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Pristine 17-TiTe, single crystal has been studied for resistance and magnetoresistance behavior under
quasihydrostatic and nonhydrostatic compressions. While the semimetallic state is retained in nearly hydrostatic
pressures, small nonhydrostatic compression leads to an abrupt change in low-temperature resistance, a signature
of possible charge density wave (CDW) ordering, that eventually collapses above 6.2 GPa. Superconductivity
emerges at ~5 GPa, rapidly increasing to a critical temperature (7;) of 5.3 K at 12 GPa, irrespective of pressure
condition. Pressure studies thus evidence that 17-TiTe, exhibits superconductivity irrespective of the formation of
the CDW-like state, implying the existence of phase-separated domains. Most surprisingly, the superconducting
state persists upon decompression, establishing a novel phase diagram with suppressed P scale. The pressure
quenchable superconductivity, of multiband nature and relatively high upper critical field, makes 17-TiTe, unique

among other layered dichalcogenides.
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CdI,-structured transition metal dichalcogenide com-
pounds (e.g., 17-TiSe,, 17-TaS,) provide an important play-
ground to reveal exotic ground-state electronic orders [1] by
tuning the Fermi surface topology and many-body effects,
either purely by lowering temperature [2-5] or by carrier
doping [6-15] or applying external pressure [16-21]. The
emergence of charge density wave (CDW) order at low temper-
ature and its coexistence with superconductivity (SC) in some
portion of the phase diagram have been of tremendous research
interest in order to understand their origin and competitive
nature [22]. The puzzling behavior of dichalcogenide SC is
due to the presence of strong electron-phonon coupling and
also the dome structure in the vicinity of the CDW-suppressed
quantum critical point (QCP). In the BCS picture, the strong
electron-phonon coupling is believed to be responsible for the
emergence of both CDW and SC, where other effects such
as local short-range interaction and structural disordering are
able to explain the systematic suppression of CDW and SC,
respectively, forming the dome structure [8,23]. On the other
hand, there is an unconventional SC scenario where CDW
amplitude fluctuation is believed to be responsible for the
Cooper pair formation [10,18], where the relevant QCP might
be near a hidden commensurate to incommensurate CDW
transition [ 14,20].

1T-TiTe, is a conventional Fermi-liquid reference metal,
often used to characterize the electronic structure of
Cu-intercalated 17-TiSe; [7,24,25]. In spite of that, only very
few investigations have so far been reported on the pristine
1T-TiTe,, particularly due to the absence of CDW order at low
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T [26]. In comparison with its isomorphic 17-TiSe,, the band
structure of 17-TiTe, shows enhanced indirect band overlap
[having Te 5p hole pockets at I" and Ti 3d electron pockets
at the L point of the Fermi surface (FS)], characterized by
semimetallic resistivity at ambient condition [25,27]. A larger
Te spin-orbit interaction and enhanced p-d hybridization near
Fermi level are expected to make the FS more susceptible to
external parameters, such as intercalation [28], electrostatic
field [29], or pressure. Indeed, recent theoretical studies have
predicted that not only a suitable strain condition can induce
phonon-mediated SC [30]; hydrostatic pressure and isovalent
cation substitution may also lead to the emergence of nontrivial
topological surface states in its bulk as well as monolayer
form [31,32]. The emergence of SC in the topological surface
states is of fundamental interest from the point of view of the
realization of topological superconductors, hosting massless
Majorana fermions.

In this Rapid Communication, we report on the transport
properties of pristine 17-TiTe, single crystal under various
quasihydrostatic and nonhydrostatic compressions. In nearly
hydrostatic condition, SC emerges at ~5 GPa where the
semimetallic positive magnetoresistance (MR) is found to
decrease significantly, showing no apparent competing order
in effect at FS. In contrast, application of nonhydrostatic
pressure (~1.8 GPa) leads to dramatic changes in its re-
sistance behavior to a characteristic of quasicommensurate
CDW ordered state, as seen in isomorphic 17-TaS; [17]. With
increasing pressure, this resistance anomaly gets suppressed
by a systematic decrease of overall resistance and SC emerges
at 6.2 GPa. T, increases rapidly to 5.3 K up to 12 GPa,
followed by a rather slow but monotonic increase up to
29 GPa, the highest pressure of this measurement. The SC
state persists upon decompression at least down to 0.5 GPa,
also coexisting with the reentrant CDW-like phase (as verified
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from our electron diffraction measurement on the P-released
sample). The persistent nature of SC at almost ambient pressure
upon decompression is extremely rare, but highly desirable
for practical applications. The pressure-quenchable SC state
will also make the surface-sensitive measurements [angle-
resolved photoemission spectroscopy (ARPES)] accessible
for further investigating their electronic origin and coexisting
nature in this pristine compound and novel topological physics.
The irreversible nature of structural evolution under nonhy-
drostatic compression (as demonstrated in the Supplemental
Material [33]) further supports the resistance results and
establishes the unique P-rescaled phase diagram.

Pristine 17-TiTe, single crystals in this study were grown
by a conventional vapor transport method (with iodine as the
transport agent) and characterized by x-ray diffraction, low-
energy electron diffraction (LEED), resistivity, and magnetic
susceptibility measurements [33]. The resistance was mea-
sured using a standard four-probe technique (in van der Pauw
configuration), with ac lock-in detection in two different high-
pressure arrangements. A Stuttgart version diamond-anvil cell
(DAC) [34] was used for measurements under quasihydrostatic
(up to 13 GPa) and nonhydrostatic (up to 29 GPa) pressures.
In the former case, finely ground NaCl powder was used as the
pressure medium. The DAC was placed inside a KONTI-IT
(Cryovac) cryostat, equipped with a homemade electromagnet
coil (up to 0.5 T). For high-field measurements a nonmagnetic
Cu-Be DAC (easyLab) was prepared for quasihydrostatic
pressures (up to 9.5 GPa) and was inserted into a S700X
SQUID magnetometer (Cryogenic) to study MR up to 7 T
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FIG. 1. (a) In-plane resistance of 17-TiTe, as a function of
temperature at various quasihydrostatic pressures. Inset shows a
significant resistance drop below SC onset 7. 2.5 K at 5 GPa. (b)
The magnified R-T data near SC transition at various pressures. (c)
Variation of the R-T curve near 7, under magnetic fields at 8.9 GPa.
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FIG. 2. (a) Low-T longitudinal resistance, measured at zero field
and at 7 T, at various quasihydrostatic P. (b) R(T) plots across
T, at 9.5 GPa under different fields up to 7 T. Lower inset: plots
of T. vs H at 7.5 and 9.5 GPa; solid lines are best fits using
the empirical formula Ho(T) = H*%(1 — T/T.)"**. Upper inset: dc
susceptibility of the SC state at 8.5 GPa. Plots of (c) magnetoresistance
MR(%) [=(R71t-Ro1) X 100/Ro 1] at 10 K and onset T, and (d) Hall
coefficient Ry at 10 K and RRR (=Ryg0 x/R10 k) as a function of P.
Insets are schematic illustrations.

field and also dc susceptibility. P were measured by ruby
luminescence.

In Fig. 1, semimetallic R(T') curves at all pressures un-
der quasihydrostatic conditions closely resemble the one at
ambient P [33]. With an increase in P, the overall resistance
decreases systematically, indicating an enhanced metallic char-
acter. At 5 GPa, a significant resistance drop below 2.5 K indi-
cates the onset of SC transition [inset of Fig. 1(a)]. 7. increases
monotonically [Fig. 1(b)], with d7./d P = 0.35 K/GPa. Be-
low 7.5 GPa, SC transition is not complete at the lowest T
(1.4 K) of our setup and so zero resistance is not achieved.
To demonstrate that the zero resistance at higher pressures
represented the SC state, we measured resistance drop at
8.9 GPa under magnetic field and found a significant decrease
in T, [Fig. 1(c)].

To understand the evolution of electronic structure
exhibiting SC, we carried out magnetoresistance (MR) and
Hall measurements at high P (with H = 7 T along the c axis).
Figure 2(a) displays the effect of high field on the low-T
longitudinal resistance (Ry,) at various hydrostatic P. The
measured MR at 10 K is plotted as a function of P in Fig. 2(c).
The paramagnetic semimetallic positive MR at 0.5 GPa agrees
well with the reported result of stoichiometric 17-TiTe, at
ambient pressure [35]. With increasing P, MR decreases by
a factor of 3 at 5 GPa, where SC emerges. As T, increases
with P, MR gets further suppressed, but remains positive. The
hole-dominated positive Hall coefficient Ry, as obtained from
the measured transverse resistance (R, ), also agrees well with
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an earlier report [26]. Ry remains almost P independent up to
5 GPa, above which it starts decreasing rapidly [see Fig. 2(d)]
showing increased effective carrier concentration, which is also
supported by the observed enhanced RRR value above this P.
In addition to these, the observed nonlinear H? dependence of
MR (see Fig. S5 of the Supplemental Material [33]) across this
P indicates significant changes of hole and electron bands at
the FS, favoring SC to emerge.

In Fig. 2(b), we plot the field variation of R(T') at 9.5 GPa
around T,. The zero resistance state (with 7, ~ 5Kat H = 0T)
is gradually lifted with increasing magnetic field, resulting in
a systematic decrease in T,.. At a magnetic field of 7 T the SC
transition almost smears out. In the 7.-H plot [as shown in
the inset of Fig. 2(b)], a positive curvature close to T.(H = 0)
clearly indicates the deviation of a single-band model of the
Werthamer-Helfand-Hohenberg theory for the upper critical
field H.»(T) [36] and suggests a need for two-band analysis, as
in the case of NbS, and NbSe; [37,38]. The experimental data
H»(T), when fitted with the empirical formula [39] H.»(T) =
H%(1 — T/T,)'™®, estimates H? > 10T, which is larger than
2H-NbSe, [37] and 1T-TiSe, [18] and also higher than the
BCS weak-coupling Pauli limit H, = 1.86 % T.(0) ~ 9.3 T.
This is in stark contrast with other layered chalcogenides,
where Pauli-limited behavior of the upper critical field has been
observed [18,37,38]. However, strong spin-orbit coupling in
reduced dimension or local disorder can suppress paramagnetic
pair breaking effect and violate the Pauli limit by a factor of 3-6
in the case of the dirty limit of BCS SCs [40,41]. Higher field
measurements at further low 7' are needed for better insight
in this regard. Low-T resistivity data of 17-TiTe, gives mean
free path A ~ 7 nm [42], which is of the same order of the
estimated coherence length &5, = /@y /27 H.»(0) = 3.6 nm
and so the observed SC is of multiband BCS type, but not in
the clean limit regime. With the coherence length being greater
than the interplane separation, SC is of three-dimensional (3D)
nature. Moreover, H., vs T, plots at 7.5 and 9.5 GPa are in
good agreement as per BCS estimation H,,(0) o< 2. The bulk
SC is also confirmed by the susceptibility measurements on
pressurized samples [upper inset of Fig. 2(b)] [33].

Now we present R(7T') under nonhydrostatic compression.
Here a thin single crystal TiTe, is placed onto the insulated
gasket (without drilling a hole), without a pressure medium.
Figure 3 shows in-plane R(7) under various compressive
pressures and upon decompression. At a small nonhydrostatic
P (~1.8 GPa), the ambient semimetallic R changes abruptly
into a broad humplike R-T' curve with overall R increased
by two orders of magnitude [Fig. 3(a)]. With increasing P,
the overall R systematically decreases, but retains the hump
feature up to 6.2 GPa. The hysteresis in the cooling and
heating cycle of the R-T curve (shown for 6.2 GPa data)
evidences the first-order transition, as observed in the 17-TaS,
quasicommensurate charge density wave ordered state having
phase-separated domain structures [17]. We believe the CDW-
like ordering temperature is above room 7. The observed
low-T resistance upturn below 40 K also gets suppressed along
with the hump, indicating superstructure-related localization
being its origin. The broad R hump moves to higher T (as
shown by its characteristic temperature 7*) as P increases to
3.7 GPa. Above this pressure, T* decreases before the feature
gets unresolved above 6.4 GPa, while the unconventional
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FIG. 3. Temperature-dependent in-plane resistance of 17-TiTe,
single crystal under (a)—(c) various nonhydrostatic compression up to
29 GPa and (d) decompression pressures. Insets in respective panels
show magnified R-7 data near superconducting transitions at various
pressures.

metallic behavior (dR/dT < 0) persists up to ~8.6 GPa
[Fig. 3(b)]. A sharp resistance drop indicating SC onset is
observed at 6.2 GPa, although a complete zero resistance is
seen only above 7 GPa. T, increases with increasing P at the
same rate of hydrostatic compression. At higher P the system
enters into conventional metallic regime (with dR/dT > 0),
also exhibiting SC up to the highest P (29 GPa) of this mea-
surement. Above 12 GPa, T, continues to increase only with
marginal positive slope dT./d P ~ 0.06 K/GPa [Fig. 3(c)].
While releasing nonhydrostatic pressure, the normal
metallic R(T') is maintained down to 2 GPa and much to our
surprise, the sharp SC transition is found to persist down to
the lowest pressure (0.5 GPa), till the Pt lead remains in good
pressure contacts with the sample [Fig. 3(d)]. Below 2 GPa,
the normal state resistance above 7, displays unconventional
metallic behavior, as was observed at 7 GPa during compres-
sion. At 0.5 GPa, SC onset T, ~ 3.2 K and zero resistance
is achieved at 1.6 K. Systematic lifting of this resistance
drop under applied magnetic field further confirms the SC
transition [33]. The irreversible nature and enhancement of T,
under decompression have recently been reported on layered
chalcogenide compound In,Se; [43]. This was attributed to
the quenchable high- P phase (that hosts SC) as a result of 2D
to 3D structural crossover, but eventually SC vanishes below
10 GPa as the system returns to the low-P phase. We report
here that 17-TiTe, is the first compound to show the persistence
nature of SC even after almost complete release of pressure.
In quasihydrostatic decompression, SC vanishes below 5 GPa.
Therefore the persistence nature of SC in 17-TiTe, can be
attributed to structural irreversibility resulting from the nonhy-
drostatic compression. A detailed comparison of the structural
behavior of TiTe, under hydrostatic [44] and nonhydrostatic
pressures is given in the Supplemental Material [33].
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FIG. 4. The phase diagram for 17-TiTe, under nonhydrostatic
compression (bottom P) and decompression (top P). Resistances
at 10 and 280 K have been plotted on logarithmic scale (labels on
the right axis, arrows in legends indicate corresponding scale). Top
decompression P scale has been adjusted in order to match the 7,’s
and resistance values roughly with that of compression. P. denotes
onset pressure and zero resistance SC has been observed at P, upon
decompression.

The results are summarized in the novel phase diagram
of 17-TiTe, under nonhydrostatic compressions (Fig. 4).
Although apparently the semimetallic state disappears above
1.8 GPa, a similar P variation of T, as in the hydrostatic
case suggests SC originating from the same semimetallic
microstructure. Due to highly anisotropic axial compressibil-
ity, a drastic reduction in van der Waal interlayer spacing
is observed, which probably helps CDW-like superstructures
formation (having interdomain semimetallic undeformed re-
gions) [33]. However, at elevated P the system becomes more
isotropic, resulting in reduced deviatoric stress and so the
CDW-like domains (or its coherence length) shrink in size and
the semimetallic regions grow, responsible for the emergence
of SC. A slightly higher critical pressure (6.2 GPa), compared
to hydrostatic compression (where bulk semimetallic regions
are present completely) further supports this explanation. This
result is in disagreement with the real-space coexistence of
CDW and SC as reported in 17-TaS, [15,19]. However, we
cannot rule out the possibility of SC emerging from any
hidden incommensurate CDW instability [14,20] that may be
present in semimetallic state, which demands high-resolution
structural investigation on the single crystal. The observed
BCS nature of SC also hints at an enhanced electron-phonon

coupling being the dominant mechanism for the formation of
the CDW-like state. The slope change in SC T, near 12 GPa
can be associated with the structural transition to the NbTe,-
structured high-pressure phase [33], but demands a structural
study below T for better understanding.

At much higher compression (for P > 12 GPa), the layered
structure evolves into a 3D network (making Te-Te bonding
between Te-Ti-Te layers) in an irreversible manner (as evi-
denced from reduced vdW gap at P release below 5 GPa), and
so modifies the density of states at Fermi energy and phonon
dispersion. The enhanced metallic character of the 3D network
is maintained down to 2 GPa, where the T, and resistance
values are as per the extrapolated values from that above 12
GPa. Below 2 GPa, enhanced R in unconventional metallic
regime and decrease of T, indicate the existence of SC with
reemergence of weak CDW-like order. Our electron diffraction
study on this retrieved sample shows additional superstructure
spots [33], evidencing possible CDW ordered phase at room
temperature. As the SC volume fraction could not be measured
on the retrieved sample, the filamentary nature of the recovered
superconductivity cannot be ruled out. Further experiments on
the P-released sample and theoretical calculations are required
to fully understand the persistence nature of the superconduc-
tivity and reemergent CDW-like resistance anomaly.

In conclusion, pristine 17-TiTe, single crystals show
pressure-induced SC transition above 5 GPa. Small nonhy-
drostatic P changes the 7-dependence resistance drastically
without affecting SC state, suggesting the emergence of phase-
separated CDW-like domains within semimetallic regions.
T, continues to increase with P with a slope change at
~12 GPa, where the structural property is believed to change
from 2D to 3D character. Upon decompression from 29 GPa,
the SC state persists down to 0.5 GPa where weak CDW
order reappears, establishing a novel electronic phase diagram.
Pressure-quenchable SC and its large upper critical field make
1T-TiTe, a promising candidate for practical application.
The decompression-driven observed pressure rescaling is of
fundamental importance in layered SC, demanding further
experimental and theoretical investigations. The present study
also provides a unique opportunity to investigate a P-quenched
SC sample for electronic structure by surface-sensitive tech-
niques such as ARPES, ellipsometry, etc.
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