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Surface-Plasmon-Assisted Control of Ultrafast Optical
Relaxation Traces

Maxim Andreevich Kiryanov, Ilya Alekseevich Novikov, Aleksandr Yurievich Frolov,
Tatyana Viktorovna Dolgova, and Andrey Anatolyevich Fedyanin*

The time-dependent response of a material to a short laser pulse excitation
directly reflects ultrafast physical processes within the material. In optical
pump-probe experiments these processes can be observed due to
laser-induced modification of material dielectric permittivity. In
nanostructured systems resonant sensitivity of optical response to dielectric
permittivity may provide a strong dependence of the relaxation trace on the
probe wavelength. In this work, an anomalous wavelength-dependent
temperature nonlinearity of the optical response of a plasmonic crystal on the
picosecond timescale is shown, controlled by the system parameters and
observed in the spectral vicinity of a surface plasmon resonance. A practical
method for adjusting the picosecond relaxation traces of optical response is
proposed on the basis of resonant probe. The effect is demonstrated
experimentally and numerically. The phenomenological description
is proposed.

1. Introduction

Small-scale light control is a rapidly growing application area for
optical computing and communications. There are two broad
areas of research — active nanophotonics and nanoplasmonics
which are dealing with problems of real-time control of light
beams. Over the past decades, significant progress has been
made in creating reconfigurable optical resonant metaatoms and
metasurfaces for subwavelength-scale lightmanipulation. Awide
variety of approaches to reconfigure and switch plasmonic, all-
dielectric and hybrid systems have been developed. The examples
are electro-optical GHz plasmonic phase modulator,[1] magneto-
optical chiral-plasmonic modulator,[2] thermal tuning of optical
phase-change-material antennas,[3] low-loss metasurfaces based
on phase-change materials controlled by mid-IR nanosecond
laser pulses[4] or electric current,[5] liquid crystal-based metasur-
faces tunable with an electric [6] or magnetic[7] fields, plasmonic
display based on catalytic metasurfaces,[8] electrically controlled
terahertz graphene metasurface,[9] Goos–Hänchen-assisted
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spatialy-resolved magneto-optical inten-
sity modulation,[10] second harmonic
generation in dichalcogenide monolay-
ers boosted by high-Q metasurface,[11]

multimodal hybrid magnetoplasmonic
metasurface for tunable magneto-
optical Kerr effect enhancement,[12]

Poincaré sphere coverage with plasmonic
crystals,[13] reconfigurable photoinduced
THz metasurface[14] and others.
An all-optical switching approach

provides possibilities for ultrafast wave-
front control for beam shape, frequency
conversion polarization and direction
manipulation.[15] Various designs and
physical realizations were demon-
strated including surface-plasmon wave-
guides[16] and plasmonic 1D crystals,[17]

silicon-on-insulator ring resonator,[18]

2D photonic microcavity,[19] metal-
insulator nanocavities with epsilon-near-zero modes,[20]

graphene-photonic crystal system supporting Bloch surface
waves[21] and graphene-plasmonic metasurface,[22] semicon-
ductor, and all-dielectric Mie-resonant,[23,24] quasi-BIC[25] and
non-local[26] metasurfaces.
A more difficult task of the active nanophotonics is to obtain

desired picosecond time traces of optical response. The chal-
lenge arises in neuromorphic photonic computations,[27,28] spik-
ing neural networks,[29] and dynamical memristors,[30] which
aim to mimic principals of a human brain. Biological synapses
exhibit a variety of complex behaviors, such as spike timing–
dependent plasticity,[31] interaction between short-term and long-
term memory,[32] paired pulse facilitation,[33] spike frequency
adaptation.[34] These phenomena are mathematically described
using systems of coupled differential equations with nonlinear
membrane conductance.[35,36] Photonic implementations[37–39] of
these principals are based on fast initial excitation and subse-
quent two-exponential relaxation processes with a nonlinear re-
lationship between excitatory postsynaptic current and presynap-
tic stimulation.
This kind of evolution can be expected from nanoplasmonic

systems optical response.[40–44] Femtosecond optical pump in-
duces a substantially non-equilibrium energy distribution of
electrons[45] and subsequent bi-exponential relaxation.[46] The
characteristic times of these processes can be controlled by ma-
nipulating the shape and size of plasmonic particles.[41] The po-
tential of ultrafast active plasmonics has been demonstrated on
the example of the active modulation of the phase, polarization,
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Figure 1. Calculated spectra of derivatives of reflectance by real (black curve) and imaginary (green curve) parts of dielectric permittivity, normalized to
reflectance, along with simulated reflectance spectra (purple curve).

and amplitude of light through the nonlinear modification of the
optical response of a plasmonic crystal that supports subradiant,
high Q, and polarization-selective resonance modes.[47] Nobel
metal plasmonic particles can exhibit a wavelength-dependent
transient optical response in the broad spectral region near
the interband transition[48] enabling a high on-off switching
ratio.[49] The anomalously strong changes to the ultrafast tem-
poral and spectral response were observed in gold nanodisks
caused by plasmon-induced electron injection.[50] The ultrafast
laser-induced dynamics of non-equilibrium electron spill-out in
nanoplasmonic bilayers was used as a way to control surface
plasmon dispersion.[51] Inhomogeneous spacetime distribution
of photogenerated hot carriers induces a transient symmetry
breaking in a plasmonic metasurface. The process results in
transient dichroism and paves the way for high-speed modu-
lation of light polarization.[52] 1D magnetoplasmonic crystal al-
lows separation of ultrafast demagnetization and temperature
dynamics.[53,54] Anomalous relaxation process was observed at
the polariton mode of hybrid metal-dielectric metasurface, while
plasmon mode demonstrated typical for bulk gold dynamics.[55]

The electron population decays through electron-electron inter-
actions, creating a hot electron distribution followed by relax-
ation via electron–phonon scattering, which is conventionally de-
scribed by the two-temperature model (TTM):[46,56,57]

⎧⎪⎪⎨⎪⎪⎩
𝛾Te

dTe

𝜕t
= k∇2Te +G(Tp − Te) + P(t, x, y, z)

Cp

𝜕Tp

𝜕t
= G(Te − Tp)

(1)

where Te, Tp are electron and phonon temperatures, G is
electron–phonon coupling constant, k = k0Te∕Tp is electron ther-
mal conductivity, 𝛾Te, Cp are electron and phonon heat capacities,
P(t, x, y, z) is the heat source. Sub-picosecond optical response of
plasmonic systems follows electron and phonon temperatures
dynamics,[58] which, in turn, is defined by material constants
and geometry.
In this paper, a practical approach to tailoring the picosecond

relaxation traces of optical response is proposed on the basis
of plasmonic crystals. Light-to-surface-plasmon coupling effi-
ciency determines the sensitivity of surface plasmons to external
stimuli and provides flexible control of the nonlinearity of re-
flectance on the picosecond timescale after excitation by a pump

pulse. The effect is most pronounced under critical coupling
conditions.[59,60] It is shown experimentally and numerically that
the features allow the ultrafast temporal trace to be adjusted on
demand by tuning the probe wavelength or angle of incidence.

2. Experimental Samples

A set of three 1D all-nickel plasmonic crystals with different sur-
face corrugation depths was used. All samples had the same spa-
tial period of 500 nm and surface shape close to a sinusoidal
one. The corrugation depth values h were 90, 125, and 165 nm
for Sample 1, Sample 2, and Sample 3, respectively. More de-
tails on sample fabrication and characterization are available in
the Supporting Information. The samples support excitation of
surface plasmons (SP), which are electromagnetic waves propa-
gating along the metal-dielectric interface, arising from the res-
onant coupling of incident photons to free electron gas at the
metal surface.[61,62] The SP dispersion law is determined by di-
electric permittivity of both constituent media, making SP opti-
cal response resonantly sensitive to the material properties at the
boundary:

ksp(𝜔) =
𝜔

c

√
𝜀d𝜀m

𝜀d + 𝜀m
(2)

where ksp - SP wave-vector, 𝜀d and 𝜀m are dielectric permittivity of
the two media. Since momentum mismatch between free-space
photons and SP, surface plasmons require specific conditions to
be excited by a plane wave. The diffraction grating enables the
fulfillment of the phase-matching condition between the incident
wave and the SP mode via the reciprocal lattice vector. In case of
1D grating, the condition takes the form:

k0 sin 𝜃 = Re[ksp] + 2𝜋∕d (3)

where k0 is the wavenumber of the incident light, 𝜃 is the angle of
incidence, and d is the grating period. A comprehensive analysis
of the resonant optical properties in the visible spectral range of
the samples can be found elsewhere.[63]

The main feature of the set is different light-to-surface plas-
mon coupling regimes, previously studied experimentally and
numerically. Both steady-state reflectance spectra measurements
and calculations (Figure 1, purple curves) revealed the corru-
gation depth h influence on the radiation losses Γrad, allowing
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fulfillment of the light-to-SP critical coupling condition: equality
of radiative and absorption losses, Γrad = Γabs.

[59,60] The latter
is provided by the Sample 1 with the most profound SP reso-
nance in the reflectance spectrum along with the highest field
localization at the nickel-air interface. The other two samples
demonstrate over-coupling regime. Sample 3 was the least effec-
tive in terms of plasmonic excitation. A more thorough analysis
of the corrugation depth influence on light-to-SP coupling and
the reflectance spectra of plasmonic crystals can be found in the
manuscript.[63]

3. Spectra Control

Let us consider sensitivity of plasmonic crystal optical response
tomaterial properties perturbation as a derivative of reflectanceR
by real and imaginary parts of dielectric permittivity, 𝜀 = 𝜀′ + i𝜀′′,
normalized to R (Figure 1).
Derivatives were obtained from numerical simulations by the

formulas:

𝜕R
𝜕𝜀′

=
R(𝜀′0 + d𝜀′, 𝜀′′0 ) − R(𝜀′0, 𝜀

′′
0 )

d𝜀′

𝜕R
𝜕𝜀′′

=
R(𝜀′0, 𝜀

′′
0 + d𝜀′′) − R(𝜀′0, 𝜀

′′
0 )

d𝜀′′

(4)

where R(𝜀′0, 𝜀
′′
0 ) is calculated reflectance of a plasmonic crys-

tal with nickel dielectric permittivity from,[64] and R(𝜀′0 +
d𝜀′, 𝜀′′0 ), R(𝜀

′
0, 𝜀

′′
0 + d𝜀′′) are reflectance with a small perturbation

of the dielectric permittivity d𝜀′(′′) ≪ 𝜀′(′′). The Sample 1 with crit-
ical coupling demonstrates the sharpest spectral feature and the
greatest sensitivity to dielectric permittivity. For this sample the
spectral dependence of 1∕R ⋅ 𝜕R∕𝜕𝜀′ has symmetric peak and
1∕R ⋅ 𝜕R∕𝜕𝜀′′ lineshape appears as antisymmetric curve. The in-
crease of a corrugation depth reduces sensitivity of SP-resonant
reflectance to dielectric permittivity, especially to the imaginary
part, and yields more symmetrical spectral features.
The spectral lineshapes of reflectance and their dependencies

on h may be explained as follows. Perturbation of dielectric per-
mittivity induces modification of complex SP wave-vector. Differ-
entiation of SP dispersion law ksp(𝜔) (Equation (2)) by real and
imaginary parts at nickel dielectric permittivity values 𝜀Ni(𝜆 =
620 nm)[64] leads to:

𝜕ksp
𝜕𝜀′

= 𝜔

c
(−4 + 12i)10−3,

𝜕ksp
𝜕𝜀′′

= 𝜔

c
(−12 − 4i)10−3 (5)

Change of 𝜀′ dominantly modifies the imaginary part of wave-
vector, which corresponds to plasmon absorption losses Γabs, and,
therefore, alters resonance width and light-to-SP coupling effi-
ciency, that results in symmetric peak in 1∕R ⋅ 𝜕R∕𝜕𝜀′ spectrum
for all samples. Sample 1 demonstrates the highest values of
1∕R ⋅ 𝜕R∕𝜕𝜀′ because of near-zero reflectance at the center of res-
onance, 𝜕R∕𝜕𝜀′ values are commensurate for all three samples.
In turn, change of 𝜀′′ mostly affects Re[kSP] and induces a shift
of the SP resonance. Since Sample 1 provides the narrowest and
most profound resonant lineshape, impact of SP shift to 1∕R ⋅
𝜕R∕𝜕𝜀′′ is the greatest (within the studied set) and manifests it-
self as asymmetric spectral feature. Influence of the SP shift on

reflectance for the other two samples is significantly weaker, so
they demonstrate lower both 1∕R ⋅ 𝜕R∕𝜕𝜀′′ and 𝜕R∕𝜕𝜀′′ values.
Any active plasmonic effect spectrummay be described by su-

perposition of green and black curves in Figure 1. For example,
in the case of heating, measured value is differential reflectance:

ΔR
R

=
Rpump − R0

R0
(6)

where Rpump is the reflectance of the heated sample, R0 is the ini-
tial reflectance. The increase of temperature alters sample dielec-
tric permittivity providing modification of reflectance. Differen-
tial reflectance spectrum can be expressed as:

ΔR
R
(𝜆) = ∫

1
R
𝜕R
𝜕𝜀′

(𝜆)d𝜀′ + ∫
1
R

𝜕R
𝜕𝜀′′

(𝜆)d𝜀′′

=
[ 1
R
𝜕R
𝜕𝜀′

(𝜆)
]
∫

(
𝜕𝜀′

𝜕T

)
dT +

[ 1
R

𝜕R
𝜕𝜀′′

(𝜆)
]
∫

(
𝜕𝜀′′

𝜕T

)
dT

(7)

where terms in square brackets correspond to plasmonic prop-
erties defined by plasmonic crystal geometry and provide dom-
inant impact to spectral features, while terms in round brack-
ets are defined by material condensed-matter-properties and are
the same for all samples. Integral values are defined by thermo-
dynamic properties and heating process and can be considered
as weights.
The same formalism can be applied to angular spectra: accord-

ing to Equation (3), both the wavelength of incident light and an-
gle of incidence determine the SP phase-matching condition in
a similar way. The angular spectrum is an analogue of the wave-
length spectrum in the case of grating coupling.[61]

4. Experimental Results

The ultrafast measurements were carried out in the pump-probe
scheme. Regeneratively amplified Ti:sapphire laser with 50-fs
pulse duration, 800-nm central wavelength, and 1 kHz repeti-
tion rate was used as a source of radiation. The pump pulse of
7 mJcm−2 fluence was normally incident on the sample surface
and was far from SP resonance. All pump-induced changes were
probed by the broad (550–750 nm) TM-polarized supercontin-
uum pulse. The angle of incidence of the probe pulse was 12◦.
Detailed description of experimental setup can be found in the
supporting information.
The differential reflectanceΔR∕R (𝜆, 𝜏) spectra weremeasured

for all three samples. Rpump = R(𝜆, 𝜏) in Equation (6) is the re-
flectance of the pumped sample at the 𝜏 pump-probe time delay
and 𝜆 is a probe wavelength, R0 = R0(𝜆) is unpumped sample re-
flectance.
The obtained ΔR∕R(𝜆, 𝜏) data are shown in Figure 2 (top pan-

els) as 2D heat maps. One can see that corrugation depth affects
both spectral lineshape and absolute values of ΔR∕R(𝜆, 𝜏). As a
reference sample, bulk nickel plate (gratingwith zero corrugation
depth) was used.
The reflectance spectra R0(𝜆) (purple curves in Figure 2, bot-

tom panels) indicates the SP excitation for all three samples with
the central wavelength of 625, 635, and 675 nm, respectively.
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Figure 2. Top panels: 2D heat maps representing the differential reflectance dependence on wavelength 𝜆 and pump-probe delay 𝜏 for three samples.
Bottom panels: differential reflectance spectraΔR∕R(𝜆) at various pump-probe delays 𝜏 (black, green, and blue curves) along with the reflectance (purple
curve) for the set of studied samples and reference nickel plate (grey dashed curve).

The peaks in the reflectance spectra correspond to the Rayleigh
anomaly arising from the propagation of the −1st diffraction
order along the sample surface. The red-edge dips refer to the
Wood anomaly associated with SP excitation. The angular de-
pendence of these spectral features, confirming their nature, was
demonstrated previously.[63] Heating of the sample surface by the
pump pulse induces modification of real and imaginary parts of
dielectric permittivity resulting in shift, broadening or amplitude
variation of the SP resonance, as described in Section 3, and
provides modification of the reflectance spectra R0(𝜆). The most
significant changes in ΔR∕R(𝜆) spectrum for all time delays ap-
pear at the vicinity of SP resonance (black, green and blue curves
in Figure 2, bottom panels). The SP-resonantΔR∕R(𝜆) lineshape
for Sample 1 is asymmetrical curve with two extrema and a sign
change. Such lineshape is the result of resonance shifting upon
heating. The differential reflectance spectrum at the vicinity of
SP for Sample 3 represents the symmetrical curve with only one
extremum and is attributed to the heat-induced reduction of the
resonance amplitude. Sample 2 represents an intermediate case.
ΔR∕R(𝜆) lineshapes can be qualitatively described by the super-
position of black and green curves on Figure 1 with different
signs. Broadening of experimental spectra compared to the calcu-
lated ones is caused by finite angular width of probe pulse about °.
Sample 2 and Sample 3 reflectance spectra demonstrate addi-

tional dip at the blue edge of studied range. It corresponds to the
peak in differential reflectance spectra. This is so called standing
wave surface plasmon,[63,65] that emerged on the walls of grating
grooves. This resonance is beyond the scope of the paper, more
details can be found in ref. [63].

The ΔR∕R evolutions (Figure 3) agrees with the results of pre-
vious studies in nickel[46,66,67] and other metals.[68] and reflects
laser-induced carrier dynamics.
The latter is governed by the interaction of laser radiation with

two subsystems ofmetal: free electrons and phonons of lattice. In
turn, modification of reflectance is associated with dependence
of dielectric permittivity on both electron and phonon tempera-
tures. The initial differential reflectance growth is attributed to
the excitation of electrons to the energy above the Fermi level
through the pulse energy absorption and energy transfer to the
neighboring cold electrons through electron–electron collisions
known as electron thermalization. Typical value of electron ther-
malization time, 𝜏ee, in nickel is tens of femtoseconds.[69] The pro-
cess is essentially non-steady-state, thus neither the temperature,
nor the distribution function can be assigned. The temporal res-
olution of our setup is insufficient to extract the exact 𝜏ee value.
TheΔR∕R(𝜏) reaches the extrema at 250 fs that is consistent with
the previous works with similar setup parameters. As soon as the
thermalization process is over, one can say that the electron sub-
system is in the state of equilibrium and the electron tempera-
ture Te can be introduced. Thermalized electrons are described
by broad Fermi distribution at a temperature Te.

[46]

The growth of ΔR∕R(𝜏) is followed by an exponential decay
with a time constant 𝜏ep referring to the electron–phonon re-
laxation, the process of energy transfer from hot electrons to
phonons of the lattice. The process lasts for several picosec-
onds in nickel[66,69,70] until the thermal equilibrium between
the electrons and phonons is achieved. The subsequent relax-
ation is attributed to heat dissipation through phonon–phonon
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Figure 3. Normalized to maximum differential reflectance temporal de-
pendencies ΔR∕R(𝜏) for the set of studied samples and reference nickel
plate; arrows on the insets indicate spectral position of taken traces.

collisions with the typical duration of hundreds of picoseconds
that is beyond the scope of consideration.
Curves in Figure 3 are taken at the wavelengths of the ΔR∕R

spectral dips. For nickel reference plate differential reflectance
traces are almost spectrally independent. However, in contrast to
the reference plate, sample’s ΔR∕R(𝜏) trace vary with the wave-
length and can qualitatively deviate from conventional traces
for metals. The significant difference from bulk nickel dynam-
ics is observed for Sample 1 at the vicinity of ΔR∕R maximum
(Figure 3, top panel). It is seen that instead of exponential decay,
as in the reference sample, the differential reflectance dynam-
ics at the blue edge of SP resonance shows an additional peak
that lasts for several picoseconds. Still the dynamics at the red
edge of SP resonance represents monotonous relaxation typical
for nickel. Spectral dependence of differential reflectance evolu-
tion is observed also for the other two samples, but the relaxation
curve change with probe wavelength is the most profound for
Sample 1 with critical coupling and is the faintest for Sample 3.

Similar temporal features were observed in the case of ultra-
fast heating and probing of intraband transitions in gold plas-
monic nanoparticles. A tunable transient optical response was
demonstrated in Au nanomushrooms by combining intra- and
interband pumping.[49] Ultrafast heating of gold plasmonic parti-
cles beyond perturbative regime results in non-monotonic pump-
probe relaxation traces, and the transient lineshape dependence
on the probe wavelength.[48] These effects are based on the ma-
terial resonance in gold, whereas nickel exhibits no pronounced
resonances in the optical spectrum. Therefore, the observed fea-
tures in nickel plasmonic crystals can be associated solely with
configurational resonances.

5. Temporal Trace Control

Let us first consider differential reflectance dynamics by sim-
ple mathematical approach in terms of TTM and reflectance
sensitivity to dielectric permittivity. The evolution of optical re-
sponse is defined by derivative dR∕dt. For simplicity, the nickel
skin layer is assumed to be homogeneously heated to some elec-
tron Te

eff and phonon Tp
eff effective temperatures. Thus, the mul-

tiplier 𝜕𝜀 ′(′′)∕𝜕T ⋅ dT in Equation (7) can be transformed into
𝜕𝜀′(′′)∕𝜕Te

eff ⋅ dT
e
eff + 𝜕𝜀′(′′)∕𝜕Tp

eff ⋅ dT
p
eff. Differentiation of Equation

(7) by time leads to the expression:

d
dt

(ΔR
R

)
= 1
R
𝜕R
𝜕𝜀′

(𝜆)

(
𝜕𝜀′

𝜕Te
eff

dTe
eff

dt
+ 𝜕𝜀′

𝜕Tp
eff

dTp
eff

dt

)

+ 1
R

𝜕R
𝜕𝜀′′

(𝜆)

(
𝜕𝜀′′

𝜕Te
eff

dTe
eff

dt
+ 𝜕𝜀′′

𝜕Tp
eff

dTp
eff

dt

) (8)

The studied anomalous temporal phenomenon occurs within
the electron–phonon relaxation process during the first few pi-
coseconds. Laser irradiation is over by this time, and heat flux
is negligible, because hot electron diffusion takes place on a
timescale of hundreds of femtoseconds and heat dissipation into
bulk metal should be considered on hundreds of picosecond
timescale.[46,57] These assumptions allows deduction from TTM
the following relation between electron and phonon temperature:

𝛾Te
eff

dTe
eff

dt
= −Cp

dTp
eff

dt
(9)

Inserting this expression into Eq. (8), one can obtain:

d
dt

(ΔR
R

)
=

[
1
R

𝜕R
𝜕𝜀′
(𝜆)

(
− Cp

𝛾Te

𝜕𝜀′

𝜕Te
eff

+ 𝜕𝜀′

𝜕Tp
eff

)

+ 1
R

𝜕R
𝜕𝜀′′

(𝜆)

(
−
Cp

𝛾Te

𝜕𝜀′′

𝜕Te
eff

+ 𝜕𝜀′′

𝜕Tp
eff

)]
dTp

eff

dt

(10)

Thus, there are three different contributions to the differen-
tial reflectance dynamics: the sensitivity of plasmonic optical re-
sponse to dielectric permittivity, 1∕R ⋅ 𝜕R∕𝜕𝜀, the dependence of
dielectric permittivity on temperature, 𝜕𝜀∕𝜕Teff, and the dynamics
of phonon temperature, dTp

eff∕dt. The first term reflects the plas-
monic properties of the system, the second term is determined
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Figure 4. Top pannels: spatial distribution of pump absorbed power (orange) and squared electric probe field (green), values are normalized by common
maximal values. Bottom pannels: Effective temperature (Equation (13)) temporal dependence for SP-resonant wavelengths; insets: effective electron
temperature spectra at 250 fs time delay.

by the optical properties of thematerial and the third term relates
to the thermodynamics. Since plasmonic term may drastically
change over wavelengths, it allows one to vary the contribution
of real and imaginary parts of dielectric permittivity dynamics to
the overall differential reflectance evolution and tune the tempo-
ral trace by probe wavelength.
On the studied timescale phonon temperature monotonically

rises, thus, to reproduce dynamics observed in the experiment
(Figure 3), the term in square brackets in Equation (10) has to be
both time and spectrally dependent. Temporal dependence is pro-
vided by the terms in round brackets. Meanwhile, the entire dy-
namics is governed by the plasmonic terms 1∕R ⋅ 𝜕R∕𝜕𝜀 acting as
weights in the superposition. Depending on the wavelength they
can either preserve the sign of the expression (on the timescale
of 𝜏ep) or change it.
The temporal dependence of the round brackets (Equa-

tion (10)) is defined by dielectric permittivity dependencies on
Te
eff and Tp

eff. Since the heat capacity of an electron gas is lin-
ear with temperature, the thermal energy of electrons turns out
to be quadratic with temperature, while the thermal energy of
phonons is linear. It is known that in the case of Drude metals,
the dielectric permittivity under heating changes due to modifi-
cation of the electron collisions rate.[58] Moreover, it depends lin-
early on the Tp,[58,71] and quadratically on the Te,[72] but in both
cases this dependence is linear with the pumped energy. How-
ever, substitution of 𝜀(Te

eff, T
p
eff) = aTe

eff
2 + bTp

eff into Equation (10)
leads to time-independence of the multipliers in round brack-
ets. Therefore, nonlinear dependence of dielectric permittivity on
pump fluence should be considered. Since spectral discrepancy
ofΔR∕R(𝜏) traces occurs at the delays far from initial hot electron
peak, it seemsmore reasonable to choose the following dielectric
permittivity dependence on temperature:

𝜀′(′′)(Te
eff, T

p
eff) = a′(′′)Te

eff
2 + b′(′′)Tp

eff + c′(′′)Tp
eff
2 (11)

where a′, a′′, b′, b′′, c′, c′′ are constants. Nonlinear temperature
dependence of dielectric permittivity was experimentally ob-

served in nickel in steady-state experiments.[73] Inserting depen-
dence Equation (11) into Equation (10), one can obtain:

d
dt

(ΔR
R

)
=

[
1
R
𝜕R
𝜕𝜀′

(𝜆)
(
−
2a′Cp

𝛾
+ b′ + 2c′Tp

eff

)
+ 1
R

𝜕R
𝜕𝜀′′

(𝜆)
(
−
2a′′Cp

𝛾
+ b′′ + 2c′′Tp

eff

)]dTp
eff

dt

(12)

To test the hypothesis, we carried out optical and temperature
simulations. The simulated structures were designed to fully re-
produce the configuration of the studied samples (period, surface
shape and corrugation depth), as well as the conditions of the ex-
periment (angle of incidence, polarization and pump fluence).
First, electromagnetic simulations for pump and probe pulses
were performed (top panels, Figure 4).
The spatial distribution of pump absorbed power corresponds

to heating of the plasmonic crystals and defines spatial profile
of the heat source P(t, x, y) in TTM calculations. Note that off-
resonant absorbance increases with corrugation depth. Temporal
envelope of P(t, x, y) was defined as 50 fs-width Gaussian. As a
result of the TTM calculations, the spatio-temporal distributions
of electron and phonon temperatures Te(p)(x, y, t) were obtained.
Since the temperature distribution as well as the probe pulse

localization are inhomogeneous, no specific temperature value
can be attributed to probed reflectance. Thus, effective probed
temperatures Te(p)

eff (t, 𝜆probe) (Figure 4) were introduced:

Te(p)
eff (t, 𝜆probe) =

∫
V

|||E(x, y, 𝜆probe)|||2Te(p)(x, y, t)dV

∫
V

|||E(x, y, 𝜆probe)|||2dV (13)

where E(x, y, 𝜆probe) is the probe electric field inside the plasmonic

crystal and V is the plasmonic crystal volume. Te(p)
eff (t) should be

considered as the effective temperatures, detected by the probe
pulse. Te(p)

eff (t, 𝜆probe) (Figure 4, insets) is lower at the center of
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SP resonance and increases with wavelength (the blue edge is
affected by the Rayleigh anomaly). The effective temperature
is spectrally dependent because of different overlapping of the
probe electric field and spatial temperature distributions, which
depends on the probe wavelength. At the center of SP resonance,
the electric field is localized along the plasmonic crystal surface
resulting in the mismatch of the probe electric field and heated
regions, while the off-resonant field is localized at plasmonic crys-
tal grooves and overlaps with hot areas.
Increasing off-resonant absorption with corrugation depth

leads to a higher maximal effective temperature (Figure 4). It
explains the divergence between dR∕R values (Figure 2, bottom
panels) and SP sensitivity for the Samples 3 compared to the
Sample 1 (Figure 1). Apart from different maximal effective tem-
peratures of the samples, temperature dynamics is also different.
The equilibrium between Te and Tp is reached faster in gratings
with smaller height. The slowdown is caused by heat diffusion
along the plasmonic crystal walls.
To take into account inhomogeneous heating, derivatives of

reflectance by dielectric permittivity were adjusted (Figure 5, in-
sets).
Instead of homogeneous perturbation 𝜀 = 𝜀0 + d𝜀 in Equation

(4), the spatial distribution of temperature was taken into ac-
count:

𝜀
′(′′)
e(p) (x, y, t) = 𝜀

′(′′)
0 + d𝜀

Te(p)(x, y, t) − T0
Te(p)
eff (t) − T0

(14)

where d𝜀 ≪ 𝜀, T0 is initial temperature, 293 K. Sample re-
flectance spectra were recalculated, and adjusted derivatives for
electron and phonon temperatures were obtained (Figure 5, in-
set) using the following equation:

𝜕R
𝜕𝜀′e(p)

=
R(𝜀 ′

e(p)(x, y, t), 𝜀
′′
0 ) − R(𝜀′0, 𝜀

′′
0 )

d𝜀
(15)

The derivatives slightly depend on time due to heat diffusion. In
contrast to the Figure 1, where black and green curves have dif-
ferent amplitudes for each sample, the corresponding curves in
Figure 5 have comparable amplitudes, but spectrally separated
extrema. The sample with the critical coupling provides maximal
contrast between 1∕R ⋅ 𝜕R∕𝜕𝜀′ and 1∕R ⋅ ̃𝜕R∕𝜕𝜀′′.
The temperature dynamics and adjusted derivatives were used

to fit the experimental ΔR∕R(𝜆, 𝜏) traces (Figure 5). The time in-
tegral of Equation (8) was used as the fitting function:

ΔR
R
(𝜏, 𝜆) = 𝛼(𝜏, 𝜆)Δ(Te

eff)
2(𝜏, 𝜆)

+ 𝛽(𝜏, 𝜆)Δ(Tp
eff)

2(𝜏, 𝜆) + 𝛾(𝜏, 𝜆)ΔTp
eff(𝜏, 𝜆)

(16)

where functions 𝛼(𝜏, 𝜆), 𝛽(𝜏, 𝜆), 𝛾(𝜏, 𝜆) were defined by the ad-
justed derivatives:

𝛼(𝜏, 𝜆) = a′ 1
R
𝜕R
𝜕𝜀′e

(𝜏, 𝜆) + a′′ 1
R
𝜕R
𝜕𝜀′′e

(𝜏, 𝜆)

𝛽[𝛾 ](𝜏, 𝜆) = b[c]′ 1
R
𝜕R
𝜕𝜀′p

(𝜏, 𝜆) + b[c]′′ 1
R
𝜕R
𝜕𝜀′′p

(𝜏, 𝜆)

𝛾(𝜏, 𝜆) = c′ 1
R
𝜕R
𝜕𝜀′p

(𝜏, 𝜆) + c′′ 1
R
𝜕R
𝜕𝜀′′p

(𝜏, 𝜆)

(17)

Figure 5. Calculated and experimental normalized to maximum differ-
ential reflectance temporal dependence; insets: calculated spectra of ad-
justed (Equation (15)) derivatives of reflectance by real (black curve) and
imaginary (green curve) parts of dielectric permittivity, normalized to re-
flectance, arrows indicate wavelengths used in calculations.

and a′, a′′, b′, b′′, c′, c′′ were constants. TTM parameters g, 𝛾 , k, CP
as well as constants a′, a′′, b′, b′′, c′, c′′ were the same for all
three samples and optimized to fit the experimental data. Probe
wavelengths were also optimized for each experimental trace
and turn out to coincide with the extrema of adjusted deriva-
tives (arrows on insets of Figure 5). Fitting procedure was con-
ducted simultaneously for three samples. TTM parameters, that
provide the best convergence of the calculated and the experi-
mental data are: g = 27 × 1016 Wm−3K−1, 𝛾 = 1670 Jm−3K−1, k0 =
99.3Wm−1K−1, Cp = 3.26 × 106 Jm−1K−1. The values are consis-
tent with previous experimental results.[46,66,67,69,74]

Although the quadratic dependence of the dielectric constant
on the phonon temperature was taken into account for all three
samples, it showed up only in a narrow spectral window for the
sample 1. The regions of resonant sensitivity of reflectance to real
and imaginary parts of dielectric permittivity are spectrally sepa-
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rated due to the critical coupling. In contrast, relation of 𝜀′ and
𝜀′′ contributions to the reflectance is spectrally uniform for the
other two samples (Figure 5, insets).
The observed phenomena hold potential for neuromorphic

computing applications. Photonic synapses, essential compo-
nents in optical spiking neural networks, determine input
weights for optical neurons. To replicate human brain plasticity,
these devices must exhibit a transient optical response to spikes.
Adaptive artificial synapses employ various bi-exponential de-
cay processes to mimic short- and long-term memory. Electron–
phonon and phonon–phonon relaxation processes can play this
role on the picosecond timescale. In turn, the plasmonic-based
synapse provides configurable transient response, adjustment
of the relative levels of short- and long-term contributions and
switching between potentiation and depression by changing
operating wavelength. Nonlinear device functionalities become
critical for implementing more complex synaptic features like
paired-pulse facilitation, when preceding spikes influence neu-
ral responses to the subsequent spike. The demonstrated con-
trollable effective temperature nonlinearity opens up the possi-
bility to tune paired-pulse facilitation regime, otherwise defined
by the material.

6. Conclusion

In conclusion, we have shown that the picosecond trace of op-
tical relaxation can vary drastically for a nickel plasmonic crys-
tal supporting the critical coupling regime. In a narrow spectral
range the trace is non-monotonous and differs from the typical
exponential decay. The effective nonlinearity of reflectance with
respect to temperature becomes strongly wavelength-dependent,
leading to qualitative differences between temporal traces for
various probe spectral intervals. This effect enables tuning the
temporal optical response of the plasmonic crystal and provides
desired input power nonlinearity. Since SP resonant frequency
is determined by both the angle of incidence and wavelength,
the control can also be implemented by varying the probe an-
gle. The studied effect can advance the development of all-optical
picosecond-time-based reconfigurable neuromorphic synapse.
Tuning capabilities of temporal traces and nonlinearity with in-
put power allow adjustment of the short-term to long-termmem-
ory transition and tailoring of the paired-pulse facilitation.
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