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Resonant Raman scattering in ZrS3 and ZrSe3
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(2. X. 1984)

In honor of Emanuel Mooser's 60th birthday

Abstract. The resonant Raman scattering by several Ag phonons has been measured at the
region of the exciton band for ZrS, and ZrSe,. The excitation spectra and the polarization dependence
of ZrS3 are quite similar to those of ZrSe, at the resonant region. It is proposed, by comparing with
the Raman spectra out of the exciton region, that the electronic states related to the Raman scattering
processes are composed of the antibonding p orbitals of chalcogen molecules at the exciton band
region, but the transition metal d orbitals at the high energy region. The incident photon energy
dependence of the Raman cross section at the exciton absorption band is well explained with a single
oscillator of the lx exciton.

1. Introduction

Transition metal trichalcogenides (MX3) have significant one dimensional
anisotropic character in its crystal structure [1]. The transition metal atoms lie at
the center of distorted trigonal prisms which share trigonal faces forming isolated
chains. The chains run parallel to the b crystallographic axis and are displaced
from neighboring columns by one half the unit cell along the b axis. In a chain,
one of chalcogen-chalcogen (X-X) pairs which forms one side of a prism has the
distance shorter than any other pairs. Because of this crystal structure, it is

suggested that some of chalcogen atoms are bound together as like (X2)2 and act
as single ligands. This suggestion has been confirmed by the analysis of
photoemission spectrum [2, 3].

Optical absorption spectra indicate indirect band gap for both ZrS3 and
ZrSe3 [4]. The electronic states related to this indirect gap are shown to have
rather three dimensional properties. The exciton due to direct transition has been
observed for both materials on the E || b configuration where the electric field of
light E is parallel to the b axis. For the E lb configuration, a weak absorption
band has been observed on ZrS3 at the lower energy of 0.1 eV than the direct
exciton, but there is no significant absorption structure on ZrSe3. The short
distance of the X-X pair forces the energy of their antibonding states to be higher
than the energy of the single chalcogen p states, so that the conduction and
valence bands are composed of the antibonding p orbitals of the chalcogen
molecules mainly. The strong absorption band of the exciton at the absorption
ïdge is due to the transition between the antibonding p orbitals. The discrepancy
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of the absorption spectra on Elfo, however, is not explained only by the
electronic states which are constructed by these antibonding p orbitals. This shows
that one should take into account the metal d orbitals for the conduction and
valence bands, but one has little information how much the metal d orbitals are
mixed and have effect on the absorption and Raman spectra.

There are extensive studies of the lattice dynamics on ZrS3 and ZrSe3 [5-8].
Almost all long-wavelength phonons are identified with the aid of the measurements

of Raman and infrared spectra and of theoretical calculation [8]. As seen
later in Fig. 1, however, the Raman spectra of ZrS3 and ZrSe, are quite different.
The polarization dependence of Raman intensity of ZrS, is completely contrary to
that of ZrSe3 for the same phonons.

From the results of resonant Raman scattering measurements this report
shows that this discrepancy in the Raman spectra is due to the difference between
the electronic states related to the Raman scattering processes. It is also proposed
that the electronic states at the absorption edge are composed of the antibonding
p orbitals of the chalcogen molecules mainly, but in the high energy region the
metal d orbitals are mixed. At the last part of this report, it is shown that the
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Figure 1

Raman spectra of ZrS, and ZrSe, for the excitation by 514.5 nm line of Ar-ion laser at room
temperature. E\\b and Elb denote E, || Es || b and E, || Es 1 b, respectively where the b axis is taken
along the chain. A, B etc. are used to distinguish the vibrational modes in the Ae phonons.
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incident photon energy dependence of the Raman cross section at the absorption
edge is well explained with a single oscillator model of the ls exciton [9].

2. Experiments

All measurements were done using the as-grown single crystals (not cleaved)
whose surfaces were parallel to the (a, b) plane. The light was always at normal
incidence of the crystal surface. Because of the large dichroism of the crystal, the
optical system had to be carefully aligned. The polarization direction of the light
with respect to the crystal axis was determined by measuring the reflectivity as a

function of the polarizer angle in the spectral region of the direct band gap where
the effect of dichroism is largest. The samples were immersed in a superfluid
helium bath for the low temperature measurements.

Raman scattering experiments were carried out in the geometry of back
scattering. The light from the Kr- and Ar-ion lasers and the dye laser which was
excited by Kr, Ar and N2 lasers was used. Spectra were obtained with incident
power of less than 20 mW at room temperature (50 mW at 2 K.) to prevent the
sample from overheating and decomposing. The scattered light was spectrally
analyzed with aim double monochromator and detected with a standard photon
counting technique for the cw laser excitation and with a boxcar integrator
method for the pulse laser excitation.

3. Experimental results and discussion

Figure 1 shows the Raman spectra at room temperature for the excitation by
the 514.5 nm (2.41 eV) line of the Ar-ion laser. E \\ b and Elfo in the figure
denote the polarization configuration of Y(ZZ)Y and Y(XX)Y, respectively,
where Z is taken along the chain axis and X along the a axis. The Raman active
modes are AR and BE in terms of the selection rule formulated by Loudon [9]. All
the phonons observed here are identified to be the AR phonons according to the
analysis of Grisel et al. [8]. The notation of A, B, etc. in the figure is used to
distinguish the vibrational modes, that is, the phonon B of ZrS3, for example, has
the same vibrational property as the phonon B of ZrSe3.

If one takes notice of B and C phonons, the Raman intensity on E || fo is
much larger than that on El b for ZrS3. On the other hand, the intensity on E || fo

for ZrSe3 is smaller than that on Elfo, so that the polarization dependence of the
Raman intensity of ZrS3 is contrary to that of ZrSe,. As ZrS3 and ZrSe3 have the
same crystal structure with a highly anisotropic system and the same electronic
configuration of valence, one would expect the same polarization dependence of
the Raman spectra for the same phonon. For understanding the observed difference

on the polarization dependence, one should notice that the exciting photon
energy (2.41 eV) is much higher than the direct absorption edge of ZrSe3
(1.8 eV), but just below that of ZrS3 (2.5 eV) [4]. This suggests that the electronic
states concerned with the Raman scattering processes for ZrS3 are different from
those for ZrSe,.

Jellinek et al. [2] have proposed that the absorption bands at the energy
region of the absorption edge are due to the transition between the antibonding p
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orbitals of chalcogen molecule (X2)2~. A recent band calculation of ZrSe3 [10]
indicates that the valence band maximum occurs at the V point and that the
conduction band minimum as well as the direct gap occurs at the A points in the
Brillouin zone, and also that these valence and conduction bands are composed of
mainly the p orbitals of chalcogen. A recent photoemission experiment [11] on
the mixed crystals of Zr, xTixS3, however, shows that in the high energy region
the s and d orbitals of the transition metal are strongly mixed with the p orbitals
of the chalcogen.

The difference between the electronic states at the absorption edge and those
at higher energy explains why the Raman spectra of ZrS, are different from those
of ZrSe, for the same lattice vibrational modes; the electronic states which are
most effective to the Raman scattering processes are the antibonding p orbitals of
(X2)2" for ZrS3, but mainly metal d orbitals for ZrSe3. This difference in the
related electronic states affects the polarization dependence. This interpretation
for the discrepancy of the Raman spectra will be confirmed if one has the same
Raman spectra when the excitation energy is tuned to the exciton absorption band
at the absorption edge which is settled to be due to a transition between the
antibonding p orbitals of the chalcogen molecules for both materials [2, 4, 10].

Figure 2 shows the Raman spectra of Y(ZZ)Y (E \\ b) configuration with the
incident photon energy of 2.602 eV for ZrS3 and of 1.830 eV for ZrSe3 where the
photon energy is at each exciton absorption band. The Raman intensity of the
polarization Y(XX)Y (Elb) at these photon energies is smaller of one order
than that of Y(ZZ)Y (E \\ fo) for both materials. There is no discrepancy in the
polarization dependence of the Raman intensity, showing that the electronic
states forming the exciton at the band edge are the same for both ZrS3 and ZrSe3.

The Raman cross section in the case of the back scattering at normal
incidence from a semi-infinite crystal can be calculated if one knows the absorp-
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Figure 2

Raman spectra on the E || b configuration at 2 K. The incident photon energies are 2.602 eV for ZrS,
and 1.830 eV for ZrSe, which are the peak energies of the exciton absorption bands. The Raman
intensity on E Lb is smaller of one order than that on E || fc for both ZrS, and ZrSe,.
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Figure 3
Raman efficiency of ZrS3 at the exciton absorption band as a function of the incident photon energy
on the E || b configuration for the several Aa phonons which frequencies are 19.0 meV (A), 35.7 meV
(O) and 40.4 meV (•). The solid curve is the calculated Raman cross section for the phonon of
35.7 meV (O) where the exciton energy h<oa and the damping energy hT is taken as 2.575 eV and
35 meV, respectively. The absorption spectrum is shown by the broken line for comparison.

tion coefficients and the reflectivities at the incident photon energy and at the
scattered photon energy [9], The reflectivity and the absorption coefficient have
been obtained by measuring the reflectivity and by performing the Kramers-
Kronig analysis [12]. Figures 3 and 4 show the excitation spectra of the Raman
scattering for several Ag phonons at 2 K for ZrS3 and ZrSe3, respectively, where
the Raman intensity has been corrected for absorption as well as reflectance. The
change in the co4 factor of the scattering law is negligibly small in the narrow
spectral range of the measurement. In the figures the absorption spectra are also
shown by the broken lines for comparison.

The excitation spectra at the absorption edge and the dependence of the
Raman spectra on the light polarization are quite similar for both materials. This
experimental result shows that our interpretation is correct: The electronic states
at the band edge are constructed by the same orbitals, that is, antibonding p
orbitals of chalcogen molecules (X2)2~, but in the high energy region the metal d
orbitals take main parts of the electronic states on the Raman scattering
processes.
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Figure 4
Raman efficiency of ZrSe, at the exciton absorption band as a function of the incident photon energy
on the E || b configuration for the several AB phonons which frequencies are 22.3 meV (O), 29.3 meV
(•) and 37.8 meV (A). The solid curve is the calculated Raman cross section for the phonon of
29.3 meV (•) where the exciton energy hcoa and the damping energy hT is taken as 1.820 eV and
10 meV, respectively. The absorption spectrum is shown by the broken line for comparison.

The Raman cross section for the first order process is approximately written
as [9]

cr «
P W P

(we + iT - «J; )(coa + iT - co,)
8(cot — ii — a>s)

where co{, cos and fl are the frequency of the incident light, the scattered light and
the associated phonon, respectively; P„0 is the momentum matrix element which
subscripts, 0 and a, refer to the electronic ground state and the intermediate one,
respectively. H^ is the matrix element of the electron (exciton) phonon interaction

and T the phenomenological damping constant.
The Raman excitation spectra are analyzed with a single oscillator model for

two reasons: Only a large absorption band due to ls exciton formation is

observed at the absorption edge for both materials and, if the incident photon
energy is close to the ls exciton energy, the cross sections are little influenced by
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the resonance Raman scattering process where the higher exciton and the
:ontinuum states are intermediate states. Then, one can estimate the Raman
efficiency for each phonon, with the adjustable parameter T, under the assumption

that the matrix elements P0a and H^ are independent of co,. The most
reliable calculated curves for a phonon are shown with solid lines in Figs. 3 and 4
jsing following values; hcoa 2.575 eV, hil 35.7 meV, fcr 35meV for ZrS,
and fuoa 1.818 eV, fill 29.3 meV, fir =10 meV for ZrSe3. The calculated
:urves give a very good agreement with the experimental points. In ZrSe,, a small
damping value compared to the phonon energy causes the excitation spectrum to
nave two maximums, that is, resonant parts of the incoming light and of the
3utgoing light. In ZrS3. there is no splitting on the excitation spectrum because of
[he large damping effect. The large damping effect also causes the peak of the
excitation spectrum to locate at the middle of ficoa and fiwa + hil.

Conclusion

It is shown that the polarization dependence of the Raman spectra of ZrS3 is

;ontrary to that of ZrSe, if the 514.5 nm line of the Ar-ion laser is used as
excitation. The Raman cross section for both materials, however, is shown to be
Huite similar at the energy region of the exciton absorption band which is settled
:o be due to a transition between the antibonding p orbitals of the chalcogen
Ttolecules. These experimental results suggest that the electronic states at the
3and edge are composed of the antibonding p orbitals, but the d orbitals of the
ransition metal are mixed at the high energy region. The incident photon energy
dependence of the Raman cross section at the absorption edge is well explained
with a single oscillator model of the ls exciton.
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