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Strong-field light–matter interaction is characterized by polar-
ization dynamics occurring faster than an oscillation cycle 
of light1–5. Extremely strong electric fields have facilitated 

carrier-wave Rabi flopping2 and non-perturbative, lightwave-driven 
electron dynamics including high-harmonic generation1,3–5 and 
subcycle transport3–7. Subcycle temporal resolution has been cru-
cial in understanding the underlying physics. An opposing limit 
has been explored in optical microcavities, where novel states of 
matter can be created by dressing electronic excitations with vir-
tual photons. When the corresponding vacuum Rabi frequency, ΩR 
(the energy exchange rate between a cavity mode and an electronic 
resonance) assumes a sizeable fraction of the carrier frequency, ω0, 
intriguing cavity quantum electrodynamic effects8,9, such as the 
vacuum Bloch–Siegert shift10, modified electronic transport11,12 
and cavity-controlled chemical reactions13,14, arise. Ongoing efforts 
to increase the coupling strength8–11,15–21 have recently opened up 
the regime of ΩR/ω0 > 1 (refs. 19,21). Such vacua in the deep-strong 
coupling regime19,21 can host exotic quantum effects19,22, including 
giant Lamb shifts21, a sizeable population of virtual photons23 or 
cavity-mediated superconductivity24,25.

While these studies have focused on equilibrium aspects, sub-
cycle changes of ΩR have been predicted to open up a new field 
of non-adiabatic cavity light–matter interaction. For instance, a 
switching-induced transfer of energy into the quantum vacuum26,27 
is predicted to release the virtual photon population of the corre-
lated ground state, similar to the Unruh–Hawking radiation of black 
holes28. Abrupt undressing of the matter excitation also promises 
new ways of investigating the interaction dynamics of vacuum fields 
with electron transport11,12, Cooper pair bonding24,25 or molecular 
reactions13,14. Yet, thus far, non-adiabatic switching has been limited 
to ΩR/ω0 ≤ 0.1 (ref. 16). Subcycle control of deep-strong coupling 
comes with stricter yet unresolved challenges of integrating elec-
tronic excitations with giant dipole moments and optical switching 
functionalities into extremely subwavelength cavity mode volumes.

Here we demonstrate an abrupt undressing of light–matter cou-
pled electrons in the deep-strong coupling regime with ΩR/ω0 = 1.3 
within 0.05 × T0, where T0 = 2π/ω0 is the oscillation period of light, 
by stripping off the cavity field from an electronic excitation. To this 
end, femtosecond photodoping of a switch structure deactivates the 
fundamental cavity mode and reduces the amplitude of the resona-
tor field interacting with an electronic resonance by more than an 
order of magnitude. The strongly subcycle collapse of ΩR and the 
polariton modes is characterized by pronounced high-frequency 
polarization oscillations evolving faster by an order of magnitude 
than a single oscillation cycle of the lower polariton. Our dynamical 
quantum model links these signatures to an extremely non-adiabatic 
interruption of the energy exchange of light–matter coupled modes 
in the deep-strong coupling regime, which opens a new dimension 
for future investigations of the dynamics of strongly squeezed quan-
tum vacua.

Design of switchable vacua in the deep-strong coupling 
regime
Our structures couple the electric field of a metallic terahertz (THz) 
resonator to the cyclotron resonance (CR) of two-dimensional, 
high-mobility electron gases in GaAs quantum wells (QWs)10,11,18–20 
separated by AlGaAs barriers (Fig. 1a and also see Methods). At a 
temperature of 10 K, a variable magnetic bias oriented perpendicu-
larly to the QW plane leads to Landau quantization with a tunable 
CR frequency, νc. The resonators (Fig. 1a) consist of an inductive (L) 
outer ring and a capacitive (C) gap element, which determine the res-
onance frequencies and spatial shapes of the fundamental LC mode 
and all other optical modes. The design of our structures was guided 
by finite-element frequency-domain calculations19 (see Methods). 
In particular, the fundamental LC mode is tailored to concentrate 
the electric near-field within the central gap region (Fig. 1b–d),  
optimize its overlap with the polarization field of the CR, and 
thereby maximize the strength of light–matter interaction19.  
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Correspondingly, changes of the near field within the region of 
maximum overlap—the QW plane—strongly influence ΩR.

We exploit this idea to deactivate light–matter coupling 
all-optically. To this end, we place an In0.55Ga0.45As patch between 
the capacitive resonator region29 and the QWs (Fig. 1a, white patch, 
and also see Methods). The alloy features a bandgap of 0.73 eV, 
which enables the selective excitation of charge carriers by fem-
tosecond switching pulses with a photon energy of 1.03 eV. As a 
result, a quasi-metallic THz response can be induced exclusively 
in the patch, causing a subcycle cut-off30 of the electric near-field. 
Numerical calculations show that a photoexcited plasma with 
an electron–hole pair density of ρswitch = 3.5 × 1018 cm−3 efficiently 
expels the near field out of the resonator gap and, thus, deactivates 
the LC mode (Fig. 1e,f and Extended Data Fig. 1). In the gap region, 
the Landau electrons in the QWs are stripped of the vacuum field 
that drops to less than 5% of its value without excitation (Fig. 1d,f), 
leading to a collapse of the coupling strength.

We experimentally test our concept with two structures con-
sisting of 3 QWs and 6 QWs, respectively, each doped with a con-
centration of 1.75 × 1012 cm−2 electrons per QW and covered with 
an array of resonators designed for a frequency of the LC mode 
of νLC = ωLC/2π = 0.85 THz (3-QW structure) and 0.5 THz (6-QW 
structure). Linearly polarized, single-cycle THz transients (Fig. 1a, 
blue waveform) are focused through the structures and detected 
electro-optically (see Methods and Extended Data Fig. 2). Light–
matter coupling leads to dressing of electrons by the vacuum field, 
which forms new eigenstates called cavity polaritons. In the trans-
mission spectra, these resonances manifest by characteristic minima, 
whose frequencies depend on the detuning between the LC mode 
and the CR. We systematically control νc by varying the magnetic 
bias field while recording the transmission spectra of the structures.

Deep-strong coupling and its optical deactivation
The data for the 3-QW sample (Fig. 2a) clearly exhibit a lower 
polariton (LP) branch that emerges from the CR at low frequencies, 

while the upper polariton (UP) resonance is observed at 1.35 THz 
for νc = 0 THz. As νc increases, the polariton frequencies increase 
with opposite curvatures, leading to the characteristic anti-crossing 
shape. Owing to the extremely strong light–matter coupling, even 
the minimum spectral separation at the anti-crossing point (νc = 
νLC) still exceeds the carrier frequency of light; here the LP and UP 
frequencies are νLP = 0.48 THz and νUP = 1.49 THz. Under these 
conditions, the vacuum ground state is populated by 0.1 virtual 
photons resulting from the sizeable contribution of anti-resonant 
light–matter exchange. An additional coupled resonance occurs 
approximately 0.2 THz below the UP branch. Terahertz absorption 
by the bare CR in uncoupled areas between resonator structures 
explains the prominent transmission minimum at νc (Fig. 2a, red 
diagonal region). We determine a coupling strength of ΩR/ωLC = 
0.57 by diagonalizing the corresponding Hamiltonian and adjusting 
the parameters for best agreement with the experimental spectra 
(see Methods). Applying the same procedure for the 6-QW struc-
ture yields a coupling strength of as much as ΩR/ωLC = 1.3 (Fig. 2c), 
leading to a ground-state population of 0.32 virtual photon pairs 
and amplitudes of the counter-rotating field components23 that 
exceed those of the resonant fields.

Next, we excite the switching patch by a near-infrared pump 
pulse (Fig. 1a, red pulse) with a duration of 70 fs, set to arrive at the 
sample 2 ps before the maximum of the THz pulse. The switched 
structure exhibits a fundamentally different transmission spec-
trum (Fig. 2b) characterized by the complete absence of both 
polariton resonances. This behaviour evidences a full collapse of 
ΩR. At the same time, other spectral features, such as the bare CR, 
remain mostly unaffected, demonstrating the minimally invasive 
nature of our switching concept that acts almost exclusively on the 
ultrastrongly coupled state in the gap region of the resonator. The 
decreased transmission observed above 1.6 THz can be attributed 
to a redshift of the dipolar cavity mode (see Methods and Extended 
Data Fig. 1). Similarly, the polariton resonances of the 6-QW struc-
ture (Fig. 2c) are fully suppressed after photoexcitation (Fig. 2d). 
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Fig. 1 | Resonator scheme for switchable deep-strong light–matter coupling. a, The light fields of THz resonators (gold shapes) are coupled to the CRs 
of two-dimensional electron gases (red layers, also see magnification) kept at a temperature of 10 K, biased by a magnetic field B (blue arrow), and 
interrogated by THz transients (blue waveform). A switch element (white patch) placed in the area of maximum field enhancement is photoexcited by 
a near-infrared femtosecond pulse (red shape) to disrupt light–matter coupling. Inset: schematic of Landau states. b, Calculated enhancement of the 
right-circularly polarized near-field component Eσþ=E0

I
, to which the CR selectively couples, where E0 is the far-field amplitude. The data are calculated at the 

resonance frequency of the LP mode. Inset: zoom-in of the gap region. c, Near-field enhancement in the QW plane, 200 nm below the surface. d, Near-field 
enhancement in the QW plane along y = 0 without photoexcitation. e, The same as in c but with photoexcited charge carriers at a concentration of ρswitch = 
3.5 × 1018 cm−3 in the switching patch, squeezing the LC mode out of the gap region. f, Corresponding near-field enhancement in the QW plane along y = 0.
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These data hallmark the optically induced collapse of deep-strong 
light–matter coupling.

subcycle deactivation dynamics
Going beyond these quasi-steady-state settings, we explore the sub-
cycle dynamics of light–matter decoupling by measuring the instan-
taneous THz response during switching. To this end, the THz pulse 
and the switching pulse are shifted with respect to each other by 
a delay time, tD, and the electro-optic detection is performed at a 
delay time t relative to the THz pulse (Fig. 3a and also see Methods). 
For photoexcitation at the THz field crest (tD = 0 ps), a strong 
pump-induced change, ΔE (Fig. 3b, red curve), of the transmitted 
THz field, E (Fig. 3b, black curve), emerges. While the amplitude of 
ΔE remains small within the first oscillation half-cycle after switch-
ing, it becomes comparable to E during the trailing oscillations 

(t > 0.5 ps), owing to a complete suppression of the narrowband 
polariton resonances. Figure 3c depicts a systematic scan of ΔE as a 
function of tD. Along the downward diagonal, t = −tD, the switching 
pulse abruptly disrupts light–matter exchange in various phases of 
the polariton oscillations.

We will show next that the complex temporal structure displayed 
in Fig. 3c is characteristic of an abrupt, subcycle collapse of ΩR and 
that this extreme limit manifests in modulations of the response 
function, on timescales much faster even than the oscillation period 
of the coupled modes themselves. To extract a well-defined trans-
mission function of the non-equilibrium system, we transformed 
the transmission data into a different time frame in which τ = 
t + tD represents a constant delay between the switching and the 
electro-optic gate pulses (Fig. 3a and also see Methods). Keeping τ 
constant (Fig. 3c, dashed line) and performing a Fourier transform 
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along t leads to the transmission spectra of Fig. 3d. The evolution 
of these spectra as a function of τ traces the transition from the 
light–matter-coupled state to the decoupled state. Most remarkably, 
both polaritons undergo an intriguing oscillatory subcycle change 
induced by the switching pulse. For a more detailed view, the solid 
black curve and circles in Fig. 4a show the transmission change, 
ΔT, at the LP resonance. ΔT displays a short-lived increase for τ 
< 0 ps and reaches its minimum value near τ = 0 ps. Subsequently, 
ΔT steeply increases, exhibits an oscillatory feature at τ ≈ 0.5 ps, 
and eventually converges to its final value. The dynamics of this 
sub-polariton-cycle transition entail frequency components exceed-
ing νLP several times. An even more extreme situation prevails for 
the 6-QW structure (Extended Data Fig. 3), where the transmission 
at the LP resonance exhibits frequency components exceeding νLP 
by an order of magnitude. Conversely, switching an empty cavity 
progresses smoothly (Extended Data Fig. 4).

subcycle quantum model
A theoretical analysis can unambiguously explain these 
high-frequency dynamics by an abrupt deactivation of deep-strong 
light–matter coupling. To this end, we model the coherent THz 
excitation of the polariton states by a mean-field theory of light–
matter interaction including anti-resonant terms and a set of 
time-dependent parameters that define the cavity modes (see 
Methods). The effect of the subcycle deactivation of the resonator’s 
LC mode and the resulting collapse of the overlap of light and mat-
ter fields are implemented by a single, time-dependent vacuum Rabi 
frequency, which is reduced to zero in a time interval set by the 
duration of our switching pulse of 70 fs (see Methods). The calcula-
tions trace the dynamics well (Fig. 4a, red curve), reproducing the 
initial reduction of the transmission, the subsequent steep rise and 

the transient reduction between τ = 0.5 ps and 1.1 ps. Deviations for 
τ > 1.5 ps are likely to be caused by the dynamics of higher resona-
tor modes not accounted for in our model. Importantly, the theory 
shows that the oscillations only occur for sufficiently fast switching, 
whereas long control pulses average out the energy oscillations and 
lead to a more adiabatic transition (Fig. 4a, black dashed curve). 
A quantitative match with the experimental data is obtained for 
switching times between τswitch = 10 fs and 100 fs (Fig. 4a and also 
see Methods). This upper bound of τswitch corresponds to a fraction 
of τswitch/TLP = 0.02 (0.05) for our 6-QW (3-QW) structure, where 
TLP ¼ ν�1

LP
I

 is the oscillation period of the LP.
These oscillations reflect the internal dynamics of the system 

in the deep-strong coupling regime. Initially, the THz pulse pre-
pares a coherent polarization at both polariton frequencies and 
their counter-propagating wave components. The corresponding 
anti-resonant interaction terms lead to a complex periodic redistri-
bution of the energies stored in the cavity, Ecavity, the electronic exci-
tation, Epolarization, and the coupling mechanism itself, Ecoupling. When 
the switching pulse abruptly interrupts this transfer, the subsequent 
dynamics of the uncoupled cavity and electronic polarization are 
defined by the corresponding instantaneous field amplitudes at 
the time of switching. The rapid oscillations of the coupled fields 
progressing faster than a single polariton oscillation cycle lead to 
equally rapid oscillations of the response function as a function of 
the switching time. Conversely, switching a set of uncoupled reso-
nances or coupled resonances within the rotating-wave approxima-
tion entails qualitatively different dynamics (see Supplementary 
Information), which underpins the role of anti-resonant interaction 
mechanisms in the deep-strong coupling regime.

For an intuitive picture of the subcycle energy exchange, we follow 
the dynamics of the microscopic fields for the case where the total 
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energy injected by the THz pulse resides in the LP. This eigenmode is 
characterized by an out-of-phase oscillation of cavity and matter fields 
corresponding to an oscillating negative coupling energy (Fig. 4b,  
red curve). Ecoupling reaches the same magnitude as all other energies 
of the system (see Supplementary Information) and counterbalances 
the synchronously oscillating Ecavity (Fig. 4b, solid black curve) and 
Epolarization (Fig. 4b, dashed black curve). Without switching, the total 
energy decays exponentially (Fig. 4c, black curve). Here, the coupled 
gap region of the resonator (Fig. 4d, dashed area) is permeated by 
the electric near-field (Fig. 4e, blue to green colours), which interacts 
strongly with the electronic polarization in the QWs (red colours). 
In contrast, if the structure is switched, the switching layer is strongly 
polarized, and the cavity electric field rapidly collapses (Fig. 4f, 
black colour). If switching occurs near a local minimum of Ecoupling  
(Fig. 4b, black arrow), the negative energy of the coupling mecha-
nism is removed, leading to a rapid increase of the total energy  
(Fig. 4c, dotted curve). Subsequently, the uncoupled matter mode 
continues to oscillate freely with an amplitude surpassing its 
time-averaged value before switching (Fig. 4f, bright yellow colours). 
The preparation of this unusual, otherwise inaccessible state is thus a 
direct result of highly non-adiabatic light–matter decoupling.

In conceptual analogy to this situation of a coherent state pre-
pared by a classical THz field, future experiments may exploit the 
same mechanism to promote virtual excitations from the incoher-
ent vacuum ground state to real excitations. In combination with 
recent cutting-edge quantum spectroscopy31,32, this concept could 
form an excellent table-top laboratory to explore quantum electro-
dynamical phenomena similar to the Unruh–Hawking radiation of 
black holes28.

Perspectives
Our concept extends subcycle strong-field control of matter to a new 
arena without strong driving fields and adds time as a new control 
parameter for the deep-strong coupling regime. Reshaping light–mat-
ter hybrid states faster than a cycle of light revealed a novel class of 
rapid subcycle oscillations of the optical response function with fre-
quency components exceeding the carrier frequency of light by an 
order of magnitude. The switch-off of deep-strong coupling may even 
lead to a transfer of energy out of the coupling mechanism, prepar-
ing the system in a state otherwise unattainable by external excita-
tion. Among many exciting future perspectives, our approach may be 
used to switch tailor-cut response functions of all-optically controlled 
filters and modulators, at arbitrary speed, and explore non-adiabatic 
quantum optics. By coupling other select low-energy elementary 
excitations, such as vibrational modes of molecules or lattice vibra-
tions of Josephson plasmons, one may set out to trigger chemical 
reactions13,14, optically, without the need for a photocatalyst, and steer 
ultrafast vacuum-modified transport11,12 as well as cavity-mediated 
phase transitions, such as superconductivity24,25, on demand—none 
of which require THz illumination or direct matter excitation.
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Methods
Sample fabrication. Our symmetrically doped QWs were fabricated by molecular 
beam epitaxy on a GaAs substrate, and capped by an In0.55Ga0.45As layer of a 
thickness of 100 nm. This InGaAs layer exhibits an energy gap of 0.73 eV and an 
intentionally defect-rich crystal structure that still exhibits photoconductivity, 
but does not allow a CR to build up. The InGaAs switching patches of an area 
of 18 µm × 22 µm were formed by electron-beam lithography and wet-chemical 
etching. The gold THz resonators were subsequently fabricated on top, whereby 
their gaps were aligned with the switching patches. In a final step, we glued the 
sample onto a sapphire window and removed the GaAs substrate in order to 
prevent effects from two-photon absorption of the switching pulse in the substrate.

Design of switchable resonators. The design of our switchable structures is based 
on finite-element frequency-domain calculations in analogy to ref. 19. The THz 
resonators are arranged in quadratic unit cells of a length of 60 µm. They feature 
a capacitive gap element in which the electric field of the fundamental LC mode 
is enhanced by up to a factor of 8 with respect to the far field (Extended Data Fig. 
1a). In contrast, the near field of the higher-energy, dipolar mode (DP) is strongly 
enhanced at the outer perimeter of the resonator (Extended Data Fig. 1b), allowing 
for selective switching of the LC mode by photodoping of the switching patch 
underneath the central gap. We applied the Drude model for a charge carrier 
plasma to calculate the contribution that the photoexcitation adds to the dielectric 
response of the switching patch. The plasma frequency is given by

ωp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρswitche2

ϵ0mInGaAs

s
:

Here mInGaAs = 0.04me denotes the effective mass of conduction-band electrons in 
InGaAs, me is the free-electron mass, ρswitch is the electron charge carrier density, ε0 
is the vacuum permittivity and e is the elementary charge. In the experiment, we 
chose an optical fluence of 135 μJ cm−2 for the switching pulse, leading to saturation 
of the switching effect. We thus assumed a density of photoexcited carriers of ρswitch 
= 3.5 × 1018 cm−3, corresponding to the total density of states of InGaAs within the 
bandwidth of our switching pulse. As a result, we obtained a plasma frequency of 
νp ¼ ωp=2π ¼ 80 THz
I

. The dielectric function of the plasma is then given by

ϵInGaAs ωð Þ ¼ ϵInGaAs 1ð Þ �
ω2
pτ

2
s

ω2τ2s þ iωτs
;

where we chose a scattering time of τs = 1 × 10−13 s and a static dielectric constant 
of ϵInGaAs 1ð Þ ¼ 13:7

I
. We verified our switching concept by calculating the 

equilibrium transmission of the switched resonator based on this dielectric 
response. While the strong screening of the electric field generally reshapes both 
modes, the impact on the LC mode is much stronger as compared with the DP 
mode (Extended Data Fig. 1c,d). Correspondingly, the calculated transmission 
spectra reveal that the LC mode is completely quenched, while the DP mode 
experiences a redshift of 0.25 THz (Extended Data Fig. 1e).

We calculated the response of our coupled structures by extending our 
model with the gyrotropic response of Landau-quantized electrons in the QWs 
analogously to the procedure detailed in ref. 19. The calculated equilibrium spectra 
(see Supplementary Information) are in agreement with the experimental data 
and show a distinct LP resonance. Activating the switching patch, the calculations 
predict a collapse of the light–matter coupling of the fundamental LC mode, as the 
LP branch disappears completely (see Supplementary Information). Other coupled 
resonances at frequencies above νc experience a slight spectral shift imposed by the 
redshift of the DP mode, but remain mostly unaffected otherwise.

Calculation of the coupling strength. For coupling strengths approaching 
or entering the deep-strong coupling regime, the influence of cavity modes at 
energies above the resonantly coupled LC mode changes the overall spectrum 
of the coupled system. In our THz resonators, the frequency of the DP mode 
was approximately twice as large as the frequency of the LC mode. As a result, 
we observed only a small influence of multi-mode coupling that manifests as 
additional spectral features in the vicinity of the UP branch (Fig. 2a,c). However, 
the LP branch remains clearly isolated. We thus determined the coupling strength 
by applying Hopfield’s model in the usual single-mode approximation33, taking into 
account the frequencies of the LP and the CR, as a function of νc.

Experimental set-up. The layout of our subcycle spectroscopic set-up is detailed 
in Extended Data Fig. 2. Femtosecond near-infrared pulses (centre wavelength, 
807 nm; pulse energy, 5.5 mJ; pulse duration, 33 fs) from a Ti:sapphire amplifier 
laser (repetition rate, 3 kHz) were split by a beam splitter into two branches, 
which drive an optical parametric amplifier, and THz generation and detection, 
respectively. The THz generation beam was sent across a delay line introducing 
the delay time tD, and subsequently focused into a 〈110〉-cut ZnTe crystal of a 
thickness of 1 mm to generate single-cycle THz pulses by optical rectification. The 
THz pulses were focused through the sample before the transmitted waveforms 
were recollimated and focused onto a ZnTe detector crystal using off-axis parabolic 
mirrors. A small fraction of the near-infrared power was split off after the first 

delay line, passed through a second delay line to introduce the delay time t, and 
used for electro-optic detection of the THz pulses in the detector crystal using 
polarization optics and a pair of balanced photodiodes. The optical parametric 
amplifier generated the near-infrared switching pulses of a duration of 70 fs 
(full-width at half-maximum (FWHM)) and a centre photon energy of 1.03 eV. 
These pulses were focused onto the sample with a spot diameter of 4 mm (FWHM) 
for homogeneous excitation. Two mechanical choppers modulated the THz and 
switching pulses, allowing for differential detection of the pump-induced change of 
the transmitted THz electric field, ΔE(t, tD). The linear conversion between ΔE(t, 
tD) and Δ~Eðt; τ ¼ t þ tDÞ

I
 was performed numerically34. The sample was kept at a 

temperature of 10 K in a magneto-cryostat with a large numerical aperture.

Light–matter decoupling dynamics of the 6-QW structure. Our most 
strongly coupled structure was based on a 6-QW structure with a charge carrier 
concentration of 1.75 × 1012 cm−2 per QW, and a THz resonator with capacitive gaps 
located at the outer perimeter (Extended Data Fig. 3a,b). The resulting coupling 
strength was ΩR/ωLC = 1.3. The light–matter decoupling dynamics (Extended Data 
Fig. 3c–e) displayed qualitatively similar yet more extreme sub-polariton-cycle 
oscillations as compared with the 3-QW structure (Figs. 3 and 4). In particular, the 
dynamics included frequencies exceeding the frequency of the LP mode by more 
than an order of magnitude (Extended Data Fig. 3f).

Switching dynamics of an uncoupled THz resonator. As a control experiment, 
we investigated the switching dynamics of an uncoupled THz resonator identical to 
the 3-QW structure, yet without QWs. The pump–probe THz field as a function of 
delay time, t, and pump–probe delay time, tD (Extended Data Fig. 4a) was obtained 
by performing the same subcycle switching measurement as for the coupled 
structures. The resulting time-dependent transmission spectra (Extended Data 
Fig. 4b) demonstrate the spectral selectivity of the switching concept that affects 
mostly the narrowband range of the fundamental LC mode of the resonator at 
0.8 THz, and the more broadband DP mode at 1.8 THz. After an initial reduction 
of the transmission, the switching dynamics of the fundamental mode progressed 
monotonically (Extended Data Fig. 4c, black curve), leading to an overall increase 
of the transmission by 0.18 after switching. By contrast, the transmission extracted 
at a frequency of 2.1 THz, for reference, was left mostly unchanged (Extended Data 
Fig. 4c, red curve).

Quantum model of non-adiabatic deactivation dynamics of deep-strong 
coupling. We theoretically investigated the decoupling dynamics of our structures 
by a theory developed specifically for our setting, which treats light–matter 
interaction in the deep-strong coupling regime beyond the rotating-wave 
approximation, on subcycle timescales. Light–matter coupling was implemented 
between the LC mode and the Landau-quantized electrons with a vacuum Rabi 
frequency ΩR. While light–matter coupling of the DP mode was neglected, its 
influence on the transmission and its frequency shift during switching are included 
in the theory. The Hamiltonian

Ĥ ¼ Ĥcavity þ ĤLandau þ Ĥint þ Ĥdia þ Ĥext

accounts for the cavity modes via

Ĥcavity ¼
X

j

ℏωj â
y
j âj;

where âj is the bosonic annihilation operator of the LC (j = LC) and DP (j = DP) 
modes. Excitations of the matter mode are implemented assuming a large number 
of Landau electrons and a weak THz excitation, whereby b̂ is the corresponding 
bosonic annihilation operator and ωc is the cyclotron resonance frequency

ĤLandau ¼ ℏωcb̂
yb̂:

Light–matter interaction is described by the operator

Ĥint ¼ ℏΩR âLC þ âyLC

� �
b̂þ b̂y

� �

and contains both resonant terms as well as anti-resonant contributions 
proportional to âLCb̂

I
 and âyLCb̂y

I
, which take the dynamics in the deep-strong 

coupling regime into account. Furthermore, the cavity experiences a blueshift by 
diamagnetic interactions

Ĥdia ¼ ℏD âLC þ âyLC

� �2
;

where D ¼ Ω2
R=ωc

I
. Finally, the coupling to the external THz field, Eext(t), is 

contained in Ĥext
I

.
We derive the subcycle dynamics of the cavity and matter fields by applying the 

Heisenberg equation of motion and performing a mean-field treatment, αj ¼ âj
I

 
and β ¼ b̂

I
. The resulting equations of motion read

d
dt

αLC ¼ �iωLCαLC � γLCαLC � iΩR β tð Þ þ β* tð Þ
� �

� 2iD αLC tð Þ þ α*LC tð Þ
� �

þ κLCEext tð Þ;
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d
dt

αDP ¼ �iωDPαDP � γDPαDP þ κDPEext tð Þ;

d
dt

β ¼ �iωcβ � γcβ � iΩR αLC tð Þ þ α*LC tð Þ
� �

;

where we introduced damping terms γj and γc for the cavity and matter modes, 
respectively, and scaled each cavity mode’s coupling to the external field by an 
individual coupling parameter κj.

This set of coupled differential equations models the response of our structure 
for fixed parameters of the cavity and matter modes. Next, we implemented the 
decoupling mechanism by a time-dependent vacuum Rabi frequency ΩR(t + 
tD), which transitions from its equilibrium value, Ωi

R
I

, to its value after switching, 
Ωf

R ¼ 0
I

, whereby its instantaneous change is proportional to the rate of generation 
of photoexcited carriers. For the switching pulse, we used a Gaussian temporal 
shape with a FWHM of τswitch and obtained

ΩR t þ tDð Þ ¼ Ωi
R þ Ωf

R �Ωi
R

� 

2
1þ 2ffiffiffi

π
p

Z tþtD

0
e
�

ffiffiffiffiffi
4ln2

p

τswitch
t0Dð Þ

 2

dt0D

0
@

1
A:

We furthermore introduced dynamical dampings, γj t þ tDð Þ;
I

 and coupling 
parameters, κj t þ tDð Þ;

I
 for the LC and DP modes. For the LC cavity mode, we 

reduced the coupling to the external field by 50%. We implemented the frequency 
shift of the DP mode by a corresponding time-dependent value ωDP/2π that is 
shifted from 2.2 THz to 1.8 THz, while its far-field coupling is increased by 45%. 
Solving for these dynamics, we obtained the electric field E(t, tD) as a function of tD, 
and the corresponding transmission ΔT(ν, τ) (ref. 34) (Fig. 4).

Estimation of the light–matter decoupling time. Our light–matter decoupling 
mechanism is based on the screening of the electric near-field of the fundamental 
LC mode of the THz resonators by a charge carrier plasma created by femtosecond 
excitation with near-infrared optical pulses. The switching pulses of a duration of 
70 fs (FWHM) created a carrier density of ρswitch = 3.5 × 1018 cm−3 corresponding 
to an electron plasma frequency of νp = 80 THz. The time for the build-up of 
screening35, tc ¼ ν�1

p ¼ 12:5 fs
I

, led us to expect that the near field is cut off within 
approximately the duration of the switching pulse.

We verified this estimate by a series of calculations based on our dynamical 
model, in which we systematically varied τswitch for our 3-QW structure. The 
calculations showed that the amplitude of the oscillatory dynamics matched the 
experimental data only for τswitch < 100 fs, which we thus identified as an upper limit of 
the light–matter decoupling time, compatible with the estimate based on the plasma 
frequency. Larger values of τswitch, on the contrary, led to a reduction of the oscillation 
amplitude up to a completely monotonic increase of T (Fig. 4a, black dashed curve).

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding authors upon reasonable request.
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Extended Data Fig. 1 | Calculated spatial and spectral characteristics of the resonator structure. a, Enhancement of the amplitude of the right-circularly 
polarized near-field component, 𝐸σ

+, of the fundamental LC mode, relative to the far-field amplitude, E0, at a depth of z = -200 nm, for an undoped 
switching layer (see Fig. 1). b, Corresponding near-field enhancement of the dipolar mode. c, Near-field enhancement with a doped switching layer, for the 
LC mode, and d, for the dipolar mode. e, Transmission spectra for a doped and an undoped switching patch, respectively.
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Extended Data Fig. 2 | experimental setup. The near-infrared (NIR) pulse train (centre wavelength, 807 nm; pulse energy, 5.5 mJ, pulse duration, 33 fs) 
generated in a titanium-sapphire amplifier (repetition rate, 3 kHz) is split by a beam splitter (BS1) into a first branch driving an optical parametric amplifier 
(OPA) and a second branch for THz generation and detection. A delay stage (DS1) controls the common delay, tD, of THz and electro-optic sampling pulses. 
A second beam splitter (BS2) picks off the gate pulse which is delayed by a second stage (DS2) controlling the electro-optic sampling delay, t. The gate is 
focused through the detection crystal (C2) by a lens (L1), after which its polarisation state is analysed by corresponding optics (λ/4, quarter wave plate; 
WP, Wollaston prism; PD, photodiodes). The NIR power transmitted through BS2 is focused onto the THz generation crystal (C1) by an off-axis parabolic 
mirror. A wafer (W) transmits only the generated THz waveform. Off- axis parabolic mirrors recollimate and focus the pulses through the sample (S), which 
is located in the magnet cryostat (MC) and kept at a temperature of 10 K. Here, a magnetic bias (B) of up to 5.5 T is applied perpendicular to the sample 
surface. The transmitted THz waveform is recollimated and focused onto the detector crystal, collinearly with the gate pulse. The NIR signal output from the 
OPA (centre wavelength, 1200 nm; pulse energy, 17 µJ, pulse duration, 70 fs) is focused by a lens (L2) onto the focal point of the THz pulses on the sample. 
Mechanical choppers (CH) are placed in the beam paths of THz generation and switching pulses to enable differential detection.
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Extended Data Fig. 3 | subcycle switching dynamics of the 6-QW structure with ΩR/ωLC = 1.3. a, Enhancement of the right-circularly polarized near-field 
amplitude, 𝐸σ

+, of the fundamental LC mode relative to the far-field amplitude, E0, at a depth of z = −200 nm, for an unexcited switching layer. b, 
Corresponding near-field enhancement with a photoexcited switching layer. c, Transmission spectra of the 6-QW structure as a function of pump-probe 
delay time, τ, at the anti-crossing point. The dashed lines mark the frequency windows of the lower and upper polariton resonances at 0.17 THz and 
1.62 THz, respectively. The transmission exhibits oscillatory dynamics at the frequency of d, the UP, and e, the LP, caused by the non-adiabatic switch-off. f, 
Spectrum of the switching dynamics of the LP of panel e. Vertical dashed lines indicate the resonance frequency of the LP, νLP, and 10 × νLP, for reference.
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Extended Data Fig. 4 | switching dynamics of an uncoupled tHz resonator. a, Pump-probe THz signal during femtosecond photoexcitation. The charge 
carrier concentration resulting from femtosecond photoexcitation is 3.5 × 1018 cm−3. b, Corresponding transmission spectra, in the τ-frame. c, Black 
curve: Differential transmission of the LC mode extracted within the frequency window outlined in panel b by dashed black lines. Red curve: Differential 
transmission extracted within the frequency window outlined in panel b by dashed white lines, for reference.
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