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Quantum reference beacon–guided
superresolution optical focusing
in complex media
Donggyu Kim1,2* and Dirk R. Englund2,3

Optical scattering is generally considered to be a nuisance of microscopy that limits
imaging depth and spatial resolution.Wavefront shaping techniques enable optical imaging
at unprecedented depth, but attaining superresolution within complex media remains a
challenge.We used a quantum reference beacon (QRB), consisting of solid-state
quantum emitters with spin-dependent fluorescence, to provide subwavelength guidestar
feedback for wavefront shaping to achieve a superresolution optical focus.We implemented
the QRB-guided imaging with nitrogen-vacancy centers in diamond nanocrystals,
which enable optical focusing with a subdiffraction resolution below 186 nanometers
(less than half the wavelength). QRB-assisted wavefront-shaping should find use in a
range of applications, including deep-tissue quantum enhanced sensing and individual
optical excitation of magnetically coupled spin ensembles for applications in quantum
information processing.

O
ptical random scattering in complexmedia,
such as biological tissue, distorts an in-
cident optical focus, reducing the resolution
and imaging depth of optical microscopy.
However, random scattering need not lead

to the permanent loss of focusing capability;
instead, it randomizes the incident focus in a
deterministic way. By reversing this scattering,
focusing (1, 2) and imaging (3–5) through com-
plex media become possible. Moreover, ran-
dom scattering can actually benefit microscopy
(1, 2, 4, 5) by permitting a spatial resolution
below the diffraction limit of l/2NA, where l is
thewavelength andNA is the numerical aperture
of themicroscope objective. This superresolution
is possible because random scattering couples
optical modes with high in-plane momentum
from the sample to the microscope objective,
much like a disordered grating. By extending this
principle to evanescent modes of the sample, far-
field superlenses for near-field focusing (2) and
imaging (5) have been achieved.
Reversing random scattering requires feed-

back from the target focal points. In particular,
focusing light inside of complexmedia requires a
type of guidestar (GS) that provides feedback of
the interior optical field (6). This feedback guides
incident wavefront adjustments to focus the
scattered light into the GS point. Various forms
of GSs have been implemented, including fluo-
rescence (7), ultrasound (8–13), nonlinear refer-
ence beacons (14), and kinetic objects (15, 16).

However, the spatial resolutionwhen using these
types of GSs has been far from the superresolu-
tion limit (6). To push this resolution to or below
the diffraction limit requires two key advances:
(i) The physical size of the GS needs to be of
subwavelength scale, and (ii) resolving subdif-
fraction features of randomly scattered light
must be possible (2, 5). A subwavelength aperture
used in scanning near-field optical microscopy
(SNOM) satisfies these conditions, but this tech-
nique does not permit imaging within a complex
medium.
We introduce quantum reference beacons

(QRBs), which consist of solid-state quantum
emitters with spin-dependent fluorescence. An
example is the nitrogen vacancy (NV) center in
diamond, which has emerged as a leading quan-
tum system for quantum sensing (17, 18) and
quantum information processing (19–23). By
resonantly driving electron spin transitions
of each QRB, the spin-dependent fluorescence
produces the subwavelength GS feedback that
enables superresolution focusingwithin complex
media.
In our approach to QRB-guided wavefront

shaping inmicroscopy (Fig. 1), a wavefront shaper
adjusts basis modes (shown as individual pixels
in Fig. 1A) of the incident wavefront to interfere
scattered light constructively at target GS points.
This specific wavefront adjustment is deter-
mined from the QRB-GS feedback. This feed-
back signal is created by applying a magnetic
field gradient across the sample so that one of
several QRBs inside a diffraction-limited volume
can be selectively driven into its dark magnetic
sublevels (Fig. 1C).
Specifically, the QRB-GS feedback signal is

needed to measure the transmission matrix (6)
that characterizes the light propagation through
a complex medium (24). We labeled the electron
spin state of the embedded QRBs at {xi} = x1, ...,

xN, with a spin density operator r = r1 � r2 � ···
� rN. An external magnetic field gradient sep-
arates their resonance frequencies {vi} by the
Zeeman effect. In principle, {xi} could then be
reconstructed from {vi} and knowledge of the
external magnetic field gradient. Resonant driv-
ing of each {ri} spin transition is represented
through a quantum operator {Ei}. When the jth
incident basis mode is coupled into themedium,
the QRB-GS feedback Si,j for xi is described by

Si,j = Nj[r] – Nj[Ei(r)] = |ti,j|
2DsiDg (1)

Here, Nj[r] and Nj[Ei(r)] denote the fluores-
cence photon numbers collected for unit inte-
gration; ti,j is the transmission matrix element
(the scattered optical field at xi for the jth in-
cident basis mode); Dsi ¼ 1

2 trfsz ½ri � EiðriÞ�g,
where sz is the Pauli-z operator; and Dg rep-
resents the variance of the collected spin-
dependent fluorescence between the optically
bright and dark spin states (Fig. 1B). The iter-
ative wavefront adjustments due to the QRB-GS
feedback are summarized in Fig. 2.
The spatial resolution of our method is de-

termined by the electron spin resonance (ESR)
lineshape (24) because the lineshape sets the point
spread function (PSF) of the QRB-GS feedback
that confines {Ei} only to the target QRBs (Fig.
2A). A magnetic field gradient dB/dx translates
the (mean) resonance linewidth dv to the spatial
resolution DdQRB of the effective PSF

DdQRB ¼ dv
geðdB=dxÞ

ð2Þ

where ge is the gyromagnetic ratio of the electronic
spin (⋍2.8MHz/Gauss). Combined with the crystal
orientation–dependent Zeeman splitting and dynam-
icaldecouplingtonarrowthe linewidth, this resolution
can go down to a few tens of nanometers (25, 26).
In the experimental configuration for demon-

strating QRB-assisted wavefront shaping (Fig. 3),
our QRBs consist of ensembles of NV centers
(Fig. 1B) in nanodiamonds with amean diameter
of 50 nm. The QRBs are embedded in a complex
medium consisting of randomly distributed TiO2

nanoparticles with a mean diameter of 21 nm.
The incident green laser light (l = 532 nm) is
randomly scattered as it propagates through the
medium. This scattering produces subwavelength
spatial features on the incident laser light (2),
which excite the embedded QRBs. In particular,
we demonstrate superresolution focusing on two
QRBs at x1 (QRB1) and x2 (QRB2) in Fig. 3B,
where their separation |x1 – x2| = 186 nm is far
below the diffraction limit of our excitation ob-
jective lens, 406 nm (fig. S3). The QRB1 has the
ESR frequency of v1 = 2.825 GHz, and the QRB2
has the ESR frequency of v2 = 2.762 GHz, which
corresponds to the electronic spin transition be-
tween |ms = 0i and one of the Zeeman-split |ms =
±1i of the ground spin triplet (3A2) (Fig. 1B). Be-
cause v1 and v2 are well separated (Dv ⋍ 63MHz)
compared with their resonance linewidths (dv1 =
5 MHz and dv2 = 5.6 MHz), it is possible to in-
dividually drive the spin transition of each QRB.
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We shaped the incident wavefront with 793
transverse Fourier basis modes {kn}, which cover
the entire back aperture of the excitation ob-
jective. Resonant microwaves drive the spin
transitions at v1 and v2 that produce the QRB-

GS feedback, and the phase of {kn} is iteratively
adjusted to optimize the feedback signal (Fig. 2,
D and F). The results of the wavefront optimiza-
tionsWv1 andWv2 are plotted in Fig. 4, A and B,
respectively. For comparison, the wavefrontWcl,

obtained without the use of ESR (by optimizing
only fluorescence feedback fromQRBs), is shown
in Fig. 4C. This fluorescence GS method (6, 7)
focuses the interior optical field without achiev-
ing superresolution.
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Fig. 1. Wavefront shaping guided by QRBs. (A) Optical
random scattering in complex media distorts the incident
optical field. However, this distortion can be reversed by
shaping the incident wavefront. Embedded QRBs provide
feedback about subwavelength features of the scattered
optical fields, guiding the wavefront-shaping process.
This approach enables, for example, superresolution
focusing deep inside of complex media or individual
spin-qubit measurement in a diffraction-limited area
(dashed circle). (B) NV centers in diamond with
spin-dependent fluorescence. Electrons with the spin
magnetic sublevels |ms = ±1i preferentially decay
(dashed black arrow) to the dark metastable singlets
once they are optically pumped to the excited states
3E (green arrow), resulting in reduced fluorescence
than that from the sublevel |ms = 0i. This spin-dependent
fluorescence enables ODMR. (C) The QRB-GS feedback
is produced with the spin-dependent fluorescence. To
measure the optical field on the QRB positioned at x1,
its fluorescence is selectively reduced by means
of ESR. The change of collected fluorescence determines
the optical field at x1. This process can be repeated for
another position at x2, as shown in the bottom plot.

Fig. 2. Iterative wavefront
optimization with QRB-GS
feedback. (A) {ri} label the elec-
tron spin states of QRBs, and
an external magnetic field gradient
splits their individual resonance
frequencies. Quantum operators
{Ei} drive the electron spin
transition of target QRBs.
(B) Measurement sequences
for the iterative wavefront
optimization. The Fourier basis
modes of the incident wavefront
(k1, k2, ...) are encoded into
holographic illuminations, in
which the basis modes interfere
with the reference plane wave for
complex field readout (24). The
overall fluorescence difference
with {Ei}, Nj[r] – Nj[Ei(r)], produces
the QRB-GS feedback Si,j. f
describes the phase of each basis
mode relative to the reference plane
wave. (C) Modulation of the QRB-
GS feedback in the iterative wave-
front optimization. In each step, the
phase f of the basis modes is
adjusted to compensate for the
phase offset of the modulation. (D and F) The iterative wavefront optimization with the QRB-GS feedback. Two QRBs have the electron spin
resonance frequencies at v1 = 2.825 GHz and v2 = 2.762 GHz. The resonant microwaves continuously drive the resonances to produce the
QRB-GS feedback, so that the incident optical fields can be iteratively updated to optimize the QRB-GS feedback signal strength. (E and G)
The ODMR contrast at v1 and v2 for the iterative optimization processes. Each iteration of the optimization process required 48 s (fig. S1).
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Projecting the wavefrontsWv1 andWv2 forms
a superresolution optical focus at x1 and x2, re-
spectively, in the complex medium. We can verify
this superresolution focusing by investigating op-
tically detectable magnetic resonance (ODMR)
spectra. This is possible because ODMR spectra
exhibit resonances only of optically pumped
QRBs, and QRB1 and QRB2 have distinguishable
spectra. The ODMR spectra for this investiga-

tion are plotted in Fig. 4D. First, we projected
the wavefront Wcl with the digital micromirror
device (DMD), which produces the ODMR spec-
trum shown in Fig. 4D as the black line. This
spectrum shows the resonances at v1 and v2 of
both QRBs, as expected. By contrast, the only
resonance of QRB1 appears (Fig. 4D, red line)
when we projectWv1, which we obtained using
the QRB-GS feedback with the spin transition

at v1. Alternatively, projecting Wv2 reveals the
resonance of QRB2 (Fig. 4D, blue line). This
demonstration validates the ability of QRB-
guided wavefront shaping to enable optical
addressing of individual spots far below the
diffraction limit.
The ODMR spectra with subwavelength spin

addressing enabled us to estimate the spatial
resolutions of the optical foci (Fig. 4E). We
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Fig. 4. Subwavelength optical focusing in a complex medium.
(A and B) The phase-only wavefronts Wv1 and Wv2 , determined
by optimizing the QRB-GS feedback at v1 and v2, respectively. (C) The
phase-only wavefront Wcl, obtained by using the fluorescence GS
method. (D) ODMR spectra with Wv1 (red), Wv2 (blue), and Wcl (black)
projection. (E) Spatial resolution of the subwavelength foci in the
complex medium.The red and blue lines plot the estimated intensity shape

of the subwavelength foci with Wv1 and Wv2 projection, respectively.
The shaded area gives the estimation uncertainty. The green line plots the
PSF of the excitation objective (full width at half maximum = 0.61l/NA,
with l = 532 nm and NA = 0.8), and the black dashed line refers to
the far-field limited PSF (NA = 1). (Inset) Reconstructed image of
the subwavelength foci, with Wv1 (red) and Wv2 (green). Scale bar,
0.61l/NA, with NA = 0.8 and l = 532 nm.

Fig. 3. Experimental configuration. (A) NV centers in subwavelength
nanodiamonds (Diamond Nanotechnologies) are embedded in a complex
medium consisting of randomly distributed TiO2 nanoparticles (Sigma Aldrich
718467). A green laser beam is delivered to the complex medium by a
microscope objective (0.8NA, 60×). An objective (0.95NA, 100×) at the other
side directly collects spin-dependent broadband red fluorescence from NV
centers. The thickness of the complex medium is ~7 ± 2 mm. (B) QRB
fluorescence images for superresolution focusing demonstration. x1 and x2
denote the QRB positions. (Inset) Images obtained by using superresolution
focusing of our QRB-assisted wavefront shaping technique. Scale bars,
0.61l/NA, with NA = 0.8 and l = 532 nm. (C) Setup schematic. A DMD shapes
the wavefront of the incident green laser and projects it onto the back aperture of the excitation objective. The phase of each incident basis mode
{kn} is controlled by groups of 24-by-24 DMD micromirrors. A single photon-counting module (SPCM) detects the red fluorescence collected by the
collection objective, and a charge-coupled device (CCD) captures fluorescence images. A long-pass optical filter with a cutoff wavelength of 650 nm
(LP) rejects the green laser, and a pinhole in front of the SPCM blocks stray red fluorescence. A copper wire (diameter of 25 mm) delivers the microwave
signal to QRBs to modulate their spin ground state population. A permanent magnet (not shown) separates the magnetic resonance frequencies of the
QRBs by means of orientation-dependent Zeeman splitting. L1 to L6 indicate lenses.
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determined the peak-to-background intensity
ratio of the focus [I(x1)/I(x2) or vice versa] from
the ODMR spectra (24). Assuming the subwave-
length focus features aGaussian intensity envelope,
the intensity ratio indicates that the superresolu-
tion focus at x1 has a spatial resolution of 204 nm
and at x2 has a spatial resolution of 184 nm. This
achieved resolution is for x1 and x2, respectively,
2 and 2.21 times smaller than our diffraction-
limited resolution and 1.31 and 1.45 times smaller
than the far field–limited one (NA = 1).
QRBs enable superresolution optical focusing

within complex media. This QRB-GS approach
distinctly provides subwavelength GS feedback
inside a complex medium by the use of spin co-
herence. QRB-assisted wavefront shaping opens
up a range of applications: It can extend to quan-
tum sensing based on NV centers to greater
imaging depth and optical superresolution; it
can also be used to characterize the light prop-
agation through a fiber for single-fiber endo-
microscopy (27). Our method could open up the
way for subwavelength optical spin measurement
(28, 29) of magnetic dipole-coupled quantum
emitters (25), which is essential for advanced quan-
tum sensing (30), quantum error correction (21),
and room-temperature quantum computing (31).
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scattering medium. The technique should be useful for quantum enhanced imaging and sensing applications.
vacancy centers in diamond can be used as quantum reference beacons to enable superresolution focusing inside a
''reference beacons'' to undo the wavefront mixing and sharpen up the image. Kim and Englund show that nitrogen 
wavefront of the light is muddled, and the image quality is reduced. Adaptive optics techniques use ''guidestars'' or
embedded in or separated by a complex medium (tissue or atmosphere, for example), then the light is scattered, the 

Imaging an object is simply a case of collecting the light that is scattered from that object. However, if the object is
Quantum beacons for enhanced imaging
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