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Bulk 17-TiTe, (hexagonal, space group P-3ml) exhibits semimetallic conductivity with weak Anderson
localization characteristic at ambient pressure, but superconductivity under high pressure of ~5 GPa. Here
the detailed evolutions of structural and transport properties in TiTe, during compression are investigated by
extending pressure up to 50.2 GPa. The combined high-pressure electrical transport and synchrotron x-ray
diffraction experiments unravel two critical pressure points. At P,; ~ 5.4 GPa, the superconductivity emerges,
which is accompanied by a structural transition from P-3m1 to a mixture of P-3m1 and monoclinic C2/m phase.
The localization effect maintains until the structural transition is over at P, ~ 19.1 GPa, meanwhile the Hall
coefficient Ry changes from positive to negative. Our results demonstrate that the superconductivity in the

pressurized TiTe, can be assigned to the high-pressure C2/m phase which is electron dominated.
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Layered transition metal dichalcogenides have attracted
extensive interest due to their rich physical properties [1-9]
and wide applications in two-dimensional devices [10-12].
Among them, titanium dichalcogenides TiX,(X = S, Se, Te)
have received attention mainly focusing on their exotic prop-
erties such as charge-density wave (CDW), superconductivity,
and topological phase transition [13-27]. The TiX, crystal-
lizes in a hexagonal CdI,-type structure with TiXg octahedron,
namely 17 phase, where the adjacent X-Ti-X sandwiches with
van der Waals interactions. While TiS, is a semiconductor
with a gap of ~0.18eV, TiSe, is a narrow-band-gap indirect
semiconductor and exhibits a commensurate CDW transition
at ~200K [28]. The transition temperature of CDW is en-
hanced to ~232 K via thinning the sample to nanometer [23].
Moreover, both Cu intercalation and application of pressure
in the TiSe, lead to the appearance of superconductivity
[16,29]. In contrast, TiTe, behaves as a semimetal due to
the partial overlap of Te-5p and Ti-3d bands, which has been
identified as a prototype of Fermi liquid [30-32]. Although
bulk TiTe, excludes the CDW instability or superconduct-
ing transition down to 0.45 K due to weak electron-phonon
coupling [33-35], the emergence of CDW was reported in
the single layer [27]. Very recently it was theoretically pre-
dicted that the TiTe, undergoes a series of topological phase
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transitions under high hydrostatic pressure or strain [26].
Soon after, two topological phase transitions, followed by
a structural phase transition at ~8 GPa from hexagonal P-
3ml to a mixture phase of P-3ml and monoclinic C2/m,
were experimentally confirmed by combined high-pressure
synchrotron x-ray diffraction (XRD) and Raman spectroscopy
[36-38]. Meanwhile, Dutta et al. reported the observation of
superconductivity at ~5 GPa [37]. However, because the max-
imum pressure applied in the XRD and Hall resistivity mea-
surements is below 20 GPa, the detailed correlation between
structure and superconductivity as well as their evolutions
under pressure is still unclear.

Here we investigate the structural and electronic properties
of TiTe, by performing high-pressure electrical transport and
synchrotron XRD experiments up to 50.2 GPa. We show that
the structural transition from hexagonal P-3m1 to monoclinic
C2/m phase starts at P,y ~ 5.4GPa and finishes at P, ~
19.1 GPa. The superconductivity emerges around P,;, and is
robust up to 50.2 GPa. At P.,, accompanied by the com-
pletion of structural transition, the dominant carrier changes
from hole to electron together with complete suppression of
weak localization in the low-temperature region. These re-
sults consistently suggest that the emergent superconductivity
originates from the high-pressure monoclinic phase which is
electron dominated.

Experimental details are presented in Supplemental Mate-
rial [39]. As illustrated in Supplemental Material, Fig. S1(a),
bulk TiTe, crystallizes in the layered CdlI,-type structure with
space group P-3m1 (No. 164, 1T phase), where the Ti and Te
atoms locate at 1a(0, 0, 0) and 2d(1/3,2/3, 0.2628) Wyckoff

©2019 American Physical Society
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FIG. 1. In-plane longitudinal resistivity of TiTe, single crystal
as a function of temperature under various pressures in run 1. (a)
Electrical resistivity curves at low pressures. Inset: Enlarged view of
low-temperature resistivity curve at 7.4 GPa, suggesting the coexis-
tence of weak localization and pressure-induced superconductivity.
(b) Electrical resistivity curves from 9.9 to 50.2 GPa. (c) Electrical
resistivity curves below 20 K on a semilogarithmic scale, suggesting
the evolution of weak localization temperature 7} as indicated by the
arrows. For clarity, the resistivity curves here are offset. (d) Electrical
resistivity vs 72 between 20 and 70 K, following a Fermi liquid
behavior. Black solid lines in (c), (d) denote the fitting curves.

sites, respectively [51]. Figure S1(b) shows the single-crystal
XRD patterns which display only (00l) diffraction peaks,
reflecting a c-axis orientation growth. The Rietveld analysis
of powder XRD patterns indicates the pure hexagonal P-3m1
phase. The resulting lattice parameter is a = 3.767 A, ¢ =
6.498 A, in good agreement with the previous report [30].
Figure S1(c) shows the energy-dispersive x-ray spectroscopy
characterization, suggesting the composition of TiTe; g9 with
0.5% Te deficiency. These results confirm the high quality
of the sample used here. Figure S1(d) shows temperature
dependence of the renormalized ab-plane resistivity in three
pieces of samples from different batches. The residual resis-
tivity ratio (p300x/psk) was estimated to be 18.6, 19.1, and
14.1, respectively. All samples exhibit metallic behavior upon
cooling followed by a small upturn below 7, ~ 6 K [see Fig.
S1(d)]. The upturned resistivity displays a log7T dependence,
as shown in the inset of Fig. S1(d), which is consistent
with the experimental results of Ref. [33]. Considering that
TiTe; is a trivial semimetal as a prototype of Fermi liquid at
ambient pressure [26,31,32], this log7-dependent resistivity
upturn could be attributed to the weak Anderson localization
due to the presence of disorder or vacancy [33]. It was
suggested that two types of charge carriers coexist in TiTe,,
i.e., three-dimensional (3D) hole and two-dimensional (2D)
electron pockets, and the 2D electrons would then undergo
the Anderson localization at low temperature [33].

Figure 1(a) shows the longitudinal resistivity curves p..(T)
of TiTe, single crystal under high pressure (run 1). At
1.2 GPa, the p(T) curve is very similar to that at ambient
pressure, i.e., overall metallic with small upturn of resistivity

FIG. 2. Pressure-induced superconductivity and upper critical
field in TiTe, under pressure. (a) Electrical resistivity curves around
superconducting transition temperature up to 50.2 GPa. (b), (c) Tem-
perature dependence of resistivity under different magnetic fields
perpendicular to the ab plane at 24.3 and 44.7 GPa, respectively.
(d) Temperature dependence of the upper critical field woH., at
24.3 and 44.7 GPa, respectively. 7, is determined as 90% drop of
the normal-state resistance. Red solid lines represent the Ginzburg-
Landau fitting.

in the low-temperature region. With increasing pressure, a
steep resistive drop is observed at ~3.8 K and 7.4 GPa, which
is indicative of a superconducting transition and consistent
with a recent report [37]. Zero-resistance conductivity is
achieved at 9.9 GPa, and the superconductivity is robust upon
compression up to 50.2 GPa, the maximum pressure studied
in this work [see Figs. 1(b) and 2(a)]. As seen from the
semilogarithmic plot of the resistance in Fig. 1(c), the weak
Anderson localization dominates with increasing pressure up
to 14.3 GPa, with the localization temperature 7; shifting
monotonically to higher temperatures. Although the Raman
spectra of Ref. [36] suggested electron-phonon coupling in the
ambient phase of TiTe;, our temperature-dependent resistivity
curves behave as a Fermi liquid behavior p ~ T2 between 20
and 70 K as shown in Fig. 1(d), indicative of the dominate
electron-electron interactions.

To check the critical magnetic field of the superconducting
TiTe,, we performed electrical transport measurements under
various external magnetic fields perpendicular to the ab plane.
At 24.3 GPa, the superconducting transition is gradually
suppressed by the increasing magnetic field, as shown in
Fig. 2(b). By defining 7, with the resistance criterion of R.;i =
90%R,, (R, is the normal-state resistance), we constructed the
temperature—magnetic field phase diagram in Fig. 2(d). The
data can be well fitted by the Ginzburg-Landau formula [52],
woHH(T) = poH»(0)(1 — tz)/(l +1%), where ¢ denotes a
reduced temperature of 7'/T,. The fitting yields a critical field
noH»(0) of 5.493 T, which is much lower than the Pauli
limiting field uoHp(0) = 1.84T. = 10.488 T [53]. According
to the relationship uoHy, = $®o/(2& 2), where & = 2.07 x
10~'5 Wb is the flux quantum, the coherence length &gy (0) of
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FIG. 3. Hall resistivity p,, of TiTe, as a function of applied
magnetic field perpendicular to the ab plane at 10 K up to 50.2 GPa in
run 1. Hall resistivity curves display a positive slope below 19.1 GPa
and a negative slope above 19.1 GPa.

243 A is obtained. For 44.7 GPa as shown in Figs. 2(c) and
2(d), the critical field uoH.» and correlation length &g (0) are
3.943 T and 287 A, respectively. Since the coherence length
is greater than the interlayer separation, the superconductivity
is of 3D in nature.

To further study the evolution of the charge carriers under
pressure, Hall measurements were carried out at 10 K and
various pressures. Figure 3 displays the transversal Hall resis-
tivity p,, as a function of magnetic field perpendicular to the
ab plane of sample. For 1.2 GPa, the positive slope of p,,(H)
curve indicates that hole-type carriers dominate the transport
behavior of hexagonal TiTe,, in agreement with previous
report [33]. The Hall coefficient Ry, extracted from the slope
of py,(H), decreases monotonically with increasing pressure
and changes from positive to negative above 19.1 GPa. Af-
ter reaching a negative maximum around 29.0 GPa, the Ry
turns back to increase. The sign change of the Ry indicates
clearly that the hole-dominated behavior maintains up to
19.1 GPa, and transforms into electron dominated at higher
pressures.

For comparison, we further carried out transport measure-
ments without using pressure medium in the second run,
which is referred as nonhydrostatic pressure similar to that
of Ref. [37]. In general, the p(T") curves up to 30.0 GPa are
qualitatively consistent with that of quasihydrostatic pressure
condition in Fig. 1, indicating the reproducibility of weak
localization, superconductivity, and sign-reversal Hall slope
(see Fig. S2). Note that no trace of CDW-like feature can be
recognized from these resistivity curves within the experimen-
tal resolution, which is somewhat different from the case of
Ref. [37].

To explore the thermodynamic stability of the pristine
1T-TiTe, phase under high pressure and the correlation
between structural properties and electronic properties, we
further performed synchrotron powder XRD measurements
at room temperature up to 40.0 GPa. Pristine 17-TiTe,
crystallizes in a hexagonal structure with the space group
P-3m1 at ambient pressure. After applying external pressure
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FIG. 4. High-pressure synchrotron powder x-ray diffraction pat-
terns of TiTe, at room temperature (A = 0.6199 A). (@) Representa-
tive diffraction patterns from 0.5 to 40.0 GPa. (b) Pressure-dependent
lattice parameters a, b, and c. (c) Unit-cell volume per formula unit
(VIZ) as a function of pressure. Solid and open circles denote the
hexagonal (P-3ml, Z = 1) and monoclinic (C2/m, Z = 6) phases,
respectively. Structural phase transition leads to a contraction of the
unit-cell volume of about 3.0% at 5.5 GPa. Solid lines are the fitting
result based on the third-order Birch-Murnaghan equation of state.
Inset: c/a ratio as a function of pressure in the 17-TiTe, phase
(P-3ml).

of 0.5 GPa, the diffraction pattern can be well refined by the
space group of P-3ml [see Fig. S3(a)]. As shown in Fig. 4(a),
diffraction peaks indicated by arrows start to appear with
increasing pressure up to 5.5 GPa, which suggests the pres-
ence of structural phase transition. With increasing pressure
up to 20.0 GPa, a peak appearing at around 10.5° becomes
prominent and shifts towards higher angles upon further com-
pression until 40.0 GPa. We have conducted the structure
prediction using USPEX to determine the high-pressure phase
[39]. The enthalpy-pressure curves plotted in Fig. S4 indicate
that monoclinic C2/m has the lowest enthalpy above 10 GPa.
Note that the structure prediction is in agreement with the
experimental results of Ref. [36], which suggested a possible
structural transition from hexagonal P-3ml to monoclinic
C2/m phase around 8 GPa. Consistently, all the patterns
above 20.0 GPa can be well refined by the space group of
C2/m (No. 12), confirming the stability of the high-pressure
monoclinic phase. Representative Le Bail refinements of the
XRD patterns at 0.5, 7.0, 15.2, and 40.0 GPa are shown in
Fig. S3, respectively. The lattice parameters a, b, and c are
displayed in Fig. 4(b). The unit-cell volume as a function
of pressure can be fitted by the third-order Birch-Murnaghan
equation of state [see Fig. 4(c)] [54]. The fitting results yield

the ambient pressure volume V = 79.63 A , bulk modulus
By = 45.3 GPa and its first pressure derivative By’ = 4.0 for

the low-pressure hexagonal phase, and V = 78.77 A3, By =
31.3GPa, and By = 4.6 for the high-pressure monoclinic
phase. The structural phase transition leads to a contraction
of the unit-cell volume of about 3.0% at 5.5 GPa. For the
case of P-3ml phase, the pressure-dependent c¢/a ratio plotted
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FIG. 5. Temperature-pressure phase diagram of TiTe, compound
and pressure-dependent carrier density and mobility under quasihy-
drostatic (run 1) and nonhydrostatic (run 2) pressure, respectively. (a)
Gray (blue) circles and squares represent 7; and 7, values extracted
from the longitudinal resistivity measurements of run 1 (run 2). 7,
corresponds to the weakly localized temperature, below which the
resistivity is proportional to logT. T, is determined as the onset tem-
perature of superconducting transition. For clarity, the vertical axis
here is on a semilogarithmic scale. Colored areas are guides to the
eyes, indicating the metallic, weakly localized, and superconducting
phases, respectively. The dashed line around 5.5 GPa indicates the
critical pressure P,;, concomitant with the structural phase transition
from hexagonal P-3m1 to monoclinic C2/m phase deduced from
Fig. 4(c). (b) Pressure-dependent Hall coefficient Ry at 10 K in run 1
and run 2, respectively. The change of dominant carriers from holes
to electrons appears around a critical pressure P, of ~19.1 GPa, in
line with the end of the structural phase transition from hexagonal
P-3m1 to monoclinic C2/m phase.

in the inset of Fig. 4(c) changes slopes around 2.6 GPa
and shows discontinuity around 7.0 GPa, roughly consistent
with the results of Ref. [36]. The anomaly around 2.6 GPa
could be ascribed to the transition from 2D to 3D [36],
and the discontinuity around 7.0 GPa might be attributed
to a coexistence of structural phase transition and electronic
topological transition (ETT). In line with the possible exis-
tence of ETT, the resistivity at room temperature displays
a minimum around 6-7 GPa (see Fig. S5) [55,56]. After
releasing to ambient pressure, the pressurized sample restores
to the initial hexagonal phase, which is consistent with the
recovered semimetallic conductivity upon decompression to
1.0 GPa (see Fig. S6).

A comprehensive temperature-pressure phase diagram for
TiTe, compound is summarized in Fig. 5(a), from which two
critical pressure points can be discerned. At the first critical
pressure P,; ~ 5.4 GPa the superconductivity emerges, ac-
companied by the structural transition from hexagonal P-3m1
to monoclinic C2/m phase. The monoclinic C2/m mixes

with the original P-3ml until the second critical pressure
P, of ~19.1 GPa. When the structural transition finishes at
P.», the superconducting transition temperature 7. reaches a
maximum, meanwhile the Hall coefficient Ry changes from
positive to negative as shown in Fig. 5(b). The reflection
of structural evolution on the transport properties could also
be traced by the pressure dependence of 7;. As seen from
Fig. 5(a), T; first increases with pressure then decreases
sharply beyond 13.0 GPa, and nearly disappears at ~19.0 GPa
by extrapolation.

At ambient pressure, the hexagonal TiTe, is hole dom-
inated with localization characteristic at low temperatures.
Upon compression, not only the hole-dominated behavior but
also the localization effect manifests up to P,. Only when
the hexagonal P-3m1 disappears completely, the localization
effect is suppressed with the conduction type changing to
electron dominated simultaneously. Clearly, the localization
effect as well as hole-dominated behavior is concomitant with
the hexagonal P-3m1, all of those have nothing to do with
the superconductivity. In other words, the superconductivity is
inherent to the high-pressure monoclinic C2/m phase which is
electron dominated. The electron-dominating behavior in the
superconducting TiTe, is reminiscent of the Cu-intercalated
1T-TiSe,, in which the superconductivity is induced via elec-
tron doping [29].

In conclusion, the relationship of structure and charge-
carrier transport properties in TiTe, compound have been
investigated by combined high-pressure synchrotron XRD
and electrical transport experiments. We demonstrate that the
pressure-induced superconductivity can be correlated with
the structural transition from hexagonal P-3ml to mono-
clinic C2/m phase at P,; ~ 5.4 GPa. The mixture of P-3m1l
and C2/m phase between P.; and P., leads to the coexis-
tence of superconductivity with weak localization as well
as hole-dominated transport behavior. The superconductivity
in the electron-dominated monoclinic phase is robust up to
50.2 GPa. These findings will shed light on the understanding
of emergent superconductivity in pressurized transition metal
dichalcogenides.
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