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Intersubband cavity polaritons in a quantum well waveguide structure are optically generated within
less than one cycle of light by a 12-femtosecond near-infrared pulse. Mid-infrared probe transients
trace the nonadiabatic switch-on of ultrastrong light-matter coupling and the conversion of bare
photons into cavity polaritons directly in the time domain. Future perspectives of room-temperature
subcycle control of ultrastrong electron—photon interaction are discussed. © 2011 American Institute

of Physics. [doi:10.1063/1.3578341]

Photonic microcavities have been exploited to enhance
and tailor the interaction of light with specific elementary
excitations. Optical resonators coupling to intra-atomic tran-
sitions,l’2 excitonic interband resonances,3’4 or intersubband
excitations in semiconductor quantum wells have been
intensely investigated.”” In the strong coupling regime, a
photon may be absorbed and spontaneously reemitted by an
elementary excitation many times before dissipation
becomes effective. This process gives rise to new eigenstates
of mixed light-matter character, so-called cavity polaritons.
The characteristic energy anticrossing, known as vacuum-
field Rabi splitting 2Q, is a direct measure of the strength of
light-matter interaction.

Recently intersubband resonances of semiconductor
quantum wells (QW) hybridized with the mid-infrared pho-
ton mode of a planar waveguide have entered a new regime
of ultrastrong interaction, where €z amounts to a significant
fraction of the bare eigenfrequencies w;, themselves.”®!!
Microwave resonances in superconducting circuits have fol-
lowed up reaching ultrastrong coupling.'*'? In this extreme
limit, a theoretical description of the coupling of the inter-
subband resonance with the vacuum field of the resonator
has to go beyond the rotating wave approximation (RWA).
The resulting squeezed quantum vacuum is expected to give
rise to a variety of novel quantum electrodynamical (QED)
effects.'*!' In particular, ultrafast switching of the Rabi fre-
quency Qg has been predicted to release correlated photon
pairs out of the quantum vacuum, reminiscent of the intrigu-
ing, yet unobserved dynamic Casimir effect.'* Nevertheless,
nonadiabatic phenomena — classical or QED in nature —
remained an academic curiosity since there has been no labo-
ratory capable of controlling light-matter interaction on a
subcycle time scale.

Here, we report an all-optical pump—terahertz probe
scheme for the first implementation of femtosecond control
of ultrastrongly coupled cavity polaritons.'® The experiment
exploits latest techniques of broadband terahertz photonics
capable of generating well-defined single cycles of light,
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whose oscillating electric field is directly monitored with a
subcycle resolution.'®** This approach allows us to map out
how a coherent population of bare photons is abruptly con-
verted into cavity polaritons. Exciting new quantum phe-
nomena that may become accessible by this approach will be
discussed.

The idea of our experiment is based on intersubband
transitions in semiconductor QWs, as sketched in Fig. 1. Our
sample contains 50 identical, undoped GaAs QWs separated
by Aly33Gag ¢7As barriers. The electronic wave functions are
quantized along the growth direction forming subbands.
These are unpopulated in thermal equilibrium. Radiative
transitions between subbands of quantum number n=1 and
n=2 are activated if optical excitation promotes electrons
from the valence into the conduction band. The intersubband
resonance features a narrow absorption line centered about a
photon energy of /iw;; = 113 meV (corresponding to a wave-
length of A=11 um) and a strong dipole moment oriented
along the growth direction.”* The multi-QW structure is
designed as a planar step index waveguide for midinfrared
light” Radiation is confined between a top-cladding
Al 33Gag ¢7As—air interface (1,i; = 1, na1Gaas = 3.1) on one
side and a low refractive index AlAs layer (na1as = 2.9) on
the other. The effective thickness of the entire waveguide is
chosen to be A/2 at an internal angle of propagation of
0 =65°. Photon modes with electric field components in
growth direction (TM polarization) may resonantly couple to
intersubband transitions provided the subbands are
populated.

The Rabi frequency is known to scale with the electron
sheet density N, in level |1) as'*

2me?
Qr = ff
£0€00MLE

cav

1/2
Ngngfgvflzsin%) : (1)

where ¢y and ¢, are the vacuum and the background dielec-
tric constant, respectively, LS the effective thickness of the
cavity photon mode, ng{cN the effective number of quantum
wells, fi» the oscillator strength of the intersubband transi-

tion, and my the free electron mass. In previous work, N, was

© 2011 American Institute of Physics
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FIG. 1. Schematic of the femtosecond optical switch: 50 undoped GaAs
quantum wells of a thickness of 9 nm each, separated by Al 33Gag ¢7As bar-
riers are embedded into a planar waveguide based on total internal reflection.
Intersubband transitions are activated by near-infrared 12-fs control pulses
populating level |1). TM-polarized multi-THz transients guided through the
prism-shaped substrate are reflected off the waveguide to probe the ultrafast
buildup of intersubband cavity polaritons.

provided by static delta doping or electronic injection,”"!

both of which are difficult to modulate with high bandwidths.
We employ a 12-fs control pulse centered at a photon energy
of 1.55 eV to photoinject electrons from the valence band
into the lowest conduction subband of the QWs, activating
the intersubband oscillator within femtoseconds. Since the
inverse frequency of the latter transition amounts to 37 fs,
switching occurs within less than half a cycle of light.

The subsequent ultrafast dynamics of the nonequili-
brium cavity at room temperature is traced by multi-terahertz
(THz) spectroscopy:'’ A second part of the laser output
generates phase-locked THz pulses covering the spectral
window from 80 to 150 meV by optical rectification in a
50-pm-thin GaSe emitter.'® TM-polarized field transients are
coupled through the prism-shaped substrate and internally
reflected off the photoexcited area of the waveguide under
incidence angles around 0 = 65° (Fig. 1). The pulse front of
the near-infrared pump is tilted by means of a grating to
match the geometry of the THz phase surfaces. The oscillat-
ing electric field of the reflected THz transient is resolved in
the time domain via phase-matched electro-optic sampling.'®

Figure 2(a) displays a typical phase-locked few-cycle
pulse incident on the microcavity. For a vanishing fluence
® = 0 of the control pulses [Fig. 2(b)], the reflected field
exhibits a characteristic twin-pulse profile. This temporal
structure may be understood as follows: Part of the incident
field is directly reflected off the cavity surface. A second por-
tion is evanescently coupled into the resonator, prepares a
coherent photon state, and gets reemitted with a measurable
time delay. Hence the initial burst is due to instantly reflected
light while the second part results from reemission. The
two contributions are also distinguished via their carrier
phase: While the instantly reflected portion is precisely in
phase with the incident field, the reemitted radiation shows a
phase offset by m - the hallmark behavior of a resonantly
driven harmonic oscillator.

For delay times T > 200 fs, the incident THz field pre-
paring the coherent intracavity photon population has com-
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FIG. 2. (Color online) All-optical in situ tuning of cavity polariton beats in
the time domain. (a) THz transient incident on the microcavity structure.
(b)—(e) Electric field reflected off the cavity for various control fluences
(indicated next to each curve, ®y=0.1 mJ cm’z). All data are recorded at a
fixed delay time fp =20 ps and at temperature 77, =300 K. (b) The twin
pulse structure is due to radiation directly reflected off the cavity (first burst)
and bare photons reemitted from the cavity (second pulse). (c)—(e) At finite
control fluences, cavity polaritons manifest themselves via a pronounced
beating. Thin dotted curves mark the field envelopes of (b) the free cavity
decay and (c)—(e) polariton beating, respectively.

pletely vanished. Consequently, the reemitted field follows
an exponentially decaying envelope. It is this free cavity
decay that is most dramatically affected when light-matter
coupling is active: Fig. 2(c)-2(e) display the reflected THz
field at a delay time ¢ = 20 ps after incidence of the control
pulse. At a pump fluence ® = 0.07 x @y [Fig. 2(c)] the sin-
gle-exponential decay is absent. Rather, the reflected field
trace shows the onset of beating. As will be discussed below,
this feature is the time-domain fingerprint of vacuum Rabi
oscillations: Energy is periodically exchanged between the
intersubband excitation and the light field, giving rise to
characteristic beat nodes. Panels (d—e) illustrate that the beat-
ing frequency increases with the pump fluence ®. The rela-
tive strength of light-matter coupling becomes very obvious
in this time-domain image: For large control fluences
[Figs. 2(d) and 2(e)], only few cycles of the carrier field are
observed per Rabi node, confirming the ultrastrong nature of
light-matter coupling.

Fourier transformation provides the corresponding am-
plitude and phase spectra in the mid infrared. The eigenmo-
des of the cavity are identified via their characteristic
minima in the amplitude reflectivity. In Fig. 3(a), we demon-
strate that light-matter coupling is continuously tunable via
the control fluence ®. In equilibrium (® = 0), a single reflec-
tance minimum at iw, = 113 meV (top curve) attests to the
sole resonance of the unexcited cavity, the bare photon
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FIG. 3. (Color online) (a) THz reflectance spectra measured at room tem-
perature for various fluences @ (vertically offset) of the control pulse
(tp =20 ps). Minima indicate eigenmodes of the system. For ® =0, only the
bare photon mode is observed at fiw, = 113 meV; both branches of the
intersubband cavity polaritons are discernible for ® > 0.05 x @, where
®y = 0.1 mJ/cm?. The transition from weak via strong to ultrastrong cou-
pling is conveniently tuned by the control fluence ®. (b) Two-dimensional
optical pump—THz probe data. Amplitude reflectivity spectra at 7, = 300
K for various delay times #5 (control fluence: ® = 0.1 mJ/cm?). The arrows
serve as guides to the eye for the position of the cavity and polariton
resonances, respectively. In contrast to (a) the two polariton modes do not
emerge from the bare cavity resonance by adiabatic bifurcation, but via ab-
rupt switching (data from Ref. 16).

mode. For @ > 0.05 x @y, Qr exceeds the widths (FWHM
~5 meV) of both intersubband and cavity resonances and
two cavity polariton branches are clearly discernible. At this
point, the system crosses from the weak to the strong cou-
pling regime. Further increase of the fluence enhances the
separation of the minima. The maximal energetic distance of
the two polariton modes could be increased to as much as
50 meV, in our experiment, corresponding to a fraction of
449 of the bare photon frequency. The apparent mode sepa-
ration is not identical with the vacuum Rabi splitting at the
anticrossing point."” Only a quantitative simulation of the
energy position of the polariton dips allows for extraction of
Qg. For a correct description of our data, the theory has to go
beyond the rotating wave approximation and include antire-
sonant terms in the light-matter Hamiltonian, as discussed in
more detail below. By comparison with this theory we deter-
mine a maximum splitting 2Qg = 0.18 X w1, for our experi-
ments. This value is comparable to the record achieved in
doped structures in the mid infrared®® and clearly fulfills the
criteria for ultrastrong coupling.'*

The central question is: How rapidly may ultrastrong
coupling be activated? In order to address this issue, we
repeat the experiments for various delay times 7, between
near-infrared pump and multi-THz probe pulses. The results
are illustrated in Fig. 3(b): For tp = —50 fs the spectra are
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FIG. 4. (Color online) Perturbed cavity decay in the time domain: Bare pho-
tons are converted nonadiabatically into cavity polaritons. (a) Incident THz
transient, (b) reflected transient without control pulse. (c) The near-infrared
control pulse (vertical arrow) alters the cavity emission on a subcycle scale:
The exponential bare cavity decay is replaced by the characteristic polariton
beating (insert, magnified by factor of 8).

dominated by a single dip located at 113 meV which we may
unequivocally assign to the photonic waveguide mode. Pho-
toinjection of electrons into the lower subband induces dra-
matic changes of the spectra of order unity. The initial bare
photon eigenstate is replaced, on a ten femtosecond scale, by
two ultrastrongly coupled cavity polariton modes appearing
simultaneously at energies of 94 and 143 meV, respectively
(arrows in Fig. 3). Most remarkably, the new resonances do
not develop by gradual bifurcation out of the bare cavity
mode. In other words, the system does not sequentially pass
through all three regimes of light-matter coupling — from
weak to strong and finally ultrastrong interaction, similar to
Fig. 3(a). In contrast, switching occurs discontinuously as
soon as subband |1) is populated.

Femtosecond activation of the light-matter Hamiltonian
is predicted to give rise to yet unexplored effects on preexist-
ing photon states and the quantum vacuum itself.'* This class
of phenomena is best studied directly in the time domain:
Fig. 4(a) and 4(b) illustrate the incident THz transient and
the field reflected off the unexcited cavity, encoding the
reflected and reemitted portion of light from the optical
waveguide, respectively.

The most intriguing situation is realized if we turn light-
matter coupling on while a coherent state of bare photons is
still present inside the cavity: The control pulse [vertical
arrow in Fig. 4(c)] abruptly alters p during the free
cavity decay. Remarkably, the emission of bare photons is
interrupted on a time scale shorter than half an oscillation
cycle of light — a compelling proof of nonadiabaticity. The
subsequent field trace exhibits a characteristic two-mode
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beating [inset in Fig. 4(c)], the hallmark of coherent oscilla-
tions of both polariton branches. Thus we do not only control
the eigenstates of the microcavity, but effectively convert a
coherent photon population into ultrastrongly coupled cavity
polaritons beating at the splitting frequency. We suggest the
term “perturbed cavity decay’’ (PCD) to describe this novel
subcycle phenomenon.

While all the above experiments focus on the dynamics
of coherent photon and polariton populations, theory antici-
pates an exciting new class of unusual quantum correlations
to occur in the presented systems, as well. The origin of
these novel quantum electrodynamics (QED) phenomena is
intimately related with the nature of ultrastrong light-matter
coupling, which manifests itself clearly in our data: Fig. 5
displays the experimental dependence of the polariton eigen-
frequencies on the pump fluence as extracted from data simi-
lar to Fig. 3(a). As mentioned above, it turns out that a
quantitative model has to go beyond first order perturbation
theory.'"* We describe the intersubband excitation in a
bosonic approximation with a Hopfield-like Hamiltonian.
The well-known strong coupling part contains the energy of
the bare cavity and the intersubband polarization, as well as
the resonant part of the light-matter interaction: Creation
(annihilation) of one photon with simultaneous annihiliation
(creation) of an intersubband excitation at the same wave-
vector k. Beyond the rotating wave approximation, we also
include antiresonant contributions of the form:'*

Hyi =1 Z [iO i (axb_i +ab’})
k
+Dk (aka_k - az,aik)] . (2)

Here, a,i (a;) is the creation (annihilation) operator for the
fundamental cavity-photon mode with in-plane wavevector k
and frequency wcay - bz is the creation operator of the bright
intersubband excitation mode, and Qp  is the vacuum Rabi
frequency, which may be tuned via the density N, of photo-
excited electrons in subband |1) as defined in Eq. (1). The
terms proportional to Qg , describe the creation (destruction)
of a cavity photon and an intersubband excitation, whereas

140
130
120
110
100

90 I
0.0 0.5 1.0
12
((D/(I)O)

Resonance energy (meV)

FIG. 5. (Color online) Center frequencies of the lower and upper cavity
polariton branches as a function of the control fluence (®y = 0.1 mJ cm~2,
T; = 300 K). Dots: experimental data; red curves: theory including antireso-
nant terms of light-matter coupling; black curves: first-order perturbation
theory within the rotating wave approximation (data from Ref. 16).
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the term proportional to D, contains only photon operators
because it originates from the square of the electromagnetic
vector potential. Remarkably, the latter contribution
describes the simultaneous creation and annihilation of two
excitations with opposite in-plane vector k. For the case of a
deep rectangular QW, D, may be approximated as
Dy ~ Q,ze /w12,14 i.e., this contribution becomes appreciable
in the regime of ultrastrong coupling. In particular, it leads
to unconventional quantum correlations and a two-mode
squeezed quantum vacuum.

We find that a theory neglecting H,,; does not reproduce
the measured functions appropriately (black line in Fig. 5).
In particular, the slowly varying envelope approximation
(SVA) predicts a more symmetric splitting of the polariton
resonances with respect to the bare photon mode, whereas
the experiment suggests a strong asymmetry with the average
of both resonances shifting to higher frequencies at higher
pump fluences. This effect is mainly caused by quadratic con-
tributions of the vector potential to the light-matter Hamilto-
nian and may be regarded as the vacuum counterpart of the
classical Bloch—Siegert shift. The experiment is well
described only after addition of antiresonant terms in the inter-
action Hamiltonian (red curves threading the experimental
data points).

In our optical switch, the ground state is, thus, predicted
to be a squeezed vacuum containing a finite number of vir-
tual photons.'* As long as the quanta are confined inside the
cavity their unconventional nature remains inaccessible.
Theory shows, however, that nonadiabatic switching of
as demonstrated in this paper may release these virtual
quanta in correlated pairs."* This phenomenon is only one
out of a whole new class of nonadiabatic QED effects remi-
niscent of the dynamical Casimir effect or Hawking radiation
of black holes.”>*® A quantitative estimate via the theory of
Ref. 14 shows that for the switching times demonstrated here
(107 s) the number of vacuum photons released per pulse
should be of the order of 10°. In fact, latest developments of
sensitive phase-matched electro-optic detection, based on
extremely stable fiber lasers, is able to detect a number of
photons as lows as 10% per cycle of light.?” A direct field
resolved observation of photon statistics could, therefore,
well become reality in the near future.

The opposite high-intensity limit of light-matter cou-
pling may be systematically investigated, as well: Recently,
a novel concept of a source of ultraintense THz transients
has been demonstrated which reaches peak electric THz
fields of up to 100 MV/cm—values comparable with intra-
atomic potential gradients.”® Exposing the current cavity
polariton system to such high-energy coherent THz fields
opens up the unique possibility to study light-matter cou-
pling at the transition from pure quantum vacuum to coher-
ent classical conditions. Corresponding experiments are
under way.

In conclusion, we have demonstrated the first nonadia-
batic switching scheme of cavity-polaritons, reaching the re-
gime of ultrastrong light-matter coupling on a subcycle
scale. The experiments provide a benchmark for latest theo-
ries in the ultrastrong coupling regime, point out a viable
route toward novel QED phenomena such as the observation
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of Casimir-type vacuum radiation, and demonstrate a room-
temperature optical switching device at the ultimate speed.
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schungsgemeinschaft via the Emmy Noether Program and
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Humboldt Foundation.
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