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Abstract

Platinum diselenide (PtSe2) is a promising two-dimensional (2D) material for

the terahertz (THz) range as, unlike other transition metal dichalcogenides

(TMDs), its bandgap can be uniquely tuned from a semiconductor in the near-

infrared to a semimetal with the number of atomic layers. This gives the mate-

rial unique THz photonic properties that can be layer-engineered. Here, we

demonstrate that a controlled THz nonlinearity—tuned from monolayer to

bulk PtSe2—can be realized in wafer size polycrystalline PtSe2 through the

generation of ultrafast photocurrents and the engineering of the bandstructure

valleys. This is combined with the PtSe2 layer interaction with the substrate for

a broken material centrosymmetry, permitting a second order nonlinearity.

Further, we show layer dependent circular dichroism, where the sign of the

ultrafast currents and hence the phase of the emitted THz pulse can be con-

trolled through the excitation of different bandstructure valleys. In particular,

we show that a semimetal has a strong dichroism that is absent in the mono-

layer and few layer semiconducting limit. The microscopic origins of this TMD
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bandstructure engineering are highlighted through detailed DFT simulations,

and shows the circular dichroism can be controlled when PtSe2 becomes a

semimetal and when the K-valleys can be excited. As well as showing that

PtSe2 is a promising material for THz generation through layer controlled opti-

cal nonlinearities, this work opens up a new class of circular dichroism mate-

rials beyond the monolayer limit that has been the case of traditional TMDs,

and impacting a range of domains from THz valleytronics, THz spintronics to

harmonic generation.

KEYWORD S

2D transition metal dichalcogenides, Dirac semimetal, optical nonlinearities, terahertz,
valleytronics

1 | INTRODUCTION

A wide breadth of two-dimensional (2D) transition metal
dichalcogenides (TMD) semiconductors have been inves-
tigated in recent years, each with unique bandstructures
with properties that are distinct from the bulk.1,2 Some of
the most commonly studied materials include MoS2,
WS2, MoSe2, and WSe2, and key features include tunable
bandgap energies in the optical region in the monolayer
(ML) or few monolayer regime, as well as giant exciton
binding energies. These materials have shown great
potential to impact a range of fields in photonics, from
quantum optics,3–6 the emergence of valleytronics7 to lay-
ered controlled optical nonlinearities.8 For example, sec-
ond harmonic generation has been shown to depend on
the number of TMD layers, where an even number of
stacked layers possess inversion symmetry while an odd
number do not.9,10 Recently these advances have moti-
vated the application of TMDs to the terahertz (THz)
spectral range, historically technologically underdevel-
oped and where 2D TMDs hold great nascent promise.
For example, ML MoS2 has been demonstrated as a non-
volatile switch for THz communications11,12 or as effi-
cient ultrafast THz modulators.13 THz emission time
domain spectroscopy (TDS) has proven to be ideal to
probe the relevant ultrafast currents and nonlinearities as
a sensitive and non-contact technique.14 Indeed, recent
work has shown that optical interband excitations can
generate ultrafast THz photocurrents and subsequent
nonlinear THz generation in the semiconductors
MoSe2

15,16 and WSe2.
17 This has permitted novel insights

into the various transport phenomena such as
photogalvanic effects to shift-currents in these 2D semi-
conductor materials. THz emission TDS has also shown
valuable insights into ultrafast transport in “zero”
bandgap Dirac and Weyl materials. For example, the
semimetal TaAs,18 the Topological Insulator Bi2Se3

19 and

graphene20 have shown ultrafast currents that can be
controlled through the polarization of the light excitation.
Furthermore, semimetals have shown an important
application potential as sensitive THz detectors.21–23

However, the transition from semiconductor to semi-
metal and its effect on the THz photocurrents and non-
linearities generated in TMDs has not been investigated
in a single material system, as typical TMDs rapidly tran-
sit from a direct to indirect gap with thicknesses greater
than one ML. On the other hand, the recently discovered
TMD PtSe2

24 has garnered considerable interest.
Together with relatively large electronic mobilities,25 the
layer controlled bandgap can be tuned slowly from a
semiconductor to a Dirac semimetal,26 covering a vast
energy scale, from the near-infrared for MLs to the THz
region for multilayers. This has permitted, for example,
the recent demonstration of atmospheric stable
midinfrared detectors based on 2D materials.27 Prior
investigations of the nonlinear properties of PtSe2 have
been restricted to PtSe2 as a saturable absorber with no
demonstrations on the layer dependent nonlinearities.28

Very recent studies have investigated THz photocurrents
in PtSe2 but were limited to a single thickness of 2.4 nm29

or 50 nm,30 limiting the understanding of the effect of the
bandstructure. Further, these studies have assumed an
entirely centrosymmetric nature and neglected the effect
of the substrate. The latter is primordial to consider in 2D
materials, such that the origin of the generated photocur-
rents can be understood in the context of the layer depen-
dent bandstructure.

The present contribution shows the first observation
of layer dependent, polarization and valley selective exci-
tation of ultrafast photocurrents in air stable, wafer scale,
ML to multilayer PtSe2 at room temperature. We show
amplitude and phase resolved THz emission from this 2D
material under optical femtosecond excitation, permitting
access to the processes of ultrafast photocurrent
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generation. We demonstrate that this is a result of a
second-order nonlinear response with the THz pulse gen-
erated from the ultrafast photocurrents induced by the
nonlinear conductivity of PtSe2. In particular, we show
second order contributions from both linear and circular
“photon drag” (PDE) and “photogalvanic” (PGE) effects
and the critical role of the environment, with the sub-
strate inducing a structural asymmetry in the inherent
centrosymmetry of PtSe2. This is strongly illustrated by
THz photocurrents that show an opposite phase change
with left and right circular polarization (LCP and RCP)
optical excitation for semimetal multilayer PtSe2 but
remain the same for the few layer semiconducting case.
These results are corroborated theoretically through
extensive DFT simulations of the layer dependent
bandstructure showing an important circular dichroism
(CD) for semimetal PtSe2 owing to the excitation of oppo-
site valleys and the strong interaction with the substrate.
This work shows that CD is not limited to the ML limit
as in other TMDs with natural non-centrosymmetry, and
can be finely controlled in the novel layer dependent
bandstructure of PtSe2.

2 | LAYER CONTROLLED
EXCITATION OF PtSe2 VALLEYS

Figure 1A shows the principle of our approach where we
exploit the layer dependent energy gaps and the valley
properties of PtSe2. It shows the simulated spin-resolved
bandstructure for the two extremes of ML (left) and mul-
tilayer (right) PtSe2 on a substrate. The PtSe2 is excited
with an optical pulse at 1.5 eV, generating ultrafast THz
photocurrents that radiate as a short THz pulse. In the
ML case, the states at the K points are not accessible for
photon energies of 1.5 eV and the interband response is
governed by (indirect) transitions around the Γ point.
Here the bands have mixed spin up–spin down character,
thus the optical absorption is not selective to a specific
circular polarization (LCP or RCP) of the incident light.
However, this situation changes drastically with multi-
layer PtSe2 since the material becomes semimetallic with
increasing of the number of layers (typically greater than
a few monolayers) and the interband transitions at the K
points become accessible for photon energies of 1.5 eV,
dominating the optical response. Through symmetry

(A)

(B)

FIGURE 1 Schematic of helicity dependent generation of THz photocurrents in substrate coupled PtSe2. (A) Simulated spin-resolved

band structure (red for spin up and blue for spin down) of ML (left) and multilayer (right) PtSe2 on a substrate under circular right (RCP)

and left (LCP) femtosecond excitation pulse at 1.5 eV. For the ML indirect interband excitations around Γ point (orange) are possible, while

for multilayer PtSe2, direct interband transitions in the vicinity of K K 0ð Þ under circular left (right) polarized light can be excited.

(B) Schematic illustration of contributions of circular photon drag (PDE) and photogalvanic effects (PGE) and the generation of THz pulses

in ML (left, helicity-independent, currents generated with same sign) and multilayer (right, helicity-dependent, currents generated with

opposite sign) PtSe2 with substrate.
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breaking owing to the substrate, K and K 0 points have a
strong and opposite spin nature that results in a strong
CD in PtSe2, that is, interband transitions in the vicinity
of the K K 0ð Þ points couple exclusively to LCP (RCP) light.
We show that this results in the generation of THz photo-
currents and the resulting THz emission with opposite
signs when excited with LCP or RCP light. This is not
possible in the case of ML semiconducting PtSe2. This is
schematically represented in Figure 1B showing the pres-
ence of PDEs and PGEs and the polarization role on the

directionality of the generated current in the y direction
(qx is the photon momentum).

In this work, large area polycrystalline PtSe2 thin
films grown by thermally assisted conversion (TAC) of
platinum24,31–33 were studied. These types of films were
chosen as the large uniform areas facilitate THz investi-
gations (owing to the large wavelengths of THz photons)
and where exfoliated samples of any size are notoriously
difficult to fabricate. Samples were realized with a range
of thicknesses from a monolayer semiconductor to

(A)

(B) (C)

FIGURE 2 Ultrafast THz nonlinear emission from semimetal PtSe2. (A) Schematic of the experimental setup for THz emission using

THz time domain spectroscopy. The magnified schematic illustrates the geometry for THz radiation generation from PtSe2 sample in

reflection configuration. A 100 fs laser Ti:Sapphire oscillator excites the PtSe2 and induces an ultrafast photocurrent and hence a free space

THz pulse, which is consequently detected by EO sampling. (B) TM polarized Electric field of single cycle THz pulse as a function of time

generated through femtosecond linear (TM) polarization excitation of multilayer (38.5 nm) semimetal PtSe2. Fourier transformed spectra of

THz electric field is shown in the inset of (B). (C) Peak-to-peak THz electric field amplitude dependence on incident average pump power for

the 38.5 nm semimetal PtSe2. The red circles are the experimental data and the blue line is a linear fit.
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multilayer semimetal. (0.55, 1.1, 2.2, 3.85, 5.5, 11, 16.5,
27.5, and 38.5 nm). The samples were characterized using
Raman microscopy and atomic force microscopy (AFM)
to confirm the quality of the samples as well as measur-
ing film thicknesses (see Supplementary material for fur-
ther details).

2.1 | THz nonlinear emission from PtSe2

To investigate the ultrafast photogenerated currents, THz
emission TDS with a 100 femtosecond Ti:Sapphire oscilla-
tor was employed. A schematic of the experimental setup
is shown in Figure 2A. The laser excites the PtSe2 at an
angle of 45, generating an ultrafast current and resulting
in the emission in free space of a THz pulse. The gener-
ated current induces a radiated electric field of the form

E n,rð Þ¼ ik
c

n^Jωð Þ^n
eikr

r
, ð1Þ

where n is the propagation direction, r is the distance to
the source current, Jω ¼

R
j xð Þd3x is the integrated source

current, k is the wavevector of the emitted radiation and
ω¼ kc. The electric field of the generated THz signal is
then detected using standard electro-optic (EO) sampling
with a 1mm thick ZnTe crystal. The complete temporal
THz field is then constructed using a scanning delay line
(see Figure 2A). Importantly, this amplitude and phase
resolved technique is sensitive to the direction of the gen-
erated photocurrents in a non-contact geometry. A char-
acteristic time-dependent single cycle THz wave pulse in
transverse magnetic (TM) polarization (Electric field Exz)
for multilayer semimetal PtSe2 (38.5 nm thick) is reported
in Figure 2B. The excitation average power is 250mW @
76MHz corresponding to a pulse energy of 3.3 nJ and
was TM polarized. The corresponding THz spectrum—
obtained by Fourier transform of the temporal signal—is
represented in the inset of Figure 2B. We observe a spec-
trally broad emission extending from a few hundred GHz
to 2.5 THz (limited by the detection crystal). Figure 2C
shows the peak-to-peak THz electric field as a function of
the infrared pump average power. The observed linear
relation between THz field amplitude and IR pump
amplitude highlights that THz emission is a result of a
second order nonlinear photocurrent generation.

2.2 | Polarization dependency of THz
signal

To elucidate the actual physical mechanism for the THz
pulse in PtSe2, we investigated the role of the polarization

of the optical excitation and the angle of incidence on the
polarization of the generated THz pulse, permitting to
determine the effects on the generated photocurrents.
For any material, the second order nonlinear photocur-
rent generated from one incident wave E with angular
frequency ω and wavevector q writes34:

j 2ð Þ
λ 0,0ð Þ¼ σ 2ð Þ

λνη ω,qð ÞEν q,ωð ÞE�
η q,ωð Þ, ð2Þ

where σ 2ð Þ
λνη is the second-order nonlinear conductivity

tensor that can be decomposed up to first order in photon
momentum:

σ 2ð Þ
λνη ω,qð Þ¼ σ 2ð Þ

λνη ω,0ð ÞþΦλμνη ωð Þqμ: ð3Þ

In a 2D system the index λ runs only over the two in-
plane coordinates x and y while the indices ν and η can
include the normal coordinate z. The first term corre-
sponds to PGEs for which the absorption of a photon
results in the appearance of a nonlinear current owing to
the creation of spatially asymmetric charge distribution
within the material (giving a second order nonlinearity,
χ 2ð Þ). The second term corresponds to PDEs for which the
nonlinear current appears in reaction to the partial trans-
fer of the incoming light momentum, q, that is, this is
essentially through a non-vertical transition between two
bands, facilitated through the incident light momentum.
For centrosymmetric materials, such as free standing
PtSe2, PGE are forbidden by symmetry. Equation (2) can
be rewritten as the following expressions after separating
PGE and PDE photocurrent terms:

j PGEð Þ
λ ¼ χλνη Eν,E�

η

n o
þ iγλμ E

!^E
!�� �

μ
, ð4Þ

j PDEð Þ
λ ¼Tλμνηqμ Eν,E

�
η

n o
þ iRλμνqμ E

!^E
!�� �

ν
, ð5Þ

where χλνη and Tλμνη are the linear tensor terms while γλμ
and Rλμν are circular terms.

We present in the following a set of measurements
that ultimately leads to the determination of the above
tensor components of the nonlinear conductivity and
therefore the principal origins of the second order
nonlinear photocurrents. It is based on varying the input
pump polarization and its impact on the polarization of
the THz beam, which is directly related to the type of
photocurrents that are generated. This was performed
through the introduction of a half waveplate (HWP) or a
quarter waveplate (QWP) in the path of the NIR beam as
well as analyzing different polarizations of THz signal
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from the PtSe2 layers in reflection geometry as shown in
Figure 3A. (Transmitted beam is not detected in this
geometry). The orthogonal components—TE and TM

modes—of THz electric signal were separately measured
by using a polypropylene polarizer after the sample
where TE is the vertical component of THz electric field

(A)

(B)

(C)

(D)

(E)

FIGURE 3 Pump polarization and sample angle dependency of the PtSe2 THz generation—nonlinear tensor determination. (A)

Schematic illustration of THz emission TDS in reflection configuration in the presence of a QWP for LCP and RCP or HWP for linear

femtosecond excitation. Sample is excited at α¼ 45 ∘ and the THz electric field (TE and TM) dependency on the orientation of the pump

polarization is measured. (B) Schematic of the THz emission spectroscopy in transmission configuration, where β is the sample angle where

a linear polarized pump beam excites the PtSe2 and THz-TM emitted pulse is measured. (C) THz-TE amplitude as a function of the QWP

angle. (D) THz-TM amplitude as a function of HWP angle. (E) Results from transmission configuration where the angle of sample changes

in relation to the pump beam and THz-TM amplitude is measured. Blue circles represent experimental results with their error bars and the

red line is the fitting. The sample was a 38.5 nm thick PtSe2 layer.

6 of 15 HEMMAT ET AL.

 25673165, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/inf2.12468 by E

cole N
orm

ale Supérieure de Paris, W
iley O

nline L
ibrary on [15/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



(Ey), parallel to the surface of the sample, and TM is the
horizontal component (Exz). In this configuration, while
the incident beam angle was fixed at α¼ 45 ∘ , the circular
polarization of the pump beam changed from LCP to
RCP by rotating the QWP. The measured TE polarization
of THz signal as a function of pump polarization angle θ
is shown in Figure 3C. Interestingly we observe a change
in the sign of the THz field with LCP and RCP, which is
discussed further below. The results were found to be
well fitted to the following phenomenological equation
where the THz electric field is calculated after adapting
Equation (1) to the TDS measurement geometry (see
Supplementary material for a full development, as well as
results on TM THz polarization).

ETHz,TE ¼ C=2ð Þsin 4θλ=4
� �þE sin 2θλ=4

� ��D, ð6Þ

where the 2θλ=4 and the 4θλ=4 terms correspond to the cir-
cular and linear contribution, respectively, to the THz
signal. The same measurement was performed with a
HWP instead of a QWP to investigate the effect of linear
polarization on TM polarized THz emission (Figure 3D).
Experimental data showing THz peak-to-peak signal as a
function of polarization angle were fitted using the
equation:

ETHz,TM ¼AþBcos 4θλ=2
� �

: ð7Þ

In these expressions, D is a constant term and is indepen-
dent of the nonlinear effects while the coefficients A,B,C
and E are related to the contributions of both PDE and
PGE. In order to separate these effects, the setup of
Figure 3A was modified for measurements in transmis-
sion geometry, and where the excitation polarization was
set to TM and the THz TM signal change was measured
when the sample was rotated (Figure 3B,E). In this geom-
etry, the incidence and the detection direction were
aligned (α¼ 0 ∘ ), and the sample orientation (expressed
by the β angle in Figure 3B) changed. The THz emission
electric field was calculated to be the following equation
to which the experimental data were fit:

ETHz,TM ¼ cos βð Þsin β�αð Þ FþGsin2 β�αð ÞþH cos β�αð Þ� �
:

ð8Þ

Through the determination of these coefficients from the
above fits, we can extract the tensor components of the
nonlinear conductivity of Equations (4) and (5), adapting
an approach used for graphene.35 Further details of each
of the following tensors is given in the Supplementary

material. Extra tensor terms of PtSe2 average to zero
owing to its polycrystalline nature. Interestingly, the
terms considered are adapted for polycrystalline mate-
rials meaning that they are robust against rotation. The
contribution of the linear PDE: T1 = Txxxx þTxxyy =

159�38 (m V–1 s–1), T2 = Txxxx�Txxyy = 162�38 (m V–1

s–1), T3 = 2Txzxz = 98�49 (m V–1 s–1) and T4 = Txxzz =

67�16 (m V–1 s–1) and the linear PGE: χxxz + χxzx =

�104�41 (m V–1 s–1), are found to be present and of sim-
ilar magnitude. The total circular contribution of the
PDE and the PGE are smaller than the individual linear
parts with R2�R1�

ffiffiffi
2

p
γ = Rxyz�Ryzx �

ffiffiffi
2

p
γxy =

24�0:02. (The individual components of circular PDE
and PGE cannot be separated in this analysis). This
shows that both PGE and PDE are present in PtSe2 for
the nonlinear THz generation. Importantly the presence
of PGE points to the breaking of the PtSe2 crystal symme-
try. Note that as PtSe2 is polycrystalline, a huge number
of grains contribute to the THz emission. However, each
grain is expected to be large enough to permit a band
structure description, thus individually supporting the
existence of a PDE, which is independent of the intrinsic
orientation of its unit cell atoms with respect to the sub-
strate. In addition, the interaction with the substrate
brings a vertical (z) perturbation to each grain, such that
the PGE discussed above holds for each grain taken indi-
vidually. Together, the nonlinear current contributions
from different grains do not cancel out. The microscopic
origins and the involved states governing these effects are
discussed below.

2.3 | PtSe2 thickness dependence of THz
emission—From monolayer to multilayer

This section presents the strong effect of the semiconduc-
tor to semimetal transition on the THz emission that
occurs when increasing the number of MLs. The DFT cal-
culated band structure of the PtSe2 along the high-sym-
metry lines of the Brillouin Zone (BZ) for the two
extremes of a ML and multilayer structures are shown in
Figure 4, where spin-orbit coupling is included. This
shows that ML PtSe2 is a semiconductor with an indirect
band gap equal to 1.15 eV (see Section 4), with the
valence band maximum (VBM) residing at the Γ point
and conduction band minimum (CBM) along the Γ�M
line, which is dominated by d states of Pt and p states of
Se (Figure 4). As the thickness increases, the bandgap
decreases and the electronic structure evolves into a
semimetal for N >4 (Figure 4C and Supplementary mate-
rial). (Reported experimental investigations of this transi-
tion with number of layers, however, have shown a
variety of results spanning from a few monolayers to tens
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(A) (B) (C)

FIGURE 4 Layer dependent bandstructure of PtSe2. PtSe2 band structure including spin-orbit coupling for (A) ML and (B) multilayer

cases (10 ML). Energies are referenced to the Fermi level. (C) Indirect bandgap at Γ-M and direct bandgap at K points as a function of

number of PtSe2 layers.

(A) (C)

(B)

FIGURE 5 Layer controlled THz and optical properties of PtSe2—From monolayer to bulk. (A) THz peak amplitude as function of

thickness of the PtSe2 samples. The measurements were done in reflection geometry at 45 ∘ with TM polarization of the optical pump and

THz TM generated pulse. (B) Optical transmission for different PtSe2 thicknesses extracted over the UV, visible and near infrared spectral

regions. (C) THz TE electric field of 5.5 nm (top) and 38.5 nm PtSe2 (down) under linear (TM), LCP and RCP polarization laser excitation.
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of monolayers31,36). This transition originates from the
strong electronic interlayer hybridization of the pz orbital
of the Se atom (see Figure S4 in the Supplementary mate-
rial).25,37,38 It should be also noted that the energy gap at
the K points decreases with the increasing number of
PtSe2 layers, becoming resonant with 1.5 eV for layers
> 10 ML, with important consequences for the THz emis-
sion properties (see below).

Considering these large changes in the bandstructure
with number of MLs in PtSe2, we investigated the THz
emission properties in the reflection geometry described
above for the range of samples with thicknesses down to
one ML. Figure 5A represents the measured peak THz
electric field amplitude for different PtSe2 thicknesses
showing a non-trivial response. As the number of layers
are increased starting from a ML, the peak field appears
to increase linearly with a sharp change around 5.5 nm
thick PtSe2 where the THz field reaches a plateau or
starts to drop slowly until 16.5 nm and then starts to
increase again. Approximately around the thicknesses of
5.5 nm, multilayer PtSe2 is expected to have become a
semimetal and the K valleys become accessible to the
optical pump. This behavior suggests that the change in
bandstructure has an important impact on the THz gen-
eration mechanism. The excitation of the K valleys could
also be at the origin of the saturation of the THz field for
PtSe2 films greater than 5.5 nm and discussed further in
the microscopic origins section.

To further correlate these observations to changes in
bandstructure, the optical transmission of the samples
was determined (see Section 4). The results are depicted
in Figure 5B where a sharp red shift is observed in the
transmission as the thickness is increased beyond 5.5 nm.
This sudden modification of the absorption properties
reinforces the hypothesis of a transition at around 5.5 nm
thick PtSe2. Similar transmission measurements were
performed on PtSe2 thin films by He et al.39 Small differ-
ences between results can be attributed to different sub-
strate used in this study (quartz instead of sapphire),
different sample preparation and quality of the surface. A
5.5 nm thickness corresponds to �10 MLs, and where the
K points theoretically begin to be resonant with
the 1.5 eV optical excitation. It should be noted that our
simulations agree with previous published calculations
that predict a faster decrease of the bandgap (Γ and K
points) with number of layers than in experiments.
Therefore, the K points are expected to be resonant for
1.5 eV for slightly thicker PtSe2 layers. This difference is
possibly a result in the great sensitivity of the electronic
bandstructure to the interlayer distance and coupling, the
growth method and/or the strong interaction of these
materials with the environment as discussed further
below.

This bandstructure flexibility of PtSe2 with layers and
its sensitivity to the environment can also be used to con-
trol the properties of the THz pulse and in particular
through the asymmetry induced CD when optical
interband transitions are excited at the K points.
Figure 5C shows the generated TE THz pulse from the
few layer 5.5 nm (upper) and multilayer 38.5 nm (lower
panel) PtSe2 layers under LCP (red), RCP (blue), and lin-
ear (yellow) polarization. We observe completely differ-
ent behaviors of the thin and thick samples. For the thick
sample the THz signal changes sign with the chirality of
the circular polarization, indicating a CD and photocur-
rents that are generated in opposite directions (see
Figure 3C and Equation 6). However, for the thin sam-
ples, little dependency on the incoming circular polariza-
tion is observed. The 3.8 nm sample showed a similar
response to the 5.5 nm thick one (see below). When the
optical transmission of these samples are compared
(Figure 5B), we clearly see that only the thick samples
display a permittivity peak at the laser excitation energy
(1.5 eV) corresponding to excitation around the K points
of the bandstructure. Indeed, the interband transition at
the K point is expected at a much higher energy for the
few layer samples (at 2.5 eV for the ML case—see
Figure 4C). To highlight further the observed trends for
different PtSe2 thicknesses under circularly polarized
light, the linear effects were extracted as E ↺ þE ↻ð Þ=2
and the circular effects as E ↺ �E ↻ð Þ=240 from the above
plots. These are shown in Figure 6 for 3.85, 5.5 and
38.5 nm PtSe2 for both TM (a, c, and e) and TE (b, d,
and f) polarizations. As expected only the THz TE signal
displays a circular effect. However, it is only observed for
the thickest films ( > 5.5 nm), despite the linear effects
being similar for TM polarization. This further highlights
the strong effect of the PtSe2 bandstructure on the THz
properties. Further, it should be noted that if only PDEs
were present, a CD would be expected for thin PtSe2,
showing that PGEs play an important role.

2.4 | Microscopic origins of circular
dichroism in thick PtSe2

We have shown above that the THz electric field in PtSe2
depends strongly on the number of layers, the polariza-
tion and angle of the incident beam, and that both PDE
and PGE contribute. We now consider the microscopic
origins of polarization-dependent photocurrents and the
existence of CD related to excitations with opposite pho-
ton helcities, LCP and RCP. In particular, we determine
the optical matrix elements (OMEs) between the top
valence band (VB1) and the bottom conduction band
(CB1) electronic states (see Section 4), which is directly
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(A) (B)

(C) (D)

(E) (F)

FIGURE 6 Legend on next page.
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proportional to the interband photocurrent that gives rise
to the polarization dependent nonlinear THz emission. It
should be noted that free standing PtSe2 possesses centro-
symmetric space group P3m1 for the global structure and
polar point groups C3v and D3d for the Se and Pt sites,
respectively. This results in a bandstructure that is two-
fold degenerate and, for any BZ wavevector, one has two
interband transitions for the same photon energy, with
same intensity (same absolute value of their OME) but
for opposite helicities. This leads to a vanishing CD over
the whole BZ as shown in Figure S5 in the Supplemen-
tary material. The presence of an external perturbation,
breaking the centrosymmetry, lifts the band degeneracy
and triggers a CD effect. Here, the sample deposition
breaks the vertical centrosymmetry between the bottom
(substrate) and upper (vacuum) regions around the
ML. To better understand its effect we consider a toy
model whereby a small phenomenological shift is
imposed on the position of Se atoms of the lower ML
plan to mimic a deposition effect (slightly shifting only
their site energies leads to qualitatively same effects).

Figure 7 shows the k-resolved direct interband OMEs

P�
cv kð Þ¼ 1=

ffiffiffi
2

p
Pcv
x kð Þ� iPcv

y kð Þ
h i

, and the degree of opti-

cal polarization η k,ℏωcvð Þ¼ Pþ
cv kð Þj j2� P�

cv kð Þj j2
Pþ

cv kð Þj j2þ P�
cv kð Þj j2 owing to the

interband excitation over all energies and energy filtered
at 1.5 eV in momentum space for deposited ML (top—
A, B, C, D) and multilayer (bottom panel—E, F, G, H)
PtSe2 for LCP and RCP light (σ�). The energy-filtered CD
response around 1.5 eV is obtained by only retaining the
contributions of states with ℏωcv kð Þ¼ℏω� 0.06 eV. The
dependence on the transition energy
ℏωcv kð Þ¼ εc kð Þ� εv kð Þ is implicit through k. Figure 7
shows significant CD in the high-symmetry direction
Γ�K with η¼�1 and negligible spin polarization near
the Γ point. This microscopic chiral selection rule arises
from the asymmetry of the global crystal space group
induced by the substrate and leads to valley-dependent
optical selection rules for LCP and RCP excitation in both
ML and multilayer PtSe2, that is, excitation with LCP or
RCP polarized light only leads to an absorption at the K

FIGURE 6 Contributions of circular E ↺ �E ↻ð Þ=2 and linear E ↺ �E ↻ð Þ=2 effects to PtSe2 THz emission. Circular and linear effects

shown by blue and red lines, respectively, are obtained from measurements in reflection geometry with LCP and RCP excitations. Figures on

the left show these effects for THz TM emission and right figures are for the THz TE emission for (A and B) 3.85 nm PtSe2 (C and D) 5.5 nm

PtSe2 and (E and F) 38.5 nm PtSe2 at 1.5 eV photon energy.

FIGURE 7 Layer and photon energy dependent circular dichroism in PtSe2. Momentum dependence of circular polarization of

deposited ML (top panel) and 10 ML (bottom panel) of PtSe2 between the top of the valence band (VB1) and the bottom of the conduction

band (CB1): (A, B, E, F) the k-resolved direct interband optical matrix elements P�
cv kð Þ, (C–G) the degree of optical polarization over all

energies η K ,ℏωc,vð Þ and (D–H) η Kð Þ, for a fixed excitation energy (ℏωc,v ¼ 1:5�0:06 eV).
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or K 0 point respectively. However, Figure 7D shows that
ML PtSe2 results in a complete lack of CD for energies of
1.5 eV around the K points. (The optical transition in the
vicinity of the K (K 0) point requires an excitation of
2.5 eV. PDE contributions for thin layers from the indi-
rect transitions around Γ point will vanish owing to the
scattering assisted nature of the transitions). As the PtSe2
thickness is increased beyond the semimetal transition,
the CD at the K points increases greatly, as the K points
become resonant with the optical excitation at 1.5 eV as
shown in Figure 7G for the multilayer structure.
Although traditional ML TMDs have already been shown
to exhibit such strong CD owing to their inherent broken
inversion symmetry (giving rise to the field of valleytronics),
PtSe2 is distinct in that the CD is not limited to the ML
and its inherent centrosymmetric nature. Here the multi-
layer semimetal PtSe2 shows a strong valley selective CD
through interactions with the substrate, resulting in the
opposite sign in the generated ultrafast THz
photocurrents.41

This microscopic approach can also bring insights into
the THz field behavior with PtSe2 layers (Figure 5A). The
deposition perturbation is expected to act on all atoms
within a characteristic distance dc from the substrate
(and not only on the low-plan atoms). Thus, increasing
the number of layers from 1 ML should lead initially to
an increase of the PGE, which would nevertheless satu-
rate for thicknesses bigger than dc. Second, the
wavevector region for resonant excitation at 1.5 eV shifts
toward the K and K 0 points with increasing number of
layers (Figure 4), so that the energy detuning with respect
to excitation at these high-symmetry points decreases
with increasing sample thickness. Both trends collaborate
to an initial increase of the PGE with increasing sample
thickness, followed by a plateau in the THz-amplitude
signal. This is in qualitative agreement with the measures
in Figure 5A. Regarding the limit to the number of layers
that contribute to the induced asymmetry, this will be
related to when the difference in energy between the first
and higher energy interband transitions around the K
points become smaller than the exciting laser bandwidth
(see Supplementary material). In addition, note that dc
should depend not only on the details of the sample–
substrate interactions, but also be affected by the increas-
ing number of free-carries that appear owing to the
increasing semimetallic character of PtSe2. Indeed, while
the direct-to-indirect transition is expected for a few
layers, the spectral region where valence and conduction
bands overlap slowly increases with increasing number
of layers. That means that the density of free carriers in
the sample also slowly increases, and as a consequence
also the electrostatic screening of the external perturba-
tion. This may explain the slow decrease of the THz
amplitude in Figure 5A. The important increase in

Figure 5A for very thick samples may be attributed to an
increasing PDE contribution. Indeed, the PDE is expected
to occur for any sample thickness and not depend on the
presence of a symmetry-breaking perturbation. However,
as a second-order effect, its strength is substantially attenu-
ated for thin samples because the photon energy is highly
non-resonant with respect to the K and K 0 transition (that
dominates at 1.5 eV in the bulk limit) and becomes more
and more resonant as the number of layers increases. In
addition, the appearance of an increasing density of free
carriers in the sample may also bring a further contribu-
tion to the PDE (although non-resonant).

3 | CONCLUSION

To conclude, this work has investigated ultrafast photo-
currents and the resulting THz nonlinearities in PtSe2
and highlighted the valley control of these nonlinearities
via the number of atomic layers. Unlike other 2D mate-
rials, this work shows the important effect of the thick-
ness of this TMD and how the transition from
semiconducting to semimetallic behavior can be used to
control the ultrafast photocurrents. Further, we show the
potential of valleytronics in thick PtSe2 layers compared
to the ML layer limit for other TMDs. Indeed, by engi-
neering the TMDs thickness such that different K valleys
can be excited with a chosen laser excitation and circular
polarization, leads to the control of the photocurrent direc-
tion and hence the THz emitted phase. These conclusions
are supported by extensive bandstructure simulations that
shows the presence of circular dichroism for multilayers
(> 10 ML) but is absent for few MLs. Vitally, the role of
the environment is shown to be crucial to explain our
results, which permits to break the centrosymmetric
nature of PtSe2 to induce a giant second order
nonlinearity and circular dichroism. Finally, these effects
were shown on large area wafer level samples, potentially
easing their use in THz applications compared to exfoli-
ated structures. As well as understanding and bringing
insights into layer controlled nonlinearities and transport
phenomena in 2D THz materials, these results are prom-
ising for PtSe2 to be potentially exploited in THz
valleytronics, spintronics, harmonic generation and opto-
electronic applications.

4 | EXPERIMENTAL SECTION/
METHODS

4.1 | Materials

Large areas of PtSe2 samples were fabricated by ther-
mally assisted conversion (TAC) of Pt metal on a quartz
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substrate. The thickness of Pt metal varies from 0.1 to
7 nm thick. The resulting thickness of PtSe2 was mea-
sured by atomic force microscopy (AFM, see Supplemen-
tary material) giving a conversion ratio of 5.5 between
selenized thin film and the original Pt film. Micro-Raman
spectroscopy was performed at room temperature with a
Renishaw Invia system equipped with a 532 nm laser (see
Supplementary material).

4.2 | Experimental setup

In order to investigate the ultrafast generated photocur-
rents and THz nonlinearities in PtSe2 samples, THz emis-
sion time-domain spectroscopy (TDS) was performed. A
NIR 100-fs pulsed Ti:Sapphire laser source (Coherent
Mira 900) with a central wavelength of λ = 800 nm
(1.5 eV) and repetition rate of 76MHz was used to char-
acterize coherently the THz emission and photocurrents
generated in PtSe2 samples. The polarization of the pump
beam was TM before the use of the waveplates. The output
beam was split in two parts. The intense part (pump) excites
the sample to generate a THz pulse while the weak part
(probe) passes through a delay line. The typical average
incident power on sample was 250mW. The beam diameter
at the focus was estimated to be approximately 100 μm
resulting in a pump energy of approximately 42 μJ cm–2.
The generated THz pulse is detected using the probe and
a 1mm-thick ZnTe electro-optic crystal. The electro-optic
detection part of the setup consists of a waveplate, Wol-
laston prism and two balanced photodiodes (Figure 2). In
reflection configuration, the pump beam was incident at
an angle of 45 ∘ relative to the normal of the sample and
then focused down to �100 μm. A half waveplate (HWP)
or a quarter waveplate (QWP) was introduced in the
pump beam path to change the polarization of the beam
(initially TM polarized) and study their effect on THz
emission when both incident and detection angle of the
pump beam were fixed. The THz beam after the sample,
and its transverse electric (TE) or transverse magnetic
(TM) polarization was measured separately. This was
done by placing a THz polarizer after the sample and
rotating it so that the two modes could be measured
independently accordingly. In transmission configura-
tion, the polarization of the pump beam was fixed as
linear in TM mode. The angle of the pump beam and
the detection angle were changed and the THz emis-
sion in TM polarization was studied. Transmission
spectra in UV–Vis–NIR region were obtained using an
Agilent Cary 7000 double beam spectrophotometer
with a clean substrate without PtSe2 layers placed in the
reference beam path.

4.3 | Theoretical calculations

The structural relaxation and electronic properties
were performed by Quantum Espresso (QE) code with
density functional theory (DFT) based on Generalized
Gradient Approximation (GGA) of Perdew–Burke–
Ernzerhof (PBE) exchange-correlation functional.42–44

Self and non-self-consistent DFT calculations are
performed to obtain the Kohn–Sham eigenvalues and
eigenfunctions. After obtaining the DFT-KS eigensystem,
we use YAMBO code45,46 to calculate the direct interbrand
matrix elements Pcv kð Þ¼ ψ ckjbpjψ vkh i. A plane-wave basis
set is employed at a cutoff energy 680 eV, and a total of
200 bands are included to ensure convergence of all com-
puted quantities. After convergence, a phenomenological
vertical shift of 0.1Å downwards is imposed on the low-
plan Se atoms and the full band structure and interbrand
optical matrix elements are recalculated. A very dense
k-point mesh (15 129 grid points) over the reducible hexago-
nal Brillouin zone is sampled in the calculations of the
k-resolved CD.
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