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Optical properties of Pty ;S, have been studied near the fundamental absorption edge of the semiconductor.
Measurements of the index of refraction and of the absorption coefficient are reported for E perpendicular
and parallel to the ¢ axis, and as a function of the temperature. A qualitative band-structure model based on
the ligand-field theory is presented. The first electronic transitions are found to be indirect for both
polarizations and then are followed by a direct transition mainly allowed for E parallel to the & axis. The
character of these transitions is discussed using the proposed band scheme.

1. INTRODUCTION

Pt, oS, crystallizes with the CdI, structure
(trigonal system P3m1). The structural units of
Pt, oS, are composed of platinum atoms in octa-
hedral holes sandwiched between two close-packed
planes of sulfur atoms. Whereas the bonding, in-
side a layer, between platinum and sulfur atoms,
is expected to present a mixed covalent-ionic char-
acter, adjacent layers are held together mainly by
Van der Waals forces, which give a lamellar
structure to this compound.

From galvanomagnetic properties’ this com-
pound exhibits a semiconductor behavior with an
activation energy gap of about 0.1 eV.

Zone-center phonon measurements have been
reported recently.? E, and A,, modes have been
found by Raman experiments at 330 and 302 cm™,
respectively, and infrared-reflectivity measure-
ments give values of 320 and 336 cm™ for E, (LO),
respectively.

Besides this information we do not know much
about this compound and practically nothing on the
optical propei‘ties. However, from an ionic point
of view, charge transfer from platinum to sulfur
atoms leaves the opportunity to have a gap between
the d bands of the platinum. Combining this fact
with the layered character of the structure, a very
peculiar behavior of the optical properties of the
compound is expected.

We shall say few words on the preparation of the
samples in Sec. II. Section ITI will be devoted to the
principles of the experiments and Sec. IV to the
expected band structure for this material. Results
of measurements are presented in Sec. V and they
are discussed and interpreted in Sec. VI.

II. PREPARATION OF SAMPLES
AND CHARACTERIZATION

Single crystals were prepared by chemical vapor
transport in closed quartz tubes 12-mm i.d. and 200
mm long. The charge was anappropriate mixture of
Pt(99.99%), S(99.999%) and P(99.999%) in molar ratio
1:3:1 and 75Torr of chlorine. The detailed pro-
cedure is described elsewhere.! Crystals can also
be obtained without chlorine but the presence of
phosphorus wa$s necessary for the crystal growth.

The crystals were analyzed by x-ray diffraction,
density measurements, and electrical resistivity.
The CdL, structure was confirmed with a =3.51 A
and c=5.03 A. A composition of Pt.S, was found
within the range 0.97<x<0.98 in agreement with
previous results from density measurements.!

Crystals are always » type with a resistivity of
about 1 Q cm at room temperature, increasing to
10°~10° Q cm at 40 K. Impurities were analyzed by
a mass spectrometric method: small amounts of
phosphorus (<25 ppm) were detected. Crystals are
obtained as platelets of typically 100-um thickness
and 10-mm? surface. They have been peeled to
decrease the thickness and to perform optical
measurements. The experiments reported here
have used five samples with thicknesses 1.6, 2.8,
and 32 pm. )

We shall omit in the following the subscript x
when talking about Pt,S,, keeping in mind that all
samples are platinum deficient. This fact and the
results of impurity analysis lead us to think that
samples are highly compensated and that the acti-
vation energy (=~0.1 eV) found in the resistivity
measurements is probably quite different from the
intrinsic gap.
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If we compare the ratio ¢/a=1.42 of PtS, to the
values measured® for similar compounds such as
Pbl, (1.53), SnS, (1.61), HIS, (1.61), and TaS,
(1.74), it is clear that the value for PtS, is much
lower than the other ones. Particularly, the sulfur
atoms there are far from the arrangement of a per-
fect hexagonal close packing (c¢/a=1.63). Another
consequence of this low value for c/a is that the
distance between the anion planes inside a layer is
probably significantly less than twice the ionic ra-
dius of §?~ (1.84 A).

III. EXPERIMENTAL PROCEDURE

Due to the wide range of energies investigated at
room temperature, we have been led to use different
spectrophotometers: a Perkin Elmer 225 spec-
trophotometer, and a Coderg PHO double spec-
trophotometer.

A. Measurements of the indices of refraction #n, and n,

For layered compounds it is rather easy to use
natural or peeled samples to observe interference
fringes and then to deduce the index of refraction.
In fact, if the ordinary index of refraction (n,) is
easy to obtain with tolerable precision, the ex-
traordinary one (n,) is much more difficult to mea-
sure and requires very careful measurements and
precise knowledge of », . For this reason we have
used a method recently developed* for GaSe that we
improved here. .

At normal incidence, for an electric field E per-
pendicular or parallel to the ¢ axis of the sample,
maxima of the interference fringes occur at ener-
gies w (in cm™) following the classical relation

2ndw=K , (1)

where d is the thickness of the sample (in cm) and
K an integer. For some thicknesses of the sample,
the first order of interferences (K =1) can be
reached in the available range of energies and the
variation of the product nd can be followed with a
precision of about 10™*. Because this precision is
about that which is required to evaluate n,, we are
led to find the thickness of the sample with a com-
paratively equal precision. For oblique incidences
at a angle 4, (1) must replaced by

2ndw(l —sin®8/n?) /2 =K, (2)

where »; =n for E perpendicular to the € axis, and
n; =n, for E lying in the incidence plane.

Whatever the configuration, if we fix the value
of w, K is a function of 6. For EL¢, Eq. (2) is
equivalent to

nid® - d®sin®0=K?/4u? . 3)

Then, if we rotate the sample around an axis

perpendicular to the € axis and measure K*(6)/4w?
as.a function of sin’g, we get a straight line with
a slope equal to —d® and a value at the origin equal
to n®d®. The precision of the measurements is
practically determined by that of 6 and the number
of interferences we observe over a rotation of 90°.
This number is a function of the thickness of the
sample.

To perform the experiment, the sample is
mounted in front of a spectrophotometer on a go-
niometric head fixed on a synchronous motor. The
assembly is adjusted to rotate through an axis per-
pendicular to the € axis and passing through the
middle of the sample. The transmission of the
sample is recorded at a fixed energy as a function
of time (and hence of angle ). The calibration is
delicate but we are helped in comparing spectra
obtained for —37< 6<% and for 37< @<¥r. The
angle is then determined with a precision of about
0.2°.

The experiment is reproduced for ten different
frequencies, each of them giving a value for d and
n,. The error for n, is about 1072, However, we
know from (1) the variation of nd as a function of
w and we fit this variation divided by the mean
value of d found in the angle-dependent experiment,
to the values of n, found directly. So %, is known
with an absolute precision which is much better
than 1072 and a relative precision of the order of
10™%. We performed the same experiments as a
function of 8 for E parallel to the incidence plane
using the relation

nid? - (nl/nd) d® sin®0 =K*/4u” . 4)

We then get n, with a precision of 10~%, knowing
n, and d. Because of the structure of Eq. (2), we
cannot improve very much over this precision and
results show a corresponding dispersion.

This kind of measurement can only be done in the
transparent region of the sample. In principle, by
aluminium-plating the sample and looking at the
interferences of reflected light, one could go be-
yond the absorption edge.* However, this can only
be done with rather large and thin samples, which
we do not have.

B. Measurements of the absorption coefficients o, and o,

Whereas «, is obtained experimentally by stan-
dard formulas and techniques, «, is obtained indi-
rectly from a transmission measurement with an
angle 0< §< 37 and an electric field E in the inci-
dence plane. This experiment gives an effective
absorption coefficient o* for an effective thickness
of the sample d* =d/(1 —sin?6/%})'/?; a, is then
deduced for each energy from the relation

ay =[(a* = a,)n}/sin’0+a,)n, /n, . (5)
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The structure of this equation is such that the re-
sults for low absolute values of a, are obtained
with a poor precision, as we shall see in Sec. V.

Before reporting these results, we shall try to
get an idea of what the band structure of PtS,
should be.

IV. EXPECTED BAND SCHEME OF PtS,

‘The band structure of this compound has never
been studied. As for other transition-metal
dichalcogenides, there are two different ap-
proaches to this problem. The one-electron band
structure approach has been developed by
Mattheiss® for 17-HfS, and 17-TasS, using the aug-
mented-plane-wave (APW) method. These materials
crystallize in the same structure as PtS,. Another
approach of the problem can be done using the mo-
lecular-orbital theory or the ligand-field theory. It
has been applied to this family of compounds®:’
with comparatively good results. For a qualitative
discussion the latter is more convenient and we
shall use it to get an idea of the band scheme of
pts,.

The electronic configuration of platinum is
[Xe]4r'* 54°6s' and that of sulfur [Ne]3s®3p*. The
transfer of four electrons from the platinum to the
sulfur atoms fills the p bands of the sulfur, which
are expected to be much lower in energy than the
remaining filled d levels of the platinum, whereas
the metal s-p bands lie well above these levels. In
fact, found® in these compounds are a strong over-
lap and covalent-bonding effects between the metal
and chalcogen s-p orbitals which result in the
formation of chalcogen bonding and antibonding s-p
states. The resulting energy separation between
the bonding and the antibonding s-p orbitals is gen-
erally referred to as the 0-0* gap. This gap is of
the order of 5-10 eV, and metal d levels lie in
this gap.

Each platinum atom is octahedrally bonded to six
sulfur atoms. 'If this octahedron is ideal, the re-
sulting symmetry of the ligand field is O, and the
five d levels are split into a 2T, level and a °E,
level.” When the octahedron is no longer ideal,
the resulting symmetry is D,, and then the *T,,
level splits into a doubly degenerate E, level and
a ’A,, single level (Fig.1). The relative ordering
of these last two levels depends on the relative
strength of 7 and o bonding between the sulfur p
bands and metal d bands. This picture holds for
the levels at the I'" point of the Brillouin zone. Go-
ing to high-symmetry points at the zone boundary
involves an additional splitting due to the crystal
field of lower symmetry.

According to the band-structure results for
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FIG. 1. Proposed band scheme for PtS, as deduced
from ligand-field theory (left-hand side) and from
Mattheiss’s work (Ref. 5) (right-hand side).

1T - TaS,,’ this effect gives to the T,, subband a
width of about 3—4 eV, the higher energies being
at L or M points (and possibly in the T of S direc-
tion). At these points Mattheiss has found the na-
ture of the wave functions of the two upper levels
as dp and d,2_,2 and that of the lower level as d,, .

This T,, subband nonoverlaps the upper E, sub-
band. The actual width of this second subband is
more or less blurred by hybridization effects due
to the close proximity of the metal 6s-6p bands.
Following Mattheiss, we expect the bottom of the
E, subband at I', with wave functions of the d,,-
and d,. type mixed with 6s-6p bands at L and M
points.

Filling the bands with the available electrons of
the compounds, we get a semiconductor with a gap
between the T,, and the E, subbands. This gap is
expected to be indirect, the top of the valence band
being at L or M points and the bottom of the con-
duction band at I" (Fig. 1). Due to the inversion
symmetry of the D,;, group, the three levels at
these points are even under spatial inversion. By
parity, the first-order dipole matrix element is
expected to be forbidden for direct transitions. The
situation is less clear for indirect transitions.
This kind of transition can be assisted by odd
phonons and then can be slightly allowed.® The in-,
troduction of spin orbit is not expected to change
significantly the qualitative features described
above, but could eventually mix the selection rules
for the matrix elements with the electric field per-
pendicular or parallel to the € axis for allowed
transitions.

V. EXPERIMENTAL RESULTS
A. Index of refraction

Figure 2 presents our experimental results for
the ordinary refractive index n, at 300 and 85 K.
At room temperature, measurements have been
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FIG. 2. Ordinary refractive index as a function of
energy and temperature.

performed in the far infrared down to the disper-
sion region of the phonons (0.04 eV). As we can
see, between 0.1 and 1 eV, where there is no tran-
sition, the dispersion of the refractive index is
relatively strong and is due to the influence of the
electronic transitions at higher energies. The ab-
solute value of about 4.5 below the absorption edge
is also large compared to what is found typically
for lamellar compounds: n= 3 for GaSe and Pbl,.
The explanation for the high value of n, in PtS,
probably lies in the fact that the first electronic
transitions are lower in energy than those of the
other layer compounds. The relative change of n,
with temperature at 1 eV is positive: an/8T
=3.5x107*/K, which is very similar to what has
been found for GaSe.® This value remains constant
over a wide range of energies below the optical
gap. Characteristic also of the lamellar com-
pounds is the fact that below 85 K, the refractive
index does not vary significantly anymore with
temperature. This is the reason why the 8-K
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FIG. 3. Extraordinary refractive index as a function
of energy and temperature.
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FIG. 4. Variation of the absorption coefficient for £
1 ¢ as a function of energy and temperature.

curve is not presented in Fig. 2.

On Fig. 3, we give the experimental results for
the extraordinary n, refractive index. As pre-
viously indicated in Sec. III, the results are much
less precise than those for n,. The precision is
nevertheless sufficient to get correct values of the
absorption coefficient. It is clear also that below
the absorption edge the anisotropy of the index of
refraction n, —n, is very large compared to the one
found for the other lamellar compounds. We obtain
a value around 2 for e,,l/e,," at 0.8 eV. This re-
sult shows that the high-energy spectra of the com-
pound for E parallel and perpendicular to the €
axis should be very different. Another difference
between the two polarizations is shown by the tem-
perature dependence of the », dispersion curve
which is found to be zero below the absorption edge.
This seems to prove that the electronic transitions
involved in both polarizations are differernt in ori-
gin.

Over an energy range 0.2-0.3 eV above the last
measurements of the refractive indices, we used a
smooth extrapolation for the dispersion curve of
these indices. Different extrapolation schemes
have been tried and did not change significantly the
calculated variation of the absorption coefficient.

B. Absorption coefficient

Figure 4 gives the results for the ELE absorption
coefficient @, at three temperatures: 300, 85, and
8 K. Results for 77'=60 K have also been obtained,
but not one reported on this figure.

The spectra can be divided in three parts. The
first one consists in a residual constant absorption
coefficient of the order of 100 ecm™. This value
depends on the samples and can range from 60 to
140 cm™. It can be assigned to defects introduced
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by departure from stochiometry of the compound
or macroscopic defects. Some preliminary photo-
conductivity measurements, performed down to en-
ergies of about 0.3 eV, exhibit a strong response
which explains the value of the activation energy
gap found in galvanomagnetic measurements. Just
for convenience, we set the fixed and mean value
of 100 cm™ for «, at low energies for all samples.
This procedure does not significantly influence the
results at higher energies.

The second part of the spectrum shows a smooth
variation of the absorption coefficient as a function
of energy over a range of 0.25 eV. The last part is
made up of a steplike structure which is not well
resolved at room temperature, but is clearly ap-
parent below 85 K.

Similar measurements for different angles of in-
cidence and E parallel to the incidence plane have
been performed. Using the procedure described in
Sec. III, one can calculate the absorption coeffi-
cient @, (for E parallel to € axis). The results are
reported in Fig. 5 for 7=300 K and T'=85 K. Due
to the difficulties of the method, measurements at
lower temperatures have not been done. As already
pointed out in Sec. III, the uncertainty of these
measurements is very large for weak absorption
coefficients. They have also been set in such a
way that the residual part was of the order of
100 cm™ at low energies. But the way the absorp-
tion coefficient increases from this value up to
about 1000 cm™! is still too sensitive to all param-
eters used for calculating it. We give here a mean
and “reasonable” set of values obtained on different
samples. However different points are well es-
tablished: For both temperatures the absorption
edge for a, occurs at lower energies than the cor-
responding one for «,. A plateau for a value of a,
around 5000 cm ™! appears clearly. It is then fol-
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FIG. 5. Variation of the absorption coefficient for E
|| € as a function of energy and temperature.

lowed by a steplike singularity at an energy which
corresponds to that found in the @, spectrum for
the same structure. We now try to correlate all
the observed features to the expected electronic
transitions of the band structure.

VI. DISCUSSION OF THE RESULTS
A. Results for £ perpendicular to the € axis

Subtracting the residual absorption coefficient
from the measured one, we can try to analyze the
smooth variation of o versus energy with different
analytical laws as this is usually done. To be more
accurate, the different theoretical laws are ob-
tained for €,, the imaginary part of the dielectric
constant and not for a. Both quantities are related
by €, =na/21w, where a and w are expressed in
cm™! units. As we know here the values of » and
a, we can get the actual value of €,. Different
power laws of €,, versus energy have been tried
and the best fit with straight lines has been ob-
tained in plotting (€,, )'/? as a function of the ener-
gy. This fit is reproduced on Fig. 6. This can be
accepted as a good fit since it spans an energy
range of about 0.2 eV and almost two orders of
magnitude for @. It corresponds to the analytical
relation

€, =A(n{iw,) +1) (E —-E,, -Fw,)?, (6)

typical of indirect transitions with emission of a
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FIG. 6. Decompositiqg of the imaginary part of the
dielectric constant for EL ¢ as a function of energy and
temperature.
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phonon with energy Zw,. The corresponding rela-
tion with the absorption of phonons gives rise to a
tail, on the low-energy side, which should vanish
at low temperatures. We do not observe such a
behavior and that could be interpreted as the occur-
ance of tail states due to impurities and nonsto-
chiometry in the compound. Due to this effect, the
standard procedure to deduce the value of the gap
cannot be applied. However, if we assume that the
density of states and the matrix elements do not
change significantly as a function of the tempera-
ture, we can compare the slopes of the (e,, )'/?
curves versus energy at 300 and 7 K. The square
of the ratio of these slopes is equal from (6) to
nEw,, 300 K)+1 since n(fw,, 8 K)~0. We can get
the value of the phonon energy in this way and we
found Zw,=185 + 5cm™'. This value is muchlower
than all ¢ = 0 phonon values which range between
300 and 340 cm™!. Since Eq. (6) corresponds to an
indirect process of absorption, the phonon involved
in this process would correspond toazone-bound-
ary phonon. The way expression (6) is obtained
theoretically'® shows that it is characteristic of an
indirect transition with allowed components for the
matrix elements in three dimensions or forbidden
components in two dimensions. From the discus-
sion in Sec. IV about the expected band scheme
around the fundamental absorption edge, we keep
the idea that the first transition should be indirect
between the I or L point of the valence band and
the I' point of the conduction band.

To see this transition, and due to the even parity
of both conduction and valence states (see Fig. 1),
it is necessary to assume the transition assisted by
an odd parity phonon. Assuming the top of valence
band is located at M, this phonon should belong to the
odd irreducible representations M or M; at the M
point of the Brillouin zone. The selection rules for
indirect transitions!! applied here, show that both
M7 and M, phonons can assist the transition.

We have performed the symmetry analysis of the
dynamical matrix at the M point of the Brillouin
zone and found that this class of crystals has two
M7 and four M3 phonons for which displacement of
atoms are well separated. One M7 phonon and two
M3 phonons involve only displacement of platinum,
the other ones only that of sulfur atoms. Due to the
large difference between the masses of the atoms,
it is expected that the phonons involving a displace-
ment of platinum are the acoustical phonons, and
are the phonons which can assist the transition
since the initial and final electronic states are
platinum d states. Besides this qualitative infor-
mation we also know that the energy of the phonon
involved in the perpendicular polarization is lower
than the one involved in the parallel polarization
(see Sec. VIB) so the phonon should be a TA pho-

non (M7 or M3). All this discussion provides a
necessary condition to make the transition possible.
Its actual strength can only be determined by a
band-structure calculation which could also answer
the question of the two-or three-dimensional char-
acter of the transition.

The indirect gap E,, is found to be 1.03 eV at
8 K; its temperature variation will be discussed
later in Sec. VIC.

At higher energies, a steplike structure appears.
The way thé absorption coefficient varies with en-
ergy excludes a priori a forbidden transition for
this structure. So we can assume that at least one
of the levels involved here is quite different in na-
ture from those appearing at lower energies. Be-
cause the valence bands are expected to be d like
around platinum over a wide range of energies, we
are led to think that this new critical point involves
some p level in the conduction band. Using this
fact, it is reasonable to think that the conduction
levels involved in the forbidden transition and the
allowed one, are topologically disconnected and
that the contributions of the two transitions to the
total dielectric constant €,, are independent. Be-
cause they are also additive, we can get the €;,
contribution of the steplike structure. This is
done by substracting from the experimental value
of €,, the extrapolated contribution of the indirect
gap calculated from the linear fit up to 1.45 eV.

The results are plotted in Fig. 7. The structure
is clearly resolved below 85 K, but not very well
at room temperature where the indirect-gap contri-
bution is very important. This structure appears
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FIG. 7. Residual contribution of the critical gap of E,
to the imaginary part of the dielectric constant for ELT
as a function of the temperature.
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in the other polarization and we shall postpone the
discussion about it to Sec. VI B.

B. Results for E parallel to ¢ axis

At low energies we applied the same procedure as
for the ELE spectrum. However in this case, the
results are less reliable, because we have to com-
bine the experimental errors, the existence of tail
states, and the fact that very soon we reach the
region of the plateau in the absorption spectrum.
So, we still get the same kind of energy depen-
dence as for E 1€, but the linear fit is only obtained
over a range of 1500-2000 cm™ of the absorption
coefficient. From such a fit, we can infer the ex-
istence of an indirect gap between the M (or L) and
I’ points. The energy of the phonon assisting the
transition is found to be 260+ 20 em™, quite dif-
ferent from the one found for E1€. Following the
preceding discussion it should be either the high-
er-energy TA phonon or the M; LA phonon. In
principle the large difference found between the en-
ergies of the two phonons (185 versus 260 cm™)
should favor the proposal of a LA phonon assisting
the transition for E|| €, but this should be con-
firmed by neutron scattering measurements which
are not available at the present time.

The deduced gap E,, has a value which is about
60 meV lower in energy than that found for E,,. In
this picture the plateau would correspond to a max-
imum in the energy dispersion curve of conduction
levels.

If we assume that the band structure of PtS, is
similar to that found by Mattheiss for 17-TaS, or
17T-HfS,, we should have at M or L the two valence
levels lightly split, the higher-energy one being of
the 1* symmetry (with a wave function of the d.
type) and the lower-energy level being of the 2*
symmetry (with a wave function of the d,, or
d,2_,2 type) (see Fig. 1). We should also have the
lower conduction level at I with a 3* symmetry
(wave functions of the d,, and d,, type). With such
a scheme, E,, would measure the gap between the
M} (or L) and I'}; levels and E,, the gap between
M* (or L%) and I'} level. The splitting between the
1* and 2* valence levels would be of 60 meV. The
difference between the energy of the plateau and
that of the E,y gap can be interpreted as a measure
of the dispersion of the conduction level parallel to
the T axis that is the I'-A direction in the Brillouin
zone. This dispersion is found to be of the order
of 0.3 eV.

All the preceding discussion is based on the as-
sumption that the low-energy part of ¢, is given
by interband electronic transitions. An alternative
exblanation for this part of the spectrum could be

the existence of an absorption band due to the high
density of defects in the semiconductor. We have
rejected this explanation for the following reasons:
(i) the strength of the absorption is quite high
(5000 cm™!) for such processes; (ii) the defects,
mainly platinum vacancies, are probably deep im-
purities and the resulting absorption should not
vary with temperature in the same way that inter-
band transitions; (iii) it is difficult to understand
why this absorption would be active for E|| ¢ and
not for ELE. So we think that the low-energy spec-
trum of a, originates from interband electronic
transitions.

The structure E_ appearing around 1.35 eV is
also seen for the EL ¢ polarization. However the
strength of the transition measured in terms of
Ag, is quite different in both polarizations. We
found Ae,; =~ 5 and Ae,, =€;, =~ 0.6. This difference
is typical of the transfer of some oscillator
strength between polarized allowed and forbidden
transitions, due to the spin-orbit interaction which
mixes the selection rules. This transition is then
probably only allowed for E|| & axis when spin-orbit
coupling is neglected. As this has already been
pointed out, this transition should involve p-like
levels in the conduction bands, and looking at the
Mattheiss’s scheme, one could assign it to a direct
transition between the M (or L) valence levels to a
M (or L3) level which has a p.-like function
around the platinum. More specifically, it should
characterize the M}~ M3 or L~ L transition.
The nature of this transition is not evident. From
what we observe there is apparently no exciton
formation or at least no excitonic lines around the
singularity. But a free exciton would merge in a
continuum of electronic transitions and/or could
have a lifetime strongly shortened by the high den-
sity of defects in the crystal. So the absence of
absorption lines does not necessarily mean that the
observed edge is independent of excitonic effects.
From what we know about the shape of €, curves,
this kind of edge can be explained as a M, singu-
larity in a three-dimensional (3D) model or as a
M, singularity in a two-dimensional (2D) model.
The only difference is that €, for a M, (2D) is a
step function and thate, for a M, (3D) varies below the
critical energyE, as (E,-E)'/?. The problem is that
any relaxation effect would soften the step function.
Moreover, the Mattheiss scheme for 17-TasS, or
1T-HfS, predicts the existence of a M, point at L
and a M, point at M. For these compounds the M,
transition is found at an energy lower than the M,
one, and this points to the existence of a two-di-
mensional M, critical point which has never been
clearly observed experimentally up to now. How-
ever, only a band-structure calculation for PtS,
could unambiguously answer the question.
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FIG. 8. Experimental variation of the observed elec-
tronic transitions as a function of the temperature. The
left scale corresponds to the variation of E,, and Eg
with temperature. The right scale corresponds to the
variation of E, with temperature. Empty squares are
measurements performed for E || & and black triangles
measurements performed in the EL8 configuration.

C. Temperature dependence of the gaps

Results as a function of the temperature are
gathered on Fig. 8. On the energy scale on the
left are reproduced the variations of the indirect
gaps E,, and E,, with temperature. Between 85
and 300 K a mean temperature coefficient
can be defined. Within experimental errors, this
coefficient is found to be the same for both gaps:
8E, /8T =(-3.7+0.2)x107* eV/K. With the right-
hand energy scale, the variation of E is plotted
as a function of the temperature. Within the same
temperature range E_ appears to vary with a co-
efficient 8E,/0 T =(~"T7+0.5)x107° eV/K, much
lower than 8E,/dT. This difference can be ex-
plained by the different symmetry of the levels
involved in these two kinds of gaps. The negative
sign of the coefficients is typical of what is found
for all other lamellar semiconductors. These co-
efficients are composed of two parts: one is the
extrinsic part due to the expansion of the lattice
with temperature and the other part is the intrinsic
contribution due to the electron-phonon interaction.
The first part is usually known from the variation
of the gap with pressure and from the thermal ex-

pansion coefficient. The intrinsic part is then de-
duced. Unfortunately we have no information about
the pressure coefficients and the thermal expansion.
All other lamellar semiconductors exhibit a nega-
tive pressure coefficient'? which gives a positive
contribution for the extrinsic part. So, the elec-
tron-phonon contribution to the temperature de-
pendence of the gap is negative. We expect here

a similar result. From what we know about the
processes giving rise to this contribution, the neg-
ative sign can be explained by the predominance of
the electronic intraband transitions with respect to
the other processes. Allen and Heine'® have shown
that in the limit where the dispersion curves for the
energy versus Kk vector is weak, which is the case
for molecular crystals or roughly the case for la-
mellar compounds, the Debye-Waller effect and
the interband processes compensate each other.
The only significant contribution to the intrinsic
part of the temperature coefficient is then given by
the intraband processes, which always results in
a negative sign for the coefficient. So, we expect
this process to be dominant in this compound.

VII. CONCLUSION

We have reported experimental results on the
optical properties of PtS, around the fundamental
absorption edge for both E perpendicular and par-
allel to the € axis. Experimental results have been
interpreted with a model involving a maximum of
the valence bands at the M (or L) point and a min-
imum of the conduction levels at the I"' point. The
indirect gaps occur for both polarizations between
d states of the platinum. This situation explains
why the high concentration of platinum vacancies
does not provide an equivalent concentration of
carriers in the system. The situation is probably
close to that of a compensated material. Indirect
transitions are assisted by odd parity phonons at
the zone boundary of the Brillouin zone (M or L).
A direct gap is found at higher energy, the transi-
tion being mainly allowed for E|| €.

A more detailed understanding of the character
and the nature of these transitions should be pro-
vided by a band-structure calculation for this com-
pound.
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