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By using angle-resolved photoemission spectroscopy combined with the first-principles electronics
atructure calculations, we report the quantum well states at the surface of a single crystal 2H-TaSe2.
We observed sub-bands at the three-dimensional Brillouin zone center forming the quantized states
due to its highly dispersive nature and light effective mass along kz direction. The quantized sub-
bands shift upward towards EF with the decrease of temperature across TCDW. The band shift could
not be explained by two-dimensional Fermi-surface nesting-driven charge density waves(CDW), nor
by purely strong electron-phonon coupling only. The CDW in 2H-TaSe2 is likely related to the
bands at higher binding energy, and the CDW mechanism could be explained by the excitons, and
our observation gives support to this scenario.

I. INTRODUCTION

Manipulation of two-dimensional electron gas
(2DEGS) has recently drawn considerable interest[1–4].
As a mechanism for tailoring the many-body interactions,
2DEGS was embodied in the interface of semiconductors
[5–7], metal-films [8–10]. This has attracted a lot of inter-
est due to observation of high electron mobility[11, 12],
quantum Hall effect [13, 14], superconductivity [15]
and large magnetoresistance [16], etc. In spite of the
complicated and diverse microscopic origin, the 2DEGS
are generally caused by the confinement of electrons
along one dimension, for example, by the depletion of
charge carriers close to the surface and then induce
a band-bending to confine the electrons into 2DEGS
[17]. Due to the shielding effect of good conductors,
it is difficult to acheive 2DEG in metals. Monolayer
transition metal dichalcogenides (TMDs) MX2 ( M =
Mo, W; X = S, Se) represent a natural host for 2DEGS
[18].

The CDW is a controversial topic in quasi-two-
dimensional TMDs since their discovery over the past
few decades. On one hand, neither a weak-coupling ap-
proach nor strong coupling mean-field models, e.g. the
Fermi surface(FS) nesting [19–21], saddle point [22–24],
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local chemical bonds [25, 26], and excitonic insulator [27–
29], can explain the driving mechanism of the CDW in
TMDs. The presence of substantial lattice distortion in
the ordered phase, however, also points to the signifi-
cance of electronic-phonon coupling[30, 31]. On the other
hand, there is coexistence or competition between the
CDW and superconductivity [32, 33], in different crys-
tal structures. Thus the mechanism of CDW remains a
challenge.

2H-TaSe2 is an interesting TMDs with the interplay
of CDW and superconductivity when Se is substituted
with S [32]. It consists of three-atom-thick chalcogen-
transition metal-chalcogen sandwiches and its unit cell
can be considered as two layers of Ta-Se with a 60◦ ro-
tation with van der Waals’ force in adjoining layers [32].
2H-TaSe2 undergoes a second-order transition from nor-
mal phase to an incommensurate ordered phase at T =
122 K, followed by a first-order lock-in transition to a
3×3 commensurate phase at TCDW = 90 K. [32, 34] The
CDW in 2H-TaSe2 has been investigated experimentally
by ARPES, STM, transport measurement, neutron scat-
tering [20, 21, 34–43], and band structure calculations
[44–46]. The susceptibility calculation from the low en-
ergy bands (or FSs) disagrees with the CDW wave vectors
in TMDS and excludes the FS nesting as a driven force
[31, 44]. The strong electron-phonon coupling with wave-
vector-dependent electron-phonon matrix elements [47]
and a new type of collective excitation [36] as the con-
densation of preformed excitons [48] are proposed, but
further evidence is needed.
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In this Letter, we report an ARPES study of the elec-
tronic structure of the 2H-TaSe2 with various photon en-
ergies in both the compensate CDW state and normal
state. In addition to the 2D-like band structure reported
before, we observe a quantum well state induced by the
intrinsic band structure at Brillouin zone center (Γ) be-
low EF in 2H-TaSe2 single crystal for the first time. It
is formed by a band adjacent to EF present in the bulk
band calculation but not in the ARPES measurement.
The combination of near-surface band bending potential
created by the rearrangement of surface electrons, which
is mostly observed in semiconductors [17], and the light
effective mass along kz direction, cause the quantization
along c-axis and formation of the 2D manifold sub-bands
at the surface. With the decrease of temperature be-
low TCDW, the 2D sub-bands shifted upward while other
bands show no noticeable change. Both the pseudogap
and the abnormal band shift in 2H-TaSe2 could be ex-
plained by the model of Preformed Excitonic Liquid [48].

II. MATERIALS AND METHODS

Single crystals of 2H-TaSe2 were grown by the iodine
vapor transport method. The element analysis and trans-
port measurement of samples indicate the high quality
of crystals in this paper [32]. ARPES measurement was
performed at the Dreamline beamline of the Shanghai
Synchrotron Radiation Facility with a Scienta D80 ana-
lyzer and at the SIS-HRPES beamline of the Swiss Light
Source with a Scienta R4000 analyzer. The energy and
angular resolutions were better than 15 meV and 0.2◦,
respectively. The sample for the ARPES measurements
are cleaved in situ along (001) direction in a vacuum
better than 5 × 10−11 Torr. Normal and CDW phases
measurements are taken at T = 150 K and T = 20 K,
respectively. The electronic structure of 2H-TaSe2 was
studied by using first-principles calculations with the pro-
jector augmented wave (PAW) method [49, 50] as imple-
mented in the VASP package [51–53]. For the exchange-
correlation functional, the generalized gradient approx-
imation (GGA) of the Perdew-Burke-Ernzerhof (PBE)
formula [54] was adopted. The kinetic energy cutoff of
the plane-wave basis was set to be 300 eV. A 16× 16× 4
k-point mesh was utilized for the Brillouin zone (BZ) sam-
pling and the Fermi surface was broadened by the Gaus-
sian smearing method with a width of 0.05 eV. The vdW
interactions between the TaSe2 layers were considered by
adopting the optB86b-vdW functional [55]. The lattice
parameters and internal atomic positions were fully re-
laxed until the forces on all atoms were smaller than
0.01 V/ Å. After the equilibrium structures obtained,
the electronic structures were calculated by including the
spin-orbit-coupling (SOC) effect. In the slab calculation,
a two-dimensional (2D) supercell with a 21-layer TaSe2
slab and a 20-A vacuum was employed.

III. RESULTS AND DISCUSSION

Figure 1. (Color Online) Brillouin zone and Fermi surface of
2H-TaSe2. (a) 3D bulk BZ with marked high-symmetry points
and a colored high symmetry plane. (b) Calculated bulk band
structure along high-symmetry lines including SOC. Three
near-EF bands are denoted as α, β and γ, respectively. (c),
(d) Integrated intensity plots within EF ± 10 meV at T = 20
K and 150 K to show the FS topology, obtained with hν = 50
eV showing the colored plane indicated in (a), corresponding
to CDW and normal phase, respectively. (e) The extracted
ARPES mapping in the normal state. Marked cuts # 1 and
# 2 indicate the momentum locations of the measured bands
in Fig. 3.

The schematic bulk BZ is presented in Fig. 1(a). We
performed the band calculation along high symmetry
lines of bulk, as shown in Fig. 1(b). Two Ta d bands,
split by the bi-(Ta-Se) layers, labeled as α and β, cross-
ing EF along high symmetry lines are shown in Fig. 1(b)
[44, 46]. Fig. 1(c) and Fig. 1(d) demonstrate the FS
topologies of 2H-TaSe2 at temperature below (T = 20
K) and above (T = 150 K) commensurate CDW transi-
tion temperature, respectively, with photon energy hν =
50 eV. This corresponds to the Γ-M-K plane and is indi-
cated as the color plane in Fig. 1(a). we observe the two
hole-pockets centered at Γ and K, respectively, and a
“dog-bone” shaped electron-pockets centered at M in the
normal state (Fig.1(d)). A “pseudogap” of unclear origin
has been reported at K-centered FS by the suppression
of the spectral weight at T ≫ TCDW [20, 21]. At the low
temperature in the commensurate CDW (CCDW) state,
as illustrated in Figs. 1(c), the K-pocket completely loses
its weight at EF , whereas the M-pocket is only partially
gaped, forming triangular FS pockets. We extract the
Fermi wave vectors from the ARPES experimental data
above TCDW and plot them in Fig. 1(e). Our FS data are
in agreement with early studies [20, 21, 35, 56], exclud-
ing the finite energy resolution and thermal broadening
effects.

The temperature dependence of the gaps are shown in
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Figure 2. (Color online) Temperature dependence of band
gap. (a) The band dispersion along the direction of K-M-
K at T = 10K, ∆ is the CDW gap. (b) Same as (a), but
displayed at T = 160K. (c,d) The temperature dependence
of symmetrized EDCs along the momentum marked by #a
and #b, respectively. (e) The extracted band gap (∆) as a
function of temperature.

Fig. 2. Fig. 2(a) and Fig. 2(b) show the intensity plot
along K-M-K at the CDW (T = 10 K) and normal state
(T = 160 K), respectively. From the plots, we can see a
band across EF at #a, which forms the dog-bone shaped
FS around M point both at the CDW and normal states,
with no gap opening observed. For the band close to #b,
which forms the circular FS around K point in Fig. 1,
shows a clear bending back and a gap feature at low tem-
perature, as shown in Fig. 2(a). At the normal state,
the intensity becomes faint but the back bending and
the gap feature remains. To illustrate the gap evolution,
the symmetrized energy distribution curves (EDCs) at
the crossing points are shown in Fig. 2(c) and Fig. 2(d)
for crossing point #a and #b, respectively. For #a, the
symmetrized EDCs show a small peak centered at EF .
The intensity decreases with the increase of temperature
and diminishes at around 90 K. For #b, the symmetrized
EDC shows a clear double peak feature at low temper-
ature, suggesting a CDW gap of about ∼ 90 ± 10 meV.
With the increase in temperature, the peak intensity de-
creases but the gap remains across the TCDW, forming
a “pseudogap” up to room temperature. We extracted
the full gap (2∆) from the separation of two symmetrical
quasiparticle (QP) peaks, and plotted the gap values at
different temperatures in Fig 2(e). The maximum CDW
gap 90±10 meV fits well in the previous STM measure-
ments [39], decreases with temperature but persists above
the TCDW.

The in-plane band dispersion along high symmetry di-
rections are shown in Fig. 3. Two major momentum cuts
(Γ-M and Γ-K) with photon energies hν = 50 eV (kz = 0),
indicated as cuts #1 and #2 in Fig. 1(e), are shown re-
spectively. Along the Γ-M direction, we observed a hole-

like band across EF at both below and above the TCDW.
According to the bulk band calculation, two bands (α, β)
across EF along Γ-M, and are nearly degenerate along
A-L. From Fig. 3(a) and 3(b), the two bands are nearly
degenerate and only become separable near M point at
about EB ∼ 300-400 meV. No observable change near
EF (band shifts or gap opening) is identified through the
CDW transition along this direction. There has been
reported a 3×3 reconstruction below TCDW [21] in 2H-
TaSe2 and some faint shadow bands could be barely seen
in the second derivative plots. The agreement between
the ARPES results along Γ-K (3(f)–3(j)) and the bulk
band calculation is similar as those along Γ-M, except
the opening of CDW gap close to K point.

A major difference between the observation and the
bulk band calculation is the existence of quantized states
from the “missing” γ band which was not experimentally
reported before. In the bulk band structure calculation
[blue ellipse in Fig.1(b)], there is a hole-like band near the
Brillouin zone center close to EF . Instead, we observe
several replica bands with the band top at about EB ≈
460 meV below EF , which can be visualized from the 2D
intensity plot (Fig. 3(a), 3(d), 3(f) and 3(i)) and the corre-
sponding second derivative plot (3(b), 3(e), 3(g) and 3(j)).
We attribute the quantized states to the surface bands
caused by the breaking of translation symmetry along
the c-axis, and the light effective mass of the band along
this direction (Γ-A). The topmost few layers/vacuum in-
terfaces could induce a spatial redistribution of carriers,
leading to the bending of the electronic bands relative to
the Fermi level, [17] and form a quantum well near the
sample surface. To estimate the γ band dispersion along
kz, we plot the ARPES intensity data in Fig. 4(c), and
estimate the band dispersion with the influence of quan-
tization. The effective mass m∗

z ≈ 0.06me is extracted
from a parabolic fit to the dispersion. We also note
that the in-plane band mass estimated from the band
dispersion along kx and ky are approximately 0.23me

and 0.31me, respectively, much higher than that along
kz. The surface quantizations are caused by downward
shift of the near-surface band potential, which thus con-
fine the electronic-state-wavefunction along kz-direction,
forming the 2D like quantized in-plane bands, similar to
SrTiO3, InN and PtSe2 [2, 6, 57].

In order to study the band structure under the influ-
ence of surface band bending, we performed the band
structure calculations with a 21-layer slab, and we plot
the results along with high symmetry lines in Fig. 3(c)
and 3(h), respectively. The slab calculation reproduces
the sub-bands qualitatively in agreement with our exper-
imental results. The separations of γ subbands are more
pronounced than other bands, in agreement with the ob-
servations. This larger separation is due to the lower
effective mass along the quantization dimension (c-axis),
which can be seen from the dispersion along Γ–A in the
bulk band calculation.

To quantitatively study the relationship between the
band structure close to the Fermi level and the CDW
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Figure 3. (Color online) Electronic structure along high-symmetry cuts. (a),(b) Intensity plot and the corresponding second
derivative plot along the Γ-M direction (cut #1 in Fig. 1(e)) at T = 20 K, the black dotted-lines are guides to the eye. (c) slab
calculation along Γ-M. (d),(e) Same as (a),(b), but recorded along the Γ-M direction at T = 150 K. (f),(g) Intensity plot and
corresponding second derivative plot along Γ-K direction ( cut #2 in Fig.1(e) ) at T = 20 K. (h)Slab calculations along Γ-K.
(i),(j) Same as (f),(g) recorded at T = 150 K. (k),(l) EDC plots in CDW and normal phase at the momentum marked by ’1’
and ’2’ in Fig .3(a) and Fig .3(d), respectively.

transition, we have traced the three bands, α, β and γ as
noted in bulk band calculation in Fig. 1(b), to view their
changes with temperature. The measured CDW/normal
state band dispersions are illustrated in Fig. 3(a)/3(d)
and Fig. 3(f)/3(i), along Γ-M and Γ-K, respectively. At
the low temperature, in spite of the shadow bands caused
by the 3×3 reconstruction and the opening of CDW gaps
close to EF along near K point, the bands show no no-
ticeable energy shift compared with the normal state. In
contrast, the quantized γ sub-bands, show down shifts
with the temperature increase. The binding energy of the
topmost sub-band shift downward about 30 meV, from
EB ≈ 427 meV at T = 20 K to EB ≈ 461 meV at T = 150
K which is beyond the experimental resolution, and so
are the following sub-bands. In order to compare the en-
ergy shift of the bands, we overlay the EDCs at below and
above TCDW at points marked as ‘1’ and ‘2’ in Fig. 3(a)
and 3(d), and the comparisons are shown in Fig. 3(k) and
Fig. 3(l), respectively. From Fig. 3(k), no energy shift is
observed across the TCDW for α and β bands at High
symmetry M point, while the quantized sub-bands of γ

show a clear shift with temperature changes.
We further perform the kz-dependent measurements

in ΓM–AL plane by varying the photon energy, covering
more than one BZ along kz. Fig. 4(a) shows the inte-
grated spectra intensity plot around EF as a function of
kx and kz, defined as cut #1 in Fig. 1(e). The α, β bands
are nearly degenerate and show little dispersion along kz,
suggesting 2D like characters of the bands. We also show
the band dispersion along M–L and Γ–A, labeled as cut
#3 and cut #4, in Fig. 4(b) and 4(c), respectively. The
kz value was converted with the inner potential V0 =
17 eV empirically to best fit the dispersion. Fig. 4(b)
shows the ARPES intensity plot along the M–L line, the
“dips” and “peaks” of the band structures confirm the
periodic variation of electronic states. The insets show
EDCs at high symmetry points (i.e. M and L), with the
splitting of α and β bands at M and nearly degenerate
at L, in agreement with the bulk band calculation shown
in Fig. 1(b).

Fig. 4(c) shows the intensity plot along the Γ–A–Γ line
over more than two BZs. Besides the flat dispersionless
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Figure 4. (Color online) Photon-energy-dependent band dis-
persion of 2H-TaSe2. (a)integrated ARPES intensity map
within EF± 10 meV in the hν − k∥ plane , where k∥ is ori-
ented along the Γ-M (A-L) direction, recorded with various
photon energies. (b) ARPES intensity plot along the M − L
direction, from cut #3 in Fig. 4(a), the markers are guide to
eyes. Insets show multiple Guassian peaks fit to the EDCs
at high symmetry points M and L, respectively. (c) ARPES
intensity plot along the Γ − A direction, cut #4, taken with
photon energies covering a kz range over 2 BZs. Inset shows
a zoom in second derivative plot at Γ point.

band located about 1 eV below EF , the most striking fea-
ture is a dispersive band around Γ, with an energy range
between 0.5–0.9 eV. Closer investigation shows quantized
energy levels around Γ, with the band top about 430–460
meV below EF , in agreement with the in-plane observa-
tions. Due to the existence of quantized states, we can
only roughly estimate the band dispersion and extract
the band mass along kz direction m∗

z ≈ 0.06me, much
lighter than those in-plane values. Hence, in consider-
ation of the photon-energy dependence, the dispersions
of 2H-TaSe2 is strong. Most of the time, the 2H-TaSe2
was considered as a quasi-2D system, and the CDW is
studied in a two-dimensional approach. Our data sug-
gest that a simple two-dimensional approximation may
not be sufficient.

It has been a long-standing puzzle that the γ band is
absent and only two hole-like bands centered in BZ cen-
ter are observed in. For a band with fast dispersion and
light effective mass along the c-axis, the band bending ef-
fect, which is caused by the breaking of translation sym-
metry at the surface, will make the quantization more
observable and hinder the observation of the bulk band.
From the bulk band calculation (Fig. 1(b)), in compari-
son with other bands, the γ band disperses rapidly along
Γ–A, with relatively flat in-plane dispersion and higher
effective mass. To quantitatively study the surface quan-
tization, the slab calculation with 21 layers of TaSe2 and
the band dispersions are shown in Fig. 3(c) and 3(h),
respectively. With the quantization, the quantum well
states are located at higher binding energies than the
bulk band calculation, in agreement with the experimen-
tal observation. In contrast, the quantization of α, β

bands are not as clear as of γ band due to slower dis-
persion and higher effective mass along the c–axis. This
can be seen from the less separation of the states in the
slab calculations. From the comparison between the bulk
band and the slab calculations, in addition to the consis-
tency between ARPES measurement and slab calculation,
we safely “recover a missing” bulk band in 2H-TaSe2 as
an isotropic, a near flat in-plane band close EF centered
on 3D BZ center, with fast dispersion along kz.

The mechanism of CDW in TMDs remains a puz-
zle due to its complexity. The weak coupling 2D FS-
nesting assumption has failed since there is no clear con-
nection of FSs with the CDW vector (QCDW = 2

3 ΓM
). FS nesting with 3D wave vector is proposed to ex-
plain the CDW in VSe2 with a sizable variation of bands
along kz [58, 59]. Exciton condensation has been ap-
plied to understand the CDW in 1T- TiSe2 [29, 60].
Strong electron-phonon coupling[47] and scattering be-
tween saddle points were proposed to understand the
mechanism in 2H- TaSe2 [22–24], but pseudogap [20, 21],
quasiparticle self-energy[36],and temperature dependent
dc resistivity[34, 43] are still not fully understood. Pre-
formed excitonic liquid theory explained the aforemen-
tioned physics well, but the lack of any signature of
carrier-lattice coupling in previous ARPES suggests that
the CDW is dominantly electronically driven in 2H-TaSe2
[48].

In our observation, during the CDW transition (TCDW

= 90 K), the band positions of α, β bands remain stable
within the energy resolution. In contrast, the quantized
γ sub-bands shift about 30 meV across the transition tem-
perature. This shift could not be due to a thermal effect
or chemical shift for the relatively stable positions of α,
β bands, and the value of 30 meV is beyond the system
resolution ( ∆E ≤ 15 meV). The CDW ordered state
in 2H-TaSe2 has been interpreted as a Bose-condensed
phase of excitons, and the shift might be the signature of
excitonic coherence in the CDW states. When the pre-
formed exciton in normal state condenses and becomes
coherent, the excitonic interaction push γ band upward.
This is in contrast to the weakly interacting FS scenario
and pure strong electron-phonon coupling picture. At
low temperature, DMFT calculation demonstrated an en-
hanced coherence with weak shoulder-like feature around
0.4 eV [48], which conforms to our ARPES scale where
actually the shift happens and consistent with our obser-
vation. Our result is also not in conflict with the exciton-
plus-phonon idea either [27, 28].

If we “recover” the bulk γ band from the observation
and bulk band calculation, it would be located around EF

with relatively flat in-plane dispersion around BZ center.
Since the γ band responses with the CDW transition, it
could be its driving force. FS nesting occurs when the
band is close to EF , and if the “recovered” γ band in
bulk is located near Fermi energy as indicated by elec-
tronic structure calculation, the high in-plane density of
state could be a source of instability, driving the CDW
transition. This scenario is unlikely because a CDW gap
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or CDW induced down-shift of band is not observed, but
an inverse of upward shift. One possible scenario that
could cause an upward shift in CDW phase is the exci-
tonic interaction between two bands where the valence
band and the conduction band interact with a shift of
certain wave vector [60]. The formation of CDW in exci-
tonic phase is a process of a gradual buildup of excitonic
coherence. It is accompanied with a decrease of band
gap EG by the shift of valence or/and conduction band,
which become smaller than the binding energy of the ex-
citon state EB , causing an instability in the normal state
[29, 56, 60]. In order to fully understand the CDW phe-
nomenon, further detailed study of the electron, phonon
structures, and the excitonic character of the TMDs are
needed.

IV. CONCLUSION

In conclusion, we have observed quantized 2DEGs in
single crystal 2H-TaSe2 for the first time. We studied
the in-plane and kz dependence of the band dispersion
and found out the quantization from a previous “missing”
band, which is close to Fermi energy in Γ-M-K plane
and highly dispersive along kz. That quantization at the
surface results from the band bending due to the surface
electron rearrangement and the light carriers’ effective

mass of the band along Γ-A direction. The band shifts
upward with the decrease of temperature into the CCDW
state. The unusual shift is mostly related to the CDW
transition. Based on the shift of the surface bands, we
provide an evidence of excitonic interaction as the driving
mechanism of the CDW in 2H-TaSe2.
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