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ABSTRACT

Organic molecular vibrations, typically occurring in the terahertz (THz) regime, can resonate with a metastructure. A hallmark Rabi splitting
occurs when the coupling strength is sufficiently strong. In this work, we observe the strong coupling of localized surface plasmons (LSPs)
and intermolecular vibration mode at THz on a metasurface spin-coated with organic molecule o-lactose monohydrate. Excited by
transverse-electric THz waves, dispersive localized surface plasmons interact with nondispersive intermolecular vibrations and form two
vibro-polariton modes. The angle-resolved transmission spectra of the coupled system are detected by using a terahertz time-domain spec-
trometer, demonstrating an anti-crossing effect with a clear Rabi splitting. By retrieving the coupling strength and Hopfield coefficients of
polariton bands from the measured data, we further verify that these two bands originate from the strong coupling between LSPs and molec-
ular vibration mode. Moreover, we show that it is possible to implement molecular concentration sensing based on this strong coupling
effect. This study demonstrates a unique approach to investigate vibro-polaritons at the terahertz regime and provides a testbed for future

applications of strong coupling effects in chemical detection and biosensing.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0141602

Light-matter interactions could be categorized as weak and
strong coupling regimes. When the energy-exchange rate of a coupled
system is higher than the decay rates, this system is regarded as in a
strong coupling regime.' The strong coupling effect has been achieved
in many frequency ranges. For instance, employing planar cavities or
nanostructures, photons could strongly couple with excitons in inor-
ganic or organic semiconductors,” " transition metal dichalcoge-
nides,” '* or perovskite'’ '* and, thus, form exciton polaritons in
visible frequencies. Since exciton polaritons inherit both features of
photons and excitons, they are essential in solving some fundamental
issues in Bose-Einstein condensation''® and in realizing applications
of all-optical transistors,”'® light-emitter diodes,"”*’ polariton
lasers,”*” and even quantum photonic network.” The strong cou-
pling has recently been observed in infrared and terahertz (THz) fre-
quencies. For example, in the infrared wave range, the phonon
polaritons formed in hexagonal boron nitride** ** and polymers””**
are promising candidates for developing ultrasensitive infrared

spectroscopy. Meanwhile, the THz resonators could interact with pho-
non modes in perovskites,”’ nanocrystals,”’ and semiconductor quan-
tum wells’' " at the strong coupling regime.

Terahertz wave usually possesses a frequency in the range of
0.1-10 THz, which is between high-frequency microwave and far-
infrared radiation.”” ™ As the energy of terahertz waves corresponds
to molecular interactions, such as hydrogen bonding, van der Waals
interactions, and lattice interactions,” the terahertz spectroscopy
becomes an excellent platform for examining the strong coupling
between the optical cavity and molecular vibration. Recently, strong
vibrational coupling between the vibrational mode of organic mole-
cules and the optical modes of Fabry-Pérot cavities*’ or photonic crys-
tal”' has been observed, yet those systems have not yet been reduced
to the subwavelength scale. This Letter reports on the strong vibra-
tional coupling at the subwavelength scale via coupling a plasmonic
metasurface with o-lactose monohydrate molecules at the terahertz
regime. Excited by the transverse-electric illumination, we observe that
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the intermolecular vibration mode (IVM) of a-lactose monohydrate
molecules strongly couples with the localized surface plasmons (LSPs)
of the terahertz metasurface. Consequently, a clear Rabi splitting
between the two vibro-polariton modes is identified in the angle-
resolved transmission spectra, signifying the existence of strong
coupling. By substituting a conventional cavity (e.g, multilayered
distributed Bragg reflectors) with a metasurface, we provide a unique
open-cavity system and demonstrate the vibrational strong coupling at
the subwavelength scale. By comparing with the mirror cavity,”” the
plasmonic metasurface possesses subwavelength and open cavity fea-
tures, whereas compared with a photonic crystal,"' the plasmonic reso-
nator presents subwavelength confinement. The investigations may
have potential applications in polaritonic chemistry and biosensing at
subwavelength.

The metasurface is composed of an array of metal rod antenna
on a polyethylene terephthalate (PET) substrate (with a thickness of
about 40 um), as illustrated in Fig. 1(a). While the incident wave main-
tains the electric component along the long axis of antennas, the meta-
surface supports LSPs owing to the contribution of surface plasmons
in the single antenna and near-field coupling with neighboring ele-
ments. We set the length, width, and height of each antenna as

ARTICLE pubs.aip.org/aip/apl

150 um, 50 um, and 50 nm, respectively, with the period as 330 um in
both the x- and y-directions. Figure 1(b) shows the simulated trans-
mission spectra of both the metasurface and single antenna in the tera-
hertz region with the full-wave finite-difference time-domain (FDTD)
approach. Here, we use a commercial software package (i.e., Lumerical
FDTD Solution 8.0.1), where the periodic condition and the plane
wave illumination are employed. As shown in Fig. 1(b), although no
resonance occurs in a single antenna, an apparent dip appears in the
transmission spectra of the metasurface with the excitation of
transverse-electric (TE) incidence. In addition, the frequency corre-
sponding to this dip decreases as the incident angle increases. For the
normal incidence, the dip appears at 0.607 THz, and the dip shifts to
0.501 THz when the incident angle decreases to 40°. We also simulate
the electric field distributions in the x-y and x-z planes at the reso-
nance frequency in the scenario of normal incidence, as shown in Fig.
1(c). The electric field is strongly confined at the ends of the rod
antenna, which confirms the dip in transmission spectra results from
the excitation of LSP mode in the metasurface. Furthermore, we calcu-
2

late the mode volume™**” as V,, = M, where E is the electric
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FIG. 1. (a) Schematic of the metasurface supporting localized surface plasmons (LSPs). In this study, the electric component of the incident wave is along the long axis of
antennas. We define the incident plane where the magnetic component and incident wave vector lie, precisely the yz plane. The incident angle 0 is the angle between the
wave-vector k and z axis. (b) Simulated transmission spectra of the metasurface (solid curves) and single antenna (dashed curves) under different incident angles, respectively.
(c) Electric field distributions of metasurface at the resonance frequency under normal incidence in the xy plane (upper) and xz plane (bottom). The upper and bottom scale
bars both indicate 50 um. (d) Upper: a schematic sketch of the terahertz time-domain spectrometer. The sample is placed in the area between the emitter and detector indi-
cated by the purple dashed box, and the sample stage is rotated during measurement to obtain transmission data at different angles. Bottom: optical microscopic photographs
of the metasurface sample, where the scale bars on the left and right insets indicate 2 mm and 200 um, respectively. (€) Time-domain THz signals of reference (air) and meta-
surface sample under incident angles of 0°, 20°, and 40°. (f) Transmission spectra of the metasurface under different incident angles in 0°-40°.
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in our designed metasurface has a physical volume of 330 x 330 x 180
,um3, we obtain the mode volume in a unit cell of the metasurface as
V,, & 2.08 x 10* um> at the resonant frequency of 0.61 THz (normal
incidence), which is one order of magnitude smaller than that in the
Fabry-Pérot cavity. Here, the mode volume in the Fabry-Pérot cavity
is evaluated at the same integral physical volume (330 x 330 x 180
um?®) and the same resonant frequency of 0.61 THz. This indicates
that the presence of plasmonic metasurface indeed achieves better field
confinement.

In experiments, the metasurface of the antenna array with the
size of 1 x 1cm? is fabricated by photolithography and subsequently
made with the metal deposition and liftoff processes. First, a layer of
photoresist one micrometer in thickness is spin-coated on a PET sub-
strate. The sample is then processed by photolithography. The exposed
areas are removed by the developer. Next, a 50 nm-thick gold film is
deposited on the sample using electron beam evaporation. Finally, via
lifting-off, the antenna array metasurface is fabricated on the PET sub-
strate. The top-view optical micrographs are shown at the bottom of
Fig. 1(d), where both the size and the period of the antenna array are
almost as designed. The optical measurements are carried out by a ter-
ahertz time-domain spectrometer (THz-TDS, EKSPLA/THZ,
Lithuania), as schematically illustrated in the upper part of Fig. 1(d).
Terahertz emitter and detector are both realized using photoconduc-
tive antennas. The terahertz emitter generates a linear polarized THz
beam when excited by a femtosecond laser pulse with a central wave-
length of 1560 nm. The illumination on the sample is a parallel THz
wave with a spot diameter of 0.6 cm. The sample stage is rotated dur-
ing the measurement [Fig. 1(d)] to obtain transmission signals at dif-
ferent incident angles. Then, the THz pulse is detected in the time
domain using a probe laser beam from the same laser source with a
varying pulse time delay relative to THz pulses. We first consider the
time-domain signal of the air as the reference and then place the sam-
ples into the THz-TDS to obtain signals. Differences between the refer-
ence and samples could be observed in the time-domain signals after
experiments with the TE illumination and different incident angles
ranging from 0° to 40°, as illustrated in Fig. 1(e). The transmission
spectra of the metasurface with varying angles of incidence are
obtained using the fast Fourier transform (FFT), as shown in Fig. 1(f).
The LSP dip redshifts from 0.609 THz at the normal incidence to
0.502 THz at the 40° incident angle. The experimental results are rea-
sonably in agreement with the simulated ones. The background noise
and inhomogeneity of the substrate may lead to a minor deviation.

Subsequently, we try to introduce the intermolecular vibration
mode (IVM) of o-lactose monohydrate molecules into the system.
Lactose (C;,H,,01,) is a type of disaccharide combining one molecule
of glucose and one molecule of galactose. It naturally exists in the milk
of mammals and is widely used in infant foods, candies, margarine,
and pills. One of its isomers, o-lactose, can be easily combined with a
water molecule and forms an o«-lactose monohydrate molecule.
Similar to many biomolecules, the a-lactose monohydrate molecule
has several characteristic absorption peaks at the terahertz regime, one
of which occurs at approximately 0.53 THz,"* and can be attributed to
IVM of the hydrogen bond between the a-lactose molecule and crystal
water. In our experiments, we first put 1500 mg o-lactose monohy-
drate into 2ml PMMA solution to obtain an o-lactose suspension.
Then, the lactose film with a thickness of 170 um is spin-coated on a
PET substrate with the a-lactose suspension. The micrograph of the

pubs.aip.org/aip/apl

o-lactose monohydrate film is shown in the inset of Fig. 2(a). Using
THz-TDS, we measure the time-domain signal of this lactose film, as
shown in Fig. 2(a). Also, the results after applying FFT are presented
by the black curve in Fig. 2(b). The transmission spectra show a signif-
icant dip at 0.53 THz, which confirms the existence of IVM and agrees
with previous studies.”"** The single Lorentzian oscillator model can
be applied to fit the permittivity of the lactose film as follows:*

2
&)
e (W) = too +— foy

03— —ilw’

o

where &, is the background permittivity of o-Lactose, @, is the
oscillator frequency, I is the damping constant, and f refers to the
oscillator strength. The fitted parameters to achieve the best match
with experimental results were &, = 3.25, wy = 3.35 x 102 rad/s,
I' =6 x 10" rad/s, and f = 0.0275. The red curve in Fig. 2(b) shows
the fitting result. A high oscillation strength and relatively small damp-
ing constant will guarantee the realization of the strong coupling
between LSP and IVM. In addition, the dispersion curves and trans-
mission spectra of o-lactose monohydrate molecules under different
incident angles are measured, as illustrated in Figs. 2(c) and 2(d).
Notably, IVM remains constant when the incident angle varies.

We cover the metasurface with the «-lactose monohydrate film
to realize the strong coupling between LSP and IVM, as shown in
Fig. 3(a). In the strong coupling regime, the original LSP and IVM dis-
appear, but the upper polariton band (UPB) and lower polariton band
(LPB) occur, as schematically presented in Fig. 3(b). We measure
time-domain signals of the hybrid system in TE illumination with dif-
ferent incident angles. Figure 3(c) shows the two-dimensional disper-
sion map of the coupled system, in which the red and black curves
indicate the new modes. As expected, two hybrid modes appear and
disperse with varied incident angles. As shown in Fig. 3(c), there exist
an evident anti-crossing phenomenon and a clear Rabi splitting
between two modes, i.e., upper polariton band (UPB) and lower polari-
ton band (LPB) have been formed due to the strong coupling effects.
The anti-crossing phenomenon can be observed more directly in the
angular-resolved transmission spectra, as presented in Fig. 3(d), where
the dashed lines trace the vibro-polariton modes. Unlike the crossed
original modes, the new modes separate at an incident angle of approxi-
mately 18°. Thus, the strong coupling between IVM from «-lactose
monohydrate and LSP of the metasurface is realized in this system.

To analyze the strong coupling effects between IVM and LSP,
we extract the frequencies of UPB and LPB at different incident
angles, as presented in Fig. 4(a) with the blue and red dots, respec-
tively. Figure 4(a) demonstrates that the dispersions represent the
formation of vibro-polariton modes near the characteristic fre-
quency of IVM, which is presented as the planar black dashed line.
The interaction between the LSP and IVM in this system can be
described by the mode-coupled Hamiltonian based on
Jaynes—-Cummings model,”” i.e.,

T = hogspi'a + honad'b + o (ab+ab), @)

0
h(VLSPE ) Vg > (othp > _ hz/p(O) ( oLsp >7 3)
Vg VIvMm oM xvm

where a(b) and &T(l;T) are the annihilation and creation operators of
LSP (IVM), respectively, visp (vivar) is the frequency of LSP (IVM),
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FIG. 2. (a) Time-domain signals of the a-lactose monohydrate film and reference. The inset shows a photograph of the o-lactose monohydrate film with a scale bar of 0.5 cm.
(b) Black curve shows the experimental transmission spectra of the molecule a-lactose monohydrate film under the normal incidence, which satisfactorily agrees with the calcu-
lated results indicated by the red curve. The inset describes the vibration of the hydrogen bond between the a-lactose molecule and crystal water. (c) The two-dimensional dis-
persion map of the a-lactose monohydrate film under different incident angles (10°-30°). The color implies the value of transmittance. (d) The angle-resolved transmission

spectra of the o-lactose monohydrate film under different incident angles (10°-30°).

v, is the coupling strength, and  is the Plank constant. For each inci-
dent angle, this model predicts the formation of two vibro-polariton
modes, and each vibro-polariton mode can be written as

[PV = oD]15P) + af(5) [1vd), @)
where |uf§g) |* and \ocf‘%\? |* are the Hopfield coefficients in each vibro-
polariton mode. Thus, the polaritons inherit features of both the LSPs
and molecule vibration modes. In this system, fitting results of the the-
oretical model satisfactorily agree with the measurement results when
the coupling strength v, is 0.01THz (ie, the Rabi splitting is
~0.02 THz). The blue and red curves in Fig. 4(a) represent the results
of the theoretical model fitted to the measured data points. It is noted
that the Rabi splitting in this plasmonic metasurface is less than that in
the mirror cavity in Ref. 40. The main reason is that the coupling
strength (vg o< v/N/y/V,,,) strongly depend on not only the mode vol-
ume (V,,,) but also the number of molecules (N). In our plasmonic
sample, the thickness, area, and molecular concentration of the -
lactose layer are less than those in the mirror-cavity sample in Ref. 40.
Therefore, it is less number of o-lactose molecules that leads to a

smaller Rabi splitting in our plasmonic sample although better field
confinement is achieved in the plasmonic sample.

Since many physical properties of polaritons are associated with
Hopfield coefficients, such as the amplitude, full width at half-
maximum (FWHM),/18 optical Stark effect,”" the Hopfield coefficients
should be determined. Based on the experimental and fitting results,
we retrieve the Hopfield coefficients |ocLsp|2 and |quM|2 in each vibro-
polariton mode, as shown in Figs. 4(b) and 4(c). The upper polariton
band is primarily composed of LSP at smaller incident angles. For
example, UPB comprises approximately 90% of LSP and 10% of IVM
when the incident angle is 10°. By increasing the incident angle, the
Hopfield coefficient of LSP decreases, whereas the Hopfield coefficient
of IVM increases. The IVM component continually increases until the
incident angle reaches approximately 18°, where the Hopfield coeffi-
cients of LSP and IVM become equal. Subsequently, the Hopfield coef-
ficient of IVM in UPB continues to increase toward unity at a reduced
rate. Simultaneously, the LSP component in UPB diminishes to less
than 5% at 30°. When the incident angle approaches 18°, where the
Hopfield coefficients of LSP and IVM in UPB are equal, the Rabi split-
ting occur. In addition, the Hopfield coefficients in LPB possess a
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FIG. 3. (a) Schematic of the strongly coupled system comprising the PET substrate, the antenna array metasurface, and the o-lactose monohydrate film. (b) Interactions
between LSP and IVM. (c) Two-dimensional dispersion map of the coupled system. The black and red curves indicate the upper polariton band (UPB) and lower polariton
band (LPB), respectively. The color implies the value of transmittance. (d) Transmission spectra of the coupled system under different incident angles in the range of 10°-30°.

The dashed lines trace the vibro-polariton modes.

similar trend; however, they increase with the LSP component and
decrease with the IVM component.

It is worthwhile to mention the damping in our strong coupling
system. As we know, the polariton modes' at resonance could be

i iy 2 .
defined as w+ = wy — 2 —-2*x1,/A —i(yz — Vip?) > Where g is

the central frequency of the oscillator. Here, A = M-, where m is

T Vmey
mass, e is the electron charge, and N/V is the concentration of the
a-lactose molecule. 7y, and y are the damping factors of LSP and
IVM, respectively, which can be extracted from the corresponding
transmission spectra [i.e., Figs. 1(f) and 2(d)]. For example, Visp
~ 0.02 THzand y ~0.02 THz at the incident angle of 30°. Complex
polariton modes - are actually damped modes' with linewidths
Aw =1+ % ~ 0.02 THz, which is comparable to the Rabi splitting
in this system. Moreover, the FWHM of the upper and lower polariton
bands can be calculated based on the Hamiltonian with damping fac-
tors of modes.*® As shown in Fig. 4(d), the calculated FWHM of the
upper and lower polariton bands agrees reasonably with the measured
ones directly from transmission spectra of strongly coupled metasur-
face system [as shown Fig. 3(d)] under incident angles 20°-30°.

Interestingly, a linear relationship between the coupling strength
() and the square root of the number of molecules could be expected in

such a strongly coupled system. On the top of the metasurface, we now
cover the o-lactose layer with seven different molecular concentrations
(n) as 226, 304, 395, 492, 600, 766, and 900 mg/cmS, respectively. The
measured angle-resolved transmission spectra show both the UPB and
the LPB in each sample. Then, we fit the measured polaritonic dispersions
based on the Jaynes-Cummings model. Two typical examples are pro-
vided in Figs. 5(a) and 5(b) for the samples with # =304 and 600 mg/
cn’, respectively. Thereafter, the coupling strength (1) is achieved at dif-
ferent molecular concentrations (1). As shown in Fig. 5(c), we observe a
linear relationship between v, and n? (ie, Vg & n"?). This feature
allows us to use plasmonic metasurfaces to detect molecule concentration
(for example, a-lactose) and do the biosensing by tracing the frequency
shift in the transmission spectra with molecular concentration variation.
From Fig. 5(c), we find that the sensitivities defined as Aug/An“ 2 are
about 5.49 GHz/ (gll 2/cm™?) in this metasurface-based sensor.

Realizing the strong coupling between LSP from plasmonic meta-
surfaces and IVM from o-lactose monohydrate molecules at the tera-
hertz regime has a unique significance. It provides an open cavity to
monitor the strong coupling system readily. For example, the forma-
tion of vibro-polaritons may tilt the reactivity landscape and monitor
the chemical reaction rate’ ' and promote the development of
polaritonic chemistry. On the other hand, owing to reasonable
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penetrability, broadband, and low energy, the terahertz wave has
potential applications in biosensing and detecting. For instance, tradi-
tional molecular concentration sensors’” " are based on the frequency
linearly shifting with a variation of the molecular concentration (1),
which usually have high detection accuracy but a low measurement
range. Compared to those traditional sensors, the metasurface sensing
approach is based on the frequency linearly shifting with a variation of
n'’2, which provides a more extensive sensing range even though it
compromises detection accuracy. We expect the strong coupling
between terahertz metasurfaces and biomolecules to yield unique tera-
hertz biosensors at the subwavelength scale.

In summary, we experimentally demonstrate the strong coupling
between LSP and IVM of the antenna-array metasurface covered with o-
lactose monohydrate molecules. Owing to the strong field enhancement
effect of LSP in the metasurface and the large oscillation strength of IVM
in o-lactose monohydrate molecules, convincing evidence of the strong
coupling could be observed in the transmission spectra. Two vibro-
polariton modes appear with variable incident angles, and an apparent
Rabi splitting of 0.02 THz is observed at an incident angle of approxi-
mately 18°. In addition, we obtain a reasonable fitting to our experimen-
tal results with v, as 0.01 THz and retrieve the Hopfield coefficients of
each vibro-polariton mode. Moreover, we demonstrate the possibility of
molecular concentration sensing based on this strong coupling effect.
This study provides a solid reference for exploring THz strong coupling
effects at the subwavelength scale. The THz vibro-polariton modes have
potential applications in polaritonic chemistry, biosensing, and detection.
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