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The waveguiding in thin planar structures with quadratic magneto-
-optical medium is analysed. The permittivity tensor elements with quadratic
magneto-optical constants are specified. From synchronous condition for
guided modes in layered system with magnetic ordering the dispersion re-
lation of waveguide i1s presented. The reflection coefficients for s-polarized
light at transversal, longitudinal, and polar configurations as incidence angle
function are described. The influence of quadratic magneto-optical effect on
the resonant character of the waveguiding term is described in detail. The
theory covers the situation in which the optical response of the structure is
linear in the amplitude of the incident wave.

PACS numbers: 78.20.Ls

1. Introduction

Magneto-optical reflection measurements and eigenmode polarization states
are influenced not only by linear magneto-optical (MO) effects in magnetization,
but also by quadratic ones (second-order effects). The quadratic MO effects in
reflection have been observed at ferromagnetic layers with in-plane magnetization
[1, 2]. The quadratic contribution resulting from the product of the longitudinal
and the transversal magnetization components affects the correct hysteresis loop
measurement by the longitudinal Kerr effect [3]. The propagation of the light in the
planar structure with quadratic effects is based on calculation of the eigenmodes
in a magneto-optical medium with help of 4 x 4 Yeh’s matrix formalism [4].
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2. Permittivity tensor and eigenmode polarization

Generally one can write for the relative permittivity tensor &,
Ere  Exy ECrz

er = | €yr Eyy Ey: |- (1)
€z Ezy Ezz

The elements of ¢;; can be specified as [5, 6]

oo = co{1 + [(11 — f12)QF + [12(Q} + QF + Q7)]},

€oy = €0(IQP + 2[24Q1.QT),

€z = €0(—IQL + 2f1aQpQr),

Eyr = €0(—1Qp + 2f44Q1L.QT),

gyy = co{l+ [(f11 — f12)QF + f12(Q} + QF + QP)]}, (2)
gy = €0(iQT + 2f2aQ1.Qp),
€2p = €0(IQL + 2f24QpQT),

€2y = €0(—1Q1 + 2f22Q1.QP),
£, = cof 1+ [(fi1 — f12)Q3 + f12(Q% + QF + Q3)]},

where fi11, fi2, and faa are quadratic MO constants, @, @1, and Qp are lin-
ear magneto-optical parameters proportional to the longitudinal, transversal, and
polar magnetization components, respectively. The symbol gy specifies the non-
-magnetic permittivity. The tensor elements (2) correspond to the case when
the cubic crystal axes are parallel to the coordinate axes.

Assuming the plane monochromatic wave solution,

E = Ejexpli(wt — k)]. (3)
The coordinate system can always be chosen in such a way that the radiation wave
vector in thin film is restricted to the yz-plane (see Fig. 1)

k:k‘y@—i—kzﬁ::kv(]\fy@—l—]\fzﬁ:), (4)
where ¢ and # are the unit vectors, ky, = w/c = 27/ is a wave number in vacuum.
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Fig. 1. Geometrical configuration.

By application of Yeh’s 4 x 4 matrix formalism to the MO multilayers [7, 8]
one can specify the eigenmode polarizations in each anisotropic thin film for
transversal, polar, and longitudinal configuration [9]. The relation between the
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field in the (n — 1)-th layer at the interface z = 2(*=1) and the field in the n-th
layer at interface z = z(") is obtained by the transfer matrix

Tn-1n) _ (D(n—l))—lp(n)P(n)’ (5)

where D is the dynamic matrix and P is the propagation matrix, which is diagonal.
The product of transfer matrices specifies the total matrix M of the structure
My Myz Mz Mia
Mo Myy Mas  Moaa 6)
Msy Msz Mss Msa |7
My Maz Mas M
As shown by Yeh [4] the condition

M1 Mss — MysMs =0 (7)

presents the dispersion relation of the waveguide formed by the structure.

M =

3. Waveguiding in anisotropic planar structure
with magnetic ordering

From synchronous condition for waveguiding in planar system (7) we can
derive the dispersion relation of waveguide with magnetic ordering

1-— TS}E)TEI_l_lz_)Plpz — T(_lg)r(_lz)Pg,P;} — TEI}E)T(_l_lz_)PQPE; — T(_l_lo_)rs_lz)Plpzl
+ (rfl_li)r(_lg) — 7“3_18)7“(_1_'0_)) (rfl_l_lz_)r(_lz) — r(_l_lz_)rg_lz)) P P,PsP, = 0. (8)
The reflection coefficients (%) are, in general, complex; the signs + and — corre-

spond to the right- and left-handed circular polarization. The elements FPi—1 23 4
specify the light propagation in anisotropic layer

Py = exp(—iky N 1 d), Py = exp(iky Nyod), 0
P3 = eXp(—ikazgd), P4 = eXp(ikaz4d). ( )

From Eq. (8) we can see that the guided modes in magneto-optical waveguide are
elliptically polarized waves. The reflection coefficients from circular base can be
simply transformed to the amplitude reflection coefficients in zyz-base [10]

1 .
r-- = §[rss + 7pp = (rps — 7sp)],
1 .
L §[rss + pp + 1(7ps — Tsp)];
(10)
1 .
- = §[rss — Tpp +1(rps +75p)],
1 .
r-4 = 5[7”85 = 1pp = 1(7ps + 75p)]-

The s polarization is perpendicular to the plane of incidence (along z-axis),
p polarization lies in the plane of incidence (yz-plane). For example, the r,, reflec-
tion coefficient is defined as the ratio of the & (s) component of the reflected light
to the y(p) component of the incident one.
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Magneto-optical parameters @p, Q1,, and QT are proportional to the polar
Mp, longitudinal My, and transversal Mt magnetization components [6]

Mp My,

M
VS’ QL_QE’

QP:Q QT:QWS’ (11)

where Mg is the magnetization in saturation and @ is the linear magneto-optical
parameter defined by Voigt. The dispersion relation of guided modes in the layer
with magnetic ordering (8) depends on the reflection coefficients related to the
boundaries thin film—superstrate and thin film—substrate, and on the propagation
factors P;. General analytic formulae for reflection coefficients for thin film struc-
ture with linear and quadratic magnetic ordering are too extensive. For a cubic
crystal the magnetization effects on the reflection coefficients are summarized in
Table I. In the linear approximation (without quadratic magneto-optical effect) at
transversal geometry the guided modes are separated. We can study the influence
of Mt on waveguiding for p-polarized waves. Any mode conversion is observed in
this case. As was demonstrated in Table I, the reflection coefficients r,, and rp, up

to quadratic approximation are not sensitive to the mutual polar and longitudinal
term Mp, My,

TABLE 1
Reflection coefficient dependencies on the magnetization components.
Non-magnetic | Linear Quadratic
Tss Fresnel formula - M3, ME, M2, My My
Top Fresnel formula M M3, ME, M2, My My
Tsp, Tps - Mp, My, ]\4112J M%, MpMr, My, My

The process of light waveguiding can be generally divided into two basic
parts — 1st is the reflection on the thin film—substrate boundary and on the
thin film—superstrate one, 2nd contribution is connected with propagation of the
light beam in magneto-optical layer. The numerical solution of the waveguiding
equation (8) for the transversal ordering (parameters: n(®) = 1.0, N(1) = 2.87 —
0.071, Q) = 0.0386—0.0034i, fV) = 0.540—0.5681, dV) = 1 pm, n(? = 1.735, A =
632.8 nm) is presented in Figs. 2-5. Figure 2 describes waveguiding at transversal
geometry for s-polarized light without quadratic effect (full line), the dashed line
demonstrates the quadratic element contribution. The most important factor for
the generation of guided modes is level of the absorption in thin film. To observe
the guided mode modulation by quadratic MO element, the imaginary part of the
thin film refractive index has been chosen as zero or 0.07 in this case. The real
value of the absorption (Eél) = (2.87 — 3.171)?) totally suppresses the resonant
character of the synchronous relation (8).
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Fig. 2. The absolute value of the dispersion relation of waveguide (8) for s-polarized
light (dashed line includes the quadratic MO effect) plotted as a function of effective
refractive index neg in thin film.

Fig. 3. The absolute value of the dispersion relation of waveguide (8) for s-polarized
light (dashed line includes the quadratic MO effect) plotted as a function of effective
refractive indexneg In thin film — detailed situation for 1st and 2nd mode order.
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Fig. 4. The absolute value of the dispersion relation of waveguide (8) for p-polarized
light (dashed line includes the quadratic MO effect) plotted as a function of effective
refractive index neg in thin film.

Fig. 5. The absolute value of the dispersion relation of waveguide (8) for p-polarized
light (dashed line includes the quadratic MO effect) plotted as a function of effective
refractive index neg in thin film — detailed situation for 1st and 2nd mode order.
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4. Conclusions

In comparison of the curves presented in Figs. 2, 4 (transversal geometry) one
can observe the important minima position changes (see Table IT). These position
shifts are generated generally by the following contributions:

e the absorption level in thin film,
e the linear magneto-optical effect,

e the quadratic magneto-optical effect.

TABLE 11

Effective indices of guided modes and changes
generated by quadratic magneto-optical effect
(2nd and 3rd column for s-polarized light without
and with quadratic MO phenomena contribution;
4th and 5th column are the same for p polariza-
tion; m is the mode order).

TE nTM
effm effm

linear | quadratic | linear | quadratic
2.8691b | 2.86903 | 2.85134 | 2.84705
2.85422 | 2.85182 | 2.79866 | 2.79398
2.80904 | 2.80670 | 2.70795 | 2.70320
2.73230 | 2.73004 | 2.57552 | 2.57073
2.62168 | 2.61953 | 2.39448 | 2.38962
2.47345 | 2.47144 | 2.15262 | 2.14761
2.28189 | 2.28006 | 1.82589 | 1.82057

m n

SO e W N = O

The level of absorption transforms the resonant amplitude character of the
waveguiding term. It means that for high level absorption one cannot realize wave-
guiding. From Table I is evident that rss; coefficients do not depend on linear
magneto-optical effect at transversal configuration. The minima shifts for the same
polarization raised by quadratic effect are from 10=* to 2 x 1073 (as function of
guided mode order). For p-polarized light we observe the discussed shifts in the
frame of 4 x 10~3. Because with the help of the dark mode spectroscopy the effec-
tive indices of refraction can be specified with accuracy of 1073 (and better), the
analysis of the guided modes in the planar structures with magnetic ordering can
extend the experimental possibilities for the study of nonlinear magneto-optical
phenomena.
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