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Unusual spin Hall effect of a light beam in chiral metamaterials
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We present a solution to the problem of reflection and refraction of a polarized Gaussian beam at the interface
between the transparent medium and the chiral metamaterials. Some unusual spin Hall effects of reflected and
transmitted light have been found. It is shown that the spin-dependent displacements of the reflected beam
centroid can not only reach several tens of wavelengths at certain incident angles; the reversed effect for the
transmitted beams can also be realized by tuning the chiral parameters. These findings provide an alternative
pathway for controlling the spin Hall effects of light and thereby open up the possibility for developing new

nanophotonic devices.
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I. INTRODUCTION

In the past few years there has been a great deal of interest in
studying the spin Hall effect (SHE) owing to its potentialities
in spintronics [1-3]. The SHE is driven by the spin state of
the particles, which can be observed even in the absence of
any scattering impurities when an electric field is applied to
a semiconductor [1-3]. A photonic version of the effect was
recently proposed [4,5] in which the spin photons play the role
of the spin charges and a refractive index gradient plays the
role of the electric potential gradient. Such a spatial gradient
for the refractive index could occur at an interface between
two materials. Thus, the SHE of light should be observed
when a polarized light beam passes through the interface [4-8].
More recently, such an effect has been detected in experiments
[9,10]. Furthermore, the SHE of light has also been found
in other systems [11-18]. However, all these investigations
focused on conventional media and the shift is generally less
than one wavelength.

On the other hand, left-handed materials (LHMs) have
attracted a great deal of attention from both theoretical and
experimental sides [19-22]. These materials are characterized
by simultaneous negative permittivity and permeability, which
possess a number of unusual electromagnetic effects including
negative refraction, inverse Snell’s law, reversed Doppler
shift, and reversed Cerenkov radiation [23]. These anomalous
features allow considerable control over light propagation and
open the door for new approaches to a variety of applications.
However, recent studies show that the SHE of light in the
LHMs is unreversed, although the sign of the refractive
index gradient is reversed [24,25]. In fact, a negative index
can be achieved alternatively through a chiral route [26-30].
The investigation of chiral metamaterials has also attracted
much attention [26-31]. Although the reflection and refraction
properties of the plane electromagnetic wave in the chiral
negative refraction medium have been studied and the Goos-
Hiénchen shift has been analyzed [31-34], the SHE of light by
the chiral metamaterials has not been discussed so far.

In this work, we provide an analytical solution for the
reflection and refraction of a polarized Gaussian beam at
the interface between the transparent medium and the chiral
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metamaterials, with attention mainly focused on the SHE of
light. We find that the SHE of light in the chiral metamaterials
can not only reach several tens of wavelength for the reflected
beam centroid at certain incident angles by tuning the chiral
parameters; the reversed effect for the transmitted beam can
also be realized. The rest of the paper is organized as follows.
In Sec. III we present the theory and formula for the problem.
The numerical results and discussions are described in Sec. I1I.
A conclusion is given in Sec. I'V.

II. THEORY AND FORMULA

We assume that an arbitrarily polarized beam propagating
in a homogeneous isotropic dielectric medium is incident at
an angle 6; upon the surface of a chiral medium as shown
in Fig. 1. The constitutive relations of the chiral medium are
defined by [31]

, 6]

B=pH-—i-E, 2)

where « is the chirality parameter and c is the optical
velocity in vacuum; € and p are the relative permittivity and
permeability of the chiral medium, respectively. Inside the
chiral medium the beam splits into two transmitted waves:
a right-handed circularly polarized (RCP) wave with phase
velocity w/k; and a left-handed circularly polarized (LCP)
wave with phase velocity w/k,, where the wave numbers are
given by ky» = koni o = ko(/ew £ k). Here ny = /e +«
(ny = /e — k) is defined as the index of the RCP(LCP)
waves; kg = w/c denotes the wave number in the vacuum.
The z axis of the laboratory Cartesian frame (x,y,z) is normal
to the interface of the chiral medium located at z = 0. We use
the coordinate frames (X, Yo, Zo) for individual beams, where
o =1, r, 1,2 denotes incident, reflected, and two transmitted
beams, respectively. In paraxial optics, the incident field of an
arbitrarily polarized beam can be written as [5,7,24],

= . . ko x? + y}
Ei(xi,yi,zi) = (Eix8ix + E;yé;,) exp 7 i | 3
R o
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Gaussian Beam Here Zp =k0w§/2 is the Rayleigh length; w, is the
minimum waist which characterizes the Gaussian amplitude.
The complex-valued vectors E;, and E;, determine the
polarization of the incident beam, which satisfies the relation
o= i(E,-xE* E} E, ) The polarization operator o = +1
corresponds to the LCP and the RCP lights, respectively.
The reflected field can be solved by employing Fourier
transformations. The complex amplitude can be conveniently
92 expressed as

Dielectric media
Er(-xrayr,zr): /derdkryEr(ervkry)

Chiral medium X explithiaty + knyyr + ezl (@)

Y where k., = —k;x and k,; = k;, are the components of the

wave vector (k, ) of the reflection beam. By using the boundary

conditions at the interface in the paraxial approximation

[k, >~ k, — (krz)r + krzv) /2k,], the reflected angular spectrum
FIG. 1. (Color online) Geometry of the beam reflection and E, (krx ,kyy) which is related to the boundary distribution of the

transmission from an air-chiral medium interface. The subscripts i and electric field can be expressed as

r represent the incident and reflection beams, respectively, whereas 1

and 2 correspond to transmitted RCP and LCP waves.

Er(erakry) = ®)

ri1 —I—%(I"ZI —rlz)cotG,- r12+ (rll +r22)00t9 E,‘X ZR(k,%x‘i‘kzy)
€X I e——
<Eiy> P 2ko

ko
ra — 7 (ry+rp)cott; ryn+ 7 by ~ (21 — ri2) cot;

Here ry1, 12, 121, and rp, are the reflection coefficients which are given in Appendix A. Inserting Eq. (5) into Eq. (4), the reflected
field at z, > O can be expressed as

- . Xy 8 Xr a y
E.(xpy)=|m|l—io0————Inr |Ex+rp|1 —io————Inr |Ej; +l—(721—712)EuCOt9

Zgr +iz, 96; Zr + iz, 06; R+
. Vr ko(x, + y,) R Xy d
- E;, cotb; -1 l—f————1 E;
+1ZR+izr(r”+r22) y €0 ]exp|: 2(Zgr +iz,) et |7 ZZR—HZ, 00; i *
b (1—i— 2 ) B —( 4 ry)Eixcotf; +i—2 ( )E;, cot 6,
r _ nr — r T ix CO i r —r iy CO
22 ZR Y+ iz, 96, 22 Zrtic 11 22 Zntiz 21 12)Liy
ko(x> +
X exp _M érv- (6)
2Zr+iz) |
Similarly, the transmitted field is expressed as
Ea(xa7Yu’th) = /dkaxdkuyEa(kax ’kay) exp[i(kaxxa + kayyu + kuzza)]’ (7)

where a = 1,2 represents the RCP and the LCP transmitted fields, respectively. With k,, >~ k, — (ij + kgy) /2k, and the boundary
distribution of the electric field, the transmitted angular spectrum can be expressed as

kq kay
B ) tfy = 2 (1 + natsy) cotf 1y + 7 (1) — 1at5y) cot6; (Eix> Zonk2, + Zayk2, ©
Kay) = - EXp| —————— | >
a\RaxsRay téll + I;( (na[“ t22) cot f; l‘élz + l;(—(;(ﬂalilz + tgl) cot 6; Eiy 2n.ko

where tf}, t{,, t3;, and t3, are the corresponding transmission coefficients of the RCP and LCP waves which are given in
Appendix A. Here n, = cos 8, /cos 6;; 6, is the refraction angle. From Snell’s law under the paraxial approximation, k., = k;./n,
and koy = kiy, and Z,, = nan>kow}/2 and Z,, = n,kow?/2. Substituting Eq. (8) into Eq. (7), we obtain the transmitted field in
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= NgNaXa NagNaXa NaYa
E, (x,, =|t4(14+i a——lnt E,.+ti|1+i ——1 t E, —i————(t% 4+ n,ts
a(Xa,ya) |:11( Zow + iz, 96, ix T I Zow +i2, 06; iy Zay +iza(12 Na 21)
aYa nukO x2 )’2 A
x Ej, cotb; +l— t& — n,ts E-,cot@-] ex [— ( 4 4+ a_ é
" Zay +zza( {1 = atty) Eiy cot; | exp 2 \Zu+iza  Zap+iza)] "
NgNaXa 0 NgNaXa 0 NaYa
th(1+i————1Int}; |E;{y +t5H| 1 +i=——————1nt}, ) E; +z— 1! — ) E;, cotO;
[21( Zox + i24 06; 21) i 22( Zox + i24 06; 22) v e iz (ratfy = 122) Ev coty
2 2
. NaYa a a nakO ( X, Ya >:| ~
+i————(8); + nati,) E;ycotb; [exp | — — 4+ - eay- )]
%+wu atia) Ery ip[2 Zax +iza  Zay+iza) ] ®
[
After the electric fields of the reflected and two transmitted Nalay Za Nabay
X . ) D,, = _— (14)
beams are obtained, the time-averaged linear momentum ) ko, Zry kot

den51ty assoc1ated with the electromagnet1c field can be shown
to be p, o Re(E* X H ). H represents the magnetic field
in the dielectric and chiral media, which is given by H, =
—i(uw)"'V x E, and H, = —i(uw) ' (V x E, — Kkolz"a).
Then, the intensity distribution of the electromagnetic field,
I & Pg - €4;, can be obtained. At any given plane z, = const,
the beam centroid is expressed as

J [ ¥al (X, Yo Za)dXadye

I 1o Yar2a)dXad e
J [ Yol (Yo Za)dxad e

[ [ 1, Yar2a)dxadye
Substituting Eq. (6) into Eq. (10), we can obtain the

longitudinal and the transverse shifts of the centroid of the
reflected beam in the following:

(xoz) =

(10)

(}’a) =

Ay Zr Oy

Dy = — — s (1T)
ko‘L’ ZR k()‘L’
N

Dy =22 4 2222 (12)
k ZR ko‘L’

Both Egs. (11) and (12) can be written as a combination of
z,-dependent terms (A, /kot or A,y /koT) and z,-independent
terms (2,8, (Zrkot) or 2,8, (ZRkoT)]. For a well-collimated
beam, the condition z, /Zg < 1 is trivially satisfied and the z,-
independent terms are dominant, while for a focused beam the
condition z,/Zg > 1 may hold and the z,-independent terms
become relevant. The analytical expressions for A,, §,x, Ay,
d,y, and T are given in Appendix B. These expressions include
the coefficients f), and f;, which satisfy the relations E;, =
fp € Rand E;, = f;exp(iy), respectively. Here i denotes
the phase difference for two polarized fields. Similarly, the
corresponding shifts for the RCP and LCP transmitted beams
are given as

Na Agx
kOTa

Za na 8&){

D =
“ Z Rx kO Ta

, 13)

_ 2 fp fsllrallriz| sin(én)

— P12 — ) + |r1nllraa] sin(ga

The longitudinal and transverse shifts for the transmitted
beams can also be separated into two terms: a z,-dependent
term and z,-independent term. The analytical expressions for
Agy, Saxs Aay, 8ay, and 7, are also given in Appendix B.
Based on Egs. (11)—(14), the longitudinal and the transverse
shifts of the reflected and transmitted beams can be obtained
exactly.

III. NUMERICAL RESULTS AND DISCUSSION

We first consider the SHE of the reflected beam at an
air-chiral medium interface for a circularly polarized incident
Gaussian beam. The calculated results for the transverse spatial
shifts of the reflected beam (D, /A) as a function of the incident
angle are plotted in Fig. 2. Figures 2(a)-2(d), corresponding
to the cases with k = 0, 0.5, 1.0, and 1.4, respectively. The
other parameters are taken as ¢ =2.0, u =1, ¥ = —m /2,
and f; = f, = 1. As ¥ =0, our results are agreement with
the previous investigations [5,9,24], the shift is generally less
than one wavelength. However, with the increase of «, the
SHE can be greatly tuned. At certain incident angles, large
SHE can be found. For example, D, /A is 0.67 at k = 1.0 and
0; = 24.5°, whileitreaches21.4 atxk = 1.4and 9; = 0.8°. The
physical origin of these phenomena can be understood with the
angular-momentum conservation law. The z component of the
total angular momentum per one photon can be represented
as the sum of the extrinsic orbital angular momentum and
intrinsic spin angular momentum:

jre = —Anyk, sin 6, + o, cosb,, (15)
Jj1z = —Ayyky sinfy + o cos 6y, (16)
Joz = —Aoyka sin6; + 0 cos 05, a7

where o,, 01, and 0, are the polarization degrees of the reflected
and two transmitted beams, which are described by

— o +¥)l

r =

o1 = —1 and 0y = 1.

FErnl? + lral®) + f3Aral? + [ral®)

) (18)

19)
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FIG. 2. Normalized transverse spatial shifts of the reflection beam
(D,y/A) as a function of the incident angle for a circularly polarized
incident Gaussian beam. (a), (b), (c), and (d) correspond to the cases
with k¥ =0, 0.5, 1.0, and 1.4, respectively. The other parameters are
takenase =2.0,u =1,% =—-n/2,and f; = f, = 1.

The transverse shifts of the wave packet fulfill the conser-
vation law for the total angular momentum:

errz + Qljlz + QZsz = jiz- (20)

Here O, = fX(Irnl” + Ira®) + f7(r > + lrul®), 01 =
mm e 12+ 1, 1)) + fRth P + 16,1)], and Q) =
oL F23 P+ 12, P) + 25 + [, are the energy
reflection and transmission coefficients for the RCP and the
LCP waves, respectively; j;, = o cos6;. As k = 0, Eq. (20)
reduces to the form in Refs. [5,24]:

Qrjrz: + Qtjiz = Jiz» 21

with j.. = j’, + j3, and j; = j;, + j;.. In such a case, the
transmitted beam is not split into the RCP and the LCP waves.
Thus, the subscripts 1 and 2 in Eq. (20) are replaced by
t. Here j°, = —A.yk,sin0, and j = — Ak, sin6; are the
orbital angular momentums for the reflected and transmitted
beams, respectively; ji. = o,cosf, and j;, = o;cos6; are
the corresponding spin angular momentums. The analytical
expressions for o,, 0;, Q,, and Q, in Eq. (21) are given in
Ref. [24].

In order to reveal the physics underlying the maximums
of transverse spatial shifts at certain incident angles, we plot
angular momentums as a function of the incident angle in
Fig. 3. Here x = 0 is taken, which corresponds to the case
in Fig. 2(a). The solid line, dashed line, and dotted line
represent the total angular momentums for incident, reflected,
and transmitted beams, respectively. As can be seen, they
satisfy the conservation law for the total angular momentum
very well. At 6; = 45°, a sharp transition appears for the total
angular momentums of reflected and transmitted beams due to
the total reflection. As 6; > 45°, the total angular momentum
of the transmitted beam vanishes. To ensure the conservation
of total angular momentum, the total angular momentum of
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FIG. 3. The angular momentums as a function of the incident
angle. (a) The total angular momentums for incident, reflected, and
transmitted beams. (b) The spin angular momentum, orbital angular
momentum, and total angular momentum for the reflected beam. The
parameters are taken identical to those in Fig 2(a).

the reflected beam is equal to the incident one. It consists of the
spin angular momentum and the orbital angular momentum.
At the critical angle (6; = 45°) of the total reflection, the
spin angular momentum of the reflected beam reaches the
positive maximum, which leads to the negative maximum of
the orbital angular momentum (or the transverse spatial shift).
Such a phenomenon is shown clearly in Fig. 3(b). For the
cases of « # 0 [Figs. 2(b), 2(c), and 2(d)], the phenomena
can be understood in the same way. That is to say, tuning the
chirality parameter can cause the change of the total and the
spin angular momentums, which results in the large transverse
spatial shift of the reflected beam.

Figure 4 shows normalized transverse spatial shifts of
the reflection beams (D,,/A) as a function of the chirality
parameter « for the circularly polarized incident Gaussian
beam. The solid line, dashed line, and dotted line correspond
to the cases with the incident angle 8; = 7 /12, 7 /6, and 7 /3
respectively. Recent investigations show that an important
feature of the chiral metamaterials is that the negative index
can be realized by tuning the chiral parameters. For example,
ask > 1.414, it is the negative refraction region for the present
chiral medium, whereas ¥ < 1.414 corresponds to the positive
refraction region. From Fig. 4, we see that the SHE in the two
regions is symmetrical; the transverse shifts caused by the
SHE in the negative refraction region are unreversed, although
the sign of the refractive index gradient is reversed. Such a
phenomenon is similar to the case in the conventional LHMs,
which has been analyzed in Refs. [24,25].

In general, there is no transverse spatial shift when the
polarized Gaussian beam with f; =0 or f, =0 is incident
on the interface between two transparent media. However, for
the chiral metamaterials, it is not real. Figure 5(a) displays
normalized transverse spatial shifts of the reflection beam
(D,y/A) as a function of the incident angle for the polarized
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FIG. 4. Normalized transverse spatial shifts of the reflection beam
(D,y/X) as a function of the chirality parameter for a circularly
polarized incident Gaussian beam. The other parameters are taken
ase=2, u=1, ¥ =—-n/2, and f; = f, = 1. Solid, dashed, and
dotted lines correspond to the incident angle 6, = 7 /12, /6, and 7 /3
respectively.

incident Gaussian beam with f; = 0. The solid line, dashed
line, and dotted line correspond to the cases with k = 0.01,
0.05, and 0.1, respectively. It is seen clearly that the resonant
transverse spatial shift appears around the incident angle
0; = 54.8°. This corresponds to the resonant transmission at

k=0.01
"""" k=0.05
k=0.1

52 53 54 55 56 57 58
0, (deg)

52 53 54 55 56 57 58
0, (deg)

0.00 0.01 0.02 0.08 0.04 0.05
chirality parameter «

FIG. 5. (a) Normalized transverse spatial shifts of the reflection
beam (D,,/A) as a function of the incident angle for a linearly
polarized incident Gaussian beam. Solid, dashed, and dotted lines
correspond to the cases with x = 0.01 0.05, and 0.1, respectively.
(b) The corresponding reflection matrix elements |ry| (solid line)
and |ry,| (dashed line). (c) Normalized transverse spatial shifts of the
reflection beam (D,,) as a function of the chirality parameter for a
linearly polarized incident Gaussian beam at 6; = 54.8°. The other
parameters are takenas e =2, u =1, f, = 1, and f; = 0.
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the interface of the chiral medium. Figure 5(b) shows the
reflection matrix elements |ry;| (solid line) and |rj,| (dashed
line) as a function of the incident angle. Comparing Fig. 5(a)
with Fig. 5(b), we find that the maximum of the transverse
spatial shift of the reflected beam corresponds to the minimum
of the reflection matrix elements |r;,|. Such a phenomenon can
also be tuned by the chiral parameter as shown in Fig. 5(c),
which results in the appearance of large SHE at certain incident
angles. For example, the transverse spatial shift can reach
59.2)1 at 6; = 54.8° and x = 0.01.

The above discussions focused on the SHE of the reflected
beam. We now turn to the case of the transmitted beam.
The previous investigations have shown that the LCP beam
undergoes a negative (positive) transverse shift, while the
RCP beam exhibits a positive (negative) transverse shift in
the case of the beam incident from air to the conventional
medium [9,24]. The shifts for two kinds of polarized beams
are symmetrical. However, with the introduction of the chiral
parameters, the situation becomes different. Figures 6(a)—6(d)
show transverse spatial shifts of the transmitted beam (D;, /)
as a function of the incident angle for the cases with x = 0,
0.2, 0.4, and 0.6, respectively. The solid line and dashed
line correspond to the RCP and the LCP transmitted waves,
respectively. As can be seen, with the increase of «, the shifts
for two kinds of polarized beams become asymmetrical. As
k = 0.414, the transition from negative shift to positive shift
for the LCP transmitted waves occurs.

Such a transition is not related to the negative index.
Figure 7(a) shows transverse spatial shifts of the RCP (solid
line) and the LCP (dashed line) transmitted beams (D;,/A) as
a function of the chiral parameter for the elliptical polarized
incident Gaussian beam. The symmetric properties in two
regions are observed again. At the same time, the resonant
phenomenon of the transverse spatial shift for the RCP
transmitted beam (the total reflection appears for the LCP

0.10{(a) =0 0121 (b) x=0.2
Lo . 008
N = 0.04
QF 0.00{=T 2°0.00 b=
005 0.04
0.10 ] 008 :
0 30 60 90 0 3 60 90
0.15 020
0.12 0.16{ (d) x=0.6
< ~<
S 8.82 < 042
Q" 0 Q
0.03 0.98
000 0.04
-0.03 - 0.00 k==
0 30 60 90 0 10 20 30
) (des) 6, deg)

FIG. 6. Normalized transverse spatial shifts of the transmission
beam (D;,/)) as a function of the incident angle for an elliptical
polarized incident Gaussian beam. (a), (b), (c), and (d) correspond to
the cases with ¥k = 0, 0.2, 0.4, and 0.6, respectively. Solid line and
dashed line correspond to the RCP and the LCP transmission waves,
respectively. The other parameters are takenase =2, u =1, ¥ =0,
and f; = f, = 1.
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FIG. 7. (a) Normalized transverse spatial shifts of the transmis-
sion beam (D;,/A) as a function of the chirality parameter for a
linearly polarized incident Gaussian beam. Solid line and dashed
line correspond to the RCP and the LCP transmission waves,
respectively. (b) The corresponding amplitude of the transmission
electric field with RCP light. The other parameters are taken as
e=2,u=1,v¥v=-nf3,0=n/6,and f, = f, = 1.

transmitted beam in some regions) has also been observed.
At the resonant points, the transverse spatial shifts by the
SHE reach maximum, which correspond to the resonant peaks
of the transmission electric field of the RCP light as shown
in Fig. 7(b). This means that the resonant transmission of
the wave at the interface not only causes large SHE for the
reflected beam; it also leads to large SHE for the transmitted
beam. The physical origin is similar for both cases, which
can be understood very well given the angular-momentum
conservation law.

IV. CONCLUSION

In summary, we have presented an analytical solution to the
problem of reflection and refraction of the polarized Gaussian

cosO;(1 — gz)(cos 0, + cos6,) — 2g(cos2 0; — cos 6 cos ;)
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beam at the interface between the transparent medium and
the chiral metamaterials. We have paid special attention to the
transverse shifts of the centers of the reflected and refracted
beams. It has been shown that the spin-dependent displace-
ments of the reflected beam centroid can reach several tens
of wavelengths at certain incident angles for both circularly
and linearly polarized incident Gaussian beams. The reversed
effect for the transmitted beam can also be observed by tuning
the chiral parameters. With the development of recent technol-
ogy, the chiral metamaterials can be fabricated successfully
[30,31,33]. Thus, our findings provide an alternative pathway
for controlling the SHE of light and open up the possibility for
developing new nanophotonic devices.
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APPENDIX A

In this appendix we give the concrete expressions of
the reflection and transmission coefficients at the interface
between the transparent medium and the chiral metamaterials.
If we define E;, and E;, as the amplitudes of the incident TM
and TE waves, E,, and E,, as the corresponding values of
the reflection wave, and E| and E; as the amplitudes of the
transmitted RCP and LCP waves, the relations among them can
be obtained by using the Maxwell equation and the boundary

conditions:
<Erx) _ (1’11 "12) (Eix> (A1)
E,y r21 12/ \Eiy
E il E;\
()= #)E) @
B th i) \Ei

where the reflection and transmission coefficients ryy, 712, 721,
o, 1, 1, 15, and t3, are expressed as

and

rn = > (A3)
cos 0; (1 + g2)(cos Oy + cos 8>) + 2g(cos? 6; + cos ) cos 6,)
2ig cos B;(cos Oy — cosby)
ri2 = . k , (Ad)
cos 0;(1 4+ g*)(cos 6 + cos 0,) + 2g(cos? 0; + cos 6 cos 6)
—2ig cosb;(cos; — cosby)
r = , (AS)
cos 0; (1 + g2)(cos Oy + cos 8,) + 2g(cos? 6; + cos ) cos 6,)
cos 6;(1 — g2)(cos @, + cosB,) + 2g(cos §; — cos 6 cos 0>) (A6)
ro = ,
27 Cos 0:(1 + g2)(cos 01 + cos 6p) + 2g(cos? 6; + cos b cos 0,)
N 2 cos B;(cos 6; + g cosby) (A7)
17 cos 0;(1 + g2)(cos ) + cos b)) + 2g(cos? 6; + cos B; cos b,)”
N —2i cos;(g cosB; + cosbs) (AS)
127 cos6;(1 + g%)(cos 0 + cos 6y) + 2g(cos? §; + cos by cosb,)’
2 cos b; 0; 1%
t211 _ cos 0;(cos 6; + g cos6,) (A9)
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ty, = , A10
2= X cos 0;(1 + g2)(cos ) + cos 6y) + 2g(cos? 6; + cos by cos B,) ( )
2 2 cos 6;(cos; + g cosby) (ALD)
7 Cos6:(1 + g2)(cos O + cosBy) + 2g(cos? 6; + cos O cos By)’
i(1+ g°)( I p 8( i 1 2)
2 2i cos 6;(g cos 6; + cos 61) (A12)
127 cos 0;(1 + g)(cos 0 + cos 6,) + 2g(cos? §; + cos B cos6,)’
2 2 cos 0;(cos 6; + g cosH;) (A13)
2T 0;(1 + g2)(cos 01 + cos 6) + 2g(cos? 6; + cos O cos 6,)’
2 _ 2i cos 0;(g cos6; + cos6)) (Ald)
2= X5 0;(1 + g%)(cos 8; + cos6,) + 2g(cos? 6; + cos ) cos )

Here g = ﬁ, X12 = =%, and 6, correspond to the refrac-

tion angle of the RCP and the LCP waves in the chiral medium.

APPENDIX B

In this appendix we give the concrete expressions for A,,,
(er’ Ary, Srya T’ Aa}m 8(1}(’ Auy» 86{)1? and Tain Eqs‘ (11)_(14):

Are = fHrnlEn + Iral6) + fi(rn P& + ra &)
+ fp fsllraallrai| (622 + &21) cos(¢har — o1 + V)
+ |rillri2lEnn + &12) cos(drz — 11 + )
+ [rillrizl(pi2 — p11) sin(@r2 — @11 + )
+[rallrail(p21 — p22) sin(ga1 — 2 — )1, (B1)

8re = = f2(rnlpm + Iral’pi) — frrnpu + 1rai > p21)
+ fp fsl=lrnllril(pn + p21) cos(¢n — ¢a1 + %)
= [rillr2l(onr + p12) cos(¢pa — 11 + V)
Hrullrizl(iz — &) sin(gr — ¢ + )
+[r21llr22l (21 — &22) sin(¢a1 — ¢2 — Y1), (B2)

Ay = —00t9i[(f,3 + £7)Irllra | sin(ga — ¢22)
+2 7 |rnllrol sin(gn — ¢12)
+ frlrallr | sin(gar — éi1)
+ (£ + £ lrllrl sin(@r — ¢12)
+2 1, fslraillriz| sin(¢ar — 12 — &)
+ 21, fslrinllra| sin(ga — ¢11 + ¥)
+ L £l + lral + [ra? + [ro) siny ], (B3)

8ry = —cotO{(f2 — fI)(rnllriz| cos(¢rr — p11)
+ [ra1llra2| cos(¢ar — ¢22))]

+ fp fs(rnl? = Ira? + Iral* — [rHcos v}, (B4)

T = fR(rnl + rol) + fdrl? + ra )
+2 fp fsllraallrar| cos(¢ar — da1 + )
+lri1llri2] cos(@rz — ¢ + ¥}, (B5)
where Yaa@ = |raa’| exp(i¢aa’)a Paa’ = Re[a In raa’/aei]’ Eaa’ =
Im[d Inr,, /36;], and @’ = 1,2. For the RCP and LCP trans-
mitted waves,

Ay = ”a[fj(élal Wl ’2 + &5 ‘tg] ‘2) + fsz(sflz’tlaz‘z + ng‘tzaz’z)]

+ f,?(/’& — pfy) |ty |[65) |k cos (o,
+ fp (&6 +851) [rf |15 |« sin (o) —
+ fp fona|th ||tz | cos (¢1) — o1y — ¥)(
+ fo fonalts[|55] cos (95 — 6% — ¥)(
+ fp fonalthy ||t | sin (6F) — &y — ¥)
+ fp fnalts||15| sin (95, — 63, = ¥)
Sax = na[
+ 17 (88 = 830) |1 5 i cos (972
+ 120t + 0%) |t |[152 ] sin (1,
+ fp fore |ty |55 cos (¢ — 65, —
+ fo ol |[15y| cos (¢ — @5, — ) (&l

¥) (& —

—¢3)) + fz(sz
051) + f2(Ef + &5 || |15, |ie sin (¢, — 65,)

Fen i + ol [) + £2(obaletal” + o5alesal )] + £7(67
= ¢%) + f5 (i1 + o51) |t |23 |i sin (97, — ¢5,)
— 8%,) + fp fina|tfy ||t | cos (¢ — o —
) + fpfona|ts |[15] cos (95, — 85, —
— &) + fp finalthy ||t | sin (81, — o1, —

— piy) |11 155« cos (¢, — 65,)

5+ &1) + Sy S |1 |15 cos (9 — 9% — ¥) (% — o)
5+ &5) + fofor |ty |[15) ] cos (61 — 5, — ¥) (05 — 1)
(ot = o) + fp fonalti [[152] sin (&) — &5, — ¥) (&1 + £52)
(031 = P%) + fo fina|tis| |15, ] sin (&1, — 05, — ¥) (615 + &), (B6)

- gﬁll)|tf1||t2al |"COS (o5 — 931)

v) (pf + pa)
W) (051 + :032)
¥) (& — &)
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+ fp fonalthy|[155| sin (@1 — @55 — W) (0f1 + 03,) + fo fina|t5)]]155] sin (85, — 93, — ¥) (&3, — &5))
+ Sy finaltiy|[65) | sin (61, — 05, — ¥) (02 + £5)). B7)
By = = cotb;([=f (1" + 1) = A2l + 1a8a] ) Dmare + (55 + £2) et 18] cos (9, — 9%)
— [t [[131| cos (¢ — ¢51)] = 2f» forna cos ¥ [k |t |1 ] cos (&) — ) + |15, |[15, | cos (95, — ¢5,)
+ng|tth| |15, ] sin (F, — @5)) + natfy | |25, | sin (¢, — ¢5,)] — ”a{(f,f + f.vz)|til1||t1a2| sin (¢f, — ¢)
+2nal £y |efy|[o5) | sin (@) — ¢5,) + £2 1] |13 sin (0 — 622) [} — (f5 + £ nal 5, [[152] sin (5, — 95,),
—Fof {na(|a8s "+ 1l + 17+ [52]) + 2nama o8| cos (9 — @) = [ofy |15 ] cos (o) — 95,)]}
+ 26|y [t ma sin (1) —ia) + e |[15) ] sin (1) — %)) +[ria |15 sin (¢, — #5) + |13 |13 [sin (5, — 95,) ] sim (v)).

(B8)

Say = COtQi((fs2 - f,?) {”a[‘tfl ‘ ’t?2| cos (4’?1 - ¢?2) + |t§1Ht§2’ cos (¢§1 - ¢§2)] + K[Wl ‘ ’t§2| sin (¢?1 - ¢32)
iy [15) | sin (¢ = 851} + o fs cos Y {ma ([efs | = |ris "+ (25, = [15])
F2uc[|efy [[15 | sin (@) — ¢5) — |ria] |25 sin (¢ — 65,)]}). (B9)
7o = na[ L2071 7) + L2 + [5])] + 28 fona [ |1 cos (¢, — o — v)
+ ’t;1|‘t§2| cos (¢31 — ¢ — 1/”)] + ZK[ff}tlathfﬂ sin (‘1’1112 - 4’32) + f,3|t1al ‘ |t;1 | sin (¢’?1 - ¢’§ll)
+ o fsltiy| [t sin (@) — 5, — V) + £, feltia ][5 | sin (61, — 05, + ¥)].

[1ptlts,, = |t2,| exp (id%y). Pty = Re[dInts, /06;], &%, = Im[dIntl, /36;].

(B10)

[1]1J. Sinova, D. Culcer, Q. Niu, N. A. Sinitsyn,
T. Jungwirth, and A. H. MacDonald, Phys. Rev. Lett. 92,
126603 (2004).

[2] S. Murakami, N. Nagaosa, and S. C. Zhang, Science 301, 1348
(2003).

[3] J. Wunderlich, B. Kaestner, J. Sinova, and T. Jungwirth, Phys.
Rev. Lett. 94, 047204 (2005).

[4] M. Onoda, S. Murakami, and N. Nagaosa, Phys. Rev. Lett. 93,
083901 (2004); Phys. Rev. E 74, 066610 (2006).

[5] K. Y. Bliokh and Y. P. Bliokh, Phys. Rev. Lett. 96, 073903
(2006); Phys. Rev. E 75, 066609 (2007).

[6] Chun-Fang Li, Phys. Rev. A 76, 013811 (2007).

[7] A. Aiello and J. P. Woerdman, Opt. Lett. 33, 1437 (2008).

[8] V. G. Fedoseyev, Opt. Commun. 282, 1247 (2009).

[9] O. Hosten and P. Kwiat, Science 319, 787 (2008).

[10] Y. Qin, Y. Li, H. Y. He, and Q. H. Gong, Opt. Lett. 34 2551
(2009); Opt. Express 18, 16832 (2010).

[11] A. Kavokin, G. Malpuech, and M. Glazov, Phys. Rev. Lett. 95,
136601 (2005).

[12] C. Leyder, M. Romanelli, J. P. Karr, E. Giacobino, T. C. H. Liew,
M. M. Glazov, A. V. Kavokin, G. Malpuech, and A. Bramati,
Nature Phys. 3, 628 (2007).

[13] K. Y. Bliokh, Y. Gorodetski, V. Kleiner, and E. Hasman, Phys.
Rev. Lett 101, 030404 (2008).

[14] K. Y. Bliokh, A. Niv, V. Kleiner, and E. Hasman, Nature Photon.
2, 748 (2008).

[15] D. Haefner, S. Sukhov, and A. Dogariu, Phys. Rev. Lett. 102,
123903 (2009).

[16] A. Aiello, N. Lindlein, C. Marquardt, and G. Leuchs, Phys. Rev.
Lett. 103, 100401 (2009).

[17] M. Merano, A. Aiello, M. P. van Exter, and J. P. Woerdman,
Nature Photonics 3, 337 (2009).

[18] J.-M. Ménard, A. E. Mattacchione, H. M. van Driel,
C. Hautmann, and M. Betz, Phys. Rev. B 82, 045303
(2010).

[19] D. R. Smith, W. J. Padilla, D. C. Vier, S. C. Nemat-Nasser,
and S. Schultz, Phys. Rev. Lett. 84, 4184 (2000); R. A. Shelby,
D. R. Smith, and S. Schultz, Science 292, 77
(2001).

[20] J. B. Pendry, Phys. Rev. Lett. 85, 3966 (2000).

[21] V. M. Agranovich and Y. N. Gartstein, Phys. Usp. 49, 1029
(2006).

[22] C. M. Soukoulis, S. Linden, and M. Wegener, Science 315, 47
(2007).

231 V. G
(1968).

[24] H. Luo, S. Wen, W. Shu, Z. Tang, Y. Zou, and D. Fan, Phys. Rev.
A 80, 043810 (2009).

[25] C. M. Krowne, Phys. Lett. A 373, 466 (2009).

[26] S. Tretyakov, I. Nefedov, A. Sihvola, S. Maslovski, and

Veselago, Sov.  Phys.  Usp. 10, 509

C. Simovski, J. Electromagn. Waves Appl. 17, 695
(2003).

[27] J. B. Pendry, Science 306, 1353 (2004).

[28] J. Zhou, J. Dong, B. Wang, T. Koschny,

M. Kafesaki, and C. M. Soukoulis, Phys. Rev. B 79, 121104
(2009).

[29] B. Wang, J. Zhou, T. Koschny, and C. M. Soukoulis, Appl. Phys.
Lett. 94, 151112 (2009).

[30] S. Zhang, Y.-S. Park, J. Li, X. Lu, W. Zhang, and X. Zhang,
Phys. Rev. Lett. 102, 023901 (2009).

053820-8


http://dx.doi.org/10.1103/PhysRevLett.92.126603
http://dx.doi.org/10.1103/PhysRevLett.92.126603
http://dx.doi.org/10.1126/science.1087128
http://dx.doi.org/10.1126/science.1087128
http://dx.doi.org/10.1103/PhysRevLett.94.047204
http://dx.doi.org/10.1103/PhysRevLett.94.047204
http://dx.doi.org/10.1103/PhysRevLett.93.083901
http://dx.doi.org/10.1103/PhysRevLett.93.083901
http://dx.doi.org/10.1103/PhysRevE.74.066610
http://dx.doi.org/10.1103/PhysRevLett.96.073903
http://dx.doi.org/10.1103/PhysRevLett.96.073903
http://dx.doi.org/10.1103/PhysRevE.75.066609
http://dx.doi.org/10.1103/PhysRevA.76.013811
http://dx.doi.org/doi.org/10.1364/OL.33.001437
http://dx.doi.org/10.1016/j.optcom.2008.12.011
http://dx.doi.org/10.1126/science.1152697
http://dx.doi.org/10.1364/OL.34.002551
http://dx.doi.org/10.1364/OL.34.002551
http://dx.doi.org/10.1364/OE.18.016832
http://dx.doi.org/10.1103/PhysRevLett.95.136601
http://dx.doi.org/10.1103/PhysRevLett.95.136601
http://dx.doi.org/10.1038/nphys676
http://dx.doi.org/10.1103/PhysRevLett.101.030404
http://dx.doi.org/10.1103/PhysRevLett.101.030404
http://dx.doi.org/10.1038/nphoton.2008.229
http://dx.doi.org/10.1038/nphoton.2008.229
http://dx.doi.org/10.1103/PhysRevLett.102.123903
http://dx.doi.org/10.1103/PhysRevLett.102.123903
http://dx.doi.org/10.1103/PhysRevLett.103.100401
http://dx.doi.org/10.1103/PhysRevLett.103.100401
http://dx.doi.org/10.1038/nphoton.2009.75
http://dx.doi.org/10.1103/PhysRevB.82.045303
http://dx.doi.org/10.1103/PhysRevB.82.045303
http://dx.doi.org/10.1103/PhysRevLett.84.4184
http://dx.doi.org/10.1126/science.1058847
http://dx.doi.org/10.1126/science.1058847
http://dx.doi.org/10.1103/PhysRevLett.85.3966
http://dx.doi.org/10.1070/PU2006v049n10ABEH006067
http://dx.doi.org/10.1070/PU2006v049n10ABEH006067
http://dx.doi.org/10.1126/science.1136481
http://dx.doi.org/10.1126/science.1136481
http://dx.doi.org/10.1070/PU1968v010n04ABEH003699
http://dx.doi.org/10.1070/PU1968v010n04ABEH003699
http://dx.doi.org/10.1103/PhysRevA.80.043810
http://dx.doi.org/10.1103/PhysRevA.80.043810
http://dx.doi.org/10.1016/j.physleta.2008.11.044
http://dx.doi.org/10.1163/156939303322226356
http://dx.doi.org/10.1163/156939303322226356
http://dx.doi.org/10.1126/science.1104467
http://dx.doi.org/10.1103/PhysRevB.79.121104
http://dx.doi.org/10.1103/PhysRevB.79.121104
http://dx.doi.org/10.1063/1.3120565
http://dx.doi.org/10.1063/1.3120565
http://dx.doi.org/10.1103/PhysRevLett.102.023901

UNUSUAL SPIN HALL EFFECT OF A LIGHT BEAMIN ... PHYSICAL REVIEW A 83, 053820 (2011)
[31] B. Wang, J. Zhou, T. Koschny, M. Kafesaki, and C. M. [33] J. K. Gansel, M. Thiel, M. S. Rill, M. Decker, K. Bade, V. Saile,
G. von Freymann, S. Linden, and M. Wegener, Science 325,

Soukoulis, J. Opt. A: Pure Appl. Opt. 11, 114003 (2009).
[32] A. V. Rogacheva, V. A. Fedotov, A. S. Schwanecke, 1513 (2009).
[34] W. T. Dong, L. Gao, and C. W. Qiu, Prog. Electromagn. Res.

and N. I Zheludev, Phys. Rev. Lett. 97, 177401
104, 255 (2009).

(2006).

053820-9


http://dx.doi.org/10.1088/1464-4258/11/11/114003
http://dx.doi.org/10.1103/PhysRevLett.97.177401
http://dx.doi.org/10.1103/PhysRevLett.97.177401
http://dx.doi.org/10.1126/science.1177031
http://dx.doi.org/10.1126/science.1177031
http://dx.doi.org/10.2528/PIER08122002
http://dx.doi.org/10.2528/PIER08122002

