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We study the valence band structure of ReSes crystals with varying thickness down to a sin-
gle layer using nanoscale angle-resolved photoemission spectroscopy and density functional theory.
The width of the top valence band in the direction perpendicular to the rhenium chains decreases
with decreasing number of layers, from ~ 200 meV for the bulk to ~ 80 meV for monolayer.
This demonstrates increase of in-plane anisotropy induced by changes in the interlayer coupling
and suggests progressively more one-dimensional character of electronic states in few-layer rhenium

dichalcogenides.

I. INTRODUCTION

The transition metal dichalcogenides (TMDs) present
a fascinating diversity of behaviour including: thickness-
driven indirect-to-direct semiconducting band gap transi-
tions; metals; magnetic phases; charge density wave ma-
terials; superconductors, and materials with topological
surface states [1]. They are readily combined in vertical
heterostructures with atomically precise interfaces and
offer unprecedented degrees of built-in control over their
optical [2] and electronic [3] properties via novel means
such as variation of the heterostructure twist angle [4]
and more conventional methods, such as strain [5] or elec-
trostatic gating [6].

Within the TMD family, ReSes and ReSs are distin-
guished by in-plane anisotropy due to a Jahn-Teller dis-
tortion which breaks the 120° in-plane rotational sym-
metry common to two-dimensional crystals and leads
to the formation of rhenium chains [7]. It also causes
out-of-plane buckling of chalcogens which results in lack
of atomic registry between consecutive layers and con-
tributes to weakening of the interlayer interaction. The
in-plane anisotropy and weak interlayer coupling impact
many of the properties of rhenium dichalcogenides, from
charge transport and optical absorption [8] to high cat-
alytic activity as shown in solar water splitting [9-11].

One of the most intriguing fundamental questions as-
sociated with layered materials is the understanding of
the changes occurring as they are thinned down from
three-dimensional bulk to single, two-dimensional atomic
planes. In many materials such as 2H semiconducting
TMDs [12-14], post-transition-metal monochalcogenides
[15-17] and black phosphorus [18], parts of the valence
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band are formed by orbitals extending significantly in the
out-of-plane direction (e.g., p, or d,2) which are strongly
affected by the presence of neighbouring layers and inter-
layer coupling. As a result, the shape of the valence band
depends sensitively on the number of layers in the crystal
[19] leading to, for example, indirect-to-direct band gap
transitions [12-14]. In contrast, in rhenium TMDs, it is
rhenium d, and d,2>_,2 rather than d,» or chalcogen p.
orbitals that form the top of the valence band [20, 21]. As
these are the orbitals participating in the Jahn-Teller dis-
tortion, this poses the question of whether the in-plane
anisotropy of the valence band could be influenced by
tuning the interlayer interaction.

Here, we use nanoscale angle-resolved photoemission
spectroscopy (nano-ARPES) supported by density func-
tional theory calculations to study the interplay between
the in-plane anisotropy and crystal thickness in the elec-
tronic band structure of ReSes, from bulk down to the
monolayer limit. We show that, as previously argued
for this compound [21], the position of the valence band
maximum does not change with the number of layers.
However, we observe a decrease in the width of the top
valence band in the direction perpendicular to the rhe-
nium chains with decreasing thickness, indicating the in-
creasing decoupling of rhenium chains and the growing
one-dimensional character of the electronic states.

II. METHODS

Sample preparation, characterisation details, and all
relevant raw data are given in Sections S1, S2 and S3, re-
spectively, of the Supplemental Material (SM) [22]. Sam-
ples were prepared by deterministic transfer from bulk
crystals [23]. Nano-ARPES data were obtained at the
ANTARES beamline of the SOLEIL synchrotron, Paris,
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which is equipped with a zone plate allowing a spot size
of 120 nm, an angular resolution of ~ 0.2° and an en-
ergy resolution of ~ 10 meV. The high spatial resolution
allows one to map the photoemission signal as a func-
tion of position with sub-micron resolution and thus to
select flakes of different thickness. In this work, photon
energies of 100 eV were used since the performance of
the zone plate is optimal at this energy; the photoioni-
sation cross-sections of Re 5d and Se 4p at 100 eV are
comparable and are of order 0.1 to 0.2 Mbarn [24]. For
the bulk flakes, this photon energy probes states with in-
plane momenta lying in a plane near the Z point at the
top of the Brillouin zone [25]. The sample cleaning pro-
cess (see SM) resulted in layers which showed atomically
clean and flat regions between the bubbles of trapped
contaminants; no drift due to charging effects was ob-
served. Raman spectroscopy, core-level nanoscale scan-
ning photoemission microscopy (nano-XPS) and atomic
force microscopy (AFM) were used as characterization
tools.

Valence band structures were calculated using first
principles plane wave, pseudopotential-based methods
within density functional theory (DFT) as implemented
in the Quantum Espresso package [26]. Both local density
(LDA) and generalised gradient (GGA) approximations
for the exchange-correlation functionals were used with
the projector augmented wave (PAW) method [27, 28] be-
ing used in all cases. The valence of Re was taken as 15
(configuration 5s25p®5d°6s%). 8 x 8 x 1 Monkhorst-Pack
[29] k-point meshes were used for monolayers, bilayers
and trilayers (12, 24 and 36 atoms per unit cell respec-
tively), and at least 6 x 6 x 6 were used for the bulk (12
atoms). Kinetic energy cutoffs were, typically, > 800 eV.
More computational details are given elsewhere [30, 31]
where results using scalar- and fully-relativisitic pseu-
dopotentials are compared. Here, scalar-relativistic pseu-
dopotentials were chosen in order to obtain wavefunction
projections onto atomic states classified only by orbital
angular momentum (i.e, without spin). Comparisons of
calculated 1L bandstructures with and without spin-orbit
coupling (SOC) have already been reported and the fea-
tures of interest here are still present when SOC is in-
cluded [30, 32, 33].

For the band structure calculations, the unit cell pa-
rameters and atomic positions were taken from experi-
mental data [7] and were relaxed to obtain residual forces

generally below 0.01 eVA™'. All unit cell parameters
were allowed to vary, including the separation between
neighboring layers in the bilayer, trilayer and bulk cases.
Representative calculations are shown in Section S4 of
the SM for monolayer, bilayer, trilayer and bulk band
structures in the I' — M direction [22]. Our earlier cal-
culations [25] used the LDA with fully-relativistic pseu-
dopotentials and gave good agreement with ARPES and
crystallographic data for bulk ReSes despite not taking
inter-layer van der Waals interactions into account explic-
itly; in Section S4 of the SM, we also show calculations
of the band structure of a bilayer in the I' — M direction,
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FIG. 1. Structure of the samples investigated. (a) Optical
microscopy image of a few-layer ReSes; flake on an HOPG
platform with the region of interest bounded by the dashed
blue border; the sketch of this (on the left) identifies mono-,
bi- and tri-layer areas (marked 1L, 2L 3L respectively) and the
inset shows the dependence of the Raman intensity (averaged
over two prominent peaks) on the number of layers; (b) micro-
Raman spectra of the regions of the sample shown in (a),
with asterisks indicating the two peaks used to calculate the
mean intensity. A vertical shift has been applied for clarity;
(c¢) nano-XPS map of the intensity of the Re 4f core levels
(binding energy 40-44 eV) of the sample shown in (a) with
the same region of interest indicated by the white dashed
line; (d) nano-XPS intensity map of Re 4f core levels for a
second sample with large monolayer and bulk-like regions; the
dashed arrow shows a cleavage direction of this flake.

comparing GGA results without van der Waals correc-
tions and with two Grimme-type dispersion corrections,
GGA+D2 and GGA+D3 [34].

III. RESULTS
A. Characterization of atomically thin ReSe:

Studying the dependence of the physical properties of
layered materials as a function of their thickness requires
samples with well-established layer numbers down to one
monolayer. This task is more challenging than usual for
the rhenium-based TMDs since, to enable comparisons
between different flakes, their crystallographic orienta-
tions must be established including, possibly, their verti-
cal orientation [35, 36] as turning a flake upside-down is
not a symmetry operation for ReSes. We have overcome
this problem by exfoliating large flakes which contain re-
gions of different thicknesses as shown in Fig. 1 (see also
Figs. S1 and S2). Fig. 1(a) shows an optical micrograph
of a sample whose leftmost flake contains monolayer (1L),
bilayer (2L) and trilayer (3L) regions, identified on the
sketch to the left of the flake. All the regions derive from
the same parent crystal and have preserved the same ori-



entation as implied by the visible cleavage edges [37] at
~ 60° and ~ 120° and as confirmed rigorously by the Ra-
man spectra of Fig. 1(b). Any significant rotation of one
region with respect to the others would result in changes
in the relative intensities of the different peaks within
the spectrum due to the pronounced in-plane anisotropy
of ReSes [30, 35, 36, 38]. The orientation of the flakes
is supported by a reciprocal space map of photoemis-
sion intensity for the monolayer, shown in Fig. S3, which
was recorded near the energy of the valence band max-
imum and displays the characteristic anisotropy already
known from bulk ReSes. We confirmed layer numbers
by four independent means: Raman spectroscopy, scan-
ning photoemission microscopy, AFM and nano-ARPES
(AFM images and line scans for all samples are shown in
Figs. S1 and S2). AFM step height measurements gave
a monolayer thickness of d ~0.60 to 0.67 nm, compa-
rable to the interlayer lattice parameter ¢ = 0.6702 nm
[7, 39] (note, the crystallographic ¢ axis in ReSes is tilted
away from the normal to the layer). The thicknesses of
the 2L, and 3L regions were likewise confirmed by AFM
(Fig. S2). Moreover, the Raman intensity from these re-
gions scales linearly with the number of layers. This is
best seen by looking at two Raman bands marked with
asterisks in Fig. 1(b) which dominate the spectrum and
do not overlap strongly with other spectral features —
vertical arrows next to the peaks clearly indicate the
scaling. We also fit and average areas of these peaks
following subtraction of a small background and present
the results in the inset of panel (a). Since the silicon
substrate does not have a thick oxide layer, and because
the ReSey layers were placed on a highly oriented py-
rolytic graphite (HOPG) flake on the substrate, there is
no modulation of the Raman intensity due to interfer-
ence effects [30, 40]. The shifts in zone centre phonon
frequencies with the number of layers are smaller for
ReSe; and ReSs than for most TMDs [30, 41] so that,
here, interference-free Raman intensities are more reli-
able than Raman peak shifts for determination of layer
thicknesses. However, the measured Raman peak posi-
tions support our thickness assignments: the bulk modes
at 283.6 and 260.5 cm ™! show a small shift to 285.2 and
263.0 cm ™! in the monolayer sample, in agreement with
previous experimental and computational results [32].

Figs. 1(c) and (d) show maps of the photoemission in-
tensity from the Re 4f core levels (binding energy 40-
44 eV) from the sample of Fig. 1(a) and one other sample
containing monolayer and bulk regions with the same ori-
entation. These maps were recorded primarily to locate
the different regions for the ARPES experiments. Inter-
estingly, the contrast in photoelectron count from 1L to
3L regions reflects the layer thicknesses. The core level
photoemission intensity need not necessarily depend lin-
early on the number of ReSe; layers, but in principle it
could be determined quantitatively by using X-ray photo-
electron spectroscopy tools [42]. As Figs. 1(c) shows, dis-
crimination between regions differing by one layer is pos-
sible and this mapping correlates with the Raman data.

Imaging based on possible shifts in the energy of the Re
4f core levels [43], on the other hand, did not produce
any contrast between the different regions.

B. ARPES results from atomically thin ReSe>

Because ReSes possesses only inversion symmetry, the
Brillouin zone of the monolayer is a distorted regu-
lar hexagon and the K and M points form three non-
equivalent pairs (K, Ko, K3, My, My, M3 and their in-
version equivalents). In this work, we consider only dis-
persions in two key directions: along, and normal to, the
Re chains, for simplicity labeled I'— K and I' — M respec-
tively; see Fig. 2(a) for the indication of these directions
in the real and reciprocal spaces and (b) for compari-
son of the bulk and two-dimensional Brillouin zones of
ReSey (the latter is a projection of the former along the
reciprocal space ¢* axis). These special directions cor-
respond to, for example, the polarization directions of
the two band edge excitons in ReSey [44-46] and were
identified as the directions of maximum and minimum
dispersion in the studies of bulk material [25, 47]. We
present the measured valence band dispersions for the
monolayer (1L) flake shown in Fig. 1(d) in Fig. 2(c,e) for
I'— M and (d,f) for T'— K. The right-hand panels in (c)
and (d) show second derivatives with respect to energy of
the data in the left, and in (e) and (f) we show expanded
views of the same data and its second derivatives close to
the valence band maximum (within ~ 2 eV). The extraor-
dinarily flat nature of the top of the valence band in the
I" — M direction is striking and is the main result of this
work (Fig. 2(c,e)). As we show later, this is very different
to the bulk valence band structure. By contrast, the top
valence band remains dispersive in the near-orthogonal
direction I' — K (Fig. 2(d,f)). Because second derivatives
can occasionally generate spurious features, we have ex-
amined the energy distribution curves (EDCs) which are
the raw data for Fig. 2, directly. Fig. S4 of the SM shows
these EDCs in the I' — M and I' — K directions and con-
firms the flatness of the band along I'— M while the I'— K
direction shows significant dispersion.

One more prominent feature of the 1L ReSey valence
band structure is the locally flat band centred at T' at
about 1 eV below the valence band edge (at a binding
energy of ~2 eV) which yields a particularly high pho-
toemission intensity. This feature was shown to corre-
spond to the valence band formed predominantly by the
out-of-plane Re d.2 and Se p, orbitals [21]. Fig. 2 also
shows the valence bands of the HOPG substrate on which
the ReSe, flakes were placed. The observation of the I’
point of graphite (at k| = 0) usefully confirms the exper-
imental location of the first Brillouin zone and I' point
of the ReSe, flakes and, as a result of the relatively large
unit cell of ReSes, the accessible momentum range allows
us to sample almost two complete Brillouin zones in the
I' — M direction. The data of Fig. 2 show no evidence
for hybridization or appreciable opening of gaps at the
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FIG. 2. Valence bands of monolayer ReSe;. (a) Crystal structure (top) and reciprocal lattice of monolayer ReSes. Solid red
arrows indicate in-plane lattice vectors a and b; the rhenium ‘chains’ are oriented along a. In-plane directions I' — K (red
dotted arrow) and I' — M (green dashed arrow) are displayed in relation to the top view of the real space layer plane. (b) First
Brillouin zone of bulk ReSes with reciprocal lattice vectors a*, b* and ¢* and their projections onto the 2D layer plane; I" and Z
points are also shown. (c) Left: photoemission intensity (false colour) as a function of binding energy and in-plane wavevector
for the direction I' — M indicated by the green dashed arrow defined in (a). The intense dispersive bands at binding energies
of 2 eV and greater originate from the graphite substrate. Right: second derivatives of the same data. (d) Left: photoemission
intensity as in (a) but for the in-plane wavevector in the direction I' — K which is close to orthogonal to the direction of (a)
and which is indicated by the red dotted arrow in (a). Right: second derivatives of the same data. (e) and (f) Expanded views
of the raw and second-derivative data of (c) and (d) respectively near the valence band edge.

binding energy and momentum values where the bands of
ReSe; and HOPG intersect. These results contrast with
recently reported findings of strong coupling to graphene
for TMDs such as WSey [48] and MoSy [49] though, in
those studies, the flakes also had graphene capping layers
which the present samples did not.

C. Evolution of the valence band with the number
of layers

Following the discussion of the ARPES of the mono-
layer region shown in Fig. 1(d), we move to the flake
presented in Fig. 1(a) and (¢). Between the two samples,
we can not only test the reproducibility of the 1L results
of Fig. 2 as well as those for the bulk, but also study

the evolution of the valence band states as a function
of crystal thickness. In Fig. 3, we show photointensity
as a function of binding energy and momentum, (a)-(c),
and its second-derivative, (d)-(f), recorded using nano-
ARPES for all our few-layer flakes as well as bulk,(g)
and (h), for a momentum slice in the I' — M direction
(note, the data in (¢) and (f) was not recorded over the
same binding energy range as in the other panels). For
this comparison, we labelled the bands of the bulk flake
following the high symmetry points of the projected 2D
Brillouin zone, using symbols I', M and K to indicate
that the vertical momentum component of the bands is
not specified (at the photon energy used here (100 eV),
ARPES probes states lying in an approximately planar
surface passing near the Z point at the top of the 3D Bril-

louin zone [25] shown in Fig. 2(b), i.e, I’ = Z). Although
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respectively and 800 for (g).

the data for monolayer are not as clear as those obtained
with the larger sample of Fig. 2, there is a systematic
trend in the band width of the uppermost valence band.

We use our raw data to obtain the width of that band -
we extract photoemission counts as a function of binding
energy (that is, the energy distribution curves, EDCs)
and fit these to obtain a measure of the band edge po-
sition at each momentum along the I' — M and I' — K
directions. This, in turn, allows us to identify the energies
of the band extrema. The results of our procedure (for
further details of the fitting process see the SM, Figs. S5
and S6) are shown in Fig. 4(a), where we compare the
extracted top valence bands for 1L, 2L, 3L and bulk.
The curves for 2L, 3L and bulk are shifted vertically by
steps of 0.4 eV for clarity (the same shift is applied to
I' = M and T' — K in each case). The corresponding raw
data are shown in the SM, Figs. S7-S9 (in Fig. S11 we
show a comparison of the raw data with the calculated
band structures of bulk and monolayer samples in the
I' — K and T — M directions). A summary of the band
widths obtained from fitting the EDCs is displayed in
Fig. 4(b) which illustrates flattening of the top valence
band along I'— M with decreasing crystal thickness while
the band width along I" — K is comparable for three out
of four investigated sample thicknesses. The error bars

are estimated from the sensitivity of the measured band
width to variation of the fitting parameters (principally
the threshold intensity Iihresn corresponding to the band
edge; see Fig. S6 for a definition of Iipyesn). The error for
the case of the bilayer in the I' — K direction is somewhat
larger as the data is slightly poorer (see Fig. S8); the 2L
region was the smallest of the flakes (see Fig. 1(a)) and
therefore the most difficult to measure. Note, band width
values in the bulk case are photon energy-dependent due
to the dispersion normal to the layers; our present val-
ues agree well with previous values measured on cleaner,
cleaved bulk material [25] at the same photon energy.

Our experimental findings are also supported by den-
sity functional theory (DFT) calculations. Using scalar
relativistic pseudopotentials, we obtained band widths of
95 meV (1L), 150 meV (2L), 275 meV (3L) and 500 meV
for bulk. A fully relativistic calculation yielded similar
values of 85, 187, 217 and 436 meV, respectively. The
calculated band structures along the I' — M direction are
shown in section S4 of the SM (Fig. S10) and the trend
in their variation as a function of crystal thickness agrees
well with the measurements.

At the photon energy of 100 eV used here for the
nano-ARPES experiments, the recorded signal is highly
surface-specific: the predicted inelastic mean free path
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the 1L curves are unshifted); (b) summary of the bandwidths
obtained in I' — M (red circles) and I" — K (black squares)
directions for monolayer, bilayer, trilayer and bulk ReSes.

of MoSs, for example, ranges from 3.5 to 6.0 A for pho-
ton energies from 70 to 170 eV respectively, [50-52] com-
parable to the layer thickness of ReSey (c-axis 6.7 A),
and a simple estimate based on the universal curve [53]
gives 5.5 A at 100 eV. Despite this, Fig. 3 and Fig. 4
demonstrate systematic changes in the I' — M valence
band edge as a function of the number of layers. Over-
all, our nano-ARPES data reveals valence band states
that are clearly dependent on inter-layer hopping inter-
actions and must be representative of the body of the
flake. We do not observe electronic states confined to in-

dividual layers except in the case of the 1L sample itself.
This is in agreement with studies of bulk and few-layer
ReSy [54, 55]. Thus, although the inter-layer interac-
tions of ReSey are weak, very similar to ReSs [32, 41]
(which shows a higher inter-layer resistivity than typical
TMDs [56]), they are certainly non-negligible [57]. To
compare, the interlayer coupling-induced k, dispersion
of the highest valence band for k, = k, = 0 in bulk
ReSes is ~100 meV [25] while it is ~800 meV in MoSes
and ~1 eV in MoS, [58].

Recently, the surface-sensitivity of ARPES has been
applied to reveal hidden spin polarisation [59] in cen-
trosymmetric bulk TMDs, for example, WSey [60, 61],
MoS; [62], NbSes [63], and PtSes [64]. In the nomencla-
ture of spin-polarisation effects introduced by Zhang et
al. [59], D-1 signifies a spin polarization arising from con-
ventional bulk Dresselhaus inversion asymmetry and D-2
implies localised Dresselhaus spin polarizations compen-
sated by their opposites under bulk inversion symmetry.
The case of MoSy was considered theoretically [65]; 2H-
MoS; is a system where individual D-1 layers interact
(weakly) to give D-2 behaviour in bulk. Surface-sensitive
techniques such as STM or ARPES can probe the top
layer of a bulk crystal and can reveal its D-1 nature. How-
ever, once again, ReX, proves to be an untypical mem-
ber of the TMD family, because its structure contains a
centre of inversion at the midpoint of each diamond of
four Re atoms. On symmetry grounds, therefore, even
a monolayer is only expected to show D-2 behaviour.
The opposing spin polarisations reside on Re atoms lo-
cated close to one another in the same layer, mean-
ing that the near single-layer sensitivity of ARPES can-
not resolve individual D-1 contributions. This is borne
out by the lack of observed spin-orbit splittings here or
in any earlier ARPES data on bulk or few-layer ReXs
[21, 25, 47, 54, 55, 66].

D. In-plane anisotropy and interlayer coupling

In order to understand better the anisotropic change
in the band width of the top valence band as a function
of the number of layers, we investigated the orbital char-
acter of the valence band of monolayer and bulk ReSe,
using density functional theory calculations and show the
key results for monolayer in Fig. 5 (the complete set of
projections for the monolayer as well as bulk are pre-
sented in Section S4 of the SM). In these calculations,
we have neglected the spin-orbit coupling so that the
atomic wavefunctions are purely orbital angular momen-
tum states (this is acceptable because inversion symme-
try which forbids any band spin splitting is present for all
crystal thicknesses, even monolayer). For this discussion,
x,y are defined as the directions along and normal to the
Re chains respectively and z is normal to the layer, as in
Fig. 5(a).

In Fig. 5(b), we show the valence band dispersion of
monolayer ReSes along the directions I' — K and I' — M
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FIG. 5. The valence band structure of monolayer ReSes analysed in terms of the atomic orbitals of rhenium and selenium. (a)
top view of ReSey showing the numbering of the atoms: 1,2 are Re, 3-6 are Se. Other atoms are related to these by symmetry.
Rectangular boxes show the assignment of the chalcogen atoms to two families, those between rhenium chains (upper yellow
box) and those above and below the chains (lower blue box). (b) Calculated valence band dispersion of monolayer ReSez with
states projected onto Se p and Re d orbitals (normalised amplitudes shown using the red-blue false color scale shown on the
right; white indicates an equal admixture). (c)-(j) Calculated valence band states projected onto the selected Re and Se atomic
orbitals identified on each panel for the in-plane momentum directions I' — M and I" — K defined in Fig. 2 (reciprocal space
directions are indicated by dashed green arrows and dotted red arrows respectively at the top of each panel). The top of the
valence band is defined as the zero of energy and the blue arrow by panel (c) marks the near-dispersionless state discussed in

the text. The color scale in units of states per eV applying to panels (c)-(j) is shown below panels (e,f).

(calculated at the scalar relativistic GGA level) projected
onto Se p and Re d orbitals with the respective ampli-
tudes shown using red and blue false color scales and
white indicating an equal admixture. In general, the Re
d states dominate in the conduction bands while the Se
p orbitals prevail on the valence band side. However,
the top valence band defies this simple picture: states
in the vicinity of I" are built mainly of the Re d orbitals
while those around K of Se p orbitals. Along I' — M, the
Re d-character band forming the valence band maximum
around I' crosses the second band made of a mixture of
Re d- and Se p-orbitals so that the highest energy states
in this direction contain comparable transition metal and
chalcogen contributions. We suggest it is this difference
between the orbital composition of the top valence band
in the directions along (I'— K') and perpendicular (I'— M)
to the rhenium chains that leads to the unique coupling
between in-plane anisotropy of this band and the crystal
thickness. The sandwich-like nature of TMD monolay-
ers means that chalcogen orbitals are more involved in,
and hence affected by, the interlayer interaction than the
rhenium orbitals. Hence, while states in the I' — M di-
rection are significantly affected by the presence of other

layers in thicker crystals which is reflected by the growing
dispersion in Fig. 4(b), only a small part of states along
I" — K responds to interlayer coupling so that the band
width in this direction remains similar in flakes of differ-
ent thicknesses. In a sense, this mechanism is similar to
the one driving the direct-indirect band gap transition
in 2H TMDs like MoSy [12-14] where interlayer coupling
causes shifts of the highest valence band in the vicinity of
I' (made of out-of-plane S p, and Mo d,2 orbitals) while
the states around K (formed by in-plane Mo d-orbitals)
remain unaffected. In ReSey; however, out-of-plane or-
bitals do not contribute to the highest valence band and
so the distinction is rather between the atomic species
than orbital symmetries.

We investigate the orbital contributions of Re and Se
to the valence band in more detail in Fig. 5(c)-(j). We
note that the four selenium sites that are not related
by symmetry make different contributions to the band
structure and, of these, one can identify two main types
of chalcogen site: those located on the Re diamonds, la-
beled atoms 3 and 4 in Fig. 5(a), and those bridging ad-
jacent Re chains (atoms 5 and 6) which differ markedly.
Evidence for the non-equivalence of these sites is also



provided by Raman spectroscopy studies of ReSes .S,
alloys which showed that the substitution of sulphur on
the different chalcogen sites yields different formation en-
ergies and vibrational frequencies [25] whilst high resolu-
tion electron microscopy suggests preferential occupation
of the more stable sites by impurities [67]. Scanning tun-
neling microscopy (STM) and spectroscopy (STS) like-
wise show very clearly the non-equivalence of the four
selenium sites in ReSey [68]. The projections of the va-
lence band states onto the Se p orbitals, Fig. 5(c) and (d),
show that it is the p, orbitals of Se sites 4 (and 3, see
Fig. S15) that contribute to the flat VBM in the I' — M
direction. As seen in Fig. 5(d) and (h), the contribu-
tion of Se p, of sites 5 (and 6, Fig. S15) to the valence
band edge is less significant. From the coordinate system
shown in Fig. 5(a), it is clear that the p, states of sites
3 and 4 are polarized along the Re chains and are spa-
tially localized above and below them. The interaction
between the orbitals of Se sites 3 and 4 on neighboring
chains is minimal and this gives rise to a near-absence of
dispersion in the I' — M (y) direction in the monolayer.
The dispersion along the I' — K (z) direction is generated
predominantly by Re d,2_,» and d., orbitals, Fig. 5(i)
and (j).

IV. SUMMARY

We have demonstrated that in ReSe; in-plane
anisotropy is quite uniquely coupled to interlayer interac-
tion so that decreasing the number of layers in the crystal
decreases the dispersion in the direction perpendicular to
the rhenium chains (I' — M in reciprocal space). This
implies increasing interchain decoupling and a growing
one-dimensional character of electronic states in this ma-
terial. The extremely flat valence band dispersion per-
pendicular to the Re chains implies that, in monolayer
ReSes, hole transport should be dominated by conduc-
tion along the direction of the Re chains and thus should
be extremely anisotropic. No experimental test of this
has yet been carried out, though it is established that
the in-plane mobility is lowest perpendicular to the Re
chains in bulk-like material. An anisotropy of about a
factor of two between mobilities in the a and b directions

was reported for few-layer ReSey_,S, devices [69] but
their reported number of layers was ~ 5 which, as shown
above, is too thick to observe the present effects; further-
more, they observed n-type conductivity. Another study
found an anisotropy ratio of ~ 4 for n-type conductiv-
ity in W-doped bulk material [70] in agreement with a
recent ARPES study [71]. Several other studies on ex-
foliated material likewise used few-layer flakes down to
3L, or n-type material, and so do not provide a test of
the present predictions [72-76]. There is only one report
of measurements on p-type conductivity in a monolayer,
where a hole mobility of 10 cm?V~1s~! was found, but
the anisotropy of the charge transport was apparently
not investigated [76]. It is therefore a high priority to
investigate transport in monolayer ReSe, in suitably de-
signed structures which would ideally allow for investi-
gation both of the predicted anisotropy but also electro-
static gating to ensure hole transport dominates. The
quasi-one dimensional nature of hole transport in ReSe,
offers the possibility of a momentum-selective filter or
contact to other TMD layers in either lateral or vertical
heterostructures.
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