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ABSTRACT: a-MoO;, a natural van der Waals (vdWs) material, has received
wide attention in nano-optics for supporting highly confined anisotropic phonon
polaritons (PhPs) from the mid-infrared to the terahertz region, which opens a
new route for manipulating light at the nanoscale. However, its optical loss hinders
light manipulation with high efficiency. This work demonstrates that the isotope-
enriched Mo element enables ultralow-loss PhPs in the a-MoOj;. Raman spectra
reveal that the isotope-enriched Mo element in the a-MoOj allows different optical
phonon frequencies by efficiently altering the Reststrahlen band’s dispersion. The

Nat. a-MoO,

a-MoO,

4 8 12 16
Distance from edge (um)

Mo isotope-enriched a-MoOj significantly reduces the PhPs’ optical loss due to
efficient optical coherence, which enhances the propagation length revealed by infrared nanoimaging. These findings suggest that the
isotope-enriched a-MoOj; is a new feasible 2D material with an ultralow optical loss for possible high-performance integrated

photonics and quantum optics devices.
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P olaritons"” are an essential concept in modern condensed
physics, which are quasiparticles that result from the
coupling of photons with polarized charges including the
plasmons in graphene,®™ the noble metals,”® the exciton-
polaritons in semiconductors,”” ' and the phonon polaritons
in polar crystals.">™'® The phonon polaritons (PhPs) in
hexagonal boron nitride (h-BN)'"~"" exhibit remarkable
advantages in strong field confinement, low loss, and low
group velocity and have been widely studied in subdiffraction
biosensing, nanoimaging, and superlenses.””~>* The hyperbolic
phonon polaritons in the h-BN belong to the out-of-plane
type; in contrast, in-plane hyperbolic PhPs have recently been
discovered in naturally hyperbolic @-MoQ;>*° and a-V,05,”’
which provides a new route for the photon manipulation at the
nanoscale. Although the optical loss is already much less in the
reported PhPs than in the surface plasmon polaritons (SPPs),
there is always a need to explore different new methods to
reduce optical loss. To reduce the optical loss for achieving
more polaritonic applications, researchers have developed
several methods to guide and manipulate PhPs. These include
(1) variation of the surrounding dielectric environment (It has
been demonstrated that the polaritons in different dielectric
environments could possess different optical losses.'®**™*°
However, this method has limited improvement in reducing
the PhPs’ optical loss.); (2) applying the cryogenic environ-
ment (It has been demonstrated that the graphene SPPs could
propagate more than 10 um at low temperatures, much longer
than at high temperature.”’ However, the complicated
cryogenic technique limits its practical applications.); and
(3) employing isotope enrichment™*~** (Compared to natural
isotope-disorder materials, it has been demonstrated that the
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isotope-enriched materials could significantly improve the
thermal conductivity in dielectric solids,”> ™" and effectively
mitigate the PhPs’ optical loss in ''B-enriched h-BN.**).

Although the isotope enrichment in the h-BN has achieved
long propagation length by effectively reducing the optical loss,
h-BN cannot support in-plane hyperbolic polaritons, which
hinders its applications in nanophotonics devices. Unlike h-
BN, the a-MoOj is a natural biaxial vdWs material, supporting
in-plane anisotropic PhPs. In-plane anisotropic propagation
offers directional control of light,zs"?’8 photonic magic angles, S
and topological polaritons™ at the nanoscale and could be
steered in more ways, such as edge—orientation,40 which has
potential applications in sensing, imaging, and quantum
nanophotonics. It is known that '®O is naturally 99.7%
abundant for the @-MoOj, which is relatively pure. However,
the Mo element has seven different stable isotopes **Mo, **Mo,
%Mo, **Mo, “’Mo, **Mo, and °°Mo. Each naturally distributes
in a range of 9-24%. These seven Mo isotopes take
approximately the same proportion, leading to a substantial
optical loss in a natural a-MoOj.

In this work, we synthesized the high-quality isotope-
enriched MoOj for the first time with '®Mo and Mo by a
physical vapor deposition method. We showed that the
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Figure 1. Structural characterizations of natural and isotope-enriched a-MoQ;. (a) Schematic of the crystalline structure of layered a-MoO, viewed
from [100] and [001] directions. Blue and orange balls represent molybdenum and oxygen atoms, respectively. (b) Optical image of natural a-
MoO; flakes. The marked arrows indicate [100] and [001] directions of @-MoQOj;. The scale bar is 20 um. (c) XRD patterns of natural a-MoO,,
a-"Mo0;, and a-"*Mo0;. (d) Raman spectra of natural @-MoOj flakes. (e, f) Comparison of Agl and Ag2 Raman mode of natural a-MoO;,
a-""Mo0;, and a-"*MoO;. The experimental data (hollow circle) were fitted with Voigt profiles (solid lines).
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Figure 2. Near-field imaging and PhPs loss of the different a-MoO; flakes. (a—c) Experimental near-field amplitude (s,) images in RB; collected
from the natural @-MoOj at @ = 994 cm™ (panel a), @-'"MoOj; at @ = 990 cm™" (panel b), @-">MoO; at @ = 997 cm™ (panel c). The thicknesses
of the @-MoOj flakes are about 240 nm, and the scale bar is S gm. (d) Micro-FTIR transmission spectra of three different a-MoO; with incident
polarization parallel to [100] direction. The black dashed lines indicate the range of RB, and RB; of @-MoO5. The inset is an enlarged view of the
shaded area, the solid dots represent experimental data, and the dashed lines fit the data points using a Gaussian function. The positions of LO
phonon for a-'"®MoOj; and @-**MoOj; are marked by the black dashed line at 1002.5 and 1008 cm™, respectively. (e) Solid lines in different colors
represent the line profiles along the [100] direction extracted from panels a—c. The black dashed lines denote the fitted curves. (f) Fourier
transform of the line profiles of natural @-MoOj in panel e. (g) FOM of the PhPs in the different @-MoO; flakes as a function of illuminating
frequencies. (h, i) Propagation lengths and lifetimes of PhPs for different a-MoOj flakes in RB; as a function of the wave vector. The error bars in

panels g—i denote the statistical standard deviations of the FOM, L, and 7 and are calculated by the least-squares method.

isotope-enriched @-MoO; supports ultralow-loss PhPs at room
temperature with a highly improved lifetime of 13.9 ps. Raman
spectra exhibit a narrower peak of the longitudinal optical
phonon (Agz) in the isotope-enriched a-MoOj;, suggesting the
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high crystal quality of the synthesized isotope-enriched a-
MoO;. As a new degree of freedom, control over the atomic
mass of the Mo element could effectively tune the Reststrahlen
band (RB) of the PhPs in the a-MoQO;. Our results
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Nano Lett. 2022, 22, 10208—10215


https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03742?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03742?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03742?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03742?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03742?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03742?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03742?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03742?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c03742?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

demonstrate that the Mo element isotope-enriched a@-MoO;
effectively reduces the PhPs loss in the a-MoOj crystals, which
is a potentially realistic candidate for the fabrication of the
ultralow-loss polaritonic devices in the future.

As shown in Figure la, a-MoO; crystal possesses a P,
space group with lattice parameters of a = 3.97 A, b = 13.86 4,
and ¢ = 3.71 A. The a-MoOj crystal is a layered material with a
strong intralayer chemical bond and weak interlayer vdWs
combination and thus is easily mechanically exfoliated. Each
layer in the orthorhombic a-MoO; crystal is formed by
distorted MoOg octahedra with multiple nonequivalent Mo—O
bonds, and these polar bonds result in the a-MoOj; optically
anisotropic. Generally, @-MoQO; has three RBs in the mid-
infrared range: RB; (545—851 cm™'), RB, (820—972 cm™),
and RB; (958—1010 cm™'). RB is designated as the spectral
band ranging from the transverse optical to longitudinal optical
phonon frequency along with specific crystal orientation. In
each RB, the real part of the permittivity has opposite signs
along one axis compared to the other two axes,”® thus enabling
a-MoQ; to support the propagating PhPs.

High-quality a-'MoO; and a-MoO; crystals were
synthesized by physical vapor deposition using high pure a-
MoO; powder with isotope enrichment (**Mo = 99.9% and
1Mo = 99.0% as precursors). The a-MoO, flakes were
obtained by mechanically exfoliating the as-grown a-MoO;
crystal onto the Si substrate. More experimental details can be
found in the Methods section. As shown in Figure 1b, the
optical image shows the mechanical-exfoliated a-MoO; flake
with a rectangular shape, intuitively indicating the anisotropic
structure of @-MoQj; crystal. Three prominent XRD peaks
(Figure 1c) are assigned to (020), (040), and (060) planes,
respectively, clearly indicating the high crystal quality of the as-
fabricated @-MoOj flakes. However, compared to natural a-
MoO; crystal, these diffraction peaks slightly blueshift
(redshift) for a-"?MoO; (a-'Mo0Os;), indicating that the
lattice constants increase (decrease) for a-*MoO,
(a-'®Mo00;). The above results reveal that the high-quality
a-**MoO; and a-'°°MoOQ; crystals were successfully fabricated,
paving the way for subsequent low-loss PhPs realization.

The large anisotropy of the structure leads to sizable optical
anisotropy.”' Figure 1d shows the typical Raman spectra of
natural @-MoOj flakes excited by 4 = 632.8 nm He—Ne laser.
The natural @-MoO; presents two Raman modes, in-plane A%1
mode at 818.0 cm ™! and out-of-plane Ag2 mode at 994.2 cm ™,
which vibrate along [100] and [010] directions and relate to
RB, and RB;, respectively. Furthermore, Raman spectra in
Figure le and f show that the isotope-enriched a-MoOj;
exhibits significant frequency shifts in A,' and A,g2 modes.
The Ag1 and A,” modes redshifts 1.9 and 3.2 cm™' for the
a-"MoO; and blueshifts 1.8 and 2.7 cm™" for the @-"*MoO,
compared to the natural @-MoO;. This clearly shows that
isotope enrichment is an effective method to tune phonon
frequency. Additionally, Figure 1f shows that the full-width at
half-maximum (fwhm) of A,” phonon is remarkably reduced to
0.8 cm™" both for a-'Mo0O; and @-"*MoO; compared with
the 1.3 cm™' of natural a-MoOj, indicating a considerable
increase in phonon lifetime of the isotope-enriched a-MoQ;.
The Raman spectra suggest that our synthesized a-MoO;
crystals are of high quality, which is credible for the subsequent
examination of the efficiency of their PhPs.

Phonon lifetime in the a-MoOj; is a sound signature for
evaluating the propagation property of the PhPs. Due to higher
coherence, an increased phonon lifetime corresponds to the

decreased optical loss and longer propagation length of the
PhPs. We mapped the propagating PhPs on different a-MoO;
flakes in the mid-infrared regime by scattering scanning near-
field optical microscopy (s-SNOM, details in Methods).

Figure 2a—c show the near-field amplitude images of the
propagating PhPs in RB; in the natural and isotope-enriched a-
MoO; with similar thickness around 240 nm (more character-
ization information in Figures S1—S4). The incident light is
always adjusted perpendicular to the [001] direction of a-
MoO; flakes. The fringes parallel to the edges are the near-field
optical amplitude signals, representing the propagating PhPs
launched by the probe tip and the a-MoO; edge. The two
mutually perpendicular edges present apparent PhPs fringes
parallel to the edges. To achieve similar PhPs wavelength Apyp,
in the **Mo-enriched and 'Mo-enriched a-MoOj flakes as
compared to natural a-MoO;, the frequency of incident light
redshifts 4 cm™ for a-'°MoQ; and blueshifts 3 cm™ for
a-"*MoO;. Figure 2d shows the micro-FTIR transmission
spectra of three different a-MoO; with incident polarization
parallel to [100] direction of @-MoQ;, and a-MoOj; exhibits
obvious absorption peaks around 500, 820, and 1006 cm™'.
The inset shows an enlarged view of the longitudinal optical
(LO) phonons associated with RB;, and the peak positions of
the LO phonons are clearly separated: the LO phonons of
a-**Mo0O; and a-”>MoO; are at 1002.5 and 1008 cm™,
respectively. The infrared and Raman phonon frequency
(discussed in Figure 1f) changes imply a redshift and a
blueshift for a-'’MoO; and a-">MoO; in RB;, respectively,
compared to the natural a-MoOj.

Figure 2e shows several line profiles of the PhPs along the
[100] direction extracted from Figure 2a—c. The PhPs
propagate 7 cycles of perceptible oscillations in the natural
a-MoO;, and 11 cycles of large-amplitude oscillations in the
isotope-enriched a-MoO;, suggesting longer propagation
length and lower loss in the isotope-enriched a-MoO;. As
indicated by the black arrow, the amplitude of the first
oscillation line profiles for the isotope-enriched a-MoOj is
significantly higher than that of the natural a-MoQ;, implying
higher conversion efficiency from free-space light to PhPs and
higher coherence.

In nature, seven stable Mo elements distribute randomly in
a-MoOj;. Accordingly, phonons are scattered by these different
Mo elements, resulting in a short phonon lifetime and
significant optical loss. After replacing with monoisotopic
Mo and '®Mo in @-*MoOj; and a-'"’MoO;, random phonon
scatterings are significantly suppressed due to optical
coherence enhancement of the PhPs. The longer propagation
length of the PhPs in the isotope-enriched @-MoOj is a direct
indication of the reduced random phonon scattering, which
suggests the significant potential of the isotope-enriched a-
MoO; in promoting the PhP-related applications such as
sensing and enhanced spectroscopy.

Near-field optical images directly show that isotope
enrichment plays a significant role in reducing the PhPs loss.
To explore the impact of the isotope enrichment on the PhPs
in detail, we made a quantitative comparison in Figure 2g—i.
The following equation®” describes the decay in the PhPs
propagation:

B = Ae " sin(ge + @) + Cx + D

total
(A>0,D>0, C<0, ¢ €[-x, 7], a, € [0, 1])
(1)
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Figure 3. In-plane elliptical hyperbolic PhPs and dispersion of PhPs in the different Mo element isotope-enriched a-MoOj flakes. (a, b) Near-field
images of the @-**MoOj; disk with a thickness of 200 nm and diameter of 12 yum at the excitation frequency of 988 and 885 cm™, respectively. The
arrows indicate the crystallographic direction of the a-MoOj disk. (c, d) Fourier transform of the near-field images in panels a and b, respectively.
The scale bar is 30 k;, and k; is the momentum of light in free space. (e—g) Dispersion relation of PhPs along [100] direction of a 240 nm-thick
natural @-MoOs, a-'°Mo0;, and a-**MoOj flakes on top of the Si substrates. The blue squares represent the experimental data extracted from
monochromatic imaging. The false color shows the imaginary part of the Fresnel reflection coefficient. The red dashed line indicates the lower edge
of the RB; of the natural @-MoO;. (h, i) Calculated real and imaginary part of the dielectric function on three different isotope-enriched a-MoO;.

The shaded areas indicate the Reststrahlen bands (RB, and RB;).

The first term describes the edge-launched PhPs considered
plane waves,*’ and the linear function term describes the near-
field signal drop away from the edge.** Here, g, = q + ik
represents the complex wave vector, and g and k denote the
real and imaginary parts of g, respectively. @ = k/q denotes the
propagation damping. The figure of merit (FOM) is defined as
q/k, which characterizes the optical loss feature of the PhPs.
Figure 2f shows the Fourier transform (FT) result of the line
profiles, and the two peaks indicate the wave vectors of edge-
launched and tip-launched PhPs, suggesting two types of
excitations in the obtained near-field amplitude images. The
peak referring to edge-launched PhPs is significantly higher
than the tip-launched PhPs, indicating that edge-launched
PhPs are dominant. Therefore, we only consider the edge-
launched PhPs in our fitting procedure (see Figure S7).

As shown in Figure 2e, the fitted curves (dashed lines)
match the experimental curve well, ensuring the reliability of
the calculation of the FOM, the propagation length, and the
lifetime. Figure 2g shows that the FOM of the PhPs in RB;
rises with increasing excitation frequency. The FOMs of the
a-"*MoO; and the a-'"’MoOj are significantly superior to the
natural @-MoO; by 1.5-times from 984 to 996 cm™'.
Nanostructures, whose geometries are optically optimized,
offer a high FOM such as the resonant nanocavities.*** We
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anticipate that optically resonant nanostructures made of
isotopically pure polaritonic materials would significantly
promote the polaritonic FOM to an unprecedented level.

Propagation length L and lifetime 7 are essential parameters
for assessing the PhPs loss. Here, we define L = 1/kand 7= L/
vy of which v, = dk/dw is the group velocity attainable from the
first derivative of the experimental dispersion relations (Figure
S6). Figure 2h and i show the L and 7 increase as the g
decreases, revealing much less PhPs loss at smaller wave
vectors. It is worth noting that the L and 7 of the a-'MoO,
and a-MoOj significantly increase by more than 50% over
the natural @-MoO; in the entire wave vector range.
Remarkably, compared to the propagation length of 2.79 um
and lifetime of 8 ps reported earlier,” the L and 7 of the
a-""MoO; rise to 6.76 um and 13.9 ps, respectively (Figure
S9). Such a substantial reduction in optical loss of the PhPs is
in good agreement with the decrease in the fwhm of the Ag2
phonon modes, suggesting significant potential in promoting
PhP-related applications.

To experimentally verify the anisotropic response of the
PhPs in the a-MoO; flakes, we performed infrared nano-
imaging on the a-"MoO, disk with a diameter of 12 um
fabricated by a focused ion beam. As presented in Figure 3a
and b, the near-field images show elliptical patterns at @ = 988
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cm™' in RB;, and almond patterns with the opening direction
along [100] direction at @ = 885 cm™' in RB,. Furthermore,
we applied the FT analysis to the patterns in Figure 3a and b
and obtained the isofrequency contours in the wave vector
space, as shown in Figure 3c and d (Figure S10). The results
show that the isofrequency contours present elliptical and
hyperbolic shapes, confirming that @-MoOj; inherently
possesses in-plane elliptical dispersion in RB; and in-plane
hyperbolic dispersion in RB,, respectively.

To understand the PhPs, we analyzed the dispersion relation
by extracting the Appp, from the near-field PhPs line profiles in
RB, and RB, (Figures 3e—g and S11). The in-plane wave
vector q = 27/ Apyp, is derived from FT analysis of each line
profile, and then we obtained the dispersion relation w = f(q)
from the experiments and calculation. The blue dots in Figure
3e—g represent the experimental data extracted from spatial
plots. Furthermore, we theoretically calculated the complex
reflectivity of the PhPs shown as a false-color plot (see
Supporting Information S9) by the Fresnel equations:
r,+ rserzhd

r. =
1+rre

P i2k,"d

)
where the parameters r, and r, refer to the reflectivity at the
air/a@-MoQ; and the a-MoQ,/Si interfaces, respectively; k,’
represents the momentum component of the electromagnetic
wave propagating along the [100] direction of the a-MoOs;
and d denotes the thickness of the a-MoO;.

As shown in Figure 3e—g, the dark stripes represent the
allowed optical modes of different orders. The fundamental
mode with the smallest g in an individual RB corresponds to
the principal branch. The PhPs exhibit different dispersion
relations in RB; (958—1010 cm™) and RB, (820—972 cm™).
Specifically, the PhPs could propagate along both [100] and
[001] directions in the RB;, and the g value becomes smaller
with increasing w. In contrast, the PhPs could propagate only
along [100] direction in RB, (Figure S11), and the q value
increases as @ increases. The above results further show the
distinct PhPs propagation properties in two RBs of a-MoOj.
All the calculated principal branches (dark stripes) in Figure
3e—g are in good agreement with the experimental data.
However, as indicated by the red dashed lines in Figure 3e and
g, the darkest stripes deviate significantly from the red dashed
lines, indicating an appreciable RB; shift in the isotope-
enriched @-MoQOj; compared with the natural a-MoOj;. The
dielectric function in Figure 3h and i displays the RB’s
difference on the different a-MoQO;. The RB, redshifts 4 cm™
for a-'"®MoO, and blueshifts 3 cm™ for @-*MoO; compared
to the natural @-MoOQ;. The shifts of the RB; are consistent
with the shifts of the Ag2 phonon in Figure 1f, indicating that
isotope enrichment enables varying RB effectively.

In conclusion, we have synthesized high-quality isotope-
enriched a-MoO; crystals through a physical vapor deposition
method. By near-field infrared imaging, we showed that
isotope-enriched @-MoO; supports ultralow-loss of the PhPs,
in contrast to the natural @-MoO;. The apparent shifts of the
PhPs’ Reststrahlen band coincide with the mass variations of
the Mo element. The isotope enrichment in a-MoO;
significantly reduces the dephasing in the optical propagation
besides the incoherence of the optical pulse itself. The
propagation length L and the lifetime 7 of the PhPs in
isotope-enriched a-MoOj; have been significantly promoted to
6.76 um and 13.9 ps at 994 cm™" from 2.79 um and 8 ps at 990
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cm™!, respectively. Our findings offer a new opportunity for
tuning dispersion and reducing propagation loss of in-plane
hyperbolic PhPs in the @-MoO; at room temperature.
Therefore, we envision that the isotope-enriched materials
would give rise to a giant leap in polaritonic performance and
facilitate polaritonic-related applications such as molecular
detection, sensing, and quantum optics devices.

Methods. Growth of the Natural a-MoO; Single Crystal
with Natural Distribution of Isotopes. The a-MoOj; single
crystal was synthesized by physical vapor deposition method
using a tube furnace with open ends. The diameter of the tube
furnace was 26 mm. MoO; powder (the natural distribution of
Mo isotopes: 14.53%, **Mo; 9.15%, **Mo; 15.84%, **Mo;
16.67%, **Mo; 9.6%, *"Mo; 24.39%, **Mo; and 9.82%, '°°Mo)
with a purity of 99.998% (Alfa Aesar), and a weight of 0.2 g as
source was placed at the center of a quartz tube. To obtain a
high-quality a-MoO; single crystal, the tube furnace was first
heated up to 760 °C in 20 min and maintained for 11 h, during
which the MoO; powder was sublimated and recrystallized
onto the low-temperature regions of the quartz tube. Second,
the recrystallized @-MoO; was collected and placed at the
center of the tube. The tube furnace was heated up to 760 °C
for 20 min and maintained for 11 h again. After repeating the
second step three times, the final recrystallized a-MoO;
crystals deposited on the low-temperature regions of the
quartz tube were collected for further characterization.

Growth of Isotope-Enriched a-MoOj; Single Crystal. To
grow isotopically pure MoO; crystals, we use highly pure
isotope-enriched MoO; powder with isotope enrichment as
high as Mo = 99.9% and Mo = 99.0% as source material.
To grow the a-"*MoOj single crystal, the tube was heated up
to 750 °C in 20 min and maintained for 9 h. To grow the
a-""MoO; single crystal, the tube was heated up to 760 °C in
20 min and held for 10 h. All heating processes are repeated
four times to get high-quality a-MoOj crystals.

Near-Field Optical Imaging. A commercial s-SNOM
(Neaspec GmbH) is applied to perform the near-field
experiment. A metallic Pt/Ir tip (Arrow-NCPt-50, Nano-
World) with a 10—20 nm radius as a near-field probe could
enormously enhance the light field and produce a nanoscale
hot-spot. The tip operates at tapping mode with oscillation
frequency at 270 kHz and oscillation amplitude at 120 nm.
The tip is illuminated by a p-polarized monochromatic light
from a tunable Quantum Cascade Laser (DRS Daylight
Solutions), and the laser power is set to 4 mW in all near-field
imaging. The pseudoheterodyne interferometric method
recorded the tip-scattered light and demodulated it at the
fourth harmonic of tapping frequency to suppress the
dominated background signal.
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