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High-harmonic generation (HHG) in solids has been touted as a way to probe ultrafast dynamics
and crystal symmetries in condensed matter systems. Here, we investigate the polarization prop-
erties of high-order harmonics generated in monolayer MoS2, as a function of crystal orientation
relative to the mid-infrared laser field polarization. At several different laser wavelengths we ex-
perimentally observe a prominent angular shift of the parallel-polarized odd harmonics for energies
above approximately 3.5 eV, and our calculations indicate that this shift originates in subtle differ-
ences in the recombination dipole strengths involving multiple conduction bands. This observation
is material specific and is in addition to the angular dependence imposed by the dynamical symme-
try properties of the crystal interacting with the laser field, and may pave the way for probing the
vectorial character of multi-band recombination dipoles.

High-harmonic generation (HHG) from intense laser
pulses in solids is increasingly attracting attention as
a probe of ultrafast electronic processes in solids [1–3].
HHG-spectroscopy in condensed matter has been used
to investigate phase transitions [4] as well as quantum
phenomena like the Berry curvature [5, 6], electron cor-
relation in the condensed phase [7–10], and topological
surface states [11–13]. Solid-state HHG results from car-
rier dynamics following the excitation of electrons in the
strong field of a laser pulse, and originates from both a
nonlinear intraband current and, in case of recombination
at high kinetic energies, an interband polarization [14–
16]. HHG from atomically thin semiconductors such as
some of the transition metal dichalcogenides (TMDs) has
gained special interest [5, 17–22]. In addition to their in-
teresting fundamental properties and their potential ap-
plications for optoelectronics and spintronics [23], TMDs
are ideal for investigating the microscopic origin of HHG
due to the absence of laser propagation effects in the ma-
terial [15, 24, 25].

The characteristics of the harmonic emission depend
critically on the combined temporal translation symme-
try of the laser field and the spatial symmetry of the sys-
tem, referred to as the dynamical symmetry (DS) [26].
An example well known from gas-phase HHG is the ab-
sence of the emission of even-order harmonics in cen-
trosymmetric systems driven by linearly polarized lasers.
In crystalline systems, the presence of multiple spatial
symmetry elements have major consequences for the har-
monic selection rules and polarization states [27–30]. For
example, it was shown in the TMD MoS2 that even-order

harmonics are polarized perpendicularly when the driv-
ing laser is polarized along the zig-zag direction [5, 17].
In addition to the crystal symmetry properties, material-
specific properties can also strongly affect harmonic char-
acteristics, since different band structures and dispersion
relations will give rise to different carrier dynamics. For
example, it was recently demonstrated that the polariza-
tion properties of HHG can deviate in different TMDs
[21], even though they in principle should obey the same
dynamical symmetry selection rules. The understanding
of the interplay between the symmetry- and material-
specific properties in HHG is crucial to the probing of
material-specific properties such as band structures [31]
and the vectorial character of the transition dipoles [32].
Accurate extraction of such material properties based
on measurement of solid-state HHG spectra will allow
leveraging of the available femtosecond time resolution of
solid-state HHG spectroscopy to trace, e.g., phase tran-
sitions in materials [4].

While much of the microscopic HHG dynamics can be
understood in terms of a two-band picture [14, 16, 17, 21,
32–34] involving a filled valence band and a single conduc-
tion band, a number of works have highlighted the role
of multiple bands [19, 35–39]. In particular, it has been
experimentally demonstrated that multiple bands were
responsible for nonintuitive harmonic waveforms in bulk
GaSe [40], the emergence of multiple plateaus in rare-gas
solids [41], and yield enhancement of different harmonic
regions in MgO [42]. In this respect, the observation and
understanding of multi-band effects in HHG from TMDs
is of fundamental interest, and can potentially lead to
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the ultrafast probing of the complex dynamics leading to
HHG, such as electron-hole recombinations from different
valence and conduction bands, as well as using HHG to
probe dynamic material properties that imprint at higher
energies such as hot electron injection in a heterostruc-
ture.

In this letter, in a joint experimental and theoreti-
cal effort, we investigate the polarization properties of
HHG in monolayer MoS2, as a function of crystal ori-
entation relative to the mid-infrared (mid-IR) laser po-
larization. The DSs of the crystal combined with the
temporal translation symmetries of the laser field im-
poses clear constraints on the harmonic emissions and
leads to pronounced nodes in the HHG spectra at cer-
tain crystal orientations. In addition to the constraints
and selection rules imposed by the DSs, we find an an-
gular shift such that for several mid-IR wavelengths, the
parallel-polarized odd-order harmonics below (above) 3.5
eV are enhanced for driver polarization along the arm-
chair (zigzag) direction. By solving the time-dependent
density matrix (TD-DM) equations involving a valence
band and two conduction bands, we trace these angu-
lar shifts to electron-hole recombinations from different
conduction bands, effectively probing the vectorial na-
ture of recombination dipoles in different bands. Our
work reveals that electron-hole recombinations from dif-
ferent conduction bands are directly imprinted on the
orientation-dependent HHG spectra, and opens up the
possibility of probing electron-hole dynamics from mul-
tiple recombination pathways.

HHG experiments were performed with mid-IR laser
pulses having wavelength between 3 and 5 µm with full
polarization control reaching 1.5 TW/cm2 in the focus.
All experiments were performed at ambient conditions.
Monolayer single crystals of MoS2 were grown on SiO2/Si
substrate by chemical vapor deposition (CVD) [43, 44]
and transferred on to a double side polished c-plane ori-
ented sapphire substrate using a PMMA assisted transfer
protocol [43]. The MoS2 monolayer crystals were char-
acterized by optical microscopy, atomic force microscopy
(AFM) and Raman spectroscopy [45]. More details on
the experimental setup are given in the Supplemental
Material (SM) [46]. The 1H-semiconducting phase of
MoS2 sample was confirmed by investigating the HHG
signal from a circular polarized laser and finding that
only the 3n± 1 harmonic orders were generated [47].

We show the measured harmonic emission from mono-
layer MoS2 in Fig. 1, using three different fundamental
laser wavelengths: 3.4, 3.7 and 4.4 µm. The configura-
tions in which we detect harmonics (green arrows) po-
larized parallel or perpendicular to the laser polarization
(red arrows) are sketched in the insets. We denote α as
the angle between the laser polarization and the crystal
mirror plane, and for notational convenience label the
Γ−M (armchair) direction as α0 ≡ n60◦ and the Γ−K
(zigzag) direction as α30 ≡ 30◦ + n60◦, with n being an

FIG. 1. Experimental HHG spectra measured in the parallel
(left column) and perpendicular configuration (right column)
for MoS2 irradiated by intense mid-IR pulses of central wave-
length 3.4 µm (top row), 3.7 µm (middle row) and 4.4 µm
(bottom row). Yields are plotted in linear scale and arbitrary
units. In the insets, the two polarizer/analyzer configurations
are sketched, with α being the angle between the crystal mir-
ror plane and the laser polarization (red arrow), and the po-
larizer direction indicated by the green arrow. The magenta
bullets mark the nodes predicted by a DS analysis, and the
dashed ellipses mark the angular shifts of the parallel odd
harmonics.

integer. In Fig. 1, the detected harmonic yields in the two
configurations (columns) for different wavelengths (rows)
are plotted as a function of harmonic energy and α. [48]

Figure 1 illustrates in detail the interplay between DS
constraints and material-specific properties and how they
manifest on the harmonic emission. There are three
notable features: First, the DS constraints give rise to
characteristic nodes (magenta bullets) in the angular de-
pendence of both the parallel- and the perpendicular-
polarized harmonics, which we will discuss in more detail
below. Second, the odd harmonics in the parallel con-
figuration exhibit a characteristic shift in their angular
dependence (angular shift), in which their yields peak at
α0 (α30) for energies below (above) ∼3.5 eV. This shift is
marked by the dashed ellipses. Third, we find additional
minima in the angular dependence of the high-energy (∼
4.5 eV), even harmonics in the parallel configuration for
3.4 µm and 4.4 µm that are not imposed by the DS con-



3

straints.

We begin with an analysis of the DSs, which consist of
combinations of time and spatial symmetries that leave
the time-dependent Hamiltonian invariant [26]. For the
spatial symmetries, we can consider the spatial point
group C3v instead of the full MoS2 group D3h, since the
laser field is polarized in the MoS2 (001) plane. We con-
sider linearly polarized monochromatic laser fields that
satisfy the time symmetry τ̂2F(t) = −F(t), where τ̂2 is
an operator that performs a half-cycle time-translation.
For a laser polarized along α0, taken as the y-axis for
convenience, the reflection σ̂y in the y-axis is a DS op-
eration. The harmonic yield is contained in the Fourier
components rn of the time-dependent polarization r(t) ≡〈
ψ(t)

∣∣r∣∣ψ(t)
〉
. The invariance of r(t) under the DS op-

eration [13, 26] leads to the constraints (−rn,x, rn,y) =
(rn,x, rn,y), which gives the selection rule that perpen-
dicular harmonics are forbidden along α0. Similarly, for
a laser polarized along α30, taken now as the x-axis for
convenience, the reflection together with the half-cycle
translation of the pulse, σ̂y τ̂2, constitutes a DS, which
leads to the constraints (−rn,x, rn,y)einπ = (rn,x, rn,y)
implying the selection rules that parallel even harmonics
and perpendicular odd harmonics are forbidden for α30.

The predictions from the DS analysis in Fig. 1 are
in clear agreement with the experimental results for all
driver wavelengths (to within our signal-noise ratio), il-
lustrating the strength of a general DS analysis and how
it may enable the probing of the crystal structure for a
known laser field, or the characterization of the field for a
known crystal structure. Notably, the nodes implied by
DS agree with the perpendicular odd harmonics having
the unintuitive 30◦-periodicity that at first glance devi-
ates from the hexagonal lattice structure of MoS2. Note
that a similar 30◦-periodicity was recently experimentally
observed in GaSe [49] and the topological insulator BSTS
[11], with the origin explained purely in terms of the in-
traband harmonic generation mechanism. This explana-
tion, however, cannot be applied here since our observed
above-gap harmonics in MoS2 (gap 1.8 eV) are predom-
inantly generated by the interband mechanism [17, 18].
Finally, as mentioned above, the results in Fig. 1 also
demonstrate features that go beyond the DS symmetry,
such as the angular shift, which we now will discuss.

We first note that the angular shifts in Fig. 1 man-
ifest near the same harmonic energy for all three laser
wavelengths, strongly indicating that they are due to
material-specific properties such as the band structure
and dipole matrix elements. To shed light onto the origin
of these shifts, we proceed by solving the TD-DM equa-
tions in the velocity gauge and Bloch basis. We employ
a linearly polarized field with cosine-squared envelope,
full width at half maximum of 99 fs, wavelength 3.7 µm,
and peak vector potential A0 = 0.168 atomic units (a.u.)
[50]. During the time propagation, we transform to an
adiabatic basis [51], to obtain the dressed density matrix
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FIG. 2. Experimental and simulation α-dependent HHG
yields with a 3.7 µm driver, for the (a) parallel and (b) per-
pendicular configurations. The yields are normalized to the
maximum.

elements ρ̃kmn(t) and the dressed momentum matrix el-
ements p̃k

mn(t), where the subscripts refer to the band
indices and k is the crystal momentum. This procedure
allows us to include a phenomenological dephasing time
(taken as 10 fs) and to decompose the current into an in-
traband and interband part. We note that this yields
results in agreement with those of the popular multi-
band semiconductor Bloch equations [52, 53], but has
the advantage that a periodic gauge [51, 54, 55] is not
required. A different dephasing time slightly changes the
α-dependent yield (see SM [46]), but does not influence
the conclusions drawn here. To model monolayer MoS2,
we employ the tight-binding model of Ref. [19, 56], which
takes into account the Mo dz2 , dxy, and dx2−y2 orbitals
with third-nearest hoppings, and results in one valence
band (VB) and two conduction bands (CB1 and CB2).
The momentum matrix elements are calculated following
Ref. [57]. For more details on the theory, see the SM [46].

Figure 2 depicts a comparison of measured and calcu-
lated angular yields [58] for harmonic 9 (H9) and H13
in the parallel [Fig. 2(a)] and perpendicular [Fig. 2(b)]
configurations for the 3.7 µm driver. The simulations
reproduce the angular shift in the parallel configuration
and the 30◦-periodicity in the perpendicular configura-
tion, as well as the overall depth of the modulations. As
discussed above, the 30◦-periodicity can be understood
from the DS analysis. However, the DSs do not restrict
the parallel odd harmonics, such that emissions for all
polarization angles α are in principle allowed. We now
investigate the observed angular shift.

The H9 and H13 are emitted above the band edge of
MoS2 (∼H5) and originate in the interband currents. The
interband harmonic emission process can be interpreted
in terms of the recollision model [14, 59], and are sketched
in the insets of Fig. 3: first, an electron-hole pair is cre-
ated by tunnel excitation of an electron from VB to CB1
near the minimum band gap at K; the electron-hole pair
is propagated in their respective bands following the ac-
celeration theorem k+A(t) [60], and during propagation,
the coupling between CB1 and CB2 can lead to electron
excitation to CB2 [42]; finally, the electron and hole can
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FIG. 3. Simulated harmonic yields as a function of α, for
the parallel-polarized (a) H9 and (b) H13. The full (black)
curves are the full calculations, the dashed (red) curves are
for calculations with p̃k

13 = 0, and the dotted (blue) curves
are with p̃k

12 = 0. The insets show sketches of the dominating
pathways for generating H9 and H13 (see text).

coherently recombine either from CB1 or CB2 to the VB,
with a probability amplitude weighted by the recombina-
tion dipoles, and the harmonic energy given by the band
gap at the time of recombination.

We consider the three steps of the recollision process,
and discuss the differences between α0 and α30. First,
it should be noted that the populations in the conduc-
tion bands at the end of the calculations are very simi-
lar: 1.33% in CB1 and 0.84% in CB2 for α0; and 1.32%
in CB1 and 0.86% in CB2 for α30. This means that
the initial excitation step cannot be responsible for the
HHG yields between α0 and α30 in Figs. 2(a) and 2(b).
Since the band dispersions near the K valley in the range
K ± A0 are similar for the two conduction bands, the
propagation step appears to play a minor role. This sug-
gests that the angular shift is dominated by the recom-
bination dipole which can be modeled further.

The full black curves in Fig. 3 show the full simulations
results, where the parallel polarized H9 in Fig. 3(a) peaks
at α0 and H13 in Fig. 3(b) peaks at α30. The dashed (red)
curves are results using p̃k

13(t) = 0 in the calculations of
the interband current, i.e. restricting the CB2→VB re-
combination pathway, resulting in a yield almost exclu-
sively from the CB1→VB pathway. Similarly, the dotted
(blue) curves are with p̃k

12(t) = 0, corresponding to the
CB2→VB recombinations. The H9 yield in Fig. 3(a) is
seen to be dominated by recombination from CB1, while
the H13 yield in Fig. 3(b) is dominated by recombina-
tions from CB2. Clearly, the α-dependence of the yield
originate in different characters of of the recombination
dipoles p̃k

12(t) and p̃k
13(t), which we now investigate fur-

ther.

We choose to focus on the pronounced case, i.e. the
bell shape of H13 in Fig. 3(b) with maximum at α30 and
minimum at α0 dominated by the CB2→VB pathway.
The recombination matrix elements responsible for the
parallel harmonics are proportional to pk

13 · êα, where êα
is an unit vector along α. In Fig. 4, we plot |pk

13 · êα|2
for α30 (êα ≡ x̂) in (a) and for α0 (êα ≡ ŷ) in (b). The

values along relevant paths in reciprocal space, indicated
by the yellow lineouts in Figs. 4(a) and 4(b), are shown in
Figs. 4(c) and Fig. 4(d), respectively. An electron-hole
pair created at K at the zeros of the vector potential
will have the maximal excursion K ±A0êα in reciprocal
space, which is marked by the gray regions in Figs. 4(a)
and Fig. 4(b). The maxima of |Rk

13|2 in the gray regions
are shown by the orange dots, with the values 0.153 for
α30 and 0.073 for α0. The ratios between them is 2.10,
which is qualitatively in agreement with 2.55 – the ratio
between the yields at α30 and α0 for the black curve in
Fig. 3(b). This suggests that the angular shift is due to
the structure of recombination dipoles between the CBs
and the VB, with the CB1→VB recombination dominat-
ing the H9 and the CB2→VB recombination dominating
the H13. These considerations are further supported by
considering the k-dependent band gaps in Figs. 4(e) and
(f), where it is observed that the recombination energy
from the CB2 to the VB in the allowed regions are above
∼ 3.5 eV, in good agreement with the experimental ob-
servation (dashed ellipses in Fig. 1) that the angular shift
occur at around 3.5 eV. We have thus established that
the HHG spectrum carries direct information on the vec-
torial character of the recombination dipoles, in addition
to the band structure information. We note that for the
highest-order parallel even harmonics at 4.5 eV in Fig. 1
for 3.4 µm and 4.4 µm, the minima at α = 60◦ cannot be
explained in terms of the DS or our three-band model,
and we attribute these to interference effects from even
higher conduction bands that are beyond the scope of
this work.

Our combined experimental observations and theoret-
ical analysis indicate the contributions of higher conduc-
tion bands to the HHG spectra from monolayer MoS2

that goes beyond pure considerations of DS properties of
the crystal and laser field. This was achieved by experi-
mentally measuring the harmonics polarized parallel and
perpendicular to the driving laser polarization for three
different wavelengths, aided by careful theoretical anal-
ysis that selects the contributions from different recom-
bination dipoles. The experimental signature manifests
in the parallel-polarized harmonics below (above) 3.5 eV
being favorably emitted when the laser polarization is
along the armchair (zigzag) direction, and is observed
at all three wavelengths used in the experiment. Our
work elucidates the novel interplay between the DSs of
the system and material-specific properties. We believe
that our results aid in the fundamental understanding
of light-matter interactions in TMDs, and may enable
HHG spectroscopy of not only the band structure [31],
but also the vectorial nature of the transition dipoles [32]
beyond a two-band description, as well as electron-hole
recombinations from different conduction bands in other
materials.
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· ŷ|2

Γ

M

K

K0

K1

(c) (d)

B
an

d
ga

p
(e

V
)

2.0

2.5

3.0

3.5

4.0

Γ K K′
Γ
′

(e)

K0 K K1

(f)

FIG. 4. Modulus squares of the recombination dipoles along
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[9] C. Orthodoxou, A. Zäır, and G. H. Booth, “High har-
monic generation in two-dimensional mott insulators,”
npj Quantum Materials 6, 76 (2021).

[10] S. V. B. Jensen and L. B. Madsen, “Edge-state and bulk-
like laser-induced correlation effects in high-harmonic
generation from a linear chain,” Phys. Rev. B 104,
054309 (2021).

[11] Y. Bai, F. Fei, S. Wang, N. Li, X. Li, F. Song, R. Li,
Z. Xu, and P. Liu, “High-harmonic generation from topo-
logical surface states,” Nat. Phys. 17, 311–315 (2021).

[12] C. P. Schmid, L. Weigl, P. Grössing, V. Junk,
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Donald, R. E. F. Silva, B. D. Bruner, N. D. Klimkin,
V. Blanchet, T. Arusi-Parpar, M. Krüger, A. N. Rubtsov,
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