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Abstract

®

CrossMark

We propose a theoretical study of the influence of temperature on the state of polarization of a
near-infrared light beam reflected from or transmitted through a voltage-controlled nematic

liquid crystal (LC) cell deposited on a magnetic film. In both cases, the change in polarization
with respect to that of the incoming beam originates in the linear Kerr or Faraday effects taking
place in the magnetic layer, but the overall value of the polarization plane rotation depends on
the reflectivity and transmittivity of the whole heterostructure. Temperature manifests itself in all
layers of the structure through both thermal expansion and the thermo-optic effect when it varies
between room temperature and the temperature of nematic-isotropic phase transition in the LC.
The thermo-optic effect is strongest in the LC cell, where it is shown to induce noticeable

variations of the polarization plane rotation of both reflected and transmitted light beams in that
temperature range. Such temperature-dependent changes of the magneto-optical response can be
compensated for by adjusting the dc voltage applied to the LC. On the other hand, we show that

they may be exploited for sensitive temperature monitoring.

Keywords: functional materials, Kerr rotation, Faraday rotation, polarization plane rotation,

control of light polarization

(Some figures may appear in colour only in the online journal)

1. Introduction

The magneto-optical Kerr and Faraday effects were histori-
cally defined as the rotation of the polarization plane of a
linearly-polarized optical beam respectively reflected from
and transmitted through a magnetic material. More generally,
they refer to the modification, upon reflection or transmission,
of the state of polarization of a polarized electromagnetic
wave when it interacts with any magnetic medium or structure
including magnetic materials. These well-known effects are
widely used for a variety of applications, including the
investigation of the magnetic structure of thin magnetic films
and magnetic multilayers [1-3], such devices as circulators or

0031-8949/19/105006+-08$33.00

phase shifters [1], magnetic sensors [4], or even for chemical
detection [5, 6]. For most of these applications, it can be
useful to be able to control and enhance the Kerr or Faraday
angle using external excitations, which can be achieved by
including functional materials in the devices, i.e. materials
whose properties (in particular, their permittivity and per-
meability) can be adjusted under the influence of such exci-
tations. Recent studies of structures enabling tunable Kerr and
Faraday effects include the description of electro-optic
materials [7-10], magneto-photonic crystals [9—11], or plas-
monic structures [12]. On the other hand, temperature has
been shown to exert a potentially strong influence on the Kerr
and Faraday effects. This has been investigated, both

© 2019 IOP Publishing Ltd  Printed in the UK
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theoretically and numerically, in various materials and
structures, and over wide ranges of temperatures [13-22].

In this paper, we aim to investigate the control of the
temperature-dependent polarization plane rotation of a light
beam upon reflection from or transmission through a simul-
taneously magnetic and electro-optic heterostructure, with a
view to exploiting such a control for photonic devices (such
as phase rotators or isolators) or for sensors. Specifically, the
system under study is a heterostructure consisting of a
nematic cyano-4’-pentylbiphenyl (5CB) liquid crystal (LC)
cell deposited on an yttrium-iron garnet (YIG) magnetic film.
Here, the magneto-optical Kerr and Faraday effects take place
in the YIG film with uniform saturation magnetization +M,,.
The fine tuning of the overall polarization rotation of an
incident light beam is provided by the combination of that
film with the LC cell. Indeed, the optical responses of such a
heterostructure have been shown to be efficiently tuned with
the dc voltage applied to the LC cell [23-25]. Thermal effects
in the LC cell, however, must be accounted for, as they
introduce a strong dependence of the magneto-optical
response of the heterostructure on temperature variations. We
study this dependence in the range between room temperature
(20 °C) and the nematic-isotropic phase transition temperature
(35.1 °C) of the LC under study [23, 26]. In that temperature
range, the purely magneto-optical Kerr and Faraday rotations
are not expected to vary much in the YIG layer magnetized at
saturation. We show, however, that the temperature-induced
drift of the polarization plane rotation, as a result of the
intricate interaction of the light waves with the entire mag-
neto-optical and electro-optical heterostructure, can be
reduced or even annulled through a careful tuning of the
applied dc voltage. Conversely, we suggest that the depend-
ence of the polarization plane rotation upon thermal changes
could be put to use for temperature monitoring.

The paper is organized as follows. In section 1, we pre-
sent the geometry of the multilayered heterostructure and
describe the influence of temperature on the structural and
optical properties of its constituents, i.e. the LC cell, the
indium tin oxide (ITO) electrodes that surround it, and the
YIG film. In section 3, we discuss the results of our calcu-
lations. In particular, we compare the temperature-dependent
polarization plane rotations obtained with the magnetic YIG
film alone to those obtained when the electro-optic LC cell is
adjoined to it. We subsequently discuss the possibility, and a
potential application, of tuning, annulling, or enhancing these
effects with the voltage applied to the LC cell, before sum-
marizing our results in section 4.

2. System description and constitutive properties

2.1. Geometry of the system

The system consists of a bigyrotropic magnetic YIG film on
which a LC cell of nematic 5CB, sandwiched between two
thin ITO electrodes, is deposited (figure 1). The interfaces
separating the materials are parallel to the (xy) plane of a
Cartesian system of coordinates, and the lateral dimensions of

Figure 1. Schematic of the structure: LC cell between cladding
electrodes on a magnetic film. Eu(,lft) denote the components of the

incident (i), reflected (r) and transmitted (¢) optical electric fields
directed parallel (||) and perpendicular (L) to the (xz) plane along
which LC molecules rotate, ¢ is the tilt angle of the LC molecules,
and M is the saturation magnetization in the magnetic film.

the layers are supposed to be much larger than their thickness,
so that only the boundary conditions along the z-axis will be
considered.

Magnetic saturation is reached in the YIG layer, in such a
way that uniform and homogeneous magnetization M either
parallel or anti-parallel to the positive direction of the z-axis
(in the following, we will refer to the parallel and anti-parallel
polar configurations, respectively) is achieved. This magne-
tization can be reversed via the application of a static
magnetic field. Hence, M = MZ = +M,Z, where My, is the
magnitude of the magnetization vector at saturation. The
magnetization in YIG gives rise to the magneto-optical Kerr
and Faraday rotations which manifest themselves through the
polarization change of reflected and transmitted light,
respectively [1, 2].

In the LC cell, a dc voltage V applied between the
electrodes modifies the collective orientation of the ellipti-
cally shaped molecules parallel to the (xz) plane. This orien-
tation is characterized by the tilt angle ¢ of their long axis
with respect to the x-axis. Due to the anchoring of the
molecules at the interfaces of the LC cell, variations of the tilt
angle only take place when the dc voltage applied to the
electrodes exceeds a threshold value Vy, [27]. For V > Vy,
the molecules rotate non-uniformly within the cell, and the
variations of the tilt angle modify the components of the di-
electric permittivity tensor of the LC. Thus, the optical
response of the whole system can be controlled via the
externally applied voltage.

A light beam of near-infrared wavelength )\, impinges
the left-hand side of the structure under normal incidence,
which corresponds to the polar magneto-optical configuration
in terms of light interaction with the magnetic film [1]. The
anisotropy of the LC alignment parallel to the (xz) plane leads
us to consider the components of the optical fields parallel (||)
and perpendicular (L) to that plane. In the following, dis-
cussions of the polarization dependence of the optical
response of the system will refer to the conventional s and p
notations with respect to the (xz) plane thus considered as the
plane of incidence.
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In this paper, the dependence of the optical properties of
the system upon temperature variations is taken into con-
sideration. As a consequence, these variations must be
accounted for in all the layers of the system. Specifically, the
temperature dependence of the polarization plane rotation of
the reflected and transmitted light beams is investigated. It
manifests itself through (i) the thermal expansion of the layer
thicknesses, which modifies the geometry of the system and,
as a result, the optical path of the electromagnetic waves, and
(ii) the thermo-optic effect, which affects the refractive indi-
ces of its constituents. The range of variation of the temper-
ature T extends from room temperature Ty = 20 °C to the
temperature Ty = 35.1 °C at which the LC exhibits a phase
transition from the nematic to the isotropic phase. We assume
that the local temperature is the same in all the layers and is
equal to that of the air immediately surrounding the system.
Its variations are also slow enough to ensure that all changes
in thickness and permittivity experienced by the constituents
of the structure are quasistatic.

We take the nominal thicknesses of the layers at temp-
erature Ty to be di'® = 0.07 um, dy© = 2.2 um, and
d<YIG) = 3 um, and we denote L = d(LC) + 2d(ITO) + d(YIG)
the nominal thickness of the system. The variation of the
thickness with temperature 7 is characterized in each layer by
the thermal expansion coefficient n(k)(T) (where k = ITO,
LC, YIG) of the medium it is made of [23]. Within the
range [Ty, Tnil, the linear thermal expansion coefficients of
YIG and ITO are virtually constant and equal to n(YIG) =
1.04 x 10°K™" [28] and 7T = 10.2 x 107° K~! [29],
respectively. They are one to two orders of magnltude smaller
than that of 5SCB, which varies nonlinearly with temperature,
with n(LC) ~ (3-6) x10~* K [30]. As a consequence, the
influence on the optical path of the absolute variations of
d"™ and 49 within the [T}, Ty;] interval (approximately
4.5 A and 10 A, respectively) is negligible. In comparison, the
increase of " is about 10 nm and its influence cannot be
neglected [23].

2.2. Material parameters of the constituents

Calculations are performed for Ay = 1 yum. Both 5CB and
YIG are transparent at this wavelength, whereas the ITO
electrodes induce some losses. The latter are homogeneous
and isotropic. The complex relative permittivity tensor
elements of ITO are thus given by E;,ICTO) =
MO+ G[KITOPR) 6y, (j, k) € {x, y, z}*, where 1T is
the extinction coefficient of ITO and §; is the Kronecker
delta. The variation of real part 1T with temperature
(thermo-optic  effect) is characterized by a constant
thermo-optic ~ coefficient ~™™, with eITOAT) =
({0 4+ AITOAT)?, where n{™ = \[efT is the refrac-
tive index of the medium at nominal temperature 7. The
numerical values used in section 3 are E(ITO) 17057
£ = 0.0337 [28], and AT = 2.229 x 104K ' [31].
The nematic LC cell consists of inhomogeneously
aligned, uniaxial, rod-shaped molecules with real-valued
principal relative permittivities EgLC) and £§© = 6(3LC). The
collective alignment of the molecules is assumed to be

parallel to the (xz) plane (figure 1) and to depend on z only for
a given value of the applied voltage V. If the angle between
the major axis of the molecules and the x-axis is denoted
¢, the non-zero relative permittivity tensor elements of
the LC are then £%© = c{Ocos2 (V) + {Osin? ¢ (V),
sy(bc) = E(ZLC), (LC) = E(Lc)sm2¢>(V) + s(LC)cosng(V), and
eﬂéc) = ag;Q = (egLC) — ﬁLC))cos ¢(V)sin ¢(V). In the ab-
sence of applied voltage, the molecules of the LC tend to
spontaneously organize themselves parallel to the (xz) plane,
with a tilt angle ¢ assuming a value (called pre-tilt angle)
close to 0°. Provided the voltage V applied between the
electrodes increases to exceed a specific threshold value Vi,
(with V4 =~ 1V in 5CB), the LC molecules rotate non-uni-
formly (with respect to abscissa z) within the cell because of
their strong anchoring at each interface of the cell. In a large
fraction of the cell, away from its boundaries, the tilt angle
¢(z) remains close to its value in the center of the cell [27], all
the more so when V assumes large values. For V just above
the threshold voltage Vy,, however, the spatial distribution of
¢(2) is significantly non-uniform within the cell [23].

For T < Tn1, the dependence of the principal relative
permittivities of 5CB upon temperature variations is nonlinear
and can be approximated as 5§LC) = A + B{(AT, — T)V/? +
C/(AT — T) + D;(AT, — T)/?, i = (1, 3), where AT, =
Tag — T. The numerical values used in section 3 for the
empirical coefficients A;, B;, C;, D;, and 7 in 5CB can be
found in [26]. The relative magnetic permeabilities of both
ITO and LC are taken to be 1.

In the homogeneous magnetic film of cubic crystalline
symmetry, the anisotropy is due to the magnetization. The
magnetization vector being perpendicular to the surfaces of
the film, there is no in-plane anisotropy and the x- and y-
directions are equivalent. We take account of the bigyrotropic
nature of YIG in the near-infrared regime (i.e. the dependence
of its relative permittivity and permeability tensor elements
Ef.jYIG) and pEJYIG) on the local magnetization), as well as the
linear magneto-electric coupling in the film. The latter is ac-
counted for in the constitutive equations as follows: D{Y'® =

(YIG) E(YIG) + ab; H(YIG) and BV = o M(YIG) H(YIG) +

aé,jE_fYIG), where « is the linear magneto-electric constant of
YIG and ¢; is the Kronecker delta. The magneto-electric
interaction needs to be taken into account, as it has been
shown to noticeably modify the optical responses of magneto-
optical effects in similar systems, in particular in thin YIG
layers [7, 8, 11, 32]. In a first-order approximation, only the
off-diagonal elements of the permittivity and permeability
tensors depend on the local magnetization. In the polar
magneto-optical configuration and at saturation magnetiza-
tion, the tensor elements at room temperature are [1]:
E(jjs_{rG) = £{10) #]<]ch> _ ’u(YIG) G=x v, 2), E(YIG) _
_g(YIG) _ 'u(\;IG) _
and p," ™ are the crystallographic elements of these tensors at
room temperature, and m, = M /Mg, = +1. The temperature
dependence of the diagonal permittivity tensor element
of the magnetic film can be estimated as [23]:

E(YIG)(AT) ~ [n(YIG)(AT)]Z = /ngIG) + ’y(YIG)AT)Z, The

(YIG) _ (YIG)

ie’m, and My ip'm,, where ¢

YIG)
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Figure 2. System: the magnetic film alone. Evolution of the Kerr
angles " (red lines) and Faraday angles ¢ (blue lines) with
temperature for the magnetization vector in YIG film parallel (solid
lines) and anti-parallel (dashed lines) to the z-axis.

thermal variations of the off-diagonal permittivity elements,
as well as those of the permeability tensor elements, can be
neglected.

The numerical values used in section 3 for YIG are
g9 =5.0491 [33], pM"'Y =1, ¢/ =247 x 10* and
W =876 x 1075 [34], o =30psm ' [35], and 4D =
2.5 x 107* K" [36].

Within the temperature range considered in this study,
the relative increases of 1T and e¥'9) are approximately
0.5% and 0.3%, respectively. This can be shown to be large
enough to affect the optical response of the structure. How-
ever, the thermal dependence of the permittivity in the LC cell
is much larger, with a 33% relative increase of sﬁLC) (from 6.3
to 8.4) and a 20% relative decrease of ' (from 20.3 to
16.2) [23], which goes to show that the thermo-optic effect in
the LC cell is predominant.

2.3. Derivation of the polarization plane rotation angles

In such an anisotropic system, the Kerr and Faraday effects do
not simply result in a rotation of a plane of polarization of the
s and p components of the incident field. For each of these
components, magneto-optical and magneto-electric interac-
tions in the system lead in the most general case to an ellip-
tically polarized reflected or transmitted light. This is
obviously also the case for any incident combination of s and
p components, i.e. for any state of polarization of the inci-
dent beam.

The derivation of the polarization plane rotation angles is
achieved with the well-established transfer matrix formalism
[37] based on the resolution of Maxwell’s equations, taking
into account the constitutive equations of all materials. The
overall transfer matrix of the system is obtained through
the multiplication of interface matrices (derived from the
boundary conditions at each interface of the system) and
propagation (or dephasing) matrices in homogeneous layers.
In the case of the inhomogeneous LC cell, the propagation
matrix is derived by dividing the layer in thin sub-layers
where the orientation of the molecules is in first

approximation assumed to be uniform. It is then immediate to
derive the complex (2 x 2) reflection and transmission
matrices G and G of the heterostructure, whose four,
generally non-zero elements connect the amplitudes of the
reflected (at z = 07) and transmitted (at z = L") field com-
ponents to those of the incident wave (at z = 07) (figure 1):

E( = GUOED 4 GUIED,

E" = GUUEY + GUVED, (1)

where subscripts p and s refer to the p- and s-polarizations,
and superscripts (i), (r) and (f) denote the incident, reflected
and transmitted fields. The off-diagonal elements of the
matrices G and G* correspond to the cross-polarized
contribution to the reflection and transmission due to the
magneto-optical and magneto-electric properties of the
magnetic layer described by ¢’, i/ and «, respectively.

It remains convenient, however, to characterize and
quantify the polarization changes of the reflected and trans-
mitted light beams by using a set of two rotation angles,
respectively, that can be calculated in terms of the reflection
and transmission matrix elements, respectively, and defined
as [38]:

G®» Gy

tan 4)08) = —Re % , tan (p(;) = Re G‘(];) N (2a)
55 rp
G Gy

tan ) = Re[ ’();) , tan 4,05? = Re % . (2b)
sS pp

It should be noted that in the absence of the LC cell, cpgrl)j and

@i’; are pure Kerr and Faraday rotation angles. The presence
of the LC cell does not produce any Kerr or Faraday effect
since it is non-magnetic, nor does it induce any polarization
plane rotation to s- and p-polarized incoming beams, as these
are its polarization eigenstates. It does, however, influence the
overall polarization plane rotation of the light reflected from
and transmitted through the heterostructure via the inter-
ference of the beams bouncing back and forth between the
interfaces of the system. Nevertheless, we will hereon refer to
o ])7 and @2{3} as the Kerr and Faraday angles, as they originate
in the magneto-optical effects taking place in the YIG
magnetic layer.

The elements of the reflection and transmission matrices,
and thus the values of <p§f; and @2{2, are determined by the
elements of permittivity and permeability tensors of the sys-
tem constituents, as well as by the layer thicknesses. Thus
changes in polarization will depend on the voltage applied to
the LC cell, as well as on temperature through thermal
expansion and the thermo-optic effect.

3. Simulation results and discussion

3.1. Magnetic film alone

First we study the polarization plane rotation at normal inci-
dence for the sole magnetic film, i.e. when no LC cell is
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present in the system. Figure 2 shows the temperature
dependence of the Kerr and Faraday angles for two orienta-
tions of the magnetization vector in the film: parallel
(m, = +1) and anti-parallel (m, = —1) to the z-axis.

Note that at normal incidence, due to the absence of in-
plane anisotropy in the polar magneto-optical configuration,
there is no difference between the s- and p-polarizations.
In that case, G" = G and GJ;” = —G{", so that
(pg) _ @ir) = <,0(r) and (pg) _ (pit) = @(I).

As is expected in the polar magneto-optical configura-
tion, the Faraday angles ‘" change sign under the magne-
tization reversal and increase when the temperature increases
from T to Ty The Kerr angles ‘" have the same negative
sign for both directions of M and decrease in absolute value
in the same temperature range. However, for this sole
magnetic film, the rate of temperature-induced polarization
changes is only about 10~* °C™" for ¢'” and 2 x 107> °C™*
for . It should be noted that the sign change of the Faraday
angle ¢ upon magnetization reversal from the parallel to the
anti-parallel polar configuration is non-symmetrical, since

G (+M) = —G{) (~M), which is due to the magneto-
electric interaction in the film—whereas G\ (+M) =

ps.sp
fGI(,Q s»(—M) in the absence of that interaction, i.e. for v = 0.
Magnetization reversal results in an almost constant jump—
about 0.07°—of the value of the Kerr angle ‘" over
the whole temperature range. The corresponding jump of
the value of the Faraday angle ¢'”, although it slightly
increases in absolute value with temperature, also does not
exceed 0.07°.

In any case, for this system consisting of a sole magnetic
film, the only way to affect the value of the magneto-optical
effects at a given ambient temperature is to reverse the
saturation magnetization. This is not sufficient if an effective
tunability of these effects is to be achieved. In that perspec-
tive, at least one additional functional constituent needs to be
included in the system.

3.2. Combined LC cell and magnetic film

As previously stated, in what follows we will consider such
an additional constituent to be a voltage-controlled LC cell
deposited on top of the magnetic film. Its presence is meant to
result in both an overall increase of the Kerr and Faraday
angles and an increase of their dependence on temperature.
Additionally, the variation of the optical properties of the LC
with the dc voltage established between the electrodes pro-
vides a further means of control of the magneto-optical
responses of the heterostructure.

The addition of the anisotropic, heterogeneous LC cell,
however, makes these responses more complex than those of
the YIG film alone. In particular, due to the in-plane aniso-
tropy of the LC, neither the Kerr angle nor the Faraday angle
are any longer the same for s- and p-polarized light at normal
incidence. Note that this is true even for values of the applied
dc voltage V below the characteristic threshold voltage Vy;,. As
mentioned above, the molecules of the LC tend to organize
themselves parallel to the (xz) plane, and as soon as V > Vy,,

M1tz M1z
35
WY P [y S~ 0
30— — o0
s -1 P
Q i/ I
T B :/ / (deg)
5] B
% 20 II\I / \*: / -2
g | | i |'I".""'=—- HO
T 30 | | (1)
E E | -0.5 (,DS
25 [ e | e
L —
0 1 2 3 4 0 1 2 3 4
Voltage (V)

Figure 3. System: LC cell on magnetic film. Evolution of Kerr
angles <p(;) (top) and ¢ (bottom) with temperature and applied

voltage for a magnetization vector in the YIG film parallel (left
column) and anti-parallel (right column) to the z-axis. The vertical
black dashed lines denote the threshold voltage Vy,.

M11z

35 ;:"—' '*.
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Figure 4. System: LC cell on magnetic film. Evolution of Faraday
angles ¢ (top) and ¢ (bottom) with temperature and applied

voltage for a magnetization vector in the YIG film parallel (left
column) and anti-parallel (right column) to the z-axis. The vertical
black dashed lines denote the threshold voltage Vy,.

they rotate, still parallel to that plane, with a tilt angle ¢ with
respect to the x-axis increasing from the so-called pre-tilt
angle (close to 0°) towards the asymptotic value of 90°.
Consequently, the LC cell exhibits an in-plane anisotropy for
all values of V.

Figures 3 and 4 show the dependence of the Kerr and
Faraday angles, respectively, for both an s-polarized and a p-
polarized incident light beam, and for a magnetization vector
in the YIG film either parallel (left column) or anti-parallel
(right column) to the z-axis.



Phys. Scr. 94 (2019) 105006

Y S Dadoenkova et al

Figure 3 clearly shows the very different behaviour of
¢\ and 90(;) with respect to the temperature and the applied
voltage. If, as expected, neither of these angles depends on the
voltage below Vy,, it can also be seen that even at V = 0, the
variations of the Kerr angles do not reproduce the mono-
tonous dependence with temperature that was obtained with
the sole magnetic film (see figure 2), which can be related to
the different temperature dependences of the permittivity
tensor elements of the anisotropic LC (see section 2.2).

In the parallel polar configuration, the Kerr angles keep
negative values, as they did for the sole magnetic film. They
reach, however, substantially larger levels, up to 2° in abso-
lute value. Let us notice that for goﬁ’), these larger values are
limited to some temperature ranges (around 22.5°C and
33 °C) and do not change much with the applied voltage. For
@Z), in contrast, similar larger negative values can be reached
at all temperatures, but only within specific and narrow
domains of the applied voltage.

Upon magnetization reversal in the YIG film from the
parallel to the anti-parallel polar configuration, the variations
of both Kerr angles do not change qualitatively (their negative
extrema, around —1.5°, are reached within the same domains
of temperature and applied voltage as in the parallel config-
uration), but overall their absolute values are reduced. They
can even assume positive values in temperature and voltage
domains where they were near-zero in the parallel polar
configuration. The positive maxima, however, do not
exceed 0.5°.

Some of the same observations can be made for the
Faraday angles (figure 4), in particular the fact that their
variation with temperature with no voltage applied to the LC
cell (indeed, for all voltage values below threshold Vy,) is,
again, nonmonotonous, unlike what can be observed for the
sole YIG film. Similarly, the variations of goi’) and (pg) with
temperature and applied voltage are markedly different.
However, differences with the behaviour of the Kerr angles
can also be noted. Indeed, as was the case for the sole
magnetic YIG film, the Faraday angles do not change sign
upon magnetization reversal. The latter only leads to a slight
increase of the absolute values of the rotation angles, which
can, depending on the temperature and voltage, be positive as
well as negative. Overall, however, the extrema of ¢\ and (pg)
in the presence of the LC cell do not exceed 0.4° in absolute
value—an increase rate, as compared to the case of the sole
magnetic film, 5 times smaller than for the Kerr angles.

For both Kerr and Faraday rotations, as was hoped for,
the inclusion of the LC cell to the system brings a versatility
that allows one to tune the values of the rotation angles for s-
as well as for p-polarized incident light. These values can be
annulled or, indeed, increased, by playing on the dc voltage
applied to the LC cell as well as on the direction of the
saturation magnetization in the YIG film. It must be noted,
however, that larger rotation angles can be achieved for the
Kerr rotation than for the Faraday rotation.

It can be of particular interest to study in more detail the
variations of the Kerr and Faraday angles in the near-
threshold domain of dc voltage V, if only because it would be
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Figure 5. System: LC cell on magnetic film. Cross-sections of
figures 3 and 4 at T = 20 °C in the vicinity of Vy,: (a) Kerr angles
and (b) Faraday angles for p-polarized (red lines) and s-polarized
(blue lines) incident light. The coloured solid and dashed lines
correspond to the parallel and anti-parallel polar configurations for
the magnetization vector in the YIG film, respectively. The vertical
black dashed lines denote the threshold voltage V.

desirable that any potential application of the measurement of
those angles should require as low an externally applied
voltage as possible. The domain just above the voltage
threshold (say, up to 1.5V) is also interesting because the
variations of the magneto-optical rotation angles can be par-
ticularly drastic in that region. In other words, and keeping in
mind potential applications to temperature sensing, the sen-
sitivity of these angles to temperature shifts and to a control
through the applied voltage is high in the near-threshold
region.

Let us first notice that unlike what may appear at first
glance in some of the panels of figures 3 and 4, there is
obviously no discontinuity in the calculated Kerr and Faraday
angles when V crosses its threshold value Vy,. This is clearly
visible in figure 5, where the variations of these four angles
have been plotted between V = 0.95V (i.e. just below Vy,)
and V=15V, at T=20°C and in the parallel and anti-
parallel polar configuration of magnetization in the YIG film.

Figure 5 illustrates the typical complex and fast changes
that Kerr and Faraday rotation angles experience in this sys-
tem when the voltage applied to the LC cell increases just
above Vy, and the following comments remain for the most



Phys. Scr. 94 (2019) 105006

Y S Dadoenkova et al

part valid when temperatures increases from 7T, to Ty For
both Kerr and Faraday rotations, larger absolute values are
obtained for maxima of the rotation angles when the incident
beam is p-polarized than when it is s-polarized, which makes
the former configuration more interesting. In both cases as
well, a reversal of magnetization in the YIG film from the
parallel to the anti-parallel configuration slightly increases the
absolute value of the rotation angle maxima. Their positions
(in terms of applied voltage) only slightly change towards
larger values of V, more so for the Faraday than for the Kerr
rotation. As could already be seen in figures 3 and 4, the
maximal absolute values reached by the Kerr angle are sig-
nificantly larger (some five times larger at 20 °C and for a p-
polarized incident beam) than those reached by the Faraday
angle. However, it should be noted that for p-polarized inci-
dent light the maxima, in absolute value, of the Kerr angle
correspond to near-zero minima of the reflection coefficients
G[(,;) and G (thus to minima of the reflected beam intensity)
whereas those of the Faraday angle coincide with maxima of
the corresponding transmission coefficients G[(,;) and G”, and
of the transmitted beam intensity. Consequently, for all
intents and purposes, the Faraday rotation is better suited than
the Kerr rotation to a voltage control of the magneto-optical
response of the structure. This conclusion is reinforced by the
fact that the absolute maxima of the Kerr angles manifest
themselves as a set of much narrower peaks (figure 5(a)) than
those leading to absolute maxima of the Faraday angles
(figure 5(b)), which means that reaching the former necessi-
tates a much more precise control of the applied voltage.

Furthermore, for any practical application of the Faraday
rotation, the relevant parameter is the rotation angle per unit
of thickness of the magnetic medium. The simulation results
shown in figure 2, where the system under study is the sole
thin YIG layer, put this parameter at about 120° cm ™', which
is of the same order of magnitude as measurements carried
out with thicker YIG slabs at similar temperatures [39, 40].
As has been observed in figures 4 and 5, the addition of the
voltage-controlled LC cell to the YIG film can lead to a
signicant enhancement of the Faraday rotation by a factor of
approximately 15 for the range of temperatures and applied
voltages considered in this study.

However, as could be seen in figures 3 and 4, if adjoining
the LC cell to the magnetic YIG film does indeed allow
significantly larger and tunable values of the magneto-optical
Kerr and Faraday angles, it also introduces a strong and
complex sensitivity of those responses to even small temp-
erature changes—much stronger and, above all, much more
complex than in the magnetic film alone (see figure 2). As a
consequence, using this structure as a way to enhance and
control the magneto-optical responses of the magnetic film
requires drifts in temperature to be taken into account, if not
controlled, let alone avoided.

On the other hand, contrary to the YIG film alone, this
structure provides a way to compensate for those drifts, and
for the dramatic changes in magneto-optical responses they
induce, by tuning the voltage applied to the LC cell. This can
be seen in figure 6, where isovalued contours obtained from
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Figure 6. System: LC cell on magnetic film. Isovalued contours of
the Faraday angle obtained for p-polarized incident light and in the
anti-parallel polar configuration of magnetization in the YIG film:

for gog) = —0.3° (blue lines), 99(;) = 0 (green lines), and 4,0(;) + 0.3°

(red lines).

the top right hand side panel of figure 4 display the depend-
ence of the Faraday angle @52) in the anti-parallel polar
magnetization configuration of the YIG film (i.e. for a choice
of magneto-optical response, incident state of polarization and
magnetic configuration best suited to potential practical
applications, as we concluded in our discussion of figure 5)
for three values of that angle (¢! = —0.3°, 0° and +0.3°).
Similar plots are readily obtained for any other value of ¢,
as well as if the magneto-optical response of interest is gpg) or
Kerr angles goﬁ” and <p(p’).

These contours show that for any application aiming to
exploit the ability to use the control of the magneto-optical
response of the heterostructure provided by the dc voltage V
applied to the LC cell, drifts of the setpoint (here, the Faraday
or Kerr angle the user wishes to obtain) resulting from
temperature drifts can indeed be corrected with a slight
adjustment of V.

4. Conclusions

In this paper, we have developed a theoretical study of the
influence of temperature on the polarization rotations of a
near-infrared beam impinging, under normal incidence, on a
voltage-controlled nematic LC cell deposited on a magnetic
YIG film magnetized at saturation in the polar magneto-optic
configuration. The influence of temperature has been con-
sidered in terms of both the thermal expansion of the layers
constituting the system and the thermo-optic effect respon-
sible for thermally driven changes in the permittivity tensor
components of its constituents, with temperatures ranging
from room temperature (20 °C) to the nematic-isotropic phase
transition temperature (35.1 °C) of the LC.

The results of our modelization show that the combina-
tion of temperature changes and limited variations of the
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voltage applied to the LC cell can lead to a noticeable
enhancement of polarization plane rotation angles of both
reflected and transmitted light. On the other hand, this com-
bined sensitivity can be used in order to maintain the mag-
neto-optical response of the magnetic film when temperature
varies by tuning the applied voltage. Furthermore, our results
suggest the feasibility of using the magneto-optical response
(in particular the Faraday rotation) as a way to design a
sensitive temperature monitoring device.
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