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Coherent control of spatial and angular Goos-Hänchen shifts in a metal-clad waveguide structure
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A metal-clad waveguide backed by a coherent atomic medium is proposed to achieve tunable giant spatial
and angular Goos-Hänchen (GH) shifts. With a metal layer of appropriate thickness, a large GH shift can
occur simultaneously for transverse-magnetic- and transverse-electric-polarized light beams when the waveguide
modes are resonantly excited. The phase change and dip slope of the reflection coefficient around the resonance
angle are closely related to the system’s internal damping, which depends on the absorption of the medium.
Then based on the quantum coherence effect, the spatial and angular shifts can be greatly enhanced by adjusting
the parameters of the atomic system. The lateral displacement can also be switched from positive to negative or
vice versa via coherent control of the absorption by the medium. Moreover, the dependence of the resonance
angle of the guided mode on the refractive index makes the peak position of GH shifts tunable. The proposed
scheme provides more flexibility for manipulating the spatial and the angular GH shifts, and it has potential
applications in optical switches, beam steering, etc.
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I. INTRODUCTION

Goos and Hänchen (GH) observed the lateral displacement
of a light beam totally reflected from the boundary between
two dielectric media [1]. Artmann explained this effect by
considering a beam with finite width of which the plane-wave
components have different transverse wave vectors. There-
fore, the reflected beam is a superposition of all the com-
ponents, with each component undergoing a different phase
change. As a result, a longitudinal shift occurs in the plane of
incidence [2]. In addition to the spatial GH shift, there is also
a shift in the reflection angle that results from the different
reflective coefficient for each plane-wave component [3,4]. In
the past decades, the spatial and angular GH shifts have been
investigated extensively in both theory and experiment due
to their potential applications in optical switching [5], optical
sensing [6–8], and beam steering [9].

In the scheme of total reflection with a single dielectric
interface, the GH shift is usually positive and small (on the
order of a wavelength). Therefore, much attention has been
paid to achieving negative and large lateral displacement.
Different materials and structures can be employed to enhance
the GH effect, such as single- or double-negative materials
[10–12], a dielectric slab [13,14], absorbing and active media
[15,16], photonic crystals [17,18], graphene [19,20], a double-
prism configuration [21], surface plasmon resonance (SPR)
structures [22–24], and optical waveguides [25–27]. The con-
trol of the lateral shift is also of great interest for its prac-
tical applications. The nonlinear optical effect [28,29], elec-
trically controlled graphene [30,31], magnetically controlled
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crystal [32], and coherent media [33–44] can be utilized to
effectively manipulate the GH shift.

A waveguide is widely used to enhance the GH effect
[6,7,25–27]. The reflected light beam experiences a large dis-
placement as the guided mode is excited. The magnitude and
sign of the lateral shift are related to the internal damping and
radiation damping. By adjusting the thickness of the coupling
layer, the radiation damping can become larger (smaller) than
the internal damping, thereby resulting in a positive (negative)
beam shift. In this paper, we present a more convenient way
to manipulate the magnitude and sign of the GH shift by
tuning the internal damping of a metal-clad waveguide backed
by a coherent medium. Based on the atomic coherence and
quantum interference effects [45–47], the absorption of the
medium can be coherently controlled, thus directly affecting
the energy loss of guides modes and the lateral shift. In
addition, the width of the resonance dip also depends on
the absorption of the medium. Therefore, the angular GH
shift can be manipulated as well without changing the struc-
ture of the device. Compared with the SPR configurations.
where only transverse-magnetic (TM) polarized light suffers
a large lateral shift, significantly enhanced GH effect can be
simultaneously observed for TM and transverse-electric (TE)
waves with the proposed waveguide.

This paper is organized as follows: In Sec. II, we introduce
the theoretical model of a metal-clad waveguide backed by
a three-level V-type coherent medium, and then we derive
the expressions for spatial and angular GH shifts for the
reflected light. In Sec. III, we show that guided modes can be
excited by both TM- and TE-polarized light, thus resulting in
large GH shifts to these beams. In Sec. IV, numerical results
and discussions are presented to give a detailed analysis and
explanation for the coherent control of spatial and angular GH
shifts via adjusting the complex susceptibility of the medium.
Finally, we present our conclusions in Sec. V.
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FIG. 1. (a) Schematic of spatial and angular Goos-Hänchen ef-
fects in a metal-clad waveguide structure composed of a prism,
metal, and a dielectric waveguide. The waveguide is backed by an
atomic medium. (b) Three-level V-type atomic system, the absorp-
tion and refractivity of which can be coherently controlled.

II. MODEL AND EQUATIONS

We consider a planar four-layer waveguide structure that
consists of a prism, a thin metal-cladding with thickness d2, a
dielectric waveguide with thickness d3, and a coherent atomic
medium [see Fig. 1(a)]. Their dielectric constants are ε1,
ε2, ε3, and ε4, respectively. The permittivity of the coherent
medium can be written as ε4 = 1 + χ, with χ being the
susceptibility. Here, a silver film is utilized as the cladding
metal. Light beam is incident upon the prism-silver interface
at angle θ and coupled into the waveguide by an evanescent
wave when the x-component of the wave vector matches
the propagation constant of the guided mode. Meanwhile, a
spatial shift S and an angular shift � can be found in the
reflected beam. The two shifts are related to the complex
reflection coefficient of the four-layer structure given by

r(θ ) = r12
(
1 + r23r34e2ik3zd3

) + (
r23 + r34e2ik3zd3

)
e2ik2zd2(

1 + r23r34e2ik3zd3
) + r12

(
r23 + r34e2ik3zd3

)
e2ik2zd2

,

(1)

where ri j (i, j = 1, 2, 3, 4) represents Fresnel’s reflection co-
efficient between two adjacent layers, which can be expressed
as

ri j =
⎧⎨
⎩

kiz/εi−k jz
/
ε j

kiz/εi+k jz
/
ε j

for TM polarization,

kiz−k jz

kiz+k jz
forTEpolarization.

(2)

Here kiz = k0(εi − ε1sin2θ )1/2 denotes the normal component
of the wave vector in the ith layer. k0 = 2π/λ represents the
wave vector and λ is the light wavelength. For the incident
light beam with a sufficiently large waist (i.e., a narrow
angular spectrum �k � k), the spatial and angular GH shifts
of the reflected beam can be written as [24]

S = − λ

2π
√

ε1

dφ

dθ
= − λ

2π
√

ε1
Im

[
d ln r(θ )

dθ

]
, (3)

� = θ2
0

2|r|
d|r|
dθ

= θ2
0

2
Re

[
d ln r(θ )

dθ

]
, (4)

where φ refers to the phase of complex reflectivity. Here θ0

denotes the angular spread of the incident beam, which is
inversely proportional to the beam waist.

The excitation of the guided mode depends on the dielec-
tric constant of the medium adjacent to the waveguide layer.
As illustrated in Fig. 1(b), we consider a three-level system
as the coherent medium. A coupling field with amplitude Ec

interacts with the transition |1〉 ↔ |2〉, while the transition
|1〉 ↔ |3〉 is coupled by a probe field with amplitude Ep. Then
a V-type system is formed. The probe field is incident upon the
prism-metal interface, and its evanescent wave interacts with
the atoms. The coupling field with a waist much larger than the
probe field is incident from the side of the coherent medium.
Within the range of the probe light beam, it is covered by
a coupling laser with a uniform electric field. Moreover, the
coupling field with a Gaussian profile can be reshaped into
a flat-top beam that has a uniform distribution of intensity.
Under the electric-dipole and rotating-wave approximations,
the interaction Hamiltonian of the system is given by

Hint = −h̄[�c|2〉〈2| + �p|3〉〈3| + (
c|2〉〈1|
+ 
p|3〉〈1| + H.c.)], (5)

where �c = ωc − ω21 and �p = ωp − ω31 are the detunings,
and 
c = μ21Ec/(2h̄) and 
p = μ31Ep/(2h̄) are the Rabi
frequencies with μi j being the electric-dipole moment of
transition |i〉 ↔ | j〉. By using the Liouville equation ρ̇ =
−(i/h̄)[Hint, ρ] + Lp (Lp represents the relaxation process),
we can obtain the equations of motion for the density matrix
elements:

ρ̇11 = i
cρ21 − i
cρ12 + i
pρ31

− i
pρ13 + 
2ρ22 + 
3ρ33, (6)

ρ̇22 = i
cρ12 − i
cρ21 − 
2ρ22, (7)

ρ̇21 = i
cρ11 − i
cρ22 − i
pρ23 + i(�c + iγ21)ρ21, (8)

ρ̇31 = i
pρ11 − i
pρ33 − i
cρ32 + i(�p + iγ31)ρ31, (9)

ρ̇32 = i
pρ12 − i
cρ31 + i[(�p − �c) + iγ32]ρ31, (10)

where 
2 and 
2 denote the spontaneous decays from the
upper levels |2〉 and |3〉. γ21 = 
2/2, γ31 = 
3/2, and γ32 =
(
2 + 
3)/2 represent the decoherence rates of the relevant
transitions, respectively. The above equations are constrained
by ρ11 + ρ22 + ρ33 = 1 and ρi j = ρ∗

ji (i �= j).
In the limit of a weak probe field (
p � 
c, 
2, 
3), we

can derive the first-order solution of matrix element ρ
(1)
31 ,

which is given by

ρ
(1)
31 = −
p[(�p − �c) + iγ32]ρ (0)

11 + 
p
cρ
(0)
12

(�p + iγ31)[(�p − �c) + iγ32] − 
2
c

, (11)

where the relevant zero-order solutions of matrix elements are

ρ
(0)
11 = 1 + �n(0)

2
, (12)

ρ
(0)
12 = − 
c�n(0)

�c − iγ21
, (13)

�n(0) = ρ
(0)
11 − ρ

(0)
22 = 1

1 + 2
2
c

�2
c+γ 2

21

. (14)

023837-2



COHERENT CONTROL OF SPATIAL AND ANGULAR … PHYSICAL REVIEW A 101, 023837 (2020)

FIG. 2. Reflectivity |r|, phase difference φ, spatial GH shift S, and angular GH shift � as a function of incident angle θ for TM (left two
columns) and TE (right two columns) -polarized light with different waveguide thickness. (a) d3 = 0; (b) d3 = 0.25λ; (c) d3 = 0.4λ. Other
parameters are ε1 = 2.25, ε2 = −13.3 + 0.883i, ε3 = 2.25, ε4 = 1, and d2 = 0.06λ.

Considering a cold atomic medium, we neglect the Doppler
frequency shifts induced by the thermal motion of atoms. It
follows from the atomic polarization, P = ε0χEp = Nμ31ρ31,
that the linear susceptibility for the probe field is given by

χ (�p) = −β
[(�p − �c) + iγ32]ρ (0)

11 + 
cρ
(0)
12

(�p + iγ31)[(�p − �c) + iγ32] − 
2
c

, (15)

with β = Nμ2
31/(2h̄ε0), N is the atomic density, and ε0 is

the dielectric constant in vacuum. Based on quantum coher-
ence effect, the atomic susceptibility is tunable. This helps
in manipulating the resonant modes in the waveguide, and
consequently the GH shift.

The V-type system can be realized, for example, with the
transitions of the sodium D2 line, the resonant wavelength
of which is about 589.1 nm. In numerical calculations, the
parameters of the atom are taken to be 
2 = 
3 = 1 and
β = 0.01. The Rabi frequency and detunings of light fields
are scaled by the decay rates.

III. SIMULTANEOUS LARGE GH SHIFT
FOR TM AND TE LIGHT BEAMS

For the conventional three-layer Kretschmann structure, a
large GH shift can be obtained only for TM-polarized light
when SPR is resonantly excited, and there is little lateral shift

for TE-polarized light [22–24]. In this section, we show that
large GH spatial shifts can occur simultaneously for TE and
TM beams reflected from the metal-clad waveguide.

First, we investigate the influence of waveguide thickness
on the lateral displacement in the absence of a coherent
medium, i.e., ε4 = 1. In Fig. 2, we plot the reflectivity, phase
difference, and spatial and angular GH shifts versus the in-
cident angle for different values of d3. The two columns on
the left and the two on the right correspond to the cases of
TM- and TE-polarized incident beams, respectively. When
a light beam is incident at an angle larger than the critical
angle, which is given by θc = sin−1(1/

√
ε1) = 41.8◦, the light

undergoes total reflection. However, due to the thin metal film,
the photon energy can be coupled to the surface plasmon wave
or the guided modes when the light beam is incident at the
resonance angle θres. Then a drop appears in the reflectivity.
When d3 = 0, we observe a reflection dip near θc for the TM
wave. At θres, the reflection phase experiences a sharp varia-
tion, which then gives rise to an enhanced spatial displacement
[see the left two columns in Fig. 2(a)]. Nevertheless, the
TE wave is almost totally reflected by the layered structure,
and the change of phase is extremely small. Therefore, there
are only small spatial and angular shifts at θc [see the right
two columns in Fig. 2(a)]. As the waveguide thickness d3

is increased to d3 = 0.25λ, the results are opposite to the
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above case [see Fig. 2(b)]. The TM wave is totally reflected
with small lateral and angular shifts at θc, while the TE wave
is laterally displaced and deflected in the sharp dip where
reflectivity is dramatically reduced [see Fig. 2(b)]. When we
further increase the thickness to d3 = 0.4λ, a resonance dip
can be obtained for both TM- and TE-polarized light beams,
respectively [see Fig. 2(c)]. Compared to Figs. 2(a) and 2(b),
the angular widths of these dips are narrowed and the reflec-
tion phases change more sharply. As a result, enhanced spatial
and angular GH effects can simultaneously be observed for
TM and TE waves incident around their resonance angles. The
direction of the lateral displacement is related to the sign of
dφ/dθ . In these cases, φTM and φTE decrease with the incident
angle in the reflection dips, i.e., dφ/dθ < 0. Therefore, the
reflected beam undergoes a positive shift with respect to the
incident point.

When light is incident on the prism-metal interface with
an angle larger than θc, total internal reflection occurs. If the
resulting evanescent wave couples resonantly to the waveg-
uide, certain guided modes can be excited accompanied by
sharply decreasing reflection. Then the energy penetrates into
the waveguide. The criterion for the four-layer waveguide
mode can be written as [48]

ϕ3 + ϕ321 + ϕ34 = 2πm, (16)

with

ϕ3 = 2k′
3zd3, (17)

ϕ321 = 2 tan −1

[
i

(
1 − r′

32

1 + r′
32

)(
1 − r′

21e2ik′
2zd2

1 + r′
21e2ik′

2zd2

)]
, (18)

ϕ34 = 2 tan −1

[
i

(
ε3

ε4

)η(k′
4z

k′
3z

)]
, (19)

k′
iz = ±k0

√
εi − N2(i = 1, 2, 3, 4), (20)

r′
i j = ε

η
j k

′
iz − ε

η
i k′

jz

ε
η
j k

′
iz + ε

η
i k′

jz
, (21)

where m = 0, 1, 2, . . . represents the mode index, ϕ3 is the
phase shift of light propagating in the waveguide, and ϕ321

and ϕ34 refer to the phase shifts experienced by the light due
to reflections at the waveguide-metal-prism and waveguide-
medium boundaries, respectively. Here η = 0, 1 correspond
to the cases of TE- and TM-polarized incident lights, re-
spectively. The complex number N = N ′ + iN ′′ is due to the
absorption of metal and the medium. In Fig. 3, we plot the
effective refractive index N ′ versus the waveguide thickness
d3 for m = 0, 1, 2. Mode resonances take place at certain
angles determined by N ′ = √

ε1 sin θres, thus leading to at-
tenuated total reflection. It is clear that the resonance angle
θres of all modes increases with d3. When the waveguide is
relatively thin, only the TM0 mode can be excited with a dip
in reflectance [see Fig. 2(a)]. This refers to the well-known
SPR. As d3 increases, the resonance angle of the SPR mode
increases to 90° and then disappears. Meanwhile, the first
guided mode, i.e., the TE0 mode, starts to exist when d3 is
larger than the cutoff thickness. Under the condition of cutoff
thickness, the effective refractive index is N ′ = 1 and the

FIG. 3. Dependence of effective refractive index N ′ and reso-
nance angle θres of the mode resonance on the waveguide thickness
for TM- and TE-polarized light. The squares denote the cutoff
thickness of the waveguide for different modes. Parameters are the
same as those in Fig. 2.

resonance angle θres is equal to the critical angle θc. If d3 is
increased further, more waveguide modes can be excited. The
reflection dips in Figs. 2(b) and 2(c) correspond to the TE0

and TM1 modes. It is obvious that the angular width of the
guided mode is much narrower than that of the SPR mode,
and therefore the phase difference between the incident and
the reflected light changes more sharply around the resonance
angle. Comparing with Fig. 2(a), we can see that the spatial
GH shifts are significantly enhanced for the waveguide modes.
Meanwhile, the angular GH effect can be enhanced as well
due to the narrow reflection spectrum.

IV. TUNABLE GIANT GH SHIFT
VIA A COHERENT MEDIUM

As mentioned above, enhanced spatial and angular GH
shifts can be simultaneously achieved for TM and TE beams
when attenuated total reflection occurs. As the resonance of
the guided mode is sensitive to the dielectric constant of the
medium, we are able to manipulate the spatial and angular
beam shifts by controlling the atomic susceptibility.

First, we consider the control of the spatial GH shift by
the coupling field. The reflectivity |r|, the phase difference
φ, and the lateral displacement S versus the incident angle θ

for different control field Rabi frequency 
c are illustrated
in Fig. 4. Figures 4(a1)–4(a3) and 4(b1)–4(b3) correspond to
the cases of TM and TE polarizations, respectively. We see
that a large spatial GH shift arises at the resonance angle
of guided mode (θres), where there is a great reduction in
reflection. Within the dip, φ suffers a distinct sharp variation
in the vicinity of θres. When 
c is increased, the reflection
dip becomes narrow initially and then broadens, and the
variation of φ is steeper for narrow dips. As a result, the
magnitude of lateral displacement is increased initially and
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FIG. 4. Reflectivity |r|, phase difference φ, and spatial Goos-Hänchen shift S as a function of incident angle θ for different coupling-field
Rabi frequency 
c. (a1) |rTM|, (a2) φTM, (a3) STM; (b1) |rTE|, (b2) φTE, (b3) STE. Parameters are 
2 = 
3 = 1, β = 0.01, �p = 0, and �c = 0.
Other parameters are the same as those in Fig. 2(c).

then decreased. However, its direction switches from negative
to positive with respect to the geometric reflection point. The
sign is determined by the slope of the curve of φ versus θ

where a positive (negative) gradient corresponds to a negative
(positive) lateral shift.

For the four-layer prism-waveguide coupling system, the
spatial GH shift at θres can be written as [25]

S = 2
rad


2
rad − 
2

int

cos θres. (22)

Here, 
int represents the internal damping of a three-layer
metal-waveguide-medium structure that originates from the
intrinsic absorption losses of metal and medium. As a prism
is coupled to the waveguide, a four-layer structure is formed
and additional loss arises due to the thin metal layer. Here


rad represents the backscattered radiation damping from the
metal film and is inversely proportional to the exponential
function of d2. Nevertheless, 
int is sensitive to the absorption
coefficient of the medium. Therefore, the transition between
negative and positive lateral shifts can be controlled by the
imaginary part of the susceptibility of the coherent atoms.

In Fig. 5, we plot the susceptibility of the medium, the dip
minimum of reflectivity, and the peak value of the GH shift
as a function of 
c. In the case of two-photon resonance, i.e.,
�p = �c, the real part of the susceptibility is zero. Under the
drive of a coupling field, the ground state |1〉 splits into two
dressed levels |±〉 = (|1〉 ∓ |2〉)/

√
2 with eigenenergies E± =

±
c. The splitting increases with 
c, thereby leading to the
decrease of probe absorption [see Fig. 5(a)]. Consequently,
the internal damping 
int is reduced monotonically. It changes

FIG. 5. (a) Probe susceptibility vs coupling-field Rabi frequency 
c. Reflectivity |r| (dashed line) and spatial GH shift S (solid line) at
resonant angle θres as a function of 
c: (b) TM-polarized light, (c) TE-polarized light. Parameters are the same as those in Fig. 4.
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FIG. 6. (a) Probe susceptibility vs coupling-field detuning �c. Dependence of |r| (dashed line) and S (solid line) at resonant angle θres on
�c: (b) TM-polarized light, (c) TE-polarized light. Parameters are �p = 0 and 
c = 1.5. Other parameters are the same as those in Fig. 2(c).

from the case of 
int > 
rad to 
int < 
rad. As a result, the
direction of lateral displacement is switched from negative to
positive. When 
int is close to 
rad, a giant spatial shift can
be observed for TM- and TE-polarized beams accompanied
by large attenuation in reflection [see Figs. 5(b) and 5(c)].
The two dampings become equal at an optimal value of 
c

where the phase difference φ undergoes an abrupt change.
Then the spatial GH shift becomes infinite. Nevertheless, φ

has no physical meaning in this case.
According to Eq. (15), the susceptibility also depends on

the detuning of the coupling field, which can then be used
to manipulate the lateral shift. The susceptibility, resonance
angle, reflection minimum, and peak value of the GH shift
as a function of �c are shown in Fig. 6. In the case of
�c �= �p, the two-photon resonance condition is not fulfilled.
The probe absorption increases with |�c| and the refractive
index [n ≈ 1 + Re(χ )/2] decreases monotonically with �c as
depicted in Fig. 6(a). There are two optimal values of �c

above (below) which the sign of the lateral shift changes.
The internal damping is less than the radiation damping for
small |�c|. In this case, we obtain a positive spatial GH
shift whose magnitude increases with |�c|, while for large
|�c| the internal damping becomes larger than the radiation
damping, and a negative lateral shift occurs that decreases
with |�c|. Enhanced spatial GH effect can also be achieved
around certain values of field detuning where the reflection
is extremely attenuated [see Figs. 6(b) and 6(c)]. The change
of refractive index has very little influence on the internal

damping. However, it strongly affects the resonance angle.
With the increase of �c, θres varies almost linearly with Re(χ ).
Therefore, the peak position of the spatial GH shift can be
tuned as well by adjusting the detuning.

Next, we investigate the control of the angular GH effect
via the coherent medium. We plot � as a function of θ for
different values of 
c in Fig. 7. It can be seen that the angular
GH shift is extremely large near the resonance angle, while its
sign has a sudden change. According to Eq. (4), the angular
GH shift is proportional to the slope of the reflectivity curve
versus θ and inversely proportional to |r|. A sharp reflection
dip with low reflectivity can give rise to a significant enhance-
ment of �. Therefore, initially the magnitude of � increases
with 
c and then decreases gradually. Its change is related
to the angular width of the reflection spectrum. In particular,
the value of � is exactly zero at θres since the derivative
d|r|/dθ = 0. Compared with the case in Fig. 4 where the sign
of the spatial GH shift is switched at a certain value of 
c, the
sign of � does not change with 
c. As mentioned in Fig. 2, the
resonance dips for guided modes are much narrower than that
of the SPR mode, and a large angular GH shift is obtained by
using the waveguide resonance. Moreover, � can also be mod-
ulated by the detuning �c. The corresponding results are il-
lustrated in Fig. 8. It is obvious that the angular GH effect can
be enhanced simultaneously for TM- and TE-polarized beams
incident at different angles. In addition, the angular width of
the resonance dip of the TE mode is narrower than that of the
TM mode, thereby resulting in a large angular beam shift.

FIG. 7. Angular Goos-Hänchen shift � as a function of incident angle θ for different coupling-field intensity 
c. (a) TM-polarized light,
(b) TE-polarized light. Other parameters are the same as those in Fig. 4.
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FIG. 8. Angular Goos-Hänchen shift � as a function of incident angle θ for different coupling-field detuning �c. (a) TM-polarized light,
(b) TE-polarized light. Other parameters are the same as those in Fig. 6.

V. CONCLUSION

In conclusion, we have proposed a scheme to manipulate
the spatial and angular GH effects of a reflected light beam
from a metal-clad waveguide backed by a V-type coherent
atomic medium. By tuning the thickness of the waveguide
layer, guided mode resonance can be excited simultaneously
for TM and TE waves incident at different angles, thereby
resulting in significant lateral displacement and angular de-
flection in the resonance dips. The magnitude and sign of the
spatial GH shift are dependent on the internal and radiation
dampings of the system. By adjusting the absorption of the
medium, the internal damping can be controlled coherently,
and we can obtain giant positive and negative lateral beam
shifts. In addition, the resonance angle as well as the peak
position of the spatial GH shift can be tuned by the refractive
index of the medium. For certain values of atomic absorption,
the reflection is strongly suppressed and the resonance dips of
the guided mode become quite sharp and narrow. Therefore,

an enhanced angular GH effect can be observed. Compared
to other schemes where the beam shifts are controlled by the
thickness of a metal layer, we are able to modulate the GH
effects more conveniently and in a flexible manner without
changing the system structure. Our study indicates that other
well-investigated coherent media, namely solid crystals and
quantum wells, can also be utilized to manipulate the spatial
and angular beam shifts.
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