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Abstract
We present a theoretical study of the influence of the misfit strain on the transverse magneto-
optic Kerr effect (TMOKE) and the transverse shift (Imbert—Fedorov effect) experienced by a
light beam reflected from the surface of a magnetic/non-magnetic bilayer. The bilayer consists
of a magnetic, gyrotropic yttrium-iron garnet film epitaxially grown on a non-magnetic dielectric
gadolinium-gallium garnet slab. We use Green’s function method to calculate the reflection
matrix in the presence of strain. It is shown that the mechanical strain present in the vicinity of
the geometrical interface between the constituents of the bilayer can induce a non-negligible
contribution to the TMOKE and the Imbert—Fedorov shift (IFS) for incidence angles close to
those satisfying the half-wave condition for both layers, at which neither the TMOKE nor the
transverse shift would appear in the absence of strain. We analyze the dependence of the IFS on
the state of polarization of the incident beam, the thickness of both layers, and the direction of
magnetization in the magnetic layer.

Keywords: beam shifts, Imbert-Fedorov effect, misfit strain, transverse magneto-optic Kerr
effect

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

1. Introduction

It is well known that upon reflection of a finite-size light beam
from a planar surface the reflected beam can be shifted par-
allel and/or perpendicular to the incidence plane as compared
to the predictions of geometric optics. The lateral shift of a
reflected beam, parallel to the incidence plane, was observed
experimentally for the first time in 1947 by Goos and Hin-
chen in the case of the total internal reflection at the interface
between two dielectric media [1]. A beam shift perpendicular

2040-8978/17,/015610+-10$33.00

to the incidence plane, or transverse shift, was theoretically
predicted by Fedorov in 1955 [2] and observed by Imbert in
1972 [3]. Since then, numerous theoretical and experimental
works have been devoted to both Goos—Hénchen and Imbert—
Fedorov effects, not only for total internal reflection of light
[4], but also for partial reflection and transmission [5-8].
Beyond their fundamental interest, the Goos—Hinchen shift
(GHS) and Imbert-Fedorov shift (IFS) of beams of different
shapes [9] upon the reflection from, or the transmission
through, virtually any type of surface, including in dielectric

© 2016 IOP Publishing Ltd  Printed in the UK
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[10], metallic [11], electro-optic [12, 13] or magneto-optic
(MO) materials [14, 15], graphene [16], superconducting [17]
and photonic crystals [18, 19], at the interface of dielectric
and topological insulator [20], or in an anisotropic chiral
medium [21], have become relevant to many technological
domains [4].

A few recent examples of the many applications of the
Goos—Hinchen and Imbert-Fedorov effects include the study
of GHS and IFS at a surface coated with a single layer of
graphene [22]; the investigation of surface plasmon resonance
on the GHS and IFS upon reflection of terahertz waves is
investigated in [16], where it is predicted that giant IFSs could
be obtained and controlled with a voltage applied to a gra-
phene-based metamaterial; the use of the IFS as a very sen-
sitive way of determining the weak value of the polarization
of a light beam upon propagation [7]; the thermal control of
the Goos—Hinchen and Imbert-Fedorov effects in a prism-
waveguide coupling system [23, 24]; the theoretical study of
the IFS upon reflection of massless fermions in Weyl semi-
metals as a consequence of the wave-particle duality of such
particles [25]; the control of the IFS via pump and driving
fields [26]; or the spatial and angular IFSs at an air-magne-
toplasma interface [27].

Upon reflection from an optical system, both the long-
itudinal and the transverse shifts depend on the properties of
the incoming beam, i.e., its wavelength, beam waist, state of
polarization and incidence angle. On the other hand, the
material parameters of the optical system and the physical
properties of its interfaces also affect the beam shifts. In
particular, it is well known that the crystalline lattice misfit
between neighboring materials produces elastic strain in the
vicinity of interfaces in stratified structures [28, 29]. In turn,
elastic strain gives rise to crystalline deformations near
interfaces, which modifies the refractive indices via the pho-
toelastic interaction and results in changes in the reflectivity
and transmittivity of the optical system [30-34]. We recently
investigated theoretically the GHS upon the reflection of light
from the upper surface of a strained bilayer consisting of a
magnetic slab of yttrium-iron garnet (YIG) epitaxially grown
on a non-magnetic slab of gadolinium-gallium garnet (GGG)
[35] in the transverse MO Kerr effect (TMOKE) geometry
[36]. TMOKE results in a change of the intensity of light
reflected from a magnetic material upon magnetization
reversal and is thus widely used for the investigation of the
magnetic properties of media, and can be applied to MO data
storage [36]. The influence of misfit strain on TMOKE has
been investigated experimentally [37, 38], but theoretical
models have not been proposed so far. Similarly, it has been
demonstrated that the magnitude of magneto-optical aniso-
tropy in epitaxial hcp Co films is directly correlated with
epitaxial strain [39]. It has also been shown that by inducing a
pseudomagnetic field in graphene with the help of an applied
strain field, one can achieve Faraday and Kerr rotation angles
of m/8 and m/4, respectively, for suitable terahertz waves
[40]. Furthermore, in [35] strain has been shown to induce
noticeable GHSs at incidence angles satisfying the half-wave
condition for both layers, where no shift would be observed
otherwise.

Figure 1. Geometry of the system: a magnetic film (thickness D) is
epitaxially grown on a non-magnetic slab (thickness D,). The

thicknesses of the pseudomorphic regions on each side of the film/
slab interface are 4" and h®. The magnetization M in the film is
parallel to the y-axis. The s- and p-components of the incident (i) and
reflected (r) electric fields of light are denoted Ex(’p . The GHS (in

the incidence plane) is AL, and the IFS (perpendicular to the
incidence plane) is AT.

Thus, misfit strain can be expected to affect both
TMOKE and the IFS in similar conditions. In this paper, we
focus on a study of these effects upon reflection of light beam
from the same structure as in [35], with a similar approach
based on the Green’s functions method. In section 2 we
describe the geometry of the system and provide a succinct
analysis of the contribution of elastic strain to the permittivity
tensors of the materials on each side of the geometrical
interface. In section 3, we show the results of numerical
simulations of TMOKE and IFS in the aforementioned YIG/
GGG bilayer, and discuss in particular the influence of elastic
strain near their common geometrical interface, of the mag-
netization in the magnetic film, and of the thicknesses of the
layers on the transverse shift. Finally we compare the influ-
ence of misfit strain on the GHS and IFS. In Conclusion we
summarize our results.

2. Description of the system

Let us consider a monochromatic polarized wavepacket of
angular frequency w impinging in vacuum and under oblique
incidence angle 6 the upper surface of a bilayered structure
consisting of a thin magnetic film of YIG (henceforth iden-
tified by index o = 1) of thickness D, epitaxially grown on a
non-magnetic dielectric GGG slab (o = 2) of thickness D5, as
illustrated in figure 1. The geometric interface between the
materials is parallel to the (xy) plane of a Cartesian system of
coordinates, and (xz) is the incidence plane. The incident and
reflected waves (denoted with superscripts (i) and (7),
respectively) are elliptically polarized and can be decomposed
into s- and p-components of electric field strengths Esf’;;,’). We
investigate the transverse MO configuration, in which the
YIG film is magnetized along the y-axis, i.e., M = +My ¥,
where My is the saturation magnetization, and can thus give
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rise to TMOKE. The direction of magnetization can be
reversed through the application of an external magnetic field.

The crystals of YIG and GGG have similar cubic crystal
lattices and can easily be grown on top of each other, as their
lattice constants a; and a,, respectively, only slightly differ
(a; = 1.2376 nm and a, = 1.2400 nm [41]). However, the
lattice mismatch is enough to induce strain in the vicinity of
their common interface. On each side of that interface, in a
pseudomorphic region delimited with dotted lines in figure 1,
the mechanical strain is homogeneous. The thicknesses of the
pseudomorphic regions (called critical thicknesses) are
denoted 4, and h®. When D; > h ", so-called edge dis-
locations [29], indicated by symbols ‘L’ in figure 1, appear
above that region in the magnetic film, where they tend to
compensate for misfit strain and minimize the total mechan-
ical strain energy during epitaxial growth.

The modification of the relative permittivity tensor of the
material due to strain on each side of the geometric interface
can be written as:

a=(l, 2),

(1
where 20 is the dielectric permittivity tensor of the strain-
free material, and the second term § £(®) describes the strain-
induced contribution to its permittivity, where u,ﬁla) and pi;,‘:l)
are the elements of the strain tensor and the linear photo-
elastic tensor of the material, respectively, and can be found
in our recent paper [35].

In first approximation, the strain-dependent contributions
to the permittivity tensors in each of the four regions of the
bilayer are given by:

2y (@
1—v@ )l

6l () =06 (2) = u (2)
(@)

20) — 2(@0) 4 sp@) — 20 4 pij(.,‘jl') u,ﬁ,“'),

" |:pl(la) +p5” (1 -
() o () (@)
e’ (2) =u' (Z)[2p12“ -y 1, @

where the usual reduced matrix symbols for the representation
of higher-rank tensors are used, i.e., 1 = 11, 2 = 22. In the
pseudomorphic layer, strain is homogeneous, while in the
regions of the bilayer further away from the interface, misfit
dislocations in the film lead to a gradual reduction of the
strain. This can be estimated to result in an exponential
decrease of the strain tensor elements (whose contribution to
the strain-dependent permittivity in equation (2) is given by
functions #(® (7)) with an increasing distance from the dis-
location pileup plane [35, 42].

In the transverse MO configuration and in a linear MO
approximation, the dielectric permittivity tensor of the
unstrained magnetic slab writes

& 0 — lf; nty,
e =1 0 g 0 , 3)
lf; my, 0 &l

where time dependence of the fields is taken as exp(-iwr), f, is
the gyroelectric coefficient of the magnetic film and

m, = M,/Ms is its reduced magnetization [36]. The permit-
ti\}ity of the non-magnetic slab can simply be written as
esz‘o) = &0;. Furthermore, we also neglect a potential
magnetic gyrotropy of the magnetic slab, i.e., a dependence of
its permeability upon magnetization. In the near-infrared
domain, the permeability of both materials can be taken as
that of the vacuum.

Taking strain-dependent perturbations of the permittivity
(equation (2)) into account, the wave equation in the inho-
mogeneous structure can be written as:

grad(divE) — AE — ki eOFE = ki 62(2) E, 4)

and its solutions can be obtained using the Green’s functions
approach, as described in detail in [35].

Given the O;, symmetry of both YIG and GGG crystals
and the choice of a transverse MO configuration in the
magnetic layer, the s- and p-states of polarization are eigen-
modes of the structure. Solving equation (4) and accounting
for the boundary conditions, one can connect the complex
amplitudes of the s- and p-components E Sf’p) of the reflected

field to those of the incident field E _Y(’i[), as:

(R O
I N
where the complex reflection coefficients R, and R, of the s-

and p-components of the electromagnetic radiation can be
written as:

E®

p )

Rep = RO + REY (6)

sp 2

i.e., as the sum of the reflection coefficients D‘i((i)p of the
unstrained structure and strain-induced first-order corrections
SRES‘;,') Thus, as follows from equations (2)—(4), misfit strain
modifies the reflection coefficients via the photo-elastic cor-
rections it induces in the dielectric permittivity tensors of the
materials constituting the bilayer.

As a result, misfit strain exerts an influence on both the
TMOKE and the transverse shift experienced by the reflected
beam. Indeed, the reflection matrix is sufficient to define and
calculate both the relative change of reflected light intensity
I§’; (my) ~ | R,,(m,)|* upon magnetization reversal char-
acteristic of TMOKE and the IFS experienced by the beam.
For each eigenmode, TMOKE is characterized by [36]:

1(")(}/}1y = +1) — I(r)(my = —1)
I(’)(myZO)

OTMOKE = , (7
and is thus directly related to the strain-modified reflection
coefficients. So is the transverse IFS. As a rule, when a
monochromatic Gaussian wavepacket of elliptical polariza-
tion impinges on the uppermost surface of an optical struc-
ture, its reflection undergoes a non-negligible lateral GHS in
the plane of incidence (in our case, along the x-axis) and
transverse IFS perpendicular to the plane of incidence (i.e.,
along the y-axis), denoted AL and AT, respectively, in
figure 1. The GHS in the structure under consideration was
investigated in detail in [35]. For a Gaussian beam, the IFS
can be deduced from the complex reflection coefficients R;
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and R, as [6]:

a,a, cot 0
T=— L ——[(R; + R7)sin 6
ko (R, aq + R, ap)

+ 2R, Ry sin(6 + ¥y — ¥p)1, (8)

where R, ; = R, ;exp (i1, ), and a, ; € R and ¢ are related
to the normalized electric field (or Jones vector) of the inci-
dent beam defined as e =a,X + a;exp(id)y, with
al,2 + a? = 1. Note that equation (8) is not valid at normal
incidence (where the value of the IFS diverges towards infi-
nity), where the notions of s and p polarizations, as well as the
distinction between GHS in the plane of incidence and IFS
perpendicular to that plane, become irrelevant.

As evidenced by equations (7)—(8), strain-induced
changes of %R; , are thus bound to exert an influence on both
6rmoke and AT, as will be demonstrated in the next section.

3. Numerical results and discussion

In this section, we illustrate the theoretical calculations
detailed above using the parameters for YIG and GGG
gathered in table 1 of [35]. At the chosen near-infrared
wavelength Ay = 1.15 pum, absorption in both materials can
be neglected. Unless otherwise specified, all calculations are
performed for magnetization in the magnetic film saturated in
the positive direction parallel to the y-axis, i.e., for m, = +1.

As in our previous study [35], the thicknesses of the YIG
and GGG layers are taken as integer multiples of d; and d,,
respectively defined so that both layers are of equal half-wave
optical thickness [43]:

d] \/61 — Sil’l2 HHW = dzx/é‘z — Sil’l2 HHW = )\0/2, (9)

where 6w is the incidence angle satisfying the half-wave
condition. This choice is made in order to emphasize the
effect of strain for incidence conditions where reflection and
spatial shift are nearly zero in an unstrained structure. In the
following, calculations are performed for the incidence angle
satisfying the half-wave condition at fyw = 10° with
d; = 0.270 ym and d, = 0.298 pm.

An estimate of the critical thickness of the pseudo-
morphic layer in each material is 2" ~ h® ~ 0.1 pum [35].

3.1. Influence of strain on reflection coefficients and TMOKE

In this subsection, the influence of strain and magnetization
reversal on the reflections coefficients of the eigenmodes and
on TMOKE is studied.

The angular variations of the moduli R, and R, of com-
plex reflection coefficients R, and R, in the vicinity of Oy
are presented in figure 2(a). The reflection coefficients R 3(012 of
the unstrained structure (solid lines) are compared to its
reflection coefficients R, (dashed lines) when strain at the
YIG/GGG interface is taken into account. In the unstrained
system, both R (¥ and R 1(,0) turn to zero at precisely Ogw. The
minima of R, and R, in the presence of strain are no longer
zero, slightly differ from each other, and their angular

positions are shifted with respect to fyw towards larger
(respectively, smaller) angles for R (respectively, R,). This
reflects the anisotropy of the strained system, where R; is
related to the component of the incoming optical field along
the y-axis (thus, parallel to the interfaces), while the behavior
of R, is affected by the inhomogeneity of the structure along
the z-axis. Similarly, while R ¥ and R ](,0) are almost equal in
the vicinity of Oy, strain lifts that degeneracy, with R; > R,
below a crossing point at § ~ fyw and R; < R, above that
point. These features will help understand the variations of the
IFS around Oyw in section 3.2.

The effect of a magnetization reversal in the YIG film is
shown in figure 2(b). As the magnetic gyrotropy of the YIG
layer was neglected, drmoxg assumes non-zero values for p-
polarized light only, as only R, depends on the off-diagonal
elements of the permittivity tensor of the magnetic medium
(see equation (3)). Figure 2(b) compares the angular
dependence of drvokr for a linearly p-polarized incident
beam when strain at the YIG/GGG interface is neglected
(blue solid line) and when it is taken into account (red dashed
line). A peak of TMOKE parameter é1yoxg can be observed
in both cases near § = 0g = 63.75°. This angle corresponds
to the pseudo-Brewster condition for the bilayer, i.e., the
angle at which the reflectivity of the bilayer reaches a near-
zero minimum for p-polarized light. As can be seen from
figure 2(b), strain only induces a slight increase and nar-
rowing of that peak. More noticeable is the appearance of a
very narrow peak of dpnoxg in the vicinity of the half-wave
angle Ayw = 10°, where the TMOKE parameter is almost
zero when no strain is present in the system. With strain,
dtmokEe experiences a rapid change of sign at an angle close
to Ourw, where 1(’)(my =+1)= 1(’)(my =
1) = I(’)(my = 0), which means that at that angle, the strain-
induced contribution to TMOKE is compensated by its
magnetization-dependent contribution. In any case, both
TMOKE peaks correspond to small values of the reflectivity.
It should be noted, however, that the typical experimental
sensitivity of TMOKE measurements (~10_3) allows the
detection of such variations of drvoxe [44].

For incident states of polarization other than the linear p-
polarized state, TMOKE does not produce any effect in first
approximation, but a noticeable Imbert—Fedorov effect can
nevertheless take place. In the following, we concentrate on
the dependences of the IFS upon the incident state of polar-
ization, a reversal of the magnetization in the YIG layer, and
the thicknesses of the layers (while retaining the half-wave
condition).

3.2. Influence of light polarization on the strain-induced IFS

As is well known, an incident beam linearly polarized along
the s or p directions does not yield any transverse IFS. This
corresponds in equation (8) to a, = 0 and a, = 0, respec-
tively. In all other cases, the amplitude and sign of the shift
depend in an intricate way on the shape of the polarization
ellipse and its helicity.

In figure 3, we study the angular dependence of the
reduced IFS AY = AT/), for various ellipticities of the
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Figure 2. (a) Moduli of reflection coefficients R, and R, as functions of the incidence angle 6 in the vicinity of fyw (green and magenta
lines, respectively). (b) TMOKE parameter é1yokg as a function of 6 for a p-polarized incident wave. Solid and dashed lines refer to the

unstrained and strained systems, respectively.

with strain: ap:=1/2
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Figure 3. Reduced IFS amplitude AY = AT/ ), of the elliptically-polarized incident beam as a function of the angle of incidence 6 in the
vicinity of Ow (inset: at large 6) for (a) 6 = 7/2 and (b) 6 = 7/6. The dotted orange line represents the transverse shift without taking YIG/
GGG interfacial strain into account. The solid lines show the shift for different states of ellipticity of the incident light when strain is

accounted for. The shape and helicity of the incident polarization ellipse are indicated in the s and p system of axes for any given angle of

incidence.

incident state of polarization and in two cases of left-handed
elliptically-polarized incident beams: when the axes of the
incident ellipse of polarization are parallel to the s and p
directions (6 = 7/2, figure 3(a)) and when they are rotated
with respect to these directions (here for & = /6,
figure 3(b)). The shape of the polarization ellipse of the
incident beam and helicity are indicated as a visual aid to the
discussion of the simulation results. In each case, the dotted
orange line represents the transverse shift without YIG/GGG
interfacial strain, while the solid lines show its variations
when strain is taken into account for various states of ellip-
ticity of the incident light.

The impact of strain on the IFS appears to be significant
near fyw, where both s and p reflection coefficients 9”1‘(?;)
reach zero in the unstrained structure. As previously noted,
the near-zero minima of R, and R, appear at slightly different
angles near 6w due to the anisotropy of strain in the struc-
ture. For § = /2, the IFS exhibits a pronounced negative
peak (with an amplitude of several \y) around this incidence
angle when strain is taken into account (solid curves in
figure 3), whereas AY does not exceed about 1073 Ao when
strain is neglected (dotted line). Starting from the limiting
case of an s-polarized beam (a, = 0) for which AY =0, a
non-zero p-polarized contribution to the incident wave (i.e., a
non-zero value of a,) produces a peak of IFS. With an
increase of a,,, the position of that peak drifts towards smaller
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incidence angles and the peak values of AY increase (black,
red, blue and green lines in figure 3(a) for ap2 = 1/100, 1/3,
1/2, and 2/3, respectively) until the p-polarized fraction of
the incident light (in terms of intensity) reaches about 90%,
after which AY decreases (see for instance the magenta line in
figure 3(a) for ap2 = 99/100) towards zero when the other
limiting case of a p-polarized linear incident polarization is
reached (a; = 0). The position of the minimum of AY for a
circularly-polarized incident beam (blue line, ap2 =1/2)
corresponds to the angle at which R, = R, in figure 2(a). The
shift of that minimum towards smaller (respectively, larger)
incidence angles for a,,z = 2/3 (respectively, a],2 =1/3)
reflects the domination of either the p- or the s-component of
the incident field in each case (as illustrated by the corresp-
onding polarization ellipses) and thus can be related to the
respective angular positions of the minima of R, and R,
discussed in section 3.1.

The IFS also possesses a negative maximum (depending
on the shape of the incident polarization ellipse, it varies from
a few tenths of )y to a few )g) in a broad angular region
around the pseudo-Brewster angle fg where the reflectivity of
the sole p-polarized component approaches zero [35]. The
amplitude of the peak of AY increases in absolute value with
the fraction of p-polarized incoming light and reaches a
maximum for a, =1 (see solid lines in the inset of
figure 3(a)). It should be noted that, except in the vicinity of
Ouw, the impact of strain on the IFS is negligible, and the
dotted line coincides with the solid line for any given state of
incoming polarization.

It should be noted that, for any state of incident polar-
ization, the transverse IFS in the vicinity of fp is one order of
magnitude smaller than the corresponding lateral GHS [35].
Moreover, the lateral GHS AX = AL/ is caused by an
abrupt change of the phase of the reflected light, which takes
place in a much narrower region surrounding fg than the
decrease of R, that mostly governs the IFS near that angle of
incidence. Thus the peak of AY is broader than that of AX in
the same YIG/GGG bilayer [35]. Furthermore, the contrib-
ution of strain to the IFS around 6y lies within the range (10~
5. 10*3)/\0, which is between 1 and 3 orders of magnitude
less than its contribution to the GHS [35]. It must also be
noted that, contrary to the GHS, whose absolute value
increases when the incoming beam tends towards grazing
incidence, the IFS decreases down to zero at incidence angles
close to 90°.

The tendencies observed for 6 = 7/2 remain qualita-
tively true for § = /6. The position of the peak of IFS when
a,, increases follows the same behavior, but its value for
ap2 = 1/2 (blue line, with an equal weight of the s and p
components of the incident wave but no longer a circular
polarization) does not correspond anymore to the angle at
which R; = R, in figure 2(a). However, as mentioned earlier,
a rotation of the axes of the polarization ellipse (related to the
value of ) is likely to lead to significant quantitative changes
to the amplitude of the transverse shift and even to its sign.
This is illustrated in figure 3(b), where it can be seen that for
6 = /6 the reduced shift AY assumes positive values for
small incidence angles and changes sign in the vicinity of

Ouw- The negative peak amplitudes of AY for aP2 = 1/100
and 1/3 are larger in absolute value than those obtained for
6 = /2 (see black and red solid lines in figures 3(a) and (b)),
and the opposite observation can be made for ag =1/2,2/3,
and 99/100 (see blue, green, and magenta solid lines). A
more detailed study shows that the peak value of AY actually
reaches a maximum of more than 8 )y for a p-polarized
fraction of the incident light (in terms of intensity) of about
35%. The same tendency can be observed for the positive
peaks of AY (for § < fyw), whose value does not exceed
1.5 Ao

For a given ratio of p-component in the incident beam, its
state of polarization, i.e., the shape as well as the helicity of its
characteristic polarization ellipse, noticeably influence the
angular position, magnitude, and sign of the peak of IFS
around Oyy. This is illustrated in figure 4 where the angular
dependence of AY in the vicinity of §yw is shown for various
left-handed incident states of polarization, when the phase
difference ¢ between the p and s components verifies (I)
0<é6< /2 and (D) 7/2 < 6 < 7, and right-handed inci-
dent states of polarization, for (Ill) —7< § < —7/2 and (IV) —
/2 < 6<0. In all cases, a, = a, = 1/2. The results
gathered in figure 4 confirm the importance of both the
ellipticity (i.e., shape) and helicity of the polarization ellipse
on the IFS amplitude and sign. In the particular set of incident
states of polarization given by the condition
a,=a;,=1/ V2, one notices that for a given ellipticity,
reversing the helicity (i.e., replacing § with —§) induces a
non-reciprocal (in terms of the absolute value of the IFS
amplitude and angular position of the IFS peak) reversal of
sign of the shift, as attested by a comparison of quadrants (I)
and (IV), or (II) and (IIT). Moreover, a 90° rotation of the
polarization ellipse does not affect the sign of the IFS but
yields both an angular drift of the IFS peak (towards smaller
incidence angles) and a slight change of its amplitude, as can
be seen by comparing quadrants (I) and (II), or (II) and (IV).
Furthermore, such a 90° rotation of the ellipse (6 — 6§ + 7/2)
and an inversion of its helicity yields a reciprocal inversion of
the IFS peak (same angular position, inverted sign), as evi-
denced by a comparison between quadrants (I) and (III), or
@) and (IV), of figure 4. Finally, let us note that, as pre-
viously mentioned, incident light linearly polarized in a
direction other than the s and p axes, does yield an IFS, as
shown by the results obtained for 6 = 0 and 6 = 7 (black
lines), which correspond to an incident beam linearly polar-
ized at +45° from the s and p directions for any given angle
of incidence. Similar observations could be made for any
ration between a, and a,,.

3.8. Influence of a magnetization reversal on the strain-
induced IFS

The magnetic anisotropy in the magnetic film is also expected
to have an impact on the IFS experienced by incoming light.
In this subsection, the IFS is respectively denoted AY D and
AY“D when the magnetic film is magnetized to saturation
parallel (m, = +1) and antiparallel (m, = —1) to unit vector
3, and AY © when the film is demagnetized (my = 0).
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Figure 4. Reduced IFS amplitude AY = AT/ )\, as a function of the angle of incidence 6 in the vicinity of Oyw of an elliptically-polarized
incident beam (with a, = a, = 1/ J2) reflected from the strained structure for different values of the phase difference ¢ between the s and p

components of left-handed elliptically polarized light: (I) 0 < § < 7/2 and (II) 7/2 < 6 < 7; and of left-handed elliptically polarized light:
() -7 < 6 < -w/2 and (IV) —7/2 < § < 0. The shape and helicity of the incident polarization ellipse are indicated in the s and p system of

axes for any given angle of incidence.
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Figure 5. Evolution with a,,zof the absolute differences in reduced

IFS AY“" — AV (red line) and AY" — AY” (blue line). The
inset shows the relative difference (AYHY — AY<D) / AY?. Calcu-
lations are performed for 6 = 7/2 and at incidence angles (for each
value of apz) for which the corresponding IFS is maximal.

Figure 5 presents the dependence, as functions of a]%, of
the absolute reduced IFS differences AY " — AV (red
line) and AY"D — AY? (blue line). As is the case for the
amplitude and position of IFS peaks, the impact of magneti-
zation reversal on the IFS strongly depends on the state of
polarization of the incident beam. Here the axes of the
polarization ellipse are chosen to coincide with the s and p
directions (6 = m/2). For each value of a;, the angle of
incidence is that for which the values of AYFH), AYY and
AY? are all maximal (all three shifts reach their maximum at
the same angle of incidence, regardless of the magnetization,
and this angle is, as illustrated by figures 3 and 4, always in
the vicinity of 6 yw).

Upon magnetization reversal, the off-diagonal compo-
nents of the permittivity tensor (equation (3)) change sign,
which explains the opposite signs of the absolute differences
AYTD AV (red line) and AYTY — AY? (blue line). The
effect of the magnetization of the magnetic film on the IFS
difference is noticeable, but remains small and furthermore, it
is not reciprocal upon magnetization reversal, although the
general shape of both shift differences is the same. Between
the limiting cases of a linearly s- or p-polarized light (ap2 =0
and ap2 = 1, respectively) for which no IFS can be observed,
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Figure 6. Reduced IFS amplitude AY of circularly polarized incident
light as a function of the angle of incidence 6 in the vicinity of Oyw
for increasing values of the magnetic YIG film thickness D,. Here
the GGG slab thickness is set to D, = 4 X d,. The inset shows the
corresponding angular evolution of reflectivities Ry and R, in

each case.

figure 5 shows that the amount of p-polarized light in the
incident beam governs the impact of a magnetization reversal
on the amplitude of the IFS. As previously stated, this stems
from the fact that when the magnetic gyrotropy of the YIG
film is neglected, only R, depends on m,. With this choice of
incoming polarization, the IFS is negative for all values of
magnetization. However, magnetizing the film parallel to y
(my, = +1) results in a slight increase of IFS in absolute value
(up to approximately 5% of of );), while magnetizing it
antiparallel to y (m, =-1) induces a somewhat larger
reduction of IFS in absolute value (up to 10% of \y). For the
value of ¢ chosen in figure 5, the impact of a magnetization
reversal is in both cases highest for a, ~ 90% and almost
zero for a circularly-polarized incident wave (ap2 = 0.5). The
inset shows the relative difference (AYT™? — AY™D) / AY?
and highlights this tendency. The results shown in figures 3
and 4, however, make it clear that both the value of a, for
which the magnetically-induced variations of the IFS are
highest, and the magnitudes of those variations, would be
different for other choices of 6.

Finally, it must be noted that the absolute variation of the
transverse IFS AY upon magnetization reversal is of the same
order of magnitude as that of the corresponding variation of
the lateral GHS in the same bilayer [35].

3.4. Influence of the film thicknesses on the strain-induced IFS

As evidenced by equation (8), the value of the IFS is directly
related to the overall complex reflectivity factors R, and R,
of the bilayer. As such, it depends on the interference between
waves transmitted and reflected at all three interfaces of the
system, and thus must depend on the thicknesses D; and D,
of the YIG and GGG films constituting the bilayer (figure 1).
In the following, the magnetic film is magnetized at saturation
parallel to unit vector y, and D; and D, are integer multiples
of the nominal thicknesses d; and d, defined in equation (14)
in order to preserve the half-wave condition.
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Figure 7. Reduced IFS amplitude AY of circularly polarized incident
light as a function of the angle of incidence € in the vicinity of Oyw
for increasing values of the GGG slab thickness D,. Here the YIG
film thickness is set to D; = d,. The inset shows the corresponding
angular evolution of reflectivities Ry and R, in each case.

The angular dependences, in the vicinity of fyw, of the
reduced transverse shift AY are shown in figure 6 for different
values of the YIG slab thickness D, in the case of a circularly-
polarized incident beam (a, = a;, = 1/ V2 and 6 = 7/2).
The GGG slab thickness is set to D, = 4 X d, in order to
keep it comparable to D; in all cases. As was previously
established, the value, and particularly the position, of the IFS
near Oy is closely related to the variations of the reflectiv-
ities R and R, in the same range (see inset). As seen in
section 3.1 and figure 2, both reflectivities exhibit a dip in the
vicinity of Oyw:.

The simulation results indicate that an increase of the
magnetic film thickness D; leads to an overall decrease (in
absolute value) of the strain-induced IFS peak, while its
angular position drifts towards larger incidence angles, and its
full width at half maximum increases. Comparing these ten-
dencies with the variations of R, and R, leads to interpret
them in terms of a combined, as well as competing, influence
of these reflectivities: away from Oyw, the domination of R,
over R, gives it a prevalent role in the overall behavior of the
IFS, which thus follows both the drift towards larger inci-
dence angles and the decrease of the minimum of R, in the
vicinity of fyw. Moreover, as D; increases, the angular range
over which the values of R, and R, are comparable also
increases, and their combined influence tends to justify the
broadening of the IFS peak.

In comparison, it should be noted that the corresponding
GHS dependence upon thickness D; in the same bilayer
exhibits a very different, and non-monotonous, behavior for
both s- and p-polarized incident light [35].

A similar study can be made for the influence of the
thickness D, of the GGG layer. Figure 7 presents the angular
dependences, over the same angular range in the vicinity of
Orw, of the reduced transverse shift AY for different values of
D,, again in the case of a circularly-polarized incident beam.
The YIG film thickness is set to D, = d;. As in figure 6, the
variations of reflectivities R; and R, in the same range are
shown in the inset.
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In this case, the simulation indicates a markedly different
influence of the thickness D, of the GGG layer. An increase
of D, virtually affects neither the amplitude of the strain-
induced IFS peak nor its angular position (which remains very
close to @yw). Only the full width at half maximum of that
peak shows any noticeable influence of D,, as it narrows
when the GGG layer thickness increases. Again, the varia-
tions of Ry and R, help to interpret the simulation results.
Contrary to the previous case, these variations are here very
similar for a given value of D5, both in terms of amplitude and
angular dependence in the vicinity of 6yw. Thus neither of
these reflectivities dominates. Rather, their influences rein-
force one another. Indeed, as neither Ry nor R, exhibits any
noticeable angular drift or variation of its minimum value at
O xw when D, increases, so do the peak amplitude and angular
position of AY remain virtually unchanged. Moreover, for a
given value of D,, the values of R, and R, as functions of
are almost identical. As a result, the variation of the angular
width of the AY peak closely follows that of R, and R,,, which
explains that its full width at half maximum evolves like those
of the reflectivity dips shown in the inset, i.e., narrows as D,
increases.

Again, comparing these results with those obtained for
the GHS in the same system shows a very different behavior,
as the amplitude of the GHS increases with GGG layer
thickness D, [35]. More precisely, as D, increases, so do the
derivatives of phases 1 and 1), with respect to 6 (which
follow the same dependence upon thickness D, as that of
moduli R and R, shown in the inset of figure 7), and so does
the GHS. In contrast to that behavior, the amplitude of the IFS
does not vary with thickness D,.

4. Conclusions

We have theoretically studied the influence of misfit strain on
the TMOKE and the transverse Imbert—Fedorov beam shift
that can be expected upon reflection of an elliptically-polar-
ized electromagnetic wave on the upper surface of a bilayer
consisting of a magnetic YIG film epitaxially grown on a non-
magnetic GGG slab.

We have shown that the mechanical strain near the
geometrical YIG/GGG interface can enhance both the the
IFS and the TMOKE. The latter, that can only be observed for
a p-polarized incident beam, has been demonstrated to be
notably enhanced by strain when the half-wave condition is
satisfied, as well as, to a lesser extent, near pseudo-Brewster
incidence. The IFS has also been shown to strongly increase
with strain if the angle of incidence is close to satisfying the
half-wave condition for both layers, with a peak value that
can reach up to about ten incident light wavelengths.

As a rule, the amplitude and sign of the peak of IFS have
been demonstrated to be largely governed by the polarization
state of the incident wave, in terms of ellipticity, tilt of the
polarization ellipse, and helicity.

Furthermore, the relative variation of the IFS upon a
magnetization reversal in the YIG film has been estimated to
be of the order of 1% (thus much smaller than the

corresponding variation of the GHS previously studied in the
same system), whether or not strain is present at the YIG/
GGG interface. Overall, both the strain-induced IFS observed
for the half-wave condition and the shift at pseudo-Brewster
incidence have been found to be one order of magnitude
smaller than the GHSs previously studied in the same sys-
tem [35].

Finally, an increase of the YIG film thickness has been
shown to reduce the amplitude of the strain-induced peak of
IFS, and an increase of the GGG slab thickness to narrow the
angular width of that peak.

These results point to possible ways to control (enhance
or reduce) the Imbert—Fedorov transverse shift experienced by
a light beam upon reflection on a YIG-GGG bilayer in MO
devices, essentially through the choice of the angle of inci-
dence and/or state of polarization of the beam, and, to some
degree, through the direction of the magnetization in the YIG
layer.
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