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ABSTRACT: We demonstrate ultrafast control of a strongly coupled
light−matter system via a giant ac Stark effect in a specially designed
strongly coupled microcavity using ultrafast pump−probe spectroscopy. We
observe polariton energy shifts larger than the Rabi energy, enabling the
implementation of strong noninvasive potentials for robust and ultrafast
polaritonic switches. A nonperturbative treatment has been utilized to
correctly describe the underlying physics of the giant Stark shifts in our
strongly coupled light−matter system and corresponds well to the
experimental results. Our findings shed new light on nonperturbative
interactions and pave the way for all-optical quantum technologies.
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Ultrafast control of matter energy levels by light is widely
used through the noninvasive ac Stark effect.1−3

Nevertheless, in strongly coupled light−matter systems, the
recently observed small ac Stark shift4 was indistinguishable
from the shift of the uncoupled matter energy level. Strong
light−matter coupling5−9 imparts light properties to matter for
high-temperature quantum condensation10,11 and matter
properties to light for enhanced interaction.12−14 Specifically,
strong coupling of quantum well (QW) excitons to cavity
photons forms cavity exciton-polaritons15 (Figure 1a,d) with
unique optical16 and electronic17 properties. The hybrid light−
matter nature of exciton-polaritons is manifested in very low
effective mass yet relatively strong mutual interactions, which
enabled observations of quantum condensation,10,11 Bogoliu-
bov excitations,18 exciton-polariton lasing,19,20 and superfluid
behavior.21−23 The ac Stark effect is utilized in various
heterostructures24−28 and two-dimensional materials29 exhibit-
ing excitonic resonances in order to manipulate the matter
without direct carrier injection. Recently, ultrafast noninvasive
control of exciton-polaritons based on the ac Stark effect was
demonstrated,4 enabling switching speeds limited only by the
Stark pulse width.30 Nevertheless, the magnitude of the Stark
shift obtainable in conventional microcavity structures is
limited (due to sample heating caused by pump transmission
through the mirrors and its absorption in the substrate) to
fractions of a millielectronvoltan order of magnitude smaller
than the typical Rabi energy. In this regime, the energy shift of
the dressed polariton states cannot be distinguished from the
sole shift of the exciton energy level (Figure 1b,e), as modeled

by a perturbative approach. Moreover, the small shift
magnitude limits potential applications, such as polariton-
based switches, where large switch amplitudes ensure robust-
ness of the logical state.
Here we demonstrate ultrafast nonperturbative control

based on a giant ac Stark shift in a strongly coupled light−
matter system, as observed by pump−probe differential
spectroscopy (Figure 1g). We show that in the giant ac Stark
effect, larger than the Rabi energy, the polariton blue shift can
no longer be described as a shift of the exciton energy level
only. Our experimental results reveal ultrafast nonperturbative
control, which can be modeled only by full diagonalization of
the underlying system Hamiltonian (Figure 1c,f). The
demonstrated effects enable generation of very strong and
noninvasive potentials for ultrafast manipulation of polariton
condensates. Moreover, the induced shifts ensure robust
operation of polariton-based switches as a result of the large
switching amplitude. Our sample was grown by molecular
beam epitaxy and consists of a 3λ/2 AlAs intercavity layer
embedded between two distributed Bragg reflector (DBR)
stacks of 23 and 27 mirror pairs of Al0.2Ga0.8As/AlAs in the top
and bottom DBRs, respectively. Three stacks of four 7 nm
GaAs quantum wells with AlAs barriers of 4 nm width were
grown at each of the three central antinodes of the microcavity
to enhance the photon−exciton coupling. The main design
innovation enabling our achievements lies in spectrally red-
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shifting the bottom DBR with respect to the top DBR by
making its layers roughly 4% thicker, which creates a reflection
dip in the sample spectra near 1550 meV at 45° incidence
(Figure 2a). The dip was specifically designed for the Stark
pump pulse, allowing it to enter the cavity at a modest angle of
incidence, which is convenient for optical coupling to a
cryogenic environment. The design therefore leads to
reflection of the pump pulse from the bottom DBR,
minimizing its absorption in the sample substrate (as can be
inferred qualitatively from Figure 2c). This allows the use of
high Stark pulse intensities (while exhibiting good polariton
condensation) in order to realize robust all-optical polaritonic
switches. The tapered DBR thickness across the sample allows
tuning of the cavity resonance by probing the sample at
different locations. We identified the polariton strong coupling
region using reflection spectroscopy (Figure 2b). At normal
incidence, a detuning energy of −9.7 meV, and a temperature
of 4 K, the lower polariton (LP) and the upper polariton (UP)
reflection dips were observed at 1601 and 1617 meV,
respectively. The measured Rabi energy was 6.95 meV. For
the chosen detuning, the LP and UP line widths were 0.8 and
2.2 meV, respectively (inset in Figure 2b), and the normalized
reflectivity spectra for other detunings are depicted in
Supplementary Figure 7.
First we demonstrate exciton-polariton formation and

condensation in our unconventional microcavity, verifying
the capability of the new device to support polariton
condensates. This verification is important, because the
noninvasive ultrafast manipulation of the polariton condensate
utilizing the ac Stark shift could provide important applications

and possible future studies using our microcavity design.
Moreover, contrary to conventionally designed structures
supporting the existence of polariton condensates,4,10,11 it is
not trivial to simply assume that our asymmetrically designed
structure will. As mentioned, strong coupling appears in
reflectivity measurements, showing polariton resonance anti-
crossing when the detuning tends to zero (Figure 2b), as well
as in angle-resolved photoluminescence (PL) measurements
showing LP dispersion, contrasting it to the bare cavity one
(Figure 2d). To demonstrate condensation of the LP, we
applied nonresonant pulsed laser excitation for various cavity−
exciton detuning energies and injected powers at a temperature
of 4K. Condensation of the LP was successfully observed at
energies of 1595, 1600, and 1605 meV for detuning energies of
−13.5, −7.5, and −2.9 meV, respectively (Supplementary
Figures 1−6). An example of such a measurement is given in
Figure 2e−g, which shows the energy, spectral width, and
integrated intensity of the PL emission. These observations
confirm that our specially designed microcavity structure
exhibits both strong coupling of the QW exciton to the cavity
photon mode and condensation of the resulting LP for various
cavity−exciton detuning energies.
In our ac Stark experiment (Figure 1g), the output of a

regenerative Ti:sapphire amplifier with a repetition rate of 1
kHz at 1550 meV delivering 35 fs pulses was split into two
beams: one beam served as the Stark pump, and the other one
generated a broad-band supercontinuum in a sapphire crystal
for the probe. The probe beam, normally incident on the
sample, was mildly focused in order to probe polariton states
near k∥ = 0. The sample was held in a closed-cycle liquid
helium cryostat at a temperature of 4 K, and its reflectivity was
spectrally resolved by a high-resolution monochromator and
detected with a high-sensitivity CCD camera.
The ultrafast pump pulse impinging on the sample is

spectrally filtered upon being transferred through the narrow
transmission dip in the semiconductor DBR mirror, resulting
in a pulse spectral width of ∼7.3 meV. The central pulse energy
is red-detuned from the lowest polariton energy level by ∼50
meV and induces nonresonant dynamic Stark shifts in the
dressed states of the LP and UP without any direct excitation
of the polaritons. The probability of the direct excitation is
minimized for larger detuning, however, if the detuning is too
large, it will adversely affect the resulting Stark shifts, as can be
inferred from the derivation of the Stark effect in eq 6 in the
Supporting Information. It is important to mention that the
Stark pump is coupled to the excitonic part of the polariton,
which is localized on the scale of tens of nanometers because of
the growth nonuniformity. This localization results in a broad
spread of the exciton in-plane wavenumbers on the scale of
tens of reciprocal micrometers. This in turn enables the use of
the normally incident probe to measure the polariton Stark
shifts, whose excitonic part is coupled to the 45° incident Stark
pump. This is contrary to on-resonance polariton manipu-
lations, which require precise angle control of the pump
beam.31

The small variation of the sample reflectivity (~3%) in the
presence of the Stark pump suggests evaluating the differential
reflectivity from the measured spectra to enhance the visibility
of the Stark effect. A full description of the data processing is
presented in the Supplementary Discussion. As shown in
Figure 3a,b, our measurements clearly demonstrate the
dynamic Stark blue shift of both the LP and UP lines. For
increasing pump peak intensities, the shift magnitude reaches

Figure 1. AC Stark shift and experimental setup. (a−c) Schematic
representation of the ac Stark experiment: (a) cavity with exciton and
photon (in purple) parts forming the UP and LP; (b) in the
perturbative regime, for low Stark pump intensity, only the excitonic
part is shifted; (c) in the nonperturbative regime, for high Stark pump
intensity, the entire polariton is shifted. (d−f) Reflectivity spectra of
the processes depicted in (a−c): (d) UP and LP split by twice the
Rabi energy; (e) perturbative ac Stark shift (in dashed red); (f)
nonperturbative ac Stark shift approaching twice the Rabi energy. (g)
Experimental setup consisting of a pump beam (in red) and a
supercontinuum white-light probe beam (rainbow color) impinging
on the polariton microcavity. The reflected spectra are measured
using a high-resolution spectrometer.
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values larger than the vacuum Rabi energy. The Stark shifts can
be extracted from the fact that each polariton experiences the
maximal effect in the vicinity of zero pump−probe delay time,
and blue-shifting of the polariton reflection dip to a new energy
results in a differential reflectance peak at the unperturbed
energy. We can safely exclude the probe beam drift on the
graded sample as a possible explanation to the observed effect
because the unperturbed polariton line remains vertical in the
course of the experiment. The normalized differential
reflectance spectra change accordingly within the extended
pump pulse duration (∼250 fs). For negative delay times,
where the broad-band probe pulse arrives before the pump
pulse, we observe coherent oscillations of the probe polar-
ization.32−36 These arise because the ultrafast pump perturbs
the probe-induced coherent polarization within its longer
decay time. When the pump−probe delay time vanishes, the
spectral period of coherent oscillations diverges. In the case
where the external pump is red-detuned from the polariton
energies, coherent oscillations are observed together with the
Stark shift of the polaritonic lines in the differential reflectivity

spectra. Contrary to conventional microcavities,4 where the
spectral shifts of the polaritons are small compared with their
line widths, such that the shift magnitudes determine the
amplitudes of their normalized differential reflectance features,
here the polariton line widths are smaller and their spectral
shifts are considerably larger, so no such relation exists. When
the Stark shift is smaller than the polaritonic line width, the
amplitude of the normalized differential reflectivity is in fact set
by the shift value. However, when the shift is larger than the
polaritonic line width, the amplitude of the normalized
differential reflectivity remains mostly unchanged even for
larger shift values and is rather determined by the shift of the
reflectivity features. Therefore, it is important to stress that
extraction of the polariton Stark shifts from the amplitude of
the normalized differential reflectivity (which was performed
for the small shifts in ref 4) is incorrect for shifts larger than the
polaritonic line width. Here the shifts were extracted from the
spectral difference between the peak and dip in differential
reflectivity of each polariton feature in the vicinity of zero
pump−probe delay time.

Figure 2. Sample design and polariton condensation. (a) Calculated sample reflectivities at 10 K for the full structure at normal incidence (solid
blue) and at 45° incidence (solid red) and for the bottom DBR alone at normal incidence (dashed black). (b) Measured normalized reflectivity
spectra of the sample at T = 4 K vs detuning (log scale), showing the Rabi splitting. The blue solid line is the normalized reflectivity spectrum at our
detuning of −9.7 meV showing both the LP and UP line widths. (c) (left) Schematic drawing of the microcavity structure. The impinging and
reflected pump beams are shown in red. The bottom DBR fully reflects the pump. (right) SEM image of the embedded QWs. (d) Angle-resolved
photoluminescence (PL) measurement showing LP dispersion at a detuning energy of −7.5 meV and excitation power of 1.4 mW at T = 5 K.
Calculated dispersions for the polaritons (dashed white), cavity photon (dashed green), and exciton (dashed red) are also shown. (e−g) Energy,
spectral width, and integrated intensity of the PL emission as functions of the injection power. LP points are shown in red and condensate points in
blue. These results were measured at a temperature of 4 K and a detuning of −2.9 meV between the exciton and cavity photon energies.
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For the detuning of −9.7 meV used in our experiment, the
lower polariton is more cavity-like while the upper polariton is
more exciton-like. This results in larger Stark shift magnitudes
for the UP with respect to the LP because the Stark pump
photon interacts with the polaritons via their constituent
excitonic parts. In addition, the narrower line width of the LP
results in its enhanced visibility with respect to the UP feature
in the normalized differential reflectivity plots in Figure 3c,d,
and therefore, a logarithmic scale representation is included in
Figure 3a,b to enhance the visibility of the UP feature, together
with white arrows depicting the positions of the unperturbed
and perturbed UP energies. The normalized differential
reflectivity spectrum for a pump peak intensity of 3.7 GW/
cm2 at near-zero pump−probe delay time is shown in Figure
3g, together with the theoretical fit used to extract the Stark
shift magnitude. The observed Stark shift in our specialized
microcavity at high pump intensities is at least an order of
magnitude higher than previously observed shifts and is also
larger than the vacuum Rabi energy (ℏΩR = 6.95 meV). For
these pump intensities, we succeed in coupling the Stark pump
strongly into the cavity and inducing extreme polariton shifts,
such that the perturbative modeling in which the pump shifts
the exciton energy level alone is no longer valid. In this high-
intensity pump regime, correct modeling of the system requires
diagonalization of the full Hamiltonian, where the photonic
and excitonic parts of the polaritons are not treated separately.

Another noticeable feature appears in the normalized
differential reflectivity spectra at positive times. Because of
the high intensities used in the experiment, two-photon
absorption generates carriers inside the semiconductor mirrors,
modifying their absorption spectra and the refractive index.
This in turn changes the resonance position of the cavity,
resulting in a slight red shift of the polariton lines (<0.4 meV),
which leaves a characteristic alternating differential reflectivity
trace at positive times. However, the modification of the cavity
spectra is small and, most importantly, several orders of
magnitude slower than the femtosecond ac Stark effect. An
additional effect present in Figure 3 is a considerable spectral
broadening of both polariton dips following the blue shift,
most notably of the UP, during a subpicosecond time scale
roughly equivalent to our extended pump pulse duration
(ruling out heating as a possible explanation for this effect).
The phenomenon is enhanced for higher pump intensities and
can be partially explained by the fact that our pump pulse
duration was slightly shorter than the generalized exciton−
cavity Rabi cycle period (∼500 fs). Therefore, the Stark shift
was faster than the energy exchange between the QW exciton
and the cavity photon in our system, leading to the observed
diabatic behavior throughout all of our measurements.
In order to explain the obtained Stark shift results

theoretically, we begin with the 2 × 2 Hamiltonian for a
strongly coupled light−matter system, which in our case

Figure 3. Normalized differential reflectivity measurements and theoretical modeling. (a, b) Measured normalized differential reflectivity on a
logarithmic scale [log10(|ΔR/R| + 1)] for peak intensities of 3.7 and 12.3 GW/cm2, respectively. White arrows depict the original (dashed) and final
(solid) positions of the upper polariton. (c, d) Normalized differential reflectivities ΔR/R on a linear scale for the same intensities as in (a) and (b).
(e, f) Calculated normalized differential reflectivities. (g) Normalized differential reflectivity as a function of energy for near zero pump−probe
delay time at a pump peak intensity of 3.7 GW/cm2. The dashed line depicts the theoretical fit used for Stark shift magnitude extraction.
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consists of the cavity and the exciton energies, and the off-
diagonal exciton−cavity interaction term. The light−matter
polariton eigenenergies of the system are given by4

E E E E E
1
2

( 4( ) ( ) )LP,UP C X R
2

C X
2= + ± ℏΩ + −

(1)

where EX and EC are the uncoupled exciton and cavity photon
energies and ℏΩR is the Rabi energy, representing the coupling
between the exciton and the cavity photon. These LP and UP
energies correspond to the unperturbed system without a Stark
pump photon present. The ac Stark shift of such a dressed
exciton-polariton system is described by adding terms
representing the Stark pump−exciton interaction and the
pump photon energy to the original system, expanding it to a 3
× 3 Hamiltonian of the following form:

i

k

jjjjjjjjjjjjj

y

{

zzzzzzzzzzzzz
H

E

E 0

0

X R p

R C

p pω

=

ℏΩ ℏΩ

ℏΩ

ℏΩ ℏ (2)

in which ℏωp is the pump photon energy and Ωp = |d·Ep|/ℏ
(where d is the exciton dipole matrix element and Ep is the
external pump electric field) is the coupling between the
exciton and the external pump. For lower pump intensities and
thus weaker coupling between the pump and the exciton, the
blue shift can be approximated by the change in polariton
energies solely due to the exciton Stark shift.4 For higher pump
intensities, however, this approximation no longer holds, and
diagonalization of the full Hamiltonian is necessary. The exact
analytical solution of the aforementioned Hamiltonian (see the
Supplementary Discussion) leads to the UP and LP shifts as
functions of the pump intensity (Figure 4). For comparison,
we also plot the perturbatively calculated shift obtained using
eq 7 in the Supplementary Discussion.
The calculated dependence of the shift on the pump

intensity shows a considerable discrepancy of several
millielectronvolts (which is significantly larger than the
polariton line width) between the full and perturbative
solutions for the UP, which is more exciton-like for our

negatively detuned conditions. The discrepancy is even more
pronounced when the Stark shift exceeds the Rabi energy,
which may serve as a threshold for validity of the perturbative
approach. For pump peak intensities above 13 GW/cm2, the
UP shift exceeds the Rabi energy (ℏΩR = 6.95 meV). We can
further deduce that in this regime our measurements coincide
well with the full solution rather than the perturbative solution.
The observed discrepancy from the perturbative solution can
be intuitively explained if the system composed of the exciton,
pump, and cavity photons is modeled as two coupled harmonic
oscillators. In this system, both the cavity and pump photons
are coupled to the exciton. The strength of the coupling
between the cavity photon and the exciton is determined by
the Rabi frequency. In the case where the coupling of the
pump photon to the exciton is much smaller than the Rabi
frequency, this coupling can be considered perturbative, and
the modification of the polariton energies can be fully
attributed to the shifted exciton energy. This external coupling
will only slightly modify the first oscillator dynamics set by the
Rabi frequency. However, when the coupling to the pump
photon is large, the system has to be fully diagonalized because
the perturbation is on the scale of the strength of the
interaction between the cavity photon and the exciton. This
full diagonalization accounts for the deviation between the
measured Stark shifts and the shifts predicted by the
perturbative theory.
In conclusion, we have observed ultrafast control of a

strongly coupled light−matter system based on a giant
nonresonant ac Stark shift in a specially designed strongly
coupled microcavity. The shift is significantly larger than the
vacuum Rabi energy and thus requires full nonperturbative
modeling. Our results provide new insights into light−matter
interactions and enable control of the internal dynamics of the
system on the femtosecond time scale, making it a strong and
yet noninvasive tool for ultrafast all-optical control of quantum
condensates.
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