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Abstract

The far-infrared (far-IR) remains a relatively underexplored region of the electromagnetic spectrum extending roughly
from 20 to 100 um in free-space wavelength. Research within this range has been restricted due to a lack of optical
materials that can be optimized to reduce losses and increase sensitivity, as well as by the long free-space wavelengths
associated with this spectral region. Here the exceptionally broad Reststrahlen bands of two Hf-based transition metal
dichalcogenides (TMDs) that can support surface phonon polaritons (SPhPs) within the mid-infrared (mid-IR) into the
terahertz (THz) are reported. In this vein, the IR transmission and reflectance spectra of hafnium disulfide (HfS,) and
hafnium diselenide (HfSe;) flakes are measured and their corresponding dielectric functions are extracted. These
exceptionally broad Reststrahlen bands (HfS,: 165 cm™!; HfSe,: 95 cm™') dramatically exceed that of the more commonly
explored molybdenum- (Mo) and tungsten- (W) based TMDs (=5-10 cm™!), which results from the over sevenfold
increase in the Born effective charge of the Hf-containing compounds. This work therefore identifies a class of materials
for nanophotonic and sensing applications in the mid- to far-IR, such as deeply sub-diffractional hyperbolic and
polaritonic optical antennas, as is predicted via electromagnetic simulations using the extracted dielectric function.

1 Introduction

Historically, research within the far-IR region of the electromagnetic spectrum(!-3] has been challenging compared to
other spectral windows due to the lack of an established optical infrastructure. Spectroscopy in this range can be a difficult
task, due to the lack of efficient radiation sources within the so-called “terahertz gap” that extends beyond the range where
blackbody sources can provide sufficient power. Despite recent developments to create powerful radiation within this
region, accessing solid-state properties at these frequencies remains challenging.[*¢] Passive optical components in the
mid- to far-IR also suffer from undesirable dispersion due to the optic phonon resonances of the material. This dispersion
is associated with high absorption losses and optical performance that is strongly frequency dependent, resulting in a non-
uniform transmission intensity over the spectral band of interest.[’”] Materials with suitable spectral properties exist, but
they all suffer from other challenges. For example, cesium iodide (Csl) has extremely low-energy vibrational modes
outside of this spectral range giving rise to suitable transmission,®-1% but it is hygroscopic and therefore must be
operated under vacuum or kept within other inert atmospheres. While thin polymer coatings can be applied over Csl
optics as a protective layer, these induce additional vibrational resonances,



thereby compromising performance.l'1*l Interest among other
materials in this spectral range include indium phosphide
(InP) for its potential generation of far-IR radiation ™ as well
as barium (BaTiOs) and strontium (SrTiOj;) titanate,>1% which
are popular ferroelectric materials for microwave electronics.
Finally, while these materials provide opportunities for trans-
parent windows, they are still restricted by the diffraction
limit, resulting in large sizes for optical components. Alterna-
tive materials are therefore widely desired to further advance
research efforts in the far-IR. In contrast, reflective optics do
not typically suffer from large dispersion like many transmis-
sive components do, yet, the long free-space wavelengths still
enlarge the footprint of any optical devices, limiting their func-
tionality and precluding normal incidence excitation or detec-
tion in most configurations.

Nanophotonic devices, which confine light to length s cales
below the diffraction limit, can be designed to circumvent such
issues. This confinement can be achieved by employing mate-
rials supporting light-matter quasiparticles called polaritons.>"]
While surface plasmon polaritons have been the focus of intense
research over the past couple decades,®2! surface phonon
polaritons (SPhPs) offer significantly reduced absorption losses
and thus,?223 have been a subject of increased interest. SPhPs
are hybrid modes comprised of electromagnetic waves and
the coherently oscillating ionic charges in polar dielectric crys-
tals.”] An internal electric field generated by polar bonds in the
crystal creates an energy splitting between the transverse (TO)
and longitudinal (LO) optic phonons, resulting in the so-called
Reststrahlen band.?#%°] Within this band, the material exhibits
optically metallic behavior due to the coherent oscillation of
these polar charges, giving rise to a negative real part of the per-
mittivity tensor (Re(g,) < 0). Due to the negative real part of the
permittivity tensor within the Reststrahlen band, SPhPs can be
supported at the polaritonic medium-air interface. Therefore,
polar dielectric materials with large TO-LO phonon splitting in
the mid- to far-IR and THz spectral ranges 192671 are excellent
candidates for devices such as on-chip nanophotonics!-18-28.29
and super-resolution imaging.>*% This work investigates the
TMD class of materials, which satisfies the above requirements,
but have not been studied in depth in the far-IR.B

TMDs are an emerging group of materials with recent
interest stemming from their 2D optical and electronic proper-
ties3242 in the visible to near-infrared spectrum. Most research
within this material system has focused on the optical proper-
ties of group-VIB transition metals such as molybdenum or
tungsten disulfides (MoS,, WS,)¥* and diselenides (MoSe,,
WSe,),! with recent focus turning to ditellurides, 36404 but
have mostly neglected the group-IVB dichalcogenides. In par-
ticular, Hf-based TMDs have a highly ionic bonding character
that, in contrast with group-VIB TMDs, offer the potential for a
large TO-LO splitting. The magnitude of the TO-LO splitting is
proportional to the Born effective charge (Z"),1¥*! which gives
rise to a very broad Reststrahlen band. Further, Hf-based TMDs
tend to have phonons that exist at low IR frequencies due to
the larger ion mass. This spectral range has been historically
difficult to access because of the previously mentioned phonon
dispersion in common optical materials.

The design of nanophotonic structures requires simulations
of the electromagnetic response of a material, for which a reli-

able dielectric function is essential.?Y In this work, we extract
the dielectric functions of HfS, and HfSe, crystals through
least-squares fitting of polarized reflectance and transmission
measurements collected through Fourier Transform IR (FTIR)
micro-spectroscopy. For micron-scale samples, FTIR micro-
spectroscopy provides considerable advantages over more
conventional approaches, such as variable-angle spectroscopic
ellipsometry (VASE) where the collection area is much larger
than the typical lateral flake size. Although VASE is independent
of intensity, the smaller scale samples can create difficulties in
the experimental configuration. Instead, FTIR measurements
with an IR microscope provide more flexibility to measure
micron-scale samples such as exfoliated 2D materials.?24 This
approach has been successfully employed to extract the dielec-
tric function of other 2D materials, such as hexagonal boron
nitride (hBN)224] and orthorhombic @-phase molybdenum tri-
oxide (-M00O;).5% The hexagonal crystal structure of group-IVB
TMDs results in a dielectric tensor that is uniaxial, similar to
that of hBN. Therefore, the symmetry of the lattice results in
an out-of-plane dielectric tensor component that differs from
the in-plane isotropic components &,(@) = &y(®) # &,(w). The
in-plane TO and LO phonon frequencies of HfS, and HfSe,
have been documented in the past through both IR and Raman
spectroscopy.">*2 However, the excitation of the TO and LO
phonons aligned with the optic axis (E|| ¢) is forbidden by sym-
metry rules at normal incidence,®® and therefore determining
the full dielectric tensor using available micron-scale flakes in
the far-IR has thus far been a significant challenge. Past studies
have attempted to assign these values through second-order res-
onance Raman and two-phonon absorption measurements,>*>°!
however their direct observation through IR reflectance meas-
urements has yet to be demonstrated. Here, we overcome these
limitations through polarized reflection at grazing incidence
(55°), verifying previously reported values, quantifying the
out-of-plane contributions, and providing a model for the full
dielectric tensor of Hf-based TMDs in the far-IR. Further, we
calculate the Born effective charge for monolayer structures of
these compounds from first-principles, providing insight into
the origin of the broad Reststrahlen bands of this material class
with respect to other TMDs.

2. Results and Discussion

HfS, and HfSe, are polar van der Waals semiconductors that
are thermodynamically stable at room temperature with a dis-
torted octahedral (1T) atomic structure within the P3m1 space
group (Figure 1a). The vibrational modes of HfS, and HfSe, can
be predicted from the space group symmetry and are expressed
in the irreducible representation as:

IF'=A,,+E, +2A,,+2E, (1)

where A;; and E, are Raman-active and A,, and E, are TR-active
vibrational modes. Both A,, and E, modes consist of transverse
and longitudinal components that are parallel and perpendic-
ular to the c-axis, respectively. The bonding between the Hf and
chalcogenide atoms gives the structure its strong ionic char-

acter, where the conduction and valence bands are comprised
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Figure 1. a) Schematic of the HfS, and HfSe, crystal unit cell.l’”) Micrograph images of b) HfS, and c) HfSe, flakes. Scale bar is 100 um.

of Hf-d orbitals and S/Se-p orbitals,*’) respectively. This is evi-
dent from the difference in Pauling electronegativity values
that transition between Mo (2.2) and Hf (1.3) in comparison to
S/Se (2.4/2.5).°7) Therefore, the Hf-based TMDs demonstrate
a higher degree of ionicity and tend to form more polarized
bonds.

2.1. Born Effective Charge Calculations

In bulk 3D polar systems, the Coulomb interaction results in
a splitting between the TO and LO phonons within the far-IR
leading to a frequency discontinuity near the T'-point. By con-
trast, in polar 2D materials, the reduced dimensionality of the
Coulomb interaction instead manifests as a slope disconti-
nuity of the frequency bands at the I'-point. Formally, the non-
analytical term correction between the TO (wro) and LO (@yo)
frequencies can be given in d dimensions as:>’!

QZd[ (2)

2
0l =0t +Va (q)q—
Qq

where q is the unit wavevector of the phonon in mode « and
Vi(q) and Qq are the screened Coulomb interaction and unit
cell “volume” in d dimensions, respectively. The mode effective
charge vector, Z,,, is given by:

Z:Aﬂtn
z,=y 0)

M,

where Z is the Born effective charge tensor of atom n, &, is
the eigenvector of the phonon in mode o and M, is the atomic
mass of atom n where n indexes all the atoms in the unit cell.

Here, we begin our evaluation with the strength of the SPhP
interaction in monolayers of HfSe, and HfS, using first-princi-
ples calculations to compute their Born effective charge tensors
and contrast them against similar 2D layered compounds, MoS,
and WSe,. In the two-dimensional limit, the SPhP of a material
becomes a 2D phonon polariton that is equivalent to the 2D LO
mode due to its highly confined and evanescent character.?425>
We start by summarizing the Born effective charges in the cor-
responding bulk 3D systems (Table 1). The first (last) two rows
refer to the Born effective charge on the transition metal (chal-
cogen) atoms along the in-plane and out of plane directions.
Note that the sign of the Born effective charges on the tran-
sition metal and chalcogen atoms is flipped for the Hf-based
compounds, indicative of the different ionic character of the
bond, due to the reduced electronegativity of Hf in comparison
to Mo and W. More importantly, the magnitude of both the in-
plane and out-of-plane Born effective charges of the Hf-based
compounds is several times larger than Mo- or W-containing
TMDs. In the monolayer limit, the wavevector dependence of
the LO and TO frequencies, following the nonanalytical-term
correction given by Equation (2) for 2D is provided in Figure 2.
While the shape of the frequency discontinuity near the I'-point

Table 1. Independent components of Born effective charge tensors for
various 3D bulk polar semiconductors.

MoS, MoSe, WS, WSe, HfS, HfSe,
Transition Z*xx(yy) -1.06 -1.83 -0.59 -1.28 7.67 9.60
Transition Z*,, —0.62 -0.99 -0.41 —0.40 1.94 218
Chalcogen Z'yg,y 054 0.90 0.29 064  -383 480
Chalcogen Z*,, 0.34 0.45 0.23 0.20 -0.97  -1.09

Data from Kyoto University's Phonon Database in units of [e].[°3¢0]
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Figure 2. Wavevector dependence of TO-LO “splitting” in 2D polar semiconductors. Phonon dispersion relations for monolayer a) MoS,, b) HfS,, and
) HfSe,. d) I'-point close-up of the TO-LO frequency slope discontinuity, highlighting the large magnitude difference between the Hf-based compounds

and MoS,.

is similar across all three compounds, the magnitude of the dif-
ference between the LO and TO frequencies, which must con-
verge at the I'-point, is made apparent through the comparison
of the Hf-based compounds with that observed for MoS,. This
is directly proportional to the magnitude of the Born effective
charge tensor which, consistent with the bulk values in Table 1,
we find to be 5-7 times larger in the Hf-based compounds.

2.2. Dielectric Function of HfS, and HfSe,
2.2.1. FTIR Micro-Spectroscopy Reflectance Measurements

The HfS, and HfSe, samples are free-standing layered crystals
(Figure 1b,c) with large thickness non-uniformities, which make
the samples less than ideal for large-scale measurement tech-
niques such as traditional FTIR measurements within a bench
and IR variable angle spectroscopic ellipsometry (IR-VASE).
As stated above, here FTIR micro-spectroscopy is used as this
allows for the collection area to be decreased to tens of microns
on a side, therefore reducing the non-idealities observed via
other methods. The large difference in TO-LO splitting between
group-IVB and group-VIB TMDs can be seen by comparing the
reflectance spectra from flakes of Hf-based and Mo-/W-based
TMDs (Figure 3). The Mo- and W-based samples exhibit very
narrow Reststrahlen bands on the order of only a few cm™,
whereas HfS, and HfSe, span =165 and 95 cm™, respectively,
with both also reaching higher magnitudes of reflectance. Very
few materials exhibit such extraordinary magnitudes of Born
effective charge and TO-LO splitting in the far-IR, and larger

field splitting can only otherwise be found in ferroelectric
oxides(®®® and group-1V-VI compounds.[6263]

After extracting the thickness and in-plane high-frequency
permittivity as fitted parameters from the near-normal FTIR
measurements, we then measure the s-polarized reflectance in
the far-IR (red line, Figure 3c,d) using the grazing angle objec-
tive (GAO). Subsequent fitting of the Reststrahlen band is
performed using prior reported values for the phonon frequen-
ciesl®%%] as initial values for the parameters. From these meas-
urements we extract the fitted values of the in-plane permittivity:
Wro, Oro, ¥ro, and Y. These values are provided in Table 2.

Finally, we measure the p-polarized reflectance at the same
location (black line, Figure 3c,d). The previously extracted
values for the in-plane dielectric function are incorporated into
our model, allowing us to focus on the out-of-plane contribu-
tion. Note, although our model is successful in matching the
overall shape of the reflectance measurements, there remains
additional absorptive features that are not accounted for in our
model. These features can be identified as offsets between the
measured and predicted values in Figure 3 between 350-500
and 225-400 cm™! for HfS, and HfSe,, respectively. We attribute
these features to two-phonon absorption and address them in
more detail in Section 2.2.3.

2.2.2. Modeling of the Dielectric Function

For a single IR-active phonon, the permittivity can be derived
from a simple harmonic oscillator model resulting in the so-
called “TOLO” function:
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where the high frequency permittivity &, 1010 defines the real
part of the dielectric function at frequencies above the LO
phonon. Although Equation (4) has been successfully used to
model the permittivity of several polar materials such as hBN[224
and silicon carbide (SiC),® this approximation fails when
anharmonic phonon coupling must be taken into effect as is
the case for HfS, and HfSe,. In this case the TO (jo;) and LO
(%.0.) phonon damping for the same phonon branch (i) would

Table 2. TOLO model fitting parameters.

HfS, HfSe, HfS, HfSe,
In-plane (x,y) Out-of-plane (z)
Wro [em™] 163.6 10.9 180.4 1221
oo [em™] 316.5 203.8 304.4 141.8
Yo [em™] 8.0 6.9 m 9.0
Yo [em™] 133 3.3 15.3 .9
£ 6.30 7.25 10.59 13.77

not be assumed to be the same, as in Equation (4). This is true
of materials with multiple phonon modes that are close in fre-
quency, such as in perovskites and alkali halides.*”8] A more
general representation of the TOLO oscillator that allows for
independent TO and LO damping has been derived as!®’!

n 2 ; _wZ —i ;
e(w)= Sm,TOLoH—w;O' Do, (5)

2 .
Wro; — W —1WY10,

Note that when #o; = %o, this reduces to the simple har-
monic oscillator model. Yet, for this model to be physical

it is necessary that the condition Z(VLo,i—VTo,i)>0 be met,

otherwise the imaginary permittivit{z (Im(g)) well above the
LO phonon frequency would become negative and thus,
non-physical for a medium absent of gain. In addition to mod-
eling multiple phonon materials, Equation (5) has also been
used to model the absorption due to two-phonon processes in
manganese oxide (MnO), magnesium oxide (MgO), and nickel
oxide (NiO)."I The following section will demonstrate how this
model is necessary for reproducing the two-phonon absorption
features in HfS, and HfSe,. Therefore, the optical response of
HfS, and HfSe, was modeled using a uniaxial dielectric tensor



with Equation (5) being employed to model the dielectric func-
tion along the in- and out-of-plane axes.

2.2.3. Two-Phonon Absorption

As stated above, additional absorptive features are observed in
the polarized reflectance spectra that are not attributed to the
first order optic phonon response. To understand the origin
of these features we perform transmission measurements at
normal incidence using a very thin, relatively flat sample with
the results of this measurement provided in Figure 4. The
thicknesses of the HfS, and HfSe, crystals were determined to
be 9.9 and 59.3 um from fitting the near-normal transmission
(see Section 4.2.1), respectively. Here we measure at normal
incidence, and therefore only the in-plane contribution to the
dielectric function is considered. We observe additional fea-
tures at 350, 470, 505, and 550 cm™ for HfS, that cannot be
accounted for by a single TOLO model (Figure 4, dashed line).
Similar features have been observed at these frequencies in two-
phonon absorption measurements and second order Raman
measurements of HfS, crystals.’>%¢! We then model each of
the two-phonon absorption peaks using the anharmonic TOLO
function, as has been implemented in prior work”! (Figure 4,
black solid line). The two-phonon model is also implemented
for the HfSe, transmission data (Figure 4d,e). Although the two-
phonon absorption features are prominent in the transmission
spectrum, their resultant contribution to the dielectric function
is weak in comparison to first-order optic phonons. This is seen
with the difference in scales between Figure 4b,e,c,f.

2.3. Nanophotonic Resonator

Within the Reststrahlen band, anisotropic materials can exhibit
interesting optical properties because of their crystal asym-
metry.?#25:3172 The unequal responses between the in-plane iso-
tropic and out-of-plane dielectric tensor components allows for
their product to be less than zero (Re(gyyy) * Re(g,) < 0), and
under these circumstances the isofrequency surface becomes
an open hyperboloid, allowing the material to support high-
momenta (k) hyperbolic phonon polaritons (HPhPs).7275] Con-
versely, when Re(&,,) * Re(&,,) > 0, the in-plane momentum of
light within the material is bound by a closed ellipsoid isofre-

quency surface. Because k = 2—” the HPhPs propagate through

the medium with an extremely sub-diffractional wavelength
limited by the mode volume, such as the flake thickness or
nanostructure size. To quantify the performance of Hf-based
TMDs for potential applications in far-IR nanophotonics, we
used the extracted permittivity values to calculate the quality
(Q)-factor of propagating HPhPs within these materials. The
Q-factor compares the polariton propagation length to its
modal confinement and is a useful metric of the practicality of
a material for nanophotonics.l3% It is shown here as:

_k,

v

(©)

where k’ and k” are the real and imaginary parts of the
propagating ~ wavevector, respectively. The frequency-
dependent wavevector can be calculated analytically using the
expression:”370l
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o
b
4]

Absorption
o

0.05

T T T T |
Radius

——750 nm
~——1000 nm
~—1250 nm
——1500 nm
~———1750 nm
~——2000 nm| |

0 1
120 140 160 180

200 220 240 260 280 300

Wavenumber (cm'1 )

-2 -1 0 1 2
X (pm)

5 e 0 1 2
X (um)

Figure 5. a) Simulated absorbance spectra of HfSe, resonator cone with varying radius. Out-of-plane electric field (E,) cross-sections of a conical HfSe,
resonator (R =1250 nm) with the b) elliptic and c) hyperbolic frequency ranges. The black line outlines the resonator edges.

£
]+n¢l ;
v ]

k(0)=k +ik” = —Z|:arctan[ Lo ] + arctan( >
d Sxx,yy 6"":}'}’

e )
v =i [

Exrvyy

where we assume the thickness (d) of a flake to be 20 nm. &,
and ¢ are the complex dielectric functions of surrounding
media on either side, however, we use the dielectric function
of air for both media. The primary modes (I = 1) of HfS, and
HfSe, exhibit peak Q-factors of =8 and 6, respectively, which
is on-par with other naturally occurring hyperbolic materials.[]
However, these reports are typically from hyperbolic materials
with Reststrahlen bands at higher frequencies, which may
skew such comparisons. Nonetheless, HfS, and HfSe, exhibit
broad Reststrahlen bands in the mid- to far-IR, 20% and 80%
of which are hyperbolic regions, respectively. We examine
their potential for nanophotonic devices in the following
section.

SPhPs can be confined in flakes with extremely small thick-
nesses or through fabricated nanostructures. These modes
manifest as high extinction peaks within the Reststrahlen
band, and with precise control of k through nanofabrication

techniques can be utilized for tunable, high-sensitivity sensing
applications. We simulated a periodic array of conical HfSe,
resonators on a silicon substrate with CST Microwave Studio
to calculate the mid- to far-IR polaritonic absorption response
under normal incidence. Several modes can be identified in
the simulated absorption spectra (Figure 5a) between the wrq
and @, most notably those between 160-185 cm™ which lay
in the hyperbolic region of the Reststrahlen band. At lower
frequencies, two smaller peaks arise just beyond wrq at 115
and 130 cm™, respectively. Based on the relationship between
Re(gy,yy) and Re(g,;), we see that the lowest and highest fre-
quency peaks lay in the hyperbolic regions, while the 130 cm™
peak sits in the elliptic region. HPhPs propagate within

i, /sx,y (w)

depending on the ratio of the polaritonic material and the
surrounding dielectric. Localized SPhPs couple with the peri-
odic lattice of resonators and therefore exhibit a field distribu-
tion along the edges of the structure. The contrast in modal
behavior of localized SPhPs and HPhPs is evident from
the simulated out-of-plane electric field (E,) cross-sections
(Figure 5b,c). The strong and sharp absorptive feature of the

the material at a fixed angleP? 6,(w)= arctan( VE(®) ]



resonators provides the potential for detecting low-frequency
modes with high sensitivity, which is not achievable with most
materials.

3. Conclusion

Here, we experimentally measure the far-IR reflectance and trans-
mission of group-IVB TMDs, HfS,, and HfSe,, and derive their
dielectric functions using a harmonic oscillator model. Using
first-principles calculations, we also investigate the magnitude
of the TO-LO splitting of Hf-based TMDs in the monolayer limit
and compare with group-VIB TMD MoS,. The ionic character of
the bonding between the Hf and chalcogen atoms increases the
magnitude of the Born effective charge, and thus creates excep-
tionally broad Reststrahlen bands that stretch a few orders of
magnitude wider than group-VIB TMDs. Finally, we simulate the
electromagnetic response of a HfSe, conical resonator and find
the extraordinary HPhP and localized SPhP modes. Because of
the crystal anisotropy, layered Hf-based TMDs can support these
hyperbolic modes, which are capable of extremely sub-diffrac-
tional wavelengths. This work reveals a class of materials that
extends the range of wavelengths that is commonly associated
with nanophotonics (<20 pm) into an area that offers potential for
rich new physics and applications. We anticipate that this work
will attract further attention to research in this spectral range.

4. Experimental Section

Sample Details: All TMDs used in this work were purchased from HQ
Graphene. The HfS, and HfSe, samples were cleaved from bulk crystals
(Figure 1) using a razor blade. This allowed to remove smaller crystals
that were sufficiently flat while still large enough for microscope reflection
measurements. The as-purchased bulk crystals of the remaining TMDs
(Figure S1, Supporting Information) were used for FTIR measurements.

FTIR  Micro-Spectroscopy  Reflectance ~ Measurements:  Polarized
reflectance spectra were collected using a Hyperion 2000 microscope
equipped with a long working distance IR near-normal (Pike, 10x,
0.28NA) and grazing angle objectives (GAO) (Bruker, =55°) thereby
allowing for the in- and out-of-plane components of the dielectric
function to be measured and extracted. For the reflection measurements,
the spot size (50 um x 50 um) was set using adjustable apertures in
the microscope. At several locations on each sample, the near-normal
objective was used to measure the reflection, from which the thickness
was extracted. At each measurement location, both near-normal and
GAO objectives were used with consistent locations and aperture sizes.

Dielectric Fitting: First, the sinusoidal interference fringes from the near-
normal measurements to extract the local flake thickness were fit. The
reported fitting parameters (Table 2) were the average of three locations
measured on the sample. The high frequency permittivity values using
previously reported values were approximated,®>® with the reported
values extracted through fitting of the various spectra at high frequencies
away from the optic phonons. After extracting the thickness and in-plane
high-frequency permittivity, these were used as fixed parameters to extract
the out-of-plane permittivity from the GAO measurements.

Computational Details: The phonon dispersions, eigenvectors, and
Born effective charges from first principles were calculated, using the
density functional perturbation theory formalisml”l as implemented
in the quantum espresso code.’37? For the phonon calculations, the
Hellmann-Feynman forces to 0.1 uRy bohr™" were converged and the 2D
implementation of the nonanalytical-term correction for the LO and TO
phonons was used.[’33% Scalar-relativistic optimized norm-conserving
ultrasoft pseudopotentials were used,® and the Perdew—Burke—

Ernzerhof (PBE) form of the generalized gradient approximation (GGA)
for the exchange—correlation functional was chosen.B2 A plane-wave
energy cutoff of 65 Ry, a 24 x 24 x 1 k-point mesh and 8 x 8 X 1 g-point
mesh to sample the Brillouin zone for all compounds.

Resonator Simulations: Using the extracted anisotropic dielectric
function of HfSe,, a periodic array of nanophotonic resonator cones
on a Si substrate (5 um) with radius (R) at the base of the resonator
and height (2 um) was modeled. A small (5°) taper was applied in the
vertical direction. Maxwell's equation solver CST Microwave Studio
was used to simulate the polaritonic response of the resonator from a
normally incident plane wave with an electric field oriented along the x-
axis. Field monitors were set up at multiple frequencies to capture the
frequency-dependent response.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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