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ABSTRACT

Plasmonic nanostructures have demonstrated significant potential for engineering the intensity and polarization state of light with further
opportunities to actively manipulate them by external stimulation using nonlinear effects. Plasmonic metamaterials composed of arrays of
vertically oriented metallic nanorods have shown a dynamically tunable optical response based on the change of the electron temperature.
The modulation of the optical properties is particularly pronounced in the epsilon-near-zero regime and can be further enhanced by nonlocal
effects. Here, we experimentally study the optical properties of gold nanorod metamaterials with a strong nonlocal response under optically-
induced heating, exploiting temperature dependence of the metal permittivity. Recovering the Stokes parameters of light transmitted through
the metamaterial, we demonstrate the change in the polarization of the transmitted light by more than 20% for temperature changes under
hundred degrees. Combined with a numerical analysis, this shows the possibility of controlling transmission and polarization state of light by
using metamaterial-assisted thermal modulation.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0171298

Plasmonic metamaterials, offering readily engineered optical
properties, have led to numerous advances in photonics, which include
the realization of negative refractive index," fluorescence enhance-
ment,” subwavelength imaging,” and nanoscale sensing.” Self-assembly
methods play a crucial role in the realization of optical metamaterials
over large scales at low cost. One of such metamaterials produced by a
self-assembly technique is formed by an array of vertically oriented
metallic nanorods, which diameter, length, and spacing can be easily
controlled at the fabrication stage. It has found applications in many
areas,”” such as all-optical control of light,” ' fluorescence manage-
ment,' "' nonlinear harmonic generation,”’l’1 neuromorphic com-
puting,”"” microscopy,'” nanoscale chemistry,'® quantum photonics,'”
imaging,'” and sensing."’

Optical properties of the plasmonic nanorod material feature
extremely strong uniaxial anisotropy, offering an intriguing possibility
of having opposite signs of the real parts of effective dielectric permit-
tivity along the principal axes, which results in hyperbolic dispersion.
Furthermore, such metamaterial possesses nanostructuring-induced
nonlocality (spatial dispersion).”” > It is particularly important in the
spectral range where the permittivity is close to zero [the so-called
epsilon-near-zero (ENZ) regime].” At these wavelengths, the opti-
cal response of the nanorod metamaterial is very sensitive to the

changes of the optical properties of the constituting materials. This
property has been used to achieve modulation of light transmitted
through the metamaterial using ultrafast changes of the conduction
electron energy distribution in the metal,” or much slower modula-
tion by thermal means,” related to the changes in the electron-
phonon scattering.

Very strong uniaxial anisotropy of the metamaterial and the
pronounced contrast in modulation of the permittivity components,
enhanced by the ENZ effect, made it possible to achieve drastic
changes of the polarization of the transmitted light using nonlinearity
based on the change of the electron temperature.””° In this work, we
exploit the thermal effects on the metamaterial anisotropy to control
and modulate the polarization state of the transmitted light and show
that such modulation is strongly enhanced in the metamaterial with
a nonlocal response. Particularly, in addition to the electron tempera-
ture effect, the optically-induced rise of the lattice temperature influ-
ences the metal permittivity, therefore, changing the metamaterial
anisotropy. The experimental results are further supported by
numerical simulations, which take into account temperature-
dependent interband and intraband electronic transitions. The
observed temperature sensitivity of polarized light transmission
through a nonlocal metamaterial may find applications in precise
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tuning of the polarization state of light, temperature sensing by opti-
cal means, and anticounterfeiting applications.

Gold nanorod metamaterial used in this work was fabricated
using electrodeposition of gold into a porous alumina oxide (AAO)
matrix obtained by anodization of an Al film*” *’ (Fig. 1). The average
geometrical parameters of the nanorod array were obtained from scan-
ning electron microscope (SEM) images: nanorod radius r =28 nm,
length h =310 nm, and separation p = 100 nm. The metamaterial was
formed on a Au (10 nm)/Ta,O5 (10 nm)/SiO, substrate and annealed
at 300 °C for 2 h in order to reduce losses in the electrodeposited metal
and, therefore, access pronounced nonlocal optical response by
increasing the electron mean free path.”*”'

Extinction spectra measured at oblique incidence exhibit two typ-
ical peaks. The short-wavelength peak, observed at both polarizations
of illumination [Fig. 1(a)], originates from transverse dipolar plas-
monic resonances of the nanorods, spectrally shifted due to their cou-
pling. The long wavelength peak, observed only with p-polarized light,
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having an electric field component along the nanorods, marks the
ENZ region, where the metamaterial becomes opaque.”’ The trans-
verse plasmonic resonance keeps its position with the increase in the
incidence angle, while the ENZ peak experiences a clear blue shift with
the increase in the incident angle—the behavior related to the impact
of nonlocality on the metamaterial optical properties.”’

The properties of nanorod metamaterial can be described with a
use of effective medium theories (EMTs), presenting its effective per-
mittivity in a form of a diagonal tensor, &= [gx, &, &.] with
Exx = &yy. At the same time, nanostructuring-induced nonlocal effects
cannot be described with a conventional local EMT, and full-vectorial
modeling of the exact metamaterial structure is required.”’ Such
numerical simulations were performed using a finite element method
(COMSOL Multiphysics software). Considering the periodicity of the
hexagonal array of nanorods, a unit cell was modeled with Floquet
periodic boundary conditions featuring the phase difference linked to
the angle of the incident light set on the side boundaries. At the top
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FIG. 1. (a) Extinction spectra of the metamaterial measured with p- and s-polarized light at various angles of incidence. The metamaterials parameters are r=28nm,
h=2310nm, and p =100 nm. (b) Extinction spectra of the metamaterial simulated using a finite-element method. The inset shows the schematics of the metamaterial. (c) and
(d) Numerically simulated extinction spectra at various angles of incidence at elevated temperatures indicated in the panels.
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and the bottom of the simulation domain, perfectly matched layers
were introduced to assure the absence of backreflection. Optical prop-
erties of Al,Os, Ta,Os, and SiO, were taken from Refs. 31-33, respec-
tively. The permittivity of electrodeposited gold was corrected to
include scattering on the boundaries of 10 nm grains of the polycrystal-
line structure using a theoretical approach from Ref. 34. For modeling
of the temperature effects, the permittivity of the nanorods and the
underlying gold layer was considered to be temperature dependent,
while refractive indexes of AAO and silica glass were treated as tem-
perature independent. Numerically simulated extinction spectra agree
reasonably well with the experimental observations confirming the
nonlocal behavior [cf. Figs. 1(a) and 1(b)]. Slight differences in the
amplitude of the extinction peaks can be related to the mismatch
between the idealized model of a hexagonal array and the real experi-
mental samples.

The transmission through the metamaterial layer was further
numerically studied at elevated temperatures [Figs. 1(c) and 1(d)] with
temperature-dependent dielectric permittivity of gold determined
using an analytical theory,”>”° taking into account both the change in
the Fermi-Dirac distribution of the free-electron gas affecting the
interband absorption and the modification of electron-electron and
electron-phonon scattering rates additionally affecting the intraband
Drude response.

Specifically, the optical properties of gold at various electron
temperatures T, were calculated using the following approach. The
gold permittivity can be decomposed into the contribution defined
by interband transitions between occupied d-band states and unoc-
cupied states in a hybridized sp-band [¢™ (w, T¢, Tpn)] and the
intraband contribution of the conduction electrons in the sp-band
[Eintra(w’ Tm Tph)]>

BAu(w7 T, Tph) = Binter(w7 T, Tph) + gintra(w7 Te, Tph)- (1)

In the visible spectral range, the interband permittivity of gold is
defined by three optical transitions, one near the X point, and two near
the L point (L] and LI, ¢).”” The imaginary part of the permittivity
related to these transitions can be calculated as™*°

Im[e™ (o, Te, Ton)]
- AxJx (@, Te, Ton) + Ap:Jpy (0, Te, Ton) +Aps, Jrz (@, Te; Tpn)
o haw? ’

)

where
"
Ji(, Toy Ty) = J | JDj(w’,E) (A(E — ho!, T2)

‘min

—fu(E, Te))B(w' — 0, E, Te, Tyn) do'dE  (3)

is the joint density of states (JDOS) for the corresponding transitions
with j=X, L], LY ¢. It is obtained by integration of the JDOS energy
distribution Dj(e', E) over the excited states in the conduction band
with an energy E taking into account Fermi-Dirac distributions
A(E, Te) and fy(E, Te) of the carriers in the lower () and upper (u)
bands, respectively, defined by their temperature and playing the lead-
ing role in the temperature dependence of the permittivity, and
energy- and temperature-dependent broadening of the upper (sp-
band) due to electron scattering:

pubs.aip.org/aip/apl

. 1.76
- zbyinter(E’ T, Tph)

1.76(0 — o)
. COSh_2 | 4
(b«))mter(E7 Te; Tph)) ( )

B(w' — w,E, Te, Tyn)

which is similar to Lorentzian, but with exponential tails presenting a
better approximation of the transition line shape in the considered
wavelength range.””** The total electron scattering rate,

yinter(E’ T., Tph) = ye—ph(TPh) + foe(E, Te)’ (5)

has two contributions. One y,_p, (Tpn) is related to electron-phonon
scattering:”’

T/ Tpn 4

5 z
2/5+4(Tyn/To) L Wdz
Veph(Tph) = Vepn(Tr) - To/T; 44 g
2/5+4(T,/Tp)’ -
/5+4(T:/To) L epx(z) — 1

(6)

where T, =300K and T, = 170K are the room and Debye tempera-
tures, respectively, and y_, (Tr) = vp/A(T;) is the electron-phonon
scattering rate at room temperature T, with v being the Fermi velocity
and A(T;) = 37.7nm being the phonon scattering related electron
mean free path at T,."” The other term y% (E,T.) is related to
energy-dependent electron-electron scattering

(ke Te)? + ((E — Ev)/x)’
1+ exp(—(E — Ep)/(kgTe))’

where Ep. is the Fermi energy, kg is Boltzmann constant, and the value
of K was adjusted to match the corresponding temperature depen-
dence for frequency-dependent scattering [see Eq. (8)]. The interband
transition coefficients Ax/A;+ =1 and Ay /AL5++6 =04, related to the
values of the corresponding transition dipole moments, and broaden-
ing coefficient b= 2.5 were set to fit the Johnson-Cristy data for the
permittivity of gold at room temperature.””%*"**

The real part of the interband permittivity Re [si"“"(w, Te, Tph)]
was found from its imaginary part Im[e™ (w, T, Tyn)| using the
Kramers—-Kronig relations and an approach based on the Hilbert
transform described in Ref. 43. The intraband component of the per-
mittivity is given by the Drude formula

75 (E,T.) = 2K

%

(U2

intra T..T . i P 8
€ (CU, ey Ph) Einf a)2+iwy‘“tra(ha), Te7Tph)7 ( )

where &nr =2 was set to fit the Johnson-Cristy data for the permittiv-
ity of gold at room temperature’' and , = 9.02 eV is the gold plasma
frequency. The electron scattering rate in this case is given by the same
expression as in Eq. (5), but with the second term given by the
dynamic frequency-dependent electron—electron scattering rate,

y:ie(wv Te) = K((kBTe)Z + (hw/Zn)z), %)

where K =03eV >fs """

The simulated extinction spectra for various global temperatures
of the metamaterial (at the long considered timescales the electrons
and lattice are in thermal equilibrium and, therefore, have the same
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temperatures T, = Tpy,) show distinct blue shifts with the increase in
the incident angle, which is indicative of the metamaterial nonlocality,
while a clear increase in the amplitude of the ENZ extinction peak
with the increase in the temperature is observed at large incidence
angles [Figs. 1(c) and 1(d)].

To experimentally investigate the temperature-induced effects on
optical properties of the metamaterial, the metamaterial was illumi-
nated at 40° by 532 nm light from a CW laser (Laserglow LLS 0532),
which provides heating of the system upon light absorption [Fig. 2(a)].
The diameter of the laser spot was around 5mm, so the laser illumi-
nates most of the nanostructured area to avoid mechanical stress
caused by uneven heating. Broadband light from a halogen lamp was
used as probe. Reference optical beam lines for both probe and pump
signals were implemented in the measurement setup to monitor their
powers and take into account intensity fluctuations. A half-waveplate
was placed in front of the spectrometer to compensate for different
sensitivities of the spectrometer to different polarizations of the inci-
dent light. While light is absorbed primarily in the nanorods, thermal
conductance of AAO and glass substrate ensures fast thermal equilib-
rium established across the metamaterial. Before each measurement at
a given control power, the metamaterial was kept under the studied
heating conditions for 10 min in order to stabilize its temperature. The
temperature was estimated using a thermocouple placed at the edge of
the beam on the substrate side of the sample to avoid direct heating by
the illuminating beam. The temperature drop across the substrate
(~10K) was estimated using a known thermal conductivity of glass.
To characterize the polarization state of the transmitted probe light,

a
Light source reference
objective Sample ~ Aperture
Top view
Spectrometer Notch filter | pjane mirro 532 nm
Laser
Power Meter
Analyser
Cc
-0.35 T T T T
F— ¥

-0.41

o
-0.45-
05 , : L : ;
50mw,  300mw, 50mw, 300mw, 50mwW, 300mwW, 50mwW,

-0.3F T

-0.4}
'/’N

-0.5

-0. L 1 L 1 m
50mw,  300mw, 50mwW, 300mW2 50mwW, 300mW, 50mwW,

Stokes Parameters

ARTICLE pubs.aip.org/aip/apl

Stokes parameters were monitored employing a conventional mea-
surement method with the use of a polarizer and a quarter-waveplate.
To increase the accuracy, the Stokes parameters at every temperature
were averaged over ten separate measurements.

The spectral dependence of the Stokes parameters for various
powers of the pump light is presented in Fig. 2(b). One can see that
around the ENZ wavelength, the Stokes parameters experience
drastic changes, also showing the modulation with the increase in
the heating laser power (i.e., the temperature of the sample). For
example, at the 582 nm wavelength, the Stokes parameters S; and S,
experience temperature-induced changes of ~0.15 and ~0.25,
respectively. These two parameters determine the orientation angle
of the polarization ellipse. Generally, the nature of this temperature
dependence can be qualitatively understood in the effective medium
approximation, considering the temperature-induced change in the
permittivity of the nanorods, which affects differently the &, ,, and
&,, components of the effective permittivity tensor of the metamate-
rial and, thus, ordinary and extraordinary waves propagating
through it. The modulation of §; and S, over several cycles of the
measurement shows the stability of the observed effect [Fig. 2(c)].
In order to visualize the changes in the polarization of the transmit-
ted light better, the corresponding polarization ellipses were recov-
ered from the measured Stokes parameters (Fig. 3). The polarization
ellipses of transmitted light rotate in an anticlockwise direction as the
temperature increases. Numerical simulations confirm the observed
experimental trends, reproducing a temperature-induced rotation of
the polarization ellipses [Fig. 3(b)]. The modeling supports the
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FIG. 2. (a) The schematics of the measurement setup. (b) Spectral dependence of the Stokes parameters with indicated standard deviation at low (50 mW) and high (300 mW)
heating laser power. The inset shows an enlarged view of the dashed area. (c) Sy and S, Stokes parameters measured over several power switch cycles for a probe wave-

length of 582 nm.
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FIG. 3. (a) The change in the polarization state of the transmitted light measured at a wavelength of 582 nm at various heating conditions (30 min label denotes the measure-
ments after the corresponding cooling time). (b) Corresponding ellipses obtained using numerical modeling for various sample temperatures. (c) Temperature-induced modifica-
tion of the polarization states at various probe wavelengths in the ENZ spectral range extracted from the experiment, numerical modeling (nonlocal case) and local EMT
modeling (local case).

assumption of the temperature increase of around 100K switching demonstrated in a high-peak-power pulsed regime,*® the
Modification of the polarization ellipses at various wavelengths in sensitivity of the nonlocal nanorod metamaterial implemented in
the ENZ spectral range shows similar trends in the temperature the presented approach is much higher, which allows to achieve
dependence [Fig. 3(c)]. Along with the rotation, a change in ellip- polarization control not through the nonlinear optical effects but
ticity of the polarization ellipse is observed, particularly pro- through the temperature dependence of gold permittivity via

nounced in the ENZ regime. Contrary to previous polarization heating/cooling.
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For comparison, the simulations based on the local EMT descrip-
tion were employed to examine the polarization changes in the local
approximation. The same metamaterial parameters and material per-
mittivity settings were used. For identical temperature variations,
smaller modifications of the polarization state were observed com-
pared to the nonlocal case, indicating the important role of nonlocality
in the polarization changes observed before in the case of transmitted
intensity.”

In conclusion, we have demonstrated optically-induced thermal
control of the polarization state of light transmitted through a plas-
monic nanorod metamaterial with a nonlocal response. With the tem-
perature increase, the Stokes parameters describing polarization of the
transmitted light experience substantial changes of more than 20%,
particularly in the ENZ spectral region, where the influence of nonlo-
cality on the optical properties is strongest. This leads to the controlled
rotation of the polarization ellipse by over 10°, accompanied by the
change of its ellipticity by almost 7%. The effect is related to the ther-
mal change of the permittivity of gold, resulting in different modifica-
tion of the propagation of the ordinary and extraordinary waves in the
metamaterial. The performed numerical simulations confirm that
the observed modulation of the polarization state can be induced
by the increase in the metamaterial temperature by only ~100-150 K.
The observed thermal effect is important for fine tuning of polarization
of the optical beams using heat or optically-induced temperature
changes in the nanorod metamaterial, or, in reverse, for temperature
sensing by optical means.
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