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Misfit compounds are thermodynamically stable stacks of two-dimensional materials, forming a three-
dimensional structure that remains incommensurate in one direction parallel to the layers. As a consequence, no
true bonding is expected between the layers, with their interaction being dominated by charge transfer. In contrast
to this well-established picture, we show that interlayer coupling can strongly influence the electronic properties
of one type of layer in a misfit structure, in a similar way to the creation of modified band structures in an artificial
moiré structure between two-dimensional materials. Using angle-resolved photoemission spectroscopy with a
micron-scale light focus, we selectively probe the electronic properties of hexagonal NbSe, and square BiSe
layers that terminate the surface of the (BiSe);;sNbSe, misfit compound. We show that the band structure in the
BiSe layers is strongly affected by the presence of the hexagonal NbSe, layers, leading to quasi-one-dimensional
electronic features. The electronic structure of the NbSe, layers, on the other hand, is hardly influenced by the
presence of the BiSe. Using density functional theory calculations of the unfolded band structures, we argue
that the preferred modification of one type of band is mainly due to the atomic and orbital character of the states
involved, opening a promising way to design electronic states that exploit the partially incommensurate character

of the misfit compounds.

DOI: 10.1103/PhysRevMaterials.6..092001

A stack of two-dimensional (2D) materials bound by van
der Waals forces is naively not expected to show strong in-
terlayer interactions, aside from a possible charge transfer,
especially when the two crystal lattices do not have the same
unit cell or orientation [1]. However, precisely systems of this
category have shown extremely rich physics caused by the for-
mation of moiré lattices, band replicas, and flat bands [2-5], or
even merely by the relative position of high-symmetry points
that can strongly affect the stack’s excitonic properties [6].

A similar situation could be expected in the so-called
misfit compounds [7,8]. These are stacks of alternating 2D
square and hexagonal lattices that result in a structure which
is commensurate in one direction but incommensurate along
the perpendicular direction in the plane of the 2D layers
[see Fig. 1(a)]. The lack of commensurability prevents the
formation of interlayer chemical bonds, but charge transfer
between the layers can be substantial and can help stabilize
the misfit compounds [9-11]. An electronic interlayer inter-
action beyond charge transfer has so far not been reported.
However, it is well-known that the two layers are affected by
each other’s presence such that the lattice structure of each
layer is modulated by the periodicity of the other layer [7,12],
something that ought to be manifest also in the electronic
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structure. One might ask whether misfit crystals can exhibit
phenomena analogous to, e.g., twisted bilayer graphene. How-
ever, the misfit compounds are different from most of the
artificial stacks of 2D materials studied so far [13—15] in the
sense that the latter usually combine two hexagonal lattices,
whereas a misfit structure consists of hexagonal and square
lattices.

Here we study the (BiSe);sNbSe, misfit compound. The
structure shown in Fig. 1(a) is a stack of square BiSe layers
and hexagonal NbSe; layers (slightly deformed such that there
is commensurability in the y direction). Based on transport
data, charge transfer is not expected to play a major role in
this compound [9,16]. The material is superconducting with
a T; around 2.4 K [17-19], and an argument has been made
that the superconductivity does not have the 2D character
of a NbSe, intercalation compound but is rather of a three-
dimensional nature [17]. We characterize the samples using
angle-resolved photoemission spectroscopy (ARPES) with a
small light focus, giving us the possibility to individually
probe the electronic structure of different surface terminations
(by BiSe or NbSe; layers) and thereby to draw conclusions
about the misfit structure’s effect on the individual layers. The
experimental findings suggest a hitherto unobserved interlayer
interaction, leading to the emergence of one-dimensional (1D)
features in the electronic structure. They are supported by
density functional theory (DFT) calculations.

©2022 American Physical Society
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FIG. 1. (a) Side-view of the (BiSe),,sNbSe, misfit compound.
Dashed lines indicate possible cleavage planes. The incommensu-
rate direction is labeled misfit direction. (b), (c) Top view of the
structure’s NbSe, and BiSe layers with the unit cells indicated.
(d) Photoemission intensity at the Fermi energy (high intensity is
dark) taken at 65 eV photon energy with the 2D Brillouin zones for
square BiSe and hexagonal NbSe, superimposed. The corners of the
BiSe Brillouin zone are called C and C’ to account for the broken
symmetry.

(BiSe)+sNbSe, misfit crystals with a superconducting T
of 2.2 K were grown following the procedure given by Na-
gao et al. [18], using a nominal § = 0.4. Different choices
of 0.1 < § < 0.4 gave the same 7; and the same peak posi-
tions from the misfit phase in x-ray diffraction. Conventional
ARPES experiments were performed at the SGM-3 beamline
of ASTRID2 [20] and small-spot (microARPES) measure-
ments were carried out at the I05 beamline of Diamond
Light Source (DLS). The light spot size was on the order
of 200/5 um at ASTRID2/DLS and linear horizontal po-
larization was used. The sample temperature was 45/55 K;
energy and angular resolution were 35/30 meV and 0.2°.
The photon energy is given in the figures. Electronic structure
calculations for individual BiSe and NbSe; layers as well as
for a commensurate approximation to the misfit structure were
performed using the VIENNA AB INITIO SIMULATION PACKAGE
(VASP) [21,22]. Unfolding calculations were performed using
the new patch version of VASP (UnfoldingPatch4vasp) and
B4VASP packages [23]. Details about structural relaxation and
the band structure unfolding are given in the Supplemental
Material (SM) [24], see also Refs. [25-32].

The misfit structure shown in Fig. 1(a) is preferentially
cleaved between the 2D layers, resulting in a surface that is
either terminated by NbSe, or by BiSe, as shown Figs. 1(b)
and 1(c). Due to the surface sensitivity of ARPES, the pho-
toemission intensity is expected to be dominated by the
topmost layer. However, when a sufficiently large surface area
is probed, both terminations are expected to be present in
equal amounts. Figure 1(d) shows the photoemission inten-
sity at the Fermi level Ep, obtained using a large UV light
spot (100 x 190 um?), presumably averaging over the two
different surface terminations. The result strongly resembles

ARPES results from NbSe, [33-38], with the characteristic
hole pockets around the I" and K points of the hexagonal Bril-
louin zone (BZ). Superficially, no distinct features obviously
stemming from the BiSe layers are visible. While surprising,
this is consistent with recent ARPES studies of similar misfit
compounds that did not reveal any sign of the cubic layers’
electronic structure [10,11]. However, upon closer inspection,
we note that the hexagonal hole pocket around I'; appears
filled and thereby distinctly different from the one in the
neighboring BZ around I'; and from that expected for NbSe;
[33]. As we shall see below, this is in fact a contribution of the
BiSe layers.

From the size of the NbSe, Fermi contour, we can deter-
mine an additional band filling of 0.26 & 0.01 electrons per
NbSe, unit cell compared to the charge-neutral single-layer
[24]. This is consistent with a charge transfer between the
layers and with a relative shift of the bands in the calculated
electronic structure of the misfit approximant; see SM [24].
Note, however, that without an independent measurement of
the BiSe Fermi contour, it is not possible to disentangle a
charge transfer between the layers from a possible overall
doping of the sample, something that could arise from the
formation of nonstoichiometric defects [39].

A more detailed insight into the termination-dependent
electronic structure is gained by scanning a highly focused
(&5 pum) UV beam across the surface, such that regions
with a unique surface termination are resolved [see Figs. 2(a)
and 2(b)]. When performing such a scan over an area of
43 x 40 um?, we find the electronic structure to be dominated
by the two types of dispersion shown in Figs. 2(c) and 2(d),
which we ascribe to the two surface terminations (NbSe, and
BiSe). Assigning the type of termination is achieved by a
comparison to DFT calculations for isolated single layers of
NbSe, and BiSe [Figs. 2(e) and 2(f), respectively] [24]. The
electronic structure of the two layers is sufficiently different
for this to be straightforward: For NbSe,, the I" point is encir-
cled by a hole pocket as shown in Figs. 2(c) and 2(e) (marked
by green arrows). BiSe also shows a hole pocket around I" but
with the simultaneous presence of an occupied electronlike
band, as seen in Figs. 2(d) and 2(f) [the bands giving rise to
the hole pocket are also marked in Fig. 2(f)]. Since ARPES
does not exclusively probe the first layer and since the spatial
resolution is limited, the electron band is also faintly visible
for the NbSe, termination, but it is much weaker. Figure 2(b)
shows the photoemission intensity in a region of interest
around this electron band, marked by a rectangle in Fig. 2(d),
and high intensity therefore indicates the presence of the BiSe
termination. The clear distinction between the two surface
terminations is also supported by mapping their qualitatively
different core level spectra, as discussed in the SM [24].

While a detailed inspection of the NbSe,-terminated re-
gions gives results that are very similar to bulk NbSe, crystals
or single layers, apart from the aforementioned strong dop-
ing effects [33-38] (see SM [24]), the results from the
BiSe-terminated parts are more complex. The photoemission
intensity at Er, as well as along cuts throughout the 2D square
BZ, is shown in Figs. 3(a) and 3(b), respectively. The charac-
teristic features of the NbSe, termination are still dominating.
However, and in contrast to the results of Refs. [10,11], we
also find photoemission features that do not originate from
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FIG. 2. (a) Sketch of the experimental geometry. A highly fo-
cused UV beam is scanned across the surface of the misfit compound,
leading to photoemission from only one of the two possible termina-
tions of the crystal. (b) Map of the (x, y)-dependent photoemission
intensity integrated over the rectangular region of interest in panel
(d). (c), (d) Distinctly different spectra collected at 133 eV photon
energy from NbSe, and BiSe surface terminations. (e), (f) Calculated
electronic structure for an isolated 2D layer of NbSe, and BiSe,
respectively. The 2D BZs are shown as insets. The green arrows mark
the bands leading to hole pockets around I".

the NbSe, layers, such as the aforementioned electron band
around the I" point. It has a similar dispersion as in the cal-
culation of Fig. 2(f) but it is less occupied, also supporting a
charge transfer from BiSe to NbSe,. Moreover, this dispersion
is smeared out in all directions, explaining the filled charac-
ter of the Fermi contour around I". Further out toward the
BZ boundary, there is a downward dispersing band forming
a holelike Fermi contour, also in good agreement with the
calculation, see arrows in Fig. 2(f). Due to the simultaneously
present photoemission intensity from the NbSe,, what are
observed are actually two superimposed hole pockets, seen
near the arrows in Fig. 3(b) and in more detail in the SM [24].
No replicas of the electron band can be found around higher
reciprocal lattice vectors of the square BiSe lattice.

The most interesting features observed on the BiSe ter-
mination are 1D lines of strong photoemission intensity at
Er [marked by arrows in Fig. 3(a)]. Similar structures also
appear at higher binding energies and we can exploit their 1D
nature to identify the incommensurate (misfit) direction (see
SM [24]). The 1D lines resemble those typically found for
nearly 1D materials [40] and they do not appear in any of the

FIG. 3. (a) Photoemission intensity at the Fermi level recorded at
133 eV photon energy for the BiSe termination. The orange arrows
mark one-dimensional lines of high photoemission intensity in the
misfit direction. (b) Dispersion in the square Brillouin zone of BiSe.
The green arrows mark the dispersion from two hole pockets, one
from BiSe and one from NbSe,.

misfit structure’s constituent layers on their own, so evidently
they manifest a hitherto unseen interlayer interaction that goes
beyond charge transfer.

A plausible explanation for these observations arises from
the structural interaction between the 2D materials in the
misfit compound, as well as from the orbital character of the
bands near Er. The interaction between the 2D sheets causes
each to be distorted in a nonperiodic fashion. In a misfit crystal
of composition MX TX,, the modulation-induced deforma-
tion is typically highest for the atoms at the interface, i.e.,
the entire MX layer and the X atoms from TX,, while the
T atoms in the TX, layers are least affected [7,12,41,42].
This explains why the NbSe, Fermi contour, which is formed
from Nb 3d orbitals, is hardly influenced by the formation
of the misfit compound. Interestingly, even the deeper lying
Se-derived bands around 1 eV below Ef are still very similar
to those in single-layer NbSe, [36], suggesting that the entire
NbSe, layer is little affected by the presence of the BiSe. The
BiSe states near Ef, on the other hand, have Bi 6p character
(see SM [24]) and are therefore susceptible to the changed
electronic environment of the Bi atoms as well as to the loss
of periodicity in the misfit direction. The resulting electronic
structure of BiSe near Er will thus no longer be periodic in the
misfit direction. These considerations can explain the absence
of a periodicity following the square BiSe reciprocal lattice
and the emergence of a 1D electronic structure.

We support these arguments by DFT calculations. To un-
derstand the formation of the 1D structures at Eg, we start
by inspecting the Fermi contours for freestanding layers of
NbSe, and BiSe, with the lattice parameters constrained to
the value found for the misfit approximant. The superposition
of the two contours is shown in Fig. 4(a). It would represent
the Fermi contour of the misfit compound in the absence
of any interlayer interaction and charge transfer, with each
Fermi contour repeated according to its reciprocal lattice.
Clearly, this is not supported by the experiment. For a more
appropriate description, and given the experimental evidence
of a hardly affected NbSe, band structure, we start to ap-
proximate the misfit structure by a rigid NbSe, layer and
ask how its periodic potential affects the electronic structure
of the neighboring BiSe layers or the electronic structure of
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FIG. 4. (a) Calculated Fermi contour for freestanding NbSe,
and BiSe layers, using the experimentally determined Fermi level.
(b) Spectral function near Er for NbSe, in the approximate unit cell
of the misfit structure, unfolded onto the primitive NbSe, reciprocal
lattice. (c), (d) Corresponding spectral functions unfolded on the
primitive NbSe, lattice for freestanding BiSe and the complete misfit
structure. The arrows mark the position of one-dimensional features
in the electronic structure.

the combined misfit crystal. To this end, we calculate the
electronic structure of a NbSe, and a BiSe layer, as well as
a (BiSe);.14NbSe; misfit approximant in a commensurate unit
cell of 7 NbSe, and 8/+/2 BiSe lattice vectors along the misfit
direction. We then unfold the electronic structure calculated
in this supercell onto the primitive unit cell of NbSe,—see
SM [24].

The spectral functions near the Fermi energy resulting from
the band unfolding (for a definition, see SM [24]) are given in
Figs. 4(b)-4(d). For a large supercell just containing NbSe,
the unfolding on the primitive cell in Fig. 4(b) merely gives
the expected Fermi contour of this layer. For a single layer
of BiSe and for the misfit approximant, the result is more
complex [see Figs. 4(c) and 4(d)], but in both cases, one
can readily make out 1D features along the misfit direction,
similar to those observed in the experiment. This is especially
pronounced for the unfolded electronic bands of the misfit ap-
proximant (marked by arrows). The origin of the 1D structure
is a complex interplay of lost translational symmetry and in-
terlayer interaction. The original electronic structure elements
responsible for the lines are the straight sides of the hexagonal
hole pocket around I" for NbSe,, as well as the almost straight
lines of the electron (hole) pockets in BiSe. These two features
interact strongly, i.e., they are not simply superimposed, as
can be seen by comparing the unfolded band structure of the
misfit approximant with those of the individual single layers,
and as is also plausible considering their predominant orbital
character (Bi p; and Nb d2) [24].

The basic assumption of the calculations is a fairly rigid
NbSe, template, imposing its structure onto the BiSe layer
and thereby justifying the choice of projecting the bands onto
the NbSe, lattice. This is based on structural arguments and
on the finding from ARPES that the NbSe, band structure is
almost unaffected by the presence of BiSe, apart from charge
transfer. This view is not only supported by the formation of
the 1D structures but also by the continuous presence of the
NbSe; hole pockets around the K points in Fig. 4(d). These
pockets are placed in an area where there are few BiSe states
available for hybridization and they are thus unaffected by the
misfit structure, merely shrinking a little due to the charge
transfer. Note that the full effect of the incommensurate struc-
ture can, of course, not be captured in a periodic calculation
with a large but commensurate unit cell, nor can additional
factors that could lead to 1D behavior, such as a longer-range
modulation in the BiSe layer observed by electron microscopy
[19]. Another candidate for creating a 1D confinement are Bi
antiphase domain boundaries, also observed in the BiSe layer
[43], but this type of defect does not appear to be common
when following the synthesis method of Ref. [19], which is
similar to the one also used here [18].

The misfit-induced transition from a 2D electronic struc-
ture to a 1D situation in the BiSe layers could have several
interesting consequences. By definition, it effectively local-
izes the electrons in the incommensurate direction, preventing
metallic transport through the BiSe layer in that direc-
tion. This is consistent with earlier findings in transport
experiments, where an electron localization due to the incom-
mensurate potential has been invoked to explain the fact that
only the TS, layers contribute to the electric conductivity of
some rare earth-based misfit compounds [44—46]. The cre-
ation of the 1D Fermi contour could further give rise to the
rich physics expected in such situations, potentially giving rise
to Peierls distortions, spin-charge separation, or the formation
of Luttinger liquid states.

In summary, we have shown that the incommensurate in-
terlayer interaction in the (BiSe);,sNbSe, misfit compound
leads to a dimensionality reduction of the electronic structure
in the square BiSe lattice, from a 2D to a 1D metallic state.
This can explain earlier transport experiments in this class of
materials that have found conductivity to be located exclu-
sively in the transition metal dichalcogenide layer. It opens
the possibility to realize 1D physics in this class of naturally
occurring stacks of layered materials, exploiting the design
freedom where doping, charge transfer, and the mechanical
properties of the constituent layers can be widely tuned.
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