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Interlayer charge transfer in tin disulphide: Orbital anisotropy and temporal aspects
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An investigation of the unoccupied electronic structure of the transition-metal dichalcogenide tin disulphide
has been conducted using core-hole clock spectroscopy. Polarization-dependent x-ray absorption in the tender
x-ray regime at the S K edge and maps of the resonant Auger spectra in the S KLL Auger kinetic energy range
have been recorded. Supported with ab initio calculations of the unoccupied electronic structure, these allow
us to relate resonances in the absorption cross section to excitations along various directions in the Brillouin
zone. We observe anisotropy in the x-ray absorption cross section in polarization directions in plane and out of
plane of the crystal. There is also anisotropy in the charge transfer dynamics as inferred from the coherent and
noncoherent parts of the resonant Auger spectra. This approach can be generally used to interpret dynamics in
unoccupied states, e.g., in layered structure or heterogenous interfaces.
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I. INTRODUCTION

Transition-metal dichalcogenides (TMDs) are among
the candidates for two-dimensional (2D) materials beyond
graphene and have shown promise in applications, e.g., for
next-generation electronics [1] and in rechargeable batter-
ies [2]. TMDs are a family of layered materials weakly bonded
through van der Waals forces with the chemical formula MX2

where M is a transition-metal ion and X is a chalcogenide ion.
A material belonging to this class is SnS2, a yellow layered
crystal, which has been used in applications such as photo-
catalysis [3], thermoelectrics [4], and optoelectronics [5]. The
electronic properties of SnS2, and TMDs in general, change
depending on the thickness [6] and geometry [7] of the crystal.

In this study, we use core-hole clock spectroscopy
(CHCS) [8] as a probe of charge transfer dynamics and its
anisotropic behavior within and out of the plane of single-
crystal SnS2. CHCS uses the finite lifetime of a core-excited
state as an internal clock to measure the dynamical processes.
Using this technique with excitation energies in the tender
x-ray range allows the probe to be both chemically specific
and it can probe processes down to percent of the core-hole
lifetime (tens of attoseconds) [9].

The core-excited state is reached through the absorption
of an x-ray photon, here in the tender energy range (2–
10 keV). The cross section for x-ray absorption including
dependence of the photon’s polarization is in the dipole
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approximation [10]:

σ (ω) = 4π2h̄ωα
∑

f

|〈 f |ε̂ · r|φS1s〉|2δ(E f − ES1s − h̄ω),

(1)
where |φS1s〉 is the atomiclike S 1s core orbital and | f 〉 is
the unoccupied states of the system. The dipole operator,
ε̂ · r, gives rise to selection rules, e.g., the angular momentum
quantum number needs to change ±1 and that the orbital must
lie in the polarization plane. In Figs. 1(a)–1(b) we illustrate the
latter with p orbitals lying in or out of plane.

The basis of CHCS is to use such a resonant core exci-
tation [Fig. 1(c)] and monitor the subsequent autoionization
processes from states | f 〉. The autoionization can be through a
spectator decay, a coherent process where the excited electron
stays localized on the excited atom [Fig. 1(d)]. The kinetic
energy of the emitted electron is then proportional to the
energy of the incoming photon. In the solid state the decay
can occur after the excited electron has tunneled away from
the atom [Fig. 1(f)]. This is an incoherent process having the
same final state as normal Auger emission [Fig. 1(e)]. The
kinetic energy of the emitted electron here is independent
of the energy of the incoming photon [9,11]. The intensity
ratio between the coherent, Raman (IRaman), and normal Auger
(INA) channels is commonly referred to as the Raman-ratio
and is used to calculate the charge transfer time (τCT) using
Eq. (2) where τ1s is the core-hole lifetime.

τCT =
∑

IRaman∑
INA

τ1s. (2)

In this study we use CHCS to study the components of
the sulfur K-edge x-ray absorption spectrum of SnS2. Taking
advantage of the sensitivity of CHCS in the tender x-ray
regime we map out the unoccupied band structure of the
system and relate it to the orbital projection of sulfur.
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FIG. 1. (a) The unit cell and (b), the first Brillouin zone of 2H-SnS2. The high symmetry points are indicated by the red dots. (c) and
(d) shows the sample geometries and how different polarization directions excite orbitals either in plane or out of plane. (e)–(h) schematically
shows the processes of resonant excitation, spectator decay, normal Auger decay and decay after charge transfer and their respective excitation
energy dependents.

II. MATERIALS AND METHODS

A. Materials

The SnS2 single crystal (>99.995%) was purchased from
HG Graphene (Groningen, the Netherlands) and was cleaved
in situ to ensure a clean surface.

B. Experimental method

The sample was characterized with hard x-ray photoelec-
tron spectroscopy (HAXPES), resonant Auger spectroscopy
(RAS) and x-ray absorption spectroscopy (XAS). The hard
x-ray measurements were performed at the KMC-1 beam
line [12] using the high kinetic energy end station, HIKE [13]
at Helmholtz-Zentrum Berlin (BESSY II). The beam line is
equipped with a double crystal monochromator, optimized for
photon energies ranging from 2–12 keV. The electron kinetic
energy was recorded using a Scienta R4000 hemispherical
electron analyzer optimized for high kinetic energies. The
XAS was recorded in total florescence yield with a Bruker
fluorescence detector. During the measurement the base pres-
sure of the experimental chamber was in the high 10−9 mbar
range. The resonant Auger spectra were measured in resonant
Raman conditions, meaning that the photon bandwidth was
narrower than the lifetime of the core-excited state [14].

The photon beam was horizontal linearly polarized and
perpendicular to the sample. By turning the sample, the po-
larization can be chosen to be in or out of the plane of the
sample. In the case of a 2D-layered crystal, as in SnS2, two of
the p orbitals will be in the plane and one out of the plane, a
drawing of the geometries can be seen in Figs. 1(c) and 1(d).

C. Computational method

First principles calculations based on density functional
theory are performed using the projector augmented wave-
based (PAW) [15,16] VASP [17,18] code. The generalized
gradient approximation in the form of Perdew, Burke, and
Ernzerhof (PBE) [19] was used for the exchange-correlation
potential. The energy cutoff of the plane waves was set to
520 eV. The energy precision of 10−5 eV was used for
the convergence. The structures were optimized until the
maximum Hellmann-Feynman force on each atom becomes
smaller than 0.001 eV/Å. The Brillouin zone (BZ) was sam-
pled by a 15 × 15 × 15 Monkhorst-Pack grid. The Grimme’s

PBE-D3 method [20] was employed to include the interlayer
van der Waals (vdW) interaction. For accurately calculat-
ing the electronic band structures, Heyd-Scuseria-Ernzerhof
(HSE) hybrid functional within the framework of HSE06 was
employed [21].

III. RESULTS

A. Sample characterization

As can be seen in the overview spectra in Figs. 2(a)–2(b)
the sample is clean and contains pure SnS2, there are traces
of O 1s and C 1s, which are from residual gas from the
experimental chamber adsorbed on the sample surface. The
S 1s spectra in Fig. 2(b) consist of a single sulfur species,
and can be described using a single Voigt component and a
Shirley background in a least-squares fit. The experimental
broadening was determined from fit to Au 4 f spectra of a
gold foil, measured with the same experimental settings, using
Voigt line shapes. Using known lifetime broadening, 0.3 and
0.28 eV for the 7/2 and 5/2 components, respectively [22],
the experimental broadening was determined to be 0.2928 eV.
The Lorentzian lifetime broadening (
L) of the S 1s was
determined to be 0.70 eV and using Heisenberg’s uncertainty
principle, τ1s = h̄
L where h̄ is the reduced Plank’s constant
and τ1s is the lifetime, the lifetime was calculated to be 0.94
femtoseconds.

The S KLL spectrum in Fig. 2(c) was recorded far above
the ionization threshold and shows the normal Auger spectra.
The major autoionization channels are visible, the KL2L3

(1D2), KL2L2 (1S0), KL1L2,3 (3P2,1,0), and KL1L2 (1P1) [23].
The bulk plasmon is also visible approximately 19 eV below
the 1D2 and 1P1 [24].

B. X-ray absorption and resonant Auger spectroscopy

Polarization-dependent x-ray absorption of SnS2 around
the S K-edge resonance is presented in Fig. 2(d) as the
fluorescence and electron yields and in Figs. 3(a) and 3(b)
the resonant Auger spectrum maps. The fluorescence yield in
Fig. 2(d) is a measure of the x-ray cross section for photon
absorption detected via the decay channel of the core hole that
results in the emission of an x-ray. The x-ray absorption cross
section can also be measured via electron yield arising from
the radiationless decay of the excited state (lower spectra in
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FIG. 2. XPS overview and S 1s spectra as well as the S KLL
Auger spectra recorded high above the ionization potential.

Fig. 2(d). The electron yield spectra are the integral horizontal
intensity of the maps in Figs. 3(a) and 3(b), respectively. The
resonating features seen in the fluorescence yield spectra are
also clearly seen in the integral total electron yields for both

polarization directions. The main resonances are designated
with numbers.

In the resonant Auger maps in Figs. 3(a) and 3(b) each
row shows an electron spectrum in the S KLL kinetic energy
region. In both maps the KL2L2 (1S0) and the KL2L3 (1D2)
Auger channels are visible at 2107 and 2116 eV kinetic energy
respectively. Comparing the in-plane and out-of-plane direc-
tions, two things stand out: the extra resonating feature (2) in
the out-of-plane map (absent in the in-plane experiment) and
that the out-of-plane absorption strength is evenly distributed
compared to that observed for the in-plane measurement.

As shown in Fig. 3(c), 2H-SnS2 is a semiconductor with
an indirect band gap of 2.3 eV. The valence band maximum
(VBM) and the conduction band minimum (CBM) are located
close to the 
 point and K point respectively. In order to
interpret our experimental results, we have examined the
orbital character of the bands relevant to the spectroscopic
data. As we are interested in the transition from 1s to 3p
bands of sulfur, the contribution of the p orbitals of sulfur
atoms projected on to the band structure indicated by the
size of the circles is shown in Fig. 3(d). The dominance of
different symmetries of sulfur p orbitals at different k point
of the Brillouin zone (BZ) is clearly seen in the so-called
fat-band plot. For low-energy excitations both out-of-plane pz

and in-plane px and py orbitals have significant contributions.
However, for higher energies, pz orbitals contribute more.

The observed anisotropy in the x-ray absorption cross
section can be understood from Eq. (1). The excitation se-
lects directions where the overlap of the final state and the
polarization direction is large. Changing the polarization di-
rection, we will highlight different parts of the unoccupied
band structure (| f 〉). The dipole selection rules dictate that
angular momentum quantum number must change by unity
(�� = ±1). The unoccupied states that we probe here are
thus of p character, since the excitation if from the sulfur 1s
orbital. Electronic structure calculations [Fig. 3(d)] also show
a different partial density of states with excitation from, e.g., 

to A (out-of-plane) versus 
 to M or K (in-plane), as in earlier
studies [3]. The first excited state represents the bottom of the
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FIG. 3. (a) X-ray absorption and (b) resonant Auger maps in normal and (c) grazing emission, exhibiting differences in the resonance
structure. (d) show the atomic orbital projected band structure of 2H-SnS2, in which the contribution of px , py, and pz orbitals of S atoms are
illustrated by the size of red, green, and blue circles, respectively. In (e) the corresponding projected densities of states are shown. The zero of
energy indicates the valence band maximum (VBM).
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conduction band of the crystal. This can be reached both with
in-plane and out-of-plane excitations. However, the intensities
are different since px, py, and pz are represented with different
weights in different parts of the band structure [Fig. 3(c)].
The partial density of states for pz is shifted towards higher
excitation energies whereas the bottom of the conduction band
is dominated by px at the L point of the BZ.

Intensity at about 2475 eV excitation energy (marked “2”)
is observed in the out-of-plane series. This intensity is absent
in the in-plane map. In the calculated electronic structure it
can be seen that pz orbitals along the A-L-H triangle of the
Brillouin zone build up a band, which can be excited with
polarization perpendicular to the surface. In the spectra this
intensity is also dispersing, which means that this is a local
decay channel (described in Fig. 1).

Immediately above [2 in Fig. 3(b)] in the out-of-plane
map a strong nondispersing streak of significant intensity is
situated. In the other map the intensity around [3 in Fig. 3(c)]
drops off quickly with increasing excitation energy whereas
for out of plane this state is wider. For the in-plane series px

and py are represented in all directions in the BZ.
The fourth point of the out-of-plane map exhibits both a

dispersing Raman channel and a nondispersing normal Auger-
like channel. The Raman channel is absent when the excitation
is in the plane. For higher excitation energies we can observe
a significant intensity difference in the two polarization direc-
tions; it is clear that the bands here bunch up since we are
close to the ionization potential for the system.

Above we investigated the anisotropy of the x-ray absorp-
tion cross section [Eq. (1)] using the electronic structure to
identify directions and orbital symmetries. We also identified
dispersing (Raman) and nondispersing (Auger-like) parts of
the map of resonant Auger spectra. Using the core-hole clock
method [Eq. (2)] we can infer how fast the excited electron
gets transferred from the site of core excitation. In Fig. 4(a)
the partial yields in the different channels are presented. The
partial yield is either that of a constant kinetic energy Auger-
like charge transfer decay channel or that of a dispersing
(constant binding energy) Raman-like local decay channel for
the core excited state.

To compare the Auger and Raman yields, the individual
Auger spectra have been fitted; first an Auger spectrum above
the ionization threshold was fitted to determine the shape and
position of the normal Auger peak. It revealed a small asym-
metry using a Doniach-Šunić line shape [25], and a Shirley-
type background [26]. Each spectrum over the resonance was
then fitted with this as the starting point for the Auger part and
one, or more, peaks for the Raman part and also with a Shirley
background.

The charge transfer times calculated from the yields using
Eq. (2) are shown in Fig. 4(b). In the plot, the different
resonating features, with the Raman features, are plotted indi-
vidually. Close to the first resonance the charge transfer is in
the femtosecond range and is seen to exhibit the normal expo-
nential decay with higher excitation energy. When increasing
the photon energy the charge transfer is faster for the out-
of-plane geometry indicating that the fastest charge transfer
is between the layers in the crystal, this is in contradiction
to the previous study by Eads et al. [7], which showed the
opposite behavior. The next feature starts at lower energy
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FIG. 4. (a) Comparison of the fluorescence yields absorption
cross section and the Auger and Raman yields from the fit of the
resonant Auger spectra. (b) Comparison of the charge transfer times
for the different resonances.

in the out-of-plane geometry, as indicated in the RAS map
(Fig. 3). Comparing the charge transfer at the top of this
resonance the in-plane is faster but with increasing excitation
energy, the charge transfer in the out-of-plane geometry is
much faster.

IV. DISCUSSION

Looking at the partial yields in the in-plane direction
[Fig. 4(a)], the normal Auger contribution alone directly
reflects the shape of the XAS spectra. However, in the out-
of-plane geometry the comparison is not as straightforward;
all features in the XAS spectrum can be distinguished but
the normal Auger yield alone does not reflect the intensities
in the XAS. The shape of the normal Auger yields is very
similar to that of a bremsstrahlung-isochromat spectroscopy
(BIS) spectra of SnS2 [27]. BIS is a specific case of inverse
photoemission spectroscopy where a specific emission energy
is monitored and probes unoccupied state by implanting the
sample with electrons of a specific energy and recording the
emitted photons. This is an indication that resonant Auger
spectroscopy and the partial yields are a direct and accurate
probe of unoccupied states and can be used as a way to
disentangle and explain XAS spectra.

Our result indicates that the charge transfer at the sulfur
site in SnS2 on top of the resonances is faster within the layers
than between the layers. However, when detuning above the
resonance the charge transfer is faster between the layers.
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Earlier work has shown the charge transfer within the layer
to be faster, where the study was on charge transfer from the
tin sites. Since core-hole clock spectroscopy is chemically
specific [9] the charge transfer will be dependent on the
chemical surrounding of the atom where the excitation is.
In SnS2 the tin atom is in the center of the individual 2D
layer and with sulfur atoms both above and below, this means
that the neighboring layers are far away. In the case of an
excitation on tin the charge transfer should be faster within
the layer. In the case of an excitation on sulfur, the closest
sulfur atom is in the next layer. The S–S distance in the layer
is 3.65 Å and the distance between two layers is 2.94 Å [28].

Looking at the charge transfer time on top of the reso-
nances it gets shorter when the resonances occur at higher
excitation energies, from over 3 fs at the first to 350 as at the
top of the third. On the resonances the in-plane charge transfer
is faster but with increasing excitation energy the dynamics is
faster out of plane.

In the ground state of the layered systems considered here
each layer is bound via van der Waals forces. However, an
electron in the conduction band—here an excited electron
in an unoccupied state—may be in an orbital that is shared
between layers. Such an orbital couples the electronic states
in the different layers to each other. In different directions this
coupling is more or less prominent, which is reflected as inten-
sity variations in the unoccupied band structure. Furthermore,
depending on the excitation energy we reach different parts of
the band structure. This makes it possible to have site, orbital,
and directional selectivity in the resonant spectroscopy since
we utilize photon energy, x-ray polarization, and sample ori-
entation in concert to highlight certain parts of the unoccupied
band structure.

For a heterogeneous interface, MoS2/SiO2, Garcia-Basabe
and coworkers found that the charge transfer times in-plane
or out-of-plane upon sulfur 1s excitation differ by a factor of
two [29]. For S 1s-3p excitation of chemisorbed sulfur on
Ru(0001), the dynamics is faster in plane rather than out
of plane [30]. The propensity for charge transfer thus also
depends on whether the neighboring layer has an unoccupied
orbital/band, which overlaps with the excited state. It is not
sufficient for the layers just to be close to each other. We have
also shown this in interface of MoS2 and reduced graphene
oxide [31].

V. CONCLUSIONS

In conclusion we have shown that charge transfer in SnS2

is anisotropic comparing in-plane and out-of-plane excitation

directions through excitations with different x-ray polariza-
tion direction. If the polarization is parallel to the surface
normal (c axis of the crystal, out-of-plane direction) we
observe three resonances with charge transfer characteristic;
in the perpendicular direction (in-plane direction) we observe
only two. Using 2D maps of the resonant Auger electron
spectra in the S KLL Auger regime and orbital projected
electronic structure calculations of the unoccupied states,
we can in detail interpret the x-ray absorption cross section
and how it depends on polarization direction and orbital
character.

The intra- and interlayer coupling is different in differ-
ent directions for many of the kinds of materials studied
here. This makes the study of mono-, bi-, and many-layered
variants complex. Typically few-layered systems are those
considered for applications in, e.g., optoelectronic systems.
In such systems the occupied and unoccupied band structure
control the function. Here we have presented core-hole clock
spectroscopy that paints a detailed picture of the electronic
structure of SnS2.

We suggest that core-hole clock spectroscopy is a general
approach to study interfacial charge transfer with not only
chemical, but also orbital and directional specificity. For new
types of interfaces between 2D materials this kind of spec-
troscopy provides a window into ultrafast electron dynamics
that is made accessible thanks to the high kinetic energy of
the outgoing electrons. For devices that have buried mono-
or few-atomic-layer thin components the specificity of the
technique as demonstrated here offers a tool that can study
various parts of the interfaces, which are the parts of the
devices that provide function.
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