized by Mdssbauer, 
EXAFS, and infrared spectroscopies (2-4). 
These studies led to the charge balance Fe3+ 
[@,)*-I+ S2-, with Fe3+ cations in tetrahedral 
environments and with S*- anions and (S,)*- 
pairs. We are clearly dealing with an elec- 
tronic structure intermediate between the 
2D-dichalcogenides M4+(X2-)* and the 3D 
pyrite type compounds M2+(X2)2-. The elec- 
tronic structure results from the competition 
between the anionic and the cationic oxida- 
tion states, involving the relative stability of 
the cationic (d) orbitals and anionic (p) band 
levels. 

Relative to previous results on structur- 
ally related MX, compounds, it appears that 
the IrX, (X = S, Se) phases are good candi- 
dates; according to previous X-ray diffrac- 
tion results (5) and recent more accurate X- 
ray powder data (6), the b-X2 phases appear 
to display a similar charge balance Ir3+ 
[(X2)2-]J2-, with the Ir3+ (&) cations dis- 
tributed on two kinds of distorted octahedral 
environment. By contrast, Fe3+ filled tetra- 
hedral sites. Moreover, abnormally long 
bond lengths in the chalcogen pairs were 
foundin IrX, (dsss = 2.30 A and dse-se = 
2.56 A), along with an unexpected very 
small calculated effective cationic radius 
[r(Ir3’) = 0.50 A]. Such unusual structural 
features remain to be explained. A better 
understanding of the electronic properties 
of these IrX, phases, which contain various 
redox centers, is necessary to determine 
their suitability as high energy density cath- 
ode materials. 

Therefore, an electronic and vibrational 
study of the IrS, and h-Se, phases and lattice 
dynamics calculations for IrS, were initiated 
in order to obtain better insight on their 
structural and electronic properties and to 
acquire relevant information before per- 
forming band-structure calculations. As far 
as we know, no vibrational study of these 
IrX, compounds has been reported. This 

work has been undertaken as part of a more 
general electronic and vibrational study of 
chalcogen phases containing X2- ions and 
(X2)*- pair anions. In particular, we recently 
investigated the structural, optical, and 
electronic properties of MS, semiconduc- 
tors with M = Ti4+, Zr4+, Hf4’ (7-9), or 
MO” (JO), along with the vibronic proper- 
ties of the broad-band 2D semiconductor 
NbS,Cl, (Z1), and those of the narrow band 
NbS, compound (12). In the last case we 
obtained new insight into the nature and the 
symmetry of the first excited electronic 
states from Raman studies under prereso- 
nance and exact resonance conditions. It 
was concluded that two overlapping elec- 
tronic transitions in the visible region arise 
mainly from NbS states of nonbonding char- 
acter and from the antibonding component 
(au*) of the closely bonded (S2)2- pairs: 
these results constitute an interesting basis 
for a detailed analysis of the electron trans- 
fer in the related lithium intercalated 
Li,NbS, compounds (12). 

We have here recorded and analyzed the 
electronic spectra (from 300 to 900 nm) and 
the vibrational (infrared and Raman) spectra 
(from 500 to 10 cm-]) of IrS, and IrSe, pow- 
der samples; in particular, we used various 
exciting laser lines (from 676.4 to 457.9 nm) 
in order to obtain the Raman intensity exci- 
tation profiles for many modes and new in- 
formation about the main electronic trans- 
fers and localizations. In addition, following 
a recent lattice dynamics study of the pyrite 
and marcasite FeS, compounds (13), we 
have performed comparative valence force 
field calculations for the IrS, phase to check 
the main vibrational assignments and to bet- 
ter describe the nature and the form of all 
the crystalline normal modes. When several 
potential function parameters from relat- 
ed compounds are employed, one obtains 
more reliable results in terms of stretch- 
ing and bending internal forces by use 
of valence force field type calculations 
(11-13). 
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Experimental 

Powder samples with a controlled high 
purity of both It-S, and It-Se, phases were 
prepared as already described in Ref. (6). 
The UV-visible transmission spectra (from 
300 to 900 nm) of samples dispersed in nujol 
at 300 K were recorded on a Philips PU 
8700 instrument. Similarly, the mid-infrared 
(2000-200 cm-‘) and far-infrared (300-30 
cm-‘) transmission spectra of nujol mulls 
were recorded on a Perkin-Elmer 9836 
spectrometer and on a Nicolet 20F interfer- 
ometer, respectively. The resonance Raman 
spectra were obtained on a Dilor 224 triple 
monochromator instrument using various 
emission lines of Spectra-Physics Kr+ 
(676.4,647.1, and 568.2 nm) and Ar+ (514.5, 
488.0, and 457.9 nm) lasers. Standard pho- 
ton counting techniques were used for de- 
tection and frequency measurements were 
calibrated using plasma lines. The Raman 
excitation profiles were thus extracted from 
intensity mesurements in spectra of several 
homogeneous mixtures of the powders in 
RbClO, used as a standard; in all cases, the 
respective proportions were adjusted to 
minimize absorption effects of the incoming 
radiation and of the scattering light (12). Fi- 
nally, the Raman spectra were obtained us- 
ing a sample holder rotating at about 2000 
rpm in order to minimize any local heating 
effects. 

Structure and Selection Rules 

According to recent accurate powder 
Rietveld calculations on IrS, and b-Se, (6>, 
both IrX, phases belong to the Pnam (D$ 
space group. However, the Pna2, (C;,) 
noncentrosymmetric space group also fitted 
the intensity extinctions. The centrosym- 
metric group was found to yield the best 
results (6). One can expect to discriminate 
between both groups by examining the vi- 
brational infrared and Raman activities. As 

a matter of fact, the primitive unit cells con- 
tain eight formula units of [Ir3’X2-(X2$] 
type with all atoms located on Cs (ab) sym- 
metry sites in the former case (Fig. l), and 
on C, general positions in the latter one. The 
72 (24 x 3) normal modes at the center of 
the Brillouin zone (Ikl = 0) can thus be rep- 
resented by the irreducible representations 
of the D,, and C,, point groups, respec- 
tively: 

T(Dp,) = 12A, + 12B,, + 682, + 6B3, 

+ (6A,) + 6B,, + 12B,, + 12B,, 

and 

T(C2,) = 18A, + l8A2 + 18B, + 18Bz. 

Neglecting the acoustic modes, one thus 
expects 36 “gerade” Raman active modes 
plus 27 “ungerade” infrared active vibra- 
tions in the former case and 69 Raman active 
plus 51 infrared active modes in the latter 
case where many Raman-infrared coinci- 
dences for the 17A, + 17B, + 17B, type 
vibrations must occur. Among these vibra- 
tions the stretching motions of (X2)2- pairs 
should give rise to two Raman (Ag + B,,) 
plus two infrared bands (Bzu + B,,) in the 
D,, point group and to four Raman (A, + A, 
+ B, + B,) plus three coincident infrared 
components (A, + B, + B2) in the Czu point 
group. Thus, it would be of great interest 
to determine the corresponding vibrations 
with confidence although some difficulties 
could arise due to the abnormally long chal- 
cogen-chalcogen distances in (X2)‘- pairs, 
equal to 2.30 A (S-S) and 2.56 A (Se-Se). 
For regular pairs distances one would ex- 
pect values close to 2.05 A (14-16) and 2.35 
A (17, 18) in such semiconducting phases, 
i.e. smaller by about 10%. The origin of 
these long X-X distances in IrX, phases has 
been the subject of a preliminary discussion 
in Ref. (6). 

Finally, as first pointed out by Barricelli 
(5), the respective octahedral and tetrahe- 
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FIG. 1. Crystal structure of I& projected along the c axis and definition of the internal coordinates 
used in the valence force field calculations. Only atoms in the primitive unit cell with their first neighbor 
contacts are shown. Note the two kinds of Ir’+ ions (Ir, , Ir,) and the four kinds of sulfur ions (S, to 
S,), half of them included in the (S,) pairs; the dashed lines correspond to edges of the distorted 
octahedral Ir3+ environments. 

dral environments of the iridium and chalco- 
gen atoms allow one to compare the struc- 
tures of IrX, and FeS, marcasite type 
compounds: in IrX, phases, only half of the 
chalcogen atoms are bonded to each other, 
there are three long and three short Ir-X 
octahedral bond distances. By contrast, in 
the marcasite structure all chalcogen atoms 
are bonded in pairs; usually, two short and 
four long Fe-X bond distances are found. 
However, (S-S) bond distances in FeS, 
marcasite are already quite large and sig- 
nificantly stretched (2.21 A) as compared to 
values reported in CoS, (2.12 A), FeS, pyrite 
(2.17&,andevenRuS,(2.18&compounds 
(19, 21). Moreover, the following differ- 
ences are noteworthy: the axial ratios in IrS, 
(a/b/c = 3.519/1.0/0.634) and IrSe, (a/b/c 
= 3.529/1.0/0.630) represent an alb value 
nearly four times greater than in the marca- 
site FeS, structure (u/b/c = 083811.01 
0.626). Therefore, although a simple rela- 
tionship between the vibrational properties 
of IrX, and FeS, compounds cannot be ex- 
pected, one may assume in first approxima- 

tion that a quadrupling of an [IrX,], “subunit 
cell” produces the folding of “sub-Brillouin 
zone” modes along the a* reciprocal direc- 
tion into the zone center. Thus, for some 
rather flat optic branches covering a narrow 
range in energy, the ]kl = 0 phonons in IrX, 
could arise from jkj = 0, ]kl = a*/4 and 
Jkl = a*/2 phonons belonging to the same 
branch and produce frequency splittings and 
vibrational triplets. This approach will be 
discussed further in the analysis of the vibra- 
tional results. 

Results and Discussion 

In Section I, we shall successively present 
and analyze the electronic and vibrational 
spectra of both IrS, and IrSe, compounds. 
Results of complete normal coordinate cal- 
culations in the IrS, crystal will be discussed 
in Section II in order to establish many vi- 
brational assignments. Finally, in Section 
III, the resonance Raman excitation profiles 
of various crystalline modes in IrS, and 
IrSe, will be analyzed in order to obtain new 
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FIG. 2. The UV-visible electronic absorption spectra 
of I& and IrSe, at 300 K in the 300- to 900-nm range. 
Arrows indicate the main Kr+ and Ar+ laser Raman 
exciting lines. 

information about the electronic properties 
of the phases. 

I. Electronic and Vibrational Results 

Electronic spectra. The UV-visible ab- 
sorption spectra (300-900 nm) of powder 
samples of IrS, and It-Se, at 300 K are shown 
on Fig. 2. Surprisingly we observe a mono- 
tonic decrease in absorbance as the energy 
increases, with weak maxima at about 823, 
674, and 525 nm in IrS, and at about 836 nm 
in IrSe, , probably due to d-d type or ligand 
to metal charge transfer transitions. These 
features suggest the existence of more in- 
tense electronic bands in the near and mid- 
infrared regions (see below), which confirms 
that we are dealing with very narrow-band 
semiconducting phases with strong metallic 
characteristics (5, 6). Indeed, the good 
agreement between some observed and cal- 
culated metallic distances, together with the 
fact that the compounds have a small and 
almost temperature-independent diamagne- 

tism and a metallic luster, indicates that the 
(X,) pairs and the three longer Ir-X bonds 
are metallic in character. This could be due 
to electrons of the X atoms being excited 
into the conduction band or possibly, to 
the nonstoichiometric composition of the 
phases (5, 6). In any case, when using laser 
excitations in the visible region, Raman ex- 
periments under postresonance conditions 
should provide new information about the 
nature of the electron transfers that consti- 
tute some of the 5d6 6s’ (Ir3’) and 3s2 3p6 
(S2-> or 4s’ 4p6 (Se*-) metallic like orbitals. 

Infrared and Raman spectra. The infra- 
red absorption and Raman scattering (A, = 
676.4 nm) spectra of IrS, and It-Se, polycrys- 
talline samples, in the 450-10 cm-’ region, 
where all fundamental vibrations are ex- 
pected, are shown in Figs. 3 and 4, respec- 
tively. The corresponding band wavenum- 
hers, relative intensities, frequency ratios, 
and some tentative assignments are assem- 
bled in Table I. 

The vibrational spectra show that all the 
fundamentals are localized in the 450-20 
cm-’ range for IrS, and in the 310-20 cm-’ 
region for It-Se,. Surprisingly, there are nu- 
merous quite sharp lines with many crystal 
field band splittings (Table I) as generally 
encountered in molecular crystals. Never- 
theless, the infrared patterns in the higher 
energy regions also exhibit significant ab- 
sorption increases which resemble low en- 
ergy plasmon excitations. This corroborates 
the partial metallic character in the IrX, 
phases, but could also derive from holes in 
the anionic valence bands, leading to n-type 
semiconducting behavior and to the limit 
formula Ir3+ X’.j- [(X2)3-]i, as previously 
proposed (6). 

Careful inspection of the infrared and Ra- 
man band wavenumbers reveal few acciden- 
tal coincidences; roughly 24 signals in IrS, 
and IrSe, are observed in both infrared and 
Raman spectra. These spectra are consis- 
tent only with those expected for the Pnam 
space group (D$), which definitely elimi- 
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FIG 3. The infrared absorbance and Raman scattering (A,, = 676.4 nm) survey spectra (470-30 cm-‘) 
of IrS, at 300 K recorded using a mean resolution of 4 and 3 cm-‘, respectively. 

nates [in agreement with (6)] the previously 
suggested Pna2, (Cz,) space group (5). 

Concerning vibrational and symmetry as- 
signments, only tentative arguments can be 
advanced, due to the unavailability of single 
crystal data. Nevertheless, based upon the 
observed relative band intensities and fre- 
quency ratios v(IrS,)lv(IrSe,), one can dis- 
tinguish five groups of bands (Table I). First, 
we propose to assign the intense infrared 
bands and weak Raman components in the 
450-360 cm-’ region for IrS, and in the 
303-260 cm-’ range for IrSe, to asymmetric 
stretching vasy,,, IrX, type modes; these 
bands give rise to frequency ratios ranging 
from 1.45 to 1 S2. The second group is com- 
posed of intense infrared and Raman signals 
in the 360-270 cm-’ (b-S,) and 230-170 cm-’ 
(IrSe,) ranges, yielding ratios equal to 
1.52-l .56. These bands may be assigned to 

symmetric stretching vsyrn IrX, vibrations, 
with some of them probably coupled to the 
v(X-X) stretching modes expected in this 
region. Indeed, under the assumption of iso- 
lated (S-S)*- pair anions, one predicts from 
the Steudel’s relation (22) (which works 
nicely in many related sulfur compounds 
(26)) that d(S-S)*-/A = 2.57-9.47 x 10m4 
v(S-S)lcm-‘, and a band wavenumber of 
285 cm-‘. We have for the first time identi- 
fied this mode at 323 cm-’ in the Raman 
spectrum of Fe& marcasite (13). Thus, in 
contrast to many Mn’X, compounds with X 
= S, Se (7-9, 23, 24) we confirm that the 
IrX, phases do not exhibit characteristic 
high frequency signals associated with 
strongly bonded (X,) pairs, giving rise to a 
large frequency ratio (- 1.7) on going from 
sulfide to selenide phases (23). This is in 
agreement with the high oxidation state of 
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FIG. 4. The infrared absorbance and Raman scattering (A, = 676.4 nm) survey spectra (430-30 cm-‘) 
of IrSez at 300 K recorded using a mean resolution of 4 and 3 cm-‘, respectively. 

the (X,)3- pairs as inferred in Ref. (6). A the IrX, environments from which the 3D 
confident assignment of these vibrations can network of the crystal is constructed. We 
only be made through normal coordinate thus propose to assign the bands of the 
calculations (see below). Subsequently, the above-mentioned groups to v,,~~, vsyn , 
intense infrared absorptions and weak Ra- 6 asym y and hym (IrX,) type vibrations, re- 
man counterparts in the 260- to 200-cm-’ spectively, although bands in the last group 
and 170- to M-cm- ranges form a third are probably coupled with complex crystal- 
group, with a ratio equal to 1.49, while nu- line deformation modes. As a cross-check 
merous bands in the 200-100 cm-’ and we have used the simplified formula for IrX, 
155-80 cm-’ regions are collected in a fourth pyramidal groups (25) and, under the crude 
group showing ratios of 1.22-1.24 (Table assumptions of identical bonding and bend- 
I). In first approximation, we suggest that ing force constants in b-S, and IrSe,, we 
frequency scaling between vibrations of have calculated the corresponding scaling 
orthorhombic IrS, and IrSe, derives from ratios to be equal to 1.42, 1.46, 1.45, and 
scaling between the bond stretching and the 1.33, respectively. These values match ex- 
angle-bending wavenumbers of the “1,X,” periment reasonably well, considering that 
local groups. These subunits derive from the the model is not expected to be very accu- 
three short and three large Ir-X distances in rate since it neglects coupling between the 
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various pyramidal groups that compose the 
framework of the crystal structure. Never- 
theless, as in layer type compounds such as 
arsenic chalcogenides, As,X, (26, 27), this 
simple model roughly shows how the fre- 
quency scalings arise from structural simi- 
larities. 

Finally, in the very low frequency parts of 
the spectra (V 5 90-70 cm-‘), the observed 
bands display frequency ratios ranging from 
1.20 to 1.3 1 and thus are tentatively assigned 
to translational lattice modes; in effect, for 
concerted T’ motions of IrX, or IrX, groups 
the square roots of reduced mass ratios are 
expected to be equal to 1.22 or 1.32. 

One should note that several vibrational 
bands appear as triplets (see for instance at 
about 376, 346, 316, and 250 cm-’ in It-S,) 
with small frequency splitting roughly equal 
to lo-20 cm-‘. As already discussed, this 
could be due to a quadrupling, along the a* 
reciprocal direction, of the [IrX,], “subunit 
cell,” similar to that in the orthorhombic 
marcasite FeS, compound. Nevertheless, as 
expected from large internal structural dif- 
ferences, the vibrational properties of both 
IrS, and FeS, (13, 27) compounds are not 
closely related. 

II. Valence Force Field Calculations and 
Lattice Dynamics 

Using the above vibrational data, we car- 
ried out valence force field calculations to 
determine precisely the nature of all the nor- 
mal modes, to address the problem of the 
anomalously long stretched chalcogen 
pairs, and to check for the existence of con- 
straints in these structural phases. 

It was also of interest to obtain new infor- 
mation about the various phonons which ex- 
hibit large intensity enhancements under 
resonance Raman conditions (see below). 
Using a valence force field quite similar to 
that recently applied to pyrite and marcasite 
FeS, compounds (13), we calculated the 
wavenumbers of all fundamentals, their 
main potential energy distributions, and the 

mean square vibrational amplitudes. The 
final values of force constants are listed in 
Table II and the main results are reported in 
Table III and illustrated in Fig. 5. 

Internal coordinates and potential func- 
tion. From the atomic Cartesian coordinates 
in the crystal structure (6), we identify nine 
principal stretching coordinates, two that 
relate to the Ir-S (r, and r;) short and long 
Ir-S distances, one for the S-S (s, for the 
pairs)-bonded atoms, and the remaining six 
that involve the 1r.m.S (r2, rJ, Ir**.Ir (m), and 
s***s (sz, sj, sq) shortest contacts between 
nonbonded atoms. 

These definitions take into account the 
possible metal to sulfur interactions at 3.535 
A (rJ and at 3.628-3.657 A (rJ along the b 
direction, whereas metal to metal contacts 
(m) in the (ac) planes are considered to oper- 
ate between IrS, octahedra sharing edges; 
the latter definitions include the shortest in- 
traoctahedra S+*.S distances (3.003 and 
3.079 A for sJ and the S...S interoctahedra 
interactions inside the empty channels of the 
crystal structure. The sj and sq coordinates 
correspond to interatomic distances of 3.203 
and 3.570 A, respectively (Fig. 1). The s2 and 
s3 force constants correspond to contacts in 
between IrS, octahedra sharing a corner. 
In such a potential function, all atom-atom 
interactions up to 3.66 A for Ir***S, 3.63 A 
for Ir***Ir and 3.57 A for S..*S atoms are 
taken into account; as previously demon- 
strated in establishing the valence force 
fields of Fe.?, pyrite and marcasite type com- 
pounds (13), these long range interactions 
may play an important role in such con- 
strained 3D crystal structures. 

Similarly, we define twelve bending coor- 
dinates around each IrS, environment ((Y 
and /3 types) and six bending ones around 
each tetrahedral sulfur surrounding (y and 
6’ types). These environments are strongly 
distorted so that (Y, p angular values are 
distributed over the 81-108” range and y, 8 
values vary from 79” up to 131”. Neverthe- 
less, for simplicity, we have constrained 
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FIG. 5. Scheme for the calculated relative main atomic displacements in IrSz associated with some 
selected high-frequency and low-frequency Raman vibrational modes. 
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many bending constants to have identical 
values and we have considered only five 
distinct parameters (Table II). For the same 
reason we have constrained to zero most 
stretch-stretch off-diagonal force constants 
and ignored all the stretch-bend interac- 
tions; however, the stretch-stretch con- 
stants (fr,ir, orf,;,,;) for Ir-S bonds in “cI’s” 
positions were included because the quality 
of the fits was thereby significantly im- 
proved. 

Secular determinants for the eight sym- 
metry blocks of the D,, orthorhombic struc- 
ture were determined according to the FxsM 
method, the mass-weighted Cartesian sym- 
metry force constant matrix, as first de- 
scribed by Shimanouchi (28). Force con- 
stants were adjusted by minimizing the 
fractional deviations of calculated band 
wavenumbers from the observed values by 
a least-squares process. However, due to 
the lack of vibrational polarization data, 
only the results for the four Raman blocks 
(Ag + B,, + BZg + Bxg) and the three infra- 
red active blocks (BIu + B,, + B,,) were 
compared to experimental data. Therefore, 
many force constants were transfered from 
the valence force fields of the FeS, com- 
pounds without appropriate refinements and 
must be considered as tentative. It is re- 
markable that we used only fifteen distinct 
parameters in the potential function to cal- 
culate a total of 36 Raman and 36 infrared 
(only 30 infrared active) phonon wave- 
numbers. 

Force constants, calculated wavenum- 
bers, and description of the normal modes. 
As shown in Table II, values of the proposed 
force constants are comparable to those in 
pyrite and marcasite FeS, compounds. 

Although the Ir3+ ions belong to two dis- 
tinct crystalline families and possess mark- 
edly distorted environments, only two prin- 
cipal Ir-S stretching force constants are 
adjusted to 1.3 x lo2 Nm-’ and 1.1 x 10’ 
Nm-’ for the corresponding short and long 
bondings. These values play an important 

role in fitting the band wavenumbers in the 
450-250 cm-’ region; they correspond to 
significant bonding no matter what kind of 
sulfur anion S or (S-S) considered. We have 
determined recently quite similar metal to 
sulfur force constants in NbS$l, [I.10 x 

lo2 N m-‘, Ref. (ZZ)] and NbS, [1.3 and 1.1 
x lo2 N m-’ (12)] compounds; these values 
compare well with those proposed in the 
literature for 3R-NbS, (1.34 x lo* N m-‘) 
and 2H-NbS, (1.14 x lo* N m-*) (29). By 
contrast, the stretching (S-S) force constant 
is confirmed to be anomalously small, 0.6 
x lo* N m-‘, even smaller than in FeS, 
marcasite (0.7 x lo* N m-l), as would be 
expected from interatomic distance inspec- 
tions. When compared with the large values, 
equal to 2.36 x IO’N m-’ and 2.48 x lo* N 
m-‘, found in NbS,Cl, and NbS, compounds 
(11, 12) which possessOfirmly bonded (S2)2- 
pairs (2.00 and 2.05 A), it is tempting to 
conclude that these units in the IrS, phase 
have accommodated electrons within the 
antibonding (r: (3~)) orbitals and should be 
described as (S,)3- anions. The charge bal- 
ance in IrS, would thus be represented by 
the limit formula (Ir3+ S’.5-[(S2)3-],) in which 
all the sulfur atoms are in the - 1.5 oxidation 
state. Interestingly, the Ir...S, Ir...Ir, and 
S.**S stretching force constants between 
nonbonded atoms again show nonnegligible 
values as in the FeS, compounds; an addi- 
tional constant (sq) between sulfur ions at a 
distance of 3.57 A in the IrS, phase cannot 
be neglected: this confirms the occurrence 
of many constraints between the various 
edge sharing or corner sharing IrS, octahe- 
dra of the crystal structure. The above re- 
sults are in disagreement with Barricelli’s 
conclusions (5) that the structure of IrX, 
phases involves layers with metallic bond 
character alternating with layers of normal 
covalent bonds perpendicular to the a axis, 
since the Ir-S stretching forces are compa- 
rable from one layer to another and many 
interlayer interactions are effective. 

Reasonable values are also proposed (Ta- 
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ble II) for the bending constants and 
stretch-stretch interactions, but these val- 
ues are not accurately determined as pre- 
viously discussed. 

Finally, the proposed valence force field 
shows that our assumption of separating 
crystalline vibrations into internal and ex- 
ternal modes of IrX, units is a very crude 
approximation; thus, we are dealing with 
a truly ionocovalent 3D structure in which 
complex normal modes are encountered. 

As shown in Table III, the overall 
agreement between observed and calculated 
band wavenumbers seems to be quite good 
for the Raman modes and satisfactory for 
the infrared bands, considering the approxi- 
mations used. Some discrepencies appear 
between observed and calculated infrared 
components in the 310-280 cm-’ and 
200-150 cm-’ regions. Better agreements 
could be obtained, but more refined calcula- 
tions must await polarization data on single 
crystals. From inspection of the main poten- 
tial energy distributions (Table III), we con- 
firm that the high-frequency bands in the 
440-340 cm-’ region are due to stretching 
motions in IrS, units; the Raman bands ob- 
served at 334 cm-l (B,,) and 316 cm-’ (A,) 
and their infrared counterparts at 336 cm-’ 
(B,,) and 324 cm-’ (&) contain large contri- 
butions due to stretching modes of (S,) 
pairs. However, these modes are partly cou- 
pled with lr-S elongations whose contribu- 
tions are still dominant for some modes 
down to 290 cm-‘. The lower frequency sig- 
nals in the 280-100 cm-’ region are complex 
mixtures of stretching and bending motions 
of Ir-S, entities, the bending contributions 
becoming predominant in the lowest fre- 
quency modes. Finally, long-range interac- 
tions between nonbonded Ir3+ and sulfur 
atoms do not play an important role, 
whereas interactions between sulfur atoms 
seem effective for many modes and nonneg- 
ligible metal-metal interactions (-6-13% in 
P.E.D.) are predicted for some Raman 
bands located in the 160-130 cm-’ range. 

All this information will later be discussed 
in connection with the Raman excitation 
profiles observed under resonance condi- 
tions; nevertheless, it is clear that, whatever 
the frequency range, the potential energy 
distributions due to the bending force con- 
stants cannot be neglected in the various 
normal modes: this again confirms the exis- 
tence of large constraints inside and be- 
tween the various IrS, units. 

It is often meaningful to illustrate the nor- 
mal crystalline modes by their mean square 
vibrational amplitudes. The atomic dis- 
placements calculated in some selected 
(mostly of A, type) modes are shown in Fig. 
5. In the upper part of the figure there are 
two A, modes calculated at 385.1 and 345.8 
cm-’ which involve only asymmetric 
stretching motions of the short and long Ir-S 
bonds, respectively. The two following 
modes calculated at 330.5 cm-’ (B,,) and 
320.1 cm-’ (A,) clearly correspond to the 
Raman active stretching vibrations of (S?) 
pairs, out-of-phase and in phase motions, 
respectively. These results definitely con- 
firm the localization of the vibrations due to 
the anomalously stretched pair anions. The 
two complex A, modes at 284.5 and 225.8 
cm-’ are due to couplings between stretch- 
ing and bending motions in the IrS, entities, 
a situation also encountered with the normal 
modes at 146.4 cm-’ (A,) and 130.6 cm-’ 
(B,,). However, in the latter cases the metal 
ions exhibit nonnegligible amplitudes so that 
metal-metal interactions are involved in 
their description. Finally, we have selected 
the two low frequency A, type vibrations at 
108.4 and 44.5 cm-’ which can be nicely 
compared to longitudinal and transversal 
acoustic modes along the (100) direction, 
respectively. These modes originate from 
the quadrupling along the a* direction of the 
crystallographic unit cell. 

In conclusion, the proposed valence force 
field model, although approximate, satisfac- 
torily reproduces the experimental data and 
allows us to describe the nature and the form 
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of all the crystalline vibrations: As ex- 
pected, we found some analogies in the lat- 
tice vibrational properties of both IrS, and 
FeS, marcasite compounds; in particular, 
low frequency stretching motions were 
found for the weakly bonded (S,) pair anions 
and many interactions as well as large con- 
straints between the various MS, distorted 
environments. 

III. Resonance Raman Effects and 
Excitation Projiles 

In the resonance Raman measurements, 
we used several homogeneous mixtures of 
the powders in RbClO, with concentrations 
ranging from 0.39 to 1.56 mmol/g for It-S, 
and from 0.64 to 1.14 mmole/g for IrSe,. 
This allowed us to minimize absorption ef- 
fects of both the incoming radiation and the 
scattered light, since the corresponding con- 
centration maxima in pure products are 
equal to 3.90 and 2.86 mmole/g. Therefore, 
following the method already described 
(1Z), we obtained reliable Raman intensities 
for many modes using several excitation 
lines, leading to the excitation profiles dis- 
played in Fig. 6. 

Most of the modes under inspection cor- 
respond to the more intense A, type Raman 
modes plus the B,, type signals at 434, 334, 
and 130 cm-r, the B,, one at 276 cm-‘, and 
the B,, mode at 355 cm-’ in IrS, . As clearly 
evidenced in Fig. 6, on going from A, = 
457.9 nm to A, = 676.4 nm excitations we 
encounter large Raman intensity enhance- 
ments probably due to postresonance ef- 
fects, with electronic transitions in the visi- 
ble and near-infrared regions. The 
magnitudes of these enhancements are 
largely mode-dependent in both IrS, and 
IrSe, compounds; indeed, although IrSe, 
appears as a better scattering sample, simi- 
lar Raman intensity factors are generally ob- 
served for the corresponding modes in both 
compounds [f@,) in Table I]: these scaling 
factors vary in the 6-22 (IrS,) and 4-22 
(IrSe,) ranges; the largest enhancements are 
detected on the totally symmetric vibrations 

at 386, 316, 291, and 143 cm-’ in IrS,. As 
discussed above, these modes contain large 
potential energy distributions of the force 
constants due to r,(Ir-S), s,(S-S), r;(Ir-S), 
and m(Ir...Ir) stretching coordinates, re- 
spectively, with additional contributions on 
the bending coordinates: this implies sig- 
nificant modulation of the corresponding 
bond lengths and, to a lesser extent, of the 
bond angles in the electronic band responsi- 
ble for these resonance effects. Indeed, ac- 
cording to the general rule stated first by 
Nishimura et al. (30), based on the behavior 
of Franck-Condon factors for totally sym- 
metrical modes, the more enhanced modes 
at resonance are responsible for trans- 
forming the equilibrium geometry from that 
of the ground state to that appropriate to the 
resonant excited states. We thus conclude 
that the electronic transitions which involve 
a modulation of the (Ir-S) bonds, as well as 
of the (S-S) and (Ir-Ir) interatomic dis- 
tances, are probably either of metal (Ir3’) to 
ligand (S1.5-) and/or ligand (S,)3- to metal 
(Ir3’) types or of intraligand nature Pi- 
+ P(S’.~-). Such electronic orbital excita- 
tions would finally stabilize the IrS, com- 
pound as represented by its more classic 
formula Ir3+ S2-[(S2)2-]; in these excited 
states, from which d type electrons would 
be more easily excited. In fact, we are deal- 
ing with a very complex electronic system 
in which several charge-transfer states of 
Blur Bz,, or B,, symmetry may not only in- 
terfere in the resonance Raman mechanism 
but may also be vibronically coupled. As a 
matter of fact the intensity enhancements of 
B,, , B,, , and B,, symmetry modes can only 
be explained by vibronic couplings, and the 
d-d type electronically forbidden transi- 
tions may thus become partially vibronically 
allowed (31). 

So, a more precise description of the 
structural changes and electron transfers in 
these resonant excited states must await 
complete electronic and structure calcula- 
tions and additional experimental data. In 
this last respect, it is noteworthy that the 
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FIG. 6. Comparison of the electronic absorption spectra and of the relative Raman intensities in the 
457.9- to 676.4-nm range for various modes in IrS, (a) and in IrSe,(b) compounds. The dashed lines are 
guides and extreme relative intensities are indicated. 
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IrX, phases could be good candidates for 15. 
new Fourier-transform resonance Raman 
experiments using the 1064-nm radiation of 16. 

a Nd-YAG laser (32). 17. 
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