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ABSTRACT

Intercalation is an effective method to modify physical properties and induce novel electronic states of transition metal
dichalcogenide (TMD) materials. However, it is difficult to reveal the microscopic electronic state evolution in the intercalated
TMDs. Here we successfully synthesize the copper-intercalated 1T-TaS, and characterize the structural and electronic
modification combining resistivity measurements, atomic-resolution scanning transmission electron microscopy (ADF-STEM),
and scanning tunneling microscopy (STM). The intercalated Cu atom is determined to be directly below the Ta atom and
suppresses the commensurate charge density wave (CCDW) phase. Two specific electronic modulations are discovered in the
near-commensurate (NC) CDW phase: the electron doping state near the defective star of Davids (SDs) in metallic domains and
the spatial evolution of the Mott gap in insulating domains. Both modulations reveal that intercalated Cu atoms act as a medium
to enhance the interaction between intralayer SDs, in addition to the general charge transfer effect. It also solidifies the Mott
foundation of the insulating gap in pristine samples. The intriguing electronic evolution in Cu-intercalated 1T-TaS, will motivate
further exploration of novel electronic states in the intercalated TMD materials.
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1 Introduction

The layered transition metal dichalcogenide (TMD) 1T-TaS, has
been extensively explored due to its extraordinary physical
properties [1-8]. At low temperature, it is conventionally
considered as a Mott insulator in the commensurate charge
density wave (CCDW) state [1-3]. The interplay between electron
correlation and electron-phonon interaction, accompanied
with the triangular lattice geometry, leads to a rich phase
diagram [2-8]. Many exotic electronic states like the
superconductor, Anderson insulator, and quantum spin liquid
state have been proposed and experimentally explored [4-9].
Recently, the origin of the insulating gap and the strong
correlation nature of 1T-TaS, have been questioned after
considering the stacking-order effect [10-15]. There are revived
interests in exploring the electronic state of this material.
Intercalation with metallic atoms is an effective method to tune
the physical properties of TMD materials [9, 16-18]. The main
effect of intercalation is to increase the interlayer distance and to
induce charge transfer with extra electrons [19-24]. In
Cu-intercalated 2H-NDbS,, the ¢ lattice constant increases from
1.189 to 1.307 nm for Cuy;NbS, and further to 1.321 nm for

Cu,,NbS, [18]. In Cu-intercalated 1T-TiSe,, the charge transfer
suppresses the long-range coherent CCDW order and results in a
superconductor [21-24]. Intercalating metallic atoms into 1T-TaS,
is likely to decouple the interlayer interaction and modify the
electronic states. We expect the intercalated system to provide
more evidence about the interplay of different interactions in the
pristine 1T-TaS,.

We reported a detailed study of the electron doping effect in
Cu-intercalated 1T-TaS,. The Cu atoms were directly visualized
between TaS, layers and determined to be directly below the Ta
atoms in the atomic-resolution scanning transmission electron
microscopy (ADF-STEM) measurements. The intercalation
slightly increased the interlayer spacing of 1T-TaS,. The resistivity
and scanning tunneling microscopy (STM) measurements
revealed that the global charge transfer of Cu atoms destabilizes
the long-range coherent CDW order and suppresses the CCDW
phase. In the near-commensurate (NC) CDW phase, there were
many nano-sized metallic domains. Occasionally, we observed
domains with insulating spectra.

In particular, we observed two unique electronic modulations:
the enhanced density of states (DOS) around a defective star of
David (SD) in metallic domains and the spatial evolution of the

Address correspondence to Chuanhong Jin, chhjin@zju.edu.cn; Yuping Sun, ypsun@issp.ac.cn; Yi Yin, yiyin@zju.edu.cn

TSINGHUA
N UNIVERSITY PRESS

@ Springer

Research Article




4328

Mott gap near a domain wall in insulating domains. The
electronic state of the defective SD exhibits suppression of DOS
above the Fermi level, identical to the defective SD’s spectrum in
pristine 1T-TaS,. Unlike the pristine sample, the DOS on the six
nearest SDs shows a substantial enhancement near the Fermi level.
We attribute the redistribution of electronic state to increased
interaction between SDs in Cu-intercalated systems. We also
observe an emergent in-gap state above the Fermi level in an
insulating domain near the domain wall. After slowly moving
away from the domain wall, the in-gap state gradually fades away,
and the upper peak is reestablished. This spatial evolution of DOS
is compatible with the electron doping Hubbard scenario.

The exotic electronic modulations demonstrate that a global
charge transfer happens from the intercalated Cu atoms to the
neighboring TaS, layers, suppressing the long-range coherent
CDW order. The electron doping induces a Mott-insulator-to-
metal transition. Besides the charge transfer, the Cu intercalation
also enhances the interaction between intralayer SDs and induces
unique modulation of the electronic state.

2 Results and discussion

The TMD 1T-TaS, is a long-known CDW material [1,2]. As
shown in Fig.1(a), the unit structure of 1T-TaS, contains a
triangular Ta layer sandwiched between two triangular sulfur
layers. The material undergoes two CDW phase transitions as the
temperature decreases, from incommensurate (IC) to NCCDW
state at 350 K and NCCDW state to CCDW state at 180 K
(Fig. 1(b)). In the NCCDW and CCDW phase, every 13 Ta atoms
shrink into a cluster named as SD. The SD reconstructs to a long
coherent /13 x /13 triangular super-lattice in the CCDW state
(Fig. 1(b)). Each SD contributes one orphan electron, leading to a
half-filled flat band near the Fermi level and a relatively strong
electron correlation. In the Mott insulator scenario, the half-filled
band splits into the upper and lower Hubbard bands, forming a
Mott insulating gap around the Fermi level. Different tuning
methods have been applied to explore this system’s novel and
exotic electronic state [5-9].

The Cu-intercalated 1T-TaS, was successfully synthesized via
the chemical vapor transport (CVT) method (detailed description
in sample growth method). The TaS, layers were stacked up via
the van der Waals interaction. Intercalated Cu atoms reside

image along (100) direction. (g) The enlarged image after filtering of the purple square area in (f). The sky-blue, yellow,
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between TaS, layers, as illustrated in Fig. 1(c). The NC/CCDW
transition of 1T-TaS, is completely suppressed after the Cu
intercalation (Fig. 1(d)). The energy dispersive spectroscopy (EDS)
determines a rough Cu content of x = 0.05 in 1T-Cu,TaS,. We did
not observe many residue Cu atoms in STM topography
(Fig. 1(e)) or the STEM image in (001) direction. Due to a weak
van der Waals bonding, intercalated Cu atoms on the surface
might scatter into the vacuum in the cleaving process. To
determine the location of Cu atoms, we performed the atomic-
resolution ADF-STEM measurements. Due to the Z-contrast
atomic intensity in the STEM image, the Cu atomic columns are
dimmer than Ta atomic columns. The atomic-resolved ADF-
STEM image (Fig. 1(f)) viewed along the (100) direction shows Cu
atomic columns are intercalated into the TaS, interlayers. The
illustration image is partial zoom-in detail in Fig. 1(g). Detailed
cross-section intensity line profile in Fig. 1(h) upper panel suggests
the interlayer Ta-Ta distance is slightly expanded from 0.58 to 0.61
nm, demonstrating that the slight lattice expansion is attributed to
the intercalation of Cu atoms [18-20]. The distance of the Cu-Cu
atomic column and Cu-Ta atomic column is about 0.61 and 0.30
nm, respectively, indicating that the Cu atoms are intercalated into
the middle position of TaS, interlayers without any obvious offset.
In other words, Cu atomic columns are right below the Ta atomic
columns, which are also the energetically favorable sites indicated
by our density functional theory (DFT) calculations. The Cu
column line profile displays the intensity variation of Cu sites,
revealing a spatial inhomogeneity of intercalated Cu atoms.
Noting that the schematic diagram Fig 1(c) is drawn
corresponding to the visual result of Fig. 1(f), which displays a
zone-axis region to see the atomic column. More generally, not all
regions are Cu-rich. More STEM images claim a spatial
inhomogeneity of Cu atoms at different regions.

We performed detailed scanning tunneling microscopy
and spectroscopy (STM/STS) measurements to study the
structural and electronic modification in Cu-intercalated 1T-TaS,.
Figure 1(e) displays a 100 nm x 100 nm large area topography.
Nano-size domains were observed in the field of view (FOV),
consistent with the NCCDW phase in the resistivity result. The
domain walls are more distinct under a negative-bias junction.
Inside each domain, the bright SDs maintain the triangular
super-lattice, despite some dark defective SDs. The suppressed
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Figure1 Crystal structure and characterization of Cu-intercalated 1T-TaS,. (a) The schematic of crystal structure in top view. (b) The illustration of the star of Davids
in NC/CCDW phase. Every 13 Ta atoms shrink into a cluster. (c) The side view of Cu-intercalated 1T-TaS,. Cu atoms are right below the Ta atoms. (d) The
temperature dependence of resistivity ratio p(T)/p(360 K) for pristine and Cu intercalated samples. (¢) A typical 100 nm x 100 nm large topography with small
domains in the NCCDW phase (V;, = —600 mV, I, = 500 pA, T = 77 K). The scattered bright spots may be residual Cu clusters. (f) The atomic resolution ADF-STEM

and red arrows indicate the Ta, S, and Cu

columns, respectively. (h) The intensity line profile of the interlayer structure and Cu column is indicated by the red and sky-blue dash line in (f), respectively.
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long-range CDW order is similar to that in other intercalation
TMD materials [22]. Some bright clusters scattered on the surface
are possible residual Cu atoms. Most Cu clusters reside near the
domain walls or defective SDs, different from the periodic
arrangement of Cu atoms between TaS, layers. Few left Cu
clusters on the surface may be related to the cleave process and the
weak bonding between Cu and the underlying TaS, layer. Due to
the strong electronic modulation of the SDs, it is hard to visualize
the inhomogeneous distribution of underlying Cu atoms [22].

Figure 2(a) displays a clean 30 nm x 30 nm area topography
with several domains. It exhibits different electronic behavior in
different domains (Fig. 2(b)). The most typical dI/dV spectrum
shows a V-shaped feature and a nonzero DOS near the Fermi level,
suggesting a metallic behavior. Despite the similar V-shaped
feature, there are still some slight differences for the dI/dV spectra
in different domains, especially the position of the two peaks. The
purple curve in Fig.2(b) shows a two-peak feature for the
negative-bias peak. The split of the negative-bias peak has
been observed in the stacking-order-induced small-gap
spectrum [13, 25]. The insulating domains are occasionally found,
like the upper left domain in Fig.2(a). The corresponding red
dI/dV curve exhibits a large insulating gap, similar to that in
pristine samples [26]. The negative-bias peak of the insulating
spectrum also coincides with the lower peak of the two-peak
feature in the metallic spectrum. During our hundreds of
measurements, we have identified the insulating domains less than
ten times.

Along the solid lines in Fig. 2(a), three series of dI/dV spectra
are displayed in Fig. 2(c). In the linecut maps, the periodic
oscillation is consistent with the periodicity of SDs. Apart from
this periodic variation, the electronic state is relatively
homogenous between different supersites inside each domain. The
peaks near the Fermi level are most substantial at the center of SDs,
whether in metallic or insulating domains. The two peaks of
insulating spectra are sharper and relatively farther from the Fermi
level than those of metallic spectra. In the middle linecut map, the
two-peak feature of the negative-bias peak shares a similar
distribution. The linecut maps indicate that the DOS near the
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Fermi level originates from the central Ta atoms [8]. The different
electronic behaviors of domains are related to distinct electron
correlation and possible Mott physics. The CDW-related DOS
above 300 mV and below —-300 mV are most substantial at
intermediate regions between SDs. The upper enhancement above
300 mV remains the same in metallic and insulating domains,
while the lower enhancement below -300 mV slightly
shifts to lower energy in insulating domains. Nevertheless, the
CDW-related DOS all originates from the surrounding Ta
atoms [8]. The Cu intercalation does not perturb the CDW-
related DOS and the electronic homogeneity within domains from
the linecut maps. At least from the electronic behavior of metallic
domains, we cannot distinguish the Cu-rich and Cu-poor regions.

Intercalation inevitably introduces some disorder into the
system. Previous angle-resolved photoemission spectroscopy
(ARPES) study suggests a disorder-induced Mott insulator to
metal transition in Cu-intercalated 1T-TaS, [27]. Our STM results
reveal that although the electronic states vary in different domains,
the electronic state inside each domain is relatively homogenous.
Intercalated Cu atoms introduce universal charge transfer into the
TaS, layer, which structurally destabilizes the long-range
V13 x /13 CDW order and induces small domains [22]. We
suspect that the electron correlation is relatively unstable in small
domains, with the electronic state easily perturbed to be metallic
state, etc. [28-30]. Most small domains are metallic, accompanied
by metallic domain walls, leading to the macroscopic insulator to
metal transition.

The electronic evolution around defective SDs and domain
walls provides more evidence of electronic modification in the
Cu-intercalated system. The three-petal defective SD has been
reported in pristine 1T-TaS, [25]. Lacking the central Ta atom in
SD suppresses the positive-bias peak and shifts the negative-bias
peak to lower energies. The DOS perturbation of the defective SD
mainly occurs inside the SD. The DOS of six nearest SDs remains
insulating and unperturbed in pristine samples. Similar defective
SDs can be observed in Cu intercalated 1T-TaS,. One such
defective SD is marked by a yellow dot in a metallic domain
(Fig. 3(a)). Compared with the DOS at normal SDs, the primary
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Figure2 Electronic state in different domains. (a) A 30 x 30 large topography with different nano-size domains. (b) Typical dI/dV spectra of different domains in (a)
(V,, =-600mV, I, = 500 pA). (c) The linecut maps of dI/dV spectra along the three solid lines in (a).
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Figure 3 Electronic structure of the defective SD in metallic domains. (a) A 10 nm x 10 nm topography with a defective SD at the center of a metallic domain. (b)
Three typical dI/dV spectra on defective, nearest, and normal SD inside the metallic domain, indicated by yellow, red, and blue dots in (a), respectively (V}, = -600 mV,
I, = 500 pA). (c) The black dash square’s dI/dV conductance map in (a) at the Fermi level. The defective SD exhibits suppressed intensity while the surrounding six SDs
display enhanced intensity. (d) The linecut profile of the dI/dV spectra along the red line in (a).

electronic modification of the defective SD is similar to that in
pristine samples, as shown by the yellow curve in Fig. 3(b). It
exhibits a strong suppression of the positive-bias peak and a shift
of the negative-bias peak. Besides these two major features, the
DOS near the Fermi level is strongly suppressed to near-zero
value. Unlike the state of nearest SDs in pristine samples, the
surrounding six SDs, however, exhibit a substantial enhancement
near the Fermi level (red curve in Fig. 3(b)). The DOS
enhancement shows an asymmetric two-peak feature within the
100 mV range, and the degree of asymmetry varies for different
defective SDs. The split two-peak feature may relate to a
complicated charge or spin interaction inside the SDs, with a
detailed theoretical explanation beyond our current understand-
ing [31]. A straightforward statement is that there is extra carrier
doping at surrounding SDs. The dI/dV conductance maps and
linecut spectra measurements around the defective SD reveal a
spatial distribution of the carrier doping state. The dI/dV map at
the Fermi level energy (Fig. 3(c)) displays that the carrier doping
state is localized in the nearest six SDs. The linecut dI/dV spectra
also suggest a localized DOS enhancement in the nearest SDs. The
second nearest SD exhibits a normal metallic state.

In pristine samples, the orphan electron of the central Ta atom
is strongly localized inside the SD. The perturbation of defective
SDs is also localized inside the SD, even in metallic domains.
Previous X-ray absorption fine structure measurements suggested
that the intercalated Cu atoms form bonds with the halogen atoms
in TMD materials, resulting in a charge transfer from Cu to
halogen (S/Se) atoms [20]. The charge transfer modifies the
half-filling system. Our results of defective SD suggested that the
intercalated Cu atoms also strengthen the interaction between
neighboring SDs. With a local chemical imbalance around the
defective SD, the charge transfer between Cu and S atoms
redistributes and enhances the DOS of six surrounding SDs.

Another non-local carrier doping effect near the domain wall is
found in Cu-intercalated 1T-TaS,. As discussed in Fig. 2, the
insulating state remains in some domains in Cu-intercalated

1T-TaS,. Figure 4(a) displays a 12 nm x 12 nm insulating domain,
with the domain wall residing at the bottom area. The domain
wall dI/dV spectra exhibit an enhanced peak above the Fermi level,
similar to the metallic domain wall dI/dV spectra in pristine
samples [32-34]. The dI/dV conductance map in Fig. 4(b) also
exhibits a substantial DOS enhancement at the domain wall,
implying the metallic nature of the domain wall. We conduct a
linecut dI/dV spectrum measurement near the metallic domain
wall at the dotted SDs. Different from the insulating spectrum, the
dI/dV spectrum of the bottom SD (gray dot) displays a relatively
small gap (gray curve in Fig. 4(c)). An in-gap state emerges at
110 mV, while the upper peak at 200 mV is strongly suppressed.
As the tip moves away from the domain wall, the lower peak shifts
merely lower, without an obvious intensity change. It implies that
other valence bands except the central Ta band possibly hybridize
with the LHB. The in-gap state at 110 mV keeps decreasing, and
the upper peak at 200 mV is gradually enhanced. This
phenomenon is very similar to the doped-electron-induced state
evolution in the cuprate Ca,CuO,Cl, Mott insulator [35]. It seems
that a local doped electron exists within the domain wall area,
which triggers the suppressed UHB and emerged in-gap state for
SDs close to the domain wall.

To show the two-dimensional distribution of this doped state,
Fig. 4(b) displays the dI/dV map intentionally chosen at 110 mV,
the energy of the in-gap state. The conductance of the in-gap state
fades away from the domain wall in the dI/dV map instead of only
along the arrowed direction. We extracted the typical dI/dV
spectra at the SD centers and subtract them with the Mott
insulating dI/dV spectrum (yellow curve). As shown in Fig. 4(d),
the intensity of the in-gap state and the suppression of the upper
peak decrease with increasing distance from the domain wall.
Comparing the enclosed area of the two envelopes, we obtained
more enhancement of the in-gap state than suppressing the upper
peak. It implies some electron doping besides spectra transfer
between the in-gap state and the upper peak.

The electron doping evolution is unique in Cu-intercalated
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Figure4 Electron doping evolution near the domain wall. (a) A 12 nm x 12 nm topography with an insulating domain. Yellow dash lines indicate the bottom
metallic domain walls. (b) The corresponding dI/dV map at 110 mV. (c) A series of dI/dV spectra taken at the colored dot in (a) (V}, = —600 mV, I, = 500 pA). (d) The
electron-doped in-gap state obtained by subtracting the yellow dI/dV spectra for each dI/dV spectrum in (c).

1T-TaS,. Intercalated Cu atoms contribute a homogenous
electronic doping (rigid chemical shift) rather than local carriers to
the 1T-TaS, layer from the homogeneous metallic state in each
domain. The spatial evolution reveals that the extra doped electron
originates from the metallic domain wall. However, this spatial
evolution of the doped state has never been observed near the
metallic domain walls in the pristine 1T-TaS,. The super-lattice
constant between SDs is several times longer than the atomic
lattice in cuprate, which may hinder this phenomenon in pristine
1T-TaS,. The intercalated Cu atoms strengthen the interaction
between different SDs, extending the extra electrons’ influence
area of the metallic domain wall.

Recently there have been revived interests in the origin of the
insulating gap near the Fermi level in pristine samples [10-12].
Some evidence indicates it could be a bandgap considering the
stacking order [13-15]. On the other hand, the stacking order
effect has been extensively explored as a perturbation in
1T-TaS, [25], concluding that the ground insulating state is a Mott
insulator which different stacking orders can perturb. However,
no noticeable stacking order effect is observed in metallic domains
in Cu-intercalated 1T-TaS,. The intercalated Cu atoms in 1T-TaS,
inevitably change the stacking orders compared with that in the
pristine sample. There are two possible reasons we do not observe
the stacking order effect. The global charge transfer between Cu
and TaS, layer suppresses the Mott insulating state in TaS, layers.
Secondly, the slight lattice expansion in the c-axis may weaken the
interlayer coupling and suppress the stacking order effect. The
intriguing electronic evolution near the domain wall reveals an
electron doping process in the standard Hubbard model [36]. It
also demonstrates that the insulating gap is still a strong
correlation Mott gap. External parameters like doping, pressure,
etc., can be applied to explore exotic electronic states such as
superconductor, quantum spin liquid [4, 5, 37].

3 Conclusions

In summary, we performed a comprehensive STM study to

understand the role of intercalated Cu atoms in 1T-TaS,. The
intercalated Cu atoms provide a general charge transfer to
1T-TaS, and induce metallic domains in the system. We found
two distinctive electronic modulations near defective SDs and
domain walls, reproducible in different samples. It demonstrated
that the intercalated Cu atoms act as a medium to enhance the
interaction between SDs and extend the influence area of extra
doped electrons. The intriguing electronic evolution also solidified
the Mott insulating nature in 1T-TaS,. Understanding the role of
intercalated Cu atoms will motivate searching for exotic
phenomena like superconductivity in this system.

4 Methods

41 Sample growth

Crystalline 1T-TaS, specimens were grown using a CVT method
with iodine as a transport agent. First, sealed quartz ampules with
pre-reacted powders were sealed and heated in a two-zone
furnace. Crystallization was achieved using a temperature gradient
of 1,223 and 1,173 K. Finally, the ampules were furnace-cooled to
room temperature.

4.2 STM measurement

STM measurements were performed at liquid nitrogen
temperature in a commercial ultra-high vacuum system
(USM-1500). Samples were cleaved in situ and transferred to the
STM header immediately. Tungsten tips were calibrated on a
clean Au (111) surface in advance. STM topographical images
were acquired under bias voltage —600 mV and setpoint 500 pA
unless specific point out. The dI/dV spectra were taken by the
standard lock-in method with 10 mV and 1,217.3 Hz modulation.

4.3 ADF-STEM characterization
ADF-STEM images were carried out in a JEOL JEM-ARM 300F

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



4332

microscope equipped with aberration-corrector and operated at
an acceleration voltage of 300 kV. ADF-STEM images were
recorded in ten-second interval with a frame size of 1,024 x
1,024 pixels (corresponding to 10 nm x 10 nm) and a pixel dwell
time of 10 ps. The semi-convergence angle of the incident electron
probe was set to 24 mrad, and the detection semi-angle of the
ADF detector was 63-200 mrad. ADF-STEM images were
analyzed after a drift correction and Gaussian filtering for a better
signal-to-noise (S/N) ratio. All the STEM images were carried out
at room temperature.
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