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ABSTRACT

Surface phonon polaritons (SPhPs) in van der Waals (vdW) materials are of great interest in fundamental and applied research fields.
Probing the characteristics of vdW SPhPs at cryogenic temperatures is an essential task for their implementation in low-temperature physics.
However, the most commonly used characterization technique of vdW SPhPs—scattering-type scanning near-field optical microscopy (s-
SNOM) operating in a tapping mode (an intermittent-contact mode)—can be problematic at low temperatures because the sample being
tested may become brittle and fragile. Therefore, high fracture toughness is desired for the samples under intermittent-contact s-SNOM scan-
ning at low temperatures. In this work, by taking o-phase molybdenum trioxide (2-MoOs) as an example, we first confirm the potential sur-
face deterioration induced by tip-sample interactions at low temperatures. Then, we propose to use few-layer hexagonal boron nitride as a
mechanically tough yet optically passive cladding layer to enhance the surface stability of «-MoOs. Finally, we demonstrate the validity of
our surface reinforcement strategy by probing the previously unexplored temperature dependence of SPhPs within the third Reststrahlen
band of a-MoOs. Our method allows a sustained operation of tapping mode s-SNOM at cryogenic temperatures with negligible effect on
intrinsic properties of SPhPs.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0081203

Owing to the development of advanced characterization
techniques like scattering-type scanning near-field optical microscopy
(s-SNOM)'© and the emergence of low-dimensional materials like
van der Waals (vdW) crystals,”'” recently we have witnessed a renais-
sance of the research on surface phonon polaritons (SPhPs)."”"'® The
hybrid photon-phonon nature of SPhPs'” together with the intrinsic
low-dimensional character of vdW materials'® *” makes the associated
electromagnetic energy extremely confined in space,”"”” and therefore
vdW SPhPs are a topic of intense current interest in both fundamental
and technical research fields related to strong light-matter interac-
tions.””** Promising applications of vdW SPhPs include assisting the
multiphoton spontaneous emission,”” mediating the near-field and
ballistic heat transfer,”® " enhancing the dynamical vacuum effects,”’
and improving the sensitivity of vibrational spectroscopy,”””" many of

which involve cryogenic operating conditions.”***** Although cryo-
genic s-SNOM (cryo-SNOM) has been commercially available for sev-
eral years™”” and graphene plasmon polaritons have been routinely
probed by a couple of homebuilt cryo-SNOM systems, * "' reports on
the near-field characterization of vdW SPhPs at cryogenic tempera-
tures are rare.”” This stems from specific difficulties in performing
cryogenic nano-imaging of vdW SPhPs.

In this work, by taking biaxial o-phase molybdenum trioxide
(2-MoO3) as a representative, we first identify the surface deterioration
of the microcrystal under investigation induced by tip-sample inter-
actions at low temperatures as the main obstacle hindering the cryo-
genic nano-imaging of vdW SPhPs using a tapping mode s-SNOM.
Then, we propose to use few-layer hexagonal boron nitride (hBN) as a
mechanically tough yet optically passive cladding layer to enhance the
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surface stability of z-MoOj3. Finally, we demonstrate the validity of our
surface reinforcement strategy by probing the previously unexplored
temperature dependence of SPhPs in the third Reststrahlen band
(RB3) of «-MoOs.

s-SNOM operating in the tapping mode (the intermittent-
contact mode) is not always noninvasive,”>** because there exists a
time-varying (frequency f ~ 270kHz) interaction force up to tens of
nN (free amplitude A ~ 100 nm, 80% setpoint, cantilever force con-
stant k ~ 42 N/m, quality factor of tip ~1000) between the vibrating
tip and the sample surface,”” *" which is equivalent to a high-rate
stress on the order of GPa (Ref. 48) as a result of the tiny contact area
and can potentially damage the surfaces of specific samples. This is
especially the case at cryogenic temperatures, since many materials
undergo a ductile-brittle transition when cooled down® ** and
become more sensitive to the high-rate impact of the tip apex as a
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result of the deteriorated fracture toughness.”””* Considering previous
first principles calculation has suggested the surface stability of -
MoOj5 is temperature dependent,”” we chose a-MoOs as a model
material for the experimental study of tip-induced surface deteriora-
tion at low temperatures and the corresponding protection strategy.
Our imaging results obtained by a homebuilt cryo-SNOM system
schematically illustrated in Fig. 1(a) (see Fig. S1 of the supplementary
material for details inside the vacuum chamber) indeed indicate a
reduced surface stability of «-MoOj3 at low temperatures. (Note that in
all the experiments, we used Arrow'™ NCPt probes with their cantile-
vers micro-engineered. These processed probes exhibit comparable
quality factors under vacuum-cryogenic conditions to those in ambi-
ent environment, thus, are nicknamed gyjinus.) A typical near-field
optical image of bare o-MoO; microcrystals mechanically exfoliated
onto SiO,/Si substrates at 88 K is shown in Fig. 1(b), which indicates

qMinus

FIG. 1. () Schematics of the homebuilt
cryo-SNOM system used in this work. (b)
Near-field optical image indicating surface
deterioration of bare a-MoO; induced by
the tip-sample interaction at 88 K. (c) SEM
image of the SNOM tip apex used in (b).
(d) Optical images of a «-MoO5 microcrys-
tal partly cladded with a 5-nm-thick hBN
flake before and after SNOM imaging at
88K, the white dashed lines indicate the
hBN boundary, the black arrows in the
right panel indicate the scanning area in
each round of the experiment, and the
box marks the imaging area in (e). (e)
AFM image of the partly cladded o-MoO;
sample marked in (d) with the box.
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the rapid surface deterioration of o-MoOj; during cryo-SNOM scan-
ning makes the imaging of SPhPs extremely difficult. (Such a problem
has not been encountered under vacuum and room-temperature
imaging conditions.) To find out what happened in the scanning pro-
cess, we took a close look at the tip apex used in the experiment with
the scanning electron microscope (SEM), and the image shown in Fig.
1(c) indicates that there is some flaky debris attaching to the tip apex.
Therefore, we conjecture that a probable scenario for the imaging pro-
cess of Fig. 1(b) is: first, the surface of «-MoOj; became less stable as a
result of low-temperature embrittlement and fractured under the
repeated impact of the SNOM tip; then, some fragments of the broken
surface adhered to the tip apex; finally, the deteriorated sample surface
together with the contaminated tip-apex cause a significant decay of
the near-field signal.

To solve the problem of surface deterioration and tip contamina-
tion in cryo-SNOM imaging, one has to resort to an appropriate clad-
ding material that, on the one hand, can improve the mechanical
toughness of the sample and, on the other hand, would not disturb
optical imaging. Considering #BN exhibits a high fracture toughness,
thus, is expected to be resistant to the impact of the tapping tip,”
and its Reststrahlen bands are well-separated from those of 2-MoO;
(in the frequency range from 850 to 1200 cm ™", the real parts of the
in-plane and the out-of-plane dielectric constants of #hBN are positive

ARTICLE scitation.org/journal/apl

while the imaginary parts are relatively small as shown in Fig. S2 of the
supplementary material),””” we chose it to verify the validity of our
surface reinforcement strategy. As shown in Fig. 1(d), we fabricated a
o-MoOj; sample partly cladded with a 5-nm-thick #BN flake using the
standard dry transfer method™ and put it into the trial of cryo-SNOM
scanning at 88 K. Three rounds of scanning (along the [100] direction
and cross the sample edge) have been conducted with the first two on
the bare ¢-MoOj surface and the last one on the partly cladded sample
surface. Without exception, all bare o-MoQOj; surface areas have been
modified considerably by scanning, as seen from the comparison
between the as-prepared and post-scanning sample optical micro-
graphs. Only the hBN cladded site remained completely intact after
scanning. Figure 1(e) shows the atomic force microscope (AFM)
image corresponding to the third round scanning, and the direct con-
trast between the broken bare ¢-MoO; surface and the intact hBN-
protected surface is strong evidence for the effectiveness of our surface
reinforcement method.

To evaluate the optical consequences of #BN cladding, using the
transfer-matrix method” and infrared dielectric parameters from
Refs. 57, 58, and 61, we calculated and compared the phonon-
polariton behaviors of a SiO,/130-nm-thick z-MoOs/vacuum struc-
ture and a SiO,/130-nm-thick o-MoO;/hBN/vacuum model system
within  RB; (960-1000cm™") of a-MoO; with varying hBN
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thicknesses. Figures 2(a) and 2(b) show the dispersions of the funda-
mental phonon-polariton modes of z-MoO; propagating along the
[100] (Mo,[1007) and [001] (Mo fo01)) crystalline directions, respectively.
It can be seen that both Mg 10o; and My go1) are type I hyperbolic
phonon-polariton modes with negative phase velocity (the negative
real part of the effective indices of refraction Neg) as a result of the neg-
ative out-of-plane dielectric constant of a-MoOj within RB;*** and
suffer high propagation losses below the frequency 970 cm ™' (the large
imaginary part of Ng) resulting from the heavy damping of the nearby
#-MoOj transverse optical phonon at 956.7 cm™'.”* Adding the hBN
layer and increasing its thickness would generally compromise the
field confinement factor (the absolute value of the real part of Negy)
while lowering the propagation loss at the same time (the decreasing
imaginary part of Ng). Specifically, in the case of M [190}, the decrease
in the propagation loss is more significant than that of the field con-
finement factor after hBN cladding, resulting in a net increase in the
mode quality factor [Q = |Re(Neg)/Im(Neg)|] as shown in Fig. 2(c)
(the sharp dips are due to the transverse optical phonon of 2-MoOj; at
998.7 cm ™~ '); in the case of M, 001)> the decreases of the real and imagi-
nary parts of Neg are almost proportional, leading to a Q factor nearly
independent of hBN cladding as shown in Fig. 2(d). Since the Q factors
of both Mg [100] and My (o1} have their maximum values in the fre-
quency range from 980 to 990 cm ™, 985 cm ™! would be a preferred
frequency in the following cryo-SNOM imaging experiments. To

Mo 001

Mo 1007

26 — |Re(Negt 100
—|m(Neﬂ,[1001) 416

IRe(N)|

Temperature (K)
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further assess the effect of hBN cladding on the excitation and detec-
tion of SPhPs at this selected frequency, we calculated the mode pro-
files (E, components, with and without a 10-nm-thick #BN cladding
layer) of My, [100) and M (g01)» respectively, as shown in Figs. 2(e) and
2(f). Considering the hBN cladding layer only slightly modifies the
mode profiles and the near-field imaging-related E, components still
extend well above the sample surface, our surface reinforcement
method of BN cladding would not impede cryo-SNOM imaging of
o«-MoQj3 SPhPs.

Next, we proceeded to the experimental verification of the perfor-
mance of hBN cladding in cryo-SNOM imaging of SPhPs. To this end,
we fabricated a sample on the SiO,/Si substrate by cladding a 130-nm-
thick #-MoOs; microcrystal with a 10-nm-thick /BN flake. Thanks to
the well-defined and mutually orthogonal boundaries of this «-MoO3
crystal, we can probe its My [100) and Mg [oo1; modes simultaneously.
In imaging of the My [100) (Mo [001]) mode at 985 cm™ ', we scanned the
sample along the [100] ([001]) direction and demodulated the near-
field signal at the third-order harmonic of the tip-tapping frequency
using a lock-in. (O;, lower-order signals recorded simultaneously,
usually exhibit inferior signal-to-noise ratio, as shown in Fig. S3 of the
supplementary material.) As shown in Fig. 3(a), the sample surface
survived the long-time high-rate impact of the SNOM tip and
remained intact under the four different test temperatures.
Interference fringes of both My 1009y and My o1} caused by the

(b)
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FIG. 3. (a) s-SNOM images of a 10-nm-thick hBN cladded 130-nm-thick «-MoO5 microcrystal at cryogenic temperatures, along its [100] and [001] crystalline directions, respec-
tively. (b) Fitting the experimental data with a damped sinusoidal waveform. (c) Fitted effective indices of refraction (Neg) at different temperatures. (d) Fitted Q factors at differ-
ent temperatures, dashed and solid horizontal lines indicate theoretically predicted room-temperature Q values for [001] and [100] directions, respectively. Bars in (c) and (d)

denote standard deviations.
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vectorial superposition of the tip-launched and the edge-reflected
SPhPs can be easily distinguished in all near-field optical images (Os)
at different temperatures. To enhance the visibility of the interference
fringes in Fig. 3(a) so as to facilitate the extraction of the propagation
properties of both My [100; and My [o01] at varying temperatures, we dif-
ferentiated the images in Fig. 3(a) along the [100] (dOs/dLj;q0)) and
[001] (dO5/dLjpoy)) directions, respectively, and left the nearest fringes
to the sample edges out before fitting the processed data with a
damped sinusoidal waveform. Because the damped sinusoidal wave-
form and its derivative exhibit the same damping factor and spatial
frequency, the differentiation process would not negatively influence
the accuracy of data fitting.”* We can see in Fig. 3(b) that the processed
experimental data fit very well with the damped sinusoidal waveform,
and the extracted parameters from fitting for both M [190) and M [o01;
are illustrated in Figs. 3(c) and 3(d). As predicted by the theoretical
calculations in Fig. 2, the Mg [100) mode indeed exhibits a more signifi-
cant field confinement factor than that of My (g1} While the Mg g1
mode holds a relatively higher Q factor, revealing the intrinsic in-plane
optical anisotropy of a-MoOj3 across the entire temperature window
explored. Thus far, the validity of our proposed surface reinforce
method has been experimentally demonstrated, at least for o-MoO;
on the most commonly used SiO,/Si substrate. However, although the
Q-temperature curves in Fig. 3(d) (see Fig. S4 of the supplementary
material for results of a thicker sample) follow a similar trend with
that of type II hyperbolic phonon polaritons in bare -MoOs," and
the observed low-temperature Q factors are indeed larger than the the-
oretically predicted room-temperature ones, the wave-guiding proper-
ties of type I hyperbolic phonon polaritons in #BN cladded o-MoO;
do show slight non-monotonic temperature dependence within the
investigated temperature range in our cryo-SNOM experiments. This
non-monotonity might originate from the non-trivial strain imposed
by the hBN cladding layer,” as evidenced by the different temperature
dependence of the Raman spectrum of bare and cladded o-MoO;
shown in Fig. S5 of the supplementary material.

To date, cryo-SNOM remains one of a few diffraction-unlimited
techniques which can probe the nanoscale electrodynamics of vdW
crystals or other quantum materials at low temperatures.”**” Surface
deterioration of samples under cryo-SNOM test induced by tip-sample
interactions is an aspect not discussed before. We first raise awareness
of this problem and propose and verify an effective way of bypassing
this obstacle in this work via hBN cladding. Using this method, we
reveal the temperature dependence of the waveguiding properties of
type I hyperbolic phonon polaritons within RB; of a-MoOs. Our
method allows a sustained operation of tapping mode s-SNOM at cryo-
genic temperatures with negligible effect on the intrinsic properties of
the sample which thus can be adopted as a standard method and used
in the imaging of other polaritons, like surface exciton polaritons,”® "’
Cooper pair polaritons,”’ and surface magnon polaritons’” " at low
temperatures. Aside from that, s-SNOM imaging of brittle materials at
ambient temperatures can also benefit from this method.

See the supplementary material for a description of the cryo-
SNOM assembly inside the vacuum chamber, an explanation about
the applicable frequency range of the BN protection layer, a compari-
son between the second- and third-harmonic demodulated images,
the experimental results of a thicker «-MoO; sample, and the low-
temperature Raman measurements results.
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