Momentum-resolved linear dichroism in bilayer MoS2
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In solid state photoemission experiments it is possible to extract information about the symmetry
and orbital character of the electronic wave functions via the photoemission selection rules that
shape the measured intensity. This approach can be expanded in a pump-probe experiment where
the intensity contains additional information about interband excitations induced by an ultrafast
laser pulse with tunable polarization. Here, we find an unexpected strong linear dichroism effect (up
to 42.4%) in the conduction band of bilayer MoS2 , when measuring energy- and momentum-resolved
snapshots of excited electrons by time- and angle-resolved photoemission spectroscopy. We model
the polarization-dependent photoemission intensity in the transiently-populated conduction band
using the semiconductor Bloch equations. Our theoretical analysis reveals a strongly anisotropic
momentum-dependence of the optical excitations due to intralayer single-particle hopping, which
explains the observed linear dichroism.

Optical selection rules in absorption experiments are
powerful tools that can be used to determine the symmetry of electronic states in solids [1]. Given the similarity of the processes underlying optical absorption and
photoemission, selection rules have also been exploited in
angle-resolved photoemission spectroscopy (ARPES) for
decades [2]. More recently, optical dichroism has been
used in ARPES to study orbital degrees of freedom [3–
5], as well as the Berry curvature of the initial Bloch
states [6, 7]. A particularly interesting opportunity for
polarization-dependent excitations arises in single-layer
(SL) transition metal dichalcogenides (TMDCs) such as
MoS2 , where the helicity of circularly polarized light
strongly couples to the valley and spin degrees of freedom [8, 9], permitting the generation of a finite valley
polarization [10, 11].
Adding time-resolution (TR) to ARPES in a pumpprobe experiment leads to a process involving two optical excitations. This opens the possibility of exploiting not only the selection rules governing the photoemission process, but also those giving rise to the initial
optical excitation into a transiently populated conduction band (CB) state [12–18]. Indeed, the creation of
a finite valley-polarization in SL WS2 has recently been
followed in momentum space by TR-ARPES using circularly polarized pump pulses [19, 20]. Here, we extend
such an experiment to the case of bilayer (BL) MoS2 in
the 2H structure, which is inversion-symmetric due to
the relative orientation of the two layers. Surprisingly,
we observe a substantial pump-induced linear dichroism
effect for photoemission from the excited states near the

conduction band minimum (CBM). Our results can be
explained in terms of the momentum-dependent excited
state population determined by solving the semiconductor Bloch equations within the framework of a low energy
k · p model that accounts for intra- and interlayer interactions between the d orbitals forming the valence band
maximum (VBM) and CBM around K̄ (K̄0 ). These findings underline the necessity of accounting for selection
rules governing the optical excitation in addition to the
photoemission matrix elements when interpreting the intensity in dichroic TR-ARPES. They also open the possibility to exploit a combination of selection rules to obtain
new information about the wave functions involved in the
processes.
Our BL MoS2 sample is grown on Ag(111) and has
predominantly one domain orientation, as determined by
X-ray photoelectron diffraction measurements [22]. Further details are available in the Supplemental Material
[23], which includes Refs. [24–30]. TR-ARPES spectra
are collected in the ultra-high vacuum end-station at the
Artemis Facility at the Central Laser Facility using the
scattering geometry depicted in Fig. 1(a) [23]. A 32.5 eV
probe pulse with a linear polarization fixed parallel to the
scattering plane is used, following an optical excitation
with a 2 eV pulse. The time resolution is 40 fs and the
sample temperature is 300 K. We tune the polarization
of the pump pulse to obtain arbitrary elliptical polarizations, including linear parallel (p) and perpendicular (s),
with respect to the scattering plane. TR-ARPES measurements have been performed near either K̄0 or K̄ by
an azimuthal rotation of the sample.
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FIG. 1. (a) TR-ARPES setup: Geometry of the scattering plane with definitions of coordinate system {x̂, ŷ, ẑ}, photoelectron
wavevector kf and polarization vectors {êp , ês } of the light pulses. The orientations of the BL MoS2 lattice and the Brillouin
zone (BZ) are shown for the measurement geometry. The dashed line on the BZ marks the measurement direction. (b) ARPES
intensity along the Γ̄-K̄0 high symmetry direction before arrival of the pump pulse (∆t < 0). (c) Intensity difference between
the spectrum in (b) and one obtained at the peak of the optical excitation at ∆t = 40 fs with a s-polarized pump pulse. The
dispersion of BL MoS2 has been overlaid (orange curves) together with the bulk continuum of Ag(111) [21] (blue hatched area)
in (b)-(c). (d)-(f) EDCs of the intensity difference for different pump polarizations, fitted with Gaussian peaks for the CBM at
(d) K̄0 and (e) K̄, respectively, as well as (f) for the VBM at K̄0 . (g) Time dependence of the estimated spectral weight W from
(d) fitted with a function composed of an exponential rise and a single exponential decay with the given time constants τi .

The photoemission intensity at a time delay, ∆t, before
excitation (∆t < 0) is shown in Fig. 1(b). The spectrum
mainly resembles the bare dispersion of BL MoS2 (orange curves) [31] while the intensity from the Ag(111)
bulk states (expected in the blue hatched area) is very
faint. The intensity of the global VBM of BL MoS2 (upper band at Γ̄) is strongly suppressed at the energy of
the probe pulse, but it is clearly visible at higher photon energies when measured with static ARPES [23, 32].
Figure 1(c) displays the intensity difference between the
equilibrium spectrum in panel (b) and an excited state
spectrum collected at the peak of optical excitation at
∆t = 40 fs with a s-polarized pump pulse. The dominant features are a strong excitation of electrons around
the local CBM at K̄0 (positive intensity difference) and
an excitation of holes that peaks at the local VBM at
K̄0 (negative intensity difference). The red/blue intensity difference associated with the rest of the valence
band (VB) is mainly caused by a linewidth broadening
of the entire band, which is induced by the pump pulse
as observed in TR-ARPES measurements of other materials [33]. From these data we extract an indirect gap of
(1.49±0.06) eV from Γ̄ to K̄0 and a direct gap at K̄0 of

(1.90±0.04) eV, which is close to resonant with our 2 eV
optical excitation.
Energy distribution curves (EDCs) of the intensity difference in the CBM averaged over a momentum range
from -0.2 to 0.2 Å−1 around K̄0 are shown with Gaussian fits for s- and p-polarized pump pulses in Fig. 1(d).
EDCs are also shown for polarizations generated by rotations of the half-waveplate midway between s- and ppolarizations, which we assume to be circular and therefore label σ l and σ r [23]. A strong change is visible between the intensity difference spectra of s- and
p-polarized pulses, while a smaller change is seen between σ l - and σ r -polarizations. We quantify dichroism as
ρij = (W (i) − W (j))/(W (i) + W (j)), where i 6= j labels
s- and p- or σ l - and σ r -polarization and W represents the
corresponding spectral weight, determined as the area of
the EDC fits. At K̄0 we then obtain ρps = 42.4 % and
ρσl σr = 19.7 %. A similar EDC analysis for the CBM at
K̄ is presented in Fig. 1(e) and exhibits a reversal and reduction of the linear dichroism effect with ρps = −15.2 %
and likewise ρσl σr = −4.7 %. EDCs of the VBM at K̄0 in
Fig. 1(f) do not permit us to clearly distinguish dichroism from the overall noise level in this spectral region.
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FIG. 2. (a) BL MoS2 dispersion around K̄ determined within
a k·p model. The energy split VB states are labeled v1 and v2
and the CB states are labeled c1 and c2 . The direct band gap
of Eg = 1.9 eV is marked by an arrow. (b) Optically induced
population in the CB states obtained at q = (0.16, 0) Å−1
(indicated by the green dot in (d)-(f)) by solving the semiconductor Bloch equations for p-, σ- and s-polarized light. (c)
Photoemission intensity calculated at qy = 0 and qx -averaged
from -0.22 to 0.22 Å−1 , as shown by the dashed black line
in (d)-(f), as a function of pump pulse polarization θ for SL
MoS2 (dashed green) and BL MoS2 (solid purple). (d)-(e)
Momentum-dependent photoemission intensity calculated for
(d) p- and (e) s-polarized pump pulses. The color scale in (d)
also applies to (e). (f) Intensity difference obtained by subtracting the data in (e) from that in (d). The constant energy
cuts in (d)-(f) were obtained at Eq = 1.15 eV as shown via a
dashed horizontal line in (a).

We speculate that ultrafast momentum relaxation of the
holes involving the remaining VB states leads to a loss of
polarization information of the holes on a faster timescale
than we can resolve with our experimental setup.
The time- and polarization-dependence of the spectral
weight W at K̄0 is shown in Fig. 1(g). In all cases we
find that the decay part is well described by single exponentials with the time constants τi given in Fig. 1(g).
The values of τi are similar for all cases and indicate that
the carriers are rapidly scattered into the metal substrate
[16, 33]. The excitation signal is detectable up to 300 fs
while the dichroic signal exceeds the noise level for only
85 fs.
We seek an explanation of the measured dichroism by
calculating the polarization-dependent photoemission intensity from the transiently populated CB around K̄. A
full account of the theory is given in Ref. 34. As a simplified expression we use
In (E, q, θ) ∝ |Mn (q)|2 An (E, q)fnexc (q, θ),

(1)

where An is the photohole spectral function and fnexc is
the excited state population in the CBs, which we treat as

two-fold degenerate and label with the index n ∈ {c1 , c2 }
where c1 and c2 are the two states. The wave vector is
measured
from K̄ and expressed as q = (qx , qy ) in units
√
of 3/a where a = 3.16 Å is the MoS2 lattice constant.
The one-electron dipole matrix element (Mn ) describing photoemission from the CB near K̄ is determined by
the simple assumption that the initial Bloch state (ψn ) is
matched to a single free-electron final state in the photoemission process. This assumption leads to the expression
Mn (q) ∝ êp · kf hkf |ψn (q)i, where êp is the polarization
unit vector of the probe pulse (see Fig. 1(a)) and kf
is the wavevector of the free electron [34, 35]. The wave
functions and dispersion are determined by diagonalizing
a k · p Hamiltonian given by
ñ
ô
ĤSL (−q, −τz , sz ) Ĥ⊥ (q, τz )
ĤBL (q, τz , sz ) =
,
†
Ĥ⊥
(q, τz )
ĤSL (q, τz , sz )
(2)
where ĤSL is the Hamiltonian for SL MoS2 including
trigonal warping effects [36–38], and Ĥ⊥ accounts for the
weak interlayer interaction in BL MoS2 [23, 39, 40]. Furthermore, τz = ±1 and sz = ±1 denote the valley and
spin indices, respectively. The corresponding dispersion
relation is presented in Fig. 2(a).
To simulate the transient CB population generated by
the pump pulse we model the electric field as an ultra∆t 2
short pulse given by E(∆t) = ˆ(θ)E0 cos(ω0 ∆t)e−( τ0 ) ,
where ˆ(θ) = êp cos θ + i ês sin θ is the polarization of the
pump pulse with unit vectors êp and ês defined according to the scattering geometry in Fig. 1(a). Experimental values are used as input for the electric field strength
E0 = 0.87 V/nm (determined by the measured pump spot
size and fluence), the pulse energy ~ω0 = 2.0 eV and the
pulse duration τ0 = 30 fs. We then solve the semiconductor Bloch equations [41] as described in detail in Ref.
34, and obtain the excited CB population shown in Fig.
2(b). There is no decrease of the excited state population
in time as we have neglected any relaxation processes.
As we shall see below, the dichroism in the excited state
vanishes exactly at K̄. The plot has therefore been made
at the point q = (0.16, 0) Å−1 , which clearly reveals a
strong polarization-dependence of the population at finite q. The noticeable cusps in the early stages of the
excitation are strongly dependent on the model parameters and are not considered in further detail here since
they can not be resolved in our experiment. For the resonance condition |~ω0 − Eg |  ~/τ0 around K̄ (i.e. small
q), we can write the population as [34]
fnexc (q, θ) ≈

Å√

πτ0 eE0
4Eg

ã2 X

|Mnm (q, θ)|2 ,

(3)

m

where Eg = 1.9 eV is the measured direct band gap,
the sum is over the two valence bands, m ∈ {v1 , v2 },
and Mnm is the velocity matrix element describing
the interband transition and is given as Mnm (q, θ) =

4
s

hψn (q)|ˆ
(θ) · ∇q ĤBL |ψm (q)i. Note that, since we only
consider the fully excited state and neglect relaxation in
the model, we drop the dependence on ∆t. After summing over the possible transitions from the VB to the
two-fold degenerate CB, we can formally write the excited state population as [34]
(4)

where flin and fcirc are spin-, valley- and momentumdependent pre-factors that determine the weight between the linear (cos(2θ)) and circular (sin(2θ)) dichroism terms.
We calculate the intensity using Eq. (1) based on the
assumption that the photoemitted electrons from the CB
at q stem exclusively from pumping into this state and
not from the decay of higher lying states. In our case, this
is a justified assumption because of the resonant pumping
condition. Moreover, we neglect many-body interactions
and therefore disregard any recombination effects. Since
our TR-ARPES spectra were collected along the Γ̄-K̄ direction and the dichroism was extracted for a k-range
covering the CBM, we calculate the intensity resulting
from the resonant excitation to the CB at qy = 0 and
sum over qx from -0.22 to 0.22 Å−1 for all possible pump
pulse polarization angles, as shown for both SL and BL
MoS2 in Fig. 2(c). Our model recovers strong circular
dichroism in SL MoS2 (valley-polarization), but with a
slightly asymmetric polarization-dependence due to a finite contribution from the linear dichroism term in Eq.
(4) at finite q. In BL MoS2 the circular dichroism term is
absent, due to inversion symmetry, and we only observe
the cos(2θ) dependence.
The complete (qx , qy )-dependent photoemission intensity in the CB of BL MoS2 is shown for p- and s-polarized
excitations in Figs. 2(d)-(e), respectively. The intensity
difference between these cuts is shown in Fig. 2(f), where
the blue (red) color signifies a negative (positive) sign
corresponding to a momentum-dependent linear dichroism effect. Neglecting spin-orbit coupling and trigonal warping, the leading intralayer contribution to this
momentum-resolved linear dichroism is
flin (q) ≈ 2

t21 − 2E0 Eg 2
q cos(2φ),
Eg2

(5)

where t1 is the intralayer effective hopping parameter
which we set equal to 2.0 eV, φ = arctan(qy /qx ) is the
azimuthal angle of vector q and E0 = 3~2 /4µa2 with the
reduced mass of electron-hole pairs given as µ ∼ 0.15m0 .
The interlayer coupling term (Ĥ⊥ ) in Eq. (2) cancels after summing over the optical transitions to the two-fold
degenerate CB. Furthermore, Eq. (5) shows that linear
dichroism only appears at finite momentum (q), that it
cancels when azimuthally averaging over momentum and
that the modulation depends on the intralayer interaction strength t1 . Finally, circular dichroism is absent in a
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FIG. 3. Spectral weight W (markers) in the CB as a function
of polarization angle θ measured at K̄0 (red) and K̄ (purple).
Curves represent fits of the energy- and k -integrated photoemission intensity incorporating our model for the excitedstate population in Eq. (4) with the given pre-factors and
amplitude (Amp.).

perfectly inversion-symmetric BL when neglecting external influences, because fcirc (q) ≈ τz (−τz ) for the bottom
(top) layer, and thus τz + (−τz ) = 0 when summing over
layers.
The general form of the occupation function written in Eq. (4) shows that the intensity in polarizationdependent TR-ARPES spectra can be decomposed into
linear and circular dichroism contributions. We explore
this idea further by fitting the measured θ-dependent
spectral weight (W ) at the peak of the optical excitation
to an energy- and k-integrated form of the intensity in
Eq. (1) with the expression in Eq. (4) implemented. The
spectral weight and the results of the fitting are presented
at K̄0 and K̄ in Fig. 3. The fits provide the amplitudes
f¯lin and f¯circ , which represent an average over the k-range
used to determine W . The values are stated in Fig. 3
and reveal that both the cos(2θ)- and sin(2θ)-terms are
significant in our sample. The cos(2θ)-dependence is in
agreement with the model around K̄ for BL MoS2 . The
sign-change between K̄0 and K̄ of the cos(2θ)-terms is not
explained by our simple model and may arise due to a
strong anisotropy of the photoemission matrix element
(Mn ) as described in Ref. 34. Many-body interactions
such as carrier scattering between the two valleys and recombination can lead to additional contributions to the
intensity that are neglected in our non-interacting model.
The finite f¯circ could originate from symmetry breaking
due to the substrate or due to the surface sensitivity of
ARPES [42]. Note, however, that the latter effect would
not be expected to lead to the observation of a linear
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dichroism. Indeed, if the ARPES signal was completely
dominated by the first layer, one would expect similar
results for a single layer [19, 20], bilayer and bulk [17].
This is clearly not the case. Substrate-induced symmetry
breaking, on the other hand, is expected to be rather minor because the substrate is known to have only a small
effect on the electronic structure and spin texture of SL
TMDCs on noble metal surfaces, since the region around
K̄ falls into a projected band gap of the substrate [43, 44].
Finally, deviations from the ideal case could here also be
caused by a minor presence of single-domain SL MoS2
areas on the sample.
In summary, we observe momentum-resolved linear
dichroism associated with optically excited electrons
in the CB of BL MoS2 . Using a model to account for
the polarization in both steps of our photoemission
pump-probe experiment, we show that this can be linked
to the intralayer single-electron hopping in the system.
Exploiting the polarization of both pulses governing
the optical excitation and subsequent photoemission in
TR-ARPES offers an intriguing possibility to extract
information about the electronic wave functions involved
in the processes. The utility of this approach extends
beyond valley dependent selection rules to studies of
complex topological properties of unoccupied states such
as the Berry curvature.
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