RESEARCH ARTICLE

W) Check for updates

www.lpr-journal.org

Tip-Enhanced Imaging and Control of Infrared Strong

Light-Matter Interaction

Yueying Wang, Samuel C. Johnson, Nishant Nookala, John F. Klem, Samuel R. Turner,
Richard L. Puro, Min Hu, Igal Brener, Eric A. Muller,* Alexey Belyanin,*

Mikhail A. Belkin,* and Markus B. Raschke*

Optical antenna resonators enable control of light-matter interactions on the
nano-scale via electron—photon hybrid states in strong coupling. Specifically,
mid-infrared (MIR) nano-antennas coupled to saturable intersubband
transitions in multi-quantum-well (MQW) semiconductor heterostructures
allow for the coupling strength to be tuned through antenna resonance and
field intensity. Here, tip-enhanced nano-scale variation of antenna-MQW
coupling across the antenna is demonstrated, with a spatially-dependent
coupling strength g, varying from 73 (strong coupling) to 24 cm™" (weak
coupling). This behavior is modeled based on the spatially dependent local
constructive and destructive interference between tip and antenna fields.
Using a quantum-mechanical density-matrix model of the MQW system with
its designed values of transition dipole moment, doping density, and
population decay time, the picosecond IR pulse coupling to intersubband
transitions and the associated tip induced strong-field saturation effects are
described. These results present a new regime of nonlinear IR light-matter
control based on the dynamic manipulation of quantum hybrid states on the
nanoscale and in the infrared, with a perspective regarding extension to
molecular vibrations.

1. Introduction

Resonant interaction between a quantum
system and an optical cavity mode can
lead to hybrid light-matter states. When
the energy exchange rate exceeds the to-
tal dissipation rate, strong coupling gives
rise to the formation of two energy eigen-
states, separated by the Rabi splitting.['=*!
These hybrid states present new possi-
bilities for applications such as single-
molecule observability,>® single pho-
ton emitters,’ and low-threshold solid-
state lasers.['] Strong coupling depends
on the transition dipole strength of the
quantum system, total loss rate, and the
mode volume of the optical cavity. With
diffraction-limited mode volumes, even
for high Q-factor resonators, the strong
coupling of a single quantum emitter
has historically necessitated operation at
cryogenic temperatures(!*!?l to counter-
act dissipation.['3-16]

Plasmonic nano-resonators with deep
sub-diffraction limited mode volumes as
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Figure 1. Antenna-MQW heterostructure nano-imaging a) Nano-imaging of the antenna-MQW heterostructure, with tip-enhanced near-field interference
controlling the excitation of the antenna-MQW cavity mode and the saturation of the intersubband transition. b) 1D potential energy diagram of the
MQW heterostructure with an intersubband transition between |1) and |2) of ‘72w = 1315 cm~'. ¢) AFM topography of the antenna-MQW array for the
case of antenna length I,,, = 1.60 pm. d) IR s-SNOM with the optical layout for broadband synchrotron (weak field) and picosecond OPO/DFG (strong

field) nano-spectroscopic imaging and control of strong coupling.

small as 10‘6(£)3, with wavelength A and refractive index n of
the local environment, have drawn attention as new cavity quan-
tum electrodynamics (cQED) platforms.['-2] In particular, room
temperature vibrational strong coupling of molecular vibrations
has been observed in both surface phonon polariton and surface
plasmon polariton-based nano-resonators.®2122l

Here, the nano-scale mode volume can overcome the low Q-
factor and dissipation losses of an open cavity, and strong cou-
pling was demonstrated even at room temperature.(381819.23-25]

Achieving strong coupling in quantum systems with large,
controllable transition dipole moments has remained challeng-
ing across the visible to IR spectral regions. In the visible, quan-
tum dots, color centers, or molecules exhibit large transition
dipole moments, allowing for electronic strong coupling (ESC)
even for single emitters.'"'22*] In contrast, reaching the strong
coupling regime in the IR has been limited to macroscopic en-
sembles due to weaker transition dipole moments and similarly
lossy IR nano-cavities compared to the visible.

Nevertheless, IR vibrational strong coupling (VSC) with
molecular vibrations in conventional high Q microcavities has
attracted much interest for its potential to modify ground state
chemical reactivity.[13-16.18:222627] Similarly, using IR plasmonic
antenna cavities allows for probing large Purcell enhancement
of molecular vibrations and resolving intramolecular relaxation
dynamics.[?®%] However, due to weak vibrational transitions
and their low energies corresponding to long resonant wave-
lengths, VSC has rarely been achieved with IR nano-plasmonic
resonators, except when coupled to surface plasmon polaritons
as collective excitations.[>*]
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Multi-quantum-well (MQW) heterostructures with engineered
electronic transitions offer a promising new route toward mid-
infrared strong coupling. Strong coupling of MQW-coupled IR-
antenna arrays has been established with strongly dipole-active
electronic intersubband (ISB) transitions.[?*2530-32] Nonlinear
saturable absorption and ultrafast switching in strong coupling
have also been demonstrated with antenna-array metasurfaces
combined with patterned MQWs.[232533-35] Antenna-MQW sys-
tems combining ISB transitions and a plasmonic cavity offer a
combination of strong optical nonlinearity, ultrafast response,
the possibility of electric tuning, and chip-scale integration. As
one example, fast modulation of the reflectivity of MIR antenna-
MQW systems has received significant attention recently due to
the potential use of these systems as amplitude!*®! and phasel*’]
modulators for free-space optical data links in the long-wave in-
frared (8-14 um)¥ atmospheric transparency windows.*]

Similarly, we have previously proposed the possibility of phase-
dependent nonlinear control of molecular vibrations, which
could open routes to quantum optical processing and coherent
control of ground state chemical reaction dynamics.[**41]

Here, in order to achieve nano-scale coherent control of strong
coupling, we use a metallic scanning probe tip to both image and
perturb the strongly coupled antenna-MQW system through tip-
induced local interference of the antenna field, as illustrated in
Figure 1a. We show that a non-resonant tip near-field coupling to
the antenna increases optical confinement beyond that of the an-
tenna alone, providing for nano-optical control of IR strong cou-
pling. Further, the antenna-enhanced near-field interaction low-
ers the field threshold for saturable absorption.*”] By changing
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the excitation from weakly perturbing ultra-broadband low spec-
tral irradiance synchrotron radiation to narrowband picosecond
pulsed laser excitation with strong fields, we control the transi-
tion between weak and strong coupling through modifications
of coupling strength between the antenna and MQW resulting
from intersubband saturation.

Scanning the nanotip position along the antenna provides for
spatial control of local constructive and destructive near-field in-
terference between the far-field excited resonant antenna dipole
field and a non-resonant tip-enhanced apex field (Figure 1a). This
tunes the coupling strength g,, from 73 (strong coupling) to
24 cm™! (weak coupling) across the antenna-MQW heterostruc-
ture through the local field-dependent saturable absorption as de-
scribed using an empirical coupled harmonic oscillator model.
We then apply a quantum-mechanical density-matrix descrip-
tion of the MQW system based on the design parameters of the
antenna-MQW heterostructure, including the saturation effects
by the antenna field and local external tip interference as the only
free parameters. The results establish the nano-optical analog of
electromagnetically induced scattering (EIS)[“1*344] through the
phase-controlled interference between the nanotip and antenna
for near-field excitation of a hybrid antenna-MQW system in the
strong coupling regime.

2. Experimental Section

The antenna-MQW heterostructures consisted of IR-resonant
gold dipole antennas, fabricated on top of a correspondingly
patterned In, s;Ga, ,,As /Al ,5In, 5,As MQW layer,35] which was
grown on an InP substrate using molecular beam epitaxy. The
MQW stack consisted of 26 repetitions of the structure shown in
Figure 1b with layer sequence 2.5/6.2/1.4/2.4/2.5 (in nm), where
the first, third, and fifth layers represented the Al ,4In s,As bar-
riers. The first 1.5 nm of the first 2.5 nm barrier and the last
1.5 nm of the last 2.5 nm barrier were nominally n-doped to
7.3 X 10¥cm~3. The computed eigenvalues and probability den-
sities in a single period of the MQW stack are shown in Figure 1b.
The out-of-plane intersubband transition dipole moment of the
MQW facilitates coupling to the antenna near-field. The absorp-
tion measurements!®! allowed to estimate the average electron
density to be 8.3 x 10" cm™3, indicating that only ~60% of the
nominal doping in the barriers were activated.

Optical antenna arrays of varying lengths were designed as
half-wavelength antennas and fabricated as 10 nm of Ti followed
by 100 nm of Au using electron-beam lithography. The antenna
length I, of each array varied from 1.23 to 1.98 pm. Figure 1c
shows an atomic force microscopy (AFM) height image of a sec-
tion of the antenna-MQW array, with uniform antenna dimen-
sions and spacing observed across each array. By Fourier trans-
form infrared (FTIR) micro-spectroscopy (Thermo Nicolet Con-
tinuum microscope, linked to a Nexus 670 FTIR spectrometer),
spectra were measured in reflectance mode with 4 cm= spectral
resolution from arrays of antenna-MQW.

The antenna-MQW strong coupling was then imaged and ma-
nipulated using a metallic AFM tip (Pt/Ir coated, ARROW-NCPt-
50, NANO World, tapping at frequency 250kHz) in IR s-SNOM
(Figure 1d). Incident light was polarized parallel to the tip with
the incident k-vector along the antenna axis. For low-power excita-
tion, synchrotron infrared nano-spectroscopy (SINS) (Beamline

Laser Photonics Rev. 2024, 2301148

2301148 (3 of 10)

www.lpr-journal.org

5.4, Advanced Light Source, neaSCOPE, Neaspec GmbH)[*] was
used with the spectral range of 700-5000 cm~! and low average
power (<300 mW) at a spectral irradiance “<10 W/cm?/cm™!".
SINS nano-FTIR near-field spectroscopy was performed as estab-
lished previously with lock-in demodulation at the second har-
monic of the tip tapping frequency, which provides adequate
near-field contrast!*! (see Supporting Information for details),
and heterodyne interferometric detection of the tip-scattered
near-field signal.*] The Fourier transform of the asymmetric in-
terferometer then provided the complex valued near-field signal
as real Rey; and imaginary Imy;, or amplitude Ay and phase
Py

For high optical power excitation, a narrowband picosecond
optical parametric oscillator (OPO) and difference-frequency
generation (DFG) (Carmina, APE, repetition rate 40MHz) were
used, with pulse duration = 1.6ps, tuning from 930 to 1530 cm™?,
with spectral bandwidth ~ 20 cm™'. The IR pulses after pass-
ing a ZnSe beam splitter were focused onto the AFM tip (Pt/Ir
coated, ARROW-NCPt-50, NANO World, tapping at frequency
250 kHz) by an off-axis parabolic mirror (OAP, focal length = 11
mm, NA ~ 0.46), with a fluence of #400 kWcm=2. Phase-resolved
nano-imaging was performed for each wavelength using pseudo-
heterodyne detection!*’] based on an IR s-SNOM (neaSCOPE,
Neaspec GmbH), where the tip-scattered near-field signal was
combined with the reference field phase modulated by a mirror
vibrating at 307 Hz. The signal was detected with a mercury cad-
mium telluride detector (MCT, KV104-0.5-A-1-SMA, KOLMAR
Technologies), and then sideband demodulated using an inte-
grated lock-in amplifier, at the sum of the second-harmonic of
the tip tapping frequency and the mirror vibrating frequency. All
spectra were normalized against either gold regions several tens
of nanometers away from the antenna or non-resonant gold re-
gions several millimeters away from the antenna. Similar spec-
tra was observed in both normalization procedures, and it was
concluded that the potential indirect illumination artifacts were
eliminated.[*8]

3. Results

We first characterize the unperturbed antenna-MQW coupling as
a function of antenna resonance in each array through far-field
micro-FTIR spectroscopy. Figure 2a shows a series of reflectance
spectra measured with corresponding fits to the coupled oscilla-
tor model. Figure 2b shows the evolution of the two polaritonic
modes in the strong coupling, with 7, = 1315 cm™, and vary-
ing antenna length I, from 1.23 pm with fit values #° = 1843
cm™! and y? =110 cm™, to 1.98 ym with fit values ¥° = 1016
cm™' and y? =110 cm™". The derived coupling strength of g,
= 140 cm™" with splitting 2g,, = 280 cm™" meets the threshold
for strong coupling of the antenna-MQW hybrid system, that a
local minimum appears between two resonances, and that 2 g,
> Uy + Uy, 1490

In IR s-SNOM, the metallic AFM tip provides a controllable
second optical excitation pathway through the near-field tip-
antenna interference in addition to the direct excitation of the an-
tenna by the incident IR beam. We scan the tip along the length of
an antenna under synchrotron IR illumination, in order to con-
trol the near-field interference between the antenna-MQW and
the metallic tip fields.

© 2024 Wiley-VCH GmbH
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Figure 2. Antenna-MQW IR strong coupling a) Micro-FTIR reflectance spectra (solid lines) with fits to the coupled oscillator model (dashed lines) for
a subset of antennas with lengths [, varying from 1.23 pm (blue) to 1.98 pm (brown). The MQW ISB frequency (Ggw = 1315 cm™') is indicated by
the vertical dashed line. b) Derived tuning curves (black circles) of the antenna-MQW hybrid system with fit (black lines) demonstrating the avoided
crossing. MQW frequency (white dashed line) and the length dependent resonance of the antenna (red dashed line) in the absence of coupling are
overlaid. Fits are overlaid on a false-color plot of the spectral response for each antenna-MQW array. c) Corresponding SINS phase spectra for a line
scan along the length of the antenna ¥,,, = 1240 cm™!, with the fit value of Vqw = 1260 cm~! in dashed black. d) Modeled SINS phase spectra based
on the classical coupled-harmonic-oscillator model as a function of tip position with retardation-induced modification of the relative optical driving field

for the tip and antenna.

Figure 2c shows the spectrally resolved line scan as near-field
phase spectra ¢y The quantum well transition fit value (v, =
1260 cm™!, black dashed line) is near-resonant with the antenna
(Ve =1240cm™1, 1, = 1.60 pm) chosen for this experiment, both
of which are red-shifted from the far-field value G;’w (for details
see Supporting Information). As expected, we again observe two
well-separated peaks in ¢y due to strong coupling.

Although the resonances of the quantum well and antenna
are fixed, the addition of the metallic nanotip perturbs the over-
all spectral response. As the tip scans along the antenna, both
the lower and upper polariton peaks appear to blue shift, associ-
ated with a change in the dispersive line shape. Modeled spec-
tra, shown in Figure 2d (for details see below), reproduce the
evolving dispersive line shape and simultaneous blue-shift of the
two modes.

Next, we perform IR s-SNOM under high optical intensity illu-
mination with narrowband ps IR radiation. We set the laser flu-
ence to ~400 kWcm~2, which is near the MQW saturation con-
dition when illuminated in the far-field.?>] We acquire pseudo-
heterodyne near-field spatio-spectral images for each frequency
from 930 to 1530 cm™!, in steps of 50 cm™, average the phase
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¢y over the width of the antenna, and thus derive spectra as a
function of the tip position along the length of the antenna.

Figure 3a—c shows imagesofal, =1.60 pm antenna-MQW si-
multaneously measured as a) AFM topography, b) near-field am-
plitude Ay, and c) near-field phase ¢y with incident light tuned
to 1330 cm™'. We observe the expected dipole pattern of the an-
tenna in ¢ with = phase change between the two poles of the an-
tenna. Figure 3d shows six representative ¢y spectra measured
as a function of tip positions across the antenna, with the location
of the tip for each measured spectrum indicated as points 1-6 in
Figure 3c. With the tip positioned on the left side of the antenna
(position 1-3), we observe the two polariton peaks v, and v_ in
¢y r due to a reduced field intensity caused by destructive interfer-
ence between the tip and antenna field, although the splitting is
reduced compared to the spectra measured under low- intensity
illumination with the synchrotron source in SINS. Scanning the
tip to the opposite terminal of the antenna (position 4-6), the two
polariton peaks merge into a single peak because of the construc-
tive interference with enhanced field giving rise to saturation. In
addition to an evolution of the dispersive line shape, a change in
sign of the overall spectrum is observed.

© 2024 Wiley-VCH GmbH
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Figure 3. Tip-enhanced control of antenna-MQW strong coupling IR s-SNOM nano-imaging of a single antenna-MQW structure, a) topography, b)
amplitude Ayr with a laser tuned to 1330 cm™', and c) corresponding phase ¢y. d) Spectra of ¢ measured as a function of tip positions across
the antenna (open circles in c), with MQW ISB transition frequency 7, = 1260 cm™! (black dashed). e) Surface plot of the ¢y spectra measured as
a function of tip position X along the antenna in steps of 15 nm, with MQW ISB transition frequency ¥,,, = 1260 cm™! (black dashed). f) Schematic
of coupling between antenna, MQW, and AFM tip. The non-resonant tip-antenna interaction modifies the local driving field through spatial antenna

phase-dependent near-field interference. g) Surface plot of modeled ¢y spectra as a function of tip position X for the A¢ and g, parameters shown in
(h). h) Modeled coupling strength g, and A¢ as a function of tip position X along the antenna length.
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4. Theory

4.1. Coupled Harmonic Oscillator Modeling

In order to describe the spectral response dependence on illumi-
nation intensity and nanotip position, we implement an empir-
ical classical coupled oscillator model as illustrated in Figure 3f.
We begin with the equations of motion for the charge displace-
ment x in the antenna, quantum well, and metallic nanotip, re-
spectively. For the antenna and quantum well, we include har-
monic restoring force constants k and damping rate y, while we
assume a Drude response from the metallic tip. Including em-
pirical coupling constants k;;, the equations of motion become

Xiip + 27ip%sip + Ky (%43 —

ant) + Klq(xtlp ) - eEtLp( ) (1)

xunt + kantxunt + Zyuntxant + Ky (xant - xtip) + Kaq (xrmt - xqw) = eErmt(t)

w T kqw qw + 2qu5cqw + Kaq(xqw - ant) + Ktq( qw xtip) =0 (3)
with optical driving fields E;(t) for antenna and nanotip. We as-
sume the quantum well is driven by tip and antenna interaction
only, neglecting direct far-field excitation.

We first solve for the steady-state solutions of the coupled an-
tenna and quantum well in a two-oscillator model. In the case of
small damping, this yields the well-known polariton splitting of
the hybridized modes given by

1
o’ = 3 [a)im + “’éwi\/ (@, — @2,) + 4g§qa)ma)qw] (4)

On resonance, the Rabi splitting is given by Q=2g, =

1 Kagq
— ith K, AN Kaq
e Vs , with o, = 4/ kqw + kg2 dw,, ke +

Including the non-resonant IR s-SNOM tlp, we then solve the
system of three coupled equations for the induced polarization
of the nanotip P, = € - x,;,, which effectively represents the mea-
sured s-SNOM signal (see Supporting Information for details).
We first apply this model to the low optical intensity scenario with
synchrotron radiation, with results shown in Figure 2d for the
quantum well with ¥, = 1260 cm™" and the antenna v,,, = 1240
cm™, with damping rates y,,, = 110 cm™ and y,,, = 110 cm™,
respectively, and coupling strength g, = (140 + 10) cm™". Values
are expressed in wavenumbers in accordance with spectroscopic
convention and easier comparison with the experiment. We rep-
resent the metallic tip using the Drude-Lorentz model by setting
the restoring force constant to zero and typical damping rate to
150 cm™! (z, =~ 30 fs) determined by the electron scattering time.
We use free parameters for the phase and amplitude of the driv-
ing field for the tip relative to the driving field for the antenna.

Figure 2d shows the spectral evolution of the antenna-MQW
system as a function of the tip position X based on a global fit. In
this model, changes in the spectral response with tip position are
calculated assuming a lowest-order linear dependence on tip po-
sition, implemented as a global fit. We find that the overall change
in dispersion and the appearance of a blue shift in the peaks of
both the upper and lower polaritonic modes is well reproduced
by varying the phase A¢ and amplitude of the optical driving field
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for the optical antenna relative to the nanotip E,, = E,,,¢. That
phase A¢ increases by z radians, changing linearly with the nan-
otip position X, while all other physical parameters remain con-
stant including the coupling strength g, = 140 cm™, which is
identical to the value we observe in micro-FTIR, i.e., in the ab-
sence of the tip (Figure 2a,b).

We then apply the model to the case of high optical intensity
with fixed parameters (see details in Supporting Information)
for antenna and MQW resonance. We assume a linear depen-
dence of antenna-MQW coupling strength g,, on the tip posi-
tion based on the approximate linear variation of the driving field
with tip position along the antenna for the global fit, as shown in
Figure 3d (dashed lines).

Figure 3h shows the resulting variation of g,, decreasing from
8.q=73cm ™' tog, =24 cm™! as a function of tip position along
the antenna. Note that the largest coupling strength value of g, =
73 cm™! with the tip at position 1 is lower compared to the value
measured under low optical illumination conditions. With the tip
positioned on the opposite antenna terminal (position 6) with g,
= 24 cm™!, the system is in a weak coupling regime. Figure 3h
also shows that the relative phase A¢ between IR driving fields of
the antenna and tip changes by z radians. The amplitude of the
driving field is greatest at the two ends of the antenna, reflect-
ing the dipolar response of a half-wavelength antenna. We show
the comparison between experimentally measured and modeled
¢y in Figure 3f,g as well as the corresponding experimental and
modeled A in Figure S4a,b (Supporting Information). The over-
all change in dispersive line shape and sign of the ¢ spectra, as
well as the decrease and disappearance of splitting between up-
per and lower polaritons are well reproduced by varying the IR
driving field for the nanotip relative to the antenna in the model.

The observed collapse of hybrid mode splitting with nanotip
position is only reproduced assuming a decrease in coupling
strength g,, between antenna and MQW. This supports the inter-
pretation of a saturation-induced transition from strong to weak
coupling when the coupling strength g,, drops below the com-
bined antenna and MQW loss rates.

Figure 4a illustrates the transition from weak to strong cou-
pling, based on the parameters as determined by the experiment
above. We model an increase in g,, increasing from 20 to 100
cm™! with constant A¢ = 0.5 rad, ¥,,, = 1240 cm™', and V,, =
1260cm™!. Modeled spectra illustrate the appearance of the two
polaritonic eigenstates for g,, 2 75 cm™'. Figure 4b shows spec-
tra for selected values of A¢ (-2 to 3 rad) for fixed g, = 75 cm ™,
illustrating the changes in dispersive line shape and simultane-
ous spectral shift of both modes. Only by varying both A¢, and g,
we are able to model the simultaneous collapse of the polariton
bands into a single peak and the dispersion dependence on tip po-
sition that were both observed in the high intensity experiment.
These results precisely demonstrate the localized modification of
tip-induced phase retardation in cavity excitation pathways.

4.2. Coupled Maxwell and Density-Matrix Equations
We now interpret the experimental results in terms of the model
which describes the dynamics of the classical electric field of

the antenna mode coupled with the quantum-mechanical den-
sity matrix description of subband populations and intersubband
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Figure 4. Classical and quantum model of antenna-MQW strong coupling a) Spectral evolution based on coupled-oscillator modeling as a function of
gaq» With the asymmetric splitting of the two polaritonic states, with A¢ = 0.5 rad, 7,,,, = 1240 cm~!and Vqu = 1260 cm™'. b) Spectra with 8aq =175 cm™,
varying the A¢ from 3 to -2 rad. c) The spectra of ¢y based on density matrix formalism for four different excitation field amplitudes f and phases.

polarization in the semiconductor MQW structure used in the
experiment. This approach is based on the designed parame-
ters of QW band structure: doping concentration, transition fre-
quencies, realistic values of the intersubband dipole matrix el-
ement, intersubband transition broadening, and upper subband
lifetime. The density matrix approach correctly describes the cou-
pling of light to ISB transitions and the saturation effects of the
strong electric field of the antenna with a minimum amount of
free parameters and complements the classical description. In
fact, the only arbitrary fitting parameters in the model are the
amplitude and relative phase of the external tip excitation with
respect to the antenna mode.

The coupled cavity field and density-matrix equations can be
written as®!]

de 2de 5, _ 4al d p

B T T e = +1() (5)
dzp 2 dp Zdzwqw(An)e

w T a e b = n ©)
dAn  An—An, ¢ dp

T heyd @)

Here, e(t)€(7) is the electric field of the electromagnetic mode in
an antenna cavity with effective dielectric constant ¢ and field
decay time Tp; f(t) is an external excitation, mostly due to the
tip; ®,,, is the mode frequency in the cold cavity, i.e., without
the resonant contribution from intersubband transitions; w,, is
the transition frequency between subbands 1 and 2 neglecting
nonparabolicity which is insignificant for this structure as com-
pared to the homogeneous broadening; p(t) = Tr[dj]/ V is the av-
eraged (traced with density matrix j) intersubband polarization
due to transitions between subbands 1 and 2 only, and assum-
ing that time and space dependence of the polarization can be
factorized; I' ~# 0.8 is a normalized overlap integral of the spa-
tial distribution &(7) of the cavity field with the spatial distribu-
tion of the polarization within the cavity volume; An = n, —n, is
the volume density of the population difference between lower
and upper subbands (in 1 cm~3); An, ~ n, is the same popula-
tion difference in equilibrium in the absence of any excitation,
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when it is equal to the ground state subband population density
neglecting thermal excitation to upper subbands; d is the magni-
tude of the intersubband dipole moment, which is oriented along
z-direction (the QW growth direction); T, and T, are relaxation
times of the population difference and polarization. In writing
Equations (5-7) we neglected many-body Coulomb effects since
they are insignificant at our moderate level of doping.

For weak excitation An ~ An,, Equations (5 and 6) are linear.
One can take the Fourier transform of these equations assum-
ing « exp(—iwt) dependence and solve the algebraic equation for
eigen-frequencies and the equation for the scattered field spec-
trum « E(w). For strong excitation one needs to integrate the non-
linear set of equations, usually numerically.

The above equations can be further simplified in the rotating-
wave approximation for slowly varying complex amplitudes of
the electric field E(t), polarization P(t), and the excitation term
F(t), as long as all frequencies of interest are close to each other
and all coupling strengths are small as compared to w,, and

Usmg €= —E( ) exp(—iwt)+ c.c., p = %P(t) exp(—iwt)+ c.c.,

ant

and f = —cu F(t) exp(—iwt)+ c.c., one can obtain

ant

r + (—E+l( am—a)))E B P+F (8)
ap 1 id> AnE

- P=
T + <T2 +l( a))) 7 9)
dAn - An, _ "
i + T = —-Im(E*P)/2h (10)

For weak excitation and in the absence of any losses one ob-
tains the usual anticrossing at w,,, = with splitting by +w,
at resonance. Here

qW’

2
ol 8aTd’w,, An, )
he

is a square of the so-called cooperative frequency which measures
the strength of the coupling between the two-level system and the
electric field.

If the excitation pulse is much longer than all relaxation and
dynamic times in the system (which is true in our case), we
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can solve the equations analytically in steady-state. We drop time
derivatives in Equations (8-10), eliminate the polarization and
populations, and solve for the complex amplitude of the antenna
field E,

ol vy + i@ —w,))E

(@ =i(®— @,,) ) E+ — =F (12)
4}/;1»11 14 (wqw - w)z ﬁ
yz E?
qw sat

where a = Ti and y,, = Ti The saturation field squared is de-
E 2

fined as
2n%y,,
Eu= g (13)

Figure 4c shows the spectral phase of the antenna field normal-
ized by the saturation field for four different excitation field am-
plitudes and phases, and for the same QW and antenna resonant
frequencies and damping rates as used for the coupled harmonic
oscillator model shown in Figure 3. The variation of the excitation
amplitude, defined as f = |F|/(r,, E,), simulates the variation of
the tip position from 1 to 6 in Figure 3a with excitation phase flip-
ping by x radians between the bottom curve and the top curves.
These results reproduce the effect of saturation of the population
difference across the intersubband transition which switches the
system from the strong to weak coupling regime (for parameters
see Supporting Information).

5. Discussion

The results demonstrate nanotip near-field localized modifica-
tion of IR electronic strong coupling between a single nano-
antenna and a MQW ISB transition. Here, the IR nano-
antennas, with their high spatial field confinement and re-
duced mode volume, act as plasmonic nanocavities giving
rise to the observed IR ESC.’?] While plasmonic nanocavi-
ties exhibit higher loss rate and lower quality factor compared
to phononic nanoresonators,[>>>*! or Mie modes of dielectric
nanoresonators,[?*! they provide for high bandwidth and tunabil-
ity.

Quantum-engineered MQW ISB transitions with large and
controllable transition dipoles and ultrafast relaxation times
offer mid-infrared strong light-matter interaction on ultrafast
timescales at room temperature.[*>5%] The MQW ISB transition
dipole (d/e ~ 1.76 nm in this work) is about two orders of magni-
tude larger than IR active molecular vibrations (d/e ~ 2.08 x 1072
nm for C=0 carbonyl stretch modes,*! d/e ~ 0.705 x 1072 nm
for C—H stretch modes!*’]). This enables the MQW system to
readily reach the strong coupling regime when coupled to a plas-
monic cavity despite the relatively low doping density (An, ~
10 cm=? in this work), compared to the number of atoms per
volume in bulk PMMA (n ~ 10** cm~?). However, the higher den-
sity of oscillators in molecular films can compensate for their
weaker transition dipole. One would thus expect similarly large
coupling strength in IR antennas coupled to, e.g., a thin PMMA
film, when sandwiched between metallic ground plane and an-
tenna. This would provide a perspective to achieve vibrational
strong coupling and control in nanoscale molecular ensembles.
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With our antenna-MQW heterostructure, we further control
the light-matter interactions through nanotip controlled local
interference based on saturation of the quantum well state.
Using nanotip positioning to induce constructive and destruc-
tive excitation interference at the representative antenna ter-
minals, and the associated transition from weak to strong
coupling, demonstrates dynamic local control of strong cou-
pling. Metallic tips have been shown to manipulate coherent
coupling interactions between plasmonic and polaritonic ma-
terials and molecular transitions,?25354%8] which is achieved
through interference between different excitation pathways in
optical cavities.[*?*] Compared with far-field low-resolution
excitation,[?>%%] the deep sub-wavelength field confinement of the
nanotip offers a platform for coherent phase manipulation in the
near-field through spatially dependent coupling and local inter-
ference, which provides efficient nano-optical control of infrared
electronic strong coupling.

In previous studies,>*** the antenna coupling to molecular
vibrations is modeled by a classical two-oscillator model, where
the tip is assumed to only passively interact to provide for the
tip-scattered signal emissions, but not manipulate the coupling
interaction itself. However, in our case, taking advantage of the
phase retardation between the metallic tip and antenna, the tip
provides for the active local modification to the excitation path-
ways of the antenna in two ways: Under weak excitation, the an-
tenna and MQW are strongly coupled with a constant coupling
strength of g, = 140 cm™" and remain unperturbed by the tip
interaction. However, the tip modifies the phase of the excitation
field, giving rise to changes in spectral lineshape of the antenna-
MQW signal. Under strong excitation, the tip-induced interfer-
ence pathways in addition change the local driving field strength
giving rise to the saturation induced modification of coupling
strength g, from 73 to 24 cm™.

In previous work,[*!] we demonstrated phase-controlled exci-
tation using a similar non-resonant tip to modify a hybrid state
of an optical antenna coupled to molecular vibrational modes,
and we modeled the scattered spectrum through a classical
model for electromagnetically induced scattering (EIS). Several
studies have investigated the saturation of cavity-coupled vibra-
tional modes in weakly coupled systems, including observation
of decreased Rabi coupling in pump-probe measurements.>”!
Vibrational modes have also been investigated as a route toward
control of the Rabi splitting through saturation,®®! including
measurement of strongly coupled W(CO),."l Although the
anharmonicity of the bond could be expected to sufficiently shift
the v; — v, to cause a saturation effect with a high population of
v = 1, it was found that this was not possible under practical con-
centrations. In this work, we utilize the sufficiently anharmonic
MQW intersubband transition with its large transition dipole
to demonstrate control of Rabi splitting in a strongly coupled
system by varying the position of the tip above the antenna.

Our combined experimental and theoretical results demon-
strate a robust and generalizable route toward dynamic con-
trol of strong coupling with a saturable quantum transition,
also implying a new regime for exploring the coherent and tun-
able IR electronic strong coupling between quantum-engineered
large ISB transition dipoles and open system nano-cavity plas-
monic resonances at room temperature. The coupling between
the MQW ISB transition and the local electromagnetic field
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in the plasmonic nano-cavity is controlled by ground state de-
pletion, which could be applicable in quantum state control
and ultrafast quantum information processing at mid-infrared
frequencies.[?32535521 We have demonstrated the potential for lo-
calized and dynamic modification of quantum states and excita-
tion pathways via a non-resonant nanotip. Possible applications
include nano-scale sensing, single-emitter femtosecond spec-
troscopy, and quantum information processing and computing,
which highlights the potential for optical control of power lim-
iters or saturable absorbers on the nano-scale.

Supporting Information

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