RAPID COMMUNICATIONS

PHYSICAL REVIEW B 95, 081104(R) (2017)

Local resilience of the 17-TiSe, charge density wave to Ti self-doping
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In Ti-intercalated self-doped 17-TiSe, crystals, the charge density wave (CDW) superstructure induces
two nonequivalent sites for Ti dopants. Recently, it has been shown that increasing Ti doping dramatically
influences the CDW by breaking it into phase-shifted domains. Here, we report scanning tunneling microscopy
and spectroscopy experiments that reveal a dopant-site dependence of the CDW gap. Supported by density
functional theory, we demonstrate that the loss of the long-range phase coherence introduces an imbalance in the
intercalated-Ti site distribution and restrains the CDW gap closure. This local resilient behavior of the 17-TiSe,
CDW reveals an entangled mechanism between CDW, periodic lattice distortion, and induced nonequivalent

defects.
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The quasi-two-dimensional transition-metal dichalco-
genide (TMDC) 1T7-TiSe, has been largely studied over
many years with the desire to understand the mechanisms
lying behind its many interesting properties related to its
phase transitions. Below Tcpw & 200 K, 17-TiSe; exhibits
a commensurate charge density wave (CDW) phase with a
2 x 2 x 2 modulation and a weak periodic lattice distortion
(PLD) [1]. Upon Cu intercalation [2], and under pressure [3],
it can also host superconductivity that has been proposed
to emerge in incommensurate CDW domain walls, therefore
reflecting the complex 17'-TiSe, phase diagram [4,5].

Doping has shown to be an important tuning parameter of
these collective mechanisms [1,2,6]. In particular, intercalation
of Ti dopants, known to occur depending on the crystal growth
temperature [1], leads to electron-donor impurity states close
to the Fermi energy [7], enhances the Coulomb screening,
and tends to reduce long-range electronic correlations. In
a recent scanning tunneling microscopy (STM) study of Ti
self-doped 17-TiSe, crystals, it has been further reported
that for a sufficient dopant concentration, the CDW breaks
up in randomly phase-shifted domains with subsisting com-
mensurate 2 x 2 charge modulation separated by atomically
sharp phase slips [6]. This observation of short-range phase
coherent CDW nanodomains induced by Ti doping not only
provides insight about the microscopic nature of the 17-TiSe;
CDW, but is also of great concern for the understanding of the
interplay between dopants and electronic phases of TMDCs,
in general [2,4,8—13].

In this Rapid Communication, we report STM and scanning
tunneling spectroscopy (STS) experiments that allow site-
specified probing of the local density of states (LDOS) close
to the Fermi level (Ef). We demonstrate that the loss of
long-range phase coherence is a local resilient behavior of the
CDW to self-doping. Together with density functional theory
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(DFT) calculations, our observations show that the CDW
locally adapts to the random distribution of the intercalated-Ti
atoms existing in two nonequivalent PLD-related conforma-
tions. This CDW-induced Ti-conformation imbalance not only
explains the CDW’s domain formation, but also reveals a
different CDW-PLD-impurity entangled mechanism.

The 17-TiSe, single crystals were grown at 860°C by
iodine vapor transport, therefore containing 1.21 £ 0.14%
of intercalated-Ti atoms [6]. The base pressure was better
than 5 x 10~!" mbar and constant current STM images were
recorded at 4.7 K using an Omicron low-temperature (LT)-
STM, with a bias voltage Vi;,s applied to the sample. The
differential conductance d1/dV curves (STS) were recorded
with an open feedback loop using the standard lock-in method.

DFT model calculations were performed using the plane-
wave pseudopotential code VASP [14,15], version 5.3.3. Pro-
jector augmented waves [16] were used with the Perdew-
Burke-Ernzerhof (PBE) [17] exchange correlation functional.
The cell size of our model was 28.035 A x 28.035 A. The
1T-TiSe, surface was modeled with two layers and the bottom
Se layer fixed. A Monkhorst-Pack mesh with 2 x 2 x 1 k
points was used to sample the Brillouin zone of the cell. The
parameters gave an energy difference convergence of better
than 0.01 eV. During structural relaxations, a tolerance of
0.03 eV/A was applied.

In pristine 17-stacked TiSe, [Fig. 1(a)], there are two
possible PLD-related sites for the eight Ti structural atoms of
the 2 x 2 x 2 CDW unit cell. Indeed, six of them experience a
displacement inducing a Ti-Se bond shortening [referred to as
the % conformation, Fig. 1(c)], whereas the two remaining ones
are concerned by arotation of the six neighboring Se atoms that
only slightly changes the Ti-Se interatomic distances [referred
to as the }1 conformation, Fig. 1(d)].

In Ti self-doped 1T -TiSe; crystals, Ti defects are interca-
lated in the van der Waals (vdW) gap directly in line with the
structural Ti atoms [Fig. 1(a)] [7]. Therefore, the CDW phase
transition intrinsically implies two nonequivalent sites in the
unit cell for each Ti defect, with also three times more % sites
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FIG. 1. (a) Structural model of 17 -TiSe;. (b) Top view (along the
¢ axis) of the PLD accompanying the 17 -TiSe, CDW phase transition
(the atomic displacements are represented by arrows). The dotted and
solid black lines represent the unit cells of the normal phase and of the
CDW superstructure, respectively. (c), (d) Top views of the 17-TiSe,
atomic structure showing the PLD displacements with % of TiSes
octahedra distorted by Ti-Se bond shortening (c), and i concerned
by a rotation of the Se atoms around a nonmoving Ti atom (d).

than i ones [18]. Since the six TiSeg octahedra concerned with
Ti-Se bond shortening are energetically favorable with respect
to the undistorted structure, and the two rotating octahedra
are not [19], it becomes highly desirable to investigate the
impact of nonequivalent Ti dopants sites on the local electronic
properties of the CDW.

Figures 2(a) and 2(b) present 8 x 6 nm? filled- and empty-
state STM images of the 17-TiSe, surface respectively
recorded at —50 and +100 mV. The high-resolution filled-state
STM image close to E [Fig. 2(a)] clearly shows the atom-
ically resolved CDW superstructure and the presence of one
atomically sharp phase slip [gray line, Fig. 2(a)], separating
two commensurate CDW domains, as expected from the used
Ti-doping density and associated CDW domain sizes [6].
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The nonequivalent intercalated-Ti atoms are best resolved and
differentiated at positive Vyips [18]. Empty-state STM images
[Fig. 2(b)] reveal their characteristic nonidentical patterns con-
sisting of two concentric bright triangles centered on the defect
and CDW maxima locations with respect to the underlying Se
atomic layer that depend on their % or % conformations [18].

Figure 2(c) shows tunneling spectra at specified sites of the
1T-TiSe, surface. Each tunneling curve has been measured
at different but equivalent positions of the surface and have
shown to be highly reproducible [20]. In defect-free surface
regions, the LDOS corresponds to the one of the CDW state
in an overall electron-doped 17-TiSe; crystal [red curve in
Fig. 2(c)]. Indeed, the DOS is nonzero at Er and shows a
slight drop of the electron density that corresponds to the Ti 3d
conduction band in the CDW state. The CDW gap [indicated
by the arrow between the dashed lines, Fig. 2(c)], separating
the occupied Se 4p orbitals and the Ti 3d electron pocket,
opens below Er between ~ — 110 and ~ — 60 mV [21].

The nonequivalent nature of the intercalated-Ti atoms is
also clearly manifested in the filled-state part of the STS curves
made on top of the % and % conformations [light and dark blue
curves in Fig. 2(c)]. Indeed, ~200-300 mV below Ep, the
induced electron-donor impurity states of mixed Ti 3d-Se 4p
orbital character are energetically nondegenerate with the one
associated with the }T-conformed Ti defects lower in energy by
~50 mV [arrow between the solid black lines in Fig. 2(c)] in
such a way that the % impurity state starts to overlap the CDW
gap below Ep.

Figures 3(a) and 3(b) show position-dependent intensity
plots of the LDOS below Er. The associated dI/dV curves
have been measured as a function of position through the }1

and % intercalated-Ti defects, respectively, with an interval of

1.4 A [dotted green lines in the insets of Figs. 3(a) and 3(b)].
They clearly demonstrate the spatial variation of the LDOS and
allow one to compare the extension of the CDW perturbations
introduced by the nonequivalent Ti dopants.

At the intercalated-Ti sites [profiles with the highest
intensity, Figs. 3(a) and 3(b)], the LDOS associated with the
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FIG. 2. (a) 8 x 6 nm? constant current STM image of the 860 °C-grown 1T-TiSe, crystal showing the CDW charge modulation within
two phase-shifted CDW domains separated by one phase slip. Two meshes corresponding to the two phase-shifted CDW modulations are
superimposed and the phase-slip location is indicated by the full gray line. Vi;s = —50 mV, I = 0.2 nA. (b) Constant current STM image
at 100 mV bias voltage and 0.2 nA current set point of the same region as (a), highlighting the characteristic fingerprints of the i and %
intercalated-Ti conformations in the presence of CDW (black squares on the left- and right-hand sides, respectively). (¢) d/dV curves on top
of the two intercalated-Ti conformations (light and dark blue curves, each of them averaged over five spectra) and on defect-free region (red

curve, averaged over 18 spectra).
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FIG. 3. (a), (b) Position-dependent intensity plots of the LDOS between —450 mV and Ey. Ten d1/dV curves have been measured as a

function of position with an interval of 1.4 A, through the % and %

intercalated-Ti defects as indicated by the dotted green lines in the insets.

Identical color scales have been used in (a) and (b). The white dashed lines in (a) and (b) mark the CDW gap region between ~ — 110 and
~ — 60 mV. (c) Real-space d1/dV map obtained at V;,s = —110 mV on the same region as Figs. 2(a) and 2(b) showing the real-space CDW
gap perturbation due to intercalated-Ti atoms. The positions of %— and %—conformed Ti defects are also indicated.

ﬁ and % conformations shows the electron-donor impurity

states that both develop ~200-300 mV below Ep on a
relatively short length scale. Although at these energies they
introduce electronic perturbations of the topmost Se layer
electronic density of limited spatial extension that relates to the
localized nondispersing nature of intercalated-Ti 3d orbitals,
the impact of their PLD-related conformations on the CDW
gap is nonequivalent [CDW gap region between ~ — 110 and
~ — 60 mV as indicated by the white dashed lines in Figs. 3(a)
and 3(b)]. Indeed, the % impurity state overlaps the CDW gap

[Fig. 3(b)] much more than the %—conformed one [Fig. 3(a)].
The d1/dV map obtained at Vyi,s = —110mV [Fig. 3(¢)], i.e.,
at the occupied edge of the CDW gap, shows a higher DOS at
and around the % intercalated-Ti atoms therefore indicating a
more extended real-space electronic perturbation of the CDW
gap as well as of defect states in their immediate vicinity

[see the }‘-conformed Ti defect at coordinates (3.6,4.2) nm in

Fig. 3(c)]. This demonstrates that the %-conforrned Ti defects
have an overall detrimental effect on the CDW state and points
towards their higher capability to destroy the CDW order.

Interestingly, statistics made on the relative density of the
% and % Ti defect conformations finally provide an additional
key point for understanding the occurrence of CDW phase
slips, i.e., the loss of the long-range phase coherence of the
CDW state in Ti self-doped 17-TiSe;, crystals. It is known
that increasing Ti doping dramatically influences the CDW
by breaking it into phase-shifted domains [6]. Whereas for
low Ti doping, the CDW exhibits a long-range order and a
perfect distribution of the }t (25%) and % (75%) Ti-defect
sites [18], for the studied highly doped crystal, a careful
analysis of 65 intercalated-Ti atoms in the presence of CDW
modulation shows that more than 35% of them have a }1
conformation [instead of 25%, as clearly depicted in Figs. 2(b)
and 3(c), where already four out of nine Ti defects are in }1
conformation].

This finding indicates that intercalated-Ti defects do not act
as a fixed random landscape that can be described by a unique
perturbation potential, as it is the case in the well-known
impurity pinning theory initially proposed by McMillan [22],
and further extended in the Fukayama-Lee-Rice models of
weak and strong impurity pinning [23-25]. Rather, even if

the Ti defects are fixed, their spatial distribution with respect
to the PLD can be accommodated by the CDW through the
phase-slip creation that allows one to introduce an imbalance
in their statistical distribution in favor of the i Ti conformation.
The loss of long-range phase coherence therefore appears
as a local resilient behavior of the CDW to Ti self-doping
and constitutes a different mechanism highlighting the key
role of the PLD-induced defect degree of freedom for the
understanding of the CDW phase patterning in intercalated
TiSe, compounds [6,26-28].

Finally, we would like to address the crucial role of
the electron-lattice interaction that lies behind the induced
imbalance in intercalated-Ti conformations and that is closely
related to the nonequivalent CDW gap perturbation. DFT
calculations performed for the two nonequivalent Ti defects
in the vdW gap of the PLD-distorted 17 -TiSe, lattice confirm
that the total energy is lower for the }1 conformation (70 meV
per intercalated-Ti atom). Looking at the associated structures
after relaxation (Fig. 4), we first see that for the % conformation
[Fig. 4(a)], the lattice distortion is very close to the one
calculated for a non-CDW cell [6]. The atomic displacements
are fully symmetric with respect to the i intercalated-Ti defect
[Fig. 4(b)], therefore leaving unchanged the threefold symme-
try of the CDW, as confirmed by our STM measurements [inset
of Fig. 3(a)].

On the contrary, as experimentally observed [inset of
Fig. 3(b)], the lattice distortion induced by %—conformed Ti
defects clearly breaks the CDW threefold symmetry [Figs. 4(c)
and 4(d)], with a calculated magnitude of 1displacements 11%

larger than the one calculated in the I cell. Indeed, the

%—conformed Ti defects induce large lateral displacements of
the two neighboring Ti structural atoms [Figs. 4(c) and 4(d)],
in such a way that the energetically favorable TiSeq octahedra
concerned with Ti-Se bond shortening (2.49 A, as obtained by
DFT) in pristine 17-TiSe; undergo a Ti-Se bond elongation
of 2% (2.54 A) under Ti intercalation.

Based on our STM/STS measurements and DFT calcula-
tions, we can thus draw the following conclusions. The atomic
displacements as well as the electronic perturbation of the
CDW gap induced by the % intercalated-Ti conformation are

larger than those induced by the % one. The fact that the CDW
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FIG. 4. DFT-calculated relaxed structures of the 2 x 2 x 2
1T-TiSe, lattice with (small spheres) and without (large spheres)
intercalated-Ti atoms (violet spheres). Two TiSeq octahedra separated
by one vdW gap are considered. (a), (b) and (c), (d): Side and top
views (top TiSes octahedron along the ¢ axis) for the i, respectively
%, Ti-defect conformation. The amplitude of displacements induced
by Ti intercalation have been enhanced by a factor of 10. The black
dots in (b) and (d) indicate the atomic positions in the non-CDW cell,
i.e., without PLD.
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avoids perturbing the PLD-related % conformation with a Ti

impurity by favoring the i defect conformation is evidence
for the predominant role of the Ti-Se bond shortening for
the stabilization of the modulated structure of 17°-TiSe,, as
proposed in the pseudo Jahn-Teller scenario [19]. Therefore,
with the increase of intercalated-Ti density, it becomes
energetically favorable to introduce CDW domain boundaries
since the cost in elastic energy starts to be compensated by the
electronic energy gain brought by the induced Ti-conformation
imbalance.

To summarize, our site-specified STM/STS study of Ti-
doped 1T-TiSe; crystals allows a deep investigation of the
impact of nonequivalent dopant sites on the local electronic
properties of the CDW. The ability of the CDW state to locally
determine the PLD-related conformation of intercalated atoms
not only constitutes a different CDW-impurity interaction
mechanism, but also highlights the underlying role of the
dopant landscape for CDW phase patterning, resulting in
spatially modulated electronic states that are expected to
be a key ingredient for the emergence of mixed CDW-
superconducting phases in Cu,-TiSe, [26-28], and TMDCs
in general [9—-11].
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