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Optical parametric amplification is a second-order nonlinear
process whereby an optical signal is amplified by a pump via
the generation of an idler field'. This mechanism is inherently
related to spontaneous parametric down-conversion, which
currently constitutes the building block for entangled photon
pair generation?, a process that is exploited in modern quan-
tum technologies. Here we demonstrate single-pass optical
parametric amplification at the ultimate thickness limit; using
semiconducting transition metal dichalcogenides®*, we show
that amplification can be attained over propagation through
a single atomic layer. Such a second-order nonlinear interac-
tion at the two-dimensional limit bypasses phase-matching
requirements® and achieves ultrabroad amplification band-
widths. In agreement with first-principle calculations, we
observe that the amplification process is independent of the
in-plane polarization of signal and pump fields. By the use of
AA-stacked multilayers, we present a clear pathway towards
the scaling of conversion efficiency. Our results pave the way
for the development of atom-sized tunable sources of radia-
tion with potential applications in nanophotonics and quan-
tum information technology.

When an intense electromagnetic wave interacts with matter, the
induced polarization drives a plethora of nonlinear physical phe-
nomena such as frequency conversion®, all-optical self-effects” and
generation of non-classical radiation”. In particular, spontaneous
parametric down-conversion (SPDC) is a second-order nonlin-
ear process where a pump photon (%®,) annihilates into a signal
(hw,) and an idler photon (hw,) according to energy conservation
hw,=ho,+ heo,. SPDC underpins optical parametric amplification
(OPA) and oscillation (OPO), which are exploited in tunable sources
of coherent radiation®’ and for the generation of entangled photons
and squeezed states of light'". Current OPA/OPO set-ups exploit
millimetre-thick anisotropic crystals with broken inversion sym-
metry that enable momentum conservation by birefringence phase
matching'""?, thus limiting amplification bandwidths. Here we show
that single-layer transition metal dichalcogenides (1L-TMDs)—due
to the two-dimensional nonlinear interaction, which does not intro-
duce any dispersion-induced phase mismatch—enable single-pass
collinear OPA at the atomic scale without the phase-matching
constraint. The OPA process is insensitive to the TMD crystal ori-
entation and to the pump and signal polarizations. As expected
for a two-dimensional material, the idler intensity scales linearly
with pump and signal powers. Our experimental findings are fully
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supported by first-principle theoretical calculations based on the
tight-binding model and Bloch independent electron dynamics’,
indicating that the observed phenomena are a direct consequence
of the D, symmetry group of such crystals.

Transition metal dichalcogenides are layered semiconducting
materials that can be reduced to single-layer thicknesses due to the
weak van der Waals interlayer forces. Single-layer transition metal
dichalcogenides are two-dimensional semiconductors, which,
despite vanishing (<1nm) thicknesses, exhibit very strong light-
matter interactions due to quantum confinement effects*’. This
class of materials also possesses second-order susceptibilities (y®)
that are orders of magnitude higher than in conventional nonlin-
ear materials’’~’. We demonstrate the OPA process over multiple
group-six 1L-TMDs, namely, MoSe,, MoS,, WSe, and WS,.

The monolayers are prepared using a gold-assisted exfoliation
technique (see Methods), which enables the fabrication of large-area
(millimetre-size) samples*’. The monolayers are subsequently trans-
ferred onto 500-pm-thick SiO, substrates. Samples are illuminated
by a x40 reflective objective with two collinear and synchronized
femtosecond laser beams—pump and signal—that are supplied
by a Ti:sapphire oscillator and an OPO, respectively, both of which
operate at 80 MHz. The pump at 3.11eV is obtained by frequency
doubling the output of the oscillator. The OPO signal is tunable
from 0.83eV to 1.21eV. Pump and signal beams are overlapped in
space and synchronized in time at the sample plane. The nonlin-
ear emission is collected in a backscattering geometry onto a silicon
electron multiplication charge-coupled device (EMCCD) camera
(see Methods).

In an OPA process, the pump photons are annihilated into pairs
of signal and idler photons, following the energy conservation
constraint (Fig. la, top and bottom). We measure the idler beam—
which is the difference frequency between pump and signal—as a
fingerprint of the OPA process due its background free detection.

Figure 1 demonstrates the broadband tunability and quantifies
the efficiency of the OPA process in 1L-TMDs*. Figure la shows
the normalized idler spectra measured on a monolayer of MoSe, in a
broad photon energy range from 1.90eV to 2.28 eV. The finite spec-
tral window is solely limited by the tunability of our signal beam.
Figure 1b shows four panels that report the absolute values of the
effective generated idler power (coloured dots) measured across the
four semiconducting 1L-TMDs, having already accounted for all of
the estimated experimental losses (see Methods). For each TMD,
the efficiency curves are measured on a single spot of the sample.
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Fig. 1| Broadband OPA in 1L-TMDs. a, Normalized tunable idler spectra measured on 1L-MoSe,; the spectra are vertically offset. The nominal idler photon
energy (black solid line) and measured peak values (grey dots) are shown. b, Absolute idler power and efficiency (1) as a function of the idler photon
energy measured on the four semiconducting 1L-TMDs (coloured dots), as well as the corresponding calculated theoretical efficiencies divided by a

factor of 2.5 (dashed lines). The pump polarization is linear and vertical, whereas the signal polarization is linear and horizontal. Pump and signal beams
are focused down to spot sizes of ~Tpm and ~2 um, and have fluences of ~77 pJcm=2 (~48.3uW) and ~5mJ cm~2 (-12.7 mW), respectively; for each idler
photon energy, the error bars—calculated at each data point as the standard deviation of five different spectra acquired with an integration time of 1s—are
between two and three orders of magnitude smaller than the absolute idler power, that is, laser power fluctuations are averaged out over 1s integration
time (see Supplementary Note 4). Absorption spectra (grey areas), measured on each individual TMD, are multiplied by a scaling factor and overlapped
onto the efficiency curves. ¢. The idler linear intensity dependence on pump and signal powers measured on 1L.-MoSe,.

Spatial inhomogeneities of the TMDs introduce fluctuations in
the nonlinear signal on the order of ~5% (see Supplementary Note
5). The ~500 pm SiO, substrate does not provide any appreciable
nonlinear signal in the observed spectral window under the same
experimental conditions (see Supplementary Fig. 12).

Although excitons have been shown to play a relevant role in the
linear and nonlinear optical properties of 1L-TMDs***, the almost
frequency-independent efficiency of idler generation observed for
all of the 1L-TMDs (see Fig. 1b) implies that they play a minor
role in the OPA process for the considered photon energies and
intensities of pump and signal fields. Although experimental data
of linear absorption in Fig. 1b indicate the occurrence of exciton
resonances for WS, (A-exciton), WSe, (B-exciton) and MoS, (both
A and B excitons) in the considered idler photon energy range, the
idler nonlinear signal is weakly affected by such resonances due to
their low quality factors. In particular, in spite of A and B exciton
resonances (see Supplementary Note 1), there is not any enhance-
ment in the nonlinear signal generation for MoS,, whereas there is
weak enhancement (at most by a factor of two) for WS,. This result
contrasts the resonant behaviour of the second-harmonic genera-
tion (SHG) process observed around the excitons**.

Our theoretical predictions (red dashed lines in Fig. 1b) are based
on independent electron dynamics that are accounted by a k-p
time-dependent Hamiltonian H(f) leading to the density matrix
temporal evolution p = —(i/h)[Ho(t), p] — (1/7)(p — p,), where k
is the electron wave-vector, p is the optical momentum, p is the den-
sity matrix and a phenomenological relaxation is assumed to bring
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the system to the relaxed state p, at a rate z~! with Az~'=50meV
(see Methods and Supplementary Note 8). Such density matrix
equations are solved perturbatively, thus enabling the calculation of
the nonlinear polarization and the nonlinear mixing susceptibilities
1P, ;). Our calculations attribute the flat and almost feature-
less idler generation efficiency to off-resonant interband dynamics,
whereas the observed ultrabroad bandwidth of the OPA process is
related to the vanishing thickness of the nonlinear material, which
eliminates any phase mismatch’.

The spectral efficiency profile can be estimated by seeding the
OPA with either an ultrabroadband light pulse or a tunable mono-
chromatic seed pulse. We adopted the latter approach, seeding the
OPA with a tunable narrowband signal, and measuring the spec-
trum and energy of the idler as a function of the signal centre fre-
quency. The resulting intensity thus samples the OPA gain spectrum
and proves the ultrabroad bandwidth amplification in 1L-TMDs,
which is a direct consequence of the absence of phase-matching
constraints (see Supplementary Note 7).

Owing to the Dy, group symmetry of 1L-TMDs, the second-
order nonlinear susceptibility tensor is characterized by only one
parameter, y®(w,, ®,)"". Our theoretical calculations indicate
that the broadband spectrum of the OPA process ensues from
a non-resonant effective |y?(w,, ®,)|~2-8x10""mV~" for the
1L-TMDs (see Methods and Supplementary Note 8), which is of
the same order of magnitude of the resonant [y®| of typical bulk
semiconductors such as GaAs, which cannot be easily reduced to
a single layer”. Figure 1c shows a linear dependence of the idler
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Fig. 2| Idler polarization. a, Polar plots of the measured polarization emission of the idler beam at 2.15eV (coloured dots) and fitting functions (black
lines) fox cos?(6+ ¢). The signal polarization is linear and horizontal (0*) whereas the pump polarization is tuned at the discrete values 07, 30°, 45, 60,
90, as depicted in the input polarization schemes above the polar plots. b, A polar plot of the idler spectrum intensity (asterisks) centred at 2.15eV as a
function of 6,—6,, as well as a fitting constant function (continuous line). ¢, A polar plot of the idler intensity as a function of the crystal's azimuthal angle
6 (asterisks/circles). Red and blue colours indicate the parallel (H) and orthogonal (V) components of the idler intensity with respect to pump and signal
beams, which are set to be linearly polarized to O° (H). The fitting function (continuous line) for both detection configurations is fex cos?(30+ ¢) relative to
the armchair direction. All the data in panels a-c have been measured on 1L-WSe, as a representative of IL-TMDs.

intensity with pump and signal power measured on 1L-MoSe,,
which is in agreement with the theory that accurately reproduces
such dependence in the undepleted pump approximation and weak
excitation regime (see Methods and Supplementary Notes 7 and 8).
The other TMDs (WS,, WSe, and MoS,) show a similar behaviour
(see Supplementary Fig. 6).

The theoretical analysis of the OPA process in such 1L-TMDs,
in addition to providing the second-order nonlinear susceptibility
tensor, reveals the polarization dependence of the amplified signal
field and generated idler field. The D;, group symmetry implies that
the OPA efficiency does not depend on the absolute and the mutual
polarizations of signal and pump fields (see Supplementary Note
8). Conversely, the polarization of the idler signal 6, is fixed by the
pump and signal in-plane polarization angles 6, and 8,, respectively,
with respect to the armchair crystallographic axis and follows the
rule 6,= /2 — 6, — 6, which we confirm experimentally.

Figure 2a reports polar plots of the idler generation efficiency for
different pump polarization angles for 1L-WSe,. The signal polar-
ization is kept horizontal (6,=0°) while the pump polarization is
rotated by a half-wave plate at five discrete angles: 6,=0°, 30, 45,
60, 90°. The polar measurements depicted in Fig. 2a are taken by
rotating an analyser in front of the detector. The coloured circles
represent the measured experimental data, whereas the black lines
are the fitting curves obtained using the function cos*(@+ ¢), where

8

0 and ¢ represent the polarizer angle and an offset angle, respec-
tively, confirming the theoretical prediction of a linearly polarized
idler signal and the dependence of 6, over 6, and 6,

Figure 2b shows the normalized total emitted idler intensity at
2.15€V as a function of the signal-pump polarization angle (6,-6,)
measured on 1L-WSe,. The pump polarization is linear and hori-
zontal (0°) while the signal polarization is rotated from 0° to 360°.
The data display an efficiency independent of the relative angle
between pump and signal polarization directions, which is in agree-
ment with theoretical predictions.

The dependence of the idler intensity on the crystallographic
orientation is reported in Fig. 2¢ for the parallel and orthogonal
directions of the polarizer axis in detection. These polar plots repro-
duce results previously reported with SHG, confirming the sixfold
symmetric second-order nonlinear tensor of the material®. As the
other TMDs (WS,, MoS, and MoSe,) belong to the same D;, sym-
metry group, they display qualitative behaviour identical to those
in Fig. 2 under the same experimental conditions, as shown in
Supplementary Fig. 7 for the emitted idler polarization with 0°—0°
and 0°—90° signal-pump input polarization configurations, for the
efficiency dependence on 6,—0,, and in Supplementary Fig. 3 for
SHG polar measurements.

In our operating regime, the gain of the second-order paramet-
ric process scales quadratically with the thickness of the nonlinear
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Fig. 3 | Efficiency scaling with AA stacking. a, Schematics of AB and AA stacking orders. Left: a natural centrosymmetric AB structure with an interlayer
twist angle of 180° (¥ =0). Right: an artificial non-centrosymmetric AA configuration with a twist angle of 0° (y** #0). b, A micrograph of the WS, AA

stack sample; the dashed areas mark 1L, 2L and 3L regions. Scale bar, 10 pm. ¢, A normalized idler emission intensity map (/) over a sample area with 1L,

2L and 3L portions (left), and the extracted idler spectra as a function of the number of layers (right). Pump and signal beams have linear and horizontal

polarization and their fluence is set to ~100 pJ cm=2 and ~2 mJ cm~2, respectively.

medium. The effective OPA gain could, in principle, therefore be
boosted by increasing the number of TMD layers in the sample.
Unfortunately, in the natural vertical stacking of the most com-
monly used semiconducting multilayer TMDs (2H polytype), each
constituent layer is rotated by 180" with respect to its next neigh-
bours, forming so-called AB stacks” (depicted in Fig. 3a, left). As
a direct consequence, the inversion symmetry in TMD samples
with an even number of layers is restored (|y'?|=0), suppressing
the enhancement of second-order nonlinear processes with thick-
ness. One strategy to increase the OPA effective gain is to vertically
stack several monolayers with interlayer ~0° crystal angle align-
ment, preserving the broken inversion symmetry (|y?|#0) and
forming the so-called AA stack® (Fig. 3a, right). Due to the atomic
thickness of TMDs, many layers can be stacked on top of each other
while still maintaining a deeply subwavelength thickness, avoiding
phase-matching constraints. In an ideal lossless case, the OPA effi-
ciency is expected to scale as the square of the number of layers N
(refs. 2%).

We have performed a proof-of-principle demonstration of this
concept for 1-3 layers of manually AA-stacked WS,, as shown in Fig.
3b. We can distinguish 1L, 2L and 3L-WS, regions, sitting on top of
a ~30nm hexagonal boron nitride (hBN) flake (see Supplementary
Note 2). The whole AA stack is transferred on top of a 500-pm-thick
SiO, substrate. The 1L, 2L and 3L regions have been identified by
photoluminescence characterization (see Supplementary Fig. 4).
Figure 3b shows the emitted idler spectrum at 2.14eV as a function
of the number of WS, layers. Pump and signal photon energies are
setto 3.11eV and 0.97 eV, respectively, and both beams have parallel
and horizontal polarizations with respect to the sample plane. The
underlying hBN flake does not give an appreciable second-order
nonlinear signal within our experimental conditions, as |y®| for
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bulk hBN is two to three orders of magnitude smaller than for
1L-TMDs". The measured idler intensity indeed scales nearly
quadratically with the layer number. The observed deviation from
the N? trend is due to the absorption of the 3.11eV pump beam,
which lies above the bandgap of WS, (a,~7%) and to the partial
reabsorption of the emitted idler field (a;~ 3%; see Supplementary
Note 6). Such absorption effects can be avoided by tuning the pump
photon energy below the bandgap of the TMD; AA stacking thus
offers a clear route for scaling the efficiency of the OPA process in
TMD:s in view of their applications in photonic devices. Similarly,
non-centrosymmetric 3R-oriented TMD crystals can be used,
which are directly grown via chemical vapour deposition™.

In conclusion, our experimental and theoretical investigations
provide the first evidence of OPA at the ultimate thickness limit by
a single pass through 1L-TMDs. We find that the amplification effi-
ciencies of MoS,, MoSe,, WS, and WSe, are comparable and that
their frequency dependence is relatively flat, thus enabling broad-
band functionality. The measured efficiencies and polarization of
the nonlinear process are reproduced by first-principle calculations
based on Bloch independent electron dynamics. The OPA pro-
cess in 1L-TMDs is observed across an ultrabroad spectral range,
bypassing phase matching constraints: this is generally unattainable
in standard photonic materials owing to destructive interference
produced by chromatic dispersion. Artificial stacking of AA aligned
TMD monolayers provides a route for quadratic scaling of the effi-
ciency with layer number, while still maintaining the ultrabroad
bandwidth enabled by the deeply subwavelength regime. Moreover,
the relative ease of combining TMD layers with other micro- and
nanophotonic technologies—including distributed Bragg reflectors
and low-loss metasurfaces—offers an immediate pathway for fur-
ther boosting efficiencies by several orders of magnitude.
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The implementation of broadband, highly efficient nonlinear
frequency conversion in structures with ultracompact footprints
is essential for new photonic technologies required to address ris-
ing demands for fast, energy-efficient information processing. The
large ¥ of 1L-TMD:s (one to two orders of magnitude higher than
in current crystals used for OPA and SPDC processes) paves the way
to the scaling and the integration of two-dimensional materials in
photonic applications, such as two-dimensional all-optical amplifi-
ers, on-chip frequency converters and integrated nanoscale sources
of entangled photons for quantum information science.
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Methods

Sample preparation. The monolayers MoS,, WS,, MoSe,, WSe, on SiO, substrate
are prepared from bulk WS,, MoSe,, WSe, (HQ Graphene) and MoS, (SPI
Supplies) single crystals using a gold-assisted exfoliation technique published
previously™. Briefly, a layer of gold is prepared on top of the bulk crystals. The gold
layer is exfoliated away with a thermal release tape (Semiconductor Corporation),
carrying a large piece of TMD monolayer on the contact surface, and is transferred
onto a SiO, substrate. The thermal release tape is removed by heating to 130°C. The
tape residues are cleaned by acetone and O, plasma treatment. The gold layer is
dissolved with a gold etchant solution, which is made from mixing KI (99.9%, Alfa
Aesar) and I, (99.99%, Alfa Aesar) in deionized water. The exfoliated monolayers
have a clean surface and strong photoluminescence that is comparable with the
monolayers from conventional scotch tape exfoliation™.

The AA-stacked WS, sample is prepared by employing a dry,
contamination-free transfer procedure in which flakes are assembled into a
perfectly oriented heterostructure (~0° crystal angle mismatch). A ~30-nm-thick
hBN crystal (see atomic force microscopy profile in the Supplementary Fig. 5) is
used as a sacrificial layer to allow the pick-up of 1L-WS, crystals. Hexagonal
boron nitride and 1L-WS, crystals are separately exfoliated on SiO, substrates
through mechanical and gold-assisted large-area exfoliation, respectively™.

A polypropylene carbonate polymer on a polydimethylsiloxane elastomer stamp

is used to peel a hBN flake directly off the substrate under an optical microscope.
To do this, the stamp is attached to a three-axis (XYZ) manipulator with the flakes
facing towards the sample. With the same procedure, the hBN flake is positioned
over the 1L-WS, flake; as the stamp is transparent, one can see the sample through
it, it is therefore possible to align the edges of hBN and WS,. The two flakes are
then brought into contact while the whole system is heated to promote adhesion
between the flakes. The two flakes develop a strong van der Waals adhesion and,
as a result, the 1L-WS, is torn and peeled off its substrate as the elastomer stamp

is raised. A second 1L-WS, flake is vertically added to the stack following the
same procedure. To guarantee ~0° crystal angle mismatch among all of the stacked
layers, the hBN/1L-WS, stack is exclusively translated on top of the remaining
large-area 1L-WS,. The third 1L-WS, flake is finally peeled off its substrate from
hBN/1L-WS,/1L-WS,. Once the stacking procedure is completed, the pristine
500-pm-thick SiO, wafer acceptor substrate is positioned onto the sample’s XYZ
manipulator and the stack is deposited on it for further characterization. The
experimental set-up employed to transfer the two-dimensional crystals consists of
a custom built Signatone CM300 transfer station.

Experimental set-up. The laser source is a Ti:sapphire oscillator (Coherent
Chameleon Ultra II), which emits 150 fs pulses at 1.55 eV, with a repetition rate
of 80 MHz and an average output power of 4 W. The oscillator pumps an OPO,
emitting a tunable signal from 0.83 eV to 1.21eV. The pump beam at 3.11eV

is obtained by frequency doubling the laser output via a type I 2-mm-thick

beta barium borate crystal. The 1.55¢eV laser is focused on the beta barium
borate crystal with a lens of focal distance f=50 mm, and the generated second
harmonic at 3.11 eV is collimated with a f=75mm lens. As the 1.55eV beam

has a linear horizontal polarization, the generated 3.11 eV beam has a linear
vertical polarization. The fundamental beam is filtered out by a short-pass
500nm (2.48 eV) filter, which is placed after the nonlinear crystal. The pump
polarization is rotated by a half-wave plate. Pump and signal beams are temporally
synchronized by a mechanically controlled translation stage. The two beams are
combined on a beam-splitter (50:50 non-polarizing plate, Thorlabs BSW11R)
and then coupled to a x40 reflective objective with a numerical aperture=0.5

via a second non-polarizing plate BSW11R. The spatial overlap at the sample
plane is achieved by imaging the sample and the laser spots on a silicon camera.
The choice of a reflective objective is motivated by the achromatic focusing. The
estimated diametres of pump and signal beams on the sample are ~1 pm and

~2 pm, respectively. In all of the reported experiments the pump fluence range

is 10—150 pJ cm™ and the signal fluence range is 250 pJ cm= to 5 mJ cm =2 The
lower fluence of the pump is motivated by the above-bandgap excitation. Both
pump and signal intensities are adjusted by variable neutral density attenuators.
At the sample plane, if we account for the dispersion introduced by the crossed
transmissive optics, the pump and signal pulse duration is ~250fs. The detection
process occurs in a backscattering geometry. The measured total collection
efficiency of the objective is 27.4% and it is constant across the spectral bandwidth
of our experiment. In the extracted absolute efficiency for the OPA process, we also
consider that the collected idler power is actually half of the total emitted power.
Due to the fact that the idler is generated in the nonlinear process, the reflected
and transmitted idler powers coincide owing to the continuity of the electric field
at the 1L-TMD plane, that is, Eg{) = E-(r') (no incident field oscillates at the idler
frequency, E;’ = 0). In the accounted losses of our system, we also include the
50:50 non-polarizing beam-splitter (Thorlabs BSW11R) transmission, for each
idler photon energy and polarization, and the reflectivity of the two silver mirrors
before the silicon EMCCD camera. The polarization- and grating-dependent
count/photon ratio of the silicon EMCCD camera is carefully measured across a
broad spectral range, fully covering our experimental working region, to directly
convert the number of counts into number of photons, that is, power. After the
interaction with the sample, in the collection path the input laser beams are
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filtered out by two 500 nm (2.48 eV) short-pass and 700 nm (1.77 eV) long-pass
filters. In all of the presented results, the pump and signal beams have linear
polarizations, rotated by a zero-order 405 nm (3.06 eV) half-wave plate and a
broadband (1,100-2,000 nm/0.62-1.13 eV) half-wave plate, respectively. To directly
compensate for all of the polarization anisotropies of our set-up (for example, the
different s and p polarization reflection and transmission from the beam-splitter
plates), the polarization-dependent measurements shown in Fig. 2a and Fig. 2b

are acquired in two configurations: 0° and 90°. In the first configuration the sample
is mounted at 0° (H) with respect to the laboratory frame of reference, and the
incoming polarization directions are set. In the second configuration the sample is
mounted at 90° (V) and the incoming polarization directions are also rotated by 90
with respect to the ones set in the first configuration. The final measurement is the
average of the two configurations. In Fig. 2¢ the incoming polarization directions
are set and fixed at 0°. The sample is rotated by a rotational motor from 0° to 360°
in steps of 5. Every efficiency and polar measurement is taken on the same spot.
Beams are aligned on the sample with submicron precision by an imaging system,
allowing us to simultaneously visualize the sample and the two laser beams,
coupled with a motorized stage on which the sample is mounted. The sample stage
can be manipulated both manually (in-plane travel range of 5cm) and by a Physik
Instrumente piezo-motor for nanometric step sizes (travel range of a hundred
microns). The fine motor is essential to align the beams on the sample with
submicron accuracy, in particular on the 1L region of the AA stack sample with
lateral dimension of 3—4 pm. We stress the fact that even if the infrared signal spot
is about double in size with respect to the VIS pump spot, the nonlinear emission
of the idler beam occurs only in the pump-signal overlapping region, that is ~1 pm.
Indeed by displacing the 1L area sample with the piezo-motor by submicron steps
around the centre, we detect no appreciable change in the nonlinear emission
spectrum, as shown in the left panel of Fig. 3c.

Parametric amplification by MX,. Following a previously reported approach’,

the linear and nonlinear surface conductivities of MX, are calculated from the
tight-binding Hamiltonian of the electronic band structure, which is approximated
as a k- p Hamiltonian Hy(k, 7, s) (see Supplementary Note 8), where k is the
electron wave-vector, and 7 and s are the valley and spin indexes, respectively.
Coupling with external radiation is introduced through the time-dependent
Hamiltonian Ho [k + (e/h)A(t), 7, s], where —e is the electron charge, # is the
reduced Planck constant, and A(f) is the vector potential that accounts for the
signal, idler and pump fields with carrier angular frequencies o, (®,), ®, (»;) and
@, (»,), respectively. Such a time-dependent Hamiltonian leads to the temporal
evolution of the density matrix p = —(i/h)[Ho(t),p] — (1/7)(p — py), where a
phenomenological relaxation is assumed to bring the system to the relaxed state

P, at a rate 7! with Az~ =50 meV (that is, the relaxation time is taken as 7~ 13fs).
We solve perturbatively the density matrix equations of MX, in the weak excitation
limit and in the slowly varying envelope approximation (see Supplementary Note
8), obtaining the surface current density

16 = Re{i["L(wj)Aj(f)ﬁjef""”t]+
J
( e (1)
+02 (@1, 03) AL () As (1) M () )hze @2 4
( )

ﬁ3e—tw, t }’

where oy(0)) (j=1, 2, 3) and 0,(w,, ®,,) (I, m=1,2, 3) are the linear and

nonlinear mixing conductivities, fi; are in-plane linear polarization vectors,

n; = cos 0% + sin 6;y, defined in terms of angles 6, with respect to the zigzag edge
(oriented along %),

M= (2T M), @

%, ¥ are orthogonal unit vectors spanning the MX, plane, and A(¢) are the in-plane
signal (j=1), idler (j=2) and pump (j=3) field envelopes. We emphasize that the
structure of the matrix M (f;) is a direct consequence of the D5, group symmetry
of MX,.

By solving the nonlinear scattering of impinging signal (j=1) and pump (j=3)
waves with amplitudes A,(f) = A((t), A;() = A,(t) and polarization angles 6, =6, and
0,=0, in the undepleted pump approximation (see Supplementary Note 8), it is
possible to calculate analytically the idler field polarization vector

n, = cos(n/2 — 0 — 03)x +sin(x/2 — 0, — 05)y, (3)
and the idler envelope
Ax(1) = CLA (DA (1)/[C2 = CsAs (1)), (4)

while we do not report here the cumbersome expressions for the coefficients
C1,C,,C;5 (see Supplementary Note 8). Note that in the weak excitation regime
|A5(t)* < <|C,/C3| the predicted dependence of idler power on pump and
signal power is linear |4, (£)|” = |C, /C,[*| 4, (£)]?|As(¢) > and the theory well
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reproduces the experimental findings (see Fig. 1¢). The emitted average idler
powers reported in Fig. 1 are calculated as P; = (I/Z)T;ellyfocfich/z |Ax (1) Pt
where we have considered the laser repetition period z,,,= 12.5 ns, input signal

and pump envelopes A;(t) = A; exp(—*/27?) (j=1,3) with duration 7=250fs
and amplitudes A; = /2I;/eoc, where I; = 4log2P;z/ (7} 7rep) are peak intensities
obtained by averaging over Gaussian spatial profiles with spots s, =2 pm, s;,=1pm
and P, are the impinging average powers of signal and idler waves. The polarization
dependencies illustrated in Figs. 2 and 3 fully reproduce the analytically derived
rule 6, =7/2 — 6, — 0,. Finally, the effective bulk y,(w), ®,,) responsible for the OPA
process can be calculated as

1(01,02) = ioy(w1,02)/(tiLeows),
0(02,03) = ioy(w2,03)/ (tieown), (5)
12w, 03) = ioy(wr,w3)/(tiLeow),

where t;; =0.65nm is the 1L thickness of MX, and ¢, is the dielectric permittivity of
vacuum. Our semi-analytical predictions based on independent electron dynamics
reproduce well the broadband behaviour of the idler nonlinear generation process
but do not account for exciton enhancement, although experimental findings
indicate that it plays a minor role in OPA. Future investigations accounting for

the role of exciton enhancement will require brute force numerical integration of
time-dependent semiconductor Bloch equations.
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