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Abstract We investigate the tunability of the Goos—
Hénchen shift experienced by a Gaussian light beam
reflected from a multilayered heterostructure consisting of a
nematic liquid-crystal cell sandwiched between electrodes
and deposited on a magneto-electric/non-magnetic bilayer.
Our calculations account for the optical anisotropy of the
magnetic layer and of the liquid-crystal cell, as well as for
the inhomogeneous refractive index distribution in the lat-
ter due to the reorientation of its molecules. We show that
the Goos—Hénchen shift can be enhanced and controlled
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via the voltage applied to the liquid crystal cell and the
magnetization direction of the magnetic film. We propose
to exploit the voltage-induced tunability of the Goos—
Hénchen shift in this system to design an optical sensor
devoted to the detection of chemical vapors in the vicinity
of the structure.

1 Introduction

The Goos-Hinchen effect is the longitudinal shift,
in the incidence plane, of a reflected light beam with
respect to the prediction of geometric optics [1, 2]. This
Goos—Hinchen shift (GHS) can be attributed to the angular
dispersion of the phase delay upon reflection at any surface
or interface of a linearly polarized light beam [3]. Although
this effect has been known for many decades, it still attracts
considerable attention. During the last decade, numerous
theoretical and experimental works have been devoted to
the GHS, either in the conditions of total internal reflec-
tion or in the case of partial reflection and transmission [4].
Among its many proposed practical applications, the GHS
has been suggested for instance for the design of chemical
sensors [5, 6], biosensors [7], detectors, or detectors of sur-
face roughness [8]. For all these applications, and for any
additional ones, it is obviously important to be able to con-
trol and enhance the beam shifts. For that purpose, using
functional materials, i.e., materials whose properties can be
modified by an external source, can be of great interest.

To mention a few recent examples, the thermal control
of the GHS in a prism-waveguide coupling system has been
investigated [9]; the control of the GHS with a magnetic
field has been demonstrated in magnetic materials [10, 11],
including ferrofluids [12]; its control with external electric
and magnetic fields in an electro-optic and magneto-electric

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00340-017-6691-1&domain=pdf

107 Page2of9

Y. S. Dadoenkova et al.

(ME) heterostructure has been investigated theoretically in
[13, 14], where the linear ME interaction has been shown
to lead to an increase of the longitudinal shift even in the
absence of any applied electric field; the use of the GHS
in an array of quantum dots has been proposed to obtain
a 1x3 de/multiplexer with a 2-nm channel spacing [15];
similarly, exploiting the GHS for an electrically controlled
one-to-three optical switch has been discussed in [16].

A class of materials whose optical properties can be
externally controlled are liquid crystals (LCs) [17-20]. In
[19, 20], for instance, the tuning of the GHS is studied the-
oretically for a light beam coupled through a ZnSe prism
in an electro-optically tunable liquid-crystal layer in the
Kretschmann—Raether geometry. However, as often, only
effective refractive indices of the anisotropic LC layer are
considered and the non-uniformity of their distribution due
to the anchoring of the LC molecules at the cell boundaries
is not taken into account.

In this paper, we investigate the control of the GHS
experienced by a light beam reflected from a multilay-
ered heterostructure consisting of an LC cell sandwiched
between conducting electrodes and deposited on top of a
ME/non-magnetic bilayer. Our calculations account for the
optical anisotropy of the magnetic layer and of the LC cell,
as well as for the non-uniform refractive index distribution
in the latter. Finally, we propose to exploit the voltage-
induced tunability of the GHS in this system, and its sensi-
tivity to variations of the permittivity of the medium from
which the optical beam is coming, in order to design an
optical sensor devoted to the detection of chemical vapors
in the vicinity of the structure.

2 Description of the system

Let us consider the reflection of an electromagnetic wave
from a multilayered system consisting of a nematic lig-
uid-crystal (LC) cell (thickness d;) surrounded by two
indium-tin oxide (ITO) electrodes (thickness djry) and
deposited on a ME structure. The latter is made up of a
magnetic yttrium—iron garnet (YIG) film (thickness dyg)
epitaxially grown on a semi-infinite dielectric substrate of
gadolinium—gallium garnet (GGG). The interfaces between
the materials are parallel to the (xy) plane of a Cartesian
system of coordinates. An electromagnetic wave of near-
infrared wavelength 4,, coming from the surrounding vac-
uum, impinges under oblique incidence angle 8 the upper
surface of the system. Without loss of generality, the plane
of incidence can be chosen as (xz) and the incident (i) and
reflected (r) waves can be decomposed into s- and p-com-
ponents E{") of their electric field strengths with respect
to that plaﬁe. In the following, the time dependence of the
optical fields is taken as exp (—io?).

@ Springer

As a rule, when a monochromatic Gaussian
wavepacket of elliptical polarization impinges on the
uppermost surface of an optical structure, its reflection
undergoes a non-negligible longitudinal GHS AL in the
plane of incidence (in our case, along the x-axis), as
shown in Fig. 1.

In the system under consideration, a voltage can be
applied to the ITO electrodes to modify the LC refractive
index through a collective reorientation of its molecules.
We assume the lateral dimensions of the cell (along the x
and y directions) to be much larger than its thickness dj c,
so that side effects in the molecular alignment at the lat-
eral boundaries of the cell can be neglected.

The anisotropic magnetic YIG slab is magnetized at
saturation in the polar magneto-optical configuration, i.e.,
along the z-axis, and its magnetization can be reversed
via an externally applied magnetic field. Thin epitaxial
iron garnet films can be the seat of a linear ME coupling
that is otherwise forbidden in bulk cubic crystals with a
spatial inversion in their magnetic symmetry group [21].
The strength of that coupling, however, can greatly vary,
depending on the film thickness, the crystal orientation
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Fig.1 Schematic of the structure ITO/LC/ITO/YIG/GGG: liquid-
crystal (LC) cell (thickness d;) between indium-tin oxide (ITO)
electrodes (thickness dipo) on an yttrium—iron garnet (YIG) film
(thickness dvy;) epitaxially grown on a semi-infinite dielectric sub-
strate of gadolinium—gallium garnet (GGG). The saturation magnet-
ization M={0, 0, M} in the magnetic slab is perpendicular to the
surfaces of the slabs. The s- and p-components of the incident (i) and
reflected (r) optical electric fields are denoted Egl;) The incidence
angle is 6, and ¢ is the tilt angle of LC molecules. The longitudinal
GHS is AL
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of the film, and the presence of impurities, as well as on
the value and direction of applied electric and magnetic
fields. In Sect. 3, we will consider two extreme cases:
with a negligibly small ME coupling and with the strong-
est coupling reported so far in the literature.

In the near-infrared domain, all materials except ITO can
be considered transparent. The GGG dielectric substrate
is homogeneous and isotropic, as are the ITO electrodes,
and their relative dielectric permittivities are scalar and,
respectively, denoted £©%9 and £0TO) = £(TO) 4, ATO)
(ﬂ(ITO) > 0)

2.1 Permittivity of the liquid crystal

The cell contains a homogeneously aligned nematic LC
consisting of uniaxial rod-shaped cyano-4'-pentylbiphenyl
(or 5CB) molecules whose principal relative permittivities
are denoted £, and &, = £5. We assume the collective align-
ment of the molecules to be parallel to the (xz) plane and
characterized by a tilt angle ¢ with respect to the x-axis
(Fig. 1). The constitutive material equations expressing the
relationship of the electric displacement vector D and the
magnetic induction B in the LC cell with the electric field E
and the magnetic field H of the electromagnetic wave read:

(LO) (LC) 2(LC) (LC) LC) .
D™ =goe, TESTT, BT = poH T, () = (%, 9, 2),
ey
where g, and g are the vacuum permittivity and permeabil-
ity, and el.(/.LC) are the relative permittivity tensor elements of
the LC, only five of which take non-zero values given by:

LC) _ 2 i 2
€. = €g,c08" ¢ + 58",

o — o —
£, =& = £y,

el = g,sin’p + £5c08°¢h,

LC LC :
eiz ) =.s§x ) = (53 —el)cosq')smd).

@

When the voltage applied to the ITO electrodes
exceeds a certain threshold value V,,, molecules rotate
in the (xz) plane, but their rotation is not uniform within
the LC cell due to their anchoring at each LC/ITO inter-
face. In the limiting case of a uniform and infinitely
strong orientational interaction of the LC molecules
with the surfaces of the cell (so-called infinite anchor-
ing [17]), Abdulhalim and Menashe have derived ana-
lytical expressions that describe with a good approxima-
tion the dependence of the tilt angle ¢ on the reduced
z-coordinate Z, = (z—d;)/d;, 0 < Z. < 1 in the LC cell
and on the applied voltage V [22]. Important parameters
in these expressions are the pretilt angle ¢, at zero volt-
age imposed by the anchoring of the molecules at the
upper and lower cell boundaries (¢, is close to zero if the
anchoring is strong), and the tilt angle ¢, at the center of

the cell (Z,=1/2) which, in the case of a strong anchor-
ing, can be approximated as follows [23]:

x Vo \’
¢C(V)=¢0+<E—¢0> 1- <7‘ . 3)
Figure 2 shows the variation of the tilt angle ¢ in
the LC cell with the applied voltage for a quasi-infinite
anchoring, in which case ¢ is close to ¢, in a large frac-
tion of the cell.

2.2 Permittivity and permeability
of the magneto-electric film

Taking into account the linear ME interaction, the con-
stitutive material equations in the magnetic YIG are [24]:

DYIO) = e MIOENIO) 1 g VIO,
ij J U

4)
(YIG) _ (YIG) 77(YIG) (YIG) (
By = opy T H T A ek

where "' and M(YIG) are the relative permittivity and per-

) y
meability tensor elements of YIG, and a; are the elements
of its ME tensor. The latter is diagonal in crystals with
cubic symmetry (aij=a(YIG)5ij, where §; is the Kronecker
delta).

It is well known that YIG exhibits good transparency prop-
erties in the near-infrared regime and is also magnetically
bigyrotropic in that regime, i.e., its permittivity and perme-
ability tensors both depend on the local magnetization. In the
linear approximation, in the polar magneto-optical configura-
tion and in crystals with cubic symmetry, they write [25]:

£ if“m, 0
eV = -ifom, & 0}
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Fig. 2 Distribution of the tilt angle ¢ over the LC cell as a function
of the applied voltage. The threshold voltage is V,, =1 V (dotted line),
and the pretilt angle is ¢,=0.01°
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where m, = M, /|M|, &, and ji are the crystallographic com-
ponents of the diagonal relative permittivity and permeabil-
ity tensors, and f ™ are the linear gyroelectric and gyro-
magnetic coefficients of the crystal.

2.3 Goos-Hinchen shift

The GHS is deduced from the angular dispersion of the
complex reflectivity of the structure. Due to the crystal-
line asymmetry of the LC cell and the anisotropy imposed
in the YIG layer by the polar magnetization and the ME
interaction, this reflectivity strongly depends on the state of
polarization of the incoming and reflected beams. A reflec-
tion matrix connects the amplitudes of the p- and s-compo-
nents of the reflected field to those of the incident field. It
is derived using the well-known transfer matrix formalism
[26], which involves solving the set of boundary conditions
at each interface in the system:

E@
J

= £V
J

(@) —_ g®

=z z=zn+’ Hi z=z;_1—1j z=za+’ ©)
where j = (x, ¥) and a and b (a # b) denote adjacent
media (successively, air, ITO, LC, ITO, YIG, and GGG)
in the system, and z,=0, dirg, dirg + dic, 2dio+dc,
2dyro+d; ¢ +dy;g denote the successive positions of their
common interfaces.

The reflection matrix has in general four non-zero com-

plex components:

E" R, R _\[EY
()= () ()

Due to the symmetry of the YIG crystal, the pure
imaginary off-diagonal components of the matrix verify
R, =R,

In the multilayered system, the reflections of the various
angular components of the finite-sized incident Gaussian
beam interfere along a line transverse to the average propa-
gation direction of that beam. This leads to an angular dis-
persion of the phase shift of the electromagnetic field upon
reflection, which results in an angular dispersion of both
the amplitude and the phase of the reflection coefficients of
the structure, from which the Goos—Hinchen shift can be
derived. Specifically, the amplitude AL of the longitudinal
GHS can be obtained with the stationary-phase approach
[2]. Assuming a monochromatic incident Gaussian beam of
waist w,, the longitudinal shift of the reflected wavepacket
can then be expressed as a GHS matrix whose elements are
written as follows [27]:

-1
Alez_antn+aln(|le|) aZWZm ( 2 azln(lleD) i

ok ok o\ o

X X

®)
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where (k) = arg [R,, (k)| {l.m} € {s,p}, are the
phases of the four complex reflection coefficients for any
given k, component of the incident wavevector k along the
x-axis. In view of sizing the amplitude of the GHS, it is
convenient to introduce reduced GHS matrix elements as
AX,, = AL, /Ay It must be noted, however, that the shift
that can be experimentally measured depends on the polari-
zation states of both the incoming and reflected beams. The
different components of that shift can be obtained using
a polarizer and an analyzer before and after reflection,
respectively.

3 Numerical results

In this section, we present the result of numerical calcu-
lations of the reflection coefficients and longitudinal shift
for a Gaussian pulse (waist wy=>50 pm). The material
parameters of all the constituents of the system are col-
lected in Table 1. The value of the ME constant denoted
a9 is the largest reported for a thin YIG film [21, 28].
Unless otherwise specified, the magnetization in the YIG
layer points toward positive values of the z-axis.

3.1 Reflection coefficients

Figure 3 shows how the modulus of the diagonal compo-
nent R, (Fig. 3a) of the reflection matrix, as well as that
of the off-diagonal component R, =R, (Fig. 3b, ¢), vary
as functions of the incidence angle 6 of the light beam
and of the dc voltage applied to the LC cell. The complex
profiles of the reflection coefficients result from a combi-
nation of interferences between the various waves propa-
gating back and forth between the surface and interfaces
of the system, on one hand, and of additional anisotro-
pies due to the molecular alignment in the LC layer and
the ME coupling in the magnetic layer, on the other. The
interference pattern essentially varies with 8, while the
anisotropies depend on the applied voltage and the value
of the ME constant.

Table 1 Physical data used for calculations

Material Thickness (pm) Material parameters (at Ao=1 pm)
ITO dy70=0.05 119 =1.7057, 1179 =0.0337 [29]
LC(5CB) djc=22 £,=15.7, e,=e;=7.5[18]; py=0.01°
YIG dyig=2 £ =5.0491 [30], a= a9 =30 ps/m
[21]
fO@=-24710"% f™=8.76.10" [31]
GGG Semi-infinite £699 =3 7636 [31]
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Fig. 3 Evolution of the modulus of the reflection coefficients with
incidence angle 6 and applied voltage: a IR, | for any value of the
ME constant a; b IR,,| for a=0; ¢ IR,,| for a= a(YIG) Insets show the
corresponding reﬂecuon coefficients for near-threshold values of the
applied voltage. The white dotted lines denote the threshold voltage
V=1 V. Symbols (e, X, *) denote points of comparison between
reflection coefficients in this figure and GHS in Fig. 5 (see Subsec-
tion 3.2)
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It must be noted that the profile of R, in Fig. 3a does
not actually depend on the value of the ME constant a,
and this is also true of the dependency of the other diag-
onal reflectivity R (see solid blue line in Fig. 4). Its
modulus IR is of the same order of magnitude as that
of R,,, but is independent from the applied voltage, since
its variation is directly related to that of permittivity ten-
sor element £4©) in the LC, which does not depend on
the voltage-imposed tilt angle ¢ [see Fig. 3]. In contrast,
the off-diagonal components R,;=R,, do depend in a
noticeable way on the ME coupling in the YIG layer, as
can be seen from the comparison between Fig. 3b, where
that coupling is neglected (a¢=0), and Fig. 3c, where it is
accounted for (a= a9,

The most visible changes in the reflection coefficients
take place, for any incidence angle, at near-threshold values
of the applied voltage, as shown in the insets to Fig. 3. As

one can see from Fig. 2, the tilt angle experiences an abrupt

1.00 :
IR s
0.75} ——AX,
~*os00 1 zg
0.25} 11
0.00 ' : . 0
0 20 40 60 80
6 (deg)

Fig. 4 Modulus IR (solid blue line) and GHS AX (dashed red
line) as functions of the incidence angle 6 for any value of the applied
voltage and any ME constant

increase in the 1.0-1.3 V voltage range, which strongly
modifies the reflection coefficients. Even a very small
increase of the voltage above V, results in a dramatic shift
of the extrema of all reflection coefficients towards lower
values of 8. The inset in Fig. 3a shows that, for instance,
the angular position of a first minimum of IR, | shifts from
0~ 35° at any voltage below V; to =0° at V~1.02 V, and
a second minimum, initially found at grazing incidence,
shifts to normal incidence at V~1.08 V. Similarly, the
local maximum of IR, | initially found at 6~ 55° rapidly
shifts towards lower values of 8 above V,;, with an addi-
tional increase of its magnitude from 0.6 (at V<V,;) to 0.8
(at V~1.04 V). Such rapid changes can be attributed to the
strong increase of the tilt angle of the LC molecules in most
of the cell thickness, i.e., away from its boundaries, where
anchoring acts against molecular rotation (see Fig. 2), and
the corresponding variation of the LC permittivity tensor
elements. As one can expect from Fig. 2, a further increase
of the applied voltage above approximately 2 V does not
dramatically increase the value of the reflection coeffi-
cients, since the tilt angle then reaches a saturation value in
most of the LC cell thickness.

Thus, the applied voltage allows to control the value
of the diagonal reflection coefficient R,, which can be
attributed to the presence in the system of the inhomoge-
neous uniaxial LC cell. Indeed, such a control was found
to be impossible in a similar structure where the electro-
optic layer consisted of a homogeneous cubic ZnSe film,
in which case only the off-diagonal reflection coefficients
could be modified by an externally applied electric field/
voltage [13].

The influence of the ME interaction on the off-diagonal
reflection coefficient R,;=R;, is made clear by comparing
Fig. 3b and c. When the ME coupling is neglected (a=0,
Fig. 3b), the overall dependence of IR, upon the applied
voltage is roughly similar to that of IR, | (see Fig. 3a).
When, on the other hand, it is accounted for (a=a(YIG),
Fig. 3c), the behavior of IR, is strikingly different, with
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the formation of a second maximum around 6~40° below
threshold voltage V;,, and a noticeable narrowing of the
angular range over which the applied voltage influences
the off-diagonal reflection coefficient of the system above
Vi, (20°<6<70° instead of the entire range of incidence
angle). The values of IR, in this region are one order of
magnitude larger than when the ME coupling is negligi-
ble (¢=0). Outside this interval, towards normal or graz-
ing incidence, the values of IR || are similar with or without
ME interaction. It should be noted that the amplitude of the
off-diagonal reflection coefficient R,;=R,, is, in any case,
two to three orders of magnitude smaller than those of the
diagonal reflection coefficients R, and R,;.

3.2 Goos—-H:iinchen shift

As mentioned earlier, and in accordance with Eq. (8), the
different components of the reflection matrix, and thus the
values of the GHS obtained for any combination of incident
and reflected states of polarization can be separately evalu-
ated. Practically, this simply requires the use of a polarizer
and an analyzer placed on the path of the incoming and
reflected beams, respectively.

Like the reflection coefficient R, the corresponding
GHS AX_ is independent from both the applied voltage
and the ME constant. It varies, however, with the angle of
incidence of the light beam (dashed red line in Fig. 4), and
its value remains positive for all 6, and varies between 0 at
normal incidence and +3.54 at grazing incidence.

As with reflection coefficients, the behavior of the three
other GHSs is complex, as it also depends on the voltage
applied to the LC cell and on the value of the ME constant
in the YIG film. Figure 5 shows the dependences of the
reduced diagonal GHS AX,,, (Fig. 5a) and the off-diagonal
GHS AX,,=AX,, (Fig. 5b for a=0 and 5c¢ for a=a™'?)
upon the incidence angle 6 of the light beam and the
applied voltage. Symbols in the insets correspond to some
of the local maxima of the shift and thus coincide with
identical symbols in the insets of Fig. 3, at angular posi-
tions and applied voltages where the reflection coefficients
exhibit fast variations. As follows from (7), the variations
of the GHS can be related to those of the reflection coef-
ficients. In particular, rapid changes (with respect to the
incidence angle, hence to k, = Ikl sin 6) of the modulus and/
or the phase of a reflection coefficient yield large values of
the corresponding GHS in the same angular vicinity (com-
pare for instance identical symbols in the insets of Figs. 3a,
5a). Note that the second term in (7) becomes negligible for
large values of the beam waist wy, in which case the expres-
sion of the GHS reduces to that first derived by Artmann
[2].

It can be noted that the largest values of the diagonal
GHS AX,, coincide with relatively large values of the

@ Springer
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Fig. 5 Evolution of the GHS with incidence angle 6 and applied
voltage: a AX,,, for any value of the ME constant a; b AX, for a=0;
¢ AX,, for a=aY'9, Insets show the corresponding GHS for near-
threshold values of the applied voltage. The black dotted lines denote
the threshold voltage V=1 V. Symbols (e, X, *) denote points of
comparison between GHS in this figure and reflection coefficients in
Fig. 3

corresponding reflection coefficient R ,,. This is strikingly
different from what was recently reported about simi-
lar multilayered systems [13, 27], in which large values
of the beam shift coincided with minima of reflectivity.
Even lower values of the GHS can be obtained for rela-
tively large reflectivities. For example, for V<V, a posi-
tive maximum of AX,, of about+ 154, appears around
6~ 34° and corresponds to IR,| ~ 0.2 (see Figs. 3a, 5a).
Increasing the voltage above threshold at the same inci-
dence angle allows to significantly reduce the value of
the GHS down to approximately 4+ 81, while keeping high
values of IR, | up to 0.8. Moreover, at large incidence
angles (60> 70°), the application of the voltage can induce
sign reversals of the GHS which varies in this region
between +204, and —304,, again with significant values
of the reflectivity. These sign reversals can be attributed
in particular to voltage-dependent changes of the per-
mittivity tensor elements of the LC and thus to varying
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conditions for constructive and destructive interference
between the waves propagating in the system.

In contrast to the diagonal GHS, the off-diagonal AXPX
does not exceed a few A), whether the ME interaction in
YIG can be neglected (Fig. 5b) or not (Fig. 5c). Unlike
AXM,, however, it can exhibit sign reversal over large
domains of € when the applied voltage increases. For
instance, in the case of a strong ME coupling in the YIG
layer, AX,; can change from a negative maximum of about
—2.54¢ around 6= 55° in the sub-threshold regime (V<V,;)
to a positive maximum of about +24, above threshold
voltage (see symbols e and * in the inset of Fig. 5c¢). In
this case, maximal positive values of AX, correspond to
maximal values of IR, (compare e and * in the insets of
Figs. 3¢, 5c¢) and maximal negative values of AX, coin-
cide with local minima of IR, | [compare X in the insets of
Figs. 3c, 5c]. A similar behavior can be observed over a
broad range of incidence angles. In comparison, for a negli-
gibly small ME coupling in the YIG layer, such a GHS sign
reversal is only possible around 8~ 25° [see symbols e and
X in insets of Figs. 3b, 5b].

Apart from an externally applied voltage, another pos-
sibility to alter the GHS is via the application of an exter-
nal magnetic field to reverse the saturation magnetization
in the YIG layer towards negative values of z. Our calcu-
lations show that, while such a reversal almost does not
affect the diagonal GHSs AX,,, and AX, it does lead to a
reversal of the sign of AX,,, but only in some limited inter-
vals of incidence angle and voltage. This stands in con-
trast to the behavior of a similar heterostructure, where a
ZnSe film acted as an electro-optic layer, and in which a
non-reciprocal sign change of the off-diagonal GHS could
be obtained in all ranges of incidence angle 6 and exter-
nally applied electric field [13]. Such a difference in behav-
ior can be attributed mostly to the more intricate variations
of the permittivity in the inhomogeneous LC cell than in
the homogeneous ZnSe film, which, along with the inter-
play between magneto-optic and ME coefficients, affect the
dependences of the reflectivity coefficients. However, as
detailed in Sect. 4, the absolute value of AXPS in this sys-
tem can nevertheless, for well-chosen incidence angle and
applied voltage, be enhanced by up to two orders of magni-
tude upon magnetization reversal.

In conclusion, our calculations show that the voltage-
dependent reflection matrix components R,, and R, = R,
have a significantly greater effect on the Goos—Hinchen
shift than voltage-independent reflection coefficient R, .

4 Scheme for a gas sensor

As mentioned in the introduction, there have been numer-
ous attempts at suggesting and implementing various sensors

whose operation is based on the detection of an optical beam
shift triggered by modifications of the local environment of
the device (pressure, temperature, etc.). Here, we propose
the principle of a gas sensor exploiting small but measurable
variations of the dielectric constant of air. Calculations above
were carried out assuming that the medium from which the
incident light beam comes is vacuum or, indeed, air, i.e., for
an upper medium permittivity equal to vacuum permittivity
g;- In the presence of vapors, the relative permittivity of air
has been shown to exhibit an absolute change of the order
of a few 107 [5, 7] that is large enough to induce detectable
variations of the longitudinal shift of an incoming light beam
upon reflection from the multilayered structure studied in this
paper.

Figure 6 illustrates the potential sensitivity of GHS meas-
urements as a tool for detecting slight changes in the rela-
tive permittivity of air £ due to the presence of chemical
vapors. The variation of the reduced diagonal GHS AX,,, is
presented as a function of the near-threshold applied voltage
for two values of ¢ for an angle of incidence of light of
70°. This variation is only measurable when AX,, reaches
its negative maximum around V=1.008 V. As shown in the
right inset of Fig. 6, the difference between the maximum
values of the GHS for @7 =1 (pure air, solid black line) and
@9=1.0005 (air mixed with a chemical vapor, dotted red
line) reaches up to 9/, (from about — 123/, for £“”=1 to
—132), for £®”=1.0005), which makes it easily measurable
in the near infra-red regime. The left inset of the figure shows
that this difference (an increase in absolute value) is almost
linear with the variation of £®”, The sensitivity of such a
technique can be defined as

d(AL

Il’l'dX)
T det@in ®)

-120

-120
a -60 -130 g
:EQ 22 125
-90 | -140 -130 S
1.0000 1.0005 1.0010 M
-120+ £ 1 J
0.995 1.000 1.005 1.010 1.015
Voltage (V)

Fig. 6 Reduced GHS AX,, vs applied voltage for two values of
the relative dielectric permittivity of air: e€®0=1 (solid black line)
and €99 =1.0005 (dotted red line). Here, d; = 3 pm, = 70°, and
wo =30 pum. The right inset zooms on the region where AX,, reaches
its negative peak value. The left inset shows the quasi-linear change
of that peak value when @ varies from 1 to 1.0005
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where AL, is the absolute value of the measured GHS
peak amplitude. The average sensitivity in the conditions of
Fig. 6 is 1.8 10* um per unit of relative permittivity.

A similar impact of a change of the permittivity of air
can be observed for the off-diagonal GHS. However, the
direction of saturation magnetization M in the YIG film
strongly influences the sensitivity of the technique. Figure 7
shows the variation of the reduced off-diagonal GHS AX,
as a function of applied voltage in the same multilayer,
and for the same two values of ¢€®” and the same angle of
incidence of the incoming light beam as in Fig. 6. As seen
previously, however, the ME interaction plays an important
part in the variation of AXPS (here, the ME constant is taken
equal to @*¥'9). The GHS remains at least two orders of
magnitude smaller for M = +M Z (dashed blue line) than
for M = —M Z, where it reaches a large positive peak value
(about 704,) around V=1.273 V.

Moreover, while the beam shift is almost insensitive to
a change of ¢@" for M = +M.Z, it experiences a decrease
of about 0.6 4, for M = —M 2 when @ varies from 1
(pure air, solid black line) to £@”=1.0005 (air mixed
with a chemical vapor, dotted red line). Although measur-
able, such a variation remains less pronounced than that
observed with the diagonal GHS AX, . Accordingly, the
sensitivity of the technique when AX, is considered is
1.6x 10 um per unit of relative permittivity, one order of
magnitude smaller than that obtained for AX,,. However,
the sensitivity of the technique using the measurement of
AX),, could be greatly enhanced in a system including sev-
eral ME layers, for instance if the LC cell capped a multi-
layered photonic crystal consisting of repeated YIG-GGG
bilayers.

1.2

0.8
0.4
0.0

-04

1.2 1.3 14 15
Voltage (V)

Fig.7 Reduced GHS AX, vs applied voltage for two values of the
relative dielectric permittivity of air: €®”=1 (solid black line) and
£@0=1.0005 (dotted red line) when magnetization M = —M 2. The
dashed blue line shows AX,, for M = +MZ. Here, dic = 3 pm, 0 =
70°, and wy=30 pm. The inset shows the voltage domain for which
the GHS reaches its positive peak value in the former case
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5 Conclusions

We have investigated the longitudinal Goos—Hinchen
effect in a multilayered heterostructure consisting of a
nematic liquid-crystal cell sandwiched between trans-
parent electrodes and deposited on a magneto-electric/
non-magnetic bilayer. The polarization-dependent varia-
tions of the Goos—Hinchen shift experienced by an opti-
cal beam upon reflection on the upper surface of the sys-
tem have been studied as functions of both the dc electric
voltage applied to the cell and the direction of the mag-
netization in the magnetic layer.

Our calculations show that the Goos—Hénchen shift of
the reflected beam can be efficiently tuned via the exter-
nal voltage applied to the liquid-crystal cell to modify
the collective orientation of the molecules and thus their
dielectric permittivity tensor components. The spatial
inhomogeneity of the liquid crystal due to anchoring of
the molecules at the cell boundaries has been taken into
account. Its impact on the reflectivity of the structure and
the Goos—Hinchen shift of the reflected light beam has
been demonstrated for applied voltages slightly higher
than the threshold value above which liquid-crystal reori-
entation occurs. Moreover, the impact of a magnetiza-
tion reversal in the magneto-electric layer on the shift
has been shown to be noticeable, but only for the p (resp.,
s) component of the reflected beam produced by an s-
(resp., p-) polarized incident beam, and only in limited
domains of incidence angle and applied voltage.

The results obtained with the Goos—Hinchen shift
have led us to propose a scheme for a vapor detection
technique using the variations of the shift due to changes
of relative permittivity in the air surrounding the system.
For well-chosen values of the applied voltage, even tiny
vapor-induced variations of that permittivity can lead to
shifts of the order of several hundreds of wavelengths
for p-polarized reflected light produced by a p-polarized
incident beam. The estimated sensitivity of such a tech-
nique is 1.8 10* um per unit of relative permittivity. On
the other hand, the Goos—Hinchen shift of p-polarized
reflected light produced by s-polarized incident light (and
vice versa) can be enhanced up to several tens of wave-
lengths by controlling the magnetization direction of
the magneto-electric film. In this case, the sensitivity of
the technique is about 1.6x 10° um per unit of relative
permittivity.
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