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a b s t r a c t

By using scanning tunneling microscopy (STM)/spectroscopy (STS), we systematically characterize the
electronic structure of lightly doped 1T-TiSe2, and demonstrate the existence of the electronic inhomo-
geneity and the pseudogap state. It is found that the intercalation induced lattice distortion impacts
the local band structure and reduce the size of the charge density wave (CDW) gap with the persisted
2 � 2 spatial modulation. On the other hand, the delocalized doping electrons promote the formation
of pseudogap. Domination by either of the two effects results in the separation of two characteristic
regions in real space, exhibiting rather different electronic structures. Further doping electrons to the sur-
face confirms that the pseudogap may be the precursor for the superconducting gap. This study suggests
that the competition of local lattice distortion and the delocalized doping effect contribute to the compli-
cated relationship between charge density wave and superconductivity for intercalated 1T-TiSe2.

� 2018 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

1T-TiSe2 has been widely studied in the past few decades partic-
ularly as one of the typical charge density wave (CDW) materials in
transition metal dichalcogenides (TMDs) [1–3]. It undergoes a 2 �
2 � 2 commensurate CDW transition at �200 K [2]. While the ori-
gin for the CDW transition still remains ambiguous [4–12], studies
on 1T-TiSe2 have been revived recently due to the superconductiv-
ity discovered in the Cu intercalated 1T-TiSe2 [3]. The CuxTiSe2
forms a dome shaped superconductivity phase beginning at
x = �0.04, and the highest transition temperature TC � 4.15 K is
obtained at x = �0.08 [3]. In the following, it was also found that
high pressure and electric gating applied to 1T-TiSe2 can realize
the superconductivity, giving a similar dome shaped phase dia-
gram [13,14]. Such a strong resemblance of the superconductivity
phase diagram with high temperature superconducting (HTSC)
cuprates, makes it desired to reveal the mechanism of TiSe2
superconductivity.

Even though the transport measurements of CuxTiSe2 exhibited
that the CDW transition is sufficiently suppressed as the supercon-
ductivity state emerges [3,15], photoemission studies gave contro-
versial indications whether it is the competition or coincidence

between these two collective electronic states [16,17]. Further-
more, recent studies unveiled the emergence of incommensurate
CDW phase above the superconducting dome, e.g., the CDW
domain walls, which has been proposed to be connected with
the superconductivity transition [14,18–20]. The CDW modulation
can be even detected in a region beyond the end of the supercon-
ducting dome [19].

Atomic scale studies have been performed focusing on the Cu
intercalated 1T-TiSe2 [20,21], and have revealed the phase shifted
boundary of 2 � 2 CDW domains and the enhanced local density
of states (LDOS) at Fermi level, which is believed to favor the
superconductivity transition. However, the impact of intercalation
to the electronic structures of 1T-TiSe2 have not so far been fully
understood.

In this study, we focused on the spectroscopic evolution
induced by both intrinsic and extrinsic defects. We firstly charac-
terized the self-doped 1T-TiSe2 by its native defects with atomi-
cally resolved STM/STS, and then tuned the electronic structure
by doping potassium atoms on the 1T-TiSe2 surface, and explored
its evolution. We demonstrated the real-space inhomogeneity on
the self-doped 1T-TiSe2 surface, i.e., the coexistence of CDW ‘‘nor-
mal” regions (with identifiable CDW gap) and ‘‘suppressed” regions
(with reduced CDW gap). We found that a pseudogap emerges at
the Fermi level, prior to the superconductivity transition, which
is more prominent in the CDW ‘‘normal” regions. We attribute
the decrease of CDW gap to the local lattice distortion induced
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by the intercalated atoms, and the formation of pseudogap to the
doping effect by the delocalized donated electrons. Further elec-
tron doping via Alkali metal deposition leads to the formation of
gaps with coherence peaks evolving from the pseudogap, suggest-
ing that the pseudogap observed in this study may be a precursor
to the superconducting gap.

2. Experimental methods

STM/STS characterizations were conducted in ultrahigh vacuum
(UHV, the base pressure is 1 � 10�10 Torr) with a low temperature
STM (Unisoku Co. USM1600). The 1T-TiSe2 single crystals were
in situ cleaved in UHV, and then quickly transferred to the STM
stage for scan. Alkali metal K was deposited with a flux of �0.5
monolayers (MLs)/min. STM data were acquired at low tempera-

tures varying from �30 mK to �30 K. STM images were taken with
a constant current mode. The differential conductance dI/dV spec-
tra were taken via a lock-in amplifier with the ac modulation of
998 Hz.

3. Results and discussion

Fig. 1a shows the typical STM topographic image of a cleaved
1T-TiSe2 surface, displaying a 2 � 2 charge density modulation.
The native point defects, naturally introduced during the single
crystal growth, are identified in Fig. S1 (online). Most of the defects
can be assigned as the intercalated Ti atoms, and minor popula-
tions of Se substitution by iodine (I)/oxygen (O) or Se vacancies
are also found, according to previous reports [22,23]. The concen-
tration of the Ti interstitial atoms is estimated as �0.9%. Even

Fig. 1. CDW inhomogeneity on the 1T-TiSe2 surface. (a) STM image of the cleaved 1T-TiSe2 surface taken at �4 K (bias voltage U = +200 mV, tunneling current It = 100 pA,
size: 20 � 20 nm2). (b) STM image of the cleaved 1T-TiSe2 surface taken at �4 K (bias voltage U = �80 mV, tunneling current It = �100 pA, size: 20 � 20 nm2). The fast Fourier
transform (FFT) of the STM images in (a) and (b) is shown in the corresponding insets. (c) Differential conductance dI/dV spectra taken in the region I (blue) and II (red) at �4
K, respectively. The corresponding CDW gaps are marked by the vertical lines. (d)–(g), dI/dV conductance maps measured over the area (9 � 9 nm2) as marked by the yellow
dashed square in (a) and (b). The maps include both of the regions I and II. The applied bias voltages are shown in the maps. The red parallelogram marks the unit cell of 2 � 2
modulations. At low bias voltages near the Fermi energy, i.e., (e) and (f), the phase II area shows a prominent 2 � 2 electronic modulation and high intensity, but the phase I
shows no clear modulation and low intensity. At high bias voltages, i.e., (d) and (g), both the phases I and II show indistinguishable 2 � 2 modulations, except for the intensity
contrast.
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