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Scanning photoemission microscopy (SPEM) and angle-resolved photoemission spectroscopy (ARPES) are
used to investigate the electronic structure of Cu0.33TiSe2 across the charge density wave (CDW) transition.
The electronic structure is found to be largely homogeneous in the normal state above the CDW transition. The
ARPES measurements using a submicron beam size reveal a large electronlike pocket due to the Ti 3d band at
the M point while the Se 4p band at the � point is absent due to electron doping by the intercalated Cu. We have
observed

√
3 × √

3 Fermi surface reconstruction below the CDW transition, in which Ti 3d bands are folded into
a reconstructed BZ rotated by 30◦, making the � and K points equivalent. The results demonstrate the presence
of a

√
3 × √

3 CDW phase in the electronic structure of heavily Cu-intercalated Cu0.33TiSe2. The findings reveal
a platform for investigating the two-dimensional electronic phase in 1T-TiSe2 chalcogenides, which exhibit a
unique interplay between CDW, superconductivity, and excitonic/lattice instabilities.

DOI: 10.1103/dg1f-hm99

I. INTRODUCTION

Highly correlated electron systems are prone to develop
different quantum states, such as superconductivity, charge
density wave (CDW), or spin density wave (SDW) phases.
In particular, a CDW is a spatial modulation of the elec-
tron density associated with local lattice distortions, found in
many two-dimensional superconductors, including transition
metal dichalcogenides (TMDs) [1], intercalated graphite [2],
cuprates [3–5], and pnictides [6]. The influence of external pa-
rameters such as temperature, pressure, and chemical doping
can modulate the underlying interactions, resulting in diverse
and complex phase behaviors. It is of particular interest if
charge order is competing, cooperating, or simply coexisting
with superconductivity [7]. In this context, the question of
the origin of the CDW in 1T-TiSe2 provides an interesting
case to explore the interplay between these quantum states,
thus potentially contributing in resolving similar questions in
strongly correlated materials [8–10]. 1T-TiSe2 belongs to the
family of TMDs and is often regarded as a unique model
system for the study of CDW instability that arises below
∼200 K [11]. The mechanism driving the CDW transition in
this system is highly debated, however, the general consen-
sus is that the CDW phase is stabilized by a combination
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of pseudo-Jahn-Teller effect, supported by the observation of
phonon softening [12–14] and excitonic insulator instability
manifesting as plasmon softening [15–17].

The recent discovery of superconductivity in CuxTiSe2

[18,19] has further enriched the physics of TMDs. In fact,
by applying external pressure, Cu intercalation [20], or sub-
stitution of Ti with Ta or Pd [21–23], the CDW transition
in 1T-TiSe2 is quickly suppressed and superconducting phase
emerges with maximum transition temperature of 4.3 K. The
Cu intercalation has large effect on the CDW transition in
CuxTiSe2 with the regions of miscibility gaps. In particular,
for small Cu intercalation with x < 0.10 (so-called β phase),
the CDW is characterized by 2 × 2 × 2 ordering. Here, the
nesting of the Se 4p hole pockets at the � (A) point and the Ti
3d electron pockets at the M (L) point [24] [see Fig. 1(a)] is
suppressed and superconductivity appears. This is followed by
a miscibility gap, and a so-called γ1 phase which appears for
0.18 � x � 0.24 showing an interlayer ordering of Cu with
2 × 2 × 2 reconstruction without any change in the crystal
and electronic structure of the TiSe2 layer. With further Cu
intercalation, a miscibility gap is followed by a so-called γ2

phase for x > 0.30 showing
√

3 × √
3 × 2 CDW, which is

different from the original CDW state in nondoped TiSe2 [see
Fig. 1(b)] [18,20,25,26]. Superconductivity has not been ob-
served for x > 0.18. In contrast to the well-studied CuxTiSe2

for small intercalation, the highly doped regime is not fully
explored. In particular, information on the electronic structure
of heavily intercalated γ2 phase of CuxTiSe2 is still missing.
Furthermore, one of the open questions to be answered is
whether there is a coexistence of CDW and metallic phases
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FIG. 1. (a) Schematic pictures of the Fermi surface of 1T-TiSe2 in the normal state (left), 2 × 2 CDW state (middle), and
√

3 × √
3 CDW

state (right). In the normal state, the Fermi surface is composed by electronlike pockets at M and holelike pockets at �. In the 2 × 2 CDW state,
the bands at M are folded onto � and vice versa, giving rise to a flowerlike structure at each M (or equivalently �′) high-symmetry points.
Analogously, in the

√
3 × √

3 CDW state, the bands at M are folded into a π/6-rotated BZ, while � and K become equivalent. (b) Crystal
structure of Cu0.33TiSe2 illustrated by VESTA [39] for the low temperature γ2 phase, where interlayer Cu ions are ordered.

due to mobility of intercalated Cu in the same spatial region of
the system, or if these phases are distributed in some complex
topological order.

Angle resolved photoemission spectroscopy (ARPES) is an
ideal tool to study CDW order and many-body interactions, as
it provides direct access to the quasiparticle band structure.
Earlier ARPES studies on CuxTiSe2 have been focused on
small Cu intercalation providing important information on
the evolution of electronic structure and CDW across the
superconducting dome of this system [27–29]. In conjunction
with space resolution ARPES has emerged as a powerful
tool in probing the intrinsic electronic structure of quan-
tum materials. Indeed, space-resolved ARPES, combined with
scanning photoelectron microscopy (SPEM), has revealed
domain-dependent electronic structures of various materials
exhibiting coexisting phases at the nanoscale to microscale
[30–36]. Here, we have used space-resolved ARPES measure-
ments on Cu0.33TiSe2 across the known CDW transition to
address the missing information on the electronic structure at
high Cu intercalation in 1T-TiSe2. The ARPES measurements
using submicron beam size have permitted us to reveal direct
evidence of

√
3 × √

3 CDW in the electronic structure of the
γ2 phase of Cu0.33TiSe2. The majority of the system is homo-
geneous, however, the peculiar Fermi surface reconstruction
indicates some electronic inhomogeneity due to mobile Cu
atoms. On the other hand, the system exhibits the usual Fermi
surface with large electron pockets in the normal phase above
the CDW transition temperature. Apart from providing infor-
mation on the electronic structure of the γ2 phase, the results
show a clear evidence of

√
3 × √

3 CDW reconstruction in
heavily intercalated 1T-TiSe2 dichalcogenide.

II. EXPERIMENTAL DETAILS

Single crystals of Cu0.33TiSe2 were synthesized follow-
ing the growth method reported in a previous study [37].
In particular, conventional tube synthesis was employed as
the primary technique for preparing polycrystalline samples.

These samples were synthesized through the diffusion solid-
phase intercalation of metallic copper into the preliminarily
synthesized TiSe2. For the intercalation process, a high-purity
Cu (99.99%) was utilized. The intercalation reaction was
conducted at 950 ◦C within evacuated (to a residual pressure
of 10−5 Torr) silica glass tubes. Small copper grains were
employed to obtain homogeneous material, and further ho-
mogenization was carried out by grinding, mixing, pressing,
and subsequent annealing at the same temperature. Single
crystals were synthesized using the vapor transport reaction
method within evacuated quartz ampoules with the CuxTiSe2

powders served as the initial materials. A flow of substance
occurred from the hot (1000 ◦C) to the cold (600 ◦C) edge of
the ampoule. The resulting single crystals exhibited a platelike
morphology with varying size. The amount of Cu in CuxTiSe2

was determined by synchrotron x-ray diffraction (XRD)
analysis [38].

The space-resolved ARPES and scanning photoelectron
microscopy (SPEM) measurements were carried out at the
spectromicroscopy beamline of Elettra synchrotron radiation
facility in Trieste, Italy [40]. For the present measurements,
linearly polarized light of energy hν = 27 eV was used, fo-
cused using a Schwarzschild optics down to a 500 × 500 nm2

beam spot. Fermi surface mapping was carried out by chang-
ing the position of electron energy analyzer with the photon
beam and the sample position fixed. The sample was cleaved
in situ at 30 K in ultrahigh vacuum (<10−10 mbar) to obtain a
clean surface. The total energy resolution was about 50 meV
while the angle resolution was 1°. All the measurements were
carried out within 12 hours after the sample cleavage.

III. COMPUTATIONAL DETAILS

Density functional theory (DFT) calculations were car-
ried out using the WIEN2k 23.2 code [41] based on the
full-potential linearized augmented plane wave plus local
orbitals (FP-LAPW + lo) method. The exchange-correlation
energy of the electrons was evaluated within the framework of
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(a) (b)

FIG. 2. Scanning photoelectron microscopy (SPEM) maps of Cu0.33TiSe2 measured at 30 K using an incident photon energy of hν = 27 eV.
The maps were acquired with normal emission near the � point of the BZ. In particular, (a) represents an overview of the sample with a spatial
resolution of 2 × 2 µm2, while (b) is a zoom image on the region bounded by a green rectangle in (a), with the spatial resolution of 1 × 1 µm2.
Both images were obtained by integrating photoemission intensities within −3.0 eV � E − EF � 0.2 eV.

the generalized gradient approximation (GGA) as formulated
by Perdew, Burke, and Ernzerhof (PBE) [42]. To account
for the on-site Coulomb interaction in the Ti 3d orbitals,
the calculations were performed with an effective Hubbard
parameter U = 3.5 eV applied to Ti atoms [43,44]. The com-
putations were performed on a supercell of

√
3 × √

3 × 2
of Cu0.33TiSe2. The initial crystal structure was taken from
diffraction data [38] and subsequently relaxed until all atomic
forces were below 0.5 mRy/atom. As such, the valence wave
functions within the Muffin-Tin spheres were expanded up to
Lmax = 10 and the charge density was Fourier expanded up
to Gmax = 16. The Brillouin zone for the self-consistent field
calculation (scf) was sampled using a 6 × 6 × 3k-point grid,
following the Monkhorst-Pack scheme [45]. The energy cut
off for the separation of valence and core electrons was set at
−6.0 Ry, while the cutoff parameter RMTKmax was set to 6.5,
where RMT is the smallest radius among all atomic spheres,
and Kmax determines the truncation of the reciprocal lattice
expansion of the wave functions in the interstitial region. The
selected RMT values for Se, Ti, and Cu atoms were 2.35,
2.40, and 2.47 a.u., respectively. The convergence criterion
for energy was established at 10−4 Ry per unit cell. The
unfolded band structure of the supercell was obtained using
the fold2Bloch code [46], which allows projection onto the
Brillouin zone of the primitive cell. Similar computational
details were utilized in a previous study [38].

IV. RESULTS AND DISCUSSIONS

Figure 2 shows SPEM maps measured at 30 K on
Cu0.33TiSe2 with normal emission geometry corresponding to
the � point of the Brillouin zone (BZ). The maps are obtained
by integrating photoemission intensities within −3.0 eV �
E − EF � 0.2 eV where E − EF represents the energy rel-
ative to the Fermi level (EF ). The sample has a large flat
surface, indicating a very good cleavage. The majority of the
sample exhibits a homogeneous electronic structure within
the employed space resolution (2 × 2 µm2). However, some
contrast can be seen in the map obtained by doubling the spa-
tial resolution [Fig. 2(b)] indicating electronic inhomogeneity,
also evident in Fig. S1 (see the Supplemental Material [47]).
This contrast is most likely due to small differences in the

spatial distribution of Cu intercalation. Incidentally, electronic
inhomogeneities at smaller length scales have been reported
by STM experiments on samples with small Cu intercalation,
underlining existence of domains that are widespread with
increasing Cu [48–50]. Therefore, it may not be surprising
to see such electronic domains with small difference in Cu
content also in heavily doped system.

In order to investigate the band structure and the Fermi-
ology, we have performed ARPES measurements using
submicron beam size (500 nm) on the bright and dark re-
gions of Fig. 2(b). In the parent 1T-TiSe2, one expects to see
electronlike bands near the M (or equivalently L) point of the
Brillouin zone (BZ) and holelike band near the � point [51].
The Fermi surface nesting or excitonic coupling between the
electronlike (Ti 3d) and holelike (Se 4p) bands drives the
system to a 2 × 2 × 2 CDW state with corresponding band
folding [see Fig. 1(a)]. The effect of Cu intercalation is to
expand the electronlike Ti 3d pockets near the M point and
to suppress the 2 × 2 × 2 CDW phase.

The segmented ARPES maps at different binding energies
are presented in Fig. 3(a). The Fermi surface shape at 30 K,
reproduced in Fig. 3(b), is not compatible with a 2 × 2 CDW
phase, nor with the one of the normal phase. Instead, it seems
similar to a phase with

√
3 × √

3 CDW, where the Ti 3d bands
are folded onto a reconstructed BZ rotated by 30◦ with respect
to the original, as shown pictorially in Fig. 1(a). Specifically,
the original and folded Ti 3d bands are supposed to inter-
sect at the K ′ high-symmetry points of the reconstructed BZ,
resulting in missing segments due to suppresion of spectral
weight at these points. Apparently, the Fermi surface shape
in Fig. 3(b) suggests the system is in

√
3 × √

3 CDW phase.
Using synchrotron x-ray diffraction, Kitou et al. [38] have
concluded that the CDW in the γ2 phase is a cooperative
phenomenon with a significant role played by Cu ordering.
The findings of this study are consistent with Kitou et al. [38].
Indeed, the CDW in the γ2 phase appears to be multifactorial,
with excitonic correlations expected to be diminished due to
electron screening. Nevertheless, structural instabilities per-
sist, potentially coupling to the periodic potential introduced
by Cu ordering. The ARPES results employing a submicron
beam size provide evidence for this scenario: they reveal
the coexistence of distinct domains with varying electronic

035146-3



G. TOMASSUCCI et al. PHYSICAL REVIEW B 113, 035146 (2026)

FIG. 3. (a) Series of segmented ARPES intensity maps at different binding energies, obtained using 27 eV photons at 30 K, where the
system is in the CDW state. (b) Fermi surface map showcasing a

√
3 × √

3 reconstruction of BZ with a peculiar folding of the electronic
bands. (c) Intensity at 0.8 eV below the Fermi level. The original BZ is depicted in white, while the reconstructed one is represented in red.

configurations, implying that Cu ordering, lattice fluctuations,
and residual correlation effects cooperate to generate a com-
plex, mixed-phase electronic landscape.

The band structure along the � − M − K − � cut of the
BZ is shown in Fig. 4(a). The measured band structure of
Cu0.33TiSe2 seems complex due to large electron doping and√

3 × √
3 CDW reconstruction. Notably, the holelike bands

at the � points of the BZ are significantly shifted to higher
binding energies due to large electron doping from the inter-
calated Cu. The band structure is largely compatible with a√

3 × √
3 CDW reconstruction, where the holelike bands at

� are folded onto the K point of the BZ. At EF , we thus find
Se 4p bands at � and K (which are equivalent due to the re-
construction), while electronlike bands of Ti 3d character are
found at K ′. Below EF , we can see electronlike bands centered
at M, with a minimum located at ∼−1 eV. Additionally, flat
bands are noticeable at around −2 eV between the K and M ′
points.

The measured band structure is largely reproduced by the
DFT calculations for

√
3 × √

3 CDW reconstruction, depicted
in Fig. 4. The majority of the features are well captured,
however, there are some bands appearing in the experiment
that do not show up in the DFT calculations. The theoretically
predicted electron pockets at K ′ are not observed, suggesting
excitonic or lattice fluctuations which are not incorporated in
the calculations. In addition, the electronlike band centered at
� with a minimum around −1.5 eV could not be reproduced
in the calculations for a homogeneous phase with x=0.33. In-
cidentally, DFT calculations for CuxTiSe2 at lower Cu content
(x = 0.11) shows a clear electronlike band at this energy [52],
surviving for x as high as 0.18. Similarly, an electronlike fea-
ture along �-M ′, which is absent in the calculation performed
for a homogeneous phase, however, is present for heavily
intercalated CuxTiSe2 (x=0.5) where local disotortion appear
to show an electronlike band [53]. Therefore, it is likely that
the bands at � with a minimum around −1.5 eV and the
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FIG. 4. (a) ARPES spectra of Cu0.33TiSe2 at 30 K along the high-symmetry direction � − M − K − � which is shown by an orange dashed
curve in (b). The computed band structure is superimposed upon the experimental data. The symbol size is proportional to the spectral weight
as shown by the color bar.

spectral weight along �-M ′ near the Fermi level are coming
from the coexisting phases at submicron scale with differing
Cu content. The inhomogeneity may be justified by the high
mobility of the intercalated Cu atoms in the system, lead-
ing to various domains within the region illuminated by the
beam, each characterized by different Cu concentrations and
resulting in different reconstructions. As mentioned earlier,
the intrinsic electronic inhomogeneity, has also been seen by
a series of STM studies in Cu-intercalated TiSe2 [48–50]. The
intrinsic inhomogeneity of Cu distribution was further verified
by space resolved micro x-ray absorption spectroscopy (μ-
XAS) on the same area of the single crystal measured in this
work. Here, we do not rule out a small discrepancy due to
surface nature of the observed states as the DFT calculations
are performed for a bulk crystal. Nevertheless, it is clear that
the majority of the system is in the

√
3 × √

3 CDW phase.
As such, even though the Fermi surface nesting condition is
degraded by the electron doping, the band folding can survive.

In order to explore the electronic structure in the normal
state, we have performed the measurements at 250 K. The
SPEM images at 250 K (Fig. S2 in the Supplemental Mate-
rial [47]) appears homogeneous with minimal contributions
from bands at the � point with majority of the contribution
at EF originating from bands at the M point. The ARPES
measurements in the normal state (Fig. S3 in the Supplemental
Material [47]) show a Fermi surface dominated by Ti 3d
bands at the M point, while the Se 4p bands at the � are
absent. The system regains the electronic structure of the
pristine TiSe2 [51], however, with the large electron pockets
at the M point while the holelike band at � are pushed down.
We should mention that the same measurements were per-
formed at bright and dark regions, however, within the current
energy resolution they led to similar results for the Fermi
surface and the band structure (Fig. S3 in the Supplemental
Material [47]).

V. CONCLUSIONS

In summary, we have investigated the electronic struc-
ture of heavily Cu intercalated CuxTiSe2 by space-resolved
photoemission spectroscopy. The ARPES measurements with
submicron beam reveals large electron pockets at the M point
due to Ti 3d orbitals, while the Se 4p bands at the � point
are absent at the Fermi surface consistent with heavy elec-
tron doping by the Cu intercalation. In the CDW phase at
low temperature we find

√
3 × √

3 CDW in Cu0.33TiSe2 with
signatures of some electronic inhomogeneity. This suggests a
phase where the Ti 3d bands are folded into a reconstructed
Brillouin zone, rotated by 30 ◦C, making the � and K high
symmetry points equivalent. Six Fermi pockets at M’ are
clearly observed. The comparison with the DFT results sug-
gests possible excitonic or lattice fluctuations. The metallic
CDW state identified in the present work is in sharp contrast
to the excitonic insulating state in 1T-TiSe2 and provides a
playground of two dimensional electronic state with possible
excitonic/lattice instabilities.
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