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Abstract

Cavity electrodynamics offers a unique avenue for tailoring ground-state material properties, excited-state
engineering, and versatile control of quantum matter. Merging these concepts with high-field physics in the
terahertz (THz) spectral range opens the door to explore low-energy, field-driven cavity electrodynamics, emerging
from fundamental resonances or order parameters. Despite this demand, leveraging the full potential of field-driven
material control in cavities is hindered by the lack of direct access to the intra-cavity fields. Here, we demonstrate a
new concept of active cavities, consisting of electro-optic Fabry-Pérot resonators, which measure their intra-cavity
electric fields on sub-cycle timescales. We thereby demonstrate quantitative retrieval of the cavity modes in amplitude
and phase, over a broad THz frequency range. To enable simultaneous intra-cavity sampling alongside excited-state
material control, we design a tunable multi-layer cavity, enabling deterministic design of hybrid cavities for polaritonic
systems. Our theoretical models reveal the origin of the avoided crossings embedded in the intricate mode dispersion,
and will enable fully-switchable polaritonic effects within arbitrary materials hosted by the hybrid cavity. Electro-optic
cavities (EOCs) will therefore serve as integrated probes of light-matter interactions across all coupling regimes, laying

the foundation for field-resolved intra-cavity quantum electrodynamics.

Introduction

In recent decades, electromagnetic cavities have been a
focus of intense research interest, providing experimental
verification of cavity quantum electrodynamics principles,
such as Bose-Einstein condensation in condensed matter’
and atomic systemsz, as well as control over quantum-
entangled cavity states®. Cavity electrodynamics has even
been extended to on-chip photonic cavities™”, along with
demonstrations of complex cavity-coupled transport® and
chemistry’. Although these developments lead to sig-
nificant impact across numerous scientific disciplines,
they primarily focus on the visible (VIS), infrared (IR), and
microwave spectral regions, corresponding to cavity
eigenenergies outside the range of the majority of
condensed-matter excitations. These fundamental, low-
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energy excitations are driven instead by picosecond (ps)
electric field variations, and are therefore native to the
ps™ =1 THz spectral region. Recent advances of carrier-
envelope-phase-stable, high-field THz sources—spanning
few to tens of THz, with peak field strengths on the order
of 1-100 MV/cm, respectively® '—open the door to
high-field studies in the THz spectral region, thus setting
the stage for fundamental investigations of cavity quan-
tum electrodynamics.

The objectives of contemporary THz-cavity research are
two-fold: Firstly, achieving cavity-induced renormalization
of equilibrium material properties’’ ™', in the absence of
external field driving, and secondly leveraging the resonant
interactions between driven cavity modes and an active
material, towards ultrafast control and dynamic design of
coherently-driven, non-equilibrium states'®. Cavity-induced
renormalization of ground-state material properties has
been explored in numerous theoretical works'"'?, and has
recently seen experimental verification in a strongly altered
insulator-to-metal transition in 1T-TaS,'* Theoretical
proposals include the transition from a quantum
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paraelectric to ferroelectric ground state in SrTiOs'?, an
anti-ferromagnetic to ferromagnetic transition in a-RuCls'",
and cavity-enhanced electron-electron attractions in pursuit
of enhanced superconductivity'>'®'”, The second class of
proposals aim to leverage strongly-coupled light-matter
states, termed polaritons, which are formed when the light-
matter energy exchange rate exceeds the total system’s
decoherence rate. Broadband, coherent excitation spanning
these new resonances leads to time-domain beating at the
Rabi frequency, as observed by coupling cavity modes to
either phononic'*'®*~** or magnonic®* > resonances. These
new states are proposed as promising handles for control-
ling high-field interactions, such as nonlinear phononics'?,
or enhanced phonon-driven superconductivity”®. Further
notable polaritonic effects can be accessed using near-field
approaches, for targeting materials with intrinsic polar-
itons®”?®, In this work, we focus on bulk cavities, which are
readily accessible using far-field radiation, thereby conser-
ving not only momentum, but also complex polarization
states of tailored light™.

Although numerous applications of THz cavity physics
have been proposed, the question remains, how can we
best exploit the powerful tools of sub-cycle THz physics
in the context of cavity electrodynamics? Most impor-
tantly, THz time-domain spectroscopy allows for the
direct retrieval of amplitude- and phase-resolved electric
fields®. This technique is particularly well suited to
identify polaritonic effects, where strong light-matter
coupling is directly observed, evidenced by Rabi oscilla-
tions between the polariton eigenstates'®'*?*>>, Never-
theless, in all THz cavity measurements conducted to
date, light-matter coupling has been assessed in an
indirect way, by studying light that’s emitted from the
cavity, i.e. after the fundamental process of light-matter
coupling has occurred. THz-based techniques have thus
been used as an extension of conventional VIS and near-
IR techniques, unlocking amplitude-'* and phase-
resolved® cavity mode information. However, these stu-
dies suffer from several limitations: the transmitted elec-
tric field is significantly weaker compared to the intra-
cavity fields, and is distorted after traveling through dis-
persive cavity mirrors. Furthermore, the mirror substrates
introduce reflections'®??, whose destructive interference
can be detrimental to coherent driving. These limitations
can be overcome if the electric field is instead measured
inside the cavity itself. It is therefore of fundamental sci-
entific interest to enable in-situ measurement of cavity
electric fields to unlock the full potential of THz cavity
electrodynamics, enabling sub-cycle, and local measure-
ments of exotic light-matter coupling states, directly
where and when they are emerging within the cavity.

In this work, we demonstrate the amplitude- and phase-
resolved measurement of intra-cavity fields. For this
purpose, we develop a versatile platform of electro-optic
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cavities (EOCs), by integrating an electro-optic active
medium within a Fabry-Pérot cavity. We develop a simple
cavity correction function, accounting for both linear and
nonlinear dispersive effects, as well as further local and
non-local sampling effects, allowing us to extract the
quantitative cavity electric fields. We establish EOCs
across various cavity lengths and quality factors, and
furthermore prototype a continuously-tunable hybrid
EOC—a cavity consisting of a pair of electro-optic crystals
separated by a tunable air gap. The latter structure sur-
prisingly exhibits avoided crossings of its cavity modes, a
typical signature of strongly-coupled oscillators, observed
here without the inclusion of an additional active material.
To understand this behavior, we develop a cavity field
model, and a complementary coupled-oscillator model,
which together explain these surprising observations. This
detailed understanding directly informs deterministic
design of hybrid EOCs, offering in-situ field sampling and
tailored material interactions across all light-matter cou-
pling regimes, while operating on sub-cycle time scales.

Results
Measuring intra-cavity fields

We demonstrate in Fig. 1, to our knowledge, the first
direct measurement of the phase-resolved fields inside a
Fabry-Pérot cavity. Here, we use the simplest design of an
EOC, where the inversion-symmetry broken crystal fully
fills the cavity, and its end facets are coated with thin gold
films, functioning as the cavity end mirrors. This compact
design allows for accurate and sensitive measurement of
cavity fields, as depicted schematically in Fig. la, while
simultaneously eliminating complications arising from
end-mirror substrates'®*®, The cavity field is driven by
intense, single-cycle THz pump pulses (see Fig. 1b), and is
probed with synchronized, 20 fs VIS pulses (see Methods
M1). The probing of intra-cavity fields is achieved via the
linear electro-optic (EO) effect (Pockels effect), where the
THz field induces an effective transient birefringence
according to its local amplitude, which is then experi-
enced by the probe pulse®*. The EO effect is mediated by
the 2"%-order nonlinear susceptibility of the inversion-
symmetry-broken electro-optic crystal. The resulting
transient birefringence is extracted from the transmitted
probe pulse polarization via a balanced-detection scheme
(Fig. S9), as a function of pump-probe delay time ¢,
thereby constituting the EOC signal Sgoc(t).

To demonstrate the broad applicability of our approach,
we implement the cost-efficient and widely-available
crystalline z-cut a-quartz as the cavity medium, which
exhibits a relatively weak EO activity®*, The extremely
broadband, single-cycle THz pulse (Fig. 1b) which trans-
mits into the cavity will undergo numerous internal
reflections, leading to the observed pulse-train signal
Seoc () in Fig. 1c. This intra-cavity signal, while largely
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Fig. 1 Electro-optic measurement of intra-cavity fields. a The cavity THz electric field (red) induces a local, transient birefringence as it travels
inside an a-quartz electro-optic cavity (EOC), which is read out from the transmitted polarization state of an ultrashort co-propagating probing pulse
(green), as a function of the relative time delay t with respect to the incident single-cycle THz pulse (blue). b Incident ultra-broadband single-cycle
THz field, measured by free-space EO sampling in z-cut a-quartz. ¢ Intra-cavity EO signal generated from the input THz pulse in panel (b), for a quartz
cavity length of 44 ym, and a nominal deposited gold mirror thickness of 14 nm. The standard error is represented here, and in panels (d, e), as a
lighter area. d Quantitative, intra-cavity electric field derived from the inverse Fourier transform of the complex cavity spectrum in (e). @ Normalized
cavity spectrum derived from the measured EOC signal in (c) after applying the cavity correction function. Amplitude (red) and frequency-resolved

phase (gray) are shown in comparison to the normalized spectrum of the incident broadband pulse in panel (b)

corresponding to the cavity field, nevertheless exhibits
clear signatures of probing effects. Most notable are the
probe-pulse reflections inside the EOC, evidenced by the
clear rise-time of the EOC signal’s envelope. To extract
the true cavity electric field, we develop a cavity correction
function®* > to de-convolve the field from the effects of
the probing mechanism (see Methods M2, Fig. S10).
Based on EO linear response theory****, we apply our
complex-valued, frequency-domain cavity correction
function, hpoc(Qmh,), to the EOC spectrum via
Ecav(Q1Hz) = Seoc(Q1hH2) /MEOC(QTH,). This correction
function compensates for various probing effects, namely
the refractive index mismatch of the THz and visible
probe pulses, the cavity reflections of the probe pulse, and
the dispersion of the 2nd order nonlinear susceptibility. In
contrast to typical detector response functions, we include
the reflection of the probe pulses from the gold films,
which lead to the prominent rise-time of Sgoc(t). By
application of this cavity correction function, we obtain
the cavity electric field (Fig. 1d), which is the inverse-
Fourier transform of the complex, de-convolved spec-
trum, Ecy(Qrn,) (Fig. 1le). Notably, the time-domain
electric field no longer displays a rise-time, as the probe
pulse reflection effects have been de-convolved from the
THz electric field. The cavity spectrum reveals clearly-
identified cavity modes (red), with a ~m phase shift (black)

across each cavity resonance, in correspondence with
theoretical expectations from periodic sampling of an
internally-reflected pulse (see Supplementary Discussion
2). Thus, we have established reliable extraction of
quantitative, phase-resolved intra-cavity electric fields,
using a simple cavity correction function—a critical step
towards characterizing and controlling field-driven phe-
nomena in more complex cavities.

Monolithic electro-optic cavities

To engineer cavity fields on demand, we precisely
design cavity mirror reflectivities and cavity optical
lengths by changing the deposited gold film thickness and
quartz crystal length, respectively. In Fig. 2a, b, we show
the intra-cavity fields, and corresponding spectra, as a
function of quartz thickness, thereby adjusting the round-
trip time of the THz pulses in the cavity, and therefore the
cavity eigenmode spacing. The cavity spectra in Fig. 2b are
offset according to the quartz crystal length, demon-
strating perfect agreement with the numerically-
calculated cavity eigenfrequencies (light blue lines). To
illustrate the capability to systematically tailor cavity
quality factors, we show in Fig. 2¢, d the cavity fields and
corresponding spectra as a function of increasing gold
film thickness. The cavity fields exhibit an exponential
increase in the number of detectable THz pulse internal
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Fig. 2 Monolithic electro-optic cavity design. a Measured time-
domain intra-cavity fields, for quartz cavity lengths of 92, 82, 56, and
44 um. Nominal deposited gold thickness for all samples is 10 nm.
Standard error is represented here, and in panels (b-d) as a lighter
area. b Cavity spectra corresponding to the cavity fields in panel (a)
offset according to the cavity length. The intersections (blue ticks) of
the computed cavity dispersions (light blue) with the experimental
baselines (horizontal gray lines) highlight the perfect agreement to
the experimental mode peaks (vertical gray lines). The gray regions are
excluded to suppress zero-crossings of the cavity correction function.
(€) Measured time-domain intra-cavity fields of a 44 um-long quartz
cavity for nominal deposited gold thicknesses of 14, 12, 10, 8 nm.

d Cavity spectra corresponding to the fields in panel (c) including the
mode-specific quality factors for the 14 nm Au mirror cavity (top
trace). e Intra-cavity peak fields (black dots) and quality factors (blue
dots) of the 3.3 THz mode (dashed line in (d)), as a function of the gold
layer thickness. The dashed lines are derived from electromagnetic
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reflections, and an equivalent linear reduction in the
Lorentzian linewidth (see Methods M3). Figure 2e shows
the peak fields and quality factors of the 3.3 THz mode
(dashed line in Fig. 2d), for a systematic study of deposited
gold thicknesses. The delayed onset of cavity signatures is
attributed to the nucleation of gold islands during the
thin-film growth process. These islands must grow large
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enough to physically overlap for the emergence of mac-
roscopic metallic behavior to occur®”*®, The experimental
data (dots) are in good agreement with our electro-
magnetic modeling (dashed lines), with which we have
experimentally identified metallic behavior onset at da, ~
7.7 nm (see Methods M3 and Fig. S11). This systematic
study demonstrates that the cavity quality factor can be
tuned to match any fundamental resonance in the THz
spectral region and highlights the capability for
frequency-tailored EOCs.

Tunable hybrid electro-optic cavities

Advancing the concept of frequency-tunable EOCs
further, we develop an experimental platform of hybrid
EOCs, which allow continuous tuning of the cavity mode
frequencies in a single device, while still maintaining the
capability for intra-cavity EO sampling. We achieve this,
as depicted in Fig. 3a, with a pair of quartz crystals (Lqy,
=44 um), each coated with a gold layer on the exterior
facet (day =8nm) and separated by a piezo motor-
controllable air gap of size L. A representative hybrid
EOC signal (Lay =167 pm), shown in Fig. 3b, appears
evidently more complicated than those observed for the
monolithic cavities shown in Fig. 2. The origin of this
complexity is revealed in the accompanying spectrum
(Fig. 3c), which exhibits numerous cavity modes, with
non-equidistant mode frequencies, each with differing
signal strengths and linewidths. A systematic scan of the
air gap lengths in Fig. 3d, e unveils continuous evolution
of discernable features in the time and frequency
domains, respectively. We highlight the avoided crossing
signatures in Fig. 3e (see details in Fig. S15c), which
typically appear in the presence of strong light-matter
coupling, as well as an apparent oscillation of mode
strength across the observable frequency range.

To better understand these experimental features, we
simulate using the Scattering Matrix Method (SMM; see
Methods M4) the frequency-resolved transmission of the
cavity structure, and can thereafter extract the cavity
resonance frequencies, which we overlay onto the
experimental spectra in Fig. 3e. The perfect agreement of
these extracted mode dispersions with our experimental
data implies that the observed intensity modulations must
arise as a consequence of the hybrid EOC design. Because
the SMM simulation does not retain information on the
spatial distribution of the fields, it is not capable of pro-
viding further physical insight necessary to understand
these experimental signatures. Notable among these sig-
natures are the origin of the non-equidistant frequency
spacing of the modes, and their periodic signal modula-
tion along the horizontal frequency axis in Fig. 3e, both
necessitating further analysis.

We therefore develop two complementary models—a
cavity field-based and a coupled-oscillator model, to
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Fig. 3 Tunable hybrid electro-optic cavities. a Tunable hybrid EOC design, implemented by a pair of electro-optic crystals with gold mirrors on the
exterior facets, and a remotely-controllable air gap of size La;y. b Representative EO signal of a hybrid EOC with an air gap size of Ly = 167 um.
Standard error of EOC signal is represented here and in (c) by light areas. ¢ Corresponding EOC spectrum of (b). d Systematic measurement of EOC
signal (false color) as a function of the air gap size Ly, where the dashed line indicates the gap size shown in (b, c). e Continuous EOC spectra (false
color), derived from panel (d) with mode eigenvalues from Scattering Matrix Method (gray lines) overlaid

understand the signal modulations and the origin of the
avoided crossings, respectively. In addition, the cavity-
field model®® provides a quantitative handle to maximize
light-matter coupling at the air-quartz interface where
samples can be hosted in future studies. To construct this
model, we simply identify cavity electric field solutions
which are continuous, and whose wavevectors in air and
quartz are dictated by the refractive indices (see Methods
M7, and Fig. S12). These few simple assumptions yield: (1)
the numerically-calculated eigenfrequencies, Q7(La;,) for
each mode index q, for every choice of air gap size Laj,
and (2) for each mode the corresponding spatial field
distribution E9(Lay;z). To demonstrate the excellent
agreement with the experiment, we overlay the eigenva-
lues obtained from the cavity-field model onto the
nonlinear-susceptibility-corrected ~ experimental EOC
spectra in Fig. 4a (see Methods M5). For the coupled-
oscillator model, however, we consider the cavity as
consisting of interacting sub-cavities: the standing wave
modes supported natively in the quartz crystals and in the
air gap (see Methods M9 and Figs. S15 and S16). The
resulting coupled modes not only perfectly reproduce
again the experimental eigenvalues, but also provide an
intuitive understanding of the origin of the avoided
crossing features. In the following, we will show how,

taken together, these two models provide comprehensive
yet intuitive explanations for the experimental signatures.

We identify that the periodic modulation of the EO
signal strength emerges as a consequence of the changes
in the modes’ spatial field distributions across the EOC
dispersion. Using the analytical field distributions, we
quantify the amplitude coefficient of the field within the
quartz layers, normalized against the value inside the air
gap (see Methods M8). Because this parameter directly
reflects the amplitude of the mode inside the quartz
crystals where we measure the EO signal, we term this
ratio the prominence factor P?. By coloring the overlaid
eigenfrequencies according to their associated promi-
nence factors in Fig. 4a, we highlight the origin of the
strong signal modulation arising due to the field sup-
pression within the quartz layers. To further elucidate this
relationship, we show in Fig. 4b the calculated spatial
structure of the eigenmodes’ intensities, up to 4 THz, for
Lir = 167 pm, where each trace is colored according to
the prominence factor. Focusing on the 7" eigenmode’s
exemplary intensity profile in Fig. 4c, we track its evolu-
tion with increasing air gap sizes across one period of the
prominence factor cycle, for specific cavity configurations
denoted by the dots in Fig. 4a. Strikingly, the prominence
factor is maximized (Pmax = 1) when the eigenmode has
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cavity features and active EOC design principles. a Corrected EOC
spectra are displayed (false color), with overlaid eigenvalues obtained
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their respective prominence factor value P?(Lx;). b Spatial mode
intensity profiles for gap size La; = 167 um, offset by mode frequency,
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mode’s intensity profile plotted as a function of air gap length,
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oscillation. d The evolution of signal strength (saturation), linewidth,
and prominence factor (hue) are shown at 2.55 THz, as a function of
quartz length and air gap size. The experimentally-implemented
quartz length is denoted by the dashed line. e Corrected EOC spectra
at air gap sizes corresponding to a resonance at 2.55 THz (top, green),
and anti-resonance (bottom, red), corresponding to those in (d)

an anti-node at the air-quartz interface, and minimized
(Pmin =1/ Ny R 0.5) when there is a node at the inter-
face. We will demonstrate shortly how this connection
between the prominence factor and local field amplitudes
will be important for purposes of engineered light-matter
interactions.

Beyond the signal amplitude modulation, the cavity-
field model also reproduces the EOC dispersion, and
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avoided-crossing signatures therein. It does not, however,
provide an intuitive explanation as to their origin. In the
coupled-oscillator model, by contrast, the avoided cross-
ings directly emerge from the coupling between standing-
wave resonances within the quartz crystals and those in
the air gap (see Methods M9, and Figs. S15 and S16). In
this model, the coupling strength between the two
families of resonances is given roughly by the Fresnel
transmission coefficient between the quartz and air layers
(see Methods M9 and M10) and is inversely proportional
to the THz frequency. Because both models reproduce the
EOC dispersion perfectly, the regions of high prominence
factor are correlated with eigenmodes possessing a large
quartz standing-wave character. This eigenmode char-
acter has implications not only for EOC field sensing, but
also for future studies of light-matter interactions, as we
explore next.

Precise and targeted cavity design will play an important
role for future studies of intra-cavity sampling of strong
light-matter coupling. As a first step, we demonstrate how
the prominence factor should be consulted as a design
parameter for light-matter interaction, in addition to its
role in EOC-sampling sensitivity presented so far. The
prominence factor P? is directly proportional to the
electric field at the air quartz interface, according to Ej,;
(P1—1/nqw)/(1 —1/nqr,). Therefore, a thin sample
placed or grown on the interior electro-optic crystal facet
will experience that same relative interfacial field Ejy.
Because the relative light-matter interaction strength
scales quadratically with respect to this interfacial field*,
tailoring the frequency-dependent prominence factor P?
plays a key role. We depict in Fig. 4d the modeled evo-
lution of the prominence factor and the theoretical signal
strength (see Methods M6) as a function of quartz crystal
length and air gap size, for an exemplary target frequency
of 2.55THz, for which the prominence factor of the
implemented hybrid EOC is already maximal. With this,
we experimentally show in Fig. 4e that our hybrid EOC
can be actively tuned, from resonant to anti-resonant at a
specific design frequency, demonstrating the capability for
switchable light-matter coupling that can be directly
investigated in an appropriately-tailored EOC. We thus
have shown that the cavity-field and coupled-oscillator
models described herein provide not only understanding
for the measured EOC signal features, but additionally
offer critical cavity-design principles for future in-situ
studies of tunable light-matter coupling.

Discussion

Our results establish in-situ cavity field measurement in
EOCs as a new, integrated probe for low-energy cavity
electrodynamics. Time-domain measurements of cavity
fields are more direct than conventional intensity-based
spectroscopy, where mode details are only implicitly
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described from linewidths and without phase informa-
tion"”. Extending field-resolved methods to include
intra-cavity sampling now unlocks the additional advan-
tages of enhanced, quantitative measurement of the local
cavity fields, in the absence of distortion due to either
reflections in cavity substrates, or end-mirror dispersion
(see Fig. S11). In particular, the reduction in probe field
strength due to the cavity reflectivity is very small com-
pared to the relative enhancement of the principal THz
pulse peak field strengths inside the cavity, as compared to
the transmitted THz pulse, which is quantified by 1/¢Hz
(see Methods M3, Figs. Slla, b). We experimentally
confirm this enhancement by comparison to the trans-
mitted field (see Supplementary Discussion 5 and Fig. S7),
whereby we observe a six-fold enhancement of the cavity
field strength for a nominal gold thickness of 10 nm. We
therefore estimate a relative THz-field enhancement of 25
for the highest quality cavity (d4, = 14 nm) investigated
here.

Our hybrid EOC design extends these concepts by
providing continuous tunability and the potential for
adding active samples for investigations of intra-cavity
light-matter interactions. In the ‘empty’ hybrid cavity
investigated here, we observe a rich mode structure,
spurring development of both a field-based model to
quantify these cavity modes and their properties, as well
as a complementary coupled-oscillator description to gain
further understanding of the delicate interplay between
the various sub-cavities, which thereafter constitute the
hybrid EOC modes. Our detailed analysis of these theo-
retical vantage points will be highly valuable when con-
sidering the addition of an active material, after which the
hybrid cavity optical response will become even more
intricate. Integration of active materials into hybrid EOCs
will yield novel access to light-matter interactions—
namely access to energy exchange on sub-Rabi-cycle
timescales, and furthermore local probing and even con-
trol over tunable light-matter superposition—the latter
two unavailable when viewed by conventional cavity
transmission techniques. Potential ‘active materials’ for
these in-situ investigations of tunable light-matter inter-
actions include conventional polar semiconductors*—
oftentimes displaying very large oscillator strengths—
atomically-thin monolayers or heterostructures of
transition-metal ~ dichalcogenides*!, hybrid organic-
inorganic 3D*"** and 2D lead-halide perovskites*>*,
and novel, magnetically-ordered systems™”.

Implementation of EO sampling inside of THz cavities
will also significantly advance further areas of con-
temporary research. As a prominent example, field-
resolved probing inside a defined electromagnetic cavity
will provide novel opportunities for measurements of
electromagnetic vacuum field fluctuations***’. Most
notably, a high-quality factor EOC constitutes an
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advantageous testing ground for measurement of quantum
vacuum fluctuations, by efficiently excluding sources of
external radiation. Moreover, EOCs are not limited to
either macroscopic environments or the THz spectral
region. Although EO sampling is routinely employed up to
the mid-IR spectral region’, it has recently been extended
even into the visible range®®, allowing for future broad-
band measurements of intra-cavity electric fields. Similar
sampling techniques have been used to sample electric
fields inside of metallic antenna-based cavities**,
demonstrating that although on-chip photonic imple-
mentations lack the dynamic tunability, the general tech-
nique is readily implemented in other near-field contexts,
including even tip-based nano-photonic applications'.
Furthermore, EOCs utilizing quartz are uniquely suited
candidates for chiral THz cavity phenomena®® due to
quartz’s capability for straightforward and rapid mea-
surement of vectorial electric field trajectories™,

In conclusion, we have established versatile and com-
pact designs for a new class of active THz cavities, which
allow for in-situ retrieval of intra-cavity electric fields. By
developing a cavity-correction function formalism for
these EOCs, we have demonstrated a rigorous and reliable
method to extract absolute fields in a quantitative, and
phase-resolved manner. Utilizing straightforward fabri-
cation techniques, we tune the cavities’ quality factors and
resonance frequencies. Furthermore, we have introduced
a hybrid EOC, offering continuously-tunable cavity modes
across the entire THz-frequency range, within a single
device. This fundamental advancement lays the ground-
work for accommodating additional active materials for
in-situ measurement of and control over light-matter
coupling. We understand the rich hybrid mode structure,
including apparent signatures of strong coupling, via
cavity-field and coupled-oscillator formalisms, which will
be key to deciphering signatures of light-matter coupling
in more complicated devices. Therefore, this work opens
new dimensions of THz cavity physics, particularly in the
realms of cavity-controlled ground- and excited state
material properties. This includes possibilities such as
cavity-enhanced THz emission, selectively-driven Floquet
states®®, and cavity-controlled nonlinear THz driving'***,
thus paving the way for comprehensive investigations of
THz cavity quantum electrodynamics.

Materials and methods
(M1) Materials and experimental setup

We performed all electro-optic sampling measurements
using high-field THz pulses emitted from a large-area
spintronic emitter'®, where the pulses were generated by
1kHz, 2.5 m], 796 nm laser pulses, with Fourier-limited
pulse durations of 38fs. The THz pulses at this pump
power have maximum field strengths of ~200kV/cm, as
measured by EO sampling, and are extremely broadband
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(maximum spectral strength at 2.0 THz, with a FWHM
bandwidth of ~3.5 THz), and temporally short (electric
field FWHM of 72100 fs). These THz pulses are sampled
using 20-fs pulse duration, 400pJ, 791 nm broadband
laser pulses from a Vitara oscillator.

Cavity electro-optic sampling measurements are per-
formed using a heterodyne detection scheme, where both
the transmitted probe pulse and the pulse emitted from
the nonlinear polarization are detected simultaneously on
a frequency-insensitive photodiode pair. The sum of these
two pulses can be treated as a single probe pulse which
has experienced an effective field-induced birefringence®”,
which is experimentally extracted using a balanced-
detection scheme (see Fig. S9). This induced rotation is
translated into a quantitative cavity electric field using the
numerical cavity correction function that is described
below.

The gold films were deposited using the standard
technique of electron-beam physical vapor deposition.
The depositions were performed under ultra-high vacuum
conditions of ~7 picobars. The nominal deposited gold
thicknesses reported herein were monitored via a quartz
crystal microbalance.

(M2) Cavity correction function

The functional form of the cavity correction function
used to analyze the EOC signal (see Supplementary Dis-
cussion 3 for extended discussion) is>*3>°%;

2 2 "
B (Q7Hz) =Xiff) (Q7Hz) fczlsz) T pr(@vis, QTHZ)EPT(wViS) e
Epr((*)vis - QTHZ)G(wViS7 QTHz)dwvis
(M.1)

Here, Ep(@yis) is the spectrum of the incident visible-
frequency probing pulse, and E(wyis — Qrh,) that of the
frequency-shifted pulse emitted from the nonlinear
polarization, for a given THz frequency. The other terms
Tors )(gf) , and G will be discussed in detail shortly. In the
assumption of no dispersion within the bandwidth of the
probe spectrum, i.e. by assuming that for the quantitative,
nonlinear susceptibility )(gf) (OTHz, Wyis) = )(gf) (QtH), the
sum-frequency and difference-frequency generation sig-
nals differ only in terms of phase, and therefore the total
quantitative response function applied to the experimen-
tal data is thus given by:

hfun(QTHz) +h; (_QTHZ)
h(Q ,) = un
( b ) fEPr(wViS)E;r(wvis)dwvis

(M.2)

This cavity correction function 4#(Qry,) accounts for
numerous non-local probing effects, each displayed in Fig.
S10, and discussed next.

The phase mismatch function G(wyis, Qrh,) (Fig. S10a)
accounts for the accumulated phase difference between
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the co-propagating THz and probing fields, and is given
by:

eiBkeo (Qrrz,@vis)Law _ 1

M.3
iAkco (QTHZ; C‘)vis) ( )

G((‘)visy QTHZ; LQtz) =

This phase mismatch depends on the fundamental
momentum mismatch of the co-propagating THz and
visible waves Akco (Q1Hz, Wvis) = (MTH(QTHz) — Myis) QTHzs
where we have assumed the refractive index in the
spectral region of the visible probe pulse is practically
dispersionless.

The frequency-dependent nonlinear susceptibility (Fig.
S10b) is given by:

(2)(9 ) = (2) 1+Z CJ'Q/'2
Xeff \34THz) = Xe e _sz__oz

Ty — K2HT

(M.4)

Here, ng) is the purely-electronic (i.e. non-resonant)
component of the 2"%-order susceptibility, whose numer-
ical value is taken from Frenzel, et al.**. The remaining
sum represents the resonant ionic terms, written with
amplitudes relative to the electronic term. The effective
nonlinear susceptibility parameters used here are tabu-
lated for reference in SI Table 2.

The probe pulse transmission 7Tp(@yis, QrH,) (See
Supplementary Discussion 2 and Fig. S10c) is given by the
following:

t int (wvis )

Tpr (wvis ) QTHZ) = (wvis ) e Q1H, TrT (@vis)

M.5
1- riznt ( )

This serves to account for both the Fabry-Pérot internal
reflections (denominator)—separated in time by the
visible-frequency  cavity round-trip time 7pT =
2nQz(Wvis)Lqtz/ Co» Where ¢, is the vacuum speed of light-
and the transmission out of the cavity to reach the pho-
todiode detector is given by £ine(@yis) = 1 — Fint(wyis). The
internal reflectivity ri,; (defined in Supplementary Dis-
cussion 1) is implemented here as a real number, whose
correct value is identified by optimal deconvolution with
probe cavity reflections, where cavity pulses will otherwise
appear (see Fig. 1c) as signals at negative delay times. In
contrast to the conventional application of a detector
response function, we do not consider the Fresnel coef-
ficients for the transfer of the incident pulses into the
cavity, as we do not intend to infer the fields incident to
the cavity, but strictly the intra-cavity fields.

Finally, for the purpose of comparison with electro-
magnetic modeling (see Figs. S11a, b), we also consider
the Fabry-Pérot reflections for the THz intra-cavity pulse
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(Fig. S10d):

1
1— riznt(QTHZ)e*i—QTHzTRT(QTHz)

Ty (Qrhz) = (M.6)

By including this additional term in the cavity correction
function, we identify the principal single-cycle pulse
measured inside the cavity (Fig. S10g).

We have considered here only measurement of forward-
propagation of the principal THz pulse inside the cavity.
In Supplementary Discussion 3 we consider both for-
wards- and backwards propagation of the principle pulse
(see Fig. S5) and characterize our weak measurement of
the backwards propagation.

(M3) Monolithic cavity characterization

The monolithic cavities are characterized by: (1) round
trip times, Trr = 21qwLqw/¢o, and (2) by quality factors,
Q, = Q,/80,, defined for the g™ mode as the ratio
between the cavity mode’s angular frequency, w,, and its
linewidth, computed in terms of energy or spectral
intensity. There is a common, alternative, definition of the
quality factors Q, in terms of the ratio between the mode
frequency and the frequency associated with the energy

loss rate: Q, =0,/ (f;—;), where [rr is the fractional

round-trip energy loss. Refer to Supplementary Discus-
sion 2 for further discussion of the round-trip energy-loss
rate. Because the cavity frequencies are, neglecting dis-
persion, multiples of the inverse round trip time, this
secondary expression reduces to Q, = 2mng/Irr, where it
must however be stressed that this equation is only valid
in situations where Izt < 1.

To display in Fig. 2b the evolution of the cavity eigen-
frequencies as a function of the quartz crystal length, the
cavity eigenfrequencies must be numerically computed if
dispersion from the refractive index is to be accounted
for. The refractive index used for numerical simulations
here is reported in SI Table 1. To achieve this, we identify
the frequency f%,,, = Q%,,,/2m for a given mode index q,
and quartz length Lq,, which satisfy:

QEIFHZ Co _
m 1 7y =0
T 2LQthQtZ ('QTHZ)

We also apply in Fig. 2b a masking function, in order to
suppress the zero-crossing of the phase mismatch func-
tion G(wvis,QTHZ;LQtZ) in longer quartz crystals (see
Supplementary Discussion 4, and Fig. S6).

In Fig. 2e, we show the correspondence between the
experimental and simulated fields and quality factors. The
experimental field strengths are extracted from the full
cavity correction function, where we additionally make a
simple correction for probe scattering from gold island

(M.7)
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nanostructures®®*°, In this approximation, we track the
probe power as a function of gold film thickness, and
correct the cavity probe fields by characterizing the
intensity-proportional scattering associated with the gold
islands (see Supplementary Discussion 6 and SI Fig. 8).
The quality factors are derived from fitting the cavity
fields in Fig. 2d, according to Q, = Q,/5Q,. The theo-
retical results are obtained via computation using a three-
medium model, where a distinction is made between
fields traveling into the cavity, versus out of the cavity (see
Supplementary Discussion 1). The results are shown in
Figs. S11a, b, displaying good agreement not only with the
information shown in Fig. 2e, but also to the internal THz
and visible reflection coefficients inferred from the cavity
correction function. In this analysis, we identify best-
correspondence Drude model parameters for the gold
metal films of Awplasma = 8.5 €V, T'qamp = 8 THz, where we
retain the plasma frequency from Olmon et al.”’. and
varied the damping rate and film onset thickness to
identify optimal agreement with the experimentally-
measured quality factors and internal cavity peak field
strengths.

This three-medium model is then used to compute the
resultant principal pulses emitted from an EOC, using the
experimentally-identified Drude parameters, to demon-
strate the fundamental effects of dispersion caused by the
gold film interfaces (Fig. S11c—e). We note that for the
relatively thin films used in this study, the effect of
spectral dispersion due to the Fresnel coefficients at the
gold-quartz interface dominates the pulse dispersion,
leading to a suppression of low frequencies in the trans-
mitted pulses. Higher quality cavities, which may be
probed with more sensitive electro-optic crystals, will
eventually suffer from absorptive effects in thicker gold
films, leading to the opposite effect.

(M4) Numerical simulation—scattering matrix method

To simulate the total field transmission of the hybrid
EOC, we implement a numerical solution of Maxwell’s
Equations called the Scattering Matrix Method (SMM), a
variant of the Transfer Matrix Method (TMM), optimized
for the case of a strictly isotropic system®®. TMM pro-
pagates the fields through a one-dimensional, layered
electromagnetic structure, taking into account the
boundary conditions at every interface via a transfer
function, and the phase and absorption accumulated
across each region. SMM, by contrast, uses a global
scattering matrix which is constructed across the entire
structure, and used to relate input fields to output fields.
This is a more memory-efficient method, and is con-
structed strictly for linear, homogeneous, and isotropic
materials. This efficiency comes at the cost of an inherent
lack of spatially-resolved information, due to the for-
mulation of the utilized global scattering matrix.
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(M5) Hybrid cavity—corrected EOC spectrum

The ‘corrected” EOC spectra presented in Fig. 4a, e are
obtained by taking the absolute value of the experimental
EOC spectra after dividing by the frequency-dependent,

second-order, effective susceptibility )(gg (Otn), both of
which are themselves complex quantities.

Seoc(Q1Hz)

Sedc(Qrhz) =
X gf) (Qrhz)

(M.8)

In this way, we suppress the ionic resonance in
)(eff (QTHZ) evident in the raw experimental spectra (see
Fig. 3e), in order to highlight the role of the prominence
factor in determining the overall signal strength.

(M6) Hybrid cavity—simulated mode strength

We compute the simulated mode strength
S(Q; Lair, Lqt,) displayed in Fig. 4d, by constructing a
series of complex Lorentzian characteristic lineshapes (see
Supplementary  Discussion 2), centered at the
numerically-identified eigenfrequencies Q’%HZ (LQtZ,LAir),
with linewidths I' = [xrP? (LQtZ, L Air) /TrT, L.e. the product
of the fundamental loss rate with the prominence factor,
divided by the round-trip time. Finally, we multiply by the
prominence factor associated to each model oscillator, in
order to incorporate, to lowest order, the effect of probing
the THz field only inside the electro-optic crystal.
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where the first equation corresponds to modes possessing
even parity symmetry, and the second equation odd ones.
In these equations, the wavevector in air is given by k, =
0,/c,, where Q, = 2nf | is the THz angular frequency,
and ¢, the vacuum speed of light. The wavevector inside
of the electro-optic crystal is then kgo = Q,/c where the
speed of light in the crystal is given by ¢ = ¢,/+/(€£0(20)-
Finally, Lgo is the length of the electro-optic crystal, and
L, is equal to half of the total air gap Laj, i.e. Lcay =
2Lgo + Lair- The corresponding electric fields inside the
cavity are then determined to be the following:

s&‘li(fs% sin(keo (2 +%5%)),  —Lo —Leo <2< — Lo
Eeven(z) = COS(kOZ), |Z| <L,
;nc(isngg sin (kEO (Z - IL) )> Lo >z 2 Lo + LEO
(M.11)
—isin(koL) o (1 Loy e
sin(kgoLgo) SIH( EO (Z + 2 ))~ o 0 <2< o
Eoqa(z) = isin(koz), 2| < Lo
—isin(koLo) s -
sn’i;z(oLi); sin (kEO (Z - L(T))v Lo>z > Lo + Leo
(M.12)

Further details on obtaining these expressions can be
found in Supplementary Discussion 7. The fields for a
select few modes are presented in Fig. S12d, depicting the

N~

S(Qrhz; Lair, Law) = Z P (Lag, LAir)

p i(Qrh, —

THz (LQt27 LAlr) )

T (M.9)

(M7) Hybrid cavity—field-based model

We implement a field-based model to theoretically simu-
late the cavity eigenfrequencies and eigenmodes that are
experimentally observed within the hybrid EOCs. To find
these eigenmodes, we look for cavity electric fields which
satisfy the following constraints: (1) the field vanishes at the
EO crystal-gold boundaries, (2) that the field is continuous
across the air-crystal boundaries, and (3) that the first deri-
vative is also continuous across these boundaries. These
requirements generate from the initial ansatz of plane waves
(see Fig. S12a) two classes of solutions, corresponding to
modes having either even (C = D) or odd (D = —C) parity
symmetry, and which have cavity eigenfrequencies identified
via numerical solutions to the following transcendental
equations:

k]fO COt(kEoLE()) = tan(koLo), ECOt(kgoLgo) =

o o

— cot(koLs)

(M.10)

effect of air gap-size tuning, and the associated promi-
nence factor, as discussed in the next section.

Additionally, we use Snell’s law to account for refraction
at the air-crystal interfaces, where the incidence angle, i,
, and transmitted angle, 0, are defined in terms of the
incident wavevector:

kL

sin(@inc) = k_

sin(@inc) = MO Sil’l(gtr) (M13)

Using this, we generalize the field-based model to non-
normal angles of incidence, resulting in the updated
transcendental equations:

kEO cot(kgo cos(0y ) Lro) = tan (ko cos (Bine)Lo)

(M.14)
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k EO

cot(kgo cos(0y)Leo) = — cot(ko cos(Oine)Lo)

o

(M.15)

We demonstrate in Fig. S13 the momentum-
dependent dispersion of a representative hybrid cav-
ity’s modes, demonstrating why we neglect effects of
cavity dispersion in our analysis of hybrid EOC field
measurements.

(M8) Hybrid cavity—prominence factor

We define the prominence factor as the absolute value
of the normalization coefficient in the EO crystal layer, as
identified from the cavity field model:

Pl (Leo, Lair) = [qooiere)s
’ )
M.16
Pq (L La: ) | sin(koL,) ( )
odd \"“EO» ZAir) — sin(kgoLeo)

The prominence factor has a detailed evolution for each
mode, according to its dispersion (Figs. S12b, d). How-
ever, when evaluated as a function of frequency, we see
that all modes’ prominence factors lie on a single curve
(see Fig. S12c). We identify the functional form of this
curve as the following:

¢ iin(t) ('QTHZ)

P(Qrhz; Leo) =
( THz; EO) 1+ (rgé(QTHZ))ze—iﬂTHzTRT(LEo)

(M.17)
Here we have used rif = (ngo —1)/(ngo +1), and
#08 = 1 — it the internal reflection and transmission
coefficient from the EO crystal into air, and 7p1(Lgo) =
2npoLeo/co. This function oscillates between the value
of 1 and 1/mgo (see Fig. S16¢) and can be understood as
an analog to the Fabry-Pérot transfer functions
considered in the cavity correction function, except
where the constructive interference conditions are
fundamentally modified by the gold mirror, as
discussed next.

(M9) Hybrid cavity—coupled-oscillator model

With this model, we demonstrate that the measured
cavity eigenfrequencies may be understood in terms of the
interaction of simple standing waves that are sustained in
the individual components that constitute the total cavity
structure (Figs. S14—17). We consider coupling between
standing wave resonances in both the electro-optic crystals
and the air gap separating them. In the air gap, the modes
have path lengths of half-integer multiples of the wave-
length, corresponding to typical Fabry-Pérot standing waves
(resonances). The modes in the EO crystals have optical
path lengths of odd-integer multiples of a quarter of the

Page 11 of 14

wavelength in the crystal, differing from those in the air gap
as a consequence of the nodal point imposed by the
external gold mirror (Fig. S15a). The cavity THz frequencies
for these uncoupled modes are therefore given by:

0 21 Co

t _ —
feo = 2t 4 L}aonEo(ff_:o)7 te {roo.. L1, 00}
(M.18)
0% U6
U o= T —_ — ... —10,1,...
fAlr 2T 2LAir7 MG{ o0, IV 700}
(M.19)

For a generic value of THz frequency f, we consider a
finite number N of possible resonance conditions in the
EO crystals and Ny, possible resonance conditions in the
air gap. These correspond to discrete cavity configura-
tions, i.e. values of electro-optic crystal length Ly and air
gap size Ly, respectively, which fulfill:

2t —1c,
ﬂgo(f)LtEO(f): 2 %, tE{—Ngo,... —1,1,...,NEO}ET
(M.20)
Uc,
Ler(f)=§77 ME{*NAih... *170717...7NAH}EU

(M.21)

Normalizing these expressions by the free-space wave-
length A, = ¢, /f yields the following series of equations of
lines (see Fig. S15b, d):

2t -1 u

=2t g, =2 (M.22)
We identify these quantities generally as the number of
optical cycles in the electro-optic medium Mg, =
o ( f)Lio(ff /cor and in air MY, = L, (f)f /co, respec-
tively, and note that both expressions are now completely
independent of frequency. We use these quantities as a
‘cavity configuration’ space, defining the number of optical
cycles in air and quartz to analyze the resultant cavity
resonances (see Fig. 4d and Figs. S15 and 16) by using the
formalism described in the following.

We consider next the coupling of these two families of
resonances in our hybrid cavities. We solve, as a first step,
for the eigenmodes of a sub-cavity consisting of only the
air gap and a single electro-optic crystal, using a coupling
block matrix of the form (see Figs. S14a, 15):

Awpr = Mg MY+ CK (M.23)

This matrix is written in the direct-sum space of cavity
configuration subspaces. That is, we consider the inde-
pendent variables of La; and Lgo, and use the coupling
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matrix CK to identify the coupled-cavity conditions (i.e.
eigenvalues La; and Lgo) that satisfy some particular
cavity frequency. The diagonal sub-blocks are constructed
using the bare resonances in the subspaces T and U:

27(i) — 1
4

ue

. (M.24)

T u - _
MEO:i,i_ ’ MAir;zﬂ,i_

The coupling between these two subspaces is achieved
using a single coupling constant C, and a matrix K which
is filled with the value one in the ‘cross space’ sub-blocks
between T and U, and is filled with zeros in the diagonal
blocks corresponding to T and U (Fig. S14a).

The coupling matrix Ay is used to solve for the
eigenvectors (i.e. new resonance conditions) in the cou-
pled sub-cavity system, according to (Fig. S13b):
Vs_utAsubvsub = MT@U

sub

(M.25)

I 1 1
ASUb b = Msub Asubs

where Vg, is the matrix of eigenvectors corresponding to
Agup, which executes the change of basis from the
uncoupled resonances to the coupled ones.

To obtain the eigenvectors for the entire hybrid cavity,
we subsequently couple the already-obtained sub-cavity
eigenvectors to the basis vectors (resonances) in the
remaining EO crystal, using the full cavity-configuration
space T1 @ U & T,. We consider the full coupling matrix,
written as follows:

A =MD M+ CKp (M.26)

sub
where the matrix Kp replaces the matrix K used in Ay
and the values of one are replaced with the integrated
projection of the sub-cavity eigenvectors onto the sub-
space of air (Fig. S14c), which act as a weighting factor
multiplied with the same coupling constant C used in
Agp- The eigenvectors of this full coupling matrix
correspond to the physically-allowed air gap sizes and
EO crystal lengths which correspond to any given
frequency (Figs. S16d—f). We also extract the characters
(XamXeo) of the eigenvectors obtained from A by
analyzing the projection of these eigenvectors onto the
relevant subspaces (Fig. S14d, which we use to color-code
the eigenvalue dispersions in Figs. S15 and 16).

We identify that it is sufficient to consider eigenvalues
only in the range of Mgoc and M, between 0 and 0.5,
constituting an ‘irreducible space’, thereby taking full
advantage of the periodicity in the cavity-configuration
space (see e.g. Fig. 4d, and Figs. S15b, d, f, and S16d, e).
Thus, for every desired pair of frequency and EO crystal
length, we compute the number of optical cycles in the
EO crystal, Mgo = Lgof/co, and identify the unique
corresponding eigenvector in the irreducible space.
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Finally, we identify the value of M for the identified
eigenvector, as well as the higher-order modes which
intersect (i.e. Ma; plus half-integer multiples). In this
way, we are able to identify all experimentally-observed
cavity eigenfrequencies by investigating only the eigen-
vectors in the irreducible space. Importantly, the entire
cavity dispersion is therefore dictated by a single coupling
constant. However, when converted back to an
experimentally-relevant basis, e.g. THz frequency vs. air
gap size, the coupling constant will have an inverse-
frequency dependence, as is evident in e.g. Fig. 4a, and
Figs. S15g, S16f.

In summary, we have seen that all cavity eigen-
frequencies can be understood in terms of a coupling
between the simple building blocks which together con-
stitute the entire cavity. Furthermore, all eigenfrequencies
are derived from an entirely frequency-independent irre-
ducible space, determined via a single coupling constant
(neglecting dispersion), thus representing the most com-
pact representation of the rich physics demonstrated in
the hybrid EOCs.

(M10) Hybrid cavity—effects of refractive index

Through a systematic study of the effect of refractive
index using the field-based and coupled-oscillator models,
we identify that there is a strong trade-off for using more
sensitive EO crystals, such as zinc telluride (ZnTe) or
gallium phosphide (GaP). We observe that the interaction
strength in the coupled-oscillator model scales roughly
with the transmission coefficient between air and the EO
crystal (SI Fig. 17 d). Thus, for higher refractive indices,
the frequency range in which air-crystal coupling occurs
noticeably shrinks, leading to significantly more promi-
nent features in cavity dispersion when tuning the air gap
size (see Figs. S15g, and S16f).

Because strong coupling is ideally studied when a
resonance of interest is energetically aligned with an EO
crystal resonance, due to the relationship between light-
matter coupling strength and the interfacial field, we
identify quartz as the ideal electro-optic platform of
choice for hybrid EOC studies of light-matter interaction,
as the large refractive indices of ZnTe and GaP are likely
to dominate the hybrid cavity electro-optical features.
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