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Two-layer model of reflective ferromagnetic films in terms of
magneto-optical ellipsometry studies
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An approach to analysis of magneto-optical ellipsometry measurements is presented. A two-layer model
of ferromagnetic reflective films is in focus. The obtained algorithm can be used to control optical and

magneto-optical properties during films growth inside vacuum chambers.
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Recently it has become necessary to synthesize new materials that would be applied in spin-
tronics devices. This field of study has significantly developed and it dictates the properties
that materials should have in order to be used for its purposes. It is well-known that the sim-
plest method of generating a spin-polarised current in a metal is to pass the current through
a ferromagnetic material. That is why, one of the perspective materials for spintronics is a
ferromagnetic/semiconductor two-layered structure [1].

In order to synthesize them and control their properties we have to use the methods that
are non-destructive, precise, easy to use, applicable for in situ investigations in the high-vacuum
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chambers of molecular beam epitaxy. We suggest that magneto-optical ellipsometry is a technique
that reflects these requirements. Magneto-optical ellipsometry usually combines the features of
conventional ellipsometry and of magneto-optical Kerr effect measurements [2-6]. Applied to the
sample magnetic field changes the ellipsometric parameters, this difference can be examined and
used to investigate magneto-optic properties of the sample.

In this work we give detailed explanation how to analyse magneto-ellipsometric data and
obtain information on magneto-optical and optical properties of the material.

1. General approach to magneto-ellipsometric data process-
ing

Our approach is based on the analysis of a well-known equation that relates the experimental
ellipsometric parameters ¢ and A with complex reflection coefficients corresponding to in-plane
(Rp) and out-of-plane (Rg) light polarizations [7—8]. Ellipsometric parameters 1 and A can be
presented as a sum of conventional parameters ¢y and Ay measured without external magnetic
field and additional ellipsometric parameters 6 and A that are the result of magnetic field
application. We suggest to consider real and imaginary parts of these coefficients, so we mark
them by ’ and " respectively:

tan(o + 60) exp(i(Ag +0A)) = R,Rg" = (R} — iR})(Rs — iR%) ™. 1)

We are interested in magneto-optical properties of the sample. That is why it seems to be
reasonable to present reflection coeflicients as a sum of magnetic (subscript 1) and non-magnetic
(subscript 0) summands [9-11]:

R, = Ryp + Rps = Ryg + Ry — (R + Rpy), (2)

Rs = Rgs + Rsp, = Rso = Ry — iR%,. (3)

This paper focuses on the case of transverse magneto-optic Kerr effect when the magnetization
is perpendicular to the plane of incidence and parallel to the surface of the sample. That is why
there are no magnetic summands for s-plane polarization.

From (1-3) four equations can be obtained. Two of them correspond to non-magnetic condi-
tion:

tan g = \/(R;’ORQO + R lt50)? + (Rgo Ry — RijoRiso)? @

/2 //2 )
Rgy + Ry
17 U 17 /
RSORpO - RpORSO
' / 1! 17 9
Ry Rgy+ RgoRpo

and two equations demonstrate the influence of an external magnetic field:

(5)

Ay = arctan

R// R/ + R/ _ R/ R// + R//
0A = A — Ay = arctan ,SO( ?0 ?1) fO( ?,0 ?/1) — Ay, (6)
Rgo(Ryo + Rpy) + Rgo(Rpo + Ryp)

5 = 1p —1pg = arctan (F tan (o)) — 1o, (7)

where F is a multiplier in

tan (g + 0¢) = Ftantg =

-
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R’2 +R”2+2 R/ R/ +R// R// R/Q +R//2
ztan(l/lo)\/l—i-( pi BT + 2Ry B + Ryp Ry ) (R + Rp) ®)

(RyoRgo + RgoRyo)? + (RgoRyo — RygRso)?
These equations do not depend on the number of layers in a sample, so can be used for every
type of reflective nanostrustures models. Below, a two-layer model is presented.

2. Data processing for the case of a two-layer model

As it was mentioned above, ferromagnetic/semiconductor two-layer structures are a subject of
interest nowadays. So in this chapter let us discuss a model consisting of an upper ferromagnetic
layer 1 (the refraction index Ny = n; —ik;), a middle non-magnetic layer 2 (the refraction index
Ny = ng —iky) and a substrate 3 (the refraction index N3 = ng —ik3). The light electromagnetic
wave is incident from non-magnetic dielectric medium 0 (e.g. vacuum, characterized by the
refraction index Ny = ng — iko) onto the upper layer. In the setup, a Cartesian coordinate
system is defined with the x axis normal to the interfaces and pointing into the substrate from
the sample surface. The y and x axis lie in the plane of incidence. We consider T-configuration
(transverse) in which magnetization is z-axis directed, i.e perpendicular to the plane of incidence
and parallel to the surface. So YX plane is a plane of incidence, YZ plane is a boundary plane.

For a two-layer model it is necessary to consider each interface (0-1, 1-2, 2-3) as each of them
impacts the values of ellipsometric angles. The purpose of the data processing is to characterize
a ferromagnetic layer.

The first step is carrying out ellipsometric and magneto-ellipsometric measurements. Here
we do not focus on ellipsometric data analysis as there is a lot of research in this field [7, 8,
12]. So from ellipsometric measurements we can find complex refractive indices Ny, N1, No, N3,
thicknesses of both layers, while magneto-ellipsometric parameters spectra are necessary for
magneto-optical properties study of a ferromagnetic layer.

Fresnel coefficients that reflect magneto-optical properties can be derived from the scattering

matrix:
S = lo1 L1112 Lo 153, 9)
where I, is an interface matrix and L, is a layer matrix [7].
S.
e ( 21)s’ (10)
(S11)s
(521)19
R, = 52, (11)
P (Sll)p
ro1s + riase” 2 + rorsriasrasse” 2P + rogge 2T
Rg = , : . , (12)
1+ ro157125€ 281 + r19gT9356 7282 + 1o gTogge2(B1152)
To1p T 7‘12;;7'0119671.251 — 7"011)7"21,;7"231;672’%2 + r23p7—01p7-12p67i2(ﬁ1+ﬁ2)
R, = — — 5 = , (13)
1 — rigprizpe 201 — roq,ras,e 1282 — ryg,ro3,Tiope12(A1H062)
where
Tolp = t10ptolp — T01pT10ps (14)
Ti2p = t21pti2p — T12pT21p- (15)

So, in order to process magneto-ellipsometric data the following expressions are necessary:

S N7 cos g — Ny cos 1 _ 2Q N¢ sin g cos g (16)
R A cos g + Ny cos p1 (N7 cos g + N cos p1)2”

_ —
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R N5 cos 1 — Np cos g2 _; 2Q]\712 sin @1 cos @1 (17)
12p Ns cos 1 + N1 cos o (N3 cos o1 + Ny cos p2)2’

N3 cos s — Ny cos g3

= 18
T23p N3 cos g + No cos @3’ (18)
Nocosp; — Nicospg . 2QNZsin¢q cos g
TlOp = —+1 5 (19)
Ny cos p1 + N1 cos ¢ (Np cos 1 + Ny cos )2
Nicosps — Nacospr . 2QJ\722 sin @9 €os @2 (20)
Tol, = 1
2p N7 cos s + No cos 1 (N7 cos g + Na cos p1)2”
Ny cos g — Ny cos o1
ro1s = o7 ) (21)
0 oS ¢g + N1 cos 1
N7 cos 1 — Ny cos
Tlag = 1 ®1 2 QDZ’ (22)
Ny cos i + Na cos s
N. — N.
Foas = 2 COS P2 3 COS 3 ’ (23)
N cos g + N3 cos g
y 2Ny cos g . 2Q N sin g cos @ (24)
= i
0P = N, cos g + N cos 1 N1(Ny cos g + N cos p1)2’
y 2N7 cos 1 . 2Q N3 sin 1 cos @1 (25)
= —1
17 = N cos o + Ny cos 1 No(Ny cos g + N cos p1)2’
y 2N7 cos 1 . 2Q N3 sin 1 cos @1 (26)
= Z
12p Ns cos 1 + N1 cos g N3(N3 cos @1 + Ni cos p2)2’
o 2N5 cos o . 2Q N3 sin @q cos @2 (27)
2p — Ns cos 1 + N1 cos o N (N3 cos 1 + Ny cos pa)?2’
2w
B = TNl cos p1dy, (28)
2w
52 = TNQ COS (pgdg, (29)

where 31 and (3, are phase thicknesses of layer 1 and layer 2, respectively, d; and ds are thicknesses
of layers 1 and 2. Subscripts 01, 12, 23 correspond to the wave propagation from medium 0 to
medium 1, from 1 to 2 and from 2 to 3 respectively, while subscripts 10 and 21 correspond
to the backward wave propagation. Indices r are refractive indices for the mentioned above
interfaces, indices t are transmission coefficients. Angles 1 and o are related with ¢ (the
angle of incidence) by Snell’s law. @ is a magneto-optical coupling parameter that is responsible
for non-diagonal elements of dielectric tensor. It means that if we know this parameter we can
fully describe the dielectric permitivity, not only diagonal elements. Hereinafter we present the
formulae necessary for identifying @ from magneto-ellipsometric measurements. Let us rewrite
(12-18) in the same manner as (2, 3):

ro1s = (Rso)o1 — i(R%0)o1, (30)

T128 = ( ) ( )12, (
ra3s = (Rigg)23 — i(Rg)23, (32

Ta3p = (Rpg)2s — i( R, )23 =1TT93 — i T123, (

(

ro1p = (Rpg)o1 + (Ry1)or — i((Rpg)o1 + (Ry1)o1) = o1 — 4 o1,

— 4 —
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ri2p = (Rpo)iz + (R )12 — i((Ryo)12 + (Bp1)12) = 112 — i rina, (35)

To3p = (Rpg)23 + (R )23 — i((Rpg)2s + (Ryy)23) = 1123 — i Tias, (36)

10p = (Ryo)10 — (Rp1)10 — i((Rpg)10 — (Rp1)10) = 7710 — i Ti10, (37)

ra1p = (Ryo)21 — (Rpy)21 — i((Rpg)21 — (Rpy)21) = 7791 — i Tia1, (38)

torp = (Tho)or + (Tp1)or — i((Tpo)or + (Tp1)o1) = tro1 — i tion, (39)

tiop = (Tpo)rz + (Tp1 )12 — i((Tpo)rz + (T )12) = tria — i tia, (40)

tiop = (Tpo)10 — (Tp1)10 — i((Tho)10 — (Tp1)10) = trio — i tiso, (41)

torp = (Tpo)21 — (Tp1)21 — i((Tho)21 — (Tpy)21) = tray — i tion, (42)

where (R0)o1, (Bl )or, (Rpo)or, (Byo)ots (R )or, (Ry1)or correspond to
%05 R0, Ry Ryo, Iy,1, Ry in the model of a homogeneous semi-infinite medium, respec-

tively [11]. Subscript 01 denotes the electromagnetic wave incidence from ambient medium
0 onto layer 1. Indices (Rjy)iz2, ()12, (Ryo)12, (Ryo)1z2, (R1)12, (Rp)12 are also calculated
by formulae for the model of a homogeneous semi-infinite medium, the only difference is
that subscript 12 denotes the electromagnetic wave incidence from layer 1 onto layer 2 that
leads to the following changes in the formulae for the model of a homogeneous semi-infinite
medium: cos g — COS 1, COSP] —> COS P2, Sinwy — sinyi, Ny — ng, ng — ni, k1 — ko,
ko — k1. Likewise, indices (R},9)10, (Rpg)105 (Rp1)10, (Ry1)10 describe the electromagnetic wave
propagation from layer 1 to medium 0: cospg <> cos @1, singg <> siny, ng <> ny, ko < k1.
Indices (R},0)21, (Rpg)21, (Ry1)21, (R1)21 correspond to the electromagnetic wave propagation
from layer 2 to layer 1: cos g — cos s, singg — sinys, ng — na, kg — ko. Finally, indices
(Rio)23, (Rp )23, (Ry0)23, (Ryo)23, (Rp1)23, (1,1)23 describe the electromagnetic wave incidence
from layer 2 on substrate 3: cosgy — cosa, cOSpr — COS@s, sinwy — sinws, N1 — ng,
ng — ng, k1 — ks, kg — k.

Transmission coefficients necessary for data processing are the following:

noni + kokl)(CLQ + 62) + (n% + k%)(ab + Cd)

(T = 24 i , (13)

(T;f))(n 5 (ng + kg)(ad — bc)A—g _(i_nlBkgO —ngk1)(a® + c?) | m
sy o Qilpg+1s) — Qapr — sq)

oo =2 g + B3 )

(T;&)Ol — 2Q1(pr - Sq) + QQ(pq + ’I"S) (46)

(n} +k7)(A3 + B3)? 7
where
A3 =nia —+ klc —+ Tlob —+ kod,

(
B3 = kia — nic+ kob — nod, (

p = N(3ngko — k) + P(ng — 3nok3), (
q=n1(A3 — B3) — 243B3k,, (50
r=ki(B2 — A%) — 243B3n,, (

s = N(n3 — 3nok?) — P(3n2ko — k), (

-5 —
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N = Re(singg)a — Im(singg)c,

P = —Re(sinpg)c — Im(singg)a.

(53)
(54)
(55)
(56)
(57)
(58)

Transmission coefficients with subscripts 10, 12, 21 correspond to the electromagnetic wave

propagation from layer 1 to medium 0, from layer 1 to layer 2, from layer 2 to layer 1, respectively.

The changes in the formulae are the same as proposed for refractive indices.

Let us take into account Ny = ng — ikg, N1 = ny — ik1, No = no — iko, Q Q1 - iQ2 and

compare expressions (12, 13) with (2, 3). Thus we obtain expressions for R/
and R/, in terms of numerators and denominators:

p0>

numeratorRso _ Re(n(Rso))
denominatorRso  Re(d(Rso))

Rp() =

_ Re(n(Rp)) — i Im(n(R,y)
" Re(d(Ry)) —iIm(d(Ry))’

where n stands for numerator and d — for denominator. As a result, we have

;o Re(”(RPO)) Re(d(R;UO)) + Im(”(RpO)) Im(d(Rpo))
w0 (Re(d(Rpo)))? + (Im(d(Lpo)))? ’
y_ Im(n(Ryo)) Re(d(Ryo)) — Im(d(Rpo)) Re(n(Rp))
P (Re(d(Rpo)))? + (Im(d(Rpo)))? ’
' Re(n(R,)) Re(d(Ry)) + Im(n(R,)) Im(d(R))) _ pr
Pt (Re(d(Rp)))? + (Im(d(R,)))? P
"o Im(n(RP)) Re(d(Rp)) — Im(d(RP)) Re(n(Rp)) _pN
Pt (Re(d(Rp)))? + (Im(d(R,)))? -
r. _ Re(n(Rso)) Re(d(Rso)) + Im(n(Rso)) Im(d(Rso))
50 (Re(d(Rs0)))* + (Im(d(Rso)))? ’
R Im(n(Rso)) Re(d(Rso)) — Im(d(Rso)) Re(n(Rso))
50 (Re(d(Rs0)))? + (Im(d(Rs0)))? ’

where the following notations are used:

Re(n(Rpo)) = (Ry0)o1 + &1(Rpg)12 — m(Rpp)12 + Loria(§a(Rg)2s — m2(Rpg)23)—

—Mo112(€2(Rpo)23 + n2(Ryp0)23) + (Rp0)23(€182 — mn2) — (Ro)23(am1 + &1m2),

Im(n(Ry0)) = (Ryp)or + m(Rpo)12 + &1 (Ryg)12 + Loria(§2(Rpg )23 + m2(Rp0)23)+

-6 —

/
RSO

(68)
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+Mor12(€2(Rpg)23 — m2(Rpg)23) + (Ryo)23(§1€2 — mm2) + (Rpg)23(Eam + E172),

Re(d(Rpo)) = 1+ Lo112&1 — Mori2m + &2L1223 — 2 Mi22s+
+(&1&2 — mm2) Loz — (Sam + §1m2) Mo123,

Im(d(Rpo)) = Lo1i2m + Moi1261 + £2Mi223 + 12 L1223+
+(&1&2 — mmn2)Mor23 + (§om1 + £1m2) Lo123,

Re(n(Ry)) = rro1 + (§1r7m12 — mriiz)(k1)or — (§1riae + mirriz) (ke)or—
—(rro1rra1 — rigirien)(§arres — Marias) + (rigirrar + rro1rizr) (Earias + nerras)+
+(rres (&2 — mn2) — rizs(§am + &1n2)) ((K1)o1 (K1) 12 — (K2)o1(K2)12)—
—(rizs(&1&2 — mmnz) + rras(&unz + mé2))((1)or(K2)12 + (k1)12(K2)o1),

Im(n(Rp)) = rior + ({17112 + mirri2)(k1)or + (§1rri2 — miriie) (Ke)o1—
—(rio1rrar + rroirisn ) (Eorras — Mariag) — (rro1rTe1 — Tig1rion ) (§arias + Norres)+
+(rizz(§1€2 — mm2) + rras(§am + &m2)) ((K1)o1(K1)12 — (K2)o1(K2)12)+
+(rras(&1&2 — mn2) — rizs(§am2 + m&2))((K1)o1(K2)12 + (K1)12(K2)01),

Re(d(Rp)) = 1 — 61(7'7'107"7"12 — TiloT’ilg) + 771 (TiloTrlg + TTlorilg)—
—&(rro17Ts — rioiriss) + N2 (rig1rras + riszrrer)—
((k1)12(rr10rrag — Ti10Ti2s) — (K2)12(rivorres + risgrrio))(§1§2 — mn2)+

+((k1)12) (1107723 + Tiazrrio) + (k2)12(rri0rTes — Ti107i23)) (21 + E172),

Im(d(Rp)) ==& (Ti107"7"12 + TTloTi12> — M (7“7“107"7“12 — Tim?“ilg)—
—&a(rigirras + Tr217i23) — N2 (TT21TT23 — TiogTio1 ) —
((k1)12(ri107T23 + 17107123) + (K2)12(rT10TT23 — Ti237%10) ) (E162 — Mim2) —

—((K1)12)(rriorras — rigsritg) — (K2)12(ri107r23 + r7107123)) (§21 + £172),

Re(n(Rso)) = (Risg)o1 + &1(Riso)12 — m(Rgo)12 + Horiz2(€2(Risg)23 — m2(RG)23) —

—Jo112(&2(Rg0)23 + n2(Ris0)23) + (Risg)23(E162 — mm2) — (Rsg)23(Sam + &1m2),

Im(n(Rso)) = (Rgo)or + m(Rso)12 + &1 (Rgo)12 + Horr2(E2(Rs0)23 + n2(Rsp)23)+

+Jo112(&2(Ris0)23 — m2(Rp)23) + (Ro)23(E182 — mna) + (Risg)23(Eam + &1m2),

-7 —
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Re(d(Rso)) =1+ Ho11261 — Jor12m + €2Hi203 — n2J1223+
+(&1&2 — mn2)How2z — (§om + &112) Jo123, (78)

Im(d(Rso)) = Hori2m + Jo112&1 + &2J1223 + n2Hi223+

+(&1&2 — mn2)Jor2s + (Sam + &1m2) Hoizs, (79)

& = Re(eiizﬂl )a

m = —Im(e”?7M),

& = Re(e*iw?), 82
N2 = —Im(e_22ﬁ2) 83
Lotz = (Ryo)12(Rpo)o1 — (Ryo)12(Rpo)ot, 84
Mo112 = (R;0)01(RZ0)12 +( ;)’0)01(1%0)127 85
Li2osz = (Rpg)23(Ry0)12 — (Rpg)23(Ryo)12, 86
Miazz = (Rj0)12(Rpg)23 + (Rpo)12(Rp0)23, 87
Loi23 = (Rpg)23(Ry0)o1 — (Rp)23(Ryo)ots 88
Moi23 = (Rpp)o1(Ryg)2s + (Rpg)o1 (R
Hoiz = (Rsp)12(Ris)o1 — (Rgo)12(R0)o1,
Jor12 = (Risg)o1(Ro)12 + (R%g)o1 (Rso) 12, 91
Hizaz = (Rip)23(Ris0)12 — (R&0)23(Rg0 )12, 92
Ji223 = (Rig)12(R0)23 + (R0)12(Rs0)23, 93

Jo123 = (Riso)o1(RS0)23 + (R50)o1(Riso)23,

K1)o1 = triotro1r — ti10tior — TT017T10 + Ti017%10,

(K2)o1 = tirotror + triotion — rro1rine — rio1rT10,
(K1)12 = traitrig — tigitizg — TTo17T12 + 217912,

K2)12 = tiiatrar + tristior — rrigriar — riterran.

So all necessary expressions that relate measured ellipsometric and magneto-ellipsometric pa-
rameters with refraction indices, coefficients of extinction, magneto-optical coupling parameter
in case of a two-layer model are obtained. The final step is giving the best fit to the experi-
mental data by the use of the wavelength-to-wavelength Nelder-Mead minimization [13] of the
ellipsometric angles. It yields real and imaginary parts of magneto-optical parameter (), thus
information about all elements of the dielectric permittivity tensor can be obtained from the
experiment.
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3. Conclusion

To conclude, we have proposed an approach to studying two-layer nanomaterials by means of
magneto-ellipsometry. The algorithm of experimental data analysis (1o, do, ¥ + 01, Ag + 0A)
is presented. As a result, optical and magneto-optical properties can be easily and reliably
characterized during films growth through the presented formulae that are to be used in the
software for magneto-optical ellipsometry setups.

This work was supported by the Russian Foundation for Basic Research, the Government of
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JIByxcioitHasg MoOejb OTPakaminnX (GeppoMarHUTHBIX TjIe-
HOK /JIJIsl UCCJIe/IOBaHUs TOHKUX IIJIEHOK METOJA0M MAaTrHUTO3JI-
JIUTICOMETPUN

Oabra A. MakcumoBa, Cepreii I. OpunaaukoB, Hukomnaii H. Kocbeipes,
Cepreii A. JIanieHko

IIpedcmasaer memod aHAAU3E MAZHUMO-IAAUNCOMEMPUNECKUT u3Meperuli. Jemanrvro paccmampuea-
emcsa 08Ycaotinas Modeav HeppoMasHumMMIbLT 0OMpPadtcaowur naenok. Ioayuennvid aszopumm mooicem
UCTLOADI0BAMBCA ONA KOHMPOAA ONMUMECKUT U MAZHUMO-ONMUYECKUT CE0TCME NAEHOK 8 NPOUECCe UL
pocma 8 8aKYYMHHT KAMEPLT.

Knmouesvie caosa: Maznumo-onmuveckasn aanuncomempus, sppexm Keppa, dsyxcaotinas modean, dep-
DOMAZHEMUK, OMPANCEHUE, KOHMPOAL POCMG.
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