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Van der Waals layered materials offer unprecedented opportunities to tune electronic properties
by controlling, for instance, the number of layers or their mutual twist angle. However, the trans-
lational degree of freedom has not been given proportionate attention. Within the wide family
of transition metal dichalcogenides, the commensurate charge density wave (CCDW) phase of 17-
TaSes is predicted to host several quantum states ranging from 1D metal to 3D insulator depending
on the lateral stacking. By means of angle-resolved photoemission spectroscopy with micrometer
spatial resolution, we studied the charge-ordered 17-TaSe2, revealing the co-existence of metallic
and insulating surface domains. Our investigation clarifies that metallicity is due to a specific lateral
sliding of the CCDW layers, while insulating behavior is driven by surface interlayer dimerization.
These results open intriguing potentialities in surface functionalization and control of electronic

structure.

The van der Waals bonded structure of layered ma-
terials continue to provide unique possibilities to tune
electronic properties of multilayer systems by designing
the twisting angle between crystallographic axes [0, B].
Aside from changes in the rotational degrees of freedom,
strain and lateral sliding can offer equally interesting av-
enues for novel phenomenology [B, H]. In quasi-2D charge
density wave (CDW) materials the translational or rota-
tional arrangement of the in-plane charge order is gaining
much attention. On one hand it appears to be crucial in
order to understand the electronic structure of tantalum
based dichalcogenides (TaXq, X = S, Se), opening an
important discussion on the nature of the CDW Mott
physics [B-M]. On the other hand it has been recently
explored as a method to predict new symmetry-breaking
transitions or topological states [, [A]. 17-TaSe; ex-
hibits a well documented CDW with v/13 x v/13 in-plane
superlattice rotated by 13.9° with respect to the nor-
mal phase lattice [[3-IEH]. It features an incommensurate
(ICDW) to commensurate (CCDW) transition at 473 K
[[@] with metal-like resistivity down to a few Kelvin, in
clear antithesis with its sulfide counterpart 17-TaS5 dis-
playing three orders of magnitude larger resistivity at
cryogenic temperature [[d]. While the single commen-
surate layer of 17-TaSey is believed to host a robust
Mott insulating state [[8, M and to exhibit quantum
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spin liquid behavior [EO], the bulk electronic properties
do not seem to call for any Mott physics [B, B). This
long thought anomaly finds a reconciling explanation in
the vertical ordering of the layers, as suggested by recent
scanning tunneling microscopy (STM) measurements [T
and systematic ab initio calculations [E2] that highlighted
the existence of multiple quantum states, from quasi-1D
metal to 3D band insulator, depending on the relative
slab stacking. In a combined angle-resolved photoemis-
sion spectroscopy (ARPES) and STM study, the role of
dimensionality along the direction perpendicular to the
surface has been discussed, but disregarding stacking ge-
ometry effects [E3].

In this Letter, by exploiting ARPES with micrometer
spatial resolution and density functional theory (DFT)
calculations, we reveal the co-existence of metallic and in-
sulating domains in the charge-ordered 17-TaSey, which
are attributed to distinct, vertical alignments of adjacent
commensurate layers. The insulating behavior, in partic-
ular, is driven by surface interlayer dimerization enabled
by a specific stacking. Considering the comparable en-
ergy costs of the different slab arrangements, we argue
how these results might open important perspectives on
the functional manipulation of surface layers or few-layer
samples.

ARPES with a beam diameter of ~ 4 pum was car-
ried out at the MAESTRO beamline of the Advanced
Light Source in the 70 — 150 eV photon energy range.
High quality single crystalline 17-TaSes samples grown
by chemical vapour transport were post-cleaved in situ
and held at 15 K during measurements. All ab initio DFT
calculations were performed with the Quantum Espresso
code [EA-P@]. More details on samples, experimental
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setup and computations are given in the Supplemental
Material (SM), Notes 1-3 [E3].

Figs. Ma-b show two representative ARPES spectra of
different domains, both measured at 90 eV photon en-
ergy. The main difference between them is the presence
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FIG. 1: Two representative ARPES spectra of (a) a metallic
domain and (b) an insulating domain measured at 90 eV pho-
ton energy. (c) ARPES spatial map (lateral steps of 1 um):
the color contrast is obtained by integrating the photoemis-
sion intensity between 0 and 100 meV binding energy. Dark
(metallic) domains labelled M1 — M5 and bright (insulating)
domains labelled I1 — I2 have been investigated in detail.

of the V-shaped metallic state spanning from —0.4 eV
at k| = 0 to the Fermi level in panel @a, which is not
observed in panel b. Although a weak spectral signal
can be detected at Er in Fig. @b, in the following we will
refer to these two kinds of domains as metallic and in-
sulating, respectively. By integrating the photoemission
intensity between 0 and 100 meV binding energy and
mapping the surface over an area of about 70 x 40 pm?
with lateral steps of 1 pum, metallic (dark) and insulating
(bright) domains with typical size of the order of tens
of pm are clearly identified, as shown in Fig. Mc. Sev-
eral metallic positions, labelled M1 — M5, and insulating
ones, labelled 71—12 have been analyzed in detail (in par-
ticular, panel Da refers to positions M4, while panel Ob
refers to I1), allowing us to group them as M1 — M3,
M4 — M5 and I1 — I2 based on their crystallographic
orientation, as explained in the following (see also SM,
Note 4 [232)).

To understand the physical origin of these domains we
first delve into the CCDW structure of 17-TaSes. Re-
ferring to Fig. Ba, if we label ag, bg and co (the latter
is normal to the layer) the three primitive vectors of the

undistorted phase, then a = 3ag — bg and b = ag + 4bg
generate the well known /13 x v/13 in-plane unit cell of
the CCDW phase corresponding to the star-like recon-
struction with one Ta atom (labelled A) at the center
of each star, 6 nearest neighbours (labelled B) and 6
next nearest neighbours (labelled C) at the tips of the
star. Naming r; the stacking vectors between two ad-

FIG. 2: (a) In-plane lattice reconstruction and primitive vec-
tors of the undistorted (ag, bo) and commensurate (a, b)
phases (only Ta atoms are shown for clarity). Interlayer stack-
ing: (b) A, with stacking vector co, (c) Bs with stacking
vector ag + co, (d) Cs with stacking vector 2ag + co and
(e) dimerized AC, with stacking vectors alternating between
2a0 + co and co. (f) BZ of the undistorted cell with the
most relevant high symmetry points and crystal directions.
(g) Surface-projected BZs of undistorted (gray) and commen-
surate (cyan) cells. Cyan dots are the T points in the com-
mensurate phase.

jacent layers ¢ and 7 + 1, the most representative out-of-
plane arrangements are shown in Figs. Bb-e. r; = co (Bb)
corresponds to the sequence where all stars are vertically
aligned and is described by the space group P3 (no. 147,
in the following we will refer to this stacking as A,). With
r; = ag + ¢o (Hc), each central Ta atom A on layer ¢ + 1
is aligned to the same nearest neighbours Ta atom B on
layer i and is described by the space group P1 (no. 2,
stacking Bs). r; = 2ag + ¢ (Bd) corresponds the config-
uration in which each central Ta atom A on layer i + 1 is
aligned to the same tip Ta atom C on layer ¢ (space group
P1, no. 2, stacking Cs). From the energy viewpoint and
in agreement with X-ray and neutron diffraction studies
[E23£3], the C; stacking is the most stable configuration
since each central Ta atom of a star (where charge density
is greatest) on layer i is vertically aligned with a tip of
the star (where charge density is least) on layers i —1 and
1+ 1, minimizing Coulomb repulsion. Due to the trigo-
nal C5 symmetry of the single slab, the stacking vectors



2bg + co and —2(ag + bg) + co (their in-plane projec-
tions are 120° apart) are equally allowed and domains
with all three orientations can coexist [EH]. Wang et
al. [23] considered several inequivalent single- and multi-
layer sliding stacking sequences, identifying the paired
bilayer structure (Be, space group P1, no. 2, named AC,
hereafter) as the second energetically most favourable af-
ter the Cj, a configuration extensively discussed for the
related CDW material 17-TaS, [B, E2-52]. In the AC,
stacking, lateral sliding occurs every two slabs and the
Ag-like bilayer yields a band insulator phase: each CDW
cluster of 13 Ta atoms separately provides one unpaired
5d,2 electron and the two 5d,2 electrons of the A,-like
dimer form bonding-antibonding states that open a hy-
bridization gap. Although bulk interlayer dimerization is
well established in the CCDW phase of 17-TaS,, it has
never been observed in 17-TaSes;. In the following, we
will provide evidence of its formation at the surface. It
should be emphasized that the energy difference between
the various stacking configurations is small (a few meV
per Ta atom), due to the weak interlayer van der Waals
interaction.

Fig. Bf illustrates the first Brillouin zone (BZ) of
the undistorted 17-TaSes structure (space group P3ml,
no. 164) with the most significant high symmetry points.
Throughout the Letter we will refer to this BZ to identify
crystallographic orientations. Fig. Bg shows the surface-
projected BZ (gray hexagon), the in-plane basis vectors
(a* and b*) of the CCDW phase, its surface-projected BZ
(cyan hexagon) and the corresponding centres I' (cyan
dots) within the undistorted BZ. These features are com-
mon to all stacking configurations, which only differ by
a commensurate lateral sliding of identical slabs with no
twisting angle between adjacent layers (see SM, Note 5
).

We will now illustrate our main experimental and com-
putational results. Fig. Ba shows the Fermi surface (FS)
measured at position M1 with hv = 90 eV photon en-
ergy (identical features are observed at M2 and M3, see
SM, Note 4 [E2]). The shape outlined by the high spectral
weight (dark color) clearly lacks C5 symmetry, ruling out
the trigonal P3 structure A,. As clarified further below,
hv = 90 eV corresponds to an out-of-plane momentum £k,
located about 0.135 (in relative reciprocal lattice units,
r.l.u.) above I'. Panel Bb reports the calculated FS of the
C, stacking at k, = 0.135 r.l.u. unfolded onto the undis-
torted BZ, exhibiting an excellent agreement with the
measurement and allowing us to identify the k, momen-
tum axis as the [010] crystallographic direction. Panel Be
shows the F'S measured at position M4 (essentially iden-
tical to M5). A close inspection reveals that it is very
similar to the FS in panel Ba, but simply rotated clock-
wise by 120°: thus, by comparing with the computed FS
in panel Bd, the k, momentum axis is assigned to the
[100] crystallographic direction.

A further evidence of the Cy interlayer stacking lead-
ing to metallic behaviour is obtained exploring the out-
of-plane momentum k, = kgp;. Photon energy scans
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FIG. 3: (a) In-plane FS of domain M1 (see Fig. llc) measured
at hv = 90 eV. The dashed hexagon is the surface-projected
BZ of the undistorted lattice, cyan circles mark the I points of
the commensurate phase. (b) Calculated F'S of the C; stack-
ing. (c) FS of the metallic domain M4. (d) Calculated FS
of the C; stacking (same as panel Bb, but rotated 120° clock-
wise). (e) Out-of-plane F'S of domain M4; based on panel (d),
the in-plane momentum is k100, the out-of-plane momentum
koo1 results from photon energy scan in the 70 — 150 eV range
(momenta in r.l.u.). (f) Calculated out-of-plane FS of the C,
stacking in the (k100,k001) plane. Relevant dimensions in A1
are 'M =1.04, TK = 1.2 and T'A = 0.5.

in the range 70 — 150 eV allowed us to cover the entire
(undistorted) BZ normal to the layers. With an esti-
mated inner potential Vy = 14.5 eV, the photon energy
is converted into k; momentum and the FS on the (kH,
k1) plane is accessed. Panel Be refers to the metallic do-
main M4, where the in-plane direction is the [100] crys-
tallographic axis (k. in Fig. Bc). The FS is characterized
by broad horizontal nearly straight sections that bend
upward/downward when moving along [100]/[100] direc-
tions, with I and A being centrosymmetric points. These
features are fully reproduced by the calculated FS of the
C, stacking, unfolded on the undistorted BZ, shown in
panel Bf. The gray dotted parabolic line in Fig. Be repre-
sents the 90 eV photon energy contribution to the out-of-



plane FS, the same energy used to acquire the in-plane
FS in panels Ba and Bc. In the vicinity of kg9 ~ 0,
it corresponds to kg1 ~ 0.135 r.l.u., as stated above.
The experimental evidence outlined so far proves that
the metallic behavior of 1T-TaSe; in the CCDW phase is
determined by domains with Cy interlayer stacking and
three-fold symmetric relative orientations, in agreement
with previous studies [E3, E2-2d].

The structural origin of the insulating domains is more
subtle. Figs. Ba and Ab show the in-plane and out-of-
plane FS, respectively, at position Il (equivalent features
are observed at 12), plotted with the same intensity scale
used for the metallic positions (Fig. B). This allows to
assess the strong suppression of spectral weight at the
Fermi level in the insulating domains. Enhancing the
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FIG. 4: (a) In-plane FS of domain I1 (see Fig. llc) measured
at hv = 90 eV and shown with the same intensity scale of
Figs. Ba and Bc. (b) Out-of-plane FS of domain /1 (same in-
tensity of scale of Fig. Be). (c) As panel (a), with 4x enhanced
intensity. Notice the similarities with Fig. Ba, according to
which k, is assigned to the kg3, direction. (d) As panel (b),
with 3x enhanced intensity. (e) Calculated out-of-plane FS
of the C stacking and in the (kqgq,k001) plane.

intensity by a factor of 3 or 4, as shown in Figs. Hec-d,
clear patterns emerge. Notice in particular the close re-
semblance of the in-plane FS (panel Bc) with the one
observed at position M1 (Fig. Ba). Accordingly, the hor-
izontal momentum axis of the 71— 12 domains is assigned
to the [010] crystallographic direction. The out-of-plane
FS (Fig. @d) is characterized by elongated sections cen-
tered between the high symmetry points I' and A of the
BZ with a mild positive slope pointing from lower-left to
upper-right direction. These features are well replicated
by the computed FS of the C; stacking in the same crys-
tallographic plane, as shown in Fig. Be (the high spectral

weight regions beside the A points can be largely suppress
employing the DFT+U computational approach, obtain-
ing a better qualitative agreement with the experimen-
tal data without altering our conclusions, see SM Note
6 [24]). Therefore, Fig. A delineates a clear scenario for
the stacking structure of the insulating domains: they are
Cs-like in the bulk, but the strong suppression of spectral
weight at the Fermi level indicates the presence of an in-
sulating surface termination. In this circumstance, there
can be the possibility of weakly kgpi-dispersing features
in the ARPES spectra, due to electronic states associ-
ated with the distinct surface slab. Our analysis indeed
confirms the presence of such states.

Fig. Ba tracks the momentum distribution curves
(MDCs) at E — Er = —0.5 eV as a function of the
out-of-plane momentum kg1, spanning the entire BZ.
The spectral “shoulders” highlighted by the black arrows
and visible over the whole kg1 range identify the disper-
sionless features of the surface band (additional proof is
given in the SM, Note 7 [E2]). The choice of this energy
is made such that dispersive and non-dispersive compo-
nents are clearly distinguishable since they do not overlap
for specific ranges of the out-of-plane momentum. This
is distinctly revealed in panels Bb-c showing the ARPES
spectra at kgp1 = 5.75 and 5.25 r.l.u., respectively. Black
arrows mark the discernible feature not dispersing along
koo1- In order to emphasize it, we performed the nu-
merical second derivative of the ARPES data with re-
spect to the energy axis, averaged over the entire BZ
in the out-of-plane direction (i.e. 5 < kgo1 < 6 r.lu.),
as shown in Fig. Bd. This method enhances localized
components since the kggi-dependent spectral features
are smeared out by the averaging, resulting in negligi-
ble second derivative contributions. The band emerging
in Fig. Bd has the typical shape given by Ta-5d orbitals
in the CCDW phase [B] with a minimum binding energy
of ~ 0.2 eV, indicated by gray arrows. The exact same
analysis performed on the ARPES spectra of the metal-
lic domain M4, shown in Figs. Be-h, reveals no localized
bands in the same energy range. The dispersionless fea-
ture at Er in panel Bh is an artifact due to the abrupt
change of spectral weight caused by the Fermi-Dirac dis-
tribution.

Hence, by combining the experimental evidence shown
in Figs. @ and B, we conclude that the structure of the
I1 — I2 domains is metallic, Cs-like in the bulk, with an
insulating termination at the surface. Since our ARPES
analysis does not indicate any loss of commensuration
in the insulating domain (see also SM, Note 4 [E37]), its
surface termination is in the CCDW phase as well, but
it must deviate from the Cj,-like bulk underneath (oth-
erwise metallic behavior would be observed at the sur-
face). In other words, the surface slab in the Il — I2
domains must form either an A; or a By sequence with
the underlying neighboring layer. Previous DFT calcu-
lations of bulk A,, Bs; and C; stacking configurations
2] have revealed a common feature along the I'—A di-
rection normal to the layers: a band ascribed to Ta-
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FIG. 5: (a) kooi-resolved MDCs of domain I1 at E — Er = —0.5 eV: bold lines correspond to koo1 = 5,5.25,5.5,5.75 and
6 r.lu. (b) ARPES spectra of the insulating domain I1 for out-of-plane momentum ko1 = 5.75 and (c) 5.25 r.l.u. Black
arrows in panels (a)-(c) highlight the non-dispersive spectral feature of the surface band. (d) Numerical second derivative of
the ARPES spectra with respect to the energy axis, averaged over the BZ in the out-of-plane direction (5 < koo1 < 6 r.l.u.),
revealing the surface band. (e)-(h) Same as (a)-(d) for the metallic domain M4: no surface band is observed. (i) Calculated
total energy per Ta atom of bulk (red) and isolated bilayers (blue) in the Bs and C; stackings (energies relative to the respective

A, configurations). (j) DOS of the three bilayer stackings.

5d,2 orbitals crossing the Fermi level, thus leading to
1D out-of-plane metallicity. Only the Cj-like stacking
displays in-plane bands crossing the Fermi level, signal
of 3D metallic character. The situation changes in the
extreme thin slabs. We performed additional DFT cal-
culations of isolated As, Bs and Cjs bilayers (see SM,
Note 3 [E3] for details), yielding relative values of the to-
tal energy (AFE::) and DOS shown in Figs. Bi-j. While
the Cy stacking is the bulk ground state, the Ay stacking
is energetically the most favorable bilayer configuration
(panel Bi), exhibiting a clear energy gap across the Fermi
level (panel Bj). The loss of metallicity in the A, bilayer is
a consequence of the unpaired Ta-5d,2 electrons forming
the bonding/antibonding states at the origin of interlayer
dimerization. A similar effect is observed in the alternat-
ing AC; stacking sequence (see Fig. Be) where dimeriza-
tion involves the A, bilayers, resulting in a strong reduc-
tion of DOS at the Fermi level [E2]. Thus, our analysis, in
concert with previous computation, clearly indicates that
the formation of individual Ay slabs, either within a bulk
or at the surface, hinders the metallic behavior through
interlayer dimerization. However, in contrast with the
related CDW material 17T-TaS,, where AC,-like dimers
have been observed throughout the bulk, in 17-TaSes
the ACy sequence is limited solely to the surface termi-
nation (a comparison among experimental data, Cs and
AC stacking calculations is reported in the SM Note 3
e3)).

In conclusion, the puzzling coexistence of metallic and
insulating domains found here by micro-ARPES in the

charged-ordered phase of 17-TaSeq finds an unitary ex-
planation in the vertical stacking of the commensurate
slabs. While the bulk metallic properties are fully de-
scribed by the Cj layer sequence (Fig. Bd), that is the
ground state of 17-TaSe,, insulating behaviour occurs
at the surface via interlayer dimerization with an A,-
like termination of the metallic domains. If on one
hand the formation of bonding/antibonding states in
the dimerized layers should lower the surface energy,
on the other hand the larger stability of the Cy stack-
ing might compete with dimerization, explaining the ab-
sence of a homogeneous insulating surface layer (Fig. Hc).
Given the small energy difference between the various
stackings (a few tens of meV/star cluster, according to
Fig. Bg), thermally activated and reversible switching of
metal/insulator character at the surface could provide
an alternative scenario to the claimed Mott-like transi-
tion [, IF], opening novel and fascinating perspective
on functionalized surfaces or 2D heterostructure devices
that will be subject of future investigations.

Note: during the preparation of this work we have
become aware of a similar study by Straub et al. [B3]
who also identify two separate terminations with insu-
lating /conductive nature on the 17-TaSesy surface.
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