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Reflectance spectra of some FePS,-type layer compounds in the vacuum ultraviolet
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Near-normal-incidence reflectivity' spectra of single crystals of MnPS„FePS„and NiPS, have been obtained in the

vacuum ultraviolet region of the optical spectrum. The spectra are interpreted using molecular-orbital ideas as well

as simple physical and chemical arguments. The metal d orbitals in these materials are envisaged as localized

discrete levels (rather than bands) in the energy-band models proposed. The most illuminating result of this work is

that the reflectivity features on the three spectra look identical. These similarities in the three spectra have led us to

suggest that, in a broad view, the band structures (as yet unknown) of the first-row transition-metal

chalcogenophosphates (archetype FePS,) are closely similar. Furthermore, we conclude that for photon energies

greater than the absorption edge, the localized transition-metal d orbitals do not seem to take part in the optical

transitions (only the energy bands of the P,S, complex take part), thus causing the observed similarities in the

reflectivity spectra ofMPS, systems.

I. INTRODUCTION

Transition-metal phosphorus trichalcogenides
(otherwise known as transition-metal chalcogeno-
sphosphates) are layer compounds with the general
chemical formula MPX, [where M is a first-row
transition metal (with an incomplete d shell) such
as Mn, Fe, and Ni; P is phosphorus and X is
either S or Se]. These compounds generally cry-
stallize as thin platelet crystals.

Magnetic-susceptibility measurements on ground
polycrystalline samples of MnPS„FePS3, and

NiPS, indicate that these crystals are antiferro-
magnetic with Noel temperatures of 110, 126',
and 253'; their Weiss constants are -263, +14,
and -588 K and their magnetic moments deter-
mined in the paramagnetic region are 6.20, 5.43,
and 3.68@&, respectively. ' ' These moments were
interpreted as indicating the presence of signifi-
cant spin-orbit coupling. Brec et al. have made
dc electrical-conductivity measurements, perpen-
dicular to the e axis, on MnPS3, FePS3, and

NiPS&, among other crystals. Crystals of NiPS,
were found to have extremely high resistances
(-10' 0 cm) whereas those of FePS, and MnPS,
had values between 10' and 10' 0 cm. Optical-
absorption. measurements on single crystals of
MnPS„FePS„and ¹iPS3have been reported in
the literature and the results indicate that mem-
bers in the FePS,-type family are broad-band
semiconductors, with gap values of 3.0, 1.5, and
1.6 eV for MnPS„FePS3y and NiPS„respective-
ly. ' Intense d-d transitions (which occur at ener-
gies close to the fundamental absorption edge)
have been observed in these materials. "

Transition-metal dichalcogenides, such as TiS2,
have been reported in the literature to perform
well as cathodes in ambient-temperature lithium

batteries. " The critical feature in TiS2 is its
lamellar structure which allows the intercalation
by lithium ions (and other species) between alter-
nate sulfur layers without bond breaking. Re-
cently, there has been a burgeoning interest in the
layered transition-metal phosphorus trichalcogen-
ides, (especially ¹PS3)because these compounds
readily react with alkali metals and exhibit tre-
mendous electrochemical activity. These MPX3
systems have crystal structures very similar to
that of TiSq (see Fig. 2). The Ni atoms and'P-P
pairs (in NiPS„ for example) occupy the sites
that titanium would fill in TiS2. Alternate layers
of interstices between the sulfur planes are un-

occupied, permitting occupation by other atoms or
molecules. ' On an equivalent structural basis,
MPX3 compounds accept approximately 3 times
as much lithium as does TiS2 and furthermore, the
greater capacity for lithium atoms exhibited by
¹iPS3leads to a theoretical density of 1 kW h/kg, s

double that of 480 W h/kg for TiS2. If this high
theoretical energy density is truly electrochem-
ically reversible, then the low cost of the compon-
ent elements, the reasonable conductivity of the
iron and nickel compounds, and the ambient-tem-
perature operation will make the Li-MPS& batter-
ies promising candidates for electric-vehicle pro-
pulsion in the future.

A thorough literature survey has revealed that
neither a systematic optical study nor a decent
electronic band model for the FePS,-type layer
compounds is reported. An electronic band-struc-
ture model for these FePS,-type layer. compounds
is needed for both academic and technological
reasons; the academic interest being the high
anisotropy exhibited by such compounds and their
ability to intercalate foreign atoms without any
parameter expansion. Up to now, no attempt has
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FIG. 1. Structure of FePSS, The octahedral coor-
dination about the Fe lons and P-P pairs ls shown by
the darkened circles (Ref. 1).

/
/-&C

been made to determine the electronic band struc-
ture of these FePS3 systems. The vacuum ultra-
violet ref lectivity spectra of MnPSl, FePS„and
NiPS, presented in this paper and their interpre-
tation constitutes the first-ever attempt towards
the determination of the electronic energy-band
scheme of these MPX, systems.

II. CRYSTAI. STRUCTURE

The crystal structure of FePS, (as ari archetype
of tllese MPXl compounds) llas l18811 stlldled alld
reported by several workers. ' " Klingen et gl'. '0 '2

performed repeated crystal-structure determina-
tions of FePS3.and found it to have a monoclinic
unit cell (space group C2/I) with the lattice para-
meters go

——5.934 A, 50 ——10.28 A, e=6.722 A,
and P = 107.16'. The structure is related to that
of cadmium chloride (CdCll) with iron (Fell) ions
and phosphorus-phosphorus pairs (P&) occupying
the cadmium positions and sulfur atoms occupying
the chloride positions. In this way the iron (Fe)
ions and P-P pairs are approximately octahedrally
coordinated in a distorted cubic-closed lattice.
This atomic arrangement results in FeS6 and P2S6
octahedral groups. The P-P bond direction is
collinear with the octahedral threefold axis and is
parallel with the hexagonal e axis. The structure .

of FePS3 is shown in Figs. 1 and 2. In Fig. 1 the
octahedral coordination about the Fe ' ions and P-
P pairs is shown by darkened circles. Figure 3

O*S ~ = Pe

FIG. 2. Structure of FePS3 showing the close structu-
ral coordination about the Ti

FIG. 3. Schematic diagram of the structure of
MPS3 (C2/m) showing gape where intercalation can
occur (Ref. 4).

shows, schematically, the structure of FePS3 with
gaps where intercalation occurs. Figure 4 shows
P2 pairs and sulfur polyhedra of an MPS3 com-
pound.

The vacuum ultraviolet (vuv) ref lectometer and
the photon-counting system (with a gating system
interfaced with a floppy-disc minicomputer) used
to obtain the ref lectivity spectra of these MPSe3-
type compounds have been described elsewhere. '

The ref lectivity spectra presented in this paper
were obtained from the basal plane of the crystal,
perpendicular to the c axis. In other words, if our
tv light were polarized, the near-normal inci-
dence ref lectivity spectra would be for E j c. The
spectra are within -5% of being absolute. All the
spectra were repeated several times (at both room
and Iilluid-nitrogen temperatures) to check for re-
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FIG. 4. Metal Qf) and phosphorous pairs (P2) in
sulfur polyhedra of MPS3 compound.
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producibility. The single crystals of MnPS3,
FePS„and NiPS& used in this work mere gratefully
borrowed from Miss Lawrence Coic.' The general
technique of preparation of single crystals (from
appropriate ratios of constituent elements) was
the widely used chemical vapor transport method.
Crystals of FePS, and NiPS& appear as blackish
metallic, flexible hexagonal plates whereas the
MnPS, crystals appear as transparent green, hex-
agonal plates.

All samples were freshly cleaved in air using
adhesive tape immediately before an experimental
run, and then quickly inserted into the specimen
chamber which would then be rapidly evacuated to
-1x10 Torr to minimize atmospheric surface
contamination. A better vacuum (which was nec-
essary for liquid-nitrogen runs) inside the speci-
men chamber could be obtained by use of a liquid-
nitrogen tank and a radiation shield which acted as
an excellent cold trap for contaminants. The data-
acquisition system included a gated photon counter
interfaced to a minicomputer mhich analyzed the
data as the experiment progressed. The data were
then stored in the floppy-disk system of the com-
puter.

IV. RESULTS, BAND MODEL AND DISCUSSION

A. Results

Figures 5-7 show the near-normal incidence
ref lectivity spectra, at 260 and 85 K, between 3.7

and 14 eV of freshly cleaved layer faces of single
crystals of MnPS„FePS„and NiPS„respectiv-
ely. The reproducible ref lectivity features (in
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FIG. 6. vuv reflectivity spectrum of FePS3, with

light incident normal to the layer plane, at 260 K (---)
and SGK (—).

eV) on the spectra are indicated by vertical short
lines on the spectra. Table I shows the corres-
ponding features (in eV) on the same line, for the
three spectra at 260 and 85 K. When the three
spectra were superposed, we observed the follow-
ing: (i) The ref lectivity features on the spectra of

MnPS3 and FePS3 are almost identical, with the
features on the FePS, spectrum shifted by a few
eV to higher energies relative to those on the
MnPS, . (ii) The three spectra exhibit broad sim-
ilarities (see Fig. 8) in their ref lectivity features.
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FIG. 5. vuv ref lectivity spectrum of MnPS3, with

light incident normal to the layer plane, at 260 K (—-)
a d85g(—).
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FIG. 7. vuv ref lectivity spectrum of NiPS3, with

light incident normal to the layer plane, at 260 K (---)
a d 85K (—).
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MnPS3 Fe PS3 ¹PS3
260 K 85 K 260 K 85 K 260 K 85 K

13.21
12.02
10.52

9.75*
9.04

13.19
12.42
10.89

9 86+
9.31
9.00
8.66
8.10
7.49*

11.98
11.12
10.01+
9.72

7.79+
7.62

12.10
11.15 11.22 11.72
10.23 10.45* 10.48*
9.85 9.55

8.96
8.70

8.95

7.96*
7.72

6.92
6.42
6.25
5.78
5.29
5.06
4.78
4.54

6.93
6.56
6.38
5.86
5.51
5.20
4.90
4.68
4.39
4.20

6.85
6.36

5.75
5.44

6.92
6.37

5.78
5.51

7.36~ 7.39
7.24

6.90 6.87
6.33
6.15
5.75
5.29
5.09
4.79

6.17
5.84
5.26
5.01
4.78

(iii) Between -4 and 7 eV, tbe spectra of MnPS,
and FePS, exhibit much sharper features than the
spectrum of NiPS, . (iv) On all three spectra,
there are bvo prominent peaks —at V. 5 and 10 eV
for the MnPS, spectrum, at V. 8 and 10.1 eV for
the FePS3 spectrum, and at V. 3 and 10.5 eV for

Energy (eV)

FIG. 8. Comparison of the reQectivity spectra of
MnP83, FeP83, and NiP83 at 85 K.

TABLE I. Features (in eV} on the ref lectivity spectra
of MnPS3, FePS3, and ¹PS3.Corresponding structure
values are shown on the same line. Asterisks indicate
where prominent peaks on each spectr'um occur.

the NiPS, spectrum. (v) On cool.ing all the sam-
ples to 85 K, both peaks on each spectrum shar-
pen, with the peak at -7 eV (especially for ¹iPS,)
sharpening considerably more than the peak at
-10 eV. Furthermore, we also observe that the
peak at -V eV, for NiPS„complete1. y dominates,
in height, all other ref lectivity features on the
same spectrum or the other two spectra.

8. Energy-level model for an NPS3 layer compound

Before discussing in detail the vacuum ultravio-
let spectra of MnPS3, FePS„and NiPS, shown in
Figs. 5, 6, and V, respectively, it is important
to explain how we obtained the proposed energy-
level models for MnPS3, FePS„and NiPS, shown
in Figs. 10, ll, and 12, respectively.

Crystal-structure studies' "on these MPX,
(where M =Mn, Fe, Ni and X=S or Se) compounds
reveal that the atomic arrangement in these MPX3
systems results in MX, and P+, octahedral
groups and also that the P-P bond is (a) a very
short bond' of distance 2.2 A [hence the existence
of bonding and antibonding Pm (pairs) states in
these compounds], (b) is collinear with the octa-
hedral threefold axis„and (c) is parallel to the
hexagonal e axis. Magnetic'3 and NMH3' measure-
ments have, too, revealed that MPX, layer com-
pounds exhibit susceptibility behavior reminiscent
of antiferromagnetic materials. For example,
MnPSe, susceptibility behavior was examined' in
the VV-400 K range and its observed paramagnetic
moment was readily explained by assuming the
existence of a localized 2+ transition-metal ion.
Other MPX, systems have been found to exhibit,
the same type of magnetic behavior as FePSe, 2 '
Perhaps the most conclusive evidence regarding
whether the transition metal M in an MPXS system
is divalent or not comes from the spectral features
of low-energy optical absorption edge (0.1-3 eV)
region of these materials. Brec et g/. ' have per-
formed lower-energy optical absorption measure-
ments on single crystals of NiPS„FePS„FePS3,
MnPS3, MnPSe3, and CdPS~, and in all these ma-
terials, there has been observed rather intense
d-d-"like" transitions (at photon energies close to
the absorption edge), and these d-d-"like" transi-
tions are reminiscent of those that are normally
present on spectral features of Mn~', Fe", and
Ni" multiplets. The most convincing evidence of
the existence of intense (low photon energy) 3d-3d
transitions in these MPX, systems is provided by
infrared- and visime- (0.5-3 eV) region optical
absorption spectra of MnPS3, FePS3, and NiPS3
obtained recently by Coic (and co-workers) at the
University of Nantes in France. The spectral
features on the optical absorption spectrum of
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Number of electrons per M2P2S6 (M*Mn, Fe, Nl)

3E
s(M), s(P2) 4 I (0) Higher conduction band

Antibonding P/S slates ) ) (0)~Main conduction band

1 (0)~ p+(P-P) antibonding state
2' IK

eg (portiolly filled)---"--;—- (4)
(for M ~ Mn Fe)

~'~ ' Locol ired metal 3d states

t2 (portiolly filled) "&«&&&l'd (6)
g

(for MuMn, Fe) -~ (2) p(P-P) bonding state

Sulfur p states =
+lg////gg&

{36)

~xiAvFA (l2)Sulfur s states

Q Filled states

Q Empty states

TRANS I TIONS

0.05 ~l.5 eV
2 2.00~3.00 eV
K &400 eVZ 4 5eV
X near uv region
2I vuv region

FIG. 9. Possible banding arrays for an MPX3 layer
material and general types of interband transitions that
lead to the optical properties of these compounds.

NiPS, (Ref. 5) (especially) are characteristic of
Ni' multiplets as observed in NiO. '

We also know (as already mentioned in earlier
sections of this paper} from the magnetic moments
determined in the paramagnetic region that the
values of the magnetic moments of these materials
are within the range expected for high-spin diva-
lent metal ions in a nearly octahedral environ-
ment. Since these materials are so highly mag-
netic (implying spin pairing and spin alignment of
3d states}, we deduce that the high spin -divalent
metal (2+) ion 3d orbitals exist as localized (ra-
ther than band) states within the electronic bonding
(in the oo* gap) of an MPX, system. Since (as
mentioned in Sec. II), the Mn', Fe", and Ni'
ions and P, pairs are octahedrally bonded to the
X (chalcogen or ligand) atoms, we are therefore
dealing with a manganese (II) or Fe (II) or Ni (II)
complex in which the 2+ transition-metal ion finds
itself in octahedral chalcogen surroundings. The
octahedral ligand field will therefore split the
(higit spin con-figuration) ground states of (i) (Mn")
d' orbitals into I ss es(ii) (Fe"}d' orbitals into
is'„es„and (iii) (Ni') d' into fs', , e'. The t„(d„,,
d„„d„)states will be positioned nearer the valence
band than the e states because the former states
have electron densities which are concentrated
close to the ligands, and therefore the t, states
are more stable than the e states (see Figs. 10-
12).

Figure 9 shows a block diagram of the states in-
volved in the formation of a band model for an
M,P,S, formula unit; the divalent transition metal
(say Mn) contributes the 3d'4s' states, phosphorus
(P) contributes 3s'3p' states. It has already been

mentioned that FePS, layer-type materials have a
crystallographic structure which is related to that
of cadmium chloride (CdCI, ) or TiS, with the iron
(Fes') ions and phosphorus-phosphorus pairs (Ps)
occupying the cadmium or titanium positions.
Therefore in FePS„we have, essentially, FeS,
and P,S, octahedral groups.

A simple electronic band model of an MPS3
layer-structure compound that is consistent with
(i} the electron states and the number of electrons
available to fill these states and (ii) the experi-
mental observation that these MPS, layer com-
pounds exhibit magnetic behavior reminiscent of
antiferromagnetic materials with discrete and lo-
calized 3d states can be obtained if we consider the
ionic extreme of the WiI.son-Yoffe" band model for
layered dichalcogenides. In other words, our band
model for an MPS, layer-type system will assume
that there is little mixing of the sulfur (S) p with
the metal (M) d states in the valence- or conduc-
tion-band states. Let us consider the doubled
formula unit M,P,S, so that one P, pair [caused
by the short (-2.2 A) P-P bond distance —see
Figs. 1 and 2] can be included in the counting of
electrons available to fill the valence-band states.
In this ionic band-model scheme with a divalent
M" metal, the P, pair has a formal valence +8-
that is, there is one electron Per P used in the
making of a P-P bond. This P-P bond will. then
produce two states, viz. , one bonding P-P state
(filled by trio P electrons) with an energy in or
near the predominantly S valence band and an anti-
bonding P-P state (empty) with an energy that will
be near but above the metal (M) e, levels (see
Figs. 9-12). Thus in our band model, the P," is
behaving just like another metal in the Wilson-
Yoffe band-model scheme. The valence band of
an MPS, layer material will be largely based on
the S p and s states, with the s band lying well
below the p bands as shown in Fig. 9. In this
doubled M,P,S, formula unit, there will be 48 val-
ence-band states derived from each of the sulfur
3p (6X 6=36) and the sulfur 3s (6X2 = 12) orbitals.
The number of electrons available to fill the val-
ence-band states is obtained as follows: 6X 6 =36
from Se (where each sulfur contributes 3ss3Ps el-
ectrons) Plus 2 X 2 =4 from the metal Ms (where
each metal contributes its 4s' electrons) plus
2&&4=8 from the P," [where each phosphorus (P)
contributes 3s 3p electrons, and not 3s 3p', be-
cause, as we mentioned above, one electron per
I' has already been used in the making of a P-P
bond] for an overall total of 48 electrons. These
48 electrons will then fill the valence-band states
of the doubled formula unit M,P,S, as indicated in
Fig. 9. We must emphasize that since our band
model for the MPS, layer systems considers the
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ionic extreme of the Wilson-Yoffe band model, we
have assumed little mixing of the sulfur (S) p and
metal (M) d states in the valence or conduction
bands. This neglect of covalent mixing between
p (S) and d (M) states is not a serious ftuw of our
simple band model for an MPS3, layer system,
at this level of discussion, as one can readily es-
timate the extent and effect of the mixing from
past experience with other chalcogenide first-
principles band calculations. However, we are
aware of the fact that this extreme ionic model is
not very realistic for the S and P bonds since their
ionicity difference is small and consequently, in-
stead of the bonding states having all S character
and antibonding states having all P character as is
the case in the ionic model we have proposed,
there would be considerable mixing of the orbitals
on S and those on P in both the bonding and anti-
bonding states, but this mould not change the
counting of states. We would like to further point
out that while our ionic band model starts with a
P,"cation, the real charge on the P, pair will be
quite small due to the above covalent mixing. Si-
milar comments apply to the M-S bonds in the
MPS, layer systems.

Using the electron states in Fig. 9 as a basis,
we have proposed simple schematic electronic-
band models for MnPS„FePS„and NiPS3 as
shown in Figs. 10, 11, and 12, respectively.
Therefore, in our view, a simple band model for
an MPS, layer system consists of a main p (S)
valence band with a filled P-P bonding state lying
just above the valence band (see Figs. 10-12).
Because of the significant paramagnetic and anti-
ferromagnetic behavior of these FePS, layer-type
materials, ' ' we envisage the transition-metal (M)
3d (e, and t, ) states as localized and discrete

N(f)

O

p(S)- main valence bond

(P-P) bonding state

L»
ITI t4

2g I discrete F'e2 3d
2

g )~f
-p |P-P) ) I di gC

I
—Main conduction band

—s(Fe),s(P2)

PIG. 11. Proposed band model for Fe 'PS&

C. Discussion

From our proposed band models of MnPS„
FePS„and NiPS, (Figs. 10, 11, and 12, respec
tively), a qualitative study can explain why the
high photon-energy reflectivity spectra of these
three materials are bound to be so grossly simi-

levels (not bands) between the valence-band and
conduction-band states. The empty antibonding
P-.P state lies just above the e state, i.e., nearer
the main conduction which (for a nonionic model)
will consist of a covalent admixture of antibonding
P and S states. Higher conduction bands wil. l con-
sist of the empty s(M) and s(P, ) states. Since
Mna', Fe", and Ni ' cations all have unfilled 3d
shells, it is reasonable to suggest that the Fermi
level (E~) in these MPS, layer systems probably
lies within these localized and discrete 3d states.

N (F) N(f)

p(S)-main volence bond p(S)- main valence bond

I
IT

tT

I
Ta

T

(P-P) bonding state

t 3
2g 2+

discrete Mn 3d levels2

-p (P-P) antibonding state

~~~~~ p(P-P) bonding state

Cl ~ m w ~
~ 2+

2 discrete Ni 3d levelsg( a T e 2
g~ -p+(P-P) anti bonding stote

ain conduction band
—Main conduction band

,s(P2)

FIG. 10. Proposed band model for Mn 'PS3
!

s(Ni), s(P2)

FIG. 12. Proposed band model for Ni 'PS3
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TABLE II The "a" x 2+, and electronegativity val-
ues for MnPS3, FePS3, and ¹PS3.

Compound Elec tronegativity

MnPS3
FePS3
¹PSS

6.088
5.970'
5.808

0.80
0.76
0.68

1,60
1.64
1.91

lax. At photon energies close to or less than the
band-gap energies of these materials (typically
I - 3 eV), we would first get (transition I in Fig.
9) weak t2 —e (d-d) transitions''" and then the
P(8), P(P-P bonding) —d(t,„e,) transitions (tran-
sitions H and III in Fig. 9). All such transitions
(from valence band to discrete 3d orbital levels)
mould lead to different ref lectivity features be-
cause of the diffexent ground-state-occupancy
schemes for d orbitals in octahedral ligand fieMs.
However, at the near- and far-ultxaviolet regions
(4 14 eV or more), all the three materials will
exhABt gx'ossly slmllar ref lectlvlty spectl a be-
cause of the similar strong p(8), p(P~ pairs) bond-
mg nonbondlng p {8) s'ta'tes and p*(P~ pairs anti-
bonding states) transitions (V and VI in Fig. 9).
Also the p(S) valence band- excited states (t,*„e*,)
of the d orbitals and the (t, , e,)-p* (P, antibond-
ing), P*(8) transitions would all be identical in the
three materials, again leading to similarities in
the three ref lectivity spectra.

Other physical considerations mhich explain the
gross similarities of the vuv ref lectivity spectra
of these Mn II PSS complex systems are the fol-
lowing: (a) the metal-metal (given by "g" lattice
constant of each crystal) distance (in A within lay-
ers of each compound, (b) the size of the 2+ ionic
radii (in A) of Mn", Fe", and Ni", and (c) the
electronegativities of Mn, Fe, and Ni. The val-
ues of these constants are shown in Table II.

The "g" values are quoted from Taylor et al.',
the x~2, (ionic radius) and electronegativity values
are quoted from Pauling. " From Table II, me
note that MnPS3 and FePS, have almost equal;
moreover, the el.ectronegativity values for Mn"
and Fe' are almost equal too. All these factors
imply that metal-metal overlaps and ligand-field
effects in MnPS3 and FePS, mould bp equivalent
resulting in roughly equivalent d (localized) levels
and s-band separations, widths, and overlaps.
This further explains the close similarities in the
vuv spectra of MnPS3 and FePS3 compounds. The
similarities in ref lectivity features of MnPS3 and
FePS, can be further inf erred from the proposed
band models in Figs. 10 and 11. In these band
models, me note that the only difference between
the two models is just one electron (with spin
down) on the (Fe") t„rgoudnstate. Therefore we

would expect p(8), p(P-P bonding)- f„and P(8);
p(P-P bonding) —e, transitions to be equivalent
in MnPS, and FePS, . Also from the above-men-
tioned arguments on the relative values of the "a"
lattice constants, ionic radii, and electronega-
tivities for Mn" and Fel', we mould also expect
p(S), p(P-P bonding) -s (Mn), p*(P-P antibond-
ing), and nonbonding p*(8) transitions to be com-
parable, thus leading to similarities in the vuv
spectra of both compounds {MnPS, and FePS,).

On the other hand, the vuv spectrum of NiPS,
appears to have some dissimilarities to those of
MnPS3 and FePS3. The explanation for these dif-
ferences lies in the values of the parameters on
Table II and the unique ground-state-occupancy
scheme for d orbitals in an octahedral complex
w'ith d' (Ni") configuration. From Table II, we
note that the Ni ' has the smallest "g" lattice con-
stant and the smallest 2+ ionic radius of the three
cations (Mn", Fe",Ni") but has the largest elec-
tronegativity value. The smaller "a" lattice con-
stant for NiPS, and the smaller ionic radius (0. 68
A) of Ni" both imply that there is considerable
Ni-Ni overlap in NiPS, and this leads to broader
metal-orbital-based conduction bands in NiPS,-

than in MnPS, or FePS3. These differences inev-
itably lead to differences in the spectra of NiPS,
and Mn ox Fe compounds.

%e have already mentioned, earlier on, that
there appears to be much more pronounced reflec-.
tivity structure (between 4 and 7 eV) on MnPS, and
FePS3 than on the NiPSS spectrum. The reason for
this difference becomes clear if me study the @-
orbital occupancies in Pigs. 10-12. Because of
the unique d -orbital configuration, the ground
state t, is completely full for Ni ' and yet half-
full for Mn" (d') and two-thirds full for Fe" (d')
Therefore, this means that at lom photon energies
(infrared, visible, and near-uv) there wiH be no
P(8), P(P-P) —t„{Ni') transitions in NiPS, and
yet such transitions mill occur in MnPS3 and FePS3.
This probably explains mhy there are differences
in the vuv reflectivity features between NiPS, and
MnPS3 or PePS, spectra at lorn photon energies.

Overall, there appears to be less fine structure
on the NiPS3 spectrum than on the MnPS3 and
FePS, spectra. Again the cause for this differ-
ence lies in the differences between metal-metal
distances and hence metal. -metal overlaps between
Ni" and Mn" or Fe" chalcogenophosphates. As
we noted earlier, the smaller ionic radius (0.66
A) of Ni' and the smaller "a" lattice constant for
NiPS, both imply that there is more Ni-Ni overlap
in the NiPS, band structure (this leads to broader
metal-orbital-based conduction bands in ¹iPS,)
than in the other two compounds. Broader bands
of NiPS, will overlay more and this leads to less
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gape behveen such bands. An interband transition
is more likely to occur between two separate non-
overlapping bands than between two strongly over-
.lapping broader bands.

We mentioned earlier that if the three spectra
are superposed, the sharp peak at -7 eV on the
NiPS, spectrum has a shift of -0.3 eV to low en-
ergies relative to similar peaks on MnPS3 and

FePS, spectra and that the peak at -10 eV on the
NiPS, has a shift of -0.5 eV to higher energies
relative to corresponding peaks on the MnPS, and
FePS, spectra. These observations further
underline the broad similarities between NiPS,
and MnPS, or FePS, spectra already discussed.
These shifts in the peaks of the NiPS3 spectrum
probably imply that the widths of the valence
bands in NiPS3 are different from the correspond-
ing valence-band width in'MnPS, or FePS3. Pho-
toemission (XPS) measurements would determine
the exact valence-band widths in these materials.
These XP'S measurements are currently under
plan at Ames Laboratory of Iowa State University,
Ames, Iowa. We hope to publish such measure-
ments in our next paper on these MPS, systems.

In our discussion so far, no mention has been
made of the possibility of the interband transition
of the type d(tm, e ) —s(M), p" (P2) antibonding
states), p" (S), and p(S),p(P, bonding) —localized
excited states t2 and e*. Such transitions are
possible (and probably occur) but in view of the
sharp and strong ref lectivity features in the 4-14
eV range observed in these materials, one is
strongly tempted to speculate that, overall, p(S)
—s(M) transitions (where X and M have the same
meanings as before) are the dominant transitions
due to their possible larger oscillator strengths
than, say, p(X) —d(M) or d(M)- s(M) transitions.
These latter transitions are most probably weak
and therefore will not show on a ref lectivity spec-
trum.

V. CONCLUSION

The reasons for the similarities of the vuv re-
flectivity spectra of these FePS,-type layer com-
pounds were discussed, in detail, in the above
paragraphs and we can summarize the arguments
as follows: Consider two such materials repre-
sented by the chemical. formulas MPS, and M'PS„
where M' and M are first-row-series transition
metals, and both metals have a divalent ionic
valency (and equivalent 2+ ionic radii) and their
d orbitals are subjected to the same type (octa-
hedral or tetrahedral) of ligand field, (such that
ligand-field splittings of the d orbitals are simi-
lar); then these materials would be expected to
exhibit high-energy optical transitions because at

such high proton energies, the discrete and local-
ized d states (observable in the absorption-edge
region) do not contribute to the transitions. In
other words, the transition metals (from which
these d orbitals come), at high photon energies,
do not contribute significantly to the interband
transitions. The main contributor to high-energy
interband transitions in FePS,-type compounds is
the P,S, complex which is present in all MPX,
compounds. As already mentioned in the main
discussion, the valence band of these compounds
consists mainly of p(S) and p(P, pairs) bonding
states and the conduction band consists of an ad-
mixture of p*(P, pairs) antibonding and the p*(S)
states. So at high photon energies, we are mainly
observing an FePS,-type material ref lectivity
spectrum which is due to p(S) —P*(P, pairs) and
P*(S) transitions which are the same for all MPX,
systems irrespective of the metal and the occu-
pancy of its localized d states. The p(S) —d(M)
transitions (where M =Mn, Fe, Ni) will occur at
photon energies less than 4 eV. The presence of
the localized 3d states in the vicinity of the Fermi
energy is manifest at very low photon energies. ' '
In view of these arguments, we would like to sug-
gest that the electronic band structures of MPX,
compounds are similar. These MPX, systems,
-like the ZrS, -structured compounds" we reported
in another paper, are a challenge to band theorists
who, using modern and sophisticated computing
methods, may be able to obtain meaningful band
structures of solids of this complexity. The
striking similarities of the ref lectivity spectra of
MnPS„FePS„and NiPS, must also be a result
of the structural isomorphy of these materials.
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