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ABSTRACT: Mid-infrared nanophotonics can be realized
using subdiffractional light localization and field enhancement
with surface phonon polaritons in polar dielectric materials.
We experimentally demonstrate second-harmonic generation
due to the optical field enhancement from critically coupled
surface phonon polaritons at the 6H-SiC—air interface,
employing an infrared free-electron laser for intense, tunable,
and narrowband mid-infrared excitation. Critical coupling to
the surface polaritons is achieved using a prism in the Otto
geometry with adjustable width of the air gap, providing a
contact-free access to the polariton dispersion with full control
over the excitation conditions. The calculated reflectivity and

()

second-harmonic spectra reproduce the complete experimental data set with high accuracy, allowing for a quantification of the
optical field enhancement. We also reveal the mechanism for low out-coupling efficiency of the second-harmonic light in the
Otto geometry. Perspectives on surface phonon polariton-based nonlinear sensing and nonlinear waveguide coupling are

discussed.
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S urface polaritons are the key building block of nano-
photonics since these excitations allow for extreme light
localization accompanied by significant enhancement of the
local optical fields. A large body of research has focused on
surface plasmon polaritons (SPPs) at noble metal surfaces,’
which has led to a number of applications ranging from optical
near-field microscopy to nonlinear plasmonic nanosensors.””
Recently, an alternative approach was introduced employing
surface phonon polaritons (SPhPs), which can be excited in the
mid-infrared (mid-IR) at the surface of polar dielectrics.*” '’ In
these materials, optical phonon resonances in the dielectric
response result in a negative permittivity in the Reststrahl range
between the transverse optical (TO) and longitudinal optical
(LO) phonon frequencies and, in consequence, the existence of
a highly dispersive surface polariton."’ Notably, the much
reduced optical losses of SPhPs as compared to SPPs have been
argued to potentially solve the loss problem that was identified
as the key limitation for widespread implementation of
plasmonic devices.'"”'’ Recent pioneering experiments have
employed SPhPs for optical switching,'* as well as subdiffrac-
tional light confinement'>~"” and strongly enhanced nonlinear
response in subwavelength nanostructures.'®

A systematic study of the linear and nonlinear-optical
response of surface polaritons is enabled by prism coupling
either in Kretschmann—Raether'” or Otto™ configuration. In
both cases, the high refractive index of the prism operated in a
regime of total internal reflection provides the large momenta
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required to excite the surface waves.'” While mostly employed
for studies of SPPs,*'™>° a few works also investigated SPhPs
with prism coupling in the mid-IR.*'****” Specifically in the
Otto configuration, the surface polariton is excited across an air
gap of adjustable width, providing contact-free access to the
surface mode with extrinsic tunability of the excitation
efficiency, which can lead to critical coupling conditions."’
Strong optical field enhancement at critical coupling was
predicted but could not be experimentally confirmed using
linear optical techniques. Instead, nonlinear-optical approaches
such as second-harmonic generation (SHG) are highly sensitive
to the localized electromagnetic fields.'®***%*%~%

In this Letter, we experimentally demonstrate the first SHG
from critically coupled SPhPs, allowing us to accurately
determine the associated optical field enhancement. We employ
the Otto geometry for prism coupling to SPhPs at the 6H-SiC—
air interface across a variable air gap and detect reflectivity and
SHG output spectroscopically at various positions in the SPhP
dispersion, using an infrared free-electron laser (FEL) for
tunable narrowband excitation. By varying the air gap width
between the prism and the sample, we demonstrate critical
coupling behavior of the SPhP excitation efficiency. The
calculated linear and nonlinear response reproduces the full
data set of reflectivity and SHG spectra with high accuracy. We
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Figure 1. (a) Schematic of the experimental setup (not to scale) for Otto-type prism coupling to propagating SPhPs. Tuning the FEL frequency w,
air gap width d, and excitation-detection angle 6,,,—26,, allows for full control over the SPhP excitation conditions. We measure both SHG intensity
and reflectivity of the fundamental beam simultaneously using a dichroic beam splitter. For illustration, we also schematically show the evanescent
fields leaking into the air gap from the prism side (red shaded) and SPhP (green shaded) at critical coupling conditions. Experimental reflectivity (b)
and SHG (c) spectra taken for multiple incidence angles, each near the respective critical coupling gap width (see legend), leading to the most
efficient SPhP excitation. Calculated reflectivity (d) and SHG (e) maps evaluated at critical coupling conditions show how the signals follow the
SPhP dispersion (thick dashed lines): for each given incidence angle 6, the in-plane momentum of the fundamental light (sloped dashed lines)
intersects with the SPhP dispersion at the respective spectral positions of the SPhP resonances in the reflectivity and SHG (vertical dotted lines).

extract the optical field enhancement, analyze the out-coupling
of the SHG intensity in the Otto geometry, and discuss several
potential applications of the nonlinear response from SPhPs.

B RESULTS AND DISCUSSION

Excitation of propagating SPhPs and detection of their
reflectivity and SHG response is realized experimentally as
schematically shown in Figure la. We implement the Otto
ell‘rangem<ent8’lo’20 by placing a triangular prism (KRSS, Mprism
2.4, Korth) operated in the regime of total internal reflection
onto a motorized mount in front of the sample, allowing for
continuous tuning of the air gap width d. Rotation of the
prism—sample assembly by angle A0, ~ 1, A0 changes the

[
¢ nprism

~
~

in-plane momentum k; = sin @ of the incoming wave,

allowing to excite SPhPs at different points along the
dispersion.” Here, 6 is the incidence angle inside the prism of
refractive index 7, and @ is the frequency of the incoming
mid-IR beam. We use an infrared FEL*' as tunable, narrow
band p-polarized excitation source, and the reflected
fundamental and SHG beams are detected after a dichroic
beam splitter. As a sample, we use a semi-insulating 6H-SiC c-
cut single crystal; see the Supporting Information for further
details on the experiment.

Notably, the efficiency of coupling the incoming light to the
SPhPs in this geometry sensitively depends on the air gap width
d."® The decay length L of the evanescent waves into the air gap
for both the totally reflected incoming light and the SPhP
strongly varies with the in-plane momentum k”:19

L= Zj 2

where 1 is the wavelength and ¢ the speed of light in a vacuum.
For small gaps d << L with large overlap of the two evanescent
waves, the strong radiative coupling of the SPhP back into the
prism is a significant loss channel and prevents efficient
excitation, while for large gaps d >> L the small overlap between
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the two evanescent waves inhibits an efficient energy transfer.
There is, however, a critical coupling gap width d; where the
radiative and intrinsic losses of the SPhP exactly balance each
other, and critical coupling to SPhPs is achieved.'’ This is
illustrated with the red- and green-shaded areas in Figure 1a for
prism-side and SPhP waves, respectively. Since k strongly
varies along the SPhP dispersion, both L and the critical gap
width d also vary from less than 1 pm for large momenta to
tens of ym at small momenta when approaching the light line.

In consequence, the Otto arrangement allows for a high-
precision, direct measurement of the full surface polariton
dispersion if the critical coupling conditions are adapted
appropriately. This mapping of the SPhP dispersion is
demonstrated in Figure 1b and ¢, where we show experimental
reflectivity and SHG spectra, respectively, at four different
incidence angles, each taken near the respective d_;. Under
these conditions, a reflectivity dip of ~80% indicates efficient
excitation of the SPhP. The spectral position of the dip follows
the SPhP dispersion (see Figure 1d) as the incidence angle is
changed. At the same time, the field enhancement associated
with the efficiently excited SPhP results in significant increase
of the SHG yield, as evidenced by the single, narrow peak in
each of the SHG spectra (c).

For comparison, we show calculated reflectivity and SHG
maps at critical coupling conditions in Figure 1d and e,
respectively, plotted as a function of fundamental frequency @
and in-plane momentum k;. The reflectivity is calculated using
the transfer matrix approach®~** (see Supporting Information
for details), while the SHG intensity is computed using

1(20) & I(TE5c(20)) P (<205 0, 0)Ege(w)/AK)P
(2)

Here, Egc(w) is the local optical field on the SiC side of the
SiC—air interface, which we obtain from the transfer matrix
approach, and ¥ is the nonlinear susceptibility of 6H-SiC,*
while Ak accounts for the wave vector mismatch for SHG in
reflection.’>** Additionally, we explicitly account for the field
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coupling of the nonlinear polarization by projecting it onto
TyEsic(2w), with Eg-(20) being the local field of the respective
mode at 2w and 2k; propagating from SiC back into the prism
and T, the transmission coeflicient back to the prism. See the
Supporting Information for details on the SHG calculations.
To demonstrate the critical behavior of the response, we
acquired reflectivity spectra for multiple values of the air gap
width d for selected incidence angles, exemplified for 8 = 28.8°
and 0 = 35.1° in Figure 2a and b, respectively. At the smallest
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Figure 2. Experimental (solid lines) and calculated (dot-dashed lines)
reflectivity (a, b) and SHG (¢, d) spectra of the 6H-SiC—air interface
in the Otto geometry, shown for selected air gap widths d (see
legends) and incidence angles 6 = 28.8° (a, c) and 0 = 35.1° (b, d).
The SHG spectra were normalized to the maximum at the smallest gap
width. Note the logarithmic scale in (c) and (d).

gap (black lines), a shallow broad dip in the reflectivity at @ =~
900 cm™' reports on excitation of highly lossy SPhPs with
pronounced radiative coupling. As d is increased, the reflectivity
dip increases in amplitude and narrows while simultaneously
blue-shifting. A maximum dip depth of ~80% (blue lines)
indicates that the critical coupling conditions are reached. For
even larger gaps (orange lines), the amplitude of the dip drops
again, while the narrowing and blue-shifting of the resonance
converge, approaching the intrinsic line width and frequency of
the uncoupled surface polariton, cf. Figure 1d. The qualitative
behavior is identical between the two incidence angles shown
here. However, the respective air gaps are clearly different; see
legends in Figure la and b, where d essentially scales with the
evanescent length L in eq 1. The calculated reflectivity perfectly
reproduces the experimental data, including subtle features due
to the 6H-SiC crystal anisotropy, such as reflectivity dips at the
zone-folded weak modes at ~885 cm™' and the axial LO
phonon at 964 cm™!>%3%%

The simultaneously acquired SHG spectra are shown in
Figure 2c,d. At small gaps, the data exhibit some additional
spectral features;*”*° however, a pronounced SPhP resonance
can be clearly distinguished (note the logarithmic scale), with
SPhP peak positions and line widths qualitatively following
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those observed in the reflectivity as d is increased. However, the
amplitude behavior is clearly different for the SHG; we observe
a steady decrease of the SHG amplitude at the SPhP resonance
with increasing d. The calculated SHG spectra also shown in
Figure 2c,d (dash-dotted lines) not only reproduce all the
features in the spectra with high accuracy, but also predict the
steady decrease of the SPhP resonance amplitude of the SHG
with increasing width d of the air gap. This is very surprising,
since the maximum field enhancement and, in consequence,
most efficient nonlinear signal generation are expected at
critical coupling.'”"”

We summarize the SPhP resonance behavior for the full
experimental data set in Figure 3. Lorentzian fits of the SPhP
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Figure 3. Air gap width d-dependence of the SPhP resonance
amplitude (a, b), Q-factor (c, d), and spectral position (e, f) at four
different incidence angles, as extracted from the experimental
(symbols) and calculated (lines) reflectivity (a, c, e) and SHG (b, d,
f) spectra. Critical coupling is achieved at the respective maximum of
the reflectivity dip amplitude in (a). The Q-factors increase and the
spectral positions shift as d is increased, converging toward the values
of the weakly coupled, intrinsic surface polariton resonance, more
rapidly with increasing @ and kj, i.e., further away from the light line.

resonance in the experimental (symbols) and theoretical (lines)
reflectivity (a, ¢, e) and SHG (b, d, f) spectra yield the
amplitude (a, b), Q-factor (c, d), and position (e, f) of the
reflectivity dip and SHG peak, respectively. The high
experimentally achieved Q-factors, ie. the ratios between
center frequency and line width, mark the high quality of the
SPhP resonance. Notably, the SHG resonances are intrinsically
narrower as compared to the reflectivity dips due to the second-
order nature of the interaction, leading to the consistently
higher Q-factors. Remarkable agreement between experiment
and theory is observed throughout the full data set. We note
here that these calculations use a single set of parameters
globally extracted from the full reflectivity data set. Hereby we
explicitly include angular beam divergence and finite spectral
width of the light source, being the main experimental
limitations for achieving full SPhP resonance amplitude near
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Figure 4. (a) The SHG signals corrected for out-coupling losses (symbols) perfectly follow the fourth power of the calculated local optical fields
(lines). (b) SPhP optical field enhancement |E/E,| with E,, the incoming field magnitude, evaluated at the critical coupling gap for in-plane E,
(black) and out-of-plane E, (red) field components as a function of internal incidence angle (bottom) and corresponding SPhP resonance position
(top). (c) Example of the spatio-spectral distribution of in-plane field enhancement, shown at critical coupling for 6 = 28.8° with d = 5.8 ym. All

electric fields are evaluated on the SiC side of the SiC—air interface.

to and far away from the light line, respectively; see the
Supporting Information for details. We emphasize that only the
reflectivity data were used for the global fitting, while the SHG
spectra were simply calculated using nonlinear susceptibility
extracted in previous experiments.‘?’0

The direct comparison of the SPhP resonance amplitudes of
the reflectivity dip and the SHG peak (see Figure 3a and b,
respectively) for the different incidence angles suggests a
correlation between the critical coupling gap marking the
strongest modulation of the reflectivity and the apparent decay
length of the SHG amplitude. Indeed, if rescaled for the
respective critical coupling gap width d., the curves for
different incidence angles are almost identical; see Figure S3 in
the Supporting Information. To understand these observations,
we need to consider two mechanisms determining the
detectable SHG signal in the far field: (i) efficiency of SHG
due to the local field enhancement provided by the SPhPs and
(ii) the out-coupling of that nonlinear signal across the air gap
into the prism and into the far field. In the case of low losses,
the local field enhancement associated with surface polariton
excitations is typically expected to follow the magnitude of the
reflectivity dip;'”'? that is, the maximum enhancement should
be achieved at the critical coupling condition.

It is, however, important to realize that the SHG is generated
with large in-plane momentum ky syg = 2 ksppp > Ko s, where
kosug is the wavenumber of the SHG light propagating in air.
This corresponds to the condition of total internal reflection for
the SHG at the SiC—air interface, and only an evanescent wave
is expected to leak into the air gap. Evaluating eq 1 for this wave
reveals exactly half the evanescent length for the SHG as
compared to the fundamental radiation on both sides of the air
gap, resulting in an extremely poor overlap and largely
suppressed far-field coupling of the SHG at critical coupling
conditions. In our SHG calculations, this effect is explicitly
accounted for by the gap width d-dependence of TyEsc(2w) in
eq 2, whose amplitude rapidly decays with d. In fact, we find
that at critical coupling only ~0.1% of the generated nonlinear
signal is harvested into the far-field intensity.

Therefore, we can recover the second-harmonic intensity
generated in SiC by correcting the experimental signals for the
out-coupling efficiency T, ESiC(Zw)lz, as shown in Figure 4a.
As expected from the last factor in eq 2, these signals now
follow the fourth power of the resonantly enhanced
fundamental optical fields IEg:(w)l, which are also plotted
there. With this information, we can confidently extract the
magnitude of the field enhancement in SiC at critical coupling,
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which is plotted in Figure 4b along the SPhP dispersion. We
plot both in-plane and out-of-plane fields, E, and E,
respectively, since due to the symmetry of the y® tensor,
both components contribute significantly to the SHG output.”
Notably, the small dip in these curves at 8 & 27.5° marks the
resonant interaction of the SPhP with the zone-folded phonon
modes in 6H-SiC."® For illustration, we also show an example
of the spatio-spectral distribution of field enhancement along
the normal-to-surface direction z in Figure 4c.

The excellent agreement between the experimental and
calculated SHG response corroborates our observation of the
extremely efficient nonlinear-optical conversion inside the SiC
crystal, in particular in comparison to SPPs. From our data, we
estimate an exceptional nonlinear conversion efficiency exceed-
ing ~107%, which is a result of (i) the large field enhancement
due to the high Q-factor of the SPhP resonance, (ii) the broken
inversion symmetry as well as proximity to an ionic resonance
of the nonlinear susceptibility’”*® in the SPhP host, and (iii)
the large effective volume of SHG generation as compared for
instance to subdiffractional nanostructures."®

The broken inversion symmetry and the ionic resonance (ii)
are unique fingerprints of SPhP materials as opposed to noble
metals used in plasmonics." Hereby, the enhancement of 3
close to the ionic resonance at the TO frequency,*%o’g’8 i.e., in the
spectral range where the SPhP can be excited, is a generic
teature for all polar dielectrics. Our approach is applicable to all
non-centrosymmetric, polar dielectrics, such as a-quartz, ZnO,
AIN, InP, GaAs, and ZnTe, to name a few, known to exhibit
large nonlinear coefficients, as well as artificially designed
hybrid materials®” with yet unknown SPhP dispersion relations.
Additionally, the strong dispersion of SPhPs provides spectral
tunability of the field enhancement resonance with extraordi-
narily high Q-factors.

The combination of these features suggests several appealing
scenarios for future applications of nonlinear nanophononics.'”
Previous linear sensing schemes””** could be extended into the
nonlinear domain with larger contrasts and higher Q-factors.
Taking advantage of the large resonant, high-Q nonlinear
signals from the broken-inversion SPhP host, these approaches
could straightforwardly be implemented using narrow-band-
width quantum-cascade lasers. Similarly, our approach could be
extended to four-wave mixing experiments,”"*' sensitive to
either the SPhP host or a liquid phase analyte in the gap (cf.
Figure 4c for the relevant length scales of field enhancement
inside the gap). This could, for instance, lead to a drastic
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resonant enhancement of time-resolved vibrational spectrosco-
py signals from molecules in solution.*

Overall, the Otto geometry provides an ideal platform for
studying the linear and nonlinear response from surface
polaritons. As compared to the Kretschmann geometry, it
allows extrinsically controlling the SPhP coupling efficiency due
to the adjustable air gap width and is a contact-free approach
that does not require samples to be deposited onto the prism,
making it much more versatile. Additionally, we also note that
SPhP materials are typically largely transparent above the
Reststrahl frequency range. Together with the generation of
nonlinear signal under conditions of total internal reflection,
this suggests that the Otto geometry could be used for high-
contrast nonlinear waveguide coupling,43 which would also
solve the problem of low out-coupling efficiency in reflective
SHG detection and allow harvesting the full magnitude of the
nonlinear signals.

B CONCLUSION

In conclusion, we demonstrated the first SHG from critically
coupled SPhPs, enabling high-precision measurements of the
associated optical field enhancement, here shown for 6H-SiC as
a model system. We use the critical coupling behavior of the
Otto geometry to maximize the SPhP excitation efficiency.
Despite poor far-field coupling of the SHG signals, which is
shown to be a generic feature of the Otto arrangement, the
large bulk nonlinearity of the crystal facilitates exceptional
nonlinear-optical conversion from SPhPs, owing to the broken
inversion symmetry of the host material and the high quality of
the SPhP resonance. Being applicable to a wide range of polar
dielectrics supporting SPhPs, our approach could be employed
to extract the unknown polariton dispersion and field
enhancement in artificially designed SPhP hybrids and opens
the path to several new and appealing applications of nonlinear
nanophononics.
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