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Orbital-selective band hybridisation at the charge density wave
transition in monolayer TiTe2
Tommaso Antonelli 1✉, Warda Rahim2, Matthew D. Watson 1,3, Akhil Rajan1, Oliver J. Clark 1, Alisa Danilenko 1,9,
Kaycee Underwood1, Igor Marković1,4,10, Edgar Abarca-Morales1,4, Seán R. Kavanagh 2,5, P. Le Fèvre6, F. Bertran 6, K. Rossnagel 7,8,
David O. Scanlon 2 and Phil D. C. King 1✉

Reducing the thickness of a material to its two-dimensional (2D) limit can have dramatic consequences for its collective electronic
states, including magnetism, superconductivity, and charge and spin ordering. An extreme case is TiTe2, where a charge density
wave (CDW) emerges in the single-layer, which is absent for the bulk compound, and whose origin is still poorly understood. Here,
we investigate the electronic band structure evolution across this CDW transition using temperature-dependent angle-resolved
photoemission spectroscopy. Our study reveals an orbital-selective band hybridisation between the backfolded conduction and
valence bands occurring at the CDW phase transition, which in turn leads to a significant electronic energy gain, underpinning the
CDW transition. For the bulk compound, we show how this energy gain is almost completely suppressed due to the three-
dimensionality of the electronic band structure, including via a kz-dependent band inversion which switches the orbital character of
the valence states. Our study thus sheds new light on how control of the electronic dimensionality can be used to trigger the
emergence of new collective states in 2D materials.
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INTRODUCTION
Transition metal dichalcogenides (TMDs) offer a versatile platform
to study the interplay of different collective quantum states1–3.
Excitingly, the charge density wave (CDW) phases in these
materials have been shown to exhibit a strong dependence on
material thickness down to the monolayer (ML) limit, with the
emergence of modified ordering wavevectors4 and transition
temperatures5, and evidence for significant phase competition6. A
particularly intriguing case is that of TiTe2. This is the sister
compound of the famous charge density wave material TiSe27,8, in
which an unconventional (2 × 2 × 2) CDW emerges from a narrow-
gap semiconducting normal state9. CDW order persists down to
the monolayer limit, with a (2 × 2) ordering10. In TiTe2, a larger p-
orbital valence bandwidth (due to the more extended Te 5p
orbitals) and enhanced d-p charge transfer (promoted by the
lower electronegativity of Te) cause the Ti d-derived conduction
band and Te p-derived valence band to substantially overlap (Fig.
1a–c). This semimetallic state persists in the bulk to low
temperatures, and no CDW transition occurs11–13.
Surprisingly, however, signatures of a CDW phase have recently

been observed in monolayer TiTe2, although not in bilayer or
thicker films14. This new CDW is associated with a (2 × 2) periodic
lattice distortion, in striking similarity to the CDW observed in ML-
TiSe2 (Fig. 1e–g), despite the significant band overlap and
semimetallicity in the normal state of the Te-based system. The
origins of this instability, and why it is only stabilised in the
monolayer limit, have remained elusive to date. Here, we study
the CDW transition in ML-TiTe2 using temperature-dependent

angle-resolved photoemission spectroscopy (ARPES), hybrid den-
sity functional theory (DFT) calculations, and minimal-model
based approaches. Through this, we find evidence of a marked
but symmetry-selective band hybridisation between the valence
and conduction bands which ultimately provides the energetic
incentive to stabilise the CDW phase. For the bulk system, we
demonstrate how pronounced out-of-plane band dispersions lead
to mismatched Fermi surfaces and inverted valence band
symmetries. As a result, the corresponding electronic energy gain
is highly suppressed, explaining the marked difference in the
ground state properties of single vs. multi-layer TiTe2.

RESULTS
CDW state in ML-TiTe2
To confirm the previously reported CDW state in ML-TiTe2 as an
intrinsic instability of the perfect ML, we start with DFT
calculations of the lattice dynamics. The calculated phonon
dispersions of bulk 1T-TiTe2 are shown in Fig. 1d. These show an
absence of any imaginary frequency modes: the 1T crystal
structure thus is predicted to remain stable down to 0 K. This is
consistent with the absence of any CDW transition in our
measurements of the electronic structure from bulk TiTe2 in Fig.
1b and with the previous experiments11–13. In contrast, for the
monolayer (Fig. 1h), our calculations indicate that the 1T crystal
structure is no longer stable. The imaginary frequency mode at the
M point indicates the tendency of the structure to undergo a
(2 × 2) lattice distortion. This phonon mode has an Au irreducible
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representation at M, consistent with the soft phonon mode
thought to underpin the triple-q CDW instability in ML-TiSe215.
Tracing the stability of this mode (Fig. 1i), we find a classic
anharmonic double-well potential, confirming the intrinsic
instability of ML-TiTe2 to undergoing a periodic lattice distortion
upon cooling.
The underlying lattice instability is qualitatively the same as that in

the sister compound ML-TiSe2 (Fig. 1i), but we find that the depth of
the potential well in the telluride is much smaller. This indicates that
the instability in ML-TiTe2 is intrinsically weaker than that of TiSe2,
where signatures of a strong-coupling CDW transition have been
observed10,16. Nonetheless, consistent with a recent work14, we find
that the new periodic potential arising from the softening of the
M-point phonon mode in ML-TiTe2 is sufficiently strong to induce a
‘backfolded’ copy of the valence band dispersions, evident at the
original M point in our measurements of the low-temperature
electronic structure (Fig. 1f). The backfolded spectral weight is
weaker than the corresponding spectral signatures in ML-TiSe216,
qualitatively consistent with a ‘weaker’ instability in the telluride as
discussed above. Nonetheless, its observation points to a clear
electronic component to the predicted periodic lattice distortion.
To investigate this in detail, we study the temperature-

dependent evolution of the electronic structure of ML-TiTe2 in
Fig. 2. With decreasing temperature, the spectral weight of the
characteristic backfolded valence bands at the M-point gradually
increases (Fig. 2a). This is evident in the spectral weight extracted
from fits to momentum distribution curves (MDCs) at
E− EF=−0.14 eV (Fig. 2b, see Supplementary Fig. 1 for the fitting
details), where a rapid increase of the backfolded weight is
evident at a temperature T ≈ 110 K. This is similar, although slightly
higher, than the value of 92 K reported by Chen et al.14, and we
assign this as the CDW transition temperature in this system, TCDW.
We note that there is residual spectral weight evident at
temperatures above this transition in Fig. 2b. This likely reflects
finite background intensity in the fits from the tail of the

conduction band states, rather than signifying precursor back-
folding above the ordering temperature, as was found, for
example, in the selenide case16.
The CDW critical temperature we observe is substantially lower

than TCDW ≈ 220 K in ML-TiSe216. This is qualitatively consistent
with the calculated double-well potentials shown in Fig. 1i: the
depths of these wells are related to the thermal energy at which
the distorted phase is no longer stable as compared to the high-
temperature structure, located at the saddle point of these wells.
The smaller depth of the potential well in the case of ML-TiTe2
than TiSe2, therefore, indicates that the CDW ordering would be
expected to onset at a lower temperature in the former, as
observed here.
The (2 × 2) order predicted by our calculations is in agreement

with a superstructure modulation imaged by scanning tunnelling
microscopy in ref. 14. This naturally explains the valence band
backfolding from the Γ to the M-point of the Brillouin zone,
although a concomitant backfolding of the conduction band from
M to Γ has not been observed to date. Here, we find the
appearance of weak spectral weight in between the innermost
valence band in the ordered state (Fig. 2c). Its spectral weight
grows with decreasing temperature, as evident from a peak at
≈110 meV binding energy in energy distribution curves (EDCs)
taken at the Brillouin zone centre (Fig. 2d (see also Supplementary
Fig. 2 for peak fitting analysis and for further discussion on the
lineshape and temperature dependence of this component). A
second-order derivative analysis (inset of Fig. 2c) indicates how
this additional spectral weight derives from an electron-like band,
suggesting its origin as due to a backfolding of the conduction
bands in the CDW phase of ML-TiTe2.

Orbital-selective band hybridisation
The second-derivative analysis also suggests the opening of
spectral gaps in the reconstructed electronic structure. To

Fig. 1 TiTe2: bulk vs. monolayer. a Crystal structure of bulk 1T-TiTe2 and b its measured electronic structure from ARPES (hν= 144 eV,
T= 20 K) along the A-L direction of the Brillouin zone. c Illustration of the bulk Fermi surface. d Calculated phonon dispersion of bulk TiTe2,
indicating stability of the 1T crystal structure. e Crystal structure of ML-TiTe2, where the black arrows indicate the expected direction of the
atomic displacements of the periodic lattice distortion associated with a CDW instability. f ARPES spectrum of ML-TiTe2 measured along the Γ-
M direction (hν= 20 eV, T= 16 K). g Schematic Fermi surface of ML-TiTe2, with the three CDW wave vectors q1, q2 and q3, indicated.
h Calculated phonon dispersions of ML-TiTe2, indicating the instability of the 1T crystal structure. i Tracking the potential energy curve ΔU as a
function of the corresponding normal-mode coordinates QM, with finite but small energy gain for the distortion; corresponding calculations
for ML-TiSe2 (green) indicate a much more pronounced instability at the same wavevector as for the Te case (orange).
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investigate this in detail, to understand better how the electronic
structure around the Fermi level evolves across the CDW
transition, we performed high-resolution measurements at the Γ
point of the Brillouin zone. Here, the spectral weight is dominated
by the valence bands (Fig. 3a). Comparing the high- and low-
temperature spectra, a small spectral gap can be seen to open in
the vicinity of the Fermi level for the outer valence band, while no
such gap is obvious for the inner valence band. To probe this
quantitatively, we show the amplitude (height) of Lorentzian fits
to MDCs of the outer and inner valence bands in Fig. 3b, c,
respectively (see also Supplementary Fig. 3 for details of the
fitting). The intensities vary smoothly for the high-temperature
measurements, with an overall decrease in intensity approaching
the Fermi level reflecting the effects of transition matrix elements
on the photoemission measurements, and also the influence of
spectral broadening. This global intensity variation is still present
at low temperature, but with an additional modulation leading to
dips in fitted intensity at binding energies of ≈50 meV and ≈100
meV for the outer and inner bands, respectively. This is clearly
visible in normalised difference plots of the fitted intensity at high
and low temperatures (coloured arrows in Fig. 3d, e). The
suppressed spectral weight occurs at the energies at which the
original valence and conduction bands intersect when backfolded
in the low-temperature phase (inset of Fig. 3b). This suggests their
origin is due to a band hybridisation between the backfolded
conduction and valence bands in the CDW state. Spectral
broadening has precluded the observation of such hybridisation
signatures to date; here, it still leads to remnant intensity, with the
spectral weight within the hybridisation gaps not reducing to the
background level, but nonetheless, the characteristic dips in
spectral intensity point to clear evidence for the opening of band
gaps in the electronic structure. Intriguingly, however, our
measurements indicate that these gaps are highly asymmetric,
with a pronounced minimum evident for the outer band, while
only a small dip is observed at the band crossing energies for the
inner valence band.
We will show below that this reflects an orbital- and symmetry-

selective band hybridisation, providing key insight into the
stabilisation of CDW order in ML-TiTe2, and its absence in the
bulk. To demonstrate this, we introduce a minimal 5-band model
capturing the low-energy electronic structure of ML-TiTe2 in the

CDW state (see Methods):

H ¼

e1 0 0 ΔcðθÞ ΔsðθÞ
0 e2 0 Δcðθ� 2π

3 Þ Δsðθ� 2π
3 Þ

0 0 e3 Δcðθ� 4π
3 Þ Δsðθ� 4π

3 Þ
ΔcðθÞ Δcðθ� 2π

3 Þ Δcðθ� 4π
3 Þ hout iλSO

ΔsðθÞ Δsðθ� 2π
3 Þ Δsðθ� 4π

3 Þ �iλSO hin

0
BBBBBB@

1
CCCCCCA
(1)

where ei {i= 1, 2, 3} represent the normal state dispersion of the
elliptical electron pockets centred at neighbouring M points which
are backfolded to Γ in the low-temperature phase (Fig. 1(g)), hi
{i= out, in} are the two hole bands centred at Γ, spin-orbit
coupling (SOC), λSO, is included for the Te-derived hole bands, and
c(x) and s(x) represent cosðxÞ and sinðxÞ, respectively.
The key physics of the resulting band hybridisation between the

backfolded conduction and valence states is included via an
interaction term Δ, whose strength is modulated by angle-
dependent form factors, where θ is the angle of the momentum
vector within the 2D plane, θ ¼ tan�1ðky=kxÞ. We note that Δ here
does not distinguish between different microscopic mechanisms
(e.g. electron–phonon coupling, electron-hole interactions) which
are ultimately required to drive the CDW and associated periodic
lattice distortion. Rather it encodes the changes in the low-energy
electronic structure which result from, and can thus ultimately
enable, such mechanisms to drive formation of a CDW state. The
allowed band structure changes are further strongly constrained
by symmetry, with the angle-dependent form factors in our model
stemming from the particular orbital textures of the valence
states. Along Γ-M, our tight-binding calculations, informed from
our DFT-calculated electronic structure and optimised to match
the experimental normal-state dispersions (see Methods), indicate
that the inner valence band is derived mainly from Te 5px orbitals,
while the outer valence band has a dominant py orbital character,
where x and y are referenced to the global coordinate system (Fig.
4d). Moving away from this direction, the orbital content rotates
such that, for the perpendicular Γ-K direction, the inner band is
predominantly of py character, while the outer band is px-like. The
inner and outer valence bands thus host radial and tangential
orbital textures as shown in the inset of Fig. 4a, b, much like those
recently uncovered in, e.g., topological states of Bi2Se317,18 and

Fig. 2 Temperature-dependent ARPES measurements of ML-TiTe2. Temperature-dependent ARPES measurements of ML-TiTe2 (hν= 15 eV)
along the Γ-M direction and centred at the (a) M and (c) Γ points. b Intensity of the backfolded valence bands extracted from fits to MDCs at
E− EF=− 0.14 eV (along the dashed line in (a)). d Temperature-dependent EDCs extracted at k= 0 (dashed line in (c)). The inset for the 14 K
spectrum in (c) shows a second-derivative analysis of the measured band dispersion.
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Rashba states of BiTeI19. Additionally, including spin-orbit coupling
(SOC) for the Te 5p manifold in our tight-binding modelling leads
only to a partial mixing of the orbital character between the inner
and outer valence bands; the dominant tangential and radial
orbital character remains largely unchanged at the Fermi level (see
Supplementary Fig. 4 for tight-binding calculations including SOC).
We show below that these orbital textures lead to a strong
momentum-dependence of the allowed band hybridisation in the
ordered state of TiTe2.
To demonstrate this, we consider the overlap of the p states

with one of the three backfolded conduction band pockets, e1,
which has predominantly dx0y0 symmetry in the octahedral basis
({x0; y0; z0}, Fig. 4d)15. The situation for the other bands follows from
the threefold rotational symmetry of the system. To understand
the hybridisation, we consider two core symmetries of the normal-
state 1T crystal structure: a mirror plane, m, that is oriented along
Γ-M, and a C2 rotational symmetry axis oriented along Γ-K. The 3
dx0y0 orbital has even parity in both of these (see inset in Fig. 4c),
consistent with the Ag irreducible representation of the electron
pocket at M20. In contrast, the state made from py orbitals on the

two chalcogen sites is even in C2, but odd in m, while the opposite
is true for the px-derived bands (see insets in Fig. 4c).
Considering at the Γ point, where both of these symmetries are

present for the high-temperature 1T crystal structure, the overlap
integrals pxjdx0y0

� �
and hpy jdx0y0 i are strictly zero, as a result of the

opposite parity of these states under the C2 rotation and the
mirror symmetry, respectively. At the CDW transition, however, the
softening of three Au phonon modes (Fig. 1h) leads to a periodic
lattice distortion15 which breaks the mirror symmetry, while
preserving the C2 rotational symmetry (the corresponding atomic
displacements arising from the softening of one of the three
phonon modes are indicated by the black arrows in the insets of
Fig. 4c). The hybridisation of the px- and d-derived states,
px jdx0y0
� �

, remains zero due to the C2 symmetry. However, the
mirror-symmetry enforced constraint of a lack of hybridisation
between the py- and d-derived states in the normal state is relaxed
in the distorted structure. This is evident from our calculated
overlap integrals in Fig. 4c, where the hybridisation matrix
element between py and dx0y0 tesseral harmonics increases linearly
with the amplitude of the atomic displacements within the
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dispersions in (a), shown for the b inner and c outer valence bands. d, e Intensity difference between the MDC fits to the high and low
temperature ARPES spectra (black dots). The green lines are the corresponding intensity difference extracted from the simulated spectra
shown in Fig. 5c, e. The grey and green arrows indicate the energy where the backfolded conduction and valence bands intersect (shown in
the inset from a measurement around the M point).
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periodic lattice distortion, while px jdx0y0
� �

remains zero irrespec-
tive of the atomic displacement.
While these arguments are formally valid only at Γ where both

the symmetries are present, they provide the basis for an
understanding of the band hybridisation throughout the Brillouin
zone, where the C2 (in both the normal and low-temperature
states) and m (in the normal state) symmetries are present along
the entire Γ-K and Γ-M directions, respectively. In particular, they
indicate that new channels for band hybridisation between the
backfolded valence and conduction band pockets are only
opened up by the periodic lattice distortion where conduction
bands of dx0y0 character intersect valence bands of py-orbital
character (and symmetry-equivalent versions of these for the
other conduction band pockets).
Combined with the momentum-dependent orbital textures of

the valence bands discussed above, this significantly constrains
and modulates the hybridisation in the 2D k-space, as captured in
the minimal model of Eq. (1), and shown from our model
calculations in Fig. 5a, b, d. For example, these symmetry
constraints prohibit the hybridisation of the e1 and hin bands,
while a gap would be expected to open at the crossing of the e1
and hout bands. In reality, this strict symmetry protection is
weakened by the inclusion of spin-orbit coupling, which partially
mixes the Te px and py states. As a result, even for the crossing of
e1 and hin, a small gap is opened (SOC is fully included in Fig. 5d;
additional calculations in Supplementary Fig. 5 reveal the strict
protection of the crossing in the absence of SOC). However, the
gap structure remains strongly asymmetric, reflecting the
symmetry-selectivity discussed above, with a density of states
which is extremely similar to the case without SOC (Supplemen-
tary Fig. 5). The overall hybridisation scheme derived from our
model is qualitatively consistent with the results of recent DFT
calculation of ML-TiTe2 in the (2 × 2) phase21,22: although the
energy gap is overestimated in such calculations, they predict a
weakly hybridised band laying in between the CDW gap as in our
model.
To further validate our model and benchmark it against our

experimental data, we simulate the resulting ARPES spectra
expected from these hybridised bands (as described in Methods).
We find a good agreement between our simulated and measured
spectra (Fig. 5c, e) taking Δ= 42 ± 10meV. This is a significantly
weaker interaction strength than for the sister compound ML-
TiSe2, where Δ ≈ 100meV can be directly estimated from the
experimental data16, entirely consistent with the weaker nature of
the instability predicted by our calculations of the lattice dynamics
discussed above (Fig. 1i) and with the lower Tc. Crucially, our
simulated spectra well reproduce the suppression of spectral

weight in the ordered phase identified in fits to MDCs of our
measured spectra (see green lines in Fig. 3d, e), including the
pronounced asymmetry in spectral weight suppression at the
crossing of e1 and hin and hout. This, therefore, provides direct
experimental evidence for the symmetry and orbital-selectivity of
the band hybridisation at the CDW phase transition in ML-TiTe2.

CDW energetics: from monolayer to bulk
Having validated the essential properties of our model, we can use
this to provide new insight on the key question of why the CDW
phase becomes stable in ML-TiTe2, while it is absent for the bulk.
First, we note that there is in fact a significant electronic energy
gain that results from the above band hybridisations at the CDW
transition in the monolayer system. While the hybridisation gaps
along Γ-M occur largely below the Fermi level, at other angles
around the Fermi surface, the gaps open at the Fermi level itself
(Fig. 5a) partially gapping the Fermi surface. Indeed, calculating
the density of states for the normal and hybridised states (Fig. 5f,
shown over an extended energy range in Supplementary Fig. 6) it
is evident how the hybridisation in ML-TiTe2 significantly lowers
the total electronic energy over an extended bandwidth compar-
able to the band overlap in the normal state. We thus conclude
that this electronic energy gain ultimately enables the CDW
transition to occur in ML-TiTe2.
Given this, one might assume that a similar band hybridisation

in the bulk would enable the stabilisation of the CDW there, where
none is known to exist experimentally, nor is one found as an
instability in our DFT calculations (Fig. 1d). However, there are two
key distinctions in bulk TiTe2 as compared to the ML case. First is a
sizeable out-of-plane dispersion of the electronic states, for both
the valence and conduction bands, as shown in Fig. 6a. The
conduction band states yield large Fermi pockets for kz= π/c,
while they are barely occupied for kz= 0. Though the valence
state dispersion is weaker, the Fermi wavevectors nonetheless
exhibit a notable decrease with increasing kz. For a (2 × 2) ordering
as in the monolayer case, the backfolded electron- and hole-like
Fermi pockets are completely mismatched in size, and thus
unlikely to lead to any significant electronic energy gain as for the
monolayer. Even for a (2 × 2 × 2) instability as in the sister
compound TiSe27, the pockets are still significantly mismatched
(Fig. 6a), causing the energies at which the hypothetical
backfolded bands overlap to disperse strongly as a function of
the out-of-plane momentum. Including a hybridisation between
these bands assuming the same orbital texture as found in the
monolayer case again leads to characteristic dips in the DOS, but
these DOS suppressions now move from the occupied to the
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describe the orbital character in the tight-binding calculation within the crystal and octahedral basis, respectively. Below, a schematic of the 5
bands used in the minimal model is shown.
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unoccupied states as a function of the out-of-plane momentum, kz
(Fig. 6b). As a result, this significantly reduces the effectiveness of
the band hybridisation here to lower the total electronic energy of
the system as compared to the normal state as shown in the total
DOS in Fig. 6c.
Moreover, our DFT calculations indicate that the significant out-of-

plane dispersion in fact leads to a kz-dependent band inversion of
the d and p-derived states along the Γ-A direction, of the form known
from other families of TMDs where it generates bulk Dirac points and
topological surface states3. As shown in Fig. 7a, this causes the orbital
character of the inner and outer valence bands to become inverted
between the Γ- and the A-plane, switching approximately mid-way

through the bulk Brillouin zone along kz. In addition, pz character is
also mixed with the px states. The pz orbitals exhibit odd parity with
respect to the C2 axis, forbidding their hybridisation with the electron
pockets as for the px-derived states. The in-plane rotational symmetry
of the pz orbitals is also reflected via an isotropic pz-dominated
character of the outer Fermi surface sheet for kz= 0, shown in
Fig. 7b, c. This suppresses the hybridisation with the electron pockets
even away from the Γ-M direction.
Incorporating all of these effects (kz-induced size mismatch,

switch of orbital selectivity mediated by the band inversion, and
the additional incorporation of pz character) into our minimal
model (see Methods), we obtain a more realistic representation of

Fig. 5 Electronic energy gain from the CDW in ML-TiTe2. a Fermi surface calculated within our minimal model for ML-TiTe2, with three
electron pockets from M backfolded to Γ, but without hybridisation (Δ= 0meV, top). As the hybridisation is turned on (Δ= 42meV, bottom),
the Fermi surface is partially gapped where allowed by symmetry. b, d Bare bands calculated from the minimal model along Γ-M for
Δ= 0meV and Δ= 42meV, respectively, projected onto the character of the original conduction and valence states (blue-yellow colouring).
c, e Comparison between the experimental data and simulated ARPES spectra from the model calculation in (b) and (d), respectively.
f Calculated DOS from the model, indicating the effects of band hybridisation, providing a significant electronic energy gain in the occupied
states (shaded region). Spin-orbit coupling is included for all the shown calculations.
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the hypothetical symmetry-allowed band hybridisation that would
occur if the bulk system were to undergo a (2 × 2 × 2) periodic
lattice distortion. In such a case, taking the same hybridisation
strength as we found for ML-TiTe2, we find that only minimal
changes in the occupied DOS occur as compared to the normal-
state for bulk TiTe2 (Fig. 7d). Our calculations thus demonstrate
that the electronic stabilisation of the CDW phase present in the
monolayer is effectively completely removed in the bulk case.

DISCUSSION
Our work thus points to a key role of orbital-selective band
hybridisation in dictating whether CDW instabilities can occur in
TiTe2. We note that the electronic energy gain resulting from such
band hybridisation is a necessary but not sufficient criterion for
realising the CDW, and there still needs to be a microscopic
interaction which can ultimately trigger the transition. In the sister
compound TiSe2, there has been significant discussion of the
possibility that the transition could be driven by, or strongly
enhanced by, electron-hole interactions, with the resulting CDW
discussed as a possible realisation of an excitonic insulator23–26.
The excitonic mechanism seems unlikely to play a significant role
in the semimetallic telluride case considered here, due to the large
overlap between the conduction and valence bands and the
strong electronic screening that the free carriers provide. This is
expected to significantly suppress the electron-hole interaction,
and is consistent with the persistent metallicity that we find in the
CDW state: the symmetry-allowed band hybridisations lead to
momentum-dependent gap formation at the Fermi level, leaving a
well-defined Fermi surface even in the low-temperature phase.
Together, these factors suggest that the CDW transition studied
here is driven by electron–phonon coupling. This is, however,
strongly entangled with the arguments based on electronic
energy gain here. Indeed, the symmetry of the soft phonon mode
of the parent structure as determined by our DFT calculation
directly constrains the allowed band hybridisation, showing how
new hopping paths are enabled by the corresponding atomic
displacements.
Our experimental measurements and model calculations

indicate how significant electronic energy gains result from such
a band hybridisation for the (2 × 2) lattice distortion in the
monolayer case. However, we have found how these are almost
completely suppressed due to the three-dimensionality, and
associated band inversions, in the bulk case. This provides a
natural picture to explain the emergence of CDW order in
monolayer TiTe2 as well as its intriguing thickness-dependence,
and may bring new insight to understand a recently observed

enhanced CDW order in moiré superlattices of TiTe2-based
heterostructures27. More generally, the model developed here
will provide a natural framework through which to interpret and
understand the low-energy electronic structure evolution in the
sister compounds TiSe2 and ZrTe2, which host the same crystal
structure and similar electronic structures, and where the nature of
their CDW-like order is under intense current debate8,26,28. In this
respect, we note that the smaller coupling parameter determined
here for ML-TiTe2 than is applicable to ML-TiSe216 points to a
weaker microscopic driving force in the telluride system. Further
tailoring the band structure of group IV dichalcogenide mono-
layers by synthesising mixed anion TiTexSe(2−x) compounds would
provide an ideal platform in which to study the transition between
these two regimes, and to determine and disentangle how their
propensity for CDW order is affected by variations in the low
energy band structure and electronic screening.

METHODS
Sample preparation
ML-TiTe2 was grown by molecular beam epitaxy (MBE) on bilayer
graphene-terminated SiC wafers using the method described in
ref. 29. The bilayer graphene termination of the SiC wafer was
achieved by direct current heating of SiC wafers at 1500 ∘C in a
dedicated high-vacuum chamber equipped with a pyrometer to
check the temperature. These substrates were degassed at 600 ∘C
before the growth was commenced. The epitaxy of ML-TiTe2 was
performed in a highly Te-rich environment (Ti:Te flux ratio ~103) at
a substrate temperature of 400 ∘C as measured by a thermocouple
placed behind the substrate. The growth was stopped after 70 min
while the graphene RHEED streaks are still visible (Fig. 8a, b) and
before the onset of bilayer formation, as confirmed from the lack
of any bilayer splitting in our subsequent ARPES measurements of
the electronic structure.
Supplementary Fig. 7 shows the corresponding low-energy

electron diffraction (LEED) pattern of the sample measured after
growth. This shows sharp TiTe2 diffraction peaks in the radial
direction, but with a partial rotational disorder, common in
epitaxial TMD monolayers grown on weakly interacting sub-
strates6. The sample was then capped with Te for 20 min resulting
in a spotty RHEED pattern (Fig. 8c), indicating a crystalline Te layer
completely covering the underlying TiTe2 monolayer. An addi-
tional amorphous Se capping was deposited to protect the Te
layer against oxidation in air, and was deposited until the Te signal
disappeared completely (Fig. 8d). After growth, the film was
capped with an initial Te layer and a subsequent amorphous Se
layer which were removed by in situ annealing in the CASSIOPEE

Fig. 7 Absence of CDW instability in bulk TiTe2. a, b DFT band structure projected onto the atomic p orbitals (red-green colouring) showing
(a) an inversion of the orbital character of the valence bands for the Γ-plane as compared to the A-plane. b Isotropic pz character at the Fermi
level of the outer valence band in the Γ-plane. c Fermi surface of bulk TiTe2 from our minimal model, sliced in the kx− ky plane and including a
hypothetical (2 × 2 × 2) backfolding (i.e. from Γ to L and A to M). The colours indicate the orbital character of the Ti 3d-derived and Te 5p-
derived electron and hole pockets, respectively. d DOS of bulk TiTe2 assuming such a backfolding and symmetry-allowed band hybridisations
of strength Δ= 0meV and Δ= 42meV, indicating negligible electronic energy gain for the CDW state in the bulk.
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endstation at SOLEIL synchrotron immediately prior to performing
ARPES measurements. Additional measurements on bulk TiTe2
single crystals were performed on freshly cleaved single-crystal
samples.

DFT
DFT calculations were performed using the Vienna Ab Initio
Simulation Package (VASP)30–32 in order to investigate the lattice
dynamical properties of TiSe2 and TiTe2 (bulk and monolayer).
The interactions between the core and valence electrons were
described using the projector augmented wave (PAW)
method33, with Ti 3p64s23d2, Se 4s24p4 and Te 5s25p4 treated
as valence electrons. The HSE06 (Heyd-Scuzeria-Ernzerhof)34,35

screened hybrid functional was employed to describe the
exchange and correlation functional. Within HSE06, the
exchange interaction is split into short-range (SR) and long-
range (LR) parts, with 25% of the SR exchange modelled using
the exact non-local Fock exchange and the remainder of the
contributions coming from the PBE (Perdew-Burke-Ernzerhof)36

functional. The hybrid functional calculations are computation-
ally very demanding, but are expected to provide a better
description of structure and phonon frequencies37. The empiri-
cal correction scheme of Grimme’s DFT-D3 method38 was also
employed along with the hybrid functional to model the van der
Waals interactions between the layers, as it has been successful
in accurately describing the geometries of several layered
materials in the past39–41. For the monolayers, a vacuum layer
of 12 Å was included to avoid interaction between the periodic
images. Geometry optimisations were performed by setting the
plane-wave energy cutoff at 350 eV for each structure, alongside
Γ centred k-point meshes of 16 × 16 × 10 (TiSe2-bulk), 16 × 16 × 8
(TiTe2-bulk), and 16 × 16 × 1 for the monolayers. A full relaxation
of atomic positions, cell volume and shape was performed for
the bulk structures until the residual forces acting on all the
atoms were found to be <10−4 eV/Å. The same convergence
criterion for forces was used for relaxing the internal atomic
coordinates of the monolayers. The self-consistent solution to
the Kohn-Sham equations was obtained when the energy
changed by <10−8 eV. The phonon calculations were performed
using the finite-displacement method (FDM)42,43 as implemen-
ted in the Phonopy package44,45. The k-point sampling meshes
were scaled accordingly as appropriate for the supercell
calculations. We also mapped the potential energy curves
spanned by the imaginary frequency modes in the undistorted
structures to estimate the barrier associated with CDW transi-
tion. For this purpose, we used the ModeMap code to create a
series of structures with atomic displacements along the mode
eigenvectors over a range of amplitudes "frozen in". This was
followed by performing single-point energy calculations on the
modulated structures to obtain the double-well potential
spanned by each mode.

Tight-binding
The band structure of ML-TiTe2 was calculated adapting the Slater-
Koster tight-binding model used for TiSe2 in ref. 15. Accordingly,
we defined the orbital basis in the octahedral coordinates {x0y0z0}
in Fig. 4d, considering the three Te 5p orbitals p {p0x ; p

0
y; p

0
z} for each

of the two chalcogen sites (Te(1) and Te(2)), and the five Ti 3d
orbitals dγ {(dx02�y02 ; d3z02�r02 )} and dϵ {(dx0y0 ; dy0z0 ; dx0z0 )}. The
hopping parameters and on-site energies reported in Table 1
were determined by initially fitting the tight-binding model along
M-Γ-K to the DFT band structure, and subsequently refining the
fits using our experimental ARPES data of the undistorted phase
(see Supplementary Fig. 8). An on-site spin-orbit coupling term on
the Te sites is included (λ= 0.38 eV), optimised from fitting the
dispersion on the high temperature ARPES spectrum.

Overlap evaluation
The orbital overlaps in Fig. 4c were calculated considering the
tesseral harmonics of the six Te p orbitals at the vertex of the TiTe6
octahedron defined in the global coordinate system, {x, y, z} and
the Ti dx0y0 orbital at the centre of the TiTe6 octahedron defined in
the octahedral coordinate system fx0y0z0g. The overlap integral
was evaluated numerically on a (121 × 121 × 121) cubic mesh. We
simulate the effect of the phonon mode softening by displacing
the atoms along the direction indicated by the black arrows in Fig.
4c, following the distortion pattern reported for TiSe2 in ref. 7.
Since Ti is lighter that Te, we assume the Ti displacement is 9 times
larger that the Te ones.

Minimal model
As basis for the Hamiltonian in Eq. (1) we choose the five bands
involved in the hybridisation near the Fermi level. The three
electron pockets (ei, i= 1, 2, 3) are parametrised as 2D elliptic
paraboloids, while the two hole bands as circular non-parabolic

Fig. 8 RHEED images of ML-TiTe2 during the film preparation. RHEED images at different steps of the MBE growth of ML-TiTe2 and capping:
a substrate before the growth commence; b after the growth of ML-TiTe2; after the deposition of Te (c) and successive Se (d) capping layer.

Table 1. Tight-binding parameters for ML-TiTe2.

On-site energies (eV)

e(p)=−1.958 e(dϵ)= 0.256 e(dγ)= 0.721

Hopping parameters (eV)

t(ppσ)1= 0.904 t(ppσ)2= 0.581 t(pdσ)=−1.618

t(ppπ)1=−0.139 t(ppπ)2= 0.075 t(pdπ)= 0.992

t(ddσ)=−0.427 t(ddπ)= 0.216 t(ddδ)=−0.070
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bands:

e1 ¼ ec þ μk2x þ νk2y (2)

e2 ¼ ec þ μ � 1
2
kx þ

ffiffiffi
3

p

2
ky

� �2

þ ν �
ffiffiffi
3

p

2
kx � 1

2
ky

� �2

(3)

e3 ¼ ec þ μ � 1
2
kx �

ffiffiffi
3

p

2
ky

� �2

þ ν

ffiffiffi
3

p

2
kx � 1

2
ky

� �2

(4)

hin ¼ eh þ ð
ffiffiffi
2

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ 4αinμink

2
q

Þ=ð2αinÞ (5)

hout ¼ eh þ ð
ffiffiffi
2

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ 4αoutμoutk

2
q

Þ=ð2αoutÞ (6)

where eh and ec are the band minimum energy for the valence
and conduction band respectively; μ and ν are the effective
masses along the major and minor axis of the elliptical parabola,
and αin and αout are the non-parabolic terms for the inner and
outer valence band following the Kane model46. All these
coefficients were determined by fitting the simulated spectrum
with Δ= 0 on the experimental data at T= 160 K shown in Fig. 5c.
In order to extend the model to the bulk case we introduced

and additional cosine dispersion in kz for the onsite energies:

ec ¼ ½ecðLÞ � ecðMÞ�cosðkzÞ þ ½ecðLÞ þ ecðMÞ�=2 (7)

eh ¼ ½ehðΓÞ � ehðAÞ�cosðkzÞ þ ½ehðΓÞ þ ehðAÞ�=2 (8)

where the values of ec at M and L and eh at Γ and A were
determined by fitting the ARPES data in Fig. 6a. To ensure charge
neutrality, a shift of the chemical potential across the CDW
transition was taken into account, simulating how the occupied
DOS depends on the hybridisation strength (Δ) at constant T= 16
K (see Supplementary Fig. 9 for details).

ARPES simulation
The ARPES simulations in Fig. 5c, e were performed taking into
account the intensities of the 5 bands (e1, e2, e3, hin, hout) considered
in the minimal model plus a background with third-order
polynomial along the momentum k and a linear dispersion along
the energy axis ω. Each band intensity IB(k,ω) takes the form of:

IBðk;ωÞ ¼ ½MðkÞAðk;ωÞf ðT ;ωÞ� � RðΔk;ΔωÞ (9)

where M is the matrix element, A is the spectral function, f(T,ω) is
the Fermi Dirac distribution at temperature T. The entire
expression is then convolved with a 2D Gaussian (R) to simulate
the experimental energy and momentum resolution. M depends
on the band character Cb and can be approximated to have a
linear dependence on k:

M ¼
X5
b¼1

mbC
2
bk þ nbC

2
b: (10)

A takes into account the Lorentzian broadening of the band
intensity:

Aðk;ωÞ ¼ Σb

ðω� ebðkÞÞ2 þ Σ2b
(11)

where eb is the bare band dispersion calculated by the minimal
model and Σb is the Lorentzian linewidth which includes both
impurity scattering and an effective broadening due to the
rotational disorder discussed in Supplementary Fig. 7.
For measurements performed at the Brillouin zone centre, the

matrix element can be expected to approximately follow that of
the original valence band character47,48 (dark blue in Fig. 5b, d).
We note that for both the high and low T spectra the band
intensities decrease monotonically from −0.16 eV up to the Fermi
level. Since it is not a temperature-dependent feature we do not

consider it related to the CDW transition, but rather is likely a
matrix element variation. In order to have a better agreement with
the experimental data, we include a temperature-independent
intensity decay, Idec, of the form:

Idec ¼ cos πðω�EiÞ
2ðEf�EiÞ
h i

; if ω � Ei

1; if ω> Ei

(
(12)

where the coefficients Ef and Ei were determined fitting the high-
temperature data and kept constant for all the simulations at
different temperatures. Thus, this contribution is cancelled out
when we calculate the intensity difference between the high and
low-temperature data as in Fig. 3.
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