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For the layered transition metal dichalcogenide 1T-TaS,, we establish through a unique experimental

. approach and density functional theory, how ultrafast charge transfer in 1T-TaS, takes on isotropic

. three-dimensional character or anisotropic two-dimensional character, depending on the

. commensurability of the charge density wave phases of 1T-TaS,. The X-ray spectroscopic core-hole-
clock method prepares selectively in- and out-of-plane polarized sulfur 3p orbital occupation with
respect to the 1T-TaS, planes and monitors sub-femtosecond wave packet delocalization. Despite
being a prototypical two-dimensional material, isotropic three-dimensional charge transfer is found
in the commensurate charge density wave phase (CCDW), indicating strong coupling between layers.
In contrast, anisotropic two-dimensional charge transfer occurs for the nearly commensurate phase
(NCDW). In direct comparison, theory shows that interlayer interaction in the CCDW phase — not layer
stacking variations — causes isotropic three-dimensional charge transfer. This is presumably a general
mechanism for phase transitions and tailored properties of dichalcogenides with charge density waves.

. Transition metal dichalcogenides (TMDs) are layered, quasi two-dimensional materials exhibiting phase transi-
© tions and tailored properties for sensors, electronic switching or energy storage'~. In particular, 1T-Ta$S, exhibits
. a complex phase diagram depending on temperature, doping or pressure encompassing charge density waves
(CDW) with diverse commensurability and resistivity changes>. Interlayer CDW coupling and correspond-
. ing orbital textures are suggested to play a crucial role for these electronic properties”-!. For the nearly com-
 mensurate (NCDW) room temperature and the commensurate (CCDW) low temperature phases of 1T-TaS,,
. we determine the directional dependence of ultrafast charge transfer in the attosecond time domain with the
: core-hole-clock method'"'2. The surprisingly strong interlayer coupling between the commensurate layers of the
. low temperature CCDW phase leads to isotropic three-dimensional charge transfer. In contrast, considerably
slower out-of-plane over in-plane polarized charge transfer occurs for the nearly commensurate NCDW phase.
. This anisotropic two-dimensional charge transfer apparently reflects the reduced interlayer CDW coupling in the
: NCDW phase.
: 1T-Ta$,, as a layered quasi-two-dimensional dichalcogenide, consists of repeated S-Ta-S slabs that are sep-
. arated by a van der Waals gap. The phase diagram of 1T-TaS, harbors several phases, which are characterized
© by periodic lattice distortions, accompanied by a charge density wave (CDW), and strong changes in resistivity.
: Below 180K, 1T-TaS, locks in a fully commensurate charge density wave (CCDW) phase with a strong periodic
© lattice distortion (up to 0.24 A)>'%, A super lattice consisting of Star-of-David clusters builds up and the CDW
: wave vector is rotated by 13.9° with respect to the fundamental lattice. The CDW formation is mainly driven by
© aPeierls distortion of the lattice due to electron-phonon coupling. At room temperature, a nearly commensurate
charge density wave (NCDW) forms having a wave vector rotated by 12° with respect to the fundamental lattice.
Raising the temperature above ~350K, a fully incommensurate charge density wave (ICDW) phase appears.
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Macroscopically, the NCDW-CCDW phase transition is accompanied by an abrupt increase of the electrical
resistivity which has been assigned to the opening of a Mott-Hubbard gap at the Fermi energy'*. Directional
out-of-plane/in-plane ohmic resistivity anisotropy® and switching to three-dimensional resistivity* have been
reported. The NCDW is commonly described as a structure of commensurate CDW domains separated by
incommensurate domain walls which provide good electrical conductivity. The in-plane CDW structures are
well investigated by, e.g., X-ray diffraction (XRD), electron diffraction and scanning tunneling microscopy
(STM)'*1516, However, the out-of-plane CDW stacking is still puzzling and periodicities and correlation lengths
remain unclear.

Since the strong correlation between electronic and lattice subsystems cannot be decoupled in equilibrium,
transient decoupling by ultrafast optical excitation and subsequent tracking of the relaxation dynamics has
been carried out with photoelectron spectroscopy (PES), electron diffraction, or XRD'-2*, These laser-based
pump-probe experiments introduce a strong delocalized perturbation of the system with little directional selectiv-
ity (see Adhikary et al.?*) and have difficulties to address the single femtosecond and sub-femtosecond timescales.

To shed light onto the atomic origin of directional charge transfer and dimensionality, resonant soft X-ray
spectroscopy is uniquely powerful, as it has been established for the directional attosecond charge transfer of
adsorbed sulfur atoms on a Ruthenium (0001) surface''? and for charge carrier dynamics in a TMD?®. In the
core-hole-clock method an atomically localized electron wave packet is created, where the dipole selection
rule in the absorption of linearly polarized soft X-rays leads to directional orbital population, i.e. the selective
sulfur 3p,, 3p,, 3p, occupation via the sulfur 2s — 3p transition. Figure 1a) depicts schematically how in-plane
and out-of-plane sulfur 3p orbitals are selectively populated in this way with respect to the structural layers
within the quasi-two-dimensional dichalcogenide 1T-TaS,. The excited state wave packet delocalization is then
clocked against the atomic core-hole lifetime!!*>?7, which is - as an elemental property - a well-defined quantity.
Spectroscopically, the Auger resonant Raman (also called autoionization) channels of resonant photoelectron
spectroscopy (RPES) show linear energy dispersion for localized states (no charge transfer) and constant kinetic
energy features for the itinerant or delocalized states (charge transfer). Their intensity ratio is quantified and
relates the charge-transfer time of the excited electronic state within the conduction bands to the core-hole life-
time. Thus, we can gain unique experimental insight into charge transfer as a function of commensurability and
dimensionality of 1T-TaS,, based on the interplay of inter- and intra-layer charge density waves, van der Waals
and covalent interactions, as well as the geometrical stacking contributions.

Figure 1 shows the polarization dependent RPES at the sulfur 2s — 3p transition of 1T-Ta$, in the room
temperature NCDW phase (Fig. 1b out-of-plane, Fig. 1d in-plane) and in the low temperature CCDW phase at
30K (Fig. 1f out-of-plane, Fig. 1h in-plane). In 1T-TaS,, the resonance of the S2s core-hole excitation occurs at
hv =226V independently of temperature and polarization. At 7° grazing X-ray incidence angle to the sample
surface, p-polarized light excites S2s electrons predominantly into out-of-plane 3p, orbitals (Fig. 1a left), while
s-polarized light excites electrons predominantly into in-plane 3p, , orbitals (Fig. 1a right). All spectra are shown
normalized to the incident photon flux and with a substraction of background from direct photoionization and
multiple-electron-scattering (see SI Fig. 1).

Next to the linearly dispersing atomically localized 2p~'3s7!3p! (1) and 2p~!3p~'3p! (L) autoionization
final states, delocalized charge transfer final states (or Auger channels) are found at constant kinetic energy
(Exin=41.0€V for the 2p~13s~!deloc! (d) and E,;, = 50.6 €V for the 2p~13p~!deloc! (D) final states, respec-
tively). Below the resonance, the intensities of L,L increase with photon energy while insignificant intensities
for the energetically forbidden d,D channels are observed. At resonance, d,D open up. All channels (1,L,d,D) are
well-separated from each other and can be unambiguously quantified above the photon energy hv =227,5eV up
to hu=235eV photon energy where the I- and D-channels cross. Although we analyze the full RPES range, we
restrict the quantitative Raman fraction and charge transfer time analysis to the 227.5-228.5eV photon energy
range, just above the Fermi level. Here, the 1- and d-channels are ideally separable and address the physically
relevant density of states for charge transfer. As seen in Fig. 1, photon energies below lead to spectral overlap and
ambiguity, as does the appearance of a second resonance between 229 eV and 230 V. As pointed out in Fohlisch
et alll, only the 1- and d-channels are used for the charge transfer analysis since the L- and D-channels interfere
with the 3p~! shake-up of the S2p main photoemission line. The intensities of the d- and 1-features are fitted for
all spectra with a model of a pair of spin orbit split (AE=1.2eV) Lorentzians at fixed width of T =3.3eV FWHM.
Peak positions are kept fixed at constant kinetic energy for the d-channel and at constant binding energy for the
1-channel, respectively. Although approximate in line shape and detail, a global fit of all data with this model,
based on the minimum physically motivated parameter set, describes all spectral features. Panels c,e,g,i of Fig. 1
show the polarization dependent intensities of the CCDW and NCDW phases from this fitting model and one
particular slice of data at hv =228 eV is presented as an example in Fig. 2 of the SI. We monitor the established
splitting of the Ta4f photo emission line (see SI Fig. 3), as a direct measure of the CDW?, during the experiment.
In the CCDW phase, long range coherence leads to a large Ta4f CDW splitting of ACDW =0.62 V. In contrast,
the NCDW phase shows a splitting of only ANCDW =0.48eV.

We can now convert these 1- and d-intensities to charge transfer times 7, via 7.,/7 =1/d for all combinations
of NCDW and CCDW phases and in-plane and out-of-plane orbital polarizations, respectively!!. In this model
of single exponential decay and with the S2s core-hole lifetime of 7 =0.5fs, we summarize the phase and orbital
polarization dependent charge transfer times in Fig. 2. In the CCDW phase (see Fig. 2a), no variation of charge
transfer times is observed for different orbital polarizations in the conduction band states excited between 227.5
and 228.5eV photon energy. In contrast, the NCDW phase (see Fig. 2b) shows a strong anisotropy of the charge
transfer times. In particular, the NCDW in-plane polarized charge transfer time is equal to the CCDW charge
transfer time, but the out-of-plane charge transfer of NCDW is two times slower than for in-plane excitation.

These experimental findings point strongly towards the following scenario: Despite the layered nature of all
phases of 1T-TaS,, a strong three-dimensional character of the CCDW phase prevails, which is reduced to a more
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Figure 1. Core-hole-clock spectroscopy of in-plane and out-of-plane polarized sulfur 3p-excited states in the
NCDW and CCDW phases of 1T-TaS,. (a) Selective electron excitation into the sulfur 3p, (out-of-plane L)
orbitals through the $2s — 3p, dipole transition (left) and into the sulfur 3p,, (in-plane ||) orbitals through the
S2s — 3p,, dipole transition (right) with linear polarized X-rays. (b,d,£.h) experimental sulfur L;L,;M,,; Coster-
Kronig autoionization spectra of 1T-TaS, for: b out-of-plane S2s — S3p, excitation in the NCDW phase; (d) in-
plane S2s — S3p, excitation in the NCDW phase; (f) out-of-plane S2s — S3p | excitation in the CCDW phase;
(h) in-plane S2s — S3pj excitation in the CCDW phase. Lighter colors depict higher intensity. Localized Auger-
Raman decay channels for 2p~'3p~'3p' (L) and 2p~'3s~!3p! (1) final states show linear dispersion at constant
binding energies. Auger decay channels for 2p~'3p~!deloc! (D) and 2p~!3s~'deloc!(d) final states at constant
kinetic energy open up at the resonance at hv =226 V. (c,e,g,i) intensities of the d- and 1-channels are derived
from fits (model described in the text) to the corresponding electron spectra in (b,d,f or h). Grey data points are
excluded from quantitative intensity analysis due to spectral overlap. Shaded energy regions are used for
quantitative charge transfer analysis.
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Figure 2. Quantitative charge transfer analysis of in-plane and out-of-plane polarized sulfur 3p-excited states
in the NCDW and CCDW phases of 1T-TaS,. Charge transfer times in the CCDW low temperature phase

(a) and in the NCDW room temperature phase (b) for in-plane $2s — 3p| (green triangles) and out-of-plane
S2s— 3p, (purple circles) excitation as determined from the Auger-Raman fraction of the L,L, ;M /5 (1,d)
decay in the shaded photon energy ranges in Fig. 1. Error bars are derived from standard deviations of the fits.

two-dimensional character with the loss of commensurability towards the NCDW phase. Our observations are
thus resonating with some previous findings: The build-up of domains in the NCDW phase at reduced long range
in-plane coherence of the CDW?. A recent transmission electron microscopy experiment with high spatial res-
olution indicates a partial increase of CDW ordering along the c-axis during the NCDW to CCDW phase tran-
sition®. Experiments with nano-structured devices” or synthesized few-layer 1T-TaS,* observe a CDW collapse
at sample thicknesses below 10 nm and a recent ARPES experiment postulates a metallic band perpendicular
to the crystal layers'® that forms in the CCDW phase. All these findings go in line with our observation that the
two-dimensional character of the CDW is weakened going from the NCDW phase to the CCDW phase, where
at least electronically a three-dimensional character sets in for the CCDW phase of 1T-TaS,, that seems to be
intrinsically linked to the formation and stabilization of the CCDW phase. Also, stacking in the CDW phase has
been shown to critically affect the dispersion of bands crossing the Fermi level and can lead to an opening of gaps
in the in-plane direction’.

To identify the physical drivers further, we investigate computationally the influence of stacking variations
on charge transfer times in the CCDW phase. With density functional theory (DFT), we have calculated the
electronic structure and the S2s core-excited 1T-TaS, electronic density of states (DOS) in the CCDW phase of
1T-TaS, for the two well-chosen perpendicular stacking situations T;=c and T, =2a + c (see Fig. 3a), extracting
in a next step the influence of stacking on the anisotropy of charge transfer. Both CDW stackings and combina-
tions of them are likely to occur in the NCDW and CCDW phases according to various XRD measurements®**3,
transmission electron diffraction®* and calculations®.

Figure 3a illustrates the hexagonal crystal structure of the Ta layers in the CCDW phase. Within a layer, the
commensurate cluster super structure is depicted consisting of 13 Ta atoms per star. In the CDW structure three
different charge densities at the Ta sites and five inequivalent S sites exist. Between the layers, different stacking
situations of the Star of David clusters are possible. The two depicted T, = c and T, =2a -+ c stacking situations are,
with regard to their Coulomb interaction between adjacent layers, the extremal arrangements for CDW stacking
in 1T-Ta$,. The T, = c stacking is energetically unfavorable due to S-S Coulomb repulsion. The T, = ¢ stacking
pairs the strongly out-of-plane displaced S atoms at the Star-of-David centers in adjacent layers'>?. In contrast,
the T, =2a+ c stacking pairs the strongly displaced sulfur atom in the Star-of-David center with a weakly dis-
placed sulfur atom between the Star-of-David centers.

Figure 3b displays the DOS projected on the S3p | and S3p; states for these T,=c and T, = 2a + c stacking situ-
ations. For both stackings the projected DOS (PDOS) is distributed over a wide energy range, reflecting the cova-
lent bonding with neighboring atoms in the material. The DOS appears split around 2.2 eV above the Fermi level
in accordance with the observations made in inverse photoemission experiments®”%, Also, all autoionization
spectral features for out-of-plane and in-plane excitation can be modeled based on the PDOS as shown in Fig. 3¢
and show good agreement with experiment. Keep in mind that the convolution of the PDOS yielding autoioni-
zation maps, as described in the Supporting Information, neglects channel interference and over-represents the
localized autoionization channels. However, the overall good agreement of the simulations enables to assign our
experimental charge transfer analysis to the first spectral feature observed in the calculations between Eg,,,,; and
the bandgap at about 2.2 eV. As a result, DFT indicates, that despite T, = c and T, = 2a + c should give significant
CDW stacking related deviations, remarkable similarity of the PDOS for T, = c and T,=2a + c prevails.

To finally analyze the elastic lifetimes of the computed S3p-resonances, we transform the theoretical results
to the time-domain. We make an estimate of the elastic lifetime considering the time evolution of a resonance
living on the finite energy interval between the Fermi level and the band gap 2.2 eV above (see methods sec-
tion for details). The calculated elastic lifetimes of the core-excited S3p resonances are, for the T, = c stack-
ing, T(s3pxy = 1.21 £0.15fs, T(53,,) = 1.19£0.15fs and 753,y = 1.19 4 0.06 fs and, for the T,= 2a + c stacking,
Tsapr = 1.20 4 0.15 18, T(s3py) = 1.19 £0.14fs and 73,y = 1.18 - 0.08 fs. The numbers are given as weighted
averages over the chemically inequivalent sulfur sites with error bars as standard deviations. Since the strongly

SCIENTIFIC REPORTS | (2019) 9:488 | DOI:10.1038/s41598-018-36637-0 4



www.nature.com/scientificreports/

a

s3p, L
S 3px.y l I Ts=c Ts=23+C
(%))
(@]
| | | | | |
-2 0 2 4 6 -2 4 6

2
Energy [eV]
C

46

44
42
40

Energy [eV]

Kinetic energy [eV]

38—

224 226 228 230 232 224 226 228 230 232
Photon energy [eV] Photon energy [eV]

Figure 3. DFT calculations of electronic structure and spectral signatures of 1T-Ta$, projected on S3p orbitals
for two commensurate CDW interlayer stacking situations. (a) illustration of the J13a x +/13a “Star-of-David”
reconstruction of the Ta layers caused by the charge-density wave/periodic latice distortion (CDW/PLD) in the
NCDW and CCDW phases. All atoms of each star are displaced (depicted with arrows) towards the center
atom. In the CDW structure, three different charge densities at the Ta sites and five inequivalent S sites exist.
Red arrows span the reconstructed elementary cell which contains 13 Ta atoms. Two possible interlayer
stackings are depicted (bottom). Left: CDW stacking of the Ta planes with the Star-of-David centers on top of
each other (T, =c). Right: CDW stacking with a stacking vector having an in-plane component (T, = 2a +c). (b)
DFT calculations of the partial DOS of the polarized S3p states with on-site S2s core hole for T, = c (left) and
T,=2a+c (right). Purple shows the out-of-plane S3p, PDOS and green shows the in-plane S3p PDOS. The
Fermi level is located at 0 eV. (c) simulations of the sulfur L,L,;M,,; autoionization scattering planes based on
T,=c partial DOS from (b) for S2s — 3p, transition (left) and S2s — 3p, transition (right). Intensity increases
from blue to brown color.
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hybridized character of the sulfur atoms leads to structured and broad S3p-projected spectra from the present set
of calculations, a Lorentzian line shape fit to determine the lifetime from its resonance width is unsuitable. Thus,
in the present case of 1T-TaS, a similar time-domain procedure has been adopted as previously for the broad
resonances encountered in the case of chemisorbed sulfur on ruthenium?!, extending the Lorentzian line shape
fit applied to weak coupling scenarios such as physisorbed atoms on surfaces***’. The result of our theoretical
model shows negligible dependence of the charge transfer time on the symmetry of the initial wave packet and
no dependence on interlayer stacking. DFT, as a 0K theory, is thus qualitatively in full agreement with the low
temperature CCDW phase experiment, although the absolute numbers of charge transfer differ somewhat on
the 1.2fs vs 0.2 fs timescales, respectively. Thus, our observations strongly support that interlayer coupling in the
CCDW phase creates a three-dimensional character of the electronic structure at low temperatures. In contrast,
the room temperature NCDW phase is characterized by the unlocking of interlayer coupling, where the gradual
loss of commensurability brings the two-dimensional character of the layers within 1T-TaS, to the forefront, as is
experimentally seen by the two times slower out-of-plane charge transfer.

Summary

1T-TaS, exhibits, despite of being a prototypical layered dichalcogenide, surprisingly strong electronic inter-
layer coupling between the commensurate layers of the low temperature CCDW phase, leading to isotropic
three-dimensional charge transfer on the sub-femtosecond timescale. In contrast, two times slower out-of-plane
than in-plane polarized charge transfer occurs for the nearly commensurate NCDW phase. This reflects the
apparently reduced interlayer CDW coupling in the NCDW phase as the loss of commensurability sets in, result-
ing in anisotropic two-dimensional charge transfer. Uniquely selective preparation of the propagating excited
state wave packet and sub-femtosecond temporal information from the soft X-ray spectroscopic core-hole-clock
method allows to establish, in direct comparison to density functional theory, this presumably general mecha-
nism for phase transitions and tailored properties of layered dichalcogenide materials involving interlayer cou-
pling and charge density wave physics.

Methods

XPS. All experimental data were measured at the BESSY II UE56/1 PGM soft X-Ray beamline in the single
bunch mode with 13 mA ring current. The photon energy resolution is 110 meV, the mean photon flux 108 ph/s
athv=230eV and the sample spot size 200 x 200 um?. The electron analyzer is an ARTOF-2 angle-resolved time
of flight spectrometer by Scienta-Omicron with 56° full cone angular acceptance. The estimated kinetic energy
resolution is better than 20 meV in the whole energy range under consideration. The sample surface is vertically
oriented. The photon beam impinges under 7° on the sample surface. The spectrometer is in the same plane as
the photon beam, with the optical axis at 50° with respect to it. Samples were cooled with a Janis ST-400 cryostat
down to 30K. The base pressure was below 2-107'° mbar. All samples were cleaved under vacuum conditions at
low temperature. Sample quality was checked by measuring the CDW splitting of the Ta4f XPS lines.

Sample production. 1T-TaS, single crystals were grown using iodine vapor transport with excess sulfur
(2.5mg/cm?) in a temperature gradient of 840-870 C for 1000 h'®.

Data analysis. Raw spectra were normalized against the storage ring current to compensate for photon
intensity variations due to the synchrotron Top-Up operation mode. To extract the relevant autoionization decay
channels, all resonant PES maps were individually analyzed in the following way:

First of all, an exponential background of the form I(E;;,) = ay,, - [1 — b - exp(—a - E;,)], which describes
the low energy secondary electron cascade and the high energy XPS loss tail, was subtracted from all electron
spectra. The parametersb = 13.5 and o = 0.07 were kept constant for all spectra of all maps, assuming that the
electron cascade energy distribution is only weakly influenced by sample temperature and X-ray polarization. The
amplitude parameter a;,,, was determined by fitting I to the spectrum at hv =223 eV in the kinetic energy range
between 63 and 64.5 eV, which is well above the S2p XPS lines, and then scaled for all other photon energies by
using the measured total electron emission current as the scaling factor. An exception is the CCDW in-plane
polarization map, where the electron emission current was offset. In the latter case, we have instead used an aver-
aged gy, calculated from the other three settings. In a next step, we extracted the S2p direct photoemission spec-
trum, including the main lines [Ep(S2p,,) = 162.4eV; E(S2p;,,) = 161.2eV] and the corresponding shake-up,
from the electron spectrum at hv =223 eV (far below the S2s resonance) and subtracted it from the electron
spectra at constant binding energy for each photon energy, by scaling the combined S2p XPS and shake-up inten-
sity with the S2p,,, intensity.

This gives the RPES maps as shown in Fig. 1.

In a last step the intensities of the localized (1,L) and delocalized (d,D) channels were determined by applying
a fit with equal line shape to each feature. Each peak consists of two Lorentzians with 3.3eV FWHM, a spin orbit
splitting of 1.2 eV and an intensity ratio of 1:2. The peak positions were fixed at constant kinetic energy for d, D
and constant binding energy for I, L and are identical at the resonance (hv =226eV).

Figures which illustrate the data analysis procedure can be found in the supplementary material.

DFT calculations. Density Functional Theory (DFT) as implemented in the Siesta code®! is used to compute
the electronic structure of 1T-Ta$, in the CCDW phase. The calculations employed the vdW-DF by Dion et al.*?
with the optimized exchange by Klimes et al.*>. While this level of theory is not expected to reproduce all the
details of the band structure close to the Fermi level, such as the correct sizes of experimentally observed pseu-
dogaps, a fairly good overall agreement with spectroscopic results has been reported®.
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The atom centered basis set included double-£ and polarization orbitals* with an energy-shift of 0.1eV for the
confinement of the orbitals. The bulk material showing the David star reconstruction and a commensurate CDW
below ~180 K was simulated by setting-up the known~/13a x /13 a hexagonal super cell containing 13 Ta atoms">.

Subsequent geometry relaxation produced a displacement of the surrounding Ta atoms towards a central one
and outward buckling of the sulfurs around the center of contraction.

The forces were relaxed with a threshold of 25 meV/A. We used a 5 x 5 x 9 Monkhorst-Pack k-point sampling,
a mesh cutoff of 200 Ry, and an electronic temperature of 300 K.

'The lattice constants a=3.398 A and ¢ =5.910 A of the undistorted material’s unit cell (containing a single unit
of TaS,) were taken from relaxation runs with a stress tolerance of 0.1 GPa and a k-point sampling of 20 x 20 x 10.
The lattice constants are in good agreement with the ones determined experimentally?. The final slab calculations
with a fixed cell employed 9 layers and the outer 2 layers on each side have been relaxed.

The surface Brillouin zone was sampled with 5 x 5 k-points and 30 A of vacuum were added. We used a hex-
agonal super cell to simulate the T,=c CDW stacking'>* and a triclinic super cell for the T,=2a+ c stacking,
respectively.

To simulate core-excited sulfur atoms in line with the presented spectroscopies, we used pseudopotentials
generated from an electronic configuration with a hole in the 2s-state.

The positive charge of the hole was subsequently balanced by an additional electron in the valence. Such
core-excited sulfur atoms were placed symmetrically on both sides of the slab in a dipole canceling set-up. We
accounted separately for five possible excitations at inequivalent sites in the outermost sulfur layer of the material.
We assumed that the initial excitation produces an intermediate state, where a S2s-electron has been promoted
into a S3p-state following atomic dipole selection rules. This intermediate resonance wave packet was modeled by
a linear combination of S3p-orbitals

|Pp(0, ¢)) = sinf cos¢|p ) + sind sin¢|py> + cost?‘pz>

with the angles ¢ and 6 reflecting the polarization vector of the incident light.

The spectra were then calculated by projecting the spectral density onto the resonance wave packet
Pp(E) = — (¢R\G(E)|¢R) = - —[GRR(E)] using a Green’s function approach®.

We 1mpl7£emented the required projection scheme into the TBTrans tool of the Siesta/TranSiesta package
The tool effectively accounts for a semi-infinite substrate.

After defining the out-of-plane direction |pz>, we computed the mean in-plane spectrum from the
expression:

41,45,46

ifof d¢<¢R[§, ¢]|é(e)|¢R[%, ¢]> = %(px\GA(E)|px) + %@y\é@)‘py)

We obtained the final spectra in a weighted average over the excitations at the five distinct sulfur sites.

To extract estimates of the elastic lifetimes from the projected density of states p,(E) in the energy range from
the Fermi energy to the electronic gap at ~2.2eV above, the real part of the projected Green’s function was recon-
structed using the Hilbert transform. Subsequent Fourier transformation of the Green’s function yields the sur-
vival amplitude A(f) = (pg(t = 0)|¢pg(t)) of the initial wave packet, since At = 7GRR(E) The value for the

lifetime of the resonance at one specific sulfur site was then defined as the smallest time t at which |A(t)\ <el
When doing this, care must be taken to subtract the effect due to the small imaginary part added to the energy,
when computing the Green’s function using recursive methods (20 meV in the present case).

References
1. Chhowalla, M. et al. The chemistry of two-dimensional layered transition metal dichalcogenide nanosheets. Nat Chem, Nature
Publishing Group, a division of Macmillan Publishers Limited. All Rights Reserved. 5,263-275 (2013).
2. Liu, G. et al. A charge-density-wave oscillator based on an integrated tantalum disulfide-boron nitride-graphene device operating
at room temperature. Nat Nano, Nature Publishing Group 11, 845-850 (2016).
3. Choi, W. et al. Recent development of two-dimensional transition metal dichalcogenides and their applications. Materials Today 20,
116-130 (2017).
4. Svetin, D., Vaskivskyi, I., Brazovskii, S. & Mihailovic, D. Three-dimensional resistivity and switching between correlated electronic
states in 1T-TaS,. Scientific Reports, The Author(s) SN 7, 46048 EP (2017).
5. Rossnagel, K. On the origin of charge-density waves in select layered transition-metal dichalcogenides. Journal of Physics: Condensed
Matter 23, 213001 (2011).
6. Sipos, B., Kusmartseva, A. E, Akrap, A., Berger, H., Forrd, L. & Tutiv’s, E. From Mott state to superconductivity in 1T-TaS,. Nature
Materials, Nature Publishing Group SN 7, 960 EP (2008).
7. Yu, Y. et al. Gate-tunable phase transitions in thin flakes of 1T-TaS,. Nat Nano, Nature Publishing Group 10, 270-276 (2015).
8. Ma, L. et al. A metallic mosaic phase and the origin of Mott-insulating state in 1T-TaS,. Nature Communications, The Author(s) SN
7,10956 EP (2016).
9. Ritschel, T. et al. Orbital textures and charge density waves in transition metal dichalcogenides. Nat Phys, Nature Publishing Group
11, 328-331 (2015).
10. Ngankeu, A. S. et al. Quasi-one-dimensional metallic band dispersion in the commensurate charge density wave of 1T-TaS,. Phys.
Rev. B, American Physical Society 96, 195147 (2017).
11. Fohlisch, A. et al. Direct observation of electron dynamics in the attosecond domain. Nature 436, 373-376 (2005).
12. Deppe, M. et al. Ultrafast charge transfer and atomic orbital polarization. The Journal of Chemical Physics 127, 174708 (2007).
13. Wilson, J., Salvo, E. D. & Mahajan, S. Charge-density waves and superlattices in the metallic layered transition metal dichalcogenides.
Advances in Physics 24, 117-201 (1975).
14. Fazekas, P. & Tosatti, E. Electrical, structural and magnetic properties of pure and doped 1T-TaS,. Philosophical Magazine Part B 39,
229-244 (1979).
15. Brouwer, R. & Jellinek, F. The low-temperature superstructures of 1T-TaSe, and 2H-TaSe,. Physica B+C 99, 51-55 (1980).

SCIENTIFIC REPORTS | (2019) 9:488 | DOI:10.1038/s41598-018-36637-0 7



www.nature.com/scientificreports/

16. Wu, X. L. & Lieber, C. M. Direct observation of growth and melting of the hexagonal-domain chargedensity-wave phase in 1T-Ta$,
by scanning tunneling microscopy. Phys. Rev. Lett., American Physical Society 64, 1150-1153 (1990).

17. Eichberger, M. et al. Snapshots of cooperative atomic motions in the optical suppression of charge density waves. Nature, Nature
Publishing Group, a division of Macmillan Publishers Limited. All Rights Reserved. 468, 799-802 (2010).

18. Hellmann, S. et al. Ultrafast Melting of a Charge-Density Wave in the Mott Insulator 1T-TaS,. Phys. Rev. Lett., American Physical
Society 105, 187401 (2010).

19. Hellmann, S. et al. Time-domain classification of charge-density-wave insulators Nat Commun, Nature Publishing Group, a division
of Macmillan Publishers Limited. All Rights Reserved. 3, 1069 (2012).

20. Perfetti, L. et al. Time Evolution of the Electronic Structure of 1T-TaS, through the Insulator-Metal Transition. Phys. Rev. Lett.,
American Physical Society 97, 067402 (2006).

21. Ishizaka, K. et al. Femtosecond core-level photoemision spectroscopy on 1T-TaS, using a 60-eV laser source. Phys. Rev. B, American
Physical Society 83, 081104 (2011).

22. Petersen, J. C. et al. Clocking the Melting Transition of Charge and Lattice Order in 1T-TaS, with Ultrafast Extreme-Ultraviolet
Angle-Resolved Photoemission Spectroscopy. Phys. Rev. Lett., American Physical Society 107, 177402 (2011).

23. Laulhé, C. et al. X-ray study of femtosecond structural dynamics in the 2D charge density wave compound 1T-TaS,. Physica B:
Condensed Matter 460, 100-104 (2015).

24. Adhikary, G. et al. Orbital-dependent electron dynamics in Fe-pnictide superconductors, 2017, ArXiv e-prints.

25. Eads, C. N., Bandak, D., Neupane, M. R., Nordlund, D. & Monti, O. L. A. Anisotropic attosecond charge carrier dynamics and layer
decoupling in quasi-2D layered SnS,. Nature. Communications 8(1), 1369 (2017).

26. Bjorneholm, O., Nilsson, A., Sandell, A., Hernnds, B. & Martensson, N. Determination of time scales for charge-transfer screening
in physisorbed molecules. Phys. Rev. Lett., American Physical Society 68, 1892-1895 (1992).

27. Schnadt, J. et al. Experimental evidence for sub-3-fs charge transfer from an aromatic adsorbate to a semiconductor. Nature 418,
620-3 (2002).

28. Pollak, R. A., Eastman, D. E., Himpsel, F. J., Heimann, P. & Reihl, B. 1T-Ta$, charge-density-wave metal-insulator transition and
Fermi-surface modification observed by photoemission. Phys. Rev. B, American Physical Society 24, 7435-7438 (1981).

29. Spijkerman, A., de Boer, J. L., Meetsma, A., Wiegers, G. A. & van Smaalen, S. X-ray crystal-structure refinement of the nearly
commensurate phase of 1T-TaS, in (34-2)-dimensional superspace. Phys. Rev. B, American Physical Society 56, 13757-13767 (1997).

30. Hovden, R. et al. Atomic lattice disorder in charge-density-wave phases of exfoliated dichalcogenides (1TTaS,). Proceedings of the
National Academy of Sciences 113, 11420-11424 (2016).

31. Fu, W. et al. Controlled Synthesis of Atomically Thin 1T-TaS, for Tunable Charge Density Wave Phase Transitions. Chemistry of
Materials 28,7613-7618 (2016).

32. Tanda, S., Sambongi, T., Tani, T. & Tanaka, S. X-Ray Study of Charge Density Wave Structure in 1TTaS,. Journal of the Physical
Society of Japan, The Physical Society of Japan 53, 476-479 (1984).

33. Scruby, C. B., Williams, P. M. & Parry, G. S. The Role of Charge Density Waves in Structural Transformations of 1T TaS,.
Philosophical Magazine 31, 255-274 (1975).

34. Le Guyader, L. et al. Stacking order dynamics in the quasi-two-dimensional dichalcogenide 1T-TaS, probed with MeV ultrafast
electron diffraction. Structural Dynamics, American Crystallographic Association 4, 044020 (2017).

35. Walker, M. B. & Withers, R. L. Stacking of charge-density waves in 1T transition-metal dichalcogenides. Phys. Rev. B, American
Physical Society 28, 2766-2774 (1983).

36. Nakanishi, K. & Shiba, H. Theory of Three-Dimensional Orderings of Charge-Density Waves in 1T-TaX, (X: S, Se). Journal of the
Physical Society of Japan 53,1103-1113 (1984).

37. Claessen, R., Burandt, B., Carstensen, H. & Skibowski, M. Conduction-band structure and charge-density waves in 1T-TaS,. Phys.
Rev. B, American Physical Society 41, 8270-8277 (1990).

38. Sato, H. et al. Conduction-band electronic structure of 1T-TaS, revealed by angle-resolved inverse-photoemission spectroscopy.
Physical Review B, American Physical Society 89, 155137 (2014).

39. Sanchez-Portal, D. Slab calculations and Green’s function recursive methods combined to study the electronic structure of surfaces:
application to Cu(111)-(4x4)-Na. Progress in Surface Science 82, 313-335 (2007).

40. Sanchez-Portal, D., Menzel, D. & Echenique, P. M. First-principles calculation of charge transfer at surfaces: The case of core-excited
Ar*(2p-1 3/24s) on Ru(0001). Phys. Rev. B, American Physical Society 76, 235406 (2007).

41. Soler, J. M. et al. The SIESTA method for ab initio order-N materials simulation. Journal of Physics: Condensed Matter 14, 2745
(2002).

42. Dion, M., Rydberg, H., Schroder, E., Langreth, D. C. & Lundqvist, B. I. Van der Waals Density Functional for General Geometries.
Physical Review Letters 92, 246401 (2004).

43. Klimes, J., Bowler, D. R. & Michaelides, A. Chemical accuracy for the van der Waals density functional. Journal of physics. Condensed
matter: an Institute of Physics journal 22, 022201 (2010).

44. Junquera, J., Paz, 0., Sanchez-Portal, D. & Artacho, E. Numerical atomic orbitals for linear-scaling calculations. Physical Review B
64, 235111 (2001).

45. Brandbyge, M., Mozos, J.-L., Ordejon, P, Taylor, J. & Stokbro, K. Density-functional method for nonequilibrium electron transport.
Physical Review B 65, 165401 (2002).

46. Papior, N, Lorente, N., Frederiksen, T., Garcia, A. & Brandbyge, M. Improvements on non-equilibrium and transport Green
function techniques: The next-generation transiesta. Computer Physics Communications 212, 8-24 (2017).

Acknowledgements

The authors acknowledge Kai Rossnagel and Christian Sohrt for providing the 1T-TaS, samples. We acknowledge
Svante Svensson for stimulating discussions. Technical support by HZB staff at BESSY II is gratefully
acknowledged. AF acknowledges funding by the Helmholtz Virtual Institute VI 419 and the ERC Advanced
Investigator Grant No. 669531 EDAX. NM acknowledges funding by the ERC Advanced Investigator Grant
No. 321319 ESUX and support from the Carl Tryggers foundation for Scientific Research CTS. DS-P and MM
acknowledge funding from EU-FP7 project THINFACE (grant No. 607232), Spanish MINECO (grant No.
MAT2016-78293-C6-4-R), and Basque Dep.de Educacién and UPV/EHU (grant No. IT-756-13).

Author Contributions

The RPES measurement was performed by D.K,, ES., E.G., R.J,, R.O., and data handled and analyzed by D.K. The
simulations were done by M.M., D.S.-P. The manuscript was written by D.K., A.E, M.M., D.S.-P. with significant
input from N.M., E.G. The research was planned by A.E,, D.K,, ES. and directed by A.F. All authors have been
given the option to comment the manuscript.

SCIENTIFICREPORTS| (2019) 9:488 | DOI:10.1038/s41598-018-36637-0 8



www.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-36637-0.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:488 | DOI:10.1038/s41598-018-36637-0 9


http://dx.doi.org/10.1038/s41598-018-36637-0
http://creativecommons.org/licenses/by/4.0/

	Directional sub-femtosecond charge transfer dynamics and the dimensionality of 1T-TaS2

	Summary

	Methods

	XPS. 
	Sample production. 
	Data analysis. 
	DFT calculations. 

	Acknowledgements

	Figure 1 Core-hole-clock spectroscopy of in-plane and out-of-plane polarized sulfur 3p-excited states in the NCDW and CCDW phases of 1T-TaS2.
	Figure 2 Quantitative charge transfer analysis of in-plane and out-of-plane polarized sulfur 3p-excited states in the NCDW and CCDW phases of 1T-TaS2.
	Figure 3 DFT calculations of electronic structure and spectral signatures of 1T-TaS2 projected on S3p orbitals for two commensurate CDW interlayer stacking situations.




