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Piezotransmission spectra near the indirect absorption edge and piezoreflectance
spectra in the visible region of group 4B transition metal disulfides ZrS, and HfS,
have been studied by the stress modulation technique at 77 K. The uniaxial stress X
was applied along the @ axis and the spectra were measured using the polarized light,
E/ X and E 1 X, where E is the electric field of the incident light. The change of the
energy levels by the strain is evaluated by comparing the piezo-modulated spectra
with the wavelength-modulated spectra. The main peak and the broad structure at
higher energy side in the spectra originate from the overlapping of the transitions at
and near I" point and the other structures at lower energy side are due to the transi-

tions at L and M points.

piezotransmission, piezoreflectance, zirconium sulfide, hafnium sulfide, stress

dichroism

§1. Introduction

The layer type transition  metal
dichalcogenides are very attractive materials
for their characteristic crystal structures and
variety of physical properties."? Among
them, group 4B transition metal disulfides
ZrS, and HfS; are semiconductors with indirect
band gap in the visible region. They crystallize
in the CdI, type of layer structure. One layer
consists of a plane of metal atoms sand-
witched between two planes of sulfur atoms
and the layers stack along the ¢ axis. Within a
layer each metal atom is octahedrally sur-
rounded by six sulfur atoms. The bonding be-
tween atoms in the layers is covalent or ionic,
while the bonding between the layers is of rela-
tively weak van der Waals forces. So the
crystal is easily cleaved along the layers. The
crystal structure of ZrS, and HfS, belongs to
space group Dig.

After the pioneering work by Greenaway
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and Nitsche,” many experiments on the op-
tical properties of the group 4B transition
metal dichalcogenides including ZrS, and
HfS, have been reported.*'® Absorption mea-
surements indicate the indirect energy gap for
Z1S, and HfS,.>® We have already reported
the detailed natures of the absorption edges of
ZrS, and HfS,.'” In that report, we have been
led to the conclusion that the structures ob-
served in the wavelength-modulated transmis-
sion spectra of ZrS, and HfS, are due to the
indirect allowed transitions, I's —L; and
'y >M/, with excitonic effects.

Reflectance spectra of ZrS, and HfS, show
several characteristic structures in the visible
region.””'® These structures have been studied
by a variety of experimental techniques and
various assignments for these structures have
been proposed. However, conclusive results
concerning origins of these structures have not
been obtained. For example, Bayliss and
Liang® assigned the main peak at 3.30 eV in
the reflectance of HfS, to the I'; —I"5 transi-
tions, while Fong ef al.” assigned it to the tran-
sitions at R point in the Brillouin zone.

The calculations of the band structures of
ZrS, and HfS, have been performed by many
authors.”*® The valence band is made up
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mainly of the p orbitals of the sulfur atoms
and the conduction band is made up mainly of
the d orbitals of the metal atoms. Their results
indicate the existence of the indirect energy
gap and also give the informations for the
assignments of the structures in the reflectance
spectra to the interband transitions.

In this paper, we report the results of the
piezooptical measurements of ZrS, and HfS,
in the visible region at 77 K. The effects of the
strain and the possible assignments of the
structures observed in the reflectance spectra
are discussed.

§2. Experimental

Single crystals of ZrS, and HfS, were grown
by the iodine vapour transport method. First
of all, the powders of pure ZrS, and HfS, were
made by the reaction of the pure elements in a
sealed quartz ampoule at 900°C. Then the
powder was put in another sealed quartz am-
poule together with some amount of iodine.
The ampoule was placed in the temperature
gradient of a two zone furnace for single
crystal growth. The temperatures of hot and
cold part of the furnace were 950°C and
850°C for HfS, and 850°C and 750°C for
ZrS,, respectively. The growth time was about
150 h for both materials. The single crystals
obtained were thin platelets with typical areas
of 1 cm? and thickness of less than 200 um.

In the piezooptical measurements, the
cleaved sample was glued onto a fused quartz
plate with the transparent silicone grease and
this plate was attached along a diameter of the
ring type piezoelectric transducer of lead-zir-
conate-titanate. The sample was mounted in a
glass cryostat and immersed directly in liquid
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nitrogen. Alternating stress was applied to the
sample along the @ axis and the frequency was
about 270 Hz. The voltage applied to the
transducer was 700 V r.m.s..

The light from a tungsten lamp (50 W) was
passed through a monochromator (SPEX
1704 with a 1200 grooves/mm grating) and
polarized by a Rochon prism. The configura-
tions of the electric field E of the incident light
were (ELc, ELX)and (ELlc, E/X), where
X is the applied stress. The light was focused
on the surface of the sample at near normal
incidence and was reflected or transmitted
toward a photomultiplier. The dc component
and the ac component of the reflected or
transmitted light were measured directly and
with a lock-in amplifier, respectively. The spec-
tral width was kept less than 1 meV in the mea-
surements of the reflectance and less than 3
meV in the transmission near the absorption
edge.

The wavelength-modulated spectra were
also measured in this work. The procedure of
the measurements and the analysis of the data
were almost the same as those already
reported in the experiments of the transmis-
sion and its modulated spectra.'¥

§3. Theory

In this section, the effects of the stress on
the optical properties of the samples are con-
sidered based on the theory of elastic
body.!”® The thin sample was glued onto a
rather thick fused quartz plate and this quartz
plate was attached firmly to the piezoelectric
transducer. The strain e€ of the quartz plate is
expressed using the compliance tensor s¢ of
the quartz and the applied stress X as follows:

el sfishsh 0 0 0 X 5%

e, s s%sg 0 0 0 0 s$

eg _ s s%s% 0 0 0 0 |_ sB X o
2ef, 0 0 0s% 0 0 0 0 ’

2e% 0 00 0s%0 0 0

2e2 0 00 p 0 s% 0 0

where we take the x axis parallel to the stress X and the z axis perpendicular to the quartz plate.
The a axis of the sample glued onto the quartz plate was along the x axis and the c axis along the z
axis. As the thickness of the sample is very small, it can be assumed that the stress and the strain
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in the sample are uniform and that the strain components e, of the sample in the xy plane are the
same as e given by eq. (1), exx=e2, e,,=e2, e,,=eZ2. The stress components X, X, and X,
in the sample can be assumed to be very small or zero, because the opposite surface of the sample
was kept free. Then the strain e in the sample is expressed using the compliance tensor s of the
sample (the crystal structure of ZrS, and HfS, belongs to space group D3,) as follows:

€xx Su Sz Sz Su 0 0 X
€y Sz Su Sz —Siu 0 0 X,y
€2 s;3 szsa 0 0 0 0
2ey, - Sa =Sz 0 s O 0 0 @
2, 0o 0 O 0 Su 2814 0
2ey, 0 0 O 0 2814 2(511—512) Xy

As mentioned above, e, e,,, and ey, of the sample are equal to the corresponding strain com-
ponents of the quartz plate. Since 2e,,=2(s1; —Slz)Xxy=23)%;=O is derived from egs. (1) and (2),
X,y in the sample is zero. Then we can obtain the following expression for the strain of the sam-
ple:

€xx s%
€y sh
€z | _ (& +s5B)s13/ (s11+512) 3
2ey; (s —sB)s14/ (511~ 512)
2e;, 0
2ey, 0
Equation (3) can be rewritten as
€xx 1 0
€y 1 0
x| L guespyx | O [4SiEsBm )t
2ey; 2 0 Sitsn 0
2e;, 0 0
2e,, 0 0
1 0
-1 0
o_ .0
+% o—sHX g GnZsh)su 'S'“ jis"‘ (1) @)
0 0
0 0

Equation (4) shows the expression of the strain of the sample decomposed into the irreducible
components. The first and the second terms of the right-hand side of eq. (4) are the strains which
give rise to a volume change without destroying the crystal symmetry and the third and the fourth
terms are the strains which lower the crystal symmetry.

The optical properties of the crystal are described by the dielectric constant and the
dependence of the dielectric tensor & on the strain can be expressed as
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e(@=¢e(0)+A4¢e(e).
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The A¢(e) is related to the strain by the elastooptical tensor W."*2% For ZrS, and HfS,, the rela-

tion is
A&y Wy Wo Wi Wi 0 0 €xx
Agyy Wa Wu Wi —Wi 0 0 ey,
Ag,, _ Wy Wy Wi 0 0 0 € ©
Ag,y, Wy —Wy 0 Wy O 0 2e,,
Aggy 0 0 0 0 Wy W 2e;x
Aey, 0 0 0 0 Wi (Wu—Wy)/2 2e,,
From eqgs. (4) and (6), we obtain and the following expressions:
AetAgy,=(sF+s W+ WIZ)X+M Wi X, )
sutsi
Agxx_Aayy=(S1Q1_SIQ2)(Wll—WIZ)X+Z’S%__STIIQ22)& Wi X. ®)

Equation (7) implies that Aée,+Ade,, depends
only on the strains of the first and the second
terms of eq. (4), which do not change the
crystal symmetry. On the other hand, eq. (8)
shows Ae,,—Ae,, depends only on the strains
of the third and the fourth terms of eq. (4),
which lower the crystal symmetry.

The change of the reflectance or the
transmittance for the polarized light of E/ X
is described by A4e,, and that for EL X by
Aey,. So it is possible to distinguish the effects
of the two different components of the strain
by the measurements of the reflectance using
the polarized light. From now on, we call the
strain components which contribute to A&,y
+4e,, ‘radial strain e,” and those which con-
tribute to A&, —A¢,, ‘uniaxial strain e,’. The
radial strain does not change the crystal sym-
metry and the main effect of them is the shifts
of the energy levels in the band structure. The
uniaxial strain lowers the crystal symmetry
and may give rise the splittings as well as the
shifts of the energy levels.

§4. Results and Discussion

Figures 1 and 2 show the spectra of the
reflectance (R), the wavelength-modulated
reflectance (WMR), and the piezoreflectance
(PR) at 77 K for ZrS, and HfS,, respectively.
The structures in the reflectance spectra are in-
dicated by the arrows. Corresponding to these

structures, the WMR and the PR spectra show
the characteristic features. In the WMR spec-
tra, AR/R denotes the derivative of R with
respect to the photon energy, that is (1/R)
{dR/d(hv)}, where hv is the photon energy.
The PR spectra are shown for E/X and
E L X, where E is the electric field of the inci-
dent light and X is the applied stress. In the
PR spectra, the sign of AR/R is defined to be
negative when R is increased by the tensile
stress along the a axis. According to this defini-
tion, the structure in the R spectra shifts to
higher energies by the tensile stress if the sign
of PR signal is the same as that of WMR
signal.

In the spectra of the reflectance for ZrS, and
HfS,, a main peak and some small peaks can
be seen. The energies of the structures in the R
spectra are listed in Table I. In the PR spectra,
a large structure corresponding to the main
peak in the R spectra and some small struc-
tures can be seen.

The PR spectra seem to be similar to the
WMR spectra except that the sign and the rela-
tive intensity of each structure are different. In
order to analyze the PR spectra and discuss
the effect of the stress according to the results
in §3, we take the sum and the difference of
the spectra for the different polarizations of
the light, that is, the sum and the difference of
(AR/R), for E/X and (AR/R), for E1 X.
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Fig. 1. The reflectance (R), the wavelength- Photon Energy (eVv)
modulated reflectance (WMR), and the piezoreflec-
tance (PR) spectra at 77 K for ZrS,. The structures in Fig. 2. The reflectance (R), the wavelength-

the reflectance are indicated by the arrows. In the
WMR spectrum, 4R /R denotes the derivative of R
with respect to the photon energy. The PR spectra are
shown for E/X and E 1L X, where E is the electric
field of the incident light and X is the applied stress.
In the PR spectra, the sign of AR /R is defined to be
negative when R is increased by the tensile stress
along the a axis.

The results are shown in Figs. 3 and 4. In these
figures, (AR/R);,+(AR/R), reflects the
effects of the radial strain which keeps the
crystal symmetry unchanged, and (AR/R),
—(4R/R), represents the effects of the uniax-
ial strain which reduces the crystal symmetry
as mentioned in §3. As can be seen in the
spectra of (AR/R),—(4R/R),, the stress
dichroism appears for all the structures in the
reflectance spectra.

Also for the transmission spectra in the
lower photon energy region, the same pro-
cedure of the analysis is taken as the case of
the reflectance. Figures 5 and 6 show the

modulated reflectance (WMR), and the piezoreflec-

tance (PR) spectra at 77 K for HfS,.

Table I.  The structures in the reflectance spectra of »
ZrS, and HfS,.

Z1S, HfS,
1. 2.44eV small shoulder 2.85e¢V  sharp peak
2. 2.60eV  small peak 3.02eV shoulder
3. 2.71eV  small peak 3.22eV shoulder
4. 2.97eV  main peak 3.34eV  main peak
5. 3.17eV  broad peak 3.49 eV broad shoulder

wavelength-modulated transmission (WMT)
spectra and the sum and the difference of the
piezotransmission (PT) spectra for the
different polarization of the light, (AT/T),
+(AT/T), and (AT/T),—(AT/T),. In
Fig. 5 for ZrS,, the small structure near 1.9 eV
in the WMT spectra cannot be seen in the PT
spectra. The reason may be the higher noise
level and the lower spectral resolution in the
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(WMT) and the piezotransmission (PT) spectra at
77K for ZrS,. The sum and the difference of the PT
spectra for the different polarization are shown.

PT measurements. As for the transmission,
the stress dichroism is not so clear as the reflec-
tance but some indications can be seen in the
(AT/T),—(AT/T). spectra.

In order to analyze the spectra quantita-
tively, we define strain coupling coefficients D,
and D, as follows for the PR spectra:

_(R/R),+(4R/R). o AE ) ww

' (AR/R)wmr 2e, ©)
_(AR/R)//_(AR/R)_LX(AE)WMR (10)
e (AR /R)wmr 2e, ’

where (AE)wur is the full width of the
modulation of the photon energy in the WMR
measurement and e; and e, are the amplitudes
of the alternating strains applied in the PR
measurement. The quantity D;e, is the
amplitude of the energy shift induced by the
radial strain e, and the quantity D,e, is the
energy splitting induced by the uniaxial strain

e,. Similarly, we define D, and D, for the PT
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(WMT) and the piezotransmission (P7') spectra at
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spectra as
AT/ T),+(AT/T). » (AE)wmr "
T AT/ T)war 2e, a1
=(AT/T)//_(AT/T)J.X(AE)WMT 1
Y (A T/ T)WMR 2eu ’ ( )

where (4 E )yaris the full width of the modula-
tion of the photon energy in the WMT
measurement.

The (4R/R),+(4AR/R), and the
(A4T/T),+(AT/T), are the magnitudes of
the observed signals generating by the radial
strain e,. As shown in §3, the radial strain e,
has two components, (1,1,0,0,0,0) and
(0,0,1,0,0,0). The first one represents the
uniform expansion in the plane perpendicular
to the c axis. Its magnitude is determined en-
tirely by the strain of the quartz plate to which
the sample is attached and is independent on
the elastic property of the sample. On the
other hand, the second one is the strain along
the ¢ axis and its magnitude depends on the
compliance tensor of the sample. The values
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of the compliance tensors of ZrS, and HfS,
are not known. Thus, though the magnitude
of the strain component (0, 0, 1, 0, 0, 0) can-
not be determined, that of the strain compo-
nent (1, 1,0, 0, 0,0) can be estimated from
the known values of the compliance tensors of
the quartz and the piezoelectric transducer,
and from the applied voltage. In the similar
way, the magnitude of the strain component
1, —1,0,0, 0, 0) can also be estimated. If we
take only the strain components (1, 1, 0, 0, 0,
0) and (1, —1,0,0,0,0), we will find e,=
3.4%x107° and e,=4.8x%107° in this experi-
ment. These values would not vary so widely
even if the strain components (0, 0, 1, 0, 0, 0)
and (0,0,0, 1, 0,0) are taken into account.
Thus the values of D, and D, can be obtained
using egs. (9)-(12) and are listed in Table II.
We will discuss the assignments of the struc-
tures in the reflectance spectra by considering
the values of D, and D,. First, it is noted that
all the observed values of D, are negative. This
indicates that all the energy differences be-
tween the levels associated with the optical
transitions are decreased by the radial strain.

Table II. Strain coupling coefficients for the struc-
tures in the transmittance and the reflectance spectra.

(a) ZrS,

Position of the D, D,
structure (V) (eV /strain) (eV/strain)
Transmittance
1) 1.76 -1.8 —0.12
Reflectance
(1) 2.44 —1.6 —0.86
2) 2.60 —2.1 —-1.7
3) 2.71 —0.96 —0.35
“) 2.97 —-5.5 2.6
5) 3.17 -33 1.3
(b) HIfS,
Position of the D, D,
structure (eV) (eV/strain) (eV/strain)
Transmittance
(1) 2.00 -3.3 -0.13
2) 2.03 -3.0 -0.19
Reflectance
(1) 2.85 —0.16 -0.12
2) 3.02 —0.23 —0.10
3) 3.22 —-0.81 -0.14
“4) 3.34 —3.6 1.2
(5) 3.49 —-3.6 0.88
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In other words, the band gap is narrowed by
the radial strain.

The values of D, for the main peak and the
broad structure at higher energy side are con-
siderably larger than those for the other struc-
tures, especially in the case of HfS,. In the
transmission spectra, the values of D, are also
large for two structures for HfS,, but not so
large for ZrS,. Moreover, the values of D, for
the main peak and the broad structure at
higher energies are positive in contrast to the
negative values for the other structures. This
suggests that the characters of these two struc-
tures are different from those of the other
structures.

Benesh et al.?V calculated the band struc-
tures of TiS, and TiSe,, which belong to the
same group 4B transition metal
dichalcogenides as ZrS, and HfS,, under the
hydrostatic pressure. According to their
results, the top of the valence band at I” point
(I"; state) shifts to higher energies and the
magnitude of the shift is larger than any other
points in the Brillouin zone. They explained
the reason of this behavior as follows: the "5
state is made up of the p, orbitals of the
chalcogen and spread over the layers through
the van der Waals gap along the ¢ axis. The
deformation of the lattice along the ¢ axis is
larger than that along the @ axis under the
hydrostatic pressure. So the I';y state shifts
more sensitively by the pressure.

The same behavior in ZrS, and HfS; may be
expected under the pressure. However, it is
noted that the stress applied in this experiment
is different from the hydrostatic pressure. The
ratio of the magnitudes of the strains along
the ¢ axis and along the a axis in the case of
this work is expressed as

(Ac/e)/(Aala)=s13/2(s11+512). (13)

Unfortunately, the values of the compliance
tensors of ZrS, and HfS, are not known.
However, the ratio in eq. (13) can be known
for the other materials with layered structures.
For example, (dc/c)/(4a/a) is —0.28 for
Pbl, and —0.20 for Cdl,. This indicates that
the deformation of the lattice along the ¢ axis
is not so small under the uniaxial stress. When
the lattice is deformed by the tensile stress
along the a axis, the sign of Ac/c is negative.
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This deformation of the lattice along the c axis
is the same as the case of the hydrostatic
pressure. Then the same behavior as in the
case of the hydrostatic pressure, that is, the
shift of the I'; state to higher energies, is ex-
pected under the tensile stress along the a axis.

Most of the band calculations'™'® and the
optical experiments’'? reported in the past
reveal that the structures in the reflectance
spectra in the visible region originate from
mainly the transitions at I, L, and M points.
Considering these facts and the above discus-
sion, we are led to the conclusion that the
structures whose value of D, is large may be
due to the transitions at I” point and that the
other structures may be related to L or M
point. The relatively large values of D, for the
transmission may be explained as that I’y
state is the initial state of the transitions in the
absorption edge. The possible assignments of
the main peak and the broad structure at
higher energies are I’y —»I'y and I'; =I5 .

The other structures are assigned to the tran-
sitions at L and M points, L; =>L;", LT ~>L,
and M7 —M;. The band calculations show
that the order of the energies of these transi-
tions are different between ZrS, and HfS,. The
transition with the lowest energy is M7 > M|
for ZrS, and Ly —L{ for HfS,. The as-
signments have been made considering these
facts.

However, taking the spin-orbit splitting into
consideration, this conclusion cannot explain
the effects of the uniaxial strain, D,. All the
structures in the spectra show the stress
dichroism, that is, D, is not zero. This in-
dicates the energy levels associated with the op-
tical transitions are split under the uniaxial
strain. On the other hand, the I"'; and the I” hy
states are transformed into Fff sand I'§ by the
spin-orbit interaction. As the I’ f s and I'¢
states are nondegenerate aside from spin,
these energy levels at I” point may not be split
by the strain.

According to the relativistic band calcula-
tions,™® the energy separations due to the
spin-orbit interaction are 70 meV for the 'y
of HfS,, 150 meV for the I'; of HfS,, and 30
meV for the I's of ZrS,. These values,
however, have not yet been confirmed by the
experiments.



1822 Koichi TERASHIMA and Isamu IMAI1

The splittings of the energy levels in the
solid under the strain is possible. For example,
the M point in the Brillouin zone of ZrS, and
HIfS; consists of the six equivalent points with
the C;, symmetry. When the crystal is strained
by the stress applied along the a axis, the
crystal symmetry is reduced and the six
equivalent M points are split into two
equivalent points with the C,, symmetry and
four equivalent points with the C, symmetry.
So the energy level at M point is split into two
energy levels by the uniaxial strain. Such split-
tings may occur at several high symmetry
points in the Brillouin zone.

Such a splitting does not occur at I" point
but it may occur at the points near I" point, for
example, 2 line. Therefore, the main peak and
the broad structure at higher energies in the
reflectance spectra may be considered to be the
superposition of the optical transitions not
only at I" point but also at the points near I
point (4, 2, R, A). Rather broad peaks may
be due to the overlapping of the transitions at
these points and the spin-orbit splitting of the
levels.

Also for the structures caused by the transi-
tions at L and M points, the overlapping of
the transitions near these points must be con-

Table III. The assignments of the structures in the
reflectance spectra of ZrS, and HfS,.

@) ZrS,

Position of the

structure (eV) Assignments

1. 2.44 Mi-M;
2. 2.60 Ly—~L}
3. 2.71 Ly—L;
4. 2.97 ry-ri
and the transitions near I”
5. 3.17 ry-ri
and the transitions near I
(b) HIfS,
I;?rslll?& I: eo(f egl)e Assignments
1. 2.85 Ly—L7
2. 3.02 L7 —L;
3. 3.22 Mi-M;
4, 3.34 ry-ri
and the transitions near I
5. 3.49 r;-ri

and the transitions near I”
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sidered. However, the band structures of ZrS,
and HfS, reveal that the energy dispersion is
considerably strong near L and M points.
Then such a overlapping may not be so signifi-
cant.

Considering the above discussion and referr-
ing to the band calculations, we try to assign
the structures in the reflectance spectra of ZrS,
and HfS,. In the course of the assignment, it
was considered that the relatively large values
of D, is due to the large shift of the energy
levels at I" point under the strain. The stress
dichroism can be explained by the stress in-
duced splitting of the energy levels at the high
symmetry points in the Brillouin zone. The
results of the assignment are shown in Table
I11.

§5. Summary and Conclusions

The piezotransmission and the piezoreflec-
tance spectra of ZrS, and HfS, have been
measured. The uniaxial stress X is applied
along the @ axis. The sum of the spectra for
the different directions of the polarization
AUT/T),+(AT/T). and (AR/R),+
(4R/R) ., shows the effect of the radial strain
and the difference, (AT/T),—(AT/T), and
(4R/R),—(AR/R)., shows the effect of the
uniaxial strain. The effect of the radial strain is
expressed quantitatively as the shift of the
energy level and that of the uniaxial strain is ex-
pressed as the splitting of the energy level.

The main peak and the broad structure at
higher energy side in the reflectance spectra
show the large D, with negative sign and the
relatively large D, with positive sign. These
structures are assigned to the transitions at
and near I" point. The other structures at
lower energy side are assigned to the transi-
tions at L and M points.
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