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Abstract. Angle-resolved photoelectron spectroscopy has been used to studyin situ intercalation
of the layered compound TiS2 with Na and Cs. The intercalation was verified by core-level
spectroscopy. The valence bands of pure TiS2 and the intercalated compounds NaxTiS2 and
CsxTiS2 were characterized and compared to self-consistent LAPW band-structure calculations.
Remarkable agreement between experimental and calculated bands was found for the dispersion
along the layers. The calculations predicted perpendicular dispersion also for the intercalation
compounds, although significantly reduced. No significant perpendicular dispersion was seen
in normal-emission spectra, which might be an effect of intercalation-induced stacking disorder.
Charge transfer to the TiS2 host layers was evident from the much increased conduction band
emission, and from the asymmetric S 2p core-level lineshape after intercalation. The intercalation
produced electronic structure changes which are not well described by the rigid-band model, but as
these changes occur at an early stage, the model can still be used, with modified bands, to describe
the continued intercalation.

1. Introduction

TiS2 is one of the most studied layered transition metal dichalcogenides (TMDCs), exp-
erimentally as well as theoretically. Earlier, there was controversy over whether TiS2 is a
semimetal or a semiconductor, but the existence of an indirect band gap (∼0.2 eV) has since then
been established by angle-resolved photoelectron spectroscopy (ARPES) and measurements
of transport properties [1–3]. In practice there is always some excess Ti present, leading to
partial filling of the Ti 3d conduction band and degenerate extrinsic behaviour. TiS2 crystallizes
in the 1T-CdI2 structure, shown in figure 1, with each layer consisting of a hexagonal Ti
sheet sandwiched between two S sheets, positioned so as to make each Ti atom octahedrally
coordinated by six S atoms. Bonding is strong within each layer, but adjacent layers are held
together by weak van der Waals-like interactions only.

The TMDCs exhibit a rich variety of interesting phenomena, e.g. superconductivity,
periodic lattice distortions and charge-density waves. Particularly interesting is the possibility
of forming intercalation complexes [4–7], in which foreign atoms or molecules enter the
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Figure 1. The crystallographic structure of 1T-TiS2 and the assumed 1T structure of alkali-metal-
intercalated TiS2. ‘A’ = Na or Cs. The corresponding surface and bulk Brillouin zones are shown
in the upper right corner.

interlayer gaps. Much work has been done on TMDCs intercalated by electrochemical or
related methods, but these methods have usually not provided high-quality single-crystal
samples suitable for investigation by surface science techniques. This limitation has recently
been overcome by thein situ intercalation technique, which involves ultrahigh-vacuum
(UHV) deposition of alkali or noble metals onto TMDC surfaces, followed by spontaneous
intercalation [8–11]. In particular, the application of ARPES to TMDCs intercalatedin situhas
provided very detailed knowledge about the electronic structure of several TMDC intercalation
systems [12–17]. We here report ARPES results for TiS2 before and afterin situ intercalation
with Na and Cs, together with self-consistent band-structure calculations for TiS2, NaTiS2

and CsTiS2. One motive for this study is that the electronic structure information obtained
about TiS2 intercalation systems should be useful for systematic comparison with other similar
systems. The properties of TiS2 and its intercalation compounds are also of particular interest,
as TiS2 is often seen as a prototype of the TMDCs, and as it is one of the most interesting
TMDCs for practical applications.

2. Band-structure calculations

2.1. Method and crystal structures

Self-consistent scalar-relativistic [18] band structures of TiS2 and the hypothetical compounds
NaTiS2 and CsTiS2 were calculated by the linear augmented-plane-wave (LAPW) method,
within the local density approximation (LDA) of density functional theory. Spin–orbit splitting
was not included. The calculations used 65k-points in the irreducible part of the Brillouin zone
(BZ) together with 400 LAPW basis functions. The parametrized Ceperley–Alder form [19]
of the exchange–correlation potential was used. The calculations were of full-potential type,
i.e. not restricted to muffin-tin-type potentials, which would have reduced the accuracy for
these highly anisotropic materials.

To limit the calculational effort, the 1T layer stacking was retained in the NaTiS2 and
CsTiS2 band-structure calculations, despite the fact that 3R stackings have been observed in
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TiS2 intercalated with Na and Cs [20,21]. This simplification is reasonable if the interactions
between layers are weak enough that the band structure is not significantly affected by stacking
changes. The lattice parameters used for TiS2 were 3.40 Å and 5.70 Å for thea- (in-plane)
andc- (interlayer) axes, respectively [4]. Thea-axis parameter was increased to 3.46 Å for
both NaTiS2 and CsTiS2, while thec-axis parameter was increased to 6.43 Å for NaTiS2 and
8.41 Å for CsTiS2. These estimates were based upon comparisons with other alkali metal
intercalates [6, 7, 22] and ionic radii considerations [23]. The 1T structures are illustrated in
figure 1, together with the corresponding surface and bulk BZs.

A common problem of LDA band-structure calculations is their tendency to underestimate
semiconductor band gaps. When comparing with experimental data, this can be compensated
for by shifting the conduction bands rigidly relative to the valence bands until the best possible
agreement is achieved (as is done in section 5).

2.2. TiS2

Figure 2(a) shows our calculated LAPW bands for TiS2. At (and above) the Fermi energyEF,
five Ti 3d-derived conduction bands are found, and immediately below there are six valence
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Figure 2. Calculated band structures of (a) TiS2,
(b) NaTiS2 and (c) CsTiS2.
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bands of predominantly S 3p character. The latter are strongly dispersive throughout the BZ,
two of them also along0A (perpendicular to the layers). The conduction bands can be divided
into two groups, CB1 with three bands in the range 0–2 eV and CB2 with two bands 3–4 eV
aboveEF. Above the CB2 bands is a 1.5 eV fundamental gap. Due to the LDA band-gap
problem, the calculated valence and conduction bands overlap, despite the experimentally
verified indirect band gap. In addition to the bands shown, the calculation also produced two S
3s-derived bands 11.5–13.5 eV belowEF. Our calculated bands are similar to those of several
other calculations [24–32], which differ mainly as regards the size of the band gap (or overlap).

2.3. NaTiS2 and CsTiS2

The LAPW bands of NaTiS2 and CsTiS2 are shown in figures 2(b) and 2(c). Several significant
changes as compared to TiS2 can be seen. The separation between valence and conduction
bands is increased by∼0.6 eV, thereby removing the overlap, and the total valence bandwidth
is reduced by∼0.5 eV for both compounds. The lowest conduction bands becomes half-filled,
which should result in metallic behaviour. Along0A the dispersion of those bands which
disperse at all is strongly reduced, more so for CsTiS2 than for NaTiS2.

A closer inspection reveals notable differences between the two compounds, despite the
general similarity: for NaTiS2 the fundamental gap above CB2 is reduced to∼0.9 eV, while
for CsTiS2 it is completely removed by hybridization with bands of Cs 6s, 5d and 4f character.
The half-filled lowest conduction band has its minimum at L for NaTiS2 (as for TiS2), while
for CsTiS2 the minimum is at M. Along0A, the same band is completely aboveEF for NaTiS2

but completely below for CsTiS2, rendering the latter compound a more complicated Fermi
surface. Although the total valence bandwidths are almost the same, the CsTiS2 valence bands
appear somewhat narrower over large parts of the BZ. The S 3s bands (not shown) are less
dispersive and in the range 12.6–14.3 eV belowEF for NaTiS2 (12.6–14.4 eV belowEF for
CsTiS2), but are otherwise very similar to their TiS2 counterparts. In addition, three bands of
Cs 5p character are found 9.2–12.6 eV belowEF for CsTiS2, but given that the large (∼1.5 eV)
Cs 5p spin–orbit splitting was neglected, these bands are not expected to be accurate. Some
calculated band-structure characteristics of TiS2, NaTiS2 and CsTiS2 are summarized in table 1.

Table 1. Calculated band-structure characteristics of pure and alkali-metal-intercalated TiS2. All
entries are binding energies (relative toEF) in eV. Values for the highest and lowest S 3p bands at
each symmetry point are separated by a solidus.

TiS2 NaTiS2 CsTiS2

Ti 3d M −0.2 0.5 0.9
L 0.1 0.7 0.4

S 3p 0 −0.3/5.4 0.9/6.1 1.1/5.5
A −0.1/3.8 1.1/5.2 1.1/4.9

S 3p M 1.3/5.2 2.3/6.1 2.3/6.1
L 0.9/5.4 2.3/6.1 2.4/5.9

S 3p K 2.0/4.3 3.5/5.1 3.2/5.0
H 2.1/4.3 3.4/5.0 3.5/4.8

Our NaTiS2 bands are similar to those calculated by Dijkstraet al [31], using the aug-
mented-spherical-wave (ASW) method. Compared to our results, the latter calculation resulted
in larger p–d gaps and partial occupation of two bands along0A, resulting in significantly
different Fermi surfaces.
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3. Experimental details

Most of the ARPES experiments were performed at beamline 41 at the MAX synchrotron
radiation facility in Lund. The beamline includes a toroidal grating monochromator providing
photons with energies in the range 15–200 eV. The synchrotron radiation was polarized in
the plane of incidence. Additional measurements were made using unpolarized He I radiation
(hν = 21.22 eV) from a rare-gas discharge lamp. The incidence angle of the light wasψ = 45◦,
unless otherwise stated. The electron energy analysers used had±2◦ angular acceptance and
typically 0.1 eV energy resolution. The spectrometer base pressure was typically 1×10−10 Torr.

The TiS2 single crystals were attached to the sample holders with silver-filled epoxy resin.
Clean mirrorlike (0001) surfaces were obtained by cleavagein situ. The samples were oriented
in the0̄K̄ and0̄M̄ (or 0̄M̄ ′) azimuths by LEED which showed a sharp hexagonal 1×1 pattern
with low background intensity. The inequivalent0̄M̄ and 0̄M̄ ′ crystallographic directions
were identified as described by Lawet al [33]. The sample used for intercalation with Na was
nominally of composition Ti1.008S2, while the estimated composition of the ones used with
Cs was Ti1.02S2. Na and Cs were deposited from carefully outgassed SAES getter sources
positioned about 15 mm in front of the sample. The depositions were uncalibrated, but from
previous experience each cycle should be equivalent to far more than one-monolayer coverage.
The samples were held at room temperature at all times.

The TiS2 surface is known to be chemically very inert, but the alkali-dosed surfaces
turned out to be remarkably inert as well. We observed only moderate contamination and
no significant surface degrading even 50 h after the initial alkali deposition. This inertness is
related to the absence of metallic overlayers at room temperature. The LEED patterns remained
sharp but less intense after intercalation. The background intensity increased somewhat, but
no superlattice spots were observed.

4. Experimental results

4.1. Core levels

Figure 3(a) shows the Na 2p core level recorded withhν = 82 eV. Spectrum (i), recorded
immediately after an initial Na deposition (2× 2 min at 6.0 A) shows a prominent peak (I) at
30.6 eV binding energy (BE), and a broader peak (S) at 32.2 eV BE. In spectrum (ii), recorded
∼24 h later, peak S has almost vanished and also peak I appears less intense.

Figure 3(b) shows Cs 4d core-level spectra recorded withhν = 100 eV (second-order
grating diffraction). In spectrum (i), obtained after one Cs deposition (6.0 A for 2 min), four
peaks are seen. The Cs 4d level is spin–orbit split by 2.25 eV, and each component is further
split into one sharper and one broader peak (with the latter at slightly higher BE). In analogy
with the Na 2p case, the Cs 4d5/2 peaks are labelled I1 and S1, and the Cs 4d3/2 peaks are labelled
I2 and S2. In spectrum (ii), recorded after one additional deposition (6.0 A for 4.5 min), peaks
I1 and I2 remain at 75.7 and 77.9 eV BE, respectively, while S1 and S2 have increased and
shifted so close to the other peaks that these are almost reduced to shoulders.

Figure 3(c) shows the spin–orbit-split S 2p core level recorded withhν = 176 eV.
Spectrum (i) is from pure TiS2, while (ii) was recorded immediately after the initial Na
deposition (2× 2 min at 6.0 A). The intercalation caused the S 2p level to shift towards
lower BE, with the lineshape becoming more asymmetric and a shoulder appearing on the
low-BE side. In spectrum (iii), which was measured 24 h later, the shift was reversed and the
shoulder reduced, but the asymmetry remained.

Figure 3(d) shows Ti 3p core-level spectra recorded withhν = 110 eV. Already in
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Figure 3. Core level spectra: (a) Na 2p withhν = 82 eV immediately after Na deposition (i) and
∼24 h later (ii); (b) Cs 4d withhν = 100 eV (second-order grating diffraction) after one (i) and
two (ii) Cs depositions, respectively; (c) S 2p withhν = 176 eV for pure TiS2 (i), immediately after
Na deposition (ii) and∼25 h later (iii); (d) Ti 3p withhν = 110 eV for pure TiS2 (i), immediately
after Na deposition (ii) and∼25 h later (iii).

spectrum (i), which was obtained from pure TiS2, the lineshape was broad and asymmetric. In
spectrum (ii) recorded after the initial Na deposition, the Ti 3p signal appears strongly damped
and shifted towards higher BE. The intensity increase seen on the low-BE side was caused by
the Na 2p level. Spectrum (iii) shows that the Ti 3p signal had recovered 24 h later, but the
peak still appears broader and more asymmetric than for the clean TiS2.

4.2. Valence bands

We have recorded numerous energy distribution curves (EDCs) from pure and intercalated
TiS2 to probe the valence band dispersion. The dispersion perpendicular to the layers (along
0A) was studied by measuring normal-emission series with varying photon energies, while the
parallel dispersion (alonḡ0K̄, 0̄M̄ and 0̄M̄ ′ azimuthal directions) was studied by recording
angular series with constant photon energy.

Figure 4(a) shows normal-emission EDCs for pure TiS2. Two strongly dispersive peaks
can be seen at about 2 and 5 eV BE. Two conspicuous, but rather dispersionless peaks are seen
at∼1 and∼3.7 eV BE, respectively, and a weak structure at 0.4 eV BE is also visible. No
emission from conduction band states was observed at normal emission.

Figures 4(b) and 4(c) shows analogous normal-emission series of EDCs for TiS2 inter-
calated with Na and Cs, respectively. Obviously the perpendicular dispersion is drastically
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Figure 4. Normal-emission valence band EDCs from: (a) TiS2 with hν = 16–50 eV; (b) NaxTiS2
with hν = 20–32 eV (with second-order Na 2p emission indicted by arrows); (c) CsxTiS2 with
hν = 20–24 eV.

reduced. An overall similarity between NaxTiS2 and CsxTiS2 is found, but a notable difference
is that the feature at∼1 eV BE is very clearly split off from the rest of the valence band in
CsxTiS2, while it is only a weak double structure in NaxTiS2. Conduction band emission
just belowEF is seen at all photon energies for both intercalates. Interfering Na 2p emission,
excited by second-order grating diffraction, is indicated by arrows in figure 4(b).

Instead of showing our angular series of EDCs explicitly, we have condensed our results
into structure plots, as described and discussed in section 5. Some of the raw data have
been published elsewhere [15,34], and our results for pure TiS2 were in good agreement with
previous angle-resolved studies [1,2,35–37].

5. Discussion

5.1. Probing the intercalation process by core-level spectroscopy

It is well established from earlier alkali/TMDC core-level studies [10, 13, 14, 17, 38, 39] that
the core-level peaks of intercalated alkali metals have∼1 eV lower binding energy than the
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corresponding peaks of surface-adsorbed alkali species. The intercalation peaks are usually
sharper than the surface-related ones, as the intercalated state is more uniform and well defined.
In accordance with this, we can identify the peaks labelled I (with subscripts for Cs 4d)
in figures 3(a) and 3(b) as due to intercalated alkali metals, while the peaks labelled S are
indicative of alkali species on the surface. When comparing the relative intensities of surface
and intercalation peaks, one must bear in mind that the latter are significantly reduced by the
photoelectrons having to pass through at least one full host layer. It is therefore clear from
figure 3(a) that most of the Na intercalated directly after the deposition, and that almost no Na
remained on the surface after 24 h. Taking into account both the damping of the intercalation
peak and the sloping background in figure 3(b), it is evident that most of the deposited Cs
also intercalated rapidly, although the surface-adsorbed fraction was not seen to decrease
with time to the same extent as for Na. The shifting of the Cs surface peak towards lower
binding energy, which is clearly visible when comparing spectra (i) and (ii) in figure 3(b),
indicates that the chemical environment of the adsorbed Cs is changing with time (and the
number of depositions). Whether these changes are due to surface contamination or adsorption
site alterations (or both) is still not completely settled. However, the corresponding valence
band spectra show no significant evidence for surface contamination, despite the fact that in
principle they should be highly sensitive to adsorbed contaminants. The explanation in terms
of adsorption site changes has gained in credibility from the observation at low temperature of
several distinct phases of adsorbed Cs on the TiS2 surface [39], and from the recent observation
of intercalation-induced creation of defects in the Cs/TiS2 system [40].

It is interesting to compare with the recently reportedin situ intercalation of VSe2 with
Na, K and Cs [17]. VSe2 is a metal with the lowest V 3d band half-filled already before
intercalation, but the intercalation reaction proceeds in a very similar fashion despite this
fundamental difference. The Na 2p and Cs 4d BEs of the intercalated species are identical
to within 0.1 eV for both host materials, and the tendency of the surface-related peak to shift
towards lower BE with time is observed also for VSe2. An unexpected finding for VSe2 was
that the intercalation with K appeared to be much slower than with Na or Cs, and also that
an exchange reaction took place as Na was deposited on samples already intercalated with
K [41]. Preliminary trials suggest that intercalation with K is slower than with Na or Cs also
for TiS2, although the difference between the alkali metals is not quite as pronounced for this
host material. It is notable that, although Na was intercalated almost completely in both host
materials, the Na remained on the TiS2 surface for a significantly longer time. This might
indicate that the intercalation threshold energy is higher for TiS2 than for VSe2.

5.2. S 2p and Ti 3p core levels: screening, energy shifts and broadening mechanisms

Due to the better resolution than in earlier XPS studies [42, 43], the spin–orbit splitting
(∼1.2 eV) of the S 2p core level is very clearly seen in figure 3(c). The lineshape in spectrum (i),
measured from pure TiS2, is fairly symmetrical, although a pronounced tail on the low-BE side
of spectrum (i) suggests the presence of a component with lower BE than the main peaks. Upon
intercalation with Na the main peaks shifted 0.2 eV towards lower BE, and became broader and
more asymmetric, as seen in spectrum (ii). The tail on the low-BE side became more prominent
as well. Spectrum (iii) in figure 3(c) shows that the asymmetric lineshape remained after 24 h
(when almost no Na was left on the surface), but the main peaks were shifted back almost
to their positions in spectrum (i), and the low-BE tail lost much of the additional intensity
observed in spectrum (ii). In order to quantify the lineshape changes we attempted fitting of
the S 2p spectra with Voigt functions. The fitting was done using an exponential background,
a fixed spin–orbit splitting of 1.16 eV, the ideal branching ratio 1/2 and a fixed Gaussian width
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of 0.70 eV. The singularity index of the peaks was set manually in a trial-and-error fashion.
The fitting is illustrated in figure 5. Panel (i) shows the result when two pairs of symmetric
peaks were fitted to the experimental spectrum from pure TiS2. The residual, shown below
the fitted curve, is dominated by random noise, which confirms the quality of the fit. Peak
A, at 10.34 eV kinetic energy (the peak positions given in this paragraph are for the 2p3/2

components) and 0.24 eV Lorentzian width, contains∼90% of the total intensity, while peak
B, at 11.35 eV and 0.6 eV Lorentzian width, provides the remaining 10%. Panel (ii) shows
the best fit achieved for NaxTiS2 (the same spectrum as (iii) in figure 3(c)), using two pairs of
peaks. This fit is not satisfactory at all, as the residual shows conspicuous remaining structure,
of which part resembles a spin–orbit doublet at higher BE than peak A. An alternative fit to
the same spectrum, using three pairs of peaks, was much more successful, as can be seen in
panel (iii). To the eye, only random noise is seen in the residual, and the quality measure
used by the fitting software (the sum of the squares of the residual divided by the number of
points) dropped from 1.21 to 0.31 (the corresponding figure for fit (i) was 0.45, but comparison
between different spectra could be misleading). A singularity index of 0.16 was used in both
fits to the NaxTiS2 spectrum. In summary, fit (iii) produced peak A at 10.42 eV and 0.24 eV
Lorentzian width with∼70% of the intensity, peak B at 11.62 eV and 0.8 eV Lorentzian width
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Figure 5. Fitting of experimental S 2p
data (dots) with Voigt functions (lines).
(i) The spectrum from pure TiS2, fitted
with two pairs of peaks. (ii) The spectrum
from NaxTiS2, fitted with two pairs of
peaks. (iii) The same spectrum as in (ii),
but fitted with three pairs of peaks. The
residues are shown immediately below the
fitted spectra.
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with ∼20% of the intensity and peak C at 9.87 eV and 0.24 eV Lorentzian width contributing
∼10%. The presence of peak B also in the spectrum from pure TiS2, despite the fact that all
surface S sites should be equivalent, suggests that it is produced by defects already present in
the outermost layer before intercalation. Regarding peak C in the spectrum from NaxTiS2, it
should be stressed that caution is advised when interpreting fitted peaks which are not obvious
to the eye, but the drastic improvement obtained in the fit quality and the striking indications
of high-BE peaks seen in the residual of fit (ii) suggest strongly that this peak is real and
not merely an effect of asymmetric broadening. Asymmetric broadening is expected upon
intercalation, as the associated population of the lowest Ti 3d band should lead to metallic
screening and many-electron excitations within the conduction band [44–46], but the revealed
peak-like contribution to the lineshape is not compatible with this mechanism, as the occupied
Ti 3d bandwidth is very small. An explanation for the emergence of peak C could be bulk
S atoms made inequivalent through different coordination with intercalated Na, or through
changes in the layer stacking, as discussed in section 5.3.3. Considering this and the changes
with time seen already in figure 3(c), it appears that the main-peak shift and the low-BE
structure are mainly associated with Na adsorbed on the surface, while the S 2p asymmetric
two-component lineshape is a genuine feature of the intercalation compound. Similar effects
of intercalation with Cs have been reported elsewhere [39].

The anomalous weakening of the Ti 3p core level upon alkali metal deposition, which
is seen in figure 3(d), can be explained by a very short lifetime of the core hole. Generally,
the first-row transition metals have broadened 3p lineshapes due to rapid core-hole decay
through super-Coster–Kronig Auger transitions involving 3d states [47]. The Ti 3d-derived
conduction band of TiS2 is nominally empty, but hybridization with the S 3p states mixes
some Ti 3d character into the valence band, which enables this broadening mechanism to
occur already for pure TiS2. Upon intercalation, the population of Ti 3d states, and hence
the broadening of the Ti 3p spectrum (ii), is drastically increased. Spectrum (iii) shows the
recovery of the Ti 3p emission after 24 h, which indicates reduced conduction band filling
as the intercalated Na migrates deeper into the sample. Cs intercalation has previously been
found to have exactly the same effect [39], and analogous results were also obtained from the
Cs/ZrSe2 system [13].

5.3. Modifications of the electronic structure

5.3.1. Agreement with calculations.For pure TiS2, several experimental band-structure
studies by ARPES [1, 2, 35–37, 48, 49], inverse photoemission [50, 51] and target current
spectroscopy [52] have been reported. Of the ARPES studies, only two [36,37] exploited the
possibility, offered by tunable synchrotron radiation, to probe the valence bands perpendicular
to the layers. The presence of strongly dispersive peaks in our normal-emission spectra from
pure TiS2, shown in figure 4(a), clearly proves the 3D character of the TiS2 valence bands.
However, the unoccupied bands of the TMDCs are generally too complicated to be well
approximated by free-electron parabolas, and consequently the mapping of perpendicular band
dispersion becomes problematic. However, it was recently demonstrated that perpendicular
bands can be accurately mapped by combining ARPES measurements with very-low-energy
electron diffraction (VLEED) [53, 54]. Application of this approach to TiS2 verified that our
LAPW results describe the perpendicular dispersion adequately, although the experimental
dispersion of the lowest S 3p band was reduced by large core-hole absorption, and the minimum
of the upper dispersive S 3p band was found 0.6 eV higher than the calculated value [55]. The
normal-emission spectra of NaxTiS2 and CsxTiS2 in figures 4(b) and 4(c) do not show any
significant dispersion, which indicates that the intercalation induces a transition from 3D to
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2D character of the valence band. This transition, which has been observed previously for
several alkali/TMDC systems [12–14, 17], is not fully reflected in the LAPW calculations,
which still produce bands with perpendicular dispersion, although significantly reduced. This
discrepancy is further discussed in section 5.3.3.

The EDCs in the angular series were reduced into structure plots with the initial energy
plotted versusk‖. For each peak,k‖ (in Å−1) was obtained ask‖ = 0.512

√
Ek sinθ , with

Ek in eV [56]. The TiS2 structure plots in thē0K̄M̄ and 0̄M̄ directions are compared with
the LAPW bands in figure 6. Ask⊥ is undetermined in the experiments, we compare our
experimental points with the LAPW bands in the0MK (full lines) and ALH (dashed lines)
symmetry planes of the BZ. For constantk‖, the minimum and maximum energies of each band
are, with few exceptions, in these planes, and the experimental points appearing in the shaded
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Figure 6. TiS2 structure plots in (a) thē0K̄M̄ direction and (b) thē0M̄ direction. Filled symbols
correspond to conspicuous spectral peaks and open symbols to weaker structures. The experimental
data in (a) were obtained withhν = 24 eV; in (b) withhν = 24 eV for the0̄M̄ azimuth (◦),
hν = 38 eV for the0̄M̄ azimuth (♦) and withhν = 24 eV for the0̄M̄′ azimuth (5). Comparisons
are made with the TiS2 LAPW bands calculated along (a)0KM (full lines) and AHL (dashed lines)
and (b)0M (full lines) and AL (dashed lines).
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areas between associated bands are therefore also consistent with the calculations. Strictly,
the experimental points should be compared to the surface-projected band structure, but the
shaded areas are a close approximation to this. Due to n doping by excess Ti,EF is pinned at
the conduction band minimum. The LDA band-gap problem was compensated for by shifting
the S 3p bands down by 0.81 eV relative to the Ti 3d bands. Very good overall agreement was
found for the valence band after this adjustment, and most spectral features could be identified
in terms of calculated bands. A minor discrepancy remains for the valence band maximum:
the weak feature in the zone centre just belowEF appears to be of valence band origin, as
there is a flat band with similar extent ink-space. This identification puts the valence band
maximum∼0.2 eV higher than in the LAPW bands, and the band gap is thereby reduced to
0.20 eV, in agreement with the established value [1–3]. The valence band minimum appears
to be at M, while the calculations put it at0. This particular deviation is clearly connected
with the anomalously weak dispersion found when mapping the lowest band along0A in the
combined VLEED and ARPES study [55].

The analogous structure plots for NaxTiS2 and CsxTiS2 are compared with the LAPW
bands in figures 7 and 8, respectively. The calculated conduction bands were shifted 0.4 eV
upwards relative to the valence bands for both NaxTiS2 and CsxTiS2. The agreement between
the experimental and calculated bands is remarkable, considering that the structural parameters
and stoichiometries are not known. Most of the spectral features can be identified in terms of
the calculated bands, but some weak features appearing outside the calculated bands (e.g. 2 eV
belowEF nearK̄ in figure 8(a)) are probably due to indirect transitions or scattering. This
applies also to the conduction band emission seen just belowEF: the occupied electron pockets
aroundM̄ give rise to strong emission, but a weak structure remains in the rest of the BZ through
indirect transitions or scattering, which may result from randomly distributed alkali metal
atoms. In principle, ordered alkali metal superlattices could give rise to Umklapp scattering,
but no evidence for such contributions was found. Such superlattices have been observed at
room temperature in both NaxTiS2 [57] and CsxTiS2 [40] by x-ray and transmission electron
diffraction, respectively, but the absence of superlattice spots in LEED suggests that the alkali
metal distribution in the near-surface region is disordered. The band-structure characteristics
are summarized in table 2. The gap between the Ti 3d and S 3p bands increased from 0.2 to 0.8
and 0.7 eV for NaxTiS2 and CsxTiS2, respectively. The increased p–d gap indicates that the
Ti–S bonds became more ionic after intercalation. The total width of the S 3p bands was reduced
upon intercalation by 0.8 and 0.5 eV for NaxTiS2 and CsxTiS2, respectively. Probably this
reflects the increased S–S separation, both within layers and between them. These changes, as
well as the reduced dimensionality upon intercalation, disproves the rigid-band model (RBM),
in which it is assumed that the band structure of the intercalation compound is the same as for
the host TMDC, with only the filling of the bands being altered. Still, the RBM may be used

Table 2. Experimental band-structure characteristics of pure and alkali-metal-intercalated TiS2.
All entries are binding energies (relative toEF) in eV. Entries are as in table 1, except that the
symmetry points refer to the surface Brillouin zone.

TiS2 NaxTiS2 CsxTiS2

Ti 3d M̄ 0.1 0.2 0.2

S 3p 0̄ 0.3/5.3 1.0/5.5 0.9/5.6

S 3p M̄ 2.1/6.1 2.4/6.0 2.4/6.2

S 3p K̄ 2.8/5.1 3.1/5.3 3.2/5.1
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Figure 7. NaxTiS2 structure plots along (a) thē0K̄M̄ direction and (b) thē0M̄ direction. Filled
symbols correspond to conspicuous spectral peaks and open symbols to weaker structures. The
experimental data in (a) were obtained withhν = 24 eV; in (b) withhν = 24 eV for the0̄M̄
azimuth (◦) and0̄M̄′ azimuth (♦), and withψ = 15◦ for hν = 27, 30, 36 and 42 eV for thē0M̄′
azimuth (5). Comparisons are made with the NaTiS2 LAPW bands calculated along (a)0KM
(full lines) and AHL (dashed lines) and (b)0M (full lines) and AL (dashed lines).

for a crude, but conceptually simple, description of some important effects of intercalation,
i.e. the transfer of alkali metal s electrons to host-layer bands mainly composed of transition
metal d states. The general observation that bands calculated for fully intercalated TMDCs
are in good agreement with experimental results for samples with much lower alkali metal
concentration [17] also suggests that the major band-structure changes take place very early
during intercalation, and that the continued intercalation is fairly well described by applying
the RBM to the modified band structure.

5.3.2. Conduction band filling. The sizes of the occupied electron pockets aroundM̄ were
estimated in a similar manner to that adopted by Barryet al [2] and Traumet al [58], assuming
the pockets to be ellipsoidal. For the TiS2 later intercalated with Cs, the pocket was assumed
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Figure 8. CsxTiS2 structure plots along (a) thē0K̄M̄ direction and (b) thē0M̄ direction. Filled
symbols correspond to conspicuous spectral peaks and open symbols to weaker structures. The
experimental data in (a) was obtained withhν = 21.22 eV, in (b) withhν = 24 eV for the0̄M̄
azimuth (◦), hν = 21.22 eV for the0̄M̄ azimuth (♦), hν = 21.22 eV for the0̄M̄ azimuth with
ψ = 15◦ (5) and withhν = 21.22 eV for the0̄M̄ ′ azimuth (4). Comparisons are made with the
CsTiS2 LAPW bands calculated along (a)0KM (full lines) and AHL (dashed lines) and (b)0M
(full lines) and AL (dashed lines).

to extend∼0.25–0.3 Å−1 along the ML line ink-space. From the measured EDCs, the lateral
extensions along the0M and MK lines (semi-major and semi-minor axes) were estimated to
be 0.25 and 0.12 Å−1 respectively. From this the carrier concentration was calculated to be
(6.5± 1.5) × 1020 cm−3, which corresponds to an excess Ti concentrationx ≈ 0.01–0.02.
Considering the arbitrariness of the extension along ML and the inaccuracy in determining the
Ti 3d Fermi level crossings, the result should be seen as a rough estimate only.

The enlarged electron pockets in NaxTiS2 and CsxTiS2 simplified the estimates
considerably. The pockets can be modelled as elliptical cylinders along the ML lines. In
NaxTiS2 the semi-major and semi-minor axes were determined to be 0.41 and 0.24 Å−1,
respectively. The corresponding values for CsxTiS2 were 0.4 and 0.2 Å−1. Assuming that
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each alkali atom provides one electron to the pocket, the following carrier concentrations and
stoichiometries are obtained:n = (7.0± 1.2)× 1021 cm−3, x = 0.45± 0.1 for NaxTiS2; and
n = (4.6± 1.2)× 1021 cm−3, x = 0.4± 0.1 for CsxTiS2. The occupied bandwidth, taken to
be the energy difference between the Ti 3d minimum andEF, is found to be 0.1 eV for TiS2,
0.19 eV for NaxTiS2 and 0.22 eV for CsxTiS2. It should be noticed, however, that peaks close
to EF are distorted by the Fermi function, which may shift the spectral peak away from the
true band position. In particular, the bandwidth obtained for TiS2 could be excessive for this
reason.

5.3.3. Reduced dimensionality.The LAPW calculations predicted reduced perpendicular
dispersion of the electronic bands upon alkali metal intercalation, but not the experimentally
observed almost complete vanishing of perpendicular dispersion evident from figure 4. One
may speculate as to whether this is an effect of larger interlayer separation than assumed, or
possibly due to correlation effects restricting the mobility of electrons between the layers, but
one should also consider the possibility that the experimental sensitivity to the perpendicular
dispersion is somehow lost [17]. Support for this latter explanation is found in figures 7 and
8. The best example of this is perhaps found in figures 8(a) and 8(b), where several structures
can be seen neark‖ = 0 in the energy range 1.5–3 eV BE. It can be argued that they must all
be originating from the upper dispersive0A band, as there are no other bands in that range.
Similar occurrences of multiple features within (or nearly within) the energy range of a single
band are found e.g. in the BE ranges 2–3 and 5–6 eV neark‖ = 0 in figures 7(a) and 7(b), in
the BE range 3–4 eV neark‖ = 1 Å−1 in figure 7(b), in the BE range 5–6 eV neark‖ = 0 in
figures 8(a) and 8(b) and in the BE range 3–4 eV neark‖ = −0.7 Å−1 in figure 8(b). As these
observations indicate perpendicular dispersions in good agreement with the calculations for
both NaxTiS2 and CsxTiS2, we suggest that the reduction of the dimensionality seems larger
than it actually is, due to normal-emission band mapping becoming less sensitive tok⊥.

Reduced ARPES sensitivity tok⊥ is expected when the interlayer spacing is increased,
as the BZ then becomes thinner in the layer-perpendicular direction, with morek⊥ averaging
as a consequence. The observed effect is too drastic, however, for this to be the only reason.
Major loss ofk⊥-conservation could result from disorder in the stacking of layers, and there
are some results pointing in that direction. Depending on concentration and ionic size, the
intercalated alkali can be in either octahedral or trigonal prismatic coordination [20, 21]. For
Cs, a 3R stacking with trigonal prismatic coordination is generally expected. At the relatively
low concentrations achieved in our experiments, this structure is favoured also for Na. The
transformation to the 3R structure requires gliding of adjacent layers, making the conventional
unit cell three times larger in the perpendicular direction. However, the rhombohedral primitive
unit cell contains the same number of atoms as in the 1T structure, and the surface BZ is
unchanged, which is why the band structure should be very similar, especially if the interlayer
coupling is weak. Very recently such a 1T→ 3R transformation was observed by transmission
electron microscopy and diffraction for single crystals of TiS2 intercalatedin situwith Cs, but
the transformation was incomplete and accompanied by defect formation [40]. It seems very
likely indeed that stacking disorder produced by such incomplete structural transformations is
the primary reason for the observed loss of perpendicular dispersion.

6. Conclusions

We have used ARPES to study the electronic structure of pure TiS2 and how it can be modified
by in situ intercalation with Na and Cs. Both alkali metals intercalated easily, as verified by



8972 H E Brauer et al

core-level spectroscopy.
Remarkably good agreement was found between LAPW bands and experimental band

dispersions along the layers. The p–d gap increased significantly upon intercalation, while the
total width of the S 3p bands was markedly reduced. The initial electronic structure changes
upon intercalation are too extensive to be accurately described in terms of the rigid-band model,
but in a modified form it might describe the effects of continued intercalation quite well.

The electronic structure of TiS2 is of 3D character, in good agreement with calculated
LAPW bands. After intercalation, the ARPES data indicated a change towards 2D character.
The modification can be explained in terms of charge transfer to the host layers and decoupling
of these. The LAPW band calculations predicted reduced band dispersion perpendicular to
the layers, although not as much as observed experimentally. A likely explanation for this
discrepancy is that the ARPES sensitivity tok⊥ was lost because of stacking disorder induced
by an incomplete 1T→ 3R structural transformation. Further studies of the relation between
intercalation and defects are required, as well as a better understanding ofk⊥-resolution in
ARPES for TMDCs.
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