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Revealing the two-dimensional electronic structure and anisotropic superconductivity in a natural
van der Waals superlattice (PbSe); ;4NbSe,
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Van der Waals superlattices are important for tailoring the electronic structures and properties of layered
materials. Here we report the superconducting properties and electronic structure of a natural van der Waals
superlattice (PbSe); 14NbSe,. Anisotropic superconductivity with a transition temperature 7, = 5.6 £ 0.1 K,
which is higher than monolayer NbSe,, is revealed by transport measurements on high-quality samples. Angle-
resolved photoemission spectroscopy (ARPES) measurements reveal the two-dimensional electronic structure
and a charge transfer of 0.43 electrons per NbSe, unit cell from the blocking PbSe layer. In addition, polarization-
dependent ARPES measurements reveal a significant circular dichroism with opposite contrast at K and K’

valleys, suggesting a significant spin-orbital coupling and distinct orbital angular momentum. Our work suggests
natural van der Waals superlattice as an effective pathway for achieving intriguing properties distinct from both

the bulk and monolayer samples.
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The interlayer coupling plays a critical role in determin-
ing the fundamental properties of layered materials [1,2],
in particular for transition metal dichalcogenides (TMDCs)
which exhibit intriguing layer-dependent properties with po-
tential applications in nanoelectronics, optoelectronics, and
valleytronics [1,3]. Reducing the dimensionality to the two-
dimensional (2D) limit leads to distinctive properties from
the bulk materials, such as indirect-to-direct bandgap tran-
sition [4,5], Ising superconductivity with an in-plane upper
critical field exceeding the Pauli limit [6-9]. So far, the di-
mensionality control has been mostly achieved by mechanical
exfoliation of the bulk crystal or growing monolayer film.
However, atomically thin films, in particular metallic films,
such as NbSe, [6,10] and WTe, [11] are often unstable under
ambient conditions, and sometimes this can lead to degraded
material properties.

Misfit layer compounds (MLCs), natural van der Waals su-
perlattices formed by alternating rock-salt monochalcogenide
blocking layer and the active TMDC layer along the c-axis
direction [12-14], provide another pathway to tailor the di-
mensionality and electronic properties of layered materials.
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By inserting the blocking layer, the interlayer coupling be-
tween neighboring active TMDC monolayers is reduced or
even removed, while at the same time, the active monolayers
are protected by the blocking layers. In this way, 2D properties
can be achieved in a bulk van der Waals superlattice with high
sample quality and robust sample stability as has been re-
ported in NbS, /BasNbSs [15]. So far, most studies on MLCs
have focused on the growth, characterization, and transport
measurements [15-20], while the effect of the blocking layer
on the material properties [21,22], as well as the tailored elec-
tronic structure of MLC as compared to bulk and monolayer
counterparts, are only rarely investigated.

In this work, we report the tailored electronic structure of
a natural van der Waals superlattice (PbSe); 14NbSe,, which
shows anisotropic superconductivity with a transition temper-
ature 7, = 5.6 K, which is higher than previous reports on the
same compound [23-27] as well as monolayer samples [6,28—
31]. The 2D electronic structure is revealed by angle-resolved
photoemission spectroscopy (ARPES) measurements, and a
charge transfer from PbSe to NbSe, by 0.43 electrons per
NbSe; unit cell is extracted from the size of the Fermi pockets.
In addition, polarization-dependent ARPES measurements
reveal circular dichroism with opposite contrast for the K
and K’ valleys, indicating distinct orbital angular momentum
(OAM) and selective excitation of K and K’ valleys. Our work
demonstrates natural van der Waals superlattice as an effec-
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FIG. 1. Schematics for van der Waals superlattice (PbSe), ;4NbSe, and sample characterization. (a) and (b) Crystal structures of 2H-
NbSe, single crystal and (PbSe); 14NbSe,. The red arrows indicate the charge transfer from PbSe to NbSe, layers. (c) XPS spectrum shows
characteristic Nb, Se, and Pb peaks measured under ~iv = 110 eV. (d) XRD measurements on (PbSe); 14NbSe, (red) and the NbSe, single
crystal (black). (e) Raman spectra of (PbSe); 14NbSe, (red) and NbSe, (black).

tive pathway for tailoring the electronic structure of layered
materials, and for achieving novel properties with potential
applications.

Figures 1(a) and 1(b) show the crystal structures of bulk
NbSe, and (PbSe); ;4NbSe;,. High-quality (PbSe), 14NbSe;
single crystals were grown by chemical vapor transport (CVT)
methods [23,24], where the chemical stoichiometry is deter-
mined by the ratio of the mismatched a-axis periodicities [13].
The as-grown samples were characterized by x-ray diffrac-
tion (XRD, sensitive to the out-of-plane crystallinity), Laue
diffraction (sensitive to in-plane crystal structure) and Raman
spectra (sensitive to the lattice vibrations), and a systematic
optimization of the growth conditions including precursors,
transport agent, and temperature gradient is performed to
obtain high-quality samples with good reproducibility (see
Figs. S1 and S2 and Table S1 for more details of sample op-
timization in Supplemental Material [32]). The optimization
of the growth condition can also be applied to other MLCs
(see Fig. S3 for more details of growth of other MLCs in
Supplemental Material [32]). The high-quality samples pave
an important step for transport measurements which reveal a
higher superconducting transition temperature, and for elec-
tronic structure investigations presented below.

The successful insertion of PbSe blocking layers into
NbSe, is confirmed by characteristic Nb, Se, and Pb peaks
in the x-ray photoemission spectroscopy (XPS) spectrum
measured on the cleaved surface [Fig. 1(c)]. XRD measure-
ments show that the insertion of PbSe blocking layers results
in an increase of the interlayer spacing from 6.27 £ 0.01
A in the bulk NbSe, [black curve in Fig. 1(d)] to 12.31 £

0.01 A in the (PbSe);.14NbSe, [red curve in Fig. 1(d)]. The
increasing interlayer spacing leads to a reduced interlayer
coupling and a change of the vibrational modes. A com-
parison of the Raman spectra in Fig. 1(e) shows that from
NbSe, to (PbSe);.14NbSe,, the A, peak shifts from 226.4
cm™! t0 222.4 cm~! while the Ey, peak from 236.4 cm™' to
256.2cm™". The A, ¢ and E», modes involve Se atoms moving
perpendicular and parallel to the Nb plane, and therefore they
are particularly sensitive to the interlayer coupling [45]. The
redshift of the A, peak and blueshift of Ey is similar to what
is observed from bulk to monolayer MoS; [46,47], indicating
weakening of the interlayer coupling in (PbSe); ;4NbSe; (note
that the blueshift of E,, may also attribute to electron doping
from PbSe [48,49]).

The as-grown (PbSe); 14NbSe, exhibits anisotropic super-
conductivity, which is revealed by transport measurements
(Fig. 2). The optimized sample shows a higher transition
temperature 7, = 5.6 & 0.1 K [shown in Fig. 2(a)] compared
to previously reported 7. values ranging from 1.1 to 2.5 K
[23-27], together with a sharper transition, which possibly
originates from the improved sample quality (see Fig. S4 for
more details of sample with different quality in Supplemental
Material [32]). In addition, the superconductivity shows an
anisotropic response to applied magnetic fields—the transi-
tion temperature is much less sensitive to the application of
in-plane magnetic fields [H), Fig. 2(b)] as compared to out-
of-plane magnetic fields [H, Fig. 2(c)]. Figure 2(d) shows
the extracted upper critical magnetic fields H., (normalized
by Pauli limit Hp), and a comparison of (PbSe); 14NbSe, (red
markers) with bulk NbSe, (black markers; see Fig. S5 for
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FIG. 2. Anisotropic superconductivity with an enhanced in-plane upper critical field. (a) Temperature-dependent resistance of
(PbSe);.14NbSe, with transition temperature 7, of 5.6 K, which is defined as the 90% resistance of the normal state. (b) Normalized resistance
upon application of in-plane magnetic fields for (PbSe); ;4NbSe,. The in-plane magnetic fields are 0.0, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0,
8.0, and 9.0 T from red to blue curves and T, is transition temperature without magnetic field. (c) Normalized resistance upon application of
out-of-plane magnetic fields for (PbSe); 14,NbSe,. The out-of-plane magnetic fields are 0.0, 0.1, 0.3, 0.5, 0.8, 1.0, 1.5, 2.0, 2.5, and 3.5 T from
red to blue curves. (d) Extracted upper critical magnetic fields H,, for H (circles) and H, (triangles) as a function of transition temperature.
Red markers correspond to (PbSe), 14NbSe,, and black markers correspond to NbSe,. Red and black dashed lines are the Lawrence-Doniach

model fit.

raw data in Supplemental Material [32]) shows that the super-
conducting anisotropy is enhanced. To quantify the enhanced
anisotropy of superconductivity, the anisotropy factor is de-
fined by y = Hc(0)/Hc2,1(0), where Hep ) (0) and Hep, 1 (0)
are extracted by the Lawrence-Doniach model fit [50] [shown
as dashed lines in Fig. 2(d)]. The anisotropy factor is en-
hanced from 3.3 for bulk NbSe, to 6.2 for (PbSe); 14NbSe,,
which is smaller than the Ising superconductivity in mono-
layer NbSe, [6] with a 7. of 0.9-3.7 K [6,28-31]. The
enhanced anisotropic is consistent with the increasing inter-
layer spacing suggested by XRD and Raman measurements
in Figs. 1(d) and 1(e) which enhances two-dimensional fea-
tures. We note that similar anisotropy enhancement is also
observed in (LaSe); 14NbSe, [51] and [(SnSe);s]» (NbSe;),
[50], which also confirms that the blocking layer effectively
decouples the NbSe; layer and results in the enhancement of
2D electronic properties.

In order to understand the physics underlying the
anisotropic superconductivity in (PbSe); 4NbSe,, ARPES
measurements have been performed to reveal the highly 2D
electronic structure. Figures 3(a) and 3(b) show a comparison
of the experimental electronic structures for (PbSe); ;4NbSe;
and bulk NbSe,. We note that there are two natural cleaving
surfaces, with PbSe and NbSe, terminations, respectively, and
they show distinctive core levels (see Figs. S6 and S7 and
Table S2 for more details of two terminations in Supplemental
Material [32]). However, the bands near Er from the Nb 4d
orbital [29,52,53], which are the main focus, are observed for
both terminations and they show overall similar dispersion.
A comparison between the misfit compound and bulk NbSe,
shows that the highly dispersive 3D bands contributed by
Se p. orbital [52] in bulk NbSe, [pointed by black arrows
in Figs. 3(b) and 3(d)] are missing in (PbSe); ;4NbSe; [as
shown in Figs. 3(a) and 3(c)], leading to a large energy sep-
aration between the bottom of the conduction band and the

top of the valence band. The calculated electronic structure
of (PbSe); 14NbSe; [shown in Fig. 3(c)] agrees qualitatively
well with the ARPES results in Fig. 3(a), and they both show
distinctive layer-decoupled features that resemble the band
structure of monolayer NbSe, [31,54-56] (see Figs. S8 and
S9 for more details of first-principles calculation in Supple-
mental Material [32]). The 2D electronic structure is further
supported by the negligible &, dispersion of (PbSe); 14NbSe,
(see Fig. S10 for more details of k; dispersion in Supplemental
Material [32]). Therefore, our ARPES measurements together
with first-principles calculations show that by expanding the
interlayer spacing, the electronic structure of (PbSe); 14NbSe;
becomes layer decoupled, as indicated by the disappearance of
the highly dispersive Se p, bands at the I" point at different k,
values. Such 2D electronic structure is consistent with the en-
hanced superconducting anisotropy in response to the applied
magnetic fields. We note while PbSe bands are absent near
Ep, similar to previous reports in (PbSe); 16(TiSe,),, [57], the
PbSe blocking layer affects the electronic structure from two
aspects. First, the PbSe blocking layer plays an important role
in breaking the D3, symmetry of the misfit layer compound,
which results in the splitting of the Nb 4d band along the
I'-M direction (see Fig. S11 for more details of D3, sym-
metry breaking in Supplemental Material [32]). This is also
in contrast to the broken inversion symmetry in monolayer
NbSe,, where the Nb 4d bands split along the I'-K direction,
while they are still degenerate along the I'-M direction [55].
Secondly, it contributes charges to the neighboring NbSe, as
discussed in details below.

ARPES measurements not only reveal the layer-decoupled
electronic structure, but also allow us to reveal the charge
transfer between PbSe and NbSe,. The carrier concentration
can be extracted from the Fermi pockets using the Luttinger
theorem [58] and the charge transfer can be directly ex-
tracted by the change of the carrier concentration, as has been
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FIG. 3. 2D electronic structure and charge transfer in (PbSe); 14NbSe,. (a) Dispersion images of MLC (PbSe); ;4NbSe, measured along
the K-I"'-M direction. (b) Dispersion images of bulk NbSe, crystal measured along the K-I"-M direction. The second derivative of the bands
near the M point are clearer as shown in the inset. (¢c) The unfolded electronic structure of (PbSe); 14NbSe, projected to the K-I"-M direction
of NbSe,. The projection weight is represented by the size of the symbols and color. (d) Bulk band structure of NbSe, projected on the
(001) surface Brillouin zone, which shows highly dispersive Se p, bands. (e¢) and (f) Symmetrized Fermi surface maps for (PbSe); 14NbSe,
(e) and bulk NbSe, (f). Red and black dotted curves indicate the hole pockets at the Fermi energy. (g) Extracted Fermi surface pockets for
(PbSe);.14NbSe, (red curves) and bulk NbSe, (black dotted curves). (h) Extracted energy distribution curves (EDCs) for (PbSe); ;4NbSe, (red
curve) and bulk NbSe, (black curve) at momentum positions indicated by red and black dashed lines in (a) and (b).

recently demonstrated in a different misfit layer compound
(PbSe); 16(TiSe,),, [57]. The hole pockets of (PbSe); 14NbSe,
shown in Fig. 3(e) are clearly smaller than those of bulk
NbSe, [Fig. 3(f)]. This suggests a lower hole concentration,
indicating electron transfer from the blocking PbSe layers
to active NbSe, layers. Figure 3(g) shows a comparison of
the Fermi pockets for bulk NbSe, (black dotted curves) and
(PbSe);.14NbSe; (red curves). From the change in the size of
the Fermi pockets, a charge transfer of 0.43 + 0.02 electrons
per NbSe, unit cell from the PbSe layer is revealed (see
Fig. S12 for more details in Supplemental Material [32]),
which is comparable to the value in (PbSe); ;6(TiSe;),, [57]
and (LaSe); 14(NbSe;), [21]. Such charge transfer also results
in a band shift of the Nb 4d bands by 250 4= 20 meV, as shown
by the EDCs in Fig. 3(h). These results demonstrate that the
PbSe blocking layers not only provide effective protections
for the NbSe, layers and make NbSe, layers decoupled, but
also inject carriers to the NbSe, layer, thereby tuning the
carrier concentration of (PbSe); 14NbSe,.

The measured electronic structure confirms that the
(PbSe); 14NbSe; exhibits 2D electronic properties similar to
the monolayer NbSe,, yet with a much larger electron dop-
ing due to charge transfer from the PbSe blocking layers.
The decoupling of NbSe, layers suggests that the K and
K’ valleys are inequivalent due to the inversion symmetry

breaking [6,59] (see Fig. S13 for more details of inversion
symmetry breaking in Supplemental Material [32]), which
could result in circular dichroism (CD) [60] and orbital angu-
lar momentum (OAM) [61]. To search for the OAM and the
possible valley pseudospin in (PbSe); 4NbSe,, we perform
polarization-dependent ARPES measurements as schemati-
cally illustrated in Fig. 4(a) (see Fig. S14 for geometry of CD
measurement in Supplemental Material [32]), where the mag-
netic quantum numbers for right-handed circular polarization
(RCP) and left-handed circular polarization (LCP) lights are
opposite [62] as shown in Fig. 4(d). Figures 4(b) and 4(c)
show the Fermi surface maps measured by RCP and LCP
lights, with clear intensity contrast for the K and K’ valleys.
The RCP light enhances the intensity of the K valley as
indicated by the red arrow in Fig. 4(b), while the LCP light en-
hances the K’ valley as indicated by the blue arrow in Fig. 4(c).
Therefore, the circularly polarized light can selectively couple
to these two valleys as schematically summarized in Fig. 4(d),
similar to the valleytronics in monolayer MoS, [60,63] (see
Table S3 for comparison of CD data to bulk and monolayer in
Supplemental Material [32]). Such opposite circular dichro-
ism is more clearly revealed in the differential intensity map
shown in Fig. 4(e), which is obtained by subtracting Fig. 4(c)
from Fig. 4(b). The circular dichroism is further normalized
as (Ircp — ILcp)/(Urcp + Ifcp) [60] and shown in Fig. 4(f)
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FIG. 4. Circular dichroism at different K and K’ valleys revealed by polarization-dependent ARPES. (a) Schematic drawing of polarization-
dependent ARPES measurements with left-handed circular polarization (LCP) and right-handed circular polarization (RCP) light. (b) and
(c) Fermi surface maps measured under RCP (b) and LCP (c) light, respectively. The images are symmetrized with respect to k, = 0.
(d) Schematic drawing of the opposite circular dichroism at K and K’ valleys. (e) Differential intensity map by subtracting (c) from (b).
(f) Circular dichroism map normalized as (Ircp — Icp)/(Ircp + Iicp)-

with an extracted maximum circular dichroism value of 30%.
The observation of opposite circular dichroism suggests that
there is a significant OAM, since the orbital part of the wave
function directly couples to the electric field of the incident
light [61,62]. Considering that there is decoupled interlayer
coupling in the MLC, the valley contrasted OAM and the
strong spin-orbital coupling (SOC) in NbSe, implies that there
are likely different spin textures in different valleys, similar
to the spin texture in monolayer NbSe, [6]. We note that
the correspondence of circular dichroism and spin texture has
been revealed on topological insulators [64,65] and Rashba
systems [66—68], which also exhibit strong SOC. Here, our
results provide the observation of valley-dependent OAM in
a MLC system (PbSe); 14NbSe,, which further demonstrates
the tailored 2D behavior in the bulk van der Waals superlattice
with potential valleytronics applications.

In summary, we reveal the 2D electronic structure and
anisotropic superconductivity in a natural van der Waals
superlattice (PbSe); 14NbSe,. Anisotropic superconductivity
with a transition temperature of 7, = 5.6 & 0.1 K is ob-
served, and opposite circular dichroism at K and K’ valleys
shows that circularly polarized light can selectively couple
with K and K’ valleys, thereby suggesting (PbSe); 14NbSe; as
a promising candidate for valleytronics with strong SOC and
OAM. The enhanced superconducting anisotropy compared to
bulk NbSe; is attributed to the reduced dimensionality, which

is supported by the increasing interlayer spacing supported
by XRD and Raman measurements and the 2D electronic
structure revealed by ARPES measurements.

Finally, we would like to discuss the physics implied from
the misfit layer compound. The enhanced H,, (more Ising-like
superconductivity) is related to the breaking of the inversion
symmetry in the misfit compound, similar to the case of mono-
layer NbSe, [6]. The PbSe blocking layer not only induces
charges to the neighboring NbSe, with a charge transfer of
0.43 electrons, but also it plays a role of protecting the NbSe,.
Such protection is a possible reason for why the T is higher
than monolayer NbSe,, similar to the case of ionic liquid
cation intercalated NbSe, [48]. Moreover, the incommensu-
rate PbSe blocking layer also leads to breaking of the D3,
symmetry, resulting in a splitting of the bands along the I'-M
direction, which is distinguished from monolayer NbSe,. Our
work directly reveals the 2D electronic structure underlying
the anisotropy superconductivity in MLC, and provides an-
other pathway to tailor the dimensionality and properties of
NbSe, and other layered materials in addition to ionic liquid
cation intercalation [48], with properties that are distinctive
from the bulk samples and monolayer samples.
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