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Bulk and surface electronic structure of 1T-TiS, and 1T-TiSe,
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Ab initio band-structure calculations were performed for bulk, single slab, and thin filmXgf(Xi= S, Se
using the localized spherical wave method. According to these calculations, bylkAdSTiSg are semime-
tallic. The calculations show that Tj$hin films are semiconductors, but thin films of TjS®e semimetallic.
The indirect gap for single slab Tj$s about 1.0 eV, and the gap becomes smaller with increasing number of
layers. When the number of layers increases to 11, the fhi8 films are semimetallic. All but the surface
layers are found to be electrically neutral. The density of states as a function of the energy for the surface layer
is different from that of the bulk. The Madelung energy of the Ti atoms on the surface is about 0.35 eV lower
than that for the Ti atoms in the bulk. The calculations are compared with photoemission spectra, reported in
the literature[S0163-18207)05532-X]

. INTRODUCTION the chalcogerp and titaniumd bands. For Ti$ this view

was apparently supported by extensive resistivity experi-

This paper addresses three interesting problems concerprents on pure samples, which revealed & dEpendence
ing the electronic structure of TjSand TiSe. In the first  gyer a range of 10-400 Kby studies of the variation of the
place, we discuss the problem of whetherzfa8d TiSg are  resistivity, thermopower, and lattice parameters with
semimetals or semiconductors. Second, we investigate thgojchiometry, and by angle-integrated photoemission ex-
difference between the electronic structure of tb@1) sur-  periments which show a long tail in the density of states
face layer of a Tigcrystal and the bulk. We show that the jndicating band overlap or a band gap of not more than 0.1
difference is quite large, and that it has important implica-g\/ 89 |nfrared reflectance spectra show that Ji€a semi-
tions for the interpretation of photoelectron spectra of,TiS metal and has free carriers in excess ofde. %11 Most
and TiSe. Finally, we study the effects of quantum confine- of the angle-resolved photoemission experiments reported
ment of electrons in a thin slab of TiSand find that a gyerlapping hands in TiS€"*?7°In one publicatio”” the
simple slab of Tig is a semiconductor with a band gap of apparent absence of Se soles in the valence band was
about 1.0 eV. taken as evidence that TiSis a semiconductor, with a band

TiS; and TiSg crystallize in a simple layer-type structure gap of 0.06 eV. Angle-resolved photoemission of TiS
of the CdOH),-type. The structure consists of sandwich showed the presence of electrons in the @itgand, consis-
slabs, each slab with two layers of(Se atoms, and with Ti  tent with the observed-type conductivity'?>*>?'~?*These
atoms in octahedral holes. The bonding between the slabs iperimental data did not reveal the presence of holes in the
very weak, and is determined by van der Waals forces. This 3p valence band of TiS This was taken as evidence for
is the reason for the large stability of th@01 surface of the the semiconducting character of FjSand from the data an
slabs. Low-energy electron diffraction and scanning tunnelenergy gap of 0.30.2 eV was deduced. In this interpreta-
ing microscopy studies showed no surface reconstruétiontion, the conduction electrons in the Ti®and must be due
At temperatures below 220 K TiSshows a charge-density to point defects, i.e., to excess Ti atofisA problem with
wave distortion, leading to aa<2ax 2c superstructur. this interpretation is that it is not compatible with experimen-
1T-TiS, shows no distortion. In this paper we will refer to a tal data for the stoichiometry; the sample was reported to be
“layer” or a “sandwich” as an entity comprising a S-Ti-S stoichiometric within 0.5%, but the number of conduction
trilayer, and the phrase “atomic layer” for the one-atom- electrons is much larger than corresponds with this
layer case. number*®

The layered compounds Ti@nd TiSg have been inten- In order to clarify the experimental and theoretical pic-
sively investigated for more than three decades, not onlyures for the electronic structure of these compounds, many
because of their technological use in high-energy-densitpand-structure calculations have been done. The early non-
batteries, but also because of their interesting electronigelf-consistent calculations gave gaps that were far too large:
structure”® The question of whether they are intrinsically 2.0 eV for TiS, 3.5 eV for TiSg;?° 1.4 eV for TiS, 0.5 eV
semiconducting or semimetallic has presented a challenge for TiSe,.?’ The later self-consistent calculations have come
both experimental and theoretical techniques. The early opslose to experiment: a 0.23-eV gap for 4i®.18-eV overlap
tical experiments on TiSand TiSe suggested that both for TiSe,,?®2°0.5-eV overlap for Tig*° 0.24-eV overlap for
compounds were semiconductors with band gaps of 1-7iS,, 0.55-eV overlap for TiSe3 0.007-eV overlap for
eV,* the metallic properties of each being attributed to impu-TiS,.3? All these calculations are related to the bulk structure
rities and defects. Takeuchi and Katsupgoposed that the and could not fully explain the experimental data on photo-
metallic properties are intrinsic, resulting from an overlap ofemission and transport properties.
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TABLE |. Input parameterglattice parameters, coordinates, empty sphé¥s, and Wigner-Seitz radiRys] and final electronic
configurations. WP represents the Wyckoff position.

(@ 1T-TiS,: a=3.407 A,c=5.6953 A

Atom WP Coordinates Rws (A) Electronic configuration
Ti la 0.0, 0.0, 0.0 1.2067 [Ar] 480184 0-2223(J1.864 £0.03
S 2d 1 2 0.2501 1.7209 [Ne] 3519234473030
Va 1b 0.0,0.0,3 1.2067 0122901534008

(b) 1T-TiSey: a=3.540 A, c=6.008 A

Atom WP Coordinates Rws (&) Electronic configuration
Ti la 0.0, 0.0, 0.0 1.302 [Ar] 4523403032074 £0.03
Se a 3 3, 0.2550 1.784 [Ne] 4s'9%p*274d0-244 007
Va 1b, 0.0, 0.0,3 1.261 150130173009

This paper presents band-structure calculations using an The input for the band-structure calculations af-TiS,
ab initio method for bulk, single slab, and thin films of and 1T-TiSe, is listed in Table I. For the ™, multiple
1T-TiX, (X=S, Se¢. We find that bulk Tigis, as TiSe, an  layers, the thin films were constructed by n layers with
intrinsic semimetal. Thin films of TiSare intrinsic semicon- m being the number of sandwichesXgiandn the number

ductors while thin films of TiSgremain semimetallic. of “sandwiches” of the empty spherds is not less than 3
(about 17 A]. The height of one sandwich of the empty
Il. BAND-STRUCTURE CALCULATIONS spheres was the same as oné, Bandwich. All thin films

have space-group3ml (no. 169, the same Wigner-Seitz

radii, and the same radii-overlap for the same compound.
1T-TiX, (X=S, Se, Tg crystallizes in the T-type The Wigner-Seitz radii and empty spheres were determined

Cd(OH), structure(space groug?3m1). One Ti atom is at by the requirement that the pressur®% and the individual

la (origin) and two X atoms at 2 (1/3,2/3z) and contribution to it are minimal. This procedure proves to lead

(2/3,1/3~27), with z=0.2501(4) for Ti$ and z !0 accurate results as was shown in a comparison with a

=0.25504(3) for TiSg33* The structure consists of full-potential method®
X-Ti- X sandwiches, separated in thalirection by the so-
called van der Waals gap. The Ti atoms are trigonal-

L. . ) . C.Buk 1T-TiX, (X=S, S
antiprismatically coordinated by atoms. There is one sand- 2 ( 9
wich per unit cell. The input parameters and calculated electronic configura-

tions are listed in Table(d) for 1T-TiS, and Table (b) for
1T-TiSe,. Figure 1 shows the first BZ and the high-
symmetry points for the structure with space-grde@mi.

Ab initio band-structure calculations were performed with inlgures %/_ps show the density of sta(eEIOpS) an% the dis-
the localized spherical wav@SW) method® using a scalar- persion of the energy bands. The energies of the statEs at
relativistic Hamiltonian. We used local-density exchange-; .o given in Table II.

correlation potentiaf inside space filing, and therefore, The calculated hand structures GF-TTiS, and 1T-TiSe,
overlapping spheres around the atomic constituents. Thg.s gimijar to previous self-consistent calculatiéhs2 For
self-consistent calculations were carried out including a"lT-Ti82 the two lowest bands are mainly composed of S

core electrons. lterations were performed wktipoints dis- 3s states(Figs. 2 and 3 The energy of these two bands is
tributed uniformly in an irreducible part of the first Brillouin between—13.5 to —11.5 eV. Between-5.3 eV and+0.4
zone(BZ), corresponding to a volume of the BZ gempoint ' ' ' ' '

of the order of X 10 °> A3, Self-consistency was assumed
when the changes in the local partial charges in each atomic kz
sphere decreased to the order of 10 ‘

In the construction of the LSW basi3®’ the spherical
waves were augmented by solutions of the scalar-relativistic A
radial equations indicated by the atomic symboés3B,3d,
4s,4p,3d, and 4,4p,4d for S, Ti, and Se, respectively. The L H
internall summation used to augment a Hankel function at r Aky
surrounding atoms was extended to3, resulting in the use
of 4f orbitals for Ti and Se. When the crystal is not very S
densely packed, as in the case in the layered structure of the
TiX,, and in particular in the case of thin films, it is neces-
sary to include empty spheres in the calculations. The func-
tions 1s and 2, and 3 as an extension, were used for the  FIG. 1. Brillouin zone and high-symmetry points for
empty spheres. 1T-TiX,.

A. Crystal structure

B. Details of the calculations
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FIG. 2. Total and partial density of states foF-TTiS,.

FIG. 4. Total and partial density of states fof-TiSe,.
eV above the Fermi leveE; there are six bands of Sp3

orbitals. The top and bottom of this set of bands are situate
in I". Five Ti 3d bands of which the crystal-field splitting of

an octahedrally coordinated Ti atoftihree lower-lying non- s : . . .
bonding t,, and two antibondinge, state$ can be recog- within the sandwich, and bondingl'() and antibonding

nized. are above the Fermi level. (A7) across the van der Waals gap, respectively. The nature

It is pointed out that the dispersion of two of the bands in©f the wave functions is illustrated in Fig. 7.
the k, direction T'-A is quite large. These are bands of The band structure of TiSés similar to that of Ti$. The

mainly S 3, character. The overlap between the , ®r- two Se 4 bands are between13.8 to—12.0 eV. The Six Se

bitals within a slab, and also the overlap between (§ 3 4P bands are from-5.2 to 0.6 eV above the Fermi level.

across the van der Waals gap is quite large, leading to a totd|n€ bottom and top of the Sp3bands are al'. The five Ti

band width of about 5 eV. Nevertheless, there is no net bond3d bands are easily recognized. The bottom of the conduc-

ing across van der Waals gap because both bonding and afen band is at.. There is an overlap of about 0.8 eV Iat

tibonding states are occupiedt is worthwhile to note that andL. _

interactions should not be confused with bonding which is Near the maximum of the valence bandIathere are

the sum of all interactionsAn indirect overlap of about 0.7 three energy bands with symmetfy, , I';, andI'y . A

eV exists between the top of the $ Balence band ii" and ~ Point of controversy in the literature is the topology of these

the bottom of the Ti 8 conduction band situated In, which ~ bands, i.e., the ordering of the stafé§, I'; , andl'; . An

agrees with some of the calculations in the literaflr&. ordering E(F§)>E(Fg)>E(F2’) was reported for Tig
We describe briefly, the nature of the wave functions of(Refs. 30 and 3L and TiSe.'®*® An ordering E(I'5)

the S P, band, because this will be relevant for the discus->E(I',)>E(I';) was reported for Tig?® and E(I'5)

sion of the electronic_structure 'of the thin films. We use the>g(r'J)>E(T",) for TiSe,.*! In our calculations we found

symmetry Ielbels; as given by Miller and Lo¥&The Upper S an orderingE(I'3)>E(I'3)>E(I;) for TiS,, andE(I'3)

3p, band(T'; -A, in Fig. 6) corresponds to states with wave >E(I';)>E(I'3) for TiSe,. The effects of spin-orbital in-

functions which are antibonding within a slab. The maxi-ieraction have been neglected in all calculations. In our opin-

mum of the band I(;) is antibonding across the van der jon, the accuracy of the calculations is not sufficient to es-

tablish with certainty the order of the stateg , I', , I's

QVaaIs gap, the minimumA(, ) is bonding across the van der
Waals gap. The lower S8 band ;-A]) is bonding

L. ] and the(positive or negativevalue of the small energy gap
f:yiu..wiiil‘:},«“" 1 [ between valence and conduction bands.
-, | ...... The Fermi surfaces of TiSand TiSe obtained from our
s e P e [ o
2 mr_ By SO0 O calculations are similar. They are composed of an ellipsoid
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FIG. 3. Dispersion of the energy bands of-TiS,. FIG. 5. Dispersion of the energy bands of-TiSe,.
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TABLE II. Energy, dominant orbital characté®C) and symmetnfaccording to Miller and Love(Ref. 39] of the states aF for bulk

1T-TiS; and IT-TiSe,. Ti 3d* indicates a mix of Ti 8l,2.y2, 3dy,,

3d,,, and 3, orbitals.

1T-TiS, 1T-TiSe,
Energy(eV) Symmetry ocC EnergyeV) Symmetry ocC
—13.38 I+ S 3s —13.83 + Se &
-11.92 2- S 3s —12.50 2- Se 4
-5.23 1+ S 3p, —-5.16 1+ Se 4,
—2.38 S 3py, 3py —-2.10 3+ Se 4y, 4py
0.13 S 3p, 0.30 3+ Ti 3d*
0.41 Ti 3d* 0.32 2- Se 4,
0.42 S 3px, 3py 0.38 1+ Ti 3d,2
0.76 1+ Ti 3d,2 0.61 3 Se &,, 4p,
3.65 3t Ti 3d* 3.06 3+ Ti 3d*

aroundI’, two cylinders alongdl’-A, and one bowl around
L. The ellipsoid consists of S8 (Se 4p, for TiSe,) states,
the two cylinders of S B, and S 3, (or Se 4, 4p, for
TiSe,) states, while the bowl consists of Td3states. There
are more electron-occupied Tid3states for TiSgthan for
TiS,.

spheregm= 1, n=3). The distance between the slabs is suf-
ficiently large (>17 A), so that interactions between the
slabs are negligible. Since bonding between the layers in the
crystal is weak, we do not expect relaxations in the layer at
the surface and hence neglect them.

Figures 8 and 9 show the DOS and the dispersion of the

In band-structure calculations it is frequently found thatenergy bands of a Sing]e slab of 'BS'he dispersion of the

the energy gap depends on the Wigner-S@i&) radii and
the empty spheres. In the calculations @t TiS,, we carried

out calculations with different WS radii and with or without
empty spheres. It was found that when the numbeik of

points is less than 200 the energy gaps depend on the

perk point is smaller that & 10~ °> A3, the calculated band
structure hardly depends on the WS radii of the atoms or o

the presence of the empty spheres.

D. Single slab TX,

W

bands and the DOS of a single slab J&e similar in many

respects with the results obtained for the bulk. This is in
agreement with the fact that the main features of the elec-
tfronic structure are determined by strong covalent intralayer

and conduction bands, the single slab is a semiconductor
With an indirect energy gap of 1.0 eV. This band gap is not
sensitive to the number &fpoints used in the self-consisted-
field cycle and ranges from 0.973 eV fokk3soints to 0.970

eV for 82k points in the first BZ and beyond. The top of the

The electronic structure was calculated for single layery/alence band is dt, the bottom of the conduction band is at
TiX, (X=S, S@ separated by three sandwiches of emptyL. This result is in disagreement with calculations by Umri-

I'2' |

ENERGY

r A

r4

FIG. 6. Dispersion along thk, direction of the S ®, valence

|30

garet al>™ who uses the augmented plane wave method, and

i

Van der Waals gap

FIG. 7. Sketch of wave functions for &110 section of
1T-TiS,. Open and solid circles represent S and Ti, respectively.

On the sulfur atoms the Sp3 orbitals are indicated, the hatched
part is a positive sign of the wave-function amplitude, the open part

i

bands in bulk Tig and TiSe. The states for a single slab are rep- has the negative sign. One of the Td &, orbitals is also drawn.
resented by the two circles on the broken line, the states for a thiThe phases correspond to the wave functibijs, ', , A; , and

film consisting of five slabs by the ten circles.

A, .
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FIG. 8. Total and partial density of states for single slab &
1T-TiS,. E. Thin films
found only a small difference between the electronic struc- Band-structure calculations were performed for thin films
tures of a single slab and the bulk. of 5 layers(m=5, n=5), 7 layers(m=7, n=3), and 11
The energy difference between bonding and antibondinggyers(m=11, n=3) of TiS,.
S 3s bands atl’(A) is about 0.9 eV for single slab TjS For the TiS thin films there are more electrorfabout

ConSiderably smaller than the value 1.5 eV for the bulK.at 0. 02 within the W|gner -Seitz Sphere of the Ti atoms of the
The larger dispersion in the bulk is caused by overlap bepyter layer as compared with the inner Ti atoms. Similarly,
tween S 3 orbitals across the van der Waals gap. there are less electroriabout 0.02 at the S atoms of the
The calculations show that in single slab JitBere are  outside atomic layer, as compared to the inner S atoms. The
0.28 more electrons within the WS sphere of the Ti atomsndividual sandwiches are neutral, except for the surface one,

than for bulk TiS. _ . ~ where the uncompensated spilling out of charge into the
Figures 10 and 11 show the dispersion and DOS of singlgacuum leads to a net positive charge of 0.11 electrons.
slab TiSe. The Se 4 states are between13.5 to —12.3 Figures 12 and 1@) show the DOS and the dispersion of

eV. Se 4 bands are betweer4.24 to 0.03 eV above the the energy bands for a thin film of five layers of JiShe
Fermi level. The top of the Sepdbands is all"(A). The  calculations show that the five-layer thin film is a semicon-
lowest Se 4 bands are dt, the same as in the case of single ductor with a band gap of 0.26 eV.
slab TiS. Five Tid bands form the conduction bands, which  The ten S 3 bands have an energy betweeri3.8 to
are above the Fermi level exceptlatM) where the bands —11.9 eV (compared with—13.9 eV to —12.5 eV in the
are 0.03 eV below the Fermi level. single layer, and-13.5 eV to—11.5 eV in the bulk The S
There is an important difference between the electroni@p bands are in the range from5.6 eV to—0.26 eV below
structures of single slabs of Ti&ind TiSe. Whereas a single the Fermi level. The lowest position of the $ dands for
slab TiS is a semiconductor, there is a small overlap ofthe five-layer structure is almost the same as for bulk, TiS
bands in a single slab Tigeso that single slab TiSeis  for I' and L. Compared with the electronic structure of
semimetallic, just as the bulk. By comparing the dispersiorsingle-layer Ti$ every eigenvalue of the Sp3 states at
curves for bulk and single slab, we observe that the largegt(A) is split into five, due to the number of layers. The
differences are for the S@B (I', ) states, which is strongly splitting is a result of the overlap of S3 orbitals across the
lowered in energy in the single slab. van der Waals gaps in the five-layer thin film. The five levels
between—0.6 eV and—2.9 eV correspond to the single state
—2.2 eV for the single slab, and to the upper |8, ®and
for the bulk(I'; -A; in Fig. 3. The five levels betweer 3.7
eV and —5.6 eV correspond to the single state-&b.2 eV
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FIG. 9. Dispersion of the energy bands of single slab,TiS FIG. 11. Dispersion of the energy bands of single slab TiSe
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FIG. 12. Total and partial states for a five-layer thin film of 4
TiS,.
QTHUHHH B T
for the single slab and to the lower $3band for the bulk 0 '“”‘""mm LI ML
(T';-A; in Fig. 3. Such a splitting can approximately be !|||I||| "
described by a simple one-dimensional tight-binding method " h l m I"' '-| ||||
with overlap matrix elements between $,3orbitals across _ "' I .~ l"l 'E:.
: 44 ||| llllm.l hllll ...| ii
the van der Waals gap, and corresponds to points on the m ||" venes? i
I'-A dispersion of the bands in the bulk struct(see Fig. 8.
The band structure of five-layer TiShows an indirect
gap of 0.26 eV betweeh(A) andL(M), and a direct gap of =8 -
0.7 eV atl'(A). The conduction ban(li d bands$ is above
the Fermi level. The 15 low-lying nonbondirtgy and 10
antibondinge, states are split, as compared with the single- -2 -“""I"I"""' T ..mu"l"" )
layer structure. The densities of states of the individual lay- 11 Hin
ers are represented in Fig. 12. There are small differences, in A L H A
particular near the Fermi energy. The energy gap of 0.32 eV
for the surface layer is larger than the gap of 0.26 eV for the FIG. 13. Dispersion of the energy bands of a five-layer thin film
other layers. However, for the surface layer there is a tail obf TiS, (a) and of 11-layer thin film of Tig(the bands above 2.0 eV
states from the inner layers whose envelope function is exare not includeg(b).
panded in Bessel functions in the outer layer. A very small
contribution in the surface DOS originating from bulk enve- character and does not mix with $3states for symmetry
lope functions remains extending to 0.26 eV. For this reasomeasons. The small splitting at the minimum of the valence
a DOS for thicker slabs is not included. For the outermosband atM(L) must be due tor-type overlap between S
layer we find a much steeper increase with energy of th&p,, 3p, orbitals across the van der Waals gap; this overlap
DOS of the Ti 3 states. Thus, the lowest states of TijfBist  is apparently quite small.
above the Fermi energy are composed mainly of orbitals of Figure 14 shows the Madelung energy of the atoms along
atoms in the outer layer. On the other hand, the highest statdise z (interlayer directioh obtained from the band-structure
of S 3p states just below the Fermi energy have a largercalculation for a film of 11 slabs. The Madelung energy for
contribution orbitals of atoms in the inner layers. atomi with chargeQ; within the WS sphere is given by
Figure 13b) shows the dispersion of the energy bands of
11-layer thin films Ti$ (m~11, n~3). In this case, we find .
a splitting of the S B, states in two series of 11 stateslxt EMad('):Qi;i Qj/lri=ryl;
due to interlayer overlap across the van der Waals gap. For
the 11-layer thin film there is a small overlap of bands, sothe summation is over all atonjs:i in the crystal. As shown
that this film is semimetallic. in Fig. 14, the Madelung energy is almost the same for all
The splitting in subbandss or 11 layers of Tigin Figs.  the Ti inner atoms, while the Madelung energy is about 0.35
13(a) and 13b)] is observed throughout the BZ Brillouin eV lower for the Ti atom of the outer layer. The Madelung
zone, but the splitting is generally smaller than it is for the Senergy is almost the same for all inner S atoms. The
3p, states at’. In particular the lowest valence-band states atE(Mad) of the next to outermost S atoms is about 0.05 eV
M (L) shows only a very small splitting. This is due to the lower in energy, as compared with the inner S atoms. How-
fact that the wave function of the state is of $,3 3p,  ever, the outermost S atoms have the Madelung energy as

]
[
!
1
i

ENERGY (eV)




56 BULK AND SURFACE ELECTRONIC STRUCTURE ©. .. 4461

-8.6 the crystal-field splittingin going from bulk to thin films.
10.2 | The total Ti A bandwidthW, changes from 4.0 eV for bulk
<_EMAD(Ti) TiS, to values of 3.75 eV and 3.25 eV for five-layer and
< 100 7S - . o = single slab Tig, respectively. For TiSethe values for bulk
2 2 and surface are 3.73 and 3.33 eV, respectively.
5 98t Eyap(S) — 1-87 % _Extensive studies of the photoelectron spectra o &gl
@ & T|_Sez have been rgported in the Ilteratgre, in order to det_er-
Z 96l = mine the electronic structure and to find out whether,TiS
w L and TiSe are semiconducting or semimetafti¢®=1>%2The
04l angle-resolved photoemission data on,T#e generally in
’ . . . , . —8.8 good agreement with the calculated dispersion of the energy
1 2 3 4 5 6 7 bands. The data clearly show the presence of electrons in the
. Ti 3d band neaM (L) point in the BZ Brillouin zone, as
Number of Ti layer predicted by band-structure calculations, and in accordance

with the observea-type conductivity. However, the data did
not reveal the presence of holes at the top of the valence
band nearl’, expected for a semimetal, and predicted by
some of the band-structure calculations. Chetrall® re-
marked that the observation that the uppermostpShand
come close to the Fermi enerdye, but does not cross
high as the inner S atoms. These differences in Madelung_Fz indicates that Tigis a semiconductor. However, it is
energy influence the surface electronic structure. ifficult to reconC|Ie.th|s co_nclusmn with expenme_n';al data
on transport properties, which show large conductivity and a
number of charge carriers much larger than corresponding to
Ill. DISCUSSION the stoichiometry of the samples. Weiteriigbserved that
photoemission spectra of Ti%001) covered by a thin layer
From the band-structure calculations we found that bulkof Ag are very similar to photoemission spectra of a clean
1T-TiS, and IT-TiSe, are semimetals. This result is consis- TiS, (001) surface. The data indicate that the highest occu-
tent with electrical transport measurements. pied valence state of a Ti%r an Ag/TiS surface is about
The calculations show that the interlayer interactions of9.2 eV below the Fermi energy. The Fermi energy is pinned
the layered compounds due to overlap betweerpSdbit- by the Ti 3 electrons in the conduction band. Generally,
als across the van der Waals gap are stri@hgput 2-3 ey,  these data are taken as evidence for the semiconducting char-
and have an important effect on the electronic structure. Thgcter of pure Ti§ with an energy gap of about 0.2 eV.
m-type overlap between Sp3, 3p, orbitals across the van ~ We remark that photoemission spectroscopy is a very
der Waals gap is much smaller. surface-sensitive technique. The mean free pathf elec-
Due to the lack of three-dimensionéD) translational  trons escaping from the solid is about 10 A for photoelec-
symmetry, the chemical bonding and electrostatic interactrons with an energy about 20 eV. Because the thickness of a

tions of the top layer atoms are different from the bulk. Thissingle layer Ti$ is abou 6 A this means that the photoemis-
causes important differences between the electronic strugion signal originates for a fractiod € e~ **)=0.45 from
tures of the surface and the bulk. For Jithe S P/Ti 3d  the outer surface layer, and for a fractien“*(I-e~ /")
energy gap increases from the bulk to a single slab by about 0.27 from the second layer. Therefore the information ob-
1.7 eV. This is consistent with the observation that in,TiS tained from photoelectron spectra concerns mostly the elec-
intercalated with Li, the S @/Ti 3d gap has increased by tronic structure of the outer layers of the solid.
about 1.0 eV/**°because also in this case, the overlap be- Pehlke and co-worketd® have carried out calculations of
tween S P, orbitals (across the Li layejsis nearly zero. the photoemission of TiSand TiSe using a one-step model
Generally, one finds that intercalation of metal atoms inor normal electron emission. The calculations show no evi-
creases the Tid/S 3p gap[e.g., forA, TS, with A=Sn, Pb;  dence either for a surface state or a surface resonance. How-
T=Ta, Nb, and folATS, (A=Fe, Mn;T=Nb, Ta), by about  ever, it was found that the square-root divergences of the
1.0-1.5 e DOS at bulk band-edge disappear for the partial DOS of the
We compare the widthV,, of the S 3, 3p, band(7-  surface layer. The calculated photoemission as a function of
band of bulk, single slab, and five-layer TjSThe widthW,.  energy shows important differences if the differences be-
is obtained from the difference between the highestp$,3 tween surface and bulk wave functions are taken into ac-
3py levelI'; and the lowest level a¥ (L), which is of pure  count. The authors stated that this emphasizes the necessity
S 3py, 3py character. The widthV,, decreases from 5.46 eV of including surface effects even if there are no surface state
for bulk TiS, to values of 5.3 and 4.87 eV for five-layer and or surface resonance.
a single slab Tig respectively. For TiSeW,. decrease from Our calculations also show the density of states near the
5.43 eV for the bulk to 5.17 eV for a single slab. Such aFermi energy of the outer layers of Ti% quite different
decrease of band width is a general phenomenon due to thiem the bulk. For the outer layers the DOS of T 8tates is
decrease of overlap contribution of orbitals of surface atomsenhanced, whereas, the DOS of B States near the Fermi
According to the calculations, there is an appreciableenergy is lower for the outer layers. Thus, due to this differ-
change of the total Ti 8 band—widthW (which includes ence in electronic structure between surface and bulk, one

FIG. 14. The Madelung energ\Ef,,¢) of the atoms along the
z direction for half of the 11 sandwiches thin films of Fifin
=11, n=23); the first Ti atom is at the origifcenter of symmetry
of the unit cell. The sixth Ti is next to the sandwiches of empty
spheres.
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expects near the Fermi energy an enhanced photoemissifirger band gap of single layer TiSersus semimetallic
signal for Ti 3d, and a decreased signal for § 8tates. This properties of bulk Tis

explains the discrepancies between the observed photoemis- Nanostructured materials have recently attracted intense
sion spectra and the semimetallic character of,TgBite interest at both fundamental aspects and promising applica-
well. The photoelectron spectrum of semimetallic STl tions. This is due to the observation that important changes
look like the photoelectron spectrum of a semiconductor beoccur in the physical properties if electrons are confined to

cause the electronic structure of the surface layer is similar tBanometer dimensiorf§.The size quantization in cubic CdS
that of a semiconductor. and silicon influences the band gap. In order to obtain a

TiSe, single slab as well as its surface layer is still semi-Smaller band gap in such cubic nanostructured materials it is
metallic because the effects of broken transitional symmetrj€cessary that all three dimensions are reduced to nanometer

are not enough to open an energy gap betweendl63p size. For layered materials this is not the case. Due to the

states, due to the fact that selenium is less electronegati\{?rge anisotropy of the electronic structure it is possible to
' ave a large change of the band gap if only the thickness of

that sulfur. the slab of a layered material is reduced to nanometer size
We discuss briefly the electronic structure and photo- Y '

emission of TiTg, which is isomorphous with TiS Band- IV. CONCLUSION

structure calculations show that this material is semi-

metallic#?24® Photoemission data®® are in general agree- Calculations of the electronic structure of bulk and thin

ment with the calculated dispersion of the energy bands, bitims of TiS; indicate that TiSis a semimetal, but that thin
there are some significant differences. The dispersion of thBims are semiconducting. It is found that the DOS of the
Ti 3d,2 band appears to be reduced with respect to ban@uter layer of a thin film is quite different from the bulk: the
theory. The authofé attribute this to Fermi-liquid effects. outer surface layer has an electronic structure similar to that
We like to point out that the change of the partial DOS of the©f @ semiconductor with a small energy gap and a very small
surface layer as compared to the bulk will also lead to arPOS in the gagoriginating from the tails of the states of the
apparent narrowing of the Tid2 band. In the angle- inner layers. In the literature, photoelectron spectra were
resolved photoemission spectra the Fermi level crossing dfiken as evidence that Ti% a semiconductor. However, in-
the Te 5, band expected for semimetal was not observedthe discussion of the data, surface effects were not consid-

This might be due to a surface effect, as discussed above f&F€d- We have shown that the photoelectron spectra are also
TiS,. consistent with semimetallic TjSf the difference between

The large difference between the electronic structure 0_fhe electronic structure of the top surface layer and the bulk
bulk and single layer TiSis a nice example of quantum IS taken into account.
confinement. The S8, electrons in single layer TpSare
confined along the direction perpendicular to the layers. As
a result there is no dispersion along thelirection. There- We thank Professor Dr. G. A. Wiegers for beneficial dis-
fore, the S P, band, which has a bandwidth and a strongcussions and for critical comments on the manuscript, and P.
dispersion along for the bulk TiS, becomes a narrow band de Boer for help in the calculations. This work was sup-
in single-layer TiS. In addition, we observe a significant ported by The Netherlands Foundation for Fundamental Re-
narrowing of the S B,, 3p, band. These effects result in a search on Matte(FOM).
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