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Abstract: We investigate resonant third-harmonic genera-

tion in near-zero index thin films driven out-of-equilibrium

by intense optical excitation. Adopting the Landau weak

coupling formalism to incorporate electron–electron and

electron–phonon scattering processes, we derive a novel set

of hydrodynamic equations accounting for collision-driven

nonlinear dynamics in sodium. By perturbatively solving

hydrodynamic equations, we model third-harmonic gen-

eration by a thin sodium film, finding that such a non-

linear process is resonant at the near-zero index reso-

nance of the third-harmonic signal. Thanks to the reduced

absorption of sodium, we observe that third-harmonic reso-

nance can be tuned by the impinging pump radiation angle,

efficiently modulating the third-harmonic generation pro-

cess. Furthermore, owing to the metallic sodium response

at the pump optical wavelength, we find that the third-

harmonic conversion efficiency is maximised at a pecu-

liar thin film thickness where evanescent back-reflection

provides increased field intensity within the thin film. Our

results are relevant for the development of future ultra-

violet light sources, with potential impact for innovative

integrated spectroscopy schemes.
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1 Introduction

Nonlinear (NL) radiation-matter interactions give rise to

a wide range of diverse physical phenomena, e.g., fre-

quency conversion [1], all-optical self-effects [2], genera-

tion of non-classical radiation [3], and many others. In

particular, harmonic generation in photonic materials pro-

vides fundamental insights into quantum mechanical pro-

cesses, and further offers a promising platform to devise

compact ultraviolet (UV) radiation sources [4], [5]. Arti-

ficial photonic materials with low dielectric permittivity,

known as epsilon-near-zero (ENZ) metamaterials [6]–[8],

enhance the inherently weak NL interaction producing

extreme NL dynamics [9], second and third-harmonic gen-

eration (THG) [10], and provide active control of tunnel-

ing [11], and optical switching [12]. Furthermore, they nat-

urally bypass phase-matching requirements owing to the

large effective wavelength ensuing at ENZ conditions, thus

leading to high THG efficiency [13]. Moreover, ENZ materi-

als can also naturally exist in the form of plasmas, trans-

parent conductors, and metals near their bulk plasma fre-

quency [14]. ENZ media are currently adopted for vor-

tex generation applications [15] and for sensing, guiding,

trapping, and emission of visible/infrared (IR) radiation

[16]. The ENZ extraordinary boosting of third-order non-

linearity in ENZ thin films [17] ensues from the combined

effect of (i) field enhancement for transverse magnetic (TM)

excitation, (ii) increased averaged field intensity due to

amplified effective wavelength, and (iii) slowdown of light

propagation enabling nonlinearity accumulation over time

[18]–[22]. Furthermore, amplified Kerr nonlinearity in ENZ

conditions enables light-induced “metal–dielectric” transi-

tion [23], [24] producing self-organization of frozen light

into still solitary spatial doughnuts [25]. Currently adopted
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ENZ media for enhanced NL optics mainly focus in the

near-IR part of the spectrum, where doped semiconductors,

oxides, and nitrides display ENZ features [14]. Moreover,

poor metals exhibit marked ENZ response in the UV [14]

and are promising for manipulation and guidance of UV

radiation [26]. Sodium (Na) is a particularly promising UV-

ENZmaterial displaying “metal–dielectric” crossoverwave-

length at 𝜆ENZ ≃ 230 nm and an imaginary susceptibility

of two orders of magnitude smaller than typical IR-ENZ

media like indium–tin–oxide (ITO) [27], thus undergoing

mitigated absorption. As a drawback, because Na inter-

acts strongly with air and water, its practical implemen-

tation in NL optics applications is challenging. Recently,

however, thermo-assisted spin-coating [28] and phase-shift

photo-lithography [29] have been adopted to fabricate high-

quality Na films, enabling surface plasmon polaritons [30]

and thermosensitive plasmonic color [31].

Here,we investigate the potential ofNa-based thinfilms

for THG applications at the nanoscale. We model NL elec-

tron dynamics in Na by the Fokker–Planck–Landau (FPL)

theoretical framework [32], a well-established classical

approach in out-of-equilibrium (OOE) statistical mechanics

to model plasmas. We calculate analytically the Landau

collisional integral in the weak coupling limit [33], obtain-

ing a set of hydrodynamical equations (HDEs) accounting

for NL electron dynamics in Na. We emphasize that our

HDEs account for damping and heating saturation occur-

ring when OOE instantaneous electron velocities become

higher than the thermal velocity owing to collision quench-

ing [33]. By solving HDEs perturbatively, we derive an

analytical expression for the dependence over the pump

field angular frequency 𝜔 = 2𝜋c∕𝜆 of the collision-driven

THG NL-susceptibility 𝜒 (3𝜔)

coll
(𝜔), where c is the speed of

light in vacuum and 𝜆 is the pump wavelength. Finally,

by solving the scattering problem of the pump field in

the undepleted pump approximation, we calculate the THG

NL-polarization within the Na-based thin film and model

its radiation of 𝜆THG = 𝜆∕3 forward and backward waves,
accounting for multiple reflections of the THG signal. We

observe that, when the THG wavelength 𝜆THG matches the

angle-dependent near-zero index (NZI) dispersion curve of

the Na-based thin film 𝜃NZI(𝜆THG), the THG process becomes

resonant for TM pump excitation due to the enhanced radi-

ation amplitude of microscopic dipoles oscillating at 𝜆∕3 in
anENZenvironment.Moreover, for both TMand transverse-

electric (TE) pump excitation, we observe THG enhance-

ment for 𝜆THG < 𝜆ENZ due to Fabry–Perot resonances of the

Na-based thin film, which becomes transparent in such a

spectral range. We illustrate the dependence of the THG

process over the Na-based thin film thickness d and over

the pump impinging angle, wavelength and intensity. Such

a systematic analysis unveils that THG is maximised at a

peculiar thin film thickness d̄ ≃ 40 nm where evanescent

back-reflection enhances the average field intensity in the

thin film.

2 OOE electron dynamics in Na

We model OOE electron dynamics in Na by classical kinetic

theory, where the system is regarded as a dilute electron

gas with number density n(r, t) immersed in an idealized

homogeneous background of positive uniform density n0,

physically accounting for lattice ions of mass M staying at

equilibrium temperature T0. The time-dependent electron

distribution function f (r,w, t) is defined from the infinites-

imal probability d6P = (1∕N) f (r,w, t)d3rd3𝑤 that an elec-

tron in Na with effective mass m ≃ 1.184 × 10−30 [34] at

time t is placed within a volume element d3r around r

and has a velocity within a velocity-space element d3𝑤

around w, where N is the total electron number within the

system volume V . Owing to the large inertia of the lattice

ions,weneglect theirmotion upon external electromagnetic

(EM) excitation, so that their distribution function f0(r,w) =
n0(M∕2𝜋kbT0)3∕2 exp

[
−M𝑤2∕2kbT0

]
stays at equilibrium,

where kb is the Boltzmann constant. The electron distribu-

tion normalization ∫ f (r,w, t)d3rd3𝑤 = N accounts for the

system charge neutrality dictated by e∫ d3rd3w(f0 − f ) = 0,

where −e is the electron charge. Within the kinetic theory

framework, the temporal evolution of f (r,w, t) is governed

by the Boltzmann equation

𝜕t f +w ⋅∇
r
f + 1

m
F
w
(r, t) ⋅∇

w
f = (𝜕t f )coll, (1)

where F
w
(r, t) = −eE(r, t)− ew × B(r, t) is the external EM

force exerted by the electric E(r, t) and magnetic B(r, t)

pump fields, and (𝜕t f )coll = (𝜕t f )
el−el
coll

+ (𝜕t f )
el−ph
coll

is the

total collision rate resulting from electron–electron (el–el)[
(𝜕t f )

el−el
coll

]
and electron–phonon (el–ph)

[
(𝜕t f )

el−ph
coll

]
col-

lisions. While in principle the numerical solution of the

Boltzmann equation provides the system’s EM response, it

is computationally demanding and lacks insights into NL

dynamics. To address electron collisions, the relaxation time

approximation (RTA) simplifies the collision integrals but

overlooks the NL dependence of (𝜕t f )coll over f (r,w, t). In

order to model collision-driven NL electron dynamics, we

evaluate (𝜕t f )coll in the weak coupling assumption where

only grazing-angle collisions are considered and improba-

ble frontal collisions are disregarded [33], obtaining
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(𝜕t f )
el−el
coll

= Cee
m2

∇
w
⋅ {[ ⋅∇

w
− 2∇

w
𝛼] f }, (2a)

(𝜕t f )
el−ph
coll

=
Cep

m2
∇

w
⋅
{[

0 ⋅∇w
− 2

m

M
∇

w
𝛼0

]
f
}
, (2b)

where the Cee,ep parameters account for el–el and el–ph

collisions, (𝛽) = ∇
w
∇

w
𝛽 and 0 = (𝛽0) are diffusion

tensors, 𝛼(r,w, t) = ∫ d3𝑤1 f (r,w1, t)∕|w−w1| and

𝛽(r,w, t) = ∫ d3𝑤1 f (r,w1, t)|w−w1| are the Rosenbluth

potentials [32], 𝛼0 = 𝛼( f0), and 𝛽0 = 𝛽( f0). In this

assumption, we solve Eq. (1) by the method of moments

and we truncate the ensuing hierarchy of equations at the

second moment, obtaining the approximate solution

f (r,w, t) ≃ n(r, t)m3∕2

[2𝜋kbTe(r, t)]
3∕2 e

− m|w−v(r,t)|2
2kbTe (r,t) , (3)

where n(r, t)= ∫ f (r,w, t)d3w, n(r, t)v(r, t)= ∫ wf (r,w, t)d3w
is the current density, and (3/2)n(r, t)kbTe(r, t)= (m/2)∫ |w−
v|2f (r, w, t)d3w is the OOE energy density. In turn, the OOE

temperature of the electron gas Te(r, t) is defined starting

from the OOE energy density, and themoments n(r, t) (zero-

order), v(r, t) (first-order), and Te(r, t) (second-order) satisfy

the hierarchy of HDEs

𝜕tn+∇ ⋅ (nv) = 0, (4a)

𝜕tv+ (v ⋅∇)v+ 3kb
mn

∇(nTe) =
1

m
Feff − 𝛾𝛾v, (4b)

𝜕tTe +
2

3
Te∇ ⋅ v+ v ⋅∇Te = Q, (4c)

where Feff = −eE− ev × B is the external effective force,

𝛾 ≃ 24.6 ps−1 (depending only over the el–ph collision

parameter Cep) is the linear depolarization rate of Na [27],

𝑣T (Te) =
√
2kb(T0∕M + Te∕m) is the electron thermal veloc-

ity, 𝑣T0 = 𝑣T(T0), 𝛾 th = 2m𝛾∕(m+M) is the hot-electron lin-

ear relaxation rate, and

𝛾 (𝑣, Te) =
3𝑣3

T0

2𝑣2𝑣T

[
(𝑣∕𝑣T )− e

− 𝑣2

𝑣2
T

]
, (5a)

Q(𝑣, Te) = 𝛾th
M𝑣3

T0

2kb𝑣T

[
(𝑣∕𝑣T )−

Te𝑣
2
T0

T0𝑣
2
T

e
− 𝑣2

𝑣2
T

]
, (5b)

(𝑣, Te) =
√
𝜋𝑣Terf(𝑣∕𝑣T )∕2𝑣. (5c)

Note in the expressions above that 𝛾 (𝑣, Te) and

Q(𝑣, Te) accounting for NL current damping and electron

heating have been calculated by the analytical integration

of Rosebluth potentials and of (𝜕t f )coll in the weak coupling

assumption. Note also that, for weak excitation Te − T0 ≪

T0, |𝑣∕𝑣T0| ≪ 1, one recovers the RTA limit 𝛾 ≃ 1. More-

over, in such a limit Q ≃ −𝛾 th(Te − T0), and thus 𝛾 th rep-

resents the hot electron relaxation rate to equilibrium via

el–ph collisions.

3 NL response of Na thin films

We consider quasi-monochromatic pump ultrashort

pulses with duration of the order of 500 fs, carrier

angular frequency 𝜔 and associated electric field

E0(r, t) = Re
[
A0(t)e

ik0⋅r−i𝜔t
]
impinging over a Na-based thin

film with thickness d immersed in air, see Figure 1a. We

emphasize that, in view of the quasi-monochromatic regime

of such ultrafast excitation, we adopt the slowly-varying

envelope approximation (SVEA), where the pump vectorial

envelope A0(t) is temporally modulated over a duration

much longer than the single-cycle period 2𝜋∕𝜔. In turn,

in the calculations below, the field envelopes are treated

as time-independent quantities and the reported field

intensities refer to peak intensities of the considered

ultrashort pulses. Without any loss of generality, we assume

that k0 = kxêx +
√
𝜔2∕c2 − k2

x
êz lies in the x − z plane,

where êx,y,z indicate the x, y, z unit vectors, kx = (𝜔∕c)sin𝜃
indicates the in-plane wave-vector component, and 𝜃 is

the pump incidence angle, see Figure 1a. Owing to multiple

reflections by the thin film interfaces, the pump electric

field within the ENZ slab Ein(r, t) = Re
[
Ain(r)e

−i𝜔t]
is composed of both forward (FW) and backward

(BW) waves, both incorporated within the vector field

profile Ain(r). Neglecting relativistic magnetic effects,

we consider the weak EM excitation limit v ≃ v1 + v3,

where |Ain(r)| ≃ o(𝜀), |v1| ≃ o(𝜀), ΔT = Te − T0 ≃ o(𝜀2),|v3| ≃ o(𝜀3), and 𝜀 is a small dummy parameter. Moreover,

we focus on the local response where n(r, t) = n0,

spatial derivatives in Eqs. (4a)–(4c) are neglected, and

the electron temperature and mean velocity depend

parametrically over the pump electric field at position r.

In turn, developing a multiple scale expansion of HDEs,

at first-order ≃ o(𝜀) the electron mean velocity v1(r, t)

remains unaffected by heating and satisfies the Drude

model 𝜕tv1 = −𝛾v1 − (e∕m)Ein, providing the solution

v1(r, t) = Re
[
(−e∕m)(𝛾 − i𝜔)−1Ain(r)e

−i𝜔t]. At second order
≃ o(𝜀2), the OOE electron temperature variation ΔT(r, t) is
governed by 𝜕tΔT = (m∕3kb)(2𝛾 − 𝛾th)𝑣

2
1
− 𝛾thΔT , whose

stationary solution arising from the balance between

heating (first term) and cooling (second term) provides

ΔT = Re

[
A

2
in
e−2i𝜔t

(𝛾 − i𝜔)2(𝛾th − 2i𝜔)

]
+ |Ain|2

𝛾th(𝛾
2 +𝜔2)

, (6)
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Figure 1: Na EM response. (a) Schematic of the considered Na-based thin film with thickness d, illuminated by a pump field with intensity I0 and

vacuum wavelength 𝜆, producing forward and backward THG at 𝜆THG = 𝜆∕3. (b) Dependence of real (red curve) and imaginary (dashed blue curve)
parts of Na relative dielectric permittivity 𝜖(𝜆). The ENZ wavelength of Na 𝜆ENZ where Re[𝜖(𝜆ENZ)] = 0 is indicated by the black solid circle in the figure

inset. (c) Pump vacuum wavelength-dependence of the real (red curve) and imaginary (dashed blue curve) parts of the THG susceptibility 𝜒 (3𝜔)

coll
(𝜆).

(d) Wavelength dependence of the THG NL susceptibility modulus |𝜒 (3𝜔)

coll
(𝜆)| for several distinct electron thermalization rates 𝛾 th = 1∕300, 1∕100,

1∕50 fs−1, indicated by full, dashed, and dotted curves, respectively.

where  = e2(2𝛾 − 𝛾th)∕6kbm. Note that the OOE electron
temperature oscillates with angular frequency 2𝜔 around

the intensity-dependent temperature shift produced in

such a dynamical equilibrium between collision-induced

heating upon illumination and relaxation via el–ph

collisions. Finally, at third-order ≃ o(𝜀3), the electron mean

velocity correction v3(r, t) is governed by

𝜕tv3 = −𝛾v3 + (2𝛾 − 𝛾th)

[
3ΔT
4T0

+ 3m𝑣2
1

20kbT0

]
v1, (7)

providing the solution v3 =
Re

[
s(3𝜔)
3

A2
in
Aine

−3i𝜔t + (s(𝜔)
3,+|Ain|2Ain + s(𝜔)

3,−A
2
in
A
∗
in
)e−i𝜔t

]
,

where

s(3𝜔)
3

= −e3(2𝛾 − 𝛾th)(5𝛾 − 𝛾th − 3i𝜔)

40m2kbT0(𝛾th − 2i𝜔)(𝛾 − 3i𝜔)(𝛾 − i𝜔)3
, (8a)

s(𝜔)
3,+ = −e3(2𝛾 − 𝛾th)(5𝛾 − 𝛾th)

40m2kbT0𝛾th(𝛾
2 +𝜔2)(𝛾 − i𝜔)2

, (8b)

s(𝜔)
3,− = −e3(2𝛾 − 𝛾th)(5𝛾 − 𝛾th − 3i𝜔)

40m2kbT0(𝛾th − 2i𝜔)(𝛾2 +𝜔2)(𝛾 − i𝜔)2
. (8c)

Note that, owing to OOE electron dynamics, the

electron mean velocity NL correction oscillates at 𝜔 (Kerr

nonlinearity) and 3𝜔 (THG). Kerr nonlinearity of the pump

is highly amplified at ENZ conditions [17]. In our THG

calculations below, we focus on pump excitation around

600 nm, where the real part of the relative dielectric

permittivity of sodium is largely negative Re 𝜖 ≃ −10, see
Figure 1b, and Kerr nonlinearity does not play a crucial

role. In turn, in our theoretical framework we neglect

Kerr nonlinearity of the pump, obtaining accurate results

for 𝜆 > 330 nm (where Re 𝜖 < −1, see Figure 1b), while

at shorter pump wavelengths Kerr-induced spectral shifts

of the pump absorbance produce NL modulations of THG

efficiency that are not accounted in our theoretical

framework. In such assumptions, the macroscopic

polarization field P(r, t) can be calculated from the

current density J(r, t) = −en0v(r, t) = 𝜕tP(r, t), providing

P(r, t) = 𝜖0Re
{[

(𝜖 − 1)e−i𝜔t + 𝜒 (3𝜔)

coll
A2
in
e−3i𝜔t

]
Ain

}
, where

𝜖(𝜔) = 1−𝜔2
p
∕𝜔(𝜔+ i𝛾) is the Drude relative permittivity,

𝜔 p =
√
n0e

2∕𝜖0m ≃ 8.2 × 1015 rad∕s is the sodium

plasma frequency [27], 𝜖0 is the dielectric permittivity

of vacuum, and 𝜒 (3𝜔)

coll
(𝜔) =

(
m𝜔2

p
∕3ie𝜔

)
s(3𝜔)
3

(𝜔) is the

collision-induced THG NL susceptibility. Note that the

ion mass M enters only in the relaxation rate 𝛾 th. In

Figure 1b and c we depict the wavelength dependence of

(b) real (red curve) and imaginary (dashed blue curve)

parts of the relative dielectric permittivity of Na [𝜖(𝜆)]

and (c) real (red curve) and imaginary (dashed blue

curve) parts of its collision-induced THG NL susceptibility[
𝜒 (3𝜔)

coll
(𝜆)

]
. Note that Na displays marked ENZ behavior at

𝜆ENZ = 2𝜋c∕𝜔p ≃ 230 nm, where Im[𝜖(𝜆ENZ)] ≃ 10−3, see

Figure 1b. In turn, conversely to ITO where ENZ behavior

is attained in the IR and |𝜖(𝜆(ITO)
ENZ

)| ≃ 0.5 [17], for Na such a

quantity becomes much smaller |𝜖(𝜆ENZ)| ≃ 10−3, showing

great theoretical potential for ENZ functionality, see below.

Note that the collision-induced THG NL susceptibility is

highly dispersive, ranging from |𝜒 (3𝜔)

coll
| ≃ 10−24 m2∕V2

at 𝜆 = 200 nm to |𝜒 (3𝜔)

coll
| ≃ 10−21 m2∕V2 at 𝜆 = 800 nm.

We emphasize that band anharmonicity and interband

transitions (negligible for Na, for which linear optical

response is well described by the Drude model) provide

other contributions to the third-order NL susceptibility

that we do not account here because the scope of

the present work focuses on collision-induced NL

dynamics. Furthermore, in our calculations we assume

𝛾 th = (300 fs)−1, implying that hot electron relaxation

in Na occurs over the same timescale of gold [35], [36].

More precise evaluation of 𝛾 th requires pump-probe

reflectivity measurements on Na by experimental schemes
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similar to the ones adopted for gold [35]. Because electron

thermalization arises from electron-phonon scattering,

it is highly dependent on sample pristinity. In turn, in

practical experimental realizations, the precise electron

thermalization rate will depend over the particular sample

to be adopted. It is worth emphasizing that electron

thermalization rate influences the third-order NL response

of the system, see Eqs. (8), while it does not affect its linear

response. As a consequence, the resonant THG mechanism

theoretically described below in principle depends over

the particular electron thermalization rate of the sample.

However, we find that THG NL susceptibility is only weakly

modulated by the electron thermalization rate, changing

only by a factor 1.5 for (50 fs)−1 < 𝛾 th < (300 fs)−1, see

Figure 1d, where we depict the wavelength dependence

of the THG NL susceptibility modulus |𝜒 (𝜆)

coll
| for different

electron thermalization rates 𝛾 th. Thus, the precise 𝛾 th value

does not lead to major quantitative THG NL susceptibility

deviations.

4 THG in Na thin films

In order to account for both TM and TE pump excitation

of the Na-based thin film, we set A0 = A0n̂0, where

n̂0 = 𝛼I cos 𝜃êx + 𝛽I êy − 𝛼I sin 𝜃êz is the impinging field

unit vector, A0 is the electric field amplitude of the

impinging wave, 𝛽 I = 1− 𝛼I and 𝛼I = 0, 1 are dimension-

less coefficients enabling selective TE (𝛼I = 0, 𝛽 I = 1)

or TM (𝛼I = 1, 𝛽 I = 0) excitation. In turn, in the

undepleted pump approximation, the pump field over

all space is given by E p = Re
[
A p(r)e

−i𝜔t], where A p(r) =(
A0e

ik0⋅r + Are
ikr⋅r

)
Θ(−z)+ Ain(r)Θin(z)+ Ate

ik0⋅rΘ(z− d),

Ar = Arn̂r, n̂r = 𝛼I cos 𝜃êx + 𝛽I êy + 𝛼I sin 𝜃êz, Ar is the

reflected field amplitude, kr = kxêx −
√
𝜔2∕c2 − k2

x
êz is

the reflected wave-vector, Ain =
∑

s=±1Ase
iks⋅r is the electric

field vector amplitude within the thin film, ks = kxêx +
s
√
(𝜔∕c)2𝜖 − k2

x
êz are the FW (s = 1) and BW (s = −1)

wave-vectors of the EM field with vector amplitudes

As = 𝛼IAs,xêx + 𝛽IAs,yêy − s𝛼I (sin 𝜃∕neff)As,xêz,
neff(𝜔) =

√
𝜖 − sin2 𝜃, As,{x,y} are the transverse field

components in Na, At = Atn̂0, At is the transmitted field

amplitude, Θin(z) = Θ(z)−Θ(z− d), and Θ(z) is the

Heaviside step function. The pump induction magnetic

field over all space is calculated from the Faraday law in

local form, providing B p = Re
[
(1∕i𝜔)∇× A p(r)e

−i𝜔t]. Thus,
the unknown transmitted, reflected, FW and BW pump

field amplitudes are obtained from boundary conditions

(BCs) for the continuity of the magnetic field, the tangential

electric field components, and the normal component of

the displacement vector at the interfaces z = 0, d. Such BCs

provide two uncoupled 4 × 4 inhomogeneous systems of

equations for TM and TE amplitudes, explicitly given by

𝛼Î
(𝜔,𝜃)

TM
VTM + 𝛽Î

(𝜔,𝜃)

TE
VTE = 𝛼IWTM + 𝛽IWTE, (9)

where VTM = [Ar A+,x A−,x At]
T , WTM = −A0[cos𝜃 1 0 0]T,

VTE = [Ar A+,y A−,y At]
T , WTE = A0[−1 cos𝜃 0 0]T,

𝜂±(𝜔, 𝜃) = e±i𝜔neffd∕c, 𝜂0(𝜔, 𝜃) = ei𝜔cos𝜃d∕c and

̂(𝜔,𝜃)

TM
=

⎡⎢⎢⎢⎢⎢⎢⎣

cos 𝜃 −1 −1 0

−1 − 𝜖

neff

𝜖

neff
0

0 𝜂+ 𝜂− −𝜂0 cos 𝜃
0 − 𝜖

neff
𝜂+

𝜖

neff
𝜂− 𝜂0

⎤⎥⎥⎥⎥⎥⎥⎦
,

(10a)

̂(𝜔,𝜃)

TE
=

⎡⎢⎢⎢⎢⎢⎣

1 −1 −1 0

cos 𝜃 neff −neff 0

0 𝜂+ 𝜂− −𝜂0
0 −neff𝜂+ neff𝜂− 𝜂0 cos 𝜃

⎤⎥⎥⎥⎥⎥⎦
. (10b)

We emphasize that, for the pump field, all the elements

of the TM ̂(𝜔,𝜃)

TM
and TE ̂(𝜔,𝜃)

TE
scattering matrices are

evaluated at the pump angular frequency 𝜔 and incident

angle 𝜃, indicated in their superscripts. Also, note that the

formalism above refers to single TE (𝛼I = 0) or TM (𝛼I = 1)

excitation (𝛽 I = 1− 𝛼I in both cases), but is not suited

to treat mixed polarization states, requiring a more gen-

eral treatment accounting for the polarization dynamics

of reflected and transmitted waves. Inverting the system

above, one gets all the pump field amplitudes for TE and

TM excitation. Figure 2 illustrates the dependence of the

pump (a, c) absorbance A = 1− R− T and (b, d) reflectance

R = 1− |Ar|2∕|A0|2 and transmittance T = 1− |At|2∕|A0|2
over the pump wavelength 𝜆 and incidence angle 𝜃 for (a,

b) TE (𝛼I = 0, 𝛽 I = 1) and (c, d) TM (𝛼I = 1, 𝛽 I = 0) exci-

tation of a Na-based thin film of thickness d = 300 nm.

Note that absorbance, reflectance, and transmittance heav-

ily depend over both the pump wavelength and incidence

angle when 𝜆 < 𝜆ENZ owing to NZI resonance occurring

when 0 < Re[𝜖(𝜆)] < 1 and Re
[
n2
eff

]
= 0, which provides the

dispersion relation 𝜃NZI(𝜆) = asin
√
Re[𝜖(𝜆)], indicated by

the white dashed curves in Figure 2a and c. Note that the

maximum absorbance is attained for TM excitation exactly

at the NZI resonance, see Figure 2c. Moreover, due to the

“metal-dielectric” transition occurring at 𝜆ENZ, for 𝜆 < 𝜆ENZ
Fabry–Perot absorption resonances are excited by both TE

and TM impinging polarization, see Figure 2a and c, for 𝜃

< 𝜃NZI(𝜆). The pump field THG NL polarization within the
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Figure 2: Linear response of Na-based thin films. Dependence over the pump wavelength 𝜆 and incidence angle 𝜃 of the (a, c) absorbance A(TE,TM) and

(b, d) reflectance R(TE,TM) (full curves) and transmittance T (TE,TM) (dahsed curves) for (a, b) TE and (c, d) TM excitation of a Na-based thin film with

thickness d = 300 nm. The dashed white curves in (a, c) indicate the NZI dispersion curve 𝜃NZI(𝜆).

Na-based thin film is given byPnl(r, t) = Re
[
pnl(z)e

3ikxx−3i𝜔t
]
,

where

pnl(z) = 𝜖0𝜒
(3𝜔)

coll

∑
s=±1

[
A2
s
Ase

3is𝜙𝜔(z)

+
[
A2
s
A−s + 2(As ⋅ A−s)As

]
eis𝜙𝜔(z)

]
, (11)

and 𝜙𝜔(z) = 𝜔neff(𝜔)z∕c. Such NL polarization generates

3𝜔 radiation due to the associated polarization (i) current

density Jnl = 𝜕tPnl, and (ii) volume 𝜌nl = −∇ ⋅ Pnl and (iii)

surface 𝜎nl,± = ±Pnl(z = d[1± 1]∕2) ⋅ êz charge densities

appearing as inhomogeneous terms for the THG signal

in (i, ii) Maxwell’s equations within the thin film and

(iii) BCs at the two interfaces z = 0, d. We take the

Ansatz ETHG(r, t) = Re
[
eTHG(z)e

3ikxx−3i𝜔t
]
, where eTHG =[

are
3ikr,zzn̂rΘ(−z)+ A

in
THG

(z)Θin(z)+ ate
3ik0,zzn̂0Θ(z)

]
.

Hence, the THG induction magnetic field is obtained

from the Faraday law in local form, providing

BTHG(r, t) = Re
{
(1∕3i𝜔)∇×

[
eTHG(z)e

3ikxx
]
e−3i𝜔t

}
. Inserting

this Ansatz in Maxwell’s equations accounting for Jnl and

𝜌nl, we obtain an inhomogeneous ordinary differential

equation for the THG field within the Na-based thin film,

explicitly given by

d2

dz2
A
in
THG

+ 9
𝜔2

c2
n2
eff
(3𝜔)Ain

THG

=
∑
s=±1

[
𝚲se

is𝜙𝜔(z) +𝛀se
3is𝜙𝜔(z)

]
, (12)

where

𝚲s =
𝜔2

c2
𝜒 (3𝜔)

coll
(𝜔)

∑
s=±1

{
4 sin 𝜃

𝜖(3𝜔)
Υs,xn̂nl − 9𝚪s

}
,

𝛀s(𝜔, 𝜃) = −9𝜔2𝜒 (3𝜔)

coll
A2
s
As∕c2, n̂nl = [3 sin 𝜃êx + sneff(𝜔)

êz], 𝚪s =
[
A2
s
A−s + 2(As ⋅ A−s)As

]
, and 𝚼s = 𝚪s

− (As ⋅A−s)As. Thus, we obtain the solution

A
in
THG

= ∑
s=±1

[
�̃�se

is𝜙𝜔 + �̃�se
3is𝜙𝜔 + ase

3is𝜙3𝜔

]
, where

�̃�s = 𝚲sc
2∕𝜔2

[
9n2

eff
(3𝜔)− n2

eff
(𝜔)

]
and �̃�s =

𝛀sc
2∕9𝜔2

[
n2
eff
(3𝜔)− n2

eff
(𝜔)

]
, as = 𝛼Ias,xêx + 𝛽Ias,yêy −

s𝛼I[sin 𝜃∕neff(3𝜔)]as,xêz, and as,{x,y} are homogeneous

amplitudes yet to be determined.

In order to obtain the unknown THG field amplitudes,

we impose BCs at 3𝜔 (accounting also for the polarization

surface charge densities produced by pnl), explicitly given

by

∇×
[
eTHG

(
z+
0

)
e3ikxx

]
= ∇ ×

[
eTHG

(
z−
0

)
e3ikxx

]
, (13a)

êz ×
[
eTHG

(
z+
0

)
e3ikxx − eTHG

(
z−
0

)
e3ikxx

]
= 0, (13b)

êz ⋅ [dTHG
(
z+
0

)
− dTHG

(
z−
0

)
] = pz0pnl(z0) ⋅ êz, (13c)

where pz0 = (2z0 − d)∕d, z0 = 0, d and dTHG =
𝜖0{1+ [𝜖(3𝜔)− 1]Θin(z)}eTHG. Such BCs provide two

uncoupled 4 × 4 inhomogeneous systems of equations for

TM and TE amplitudes of the THG signal, explicitly given by

𝛼Î
(3𝜔,𝜃)

TM
ṼTM + 𝛽Î

(3𝜔,𝜃)

TE
ṼTE = 𝛼IW̃TM + 𝛽IW̃TE, (14)

where

ṼTM =

⎡⎢⎢⎢⎢⎢⎣

ar

a+,x

a−,x

at

⎤⎥⎥⎥⎥⎥⎦
, ṼTE =

⎡⎢⎢⎢⎢⎢⎣

ar

a+,y

a−,y

at

⎤⎥⎥⎥⎥⎥⎦
, W̃TK =

⎡⎢⎢⎢⎢⎢⎣

W̃
(1)
TK

W̃
(2)
TK

W̃
(3)
TK

W̃
(4)
TK

⎤⎥⎥⎥⎥⎥⎦
,

K = E,M is an index labelling TE∕TM excita-

tion, W̃TE =
[
W̃(1)

y − W̃(2)
y W̃(3)

y W̃(4)
y

]T
, W̃TM =[

W̃ (1)
x (W̃ (2)

x − ̃sin𝜃W̃ (1)
z ) W̃

(3)
x (W̃ (4)

x + sin 𝜃W̃ (3)
z )

]T
, W̃

(1) =∑
s=±1[�̃�s + �̃�s], W̃

(2) = neff(𝜔)
∑

s=±1s[�̃�s + (1∕3)�̃�s],

W̃
(3) = −∑s=±1

[
�̃�se

3is𝜙𝜔(d) + �̃�se
is𝜙𝜔(d)

]
, and W̃

(4) =

neff(𝜔)
∑

s=±1s
[
�̃�se

3is𝜙𝜔(d) + (1∕3)�̃�se
is𝜙𝜔(d)

]
.

Note that, analogously to the pump, see Eq. (9), the THG

field amplitudes satisfy a similar inhomogeneous system,

see Eq. (14). However, we emphasize that in Eq. (14) all scat-

teringmatrices [ ̂(3𝜔,𝜃)

TM,TE
] elements are calculated at angular
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frequency 3𝜔, as labelled in the superscripts, and account

for the THG radiation produced by Pnl within the film.

Inverting Eq. (14) we obtain all the THG field amplitudes

for either TE or TM polarization of the impinging pump

with intensity I0 = (1∕2)𝜖0c|A0|2. In Figure 3 we illustrate

the dependence of the FW intensity of the THG signal IT
THG

=
(1∕2)𝜖0c|at|2 over the pump wavelength 𝜆, incidence angle

𝜃 and intensity I0. We observe that, in spite of the reduced

THG NL susceptibility 𝜒 (3𝜔)

coll
by ≃ 3 orders of magnitude at

𝜆 ≃ 200 nm with respect to 𝜆 ≃ 800 nm, see Figure 1c, the

THG process is amplified by ≃ 102 at 𝜆 ≃ 200 nm owing to

ENZ field enhancement of the pump for TM polarization,

see Figure 3a, implying ≃ 105 THG amplification by the NZI

resonance of a Na-based thin film of thickness d = 300 nm.

Because the FW THG intensity IT
THG

∝ I2
0
scales with the

square of the impinging pump intensity, see Figure 3d and

h, this implies an effective averaged field enhancement>10

by a thin film of thickness d = 300 nm at 𝜆ENZ. Moreover, for

TM polarization we observe THG amplification also for 𝜆 <

3𝜆ENZ due to NZI resonance of the THG signal field itself, see

the dashed white curve in Figure 3a indicating the NZI dis-

persion relation 𝜃NZI(𝜆∕3). We emphasize that such signal

amplification does not arise from the non-resonant pump

field enhancement, but rather from the boost of THG radi-

ation by microscopic dipoles immersed in an ENZ environ-

ment. This is mathematically accounted by the Gauss law in

local form for the THG signal ∇ ⋅ eTHG = −∇ ⋅ pnl∕𝜖0𝜖(3𝜔),
accounting for the boost of THG polarization volume charge

density by ≃ 3 orders of magnitude at the ENZ resonance,

where |𝜖(3𝜔)| ≃ 10−3, see Figure 1b. In addition to NZI res-

onance, several Fabry–Perot resonances of the THG sig-

nal for 𝜆 < 3𝜆ENZ produce broadband THG amplification

×50 for both TE and TM polarization of the impinging

pump, see Figure 3b, c, f, and g. Such a broadband func-

tionality is enabled by the “metal–dielectric” transition [23],

[24] of the ENZ material (for THG wavelength 𝜆∕3 < 𝜆ENZ)

that, thanks to the reduced absorption of Na, can support

Fabry–Perot resonances with quality factor almost compa-

rable to transparent photonicmaterials. Indeed, we observe

a strong dependence of the THG conversion efficiency over

the Na-based film thickness d. We investigate systematically

the FW THG intensity IT
THG

produced by the thin film, see

Figure 4, where we illustrate its dependence over the thin

film thickness d, the pump wavelength 𝜆 and the incidence

angle 𝜃 for both TM and TE polarization of the pump field.

Note that enhanced THG at the NZI dispersion relation

𝜃NZI(𝜆∕3) is heavily modulated by the thin film thickness

d for TM polarization of the pump, see Figure 4a and b.

Indeed, at 𝜆 ≃ 200 nm for every fixed incidence angle 𝜃,

we observe an optimal film thickness d̄ ≃ 20− 50 nm that

decreases when the incidence angle increases. This is due

to destroying interference of THG by FW and BW waves,

which gets minimised when d is reduced. Moreover, for

Figure 3: THG by Na-based thin films. (a, e) Dependence of the FW intensity of the THG signal IT
THG

over the pump wavelength 𝜆 and incidence angle 𝜃

for fixed pump intensity I0 = 100 GW∕cm2. (b, c, f, g) Dependence of IT
THG

over the pump incidence angle 𝜃 for (b, f) fixed pump wavelength

𝜆 = 630 nm and several intensities I0 = 50, 75, 100 GW∕cm2, and (c, g) fixed pump intensity I0 = 100 GW∕cm2 and several wavelengths

𝜆 = 615, 630, 650 nm [highlighted by the gray shaded area in (a, e)]. (d, h) Dependence of IT
THG

over the pump intensity I0 for fixed incidence angle

𝜃 = 11◦ and several wavelengths 𝜆 = 615, 630, 650 nm [highlighted by the gray shaded area in (a, e)]. All plots refer to either (a–d) TM or (e–h) TE

polarization of the pump field for fixed thin film thickness d = 300 nm.
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Figure 4: THG manipulation by Na-based thin films. (a, b, e, f) Dependence of the FW intensity of the THG signal IT
THG

over the thin film thickness d and

the pump wavelength 𝜆 for incidence angle (a, e) 𝜃 = 20◦ and (b, f) 𝜃 = 60◦. (c, d, g, h) Dependence of IT
THG

over the thin film thickness d and the pump

incidence angle 𝜃 for wavelength (c, g) 𝜆 = 630 nm and (d, h) 𝜆 = 500 nm. All plots refer to either (a–d) TM or (e–h) TE polarization of the pump field.

The white dashed vertical lines in (c, d, g, h) indicate the NZI critical angle 𝜃NZI(𝜆∕3). All plots are obtained for fixed pump intensity I0 = 100 GW∕cm2.

both TM, see Figure 4a–d, and TE, see Figure 4e–h, pump

polarization and 𝜆 < 3𝜆ENZ, we observe that Fabry–Perot

resonances at 𝜆∕3 produce optimal THG conversion effi-

ciency at several thicknesses d̄n that depend over the inci-

dence angle 𝜃 owing to the modified optical path of THG

waves. Moreover, we observe optimal THG amplification

also for 𝜃 > 𝜃NZI(𝜆∕3)where theNa-based thin filmoptically

behaves as a metal, see the white dashed vertical lines in

Figure 4c and g indicating the NZI critical angle 𝜃NZI(𝜆∕3).
Such behavior is not produced by THG resonance, but rather

by maximisation of the pump field intensity within the thin

film. Indeed, when 𝜆 > 𝜆NZI = 𝜃−1
NZI
(𝜃), see Figures 2 and 3a

and e, the Na-based thin film is highly reflective for the

pump field. In turn, in such conditions, reducing the film

thickness does not reduce the pump intensity within Na,

but rather amplifies it due to back-reflection from the z = d

interface. In order to account for this effect, we calculate

the averaged NL current density per unit length J(Λ)
nl
(x, t) =

Re
[
jnle

3ikxx−3i𝜔t
]
= ∫ d

0
Re

[
−3i𝜔pnl(z)e3ikxx−3i𝜔t

]
dz, where jnl

is the effective vectorial amplitude of J(Λ)
nl
. In Figure 5a–c,

we depict the dependence of |jnl| over the film thickness d

and the pump incidence angle𝜃 andwavelength𝜆. Note that

the d dependence of THG amplification for 𝜆 ≃ 800 nm, see

Figure 4a, b, e, and f, coincides with the |jnl| enhancement
dependence observed in Figure 5a–c. In turn, THG amplifi-

cation for 𝜆 > 3𝜆ENZ at small film thicknesses arises from

the enhancement of the effective NL current density per

unit length J(Λ)
nl
. The physical origin of such unusual behav-

ior stems from the high reflectivity of Na in such spectral

range, producing evanescent pump fieldwithin the slab, see

Figure 5d, where we illustrate the spatial dependence of the

pump field within the film. Note that, when the thickness

d decreases, the pump field within the film increases due

to enhanced back-reflection of evanescent waves and in

turn |jnl| is increased up to a critical thickness d̄ ≃ 40 nm,

where the field becomes uniform and |jnl| ≃ |Ain|d starts

decreasing due to the reduced film thickness, vanishing for

d = 0. Overall, for both TE and TM pump polarization, we

observe two distinct incidence angles where resonant THG

amplifies the FW signal by ≃ 104, and a similar behavior is

observed also for the BW THG signal.

Such a surface-like NL interaction arises from thermal

nonlinearity, producing THG by 2𝜔 oscillations of the OOE

electron temperature. In order to illustrate the ultrafast

response of such an NL process, we consider an impinging

pump optical envelope A0(t) =
√
2I0∕𝜖0ce−2 ln 2t

2∕𝜏2
êx with

peak intensity I0 and temporal full width at half maxi-

mum (FWHM) 𝜏 at the z = 0 position producing within

the Na-based thin film both FW and BW waves accounted

by the solutions of Eq. (9) in the SVEA. We solve numeri-

cally Eq. (4) under such a driving field at every z position

by an adaptive step fourth-order Runge–Kutta algorithm,

enabling us to calculate the spatio-temporal dependence of

the OOE electron temperature, illustrated in Figure 6a for

I0 = 100 GW/cm2, 𝜏 = 0.1 ps and carrier wavelength 𝜆 =
690 nm. Note that, in such excitation conditions, the OOE

electron temperature increases only within the initial prop-

agation distance ≃ 50 nm, confirming the surface-like NL

interaction. In Figure 6b and c we illustrate the temporal

evolution of the OOE electron temperature Te for (b) several
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Figure 5: Surface-like NL interaction. (a–c) Dependence of the effective NL current per unit length modulus |jnl| over the thin film thickness d and

the pump incidence angle 𝜃 and wavelength 𝜆. (a, b) Dependence of |jnl| over 𝜃 and d for fixed pump wavelength 𝜆 = 800 nm and (a) TE and (b) TM

polarization. (c) Dependence of |jnl| over 𝜆 and d at normal incidence. (d) Spatial dependence of the pump electric field profile modulus within
the Na-based thin film rescaled to the impinging amplitude |Ain(z)|∕|A0| at transverse electromagnetic (TEM) normal incidence for fixed wavelength
𝜆 = 800 nm and several thicknesses d = 10, 20, 50, 100, 200 nm. All plots are obtained for fixed pump intensity I0 = 100 GW∕cm2.

Figure 6: Thermal dynamics in Na-based thin films. (a) Dependence of the electron temperature Te over the longitudinal position within the thin film z

and the excitation time t for fixed pump peak intensity I0 = 100 GW∕cm2 and pulse duration 𝜏 = 0.1 ps. (b) Temporal evolution of Te for fixed pump

peak intensity I0 = 100 GW∕cm2, longitudinal position z = 0 and several pulse durations 𝜏 = 0.1, 0.5, 1 ps. (c) Temporal evolution of Te for several

pump peaks intensities I0 = 0.1, 0.5, 1 TW∕cm2 and fixed pulse duration 𝜏 = 0.1 ps and longitudinal position z = 0. All plots are obtained at TEM

normal incidence and for fixed pump carrier wavelength 𝜆 = 690 nm.

distinct pulse duration FWHM 𝜏 and fixed peak intensity

I0 = 100 GW/cm2, and (c) several distinct peak intensities

and fixed pulse duration FWHM 𝜏 = 0.1 ps. We observe that

the ultrafast electron heating produces OOE electron tem-

perature increase of only≃ 40 K owing to the slow damping

rate 𝛾 ≃ 24.6 ps−1, producing reduced EM radiation absorp-

tion and heating.

5 Conclusions

In summary, collision-induced third-order nonlinearity

produces efficient THG in Na-based thin films thanks

to highly dispersive NL THG susceptibility 𝜒 (3𝜔)

coll
ranging

from |𝜒 (3𝜔)

coll
| ≃ 10−24 m2∕V2 at 𝜆 ≃ 200 nm to |𝜒 (3𝜔)

coll
| ≃ 10−21

m2∕V2 at 𝜆 ≃ 800 nm, where 𝜆 is the optical pump angular

frequency. Moreover, Na displays great theoretical potential

for highly efficient NZI features at 𝜆∕3 < 𝜆ENZ ≃ 230 nm

thanks to mitigated absorption producing Im[𝜖(𝜆ENZ)] ≃
10−3, about 500 times smaller than ITO. We find that, thanks

to such extreme NZI behavior and the excitation of diverse

Fabry–Perot THG resonances, it is possible to attain reso-

nant THG over a broad spectral range by tuning the pump

incidence angle 𝜃 for 𝜆 < 3𝜆ENZ. NZI resonances produce

a giant THG enhancement by ≃ 104 at peculiar thicknesses

d̄ ≃ 40 nm dictated by optimal pump field penetration

within the highly reflective Na-based thin film. For pump

intensities I0 ≃ 100 GW∕cm2 at𝜆 ≃ 800 nm,we observe FW

THG intensities IT
THG

≃ 1 kW∕cm2. Our results indicate that

Na-based thin films are promising for the development of

integratedUV sources and innovative spectroscopy schemes

at the nanoscale.

Research funding: This work was partially funded by

the European Union – NextGenerationEU under the Ital-

ian Ministry of University and Research (MUR) National

Innovation Ecosystem grant ECS00000041 – VITALITY

– CUP E13C22001060006. This work has been partially sup-

ported by the Progetti di ricerca di Rilevante Interesse

Nazionale (PRIN) of the ItalianMinistry of Researchl PHOTO



10 — M. Silvestri et al.: Resonant THG driven by OOE electron dynamics in sodium-based NZI thin films

(PHOtonics Terahertz devices based on tOpological mate-

rials) 2020RPEPNH and TransientMeta (Light-programmed

two-dimensional meta-holograms for integrated neuromor-

phic computing) CUP E53D23001780006.

Author contributions: All authors have accepted responsi-

bility for the entire content of thismanuscript and approved

its submission.

Conflict of interest: Authors state no conflicts of interest.

Data availability: All data generated or analysed during this

study are included in this published article.

References

[1] P. A. Franken, A. E. Hill, C. W. Peters, and G. Weinreichet,

“Generation of optical harmonics,” Phys. Rev. Lett., vol. 7, no. 4, pp.

118−119, 1961..
[2] G. I. Stegeman, D. J. Hagan, and L. Torner, “𝜒 (2) cascading

phenomena and their applications to all-optical signal processing,

mode-locking, pulse compression and solitons,” Opt. Quant.

Electron., vol. 28, no. 12, pp. 1691−1740, 1996..
[3] P. G. Kwiat, K. Mattle, H. Weinfurter, A. Zeilinger, A. V. Sergienko,

and Y. Shih, “New high-intensity source of polarisation-entangled

photon pairs,” Phys. Rev. Lett., vol. 75, no. 24, pp. 4337−4341, 1995..
[4] M. Semmlinger, et al, “Generating third harmonic vacuum

ultraviolet light with a TiO2 metasurface,” Nano Lett., vol. 19, no. 12,

pp. 8972−8978, 2019..
[5] A. Ahmadivand and B. Gerislioglu, “Deep- and vacuum-ultraviolet

metaphotonic light sources,” Mater. Today, vol. 51, pp. 208−221,
2021,.

[6] N. C. Panoiu, R. M. Osgood Jr., S. Zhang, and S. R. J. Brueck, “Zero-n

bandgap in photonic crystal superlattices,” Opt. Soc. Am. B, vol. 23,

no. 3, pp. 506−513, 2006..
[7] R. Maas, J. Parsons, N. Engheta, and A. Polman, “Experimental

realization of an epsilon-near-zero metamaterial at visible

wavelengths,” Nat. Photonics, vol. 7, no. 11, pp. 907−912, 2013..
[8] J. Gao, L. Sun, H. Deng, C. J. Mathai, S. Gangopadhyay, and X. Yang,

“Experimental realization of epsilon-near-zero metamaterial slabs

with metal-dielectric multilayers,” Appl. Phys. Lett., vol. 103, no. 5, p.

051111, 2013..

[9] A. Ciattoni, C. Rizza, and E. Palange, “Extreme nonlinear

electrodynamics in metamaterials with very small linear dielectric

permittivity,” Phys. Rev. A, vol. 81, no. 4, p. 043839, 2010..

[10] M. A. Vincenti, D. de Ceglia, A. Ciattoni, and M. Scalora,

“Singularity-driven second-and third-harmonic generation at

𝜖-near-zero crossing points,” Phys. Rev. A, vol. 84, no. 6, p. 063826,

2011..

[11] D. Powell, A. Alù, B. Edwards, A. Vakil, Y. S. Kivshar, and N. Engheta,

“Nonlinear control of tunneling through an epsilon-near-zero

channel,” Phys. Rev. B, vol. 79, no. 24, p. 245135, 2009..

[12] C. Argyropoulos, P.-Y. Chen, G. D’Aguanno, N. Engheta, and A. Alú,

“Boosting optical nonlinearities in 𝜖-near-zero plasmonic

channels,” Phys. Rev. B, vol. 85, no. 4, p. 045129, 2012..

[13] T. S. Luk, et al, “Enhanced third harmonic generation from the

epsilon-near-zero modes of ultrathin films,” Appl. Phys. Lett., vol.

106, no. 15, p. 151103, 2015..

[14] N. Kinsey, C. DeVault, A. Boltasseva, and V. M. Shalaev,

“Near-zero-index materials for photonics,” Nat. Rev. Mater., vol. 4,

no. 12, pp. 742−760, 2019..
[15] A. Ciattoni, A. Marini, and C. Rizza, “Efficient vortex generation in

subwavelength epsilon-near-zero slabs,” Phys. Rev. Lett., vol. 118,

no. 10, p. 104301, 2017..

[16] I. Liberal and N. Engheta, “Near-zero refractive index photonics,”

Nat. Photon., vol. 11, no. 3, pp. 149−158, 2017..
[17] M. Z. Alam, I. De Leon, and R. W. Boyd, “Large optical nonlinearity

of indium tin oxide in its epsilon-near-zero region,” Science, vol.

352, no. 6287, pp. 795−797, 2016..
[18] A. Ciattoni, A. Marini, C. Rizza, M. Scalora, and F. Biancalana,

“Polariton excitation in epsilon-near-zero slabs: transient

trapping of slow light,” Phys. Rev. A, vol. 87, no. 5, p. 053853,

2013..

[19] G. D’Aguanno, N. Mattiucci, M. J. Bloemer, R. Trimm, N. Aközbek,

and A. Alú, “Frozen light in a near-zero index metasurface,” Phys.

Rev. B, vol. 90, no. 5, p. 054202, 2014..

[20] W. D. Newman, C. L. Cortes, J. Atkinson, S. Pramanik, R. G.

DeCorby, and Z. Jacob, “Ferrell−Berreman modes in plasmonic
epsilon-near-zero media,” ACS Photonics, vol. 2, no. 1, pp. 2−7,
2015..

[21] A. Ciattoni, C. Rizza, A. Marini, A. Di Falco, D. Faccio, and M. Scalora,

“Enhanced nonlinear effects in pulse propagation through

epsilon-near-zero media,” Laser Photon. Rev., vol. 10, no. 3, pp.

517−525, 2016..
[22] M. H. Javani and M. I. Stockman, “Real and imaginary properties of

epsilon-near-zero materials,” Phys. Rev. Lett., vol. 117, no. 10, p.

107404, 2016..

[23] A. Husakou and J. Herrmann, “Steplike transmission of light

through a metal-dielectric multilayer structure due to an

intensity-dependent sign of the effective dielectric constant,” Phys.

Rev. Lett., vol. 99, no. 12, p. 127402, 2007..

[24] R. M. Kaipurath, et al, “Optically induced metal-to-dielectric

transition in epsilon-near-zero metamaterials,” Sci. Rep., vol. 6, no.

1, p. 27700, 2016..

[25] A. Marini and F. J. García de Abajo, “Self-organization of frozen

light in near-zero-index media with cubic nonlinearity,” Sci. Rep.,

vol. 6, no. 1, p. 20088, 2016..

[26] L. Assogna, C. Ferrante, A. Ciattoni, and A. Marini, “XUV plasmonic

waveguides by near-zero index heterostructures,” J. Phys. Photon.,

vol. 5, no. 4, p. 045001, 2023..

[27] F. Forstmann and R. R. Gerhardt, Metal Optics Near the Plasma

Frequency, Heidelberg, Springer-Verlag Berlin, 1986.

[28] Y. Wang, et al, “Stable, high-performance sodium-based plasmonic

devices in the near infrared,” Nature, vol. 581, no. 7809, pp.

401−405, 2020..
[29] J. Henzie, M. H. Lee, and T. W. Odom, “Multiscale patterning of

plasmonic metamaterials,” Nat. Nanotechnol., vol. 2, no. 9, pp.

549−554, 2007..
[30] A. Rawashdeh, et al, “High-quality surface plasmon polaritons in

large-area sodium nanostructures,” Nano Lett., vol. 23, no. 2, pp.

469−475, 2023..
[31] Y. Zhao, et al, “Thermosensitive plasmonic color enabled by

sodium metasurface,” Adv. Funct. Mater., vol. 33, no. 35, p. 2214492,

2023..

[32] R. Balescu, Equilibrium and Non-equilibrium Statistical Mechanics,

New York, John Wiley & Sons, 1975.



M. Silvestri et al.: Resonant THG driven by OOE electron dynamics in sodium-based NZI thin films — 11

[33] A. Marini, A. Ciattoni, and C. Conti, “Out-of-equilibrium electron

dynamics of silver driven by ultrafast electromagnetic fields − a

novel hydrodynamical approach,” Faraday Discuss., vol. 214,

pp. 235−243, 2019,.
[34] N. Ashcroft and N. Mermin, Solid State Physics, Philadelphia,

Saunders College, 1976.

[35] C. K. Sun, F. Vallée, L. H. Acioli, E. P. Ippen, and J. G. Fujimoto,

“Femtosecond-tunable measurement of electron thermalization in

gold,” Phys. Rev. B, vol. 50, no. 20, p. 15337, 1994..

[36] A. Marini, et al., “Ultrafast nonlinear dynamics of surface plasmon

polaritons in gold nanowires due to the intrinsic nonlinearity of

metals,” New J. Phys., vol. 15, p. 013033, 2013,.


	1 Introduction
	2 OOE electron dynamics in Na
	3 NL response of Na thin films
	4 THG in Na thin films
	5 Conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


