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Switching the direction of spin accumulation in the spin Hall effect of
light by adjusting the optical axis of an uniaxial crystal”
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We theoretically and experimentally investigate a switchable spin Hall effect (SHE) of light in reflection near the
Brewster angle at an air—uniaxial crystal interface. We find a large transverse spin splitting near the Brewster angle, whose
sign can be altered by rotating the optical axis. As an analogy of the SHE in an electronic system, a switchable spin
accumulation in the SHE of light is detected. We are able to switch the direction of the spin accumulation by adjusting
the optical axis angle of the uniaxial crystal. These findings may give opportunities for photon spin manipulating and

developing a new generation of nano-photonic devices.
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1. Introduction

The spin Hall effect (SHE) of light is the spin-dependent
transverse shift of a wave packet, which can be regarded as
the photonic version of the SHE in electronic systems, where
the spin photons play the role of the spin charge, and the re-
fractive index gradient plays the role of the electric potential
gradient.!'3! More recently, there has been keen interest in the
SHE of light both in theory*! and in experiments.!'*17] The
SHE of light may open new opportunities for manipulating
photon spins and developing new generations of all-optical de-
vices as the counterparts of recently presented spintronic de-
vices. The generation, manipulation, and detection of spin-
polarized electrons in semiconductors define the main chal-
lenges of spin-based electronics.

Effectively switching the directions of spin accumula-
tion in the SHE of light for possible applications is worthy
of study. It was found that the directions of the spin currents
can be switched by rotating the polarization plane of the ex-
citing light in a semiconductor micro-cavity.'8 In our previ-
ous paper,'’! we demonstrated an enhanced and switchable
SHE of light near the Brewster angle on reflection at an air—
isotropic medium interface. In that paper, we found that the
directions of spin accumulations in the SHE of light can be
switched by slightly adjusting the incident angle. However,
the refracted angle changes and the transmission coefficients
decrease accordingly as the incident angle increases. Hence,
it is disadvantageous to potential applications of nanophotonic
devices.

In this paper, we propose a novel approach to switch the
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directions of spin accumulation in the SHE of light without al-
tering the incident angle. When the beam incidents away from
the Brewster angle, the transverse displacements between the
two spin components are small.l'>] However, we find a large
transverse spin splitting near the Brewster angle on reflec-
tion. Moreover, the Brewster angle of an anisotropic medium
can be varied by rotating the optical axis of the anisotropic
medium. Now a question naturally arises: can we utilize the
anisotropic medium to switch the directions of spin accumula-
tion in the SHE of light near the Brewster angle? In this paper,
we demonstrate that we can switch the directions of spin accu-
mulation in the SHE of light by altering the optical axis angle.
And we also theoretically and experimentally confirm that the
transverse displacements can be amplified near the Brewster
angle at an air—uniaxial crystal interface.

2. Theoretical analysis

We begin by studying a linearly polarized light beam im-
pinging upon a planar interface that is composed of air and
an uniaxial crystal sample (YVO,4). When reflected at the in-
terface, the linearly polarized incident beam splits into two
spin components that acquire opposite lateral displacements
perpendicular to the incident plane: components parallel (51,
left-handed circularly polarized) and antiparallel (8, right-
handed circularly polarized) to the central wave vector, as
shown in Fig. 1. We use a laboratory Cartesian frame (x, y,
) attached to the interface and the coordinate systems of the
individual beams, where (x;, y;, z;) and (x;, ¥, zr) are attached
to the incident and the reflected beams, respectively. The z;
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and z; axes attach to the directions of the central wave vectors
of the incident and the reflected beams as determined by the
Snell’s law, respectively.
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’4
Y z

Fig. 1. (color online) Schematic diagram of SHE of light at the air—
uniaxial crystal interface, where 8 denotes the displacements of left-
circularly polarized and right-circularly polarized spin components.
Here, 6; is the incident angle, subscripts i and r correspond to incident
light and reflected light, respectively.

In the spin basis set, the incident angular spectrum can be

(Eis + Ei)/V2, BY =i(Ei- — Eiy)/V2.

Here, H and V represent the horizontal and vertical polariza-

written as E~1H

tions, respectively. The positive and negative signs denote the
left and right circularly polarized components, respectively.[>!
The incident monochromatic Gaussian beam can be formu-
lated as a localized wave packet whose spectrum is arbitrarily

narrow, and can be written as

. w (k2. + k?
E. = (eix:tieiy)%exp —w , (1

where wy is the beam waist. In the spin basis, EX = (E,, +
E. )/V2and EY =i(E._ — E..)/V?2, where E,; = (e, +
iery)fr/ﬁ, E_ =(e.— ieo,)fr/ﬁ, with &; being obtained
from Eq. (1) and boundary conditions ki, = —k, and k;, = kyy.
Consider an incident beam of H polarization, we can ob-
tain the expression for the reflected angular spectrum
FH_ 'p
Bl =5 [(1
(1+rs/rp)cot6;/ko, and rp, and 7 denote the Fres-
nel reflection coefficients for the p and s components of the

— iNky) Ery + (1+inky) Er_], ()

where ) =

wave, respectively. They can be expressed as ry = (ko cos 6; —
k%) /(kocos 8 +k3), rp = (kocos 6 — x)/ (ko cos 6; + x ), where
ko is the wave vector in the air; 6; denotes the incident angle;
k¢ and k% are the wave vectors in the uniaxial crystal for the
s and p components of the wave, respectively; n. and n, are
the refractive indexes for the ordinary and the extraordinary
= [(n2 —n2)cos @(—kL cos ¢ +k,sin @) +
k2n2]/(n2n?); and @ represents the angle between the optical

rays, respectively; x

axis of the uniaxial crystal and the x axis. The complex am-
plitude of the reflected beam can be conveniently expressed
as

Er:t(xra.YraZr) = /derdkry(l $nkry)E~'r:t(er;kry)

x expli (kpoxr + keyyr + kezzr)]s 3)

where ki, = /&2 — (k2 + k3.

Here, we investigate the spin-dependent displacements of
the reflected light induced by the SHE of light both theoreti-
cally and experimentally. At any given plane z; = const., the
transverse displacement of the field centroid compared to the
geometrical-optics prediction is given by

5H _ .ffyr[g(xrayrazr)dxrdyr
= fflg(xraYraZr)dxrd)’r

The intensity distribution of the beam is closely linked to the

“

longitudinal momentum current I(xy,yr,z) o< P; - er. The
time-averaged linear momentum density associated with the
electromagnetic field can be shown to be P; o< Re[E; x H}],
where the magnetic field can be obtained by H, = —ik; 'V x
E,.

3. Experimental results and discussion

To measure the transverse displacements, we use

the signal enhancement technique’®’ known as weak
measurements.[*1-2?]
Fig. 2.

passes through a short focal length lens (Lensl) and a

The experimental setup is shown in
A Gaussian beam generated by an He—Ne laser

polarizer (GLP1) to produce an initially polarized fo-
cused beam. The He-Ne laser operating at a wavelength
of 632.8 nm with a minimum waist of 0.98 mm is fo-
cused by a lens with focal length f; = 50 mm, a waist of
wo = 18.66 um is produced. The beam splits into two
spin components when reflected at the interface of YVOq4
with the size of 20 mm X 20 mm X 10 mm. The refrac-
tive index for the ordinary and the extraordinary rays are
no = 1.992 and n. = 2.218 at 632.8 nm, respectively. The

crystal is mounted on a rotation stage which allows for the

uniaxial crystal
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He—Ne laser
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Fig. 2. (color online) Experimental setup for characterizing the SHE of light
in reflection at the interface of YVOy crystal. The laser is a linearly po-
larized He—Ne laser at 632.8 nm, 17 mW (Thorlabs HRP170); HWP is a
half-wave plate for attenuating the intensity after GLP1 to prevent the CCD
from saturating; Lensl and Lens2 are lenses with effective focal lengths
1 =50 mm and f> = 250 mm, respectively; Uniaxial crystal YVOy is the
experimental sample; GLP1 and GLP2 are Glan laser polarizers; and CCD
is a charge-coupled device (Coherent LaserCam HR).
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precise control of the incident angle 6;. The incident beam is
preselected in the H polarization state (&« = 0°) by GLP1, and
then postselected (8 = m/2+ A) by GLP2 in the polarization
state with v = sinAe,, + cos Ae,y. The relevant amplitude of
the reflected field at the plane of z; can be obtained as v - E.
The amplified displacement of field centroid oy at the CCD is
much larger than the original displacement |3Y|. A calculation
of the centroid of the distribution of v - E; yields the amplify-
ing factor Ay, = 8 /8. The theory of weak measurement is
schematically shown in Fig. 3(a).
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Fig. 3. (color online) (a) Preselection and postselection of polarization
gives rise to an interference in the CCD, and shifts it to its final centroid
position proportional to Ay = &, /85, (b) Amplifying factor versus the
postselected polarization angle A. Inset presents the field distributions
for several postselected polarization angles. The beam waist of the in-
cident beam is wp = 18.66 um, and the incident angle is chosen as
6, = 60°.

We now determine an appropriate postselected polariza-
tion state in weak measurements. Figure 3(b) shows the ampli-
fying factor versus the postselected polarization angle A. The
amplifying factor first increases and reaches its maximum at
A = 0.26°, then decreases with the increase of A. In addition,
we measure the field distributions for several postselected po-
larization angles (see inset of Fig. 3(b)). If the postselected po-
larization angle is at A = 0° exactly, the initial field component
(H-polarization) is perfectly suppressed, and only the cross po-
larized component (V-polarization) is measured. Note that this
interesting cross-polarization effect also can be observed in
propagation.!”>?*l In the case of A = 0°, the amplifying fac-
tor Ay, = 0, and no amplifying transverse displacement of the
field centroid is detected. For a small value of A, the detected
power is about 10 nw, and the measurability of very small dis-
placements is limited by the electronic noise in the CCD. To
improve the detected power, we choose A = 2 £0.04° in the
following measurements.

Figure 4 shows the original displacements, the ampli-
fied displacements, and the amplifying factors versus the in-
cident angle. For the uniaxial crystal, the Brewster angle can
be varied by rotating the optical axis, as shown in Figs. 4(a)

and 4(b).
and right-circularly polarized spin components increase with

At @ = 0°, the displacements of left-circularly

the increasing 6; and change rapidly when 6; is approach-
ing the Brewster angle 0 (~ 62.6°). When 6; > 6p, the
displacements of left-circularly and right-circularly polarized
spin components shift oppositely, and decrease with the in-
creasing 6; (Fig. 4(a)). At ¢ = 90°, the change trend is the
same as the former case, while its Brewster angle is 6 =
~ 66.4° (Fig. 4(b)). In order to investigate how to switch
the directions of spin accumulation, we choose ¢ = 0° and
¢ = 90° as examples and measure the amplified displacements
of the two cases. Our theoretical and experimental results for
the amplified displacement versus 6; are reported in Figs. 4(c)
and 4(d). We measure the displacements every 0.5° from 58°
to 68° at @ = 0° and every 0.5° from 60° to 72° at ¢ = 90° re-
spectively. The experimental and theoretical results of the am-
plifying factor in the weak measurement versus 6; are shown
in Figs. 4(e) and 4(f). A valley near the Brewster angle on
reflection is presented in both cases. The experimental data
are in good agreement with the theory without the use of fit
parameters.
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Fig. 4. (color online) Theoretical transverse displacements of left-
circularly and right-circularly polarized spin components at the crystal
interface each as a function of 6; at (a) ¢ = 0° and (b) ¢ = 90°. The-
oretical and experimental results for amplified displacements versus 6;
in the case of (¢) ¢ = 0° and (d) ¢ = 90°. Theoretical and experimental
results for amplifying factor Ay, in the weak measurement for (g) ¢ = 0°
and (f) @ =90°. The solid lines indicate the theoretical predictions, and
the dots are the experimental data.
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The signs of amplified shifts provide indirect evidence to
determine the direction of spin accumulation of the SHE of
light, since 8, has the same tendency as 8" Figure 5 shows
the theoretical and experimental results for the amplified dis-
placements and the measured field distributions. We can find
that the directions of the amplified displacements are opposite
at the same incident angle (Fig. 5(a)). This means that the spin
accumulation reverses its direction when we rotate the optical
axis. At the same incident angle 6; = 64°, the amplified dis-
placement is 882 pum for ¢ = 0°, while it is —1123 pm for
¢ = 90°. We also measure the field distributions at ¢ = 0°
and ¢ = 90° for three different incident angles (Figs. 5(b)-
5(g)). These intensity distributions show the deviations of the
field centroid compared to the geometrical-optics prediction
at different cases. When the incident angle 6; is in the range
from 62.6° to 66.4°, the amplified displacement is positive at
¢ = 0°, while it is negative at ¢ = 90°. This means that the
direction of photon accumulation can be reversed by adjusting
the optical axis angle. This interesting characteristic is similar
to the switching effect of spin accumulation in an electronic
system.[25]

1200

Ao /um

Fig. 5. (color online) (a) Theoretical and experimental results for ampli-
fied displacements versus 6;. The red line and blue spots indicate theo-
retical and experimental results for amplified displacements at ¢ = 90°,
respectively. The green line and the black triangles indicate theoret-
ical and experimental results for amplified displacements at ¢ = 0°,
respectively. The measured field distributions at ¢ = 0° (first row) and
¢ = 90° (second row) for different incident angles ((b), (e) 6; = 60°;
(c), (f) 6; =64°; (d), (g) 6; = 68°) are also given.

4. Conclusion

In conclusion, we have presented theoretical and exper-
imental research on a switchable SHE of light when a beam
is reflected near the Brewster angle at an air—uniaxial crystal
interface. We have found a large transverse spin splitting near
the Brewster angle, whose sign can be altered by rotating the
optical axis. As an analogy of the SHE in an electronic system,
a switchable spin accumulation in the SHE of light is detected.
We are able to switch the directions of the spin accumulation
by adjusting the optical axis angle of the uniaxial crystal. It
is expected that the SHE of light in an uniaxial crystal will be
useful for nano-photonic devices, for example, by replacing

the uniaxial crystal with a nematic liquid crystal whose optical

axis can be tuned by an electric field.[*¢]
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