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ABSTRACT: Phonon polaritons (PhPs), light coupled to lattice Cryogenic Hyperbolic Polariton Characterization
vibrations, in the highly anisotropic polar layered material
molybdenum trioxide (@-MoO,) are currently the focus of intense
research efforts due to their extreme subwavelength field confine-
ment, directional propagation, and unprecedented low losses. ] ’ l N
Nevertheless, prior research has primarily concentrated on L
exploiting the squeezing and steering capabilities of a-MoOj; ‘v‘«-Mo
PhPs, without inquiring much into the dominant microscopic mn)
mechanism that determines their long lifetimes, which is key for
their implementation in nanophotonic applications. This study
delves into the fundamental processes that govern PhP damping in
a-MoOj; by combining ab initio calculations with scattering-type
scanning near-field optical microscopy (s-SNOM) and Fourier transform infrared (FTIR) spectroscopy measurements across a
broad temperature range (8—300 K). The remarkable agreement between our theoretical predictions and experimental observations
allows us to identify third-order anharmonic phonon—phonon scattering as the main damping mechanism of @-MoQOj; PhPs. These
findings shed light on the fundamental limits of low-loss PhPs, which is a crucial factor for assessing their implementation into
nanophotonic devices.
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B INTRODUCTION Although the long propagation and lifetimes of HPhPs in a-

Polaritons, hybrid light-matter excitations, hold great promise MoO; have been analyzed in recent works employing near-

for manipulating the flow of energy at the nanoscale.'™ In
particular, hyperbolic phonon polaritons (HPhPs) at mid-

infrared (MIR) frequencies in the orthorhombic van der Waals properties remain to be explored from a first-principles
S perspective correlated to temperature-dependent experiments.

field optical techniques,”’ including low-temperature studies,”
the underlying damping mechanisms governing these unique

(vdW) crystal a-MoO;** are of great interest in nano-
photonics. This is mainly due to their strongly directional in-
plane propagation, deep-subwavelength field confinement (4,

Such an unbiased study incorporating the impact of phonon—
phonon scattering processes is required to unveil the

~ 24/50),° and ultralow losses (lifetimes 7 ~ 8 ps)," all of them fundamental limits of HPhPs, including the origin of the
key properties for the development of planar optical nano- low-temperature enhancement of their lifetime observed
devices, such as those based on subdiffractional focusing® and experimentally.”

lensing.7 Interestingly, these unique properties of HPhPs stem Here, we present first-principles calculations based on
from the inherent anisotropy of the a-MoOj crystal lattice, density functional perturbation theory, which allows us to
which is translated to its optical properties, leading to narrow estimate phonon lifetimes without any empirical parameter, in
spectral regions called Reststrahlen Bands (RBs), where the conjunction with an experimental cryogenic-SNOM study of
material behaves optically as a metal only for the electro-

magnetic field of light along certain crystalline directions. Received: March 15, 2024 {Phdtonics
Consequently, the elements of the anisotropic permittivity Revised:  July 3, 2024 —_
tensor (which dictate the optical response of the material) Accepted:  July 8, 2024

present different signs along the crystal orthogonal axes, Published: August 23, 2024

forcing HPhPs to propagate not along all directions but in a
range of angles.
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Figure 1. Experimental (FTIR) and theoretical (DFPT) reflectivity spectra of a-MoO;. A, B. Experimental (top panels) and theoretical (bottom
panels) reflectivity spectra of a-MoQO; for the [100] and [001] polarizations, respectively. Experimental measurements were taken by FTIR,
whereas theoretical curves were calculated by employing the ab initio extracted permittivity and supposing a normal incidence of light.

the PhP propagation and lifetimes in @-MoOj; to unveil the
fundamental damping mechanism of HPhPs in a-MoO;.

B EXPERIMENTAL SECTION

Far-Field Temperature-Dependent Characterization.
Since PhPs arise from the coupling between photons and
phonons, we start by exploring how the phonon spectra in a-
MoO; vary with temperature. To do this, we carried out far-
field reflectance spectroscopy on a thick a-MoO; flake
(thickness >1 ym) using an FTIR microscope equipped with
a He-flow cryostat operating down to 5 K. The top panels of
Figure 1A and B show the gold-normalized reflectance spectra
at S (blue) and 300 K (red) for the two orthogonal in-plane
polarizations of light ([100] and [001] crystallographic
directions, respectively). For both polarizations and at both
temperatures, we observe a high-reflectivity band from 820 to
970 cm™ for the [100] direction and from less than 600 to 851
cm™! for the [001] direction. Notice that the limited range of
the FTIR's MCT detector precludes us from precisely
identifying the low energy limit of this high-reflectivity band.
We assign these high-reflectivity bands to the presence of RBs
where HPhPs can be excited in this material based on our
previous reports.4’9 In addition, a peak is found at about 1010
cm™! for both in-plane polarizations, which we can relate to the
presence of a third RB along the out-of-plane [010] direction
(from approximately 960 to 1010 cm™' as detailed in the
Supporting Information S3). This RB can be observed due to
the finite angle of incidence of the IR light beam on the
sample. It is noteworthy to stress that we observe that the RBs
are slightly broader at 5 K than at 300 K, meaning that the TO
and LO phonons shift spectrally with temperature.

To better understand these experimental FTIR spectra, we
performed ab initio DFPT calculations considering semilocal
exchange-correlation functionals.'” The experimentally re-
ported lattice parameters’ are employed with internal
relaxation of the atomic positions, based on which the phonon
frequencies, polarization vectors, effective charges, and high-
frequency dielectric constants are computed. The phonon
lifetime is calculated as a function of temperature employing
perturbation theory that considers three-phonon anharmonic
interactions, i.e., where a phonon can exclusively decay into
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two other phonons. The resulting dielectric function is used to
calculate the reflectance spectra. The results are shown in
Figure 1A and B bottom panels, where light is supposed to
illuminate the sample at normal incidence. All computed
curves qualitatively agree with the experimental ones, correctly
predicting the presence of the RBs and the trends observed
with the temperature. We would like to highlight that the sharp
structure at 1020 cm™! in the theoretical curve for the [100]
direction (Figure 1A lower panel) is due to a weak phonon
mode that competes in the experimental curve (Figure 1A top
panel) with the mentioned peak that arises from the oblique
incidence of light due to the presence of the [010] RB as
detailed in the Supporting Information S3.

Some observed deviations between the theoretical and
observed phonon frequencies are expected for a semilocal
approximation of the exchange interactions and electron
correlations in oxides.'' It should be noted that only those
terms that have a contribution to the phonon lifetime at the
lowest order in perturbation theory have been considered, i.e.,
we exclusively consider the so-called anharmonic bubble self-
energy diagram.'” Therefore, the thermal expansion of the unit
cell and effects related to the interaction of four or more
phonons are discarded in the calculations of both the phonon
lineshifts and lifetimes. The in-plane thermal expansion in this
material is indeed very small," justifying our approximation.
Impurities are also discarded as an extra scattering mechanism
channel. In other words, only three-phonon interactions (two-
phonon collision to form another phonon or the annihilation
of a phonon to form two phonons) are considered.'” The
electron—phonon interaction is also ignored, as its contribu-
tion in large-bandgap semiconductors such as a-MoO; (~3
eV) is weak. The discarded contributions may cause the
phonon frequencies to shift, which explains the mentioned
mismatch between the experimental and calculated spectral
locations of the RBs, although the mismatch is mainly coming
from the choice of the exchange-correlation functional.
However, the advantage of these approximations is that
temperature, which affects the thermal occupation of the
phonon modes, is the only (not adjustable) parameter,
allowing a stringent comparison between theoretical and
experimental trends as the sample is cooled down.
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To quantify experimentally the spectral shift of the a-MoOj;
TO phonon with temperature observed in the reflectivity
spectra in the top panel of Figure 1A, we model the a-MoO;
permittivity tensor by a sum of Drude-Lorentz oscillators'* (a
= [100], [001]):

2
a)p, k,a

N
5(1(60) = eoo,(z + Z 2

2 .
k=1 @Droka — @ — lwyk,a

(1)
where €, is the high-frequency permittivity and @, 1 @10 e
and 7, are the “plasma” frequency, TO frequency, and the
scattering rate of the k-th phonon mode, respectively. By least-
squares fitting the experimental data, we extract the phonon
parameters at each temperature. In Figure 2A, the red symbols
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Figure 2. Comparison between experimental and theoretical temper-
ature dependence of the phonon parameters in a-MoO;. (a)
Experimental and theoretical shift of the TO phonon position
Awro values showing the same trend with temperature. A hardening
of 3 cm™ is found in both cases. (b) Comparison between the
experimentally extracted and theoretically calculated a-MoO; phonon
line-width, , for the phonon resonance along the [100] direction, that
gives rise to the RB between 800 cm™ and ~1000 cm™.

show the shift of the TO phonon frequency along the [100]
direction, Awrg (T) = @10 (T)-@10(Tomin), with respect to the
lowest temperature Ty, (in our case, S K). The corresponding
theoretical values for the same polarization (gray symbols)
agree with the experiment remarkably well: in both cases, the
mode shows a softening by about 3 cm™, as the sample is
cooled from room temperature to 5 K. This result supports the
validity of our theoretical calculations and the approximations
employed. Notice that the shift of the TO phonon frequency
with respect to the lowest temperature is plotted instead of the
TO frequency due to the frequency mismatch of the ab initio
calculated phonon frequencies commented on above.

The red symbols in Figure 2B present the experimental
temperature dependence of the phonon scattering rate y for
the [100] direction, and the corresponding DFPT calculation
is given by gray symbols. Despite some noise in the
experimental values at low temperatures, the agreement is
very satisfactory in terms of both the absolute value and the
temperature dependence (a decrease by about 2 cm™ across
the entire cooling process). This indicates that the thermal
broadening of the phonon line-width is dominated by the
third-order anharmonic phonon—phonon processes, which are
affected by thermal occupation factors, in line with
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phenomenological results reported previously® and justifying
our computational approximations.

Near-Field Temperature-Dependent Characteriza-
tion. For studying the damping mechanisms of PhPs in a-
MoO;, we perform near-field nanoimaging using a cryo-s-
SNOM system (See the Methods Section and the Supporting
Information S1), which allows us to directly visualize their
propagation as a function of temperature. As previously
reported,” the technique is based on polariton interferometry:
an oscillating atomic force microscopy (AFM) tip is
illuminated with MIR light creating a dipole at the tip apex,
allowing both excitation and detection of PhPs once reflected
from the edges of the sample. While scanning the tip across the
sample, the distance traveled by the reflected polaritons is
modulated, giving rise to interferometric fringes. Both the tip
and the sample are mounted in a vacuum chamber, where the
temperature can vary between approximately 8 and 300 K. The
s-SNOM amplitude images taken at 10, 90, 150, and 225 K on
a 104 nm-thick @-MoO; flake exfoliated on SiO, are shown in
Figure 3A. The illumination frequency is 880 cm™", for which
the dielectric permittivity along the [100] direction is negative,
and the ones for the two other directions are gositive, giving
rise to hyperbolic phonon polaritons (HPhPs).” In agreement
with previous measurements carried out at room temperature,4
we observe oscillating fringes that are parallel to only one of
the flake edges, revealing the propagation of PhPs along the
[100] crystal direction. The line profiles along this crystal
direction (Figure 3B) demonstrate the existence of two
contributions with different periodicities.'® Tip-excited and
edge-launched PhPs can coexist in @-MoQ;, producing fringe
oscillations with periods of 4,/2 and 4,, respectively. Taking
into account that along the [100] crystal direction, the
pointing vector, S, and the wavevector, kp, are parallel,17 these
profiles can be well modelled using a simple equation:

. x —x |1
y(x)=y0+Ale */Lp sin | 27— —+A,e
A x

P
sin [477,’x e ]L

Ay )VE (2)
where y is the near-field overall amplitude, y, is a vertical offset,
A, is the amplitude of the edge-launched wave, A, is the
amplitude of the tip-launched wave, L, is the polariton
propagation length, 4, is the polariton wavelength, and x; and
x, are phase offsets, respectively. The geometrical term 1/ \/ x
considers the geometrical spreading resulting from the
cylindrical nature of the tip-launched polaritons, while the
factor 1/x is introduced to model the signal decay caused by
the variation in the excitation efficiency of the edge-launched

polaritons."®
Figure 3C and D show the experimentally extracted
polaritonic wavelength, ’1?’ and propagation length, L,
respectively, for the same temperatures and several incident
frequencies from 850 to 910 cm ™/, all of them falling within the
hyperbolic regime. It is noteworthy that at all temperatures, we
observe a consistent decrease in the HPhPs wavelengths 4,
(Figure 3C) with increasing frequencies, in agreement with
previous room-temperature results. Remarkably, for all
frequencies, there are also slight variations of 4, as a function
of temperature (an average increase of 5% from 225 to 10 K).
This observation could constitute yet another strategy for
controlling the PhP wavelengths, albeit with modest variations.

—2x/L,
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Figure 3. Experimental cryo-SNOM measurements of PhPs in a-MoO;. (a) Topography and s-SNOM images taken in a 104 nm-thick @-MoO,

flake at an illuminating frequency of 880 cm™'

and temperatures 225, 150, 90, and 10 K. The @-MoO; crystal directions are shown within the

topographic image. (b) Near-field amplitude profiles extracted along the white dashed lines in panel (a). Fittings using eq 2 are shown as black
curves. (c) Experimental polaritonic wavelength A, extracted from the fitting of these profiles for the hyperbolic regime at all measured
temperatures and frequencies. (d) Experimental polaritonic propagation length L, extracted from the fittings of the profiles shown in panel (b)
employing eq 2 for all temperatures and frequencies measured. A clear increase in the propagation length is found as the temperature decreases.

More importantly, the PhP propagation length L, (Figure 3D)
shows a distinct increase with decreasing temperature, being
up to 58% at a frequency of 875 cm™ in the 225—10 K range.
This result unequivocally indicates a decrease in the phonon—
phonon scattering rate at lower temperatures. These
experimental findings are fully aligned with theoretical results
utilizing the ab initio calculated permittivity (see calculations
based on the dispersion relation for electromagnetic modes in
biaxial slabs embedded between two isotropic media in the
Supporting Information S4)."” However, it is important to
note that a direct comparison between the absolute values of
experimental and theoretical 4, and L, is not possible due to
the slight mismatch between ab initio and experimental
phonons.” Similar results are also observed for a-MoOj
HPhPs in the elliptical regime (see the Supporting Information
S4).

The polaritonic lifetime 7 can be calculated according to the
formula 7 = L,/v,, where v, is the PhP group velocity,””" which
is worked out as the numerical derivative of the extracted PhP
dispersions (see the Supporting Section S4). Remarkably, and
in contrast to 4, and L,, a key property of 7 is that it shows a
near-constant growth in frequency, and therefore, as a first
approximation, comparing the experimental and the theoretical
lifetimes is feasible regardless of the frequency shifts of the ab
initio calculated phonon positions (see Figure S9). The
resulting experimental and theoretical PhP lifetimes are
shown in Figure 4 for the hyperbolic regime (Supporting
Section S5 extends this study to the elliptical regime in the
frequency range 980—1000 cm™"). A good agreement between
experiment (star symbols) and theory (circles) is obtained. As
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Figure 4. Phonon-polariton lifetimes in @-MoOj as a function of the
temperature. Theoretically calculated (circles) and experimentally
extracted (star symbols) temperature-dependent lifetimes of PhPs for
a-MoOj; (104 nm-thick flake) for the hyperbolic RB (@, = 860 cm™
and @, = 895 cm™"). Gray straight lines serve as visual guides.

an example, the theoretical lifetimes at 10 K are 1.86 and 2.59
ps for @, = 860 and 895 cm™', respectively, while the
experimental values are 1.3 + 03 and 2.5 + 0.5 ps,
respectively.

Given the good agreement between theoretical calculations
and experimental observations and considering that the theory
takes into account exclusively third-order anharmonic
phonon—phonon scattering (thermal expansion of the unit
cell, scattering processes involving four or more phonons,
crystal defects, or electron—electron and electron—phonon
interactions are not considered), our findings provide a clear
and unambiguous demonstration that such a mechanism
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constitutes the primary source of damping of PhPs in @-MoOj.
In fact, anharmonicity is small in this system (the phonon line-
width is 2 orders of magnitude smaller than the frequency),
and as it is consequently expected, the lowest-order calculation
of the lifetime yields a good agreement with experiments. It
should be noted that similar conclusions can also be drawn for
the case of elliptical PhPs in @-MoOj; (see the Supporting
Section SS).

B CONCLUSIONS

To summarize, we studied the effect of thermally induced
phonon scattering processes on the propagation properties of
PhPs in a-MoOj; crystals. The existence of PhPs in van der
Waals polar materials is intimately related to phonon
resonances whose properties in terms of line-width and
spectral position strongly depend on the temperature. Our
findings reveal that third-order anharmonic phonon scattering
processes alone explain the damping mechanisms of PhPs in a-
MoOj;. These results are important for understanding the
fundamental limits of phonon-polaritonic propagation, which
is essential for pushing the boundaries of what is technolog-
ically possible in nanooptics using these excitations.

B METHODS

Near-Field Imaging at Cryogenic Temperatures. Mid-
infrared nanoimaging was carried out by means of a
commercially available (Neaspec GmbH) cryogenic scatter-
ing-type scanning near-field optical microscopy system (Cryo
s-SNOM). A metal-coated (Pt—Ir) atomic force microscope
(AFM) tip (NanoAndMore GmbH) is illuminated with mid-
infrared light from a quantum cascade laser (QCL, Daylight
Solutions Inc.) oscillating at a tip amplitude of approximately
100 nm and a tip frequency of around 300 kHz, allowing us to
excite polaritons with a spatial resolution that depends only on
the metal-coated AFM tip radius. The excited polaritons travel
along the material, getting reflected on the edges of the flake
and traveling back along the same direction. Right after,
polaritons are scattered to the far-field with the help of the
AFM tip, thus serving as an excitation and collection source at
the same time. The incident beam is driven to a Michelson
interferometer through a beam splitter, which eventually mixes
with the scattered field, and is finally sent to a mercury
cadmium telluride (MCT) detector (Kolmar Technologies
Inc.). Demodulating the registered light at high harmonics of
the tip oscillating frequency (Q) permits us to obtain
background-free signals with complete information about the
polaritonic amplitude and phase electric field.

Fourier Transform Infrared Microscopy at Cryogenic
Temperatures. Mid-infrared reflectance measurements were
carried out with a Bruker Vertex 70v FT-IR spectrometer
attached to a Bruker HYPERION 2000 FT-IR microscope,
which allows us to perform reflection, transmission, and
absorption measurements from the far-infrared to the near-
infrared regime. Measurements were taken between 600 and
4000 cm™' employing an MCT detector. Measurements
polarized along both in-plane directions were taken with a
resolution of about 2 cm™. The sample was introduced into a
cryostat (Cryovac Konti Micro) equipped with a zinc selenide
(ZnSe) window (transparent at mid-infrared frequencies) to
be cooled down until 10 K.

Density Functional Theory Calculations. We calculated
the permittivity of @-MoOj entirely from first-principles using
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density functional theory (DFT). Specifically, we used the
Perdew—Burke—Ernzerhof (PBE) approximation for the
exchange-correlation functional.'® Ultrasoft pseudopotentials
are used in the calculations, including 6 valence electrons for O
and 14 valence electrons for Mo. We started with the
experimentally measured crystal lattice parameters and then
relaxed internally the atomic positions.” We employed
perturbation theory to calculate the anisotropic permittivity
of the material (which is diagonal as a-MoO; belongs to an
orthorhombic crystal system).”> In this framework, the
dielectric tensor for Cartesian directions @ and f is given as

)

with &3 as the high-frequency limit of the permittivity tensor
and .4 (@) as the susceptibility, expressed in atomic units as

& (0) = e(f;} + 47y, (w)

20M M/

- szo,i — 2wq0, IT, (wTO,i)

(4)
with € as the volume of the unit cell, wrg; as the i-th mode
phonon frequency (the summation only considers phonon
modes at the I" point), IT; (wro,) as the i-th phonon mode’s
self-energy due to phonon—phonon interaction taken at the
phonon frequency, and M{ as the contribution of the i-th mode
to the dipole moment:

1
w) = ——
’Y(l/)'( ) QZC{)Z

7% P
Mia — Z s Cis
2Mw;

Ps (5)

That is, M} is expressed through the effective-charge tensor for

atom s, Zf”/}, the mass of atom s, M, and the polarization vector

of mode i for atom s along the Cartesian direction f, e

Phonon frequencies, polarization vectors, effective charges, and
the high-frequency limit of the dielectric function are obtained
by means of density functional perturbation theory (DFPT) in
the way it is implemented in Quantum Espresso.”””*** An 80
Ry plane-wave basis cutoft and an 800 Ry density cutoff were
employed. Electronic integrations were performed on an 8 X 2
X 8 grid. The phonon self—energy was calculated only
considering the bubble contribution:”**°

1
I, (w) = TIN Z 1D, (0, g, —q)P
1 gk
2w, + o )1+ ng(w; ) + ny(wy_,)]
(@, + a)ky_q)2 — (o + i8)*

= oy _ )y _p) — ng(w, )]

- wj,q)z — (o + i6)*

)4

-

2(w
+

(6)

IT; (w) represents the lowest-order term that contributes to the
self-energy and has an imaginary part'” and thus gives the
correct lifetime in perturbation theory in the case of weakly
anharmonic systems like MoO;. The frequency of the j-th
mode at the q point of the Brillouin zone is represented by w;,,
the total number of g points in the summation is represented
by N,, the Bose—Einstein occupation factor is represented by
ng (@), 8 accounts for a small number (10 cm™ in our case),
and the anharmonic third-order force constants, transformed
to the phonon mode basis, are given by @y (0,9,—q).”
Calculations at different temperatures are obtained by
changing the temperature in the Bose—Einstein occupation
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factor, neglecting thermal expansion. Third-order anharmonic
force constants were computed using finite differences
calculating atomic forces on displaced supercells generated
by the ShengBTE code.””** The calculations were performed
in a2 X 1 X 2 supercell, including interaction terms up to the
fifth nearest neighbor. A 16 X 4 X 16 phonon grid included in
the summation over the g points is utilized for computing the
phonon self-energy. By Fourier interpolation, we obtain the
phonon frequencies and third-order force constants. Initially, a
grid of 6 X 2 X 6 q points is employed for the calculation of the
dynamical matrices. The ab initio scattering rates of the
phonon mode ; reported in the main text correspond to the
imaginary part of the phonon self-energy taken at the phonon
frequency:

= —Im (wro,) (7)
The anharmonic shift of the frequency is calculated as
Awrg,; = Re Hi(wTO,i) (8)

We neglect the effect on the shift of the thermal expansion and
the loop self-energy diagram even if both effects are considered
of the same order in the perturbation theory of the loop
diagram considered here.
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