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Ta,NiSes continues to be investigated for its phase transition at 7, = 326 K, where it develops both an
electronic gap and a distortion of its Ta/Ni chains. One intriguing feature at 7', seen in thermal transport is
the giant anisotropic scattering of phonons moving perpendicular to the chains, which is apparently
associated with the softening of a transverse acoustic phonon, but whose microscopic origin and
significance demand clarification. By tuning the normal-state band overlap or gap with S substitution,
we uncover a close connection between this soft-phonon transport anomaly and underlying electronic
instabilities: when Ta,Ni(S,Se;_,)s approaches a band insulator at high x, and signatures of the electronic
transition are suppressed, the soft-phonon transport anomaly concomitantly vanishes. Our results establish
the following picture for the Ta,Ni(S,Se;_,)s family: near the S end, a sole lattice instability gives rise to a
weak structural transition with 7. approaching 130 K. Near the Se end, additional electronic instabilities
boost T, up to 326 K and amplify experimental signatures of the transition. The strong interaction between
electrons, holes, and the lattice is manifested as a soft-phonon transport anomaly accompanied by

electronic fluctuations, which include excitonic and hybridization-gap fluctuations.

DOI: 10.1103/15xq-2yrt

Introduction—The quasi-one-dimensional (1D) chalco-
genide Ta,NiSes [Fig. 1(a)] undergoes a phase transition at
T. = 326 K, whose origin remains contested. The transi-
tion is both electronic and structural, as evidenced by a
simultaneous opening of an electronic gap (0.16-0.30 eV
[1-3]) and an orthorhombic-to-monoclinic distortion of its
unit cell (f =90.7° [4]). An early explanation for this
transition invoked the concept of an excitonic insulator
[1,5,6]. The premise is that the narrow band overlap in
Ta,NiSes at high temperatures is unstable against the
spontaneous formation of excitons, i.e., electron-hole pairs,
with the electron and hole likely located on adjacent Ta and
Ni sites along a chain [Fig. 1(b)], resulting in an insulating
ground state with a many-body gap. Here, the concomitant
lattice distortion is apparently a secondary effect. A later
explanation emphasized the symmetry reduction from
orthorhombic to monoclinic point groups due to the minute
lattice distortion, which permits the hybridization of Ni 3d
valence and Ta 5d conduction bands of formerly opposite
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parities [7-9]. The lattice distortion therefore enables the
system to gain electronic energy by opening up a single-
particle gap, such as in the case of a Peierls transition.
While this second scenario of a hybridization-gap insulator
is distinct from the first scenario of an excitonic insulator, a
common feature is that they both require low-energy
electronic excitations.

Isostructural Ta,NiSs serves as a valuable foil to better
understand Ta,NiSes [11]. Substitution of Se for S in
Ta,Ni(S,Se;_,)s opens or enlarges a band gap in the high-
temperature normal state, which exceeds 0.25 eV in
Ta,NiSs [12]. As Ta,Ni(S,Se;_,)s becomes more insulat-
ing with increasing x, 7. falls and signatures of an
electronic transition, e.g., in electrical transport, become
harder to resolve. Initially, it was thought that above
x =~ 0.55, T, is fully suppressed to < 2 K [1]. More recent
experiments using Raman spectroscopy [13,14] and syn-
chrotron x-ray diffraction [15] have reported that an
orthorhombic-to-monoclinic transition persists beyond
x =~ 0.55, even when the electronic transition is nearly
undetectable, and that 7', remains perhaps as high as 120 K
at x = 1 [13,14]. The existence of a structural transition in
Ta,NiSs, where electronic degrees of freedom are mostly
absent, points to an intrinsic lattice instability in the
Ta,Ni(S,Se;_,)s family as a third possible factor contrib-
uting to their phase transition. This three-instabilities
picture—excitonic, hybridization-gap, and intrinsic lattice
instabilities—raises renewed questions concerning their
relative importance and interplay. In light of the common
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structural transition in Ta,NiSes and Ta,NiSs, it has even
been questioned whether electronic instabilities are an
essential part of the story [16].

Thermal transport is ideally suited to probe the dual
electronic and structural transition in Ta,NiSes. It is
sensitive not only to electrons and holes, but also
charge-neutral carriers, such as phonons and excitons. It
further probes the mutual coupling and scattering of these
carriers. Previously, thermal conductivity revealed an
unusual anomaly in Ta,NiSes at 7., where phonons are
strongly scattered, but only in the direction perpendicular to
the Ta/Ni chains [10]. It was postulated that this aniso-
tropic scattering could be caused by a soft transverse
acoustic phonon, which is associated with the monoclinic
distortion and has momentum perpendicular to the chains.
Here, we extend these thermal transport experiments to
track the 7. anomaly across the entire Ta,Ni(S,Se;_,)s
family. Along with electrical transport and magnetic
susceptibility measurements, we reveal that the soft-pho-
non transport anomaly is closely tied to underlying elec-
tronic instabilities, and serves as a tell-tale feature that
further distinguishes Ta,NiSes from Ta,NiSs. Based upon
our results, we present a picture for the three instabilities
throughout the Ta,Ni(S,Se,_,)s phase diagram.

Experiments—We  synthesized single crystals of
Ta,Ni(S,Se;_,)s with x =0, 0.2, 0.5, 0.9, and 1 via
chemical vapor transport [1]. For the batches with mixed
Se/S content, the results of energy-dispersive x-ray spec-
troscopy on representative crystals confirmed our target x
values [17]. Using heat capacity as a thermodynamic probe,
we determined 7. = 326, 303, 234, and 145 K for the
x =0,0.2,0.5, and 0.9 samples, respectively. We could not
detect any transition feature in the x = 1 samples. We
performed transport on rectangular-shaped crystals with the
electric or heat current applied either parallel (||; along the a
axis) or perpendicular (_L; along the ¢ axis) to the Ta/Ni
chains [Fig. 1(b)].

Results—We first survey the overall electrical and
thermal transport properties of the end members of the
Ta,Ni(S,Se;_,)s family, i.e., Ta,NiSes and Ta,NiSs.
Figures 1(c) and 1(d) present Arrhenius plots of their
temperature-dependent electrical conductivities, o) (T) and
o (T). Close to 400 K, o) of Ta,NiSes is 8 x 10* Q@ 'm™1,
which is typical of a poor metal or narrow-gap semi-
conductor. Its o, is an order of magnitude smaller,
5% 10° Q' m~!, which indicates that its electrical trans-
port is quasi-1D along the chain direction. Ta,NiSs has
both smaller o and o, near 400 K, 5x10° and
1 x 10° Q 'm™!, respectively, which confirms that it is
more insulating than Ta,NiSes at high temperatures. Below
400 K, the logarithms of o and ¢, of both compounds
decrease roughly linearly with the inverse temperature 7!,
which is somewhat reminiscent of activated transport.
Below 100 K, however, the decrease slows down, indicat-
ing that the intrinsic electrical conductivities are likely

shorted by impurity-band contributions [blue shaded
regions in Figs. 1(c) and 1(d)]. For Ta,NiSes, a kink is
observed at T, = 326 K, below which 0|, and to a smaller
extent ¢, , drop more rapidly [inset of Fig. 1(c)].

Figures 1(e) and 1(f) display the thermal conductivities
x(T) and x  (T) of Ta,NiSes and Ta,NiSs. The thermal
conductivities of Ta,NiSes are roughly 2—4 times larger
than those of Ta,NiSs. For both compounds, x is also
roughly 2—4 times larger than « | . Below 400 K, the thermal
conductivities increase until they reach a broad peak around
40-70 K, then decrease with further lowering of temper-
ature. The broad peak is characteristic of phonon thermal
conductivity and appears when the conductivity of phonons
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FIG. 1. (a) Crystal structure of Ta,Ni(S,Se;_,)s with unit cell

shown. (b) View along b axis with Ta/Ni chains emphasized. (c),
(d) Electrical conductivity ¢ of Ta,NiSes and Ta,NiSs plotted on
a logarithmic scale against the inverse temperature 1000/7. The

the chains are shown in (b). The blue shading marks an extrinsic
regime dominated by impurity-band conduction. The inset of
(c) plots o vs T near the transition temperature 7, of Ta,NiSes.
(e),(f) Thermal conductivity x of Ta,NiSes and Ta,NiSs vs T
The dashed black curves represent the estimated phonon (ph)

contributions. The inset of (e) is an enlargement of x| and K‘(lp )

near 7. The data in (c) and (e) are replotted from Ref. [10].
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is no longer limited by their mean free path at higher
temperatures, but by their thermal population at lower
temperatures [19].

The measured heat current contains both electronic and
phonon contributions. To estimate the electronic contribution
k®) to the measured k, we apply the Wiedemann-Franz law,
k®© = LoT, where L ~ Ly, the Lorenz number. The phonon
contribution kP is given by the difference x — x(®). For k|
of Ta,NiSes and both x| and « of Ta,NiSs, the estimated
k(®) is less than one percent of k, and « can be taken simply as
kP For k| of Ta,NiSes, however, «(®) reaches around 10%
of x at high temperatures [compare circle symbols and
dashed curves in Fig. 1(e)]. As shown in the Fig. 1(e) inset,

. . h
there is a clear separation between x| and K“(‘p) near

T. =326 K. The small dip in k| observed below T is
inherited from the similar dip in o [Fig. 1(c) inset], for when

we subtract K|<|e) from k|, the resulting K'|<|ph) evolves smoothly

across T.. In our later discussion, we focus on the phonon
thermal conductivity and subtract k) from x whenever it
exceeds a few percent of «.

We proceed to track signatures of the phase transition
across the Ta,Ni(S,Se;_,)s family. Figures 2(a)-2(e) show
the intrachain electrical conductivities of samples from our
five different Se/S compositions, plotted as the logarithmic
derivative ¢ = kgT?d(In o))/ dT, where ky is Boltzmann’s
constant. When the electrical conductivity strictly follows
activated transport, i.e., 6 = 6 exp[Es/(kgT)], € should
be a constant that is equal to the activation energy E,. Here,
we observe more complicated behavior. As seen in Fig. 2
(a), €| of Ta,NiSes exhibits a sudden jump at T, = 326 K,
which corresponds to the opening of an electronic gap.
Below T, € slowly decreases and saturates to ~0.08 eV,
before it shows a small hump around 100 K and decreases
further due to impurity-band conduction. Using the jump in

€| as a signature of the electronic transition, we determine
T to be 290, 231, and 147 K for the x = 0.2, 0.5, and 0.9
samples [Figs. 2(b)-2(d)], which closely match the T\
values we determined from heat capacity [17]. As x
increases, we observe not only a decrease in 7, but also
a decrease in the size of the jump in €|, which implies that
the electronic gap that opens below T gets smaller. At
x = 1, we no longer observe any discontinuous feature in
€|- It is both possible that the electronic transition is too
weak to be detected, and that its signature is partially
masked by the impurity-band hump around 140 K
[Fig. 2(e)].

To confirm that the jump in € at T truly originates from
electronic gap opening, we present complimentary mag-
netic susceptibility data y(7') that also reveal signatures of
electronic gap opening. The data in Figs. 2(f)-2(j) are
shown after removing a Curie tail due to paramagnetic
impurities. We subtract a constant offset y,, which varies
between —2.0 x 10™* and —1.2 x 107* emu/mol [17].
This range of y, lies reasonably close to the expected
orbital diamagnetism of core electrons in Ta,NiSes and
Ta,NiS5, which we estimate to be —2.8 x 10~* and
—1.9 x 10~* emu/mol, respectively. What remains in
¥ —Xxo 1s predominantly the Pauli paramagnetism of
quasi-1D electronic carriers. For the x =0, 0.2, and 0.5
samples, y — y, begins on the order of several +107°
emu/mol at high temperatures, then gradually decreases
upon lowering temperature. Below 7, a more rapid dip
ensues, then y — y, appears to saturate at zero. As Pauli
paramagnetism is proportional to the carrier density, it
should be suppressed whenever a gap is present. We
therefore ascribe the dip in y — y, seen below T, to the
opening of an electronic gap, which again gets reduced as x
increases. (We note that the Knight shift of Ta,NiSes,
which also probes the Pauli paramagnetic spin susceptibil-
ity, shows a similar dip below 7. [20].) For the x = 0.9 and
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FIG. 2. Signatures of electronic gap opening revealed by a combination of intrachain electrical transport and magnetic susceptibility.
(a)—(e) Logarithmic derivative of the intrachain electrical conductivity, ¢y = kgT?d(In))/dT, of Ta;Ni(S,Se_,)s samples with x = 0,
0.2, 0.5, 0.9, and 1. The vertical gray lines mark 7'.. The yellow shading in (a)-(c) marks regions of possible gap fluctuations. (f)—
(j) Magnetic susceptibility y — yo vs T, where y, is a constant offset subtracted from the data. The data in (a) are replotted from Ref. [10].
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1.0 samples, y — y, is almost negligible, which suggests
that they already have a sizable band gap above 7. There is
a possible kink close to 7, = 147 K in the x = 0.9 sample,
but y — yo otherwise shows little change.

We next track the transition signature in the phonon
transport of Ta,Ni(S,Se;_,)s. Figure 3 plots the phonon
thermal conductivities K‘(‘ph) (T) and "
the phonon heat capacity C™ (T), on double-logarithmic
scales. According to the kinetic theory of phonons,
kP /CPY) yields the diffusivity D®" and is equal to 1 v/,
where v is the group velocity of phonons and / is their mean
free path [21]. As seen in Fig. 3, D‘(‘ph)
decreases relatively smoothly with increasing temperature
between 50 and 400 K. The temperature dependence
resembles a 7~! power law expected for / at high temperatures,
when phonon-phonon umklapp scattering is dominant [21]. In

contrast, D(fh) for the x = 0, 0.2, and 0.5 samples exhibits a

prominent anomaly at 7. [Figs. 3(a)-3(c)]. This anomaly

(T), normalized by

for all samples

originates from K(fh) (see insets of Fig. 3), not CP")(T), as the
latter evolves smoothly with temperature [ 17]. This anomaly is
characterized by an abrupt slope change at 7', as well as a
deviation from 7~! behavior for a temperature range over

4100 Kabove and below T'.. When we rescale Dl(lp " on top of

D(fh) (dashed fuchsia curves), we find that D(fh) shows an
asymmetric V-shaped suppression centered at 7. (orange
shaded regions). For the x = 0.9 and 1 samples, this transition

x =0 (TayNiSes)

-4

anomaly vanishes. As seen in Figs. 3(d) and 3(e), DI(Ip " scales

on top of D(fh) and both show approximate 7! dependence
from 50 to 400 K.

Discussion—What is the microscopic origin of the
V-shaped suppression in phonon thermal transport per-
pendicular to the Ta/Ni chains, and the significance of its
disappearance at high x? The suppression cannot originate
from the direct scattering of phonons by electronic carriers,
as the latter have momenta primarily along the chains. We
instead trace the origin of this suppression to a transverse
acoustic phonon mode, whose momentum is perpendicular
to the chains. According to x-ray scattering, this mode
already softens in Ta,NiSes; at 400 K, far higher than
T. [4,22]. As phonon diffusivity is the product of v and [,

the softening of this mode could suppress D(fh) in two

ways, via its own reduced group velocity, and/or via its
enhanced scattering of the other phonons. Since Ta,NiSes
has 48 phonon branches, many of which are dispersive
[4,8], we do not expect the reduced velocity of one soft

(ph)

phonon to greatly influence D'"’. The dominant mecha-

nism behind the suppression of D(fh) should be the
increased scattering of phonons by this soft mode, resulting
in an overall decrease of the mean free path. In real space,
this soft phonon corresponds to shearing fluctuations of the
chains that precede the monoclinic distortion. In this
fluctuating state, the individual chains remain largely

unchanged, but are displaced in the a direction relative
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FIG. 3. Signature of soft-phonon anomaly revealed by interchain thermal transport. (a)—(e) Phonon diffusivity D®? = x®" /C(Ph) for

(ph

Ta,Ni(S,Se;_,)s samples with x = 0, 0.2, 0.5, 0.9, and 1. The dashed fuchsia curves are DH ) scaled by a prefactor to roughly match

D(fh), and the orange shaded regions in (a)—(c) illustrate the relative suppression of D(fh). The black triangles mark 7'.. The solid black
lines mark the 7~! power law expected for phonon-phonon umklapp scattering. The insets in (a)~(d) show the T, anomalies (or lack

(ph)

thereof) in x| . The data in (a) are replotted from Ref. [10].
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to their neighbors. Such fluctuations would strongly scatter
phonons propagating perpendicular to the chains, while
minimally perturbing phonons propagating parallel to the
chains, consistent with our observations in Fig. 3. We note
that a similar V-shaped suppression in phonon thermal
conductivity has been observed in the order-disorder-type
ferroelectrics KH,PO, and NH,4Cl, where fluctuating local
dipoles give rise to a soft mode [23,24],
Although the transition anomaly in K(fh) is related to a
soft transverse acoustic phonon, its dependence on the Se/S
composition, which tunes normal-state band overlap or
gap, indicates that the soft phonon is electronically tuned.
The fact that the soft-phonon transport anomaly becomes
weaker as signatures of electronic gap opening in € and y
also get weaker establishes a close relationship between the
soft phonon and underlying electronic instabilities. This
connection is further affirmed by previous reports of
electronic gap fluctuations in Ta,NiSes above T, in the
same regime where the soft phonon is observed. According
to optical and photoemission spectroscopy, the electronic
gap does not entirely close at 7; instead, the spectral
weight near the Fermi energy recovers slowly above T,
indicating a fluctuating gap [1,25]. A fluctuating gap could
possibly explain the slow rise in ¢ as the temperature
decreases toward T, just prior to the sudden jump, as seen
in the x =0, 0.2, and 0.5 samples [yellow shading in
Figs. 2(a)-2(c)]. We infer that the soft phonon with
shearing lattice fluctuations is accompanied by and coupled
to electronic fluctuations.

Figure 4 summarizes our updated picture of the
Ta,Ni(S,Se;_,)s family. We plot 7. as a function of x
and highlight the region of soft-phonon scattering seen in
thermal transport [Fig. 4(a)]. At x = 1, the phase transition
is apparently too weak to be detected by any of our probes.
If we loosely extrapolate our 7, line to x =1 (dotted
curve), we would estimate 7. ~ 130 K in Ta,NiSs. This
value is close to the 7, of 120 K determined by polarized
Raman spectroscopy, which is extremely sensitive to the
difference between orthorhombic and monoclinic lattice
symmetries [13,14].

Our results distinguish the nature of the phase transition
at the Se and S ends of the Ta,Ni(S,Se;_,)s family, as
schematically illustrated in Figs. 4(b)—4(e). At the S end,
we begin with a sizable band gap in the normal state with
electronic degrees of freedom minimized. There is appa-
rently an intrinsic lattice instability giving rise to a weak
orthorhombic-to-monoclinic distortion at 7', ~ 130 K, one
that is invisible to most experiments. Moving toward the Se
end, as the normal-state band gap closes, additional
electronic instabilities emerge. These electronic instabilities
not only boost the structural transition temperature from
~130 to 326 K, but also intensify the experimental
signatures of 7', in both electronic and structural channels.
The phase transition of the x < 0.5 samples is characterized
not only by electronic gap opening and a monoclinic

distortion at 7, but also by a soft-phonon transport
anomaly with electronic fluctuations over a much wider
temperature range. These latter features are notably absent
in the x = 0.9 and 1 samples.

What is the nature of the electronic fluctuations that
accompany the soft-phonon transport anomaly? They
could be preformed excitons coupled to the lattice,
which give rise a fluctuating many-body gap, as sug-
gested by a photoemission report [26]. They could
equally well be fluctuations in the single-particle hybridi-
zation gap between the Ta 5d and Ni 3d bands coupled to
the lattice, similar to charge-density-wave fluctuations
[27,28]. Both scenarios have garnered experimental sup-
port [6,9,15,26,29-34], and neither should be fully
excluded from the discussion. We would like to propose
that in fact, all three instabilities—excitonic, hybridization-
gap, and intrinsic lattice instabilities—play an indispen-
sable role in Ta,NiSes, and should be simultaneously
considered in any quantitative modeling. We give the
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FIG. 4. (a) Phase diagram of Ta,Ni(S,Se;_,)s. The filled
fuchsia and open blue circles are T values derived from the
intrachain electrical conductivity and heat capacity, respectively.
The orange shading marks the region of enhanced phonon-
phonon scattering in the interchain direction. (b),(c) Schematic of
Ta/Ni chains above and below T, respectively, near the Se end.
The faint yellow bars represent electronic interactions between
the Ta and Ni sites, which could be the pairing of electrons and
holes, or the hybridization of Ta 5d and Ni 3d orbitals [illustrated
in (c)]. The monoclinic distortion is exaggerated for clarity. (d),
(e) Schematic of Ta/Ni chains above and below T, respectively,
near the S end.
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following justification: from our Ta,Ni(S,Se;_,)s phase
diagram, we estimate the temperature scale of the intrinsic
lattice instability to be ~130 K, which is sizable, but falls
short of the maximum 7. of 326 K. From analyses of
electronic Raman scattering [13,14,35,36], a bare excitonic
instability with temperature scale of ~137 K has been
suggested, which again is sizable, but falls short of 326 K.
From density functional theory, a single-particle hybridi-
zation gap of 0.12 eV has been calculated [9], which is
sizable, but nevertheless falls short of the experimental
charge gap, 0.16-0.30 eV [1-3]. Clearly, each of the three
instabilities is justified, yet none is sufficient alone in
isolation. It is their collaboration that is ultimately respon-
sible for the high 7', of 326 K in Ta,NiSes.
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