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ABSTRACT: A nonlinear shift in the dispersion relation of a
surface phonon-polariton (SPhP) is observed with grating-coupled
pump—probe reflection spectroscopy. Upon excitation of an SPhP
on a 4H-SiC surface, an instantaneous frequency shift of the SPhP
mode at a constant wavevector is observed. This pump-induced
frequency shift is equivalent to a nonlinear dispersion shift and to a
Kerr-like nonlinear phase shift. The effective nonlinear index is
evaluated to be orders of magnitude larger than the typical values
of nonresonant dielectric responses. A nonlinear forced oscillator
model aided by the first-principles calculations reproduce our
observation and, furthermore, indicates that the primary origin is
either the Born effective charge or the phonon anharmonicity
depending on the frequency within the Reststrahlen band. The
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instantaneous shift is followed by a picosecond recovery, reflecting the energy relaxation and dissipation of the excited SPhP. This
observed nonlinearity forms the basis of the self-phase modulation and four-wave mixing of SPhPs and paves the way toward

nonlinear phonon-polaritonics.

KEYWORDS: surface phonon-polariton, nonlinear optics, infrared nanophotonics

Surface phonon-polaritons (SPhPs) are localized modes
where optical phonons are strongly coupled with infrared
(IR) electromagnetic waves at dielectric surfaces." Because of
strong light—matter coupling, SPhPs exhibit a reduced phase
and group velocities and, therefore, bring about a subwave-
length localization and an electric-field enhancement, respec-
tively. These properties make SPhPs promising for nano-
photonic applications in the mid-IR range,”” " such as surface-
enhanced spectroscopy,” ® thermal radiation control,”® and
strong-field phenomena.”'’ To date, the linear properties of
SPhPs, namely, the dispersion relation, have been intensively
studied."'~'°

Nonlinear responses of SPhPs may open a new avenue
toward mid-IR nanophotonics, enabling self-phase modulation,
four-wave mixing, and all-optical switching at a subwavelength
scale. Regarding nonpolaritonic optical phonons, there have
been reports on anharmonic oscillations,'” ™" parametric
amplifications,”’ and the accompanying changes in material
properties from these phenomena.”'~** However, studies on
the nonlinear responses of SPhPs are rather limited.
Paarmann’s group reported second harmonic generation
from polar dielectric surfaces enhanced by SPhP excita-
tions.”>~** De Liberato’s group developed a theoretical
framework for y®-processes of SPhPs* and y®-processes of
SPhPs.>’ To date, there has been no report on the
experimental observation of the odd-order nonlinearity of
SPhPs.
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In this Letter, we experimentally observe a nonlinear shift in
the dispersion relation of an SPhP on a 4H-SiC surface. By
using IR pump—probe reflection spectroscopy combined with
the grating coupling technique, we observe a pump-induced
frequency shift in a SPhP mode that satisfies the grating
coupling condition. This observation is naturally interpreted as
a pump-induced change in the polariton dispersion and is
equivalent to a Kerr-like nonlinear phase shift. The effective
nonlinear index is evaluated to be orders of magnitude larger
than the typical values of nonresonant electronic responses. A
nonlinear forced-oscillator model aided by the first principle
density functional theory (DFT) calculations reproduces the
observed shift and indicates that the primary origin is either the
Born effective charge or the phonon anharmonicity depending
on the operation frequency. The model also predicts that the
Kerr-like response is extraordinarily large at asymptotically
high frequencies. These findings form the basis for nonlinear
phonon-polaritonics, thereby opening a new avenue toward
mid-IR nanophotonics.
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B METHODS

Strategy for Observing Nonlinear Shift in Dispersion.
A SPhP on a dielectric surface exhibits a characteristic
dispersion relation, where a derivative of the frequency w
with respect to the in-plane wavevector k decreases as @
approaches the asymptotically high frequencies." If the
dielectric surface is irradiated with intense light, the
permittivity may be modified to renew the dispersion curve.
A shift in the dispersion curve is observed either as a nonlinear
phase shift at a constant frequency or as a frequency shift at a
constant in-plane wavevector. To observe the latter, we exploit
pump—probe reflection spectroscopy with the grating coupling
technique.

Coupling with a Metal Grating. We use a metal grating
to couple free-space IR light to a SPhP, as shown in Figure la.
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Figure 1. (a) Configuration of SPhP excitation with a metal grating.
(b) Dispersion curve of a SPhP on a 4H-SiC (solid) and that of the
incident free space light (the first-order diffraction, A = 10.4 um,
dashed). (c) Energy reflectance of a c-cut 4H-SiC surface patterned
with a gold grating: simulated for different A’s (black) and measured
for A = 10.4 pum (red).

The grating coupling condition is expressed as lkgppl =

\/(lkolsin 0)* + (mlKl)*, where kepnpy ko, and K are the

wavevectors of the SPhP, incident light, and metal grating,
respectively; 6 is the incident angle; and m is the integer. The
magnitude of the grating wavevector is the reciprocal of the
grating period A as IKl = 27/ A. Gold gratings are fabricated on
a 0.35 mm thick, semi-insulating c-cut 4H-SiC crystal by
electron-beam lithography and a lift-off process. The gold wires
are 3 um wide and 200 nm high with a period of 10.4 yum.
Figure 1b shows the dispersion curve of an SPhP on a 4H-
SiC (solid) and that of the first-order diffraction of the incident
free space light for A = 10.4 um (dashed). An efficient
excitation of an SPhP is expected at the intersection where the
grating coupling condition is satisfied. Figure lc shows the
energy reflectance values for the 4H-SiC surfaces patterned
with gold gratings, simulated by using the finite-difference
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time-domain (FDTD) method and the permittivity of 4H-SiC
reported in ref 31 (see Supporting Information I for details on
the simulation method). Here, each grating consists of gold
wires (a width of 3 ym and a height of 200 nm), arranged with
a period A of 10.4, 11.3, and 11.9 um. The reflectance is
evaluated for the incident light (6 = 10°), which is linearly
polarized perpendicular to the gold wires. For each grating
period, we see a reflectance dip appearing in the Reststrahlen
band at a frequency determined by the grating coupling
condition.

A reflectance spectrum measured at an incident angle 6 of
10° for a 4H-SiC surface with a grating (A = 10.4 pm) is
shown as a red solid line in Figure 1c. Here, we use a Fourier
transform IR spectrometer and a specular reflectance measure-
ment unit. A BaF, wire grid polarizer is used to set the input
polarization to be perpendicular to the gold wires. The
reflection dip centered at 914 cm™" with a fwhm of 11.5 cm™
indicates efficient coupling into the SPhP mode. The slightly
broader dip compared with the simulation result comes from
the finite divergence angle of the incident light.

Pump—Probe Reflection Spectroscopy. Pump—probe
reflection spectroscopy is performed by using IR pulses with a
pulse energy of 400 nJ, a duration of 100 fs, a center frequency
of 900 cm™’, a fwhm bandwidth of 150 cm™, and a repetition
rate of 1 kHz. The IR pulse is split into the pump and probe
pulses by a wedged ZnSe window, and they spatially overlap
with an off-axis parabolic mirror (an effective focal length of 3
in.) at the sample where the beam diameters are 280 yum (see
Figure 2). Both the pump and the probe pulses are linearly
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Figure 2. Schematic diagram showing the grating-coupled pump—
probe reflection spectroscopy setup. Both the pump and probe pulses
are linearly polarized perpendicular to the gold wires.

polarized perpendicular to the gold wires. The incidence angles
of the pump and probe pulses are set to 0 and 7.5°
respectively, so that the probe geometry is similar to the linear
reflection spectroscopy presented above. The spectrum of the
reflected probe pulse is measured by a monochromator and
HgCdTe (MCT) detector arrays. Here, the probe pulse
monitors the pump-induced reflectance change at a variable
delay time T.

Because the incidence angle of the probe pulse is different
from that of the pump pulse by 7.5°, there is a difference in the
excited SPhP frequency between the pump and probe pulses.
This deviation, however, is estimated from the simulations
shown in Figure la to be 2 cm™}, much smaller than the
resonance line width of 11.5 cm™ (see the upper panel of
Figure 3a). Thus, it is regarded as a degenerate pump—probe
measurement. Nonetheless, the deviation of the excited SPhP
frequency between the pump and probe pulses will not
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Figure 3. (a) Linear reflectance (upper panel) and the pump-induced
reflectance change at various delay times (lower panel). (b) Pump-
induced reflectance change AR at a 2 ps delay time. The dashed line
represents a linear combination of two Gaussian functions fitted to the
measured data. (c) The kinetics at probe frequencies of 904 (red
squares) and 913 cm™ (blue triangles). The dashed lines represent
single exponential functions fitted to the data at delay times >2 ps.

significantly affect the observed signal, because it originates
from local dielectric response whose resonance lies not at the
operating frequency but at the TO phonon frequency (see
Supporting Information III).

B RESULTS

Figure 3a shows the transient reflectance change at different
delay times, measured with a pump energy of 400 nJ (the
electric field at the sample was 3.1 MV/cm). The upper panel
shows the linear reflectance measured with the probe pulse,
which exhibits a dip centered at 908 cm™". A slight deviation of
the dip center compared with the one shown in Figure lc
results from a difference in the incidence angle. A pump-
induced reflectance change at a 2 ps delay time is displayed in
Figure 3b, and the kinetics at probe frequencies of 904 (red)
and 913 cm™" (blue) are displayed in Figure 3c. It is observed
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that positive and negative reflection changes are induced
instantaneously upon excitation and decay with similar time
constants.

Because the reflectance change has a bipolar nature and
because the positive and negative signals exhibit identical
kinetics, we can naturally interpret the observation as a
blueshift of the reflectance dip. By fitting the reflectance
change shown in Figure 3b with a linear combination of two
Gaussian functions, we obtain center frequencies of 908.0 and
908.8 cm™' and a common fwhm width of 11.5 cm™. This
result indicates 0.8 cm™ as a blueshift of the reflection dip.

By global fitting of the kinetics at varied probe frequencies
with an exponential function, the recovery time of the pump-
induced reflectance change is evaluated to be 17.1 + 0.3 ps.
Here, we naturally attribute the observed recovery of ~17 ps to
the energy relaxation and/or dissipation of the excited SPhP
mode. Note that the total dephasing time, evaluated from the
simulated line width of the reflectance dip shown in Figure 2a,
is 2 ps. Note also that the cooling of the gold wire is excluded
as an origin for the observed recovery dynamics because the
relevant time scales are much shorter (the electron—electron
scattering is within 100 fs,** distribution of thermions
throughout the wire is approximately 100 fs**** and
electron—lattice scattering is approximately 1 ps®®) and that
the cooling of 4H-SiC is excluded because the time scale of
thermal dissipation is estimated to be ~1 ns at the earliest
point.*® The observed dynamics provide important insight into
microscopic physics (anharmonic couplings to low-frequency
phonons) that underlie the thermal conductivity of SPhPs,””
which have excellent potential for nanoscale thermal
conduction.”®

B DISCUSSION

Effective Nonlinear Refractive Index. Because a
reflection dip appears at a frequency where the grating
coupling condition is satisfied, the observed shift in the dip
frequency should indicate a pump-induced change in the
dispersion relation. Here, we recall that Boyd’s group observed
a shift in the incidence angle for a reflectance dip in the
Kretschmann—Raether configuration upon strong excitation of
a surface-plasmon polariton (SPP) on a Au surface.””** They
attributed the nonlinear shift to a change in the SPP’s
wavevector and in turn to the third-order nonlinear response of
Au. In a similar fashion, our observed pump-induced change in
the dispersion relation can be expressed either by a shift in the
in-plane wavevector AKS™ at a constant frequency @, or a
shift in the frequency Aw at a constant in-plane wavevector
kgpnp(@,), both of which are related by

dk
Akgpyp = ( — Aw
dw 0= (1)
By introducing an effective refractive index n*™ as kgpp =
(0/c)n’™®, we can relate Akgpp with the effective index
change AnSPEP = 5 SPRPT o

Akgpp = w AnSPRP — w " 2sphpI
c c ()
where n, and I denote an effective nonlinear index and
optical intensity, respectively. By using eqs 1 and 2 and the
blueshift of 0.8 cm™, we obtain an effective nonlinear index
ny"™ of —2 x 107" cm?/W. Compared with the nonlinear
refractive index for a nonresonant electronic response

SPhP
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(typically ~ 107*¢ cm?/W), n,"™*" exhibits an opposite sign and
a value that is orders of magnitude larger.

Theoretical Calculations of the Nonlinear Shift in the
Dispersion Relation. An SPhP on the c-plane surface of 4H-
SiC (uniaxial crystal) involves two electric field components,
that are either parallel or pezpendicular to the c-axis. Its
dispersion curve is described as*'

o 48 &

c\eg—1 (3)
where kgpyp is the in-plane wavevector, c is the light velocity in
vacuum, and &, (g)) is the relative permittivity for the electric
field perpendicular (parallel) to the c-axis. We consider that the
electric fields created by the grating coupling of the pump
pulse induce changes in £, and & to modify the dispersion
curve. For simplicity, we assume that a change in &, (¢g) is
induced by an electric field that is perpendicular (parallels to
the c-axis.

The nonlinear response of 4H-SiC in the Reststrahlen band
can originate from the anharmonicity of the TO phonon
potential,'”"'* the Born effective charge (or the phonon-electric
field coupling), and the nonlinearity of the background (or
nonresonant) dielectric response.”’ By considering these
factors, we construct a nonlinear forced oscillator model and
the corresponding equation of motion, which is described as eq
§3.5 in Supporting Information III. The coefficients appearing
in the equation are derived from the first-principles DFT
calculations described in Supporting Information II

We solve the equation of motion by the perturbative
expansion procedure to calculate the nonlinear polarizations
and the resulting permittivities of &, and &) From the
experimental pump electric field of 3.1 MV/cm and the
simulated field distribution, the effective electric field that
represents the spatially varying electric fields is estimated to be
3.4 (0.9) MV/cm for the component that is perpendicular
(parallel) to the c-axis (see Supporting Information I). These
effective values are used in eq S3.33 to calculate the modified
permittivities of &, and g that renew the SPhP dispersion
curve through eq 3.

Figure 4a shows the unmodified dispersion curve calculated
with eq 3. The inset shows the modified (or nonlinear)
dispersion curves, which are calculated by considering all/each
of the possible origins. The dispersion curve shifts to a higher
frequency by 0.3 cm™ when all of the origins are taken into
account, which is smaller, but comparable, to the exper-
imentally observed value of 0.8 cm™'. This discrepancy
between the theoretical and experimental values of the
frequency shift may come from the uncertainties in the
evaluation of the effective electric fields and in the calculation
of material’s parameters (listed in Table Sl in Supporting
Information II). The calculation also indicates that the major
contributor to the dispersion shift is the Born effective charge
at the measured frequency. The blueshift of the dispersion
curve is viewed as a decrease in the in-plane wavevector at a
constant frequency.

Figure 4b shows the shift of the in-plane wavevector, where
all (each) of the possible origins are (is) taken into account. It
is found that the shift in the wavevector is negative throughout
the Reststrahlen band and is characterized by large values at
frequencies close to the TO-phonon frequency (24 THz) and
asymptotic values. The former is due to the more pronounced
contribution from TO-phonon anharmonicity, and the latter is

ksphp(w) =
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Figure 4. (a) Dispersion relation of the SPhP on a c-cut SiC. The
inset shows the nonlinear dispersion curves that are calculated by
considering all three origins (red), only the Born effective charge
(yellow), only the TO-phonon anharmonicity (green), and only the
background dielectric nonlinearity (blue). (b) Nonlinear shift of the
in-plane wavevector, where all (each) of the possible origins are (is)

taken into account. (c) Corresponding effective nonlinear index
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due to strong light—matter coupling. The corresponding
effective nonlinear refractive index n,°™" is calculated through
eq 2 using the in-plane wavevector shift shown in Figure 4b. As
can be seen from Figure 4c, n,%" hP also exhibits large negative
values at frequencies close to the TO-phonon resonance and
asymptotic values.

As presented above, the forced oscillator model not only
explains the experimental observation but also predicts the
nonlinear responses at various frequencies in the Reststrahlen

band.
H CONCLUSION

The nonlinear response of a SPhP on a 4H-SiC surface is
observed by IR pump—probe reflection spectroscopy with the
grating coupling technique. Upon resonant excitation of a
SPhP mode, we observe an instantaneous blueshift of the SPhP
mode that satisfies the grating coupling condition. The
blueshift originates from the pump-induced modification of
the polariton dispersion and can also be interpreted as the
Kerr-like nonlinear phase shift. The effective nonlinear index is
evaluated to be orders of magnitude larger than the typical
values of nonresonant dielectric responses. The forced-
oscillator model aided by the first-principles calculations
quantitatively reproduces the observation and indicates that
the primarily origin is either the Born effective charge (or the
phonon-electric field coupling) or the phonon anharmonicity,
depending on the operation frequency. The blueshift of the
SPhP modes recovers at ~17 ps, which is interpreted as the
energy relaxation/dissipation time of the SPhP mode. The
observed nonlinearity forms the basis for the self-phase
modulation and four-wave mixing of SPhPs, paving the way
toward nonlinear mid-IR nanophotonics. Furthermore, the
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revealed relaxation dynamics should also provide essential
insight into the physics underlying the thermal conductivity at
dielectric surfaces.
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The Supporting Information is available free of charge at
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Details of the FDTD simulations (S1), details of the
first-principles DFT calculations of 4H-SiC (S2), details
of the derivation of the third-order nonlinear suscept-
ibility (S3), and details of the theoretical calculations of
the nonlinear shift in dispersion on the m-plane surface
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