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In standard quantum weak measurements, preselection and postselection of quantum states are
implemented in the same photon. Here we go beyond this restrictive setting and demonstrate that the
preselection and postselection can be performed in two different photons, if the two photons are
polarization entangled. The Pancharatnam-Berry phase metasurface is incorporated in the weak
measurement system to perform weak coupling between probe wave function and spin observable. By
introducing nonlocal weak measurement into the microscopy imaging system, it allows us to remotely
switch different microscopy imaging modes of pure-phase objects, including bright-field, differential, and
phase reconstruction. Furthermore, we demonstrate that the nonlocal weak-measurement scheme can
prevent almost all environmental noise photons from detection and thus achieves a higher image contrast
than the standard scheme at a low photon level. Our results provide the possibility to develop a quantum
nonlocal weak-measurement microscope for label-free imaging of transparent biological samples.
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Quantum weak measurement, as an important extension
of quantum measurement, was first introduced by Aharonov,
Albert, and Vaidman [1]. In quantum mechanics, measure-
ment can be regarded as the coupling of an observable and a
probe state that leads to the transition of a pointer [2]. The
result of a measurement can be read out from a pointer shift
0;. In general, the conventional quantum measurement is
involved in strong coupling and the probe wave function is
distorted. If the probe state is a Gaussian distribution with
width w, the strong coupling occurs in the regime of §; > w.
The average measurement result must be bounded between
the smallest and largest of its eigenvalues. Weak measure-
ment occurs in the opposite regime, where the pointer shift is
much less than the width of the probe state, 5; < w [3]. In
this case, so little information is extracted that the probe state
does not collapse. The weak value is the average of
measurement results which can lay outside of the eigenval-
ues of the observable [4,5].

In a quantum weak measurement, there are three stages
generally involved: First, a measured system is preselected
in the initial state |y;); then, a weak coupling between the
observable A and the probe state is introduced; finally, the
system is postselected as a final state [y ;). Here, the weak
value is defined as

. <V’f|A|Wi>

" <Wf‘|l//i> ' M

When the initial state and the final state are nearly
orthogonal, the weak value can become quite large, leading
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to an amplification effect [6]. Therefore, weak measure-
ments have been developed as precise metrology to amplify
tiny physical effects, such as photonic spin Hall effect [7],
ultrasmall phase shift [8,9], beam deflection [10], sub-Hertz
resonance [11], single-photon polarization [12], and single-
photon nonlinearity [13]. In addition, the weak measure-
ment can also be used to observe Hardy’s paradox [14,15]
and average trajectories of single photons [16]. In standard
quantum weak measurements [4,5], the preselection and
the postselection of the quantum state are implemented in
the same photon [Fig. 1(a)].

In this Letter, we address the question of whether the
preselection and postselection can be performed in two
different photons. We demonstrate this by utilizing polari-
zation entanglement of pair photons we prepared [Fig. 1(b)].
The specially designed optical metasurface incorporating
with the weak measurement system performs weak coupling
and leads to a pointer shift. We then introduce the nonlocal
weak measurement into the microscopy imaging system,
and remotely achieve phase reconstruction of pure-phase
objects. Most of the transparent biological specimens can be
regarded as pure-phase objects, since they affect signifi-
cantly only the phase of the input field [17]. Therefore, the
nonlocal weak measurement provides possible applications
in quantum microscope for label-free imaging of transparent
biological cells and tissues.

Optical metasurfaces, as a class of optical metamaterials
with a reduced dimensionality, have attracted much atten-
tion due to their fascinating abilities of controlling light
[18-22]. Recently, metasurfaces have started making
important progress in quantum photonics, where novel
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FIG. 1. Quantum weak measurements for phase reconstruction
of pure-phase objects. (a) The scheme of standard weak mea-
surements. Preselection and postselection of quantum state are
implemented in the same photon. (b) The scheme of nonlocal
weak measurements. Preselection and postselection are per-
formed in two polarization entangled photons, respectively.
The PB phase metasurface performs the weak coupling, and
introduces a pointer shift.

opportunities arose for the control of the nonclassical
nature of light [23-32]. Here, the specially designed
Pancharatnam-Berry (PB) phase metasurface is incorpo-
rated in a quantum weak measurement system to perform
weak coupling between spin observable 65 and the probe
state. The metasurface is designed with homogeneous
phase retardation 7z, and its optical axis direction periodi-
cally varies in the x direction with the period A. When a
spin photon passes through the metasurface, the photon
will acquire a space-variant PB phase ®pg = 20.,.7x/A
[33,34]. The PB phase gradient leads to a momentum shift
Ak, = 6.0Dpg/0x, where o, correlates with two eigen-
values £1 of the spin photon. The photons will ultimately
experience a real-space shift &; = (Ak,/kg)z, which
increases linearly with transmission distance z, where
ko = 2/ . The real-space shift serves as the initial pointer
shift to reveal the photon spin. The coupling strength can be
precisely modulated by tailoring the unit structures of the
PB phase metasurface.

In the standard weak measurement, the spin state of the
observable [1], the strength of the coupling [7], and the
wave function [2] can be measured precisely. Here, we

(a)

(b)
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FIG. 2. Experimental measurement of entangled weak value by
controlling the nonlocal preselection in the heralding arm.
(a) Experimental scheme. In the imaging arm, a dielectric
metasurface is placed on the focus plane of a 4f system to
introduce a pointer shift, the polarizer 2 is used to implement the
postselection. The polarization of entangled photon pairs is
(1/v2)(|HH) + |VV)). The polarizer 1 in the heralding arm
performs the preselection state with |[H — A). (b) The experi-
mental results of the entangled weak value by adjusting the
preselection in the heralding arm. The insets show the exper-
imental images of intensity for different preselection states.

want to realize the nonlocal reconstruction of the phase
distribution of the wave function. There are two optical
arms in the nonlocal weak measurement system: One is the
imaging arm and the other is the heralding arm [Fig. 2(a)].
The preselection of the state in the heralding arm is chosen
as |[H — A), while the postselection in the imaging arm as
|V). In the spin basis, |y;) = |[H — A) = exp(+iA)|+) +
exp(—iA)|=) and |y;) = |V) = i(|-) —[+)). Here, the
preselection and postselection are implemented in two
polarization entangled photons. In the spin basis, the

observable A is set to be the Pauli operator 63. Based on
Eq. (1), the weak value can be obtained as A,, = —i cot A.

When the initial state and the final state are nearly
orthogonal and (y(|y;) — 0, the weak value should be
modified [see Supplemental Material, Sec. I [35] |. It shows
that the pointer shift might be arbitrarily large when
(wilys) = 0. In fact, the arbitrarily large pointer shift
cannot be obtained. Thus, the weak value should be
modified as AT = §,,/5;, and

sin 2A

Amod _— _ .
" exp (267 /w?) — cos 2A

(2)
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Here’ 5w = <¢out|x|¢out>/<¢out|¢oul> is the amphﬁed
pointer shift, w is the width of wave function. When the

input wave function is a Gaussian distribution, the exper-
imental result of modified weak value as a function of
nonlocal preselection state is shown in Fig. 2(b). When the
initial state and the final state faraway the orthogonal
condition, AT ~ Iml[A,,].

The phase distribution can be reconstructed precisely, if
the weak value and pointer shift are determined. After the
photon passes through the PB phase metasurface, the
polarization evolves to a middle state:

lw,) =exp(+iA + ik, 5;)|+) + exp(—iA — ik, 5;)|-). (3)

Here, exp(i63k,5;) denotes the spin-orbit coupling, and
|63k.6;] < 1 due to the fact that the spin-orbit coupling is a
weak effect. After the preselection of state, weak coupling,
and the postselection of state, the probe wave function in
momentum space evolves to the final state:

|$out<kx’ ky)> = <l//f|l//i><1 + ikwa‘Si)|&in(kx7 ky)>’ (4)

where ¢;, (ky, ky) is the probe wave function in momentum
space. Based on the Fourier transformation, the output
wave function in real position space can be written as (see

Supplemental Material, Sec. I [35])

bou(2:9)) = gl (14 At 3 (). 6)

Consider the probe wave function with pure-phase
distribution ¢;,(x,y) = expligp(x,y)], the intensity cap-
tured by the ICCD is proportional to the probability
distribution P(x,y) = (Pou|pou)- If the preselected state
and the postselected state is parallel (A = 90°), the output
can be seen as a bright-field image, which shows no
contrast due to PIV)(x,y) = |exp[ip(x,y)]|*> = 1. When
the preselected state and the postselected state is orthogonal
(A = 0°), the output wave function can be written as the
first-order spatial differentiation of input probe wave
function: |y (x,y)) o 8;0|¢in(x,y))/0x. The differential
image can be obtained by P (x,y) = |0¢ou(x,y)/0x|
Here, the phase gradients can be converted into intensity-
contrast image by the spatial differential operation.
Therefore, the outline of phase objects can be observed
clearly, since the phase gradient generally occurs at its
edge [41,42].

When the preselected state is chosen as |y;) = |[H £ A)
and the postselected state [y ;) as |V), the relation between
the phase gradient of the probe wave function and the
probability distribution can be obtained as (see
Supplemental Material, Sec. I [35])

PIH=8) (x, y) — PIHT2) (x, y)

— 4 3 PImlA, )5,
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FIG. 3. Experimental setup of metasurface assisted quantum
nonlocal weak-measurement microscope. Broadband dielectric
mirror (BDM); periodically poled KTiOPO, crystal (PPKTP);
dual-wavelength polarization beam splitter (DPBS); polarization
beam splitter (PBS); dichromatic mirror (DM); fiber coupler
(FC); band-pass filter (BPF); dual-wavelength half wave plate
(DHWP); half wave plate (HWP); quarter wave plate (QWP);
single photon avalanche detector (SPAD); intensified charge
coupled device (ICCD). The blue (red) light path presents the
405 nm (810 nm) photons. The imaging system is composed of
an objectives ((10x,NA = 0.25) and a 4/ system. The PB phase
metasurface performs a weak coupling and introduces a initial
pointer shift. The preselection and the postselection are imple-
mented by polarizer 1 and polarizer 2, respectively.

Therefore, the phase distribution can be reconstructed from
measuring the output probability. Similarly, dp(x,y)/dy is
also required for two-dimensional phase distributions.
Finally, the phase distribution is reconstructed by 2D
Fourier integration [43].

A schematic setup of the quantum nonlocal weak-
measurement microscope is shown in Fig. 3. The micro-
scope is consists of two parts: One is an imaging system;
The other is a polarization entangled photon source. The
integrated imaging system includes an objective, a PB
phase metasurface, a 4f system, and a polarizer. Here, the
PB phase metasurface provides the weak coupling and
polarizer 2 performs the postselection of the polarized state.
The polarization entangled photon source is composed of a
pump laser and a Sagnac interferometer. A single-
frequency diode laser at 405 nm is used as the pump
source. Spontaneous parametric down-conversion happens
when the pump light passes through a 20 mm long type-II
phase matched PPKTP crystal. By adjusting the QWP and
HWP in the pump beam, the pump power between clock-
wise and counterclockwise directions in Sagnac loop is
kept balanced. A dual-wavelength polarization beam split-
ter (DPBS), two broadband dielectric mirrors and a dual-
wavelength HWP (DHWP) are the components of the
Sagnac interferometer. The DHWP is fixed at 45° to obtain
the horizontal polarization of the counterclockwise pump
directions in front of the crystal. The DPBS is used to
separate the down-converted photon pairs pumped by two
counterpropagating beams. By adjusting the combination
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of HWP and QWP in the imaging arm, the output state of
our quantum polarization entangled photon source turn out
to be |®) = (1/V2)(|HH) + |VV)) [44,45].

Two-photon coincidence counts and polarization inter-
ference are performed to characterize the quality of the
generated polarization entangled state. The imaging system
is replaced by a SPAD in the coincidence counts. A
polarizer is added in the imaging arm whose polarized
axis is fixed at 0° or 45° to measure the polarization
interference fringes [44]. The interference visibility is
calculated as V = (Cpax — Cinin)/ (Crnax + Cinin),  Where
Cax and C;, are maximum and minimum coincidence
counts, respectively. Therefore, the visibilities of interfer-
ence fringe are obtained as 96.4 + 0.1% in the +45°/ — 45°
basis and 98.3 £+ 0.1% in the H/V basis, respectively [35]
(see Supplemental Material, Sec. II). The visibility bound
required to violate the Bell’s inequality is 71% [46,47].
Therefore, the polarization entangled photon source meets
the requirement of nonlocal phase reconstruction.

The polarization entangled photons with the state of

(1/v2)(|[HH) +|VV)) are used as an illumination source
to implement the phase reconstruction of pure-phase
objects. When the state of input photons in heralding
arm is set to |H £+ A), thus the state of input photons in
imaging arm will also be |H 4+ A). To demonstrate the
nonlocal phase reconstruction from the phase gradient
images using the quantum weak measurement microscope,
two pure-phase objects etched with different letters are
imaged. There are three steps to realize the nonlocal phase
reconstruction of the phase distribution. First, we obtain the
probability distribution PI#+2)(x,y) and PH=2)(x,y) of
the output image, which is achieved by remotely adjusting
the preselection in the heralding arm with |H + A) and
|H — A) (A = 3°) [Figs. 4(a) and 4(d)]. It should be noted
that the similar second-order correlation image with
classical sources has been demonstrated [48]. Second,
the differential images can be obtained by |d¢(x,y)/ox +
idp(x,y)/ady| [Figs. 4(b) and 4(e)]. Finally, the phase
distributions are reconstructed as shown in Figs. 4(c)
and 4(f). The reconstructed phase distribution shows high
phase contrast, and the phase distribution of the phase
objects is clearly observed.

We next demonstrate the nonlocal switch of three
imaging modes that achieved by controlling the preselec-
tion in the heralding arm. The experimental results of
bright-field, differential, and phase reconstruction imaging
are shown in the Figs. 5(a)-5(c), respectively. When we
adjust the preselected polarizer in the heralding arm to keep
the input polarization state |V), the bright-field image is
obtained, since the preselected state and postselected state
is parallel [Fig. 5(a)]. In this case, the pure-phase object is
invisible in the bright-field image. Then we make the
polarization state of preselection as |H), and the differential
imaging is achieved. The edge contour of the pure-phase
object is revealed due to the differential operations, since

(a) 400 1(b)400
05 300 :
& & I
05 100 2
0 0

100 200 300 400

‘

0 0
0 100 200 300 400
Pixels Pixels Pixels

1(e) 400
05 300
06
g 04 F
- 0 0

100 200 300 400

6
H ’
0 ‘o

0 1
0 100 200 300 400 100 200 300 400 100 200 300 400
Pixels Pixels Pixels

FIG. 4. Nonlocal phase reconstruction of transparent glass plate
sample (model: BK7). ¥ and ® shapes are etched on the glass
surface with a 200 nm step using optical lithography. (a) and
(d) The probability distribution PI#=2)(x,y) — PI#+2)(x, y). (b)
and (e) The deferential images of phase distribution
|0@(x,y)/0x + idp(x,y)/dy|. (c) and (f) The reconstructed phase
distributions ¢(x, y). Insets in (c) and (f) show the designed phase
distributions.

the phase gradient generally occurs at the edge [Fig. 5(b)].
However, it is still not enough to reveal the phase
distribution. This problem can be solved by the
reconstruction of phase distribution, which is achieved
by adjusting the preselected state |H & A). The phase
distribution is reconstructed as shown in Fig. 5(c). The
cross-section intensity distributions along the dashed lines
in Figs. 5(a)-5(c) are shown in Figs. 5(d)-5(f), respectively.

In practical biological imaging applications, one can
choose the desirable imaging mode to detect different
characteristics of biological samples [49,50]. In the conven-
tional microscopy imaging, the modulations of different
imaging modes inevitably involve manual adjustment of
optical elements in imaging system, such as polarizers and
filters, resulting in possible misalignment of the optical
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FIG. 5. Nonlocal switch of different imaging modes in the

imaging arm based on the remote modulation of preselections in
the heralding arm. (a) Bright-field image (A = 90°). (b) Differ-
ential image (A = 0°). (c) Phase reconstruction image (A = 3°).
(d)-(f) are taken along the white dashed lines in (a)—(c),
respectively. Scale bar, 100 pm.
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path. In our scheme, a pair of entangled photons are strong
correlated, and one can influence the other instantaneously
although they are far apart. Therefore, different imaging
modes are nonlocally controlled by the preselection in the
heralding arm, without changing anything on the imaging
arm. This is impossible to be achieved by using a conven-
tional microscope with classical sources.

In low photon regime, our nonlocal weak measure-
ment scheme has a higher image contrast than the
standard one. Here, the image contrast is defined as
C= (Imax - Imin)/(lmax + Imin)’ where Imax and ]min are
maximum and minimum intensity, respectively [51]. In the
standard weak-measurement imaging scheme, the ICCD is
internally triggered. Both the signal photons and environ-
mental noise photons will be continuously accumulated
during the imaging process. Therefore, a low image
contrast (C = 0.27) is inevitable when the signal photon
level is comparable to environmental photon noise. The
effects of environmental noise can be effectively reduced
by increasing the intensity of the illumination light. For
photosensitive biological samples, however, the biophysi-
cal damage typically arises due to the large illumination
intensities. In the nonlocal weak-measurement imaging
scheme, the ICCD is externally triggered, and the signal
photons are accumulated in the ICCD only within a short
time window (4 ns). Almost all noise photons are prevented
from detection, and therefore achieve a higher image
contrast and signal-to-noise of image (see Supplemental
Material, Sec. IV [35]). Here, we obtain a phase
reconstruction image of the pure-phase test target with a
high contrast of C~0.95 (see Supplemental Material,
Sec. III [35]).

In conclusion, we have proposed and demonstrated a
quantum microscopy based on metasurface-assisted non-
local weak measurement. In our weak measurement
scheme, the preselection and postselection of the quantum
state are implemented by a polarization entangled photon
pair, and the weak coupling is performed by Pancharatnam-
Berry phase metasurface. By introducing the nonlocal weak
measurement into microscopy imaging system, it allows us
to remotely reconstruct the phase distribution of transparent
samples. Different microscopy imaging modes, including
bright-field, differential, and phase reconstruction, can be
achieved by remotely controlling the preselection in the
heralding arm. We have shown that the nonlocal weak
measurement can outperform standard weak measurements
in phase construction at the very low photon level. The
quantum microscope is an important tool to characterize the
biological samples and understand the dynamics of a living
system with quantum illumination [52-56]. We believe that
our result paves a possible way towards the quantum weak-
measurement microscope for label-free imaging of trans-
parent biological cells and tissues.
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