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Controlling photonic spin Hall effect based on tunable surface plasmon resonance
with an N-type coherent medium
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We propose a scheme to control the spin Hall effect (SHE) of light reflected from a Kretschmann configuration
containing an N-type coherent atomic medium. Owing to the excitation of surface plasmon resonance (SPR),
enhanced spin splitting occurs in the reflection dip for TM-polarized incident light. The magnitude and sign of
the transverse shifts of spin components depend on the system internal damping which is closely related to the
absorption coefficient of atoms. There is an optimal absorption around which the spin components undergo large
transverse displacements. We also show that the direction of the photonic spin accumulations can be switched
between positive and negative values by adjusting the system parameters. In addition, the resonance angle of
SPR varies linearly with the refractivity of the medium. We can therefore coherently control the peak position
of the transverse shift. Compared to the conventional SPR-based systems, the proposed scheme provides a more
flexible pathway for manipulating and enhancing the SHE of light without changing the structure. This tunable

SHE may find applications in spin photonic devices.
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I. INTRODUCTION

The atomic coherence and the quantum interference effects
induced by the interaction between light and matter lie at the
heart of many applications of quantum optics. The relevant re-
search has attracted significant interest due to their promising
applications in quantum information and optical communica-
tion. Based on the quantum interference effect in multilevel
atomic system, the linear and nonlinear optical response can
be effectively manipulated, thereby leading to many important
phenomena, such as amplification without inversion [1-3],
electromagnetically induced transparency [4—6], slow and fast
light [7,8], quantum memory [9,10], optical solitons [11,12],
giant Kerr nonlinearity [13—15], and enhanced multiwave
mixing [16-18]. Recently, the atomic coherence effect is
exploited to manipulate the Goos-Hinchen (GH) effect of a
light beam reflected or refracted from the interface of different
media and structures [19-24].

The GH shift refers to the lateral displacement of a light
beam from its predicted geometric optics path [25]. There
is also a spin-dependent transverse shift of the wave packet
perpendicular to the incident plane. It is known as the photonic
spin Hall effect (SHE) [26-28] and is sometimes referred to
as the Imbert-Fedorov effect [29,30]. The SHE of light can
be regarded as an optical analog of the SHE of electrons
by replacing the electron spin and the electric potential with
the photon spin and the refractive index gradient. Due to
the potential applications in spin manipulation in quantum
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information and precision metrology, the SHE of light has
attracted the interest of researchers. In general, the splitting
of two spin components is too small to be directly measured.
By using the weak measurement technique, the transverse
shift of refracted light was first observed [31]. It has been
demonstrated experimentally that the SHE of light can be
enhanced near the Brewster angle on reflection [32,33]. Re-
cently, a variety of physical systems have been proposed to
enhance and control the spatial separation of spin compo-
nents, such as multilayer nanostructures [34—38], metal film
[39], epsilon- and mu-near-zero slab [40,41], metamaterials
[42,43], graphene [44-46], and surface plasmon resonance
(SPR) systems [47-50]. The transverse shift of light beams
has also been studied in the interface or structure with coher-
ent media [51,52]. However, the displacements were not large
enough in such systems.

The Kretschmann configuration has been widely utilized
to achieve a giant transverse shift owing to the excitation of
SPR [47-50]. In the sharp resonance dip, the TM-polarized
light beam splits into two spin components in the direction
perpendicular to the incident plane. The magnitude and sign
of spin-dependent shift can be tuned by the thickness of the
metal layer. However, this is difficult to do and we do not have
the needed flexibility.

In this paper, we propose a hybrid system of SPR structure
and coherent medium to control the photonic SHE. When
the wave vector of incident light matches that of the sur-
face plasmon, the light energy penetrates into the structure
resulting in attenuated total reflection. By modulating the
absorption of the medium, a large ratio between the reflection
coefficients of TE and TM polarizations can be obtained. As
a result, the spin components of a TM-polarized light beam
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FIG. 1. (a) Schematic setup of a three-layer Kretschmann con-
figuration composed of a prism, a metal film, and a coherent atomic
medium. Spin-dependent splitting occurs for a TM-polarized inci-
dent light reflected from the prism-metal interface. (b) Four-level
N-type atomic system driven by three lasers: probe field, coupling
field, and driving field.

are largely separated in the transverse direction. Therefore
the magnitude and sign of the transverse shift can be ma-
nipulated conveniently based on the atomic coherence effect.
Moreover, the SPR angle as well as the peak position of the
transverse shift is closely related to the refractive part of the
susceptibility of the atomic medium, which can also be tuned
coherently. Compared with other SPR-based schemes, the
coherent medium provides more flexibility for manipulating
the SHE of light. These findings are useful for designing new
spin-based optical devices.

II. MODEL AND EQUATIONS

We consider a three-layer structure in the Kretschmann
configuration as shown in Fig. 1(a). It consists of a prism,
a thin metal film with thickness d, and a coherent medium
consisting of a four-level atomic system as shown in Fig. 1(b).
Their permittivities (dielectric constants) are ¢;, &7, and &3,
respectively. The dielectric constant €3 is derived later in this
section. When a TM-polarized light beam is incident on the
prism-metal interface, SPR can be excited at a certain angle.
The attenuation of reflection in the resonance dip gives rise
to an enhancement of photonic SHE. The left- and right-
circular polarization components of the reflected light beam
are spatially split in the direction perpendicular to the plane
of incidence. The corresponding transverse displacements 8;;
and §,, can be derived from the reflective coefficients of the
three-layer structure [34,49,50]:
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Here ki = \/e1ko and ko = 27 /A denotes the wave vector
with A being the light wavelength. wy represents the radius of
the waist of the incident beam, r, and 7, refer to the complex
reflection coefficients for TM and TE light beams, and ¢, and
@y correspond to the phase differences between the incident
and reflected light fields. For the SPR structure discussed here,
the reflection coefficients r,, and r, can be written as
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where rf,{s is the Fresnel’s reflection coefficient at the i—j

interface given by
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Here k;; = vk(z)si — kf represents the normal wave vector in
the corresponding layer, and k, = ./eikosinf is the wave
vector along the x direction.

For the Kretschmann configuration, TE-polarized light is
almost totally reflected; i.e., |ry| = 1. Nevertheless, SPR can
be excited by TM-polarized light and results in attenuated
total reflection. The resonance angle and the reflectivity of
the resonance dip are sensitive to the complex permittivity of
medium. Next we derive an expression for the susceptibility
of the coherent medium, and hence the dielectric constant £3.
Considering a four-level N-type atomic system as depicted in
Fig. 1(b), a weak probe field E,, with Rabi frequency €2, and
detuning A, = w, — w3 couples the transition |1) < |3), the
transition |2) <> |3) is driven by a coupling field E,. with Rabi
frequency €2, and detuning A, = w, — w3, and a driving
field E; with Rabi frequency €2, and detuning Ay = wy; — w4
interacts with the transition |2) < |4). The Rabi frequencies
are defined as 2, = u3E,/(2h), Q. = unkE./(2h),and Q; =
WaakEy /(21), where p;; is the electric-dipole moment of the
corresponding transition.

Under the electric-dipole and rotating-wave approxima-
tions, the Hamiltonian of the system in the interaction picture
can be expressed as

Hine = —A[(A, — ADI2) (2] + A,13) (3]
+ (Ap — A+ A4 (4] + (€2,13) (1] + 2]3) (2|
+ Qul4) (2] + H.c)]. (5)

The atomic dynamics is governed by the Liouville equation
p = —(i/h)[Hin, p] + L, where L, represents the relaxation
process. Then the equations of motion of the density matrix
elements can be written as

P11 = i2p031 — i2,013 + I'31033 + T'41 044, (6)

022 = iQ2cp32 — i82:023 + 124042 — 124024
+ 32033 + 42044, (7)

033 = 12,013 — iR2p031 + iR 023 — IR P32
— (31 + I'32) o33, (3

P21 = Q031 — IQp023 + iQapa1 + i[(A, — AL) + ivailpar,

)]
P31 = Q211 — i2p033 + iQcp21 + 24041
+i[A, +i(T31 + I'32) /2] p31, (10)
041 = iQqp21 — I2pp83 +i[(Ap — Ac + Ayg)
+i(Ty1 +T42)/21p41, (11)
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P32 = iR2:020 — iQcp33 + 12,012 — 124034
+i[Ac +i(T31 4+ T'32)/2]p30, (12)

P42 = 12020 — 124 044 — 12043
+i[Ag +i(Ta1 + T'42)2]pao, (13)

043 = Q24023 — 2,041 — IQcpg2 + i[(Ar — Ayg)
+i(T31 + Ta2 4+ Tay + Ta2)/2]p43, (14)

where I'3;, I'sp, T4y, and Ty represent the decay rates of
the corresponding transitions and y»; denotes the decoherence
between the two ground states. The above equations are con-
strained by p11 + p22 + p33 + paa = 1 and p;; = p}; (i # J).

The permittivity of the medium, &3, can be derived from
the susceptibility x via the relation e3 = 1+ x. We solve
the above equations in the steady state in the case of weak
probe field. The polarization of the medium is given by P =
goXE, = Nus1031. Then the resulting susceptibility is

dordy — @
d3; (d21d41 - Qﬁ) —dy Q2

where do) = (A, — A)+iyar, dsg = A, +il'3/2, dy =
(A, — Ac+ Ag) +iTa2, N = Nu2, [(2he); N and & refer
to the atomic density and dielectric constant in vacuum,
respectively; and F3 = F31 + F32 and F4 = F41 + F42
represent the total decay rates from levels |3) and [4). It
is clear that the susceptibility of the medium depends on
the parameters of the light field and can be manipulated
effectively. This leads to tunable SPR and controllable SHE
of light.

X=- 15)

III. RESULTS AND DISCUSSIONS

It can be seen from Eq. (1) that the transverse shift depends
on the ratio of reflection coefficients |rs|/|r,|, and the phase
difference ¢, — ¢,. For the Kretschmann configuration, SPR
can be excited by a TM-polarized light beam incident at
the prism-metal interface, resulting in attenuated reflection
around the resonance angle, while for the TE-polarized light,
it is almost totally reflected; i.e., || = 1. In order to obtain a
significant SHE of light, efforts should be made to reduce |r,|.
According to Kretschmann’s theory, the reflectivity of the TM
light can be derived from Eq. (2), and is given by

4Fint[‘rad
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(16)
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Here kY is the resonance wave vector of the surface plasmon
for a semi-infinite metal-medium structure, k)? + Ak, denotes
the resonance wave vector of SPR in the prism coupled
structure, Ak, is the perturbation to k° owing to the prism,
['nt = Tm (k%) represents the internal damping resulting from
the absorption loss of the metal and the medium, and I'™¢ =
Im(Ak,) represents the radiation damping which has a pos-
itive correlation to the thickness of the metal layer. When
the resonance condition k, = Re(k)? + Ak,) is fulfilled, SPR
takes place, leading to a minimum reflectivity which is given
by

41“inll“rad
[7plmin = |F12]. [ 1 — W- (19)

The minimum of reflectivity depends on the values of two
dampings. It goes to exactly zero when '™ = '™ For the
optically thin coherent medium where |x| < 1, I'™ can be
written as

. ko 1 "
rint A ? m[s 4+ g/zzlm()()], (20)

where ¢, and &) correspond, respectively, to the real and
imaginary parts of &,. In the derivation of Eq. (20), we have
assumed that |¢'2| > &7 and |¢/5] 3> 1. It is clear that T''™ is
closely related to the imaginary part of the permittivity of
the medium. However, '™ is not sensitive to the absorption
and almost remains constant. Therefore, we can conveniently
control the photonic SHE by adjusting the absorption coef-
ficient of the medium. This is in contrast to the other SPR
schemes [48-50] where the manipulation of SHE is achieved
by tuning the radiation damping via the thickness of the metal
film which is not feasible for a fixed configuration.

In the following we present numerical results when cold
sodium atoms are considered as the coherent medium. The
N-type system can be realized with the D, transition hyperfine
structure where the wavelength of the probe field is about
589.1 nm. The dielectric constants of the glass prism and the
silver film are &) = 2.25 and &, = —13.3 + 0.883i, respec-
tively. The dielectric constant of the medium is dependent on
the parameters of the laser fields, thereby resulting in tunable
and enhanced SHE of light upon reflection from the structure.
Because the beam shifts for the two circular components are
equal in magnitude and opposite in sign, we only presented
the transverse shift of one spin component, i.e., §.

First we consider the case where all fields are resonant
with the relevant transitions, ie., A, =A,=A;=0. In
Figs. 2(a) and 2(b), we plot the reflectivity and transverse
shift as a function of incident angle for different values of
the Rabi frequency of the driving field. As can be seen,
a reflection dip occurs owing to the excitation of SPR.
Around the resonance angle, there is an enhanced transverse
shift. Initially, the minimum reflectivity decreases with 2,
and then is increased gradually. The magnitude of the spin
splitting has similar behavior. However, the sign is switched
from negative to positive. These results are related to the
change in dielectric constant ¢3. Driven by the coupling and
driving fields, the upper level |3) splits into three dressed

states, |4) = (Ex|2) + Qel3) + Q4N /E2 + Q2+ Q2)'°
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FIG. 2. (a) Reflectivity |r,| and (b) transverse shift of left-handed circularly polarized light 6; as a function of incident angle 6 with
various Rabi frequencies of driving field €2,. Parameters are &; = 2.25, 6, = —13.3 +0.883i,d = 40nm, '; = 'y = ', A/ = 0.04T, A, =0,

A.=0,A; =0,and Q2. = 2T".

and 0) = (Q4]3) — Q4N + 93)1/2 with eigenenergies
Ey = (22 + Q2)"? and E) = 0, respectively. In the dressed-
state picture, the probe field resonantly couples the |1) <>
|0) transition, thereby leading to controllable absorption. It
follows from Eq. (15) that, on neglecting the decoherence
between the ground states, the probe susceptibility is given
by

202

=iN—>—"-—,
X = qar, + Qi

21

which is pure imaginary and increases with €, [see Fig. 3(a)].
Then the internal damping I'™ changes accordingly [see
Fig. 3(b)]. It becomes equal to '™ as the absorption reaches
an optimal value [Im(e;) & 0.0047], and we can simulta-
neously obtain large positive and negative transverse shifts
with nearly the same magnitudes as shown in Fig. 3(c). In
this case, the phase has a sudden change at the resonance
angle for TM light and the reflectivity goes to zero, resulting
in a severely distorted reflected beam. Around the optimal
absorption, the reflection ratio |ry|/|r,| is greatly enhanced
and results in enhanced spin splitting. The direction of the
spin accumulations is related to the phase difference ¢; — ¢,
and depends on the internal damping. On the condition of
Iint < 1rad - the left-hand circular component of the reflected
beam is transversely displaced to the negative direction of

the y axis. However, a positive transverse shift occurs when
rint > rrad [see Fig. 3(c)].

The absorption can also be controlled via the cou-
pling field. As the Rabi frequency 2. is increased, the
probe field remains resonant with the dressed state |0).
However, the corresponding electric-dipole moment [pg; =

Q31 /(Qf + ij)l/ 2] becomes small, resulting in the reduc-
tion of absorption. In Fig. 4, we show the dependence of
reflectivity and transverse shift on €2.. The reflectivity at reso-
nance decreases initially with €2, and then increases gradually
when the absorption exceeds a certain value. Accordingly,
the reflection ratio |r,|/|r,| as well as the magnitude of the
transverse shift increases initially and then decreases. We
can observe a significant enhancement of SHE when [r,|
is extremely small. Due to the negative correlation between
Im(e3) and Q. [see Fig. 5(a)], '™ is larger than I'™ for
small values of Q. and becomes less than '™ when . is
large [see Fig. 5(b)]. The transition Rabi frequency is about
Q. & 2I", around which there are large transverse shifts, and
the direction of spin accumulation for the left-hand circular
component changes from positive to negative as shown in
Fig. 5(c). Because the transverse displacements of the two
spin components are the same in magnitude and opposite in
direction, the right-hand circular component can be controlled
simultaneously.

In the above discussions, we have investigated the ma-
nipulation of photonic SHE in the case of a resonant driving

(2)0.018 (6)0.010 () 4 0
Re(x) ,
----- Im(x) o | =, |
o012 an 0.008 = 2 1
[ , 1 §
g e g 0.0064 g O-T p———===9 -2
20.0061 : /é:: = N
E s 0.004 S 1 3
.’ = — .\ + og |r|ato
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FIG. 3. (a) Probe susceptibility x, (b) internal and radiation dampings '™ and I'"™*, and (c) dip reflectivity and peak values of transverse
shift 8; versus Rabi frequency of driving field €2,. Parameters are the same as those in Fig. 2.
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FIG. 4. (a) Reflectivity |r,| and (b) transverse shift of left-handed circularly polarized light 8;; as a function of incident angle 6 with various
Rabi frequencies of coupling field €2.. The Rabi frequency of the driving field is 2, = 0.5T", and other parameters are the same as those in

Fig. 2.

field, and it can be seen that the resonance angle of SPR does
not change. For some practical applications, such as beam
steering, we hope that a large spin splitting can occur for light
beams with different incident angles. Form Eq. (16), we can
see that SPR occurs when k, = Re(kS + Ak,). Generally, the
condition Re(kfg) > Re(Ak,) is fulfilled. Then the resonance
angle is mainly determined by k, = Re(k®). Compared with
the case when &3 = 1 (air or vacuum), the shift of resonance
angle owing to the presence of a coherent medium is given by

Re(x) ( )3/2

2./€1 cos by

Here, 6y denotes the resonance angle of SPR when ¢; = 1.
Obviously, A6, is proportional to the refractive part of the
probe susceptibility and it provides a pathway to manipulate
the peak position of the transverse displacement.

In order to obtain controllable Re(y ), the driving field
should be off resonant with the transition |2) <> |4). In the
case of A; = 40T", we show the reflection and the transverse
shift spectra for various values of €2, in Figs. 6(a) and 6(b).
The reflection dip becomes narrow and sharp with increasing
Q4. However, on exceeding a certain value, it becomes wide
and shallow. The transverse shift displays similar changes. On
comparing with Fig. (2), we find that there is a change in the
resonant angle owing to the variation of the refractive index
of the coherent medium. In the absence of the driving field,
the medium is transparent to the probe field as a result of

8/2

Abres ™ £+ 1
2

(22)

destructive quantum interference [4—-6]. When a driving field
with large detuning is applied, it introduces a small perturba-
tion to the state |2) as a consequence of the ac-Stark effect.
This makes the A-type system deviate slightly from the two-
photon resonance. Then both absorptive and refractive parts of
the probe susceptibility can be simultaneously controlled by
the driving field. In the case of A, = A, = 0 and y»; ~ 0, the
probe susceptibility can be written as

NQG . NQG <r4+

Q. 202N

Obviously, Re(y) is proportional to ©2, and hence corre-
sponds to the third-order Kerr nonlinearity [see Fig. 6(c)]. Asa
result, the resonance angle of SPR varies almost linearly with
the driving field intensity as shown in Fig. 6(d1). Meanwhile,
the absorption of the medium as well as the internal damping
of the system increases nonlinearly with Qg Around the opti-
mal value of Q2 where '™ = '™, ]arge positive and negative
spin splittings can be observed. Then, we can manipulate the
magnitude, sign, and peak position of transverse displacement
by a detuned driving field.

When the driving field is off resonant, the coupling field
has influence on the probe susceptibility as well. Accord-
ing to Eq. (23), Re(yx) is inversely proportional to Qf, and
then the resonance angle of SPR depends linearly on 2.
Figures 7(al), 7(a2), 7(b1), and 7(b2) verify these results. For
a positive detuning (A, > 0), the slope of the Re(yx) — Q;z

Q2
Qz

X = (23)

(2)0.018 (b) 0.008
‘ Re(x)
N T mGo | 0,007
R0.0124 )
& \\\ E[—
5 . 50006
£ 0,006 S
2 £.0.005-
E el
o — — -Minofs "~ | / log |r|at®
0.000 0.004- inof &, /R ey
10 15 20 25 30 0 15 20 25 30 10 15 2.0 25 3.0
QC/F Qc/r Qc/r

FIG. 5. (a) Probe susceptibility x, (b) internal and radiation dampings I'™ and '™, and (c) dip reflectivity and peak values of transverse
shift 8; versus Rabi frequency of driving field €2,. Parameters are the same as those in Fig. 4.
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FIG. 6. (a) Reflectivity |r,| and (b) transverse shift § as a function of incident angle 6 with various Rabi frequencies of driving field
Q4. (c) Probe susceptibility x, (d1) resonance angle 6., and (d2) dip reflectivity and peak values of 8; versus in Parameters are Q. =T,

A, = 40I', and other parameters are the same as those in Fig. 3.
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FIG. 7. Probe susceptibility x, resonance angle 6., reflectivity
at O, and maximum (minimum) of 8; versus Q;z. Parameters
are Q; = 4I", A; = 40T for (al-a3), and A; = —40T for (b1-b3).
Other parameters are the same as those in Fig. 3.

curve is negative, and then the resonance angle decreases
linearly with the increase of Q;z [see Fig. 7(a2)]. On the
contrary, 6. increases with SZ;Z when Ay; <0 [see
Fig. 7(b2)]. In addition, the absorption of the medium is
dependent on A2, and then the variation tendencies of dip
reflectivity and transverse shift versus €2, are similar for the
cases of Ay =40I' and A; = —40I". However, there is a
small difference in the values of Q. for zero reflection (i.e.,
[int = 'rad) because the contribution of Re(y) is neglected
in the derivation of Eq. (20).

IV. CONCLUSION

In conclusion, we have investigated the SHE of light upon
reflection from a three-layer Kretschmann configuration in
which the metal film is backed by a coherent atomic medium.
The photonic SHE can be enhanced as a result of a large ratio
of reflection coefficients for the TE and TM modes in the pres-
ence of SPR. The minimum reflectivity of TM-polarized light
is related to the internal damping of the structure and depends
directly on the absorption of the medium. By adjusting the
parameters of the laser fields in an N-type atomic system,
the reflection ratio can be coherently controlled and greatly
improved when the internal damping approaches the radiation
damping. Then we can observe significantly enhanced pho-
tonic SHE. Meanwhile, the direction of spin accumulations
can be switched by modulating the adsorption. As the internal
damping becomes larger than the radiation damping, the
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left-hand circular component undergoes positive transverse
shift. In the opposite case, we obtain a negative shift. The peak
of the transverse shift appears around the resonance angle of
SPR, which depends on the refractive part of the susceptibility
of the medium and can be coherently controlled in the case of
an off-resonant driving field. Therefore, with the assistance
of a coherent medium, we can conveniently manipulate the
magnitude and direction as well as the peak position of trans-
verse displacement. The control of photonic SHE is based on
the tunable complex susceptibility via the atomic coherence
effect. It is much more efficient than other SPR schemes
where the tuning of transverse shift is achieved by chang-
ing the structure. The flexible control of the spin-dependent

splitting may have potential applications in nanophotonic
devices.
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