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We performed ultrasonic measurements on (Tagos» Vo.045)2NiSes to investigate the contribution of acoustic phonons
at the zone center to structural and possible excitonic transitions. The transverse elastic constant Css with irreducible
representation By, exhibits softening over 90% above a transition temperature of 7, = 280 K, indicating the soft mode of
corresponding TA phonons. Our analysis based on the quadrupole response indicates that the electron-phonon interaction
contributes to the excitonic transition in addition to the hybridization between the conduction and valence bands if the

excitonic transition is realized.

1. Introduction

Structural phase transition (SPT) and the instability of re-
lated phonons are accompanied by several phase transitions
and orderings of electronic degrees of freedom, e.g., ferro-
electric transitions and charge, orbital, and multipole order-
ings.'™ In addition, recent studies in iron-based compounds
have shown the relation between the structural instability
caused by the orbital or multipole fluctuations and supercon-
ductivity.>® Thus, the investigation of the origin of SPT and
phonon instability can help discover exotic phenomena.

The excitonic insulator transition (EIT) is one of the exotic
phase transitions. EIT is described by particle pairs compris-
ing electrons in the conduction band and holes in the valence
band exhibiting the Bose-Einstein-type condensation in semi-
conductor and the BCS-type condensation in semimetal.””'?
Owing to condensation, the instability of conduction and
valence bands occurs. In addition to the instability of the
electronic structure, SPT accompanied by the EIT has been
proposed in Ta;NiSes and 17-TiSe,.''"'> Superconductivity
caused by the suppression of SPT in these materials'®!” has
seemed to attract more attention to EIT.

In EIT, theoretical predictions have revealed that several
characteristic properties of superconductivity appear because
the Hamiltonian and the order parameter of EIT, ey (ctvy),
are similar to that of superconducting transition. Here, v’
(v) is the creation (annihilation) operator of particles on va-
lence bands and c (c') is the annihilation (creation) opera-
tor of particles on conduction bands. One of the important
phenomena expected for the EIT is the coherence peak. In
the BCS-type superconductors, the coherence peak appears
in the temperature dependence of the spin-lattice relaxation
rate 1/7T just below the superconducting transition tempera-
ture. On the other hand, the appearance of the coherence peak
in EIT has been expected in the ultrasonic attenuation coefli-
cient.'®19 Therefore, the existence of the coherence peak in
ultrasonic attenuation coefficients strongly indicates the EIT
transition. In particular, a theoretical study considering the
electron-phonon interaction for the EIT accompanying SPT
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has proposed the importance of ultrasonic measurements in
the EIT candidate compound Ta,NiSes.?”

The crystal structure of Ta;NiSes belonging to the Cmcm
(D}]) orthorhombic space group?" is shown in Fig. 1(a).
Below the SPT temperature 7y = 328 K, crystal symme-
try is lowered to the monoclinic C2/c (Cgh) that satisfies
group-subgroup relation.?*?> Owing to this orthorhombic-
to-monoclinic SPT, rectangular lattices on ac-plane formed
by 4 Ta-ions deform to parallelograms, as depicted in Fig.
1(b). This lattice deformation is described by the strain &,
shown in Fig. 1(c).

From the electronic structure point of view, Ta-5d and Ni-
3d electrons seem to play a key role in the SPT and EIT. In
Ta,NiSes, several studies have shown that the electronic sys-
tem has a direct gap with the gap minimum around the I" point
of the Brillouin zone center.!!-'? Near the Fermi level, the va-
lence band (v-band) and the conduction band (c-band) consist
of the Ta-5d,, and Ni-3d...,. orbitals. Theoretical proposals

sound wave

Fig. 1. (Color online) (a) Crystal structure of TapyNiSes produced with
VESTA.?? Sound waves for the elastic constant Css are schematically
shown. (b) Schematic view of the lattice distortion due to the SPT. The dashed
rectangular indicates the non-distorted structure using 4 Ta-ions. This is also
exhibited in (a). The parallelogram shows the deformed structure. The hor-
izontal arrows indicate the displacement direction of Ta ions. (c) Strain &,
and (d) electric quadrupole O, with the irrep Bag.
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for EIT are based on these bands around the I' point.'2 1520
ARPES studies have observed that these bands exhibit spon-
taneous flattening below T indicating the EIT.!"-2” These re-
sults indicate that the order parameter of the SPT is carried by
d electrons.

As the contribution of the electron-phonon interaction to
EIT has been considered,'%29 the determination of the soft
mode of SPT is also significantly investigated. Based on
the inelastic x-ray scattering measurements, the softening of
acoustic phonons with the irreducible representation (irrep)
By, inT' - Z - T direction has been observed above 7,25 The
instability of zone-center optical phonon mode with the ir-
rep By, has also been proposed as the soft mode by Raman
spectroscopy and the theoretical calculations of phonon dis-
persion.?®2% On the other hand, a theoretical study has pro-
posed elastic softening in the transverse elastic constant Css,
which corresponds to TA phonons at the zone center and uni-
form structural deformation (see Figs. 1(b) and (c)).2? Sev-
eral studies by Raman spectroscopy have also predicted the
softening of Css and related sound velocity.’*3D

From these studies, elastic measurements based on ul-
trasonic methods seem to be important to investigate SPT
and EIT in Ta,NiSes. The analysis of the elastic soften-
ing provides the energy scale of electron-phonon interaction
for acoustic phonons. Furthermore, owing to the typical fre-
quency range of f ~ 107 - 10% Hz and wavelength range of
A ~ 107% - 10™* m, ultrasonic measurement is a good probe
to observe acoustic phonons with low-energy and small wave
vectors. However, ultrasonic measurements have not been
available because the single crystal size of Ta;NiSes was not
sufficient to perform ultrasonic pulse-echo methods. Recently,
some of the authors have developed the single crystal growth
process for isovalent V-substituted (Ta;_,V,),NiSes.3? They
succeeded in growing large single crystals capable of ultra-
sonic measurements. This substituted system shows the same
SPT as that of Tap,NiSes except for the SPT temperature of
T = 280 K. In addition, the profile of the temperature depen-
dence of resistivity rate in (Ta;_,V,),NiSes is similar to that
of Ta;NiSes. Thus, we deduce that the physical properties of
SPT, possible EIT, and the topology of the band structure in
(Ta;_,V,),NiSes are the same as Ta,NiSes. Here, we investi-
gate elastic softening owing to the structural instability around
T and coherence peak in the ultrasonic attenuation coefficient
caused by EIT.

This paper is organized as follows. In Sect. 2, the experi-
mental procedures of sample preparation and ultrasonic mea-
surements are described. In Sect. 3, we present the results
of the ultrasonic experiments that demonstrate the soft mode
elastic constant Css and the softening of related TA phonons
at zone center caused by the SPT in (Tag sy Vo.045)2NiSes. In
Sect. 4, we discuss the energy scale of the electron-phonon
interaction in terms of the electric quadrupole response de-
scribing elastic softening of Css. We also consider the electric
quadrupole degrees of freedom originate from the spin-singlet
pairs formed by the EIT.

2. Experiments

Single crystals of (Ta;_,V,)>NiSes with the nominal con-
centration of x = 0.20 were grown using the chemical trans-
port method that includes iodine as a transport agent.>> The
actual amount of V ions, x = 0.048, was estimated using

wavelength-dispersive spectroscopy with Electron Probe Mi-
cro Analyzer.*? Laue x-ray backscattering was used to align
crystallographic orientations. We carefully polished the sam-
ple with alumina abrasive powder with #1000 (Maruto Instru-
ment Co.) and liquid paraffin (FUJIFILM Wako Pure Chem-
ical Co.) to obtain (100), (100), (001), and (001) surfaces
for ultrasonic measurement. (010) and (010) surfaces were
cleavage planes. As SPT corresponds to ferroelasticity, ex-
ternal strains easily change the elastic property of crystals as
proposed in the iron pnictide compound.*® One of the sam-
ples was deformed owing to the wrong amount of force gen-
erated by a pair of tweezers. This mechanical weakness of
(Ta;_,V,),NiSes is reflected in the small absolute value of
transverse elastic constants Css and Cgg with the order of 10°
J/m3. If the entire sample is covered with adhesive, unex-
pected external strain can be introduced into the sample ow-
ing to these differences in the thermal expansion coefficients.
Therefore, we fixed the sample on the probe using weak-type
double-sided tape (NICHIBAN Co) to avoid introducing bulk
strain to the sample. The sample size dimension 2.05 mm (a
axis) X 0.587 mm (b axis) X 1.45 mm (c axis) was sufficient
to perform the ultrasonic measurements.

The ultrasonic pulse-echo method with a numerical vector-
type phase-detection technique was used to measure the ul-
trasonic velocity v;; and the ultrasonic attenuation coeflicient
a; j.34) The absolute value of v;; was determined to read the
time interval between the cross talk and 1st echo signals (see
Fig. A-l in Appendix A). The elastic constant C = pvfj.
was determined from v;; and the mass density p = 7.652
g/cm3 for the V concentration x = 0.048, which is estimated
using the lattice constants a = 3.482A, b = 12.801&, and
¢ = 15.61A.39 The resolution of the elastic constants was
estimated to be about 10~*. Longitudinal and transverse ultra-
sonic waves were obtained using 36° Y- and X-cut LiNbO;
piezoelectric transducers with the 200- and 100-micrometer
thickness (YAMAJU CO). Typical fundamental frequencies
of 36° Y- and X-cut plates were 33 MHz and 17 MHz, respec-
tively. X-cut plates with the 200-micrometer thickness were
also used in the Css measurements around the SPT tempera-
ture by the fundamental frequency of 9 MHz. The wave length
of ultrasonic waves, 4 = f/v;;, in our measurements was esti-
mated to be 51073 - 1x10™* m™~! by the ultrasonic frequency
f and sound velocity v;;. The dicing size of 36° Y- and X-cut
LiNbO3 was 1.3 mm X 1.3 mm and 1.5 mm X 1.3 mm, re-
spectively. Here, the polarization direction of X-cut LiNbO3
was the short side of the plates. The transducers were pasted
onto the sample with glue (TOAGOSEI Co., Aron Alpha jelly
type). The thickness of glue was estimated to be less than 6
pm. Because this value was negligibly smaller than the sam-
ple size, we ignored the thickness to calculate sound velocity.

“He cryostat was used to measure the temperature depen-
dence of elastic constants and ultrasonic attenuation coef-
ficients below RT. The Quantum Design Physical Property
Measurement System with hand-made ultrasonic measure-
ment systems was used to measure the elastic constants Css
and Cgg above RT up to 390 K.

3. Results

To identify the soft mode of the SPT in
(Tag.o52Vo.0as)2NiSes, we investigated six elastic con-
stants, Cy;, Cr, C33, Csu, Css, and Cege, which can be
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(Color online) Temperature dependence of (a) the longitudinal elastic constants Cyj, (b) C22, and (c) C33, and the transverse elastic constants (d)

Cys, (e) Css, and () Cge in (Tag 952 Vo.048)2NiSes. The ultrasonic propagation direction g and polarization direction &, induced strains &;;, and used frequency
of each measurement are also listed. The solid line in panel (e) indicates the fit of Css in the framework of the phenomenological form of Eq. (2). The down
arrows and the dashed line in each panel indicate Ts. The double-headed arrows show the amount of softening from 390 K down to 285 K in Css and down to

Ts in Ceg.

Table I. Symmetry strains, electric multipoles, elastic constants, and basis functions corresponding to the irreducible representations (irreps) of the Dyj,.>®)

Irrep Symmetry strain Electric multipole Elastic constant Basis function
Alg EB = Exx + Eyy + £ 0 Cp = (C11 +Cap + C33 +2C12 + 2C13 + 2C23) /9 2y 2
&= (e — £xx — £yy)/ V3 Oy=322-12) Cy=(C11 +Cxn +4C33 +2C12 —4C13 — 4Cp3) /12
&y = Exx — Eyy Ov(:xz_yz) C,=(C11 +Cyp —2Cyp) /4
B g Exy Xy C66 Xy
Bog Ezx O« Css X
Bsg &)z Oy, Cay yz

measured in the orthorhombic structure. The irrep of reduced
elastic constants and corresponding strains in Dy, are listed
in Table I. Figure 2 shows the temperature dependence of
elastic constants C;;. The longitudinal elastic constants, Cyj,
Cy, and Cz3 exhibit weak anomalies at g = 280 K. The
transverse elastic constant Cy44 does not show elastic soften-
ing. In contrast, the transverse elastic constant Css with the
irrep By, (see Table I) demonstrates over 90% softening from
390 K down to 285 K. Owing to this huge softening, we were
not able to obtain the reproducible data of Css below 285 K
down to ~ 190 K. This can be attributed to the scattering of
ultrasonic waves caused by structural domains. The difficulty

of elastic measurements around SPT has been reported in
(CH3NH3)2MHCI4, (CH3NH3)2CdCl4, and CCCH6.37’38) Be-
low 190 K, Css shows monotonic hardening with decreasing
temperature. As the transverse elastic constant Cgg exhibits
softening above T, the SPT induces the strain &, with the
irrep Big. However, it is not dominant because the amount
of softening from 390 K down to T, estimated to be 6%, is
much smaller than that of Css. These experimental results
confirm that Css is the soft mode elastic constant of the SPT
in (Tagos» Vo.048)2NiSes. Therefore, we conclude that the TA
phonons with the irrep B, at the zone center freeze at T,
in agreement with the inelastic x-ray and Raman scattering
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measurements in Ta,NiSes.2>2®

To observe the coherence peak caused by the EIT, we tried
to measure the temperature dependence of the ultrasonic at-
tenuation coefficients in (Tagogs2 Vo.048)2NiSes. However, we
cannot confirm the coherence peak around the SPT in the
ultrasonic attenuation coeflicient ass of the transverse ultra-
sonic wave for the soft mode elastic constant Css because of
the scattering of the ultrasonic waves. We also tried ultrasonic
attenuation measurements in other ultrasonic waves. The ul-
trasonic attenuation coefficient a; of the longitudinal elastic
constant Cy; with the ultrasonic frequency of 104 MHz and
175 MHz showed a broad peak around 278 K, which was
slightly lower than 7. The amount of increase of @;; from
280 K down to 278 K was about 100 dB/m, however, the
signal-noise ratio was comparable to 100 dB/m. Therefore,
we could not conclude whether the coherence peak just below
T exists or not. We also could not observe the peak structure
in other ultrasonic attenuation coefficients. Even though the
coherence peak owing to the EIT has theoretically been pre-
dicted in as5 in Ta;NiSes, we suppose that it is hard to observe
the peak because of the scattering of ultrasonic waves around
Ts. Theoretical predictions of the coherence peak in the lon-
gitudinal ultrasonic waves are desired in Ta;NiSes.

4. Discussions

For further understanding of the SPT in (Ta;_,V,),NiSes,
we discuss the electric quadrupole contributions to the elas-
tic softening of Css in terms of the phenomenological theory.
The SPT from the Cmcm space group to that of the subgroup
C2/c allows the active representation of the irrep By,. There-
fore, the order parameter of SPT is described by the zx-type
basis function,?® as listed in Table I. This is also shown by the
point group analysis (see Appendix B). Thus, we can describe
the SPT using the electric quadrupole O, with the irrep By,
shown in Fig. 1(d) as an order parameter. The phenomenolog-
ical free energy is described below:*

1 1
F = 5OZO(T - 0)0% + ZﬁOO‘Z‘x

1
2
Here, ay and By are the positive coefficients, © is the
quadrupole ordering temperature without the strain &;,, g, is
the quadrupole-strain coupling constant, and Cgs is the elastic
constant without the contribution of quadrupole to free en-
ergy. The 1st and 2nd terms in the right-hand side of Eq. (1)
describe the quadrupole ordering of O,,. These terms origi-
nate from the quadrupole-quadrupole interaction Hamiltonian
with the mean-field approximation.*” The 3rd term is known
as the quadrupole-strain interaction that describes the energy
gain owing to the strain &,,. From a microscopic point of view,
the quadrupole-strain interaction coincides with the decom-
posed electron-phonon interaction. The 4th term is the elas-
tic energy caused by the crystal deformation. The equilibrium
condition of the free energy of Eq. (1), 0F/00,, = 0, and the
2nd derivative of the free energy with respect to the strain &,
provide the temperature dependence of Css.

4 T-T1
C55=C25(1——T_@)=C25(T_@s). )

- gzxozxgzx + C(S)Sggx' (1)
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Table II. Characteristic parameters and values in (Tag 952 Vo,043)2NiSes
Parameters Values
0 97K

Y| 183 K
0=4+0 280 K

c 2.78 x 10'° J/m?

N (Ni) 5.75x 10" m™3

N (Ta) 1.15x 108 m™3
gy for Ni-ions 2530 K
gzx for Ta-ions 5660 K

Here, 4 is known as the Jahn-Teller energy, including the
quadrupole-strain coupling constant, and 70 = 4 + 0 is
the theoretical SPT temperature. Comparing the microscopic
form of quadrupole susceptibility,*!) we obtain 4 = Ng?,/ Cgs
where N is the number of particles per unit volume pos-
sessing quadrupole. In addition, ® can be understood as the
Weiss temperature that corresponds to the strength of the
quadrupole-quadrupole interaction. The elastic formula of Eq.
(2) reproduces the softening of Css in (Tag 952 Vo.048)2NiSes as
shown in Fig. 2(e), except for around T because it is hard to
measure an elastic constant around SPT owing to the huge at-
tenuation of ultrasound. This difficulty can be attributed to the
critical-slowing-down like iron pnictide compounds.*"

To reproduce the softening of Css with Eq. (2), we
obtain characteristic parameters describing the SPT of
(Tag.052 Vo.048)2NiSes as shown in Table II. These results pro-
vide several important pieces of information about the SPT
and EIT. One is the contribution of quadrupole-strain inter-
action, namely the electron-phonon interaction, to the SPT.
The positive value of @ indicates the ferro-type quadrupole-
quadrupole interaction, suggesting that the electronic system
can spontaneously exhibit ferro-type quadrupole ordering at
T = 0 = 97 K without the quadrupole-strain interaction. This
result indicates the importance of electronic correlations for
the SPT. On the other hand, our analysis demonstrates the fi-
nite contribution of quadrupole-strain interaction to the SPT
in terms of 4 = 183 K that raises the transition temperature
from ® = 97 K to TS = 280 K. Therefore, we conclude that
the quadrupole-strain interaction, namely the electron-phonon
interaction for acoustic phonons, can be necessary to drive the
SPT in (Tag 952 Vo.048)2NiSes. Furthermore, if EIT accompa-
nying SPT is realized in (Taggsy Vo ,043)2NiSes, the EIT tem-
perature cannot be ® = 97 K, which can be related to the
proposed putative EIT temperature,’” but 70 = 280 K as
also proposed by Raman spectroscopy.*” Another ingredient
to the SPT is the contribution of d electrons. Using 4 = 183
K, C2 = 2.78 x 10" J/m?, and the number of Ni (Ta)-ions
per unit volume, N = 5.750 x 10?7 (1.150 x 10%%) m~3, we es-
timate the quadrupole-strain coupling constant g, to be 2530
(5660) K. In the microscopic point of view, the spatially ex-
panded wave functions provide a large coupling constant be-
cause g, is proportional to ;|0\ ;) where ; is the wave
function describing electronic systems.*" In fact, g ~ 1000 -
3000 K is comparable to that of several materials exhibiting
orbital or quadrupole orderings in d-electron systems*!»43-46)
but more than 10 times larger than that of 4f electron sys-
tems.*” Therefore, these facts indicate that the Ni-3d and/or
Ta-5d electrons contribute to the quadrupole degree of free-
dom of O,, and the SPT in (Taggsz» Vo 048)2NiSes. Owing to
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this strong quadrupole-strain interaction, the huge elastic soft-
ening of Css is induced by the SPT despite the small crystal
deformation that is described by the angle change between z-
and x-axis from 90° to ~ 90.5°.24

Furthermore, we discuss the relation between our results
in (Tag9s52Vo.048)2NiSes and previous theoretical studies for
Ta;NiSes. The elastic soft mode Css observed in the present
study agrees with the theoretical prediction.”” Thus, our ul-
trasonic experiments do not contradict the SPT accompanied
by the EIT as theoretically proposed. The quadrupole-strain
interaction, —g,,0.,&,,, can be attributed to the electron-
phonon interaction for the structural deformation describing
the hybridization between the conduction and valence bands
mediated by phonons.'>?? Therefore, the presence of the
quadrupole-strain interaction with the coupling constant of
2530 - 5660 K indicates that not only the inter-particle inter-
action between the valence and conduction bands but also the
electron-phonon interaction for zone-center TA phonons con-
tribute to EIT in (Tagos2 Vo.04)2NiSes if the EIT is realized.
The bare electron-phonon coupling constant can be obtained
from the quadrupole-strain coupling constant to calculate the
expectation value of Oy, (¥|O|y ), for the wave functions
¥; describing SPT and EIT. We expect that these results stimu-
late more theoretical predictions about the mechanism of EIT
and SPT in Ta,NiSes.

Our ultrasonic measurements and analysis indicate the
contribution of the electric quadrupole O, to the SPT in
(Tap.052Vo.048)2NiSes. To investigate the possibility of EIT-
induced quadrupole ordering, we discuss the origin of O,
based on the group theory and band structure of Ta;NiSes.
The order parameter of EIT is proportional to {c¢"v) ((+V¢}) for
the spin-singlet pairing.'? On the other hand, the expectation
value of the second quantization form of electric multipole,
(Or), between the particles on the v- and c-bands is written
as <¢L-|OF|WV><C?V> ((lpleI"';Dc)(VTC))‘A“) Here’ wv (%) is the
wave function describing particles on the v- (c-) band and T’
denotes the suffix of electric quadrupoles. If the SPT accom-
panied by the EIT is realized in Ta,;NiSes, both (¢.|Or|i,)
(|0l ey) and {c™v) ((vI¢)) show non-zero value. The wave
function of particles on the v- and c-bands consist of Ta-5d,,
orbital with the irrep By and Ni-3d, ., orbital with By, ® B3,
in the Dy, group (see Table I). Based on the group-theoretical
analysis, we show that the multipole degrees of freedom,
(WelOrly) (y|Orl.)), carried by the spin-singlet pairs are
obtained by reducing Bjg ® (Bye ® B3g) in Ta;NiSes. As shown
in Table III, the result of this reduction turns out to be By, (=
B1;®B3,) and Bsg (= B1;® Bag). This group-theoretical analy-
sis demonstrates that the spin-singlet pairs describing the EIT
also provides the electric quadrupole O, with the irrep By,
and the non-zero value of (O,,) can be obtained in the EIT
phase. Since (O,,) is proportional to (c;vxy) ((viycyz)), the
order parameter of the EIT can partly be written by (O,,).
Therefore, the transition temperature of the EIT, which can
correspond to the quadrupole ordering temperature of O, at
0, increases to T? owing to the electron-phonon interaction
then SPT is induced. We deduce that this result based on the
group theory can be an example of the electric quadrupole or-
dering induced by EIT theoretically predicted.*® Mulitpole
orderings can be considered in excitonic-ordered materials
with multi-orbital bands.

We need to implement high-temperature measurements to

36)

Table III. Product table for gerade irreps of Dy

Alg B, BZg ng
Ag | Aig  Big By By
Blg Blg Alg B3, BZg
By | By By A Big
B3g | Bsg Byg Big Ajgg

g g

reveal the starting temperature of the elastic softening and
obtain reliable parameters providing static properties of the
quadrupole. Moreover, Css and ass measurements below T,
i.e., down to ~ 190 K, is required. Further challenges detect-
ing coherence peak around T are very important to under-
stand EIT. The ultrasonic measurements in a non-substituted
Ta,NiSes are needed to escape from the disorder effect in
the substituted systems. Since the huge ultrasonic attenuation
around the SPT is observed in the elastic soft mode Css, it
may be hard to measure the coherence peak in the soft mode.
Further theoretical prediction of the coherence peak in the dif-
ferent ultrasonic attenuation coefficients is highly desired.

5. Conclusion

In conclusion, we investigated elastic soft mode accompa-
nied by the SPT of (Tag 952 Vo.048)2NiSes based on ultrasonic
measurements. The transverse elastic constant Css for the re-
sponse of strain &, with the irrep B, exhibits huge softening
over 90% on approaching T, while other elastic constants
do not exhibit such huge softening. Therefore, we conclude
that Css is the soft mode of the SPT and corresponding TA
phonons at the zone center freeze at Ts. We were able to re-
produce the softening of Css in the framework of phenomeno-
logical analysis, describing electric quadrupole response. The
Jahn-Teller energy, 4 = 183 K, and estimated coupling con-
stant, g,, = 2530 - 5660 K, indicate the strong coupling of
the strain g,, with the quadrupole O,, originating from d elec-
trons. In other words, corresponding TA phonons with irrep
By, strongly interact with d electrons. These facts indicate that
the electron-phonon interaction in addition to the hybridiza-
tion between the c- and v-bands plays a key role in the EIT
in (Tag.952 Vo.048)2NiSes if the SPT accompanied by EIT is re-
alized. Furthermore, our experimental results can confirm the
theoretical prediction of electric quadrupole ordering induced
by EIT that can be a new exotic mechanism describing SPT.
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Appendix A: Determination of sound velocity

Figure A-1 shows the time dependence of the ultrasonic
echo signals in (Tag 952 Vo.045)2NiSes. In the pulse-echo meth-
ods, the pulse-modulated electronic signals are converted to
ultrasonic waves by the piezoelectric plate. After the propa-
gation of ultrasonic waves in the sample, ultrasonic waves are
again converted to electronic signals by another piezoelectric
plate. On the other hand, there are to be cross-talk signals di-
rectly propagating to the piezoelectric plate on the opposite
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Fig. A-1. Time dependence of the amplitude of ultrasonic echo signals for
the elastic constants in (Tag 952 Vo.048)2NiSes. The vertical broken lines in
each panel show the starting point of the cross-talk signal. A typical cross-
talk signal is exhibited in panel (e). The horizontal arrows indicate the time
interval between the cross-talk and 1st echo signals.

side. Therefore, the propagation time of ultrasonic waves can
be determined by the time interval between the 1st echo and
cross-talk signals. In Fig. A-1, we show the time interval be-
tween the 1st echo and cross-talk signals. Dividing the prop-
agation length of ultrasonic waves by the time interval, we
calculated the sound velocity v;;. Since the time interval is
determined to read echo signals, the error in v is considered to
be about 10%. Because the adhesive width between the sam-
ple and LiNbOj3 piezoelectric plates was estimated to be much
shorter than the sample length, we ignored the adhesive width
to calculate the absolute value of v;;.

Appendix B: Point group analysis

As elastic constants and ultrasonic attenuation coefficients
reflect the global properties of the crystals, the point group
analysis can help understand the SPT and phenomenological
free energy in Ta;NiSes. Tables B-1 and B-2 show the charac-

ters and basis functions®® of point group C», and C, at Ni-ion
sites?!) , respectively. Here, E is the notation for the identity
operation, C, is the m-rotation operation around y axis, o is
the mirror operation for yz plane, and o, is the mirror opera-
tion for xy plane. The irrep A, of the point group C», belongs
to the full symmetry A of the point group C,. Therefore, we
confirm that the irrep A, of C», is the active representation that
describes symmetry lowering from Cj, to C,. This fact shows
that the phenomenological free energy for the SPT is writ-
ten by the zx-type order parameter. Furthermore, this group-
theoretical analysis can be consistent with the possible species
of ferroelastic crystals.*”

Table B-1. Characters and basis functions of point group C»,.
irrep E oy o0; Cy Dbasis function
A 11 1 1 v, x5, y%, 22
A 1 -1 -1 1 X
By 1 1 -1 -1 z,¥Z
By 1 -1 1 -1 X, Xy

Table B-2. Characters and basis functions of point group C».

irrep E (2 basis function
A 1 1y 2
B 1 -1 X, Z, Xy, yZ
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