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Abstract
The detailed electronic structure of a layered semiconductor 1T-TiS2 and itsmodification in
Ni-intercalatedNi1/3TiS2were studied beyond the full surface Brillouin zone by use of amomentum
microscope andHe-I light source on their in-situ cleaved surfaces. Clear dispersions associatedwith
the electron Fermi surface (FS) pockets induced by the self-intercalated Ti in non-doped 1T-TiS2
around theMpoints, aswell as the hole FS pocket induced by the surfaceNi inNi1/3TiS2 around the Γ
point, were confirmed in the observed high-resolution EB(kx, ky) band cross sections. A bird’s eye view
of the two-dimensional band dispersions EB(kx, ky) clarifiedmany complex band dispersions. The
experimental results are comparedwith first-principles band calculations performed for the bulk as
well as the onemonolayer (ML)-TiS2 and surface-1ML-Ni1/3TiS2. The characteristic changes of the
band dispersions near the Fermi level (EF) are ascribed to the contribution of the 3d states of the
surfaceNi atomswith theC3v symmetry in contrast to the ‘D3d’ symmetry of the intercalatedNi. The
importance of experimental studies of band dispersions in the full Brillouin zone is demonstrated,
showing the high potential ofmomentummicroscopy.

1. Introduction

Studies of two-dimensional (2D) van derWaalsmaterials have grown extensively to elucidate their
extraordinary electronic properties [1–15], which are considered to be of high technological importance.
Various 2Dmaterials are attractingmuch interest because of the possiblemodification of their bulk-, surface-
electronic, andmagnetic properties by physical and/or chemicalmeans by impurity doping, alloying, surface
deposition/adsorption, or chemical reaction [1–16]. Even the surfaces of host 2Dmaterials show characteristic
electronic andmagnetic properties due to the combination of spin–orbit coupling and time-reversal symmetry,
for instance, in the case of topological insulators, a class ofmaterials under hot debate today [1, 16]. Elucidation
of the differences in the electronic structure among the bulk,monolayer, and surface are the key issues for which
angle-resolved photoelectron spectroscopy (ARPES) is very powerful. Comprehensivemaps of the electronic
structure can often only be obtainedwith highmeasurement efficiency, as provided by current synchrotron
radiationARPES setups, before surface degradationmodifies the surface electronic structure.

A transition-metal atom (M) intercalated 1T-TiS2, namely,MxTiS2, is known to show various unusual
physical properties comparedwith non-doped 1T-TiS2 [13], depending upon theM species and its
concentration. A paramagnetic-to-spin-glass or -to-ferromagnetic transition takes place for someMwith
increasing x [17]. InNixTiS2, hole pockets are suggested from theHallmeasurement in contrast toMxTiS2 with
Mn, Fe, andCo [13]. Therefore, detailed ARPES studies of thesematerials are strongly desired. Previous ARPES
results [12, 13, 18, 19] were so far compared to band calculations based on self-consistent augmented planewave
(APW) [10, 11] orHartree–Fock [20]methods.However, the influence ofM intercalation on electronic and
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magnetic properties viamutual hybridization is not clarified yet. In the present experiment, we employed a
recently developedmomentummicroscope [21] tomeasure comprehensive 2Dmomentum-resolved
photoelectronmaps for the layered semiconductor 1T-TiS2 [4–9] andNi-intercalatedNi1/3TiS2 [10–15]. The
novelmeasurement scheme of themomentummicroscope collects all photoelectrons emitted into the complete
solid angle above the sample and directly forms a 2D reciprocal space image on the detector. Thesemomentum
images represent constant energy cuts EB(kx, ky) through the initial-state band structure of the sample. The
parallel imaging principle allows collection of eachmomentum image, coveringmore than the first-surface
Brillouin zone (BZ) of the TiS2, within less than 3 min per binding energy (EB), even using a laboratoryHe gas
discharge light source.

Our results reveal dramatic changes of the Fermi surface (FS) pockets, band dispersions, and broadenings in
Ni1/3TiS2 compared to the non-intercalated hostmaterial. For a detailed understanding of the observed
electronic properties, we compare the experimental results with advancedfirst-principles theoretical band
calculations. As both experiment and theory cover large volumes in the E-k phase space, details of the electronic
modification byNi intercalation are revealed. Evidence is given that the electronic states near the Fermi level (EF)
are dominated by the 3d states of the surfaceNi atoms rather than byNi atoms beneath the surface.

2. Experimental setup

Herewe studied 1T-TiS2 andNi-intercalatedNi1/3TiS2. 1T-TiS2 has theCdI2-type structure, consisting of a
sequence of Ti layers in the plane defined by the hexagonal lattice vectors a and b (angle 120°) and sandwiched
between S layers (figures 1(a) and (b)) [6, 22], forming a S-Ti-S unit-layer (hereafter calledmonolayer TiS2 or
1ML-TiS2) [3]. Ti atoms are nearly octahedrally (‘Oh’) surrounded by six sulfur atoms (figures 1(a) and (b)).
These TiS2MLs are piled up along the c-axis via the van derWaals gaps.

The bulk BZ of 1T-TiS2 is schematically shown infigure 2(a)with the high symmetry pointsΓ, K,M in the
central plane andA,H, L points in the upper- and lower-BZ boundary planes. TheK’,M’, H’, and L’ points are
60° rotated from theK,M,H, and L points. Threefold symmetry is realized in this case. The blue curve in

Figure 1. Schematic atomic geometry of layered 1T-TiS2 (a), (b) andNi1/3TiS2 (c), (d). The side view is shown infigures 1(a) and (c).
Figures 1(b) and (d) show the look from the normal direction of the a-b plane. The dark orange and blue balls correspond to the S and
Ti atoms, respectively. The black balls infigures 1(c) and (d) stand for the intercalant atomsM(in the present case, Ni). In the case of
M1/3TiS2 infigures 1(c), the√3 a ×√3 a triangular lattice is formed forMatoms in the three sites A, B, andC, as indicated in
figure 1(c). The piling up along the surface perpendicular direction c is then presented as TATBTCTATBTC… and so on, if the 1ML-
TiS2 is presented as T. The upper two atomic layers infigure 1(c) are out of the unit cell, indicated by the dark blue arrow.
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figure 2(b) shows the kz corresponding to the Fermi level (EF) under the excitation at hν=21.2 eV for the
experimentally evaluated inner potential V0 = 11 eV [13] andwork functionϕ= 4.2 eV. Awide variety of atoms
(M) can be intercalated into the van derWaals gaps. The intercalant atomsM inMxTiS2 (x < 1) occupy the ‘D3d’

interstitial sites (figures 1(c) and (d)) [11].
In our photoemission experiments, we used a recently developedmomentummicroscope [21], consisting of

photoelectron emissionmicroscope (PEEM) optics, and an imaging hemispherical energy filter consisting of
two hemispherical deflection analyzers in an S-type arrangement. After the exit of the energy filter, a 2D image
detector records either the real-space PEEM image or the 2Dmomentum-resolved photoelectron distribution at
constant energies, emitted from a 20 μm-diameter region of the sample surface. Due to the imaging properties of
the objective lens of themomentummicroscope optics, all photoelectrons emitted into the solid angle of 2π
steradian above the sample surface are collected and focused into amomentum imagewith a linear kx and ky
scale. Themaximumparallelmomentum accessible in themomentum image is only limited by the
photoemission horizon. This is themaximumk// at which the excited photoelectron has enough energy to
overcome the surface work function, given by k//

max = 0.5123√Ek, with the kinetic energy Ek given in eV. In our
experiments, using 21.2 eVphotons, this results in amaximum radius of themomentum image of 2 Å−1 at EF.

The samples were cleaved in situ in an ultrahigh vacuum. The position of the sample with respect to the
microscopewas optimized by a hexapod sample stagewith six degrees of freedom for the best condition for real
−space as well as k−space imaging. The photoelectrons were excited by aHe lamp (SpecsUVS-300), where the
unpolarizedHe-I linewas focused onto the sample by a tubed ellipsoidalmirror. The cross section of the light
beam at the sample position had a diameter of 1.2 mm.Differential pumping of the gas discharge lampwas
employed to realize a vacuum at the sample in the order of 2 × 10−9 mbar.

Here, we briefly point out further advantages of the simultaneous 2D imaging of photoemission intensities
in thewide 2DBZby amomentummicroscope. In conventional 2DARPES, the sample is rotated and tilted to
record the EB(kx, ky) for a wide range of wave vectors. In that case, the photon beamwill not always hit afixed
spot on the sample. This leads to a dataset that reflects the electronic structure of different sample areas. In the
case of amomentummicroscope, the photon beam isfixed on the sample. In addition, the surface-parallel

Figure 2. Schematic 3DBZof 1T-TiS2 (a) and the kz corresponding to the EF for the excitation photon energy of 21.2 eV (blue line in
(b)) on the assumption ofwell-defined kz. Although theΓ,M, K symmetry points are the naming for k⊥= 0 (k⊥∼ 2.2 Å−1 in the
present case), the samenomenclature is used to define the (kx, ky) points along theA-Γ-A, L-M-L, andH-K-H axes in this paper, since
k⊥ in the present experiment is broadened and/or deviated fromk⊥= 0. TheK’ andM’ points are 60° rotated from theK andMpoints.
Bird’s eye views of the 2Dband dispersions with EB fromEF to 1.825 eV in 1T-TiS2 andNi1/3TiS2 are shown in (c) and (d). Infigures
(c) and (d), the view is at 73° from the sample surface normal.
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momentum components kx and ky are directly obtainedwith high accuracy rather than being converted from
angular coordinates. The relative intensity of the photoemission at different (kx,ky) is uniquely compared. The
parallelized, high-efficiency 2Ddetection scheme prevents any need for sampling one of themomentum axes
with a lower density of data points. Therefore the possibility to overlook any tiny ARPES features is very low.

The resolution of this instrument is experimentally confirmed to beΔE⩽ 12 meV andΔk⩽ 0.005 Å−1. A
detailed discussion about the instrumental resolution is given in reference [21]. The presentmeasurement is
performedwithΔkx andΔky∼0.02 Å−1, as verified by the sharp cutoff at the photoemission horizon, and the
energy resolution is set toΔE∼30 meV. Better resolution values do not provide additional information for the
present sample. The rathermoderate resolution setting allows us to record complete 3Ddatasets that cover a
large EB range of 5.5 eV and a k// range of ±2 Å

−1 within a totalmeasurement time of only 8 h, using a laboratory
light source. The 3Ddatasets were collectedwith EB steps of 25 meV, consisting of 221 constant-energy (kx, ky)
momentumdistributionmaps. Degradation of the sample was checked by comparison of the (kx, ky) images at
EF before and after themeasurements andwas found to be negligible.

3. Experimental results

Abird’s eye views (or 3D view) of themeasured 2Dband dispersions are shown for EB fromEF to 1.825 eV in
figures 2(c) and (d), respectively. 2D band dispersions of the valence bands (VBs) are clearly visible, and the
electronic states crossing EF are recognized. The stronger andwider FSs are seen inNi1/3TiS2 comparedwith 1T-
TiS2. The shift of theVB structures toward larger EB inNi1/3TiS2 is also clearly observed in these results.
Anisotropies in the dispersions of the FS pocket bands and deeper VBs are distinctly revealed. In the regionwith
larger k ,//∣ ∣ the emergence of theVBs in the next BZ are recognized, as seen infigures 2(c). Band dispersions
along any kx,y directions can be immediately derived from the colossal amount of the experimental dataset.
Typical band dispersions of 1T-TiS2 are shown infigure 3(a) along the high-symmetryM-Γ-K directions. The
intensity at EF near theMpoint is really weak relative to the strong intensity in theVB for EB≳ 0.8 eV. There is no
FS contour nearΓ.With increasing EB from theVB top (VBT), at least three bands are observed for
EB = 1.2–2.0 eV. In the EB region between 1.8–2.3 eV is additionally recognized a rather broad band ranging in
0 ± 0.2 Å−1.

Corresponding results forNi1/3TiS2 are shown infigure 3(b). Amuch stronger intensity compared to 1T-
TiS2 is recognized at EF near theMpoints. The non-flat extension of the near-EF states with finite dispersion
along theM-Γ direction is clear. It is also confirmed that a hole FSwith a clear dispersion is induced nearΓ,
where the increase in the diameter of the hole FS pocket with EB is revealed (more clearly seen later in
figures 7(a)–(c)). In contrast to the rather sharpVBT in 1T-TiS2 near∼0.8 eV, amuch less dispersive lampshade
band (L) is located near EB = 0.8–0.9 eV inNi1/3TiS2. Since characteristic features of these typical band

Figure 3.Band dispersions alongM-Γ-K in 1T-TiS2 (figure 3(a)) andNi1/3TiS2 ((b)). Please note that the value of kz in the experiment
is deviated from the exact kz(Γ-K-M), as indicated infigure 2(b).
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dispersions are desirable to be immediately comparedwith the theoretical band calculations described in
section 4, comparison of detailed features in 2DEB(kx, ky) between experimental and theoretical results will be
given in section 5.

4. Theoretical approach

First, we have determined the structural properties of thesematerials by the vdW-DF2 functional [23, 24] to take
into account the van derWaals interaction. The calculated bulk lattice constants for TiS2 are a = 3.40 Å and
c = 5.98 Å, and these values are found not to changemuch (less than 1%) in theNi1/3TiS2, in contrast to the
experimental values of a = 3.407 Å and c = 5.695 Å [25]. The expansion of the lattice is predicted to be negligibly
small.We have used these calculated structural parameters in the following calculations.

We have performed first-principles calculations to clarify the nature of the electronic structure in 1T-TiS2
andNi1/3TiS2, based on the density functional theory [26, 27] using theVienna ab initio simulation package
(vasp) [28, 29]. In our calculations for electronic structures, the exchange-correlation energy has been estimated
in theHeyd–Scuseria–Ernzerhof (HSE) functional [30–32]. TheHSE functional is a class of hybrid functionals
mixing a part of exact exchange energywith the remaining part from the generalized gradient approximation

(GGA).Only the short-range part of the exact exchange energy ( )EX
exact,SR ismixed in theHSE functional.We

have adopted themixing ratio to be 20% in this study. Then our appliedHSE functional is explicitly written as
the following:

( )E E E0.2 E 0.2 ,HSE
X
exact,SR GGA

X
GGA,SR= + −

where EGGA and EX
GGA,SR depict the total energy and the short-range part of the exchange energy of theGGA,

respectively.We have used the projected augmentedwave (PAW)method to expand the valence and core
electron density. It is confirmed that the cutoff energy of 400 eV and the 6 × 6× 1 k-point sampling in the
hexagonal BZ of the√3 ×√3monolayer structure, or the equivalent sampling densities in other structures, are
enough to assure the accuracy of 50 meV in the total energy and in the bandgaps.

Infigure 4(a), we show the calculated band structure for the bulk 1T-TiS2.We see that the general features of
the results correspond qualitatively to the experimental results. TheVBT is located at theΓ point, and the
conduction bandminimum (CBM) is at theMpoint. The band dispersion of the highest occupiedVB along the
M-Γ direction spans an energywidth of 2.0 eV, which is a bit larger than the experimental result. The calculation
predicts a semiconducting behaviorwith a smaller energy gap of 0.4 eV compared to the experimentally
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Figure 4.Band dispersions along theM-Γ-K directions derived byHSE calculation for bulk 1T-TiS2 (a) andNi1/3TiS2 (b).
Corresponding results are also shown for 1ML-TiS2 (c) and surface-1ML-Ni1/3TiS2 (d). The bands are plottedwith a constantΔk step.
Therefore the intensity becomes higherwhen bands overlap or the broadening is decreased. If scattering and hybridization are
negligible, each spot of the band should have the same intensity.
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evaluated value of∼0.53 eV. The second highest VB, predicted to be rather flat around theΓ point, is predicted
at EB∼0.7 eV.However, this band is not observed in the experiment in the predicted EB region. TheVB consists
of hybridized d-orbitals of Ti atoms and p-orbitals of S atoms, and the conduction bands (CBs) are dominated
by the d-orbitals of the Ti atoms.

Figure 4(b) shows the results of theHSE calculations for bulkNi1/3TiS2, wherewe adopted a√3 ×√3
super-cell to reproduce the intercalated system. The obtained bands are unfolded to the primitive BZ [33, 34] to
facilitate a comparisonwith the results of 1T-TiS2.We note the absence of a clear bandgap infigure 4(b), and
that the overall lifetime of the quasi-particle is shorter than in the non-doped case, as indicated by the lower
intensity of the individual bands.We attribute the reduction of the quasi-particle lifetime dominantly to inelastic
scattering of host electrons at intercalant atoms. Thismechanism is explicitly taken into account by our
theoreticalmodel. In contrast, electron–electron scattering has been neglected in the calculation, treating the
electron systemby amean-field approach. Oneflat and three dispersive bands are predicted along theΓ-M
directionwithin∼2.0 eV fromEF.No hole FS pocket is predicted around theΓ point, in a strong contrast to the
experimental results (figure 3(b)). The presence of a bandgap between the hole FS and the next VB at theΓ point
clearly observed in the experiment is not predicted in the calculations.

In the calculated PDOS for the bulkNi1/3TiS2 infigure 5(a), themost striking features are the location of the
pronounced d-orbitals introduced by theNi atoms, which are rather partially concentrated in energy regions
around EB∼ 1.8 eV and 0.5 eV. The components of CBs andVBs are not somuch different from the non-doped
1T-TiS2 case (not shown), except for the energy range from2.2 to 0 eVdominated by theNi 3d states. Ni atoms
are located not exactly at but close to theD3d sites (‘D3d’) surrounded by six sulfur atoms in the bulk. The crystal
field causes the d-electrons of theNi atom to be split into three irreducible representations of the group, i.e., Eg,
A1g, and Eu located around EB∼1.8, 1.2, and 0.5 eV, respectively, as recognized infigure 5(a).
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Figure 5.The calculated density of states projected onto atomic orbitals (partial density of states: PDOS) derived by the sameHSE
calculation for bulkNi1/3TiS2 (a) and surface-1ML-Ni1/3TiS2 (b).
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As just stated above, theHSE calculations for the bulkNi1/3TiS2 fail to explain the observed experimental
results. After extensive efforts, we have found thatwe have to include the surface effect in the calculationmodel
towell reproduce the experimental results inNi1/3TiS2, because in this experiment the probing depth of the
photoelectronswith the electron kinetic energies in the range of∼17–12 eV is rather short, as < 5 Å [35].

Figure 4(c) shows the calculated band structure for 1ML-TiS2. One can recognize that theVBT is located at
theΓ point, and theCBMat theMpoint ismuch closer to EF comparedwith the bulk band calculation. Theflat
band predicted to be near EB∼ 0.7 eV in the bulk band calculation is nowpredicted near EB∼ 2 eV.

Figure 4(d) shows the calculated band structure for the ‘surface-1ML-Ni1/3TiS2,’ defined as half of the
intercalatedNi atoms left on the cleaved side of 1ML-TiS2 and noNi atoms on the other side of 1ML-TiS2.We
have here adopted a 2√3 × 2√3 super-cellmethod and unfolded the calculated band structure to the primitive
cell BZ. Themost striking feature is the hole FS pocket predicted at theΓ point and a clear gap existing below it.
One can trace the hole FS dispersing down to EB = 0.4 eV. The next VBT is located atΓwith EB∼ 1.2 eV.

Figure 5(b) shows the calculated PDOS for the surface-1ML-Ni1/3TiS2. It is clearly seen that the d-orbitals of
Ni are concentrated just belowEFwithin the range of 1.2 eV and split by the crystal fieldwithC3v symmetry.
Except for this region, theVB consists of hybridized eg-orbitals of Ti atoms and p-orbitals of S atoms, and the
CBs are dominated by the t2g-orbitals of Ti. Thus, themain contribution to the FS comes from the d-orbitals of
the surfaceNi atoms.

5.Discussion

Since the band cross sections EB(kx,ky) aremeasuredwith high accuracy ofΔkx andΔky by use of themomentum
microscope, detailed comparisonwith the first-principles theoretical band calculations is feasible. The
comparison for 1T-TiS2 (Ni1/3TiS2) between experimental and theoretical results is given infigure 6 (figure 7).
The bottom rightfigure infigure 6 shows the primitive cell BZ at kz = 0, where the light incidence azimuthal
angle isϕ= 30° and its polar angle is θ= 70° from the surface normal. In the case of undoped 1T-TiS2, one notes
that EF is in the bandgap, while it crosses theCB in the experiment due to the Ti self-intercalation. Therefore, we
need to shift EF in the calculation for 1ML-TiS2 by 0.1 eV to be consistent with the experimental result. (The
theoretically predicted band cross section at EB =−0.1 eV is shown infigure 6(f)). The degree of self-
intercalation is, however, very small [6]. The theoretical results infigures 6(g)–(i) resemble those infigures 6(b),
(d), and (e), judging from the distribution of theweak intensity regions. In addition, one can remember that the
branching behavior of the relatively sharpVBT,which is experimentally observed infigure 3(a) near EB∼1.1 eV
around k║∼ 0.4 Å−1, is well reproduced in the theoretical calculation given infigure 4(c). The observed broad
band in EB∼ 1.8–2.3 eV and k//∼0 ± 0.2 Å−1 infigure 3(a) correspondswell to the top of theM-shaped band
predicted infigure 4(c). The dispersions along theM-Γ-K directions and the regionswithout bands shown in
figure 3(a) and the representative features of the EB(kx,ky) slices in thewide EB range in experimental results in

Figure 6.Experimentally obtained typical 2D band cross sections EB(kx, ky) for 1T-TiS2 chosen from 221 slices are given in (a)–(e).
Since the intensity near EF is rather weak, the intensity at EF ismagnified four times. Typical band cross sections derived from the same
HSE calculation are given in (f)–(i). The lower rightfigure shows the primitive cell BZ at kz = 0. The azimuthal angle of the incident
light is atϕ= 30°. The polar incidence angle is θ= 70° from the surface normal direction.
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figure 6 are qualitatively well reproduced theoretically for 1ML- TiS2, even though the calculated results at kz = 0
show sixfold symmetry. The possible reason for this is discussed later, since it is seen in both cases of 1ML-TiS2
and surface-1ML-Ni1/3TiS2.

The typical band cross sections forNi1/3TiS2 are given infigures 7(a)–(g).Much stronger FS intensity at the
Mpoints aswell as the finite intensity at theΓ point comparedwith 1T-TiS2 are clearly seen infigure 7(a). The
stronger intensity in the electron FS pocketsmust be due to themodification of theCB byNi intercalation,
resulting in the rising of EF andmore filling electrons in the electron FS pockets. The presence of the hole FS is
recognizedwhen one compares the results offigures 7(a)–(c). In addition, a circular shaded-off band (C)
passing through the inner part of the electron FSs around theMsc points is recognized infigures 7(a) and (b). As
one can recognize infigure 7(i), the present theory can successfully predict the finite intensity in the region of
Msc corresponding to the ring-like structure (C) observed in the experiment forNi1/3TiS2 (figures 7(a) and (b)).
If noNi atoms are lost on the cleaved surface and perfectly√3 ×√3 periodicity remains, theMsc point in the
super-cell BZ and theMpoint in the primitive cell are equivalent and have comparable intensity.When only half
of theNi atoms are left on the surface in the formof a 2√3 × 2√3 super-cell, scattering of the Ti 3d states is
increased, and the intensity at theMsc points is decreased. Then, weak intensity is predicted near theMsc andMsc’

points. The randomness of the surfaceNi atoms induced by cleavage further blurs the signal in these regions.
Thus, the inner circle C in the experimental results (figures 7(a) and (b)) is ascribed to the long-distance ‘partial’
ordering of the surfaceNi atoms. The experimental results infigures 7(d), (e), and (g) are also qualitatively well
reproduced by the results infigures 7(j), (k), and (l). The opening of a gap between the hole FS around theΓ

Figure 7.Experimentally obtained 2Dband cross sections EB(kx, ky) forNi1/3TiS2 chosen from221 slices are given in (a)–(g). Since the
intensity near EF is ratherweak, the intensity at EF ismagnified three times, and the intensities at 0.1 and 0.25 eV are bothmagnified
two times. (h) shows the primitive cell and 2√3 × 2√3 super-cell BZs at kz = 0, where theMpoint in the super-cell is indicated byMsc.
Typical band cross sections derived from theHSE calculation are given in (i)–(l). The azimuthal and polar angles of incidence are the
same as in figure 6.
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point and the next prominent VB (L) seen infigure 3(b) is well predicted infigure 4(d). The observed
experimental features near EF are fully explained by this surface-1ML-Ni1/3TiS2model.

The partial density of states (PDOS) of the surface-1ML-Ni1/3TiS2 (figure 5(b)) clearly demonstrates that the
d-electron spectrumof the surfaceNi atom ismuch different from that ofNi atoms sandwiched by twoTiS2MLs
(figure 5(a)); namely, the energy distributionwidth ismuch narrower, and the center of gravity of the band is
shifted by roughly 0.5 eV toward EF. The surfaceNi atoms are located at C3v sites surrounded by three sulfur
atoms, whichmeans the crystalfield is very different from the case of intercalatedNi atoms at ‘D3d’ interstitial
sites. In fact, we have found that the potential at the topmost C3v position is 0.6 eVhigher than that at the
corresponding sites in the sandwiched position, according to theGGA calculation [36]. Furthermore, we have
found that the effective potential at the secondNi layer is almost the same as in the bulk, differing by less than
0.1 eV. Thus, we have found that the surfaceNi atomsmake a great contribution to the present ARPES results,
making themodel of the surface-1ML-Ni1/3TiS2 themost suitable for interpretation of the experimental results.
If theNi atoms on the surface are ordered, the hybridization-induced bandwidthmay become smaller because
of the reduced number of nearest S atoms.However, their widths are rather broad near theΓ point due to the
randomness of the location ofNi atoms on the surface.

The prominent global intensity asymmetry between the lower left and upper right regions at EB larger than
1.6 eV infigures 6 and 7 is induced by the off-normal light incidence direction (θ∼ 70° andϕ= 30°), namely, an
effect known as the linear dichroism in angular dependence of photoelectrons [37]. Even for the unpolarized
excitation light, the p-polarized component inducesmore photoelectron excitation than the s-polarization
component due to themetal optics at the sample surface. Then the characteristic feature for the p-polarized light
dominates in the intensity distribution: symmetric with respect to the light incidence plane (defined by the light
incidence direction and the surface normal) and the intensity change along theϕ= 30°M-Γ-M’ direction, as
recognized infigures 6(b)–(e) aswell asfigures 7(c)–(g).

Although the theoretically predicted intensity infigures 6 and 7 becomes sixfold symmetric for kz = 0 due to
the time-reversal symmetry, the FS intensity off theΓ-K-Mplanes becomes different between kx,y and−kx,y. The
quasi-threefold symmetry of theMpoint FSs inNi1/3TiS2 is explicable by taking the kz≠ kz(Γ-K-M) effects into
account. The results in TiS2 also shownoticeable deviation from the sixfold symmetry, reflecting the deviation
fromkz = kz(Γ-K-M). In the near future, hν dependence of the ARPESmeasurement should bemade by
momentummicroscopy to check this kz-dependent effect in the normal incidence configuration.

6. Conclusion

In contrast tomany preceding ARPES studies, dispersions of the two kinds of FS pockets are clearly revealed in
the present experiments forNi1/3TiS2, demonstrating that the states are not due to the localized defects or
impurities distributed randomly in the crystal. The bird’s eye views of the 2Dband dispersions helped us to
identify subtlemodifications of the band structure of 1T-TiS2 uponNi intercalation.

Although the surface electronic structure of layered semiconductors has so far been thought to be rather
similar to their bulk electronic structure, it is demonstrated here that it can bemuch different when the surface
environment is different from that in the bulk: namely, the sites of theNi atoms on surface-1ML-Ni1/3TiS2 have
C3v symmetry, in contrast to the ‘D3d’ symmetry of the bulk intercalatedNi atoms. This results in amuch
different crystal field splitting of theNi 3d states on the cleaved surface and in the bulk.

It is recently known that surface electronic structures are dramaticallymodified by surface doping in
topological insulators [38]. Such a specific surface electronic structure in variousmaterialsmust fully be
understood to develop devices utilizing the peculiar electronic properties on some surfaces of layered systems.
Since band cross sections at any EBs as well as band dispersions in any kx,y planes are very easily and reliably
derived from the colossal EB(kx, ky) dataset,momentummicroscopy is an invaluable tool for the detailed
understanding of the exotic electronic properties ofmany solids under hot debate today. Even by using a
laboratoryHe lamp,momentummicroscopy can be as powerful as current synchrotron radiation-based ARPES
setups. In addition,momentummicroscopy can easily be extended to the use of synchrotron radiation, namely,
soft and hard x-rays, and facilitate complete three-dimensional EB(kx, ky, kz) bandmapping of bulk electronic
structures.
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