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We study the electronic structure of single crystal 17-TiSe, using temperature (7')-dependent soft x-ray
photoemission spectroscopy (PES) and natural circular dichroism (NCD) across the charge-density-wave (CDW)
transition at T.gy ~ 200 K. We investigate detailed changes in energy positions and widths of the Ti 2p and Se
3d core-level spectra across T.ay. The Ti 2p-3d-resonant PES shows a clear Ti 3d character two-hole correlation
satellite in the valence band. A Cini-Sawatzky analysis indicates an effective attractive two-hole Coulomb
interaction energy U;; =—1.3 eV. This attractive Coulomb energy is significantly larger than the known energy
scale of excitonic correlations (< 100 meV) in 17'-TiSe,. On-resonant 7' -dependent measurements indicate that
the strongly hybridized Ti 3d-Se 4p bands show increased hybridization in the CDW phase. On-resonant valence
band spectra show a finite, possibly experimental geometry-related NCD of the states at and near the Fermi level
which do not show T dependence across T.qy. Given the presence of excitonic effects and the periodic lattice
distortion, our results suggest that theoretical models need to take into account the attractive Coulomb interaction
and hybridization changes for a complete understanding of the CDW in 17 -TiSe,.
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I. INTRODUCTION

Quasi-two-dimensional bulk, multilayer, and monolayer
transition metal dichalcogenides (TMDs) show many spe-
cial properties and continue to attract enormous attention.
Interesting phenomena in the 2H-type TMDs include a
charge-density-wave (CDW) transition in 2H-TaSe, [1], the
co-existence of CDW order and superconductivity in 2H-
NbSe; [2,3], a superconducting dome in the band insulator
2H-MoS, obtained by liquid and solid gating [4,5], and so
on. The 17-type TMDs also show CDW order in 17-TaS,,
1T-TaSe,, 1T-TiSe,, and so on [1,6], coexistence of CDW
and superconductivity in Cu-intercalated 17-TiSe, [7], and
pressure-induced superconductivity with CDW order in 17'-
TaS; [8], and 17-TiSe, [9]. The monolayer systems show
fascinating properties which are due to correlation effects and
not seen in the bulk, such as nonhydrogenic Rydberg states
in WS, [10], evidence for Ising pairing in superconducting
NbSe, in the presence of a CDW [11], and spin-polarized
electrons in MoS, [12].

In this work, we study the prototypical CDW material
1T-TiSe, which has been the focus of several important
experimental and theoretical investigations. The CDW tran-
sition at Tgw ~ 200 K was first reported nearly 45 years
ago by Di Salvo et al. and the authors speculated that the
2 x 2 x 2 CDW transition was driven by an electron-hole
coupling, i.e., it had an excitonic origin [6]. The role of
electron-hole coupling was also concluded from an angle-
resolved photoemission spectroscopy (ARPES) study, which
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identified a Se 4p hole band lying just below the Fermi level
(EF) at the I'-point and a Ti 3d character electron band
crossing the Ep at the L-point, but along with an indirect
Jahn-Teller (J-T) effect [13]. On the other hand, Rossnagel
et al. analyzed their ARPES results in conjunction with a
simple two-band model and concluded that their photoemis-
sion results were consistent with electrical transport and Hall
coefficient measurements, and favored a band J-T effect [14].
An early synchrotron x-ray thermal diffuse scattering study
had identified the softening of a L; phonon [15], consistent
with a microscopic theory suggesting a band J-T effect driving
the transition [16]. Subsequent high-resolution inelastic x-ray
scattering studies confirmed a complete softening of a trans-
verse optical phonon at the L-point suggesting a conventional
electron-phonon coupling mechanism for the structural insta-
bility and CDW transition in 17-TiSe; [17]. However, ARPES
studies reported by Cercellier ef al. were interpreted using a
Bardeen-Cooper-Schrieffer (BCS)-like model for calculating
the spectra of the normal phase and an excitonic insulator type
CDW phase [18]. The authors concluded that the CDW transi-
tion was induced by an exciton condensation. This was based
on model calculations which reproduced the backfolding of
the I"-centered Se 4p hole bands and a very weak backfolding
of the L-point centered Ti 3d,> character electron band at Ef.

Very recently, quantum oscillation and magnetotransport
measurements showed a Fermi surface (FS) reconstruction,
with a small electron FS dominating the electronic properties
at low temperature while an electron and a hole FS exist
at T > Teaw [19]. Momentum-resolved electron energy loss
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spectroscopy studies reported on collective electronic modes
and also concluded an exciton condensation driven CDW,
in which the phonons only dress up the excitons and create
a periodic lattice distortion (PLD) [20]. On the other hand,
a time-resolved spectroscopy study was used for simultane-
ously probing the ultrafast terahertz response of PLD-related
phonons and electronic conductivity, and it showed that the
PLD persists even when a femtosecond infrared pulse selec-
tively melts the excitonic order [21]. The results showed that
the PLD and excitonic orders are coupled in 17-TiSe,, con-
sistent with theoretical results which invoked a cooperative
J-T effect and excitonic order [22]. In fact, in a very recent
theoretical study using real-time time-dependent density func-
tional calculations, it was concluded that the excitonic order
and PLD mutually amplify each other, resulting in the CDW
transition [23].

On the theoretical front, in general, the band dispersions
and Fermi surfaces of most of the TMDs in bulk form
can be explained by band structure calculations in the ab-
sence of on-site Coulomb correlations. However, there are a
few TMDs where experimental features are not reproduced
correctly in local density approximation (LDA) calculations
without on-site correlations. For example, in 17-HfTe;, an
experimentally observed electron band at the M point in the
Brillouin zone could not be correctly reproduced by LDA
calculations [24]. As discussed above, the monolayer TMDs
do show evidence for Coulomb interactions [10-12]. For 17 -
TiSe,, it was theoretically shown that the CDW instability is
obtained in the absence of on-site Coulomb correlations [25].
However, including the on-site repulsive Coulomb correla-
tions suppressed the CDW instability. On the other hand, the
authors could show that a nonlocal exchange interaction was
important to obtain the CDW state via formation of a p-d
hybridized state leading to an enhanced electron-phonon cou-
pling [25]. Thus, it is important to experimentally investigate
the presence or absence of correlation effects as well as the
role of hybridization in the electronic structure of 17'-TiSe;.
Further, it has been reported that 17-TiSe, exhibits a chiral
CDW order [26], but this is still under debate [27]. Very
recently, a study showed gyrotropic order in 17-TiSe;, in
the form of chiral order induced by midinfrared circularly
polarized light in an originally achiral lattice [28]. Hence, we
also carried out a check for NCD as a signature of chirality in
1T-TiSe;.

We report a study of the Se 3d and Ti 2p core levels, Ti
2p-3d XAS, and resonant valence band PES of single crystal
1T-TiSe, above and below T,4y. We observe small changes
in the Se 3d and Ti 2p core level spectra which reflect the
changes reported for Se 4p and Ti 3d valence band states.
XAS measurements were carried out with clockwise (CW)
and counterclockwise (CCW) circularly polarized x-rays to
check for NCD in the unoccupied conduction band states. Ti
2p-3d resonant PES was measured to check for NCD in the
valence band states. Resonant PES identifies a Ti 3d char-
acter two-hole correlation satellite which is analyzed using
the Cini-Sawatzky method [29-32]. It provides an effective
attractive Coulomb interaction energy U;; =—1.3 eV be-
tween two valence holes. This attractive energy is significantly
larger than the attractive excitonic correlation energy scale
(<100 meV) in 1T-TiSe, [20,21]. Our results suggest that

the attractive on-site Coulomb interaction and 7-dependent
hybridization are important and theoretical models need to
take this into account for a complete understanding of the
CDW in 1T-TiSe;.

II. EXPERIMENTAL METHODS

The samples used in this study are bulk single crystals
of 1T-TiSe, grown by iodine chemical vapor transport [33].
A mixture of high-purity Ti and Se with a slight Se excess
was placed in an evacuated quartz ampoule together with
iodine as a transport agent. The ampoule was heated in a
four zone furnace under a temperature gradient of 665-555° C
for 600 h. The method yielded 17-TiSe, crystals of typically
3 x 3 x 0.15 mm?. Electrical resistivity measurements con-
firmed a CDW transition temperature T¢qy, ~ 200 K [34].

Soft x-ray core-level PES, XAS, and resonant PES ex-
periments were carried out at beamline BL17SU, SPring-8,
Japan. The XAS measurements (total electron yield mode)
and the PES experiments were performed using a spectrom-
eter equipped with a VG-Scienta 2002 analyzer [35]. The
NCD measurements were done using CW and CCW cir-
cularly polarized x-rays as seen looking along the incident
beam direction. The x-ray beam has a nominal spot size of
~40 micron diameter. The experimental geometry was normal
incidence into the ab plane for the XAS and resonant PES
measurements. The resonant PES spectra were collected in
angle-integrated mode. The total energy resolution for the
Ti 2p — 3d resonant PES and the core-level photoemission
spectra (measured with zv = 700 eV) was set to 200 meV and
the accuracy of determining Er was 10 meV. The energy
reference Er and energy resolutions for the soft x-ray core
level and resonant PES measurements were determined from
the Fermi edge of a gold film at 7 = 32 K. All results reported
here were obtained from samples cleaved in an ultra-high
vacuum (1 x 10~ mbar) preparation chamber with a scotch
tape and immediately transferred into the main chamber at
1 x 107'° mbar. The measurements were carried out at T =
32 and 300 K and the samples were cooled using a liquid-He
flow-type cryostat.

III. RESULTS AND DISCUSSION

Figure 1 shows the Se 3d and Ti 2p core-level PES spectra
of 17-TiSe, measured with an incident photon energy hv =
700 eV above and below T4y, at T = 300 and 32 K. As seen
in Fig. 1(a), the Se 3d spectra show single peaks for the Se
3ds;» and Se 3ds3/, spin-orbit split features. The spectrum at
T = 32 Kis shifted to a higher binding energy (BE) compared
to the T = 300 K spectrum. Similarly, Fig. 1(d) shows the Ti
2p spectra consisting of the Ti 2p3/, and Ti 2p /> spin-orbit
split features, and here also the 7 = 32 K spectrum is shifted
to a higher BE compared to the 7 = 300 K spectrum. The Se
3d peak shapes indicate that both the 3ds,, and 3d3,, peaks
show a narrowing at 7 = 32 K. From a least-squares fitting of
the spectra using asymmetric Doniach-Sunjic (DS) lineshapes
at T = 300 K [Fig. 1(b)], the Se 3ds;, and Se 3d;,, features
are positioned at a BE of 53.29 and 54.13 eV, respectively. For
T = 32 K [Fig. 1(c)], the peaks are positioned at 53.35 and
54.20 eV, indicating a shift of about 60 to 70 meV. For the Ti
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FIG. 1. (a)—~(c) Experimental Se 3d core level PES spectra of
TiSe, at T =32 and 300 K. The data show a clear shift to higher
binding energy (BE) and narrowing for the 7' = 32 K spectrum
compared to the 7 = 300 K spectrum, across the CDW transition
at Toaw = 200 K. (d)—(f) Experimental Ti 2p core level PES spectra
of TiSe, at T =32 and 300 K. The data show small changes in
BE and spectral shapes for the T = 32 K spectrum compared to the
T =300 K spectrum.

2p core level PES spectra, a careful look at the peak shapes
indicate that both the 2p3, and 2p;/, peaks show a small
broadening at T = 32 K compared to 7 = 300 K. A similar
fitting of the Ti 2p spectra using DS lineshapes at 7 = 300 K
[Fig. 1(e)] shows that the Ti 2p3/, and Ti 2p;, features are
positioned at a BE of 455.71 and 461.87 eV, respectively. For
T = 32 K [Fig. 1(f)], the corresponding peaks are positioned
at 455.78 and 461.93 eV, indicating again a shift of about 60
to 70 meV. The obtained fitting parameters for Se 3d and Ti
2p levels are listed in Tables I and II.

Given an error bar £10 meV in the accuracy of the BEs, a
shift of 60 to 70 meV in both the Se 3d and Ti 2p spectra
is consistent with the shift of the Ti 3d: conduction band
minimum: It was shown that the Ti 3d, conduction band
minimum shifts from just above Er to ~60 meV below
Ep at the L-point (along the A-L direction), as observed in
ARPES studies of bulk 17-TiSe, across the CDW transi-
tion [13,14,18,21,36,37]. Since the shift of the Ti 3d,. band
corresponds to an increase of the chemical potential, we

TABLE 1. Fitting parameters for the Se 3d core level spectra
discussed in Figs. 1(a) to 1(c)

Se 3d Binding energy FWHM Asymmetry
V) V) parameter

T =32K

3ds,, 53.35 0.51 0.22

3ds), 54.20 0.55 0.15

T =300K

3ds), 53.29 0.56 0.18

3ds), 54.13 0.61 0.16

TABLE II. Fitting parameters for the Ti 2p core level spectra
discussed in Figs. 1(d) to 1(f).

Ti2p Binding energy FWHM Asymmetry
V) eV) parameter

T =32K

2p3p 455.78 1.50 0.35

2pip 461.93 1.79 0.24

T =300K

2p3p 455.71 1.28 0.35

2pip 461.87 1.59 0.15

attribute the observed core-level shifts in the Se 3d and Ti 2p
spectra to a global chemical potential shift.

It is noted that the high symmetry momentum points T,
M, A, and L in the Brillouin zone of the high-temperature
normal phase all become equivalent (this point is labeled
I'*) due to band folding associated with the low-temperature
2 x 2 x 2 CDW phase [33,38]. Thus, although the shift of the
Se 4p, , valence band edge at the I"-point was reported to be
slightly higher (~100 meV) [33,38] and our in-plane angle
integrated measurements with Av = 700 eV have a k, value
corresponding to the I point of the high-temperature normal
phase, the core level shifts in the CDW phase are due to the
global chemical potential shift and independent of the Se 4p,. ,
band shift associated with the I'-point. A smaller shift of the
Se 3d core levels between 280 and 70 K (~25 meV) [38] and
a reduction of the gap by ~60 meV at the ['*-point associated
with the A-point derived top of the Se 4p, , band edge and
the bottom of the Ti 3d,. band was reported recently using
higher resolution ARPES [33]. It is noted that the core level
changes are unlike changes seen for the CDW transition in
1T-TaS; [39,40] which showed a splitting of Ta 4f peaks
in the low-T CDW phase. The splitting was attributed to
charge transfer between distinct sites [39,40] and its absence
in 17-TiSe, suggests negligible charge transfer between dis-
tinct sites in the CDW phase. The same shift in core level PES
for the Se 3d and Ti 2p core levels also indicates that the shifts
are not due to charge transfer from Se 4p to Ti 3d-derived
states.

In Fig. 2, we plot the Ti L-edge (2p-3d) XAS spectra at
T =32 and T = 300 K, obtained with CW and CCW cir-
cularly polarized x-rays. The spectra are similar to the ones
reported in earlier studies [41-43]. The peaks at 455.7 eV (=
“c”) and 457.5 eV (= “e”) for the L3 edge (and at 461.4 eV
(= “h”) and 463.2 eV (= *j”) for the L, edge) originate from
the 1, and e, crystal field split states, respectively. The CW
and CCW spectra at T =32 K and at T = 300 K show no
obvious polarization dependent changes. This result indicates
negligible NCD in the XAS spectra of the CDW phase and
the non-CDW phase. On the other hand, a small but finite
T-dependent change between the two phases is observed in
the CW and CCW profiles. The inset shows the leading edge
of the L3;-edge main peak on an expanded scale. The leading
edge of the L3-edge main peak shifts to higher photon energy
by ~80 meV at half maximum of the peak intensity for the
T = 32 K spectrum compared to the 7 = 300 K spectrum.
This is very close to the 60 to 70 meV BE shift observed in the
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FIG. 2. Experimental Ti 2p-3d XAS spectra of TiSe, at T =
300 K (RT) and T = 32 K (LT) obtained with CW and CCW circu-
larly polarized x-rays. The inset shows the box region of the main
panel on an expanded photon energy scale. A shift of ~80 meV
in the leading edge of the L;-edge main peak is observed between
the T =300 K and T = 32 K spectra, but negligible polarization-
dependent changes are seen between CW and CCW spectra at either
temperature. Labels “a”-“1” mark the photon energies used to mea-
sure Ti 2p-3d resonant PES spectra shown in Fig. 3.

Ti 2p core level spectra shown in Fig. 1(d) and indicates that
the small changes in XAS spectra are associated with initial
state shifts.

Based on a cluster model analysis of XAS spectra [41], it
was shown that covalency in TiX, (X =S, Se, Te) increases
on going from TiS, to TiTe,. Further, band-structure calcula-
tions for TiSe; concluded significant Ti 3d,,,; and 3d,>_y2
character states in the occupied DOS at ~3 eV BE [44,45].
This is attributed to Ti 3d-Se 4p hybridization, although Ti
formally has a d° configuration in TiSe,. To check for Ti
3d-Se 4p hybridization effects in TiSe,, we carried out Ti
2p-3d resonant PES at T = 32 and 300 K. The resonant
PES spectra measured at photon energies labeled “a” to “g”
(hv = 452.34 to 460.02 eV) in the XAS spectrum (Fig. 2)
across the Lz-edge at T = 300 K are shown in Fig. 3(a).
The spectra are normalized for BEs above 15 eV where there
are no spectral features. The corresponding L,-edge-resonant
PES spectra measured using photon energies labeled “g” to
“I” (hv = 460.02 to 466.34 eV) are shown in Fig. 3(b). The
energy values of the incident photon energies “a” to “1” are
shown in Figs. 3(a) and 3(b). The spectrum measured with
photon energy “a” just below the Ti L;-edge is the off-resonant
valence band spectrum. It consists of three features which
originate in Se 4p orbitals, and are spread between Er and
about 6-eV BE. The shallow core level at 13.1-eV BE is the Se
4s feature. As we increase the photon energy from “a” to “e”,
a systematic increase in the intensity of the feature at ~3 eV
BE is observed with a maximum for incident photon energy
“e”, and then its intensity gets reduced for energies “f”” and
“g”. Since photon energy “e” corresponds to the maximum
absorption intensity in the XAS spectrum, it indicates that

the intensity changes in the valence band arise from Ti 3d
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FIG. 3. (a) Experimental Ti 2p-3d resonant PES spectra of TiSe,
at T = 300 K at photon energies across the Ti L; edge (labeled “a”-
“g” in Fig. 2) with CW and CCW circular polarization, shifted along
the intensity axis for clarity. The data show a resonance maximum
at ~3 eV binding energy for spectrum “e”. For spectra “c” to “g”,
a clear L;VV Auger two-hole correlation satellite is marked with
a green line. (b) The 2p — 3d (L3 ,-edge) resonant PES data for
photon energies labeled “h” to “1” in Fig. 2. The green line shows
the systematic shift of the L;V'V Auger two-hole correlation satellite
for higher photon energies. The L,V'V correlation satellite (light blue
line) is observed as a weak enhancement and broadening at ~5 eV
BE for the spectrum “j”. At higher photon energies, the L,V'V corre-
lation satellite is suppressed due to the opening of the Coster-Kronig
L,L;V channel at and above the L, threshold. The orange vertical line
corresponds to the Se 4s core level and the black dashed line marks

a weak DOS feature overlapping the Auger satellite.
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character states hybridized with Se 4p states. This confirms
band-structure calculation results which indicate significant
Ti 3d,.,,, and 3d,-_,» ,, character states hybridized with Se 4p
states at ~3 eV BE. Further, another feature at ~5 eV BE and
a weak broad feature at ~6.5 to 7.0 eV BE starts increasing
in intensity at photon energy “c”. The 5-eV feature shifts to
higher BEs as the photon energy is increased and tracks the
changes in the incident photon energy. This behavior indicates
that the feature at ~5 eV BE in the “c” spectrum is a regu-
lar Auger feature and corresponds to the Ti L3;VV two-hole
correlation satellite in the valence band. Qualitatively similar
resonance behavior was reported by Shkvarin et al. [46], but
the resonance enhancement was weaker and the correlation
satellite was not analyzed to estimate the on-site Coulomb
correlation energy.

Figure 3(b) shows the 2p-3d (L,-edge) resonant PES data
for photon energies labeled “g” to “I” in Fig. 2. The systematic
shift of the L3V'V Auger two-hole correlation satellite contin-
ues for the spectra labeled “g” (satellite ~9 eV BE) to “1”
(satellite at ~15.5 eV BE) in Fig. 3(b) (green line). At photon
energies “1”, “j”, and “k” the two-hole correlation satellite
crosses the Se 4s shallow core level and continues to higher
binding energies for spectrum “1”. At photon energies “i”,
“”. and “k”, the ~3-eV feature again undergoes a resonant
enhancement with a maximum for photon energy “j”, but the
L,VV correlation satellite (blue line) shows up only as a weak
enhancement and broadening at ~5 eV BE for the spectrum
“j”. At higher energies for spectrum “k” and “I” the feature is
suppressed. The suppression of the L, V'V correlation satellite
is due to the opening of the Coster-Kronig L, L3V channel at
and above the L, threshold. Following Hiifner et al. [47] we
checked the onset of the so-called regular Auger behavior by
plotting the kinetic energies of the L;VV and L,VV features
versus the photon energy relative to the maximum of the L
and L, peaks. The regular Auger peak onset is estimated to be
1.7 and 0.8 eV below the main peaks of the XAS L3 and L,
edges, respectively.

Using the Cini-Sawatzky method [29—-32] we analyzed the
two-hole correlation satellite energy to obtain an experimen-
tal measure of on-site element specific Coulomb correlation
energy Ugy. The Cini-Sawatzky method has been reliably
used to estimate on-site element-specific Coulomb corre-
lation energies in several 3d transition metal (Ti to Cu)
compounds [48-52]. The method is based on the fact that
the Auger transition for a core hole in the initial state and
two valence holes in the final state is sensitive to the on-site
Coulomb energy if the two holes reside on the same site. To
estimate the on-site Coulomb correlation energy, one needs to
obtain the two-hole spectrum without correlations. This can
be obtained from a numerical self-convolution of the one-hole
spectrum obtained from photoemission of the valence band
states. The on-site Coulomb energy Uy, obtained from the
two hole Auger satellite corresponds to the energy cost for the
“reaction” 2Mt — M + M?**, where M is an atom in a solid.
Thus, the value of the on-site Coulomb correlation energy
between two valence holes, as deduced from Auger spectra,
is the difference between the first ionization energy (/;) and
second ionization energy (l), i.e., Uggauger) = Io — 1. This
is expected to be slightly different from the normal defi-
nition of the Hubbard on-site Coulomb energy Uyqmubbard),

F T T T T T T T T T T T g

| = 3d-DOS _ 1
— self-convolution 1T-TiSe, |
——\Valence
band
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FIG. 4. The self-convoluted Ti 3d-partial density of states (blue)
compared to the correlation satellite observed in the valence band
(red) spectrum “c” of Fig. 3 for estimating U,,. The Ti 3d partial
DOS is obtained as a difference spectrum (on-resonance spectrum
“e” — off resonant spectrum “a”’) and followed by subtracting a linear
background (BG).

which corresponds to the “reaction” 2M — M~ + M™ and
Ugamubbaray = I1 — A, i.e., it is the difference between the first
ionization energy /; and the electron affinity A. It is noted
that both the values correspond to the difference in energy
between one less electron and one more electron compared
to a reference state. However, the reference states are M and
M, which are obviously not equal, but the difference in the
estimated values of Ujgauger) and Ugqubbard) 15 €xpected to
be small due to screening effects in a solid [53].

For the present case, we use the Ti L3;V'V Auger satellite to
estimate the on-site Coulomb energy due to two Ti character
valence holes in the final state. In Fig. 4, we plot the differ-
ence spectrum between the off-resonant spectrum “a” [shown
in Fig. 3(a)] and on-resonant spectrum “e” [also shown in
Fig. 3(a)] to identify and separate out the Ti 3d character
partial density of states (i.e., the Ti 3d character one-hole
spectrum). Since the feature at 5-eV BE corresponds to the
two-hole satellite, we curtail the Ti 3d partial DOS range
up to a BE of 4 eV to obtain the one-hole spectrum and a
linear background was subtracted from the spectrum (black
line in Fig. 4). A numerical self-convolution of the obtained
Ti 3d partial DOS, which represents the two-hole spectrum
without correlations, is then compared to the two-hole correla-
tion satellite in spectrum “c”. The energy separation between
the two-hole correlation satellite peak and the peak of the
two-hole spectrum without correlations provides a measure
of the average on-site Coulomb energy U, in the Ti 3d
states and we obtain Uy; = —1.3 £0.2 eV. Thus we obtain
an attractive (negative) on-site Coulomb energy in 17-TiSe;.
This result is qualitatively consistent with an early estimate
of U,y provided by deBoer, Haas, and Sawatzky [53], who
obtained a value of Uy ~ —2.5 eV based on Ti L3 VV spectra
measured using a Mg K, x-ray source (hv = 1253.6 eV). Itis
noted that our numerical two-hole spectrum also shows a very
similar lineshape and energy spread as reported by deBoer et
al., but due to improved signal to noise ratio in the present
data, we obtain a lower value of U;; = —1.3 = 0.2 eV. These
authors attributed the negative Uy, to bipolaron formation:
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FIG. 5. The circular polarization dependence at 7 = 32 K (LT) and 7 = 300 K (RT) of the valence band spectrum obtained using photon
energies corresponding to: (a) “on-resonance” e, maximum intensity of the L3 XAS labeled “e” (hv = 457.5 eV), (b) “on-resonance” ty,
maximum intensity of the L3 XAS labeled “c” (hv = 455.7 eV) and (c) “on-resonance” e, maximum intensity of the L, XAS labeled *j” (hv
= 463.2 eV). The obtained natural circular dichroism (NCD = CCW-CW) at RT and LT is also shown along with the 7T'-dependent changes

(LT=RT) for CW and CCW polarization in the lower panel.

If the first valence hole creates a potential well in which the
second valence hole gets trapped, and the resulting relaxation
energy is larger than the repulsive energy between the holes,
it would effectively result in a negative U,4. The bipolaron
formation can arise from a lattice polarization, such as a J-T
distortion [54,55].

An effective attractive interaction between -electrons
(negative-U Hubbard model) can be derived from strong
electron-phonon coupling [55-57] or due to a purely elec-
tronic origin [58,59]. These models were discussed for the
superconducting series Ba;_,K,BiO; and BaBi;_,Pb,Os,
which are derived from a three-dimensional CDW parent
material, BaBiOj3. Since the magnitude of the estimated at-
tractive Uyy = —1.3 eV for 1T-TiSe; is significantly larger
than the attractive excitonic correlations associated with the
measured normal-state band gap and characteristic electronic
mode energy, which are both smaller than 100 meV in 17-
TiSe, [20,21,33], it may be expected to play an important role
in determining the ground state of 17-TiSe,.

The T- and polarization-dependent spectra over a wide
BE scale were measured at photon energies “c”, “e”, “h”,
and “j” corresponding to the peaks due to tp, and e, crys-
tal field split states (Fig. 2). We first discuss the 7- and
polarization-dependent spectra obtained at photon energy “‘e”
corresponding to the “on-resonance” e, maximum intensity of
the L3 XAS, as shown in Fig. 5(a). The high intensity feature
at ~3 eV and the weaker features between 2 eV BE and Er
show T- and polarization-dependent changes. As discussed
above, the ~3 eV feature consists of Ti 3d,,,»_,» and Ti
3d,. . states strongly hybridized with Se 4p states, while
states from O to 2 eV BE have very weak contribution from
Ti 3d states [44,45]. It is noted that the Ti 3d. character
electron band within 50 meV of Er seen in high-resolution
ARPES studies [13,14,18,21,36-38] at the L-point in the

Brillouin zone is not observed in our angle-integrated data,
as our experimental resolution is 200 meV. The ~3 eV BE
feature gets clearly enhanced at T = 32 K compared to T =
300 K as shown in Fig. 5(a). The increase in spectral weight
is not conserved and hence cannot be attributed to charge
transfer from the Se 4p states to the Ti 3d,, ,»_» and Ti 3d,_ ,,
states in the low-7T CDW phase, and this is also consistent
with the core level analysis. This indicates that the Ti 3d-Se
4p hybridization responsible for the ~3 eV feature becomes
stronger in the low-7 CDW phase. This is consistent with
the decrease in Ti-Se bond distances in the CDW phase, as
is known from structural studies [38,60]. The T-dependent
changes for the CW and CCW spectra are plotted as differ-
ence curves in the same figure. We also checked for NCD
= CCW-CW, on resonance at 7 = 32 and 7 = 300 K. The
NCD spectra are also plotted in the same figure. A clear NCD
is seen for the states between O to 2 eV BE followed by a
weak dip at ~3 eV BE. Surprisingly, the NCD spectra do not
show any T-dependent changes across the CDW transition.
This suggests that the electronic states do not display a chiral
character which can be associated with the CDW transition.
Figures 5(b) and 5(c) show the spectra for photon energies
“c” (g peak of L3 XAS) and " (e, peak of L, XAS),
respectively. Qualitatively similar spectra were obtained for
photon energy “h” (t,, peak of L, XAS, not shown). At
these energies also, the high-intensity feature at ~3 eV gets
enhanced at T = 32 K compared to 7 = 300 K, as seen in
Figs. 5(b) and 5(c). The results corroborate the increase in
hybridization between the Ti 3d and Se 4p states in the CDW
phase compared to the room temperature non-CDW phase.
We also checked for the NCD at T =32 K and T = 300 K
and they are also plotted in Figs. 5(b) and 5(c). Although the
NCD signal has lower signal-to-noise ratio for BEs between 2
to 5 eV, the negligible differences in the NCD spectra at and
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near the Fermi level for the T = 32 and T = 300 K confirms
the behavior seen in the on-resonance spectra obtained with
energy “e”. In a very recent study, using resonant and nonres-
onant x-ray diffraction, it was shown that 17-TiSe, does not
show structural chirality [61]. Further, since 17 -TiSe; is non-
magnetic, the NCD signal cannot arise due to magnetization
and can only be due to an electronic chirality or an asymmetric
experimental geometry [62]. Since the NCD does not change
as a function of temperature across the CDW transition, it
suggests the absence of electronic chirality. We speculate that
the observed NCD arises from an asymmetric experimental
geometry such as a misalignment of the in-plane I'-M axis
with respect to the analyzer entrance slit. The NCD probably
originates from spin-orbit dichroism [62], which would be
consistent with the fact that the electronic states within ~2 eV
of Er have Se 4p character, which exhibit strong spin-orbit
coupling (~0.4 eV in the atomic state) [63]. It is considered
necessary to carry out high-resolution ARPES measurements
on resonance for incident x-rays along the CDW wave vector
(1/2, 1/2, 1/2) for a more rigorous check of the CDW cou-
pled chiral electronic states in 17'-TiSe,, especially because
it was recently shown that the material exhibits strongly k.-
dependent Ti 3d-Se 4p hybridization in the CDW phase [33].
We hope future work can address this issue in a more rigorous
way.

IV. CONCLUSION

In conclusion, we carried out 7'-dependent photoemission
spectroscopy and NCD studies across the CDW transition in
1T-TiSe,. Ti 2p and Se 3d core level spectra show consistent
changes across Tqw. A Ti 3d character two-hole correlation
satellite provides an effective attractive on-site Coulomb in-
teraction energy Ug; = —1.3 eV. On-resonant T-dependent
measurements indicate that the strongly hybridized Ti 3d-Se
4p bands show increased hybridization in the CDW phase.
The results suggest that the attractive Coulomb interaction
and hybridization changes cannot be neglected for a complete
understanding of the CDW in 17-TiSe,. It would be inter-
esting to quantify the on-site Coulomb energies in other 3d
TMDs where correlations are known to be important [10—12],
thereby leading to a better understanding of the CDW forma-
tion, superconductivity, and magnetism in these materials.
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