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High-energy electronic excitations in a bulk MoS, single crystal
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The collective electronic excitations and their dispersion behavior across both the first and second Brillouin
zones in a bulk MoS; single crystal have been investigated using nonresonant inelastic hard x-ray scattering and
time-dependent density-functional theory. The experiment results revealed two main plasmons located around
8.6 and 23 eV. The ~8.6eV plasmon shows clear anisotropic behavior and was only observed in plane due
to the two-dimensional geometry. In addition, theoretical calculation indicates that the dispersion behavior of
this in-plane plasmon shows weak momentum dependence. The main plasmon near 23 eV demonstrates an
isotropic three-dimensional collective electron excitation behavior, which suggests a weak correlation between
the electron excitation and layered lattice structure. This behavior is completely different from the anisotropic
dispersion behavior found in layered graphite. Our work provides clear experimental and theoretical data on the
dynamic electronic behavior of excited high-energy electrons in MoS,, which not only provides guidance on
device design but also furthers understanding of electronic behaviors in other similar systems.
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I. INTRODUCTION

Two-dimensional (2D) materials have been widely studied
for their unique structural, physical, and chemical properties
[1-3]. Graphene is a type of 2D material with a hexagonal
structure; it shows great potential for industrial electronic
device and energy material applications [4—7]. Hexagonal
boron nitride (2-BN) is an analog insulator for semimetallic
graphite and is expected to be an ultraviolet laser material
with excellent performance [8§—10]. Transition-metal dichalco-
genides (TMDs) have a similar layered hexagonal structure
and attract great interest due to their excellent mechanical
and electronic properties [11-14]. The chemical formula of
the TMD is M X,, where M is a transition metal and X is a
chalcogen (S, Se, and Te). In general, they are built up from
hexagonally packed layers consisting of a transition-metal
atom plane sandwiched between two planes of chalcogen
atoms in a trigonal prismatic arrangement. The properties of
these materials are very anisotropic like graphite, with their
covalent bonding in one layer (o bond) and weak van der Waals
bonding between layers (7 bond). TMD materials display
metallic or semiconducting/insulating behavior depending on
the transition metal (M). NbSe; is a metallic system which
exhibits remarkable low-temperature phenomena, including
the competition between superconductivity and the charge-
density wave order [15,16]. WS, and MoSe; are both semicon-
ducting materials with an indirect band gap in their bulk form
[17,18].
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Recently, many groups have focused their efforts on 2D
structured MoS,. Bulk MoS; is an indirect optical band-gap
semiconductor (1.2 eV), while single-layer MoS, displays a
direct optical band gap of about 1.8 eV, as proven by some
theoretical and experimental works [19,20]. It bridges the gap
between gapless graphite/graphene and #-BN with a large band
gap, and is a promising material for optoelectronic applications
[13,21]. Field-effect transistors have been made successfully
based on MoS, [22,23]; Wu et al. reported weak piezo-
electric behavior in single-layer MoS, [14] which provides
the possibility of designing multifunctional optoelectronic
devices using this kind of 2D material. To help design future
optoelectronic devices, it is necessary to understand their
electronic properties in an excited state and their dielectric
screening effect. Studying the collective electronic excitation
provides an essential insight into the electronic structure of
MoS; and other similar TMD materials (which are important
for both industrial applications and fundamental research) and
reveals their dynamic electronic behavior (such as dielectric
response and screening effect) which is directly related to
device applications [24,25]. Inelastic x-ray scattering (IXS) is
a primary and highly efficient technique to complete this work.
Unlike electron energy-loss spectroscopy (EELS) experiments
carried out with a transmission electron microscope, inelastic
hard x-ray scattering is particularly suitable for experiments
with large momentum transfer out of the first Brillouin zone
[26]. Therefore, it is possible to probe the plasmon dispersion
and look at the effects of the short-range part of its Coulomb
interaction. Previously, Cudazzo et al. have measured the high-
energy collective electronic excitation in metallic TMDs by
IXS. However, only limited spectra at limited @ points along
the ¢ axis have been collected [27]. In this work, we conducted
both IXS experiments and ab initio calculations to investigate
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MoS, single-crystal high-energy collective excitations and
their dispersion behavior on all high-symmetry directions.

II. EXPERIMENTAL DETAILS

The IXS experiment was performed at the Taiwan inelastic
x-ray scattering beamline BL12XU at SPring-8, which was
designed for studies on various types of electronic exci-
tations. The synchrotron radiation from an undulator was
monochromated by a Si (111) double-crystal monochromator.
The energy resolution was ~2eV, as determined by the
bandwidth of the quasielastic peak. The beam was focused to
a 120 x 80-um? spot on the sample by a Pt-coated Si focusing
mirror. The signal was collected with a Si (777) analyzer and
finally detected by a Si diode. The bending radius of the
analyzer was 2 m and the momentum resolution was about
0.25 A~!. The analyzer Bragg angle was fixed at 87.6° and
the spectra were recorded from +2 to + 50 eV for the inelastic
peaks and —5to + 5 eV for the elastic peaks around a nominal
incident energy of 13843 eV (Ej). One spectrum took about
2-3 h for a single momentum transfer. The measurements were
carried out at room temperature.

III. AB INITIO CALCULATIONS

According to the fluctuation-dissipation theorem [28] the
rate of momentum ( Q) and energy (w) transfer to the system
from a probe is determined by the dynamical structure
factor S(Q,w) relationship between a periodic crystal and the
dynamical dielectric function matrix egg/(¢g,®) as

S(Q, w) =

QG +ql* . _
—Tlm[sGIG(q,w)], (1

where G is the reciprocal lattice vector, Q = G + q with
vector ¢ being in the first Brillouin zone, and 2 is the
normalization volume. The inverse dielectric function is
related to the density-response function of interacting electrons
x through e~! = 1 + vy, where v is the Coulomb potential.
In the framework of the time-dependent density-functional
theory [29,30] x obeys the integral equation x = x + x°(v +
K*)x, where yx° is the response function for a noninteracting
electron system and K*¢ accounts for dynamic exchange-
correlation effects.

The imaginary part of the x ° function was calculated, using
our homemade code [31], according to

BZ occ unocc

Xgl(;’(qvw) = é Z Z Z 8(Enk - En’k+q + w)<WI1k|
k n n

X e gy ) (Ukqle TV W), (2)

where the factor of 2 accounts for spin, n and n’ are the band
indices, k is in the first Brillouin zone (BZ), and E,,,, and ¥,
are Bloch eigenvalues and eigenfunctions of the Kohn-Sham
Hamiltonian. Subsequently, the real part of x° was calculated
using the Kramers-Kronig relation.

We obtained the single-particle energies and wave functions
from the self-consistent solution of the Kohn-Sham equa-
tions using the pseudo-potential band-structure code [32].
In this calculation the local exchange-correlation potential
was employed in the form of Ref. [33]. The electron-ion
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FIG. 1. The structure of MoS; crystal in real and reciprocal space.
(a) Side view and (b) top view of the bulk MoS, atomic/lattice
structure along the ¢ axis; (c) the simplest unit of MoS, molecular;
(d) the first Brillouin zone of the MoS, crystal.

interaction was described by a nonlocal norm-conserving ionic
pseudopotential [34]. Up to 100 reciprocal lattice vectors
(G) were included in the Fourier expansion of x°,x, and &
matrices. In Eq. (2) we used a 60 x 60 x 24 mesh for the k
summation and the sum over n and n’ included 150 bands.
For the description of K*¢, two forms were employed: a
random-phase approximation (RPA) (i.e., K*“ = 0) and the
time-dependent local density approximation (TD-LDA) of
Ref. [35].

IV. RESULTS AND DISCUSSIONS

A. IXS energy-loss spectra of MoS,

The MoS; single-crystal sample we used in our experiment
was exfoliated mechanically from a bulk crystal to about
70 pm thick to reach a maximum scattering efficiency. Its
layered structure scheme is presented in Figs. 1(a)-1(c). The
atomic structure of MoS; is very similar to graphite; both Mo
and S layers form a honeycomb structure. However, monolayer
MoS; consists of three atomic layers, rather than the single
atomic layer in graphite, which makes its unit cell much larger
than graphite. We collected IXS spectra along the I'M, 'K,
and I'A symmetry directions (reciprocal space), respectively,
as shown in Fig. 1(d). To align the direction of the single
crystal, we collected diffraction patterns for the 'M and 'K
directions (see the Supplemental Material [36]).

The collected spectra were normalized with an incident
intensity monitor signal and the constant background was
subtracted from the result. The inelastic x-ray scattering
spectra (IXS) at various momentums ( Q) are plotted in Fig. 2.
The IXS spectra were fitted using the Voigt function with a
Gaussian component of about 2 eV full width at half maximum
(FWHM) corresponding to the experimental energy resolution
(the value for each spectrum was obtained from fitting the
relevant quasielastic peak). One fitting example is shown in
Fig. S2 and the relevant parameters can be found in Table S1
[36]. The raw spectra are plotted in the form of scattered dots
while the fitted spectra are plotted with a solid line.

For Q/ITK, eight spectra presented in Fig. 2(a) were
obtained from Q = 0.184 A~! (which is the closest to the
I" point) to Q = 2.65 A1 the2K point in the Brillouin zone.
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FIG. 2. IXS spectra of the MoS, single crystal. (a) Q along
I'K; (b) Q along I'M; and (c) Q along I'A. All spectra have been

normalized by the incident-beam intensity. Solid curves are the fitting
functions.

For the Q//T'M direction, we also collected eight spectra
shown in Fig. 2(b) from Q = 0.184 to Q = 2.65 Al (9/4
I'M in the Brillouin zone). Note that we could not measure
it at lower momentum values because of the increasing con-
tribution of the elastic peak for @ — 0 (I" point). The signal
became stronger with increasing momentum and the spectra
intensity reached a maximum when Q = 0.883 A‘l(Z/ 3K)
and Q = 0.861 A‘1(3/4M) for the 'K and I'M directions,
respectively. After that, the intensity decreased with increasing
of Q. Only four spectra are shown in Fig. 2(c) for Q along
the T'A direction due to the weak signal at both lower and
higher Q. The spectra we obtained agree well with the
previous EELS and optic measurements [37—41]. It should
be mentioned that none of these works have investigated the
plasmon dispersion behavior. A common feature of all our
experimental loss function spectra is the very prominent peak
near 23 eV which is associated with a plasmon excitation
of the complete valence-electron gas in MoS,. In the energy
window between 2 and 52 eV, another two features can be
identified at about 8.6 and 45 eV. The intermediate energy
peak at around 8.6 eV, right after the elastic peak for the I'K
and I' M direction, is supposed to arise from the oscillations
of the electrons which are not involved in the ionic-covalent
bonds between molybdenum and sulfur [39]. The broad peak
between 40 and 50 eV represents the excitations of the 4p; >
and 4p3, states of molybdenum [39]. For all three directions,
the 23 eV plasmon peaks exhibit a positive dispersion with
their positions’ shift to higher energies as the momentum
transfer increases. Clear peak broadening can also be seen
with the increase of momentum.

B. MoS; plasmon dispersion

Figure 3(a) shows the peak positions of the main plasmon
as a function of momentum, as determined by the fitting
procedure. This plasmon displays an isotropic dispersion
behavior in all three directions. When momentum is smaller
than 1.1 A~!, the peak position is relatively stable and shows
a slight increase with momentum. When momentum is larger
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FIG. 3. The plasmon dispersion behavior. (a) Dispersion of the
energy-loss peak positions for ~23eV plasmon; (b) the ~23eV
plasmon linewidth as a function of the momentum transfer. In (a) the
boundaries of the e-h continuum determined within a free-electron-
gas model are indicated by dotted lines. The blue solid curve in
(a) shows the parabolic fitting of the plasmon dispersion. The peak
positions and FWHM were obtained by applying Voigt fits to the data,
as shown in Fig. 2. The EELS data were obtained from the experiment
of Habenicht et al. [46]. (c) The intermediate excitation near 8.6 eV
and (d) the high-energy peak near 45 eV. The dashed lines in (b,d)
are guides for the eyes.

than 1.1 A=, this peak starts to shift dramatically with an
increase in momentum. We also determined the plasmon
linewidth FWHM from the Lorentzian contribution and its
momentum dependence is shown in Fig. 3(b). This confirms its
tendency to demonstrate an inflection point around the same
momentum, beyond which the width of the plasmon peak
increases much faster.

Itis instructive to compare the measured plasmon properties
with predictions of the classical free-electron-gas model where
the only parameter is the average valence-electron density
of the system. To make such comparison, in Fig. 3(a) we
show by the dotted lines the boundaries of the electron-hole
(e-h) continuum, which are determined by using the following
equations based on the free-electron-gas model [42]:

hZ
i = S-[(k & 07 — K1, K| <kp, [k+ Q| > kr, (3)

where kp = v/372n is the Fermi wave vector, k is the wave
vector of an electron, m is the electron mass, and » is the
average valence-electron density of MoS,. The value of kg
used here was determined as 2.156 A~

According to the free-electron-gas model [43], the plasmon
energy /iw, is determined by

4 eh?
nwp=,/—”em 2. “

From Eq. (4), with an assumption of m = 1, we obtained
hw, =21.6eV which is quite close to our experimental
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results. The difference between the plasmon energy given by
the free-electron-gas model and experimental data is due to
the polarizability caused by the electronic interband transitions
[38]. The plasmon cutoff wave vector in the free-electron-gas
model (QFEC) was then calculated as QTF¢ = 1.1 A~!; above
which a plasmon effectively decays into e-h pairs. This result
is very close to our experimental findings because as seen in
Fig. 3(b) the experimental plasmon linewidth starts to increases
greatly around Q ~ 1.1 A~ as well.

The plasmon dispersion relation for a three-dimensional
(3D) system at small Qs shows a typical parabolic dispersive
behavior, which is usually described by the following equation
[44,45]:

h2
haw,(Q) = liw,(0) +aZQ2, ©)

where fiw,(Q) is the Q-dependent plasmon energy, and o
is the dispersion coefficient. The main plasmon dispersion
measured in the experiment can be fitted well by this equation
[the blue curve in Fig. 3(a)] with the dispersion coefficient of
0.14. The iw,(0) energy of this plasmon can also be derived by
fitting the experimental data and it was determined as 23.3 eV.
This value agrees well with the previous EELS result shown
in Fig. 3(a) (red inverted triangle) [46].

We calculated the Fermi energy of the electron gas with
n corresponding to MoS; as 17.71 eV via the equation
Er = hzklzF /2m, which is much lower than the plasmon
energy of 23.3 eV. Therefore, the observed 3D isotropic
dispersion of this plasmon indicates that the high-energy
collective excitation in MoS; is much less influenced by the
valence-band electronic structure, which is pertinent to the
quasi-2D nature of its geometric structure due to these different
energy scales. This measured isotropic plasmon dispersion
behavior is quite different from the anisotropic behavior which
has been reported in other layered materials like graphite [26]
and h-BN [47]. In graphite, the excitations along the I'A
direction show a much smaller dispersion compared with the
in-plane transitions [26]. In #-BN, the high anisotropy can be
reflected in the differences between the spectra in plane and
out of plane, while the spectra features along the I" A direction
do not exhibit any obvious dispersion as in the case of graphite
[47]. On the contrary, the similarity among the dispersions
along the ' A, ' M, and T' K directions has been reported on a
Bi,Ses single crystal, with the 7 4+ o plasmon displaying the
typical parabolic dispersion with Q° dependence in the first
Brillouin zone [48].

As mentioned above, the intermediate excitation near
8.6 eV stems from the partial plasma resonant oscillations of
the electrons that are not involved in the ionic-covalent bonds
between molybdenum and sulfur (only six electrons per molec-
ular), which then forms a subgroup of valence-conduction band
states. This plasmon occurs when the interband transitions
have been exhausted and the plasmon energy shifts to a
lower energy range compared with the theoretical value of
12.5 eV, due to the polarizability of the interband transition
[38]. A similar plasmon mode was also observed in MoSe, and
MoTe, [39] and showed a weak momentum dependence below
0 =09A" presenting isotropic dispersion behavior along
the 'K and I'M directions, as demonstrated in Fig. 3(c).
Above 0 =0.9 A1 it is tantalizing to say that a softening
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behavior is presented along both directions. However, con-
sidering the error bar of energy becoming larger when Q
increases, the data could also be consistent with those at lower
momentum and are dispersionless. Interestingly, it is hard to
observe this plasmon mode along the ¢ direction, which is
consistent with a previous study without momentum resolution
[38] indicating a strong anisotropic behavior due to its layered
structure. This 8 eV mode is not a typical 2D plasmon of the
electron gas but more like a very anisotropic bulk plasmon
mode which does not propagate perpendicular to the layers,
but is confined in the plane.

The transitions from the Mo core electron on the p state to
the not fully filled d state can produce a peak at an energy of
40-50 eV. The intensity of this core level transition is much
lower than the intensity of the plasmon induced by the valence-
conductance band transition. A previous energy-loss spectra
study of MoS, gives a core transition with peak energy at
42.7 eV [39] while our IXS experiment gives a feature near
44 eV at the smallest momentum we investigated [shown in
Fig. 3(d)]. Contrary to the intermediate plasmon mode, this
core level transition shows a clear positive energy shift when
momentum increases.

C. Theoretical calculations

To further study the dispersion behavior of the plasmons
near 8.6 and 23 eV, we carried out ab initio theoretical calcu-
lations based on the time-dependent density-functional theory
[29,30]. We obtained the energy-loss function Im[e~'(Q,w)]
spectra, which are proportional to the inelastic scattering cross
section measured by the inelastic x-ray scattering spectroscopy
in the first-order Born approximation [49] as presented in
Fig. 4. For the main plasmon near 23 eV, the dispersion
behavior along the 'K, I'M, and I'A symmetry directions
in Figs. 4(a)-4(c), respectively, is almost identical, especially
at small @s. The plasmon intensity is a little higher along
the T'A direction when Q is 0.5 A~ less than along the 'K
and I' M directions. The plasmon damping increases quickly
when @ exceeds a value of 1.2—1.3 A‘l, which is just close
to the critical momentum transfer QEEG (~1.1 10%’1), due to a
more efficient decay into the e-h pairs. Above Q ~ 2.4 A1,
the plasmon signal becomes indiscernible in accord with
the experimental results. The averaged calculated plasmon
dispersion can be fitted in a wide momentum range by Eq. (5)
with fiw,(0) = 23.0eV and o = 0.29. It is shown by white
dashed lines in Figs. 4(a)—4(c). It is interesting to contrast
these values with predictions of the free-electron-gas model
[50,51] which gives fiw,(0) = 21.6eV and a = 0.49. In the
same figures the diamonds demonstrate the fitted experimental
plasmon dispersion. One can observe that at momentum
smaller than Q =~ 1 A~"the experimental curve is rather close
to the calculated plasmon peak position. However, since the
coefficient o obtained in the experiment is significantly smaller
than that obtained in the ab initio calculations the experimental
plasmon dispersion curve starts to deviate notably from the
calculated plasmon peak position when Q exceeds this value.
It signals that the exchange-correlation effects beyond the
TD-LDA may play some role in the determination of the
plasmon dispersion in MoS,.
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FIG. 4. Theoretical calculation results. Calculated loss function, Im[e~'(Q, )], of MoS, with plasmon modes near 8.6 and 23 eV by
employing a time-dependent local-density approximation (TD-LDA) for description of the dynamical exchange-correlation effects. (a—): 'K,
I'M, and T" A symmetry directions, respectively. The diamonds present the fitted experimental plasmon dispersion. Dashed white lines show the
fitted plasmon dispersion described by Eq. (5) with fiw,(0) = 23.0eV and o = 0.29. Dotted white lines demonstrate the dispersion predicted
by the free-electron-gas model with parameters fiw,(0) = 21.6eV and a = 0.49. (d,e) the energy-loss spectra and dielectric function £(Q,w)
calculated at certain momentum with/without inclusion of the local field effects at 'K and I" A directions, respectively.

The plasmon near 8.6 eV exists only along the I'K and ' M
symmetry directions and is absent along the I" A direction. At
the low-momentum-transfer region below 0.9 A1, the disper-
sion behavior of this low-energy plasmon is identical. Some
minor differences present along the 'K and I'M directions
when Q is higher than 0.9 A~': The dispersion behavior
follows a slightly negative trend along I' K while it continues
to follow a positive trend along I'M. These characteristics
are almost consistent with the experimental data, though
the experimental data show a bigger uncertainty at higher
momentum due to the weak intensity and low fitting merit.

We also conducted a RPA calculation of the excitation spec-
train MoS, (presented in Figs. S4—S6 in the Supplemental Ma-
terial [36]). Without consideration of the exchange-correlation
effects at the TD-LDA level, the intensity of the plasmon peak
near 23 eV declines by ~10% for Q <~ 0.5 A~! and the
peak broadens by a value of ~0.3eV (FWHM). In addition,
careful comparison of the 23 eV plasmon peak position shows
that the RPA calculation overestimates the plasmon energy
in comparison with the TD-LDA at small momenta by about
0.3 eV. This difference increases up to ~1eV at large Os.
These results suggest that exchange-correlation effects play
an important role in the collective electronic excitations in
MoS;. The local field effects (LFEs) are also examined using
the TD-LDA. As presented in Figs. 4(d) and 4(e), there are
notable changes in the dielectric function in the low-energy

region along both the 'K and I' A directions (I'M is similar
to the case of I'K, and is shown in Fig. S7 [36]), and the
energy-loss peaks shift slightly upward when the LFEs are
included. One can notice in these data a weak peak near 20 eV,
but we did not consider it in our experimental data fitting
process due to its relatively weak contribution. In Fig. 4(e),
the ~20eV peak is pronounced when the LFEs are not
included in the calculation and makes a significant contribution
to the energy-loss spectrum, which is not consistent with
experimental data. Hence, the LFEs are also an important
factor for determination of the plasmon properties and cannot
be ignored.

Considering that the truly 2D (one or more monolayers)
MoS, systems are more relevant to device applications, we
also tried to predicate their dielectric response here. When the
material dimension reduces from 3D bulk to 2D monolayer,
the ~23 eV plasmon may exhibit a behavior like the ~8.6 eV
plasmon and would only show in-plane dispersion and the
energy-loss positions would also shift. The behavior might
be similar to that observed in graphene [24,52]. One recent
work on few-layer MoS, using EELS and time-dependent
density-functional theory (TD-DFT) calculations shows that
the energy-loss position of the bulk plasmon shifts to 19.7—
20.7 eV, while the lower-energy plasmon shifts to 8.3 eV [53].
However, their plasmon dispersion behaviors have not been
provided by experiment results. To get the real response of
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a monolayer, further experiments and calculations are still
needed.

V. CONCLUSIONS

We studied high-energy collective electron excitation in a
2D structured MoS, single crystal via inelastic x-ray scatter-
ing. A strong plasmon mode was found near 23 eV and two
weak modes appear near 9 and 45 eV. The main plasmon near
23 eV showed an unexpected 3D isotropic dispersion behavior
and was very consistent with our theoretical calculations.
The exchange-correlation effects and local field effects were
investigated and proved significant; both must be included
for accurate calculations of the plasmons in MoS,. This
work provides clear experimental and theoretical data on the
dynamic electronic behavior of excited high-energy electrons,

PHYSICAL REVIEW B 96, 125118 (2017)

which is beneficial for electronic device designs based on
MOSZ.
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