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ABSTRACT: Optical nonlinearities can be engineered into high-speed optical gates when a probe
signal is switched coherently and fast by an optical control pulse through various nonlinear effects
for switching. In semiconductors, a strong light−matter interaction can also excite many electrons
to interact with each other, which can deteriorate switching through Coulomb-induced dephasing.
Here, we demonstrate that optical transmission of carbon nanotubes can be switched reversibly
hundreds of times via detuned Rabi splitting, faster than 200 fs via nonresonant but strong control
pulses. Our detailed experiment−theory analysis identifies that quantum memory in Coulombic
scattering restores reversibility while simultaneously reducing undesirable pure dephasing of
coherences. This capability creates new possibilities for ultrafast quantum optoelectronic
processing in quantum materials.

KEYWORDS: ultrafast switching, quantum memory of many-body nonlinearities, excitonic Stark shift, quantum optoelectronics,
carbon nanotubes

High-speed optical gates1−8 can be realized when a probe
signal can be switched from on to off state nearly

perfectly, coherently, and fast by an optical control pulse.
While the switching itself can be created by any optical
nonlinearity, its scope can be significantly expanded through
strong light−matter interactions offering a broad range of
nonlinear effects such as the Autler−Townes effect,9,10 Mollow
splitting,11,12 vacuum Rabi splitting,13−16 and ultrastrong and
deep strong coupling.17,18 In this context, semiconductor-based
optical switches are both beneficial, due to direct compatibility
with other semiconductor technology, and challenging because
strong light−matter interaction can introduce strong light
absorption that excites many electrons and holes (electronic
vacancies) to interact with each other. The resulting Coulomb
interaction can bind electrons and holes into excitons or can
destroy coherences relevant for switching19 through excitation-
induced dephasing.20−23 The latter often introduces irrever-
sibility to the nonlinear system response, which prevents
successive quantum operations even when light−matter
interaction is made strong.
To simultaneously exploit strong light−matter interaction

and eliminate irreversible many-body scattering, we propose a
concept illustrated in Figure 1a. Excitations can become
transient, adiabatic following when the control field Ectrl(t) is
detuned by Δ ≡ ℏωcontrol − E1s, well below the 1s-exciton
absorption resonance centered at energy E1s. Having strong
light−matter interaction makes it possible to induce large
changes to the optical response during the pulse. Since exciton
binding localizes electrons with respect to holes, it enhances
light−matter coupling resulting in an effective dipole d. For the

highly detuned situation studied here, the exciton resonance is
Stark-shifted according to a detuned Rabi splitting19
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for sufficiently large detunings. Our concept relies on an
ultrafast control pulse, Ectrl(t), to nonlinearly blue-shift the 1s-
exciton resonance and having particularly strong quantum-
memory effects on Coulombic scattering, which unexpectedly
keeps the excitation coherent and adiabatic even at high
excitation levels. Only by combining these two quantum
phenomena, we demonstrate that coherent dynamics prevails,
making ultrafast and nearly perfectly reversible switching
possible.
We use carbon nanotubes as candidates for providing the

needed direct-bandgap semiconductor24 with a large 1s-exciton
binding energy25−27 in order to provide the needed strong
light−matter coupling.28 Such excitons are provided by (6,5)
carbon nanotubes that feature a substantial 400 meV exciton
binding energy.25−27 This work focuses on the ultrafast optical
switching dynamics associated with the 1s-exciton resonance of
the lowest subband. As shown in Figure 1b, our nanotubes are
randomly oriented within an aqueous dispersion, which
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ensures that control-generated coherences couple to any,
including the probe direction, to create the ΔE shift. Figure 1c
presents the measured probe transmission spectrum of this
sample. The spectrum consists of the 1s-exciton peak at 1.26
eV as well as the corresponding phonon sideband peak at 1.46
eV, respectively. Also, smaller peaks appear at 1.23 and 1.35 eV
due to exciton resonances of residual populations of (7,5) and
(9,1) nanotubes in the sample.
In our computations, we self-consistently solve the

Maxwell−semiconductor Bloch equations29 for (6,5) nano-
tubes, and microscopically include dephasing kinetics to
describe the possible irreversibility in the proposed optical
switch. In our setup, the control field is a strong control pulse
that creates both polarization Pk and electron−hole distribu-
tions f k

e(h) at the carrier momentum ℏk. Once created, Pk
experiences excitation-induced dephasing that is dominated by
Coulombic scattering, even at room temperature. This will
induce both excitation-induced broadening for the exciton
resonance and eventually irreversibility for the switching.
In a phenomenological description, the decoherence

dynamics of the polarization can be parametrized by an
instantaneous decay

t
P t P t( ) ( )k k

instant
γ∂

∂
= −

(2)

quantified by a single dephasing constant γ. Microscopically, γ
results from a quantum-kinetic scattering22,29 where polar-
ization exchanges momentum with electrons and holes, and
this process always takes some time to build up. Following the
key observations of ref 28, we show in the Supporting
Information that the fully kinetic, microscopic scattering
actually introduces quantum memory:
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where e i H t/ ex− ℏ ̂
propagates the excitonic polarization and TQM

defines how fast dephasing is built up due to quantum
memory. Consequently, the decay of polarization at time t
depends on the polarization at earlier times t′ < t, introducing
quantum memory to scattering as is common for excitation-
induced dephasing.28 Unlike for resonant excitations, detuned

P(t′) and ei H t/ exℏ ̂ ′ contributions remain out of phase during the
past time t′ so that adding up all past polarizations partially
average out in the memory integral (eq 3), making effective
dephasing much weaker for detuned than it is for resonant
excitations. In our system, the quantum memory kernel is
found to last for TQM = 66 fs, which is long enough to reduce
the irreversibility of nonresonant excitations. Figure 1d shows
that computations with (shaded area, using eq 3) and without
(dashed line, with eq 2) quantum memory produce essentially
identical absorption values close to the 1s resonance. For
energies well below the 1s-exciton state, the instantaneous
dephasing produces a far-reaching Lorentzian tail suppressed
by 1 order of magnitude at Δ = −200 meV by the quantum
memory. The proposed switch concept harnesses quantum
memory to eliminate dephasing, that is, irreversibility from the
transient Stark shift, by using a sufficiently large detuning for
the control pulse.
Our 200 fs control pulse is detuned Δ = −200 meV below

the 1s-exciton resonance. Figure 2a compares the measured
probe transmission without (shaded areas) and with (red
lines) the control pulse for three representative control−probe

Figure 1. Concept of ultrafast optical switching with carbon
nanotubes. (a) A 1s-exciton resonance (orange peak) becomes
shifted (blue peak) by ΔE when a strong optical field is detuned well
below the 1s-exciton state. (b) An aqueous suspension of high-purity
(6,5)-enriched carbon nanotubes is probed normally and controlled
with a separate angle with respect to the probe, as a function of
control−probe delay Δt. (c) Measured linear probe transmission
without control pulse. (d) Computed probe absorption with (shaded
area, using eq 3) and without (dashed line, using eq 2) quantum
memory. The red vertical line indicates the central photon energy of
the control pulse.

Figure 2. Experiment−theory demonstration of ultrafast optical
switching. (a) Measured vs (b) computed probe transmission spectra
without (shaded area) and with (solid lines) control pulse for three
representative control−probe time delays. The dashed line shows the
results computed without quantum memory, using a phenomeno-
logical decay constant (2) instead of its full quantum-kinetic form (3).
(c) Computed (solid line) vs measured Stark shift (triangles) ΔE at 0
time delay as a function of control pulse intensity |Ectrl|

2. (d) Time-
resolved switching of probe transmission 10 meV below the 1s-exciton
state. Measured (red line) change is compared to computations with
(black line) and without (dashed line) quantum memory. The shaded
area indicates the envelope of the control pulse.

ACS Photonics pubs.acs.org/journal/apchd5 Letter

https://dx.doi.org/10.1021/acsphotonics.0c00315
ACS Photonics 2020, 7, 1382−1387

1383

http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c00315/suppl_file/ph0c00315_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c00315/suppl_file/ph0c00315_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c00315?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c00315?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c00315?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c00315?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c00315?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c00315?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c00315?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c00315?fig=fig2&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://dx.doi.org/10.1021/acsphotonics.0c00315?ref=pdf


time delays (peak-to-peak), while the probe spectrum at −200
fs matches the no control-pulse base (full data is presented in
the Supporting Information). It becomes visibly blue-shifted
during the control pulse, roughly by ΔE = 3 meV for 0 fs. At
the same time, the peak intensity decreases and the spectrum
broadens. At 200 fs, this 1s-exciton peak returns to its original
position and line shape very rapidly. The computations with
(solid lines) and without (dashed lines) quantum memory are
shown in Figure 2b. Only the quantum-memory computations
reproduce the experimental observations quantitatively. In
sharp contrast to this, the instantaneous dephasing (without
quantum memory) predicts an excessive excitation-induced
blue shift that is both too large and incorrectly irreversible after
the control pulse. Therefore, the measured reversible trans-
mission changes originate from the quantum-memory effects
that eliminate irreversible absorption that would leave the
system excessively excited after the control pulse.
Figure 2c shows that the experiments (triangles) and

computations (line) produce the same shift ΔE (determined
at 0 fs), and the same linear scaling in |Ectrl|

2, which verifies the
expected Stark-shift dependency of eq 1. Our highest
experimental peak-field strength in Figure 2c is 1.0 MV/cm
= 100 mV/nm, which is close to the threshold of generating
multiphoton transitions30 that tend to saturate the 1s shift,
which we confirm to appear for field strengths exceeding
roughly 130 mV/nm. This is not unexpected because such
fields change potential energy by more than 100 mV across the
exciton radius, inducing strong nonlinearities. We also follow
the change ΔT in probe transmission as the explicit optical
switch signal at a fixed frequency, here 10 meV below the 1s-
exciton resonance. The dynamics of the measured (red line)
and computed (solid line) ΔT are shown in Figure 2d; the
dashed line corresponds to the computation without quantum
memory. The optically switched ΔT follows the temporal
envelope of the control pulse (shaded area) adiabatically such
that switching happens here in roughly 200 fs, matching the
duration of the control pulse. Analogous adiabatic transition
has been detected31 in carbon nanotubes using roughly 600
meV detuning. We observe that both experiment and
computations do introduce a slight irreversibility, about 10%
with respect to the peak signal, whereas computations with
instantaneous decay imply a complete saturation of the signal
due to excessive residual excitations. Figure 1d confirms that
the quantum memory (black line) reduces the residual
excitation and guarantees the adiabatic following of the
electron−hole excitations with respect to transient, non-
resonant control pulse needed for nearly ideal switching
properties.
While the quantum memory makes optical switching

functionally possible in the detuned excitation case, it is not
expected to change resonant excitations based on Figure 1d.
Nevertheless, this regime may produce other optical non-
linearities, such as resonant Rabi splitting and wave-mixing
features, due to a spectrally degenerate control and probe.
After careful experiment−theory calibrations, presented in the
Supporting Information, we detune the control pulse to be
resonant Δ = 0 meV and reduce the field strength by a factor of
4.87. By only changing the excitation conditions but none of
the many-body details in the computations, our experiment−
theory comparisons rigorously connect the many-body aspects
of the resonant and nonresonant cases (Figure 2) and assign
the key differences between them. Figure 3 compares
measured and computed transmission spectra in the resonant

excitation case, Δ = 0. During the control pulse, from −200 to
100 fs, the 1s-exciton peak redshifts and splits into two well-
separated peaks. In addition, the peak intensity decreases and
broadens within the control−probe overlap duration. The
spectra exhibit a distinct double-peak structure already before
the control pulse, and change irreversibly after the pulse, as
quantified further in Figure 3c (see also full spectral data in
Supporting Information). This verifies the prediction of eq 3
that dephasing and irreversibility becomes significant for
resonant excitations.
The spectral splitting in Figure 3d does not appear to follow

the control-field |Ectrl(t)| (shaded area) as it should for Rabi
splitting, based on eq 1, with Δ = 0. To uncover possible
coherent effects through computations, we reduce the
dephasing in eq 3 by a factor of 2, which reveals multiple
peaks in the spectra (Figure 3b, shaded areas) for negative
delays, when the probe arrives before the control pulse. These
are the well-known coherent oscillations32 that appear in the
coherently coupled control and probe whenever the control
pulse arrives after the probe and, hence, abruptly quenches the
probe coherences, which is observed as spectral ringing. In our
particular case, spectral splitting is related to such wave-mixing
features that remain visible even at positive delays.
To improve the switching further, we only need to explore

the case with large negative detuning because only it yields
better reversibility for the current system. In our experiment,
the exciton line width is about 20 meV before excitations,
which is the expected scale at room temperature (kBT = 26
meV at T = 300 K). With further optimized sample growth
conditions and a lower temperature of measurements, reducing
the exciton line width by half should be realizable.33

Additionally, a larger Δ can reduce the generated electron−

Figure 3. Irreversible switching characteristics of resonant excitations.
(a) Measured vs (b) computed probe transmission spectra with actual
(red lines) and artificially reduced dephasing (shaded areas) for five
representative control−probe time delays. (c) Time-resolved probe
transmission detuned 10 meV above the 1s state. (d) Corresponding
spectral peak-splitting for computations (solid line) and experiments
(open circles).

ACS Photonics pubs.acs.org/journal/apchd5 Letter

https://dx.doi.org/10.1021/acsphotonics.0c00315
ACS Photonics 2020, 7, 1382−1387

1384

http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c00315/suppl_file/ph0c00315_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c00315/suppl_file/ph0c00315_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c00315/suppl_file/ph0c00315_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c00315?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c00315?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c00315?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c00315?fig=fig3&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://dx.doi.org/10.1021/acsphotonics.0c00315?ref=pdf


hole density and the irreversibility due to excitation-induced
effects. To keep the Stark shift constant, we increase also the
control field strength together with Δ, based on eq 1. We
explore improving switching performance by using an
improved sample with halved background dephasing, as well
as doubled |Ectrl|

2 and detuning. As a stress test, we switch the
probe transmission with eight consecutive nonresonant control
pulses separated by 1 ps, each identical as that used in Figure 2.
Figure 4a presents the computed transmission change observed

by the probe using parameters matching the actual (red line)
and the improved (blue line) sample. We see a sizable
switching signal and reversibility after each pulse in both cases.
Although the accumulated residually generated electrons and
holes eventually deteriorate the reversibility, it is significantly
less for the ideal sample.
To quantify how many times the optical switch can be

operated, we define reversibility

T T

T
Rev peak base

peak
=

Δ − Δ
Δ (4)

as the ratio of the peak transmission change ΔTpeak compared
to the base transmission ΔTbase that is the average value of
transmission before and after switching. Reversibility close to
unity signifies robust reversibility, while values close to zero

imply complete saturation of the switch. Figure 4b presents
reversibility for the actual (red line) and the improved (blue
line) sample as a function of the number of switching pulses
used. We conclude that the reversibility of the improved
sample decays 20× slower than that of the actual sample,
yielding a reversibility as high as 10% after more than 500
pulses.
In conclusion, we have demonstrated that carbon nanotubes

can be used for ultrafast optical switching that is nearly
reversible when control pulses are clearly nonresonant. Our
system exhibits reversibility up to tens of control pulses with 1
ps or possibly shorter temporal separation, and can be
significantly improved to hundreds by optimizing the excitonic
line widths. This capability can open the path to coherently
switch optoelectronics at least terahertz clock rates matching
the 1 ps pulse separations tested here.

■ METHODS

Experiments. The sample consists of (6,5)-enriched
carbon nanotubes dispersed in a solution contained within a
quartz cuvette with an optical path length of 1 mm. The
chirality purity is as high as 93%. This is obtained by taking a
high-pressure carbon monoxide (HiPco)-grown mixture
containing many different chiralities of carbon nanotubes and
performing a gel-chromatography technique on this mixture to
isolate a solution containing (6,5)-enriched carbon nanotubes,
as described in ref 34. Optical switching is measured using the
Ti:sapphire-based chirped pulse amplifier (Clark-MXR, Inc.,
CPA 2010), which delivers output pulses of 775 nm (1.6 eV)
at 1 kHz with an average power up to 1.2 W and a pulse
duration of 200 fs. The laser output is split into two beams.
One beam containing 90% of its output power is used to pump
the optical parametric amplifier (OPA), capable of delivering
intense tunable control pulses with a photon energy ranging
from 0.07 to 2.34 eV. The other beam containing the
remaining 10% of the CPA output is focused onto a sapphire
crystal to generate a white-light continuum used as the optical
probe. The ultrafast control−probe measurements are
performed in a transmission geometry. Only the transmitted
white-light continuum probe beam is collected and sent to a
spectrometer equipped with a charge-coupled device (CCD)
camera. The delay time between the control pulse and the
probe pulse is controlled by a mechanical stage. The
differential transmission at a certain time delay T(t) is
calculated via

T t
I t I t

I t
( )

( ) ( )
( )

0

0
=

−
(5)

where I and I0 are the transmitted white-light intensity with
and without the control pulse, respectively. More experimental
details as well as diagrams are presented in the Supporting
Information.

Theory. The studied system consists of (6,5) carbon
nanotubes that are direct-gap semiconductors with a 1.26 eV
gap energy, while the next confinement level has a 2.17 eV
gap.34,35 We study here ultrafast switching close to the 1.26 eV
gap so that electronic excitations involve essentially only two
bands. The optical nonlinearities of the carbon nanotube
response are systematically solved with the semiconductor
Bloch equations (SBEs)29,36

Figure 4. Limits of ultrafast optical switching. (a) Computed change
in probe-transmission ΔT is followed during eight 200 fs control
pulses for parameters matching the experiment (red line) and using an
improved sample parameters (blue line). (b) The level of reversibility
after the last pulse, as a function of pulse number for experimental
(red line) and 50%-reduced dephasing (blue line) conditions.
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i
t
P E P f f
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f P

(1 )

2Im

k k k k k k k

k k k k

e h

e(h) e(h)

ℏ ∂
∂

= ̃ − − − Ω + Γ

ℏ ∂
∂

= [ Ω ] + Γ*
(6)

where Pk is the microscopic polarization at momentum ℏk, f k
e(h)

i s the microscopic e lectron (hole) occupat ion,
E E V f f( )k k k k k k k

e h̃ = − ∑ +′ − ′ ′ ′ is the renormalized electron−
hole energy with bandgap energy Ek and Coulomb matrix
element Vk, and d E t V Pcos ( )k k k k k kθΩ = + ∑ ′ − ′ ′ is the
renormalized Rabi energy, with a dipole matrix element dk,
an optical field E, and the angle θ between them. We
systematically couple SBEs to Maxwell’s equations to compute
a self-consistent transmission28,29 measured in experiments.
Band structure as well as Coulomb- and dipole-matrix
elements of the carbon nanotube are determined using a
tight-binding model, outlined in ref 24. The two-body
correlations Γk

λ introduce Coulomb and phonon-introduced
scattering. On the ultrafast time scale, Γk is dominated by
Coulombic dephasing and described by the quantum-memory
integral in eq 3. The detailed derivation of quantum memory is
presented in the Supporting Information. There, the exciton
propagator is found to involve an effective Hamiltonian

H E f f V(1 )k K k K k k k k Kex , ,
e hδ[ ̂ ] = ̃ − − − − (7)

This uniquely defines excitons via an eigenvalue problem in
the form of the generalized Wannier equation29

H H K E k( ) ( )k
K

k Kex ex ,∑ϕ ϕ ϕ[ ̂ ] = [ ̂ ] =λ λ λ λ
(8)

where ϕλ(k) is the exciton wave function and Eλ is the
corresponding exciton energy.
Besides quantum memory, Coulombic scattering introduces

density dependence to the γ. These experiments are
q u a n t i t a t i v e l y e x p l a i n e d b y u s i n g

( )n( ) 12.5 meV 1 n
neh
eh

0
γ γ= = + as a function of electron

(hole) density neh, normalized by n0 = 5.63 × 104 cm−1. The
macroscopic polarization P d Pk L k k k

1= ∑ defines the optical

transmission. Technically, we solve Pk,θ from SBEs for each
randomly oriented nanotube labeled by angle θ with respect to
probe direction. The total macroscopic polarization then

becomes P Pd sin cos dk k k0

/2
,∫ θ θ θ= ∑

π
θ .
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