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Observation of the Spin Hall Effect
of Light via Weak Measurements

Onur Hosten* and Paul Kwiat

51

We have detected a spin-dependent displacement perpendicular to the refractive index gradient for
photons passing through an air-glass interface. The effect is the photonic version of the spin Hall
effect in electronic systems, indicating the universality of the effect for particles of different nature.
Treating the effect as a weak measurement of the spin projection of the photons, we used a
preselection and postselection technique on the spin state to enhance the original displacement by
nearly four orders of magnitude, attaining sensitivity to displacements of ~1 angstrom. The spin
Hall effect can be used for manipulating photonic angular momentum states, and the
measurement technique holds promise for precision metrology.

all effects, in general, are transport
thenomena, in which an applied field

on the particles results in a motion
perpendicular to the field. Unlike the traditional
Hall effect and its quantum versions, in which
the effect depends on the electrical charge, the
spin Hall effect is driven by the spin state of the
particles. It was recently suggested (/, 2) and
observed (3) that, even in the absence of any
scaftering impurities, when an electric field is

Department of Physics, University of Illinois at Urbana-
Champaign, Urbana, IL 61801, USA.

*To whom correspondence should be addressed. E-mail:
hosten@uiuc.edu

applied to a semiconductor, a dissipationless spin-
dependent current perpendicular to the field can
be generated. A photonic version of the effect—
the spin Hall effect of light (SHEL)—was re-
cently proposed (4) in which the spin-1 photons
play the role of the spin-1/2 charges, and a
refractive index gradient plays the role of the
electric potential gradient.

We use an air-glass interface to demonstrate
the SHEL, in which the transmitted beam of
light splits by a fraction of the wavelength, upon
refraction at the interface, into its two spin com-
ponents (Fig. 1A): the component parallel (s = +1,
right-circularty polarized) and antiparallel (s = —1,
left-circularty polarized) to the central wave vector.

This effect is different from (i) the previously
measured (5) longitudinal Goos-Hénchen (6)
and transverse Imbert-Fedorov (7, &) shifts in
total intemnal reflection, which are described in
terms of evanescent wave penetration, and (i1)
the recently reported “optical spin Hall effect,”
which deals with optically generated spin cur-
rents of exciton-polaritons in a semiconductor
microcavity (9). The splitting in the SHEL, im-
plied by angular momentum conservation, takes
place as a result of an effective spin-orbit inter-
action. The same interaction also leads to other
effects such as the optical Magnus effect (10, 11),
the fine-splitting of the energy levels of an optical
resonator (/2) [in which the interaction resembles
the spin-orbit (Russell-Saunders) coupling of
electrons in atoms], and the deviation of photons
from the simple geodesic paths of general rela-
tivity (13).

The exact amount of the transverse displace-
ments due to the SHEL at an air-glass interface
has been the subject of a recent debate (4, 14-16).
Our theory and experimental results support
the predictions of Bliokh and Bliokh (735, 16);
although the calculations of other researchers
(4, 11, 14) are not incorrect, they contain rather
unfavorable initial conditions [see supporting
online material (SOM)]. One can obtain close
estimates of the magnitude of the displacements
using solely the conservation of the z compo-
nent of the total (spin plus orbital) angular mo-

www.sciencemag.org SCIENCE VOL 319 8 FEBRUARY 2008
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Fig. 1. The SHEL at an air-glass interface. (A) |+) and |-) spin components of a wave packet incident at
angle 0, experience opposite transverse displacements (not deflections) upon refraction at an angle 6.
(B) Different plane-wave components acquire different polarization rotations upon refraction to satisfy
transversality. The input polarization is in the x direction (equivalent to horizontal according to Fig. 3)
for all constituent plane waves. Arrows indicate the polarization vectors associated with each plane wave
before and after refraction. The insets clarify the orientation of the vectors. (€) Theoretical
displacements of the spin components (Eq. 1) for horizontally and vertically polarized in t photons
with wavelength % = 633 nm.
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Ultrasensitive Beam Deflection Measurement via Interferometric Weak Value Amplification

P. Ben Dixon, David J. Starling, Andrew N. Jordan, and John C. Howell
Department of Physics and Astronomy, University of Rochester, Rochester, New York 14627, USA
(Received 12 January 2009; published 27 April 2009)

We report on the use of an interferometric weak value technique to amplify very small transverse
deflections of an optical beam. By entangling the beam’s transverse degrees of freedom with the which-
path states of a Sagnac interferometer, it is possible to realize an optical amplifier for polarization
independent deflections. The theory for the interferometric weak value amplification method is presented
along with the experimental results, which are in good agreement. Of particular interest, we measured the

angular deflection of a mirror down to 400 = 200 frad and the linear travel of a piezo actuator down to
14 =7 fm.

DOIL 10.1103/PhysRevLett.102.173601 PACS numbers: 42.50.Xa, 03.65.Ta, 06.30.Bp, 07.60.Ly
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FIG. I (color online). Experimental Setup. The objective lens
collimates a 780 nm beam. After passing through polarization
optics, the beam enters a Sagnac interferometer consisting of
three mirrors and a 50/50 beam splitter arranged in a square. The

FIG. 2 (color online). Measured beam deflection is plotted as a
function of beam radius o. SBC angle ¢ for each data set is
labeled. The scale on the left is the measured beam deflection
output port is monitored by both a quadrant detector and a CCD  (x). The scale on the right is the amplification factor A. The
camera. The SBC and half-wave plate in the interferometer unamplified deflection is 6 = 2.95 uwm. The solid lines are
allow the output intensity of the interferometer to be tuned. theoretical predictions based on Eq. (6). 15

The piezo mirror gives a small beam deflection.
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Direct measurement of the quantum wavefunction

Jeff S. Lundeen', Brandon Sutherland!, Aabid Patel', Corey Stewart! & Charles Bamber!

The wavefunction is the complex distribution used to completely
describe a quantum system, and is central to quantum theory. But
despite its fundamental role, it is typically introduced as an abstract
element of the theory with no explicit definition*. Rather, physicists
come to a working understanding of the wavefunction through its
use to calculate measurement outcome probabilities by way of the
Born rule’. At present, the wavefunction is determined through
tomographic methods**, which estimate the wavefunction most con-
sistent with a diverse collection of measurements. The indirectness of
these methods compounds the problem of defining the wave-
function. Here we show that the wavefunction can be measured
directly by the sequential measurement of two complementary vari-
ables of the system. The crux of our method is that the first measure-
ment is performed in a gentle way through weak measurement™'®,
so as not to invalidate the second. The result is that the real and
imaginary components of the wavefunction appear directly on our
measurement apparatus. We give an experimental example by
directly measuring the transverse spatial wavefunction of a single
photon, a task not previously realized by any method. We show that
the concept is universal, being applicable to other degrees of freedom
of the photon, such as polarization or frequency, and to other
quantum systems—for example, electron spins, SQUIDs (super-
conducting quantum interference devices) and trapped ions.
Consequently, this method gives the wavefunction a straightforward
and general definition in terms of a specific set of experimental
operations'®. We expect it to expand the range of quantum systems
that can be characterized and to initiate new avenues in fundamental
quantum theory.

Atthe centre of the direct measureny
disturbance induced by the first measii
ment of an arbitrary variable A. In gene
the coupling between an apparatus and|
the translation of a pointer. The pointe
a measurement. In a technique know
coupling strength is reduced and thi
disturbance created by the measurem
promises measurement precision, bu
aging. The average of the weak measu
value (¥|A| ¥}, indicated by an aver;
proportional to this amount.

A distinguishing feature of weak r
disturb a subsequent normal (or ‘str
observable C in the limit where the coyj
lar ensemble subset that gave outcoms
age of the weak measurement of A.
strength, this is called the ‘weak value

{c]4
{c
Selecting a particular subset of an en|
measurement outcome is known as ‘p

(A

Returning to our example of a single particle, consider the weak
measurement of position (A = 7, = |x) (x|) followed by a strong mea-
surement of momentum giving P = p. In this case, the weak value is:

_ (plx) )

(nx)w - {Pl SU) (2)
B etpx/h ?(x)
2P ?)

In the case p = 0, this simplifies to
(T)w=k¥(x) (4)

where k= 1/®(0) is a constant (which can be eliminated later by
normalizing the wavefunction). The average result of the weak mea-
surement of 7, is proportional to the wavefunction of the particle at x.
Scanning the weak measurement through x gives the complete wave-
function. At each x, the observed position and momentum shifts of the
measurement pointer are proportional to Re%(x) and Im¥(x),
respectively. In short, by reducing the disturbance induced by mea-
suring X and then measuring P normally, we measure the wave-

tool in quantum information processilﬁlﬂCtiOH of the single particle.

Uinstitute for Mational Measurement Standards, National Research Couneil, 1200 Montreal Road, Ottawa, Canada, K1A ORE.
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Figure 1 | Direct measurement of the photon transverse wavefunction. To
begin with photons having identical wavefunctions, we transmit them through

an optical fibre (Nufern PM780-HP) that allows only a single mode (SM) to
pass. This mode is approximately Gaussian, with a nominal 1/e* diameter of
5.3 = 1.0 um. The photons emerge from the fibre and pass through a micro-
wire polarizer (Pol.; Edmund Optic NT47-602) to be collimated by an

achromaticlens (f; = 30 cm, diameter 5 cm, Thorlabs AC508-300-B), one focal

length (f;) away from the fibre. The lens was masked off with a rectangular
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Figure 2 | The measured single-photon wavefunction, ¥{x), and its
modulus squared and phase. a, Re?(x) (solid blue squares) and Im ¥(x)
(open red squares) measured for the truncated Gaussian wavefunction.

b, Using the data in a we plot the phase ¢(x) = arctan (Re P(x)/Im ¥(x)) (open
squares; right axis) and the modulus squared \ 5"(x)\2 (solid blue circles; left
axis). There is good agreement between the latter and a strong measurement of
the x probability distribution Prob(x) (solid line; left axis) conducted by
scanning a detector along x in the plane of the sliver. The phase is relatively flat,
as expected from the fibre mode. The slight variation is consistent with the
manufacturer specification of the first lens and the phase curvature measured
with a shear plate. We also removed the slit completely. In this case, there is no
post-selection and the weak value (r,) becomes equal to the standard
expectation value (¥|m,| ¥) = | P(x)|%. We plot the measured Re{r.) (open red
circles; left axis) after it is normalized so that [ Re ¥(x)dx=1 and find it is in
good agreement with Prob(x). We find that Im(z,) is ten times smaller, making
(m,) largely real, as expected. Error bars are =1 s.d. found from statistics in
repeated scans. In b, only every third error bar is shown for clarity.
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Full characterization of polarization states of light
via direct measurement

Jeff Z. Salvail'™*, Megan Agnew!, Allan S. Johnson', Eliot Bolduc', Jonathan Leach’
and Robert W. Boyd'?

M. Malik+: arXiv:1306.0619

Direct Measurement of Quantum State Rotations

Mehul Malik,"* Mohammad Mirhosseini,! Martin P. J. Lavery,?
Jonathan Leach.** Miles J. Padgett,” Robert W. Boyd'*

! The Institute of Optics, University of Rochester, Rochester, New York 14627 USA
2 School of Physics and Astronomy, University of Glasgow, Glasgow, United Kingdom
3School of Engineering & Physical Sciences, Heriot-Watt University, Edinburgh, United Kingdom
4 Department of Physics, University of Ottawa, Ottawa, ON KIN 6N5 Canada 18

* mehul.malik@rochester. edu
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G. C. Knee & E. M. Gauger: arXiv:1306.6321
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Weak-value amplification offers no advantage for overcoming technical imperfections

George C. Kned*|
Department of Materials, University of Oxford, Ozxford OX1 3PH, United Kingdom

Erik M. Gauger
Centre for Quantum Technologies, National University of Singapore, 3 Science Drive 2, Singapore 117543 and
Department of Materials, University of Oxford, Oxford OX1 3PH, United Kingdom
(Dated: June 27, 2013)

The combination of a weak quantum measurement with postselection enables the phenomenon of
weak-values, where the average displacement of the meter wavefunction may significantly exceed the
eigenspectrum of the measured observable. Employing the Fisher Information metric, we argue that
the effect offers no metrological advantage due to the necessarily reduced probability of success. We
analyze a situation where the detector has only finite resolution and when the measuring device is
afflicted by random displacements. Surprisingly, weak-value amplification continues to provide no
benefit when these imperfections are introduced.
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Extracting joint weak values from two-dimensional spatial displacements
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(Received 14 September 2012; published 5 November 2012)

— _l_
a 2 \ O) \ l % A\ O) The joint weak value is a counterfactual quantity related to quantum correlations and quantum dynamics, which
/ — | can be retrieved via weak measurements, as initiated by Aharonov and colleagues. In this paper, we provide a full

analytical extension of the method described by Puentes er al. [Phys. Rev. Lett. 109, 040401 (2012)]. to extract

\Y C . . - . o P
\ W ' the joint weak values of single-particle operators from two-dimensional spatial displacements of Laguerre-Gauss
I probe states, for the case of the azimuthal index |/| = 1. This method has a statistical advantage over previous
/7 \ ones since information about the conjugate observable, i.e., the momentum displacement of the @@. is not

required. Moreover, we demonstrate that, under certain conditions, the joint weak value can be extracted directly
from spatial displacements without any additional data processing.
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Quantum Mechanics, Local Realistic Theories, and Lorentz-Invariant Realistic Theories

Lucien Hardy

Department of Mathematical Sciences, University of Durham, Durham DH1 3LE, England
(Received 22 January 1992)

First, we demonstrate Bell's theorem, without using inequalities, for an experiment with two particles.
Then we show that, if we assume realism and we assume that the “‘elements of reality” corresponding to
Lorentz-invariant observables are themselves Lorentz invariant, we can derive a contradiction with quan-
tum mechanics.
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7-I-U f C\ '% - positrons and one for electrons, arranged such th ]f a positron
a takes path u™ and an electron takes path u ~ then they will

meet at point P and annihilate one another.
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Observation of optical-fibre Kerr nonlinearity at

the single-photon level

Nobuyuki Matsuda'?*, Ryosuke Shimizu?3, Yasuyoshi Mitsumori?, Hideo Kosaka'?

and Keiichi Edamatsu'?

Optical fibres have proved to be an important medium for manip-
ulating and generating light in applications including soliton trans-
mission', light amplification?, all-optical switching® and
supercontinuum generation®. In the quantum regime, fibres may
prove useful for ultralow-power all-optical signal processing’®
and quantum information processing®. Here, we demonstrate
the first experimental observation of optical nonlinearity at the
single-photon level in an optical fibre. Taking advantage of the
large nonlinearity and managed dispersion of photonic crystal
fibres”®, we report very small _(1 %1077 to ~-1x 1078 rad)
conditional phase shifts induced by weak coherent pulses that
contain one or less than one photon per pulse on average. We
discuss the feasibility of quantum information processing using
optical fibres, taking into account the observed Kerr nonlinearity,
accompanied by ultrafast response time and low induced loss.
The photon, the quantum unit of light, has much less interaction
with its environment than other quanta ( for example, electron spin,
superconducting current) and for this reason it is an outstanding
carrier of information in quantum communication and has
earned the name the ‘flying qubit’. This lack of interaction also
means that photons may not be suitable for computations that
require strong unitary interaction between qubits. The fabrication
of optical nonlinear media providing sufficiently strong interaction
between photons has therefore been under intense study. Cavity
quantum electrodynamics-based devices have performed nonlinear
Kerr phase shifts of a few tens of degrees at the single-photon
level®!. Another approach to quantum-optical information proces-
sing (QOIP) is to apply the weak nonlinearity that is inherent in cur-

rantlv avicting media Barant mranacalel 2 have imdicatad that c1ieh

'Research Institute of Electrical Communication, Tohoku University, Sendai, Miyagi 980-8577, Japan, *CREST, Japan Science and Technology Agency, 4-1-8
Honmachi, Kawaguchi, Saitama 332-0012, Japan, *PRESTO, Japan Science and Technology Agency, 4-1-8 Honmachi, Kawaguchi, Saitama 332-0012, Japan;
*e-mail: matsuda@quantum.riec.tohoku.ac.jp
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Figure 1 | Experimental set-up. PBS, polarizing beam splitter; HWP, half-wave
plate; QWP quarter-wave plate; AOM, acousto-optic modulator; WNDF,
variable neutral density filter; PCF, photonic crystal fibre; FU, Faraday unit,
each consisting of a 45° Faraday rotator and a half-wave plate; |H) and |V},
harizontal and vertical polarizations, respectively; CW and CCW, clockwise
and counter-clockwise, The thick red and blue lines represent optical
connections, and the thin black arrowed curves are electronic connections.
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Uncertainty of Weak Measurement and Merit of Amplification

Jaeha Le
Department of Physics, Unwersity of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan

Izumi Tsutsu
Theory Center, Institute of Particle and Nuclear Studies,
High Energy Accelerator Research Organization (KEK), 1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan
(Dated: May 14, 2013)

Aharonov’s weak value, which is a physical quantity obtainable by weak measurement, admits
amplification and hence is deemed to be useful for precision measurement. We examine the signif-
icance of the amplification based on the uncertainty of measurement, and show that the trade-offs
among the three (systematic, statistical and nonlinear) components of the uncertainty inherent in
the weak measurement will set an upper limit on the usable amplification. Apart from the Gaus-
sian state models employed for demonstration, our argument is completely general; it is free from
approximation and valid for arbitrary observables A and couplings g.
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FIG. 1. Ratio of uncertainty e5(n; g, d) to the real part of
the weak value of the spin S, = 0. /2. By amplifying the weak
value out of its numerical ra.nge [—1/2,1/2] to (5:)w =~ 100,
the significance condition is attained with confide®® 1 =

0.95. (Pimmeteh 0o = l/? No =107, g =1/50 and d = 4.)
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