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Far-field nanoscopy on a semiconductor quantum
dot via a rapid-adiabatic-passage-based switch
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The diffraction limit prevents a conventional optical micro-
scope from imaging at the nanoscale. However, nanoscale
imaging of molecules is possible by exploiting an intensity-
dependent molecular switch™, This switch is translated into
a microscopy scheme, stimulated emission depletion micros-
copy“”. Variants on this scheme exist>*"3, yet all exploit an
incoherent response to the lasers. We present a scheme that
relies on a coherent response to a laser. Quantum control of
a two-level system proceeds via rapid adiabatic passage,
an ideal molecular switch. We implement this scheme on an
ensemble of quantum dots. Each quantum dot results in a
bright spot in the image with extent down to 30 nm (i/31).
There is no significant loss of intensity with respect to con-
focal microscopy, resulting in a factor of 10 improvement in
emitter position determination. The experiments establish
rapid adiabatic passage as a versatile tool in the super-reso-
lution toolbox.

Super-resolution techniques for imaging single quantum emit-
ters rely on switching between two states: one is bright, the ‘on’ state,
and the other is dark, the ‘off” state**. These two states are typically
different electronic states, but can also be different spin states''.
Stimulated emission depletion microscopy (STED) is the prototypi-
cal scheme. In STED, the excited state, S, represents the ‘on’ state,
and fluorescence results from radiative decay. The ‘off” state is the
ground state, S,. The system can be transferred from the ‘on’ to the
‘off” state by stimulated depletion with a red laser. The probabil-
ity of the depletion process depends exponentially on the red laser
power. In a highly simplified picture, the red laser acts as a switch: at
low red intensities, the system remains in the ‘on’ state (strong fluo-
rescence), and at high intensities the system transfers from the ‘on’
to the ‘off” state (weak fluorescence). In STED microscopy, the red
beam usually has a ‘doughnut’ intensity profile, and the spatial reso-
lution is determined by the point at which the red power becomes
sufficient to induce the transition from ‘on’ to ‘off™*”!. Practical
considerations and not diffraction per se limit the resolution. Many
variants of the STED scheme have been developed. However, in all
these schemes, the response to the lasers is incoherent: transitions
between the two states are facilitated by transient occupation of
intermediate states via incoherent processes.

We present an imaging scheme—rapid adiabatic passage (RAP)
imaging—which relies instead on a coherent response to the laser.
Transient population of other levels is not required. This strikes us
as important. First, RAP imaging represents a new way of imag-
ing coherent quantum optical systems on the nanoscale. Example
systems include semiconductor quantum dots', colour centres'
and single molecules'’, where in each case the optical transition

exhibits coherence at low temperature. Second, by manipulating
quantum states coherently, the excitation of molecular vibrations
(phonons in a solid-state context) is avoided. By way of contrast,
in STED microscopy, hundreds of meV of energy are released into
the molecule per cycle*>'”, which may lead to blinking and bleach-
ing. Third, RAP is immune to spectral wanderings of the emitter,
an advantageous feature whenever an emitter is located in a noisy
environment.

The coherent response of a two-level system (TLS) to a pulse of
resonant laser light is a Rabi oscillation. For instance, the system
is driven from its ground state | 0) to the excited state | 1) (‘pulse
area’ 1) and then back to | 0) (‘pulse area’ 2x) and so on (Fig. 1b).
In terms of fluorescence, Rabi oscillations represent an off-on-off-
on... behaviour as a function of intensity. If the TLS is illuminated
with a high-intensity pulse with a Gaussian spatial profile, it leads to
a series of rings in the optical response’®. In other words, Rabi oscil-
lations do not represent a simple on-off switch.

We propose that RAP is an excellent technique for imaging a
TLS. In RAP, the laser frequency is swept through the TLS resonance
during the laser pulse. RAP transfers the population from one state
to the other, but without oscillations at large intensities (Fig. 1b).
Applied to an ideal TLS initially in state | 0), a weak RAP pulse
leaves the system in state | 0) whereas a strong RAP pulse transfers
the system to state| 1) (and vice versa for the system initially in state
| 1)). The intensity dependence of RAP on a TLS represents a close
to ideal on-off switch.

Our imaging scheme is depicted in Fig. 1. The TLS is initially
in the ground state | 0). A pulse with positive chirp and pulse
area> 7 is applied. This inverts the TLS provided it is located some-
where within the diffraction-limited spot, and it turns the system
on. Subsequently, a pulse with negative chirp and pulse area>m is
applied. This pulse inverts the system a second time, leading to re-
occupation of state| 0), and it turns the system off. However, when
the first pulse has a Gaussian spatial intensity distribution (termed
here ‘Gauss-pulse, Fig. 1c) and the second pulse a doughnut spa-
tial intensity distribution (termed here ‘doughnut-pulse, Fig. 1d),
the second pulse is inactive at the centre of the doughnut. Under
these conditions, the system is left in the ‘on’ state only when it is
located close to the centre of the doughnut. The system then decays
by spontaneous emission and the photon is detected. In this way, a
fluorescence bright spot results at the centre of the doughnut. The
spatial extent of the image is determined by the region in which the
doughnut pulse area lies below 7. In Stefan Hell's phrase, this repre-
sents a ‘physics-based diffraction-unlimited’ resolution’.

RAP-based imaging has a number of key features. First, the
scheme results in a single bright spot at the doughnut centre
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Fig. 1| Concept of nanoscopic imaging of a quantum mechanical TLS. a, Temporal waveform and spatial intensity profile of the two optical pulses:
excitation (positive chirp, Gaussian spatial profile, the ‘Gauss-pulse’) and de-excitation (negative chirp, doughnut spatial profile, the ‘doughnut-pulse’).

E, electric field, I intensity, (x, y) the lateral coordinates, z the longitudinal coordinate. b, Response of an ideal TLS to a single laser pulse. The system is
initially in the ground state | O). Plotted is the occupation of the excited state| 1), P, as a function of the square root of the intensity, parameterized in terms
of the so-called ‘pulse area’ (time-integral of the Rabi frequency), defined such that the Rabi oscillation has a period of 2x. A resonant, unchirped pulse
drives a Rabi oscillation (dashed black line). A chirped pulse (green solid line) transfers the system from state | O) to| 1) for pulse areas above n by means
of RAP. The intensity for a pulse area &t is denoted I;. c-e, Simulation of the imaging experiment (Gaussian optics for the two beams, the Landau-Zener
formalism?® for RAP): P, as a function of sample (x, y) position. ¢, Gauss-pulse only W|thIGf1IT d, Doughnut-pulse only W|thlD 1l1. e, Gauss-pulse IG 3l
followed by doughnut-pulse /D 205/ resulting in a 14 times smaller spot size. The model for the simulation is described in Supplementary Section C. The

following parameters were used here: wavelength 940 nm, refractive index solid immersion lens ng; =2.13, beam diameter before the objective
AX pwim=2.0mm, focal length f=3.7 mm, detection efficiency =1, chirp ag=—ap=3.24 ps2.
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Fig. 2| RAP on a single self-assembled QD. a, Energy level scheme of the QD: | O) represents the empty QD, | 1) the spin-up exciton,| 1) =|1). (1 (I) isa
spin-up (spin-down) electron, 1t () a spin-up (spin-down) hole.) Transition| O) « |t{) is driven with left-handed circularly polarized light (67). The two
exciton states, |t{) and [ f}), are coupled via the fine structure, which leads to a quantum beat|1{) < |{1}) described by the time-dependent coefficients
a(t) and b(t). On creating |t ) with a 6~ polarized pulse, both 6+ and 6~ polarized emission results. The biexciton state, 2X% exists at higher energies but
is not populated here. b, Polarization control in the dark-field microscope: the QD is excited with 6~ polarized light; 6* is detected. LP, linear polarizer;

QW, quarter-wave plate. The detected signal is spectrally filtered. This increases the signal-to-background ratio. ¢, Resonance fluorescence versus

pulse area (and square root of averaged excitation power P, ) on a single, empty QD. Plotted is the detected emission from the | X0> > 0) transition
following circularly polarized excitation pulses (blue squares). The originally transform-limited pulses (r,=80fs) were positively chirped (¢,=0.33 ps?)
to a pulse duration of 7=4ps (7 ps FWHM). Data are fitted to the Landau-Zener result (red line) with A(1—exp(—c21-o rg+ ¢22 /¢2 x P...)) and reveal

avg
cJto =4.4%0. 2puW-"2 in agreement with independently estimated values from Rabi oscillations (4.4 + 0.4 pW-"2). Parameter c includes the dipole
transition moment and, when multiplied with, /7oP, ., gives the pulse area.

NATURE PHOTONICS | www.nature.com/naturephotonics
© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://www.nature.com/naturephotonics

NATURE PHOTONICS

LETTERS

a
25k
E 1,000 20 k
5 15k
§ 500 10k
> s 5k
0 0
0 500 1,000 0 500 1,000 0 500 1,000
X position (nm)
d f
- 600
g 500 ,
g 400 2
@ J300 =
o B 3
< —200 3
w 4
o & - 100
L X 0
0 500 1,000 0 500 1,000 0 15 30 45 60 75
X position (nm) y position (nm) Doughnut intensity (kW cm™)
g i
150 k 60 k 100 k
50 k
= 75k
E 1,000 100k 10K
_§ 30k 50 k
= :
g 500 - 20k
Q p
2 50 k 25 k
10k
0 el 0 <L 0
0 500 1,000 0 500 1,000 0 500 1,000

X position (nm)

Fig. 3 | Imaging an ensemble of QDs with the RAP-based protocol. a-c, Resonance fluorescence as a function of sample position (x, y). Excitation
intensities are stated in units of intensity /;=0.28 kW cm2 (I; corresponds to a power Pr=0.50 pW). a, Gauss-pulse only, intensity 18 =1.2/;. b, Doughnut-
pulse only, intensity IS =1.2I1. ¢, Gauss-pulse Ig = 2.8l followed by doughnut-pulse IS =205/;=57kW cm™ Shown is the signal in a spectral window
(wavelength bandwidth 0.05nm) around the X° emission of one single QD. d,e, x and y line-cuts through the data in a-¢, in blue (squares), orange (circles)
and red (triangles), respectively. Solid lines are Gaussian fits to the blue and red data points. f, Extracted FWHM of the central image of one single QD as a
function of the doughnut-pulse intensity Iy: I;=1.2/; (blue triangles) and I;=2.8I; (black squares). The smallest FWHM achieved here is 30 nm.

g-i, Images from exactly the same region as in a-c, using exactly the same imaging parameters, but adding the signal from four integration windows (each
with a width in wavelength of 0.05nm): Gauss-pulse only (g); doughnut-pulse only (h); Gauss-pulse followed by doughnut-pulse (i). The images in g-i
demonstrate the multiplexing capability of the imaging scheme: even when plotting signals from four different wavelengths simultaneously, individual QDs
can be clearly resolved on account of the sub-diffraction resolution of each QD. The colour scale in i is slightly over-saturated to increase the contrast for

less bright QDs.

(Fig. e and Supplementary Section C). In principle, there is no loss
of intensity at the peak. This means that the accuracy of determin-
ing the emitter’s position in a given time is enhanced by the ratio
of confocal image size to RAP-based image size. At high powers,
the scheme opens a new way of achieving a long-standing goal—
imaging of an extended electron wavefunction with a far-field opti-
cal microscope®. Second, phonon creation (that is, heating) can be
avoided in RAP by choosing positive chirp for the| 0) —| 1) process
and negative chirp for the | 1) —| 0) process**’. Third, while the
chirped laser pulses are spectrally broadband, any spectral infor-
mation of the emitter is retained. If the fluorescence from each
emitter is narrowband, an inhomogeneous distribution of emitters
(distribution in space or in time) can be addressed with the same
laser pulses.

The main technical challenge in implementing RAP-based imag-
ing is to distinguish the fluorescence from scattered laser light. This
distinction can be made via the polarization (excitation and detec-
tion in orthogonal polarization states, Supplementary Section B2),
the propagation direction (excitation and detection in different spa-
tial modes), time-gating (switching the detectors on once the fast
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laser pulses have exited) and the wavelength in the case of narrow-
band emitters. Combinations of these options can be used simul-
taneously. We believe that the scheme can become a practical and
versatile one.

We use quantum dots (QDs) to test RAP-based imaging. At
low temperature with resonant optical driving, an InGaAs QD
embedded in GaAs closely mimics a two-level atom (radiative
lifetime of 800 ps, emission wavelength of 950 nm)*~*. State | 0)
is the crystal ground state (empty QD) and state | 1) is the neutral
exciton X° (electron-hole pair) (Fig. 2a). The chirped laser pulses
are created from transform-limited laser pulses by introducing
wavelength-dependent phase shifts (Supplementary Section B1).
Unusually for QD experiments®-**, we use the full bandwidth of
a 130fs laser pulse: this allows us to address almost all QDs in the
sample with the same laser pulse. Figure 2c plots the resonance
fluorescence as a function of pulse area on a single QD following
excitation with a single laser pulse. The signal rises initially and is
then roughly constant above a pulse area of w. The signal follows
closely the Landau-Zener result for a TLS up to the maximum
pulse area of 11x.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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The RAP-based imaging proceeds by implementing the two-
pulse scheme, creating an image by sample scanning. We collect
the resonance fluorescence at the X° emission wavelength only
(Fig. 3a—c). The Gauss-pulse alone gives an image, specifically a plot
of resonance fluorescence versus position in the focal plane (Fig.
3a). Line-cuts through the image (Fig. 3d,e) show that the image is
well described with a Gaussian function of position with mean full-
width at half-maximum (FWHM) of 575nm. This is the FWHM
expected from diffraction in the collection optics of the microscope
(for further details see Supplementary Information). Similarly, the
response to the doughnut-pulse alone gives a doughnut-profile,
again with an extent determined by diffraction (Fig. 3b). Applying
both pulses sequentially breaks the diffraction limit: a bright spot
emerges with FWHM of 56nm in this particular experiment
(Fig. 3¢). The signal at the central bright spot is 80% of the signal
with the Gauss-pulse alone. In terms of emitter position determina-
tion, analysis of the data in Fig. 3d,e shows that RAP-based imag-
ing achieves a set localization resolution a factor of 10 times more
quickly than confocal imaging.

The FWHM of the central image decreases with increasing
doughnut-pulse intensity (Fig. 3f). This is the signature of imaging
beyond the diffraction limit: it is the control of the on-off switching
that determines the resolution, not the diffraction-limited focus-
ing of the laser beams. The FWHM Ax follows the same functional
form as for STED microscopy®”, Ax(Ip) = Ax° / \J/1+ I / I where
Ax° is the conventional diffraction limit, I, the doughnut inten-
sity and I the intensity at which the doughnut pulse area equals ©
(Supplementary Section C2). Here, we can anticipate Ax(I},) based
only on characterization of the microscope performance (resonance
fluorescence from a beam with Gaussian spatial profile at intensities
well below saturation) and RAP characterization on the QD. The
result describes the experimentally determined FWHM extremely
well (Fig. 3f).

A key application of super-resolution microscopy is to garner
an image with detail that is obscured in diffraction-limited micros-
copy. We demonstrate this by imaging a region of the sample con-
taining a number of QDs separated laterally by distances smaller
than or comparable to the diffraction limit of the microscope. An
image with the Gauss-pulse alone, equivalently the doughnut-pulse
alone, shows structure, but it is difficult to determine the number
and location of individual emitters (Fig. 3g,h). With the RAP-based
imaging, the number and location of emitters is clearly visible (Fig.
3i).

The RAP-based imaging in the present experiment is limited
only by the technical difficulty of distinguishing the resonance
fluorescence from the reflected laser light at the highest doughnut-
pulse powers. This can be improved substantially in the future with
time-gating. The RAP process on single QDs works well at 4 K: pho-
non emission is ruled out by choosing the chirp such that the lower
branch in the RAP process is occupied (Supplementary Fig. 8), and
phonon absorption is rendered weak by the small phonon popu-
lation. We expect that RAP-based imaging will work effectively at
higher temperatures, perhaps up to 50K (ref. #*): if RAP is car-
ried out quickly enough, the inertia of the phonons prevents them
from responding to the driven electron. RAP-based imaging can be
applied immediately to other solid-state emitters with a coherent
optical transition. It remains to be seen if this notion can be trans-
lated to imaging molecules in a bio-context.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/541566-017-0079-y.
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Methods

The InGaAs QDs were embedded in a GaAs n-i-p diode (see Supplementary
Section A)*. The heterostructure was grown by molecular beam epitaxy. Collection
efficiency was increased by incorporating a semiconductor Bragg mirror below
the QDs during heterostructure growth and by placing a solid immersion lens on
the sample surface. The sample was a standard one for single-QD spectroscopy
experiments. Resonance fluorescence was distinguished from back-scattered laser
light by a polarization-based dark-field microscope'“* and by spectrally sensitive
detection (for more details see Supplementary Section B). Specifically, we carried
out excitation with circular polarization o~ and detection with ¢* (Fig. 2b). The
spin +1 excitons were coupled together by some symmetry-breaking, leading to

a quantum beat’' between spin states |+1) and |—1) with period ~100 ps (Fig. 2a).
This coupling resulted in o+ emission following 6~ excitation.

The laser was a mode-locked Ti:sapphire laser and produced close to
transform-limited pulses with a duration of 130 fs (FWHM). The laser output
was split into two beams, and two separate pulse-shapers introduced a controlled
amount of chirp into the beams (for more details see Supplementary Section
B1). One beam was delayed with respect to the other and then each beam was
coupled into an optical fibre. The two optical fibres transported the beams to the
two input ports of the microscope (for more details see Supplementary Section
B2). Following collimation in the microscope, one of the beams passed through
a 27 vortex phase plate. The two beams were then combined at a beamsplitter.
The microscope objective, sample and nanopositioners were held at 4.2K in

NATURE PHOTONICS

a helium bath cryostat. The chirped pulses are well described by a Gaussian
function of time, and the ‘Gauss-pulse’ is well described by a Gaussian function
of the lateral coordinates in the focal plane of the microscope (for more details
see Supplementary Information). In the focal plane, the beam with the phase-
manipulated wavefront acquired a doughnut intensity profile. The doughnut
maximum:minimum intensity ratio was larger than 1,000:1 (for more details see
Supplementary Section B2). The microscope objective had a numerical aperture
of 0.68 and operated close to the diffraction limit. Images were recorded by
sample scanning. The acquisition time for the images shown in Fig. 3a-c,g-i,
with 201 x 201 pixels was 5h. The integration time per pixel was 25 ms, the total
time per pixel (positioning time, dwell time and so on) was 155ms, and two
measurements per pixel were carried out.

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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