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Abstract

Titanium Nitride (TiN) is a promising plasmonic material which has come into the

spotlight as a valid alternative to noble metals. As for other plasmonic materials, great

attention has been given to the development of TiN nanostructures so as to e�ciently

tune the plasmon resonance, also combining them in lattices and with other metals

or semiconductors. In addition, TiN boasts a carrier cooling dynamics more than one

order of magnitude faster than that of gold, which gives it a clear advantage in many

applications. However, the knowledge of the ultrafast optical response of TiN nanos-

tructures is narrowed down to experimental evidence, without a complete modeling. In

this work, we numerically model the nonequilibrium hot-carrier-mediated mechanisms

and ultrafast nonlinear changes in the optical response of TiN nanostructures photoin-

duced by femtosecond laser pulses. Speci�cally, we focus on nanodisks and nanospheres,

and we compare our simulations with experimental pump-probe measurements. Our

approach enables us to disentangle the interband and intraband contributions to the

permittivity modulation, pointing out the critical role of the interplay between the TiN

interband transitions and the nanostructure optical resonances in the early stages of

the photoinduced ultrafast dynamics.

Introduction

When light interacts with plasmonic nanoparticles, the conduction electrons of the metal

can support driven collective oscillations, resonantly generating a localized surface plas-

mon (LSP). The LSP is able to localize and enhance the electromagnetic �eld within sub-

wavelength spatial regions. This peculiar property is exploited in a variety of applications

such as sensing, nanoscale imaging and surface-enhanced spectroscopies, to mention a few.1

Recently, plasmonic nanostructures have also attracted notable interest due to the strong

nonlinear optical e�ects that arise when these metal nano-objects interact with an intense

laser pulse.2,3 Indeed, nanostructured metals are much more advantageous for nonlinear op-

2



tics applications as compared with their bulk counterpart, being transparent in a broad

frequency range, and capable of boosting nonlinear e�ects at the LSP resonances. Moreover,

the plasmonic �eld con�nement enables to exploit these processes into photonic devices of

nanometric dimensions.4,5 A further advantage of nanostructures compared to the bulk is

the enhanced photogeneration of out-of-equilibrium `hot' charge carriers,6 due to the higher

surface-to-volume ratio. In turn, these photoexcited electrons preside over giant third-order

optical nonlinearities, dominating the system response in the transient regime.7 A whole

branch of plasmonics, referred to as ultrafast plasmonics, has developed to investigate these

phenomena and explain the origin and relaxation mechanisms of hot carriers in plasmonic

nanostructures.8�11

From the material standpoint, noble metals (Au, Ag, Cu) have largely been, to date, the

main candidates for the study and development of plasmonic nanostructures. However, de-

spite their high conductivity and malleability, they present major drawbacks, such as a low

melting temperature (especially when downsized to the nanoscale), CMOS incompatibil-

ity, and hardly adjustable optical properties.12 In the last decade, titanium nitride (TiN)

has emerged as one of the most promising alternative materials in this regard.13,14 Indeed, it

melts at ∼ 3000 °C,15 making it ideal for high-temperature applications,16,17 and its dielectric

properties can be modi�ed by acting on the stoichiometry during fabrication.18 In addition,

TiN shows good biocompatibility and chemical stability, no di�usion in silicon, interband

losses lower than in Au at optical frequencies, and its plasmonic resonance typically covers a

wide spectral range in the visible and near infrared (IR).18,19 For what concerns fabrication,

on the one hand 2D-lattices of TiN nanostructures can be easily built from the patterning of

compact TiN �lms through lithography methods as electron beam lithography, laser writing,

or etching,14 also reaching large scale systems, a major advantage for practical applications.20

On the other hand, to fabricate TiN nanoparticles in solution, typical techniques are direct

nitridation of titanium or titanium dioxide, urea route, and vapour synthesis.14 TiN nanoan-

tennas �nd applications in many di�erent �elds, such as thermoplasmonics,21�23 catalysis,24,25
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energy storage,26 solar concentrators,27 plasmonic photothermal therapy,28 surface-enhanced

Raman scattering,29 and heat-assisted magnetic recording.30 Following the rapidly increas-

ing interest towards TiN nanoparticles, many research groups have thoroughly investigated

their stationary optical response in the last years. TiN presents a prominent metallic charac-

ter, although its band structure is typical of a highly doped semiconductor.31�34 Contrarily,

only a limited number of experimental works have been dedicated to exploring the ultrafast

optical response of TiN nanostructures,35�37 and a rigorous numerical description of carrier

relaxation in these structures is still missing. This is a major lack, especially considering that

TiN exhibits, in the ultrafast regime, substantial di�erences compared to more conventional

plasmonic materials. Indeed, TiN hot electrons equilibrate extremely fast with the lattice,

in less than ∼ 100 fs, i.e., more than 10 times faster than in noble metals.38,39 Combined

with this peculiar dynamics, the giant optical nonlinearity mediated by the photoinduced

hot carriers in TiN could enable an easy scalability of optoelectronic devices, leading to high

e�ciencies in architectures featuring nanometric dimensions. Moreover, the study of novel

materials with epsilon-near-zero (ENZ) properties in the optical frequency range, such as

TiN, is crucial to develop new technologies boasting enhanced nonlinear optical interactions.

This property is highly desirable when aiming to realize new devices for the all-optical mod-

ulation of light.40�42

In this work, we model the ultrafast optical response of TiN nanostructures upon pho-

toexcitation with fs-laser pulses, implementing substantial modi�cations to the calculations

developed for TiN �lms.39 Indeed, describing the transient optical response of nanostruc-

tures supporting geometrically-induced optical resonances requires to account for nontrivial

e�ects such as a di�erent heat dissipation in the structure and possible skin e�ects peculiar

to each shape and dimension of the nano-object, in addition to the appropriate description

of the nanostructure stationary optical features. Our model is directly compared and val-

idated over relevant experimental data obtained by femtosecond pump-probe spectroscopy

available in the literature. Speci�cally, we refer to two experimental studies, on TiN nan-
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odisks36 and colloidal TiN nanospheres,37 respectively, which both measure the nanostruc-

tures' ultrafast response, yet without providing a quantitative explanation for the optical

phenomena observed. Starting from a system of two coupled, �rst order di�erential equa-

tions, the two-temperature model (2TM), combined with a semiclassical modeling of TiN

optical transitions, we are able to determine how the optical properties of TiN nanostruc-

tures are transiently modi�ed upon ultrafast laser excitation, and to highlight the key role

of the hot carrier energy distribution depending on the nanostructure shape. Our �ndings

are crucial to provide a comprehensive understanding of the optical nonlinearities of TiN

nanostructures, paving the way to realize new TiN-based devices for ultrafast plasmonics

applications.

Methods

Numerical modeling

The extinction and scattering cross sections of the TiN nanoparticles are calculated from the

polarizability as follows:43

σext(λ) =
8π2

√
εhλ

Im{α(λ)} (1)

σscat(λ) =
128π5

3λ4
|α(λ)|2 (2)

where λ is the probe wavelength and εh is the dielectric permittivity of the host medium. For

nanodisks, εh is retrieved as a mean value from the refractive indexes of sapphire nsapph = 1.75

and air nair = 1 as εh = p ·
√
(n2

sapph + n2
air)/2, with a scale factor p = 0.945 which takes

into account the bigger amount of air with respect to sapphire around the nanodisks. The

modulation in the JDOS induced by the Fermi smearing can be explicited, for a speci�c

transition and under parabolic bands approximation, as:44,45

∆JDOS(ω, t) = − 2

4π2

(
2mr

h̄2

)3/2√
h̄ω − E0 ×∆f(Eω, t). (3)
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In the equation above, h̄ is the reduced Planck constant, c is the light speed in vacuum and

ω is the probe angular frequency. The reduced mass of the system mr = memh/(me +mh)

is calculated from the e�ective masses me of the electrons and mh of the holes, and Eω =

mr/me(h̄ω − E0)− EF .

The modi�cations in the Drude damping factor Γ and the decrease in the plasma frequency

ωP are computed as follows:

∆Γ(ω, t) = b(h̄ω)2(TL(t)− T0) (4)

∆ωP (t) = −1

2

ωP

V
∆V (t). (5)

In the equations above, V is the nanoparticle volume and b = 1.17× 1049J−2 K−1 s−1 is the

electron-phonon damping coe�cient, for both nanodisks and nanospheres, and its value is

higher than the one used for TiN �lms, but of the same order of magnitude.39 With these

results, we can �nd the corresponding modulations of the Drude-Sommerfeld permittivity as

follows:

∆εDS,Γ(ω, t) =
iω2

P∆Γ(ω, t)

ω(ω + iΓ)[ω + iΓ + i∆Γ(ω, t)]
, (6)

∆εDS,ωP
(ω, t) = −∆ωP (t)[∆ωP (t) + 2ωP ]

ω(ω + iΓ)
. (7)

Finally, the total variation of the Drude-Sommerfeld permittivity can be calculated as:

∆εDS(ω, t) = ∆εDS,Γ(ω, t) + ∆εDS,ωP
(ω, t). (8)

Results and discussion

The �rst structure we analyze in this work consists of a square lattice of TiN nanodisks

on a sapphire substrate in air, investigated in the work by Reese et al.36 The disks have

diameter dd = 200 nm, height h = 50 nm, and the lattice has periodicity P = 600 nm. In
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our calculations, we approximate this system as a random ensemble of TiN disks, spatially

dispersed in a matrix having a refractive index close to the mean value between the ones

of glass and air. Such approximation reduces signi�cantly the computation costs, at the

expense of possibly missing collective spectral features related to the actual periodicity of

the sample. This could be relevant e.g. to surface lattice resonances. However, in the

experimental conditions we modelled, the measured sample did not support similar extended

modes (refer to Fig. S1c), making our assumption licit. The second structure considered is

a colloidal aqueous solution of TiN nanospheres of diameter ds = 50 nm, reported in the

work by Adhikari et al.37 In order to study the origin of the ultrafast optical nonlinearities

in these nanostructures, we start by modeling their stationary optical response. To do so,

we cannot rely on the bare quasi-static theory (QST). Indeed, the latter is an analytical

theory that enables to retrieve the polarizability of nanoparticles under the approximation

of constant phase of the electric �eld in space. Therefore, it applies when the dimension of

the nano-object is much smaller than the wavelength of light, i.e., for sizes typically below

∼30 nm in the visible/near-infrared spectrum.46 We resort instead to an analytical extended

formulation of the QST including retardation e�ects43 for the relatively large nanostructures

under scrutiny. Speci�cally, we take into account retardation e�ects by including in the

particle polarizability a size factor s =
√
εhL/λ, depending on the permittivity of the host

medium εh, a characteristic size of the particle L, and the wavelength of the incident light

λ. The modi�ed polarizability of the nanoparticle can then be written as:43

α(ω) =
εh
4π

∑
j

Vj

(
1

εm/εh − 1
− 1

εj − 1
− Aj(s)

)−1

(9)

where j is the index of a speci�c electrostatic mode volume Vj and
∑

j Vj = V , the phys-

ical volume of the nanoparticle. Moreover, Aj(s) = aj2s
2 + 4π2iVj/(3L

3)s3 + aj4s
4 is an

s- dependent function expanded up to the fourth order, εm is the metal permittivity, aj2,

aj4 and εj are real numerical constants dependent on the nanoparticle shape and volume
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only.43 With the so-obtained polarizability, we can evaluate the stationary absorption, scat-

tering and extinction cross sections of the nanoparticles under investigation. Details of the

cross sections' calculations are reported in Methods (Eq. 1 and Eq. 2). The simulated cross
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Figure 1: Stationary absorption, scattering and extinction cross sections (blue dotted, light-
blue dashed and green curves, respectively) for a) disks with parameters h = 50 nm and dd
= 200 nm in a matrix with refractive index close to the mean between the ones of sapphire
and air (see Methods), so as to simulate the squared lattice of TiN nanodisks on a sapphire
substrate and in air as in Ref. 36, and b) nanospheres with diameter ds = 50 nm in water as
in Ref. 37. Cross sections are computed for single scatterers. Transmittance spectrum for
a random ensemble of the same c) nanodisks and d) nanospheres. Vertical black lines mark
the spectral position of the resonance peaks.

sections of absorption, scattering and extinction are shown (blue dotted, light-blue dashed
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and green solid curves) for nanodisks and nanospheres in Figs. 1a and 1b, respectively. For

nanodisks, we notice two distinct peaks in the cross sections. The peak at longer wave-

lengths (at around 1150 nm) is larger in magnitude and related to the two degenerate LSP

modes polarized parallel to the nanodisk bases, while the one at shorter wavelengths (∼450

nm) is not plasmonic, being TiN permittivity already positive in its real part below 700 nm

(refer to SI section S1, Fig. S1a). The presence of this additional resonance, as con�rmed

by dedicated full-wave �nite-element method simulations (see SI section S2), is dictated by

a retardation-based Mie scattering response, well captured by the reduced model of Eq. 9.

In the case of the nanospheres, we have instead one peak, at ∼625 nm, due to the three-

fold mode degeneracy. We can then calculate the stationary transmission spectra for the

nanostructure ensembles as T = Tfr exp (−σext(λ)N). For the nanodisks, Tfr is the Fresnel

transmission at the air-glass interface and N = 1/P 2 is the number of nanodisks per area

unit. In the case of nanospheres, we neglect any interface (Tfr = 1) and N = cexpNAL, where

cexp = 0.11 × 10−6 mol m−3 is the experimental concentration of TiN nanospheres in the

solution, kept as a �tting parameter since not provided in the experimental work,37 NA is the

Avogadro's number, and L = 1 mm is the typical cuvette length. The transmission spectrum

for nanodisks is displayed in Fig. 1c, with a marked dip at ∼1150 nm and a weaker one at

∼460 nm, and for nanospheres in Fig. 1d, where the dip falls at ∼625 nm. Both results are

in good agreement with previous experimental reports33,36,37 on comparable systems. The

presence of two peaks in the case of nanodisks, which experimentally show only the resonance

at longer wavelengths upon normal incidence excitation of the 2D array,36 stems from the

approximation of the sample to a disordered ensemble of particles. Besides this aspect, the

discrepancies in the stationary response of the nanodisks between our simulations and the

measured spectrum can be mainly attributed to the approximated shape and environment

of the simulated system. For the nanospheres, slight mismatches may be due to the values of

the dielectric permittivity constants, that were assimilated to the ones of epitaxially grown

TiN �lms.33 The TiN permittivity data employed in our model are reported in the Support-
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ing Information (SI).
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Figure 2: a) Experimental and b) simulated pump�probe map of di�erential transient ab-
sorbance for TiN nanodisks. Pump wavelength: 800 nm, pump pulse temporal duration:
35 fs, pump �uence (simulation): 2.25 mJ cm−2. Red for positive signal, blue for negative
signal. c) Experimental and d) numerical pump�probe map for TiN nanospheres in water.
Pump wavelength: 900 nm, pump pulse duration: 130 fs, pump �uence (simulation): 336
µJ cm−2. Blue for positive signal, red for negative signal. a) Adapted from Ref. 36, Copy-
right 2021, American Chemical Society. c) Adapted from Ref. 37, Copyright 2021, American
Physical Society.

To study the delayed nonlinear optical response of plasmonic nanostructures, ultrafast pump-

probe spectroscopy is a widespread, powerful tool. We thus aim at validating our theoret-

ical model on the experimental measurements reported in the selected works. The mea-

sured signal maps taken from Refs. [36] and [37] are shown in Figs. 2a and 2c, respec-

tively. The pump-probe signal retrieved in both experiments is the di�erential absorbance

∆A(λ, t) = Aexc(λ, t) − A0(λ), where Aexc(λ, t) is the time-dependent absorbance of the

excited sample upon ultrafast illumination, and A0(λ) is its absorbance in stationary condi-

tions. In the case of nanodisks, the sample is pumped with a 800-nm pulse from a Ti:Sapphire
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laser with 35-fs duration and 1 kHz repetition rate. The experimental pump �uence is set

to F = 1.5 mJ cm−2. The ultrafast optical response is then probed over a broad spectral

range in the near IR, from 950 nm to 1400 nm, and along a temporal delay up to 1 ns after

the pump interaction with the sample. The experimental ∆A map (Fig. 2a) shows a strong

negative signal close to the LSP wavelength, and a weak positive signal at its edges (for λ

> ∼1200 nm and a weaker one for λ < ∼1080 nm). The latter is ascribed to the resonance

broadening, as a consequence of the ultrafast nanoparticle's heating.36 For what concerns the

nanospheres, less experimental details are provided in the original publication.37 The sample

is pumped with a 900-nm pulse from a Ti:Sapphire laser with a pulse duration of 130 fs, and

probed with a white supercontinuum covering a broad portion of the visible range (440-740

nm), spanning a time delay between pump and probe up to 3 ns. The pump-probe map (Fig.

2c) shows a broad negative signal (note the color scale inversion among the two experimental

plots in Figs. 2a and 2c), which lasts for almost 2 ns. There is also a weak positive signal at

wavelengths below 500 nm. The whole response is interpreted as a mere blue-shift of the plas-

monic resonance.37 For a theoretical description of the observed transient optical behaviors,

we model the ultrafast photoexcitation by means of the two-temperature model (2TM), a

thermodynamical model stemming from the Boltzmann equation.47 When an ultrafast laser

pulse interacts with a metallic nanoparticle, the quasi-free carrier plasma reaches nonequilib-

rium states (associated with higher electronic temperature), and subsequently equilibrates

with and heats up the lattice. Finally, the latter releases heat towards the surrounding

environment. The 2TM describes these energy exchanges through two coupled di�erential

equations at the �rst order, assuming both the carrier and the phonon baths at internal ther-

mal equilibrium at each time instant. In this approach, the short-lived nonthermal regime

for the electron gas is disregarded, due to the extremely short electron-electron scattering

time in this material.38,39 Moreover, di�usion terms for electrons and phonons are neglected,

since the small size of the analyzed nanostructures entails a homogeneous photoexcitation,

as detailed for our nanodisks in SI, Section S3. Eq. 10 details the increase in the carrier
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temperature TC , following the absorption of the instantaneous pump power density PA (see

SI, Section S4), while Eq. 11 accounts for the evolution of the lattice temperature TL:

CC
dTC

dt
= −G(TC − TL) + PA(t) (10)

CL
dTL

dt
= G(TC − TL)−GL(TL − T0) (11)

where CC = γTC and CL are the carrier and lattice heat capacities, respectively, γ is the

carrier heat capacity constant, T0 is the room temperature, G and GL are the carrier-lattice

and the lattice-environment coupling coe�cients, respectively. The latter embeds the heat

transfer from the phonon bath to the external environment, taking into account the geometry

of the nanoparticle and the thermal conditions at the boundary between the two media. It

needs to be �tted on experimental data.48 The values for CL = 3.149 × 106 J m−3 K−1,

γ = 112.5 J m−3 K−2 andG = 1018 Wm−3 K−1 are the same as those used for TiN �lms.39 For

GL, the best �tting values turned out to be GL,disk = 1016 W m−3 K−1 and GL,sphere = 0.27×

1016 Wm−3 K−1, for the disks and for the spheres, respectively. The higher value of GL in the

case of the disks is due to the presence of a solid-state substrate, inducing a more e�cient heat

dissipation towards the environment, compared to the case of the spheres, being dispersed

in water. In Fig. 3, we report the temporal evolution of the carrier and lattice temperatures

for nanodisks (Fig. 3a) and nanospheres (Fig. 3b) retrieved from the 2TM. When the pump

pulse interacts with the TiN nanostructures, the electron gas heats up, reaching a maximum

temperature variation of about 1330 K for nanodisks and 170 K for nanospheres in the

respective conditions of the corresponding experiments. The di�erence in the maximum

temperature reached is mostly due to the di�erent excitation levels. Indeed, the absorbed

pump �uence is higher for disks than for spheres, as a combination of higher incident �uence

and higher absorption cross section. After the pump excitation, the hot carriers start to

relax extremely fast towards the lattice, in line with what proved for TiN,38,39,49 returning

close to T0 within ∼410 fs for nanodisks, ∼320 fs for nanospheres. These relaxation times,
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Figure 3: Temporal evolution of the carrier and lattice temperatures with respect to the
room temperature (solid black and red dotted curves, respectively) for TiN a) nanodisks and
b) nanospheres, retrieved from the 2TM. Pump �uences as in Figs. 2b and 2d.

much shorter than in more conventional plasmonic materials, can be understood in terms

of the electron-phonon coupling G in TiN, two orders of magnitude larger than in Au or

Ag,50 and even one order of magnitude larger than in Al, that was more lately proved to

relax faster than Au.51 Regarding the predicted di�erence between disks and spheres, the

comparatively slower relaxation of hot electrons in nanodisks �nds reason in the dependence

of the carrier heat capacity CC on the electronic temperature TC , and it is physically caused

by the increase in the electron thermal inertia at high �uences.52 The lattice temperature

grows simultaneously with the energy release from the carriers to the phonon bath, reaching a

plateau of ∆TL ∼62 K in ∼340 fs for nanodisks and of ∆TL ∼9 K in ∼250 fs for nanospheres.

At the plateau, the thermal equilibrium between the carrier and the phonon populations is

reached, as TC = TL.

As a consequence of photon absorption, the Fermi distribution of electrons (initially at T0)

is perturbed, and reaches a nonequilibrium state described by a higher temperature TC .

Empty (occupied) states are created below (above) the Fermi level in the conduction band.

This phenomenon is known as Fermi smearing,44 and in formulas it can be expressed as the

di�erence between the Fermi electronic distribution f0 at the hot carrier temperature TC and
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the one at T0:

∆f(E, t) = f0[E, TC(t)]− f0[E, T0] (12)

where E is the energy of the carriers. The modi�ed electronic distribution translates in turn

into variations of the material optical properties: some interband transitions involving �nal

states below (above) the Fermi level become possible (hindered). To include such e�ects in

our model, we consider a few approximations in the description of TiN band structure.39

We account for one interband transition only to be a�ected by the pump pulse absorption,

namely the one at the Γ point of the Brillouin zone, from the upper valence band to the half-

�lled conduction band (Γ15 → Γ25′ , see Ref. 34 for details), also assuming perfect parabolicity

of the bands around Γ. In the vicinity of this point, the value of the hole e�ective mass mh is

taken in agreement with what found for TiN �lms39 (mh = 1.2mh,film). The e�ective electron

mass me is kept, instead, as a �tting parameter, since the curvature of the conduction band

around Γ is very sensitive to the composition of the TiN sample, and to its oxidation level.49

We setme,disk = 4me,film andme,sphere = 2me,film, in agreement with the progressive nitrogen

increase in the TiN composition,49 moving in order, for the samples we consider, from the

�lms, to the nanospheres and then to the nanodisks, as shown from a progressive red-shift

in the plasma wavelength.39 Indeed, higher nitrogen contents lead to a �attening of the TiN

conduction band around Γ. Moreover, the energy gap at the Γ point is set to E0 = 2.95 eV

as in our previous study on thin �lms,39 while the Fermi energy EF is reduced compared

to the value reported in Ref. 39, EF,film = 0.367 eV, i.e. we set EF,sphere = 0.87 · EF,film

and EF,disk = 0.79 · EF,film. This is in agreement with the longer plasma wavelength, and

thus lower density of free carriers, of the speci�c TiN materials constituting the nanosphere

and nanodisk samples under consideration. Further insights on the e�ects of stoichiometry

of TiN on its band structure, which distinguishes TiN from noble metals, are reported in

the SI, Section S5. The change in the electron occupation probability is responsible for a

variation of the joint density of states (∆JDOS) for interband optical transitions to arrival

states close to the Fermi level (see Eq. 3, Methods section). This phenomenon relates to the
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variation of the imaginary part of the interband dielectric permittivity ∆ε′′IB(ω, t), which is

evaluated by assuming a constant matrix element for the optical transition:39

∆ε′′IB(ω, t) =
π

3ε0

(
e

m0ω

)2

|M |2∆JDOS(ω, t) (13)

where ε0 is the vacuum permittivity, e and m0 are, respectively, the free electron charge

and mass, and |M |2 is the square matrix element for the transition, considered as a �tting

parameter in our model. We set |M |2disks = 1.38×10−48 J kg and |M |2sphere = 5.9×10−49 J kg,

not far from the value used for TiN �lms (|M |2film = 3.95× 10−49 J kg).39 After calculating

∆ε′′IB(ω, t), the real part ∆ε′IB(ω, t) can be extracted through Kramers-Kronig transforma-

tion. The modulation of the optical properties of TiN upon laser illumination is also caused

by a change in the intraband (Drude-Sommerfeld) part of the permittivity ∆εDS(ω, t), as

an e�ect of the increment in the lattice temperature TL. In particular, ∆εDS(ω, t) relates

to two di�erent e�ects: a major contribution due to the increase in the electron-phonon

scattering rate, embedded in the Drude broadening coe�cient Γ, and a minor e�ect owing

to the decrease in the plasma frequency ωP and caused by the volume expansion of the

nanostructure upon heating, as described by Eq. 4 and Eq. 5, in the Methods section. This

is a major di�erence with respect to the �lm's case, where thermoelastic e�ects come into

play.39 On the contrary, the resonance broadening caused by increased electron-electron col-

lisions is negligible, akin to the �lms.39 The two contributions to ∆εDS, namely ∆εDS,Γ and

∆εDS,ωP
, are reported in Methods section (Eqs. 6 and 7). We can evaluate the variation in

the sample's absorbance as:

∆A(λ, t) = − log10(e
−∆σext(λ,t)N), (14)

where ∆σext(λ, t) is the modulation of the extinction cross section of the nanoparticle.

The �tting parameters used in the calculations of the transient plasmonic response of TiN

nanodisks and nanospheres are summarized in Table 1, compared with the corresponding
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values exploited in the modelling of TiN �lms.39 Despite being chosen so as to best reproduce

the experimental results, we highlight that the �tting parameters are all consistent with the

literature and with the stationary optical behaviour of TiN nanodisks and nanospheres. This

consistency is maintained in the comparison with TiN �lms.

Fitting parameter TiN nanodisks TiN nanospheres
Reference Value

(TiN films)

Electron effective mass me,disk = 4 me,film me,sphere = 2 me,film me,film = 1.09  x 10-30 kg

Hole effective mass mh,disk = 1.2 me,film mh,sphere= 1.2 me,film mh,film = 6.56  x 10-31 kg

Energy gap E0,disk = 1.05 E0,film E0,sphere = 1.05 E0,film E0,film = 2.8 eV

Fermi energy EF,disk= 0.79 EF,film
EF,disk= 0.87 EF,film EF,film = 0.367 eV

Square matrix element 

of the transition
|M|2 

disk = 3.49 |M|2
film |M|2 

sphere = 1.49 |M|2
film |M|2

film = 3.95 x 10-49 J kg

Table 1: Fitting parameters for the model of TiN nanodisks and nanospheres,

compared to the reference values used for TiN �lms.

The results of our numerical model for nanodisks and nanospheres are reported, respectively,

in Figs. 2b and 2d. In the case of nanodisks, the pump �uence is set to 2.25 mJ cm−2 in

the simulations, close to the experimental value. For the nanospheres, the �uence is kept

as a �tting parameter, since not provided in the original paper37 and set to 336 µJ cm−2.

Our simulations reproduce with remarkable precision the experimental results previously

published, both in time and on a broad range of wavelengths. The agreement is achieved

also for minor, ultrafast features of the transient spectra. Especially, the negative signal tail

at ∼1150 nm and the positive contribution at shorter wavelengths, both taking place in the

�rst instants of the nanodisk dynamics (Fig. 2a), are precisely replicated by our numerical

model (Fig. 2b).

In addition, our numerical model enables us to disentangle the transient interband and

intraband contributions to the samples' transient optical absorbance. In Fig. 4, we present

the absorbance variation generated separately by the modulation of the interband (Figs. 4a

and 4b) or intraband (Figs. 4c and 4d) part of the permittivity only, both for nanodisks

(Figs. 4a and 4c) and for nanospheres (Figs. 4b and 4d). Starting with the interband optical
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response of nanodisks, we �nd a double lobe, with the negative part extending over the

short wavelength range of the spectrum (see Fig. 4a). This contribution only lasts for the

�rst ∼250 fs after the arrival of the pump pulse. Interestingly, we note from Fig. 4c that,

by switching o� the interband permittivity modulation, we completely loose the features at

short time delays (< ∼250 fs) that characterize the transient optical response of nanodisks

(see the comparison between experiment and model in Figs. 2a and 2b). Indeed, this

evidences that ∆εIB is responsible for the short-living plasmon red-shift (anti-symmetric

spectral pro�le of ∆A), while ∆εDS results in plasmon damping and broadening, lasting for

longer temporal delays. As such, the Drude-Sommerfeld contribution itself is not su�cient to

accurately predict the modulation of the optical properties of TiN nanodisks in the ultrafast

temporal regime. On the contrary, for nanospheres, the disentanglement of the interband and

intraband contributions to ∆A shows a di�erent result. Indeed, the interband modulation

extends up to ∼200 fs, but its intensity is rather low compared to the intraband counterpart

(also note that colorscales in Figs. 4a and 4b are reduced for clarity). In this case, the e�ect

of the Fermi smearing on the overall optical response is negligible, and the main features of

the experiment's spectral dynamics can be entirely reproduced by including the modulation

of the Drude-Sommerfeld permittivity only. Interestingly, our numerical model enables us

to disclose in a clear-cut way the connection between the spectral features observed in the

ultrafast optical response and the resonances found in the stationary spectra of nanodisks

(at ∼1150 nm and ∼460 nm) and nanospheres (at ∼625 nm). In Figs. 5a-d, we display

the real and imaginary parts of the permittivity variation arising from interband transition

modulation, ∆εIB (dark curves), and from the Drude-Sommerfeld modulation, ∆εDS (light

curves), for nanodisks (Figs. 5a,c) and for nanospheres (Figs. 5b,d) on a broad spectral range

and at three di�erent temporal delays after the pump interaction with the sample. These

delays refer to: the peak of the carrier temperature, half of its decay, and the complete

thermalization between electrons and lattice, corresponding to t1 = 25 fs, t2 = 160 fs and

t3 = 0.5 ps for nanodisks, and t1 = 30 fs, t2 = 130 fs and t3 = 0.5 ps for nanospheres,
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respectively. Note that the interband contribution to the permittivity modulation (both

real and imaginary parts) is strongly dispersed in wavelength, with a strong contribution at

about 400 nm, i.e., close to a probe photon energy Eph = E0 + EF around which the Fermi

smearing is more pronounced. The Drude-Sommerfeld contribution has instead an almost

negligible dispersion over the whole spectral range. For probe wavelengths corresponding to

Eph > E0 (the bandgap energy of the considered transition), i.e., for wavelengths λ > 420

nm (for both nanostructures), the ∆εIB is narrowed down to its real part. Finally, when

comparing Figs. 5a,c with Figs. 5b,d we note a slight di�erence between the permittivity

modulations predicted for the nanodisks and for the nanospheres. This di�erence re�ects,

�rst of all, the di�erent nitrogen content in the TiN material employed for the two structures,

that has an impact on the optical parameters of the medium, as already stated above, and

also the di�erent excitation levels of the two nanostructured systems (mostly responsible for

the quantitative di�erences in ∆ε).

From ∆εIB and ∆εDS we can disentangle the mechanisms presiding over the extinction

cross section variation, ∆σext, entering Eq. 14. In the perturbative regime of modulation

taking place in the considered experiments, ∆A ∝ ∆σext, as per Eq. 14. So, all the fol-

lowing considerations on the ∆σext apply to the ∆A. The calculated ∆σext is displayed in

Figs. 5e,g for nanodisks, and in Figs. 5f,h for nanospheres, disentangled in terms of interband

(Figs. 5e,f) and intraband (Figs. 5g,h) contributions.

Regarding the predicted spectral shape of ∆σext for nanodisks, note that the modulation

arising from the interband contribution (Fig. 5e) is dominated by a derivative-shaped spec-

trum around to the plasmonic resonance at λ ∼ 1150 nm. This behavior is ascribable to the

positive sign of the real ∆εIB (dark curves in Fig. 5a) which is known to induce a red shift

of plasmonic resonances when these are not overlapping with interband transitions.53 On

the contrary, the ∆σext from Drude-Sommerfeld permittivity modulation (Fig. 5g) exhibits

a characteristic shape streaming from the broadening of the plasmonic resonance, with a

strong negative central lobe and two weaker positive lobes at longer and shorter wavelengths.
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This is consistent with the fact that ∆εDS (light curves in Fig. 5a and 5c) involves a siz-

able increase in the imaginary permittivity, meaning an increase in absorption losses. For

what concerns the weaker non-plasmonic mode at λ ∼ 460 nm, it is detuned from E0 + EF

(λ ∼ 383 nm) and it is much weaker compared to the main (plasmonic) mode in the infrared.

These properties lower the system sensitivity to the permittivity change. Therefore, despite

the huge permittivity modulation in the spectral range below 420 nm, ∆σext turns out to

be very low in the visible (see Fig. 5e). Similarly, for nanospheres, looking at the spectral

shape of ∆σext, we also notice the red shift arising from ∆εIB (Fig. 5f) and the broadening of

the plasmonic resonance, here sitting at ∼ 625 nm, arising from ∆εDS (Fig. 5h). Regarding

the latter, it is worth saying that despite its sizable growth with the probe wavelength, the

impact of the ∆εDS on the transient extinction spectrum actually becomes lower and lower

for longer wavelengths, contrary to the case of the ∆εIB. This is evident when normalizing

the ∆εIB and the ∆εDS to the stationary εIB and εDS permittivity, respectively (see SI,

section S6). The reason behind this behaviour is that the stationary εDS also grows with

wavelength, whereas the stationary εIB is weakly dispersed in the considered wavelength

range.

As for the temporal behavior of ∆σext, we disclose a distinct response for nanodisks and

nanospheres. For the former, the interband contribution dominates over the intraband one in

the �rst tens of fs of the electron dynamics. After ∼160 fs, even though it is still non-zero, the

interband component of ∆σext is signi�cantly lower compared with the intraband one, which

has already approached the value corresponding to the temperature plateau (see Fig. 5e).

Therefore, at increasing time delays after pump excitation, the monotonic decrease of the

interband part of∆σext is counterbalanced by the monotonic increase in the magnitude of the

intraband one. On the contrary, for nanospheres, the interband contribution never exceeds

the Drude-Sommerfeld one in the spectral range considered in the pump-probe experiment,

not even at the early stages of the dynamics. As evident from Figs. 5f and 5h, either the

two contributions to ∆σext are comparable (e.g., at ∼30 fs and λ ∼450 nm) or intraband
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contribution is larger (see, e.g., ∆σext at λ ∼500 nm). As the dynamics progresses, the

temporal evolution mirrors the one observed in nanodisks.

Conclusions

In conclusion we modeled the permittivity modulation of TiN nanostructures in the transient

regime upon photoexcitation with fs-laser pulses. We show that, to correctly simulate the

ultrafast optical response of TiN plasmonic nanostructures, it is possibile to use the same

approach proposed for TiN �lms, yet it is necessary to tailor part of the calculations to

suit the di�erent sample con�gurations. Speci�cally, it is crucial to introduce the e�ect of

heat dissipation towards the environment, besides the nanostructure geometrically-induced

resonant behaviour, and it is licit to neglect both electron and phonon di�usion. To validate

our theoretical approach, we selected a lattice of TiN nanodisks on glass and a colloidal

solution of TiN nanospheres in water, which are rather representative cases and have been

previously studied by other groups through ultrafast pump-probe spectroscopy.36,37 We pro-

vided a theoretical understanding of the ultrarapid relaxation of the hot carriers and their

interaction with the lattice, which was still lacking in the previous studies. By combining a

two-temperature model for the hot carrier dynamics and a semiclassical description of optical

transitions in TiN, we evaluated the modulation of the interband and intraband contributions

to the TiN dielectric permittivity, both in time and on a broad spectral domain. Thanks to

the disentanglement of the contributions to the modulation of the TiN dielectric function,

we revealed the physical origin of the response for the two nanostructured systems, and we

pointed out the key role of the Fermi smearing at the interband transition around the Γ

point in the optical response of TiN nanodisks on the ultrashort (<200 fs) temporal regime.

We proved that our numerical model, initially developed for a TiN �lm,39 is a powerful tool

for the comprehensive and accurate understanding of the transient optical response of TiN

nanostructures. Overall, our work provides the basis for the design of TiN-based nanomate-

rials and systems with tailored properties in the ultrafast regime, being greatly bene�cial in
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view of future technological applications.
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