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Density-functional-theory calculations of electronic band structure of single-crystal
and single-layer WS2
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~Received 31 January 2002; revised manuscript received 6 May 2002; published 19 August 2002!

Electronic band structures of single-crystal and single-layer WS2 are investigated by first-principles calcu-
lations based on local-density-functional theory using a plane-wave basis with ultrasoft pseudopotentials. The
band structure calculated for the single crystal corresponds very well with experimental data and recent
calculations using an augmented-spherical wave basis@A. Klein et al., Phys. Rev. B64, 205416~2001!#. The
calculations for the single layer show that compared to the bulk case no significant structural relaxations of the
atomic positions occur. This result is confirmed by the good agreement of our calculated band structures for the
single layer with the data from angle-resolved photoemission measurements.
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I. INTRODUCTION

The electronic structure of semiconducting layered ch
cogenides has been studied for decades both theoreti
and experimentally because of their interesting quasi-t
dimensional crystallographic structure~see, e.g., Refs. 1–7
and references therein!. Strong covalent chemical bonds a
present inside the layers while the interactions between
layers are very weak and usually called van der Waals-l
There is strong dispersion of the energy bands parallel to
layers. Despite the weak interlayer interactions there is al
significant dispersion perpendicular to the layers. The in
layer interactions across the so-called van der Waals gap
particularly important for interface formation. Since sing
crystals are available for many layered materials, they
ideal model systems to study the electronic interactions
this class of interfaces. These interactions not only con
the electronic characteristics, but may also affect the gro
properties.8

Recently, it was shown that thin films of layered me
chalcogenides deposited onto graphite substrates by van
Waals epitaxy8 are electronically nearly decoupled from th
substrate as a result of different electronic structures and
tice constants.7–10 The electronic structure of such films
therefore similar to that of free-standing films. Because
the absence of interlayer interactions, single-layer films
be clearly distinguished spectroscopically.9 The possibility
for their preparation offers an ideal opportunity to study t
details of van der Waals interlayer interactions. The rema
ing influence of the substrate, however, needs to be wor
out, which can be done, e.g., by a comparison of the exp
mental results with electronic structure calculations.

In the previous work angle-resolved ultraviolet photoele
tron spectroscopy data of single-crystal and single-layer W2
have been described and compared to band-structure c
lations based on scalar relativistic density-functional the
using an augmented spherical wave-basis set~ASW!.7 A
good agreement between experiment and theory was
served for the single crystal. The experimentally determin
band structures for the single layer, however, showed sig
cant deviations from the theoretical results. Since the A
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calculation assumed the same atomic position for bulk
single layers, it was finally suggested that atomic relaxati
within the single layer might be the reason for this misma
between experiment and theory.7

In the present work we have revisited the problem in
der to answer the question of whether structural relaxati
of atomic positions or lattice parameters affect the ba
structure of single-layer WS2 determined from epitaxial films
on graphite substrate. In contrast to previous work,
present calculations were performed using a plane-w
method as described in Sec. II. This approach is comp
tionally efficient yet accurate, and therefore allows for fu
structural relaxation of the supercell.

II. METHOD OF CALCULATION

Total energy and electronic structure calculations w
carried out in the framework of the density functional theo
~DFT! Ref. 11 using the codeCASTEP.12,13 Nonrelativistic
ultrasoft pseudopotentials were employed, and exchange
correlation terms were described within the local density
proximation~LDA!.14

The number ofk points was varied from 8 to 25, and
kinetic-energy cutoff of 220 eV has been used for the pla
waves in order to achieve best convergence. During the
culation full relaxation of the lattice parametersa and c as
well as of the internal coordinatez, which determines the
intralayer sulfur plane distance, were allowed. The structu
relaxation was stopped when the energy gain per atom
less than 231025 eV/atom, root-mean-square~rms! dis-
placements were smaller than 1023 Å, and rms forces were
smaller than 0.05 eV/Å.

III. RESULTS

The 2H polytype of crystalline WS2 has the hexagona
space groupP63 /mmc. Lattice constants were experime
tally determined by Schutteet al.15 Starting with structural
parameters close to the experimental values, we relaxed
external cell parameters first and allowed internal coor
nates to adjust in a subsequent calculation with fixed
geometry until zero internal stress was achieved. Tab
13-1 ©2002 The American Physical Society 
Urheberrechtlich geschützt / In Copyright

https://rightsstatements.org/page/InC/1.0/


r
s
at
n-
te
ni
a

i-
s
of
is

su
r i
nt

i
er
th
n

en
a
c
i

le

th
rr

LH

th
o
e
r
e

e
u
y

gl

t

re-
va-

ri-

ined
a-
ba-
yer
e-
peri-

ystal

ruc-

BRIEF REPORTS PHYSICAL REVIEW B66, 073413 ~2002!
shows the lattice parametersa andc as well as the intralaye
sulfur plane distancez after full relaxation. The calculation
give slightly larger lattice constants compared to the d
from x-ray diffraction. This is in contrast to the known te
dency of the LDA to underestimate the lattice parame
Additional calculations showed, however, that the electro
structure was not significantly affected by these sm
changes of the structural parameters.

The agreement of thec-axis parameter with the exper
mental number as well as the width of the energy band
the z direction imply that the interlayer interaction is not
van der Waals type, since dipole-dipole interactions are m
ing in this type of DFT calculation.

Calculations of the single layer were performed in a
percell geometry where all atoms from the second laye
the unit cell were removed. Increasing the lattice constac
by a factor of 2 ensured an electronic decoupling of the m
ror cells. In a first calculation the intralayer lattice paramet
of the single layer were kept at calculated values of
single crystal. Then relaxation of the intralayer sulfur pla
distancez and of the lattice parametersa was allowed, but
only minor changes could be observed~see Table I!. Hence
the atomic positions in the single layer are essentially id
tical to those of the single crystal. The absence of signific
relaxation in our calculation further implies that the ele
tronic structure of the single layer is not affected by atom
relaxations.

In Fig. 1 the electronic valence band structures of sing
crystal ~dotted line! and single-layer~full line! WS2 as cal-
culated by the present plane-wave pseudopotential me
are shown for comparison. The given band structures co
spond to the lattice parameters given in Table I. In the A
plane, which is the top plane of the Brillouin zone@see Fig.
1~a!#, where the bulk bands are doubly degenerated,
single crystal and single layer band structures are alm
identical. Some differences in band crossing due to differ
hybridization as a result of different symmetry groups a
observed.7 The largest binding-energy difference is observ
for the topmost valence band atA, which is derived mainly
from the W 5dz2 orbitals. In the centralGMK plane of the
Brillouin zone the bulk bands are split due to the interlay
interactions. Also, in this plane the agreement between b
and layer band structures is very close and the interla
splittings are easily identified.

The experimentally determined band structure of sin
layer WS2 has been presented previously.7,10 In Fig. 2 it is
compared to the present band-structure calculation along
symmetry directionsGM and GK. The valence-band width

TABLE I. Calculated structural parameters of WS2 compared to
experimental data by Schutte et al.~Ref. 15!. Given are the lattice
constantsa and c and the internal coordinatez, which determines
the intralayer sulfur plane distance.

Single crystal Single layer Ref. 15

a(Å) 3.171 3.167 3.153
c(Å) 12.359 - 12.323
z 3.095 3.086 3.142
07341
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and in particular the topmost valence bands are closely
produced by the calculation. Furthermore, the calculated
lence band maximum is at theK point of the Brillouin zone,
in agreement with experiment. The splitting of the expe
mental topmost energy bands atK is due to spin-orbit split-
ting, which is not included in the calculation.

IV. DISCUSSION

There is a good agreement between the results obta
from non-relativistic local density functional theory calcul
tions using ultrasoft pseudopotentials with a plane-wave
sis set and the experimental band structure for single la
WS2, as shown in Fig. 2. This is also true for the singl
crystal band structures. The agreement between the ex

FIG. 1. ~a! The hexagonal Brillouin zone of WS2. ~b! Compari-
son between calculated electronic band structures of single cr
~dotted lines! and single layer~full lines! WS2. Unoccupied bands
and S 3s bands are not shown for clarity.

FIG. 2. Comparison of calculated and experimental band st
tures for single layer WS2 alongGM ~a! andGK ~b!. The experi-
mental data are described in detail in Ref. 7.
3-2
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mentally determined band structures of single-layer a
single-crystal WS2 ~Refs. 7 and 10! is reproduced by the
present calculations~see Fig. 1!.

Although the lattice parameters were allowed to relax,
significant changes were determined. Hence the intrala
atomic positions are not strongly affected by the presence
absence of interlayer interactions. This result is important
it justifies a comparison of calculated band structures w
those determined from single-layer films deposited on gra
ite substrates by van der Waals epitaxy. It should be noted
this point, that relativistic corrections as well as electron
excitations could potentially affect the good quantitati
agreement of theory and calculation.

Although such corrections might somehow affect t
good agreement between experiment and calculation, th
are fundamental differences between the present results
those obtained from calculations based on the AS
approach.7 Using the ASW method a difference between ca
culated bulk and layer band structures is observed: the e
tronic states derived from orbitals perpendicular to the lay
(pz anddz2) have consistently lower binding energies for th
single layer~see Fig. 5 in Ref. 7!. As the experimental bulk
and layer band structures are very close,7,10 this shift is not
reproduced in the experimental band structures. Assumin
relaxation of the atomic positions in the single layer as
result of missing interlayer interactions was the most reas
able explanation for the discrepancies between experim
and theory. The present calculations in contrast do not sh
a comparable difference between single layer and sin
crystal band structure~see Fig. 1!. With the present calcula-
tions it is thus not necessary to assume a relaxation of
single-layer atomic positions to explain the band structu
of single crystal and single layer WS2 determined by experi-
d
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ment. Whether the restriction on spherical symmetries or
other reason leads to the mismatch between experiment
ASW calculation for the single layer needs to be inves
gated.

V. SUMMARY AND CONCLUSIONS

We have presented band-structure calculations for sin
crystal and single-layer WS2 using a plane-wave metho
with ultrasoft pseudopotentials. Both, the calculated bulk a
layer energy bands agree very well with experimental resu
The single-layer band structure was calculated allowing
full structural relaxation of the atomic positions. Only neg
gible differences in atomic positions of the relaxed sin
layer compared to the relaxed single crystal were obser
According to the experimental results the calculated ene
bands show only small differences between bulk and la
geometries, contrasting with previous ASW calculations.
conclude that intralayer atomic positions of WS2 are not af-
fected by the presence or absence of interlayer interacti
This proves that an experimental setup, where the WS2 layer
is deposited on a graphite substrate, is an appropriate m
system for a free standing film.
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