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Abstract-The FTIR electronic absorption spectra of single crystals of Fe,P,S,, Co,P,S, and their lithium 
intercalation compounds have been obtained. The spectrum of Fe, P2 S, exhibits a broad, weak absorption 
feature at 1885 cm-’ and a second, stronger band at 8870 cm-‘. These are assigned to transitions between 
the ‘EC (ground state) and the 5A,, and 5E, trigonal crystal-field components of the Fez+ free-ion 5D ground 
term. The broad absorption bands in the spectrum of Co,P,S, are assigned to the transitions between 
the “A, (ground state) and the 4E, (1224 cm-‘) and 4A,, (7124 LXX-‘) trigonal crystal-field components 
of the Co2+ free-ion 4Fground term. A point-charge crystal-field model was used to relate the crystal-field 
splitting parameters (Dq and Cp) to the trigonal lattice distortion. 

Lithium intercalation completely suppresses the trigonal field transition in Co,P,S, and causes a 
dramatic shift of the absorption edge to lower frequencies. However, lithium intercalation has little effect 
upon the spectrum of Fe,P,S,. 

Keywords: Fe,P2S,, Co,P,S,, FTIR, electronic absorption, trigonal splitting, lithium intercalation, 
crystal-field model, trigonal angle. 

INTRODUCTION 

The M,P,S, (M = a first row transition metal) mate- 
rials form a large family of layered compounds with 
isomorphous crystal structures in which the coordi- 
nation geometry of the M2+ ions is that of a tri- 
gonally distorted octahedron [l]. The weak interlayer 
van der Waals forces permit the lattice to be inter- 
calated by a wide range of chemical species. The 
intercalation of these lattices with alkali metals, in 
particular, has been investigated for more than a 
decade. The electronic band structure of both the 
host lattices and the intercalated lattices have been 
examined experimentally and theoretically in order 
to develop an understanding of the physical and 
chemical behavior of these interesting materials. 

The electronic absorption spectra in the region of 
the electronic band gap can provide detailed informa- 
tion about the host lattice band structure and the 
changes produced by intercalation. For lattices con- 
taining transition metal ions with partially filled 
d-orbitals, the long-wavelength electronic absorption 
spectrum arises from the d + d transitions of the 
transition metal ion [2-71. If the d-orbitals are weakly 
overlapping, then these excitations may be viewed as 
localized crystal field transitions; if the interaction 
between d-orbitals is substantial, then the transitions 
should be viewed as between delocalized d-bands. In 
either case, the d-orbitals are split by the octahedral 
crystal field into a high-energy es set (d,,, d,) and a 
low-energy tt set (dx2 _+, d,,, dz2). Because the coordi- 
nation of the transition metal ion in the M,P2S, 
lattices is trigonally distorted (&), the fgg orbital 
set is further split into an alg (dz2) and an ep orbital 

pair (d,,_,+ d,,). The z-axis is taken as the trigonal 
axis of the MS, octahedron and coincides with the 
crystallographic c*-axis (see Fig. 1). 

The trigonal field splitting may affect the physical 
properties of the M*P,S, materials since these will 
depend upon the energy of thermally accessible elec- 
tronic states and the density of states at the Fermi 
energy. Moreover, the trigonal field splitting should 
be sensitive to intercalation induced changes in both 
the metal coordination geometry and the strength of 
the metalchalcogen bond. Relatively little is known 
about the structural modifications of the host lattice 
induced by the intercalate, and the behavior of the 
trigonal field splitting upon lattice intercalation may 
be helpful in the interpretation of electronic and 
structural changes caused by the intercalate. 

We have previously reported the FTIR spectra of 
several M,P,X, (M = Cd, Mn, Fe, Co) compounds 
and identified a broad, weak absorption band in the 
spectra of Fe,P,S, and Co,P,S, with the electronic 
transition between the trigonal components of the 
free-ion, ground state term [8]. In the present work, 
we have extended our earlier measurements to a 
wider spectral range to observe additional crystal 
field transitions and examined the corresponding 
spectra of lithium intercalated lattices. 

EXPERIMENTAL 

Single crystals of Fe,P,S, and Co,P,S, were pre- 
pared by direct synthesis from the elements in evacu- 
ated quartz tubes. The details of the procedure have 
been described previously [9, lo]. Elemental analyses 
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Fig. 1. Axis notation and orientation of the trigonal axis 
with respect to the crystallographic stacking axis c*. 0 is the 

trigonal distortion angle. 

and the basal plane spacings determined by single 
crystal X-ray diffraction were consistent with pre- 
viously published data for all materials studied. 
Lithium intercalation was carried out in a nitrogen 
atmosphere in dried Schlenkware using n-butyl- 
lithium in hexane solution. The detailed procedure 
has been described previously [I 11. The time of 
intercalation was varied from 1 to 10 h in order to 
obtain a variation in the amount of intercalated 

lithium. 

FTIR spectra were recorded on a Nicolet 60SX 
spectrometer equipped with a microbeam attachment 
and optional beam-splitters to extend the high-energy 
operating range to 25,000 cm-‘. Single crystals about 
0.1 mm thick were mounted across a 1 mm circular 
aperture. All spectra were recorded at room tem- 
perature with the incident radiation perpendicular to 
the basal cleavage of the sample. Typically, 300 scans 
were collected for each spectrum. 

RESULTS 

The FTIR spectrum of Fe,P,S, is illustrated in Fig. 
2. Most of the sharp line features correspond to 
vibrational transitions associated with P-S and Fe-S 
deformations [12, 131. The spectrum exhibits two 
weak, broad absorption bands whose peak intensities 

are very much less than that of fundamental 
vibrational absorption bands, but comparable to 
higher overtone intensities. The first of these features 
is observed at 1885 cm-’ and has a full width at 
half-maximum (FWHM) of 1350cm-‘. The second 
band is observed at 8870cm-’ with a FWHM of 
3240 cm-‘. 

The FTIR spectrum of Co,P,S, is shown in Fig. 3 
and, like the spectrum of Fe, P, S,, exhibits two broad 
absorption features (1224 cm-‘, FWHM = 830 cm-’ 
and 7124 cm-‘, FWHM = 1995 cm-‘). The band 
centered at 7124cm-’ appears to consist of two 

overlapping bands. 
The peak molar extinction coefficients were deter- 

mined for each electronic transition observed. The 
thickness of the sample crystals was measured opti- 
cally with a metallurgical microscope. The sample 
crystal density for Co,P,S, was obtained by calcu- 
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Fig. 2. Single crystal absorption spectrum of Fe2P,S,. 
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Fig. 3. Single crystal absorption spectrum of Co,P,S,. 

300 

lation from the unit cell dimensions [14], while for 
Fe,P,$ the average value given in Ref. 10 was used. 
The peak molar absorption coefficient values ob- 
tained for both sample materials are reported in 
Table 1. 

The spectra of lithium intercalation compounds of 
Fe,P, S6 and Co2P,S6 are compared in Fig. 4. As 
noted in previous studies, when single crystals of 
Fe,P,S, and Co2P,Ss are intercalated with lithium, 
the vibrational spectrum in the spectral range 
400-lSOOcm_’ is only slightly altered [15]. In the 
spectral range > 1500 cm-‘, very little change occurs 
in the spectrum of Li,FerPrS, relative to that of the 
host lattice. The spectrum of Li,Co,P,S,, however, is 
altered dramatically at frequencies greater than 

1200 cm-‘. The trigonal field transition disappears 
and a strong absorption edge appears at about 
3000 cm-i. 

DISCUSSION 

The long-wavelength transitions of the M,P,X, 
materials with partially filled d-orbitals are expected 
to involve contributions from d-orbital transitions. 
As an aid to interpretation of the long-wavelength 
spectrum, it would be desirable to have available a 
calculation of the optical joint density of states for the 
MrP,X, lattices. Although these are not available, 
extended Huckel tight-binding analyses of the elec- 
tronic structure of the M,P,S, phases have recently 

Table 1. 

Parameter Fe, P, S, 

Ground state 5E” 
1 st excited 

Energy 
Linewidth (FWHM) 
Peak extinction 

2nd excited 
Energy 
Linewidth (FWHM) 
Peak extinction 

Trigonal angle 

Dq 
CP 

‘& 
1885 
1350 

2 

5E, 
8870 
3240 

7 
51.27 

770 
2797 

CO2P2S6 
4A2, 
4EK 
1224 
830 

6 

44, 
7124 
1995 

33 
51.52 

837 
5350 

.626 - 

Units 

cm-’ 
cm-’ 

1 (mol-cm-‘)-’ 

cm-’ 
cm-’ 

1 (mol-cm-‘)-’ 

deg 
cm-’ 
cm-’ 

-228 -492 cm-’ deg-’ 
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Fig. 4. Comparison of the absorption spectra of Co,P,S, and Li,Co,P,S,. 

been reported by Whangbo et al. for M = Fe [ 161 and 
by Mercier et al. for M = Mn, Fe, Co, Ni [17]. These 
calculations indicate considerable mixing of the d- 
orbital tzg set with P-P orbitals due to the presence 
of the trigonal distortion of the metal coordination. 
Since these calculations also indicate relatively little 
dispersion of the tzg orbitals, favoring localization of 
the d-orbitals, we have adopted simple crystal field 
arguments (for isolated transition metal ions in tri- 
gonal coordination) for the present discussion of the 
mid-IR electronic spectra of FerP,S,, Co,P, S, and 
their lithium intercalation compounds [8]. 

Crystal-field splitting 

A trigonal distortion in the MS, octahedra in 
M,PrS, crystals results, as mentioned earlier, in a 

tzga 

tzg ‘L ’ ’ 
r it*gi --- 

t&L r 
Irt*go 
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FIELD FlELD 

Fig. 5. Splitting of the 3d transition metal orbitals in a 
trigonal crystal field. 

splitting of the d-orbitals into drZ (t$), d,, _+ and dxY 
(t$), and d,, and L$ (e,). Although the eg set is 
always higher in energy than the tt set, the ordering 
within the t,, set depends on the trigonal angle, 
defined in Fig. 1, and the relative magnitudes of Dq 
and Cp, the cubic and the trigonal crystal field 
splittings, respectively. Consequently, there are two 
possible orderings of the d-orbitals (see Fig. 5). 

The 5D free-ion electronic ground term of 
high spin Fe’+ in Fe,P,S, corresponds to the 
electronic configuration, t&e: in the cubic field. 
In the trigonal field, the orbital configuration 
becomes either (t$ )‘(t ‘&)‘(e,)‘, corresponding to a 
‘Eg state, or (t$)2(t2$ )2(e,)2, corresponding to a 

5A,, state, as shown in Fig. 5. In either case, 
a spin-allowed trigonal transition within the t,, 
set is possible: 5A,,I(t$ )2(t&)2(eg)2J +- 5& or 
SEg{(t&)‘(t2)3(eg)2} c5AIg. It is this transition that 
gives rise to the 1885 cm-’ band observed in the 
mid-IR electronic absorption spectrum of Fe,P,S,. 
The next higher-energy, spin-allowed transition 
leads to the configuration (t$,)2(t&.)‘(e,)3 or 
(t&)‘(tz)2(eg)3. We assign the 8870cm-’ band ob- 
served in the near-IR spectrum of Fe2P,S, to this 
5E, + ‘E, or ‘Eg + ‘AIg transition. 

In a similar fashion the octahedrally split t&e: 
configuration corresponding to the free-ion 4F elec- 
tronic ground term of Co’+ is further split by the 
trigonal field in Co2P2S6 into a 4A2, state, or into 
(t&)2(t&)3(eg)2, a 4Eg state, depending, again on the 
splitting of the t2# set. Either of these configurations 
gives rise to a spin-allowed transition which is 
4A2g c 4Eg or 4Eg+- 4A2p. We have assigned the 
1224cm-’ band to this transition. We assign the 
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Fig. 6. Single crystal absorption spectrum of Ni2PZS6. 

7124cm-’ band to the transition involving the pro- 
motion of an electron from the tti orbital set or t$ 
orbital to the es orbital set, that is, 4A,g+4A2r or 
4A,,+4E,. 

The band positions, linewidths and intensities 
observed in the IR electronic absorption spectra of 
Fe,P,S, and Co,P,S, (see Table 1) are consistent 
with the values expected for (electronic) crystal-field 
transitions between the trigonal field components of 
the ground free-ion term. For the d8 configuration of 
Ni2+ in Ni,P,S,, the 1% orbital set is completely filled 
and a single electron excitation within the fti set is 
not possible. No electronic absorption band was 
observed in the FTIR spectrum of this material 
(Fig. 6). 

Point -charge crystal-Jeld model 

The orbital degeneracy of the electronic ground 
state cannot be determined from analysis of the 
spectrum alone. In order to conveniently examine 
the behavior of the ground state as a function of the 
trigonal field, we have adopted a point-charge model 
of the metal coordination. The model permits esti- 
mation of Dq and Cp by fitting the predicted crystal- 
field levels to the experimentally observed band 
positions, using the empirically found trigonal angle 
in Fe2P2S, and Co,P,S,. 

The point-charge model [18-201 provides a useful 
representation of the trigonally distorted crystal-field 
potential that permits parameterization in terms of 
the three separable parameters: the trigonal angle 
(0), the cubic field splitting parameter (Dq), and the 
trigonal field splitting parameter (Cp). The above 
parameterization of the crystal field allows com- 

putation of the energy levels as a function of the 
trigonal distortion angle and the magnitude of the 
Dq and Cp parameters. The magnitude of the Dq 
parameter is proportional to the fourth-order radial 
one-electron integral (r4) and is given by, 

iZe2(r4) 
Dq=-. 

a5 

Cp parameterizes second-order radial integrals of the 
form (r*) and is given by, 

$ Ze2(r2) 
Cp=7. 

The crystal-field potential for D,, trigonal symmetry 
may be written in terms of these parameters as: 

VD, = 2lmCp[3 cos20 - l]Y; 

+ 3J;; Dq[35 cos4 8 - 30 cos’ 0 + 31 Yj 

+ 3@Dq[sin3 0 - cos 0][ Yj - Yc3], (3) 

where the Y;t are spherical harmonics of order 1. 
Diagonalization of the matrix of the crystal- 
field Hamiltonian using the potential of eqn (3) 
leads directly to the energy levels of the ground 
state free-ion term split by the cubic and trigonal 
crystal-field components. A further smaller splitting 
is induced by the spin-orbit coupling. 

For Fe’+, the crystal-field Hamiltonian was diago- 
nalized using the 25 basis functions IL., M,, S, M,) 
for the jD state (L = 2, S = 2) constructed from 
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Fig. 7. Variation of the crystal-field splitting as a function of the trigonal angle 

one-electron d-orbital functions. For Co*+ it is neces- 
sary to consider spin-orbit coupling of the 4F ground 
state with the nearby 4P free-ion excited state. The 
crystal-field Hamiltonian was diagonalized using the 
28 functions of the decoupled basis 1 L, A4,, S, M,) for 
the 4F-state (L = 3,s = 3/2), and 12 basis functions 
for the 4P-state (L = 1, S = 3/2), constructed from 
one-electron d-orbital functions. The values of other 
parameters used in the calculation for Co,P,S, were 
B(Racah) = 500 cm-’ and 5 (molecular spin-orbit 
coupling parameter) = - 100 cm-‘. 

The value of the trigonal angle 0 in crystalline 
Fe,P,S, was computed from recent refinements of 
the crystal structure [14]. The value obtained is 
0 CrySt = 51.3”, corresponding to an elongation along 
the trigonal axis of the sulfur octahedron. 

Dq and Cp were computed iteratively by repeated 
diagonalization of the matrix of the Hamiltonian 
with 0 = (Icast, until agreement with the observed 
band positions was obtained. The values of Dq and 
Cp obtained from this procedure were then used to 
generate the plot of the crystal-field levels of Fe, P, S, 

as a function of the trigonal distortion (Fig. 7). For 
values less than 54.7”, corresponding to octahedral 
coordination the ground state is the ‘E, component 
of the ‘T,,; whereas for values greater than this, the 
‘A,, component lies lowest. 

This result is in agreement with the Mossbauer 
measurements which suggest that the iron in Fe2P2S6 
is high-spin Fe*+ and that the ground state is ‘Eg [21]. 
Additionally, the very weak temperature dependence 
of the Miissbauer quadrupole splitting implies that 
the trigonal distortion about Fe2+ is moderately 
large. The ratio of Cp/Dq = 3.63 found in Fe,P,S, is 
typical of many ferrous salts which exhibit ratios near 
four. 

For Co2P& f&. = 51.5” [14]. Dq and Cp were 
determined iteratively by repeated diagonalization of 
the crystal-field Hamiltonian with the potential of eqn 
(3) until agreement with the spectroscopic trigonal 
splittings was obtained. The final values of Dq and Cp 
(see Table 1) were then used to plot the variation of 
the trigonal field splitting vs 0 illustrated in Fig. 8. 
The calculation predicts that for fIcrys, , the ground 

coZp2s6 

45 50 
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Fig. 8. Variation of the crystal-field splitting as a function of the trigonal angle. 
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electronic state is the 4A, state. The Cp/Dq ratio is crease in the magnetic susceptibility upon increasing 
6.39 and is typical of many cobalt salts [20]. x when compared with the host lattice [3]. 

It was found that trigonal splitting is sensitive to 
changes in the trigonal angle, but relatively insen- 
sitive to changes in Dq and Cp. The sensitivity is 
given by the parameter values in the last two rows of 
Table 1, This behavior has been noted previously [20] 
and is reflected in the dramatic sensitivity of the mean 
magnetic moment of trigonally distorted octahedral 
Fe2+ and CO’+ complexes to slight changes in coordi- 
nation geometry. The most marked effects are 
observed when Cp is large and 0 < B,cI. = 54.7”. 

Lithium intercalation efects on the FTIR 
electronic spectrum 

Lithium can be inserted relatively easily into the 
M,P2SG lattices with partially filled d-bands 
(M = Ni, Fe, Co), but only with difficulty into lattices 
with filled d-bands (M = Cd, Zn). It is usually as- 
sumed that intercalation of a layer compound does 
not modify the intralayer structure of the host, 
but only alters the interlayer separation. This is 
not necessarily the case as illustrated by the effect of 
Na intercalation into TiS,. The 23Na Knight shift 
measurements [22] indicate that intercalation flattens 
each TiS, layer and shortens the interlayer sepa- 
ration. Flattening of a layer may be assumed to 
involve an increase in the trigonal distortion angle 8, 
rather than a shortening of the strong, covalent M-S 
bond. Tight-binding band structure calculations, 
using B to parameterize the intralayer deformation, 
indicate that a small change in the trigonal angle 
significantly modifies the lowest lying d-band [23]. 
For B < 54.9”, the lowest lying d-band is non- 
degenerate; but for 8 > 56.4”, the doubly degenerate 
band lies lowest. 

After treatment with ~-butylIithi~ for less than 
1 h, the FTIR electronic spectrum of Co,P,S, had 
changed dramatically. The trigonal crystal-field tran- 
sition disappeared and was replaced by a strong 
continuous absorption edge. The tail of the absorp- 
tion edge begins at about the original position of the 
trigonal field transition. The disap~a~nce of the 
trigonal crystal-field transition and the appearance of 
a low-energy absorption edge in Co,P,S, is consistent 
with a transfer of electrons from the intercalated 
lithium to the partially occupied cobalt d-bands. The 
reduction of cobalt from d’ to d’ results in an 
electronic configuration isoelectronic with that of 
Ni2+ in N&P,&. that does not exhibit a trigonal field 
transition. Thus, the effect of lithium intercalation on 
the mid-IR electronic absorption spectra of Co,P,S, 
appears to support the conclusion of Whangbo et al. 

[16] that the reduction site in MPX, lattices during 
alkali-metal intercalation reactions is the low-lying 
partially filled 3d-bands. However, further studies 
of the FTIR electronic spectrum of lithium inter- 
calated M2P,S, lattices will be required before the 
spectroscopic effects of lithium intercalation can be 
interpreted with confidence. 
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