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High-quality large 17" phase of TiX; (X = Te, Se, and S) single crystals have been grown by chemical vapor transport
using iodine as a transport agent. The samples are characterized by compositional and structural analyses, and their proper-
ties are investigated by Raman spectroscopy. Several phonon modes have been observed, including the widely reported Ay,
and E modes, the rarely reported E, mode (~183 cm™~! for TiTe,, and ~185 cm™~! for TiS,), and even the unexpected K
mode (~85 cm™ 1) of TiTe,. Most phonons harden with the decrease of temperature, except that the K mode of TiTe, and
the E,, and “A;,/Sh” modes of TiS, soften with the decrease of temperature. In addition, we also found phonon changes
in TiSe, that may be related to charge density wave phase transition. Our results on TiX; phonons will help to understand

their charge density wave and superconductivity.

Keywords: transition-metal dichalcogenides, chemical vapor transport, Raman, phonon

PACS: 71.45.Lr, 63.20.D—, 81.10.Bk

Following the discovery of graphene, layered transition-
metal dichalcogenides (TMDCs) with the chemical formula
TX, (T: transition metal; X: chalcogen) have attracted more
attention. The quasi-two-dimensional (2D) TMDCs, attracted
by relatively weak van der Waals-like forces, have rich
physical properties such as topological superconductivity
(SC),[1?) charge density wave (CDW),34 extremely large
magnetoresistance,[s] and Dirac semimateal.[®”! Due to the
weak interaction between layers, it is possible for TMDCs ma-
terials to break the dimension limit and realize the application
of few layers, ¥ or even monolayer devices.!-1"!

Titanium disulphides (TiX,, X = Te, Se, and S) are typ-
ical representatives of TMDCs. They have been studied ex-
tensively for their fascinating properties and potential appli-
cations. TiTe,[''=13] and TiSe,!'#1%) are typical semimetals.
Most researchers consider TiS; to be a semiconductor,[!7-18]
but some consider it to be semimetal.['”] 17-TiTe, has been
considered as a textbook Fermi liquid system.*’l CDW and
SC have been confirmed in both TiTe, [*2122] and TiSe,.[23-27]
Bulk TiSe, undergoes a CDW phase transition at 202 K, [28.2°]
and that of the monolayer TiSe; increased to over 232 K.[2>-27]
Recently, CDW phase transition has been revealed in single-
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layer TiTe, samples at 92 & 3 K,[*! while no CDW has been
found in bulk TiTe,. For TiS,, theoretical calculation sug-
gests that CDW and SC can be tuned by doping.!*’! 17 phases
of TiTe, 213132 and TiSe, 3! have been suggested as possi-
ble candidates for exploring topological SC. In TMDCs com-
pounds, both CDW and SC are considered to be closely related
to phonons. 2130341 The systematic study of phonon properties
in TiX; is helpful to understand CDW and SC better.
High-quality large-size single crystals of TiX, were
grown utilizing the chemical vapor transport method. Ti
(99.99%, powder) and X (99.99%, powder) was mixed with
a molar ratio of 1:2. Iodine (99.95%, powder) was used as
the transport agent. We found that the growth of TiX, single
crystals depends closely on many parameters, such as mix-
ture heating temperature, crystal growth temperature, tempera-
ture gradient, growth time, and iodine concentration. We have
tried different conditions, and the following parameters were
applied to obtain high-quality large-size TiX, crystals. The
mixture was sealed into quartz tubes in a vacuum (10’3 Torr,
1 Torr = 1.33322 x 10% Pa) and placed in a two-zone fur-
nace, and then heated to specified temperatures for nearly two
weeks. For the growth of TiTe;, the mixture at one end was
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heated to 900 °C, and the growth end was set at 800 °C. For
TiSe, and TiS,, the temperatures are set at 800 °C and 700 °C,
700 °C, and 600 °C, respectively. For all three materials, the
temperature gradient is ~ 5 °C/cm and the iodine concentra-
tion is ~ 5 mg/mL.

After two weeks of growth, Ti powder and chalcogenide
powder can fully react to form large-size crystals. As-grown
single crystals with the shiny surface are obtained, as shown in
Figs. 1(a)-1(c). The crystal size of TiTe, reaches centimeters.
All three crystals show different metallic lusters and have dis-
tinct 120° angles related to their crystal structure. Figure 1(d)
displays the x-ray diffraction (XRD) pattern for cleaved TiX>
single crystals. All the observed diffraction peaks can be in-
dexed by (0,0,k) with & being an integer, indicating a pure sin-
gle phase of the obtained TiX, single crystal. It can be found
from TiTe, to TiSe; to TiS,, the diffraction peak of the same
indexed number shifts to the right. It means that the c-axis lat-
tice constant decreases as chalcogens’ ionic radius decreases.
The c-axis lattice constant is calculated from XRD data, as
listed in Table 1. Our results are consistent with the results
reported before. 2033

Table 1. The chemical composition and ¢ axis of the TiX; single crystals.

Crystal Ti:X (weight%) Ti:X (atomic) c(A)
TiTe, 15.74 : 84.26 1:2.01 6.4884
TiSe; 23.24:76.76 1:2.01 6.0047
TiS; 43.28 : 56.72 1:1.96 5.6938
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Fig. 1. (a)-(c) Photograph of the as-grown crystals of TiTe;, TiSe;, and TiS,,
respectively. (d) XRD patterns for cleaved single crystals of TiTe,, TiSe;,
and TiS,, respectively. All peaks are indexed by (0,0,%).

A scanning electron microscope (SEM) equipped with the
energy dispersive spectrometer (EDS) was used to character-
ize the surface morphology and the chemical composition of

the single crystals. Figures 2(a)-2(c) show the SEM observed
smooth surfaces of TiTe,, TiSe,, and TiS,, respectively. Be-
cause of their layered structure, it can be readily cleaved to
get sizeable, clean, and smooth surfaces, which is necessary
for surface-sensitive experiments like angle-resolved photoe-
mission spectroscopy and scanning tunneling microscope. As
shown in Fig. 2(a), the fracture between layers is usually along
the edge direction.

Figure 2(d) displays a typical EDS spectrum for TiSe,.
The weight or atomic percentages of Ti and Se can be ex-
tracted. Table 1 summarizes the average chemical composition
of TiX; single crystals. It can be seen that the actual atomic ra-
tio of Ti and X in the three materials is close to 1:2, which is
the ideal atomic ratio. Single-phase and accurate atomic ratios
mean that we have obtained high-quality and stoichiometry
TiX, single crystals.
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Fig. 2. (a)—(c) The surface morphology of the TiTe;, TiSe;, and TiS,, respec-
tively. (d) Typical EDS spectrum of for the single crystal TiSe,. The atomic
ratioof Ti: Se=1:2.01.

Raman spectroscopies were used to investigate the
temperature-dependent phonon behavior of TiX; single crys-
tals. Raman spectroscopy on TiTe, was measured using self-
built equipment in the range of 10 K-270 K, where the sig-
nal was excited by 532-nm laser and recorded by a Princeton
SP2500 spectrometer equipped with a nitrogen-cooled silicon
charge-coupled device camera. Raman spectroscopy (Ren-
ishaw) on TiSe; and TiS; single crystals were performed in the
backscattering configuration under 633-nm laser excitation in
the range of 80 K-300 K.

The group-theoretical analysis suggested that the layered

1T structured TiX, has nine vibrational modes at I" point: 3]

I'=Eg(2)+A1,+2A2,+2E,(2), (D
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where E, and A, are Raman-active, and E, and Ay, are
infrared-active. The E, and A;, modes represent atomic vibra-
tions along the ab plane and parallel to the c axis, respectively.

Figures 3(al)—(a3) show 2D pseudocolor maps of Ra-
man spectra of TiTe,, TiSe,, and TiS,, respectively. The
corresponding temperature evolution of Raman spectra of
Figs. 3(al)—(a3) at selected temperatures are displayed in
Figs. 3(b1)—(b3). Several phonon modes with different
strengths are observed in all three samples. These modes also
behave differently with temperature.

For TiTe,, five modes are observed at all temperatures
[Figs. 3(al) and 3(bl)]. At 10 K, the weak phonon modes
at ~ 105 cm™! (10 K) and ~ 142 cm~! (10 K) are attributed
to E, and A1, modes, respectively.*®=38! A peak significantly
stronger than the E, and A;, modes was also observed at

~ 125 cm™!, named the M mode and considered a zone-folded
Raman-active mode.”! However, in addition to these three
phonon modes, we also observed two previously unreported
modes at ~ 183 cm™! (10 K) and ~ 85 cm™! (10 K), respec-
tively. Based on the existing theoretical calculations, the for-
mer phonon mode could be assigned to E, symmetry.36-3]
Follow the same analysis as Rajaji et al., the latter mode
(named K mode) could be a Raman mode resulting from zone-
folding of phonon mode from K or M of the Brillouin zone.
However, it should be noted that CDW phase transition has
not yet been detected in bulk TiTe,, which is different from
TiSe,, Y TaSe,, ! and TaS, *?! with 17 structure referenced
in Rajaji ez al.’s analysis.[*”] For M and K modes, further the-

oretical and experimental studies are necessary.
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Fig. 3. (al)—(a3) Raman intensity maps a function of Raman shift (horizontal axis) and temperature (vertical axis) for TiTe,, TiSe,, and TiS,, respectively.
(b1)—(b3) Corresponding Raman spectra of panels (al)—(a3) at selected temperatures. The temperature intervals are 40, 30, and 30 K, respectively. (c1)—(c3)
Temperature-dependence of Raman shift of phonon modes of TiTe,, TiSe;, and TiS,, respectively. The black-dashed lines represents the result of linear

fitting.

For TiSe;, two strong and sharp Raman peaks at ~
137 em™! (80 K) and ~ 204 cm~! (80 K) are observed

[Figs. 3(a2) and 3(b2)], which can be attributed to E, and

y.[36:40431 Other prominent features in

1

Ajg, modes, respectivel

the spectrum include broadbands at 70 cm~'-115 cm™! and

280 cm'-320 cm~!.

method was used to extract the position of the phonon modes.

For the latter, the second-derivation

Two modes were obtained at ~ 285 cm~! (80 K) and ~
315 em™! (80 K), respectively. The mode at ~ 285 cm~!
was identified as due to Azu.[44] The mode at ~ 315 cm™!
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was assigned to E, phonons, which was due to two-phonon
processes.[*0431 However, it is not easy to distinguish the
phonon mode in the broad band at 70 cm™'-115 cm™!.
We track the change of integrated intensity with tempera-
ture in this range, showing by the red dotted line in the in-
set of Fig. 3(a2). It can be seen that the intensity decreases
with increasing temperature, and it decreases faster around
210 K. This behavior may be related to the CDW phase tran-
sition, and similar phenomena have been reported in previous
studies.[*>#0] At present, there is no good explanation for the
sudden change of intensity at ~ 100 K, which needs further
study.

As shown in Figs. 3(a3) and 3(b3), two sharp Raman
peaks at ~ 242 cm~! (80 K) and ~ 340 cm™! (80 K) are
observed in TiS;, which are assigned to E, and Aj, modes,

3647481 In addition, two significant structure fea-

respectively. |
tures were observed, a broad peak appears at ~ 185 cm™!
(80 K) on the low energy side of E, peak, and a shoulder ap-
pears at ~ 382 cm~! (80 K) on the high energy side of the A g
peak. The former mode is possibly due to the E, mode.!3¢]
While the latter mode has been reported,#’= its origin is still
much debated. Researchers have proposed various possible

origins, including overtone and/or summation processes, [’}

(49521 A5, symmetry,3%>!1 and so

excess interlayer Ti atoms,
on. In this work, it was noted as “A,,/Sh”.

We quantitatively analyze the phonons’ evolution with
temperatures. For phonons with distinct peaks, their positions
are obtained by curve fitting. While for phonons with only
the broad bands, their positions are obtained by the second-
derivation. Figures 3(c1)-3(c3) show the detailed tempera-
ture dependence of positions for phonons of TiTe,, TiSe;,
and TiS,, respectively. The evolution of the Raman modes
wavenumbers @ was fitted with a linear function

o(T) = wy+«T, 2)

where @y is the phonon wavenumber for temperature extrap-
olated to 0 K, « is the temperature coefficient, and T is the
temperature. The fitting parameters are listed in Table 2.

Table 2. Frequency y (in unit cm™!) and temperature coefficients k (in
unit cm~!/K) of Raman modes of 17-TiX>.

Raman TiTe, TiSe, TiS,
mode wy K [0} K y K
E, 105.8 - 138.1 —0.0116 2444 —0.0331
Ajg 143.1  —0.0123 205.7 —0.0259 3429 —0.0312
Ay, /Sh - - 288.6 —0.0304 3834 0.0095
E, 182.6 - - - 1754 0.1275
M 125.7  —0.0095 - - - -
K 84.5 0.0019 - - - -
E, - - 313.3 —0.0632 - -

Because of the anharmonic effects, phonons usually
harden as the temperature decreases, meaning that x is a neg-
ative number. E, and Aj, modes were found to harden with

decreasing temperature. Because it is difficult to obtain the
exact location of E; mode of TiTe,, it is not fitted here. We
note that the effect of temperature on Aj, mode increases sig-
nificantly from TiTe; to TiSe, and then TiS,. This may be
because A, mode vibrates parallel to the ¢ axis, that the effect
of temperature is opposite to the change of the c-axis lattice
constant. For TiSe,, the x value for E, mode is significantly
lower than that of A1 mode, which may be due to the differ-
ent bonds in in- and out-of-planes. In contrast, the k value for
E, and A, modes are identical for TiS,, which is inconsistent
with the results obtained in the flake samples. %]

We also notice some abnormal features that several
phonons soften with the decrease of temperature, such as K
mode of TiTe,, A,,/Sh and E,, modes of TiS,. The k value
(0.0095 cm™!) for the A,,/Sh mode of TiS; is more than one
order of magnitude lower than the results obtained in the flake
samples (0.0592 cm™!).[*8] While the E, mode of TiS; has a
huge redshift (x = 0.1275 cm™!) with the decrease of tem-
perature. Since the properties of some phonons, such as the
A,/Sh mode, are not fully understood, further theoretical and
experimental studies are needed.

Finally, we focus on the line shape of Raman spectra. Fig-
ures 4(a)—4(c) display the lowest temperature Raman spectra
of TiTe,, TiSe,, and TiS,, respectively. As shown in Figs. 4(b)
and 4(c), the sharp Raman peaks of TiSe; and TiS; show good
symmetry, which can be well fitted with the Lorentzian line
shape. For TiTe,, a striking feature is an asymmetric line
shape, indicating electron—phonon (e—ph) coupling in the sys-
tem. The asymmetric line shape caused by e—ph coupling can

be better fitted by Fano resonance line shape!3-%

[g+2(0—ax)/T]?
a+[2(o— ) /T

where A, @y, ¢, and I are the intensity, renormalized phonon

I(w)=A + baseline, 3)

frequency in the presence of e—ph coupling, asymmetry pa-
rameter, and linewidth, respectively. Generally, 1/q reflects the
strength of e—ph coupling. When the coupling is very weak,
that is, |1/g| — 0, the equation (3) reduces to the Lorentzian
line shape. In Fig. 4, the solid curves are the fitted results
with Eq. (3). For TiTe,, the g values of K, M, and A, modes
are about 4.1, 2.9, and 3.8, respectively, which means a strong
e—ph coupling. For TiSe; and TiS,, all modes have g values
greater than 8, indicating weak e—ph coupling. This conclu-
sion can also be drawn from the fact that curves can be fitted
well with the Lorentzian line shape (green dashed lines). Be-
cause the laser excitation wavelengths of the three samples are
different, there is no quantitative comparison of the e—ph cou-
pling strength A.

In conclusion, high-quality and large TiTe,, TiSe,, and
TiS, single crystals have been successfully prepared by the
chemical vapor transport method. XRD, SEM, and EDS char-
acterizations demonstrate the high crystalline quality of our
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sample. TiTe, phonon properties in the temperature range of
10 K to 270 K and TiSe; and TiS; phonon properties in the
temperature range of 80 K to 300 K were measured by Raman
spectroscopy. Multiple phonons were observed in all materi-
als. In addition to the widely reported Raman modes such as
E, and Ajg, we also observed unreported Raman modes such
as K (~84.5cm™") and E, (~ 182.5 cm™ ") modes for TiTe,,

[5]

[6]

[7]

A, mode for TiSe,, and E,, mode for TiS,. These phonons ex- [8]
hibit different temperature-dependent behaviors. The K mode [9]
of TiTe, and the E, and A,,/Sh modes of TiS, soften with [10]
temperature decreasing, while the other phonons harden with
temperature decreasing . Our findings add to the understand- (11]
ing of TiXj.
[12]
(a) 10 K M
K )
I I A
| A, 1g
| v, | (RS [13]
| | |
X
I 3 I [14]
| | |
| | |
[N P R R T 1 M s
60 80 100 120 140 160 [15]
z | 80 K A A
E \ P I [16]
a 1 y/ |*J
o [
@ | ’ [l
= J ! o [17]
.g [ f ol [18]
| - |
B | X4 s | [19]
5 PP I BT Attt A T I BN
120 140 160 180 200 220 240 [20]
(©) 4 B, BOK A,
f | [21]
[ 1) |
;/ N 1\ [22]
3 | |
1X6 |
. . Ay, /Sh (23]
| |
1 | - 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 [24]
240 280 320 360 400
Raman shift (cm™!) [25]
Fig. 4. (a)—(c) Low temperature Raman spectra of the TiTe,, TiSe; and TiS,,
respectively. The black solid lines and green dashed lines represent the fitting [26]
results of Eq. (3) and Lorentzian line shape, respectively.
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