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We have performed high-resolution angle-resolved photoemission spectroscopy of layered chalcoge-

nide 1T-FexTa1�xS2 which undergoes a superconducting transition in the nearly commensurate charge-

density-wave phase (melted Mott phase). We found a single electron pocket at the Brillouin-zone center in

the melted Mott phase, which is created by the backfolding of bands due to the superlattice potential of

charge-density-wave. This electron pocket appears in the x region where the samples show super-

conductivity, and is destroyed by the Mott- and Anderson-gap opening. Present results suggest that the

melted Mott state and the superconductivity coexist in real space, providing a new insight into the

interplay between electron correlation, charge order, and superconductivity.

DOI: 10.1103/PhysRevLett.109.176403 PACS numbers: 71.45.Lr, 71.20.�b, 71.30.+h, 79.60.�i

Cooperation or competition of superconductivity with
various orders like charge order or charge-density-wave
(CDW) is a long-standing, yet unestablished issue in low-
dimensional physics. Conventional CDW order is well
explained by the nesting of the Fermi surface (FS) driven
by electron-phonon coupling, resulting in new charge pe-
riodicity accompanied by the lattice distortion. While this
Peierls mechanism explains the fundamental aspect of the
CDW characteristics in various systems, electron correla-
tion also plays an important role in some of the low-
dimensional materials, leading to multiple ordered phases
in the proximity of the charge-ordered phase, which may
be a prerequisite of unconventional physical properties, as
highlighted by the complex phase diagram in organic salts
[1], high-temperature superconducting (SC) cuprates [2,3],
and heavy fermions [4].

Layered transition-metal dichalcogenides (TMDs) pro-
vide an ideal platform for investigating the interplay be-
tween electron correlation, CDW, superconductivity, and
other electronic orders, essentially owing to their quasi-
two-dimensional (2D) crystal structure being susceptible
to various electronic instabilities [5,6]. Among many TMD
materials, 1T-TaS2 has received special attention since it
exhibits a Mott insulating phase besides the CDW forma-
tion due to the strong electron-phonon and electron-
electron interactions [7–11]. As shown in Fig. 1(a), the
phase diagram of pristine 1T-TaS2 is characterized by a
high-temperature normal metallic phase, followed by a
nearly commensurate CDW (NCCDW) phase and com-
mensurate CDW (CCDW) phase coexisting with a Mott
insulating phase.

The Mott insulating phase of 1T-TaS2 is quite unique.
Ta atoms are displaced to form star-of-David clusters
where twelve Ta atoms contract toward a central atom,

and each cluster is interlocked by forming a triangular

superlattice with a
ffiffiffiffiffiffi

13
p � ffiffiffiffiffiffi

13
p

periodicity [7,8,12], accom-
panied by the narrowing of the Ta 5d valence band and the
formation of multiple subbands due to band folding
[13,14]. Upon increasing temperature, the Mott phase
melts into the NCCDW phase (the melted Mott phase)
with a sudden resistivity drop, where several tens of stars
organize into roughly hexagonal domains [15], locally
reproducing the CCDW Mott phase. Time-resolved photo-
emission and diffraction experiments suggest extremely
fast charge responses across the melting of the Mott phase
[16–20], implying that the mechanism of CCDW is beyond
the conventional Peierls picture.
Distinct from other 1T-type TMDs, superconductivity

emerges in 1T-TaS2 by applying high pressure [21] or
introducing disorders in the crystal [22]. It has been re-
ported recently [23] that substitution of Ta with Fe in
1T-TaS2 induces superconductivity in the NCCDW state,
spanned by the Mott-insulating and Anderson localization
(AL) phases [Fig. 1(a)]. A rich electronic phase diagram of
this material provides a precious opportunity to study the
interplay (i.e., coexistence, competition, and collaboration)
among various ground states. However, such an investiga-
tion has not yet been made, owing essentially to the fact
that it is hard to reach the SC and AL phases in pristine
1T-TaS2 at ambient conditions.
In this Letter, we report high-resolution angle-resolved

photoemission spectroscopy (ARPES) of 1T-FexTa1�xS2.
We directly accessed the above essential issue by elucidat-
ing the electronic states of all the available electronic
phases. Our results suggest that the superconductivity is
characterized by a shallow electron pocket at the Brillouin-
zone center, and the SC and melted Mott states coexist in
the real space.
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High-quality single crystals of 1T-FexTa1�xS2 were
grown by the chemical vapor transport method with
iodine as a transport agent. Details of the sample prepara-
tion were described elsewhere [23]. ARPES measurements
were performed using a VG-SCIENTA SES2002 spec-
trometer with a high-flux He discharge lamp at Tohoku
University. The He-I� (h� ¼ 21:218 eV) resonance
line was used to excite photoelectrons. The samples
were cleaved in situ in an ultrahigh vacuum better than
5� 10�11 Torr. The energy and angular (k) resolutions

were set at 13 meV and 0.2� (0:007 �A�1), respectively.
The Fermi level (EF) of the samples was referenced to that
of a gold film evaporated onto the sample holder.

First we focus on the electronic states of pristine 1T-TaS2
in which we have revealed some new aspects across the

phase transitions. Figures 1(b) and 1(c) show energy distri-
bution curves (EDCs) and corresponding band dispersions
of pristine 1T-TaS2 along the �M cut measured at three
different phases [Mott phase (30 K); NCCDW phase
(300 K); and normal phase (360 K)]. At T ¼ 360 K, we
recognize a highly dispersive band around the � point. This
band crosses EF at midway between the � and M points,
forming an electronlike FS centered at the M point [see
Fig. 2(a)] [11,13,24]. As shown in Fig. 1(b), this band does
not cross EF at T ¼ 300 K but disperses back toward the
higher binding energy (EB) near the kF (Fermi vector) point
in the 360-K spectra (see EDCs marked by a black curve),
with a characteristic pseudogap feature [25]. Such band-
folding behavior and ARPES-intensity modification are
likely caused by the superlattice potential of the NCCDW
where the star-of-David clusters locally maintain the
ffiffiffiffiffiffi

13
p � ffiffiffiffiffiffi

13
p

periodicity identical to the CCDWMott phase.
Inside the pseudogap, a narrow band pinned at EF is also
observed around the � point [see the 300-K intensity in
Fig. 1(c)]. In the Mott phase at T ¼ 30 K, the Ta 5d band
splits into multiple subbands due to strong CDW potential.
Also, the near-EF spectral weight resides on the higher EB

side of �0:2 eV due to the Mott-Hubbard gap opening,
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FIG. 1 (color online). (a) Schematic electronic phase diagram
of 1T-FexTa1�xS2 derived from transport properties [23] as a
function of temperature and x, where CCDW, NCCDW, SC, and
AL represents the commensurate CDW, nearly commensurate
CDW, superconductivity, and Anderson localization, respec-
tively. For x ¼ 0:02 and 0.03, the SC critical temperature Tc is
2.8 and 2.6 K, respectively. (b) EDCs of pristine 1T-TaS2
measured at 30, 300, and 360 K along the �M direction.
(c) Corresponding second-derivative ARPES intensity 1T-TaS2
plotted as a function of wave vector and EB.
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FIG. 2 (color online). (a) 2D ARPES intensity plot of pristine
1T-TaS2 measured at T ¼ 360 K. Orange circles correspond to
the normal-state FS. (b) EDCs at five representative kF points
(A–F) shown in (a), measured at T ¼ 360, 300, and 30 K.
(c) Temperature dependence of the EDCs at point B.
(d) Symmetrized EDCs near EF.
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which is triggered by the narrow bandwidth of the flat band
at EF and resultant enhancement of an effective electron
correlation [9,13,16,20]. It is emphasized here that, while
previous ARPES studies rather focused on the Mott tran-
sition [22,25–27], the present ARPES result clearly estab-
lishes that there is also a distinct change in the electronic
states across the NCCDW transition at high temperature.

To see the evolution of electronic states across the Mott
and NCCDW transitions, we performed momentum
(k)- and temperature-dependent ARPES measurements.
Figure 2(b) displays the EDCs measured at various kF
points on the large electron pocket [see Fig. 2(a)]. At
T ¼ 360 K, the midpoint of the leading edge is located
approximately at EF in the entire k region, indicating the
absence of an energy gap. On the other hand, at T ¼ 300 K
(the NCCDW phase), the spectral weight at EF is signifi-
cantly suppressed and transferred to the higher EB of
�0:3 eV due to the pseudogap opening [24,25]. No signa-
ture of the pseudogap at T ¼ 360 K demonstrates that the
previously identified pseudogap at room temperature
[24,25] is of NCCDW origin. As also visible in Fig. 2(b),
the spectral weight suffers drastic changes at T ¼ 30 K
with characteristic peak features at �0:2 and �0:4 eV. As
seen in Fig. 2(c), the 0.4-eV peak already exists above the
Mott phase and evolves below the NCCDW transition tem-
perature, suggesting that it is attributed to the NCCDW
gap. On the other hand, the 0.2-eV peak is obviously of
Mott-transition origin and is assigned as the lower Hubbard
band (LHB) [16,26,27], since it appears at T ¼ 200 K
close to the Mott-transition temperature. As also visible in
Fig. 2(d), a narrow peak appears at EF in the symmetrized
EDCs at 250–350K. This peak is related to the narrow band

formation by the NCCDW transition, and is assigned as a
quasiparticle peak (the coherent part of spectral function).
This peak completely disappears below200K accompanied
by a marked reduction of the spectral weight at EF and the
emergence of the LHB (the incoherent part of spectral
function). This suggests an abrupt change in the electronic
states across the Mott transition, consistent with previous
ARPES studies [28,29]. Such an evolution of the spectral
feature is qualitatively explained by the dynamical mean-
field theory which predicted a similar evolution of the
coherent and incoherent spectral weights on varying
the effective electron correlation (U=W), supporting the
electron-correlation-driven CCDW Mott transition.
Next we turn our attention to the Fe-substitution-

induced evolution of electronic states in 1T-FexTa1�xS2.
Figure 3(a) displays the comparison of ARPES intensity
plots along the �M direction at T ¼ 350 K for x ¼ 0, 0.02
(normal phase), and 0.05 (AL phase). Obviously, the over-
all band dispersion for three different Fe concentrations
looks quite similar. It commonly shows an electronlike
band centered at the M point. In fact, when we extract
the peak position of the EDCs for different x values, they
match fairly well [see Fig. 3(b)], suggesting that extra
carriers provided by the Fe substitution is very small. A
closer look at Fig. 3(a) further reveals that the spectral
feature is broadened and the near-EF spectral weight is
significantly suppressed only for x ¼ 0:05. This is caused
by the Fe-induced disorder and resultant AL, consistent
with the transport measurement [23]. In fact, when we
compare the EDCs at the kF point, the EDC for
x ¼ 0:0–0:03 exhibits a Fermi-edge cutoff, while that for
x ¼ 0:04 and 0.05 shows a broader leading edge with its
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FIG. 3 (color online). (a) ARPES intensity of 1T-FexTa1�xS2 measured along the �M direction for x ¼ 0, 0.02, and 0.05, plotted as a
function of wave vector and EB in the normal metallic phase (T ¼ 350 K). (b) Direct comparison of the band dispersions for x ¼ 0,
0.01, 0.02, and 0.05 at T ¼ 350 K. The energy positions of the bands are determined by tracing the peak position of EDCs.
(c) Comparison of ARPES spectra at the kF point along the �M direction. (d) x dependence of EDCs around the � point in
1T-FexTa1�xS2 at T ¼ 30 K. (e) ARPES intensity plot as a function of a 2D wave vector for x ¼ 0:02. Intensity is obtained by
assuming the hexagonal symmetry.
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midpoint located at a higher EB, a hallmark of the AL as
reported in other AL systems [30,31].

A most important finding is presented in Fig. 3(d), which
plots the Fe-concentration dependence of EDCs around
the � point at T ¼ 30 K covering the Mott phase
(x ¼ 0), the NCCDW phase (x ¼ 0:01–0:03), and the AL
phase (x ¼ 0:04 and 0.05). Evidently, there exists a shallow
electron pocket centered at the � point whose bottom is
�0:1 eV below EF. Since this electron pocket is not ob-
served in the normal phase [see Fig. 3(a)] nor in the Mott or
AL phase, it is characteristic of the NCCDW phase, and
likely created by the backfolding of bands due to the
superlattice potential of NCCDW. This is also supported
by the band calculations with a superlattice potential
[11,24] which predicted a similar electron pocket at the �
point. We have surveyed the electronic states near EF in the
NCCDW phase and found that the strong ARPES intensity
is seen only around the � point in the NCCDW phase, as
highlighted in Fig. 3(e). This suggests that the large elec-
tron pocket at the M point observed in the normal phase is
essentially gapped in the entire k region in the NCCDW
phase, and the shallow electron pocket at the � point
dominates the transport properties in the NCCDW phase.
It is thus natural to conclude that the superconductivity is
also characterized by the shallow electron pocket at the
Brillouin-zone center, since the SC region appears inside
the NCCDW phase [see also Fig. 1(a)]. We will discuss
implications of this observation later in detail.

The next important issue is the possible link between the
emergence of the shallow pocket and the Mott or AL
phases. Figure 4(a) displays the x dependence of various
energy gaps, compared with that of the density of states
(DOS) at EF of the shallow electron pocket. As immedi-
ately noticeable from Fig. 4(a), the Mott or AL gap dis-
tinctly has an anti-correlation behavior with the DOS at EF;
when the Mott gap disappears at x ¼ 0:01, the DOS en-
hances, and is the same for the AL gap at x� 0:04. This
strongly suggests that the superconductivity and the Mott
and AL states apparently compete with each other. On the
other hand, there is no such anti-correlation between the
NCCDW gap and the DOS at EF: the NCCDW gap looks
insensitive to Fe substitution while the DOS appears to
follow the SC dome shape. We also note that the NCCDW
gap does not completely disappear even in the AL phase,
probably because of the existence of small NCCDW do-
mains in the AL phase.

Figure 4(b) summarizes the band picture for different
electronic phases determined from the present ARPES
result. While the normal phase is a weakly correlated metal
where the one-electron approach satisfactorily explains the
observed band features, a shallow electron pocket appears
only in the NCCDW phase and characterizes the transport
properties of the NCCDW phase as well as the supercon-
ductivity. The pocket is gapped in the Mott phase due to an
enhanced electron correlation, and it also smears out by the
strong disorders and the resultant Anderson gap opening in
the AL phase, both of which are common in the sense that

they remove the mobile carriers responsible for the super-
conductivity. Such a fragile nature of the pocket against
localization implies the competing nature of the super-
conductivity with Mott and Anderson localizations.
Now we discuss the implications of a shallow electron

pocket in the NCCDW phase. We infer that the supercon-
ductivity is likely characterized by this electron pocket, by
considering (i) its dominant intensity contribution in the k
space in theNCCDWphase, and (ii) the x dependence of the
electron-pocket DOS following the SC-dome shape. Based
on the experimental fact that the pocket originates from the
backfolding of bands due to the superlattice potential of
the NCCDW, we reached an unexpected conclusion that
the NCCDW and superconductivity coexist in the real
space (i.e., within the star-of-David clusters), contrary to
the previous conjecturewhere the superconductivity and the
metallic conduction were believed to occur in the interdo-
main spaces among tens of star-of-David clusters [21]. If the
interdomain site is metallic, theEF crossing of bands should
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FIG. 4 (color online). (a) Various gap energies (the Mott gap
�Mott, the NCCDW gap �NCCDW, and the AL gap �AL) and
density of states (DOS) at EF of an electron pocket plotted as a
function of x. The�Mott value was estimated by the peak position
of the EDC at the minimum-gap k locus of the weakly dispersing
lower Hubbard band (LHB), while the �NCCDW and �AL values
were determined by the EDC peak position at the kF point along
the �M direction in the normal phase (note that the gap value
does not strongly depend on the particular selection of the kF
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estimated by the intensity at EF of EDCs integrated along the
�M direction, normalized to the 0.4-eV peak. (b) Schematic
band diagram derived from the present ARPES experiment as a
function of temperature and x. Dashed curve represents the
absence of the band.
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be observed in the NCCDW phase at the k point where the
normal-state FS exists, while our ARPESmeasurements do
not reveal such a band crossing, supporting the real-space
coexistence of the NCCDWand the superconductivity. Our
finding that the shallow electron pocket also transforms into
the LHB in the Mott phase further suggests an intimate link
between the electron correlations and the superconductivity
in this system.

Finally, we briefly comment on the relationship between
the present ARPES experiment and the previous high-
pressure experiment of pristine 1T-TaS2 [21]. It was re-
ported that the superconductivity of 1T-TaS2 extends over
a wide pressure range including not only in the NCCDW
phase but also in the normal metallic phase. Since it is
reasonable to assume that the superconductivity in the
normal metallic phase is characterized by the large electron
pocket at theM point, it is suggested that the SC character-
istics between the NCCDW phase and the normal metallic
phase would be different from each other due to the marked
difference in the FS topology. In this regard, it would be
interesting to investigate the SC properties in the vicinity of
the phase boundary between the NCCDW and the normal
metallic phase to study possible competition or coexistence
between different SC phases.

In summary, we have reported a systematic ARPES
study on 1T-FexTa1�xS2 over a wide x and temperature
range. We found direct evidence for the shallow electron
pocket at the � point in the melted Mott phase, while there
is no such FS in the Mott-insulating and AL phases. We
have discussed that the electron pocket is created by the
backfolding of bands due to the superlattice potential of the
NCCDW. We have concluded that the superconductivity
and the melted Mott state coexist in the real space. The
present results suggest that the 1T-FexTa1�xS2 is a prime
candidate for studying the interplay between electron cor-
relation, CDW, and superconductivity.
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