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Université de Fribourg, CH-1700 Fribourg, Switzerland
2Department of Quantum Matter Physics, University of Geneva,

24 Quai Ernest-Ansermet, 1211 Geneva 4, Switzerland
3Institut de Génie Atomique, Ecole Polytechnique Fédérale de Lausanne, CH-1015 Lausanne, Switzerland

4London Centre for Nanotechnology and Department of Physics and Astronomy,

University College London, London WC1E 6BT, UK

(Dated: March 29, 2018)

The impact of variable Ti self-doping on the 1T -TiSe2 charge density wave (CDW) is studied by
scanning tunneling microscopy. Supported by density functional theory we show that agglomeration
of intercalated-Ti atoms acts as preferential nucleation centers for the CDW that breaks up in phase-
shifted CDW domains whose size directly depends on the intercalated-Ti concentration and which
are separated by atomically-sharp phase boundaries. The close relationship between the diminution
of the CDW domain size and the disappearance of the anomalous peak in the temperature dependent
resistivity allows to draw a coherent picture of the 1T -TiSe2 CDW phase transition and its relation
to excitons.

PACS numbers: 71.45.Lr, 68.37.Ef, 71.15.Mb, 74.70.Xa

The understanding of broken-symmetry ground states
is facing the complexity of the many-body problem aris-
ing from the multiplicity of coupled electron-electron,
electron-hole, and electron-lattice interactions. A typ-
ical material exhibiting this close entanglement is the
quasi-two dimensional, layered transition-metal dichalco-
genide 1T -TiSe2 consisting of hexagonal 1T -stacked Se-
Ti-Se layers separated by a van der Waals (vdW) gap. At
TCDW ∼200 K, it undergoes a phase transition towards
a 2x2x2 commensurate CDW phase at which a weak pe-
riodic lattice distortion (PLD) develops and it shows a
broad maximum in the temperature dependent resistiv-
ity in the vicinity of TCDW [1]. 1T -TiSe2 is also super-
conducting upon Cu intercalation [2], and under pressure
[3], thus offering the way for the study of the interplay
between ordered CDW phase and the superconducting
state [4].
However, the origin of the CDW transition itself is not

yet unambiguously determined. Although many propo-
sitions have been made since the 70’s, there still remain
two competing hypotheses for the mechanism driving the
CDW formation. Several studies have highlighted strong
electron-phonon [5–7] coupling suggesting a Jahn-Teller
(JT) mechanism of the CDW transition (first order JT [8]
or pseudo-JT(PJT) [9]). Electron-hole correlations lead-
ing to the excitonic insulator [10, 11] or inducing fluctua-
tions responsible for phonon softening [12, 13] have been
also invoked as well as a cooperative combination of both
effects [14, 15].
Very recently, significant insights favoring the JT sce-

nario has been obtained by using ultra-broadband ter-
ahertz pulses to separately trace the coexisting lattice
and electronic orders [16]. Taking profit of the selectivity
in the dynamics of elementary electronic and structural

processes [17, 18], it has been demonstrated that JT-
like CDW can exist in a metastable non-thermal phase
without excitonic correlations. However, time-resolved
experiments [16–19], probe the CDW out-of-equilibrium
and thus cannot be straightforwardly extended to the
thermal equilibrium states. Also, most of the studies de-
voted to this controversy used experimental techniques
non-local in essence and therefore not probing directly
local, real-space characteristics of the CDW.
Using scanning tunneling microscopy (STM) it is pos-

sible to gain insight on the impact of defects on the
local CDW properties [20–22]. In 1T -TiSe2, Ti self-
doping is known to occur depending on the crystal
growth temperature [1], with a dramatic effect on resis-
tivity. Intercalated-Ti atoms lead to electron-donor im-
purity states close to the Fermi energy [23], enhance the
Coulomb screening and tend to reduce electron-hole cor-
relations. Therefore, the real-space STM investigation of
the CDW in Ti self-doped crystals can in principle reveal
the microscopic nature of the phase transition.
The present STM study of Ti self-doped 1T -TiSe2

shows that accumulation of intercalated-Ti atoms act as
preferential nucleation centers for the CDW. The CDW
breaks up in randomly phase-shifted nanodomains with
subsisting commensurate 2x2 charge modulation and sep-
arated by atomically sharp phase slips. We find a close
relationship between the CDW domain size and the Ti-
doping density and demonstrate that the nucleation-
growth mechanism lying behind the CDW formation is
unique, regardless of the intercalated-Ti density. Our ob-
servations together with density functional theory (DFT)
calculations support a local origin of the CDW as driven
by a PJT instability, not necessitating long-range corre-
lations. We interpret the dramatic influence of Ti-doping
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FIG. 1. (Color online) (a) 17×17nm2 constant current STM images of the 900◦C -grown 1T -TiSe2 crystal showing the
intercalated-Ti defects (black triangles), Vbias = −1V, I= 0.2nA. (b) Constant current STM image at −0.1V bias voltage
and 0.2 nA current set point of the same region as (a) showing the CDW charge modulation and its perturbation by the
presence of Ti defects. The inset presents an eye guide of the 2x2 and 1x1 charge modulations. Green spheres correspond to
Se atoms of the topmost layer (Se up) and the blue ones to the maxima of the 2x2 charge modulation (max CDW). (c) Same
STM image as (b) with added meshes highlighting the different CDW domains. Four colors have been used to differentiate
between the four possible kinds of modulations that are phase shifted to each other. The gray lines show examples where CDW
phase-slips occur. The inset shows a height profile through an atomically abrupt CDW phase-slip.

on the anomalous resistivity peak as a confinement effect
of excitons within CDW domains.
The 1T -TiSe2 single crystals were grown at 770 ◦C ,

860 ◦C and 900 ◦C by iodine vapor transport, therefore
containing increasing concentrations of Ti doping atoms
[1]. Resistivity measurements were performed by a stan-
dard four-probe method using a lock-in as current source
and voltage meter. The samples were cleaved in-situ be-
low 10−7mbar at room temperature. Constant current
STM images were recorded at 4.7 K using an Omicron
LT-STM, with bias voltage Vbias applied to the sample.
Base pressure was better than 5×10−11mbar.
DFT model calculations were performed using the

plane-wave pseudopotential code VASP [24, 25], version
5.3.3. Projector augmented waves [26] were used with
the Perdew-Burke-Ernzerhof (PBE) [27] exchange corre-
lation functional. The cell size of our model was 28.035
Å × 28.035 Å. The 1T -TiSe2 surface was modeled with
two layers and the bottom Se layer fixed. A Monkhorst-
Pack mesh with 2×2×1 k points was used to sample the
Brillouin zone of the cell. The parameters gave an en-
ergy difference convergence of better than 0.01 eV. Dur-
ing structural relaxations, a tolerance of 0.03 eV/Å was
applied.
Figure 1(a) presents filled-state STM images recorded

at -1 V of the 1T -TiSe2 surface of a high Ti-doped 1T -
TiSe2 crystal grown at 900◦C . Bright defects are clearly
seen and correspond to Ti atoms intercalated in the vdW
gap of the pristine 1T -TiSe2 atomic structure [23]. The
defect density is 2.57±0.22% as extracted from statistics
made on large STM images and similar to bulk measure-
ments by Di Salvo et al. on a 900◦C -grown crystal [1].
Thus, even if the densities of Ti defects estimated from

our STM images mainly account for Ti intercalation in
the first vdW gap, they are representative of the bulk

Ti-doping density.
In a recent study, it has been shown that the defect

density associated with low-doped 1T -TiSe2 samples does
not affect the long-range CDW order [28]. For the highly
doped crystal and looking at regions with high density of
intercalated Ti atoms, atomically-resolved STM images
(representing the electronic density) near the Fermi en-
ergy [Fig. 1(b)] show that the CDW is locally completely
absent (bright regions). Approximately 50% of the 1T -
TiSe2 surface clearly exhibits short-range CDW charge
modulation following the well-known 2x2 commensurate
pattern [see inset Fig. 1(b)] in regions associated with
low defect density.
Locating the CDW maxima with respect to the under-

lying Se atomic layer [Fig. 1(c)] now reveals a CDW pat-
terning of nanometer size. Several CDW patterns which
differ in their phase relationship with the 1T -TiSe2 lattice
are observed and correspond to the four possible config-
urations of a 2x2 charge modulation. Interestingly, the
CDW boundaries in surface areas free of accumulation
of intercalated-Ti consist of atomically-sharp phase slips
between adjacent domains [see inset Fig. 1(c)] and ap-
pear to occur at random positions of the surface with
the charge modulation on either side of the phase slip
staying commensurate with the underlying lattice. Iso-
lated Ti impurities are mainly observed within domains
suggesting that the CDWs emerged around the bright re-
gions [see bottom, left of Fig. 1(c)] associated with an
accumulation of intercalated-Ti defects.
Therefore, our results strongly indicate that the CDW

domains patterning originates in a CDW nucleation-
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FIG. 2. (Color online) (a) 17×17nm2 constant current STM
image of the 770◦C -grown 1T -TiSe2 crystal showing the
intercalated-Ti defects (black triangles), Vbias = +1V, I=
0.2nA. (b) Constant current STM image at −0.1V bias volt-
age and 0.2 nA current set point of the same region as (a).
(c), (d) same as (a), (b) for the 860◦C -grown 1T -TiSe2 sam-
ple. Vbias = −1V for (c). The gray lines on (b) and (d) show
surface regions where a CDW phase-slip occurs. The inset in
(b) is a 7.8×4.5nm2 constant current STM image showing the
presence of a CDW phase-slip on the 770◦C -grown sample.

growth process from intercalated-Ti agglomerates. Upon
temperature lowering, the nucleating CDWs grow and
meet at phase-slip boundaries whose sharpness reflects
the very short CDW coherence length [6, 29].
At first sight, it may be surprising that a commen-

surate CDW can break into short-range phase coherent
domains in the presence of impurities. Indeed, as previ-
ously pointed out by Wu and Lieber who observed com-
mensurate CDW domains on another system (Ti-doped
TaSe2) [30], a commensurate CDW phase that is already
strongly coupled to the crystal lattice tempts to remain
unperturbed by impurity pinning according to a seminal
work of McMillan [31]. However, in contrast to McMil-
lan’s Landau theory calculations that describe how a pre-
existing charge modulation reacts to the random field in-
troduced by impurities [31], we are concerned here by the
emergence of the CDW in with defects already present.
Then, the size and arrangement of the CDW domains as
well as the domain boundary locations are fully deter-
mined by the density of intercalated-Ti nucleation cen-
ters, their distribution and the cooling kinetics.
STM measurements carried on 1T -TiSe2 crystals

grown at lower temperature further support our CDW
nucleation-growth scenario. Figure 2 shows 17×17nm2

constant current STM images of a 770◦C [Fig. 2(a),

(b)] and 860◦C -grown [Fig. 2(c), (d)] 1T -TiSe2 crystals.
Comparing both cystals with the 900◦C -grown one for
Vbias = ±1V, we clearly see that the density of randomly
distributed Ti defects [highlighted with triangles on Fig.
1(a) and Fig. 2(a), (c)] increases with growth temper-
ature. From statistics made on large STM images (not
shown), we obtain 0.75±0.10% and 1.21±0.14% for the
crystals grown at 770◦C and 860◦C , respectively com-
pared to the 2.57±0.22% of the 900◦C -grown 1T -TiSe2.
Identically to the highly-doped crystal, STM images

near Fermi level [Fig. 2(b), (d)] now reveal for both
crystals the presence of atomically-sharp phase slips of
the CDW modulation. Whereas for the lowest doped
crystal 60×60nm2 images are needed to observe a shift
of the CDW phase [inset [Fig. 2(b)], every 17×17nm2

images of the 860◦C -grown crystal show at least one
phase slip. This not only demonstrates the close relation-
ship between the CDW domain sizes and the Ti-doping
density but especially reveals that the nucleation-growth
mechanism lying behind the CDW formation in the three
Ti-doped crystals is the same.
At this stage, we have shown that the CDW can well

exist on a very small area and that its pinning to the
nucleation centers is energetically more favorable than
maximizing a domain size or avoiding phase-slips. Also,
the coherence length of the CDW is definitely small sug-
gesting that the strong-coupling theory and a local chem-
ical bonding picture apply [29]. This naturally indicates
a local origin of the CDW as driven by a PJT instability
[9, 32], i.e., not necessitating long-range electronic corre-
lations.
Let us now consider the impact of the intercalation

of Ti on the 1T -TiSe2 atomic structure. Table I presents
DFT-calculated, relaxed interatomic distances of the nor-
mal phase of 1T -TiSe2 with and without one intercalated-
Ti atom in the vdW gap. The impact of the intercala-
tion is rather strong and of the order of magnitude of
the PLD. As exemplified in Fig. 3, the major effect of
the intercalation is the strong decrease (4.3%) of the dis-

TABLE I. DFT-calculated structural parameters of 1T -TiSe2
with and without intercalated Ti atom in the vdW gap.
Two TiSe6 octahedra separated by one vdW gap are consid-
ered: Interatomic distances between Se atoms of the topmost
layer (dSe−Se), between the Se neighboring the intercalated-
Ti defect (dSe−Se(vdW)), between Ti atoms along the c-axis
(dTi−Ti), and between Ti and Se atoms of the TiSe6 octahe-
dra (dTi−Se).

Ti-doped 1T -TiSe2 1T -TiSe2

(Å) (Å)

dSe−Se 3.50 3.54

dSe−Se(vdW) 3.64 3.54

dTi−Ti 6.04 6.31

dTi−Se 2.58 2.56
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FIG. 3. (Color online) Structural models of 1T -TiSe2 as ob-
tained by DFT. Two TiSe6 octahedra separated by one vdW
gap are considered (a) Pristine 1T -TiSe2 (b) Ti-doped 1T -
TiSe2. The amplitude of displacements induced by Ti inter-
calation (Tii) have been enhanced.

tance between Ti atoms along the c-axis (dTi−Ti) and
the symmetric displacement of the Se atoms surround-
ing the intercalated-Ti defect. Their in-plane distance
(dSe−Se(vdW)) increases by 2.7 % whereas the distance
between Se atoms of the topmost layer (dSe−Se) decreases
by 1.2 % overall leading to elongated (0.8 %) Ti-Se bonds
(dTi−Se) of the TiSe6 octahedra.
Therefore, the intercalation of one Ti atom in the

vdW gap does not favor the CDW instability since it
acts against the PLD where 3/4 of the Ti-Se bonds are
shortened [1]. This explains why one isolated Ti de-
fect does not act as a nucleation center for the CDW
and also why the CDW charge modulation is highly per-
turbed just above the intercalated-Ti atom. However, at
intercalated-Ti agglomerate edges, the coherent super-
position of symmetric Se displacements are expected to
induce shortening of the Ti-Se bonds favorable for driv-
ing the nucleation of multiple phase-shifted domains in a
PJT scenario [9].
Finally our findings provide insight on the anomalous

resistivity peak known to appear around TCDW. Because
of a favorable band configuration with energetically close
positioned electron- and hole-like bands, it has been in-
terpreted as a reduction of the density of free charge car-
riers due to electron-hole pairing [10, 11]. Its disappear-
ance at lower temperatures is then related to the devel-
opment of the full CDW gap with unfavorable conditions
for the excitonic pairing.
Figure 4(a) shows the relative resistivity ρ/ρ300K of

the three measured crystals. A maximum is clearly ob-
served for the 770◦C and 860◦C -grown crystals whereas
it is almost absent for 900◦C. In the evolution of the
anomalous resistivity peak amplitudes [33], as a function
of the average domain sizes L0 extracted from our STM
measurements [34] plotted in [Fig. 4(b)] there is a dra-
matic change between the sample grown at 860◦C and
900◦C despite the only slight diminution of the domain
size from 10 nm to 2.5 nm. It is also interesting to note
in Fig. 4(b) that a small doping increase from 0.75 %
(770◦C) to 1.21 % (860◦C) is accompanied by a small
change in the resistivity but induces a huge reduction of

FIG. 4. (Color online) (a) Temperature dependent resistiv-
ity curves measured on 770◦C (blue curve), 860◦C (dark
blue curve), and 900◦C (black curve) grown 1T -TiSe2 crys-
tals. The curves are normalized to the resistivity measured
at room temperature. b) Evolution of the intensity of the
resistivity peak as a function of the CDW domains size. The
dashed blue curve indicates the typical value of the effective
Bohr diameter of excitons in 1T -TiSe2.

the mean domain size L0.
The abrupt but continuous change of the resistiv-

ity maximum with doping can now be understood in
terms of exciton confinement within the CDW nan-
odomains, as discussed for Wannier-Mott excitons in
three-dimensional quantum wells [35]. As the typical size
of the CDW domain is reduced to 1.5-2 times the effective
Bohr diameter of the bulk exciton (dexc. =4.2 nm [36])
[dashed-blue curve Fig. 4(b)], the electron-hole pairs ini-
tially confined as quasiparticles start to break up into
individual charge carriers [35]. The result is the disap-
pearance of the exciton-related resistivity maximum for
sufficient doping or sufficiently small CDW domains.
The resistivity peak attributed to excitons thus re-

flects sufficiently long-range electronic correlations in the
CDW state. In that sense, the excitonic pairing is an
epiphenomenon of the CDW phase transition driven by
electron-phonon interaction that allows for the direct
coupling of electron and hole bands. Exciton-phonon
coupling may thus simply reinforce the CDW state [37],
without playing the predominant role in driving the
phase transition itself.
To summarize, we report the first observation of short-

range phase coherent CDW nano domains in self-doped
1T -TiSe2. Our results support a PJT instability as the
origin of the CDW patterning. Evidence for confinement
effects of electron-hole pairs within CDW domains fur-
ther provide a coherent picture of the 1T -TiSe2 CDW
phase transition and its relation to excitons.
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