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The S K and P K absorption spectra of layered thiophosphates MPS, (M = Mg, Mn, Fe, Ni, Zn, Cd, 
Sn) were measured. The general features of the S K absorption spectra resemble one another, but the 
intensity ratio of the first peak to a higher energy structure and the energy position of a shoulder vary, 
depending on the metal species. All the P K absorption spectra exhibit a prominent peak in the 
neighborhood of the threshold. It is found that (1) the spectra mainly reveal the p-like partial density of 
states of the unoccupied energy levels of a [P&,]4- cluster and (2) the first peak arises predominantly 
from the electronic transitions to the antibonding levels of the P-S bonds. The electronic structures 
and the optical spectra are discussed. o 1986 Academic PESS, hc. 

Introduction 

It is known that the layered thiophos- 
phates denoted by the formula MP& are 
synthesized over a wide range of metal ele- 
ments in the periodic table. Up to date, it 
has been ascertained that the elements such 
as Mg, Ca, V, Mn, Fe, Co, Ni, Zn, Pd, Cd, 
Sn, Hg, and Pb form the compounds of this 
type (I, 2). Among them the elements ex- 
cept for Pd possess two electrons in the 
outermost shell, and no syntheses have 
been reported for the elements having one 
or three valence electrons in the outermost 
shell. Pd lies in the same column as Ni in 
the periodic table, but the 4d shell is com- 
pletely filled by 10 electrons. 

The magnetic studies (3-5) indicated that 
the metal atoms in first-row transition- 

metal thiophosphates exist as high-spin di- 
valent ions. The infrared and Raman spec- 
tra (6, 7) showed that these compounds are 
composed of distorted [P&14- clusters and 
that the covalent P-S bond strength is 
more predominant than that of the P-P 
bond. The crystal structure, which has been 
determined by Klingen et al. (2, 8) is re- 
lated to the CdCll? structure (Fig. 1). The 
single crystal is constructed of a stack of 
sandwich layers. Each layer is weakly 
bonded by van der Waals forces. The intra- 
layer structure is quite similar to that of 
Ti&, one of group IV layered transition- 
metal disulfides. The only difference is that 
one P2 pair occupies one of three Ti sites of 
the latter compound. Hence, we may ex- 
pect two-dimensional electrical, magnetic, 
and optical properties. In fact, the magnetic 
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FIG. 1. Crystal structure of MPS3. 

structures of first-row transition-metal 
thiophosphates show a two-dimensional 
antiferromagnetic ordering (5). 

The other important feature is that for- 
eign atoms and molecules can be inter- 
calated in the cationic forms into van der 
Waals gaps (9-12). Lithium-intercalated 
derivatives are especially important be- 
cause it is possible to use them as cathods 
in secondary batteries (13). Many studies 
have been done in this aspect (14-18). 

Although the electrical and optical stud- 
ies (4) have indicated that they are wide- 
gap semiconductors or insulators, a full 
knowledge about the electronic structures 
has not been obtained. A simple and quali- 
tative energy band scheme has been pro- 
posed in terms of the molecular orbital the- 
ory (19, 20), but no band calculations have 
yet been carried out. Because the reflectiv- 
ity spectra of MnP&, FeP&, and NIP& ex- 
hibited similar structures, regardless of 
metal species, Khumalo and Hughes (20) 
predicted the band structures to be similar 
to one another and proposed an extremely 
ionic band model with localized metal 3d 
levels. Recently, Piacentini et ul. (19, 21) 
and Kelly et al. (22) independently mea- 
sured the photoemission spectrum of NiPS 
to investigate the electronic structures of 
the valence band and the core levels. The 

former also carried out the measurements 
of the absorption spectra of FeP& and 
NiP& by means of a partial yield technique 
to obtain information about the empty band 
structures. The results suggested that the 
valence band consists of the localized metal 
d levels, the S and P 3s levels, the S non- 
bonding p levels, and the bonding p levels 
derived from the P-S bonds, while the 
lowest conduction band is mainly made up 
of the P 3s antibonding orbitals. 

In this paper, the S K and P K absorption 
spectra of a series of layered thiophos- 
phates MP& (M = Mg, Mn, Fe, Ni, Zn, 
Cd, Sn) are presented, and the electronic 
structures and the optical properties are 
discussed. 

Experiments 

(I) Sample preparations. All the samples 
were prepared by chemical vapor transport 
reactions of a stoichiometric amount of ele- 
ments. The conditions of the crystal growth 
have been given by Klingen et al. (2). When 
Mg, Mn, Fe, Ni, Zn, and Cd were used as a 
metal element, large single crystals grew at 
the low-temperature region of an evacuated 
and then closed silica ampoule. No single 
crystal and no single-phase powder were 
obtained when using V and Co as a metal 
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element. Small plate-like crystals grew in 
the ampoules including Sn and Pd ele- 
ments, but in this case most of the materials 
remained in the form of powder in the high- 
temperature region of the ampoule even af- 
ter 3 weeks. 

The synthesized crystals were investi- 
gated by an X-ray powder diffraction 
method. It was ascertained that the result- 
ing compounds, except for the Pd deriva- 
tive, are layered thiophosphates denoted by 
the chemical formula MP.53. The lattice 
constants are in agreement with those of 
Klingen et al. (2), Taylor et al. (3), and 
Nitsche and Wild (24). The Pd derivative 
crystallized in the form of red-purple plate- 
lets with hexagonal symmetry. From the X- 
ray analysis, it has been confirmed that the 
derivative is not PdP&, but is Pd3(PS&. 
The lattice constants are a = 6.84 A and c 
= 7.24 A, and the cleavage face is perpen- 
dicular to the c axis. We could not obtain 
the diffraction pattern for the single crystal 
of SnPS3 because only a small number of 
crystals were grown. However, it was 
found from the analysis of the powder ma- 
terial that the resulting compound is of the 
second type (2) of monoclinic system. 

MgPSs is so unstable that the fine powder 
rapidly changes color from transparent to 
white. Although this change is attributed to 
the hydrate formed by the reaction with the 
atmosphere, the X-ray diffraction pattern 
of the resulting complex still exhibits the 
strong and sharp (001) lines which give the c 
lattice parameter enlarged only by less than 
0.05 A. Hence we consider that the above 
change is due to the intercalation of MgP& 
with water molecules in the atmosphere. 

(2) X-Ray absorption measurements. The 
measurements of the S K and P K absorp- 
tion spectra of MPSX (M = Mg, Mn, Fe, Ni, 
Zn, Cd, Sn) and Pd3(PS& were carried out 
using a vacuum soft X-ray spectrometer of 
Johan type with a Rowland circle of the ra- 
dius of 30 cm. All the X-ray absorption 
samples, except for SnPS3 and Pd3(PS&, 

were prepared in the form of a thin film by 
cleaving a single crystal in air by the use of 
adhesive tape. On the other hand, the sam- 
ples of SnP& and Pds(PS& were prepared 
by rubbing fine powder onto a sheet of thin 
paper. These samples were quickly inserted 
into the specimen chamber which was then 
evacuated to 2 x low6 Torr to minimize the 
reaction with the atmosphere. The anode 
and filament materials of the X-ray tube 
were tungsten. The dispersing crystal was 
quartz with a (1071) plane for the measure- 
ments of S K absorption spectra and with a 
(1010) plane for the measurements of P K 
absorption spectra. The operating condi- 
tions of the X-ray tube were 4.3 kV and 30 
mA for S K absorption measurements and 
4.0 kV and 30 mA for P K absorption mea- 
surements. The transmitted and then dis- 
persed X-rays were detected by a gas-flow 
proportional counter. The detected photon 
signals passing through a preamplifier and a 
pulse-height analyzer were integrated by a 
scaler during the preset time of 30-40 set 
and then were printed out automatically on 
both a printer and an X-T recorder. The 
whole spectrum was obtained by means of a 
step scanning method. One unit step was 
chosen to correspond to the energy interval 
of 0.29 eV in both P K and S K spectra. The 
final spectrum was drawn on an X-Y plotter 
as normalized optical density versus energy 
by accumulating 3-5 data sets for each 
sample and processing them with a com- 
puter. Here the normalized optical density 
is given by 

k%uclwz(m - lwmE”Yw”>> 
J(E) = {log(z~(E,)/z(E,)) 7 

where ZOO(E) and Z(E) are the intensities of 
the incident and the transmitted beams at 
energy E, respectively, and E,, and E,, are 
the energies at which maximum and no ab- 
sorption occurs. The energy resolution, 
which includes the instrumental resolution 
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and the natural linewidth of the core level, 
is about 1.2 eV for both spectra. 

Results and Discussion 

Figures 2 and 3 show the S K absorption 
spectra of layered thiophosphates MPS3 
(M = Mg, Mn, Fe, Ni, Zn, Cd, Sn) and 
Pd3(PS&. The corresponding P K absorp- 
tion spectra are shown in Figs. 4 and 5. 

The crystal of Pd3(PS& is transitional be- 
tween layer type and three-dimensional, 
and the structure belongs to the trigonal 
space group Did (25). Each P atom is coor- 
dinated to four S atoms on the vertexes of a 
trigonal pyramid. Three of the P-S dis- 
tances are 2.10 A and the fourth is 2.00 A. If 
the fourth S atom is substituted by a P 
atom, the remaining S and P atoms have the 
same coordination as those in MPS. Each 
Pd atom is surrounded by four S atoms on 
vertexes of a fairly regular square. This co- 
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FIG. 2. S K absorption spectra of MPS, (M = Mg, FIG. 4. P K absorption spectra of MPS9 (M = Mg, 
Mn, Fe, Ni, Zn). Chain lines are drawn to aid in the Mn, Fe, Ni, Zn). Chain lines are drawn to aid in the 
comparison of the energy positions of the correspond- comparison of the energy position of the correspond- 
ing features. ing features. 
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FIG. 3. S K absorption spectra of CdP&, SnPS,, and 
Pd3(PS&. Chain lines are drawn to aid in the compari- 
son of the energy positions of the corresponding fea- 
tures. The energy at each chain line is the same as that 
of the corresponding line in Fig. 2. 
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FIG. 5. P K absorption spectra of CdPS,, SnPSr, and 
Pdr(PS&. Chain lines are drawn to aid in the compari- 
son of the energy positions of the corresponding fea- 
tures. The energy at each chain line is the same as that 
of the corresponding line in Fig. 4. 

ordination is very different from that of a 
metal atom in MP&. The latter metal atom 
is octahedrally coordinated to six S atoms. 

As can be seen from Figs. 4 and 5, all the 
P K absorption spectra exhibit quite similar 
structures. The first peak near the threshold 
is prominent. The energy positions of the 
absorption edges agree within the errors ex- 
cept for Pd3(PS&. The energies in the fig- 
ures are referred to the position of the 
absorption edge of MgP&. The S K 
absorption spectra also resemble one an- 
other, but the intensity ratio of the first 
peak to a higher energy structure depends 
on the metal species and a shoulder struc- 
ture around 2473 eV becomes dim with in- 
creasing the atomic number of the metal 
atom. The absolute photon energies were 
obtained by using the energy of the S K 
absorption edge of TiS2 (26) as a reference. 
The energy position of the S K absorption 
edge is in good agreement among the first- 
row transition-metal thiophosphates, but it 
shifts to lower energies in the cases of 
CdP&, SnP&, and Pd3(PS& and to higher 
energy in the case of MgP&. However, 
these shifts do not depend on the electron 

occupancy of the metal d levels. Most of 
the results obtained support the earlier con- 
clusions by Piacentini et al. (23) that the 
layered thiophosphates are composed of 
isolated metal ions and [P&J4- clusters, 
and that the near-edge structures of both S 
and P absorption spectra mainly represent 
the electronic structures of their clusters. 
However, the variations in intensity ratios 
of the first peak to a higher energy structure 
of the S K absorption spectra with the 
change of the metal species may imply that 
S atoms are under the larger influence of 
metal ions than P atoms are. 

The S K and P K absorption spectra of 
FeP& will be compared with the S LZJ and 
P L2,3 absorption spectra to investigate the 
character of the lowest conduction band 
(Fig. 6). The latter two absorption spectra 
have been obtained by Piacentini et al. (23) 
using a partial yield technique. When unoc- 
cupied s and p atomic wavefunctions are 
admixed within the conduction bands, the 
spectra are usually compared with one an- 

P-K 

- 

/ p-L2.3 

S-K 

S-LZJ 

1 
15 2 

ENERGY (eV) 

FIG. 6. P K, P L2,3r S K, and S L2,3 absorption spectra 
of FeP&. The L2,3 absorption spectra have been ob- 
tained by Piacentini et al. (23) by means of partial yield 
synchrotron-radiation photoemission spectroscopy. 
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other, aligning the absorption edges, be- 
cause their positions correspond to the bot- 
tom of the conduction band. In the present 
case, however, the S K, P K, and P LZ,X 
spectra are drawn by aligning the first 
peaks, assuming that the lowest conduction 
band consists of the molecular orbital levels 
of a [P2SJ4- cluster. The S Lz,~ spectrum is 
plotted on the figure in such a way that the 
structures around 3 and 11 eV above the 
threshold correspond to the peaks of the S 
K spectrum as well as possible. These pro- 
cedures lead to the agreement of the ab- 
sorption edges or the midpoints of the ini- 
tial rise of absorption within 0.3 eV. Since 
the dipole selection rules hold satisfactorily 
in the X-ray absorption process, one can 
regard that the K absorption spectra reveal 
the local projected density of states with p 
symmetry near the absorbing atoms, while 
the L~,J absorption spectra reveal the local 
projected density of states with s and d 
symmetries near the absorbing atoms. The 
intensity ratios of the first peak to a higher 
energy structure of these spectra suggest 
that the lowest conduction band consists of 
dense S p and P s and p states. The result is 
easily predicted from a simple molecular 
orbital model of a [P2SJ4- cluster. Mathey 
and co-workers (6, 7) have indicated from 
Raman and infrared spectra that the 
strength of the covalent P-S bonds in a 
[P&J4- cluster are more predominant than 
that of the P-P bond. The valence elec- 
trons of a S and a P atom are 3s and 3p 
electrons. The P s character, which is de- 
duced from the P Lz,~ spectrum, is included 
in the antibonding energy levels together 
with a P p character through the sp* hybrid- 
ized orbitals which are most appropriate to 
form the covalent P-S bonds with sur- 
rounding three S atoms. A remaining 3p or- 
bital in a P atom is used to form the P-P 
bond. This bond plays a role of the connec- 
tor of two PS3 entities in a [P2S614- cluster. 
On the other hand, a S atom expends a 3p 
orbital on the bonding with a P atom, but 

the remaining 3s and 3p orbitals take no 
part in the bonding and exist as a nonbond- 
ing orbital. This bonding scheme implies 
that the unoccupied energy states of this 
cluster consist of the antibonding orbitals of 
the P-S and P-P bonds. The electron oc- 
cupancy of the P-S antibonding levels per 
double formula is twelve, and is much 
larger than two of the P-P antibonding 
levels. Thus we may conclude that the first 
absorption peak arises mainly from the 
transitions to the P-S antibonding states 
which contain P s, P p, and S p characters. 
This conclusion is supported by the present 
experimental results. 

With respect to the peak and dip posi- 
tions of the higher energy structures, there 
is an agreement between the spectra ob- 
tained from the same kind of absorbing at- 
oms, for example, between the P K and P 
L2,3 spectra, but a disagreement is found be- 
tween the S and P spectra. This fact may 
suggest that these structures are derived 
from the transitions to the excited states of 
each atom, but the details are unknown at 
present. In relation to this problem, we may 
need to take account of the mixture bands 
with unoccupied metal s and p orbitals and 
the photoelectron multiple-scattering ef- 
fect. In the continuous levels around 15 eV 
above the edge, the photoelectron multiple- 
scattering effect becomes relatively impor- 
tant because the density of states are 
smoothly varied. 

Next, we will discuss the electronic 
structures and the optical spectra. Figure 7 
shows the S K and P K absorption spectra 
of NiP& together with the valence band 
photoemission spectrum. This photoemis- 
sion spectrum has been measured by Kelly 
et al. (22) at the photon energy of 55 eV. 
According to Kelly et al., the peaks A, B, 
and C are related to the Ni 3d levels, while 
the peak D is assigned to the px,y levels, 
although the photon polarization effect has 
shown that this peak has a pz character per- 
pendicular to the layers rather than a px,y 
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FIG. 7. S K and P K absorption spectra and the 
valence band photoemission spectrum of Nip&. The 
photoemission spectrum (solid line) has been obtained 
by Kelly ef at. (22). The spectra are drawn in such a 

way that the electron transitions D + a and E -+ a, 
respectively, give rise to the prominent peaks around 
7.5 and 10 eV of the reflectivity spectrum measured by 
Khumalo et al. (20). 

character parallel to the layers. Since the 
peak E exhibited the resonant behavior, it 
was regarded as a satellite of the Ni 3d lev- 
els. On the other hand, Piacentini et al. (21) 
have asserted that the peaks D and E reveal 
the S px,y nonbonding levels and the bond- 
ing levels derived from the P-S bonds, re- 
spectively, by measuring the photoemis- 
sion spectra of the familiar compounds and 
comparing with them. The peak F was as- 
cribed to the contaminated oxygen peak, 
but its nature remained uncertain because it 
appeared even after cleavage under ultra- 
high vacuum conditions. These assignments 
were done in terms of the simple molecular 
orbital model proposed by Piacentini et al. 
(19). However, there are some question- 
able points in this model. For example, the 
antibonding px,y level which is derived from 
a covalent P-S bond, is situated below the 
Fermi level. If it is right, the P-S bond is 
unstable because valence electrons occupy 
both the bonding and the antibonding 
states. The Raman and infrared studies (6) 
have confirmed the strong P-S bond. The 
force constant has been estimated to be 
2.30 mdyn/A. Thus we believe that the anti- 
bonding level is situated above the Fermi 

level and that the electronic transitions to 
the antibonding level give rise to the first 
peak of the S g and P K absorption spectra 
as described above. 

Khumalo and Hughes (20) measured the 
reflectivity spectra of MnP&, FeP&, and 
Nip&. They noted two prominent peaks; 
one is a sharp peak around 7.5 eV and the 
other is a relatively broad peak around 10 
eV. Since the peaks appeared, irrelevant to 
the metal species, Khumalo and Hughes 
(20) related them with the electronic transi- 
tions from the occupied to the unoccupied 
energy states of [P&J4- clusters. As de- 
scribed above, the unoccupied energy 
states of [P&Y- clusters show a prominent 
peak near the. bottom of the conduction 
band, while the occupied states exclusive 
of metal 3d states exhibit two large peaks at 
3.0 and 6.0 eV below the Fermi level. These 
peaks are, respectively, related to the P-S 
antibonding levels, the nonbonding S 3p 
levels, and the P-S bonding levels in or- 
der. Then we may assume that the former 
peak of the reflectivity spectra arises from 
the electronic transitions from the non- 
bonding S 3p levels to the P-S antibonding 
levels, while the latter peak arises from the 
electronic transitions from the bonding to 
the antibonding levels of the P-S bonds. 
Figure 7 is drawn for Nip&, paying atten- 
tion to the points that the transitions D 4 a 
and E --f a give rise to the prominent peaks 
around 7.5 and 10 eV in the reflectivity 
spectrum. We find that the Fermi level or 
the top of the valence band is situated be- 
low the S K and P K absorption edges. This 
means that Nip& is a semiconductor, in 
agreement with the result of the optical ab- 
sorption study (4). However, this proce- 
dure gives a somewhat larger energy gap 
than the fundamental absorption edge. Ac- 
cording to Brec et al. (4) the fundamental 
absorption edge of NiPS3 is 1.6 eV, while 
the energy separation between the top of 
the valence band and the bottom of the con- 
duction band in Fig. 7 is about 2.6 eV. It is 
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known that Ni 3d levels play an important 
role for the optical transitions at low ener- 
gies, but the unoccupied Ni 3d levels are 
not shown in the figure because the S K and 
P K absorption spectra give no information 
about the metal 3d levels. If the unoccupied 
Ni 3d levels are considered, it might be pos- 
sible to correct the above disagreement. Al- 
though we tried to obtain information about 
the ground states of the unoccupied metal 
3d levels of MnP&, FeP&, and NiP& by 
measuing the metal L2,3 absorption spectra, 
this attempt resulted in a failure due to the 
strong interaction between a core 2p hole 
and the 3d electrons (27). In this attempt we 
observed the multiplet splitting of the final 
states of a divalent metal ion which implies 
the presence of the strongly localized metal 
3d electrons. On the other hand, in ZnP& 
where the 3d levels are situated sufficiently 
below the Fermi level, there is a good 
agreement between the fundamental ab- 
sorption edge and the energy separation be- 
tween the top of the valence band and the 

bottom of the conduction band which has 
been estimated in the same procedure as 
done for Nip&. In this case, the valence 
band photoemission spectrum and the re- 
flectivity spectrum have been quoted from 
Ref. (21). 

Putting the above discussions together, 
we can obtain the energy level scheme as 
shown in Fig. 8. This scheme is constructed 
of the energy levels of [P&]4- clusters and 
the localized 3d levels of divalent metal 
ions. Taking no account of the metal 3d lev- 
els, the top of the valence band and the 
bottom of the conduction band consist of 
the bonding and the antibonding levels de- 
rived from the P-P bonds, respectively. 
The direct evidence of the existence of the 
P-P bond has been given by the infrared 
study (6), which suggests that the bond 
strength is considerably smaller than those 
of P2 and P4 molecules. These densities of 
states are much lower, so that they could 
not be identified from the photoemission 
and the X-ray absorption spectra. 

higher energy levels 

/ 
antibonding levels 

(P-S bond) 
dntibondtng levels (2) , 

(P-Pbond) 

Mg 
Mn Fe 

Ni 

[Pf$- cluster 

(a) 
M*’ ion 

(b) 

Zn 

FIG. 8. Energy level scheme of IMP&. It is constructed of the energy levels of [P&J4 clusters (a), 
and localized divalent metal ions (b). The figures in parentheses denote the electron occupancy per 
double formula and dots show occupied states. The d electrons in first-row transition-metal ions are 
localized in a high-spin state, while the 4s orbitals are delocalized and interact with sulfur s and p 

orbitals. 
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Until now, we have neglected the inter- 
action between a localized divalent metal 
ion and a [P2SJ4- cluster, but weak mixing 
may occur between the delocalized metal s 
and p orbitals and the S 3p nonbonding or- 
bitals because the latter orbitals are di- 
rected to the metal atoms. Even if so, the 
present authors believe that the layered 
thiophosphates are stabilized by the two- 
dimensional arrangement of isolated diva- 
lent metal cations and strongly bonded 
[P&14- anions. The M-S and M-M in- 
teractions may play a role for the lower en- 
ergy shifts of the S K and P K absorption 
spectra of Pd3(PS4)* and SnP&. As the in- 
teractions increase, the resulting com- 
plexes would exhibit three-dimensional 
properties rather than two-dimensional 
properties. 

Conclusions 

The S K and P K absorption spectra of a 
series of layered thiophosphates MPS3 (M 
= Mg, Mn, Fe, Ni, Zn, Cd, Sn) were ob- 
tained. The whole energy level scheme was 
drawn by taking account of the valence 
band photoemission and the X-ray absorp- 
tion spectra. This scheme is constructed of 
the energy levels of [P2S6]4- clusters and the 
localized d levels of divalent metal ions. It 
will be useful not only for the assignments 
of the structures of the reflectivity spectra 
and the optical adsorption spectra, but also 
for the execution of the band calculations. 
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