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Weak localization in 1T -TiSe2 microflakes
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We have studied the electrical transport in the charge-density wave material 1T -TiSe2 microflakes. In the
low temperatures, the logarithmic temperature-dependent resistivity corrections were observed. In particular,
the negative magnetoresistances in low magnetic fields were further measured and well described by the
Hikami-Larkin-Nagaoka theory. All the experimental results demonstrate the weak localization effect in the
1T -TiSe2 microflakes. Furthermore, the power-law dependence of the extracted phase coherence length on
temperature is ∼T −0.6, indicating the presence of the two-dimensional electron-electron interaction in the
1T -TiSe2 microflakes.
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I. INTRODUCTION

Recently, the layered transition-metal dichalcogenides
have aroused much research interest due to their novel quan-
tum or topological properties and the extensive applications.
1T -TiSe2 is an octahedral structure crystal, which undergoes
a semimetal to charge-density wave (CDW) phase transition
at around 200 K [1]. The CDW state was first pointed out by
Peierls, who found that a one-dimensional metal coupled to
the underlying lattice is not stable at low temperatures [2,3].
One result of the Peierls instability is the development of a
spatially periodic distortion of the crystal lattice. This periodic
structural distortion of the arrangement of ions in the metal
is accompanied by a corresponding spatial modulation of the
charge density, and further leads to a gap at the Fermi energy.
The CDW transition in 1T -TiSe2 is of second order, forming a
commensurate 2×2×2 superlattice structure below the CDW
transition temperature (TCDW ≈ 200 K) [1,4]. The origin of
the CDW transition in 1T -TiSe2 remains in debate so far. The
candidate mechanisms include the excitonic insulator [5] and
the Jahn-Teller effect [6]. Furthermore, the superconductivity
of the 1T -TiSe2 was also observed by Cu or Pd intercala-
tion [7,8] and applying pressure [9] or electrostatic gating
[10]. These results underscore the complex electrical transport
properties in 1T -TiSe2.

The lattice distortion in CDW materials will lead to a
gap opening at the Fermi energy while T < TCDW. We can
expect to observe a metal-insulator transition near TCDW, as
experimentally confirmed in the blue bronzes [11]. However,
in some CDW materials, such as NbSe3 [12], the ρ(T) curve
at T < TCDW keeps the metallic behavior. One of the inter-
pretations suggests that the CDW is formed (gap opened) in
one metallic chain, and the electronic structure in another
inequivalent metallic chain remains in a normal metal state.
Therefore, only a portion of the Fermi surface is gapped,
and the metallic transport behavior survives below TCDW. An
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interesting feature is that the partially gapped Fermi surface
provides the confinement electronic states in the momentum
space. We expect to observe the quantum interference effect
in such confinement systems. Cao et al. [13] first observed
the weak localization (WL) transport features in the CDW
VSe2 nanosheets. Recently, Moya et al. [14] reported the
WL effect in the polycrystalline TiSe2 samples. However,
the experimental evidence of the WL transport in the single-
crystalline TiSe2 flakes remains absent.

In this work, we report the magnetotransport properties of
the CDW material 1T -TiSe2 microflakes. The CDW transition
temperature was extracted at 185 K by analyzing the tem-
perature dependence of resistivity. The Hall-effect measure-
ment revealed the carrier-type changes from p type at high
temperatures to n type in low temperatures, corresponding
to critical temperature at ∼205 K. For the magnetoresistance
(MR) curves at low temperatures (T � 13 K), the high-field
MR presents a B2 law which corresponds to the classical
Boltzmann transport. In low fields, a MR peak was clearly
observed; it is the result of the WL effect. The extracted phase
coherence length satisfies the scaling law of Lφ ∝ T −0.6,
which implies that the electron-electron interaction dominates
the dephasing mechanism in 1T -TiSe2.

II. EXPERIMENT

The TiSe2 single crystals were grown by chemical vapor
transport with the transport agent iodine. High-purity tita-
nium and selenium powers were mixed with a Ti:Se atomic
ratio of 1:2.05. The mixture and 5 mg/cm3 of iodine were
sealed in evacuated quartz tubes. The tubes were placed into
a two-zone tube furnace. The powder zone was heated to
670 °C and the TiSe2 crystals were synthesized at 600 °C zone
for a period of 2 weeks. The crystal structure of 1T -TiSe2

was confirmed by x-ray diffraction (XRD) [Fig. 1(a)]. The
components of the 1T -TiSe2 crystals were measured by the
energy-dispersive x-ray spectrometry (EDXS). As shown in
Fig. 1(b), the EDXS result gave a Ti:Se atomic ratio of 1:2,
indicating the stoichiometric ratio of the crystals.
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FIG. 1. Structural characterizations of the 1T -TiSe2 crystals. (a) The x-ray-diffraction pattern of the 1T -TiSe2 crystals. The strong (00n)
peaks indicate the nice crystalline of the bulk crystals. (b) The energy-dispersive x-ray spectrum of the 1T -TiSe2 crystals, which indicates the
stoichiometric ratio of the crystals.

The thin 1T -TiSe2 microflakes were mechanically exfo-
liated from the single crystals onto the 300-nm SiO2/Si
substrates. The Ti (10 nm)/Au (100 nm) electrodes were well
patterned onto the microflakes by standard photolithography
followed by an electron-beam evaporation deposition and
lift-off process. The geometric sizes of the microflakes were
determined by the atomic force microscopy. The temperature
dependence of resistance and MR measurements were carried
out on a Quantum Design Physical Property Measurement
System. Herein, we totally measured two devices, S1 and S2.
Their parameters are summarized in Table I. S1 is a six-probe
Hall device; both resistance and Hall effect were measured.
In all cases, the magnetic-field B was applied perpendicular to
the sample plane.

III. RESULTS AND DISCUSSION

A. Temperature dependence of resistivity

Figure 2(a) shows the temperature dependence of the resis-
tivity (ρ) in the 1T -TiSe2 microflakes. Both curves present a

TABLE I. Parameters of the 1T -TiSe2 devices. L is the center-
to-center distance between the two electrodes along the current
direction. W and t are the width and thickness of the microflakes,
respectively. ρ is the electrical resistivity at T = 2 K.

L W t ρ

Sample (μm) (μm) (nm) (μ� m)

S1 20 19 77 1.75
S2 10 6 45 4.04

peak near TP ≈ 165 K. The resistivity increased with decreas-
ing temperature at T > TP, indicating a “insulator” transport
behavior. While T < TP, the metallic transport behavior is
observed, that is, the resistivity decreased with decreasing
temperature. As we know, the 1T -TiSe2 crystal is a semimetal
at room temperature. Therefore, a metallic transport behavior
should be observed near room temperature. It seems to con-
tradict the experimental results. In order to understand this
paradox, we first determine the CDW transition temperature
of the 1T -TiSe2 microflakes.

To accurately determine the CDW phase-transition temper-
ature (TCDW) of the 1T -TiSe2 microflakes, the derivative of
the resistivity with the temperature (dρ/dT) was calculated,
as shown in Fig. 2(b). The minimum values of the dρ/dT
indicate the TCDW is ≈185 K, which is in agreement with the
reported values [1,4,7,9,10]. Therefore, the observed insulator
transport behavior in the mediated temperature range (near
TCDW) resulted from the competition between the insulator
and metal states. Actually, the metallic transport behavior can
be observed in the higher temperatures [1].

Moreover, the “metal” ρ(T) behavior is observed while
T < TP in our 1T -TiSe2 microflakes [Fig. 2(a)]. This phe-
nomenon seems to conflict with the prediction of the metal-
insulator transition in CDW phase transition. Its accurate
mechanism remains in debate. One mechanism suggests that
the Fermi surface was partially gapped while the CDW transi-
tion was occurring [1]. Another mechanism claims that the
resistivity peak in 1T -TiSe2 corresponds to the crossover
between a low-temperature regime with electronlike carriers
only to a high-temperature regime with the thermally activated
holelike carriers [15]. The latter mechanism does not need the
CDW transition at all. Nevertheless, the more experimental
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FIG. 2. Charge-density wave transition in the 1T -TiSe2 microflakes. (a) The temperature dependence of the measured resistivity ρ. (b)
The derivative of the resistivity (dρ/dT) plotted as a function of temperature. The minimum values of the dρ/dT curves indicate the CDW
transition temperature (TCDW) is ∼185 K. The inset shows the upturn of the ρ-T curve at the low-temperature regime; the solid curve is the best
fitting of ρ ∝ lnT .

and theoretical work is required to appraise the detailed phys-
ical mechanisms.

At the ultralow temperatures (T � 8 K), the resistivity
was slightly increased while the temperature decreased [the
inset of Fig. 2(b)]. This phenomenon can be well understood
by the WL effect. The WL effect described the electronic
wave interference phenomenon in a disorder medium [16].
The constructive interference occurred between the forward
and the backward directions of propagation, resulting in a
backscattering probability enhancement. It leads to an addi-
tional contribution to the resistivity superimposed to the clas-
sical Boltzmann contribution. According to the WL scaling
theory [16], the corrected resistivity for a two-dimensional
(2D) system is given by ρ ∝ lnT . As shown in the inset of
Fig. 2(b), the experimental ρ(T) data meet the prediction of the
WL theory. Below, the WL effect in our 1T -TiSe2 microflakes
will be further confirmed by MR analysis.

B. Hall effect

Figure 3(a) displays the Hall resistivity ρxy vs B curves
at various temperatures between 2 ∼ 300 K of sample S1.
One obvious result is that the carrier type is changed while
the temperature is decreasing. The transition temperature
can be estimated as TR ≈ 205 K; this value is close to that
reported previously [1]. Therefore, we can conclude that
the hole carriers (p type) dominate the high-temperature
(T > TR) transport, and the low-temperature (T < TR) trans-
port properties are dominated by the electron carriers (n type).
The carrier concentration and mobility are also extracted, as
shown in Fig. 3(b). For example, the electron concentration is
5.0×1019cm−3 and the electron mobility is 722 cm2 V−1 s−1

at 2 K.

Now, we can estimate the transport parameters of the
1T -TiSe2 microflakes. According to the free-electron model,
the Fermi wave vector can be calculated as kF = (3π2n)1/3 =
1.14×109 m−1 at T = 2 K. The Fermi wavelength λF =
2π
kF

= 5.5 nm is also obtained. Then, we can obtain ρ� =
3π2 h̄
k2

Fe2 = 9.34×10−14 � m2, where h̄ is Planck’s constant and
e is the electron charge. And, the elastic mean-free path
� ≈ 53 nm is further obtained by using the resistivity ρ.
Obviously, the electron transport in the 1T -TiSe2 microflakes
is in the classical diffusive regime since λF � � � L, where
L is the sample size. By using the effective electron mass
m∗

e = 3.8me of 1T -TiSe2 crystals [15], the Fermi velocity
vF = h̄kF

m∗
e

= 3.5×104 m/s is estimated, where me is the free-
electron mass. The diffusion constant is finally obtained,
D = 1

3vF� = 6.2 cm2/s. The small diffusion constant leads to
the low mobility in the 1T -TiSe2 microflakes. As shown in
Fig. 1(a), the small XRD peak near 23° may originate from the
(100) plane of Se crystals, indicating the existence of the Se
microcrystals or clusters in the 1T -TiSe2 crystals. Moreover,
the native defects, such as intercalated Ti atoms, Se vacancies,
etc., also act as the scattering centers in the 1T -TiSe2 crystals
[17]. Therefore, both of the native and extrinsic defects limit
the carrier mobility of the 1T -TiSe2 microflakes.

C. Magnetoresistance

Figure 4 presents the magnetotransport properties of the
1T -TiSe2 microflakes. The high-field (B � 2 T) MR can be
well fitted by a B2 law, which demonstrates the classical orbit
MR effect arising from the Lorentz force. Interestingly, a no-
table MR peak is observed in the low-field regime (B � 2 T).
This is a typical magnetotransport evidence of the WL effect.
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FIG. 3. Hall transport of the 1T -TiSe2 microflakes (sample S1). (a) The Hall resistivity ρxy plotted as a function of the magnetic field at
various temperatures (2–300 K). It is clear that the carrier type changes from p type at high temperatures to n type in low temperatures; the
critical temperature is around 205 K. (b) The temperature dependence of the carrier concentration n and the mobility μ.

As discussed above, the WL effect describes the enhance-
ment backscattering probability of the time-reversal paths.
This enhancement effect will be suppressed while applying
a magnetic field; it leads a decrease of the resistivity. When
the magnetic field continues to increase and exceeds a cer-
tain threshold value, the quantum coherence of the electrons
completely vanishes, and the MR returns to the classical orbit

MR. With temperature increasing, the quantum coherence
of the carriers will be disturbed by the electron-electron or
electron-phonon interactions; we thus observed that the WL
effect gradually disappeared. As shown in Fig. 4(b), the MR
peak near zero field is almost gone while T � 13 K.

Quantitatively, the 2D WL magnetoconductance (MC)
can be described by the famous Hikami-Larkin-Nagaoka

FIG. 4. Magnetoresistance of the 1T -TiSe2 microflakes. (a) The MR curves of sample S1 at 2 and 10 K. The solid curve is the best fitting
of ρ ∝ B2. (b) The MR curves of sample S2 at several constant temperatures as indicated. For clarity, the MR curves of 8, 10, and 13 K are
shifted vertically with −0.003, −0.009, and −0.019 μ� m respectively. The resistivity peaks near zero fields can be ascribed to the weak
localization (WL) effect. At the high fields (B > 2 T), the parabolic MR curves are the results of the classical Boltzmann transport.
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FIG. 5. WL analysis of the low-field MR in the 1T -TiSe2 microflakes (sample S2). (a) Low-field magnetoconductance for different
temperatures, where �σ (B) = σ (B) − σ (B = 0) and σ = L/(W R) is the 2D conductivity. The solid curves are the best fits to the Hikami-
Larkin-Nagaoka equation. For clarity, each curve is shifted vertically by 0.8 e2/h with respect to the adjacent curve. (b) The extracted dephasing
length Lφ plotted as a function of the temperature. The solid curve is the result of the fitting with a power-law function Lφ ∝ T −β, with β = 0.6.
The inset shows the temperature dependence of the extracted prefactor α, the dashed line indicates α = −1 and is a guide to the eye.

formula [18]

�σ (B) = αe2

2π2h̄

[
ln

(
h̄

4eL2
φB

)
− ψ

(
1

2
+ h̄

4eL2
φB

)]
, (1)

where �σ (B) = σ (B) − σ (B = 0) and σ = L/(W R) is the
2D conductivity; α is a coefficient indicating the type of
localization, α = −1 for WL effect corresponding to the
weak spin-orbit scattering case, and α = 1/2 for weak an-
tilocalization effect corresponding to the strong spin-orbit
scattering case; Lφ is the phase coherence length and ψ(x)
is the digamma function. As shown in Fig. 5(a), we have
fitted the low-field MC by using Eq. (1) [the solid curves
in Fig. 5(a)]. We can see that the theoretical equation well
describes our experimental data. The typical fitting parameters
are α = −1.03 and Lφ = 86 nm at T = 2 K. It is revealed that
Lφ is larger than the sample thickness (t = 45 nm for S2).
Therefore, the MC data analysis described above is reasonable
by using the 2D WL theory. Furthermore, the value of Lφ

is comparable with that of the electron elastic mean-free
path, that is, λF � � ∼ Lφ � L. It specifies that the classical
diffusive transport plays a dominant role in the 1T -TiSe2

microflakes, and the WL corrections should vanish quickly
with increasing of the field and temperature.

The temperature dependence of the extracted α is shown
in the inset of Fig. 5(b). As can be seen, the α values
are insensitive to the temperature and close to the theoretical
value (α = −1). It demonstrates the WL origin of the low-field
negative MR in our 1T -TiSe2 microflakes. The phase
coherence length Lφ is plotted as a function of temperature in

Fig. 5(b). The power-law analysis reveals that the
temperature-dependent Lφ can be perfectly described by
Lφ ∝ T −β, with β = 0.6. As we know, this scaling exponent
is very close to the theoretical expectation β = 1/2 of 2D
electron-electron interaction [16]. Therefore, we can be
satisfied that the dominant dephasing mechanism in our
1T -TiSe2 microflakes is the electron-electron interaction.

IV. CONCLUSION

To summarize, we report the experimental observations
of the weak localization effect in the 1T -TiSe2 microflakes.
The nonmonotonic ρ(T) curves revealed the charge-density
wave transition at TCDW ≈ 185 K. And, the low-temperature
(T � 8 K) resistivity of 1T -TiSe2 microflakes is increased
with decreasing temperature, and is satisfied with ρ ∝ lnT .
Furthermore, a MR peak appeared near zero field in the MR
curves of 1T -TiSe2 microflakes, and the low-field MR data
can be well described by the Hikami-Larkin-Nagaoka model.
The above experimental results demonstrate the weak local-
ization effect in our 1T -TiSe2 microflakes. The temperature
scaling behavior of the phase coherence length predicts the
electron-electron interaction plays a dominant role in the elec-
tron phase relaxation processes in the 1T -TiSe2 microflakes at
low temperatures.
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