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How does one determine the magnetization state and hysteresis loop corresponding to one of the ferromag-
netic (FM) layers located at a given depth in a stack of FM/non-FM layers by means of the magneto-optical
Kerr effect? For this purpose the representation of the Kerr effect in the complex rotation-ellipticity plane is
introduced. A depth sensitivity function controlling the Kerr effect is defined and its dependence on the photon
energy and angle of incidence is studied. A general way to determine the in-depth location of the FM layer,
from which the Kerr signal originates, is proposed. In the case of a FM bilayer structure, previous proposed
solutions are discussed within a unified formalism. For a system with three or more FM layers two approaches
are proposed to extract selectively the magneto-optical signals originating at individual FM layers: the parallel
Kerr vector and cascade numerical projection methods. These methods are successively checked experimen-
tally on simple multilayer structures. Finally, on the basis of the developed approaches a readout solution for
multivalued magneto-optical recording in a four-storage-layer structure is proposed.
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INTRODUCTION Only a few techniques are able to probe the magnetization

The purpose of this paper is to understand basic principlestate of buried FM layers. Polarized neutron reflectometry
of the in-depth sensitivity of the magneto-optical Kerr effectallowed one to evidence chiral spin structures in several
(later called the “Kerr effect) to check selective magneti- types of exchange FM layers with competing anisotroffies,
zation in stratified structures composed of several ultrathirbut the in-depth resolution there is still too low to investigate
ferromagnetic(FM) layers separated by nonferromagneticultrathin film structures. X-ray resonant magnetic reflectom-
(nFM) spacers. This approach can be used to obtain a bettetry performed at variable incidence is a very promising
understanding of the magnetic behavior of ultrathin filmtechnique for determining an in-depth profile of the
structures, for example those used in engineering devicemagnetizatiort® X-ray photoemission electron microscopy
based on giant and tunnel magnetoresistances. was used successfully to image both the Co and LgFeO

The Kerr effect has been widely used to solve fundamenmagnetic domain structures of a Co(1l.2 nm)/LakeO
tal problems in thin FM layers or to study magnetizationsample!? It has been also shown that x-ray magnetic circular
reversal and anisotropy in a single FM layer or magnetiadichroism can check the magnetic behavior of a buried FM
interactions in exchange coupled FM bilay&t8 Although  layer!®!*However, all these methods require large-scale in-
the in-depth dependence of the Kerr effect was treated botstruments, and their ability to perform selective magnetic
analytically and numerically® the problem of the separation measurements at several in-depth levels have not been yet
of Kerr effect contributions coming from several FM layers demonstrated.
located at a fixed depth has not been addressed so far. Up to In this paper, we show how the Kerr effect can be used to
now, this problem has been only solved for systems involvseparate the magnetization of several FM layers stacked in a
ing two ultrathin FM layers, separated by a non-FM spacemultilayer structure. We consider only the Kerr effect linear
layer. In this case the magnetization behavior of each FMn magnetization, neglecting second-order magneto-optical
layer can be probed independently by the Kerr effect by(MO) effects like the Voigt effect>!®In Sec. I, we present a
changing either the photon energihe angle of incidenc®, graphical representation of the Kerr effect in the rotation-
or the polarization state of the incident light be&This  ellipticity plane. In Sec. Il we recall an analytical expression
last method has been elegantly used through its microscopyf the Kerr effect in the ultrathin FM layer approximation
mode to demonstrate unambiguously the presence of a ba&nd discuss the possible ways for separating Kerr contribu-
qguadratic exchange coupling between Fe layers in thé&ons coming from polar, longitudinal, or transverse magne-
Fe/Cr/Fe structure for selected Cr thicknessiéss of course  tization components. From this separation, one can obtain
useful to obtain information about the magnetic state of eaclthe magnetization orientation separately in each FM layer.
FM layer in a multilayer structure consisting of more thanThis is especially important in the case of dynamic measure-
two FM layers. In this paper procedures are proposed tanents. Then we introduce the depth sensitivity function and
solve this problem. present its main properties. In Sec. lll, we show how to
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assign each Kerr contribution to a given FM layer in a sys- 4
tem where the Kerr hysteresis loop is a superposition of all
Kerr contributions coming from different FM layers. Phase
arguments in th&@e plane allow such an assignment. In Sec. Q.- \ @)
IV, the separation of Kerr signals in a FM bilayer structure is L7 ' N e @
treated within a general formalism. Section V solves this 9 g :

problem for FM trilayer structures when conveniently choos- 9
ing the photon energy, the incidence angle, or the compen- v
sator phase shift. If the Kerr signal separation cannot be eas(a) (b) \ P
ily obtained, a general cascade numerical projection methoc N
is proposed in Sec. VI to decompose a global Kerr hysteresis

loop into all individual FM contributions. Finally, a design of ~ FIG. 1. Visualization of the Kerr effect in thee plane.(a) The
a multivalued MO recording structure is proposed, where thé(err vectord is describeq by the Kerr rotatiofand Kerr elliptic-
Kerr effect can read independently of the magnetization stat € Or by the Kerr amplitudd and Kerr phase. (b) The mea-

of each of four storage layers located at different depths. Sured Kerr signas®) for each FM layer is obtained from tfygo-
jection of the Kerr vector®(® on the projection axisP, the

orientation of which is determined by a projection angle

. COMPLEX REPRESENTATION OF THE KERR EFFECT

State of the art MO setups independently measure thihe Kerr phase is equal to the phase shift between these
Kerr rotation 6 and Kerr ellipticity €.*®” Assuming weak waves,&,=argES) —arg(EY). .
MO effects, the complex Kerr effesb=6+ie=Qe'¢ can (i) For a given multilayer structure, the Kerr effebf’
be defined as a ratio between off-diagonal and diagonal re2figinating from theith layer is proportional to components
flectivity coefficients for the considered film structure. For anOf ~ the related  normalized  magnetization m®)

incident light polarized parallely polarized or perpendicu- =[m{’,m{’,m{’]. Since at first perturbation order in mag-
lar (s polarized to the plane of incidence, the complex  netization the Kerr effect is insensitive to the transverse com-
andp-Kerr effects are defined as ponentm, [see Eqs(9) and(10) or Ref. 164, the total mea-

sured Kerr effectb () is given by a sum of all individual

r . olar @1, and longitudinakb{) contributions,
b= P im0, @ PO g on
SS
r P )= E. DO m+ Z dHm), ®
©p:rﬂ=9p+iep:9pe'§p, (2) S _
pp where thez axis is defined to be normal to the film plane, and

wherer, , are the reflectivity coefficients relative to the di- the x andy axes are both in the plane of the film,being
rections x,y={s,p}. In another way, the Kerr effecp  Perpendicular to the plane of the incidence of the lighe
=€ is described by the Kerr amplitud® and Kerr 8XiS dgflnltlon is shown |n.F|g.)2The additivity Qf the Kerr
phase. effect is repre;en_tejd in Fig(d) by the summation of Kerr
The experimental setup allowing one to measure th&/€ctors for all individual FM layers. _
quantities defined in Eqgl) and (2), can be realized, for (iii) In the most gene_ral case, the_expenmental setup mea-
example, by modulating the light polarization state by theSUres @ Kerr signa, which is the projection of the complex
following optical arrangement: light source polarizer—  KerT effect® onto a projection axis making an anglewith
sample— photoelastic modulatofworking at frequencyf) ~ the real axisd [see Fig. 1)]:
— analyzer— detector’ Then the signals(2f) or s(f),
detected at the f2or f frequency are respectively related to
Kerr rotation @ or ellipticity e.
The complex Kerr effectb can be visualized as a Kerr
vector in the complex plane, here called the plane. For
small 6, €, the fe plane used for an analysis of the depth

sensitivity corresponds to a small region of Cartesian com- i g

plex plane of polarization around the point representing the

(nF)

polarization of the incident wav.The representation of the V ,,,..,,..,,
Kerr effect on thede plane fulfills the following properties v
[Fig. 1(a) and 1b)]. non—FM NEO

i) The projection of the Kerr vector on the real axis gives b Ly
the( i(err r%tajtiona and that the imaginary axis the Eerr M S
ellipticity e. The length of the Kerr vector corresponds to the non-FM NP
Kerr amplitude() and its orientation to the Kerr phageFor
the p-Kerr effect, the Kerr amplitudélp=|Eg)|/|Eg)| is the
ratio between the electric field ferandp reflected light, and FIG. 2. Sketch of the considered FM multilayer structure.
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TABLE I. Dependence of the projection anglg¢son the com-  function is checked experimentally on the Au/Co system.
pensator phase shiit Finally, the in-depth sensitivity for the case of the transverse
Kerr effect is discussed.

projection expt. setup measures
angley Kerl;orztgtlon Ke(;:)zll:;tzlcny A. General analytical expression of the Kerr effect
In this section we express the Kerr effect of a multilayer
Kerr s effect g w2+ 6 structure composed of ultrathin FM layers with a thickness
Kerr p effect —9 ml2—8 t() located at a depti" and separated by nFM spacer lay-
ers consisting of the same nFM material as the subdiFige
_ 2). The thickness of the nFM layers can eventually be set to
s=Ne(de ). @ zero. The label increases with %/he in-depth positigﬁi) of
If the projection axis is parallel to the real axig£0), then the considered ultrathin FM layer.
the Kerr rotations= §=Re(®) is measured. If the projec- _If system contains one FM layer, ultrathin means that
tion angle isy= /2, one measures the Kerr ellipticity  t™Y<\/abg4m(e§”)¥?]~10 nm?~?? because ultrathin
= e=Jm(P) :gy{e((pe—iﬂ/Z)_ means that profile of electrical field having incident polariza-

The variation of the projection angl¢ can be realized tion in the nFM material is not influenced by a presence of
with a Bobinet-Soleil compensator, giving a phase shjft ultrathin FM layers. Thus, if a structure contains several FM
placed on the reflected light begire., in the case of the MO layers, the condition of ultrathin approximation can be writ-
setup described above, the compensator is placed betwetgn asS;4mtMabg(e{)) 2] <.
the photoelastic modulator and the samplEhe fast and The superstratéoften aip has a refractive indeX®, and
slow axes of the compensator coincide with thendp di-  the light(photon energy, vacuum wavelength) falls onto
rections. Then the Kerr signal is modified according to thethe sample under an incidence angleThe light wave vec-
change of the effective reflection mati¥ having compo- tor is assumed to be located in the/ plane of the consid-

nentsr,,, where{x,y}={s,p} for the compensator-sample ered Cartesian referential. The sign convention of time de-
set: pendence is assumed to be xpwt]. The permittivity of all
- - - nFM layers and the substrat"™ = (N(")?, is assumed to
. e 0 F'ss Tsp| rs€' sp€' be isotropic. The permittivity tensor for théh FM layer is
R'=| o oion fos Topl 1o 192 1o e 102)" expressed a&%!
©) _ o o
_ , NO) ZieOmi®  ieOm®
Hence without a compensator one measures the Kerr signal 0 12 1y
so=2Re(@e'"0), and the Kerr detected signasands, in = ig’md % —ie’'m{ | (g
the presence of the compensator Etgs. (1), (2), (4), and im0 )
5)]: €17y €17 My €0

!

(o - ' Then, thes- and p-Kerr effects®{) and ®{’, originating
ss=Ne| ———e 10| —Re(D e % Vo) = Re(de 1Y), from theith FM layer, aré®!

r.SS
(6) r
®f=- 2= xQd")Vvet®
reg S . ss
sp=9%e(ge"‘/’0) =Re(Ppe'%e o) =Re(Ppe ). nF) -
r ! S NyN .
pp (2 _mi)_ g Y m)
(7) €1 (nF) 2 €1 I Yy
The projection angleg are related to the compensator phase . . . .
shift & according to Table I. =) m+ ) miy, ©

II. IN-DEPTH SENSITIVITY OF THE KERR EFFECT M) I'sp 0 0
DW= =y Q(dM)V,t

Due to the attenuation of light inside the multilayer struc- Fpp

ture, FM layers placed at different depths contribute differ- (nF) NN
ently to the total Kerr effect. This argument was originally % 8(li) z m“)+g(1‘) Y m®
pointed out by Hubert and co-workérs to analyze the MO NP 2 gy Y

in-depth sensitivity in a thick FM film. W ) W )

This section presents, first, analytical expressions of polar =@ pg1,pMz "+ Pop oMy (10)
and longitudinal Kerr effects in multilayers consisting of ul-
trathin FM layers separated by nFM spacer layers. Then thehereN,=N@sing and N{"™ = /™ —N7 correspond to
in-depth sensitivity functior is introduced, and its spectral they andz components of the normalized wave vector in the
and angular dependence analyzed. The depth sensitivityFM material. The optical coefficient in Egs.(9) and(10),

224423-3



HAMRLE et al. PHYSICAL REVIEW B 66, 224423 (2002

2N(°)(w/c) A N(© sections. Because the separation of polar, longitudinal, and
(11)  transverse Kerr signals and the determination of their profiles
are different problems, the polar and longitudinal depth sen-
(Sitivity functions are studied separately below.

X7 NOR2N©2 T X (NP2 N2

describes the influence of the nFM substrate on the Ke
effect at normal incidence angle &€0). More precisely, the
term ye{"t") is associated with the polar Kerr effect at C. Depth sensitivity function

=0 for an ultrathin FM layer with thicknes$? deposited on The definition of the depth sensitivity function has been
the top of the nFM bulk material. The termN{"™/N" )V first introduced by Hubertet al’® We generalize it to
describes the variations of Kerr effect with incidence anglemultilayer structures and define the depth sensitivity function
¢. For thes- or p-Kerr effect,V has the forms g as the ratio of Kerr effects originating from théh FM

layer and first FM layer:
N(Pcose v N("Pcose
® NIPcose+NOsinte” P NIPcose—NOsirte q<i,1>:_q)(l) _ 00 g (15)
(12) '

At zero angle of incidencey,=V,=1. The termQ(d")
describes the attenuation of the Kerr effect with the in—deptfb
position of the FM layed(:

\Y,

he depth sensitivity functioq can be visualized in thée
lane as follows: arg("%))=¢0—M=Ag0D expresses
the phase a}ngle be(t\)/vee,zT) thé and first Kerr vectors. Fur-

(i) — C () () thermore,|g!'"|=QM/QM) gives the ratio of Kerr ampli-
QAT =exp 4Tz (AT ). a3 tudes for theith and first first FM layers. .
The termQ is independent on polarization of the incident In the ultrathin film approximation, the polaqga1>
light. Furthermore, as shown belo@ depends weakly on  =®{)/®() and longitudinalgfyy’ = ®{)/®{) depth sensi-
the incidence angle. tivity functions are analytically expressed from E¢8). and

(10) (Refs. 5 and 1P
B. Separation of polar, longitudinal
and transversal Kerr signals @ £{)

(in_- ~1 (B
The polar and longitudinal Kerr effects are related to the Gpol (D 8(11)Q(Ad ) (16
out-of-plane and in-plane magnetization componemfzé)
and m§,') of the FM layers, respectively. A separation of mag-2and
netization components is required if, for example, one o
wishes to measure the dynamical behavior of the magnetiza- D t@ gNelM -
tion reversal independently for several uncoupled or coupled Qion” = @ 8(1T8(Oi)Q(Ad ), (17)

FM layers in the structure.

The polar and longitudinal Kerr signadggf) andsl(g,’]‘) can  whereAd{ P =d®—-d® is spacer thickness. The only dif-
be separated by inversion of the incidence argl&ince the  ference between polar and longitudinal depth sensitivity
polar effect is even withp, and the longitudinal effect odd functions comes from the extra ters§)/e ) .
with ¢, s’ can be deduced from the sum of the Kerr sig-  Both depth sensitivity functionfEgs. (16) and (17)] are
nals s(®()+s(—¢) and s{® from their difference products of three terms.

[Egs.(9) and(10) or Ref. 23. Another differentiation can be (i) The ratio of FM layers thicknesse8)/t™"). This is a

obtained from the Kerr signat®, s(® measured as-and ~ constant for a given film structure.

p-Kerr effects for small incidence angleg+30°). In this (i) The quotient of the permittivities{’/e{" for qfl;’
case Vs~V, and thugEgs.(9) and(10)] and €Me)/(ePeM) for gV this term differs from
. . . . unity only if FM layers are made up of different materials. In
DO~ Pl ~—D0 . (14)  that case, the value of this contribution can only be changed

. by Varying the phOtOII energy.
(tot) tot) (tot) )
Hencespo| can be obtained from the SUHé +Sp , and (iii) The contributionQ( |<|’1>) scribes the infl

(tot) f ;
Sion_ from their difference. of the nFM spacer layers. The Kerr phase angle between the

The transversen, component of the magnetization can be i, and the first Kerr vectors introduced by nFM spacer lay-
measured by the transverse Kerr effédiscussed later in 4 isincreasedby [Eq. (13)]

Sec. Il B, or by rotating the sample and magnet by 90°

around thez axis to measuram, in the longitudinal Kerr _ _ AglD
configuration. Once the polar, longitudinal, and transverse (A§<"1>)spacer:arg[Q(Ad<"1>)]=47-ri}{e(N§”F))T,
Kerr contributions are separated, the Kerr signsgg‘), (18)

s, ands{g” depend only on the in-depth profile of’

m{’, and m{) magnetization components, respectively.where, as stated previousfte(N{"™)>0. Similarly, the ab-
Then, the magnetization component of each FM layer can bsorbing spacer material attenuates fiftle Kerr amplitude
obtained through the procedures discussed in the following() by
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The spectral dependence @ for a 1-nm-thick spacer
layer, is depicted in Figs.(d) and 4b) for several common
metals and $N,. As expected,(i) there is no damping
[abs@Q) = 1] for transparent materials, such agh&i. Noble
metals cause a decrease of the Kerr amplitude by about 7%
per nm of spacer thicknegabs@Q)~0.93]. Because noble
metals are more transparent in the vicinity of their plasma
edge, the value of is larger here. This can be seen in Fig.
4(a) for Au at 2.5 eV and Ag at 3.8 eVii) Figure 4b) shows
that the variation of the Kerr phaské=arg(Q) depends
strongly on the photon energy and can vary up to 4° per nm

FIG. 3. Variation of the Kerr vector with increasing overlayer 0f spacer thickness. The noble metals exhibit very small Kerr
thicknessd® for the Au@d™)/Co(1 nm)/Au system, calculated for phase shift¢ for photon energies below the plasma edge.
¢=0° andE=3 eV. Becaus&) depends weakly on the incidence angleit is
convenient to define the renormalized quantity

0.02

Kerr ellipticity [deg]

i
i
]
]
]
i
i
i
i
0

L L L
-0.06 -0.04 -0.02
Kerr rotation [deg]

A . AdtY
|q<|’1>|spacer:|Q(Ad<|'l>)|:ex _47ij(N§nF)) ) . Q(¢,Ad<iv1>) (N2 AgD
A (i,1)
a9 P (@)= N Sine,

(20

Qe=0ad™) 12T NP

wherejm(N(Z“F))>0. If FM layers are made of the same
material, the Kerr phas&? increases monotonically with ~ where  one uses the approximatioN{""~N(P
i.e., with the in-depth location of the FM layer. At the same —N(©2/(2N("P)sir?e. Equation(20) shows that the angular
time, the normalized Kerr amplitud€)®/t() decreases dependence o is given by sie. The spectral variation of
monotonically. The physical reason for this is that if the FM p(¢=70°) for a 1-nm-thick spacer layer is depicted in Figs.
layer is located more deeply, the optical path is longer for5(a) and §b) for several materials if the probing light comes
reaching the FM layefit increasest) and the light is more from a vacuum K(®=1). Then some remarks arisg) As
absorbedit decreases$)). These statements will be used in can be seen from a comparison between Figs. 4 and 5, in
Secs. Il A and Il B to associate a given Kerr contribution to general, the dependence @Qfon the incidence angle is ap-
a selected FM layer in the structure. As an example, thg@roximately ten times weaker than that found when changing
evolution of the Kerr vector in thée plane, with increasing the photon energy. The associated physical reason isXhat
thickness of the Au overlayer in the Adi®))/Co(1 nm)/Au  depends on the incidence anglenly through a variation of
structure(the Co layer being perpendicularly magnetizesd  N,(¢), which is quite weakabout 10% betweep=0 and
calculated forp=0° andE=3 eV (Fig. 3). As the FM layer ¢=90°). This reflects the fact that metals are optically
is located deeper in the multilayer stack, the Kerr vectordenser materials than a vacuum, and consequently the light is
rotates anti-clock-wise and its length decreases. always refracted in the multilayer close to the film normal.
The agreement between the experimentally and theoretMore quantitatively, an increase of the incidence angle from
cally determined polar depth sensitivity functigp, is pre-  ¢=0 to ¢=70° shortens the Kerr vector by about 0.5%, and
sented in Sec. Il D for the (Au/Cg)system. If ultrathin FM  increases its phase shift by about 0.3° per nm of spacer
layers consist of the same material, the depth sensitivitghickness[Figs. 5a) and 8b)]. (i) Larger values ofp are
function g can be modified only by a change of tei®  reached at higher photon energiég,) As can be seen from
which isindependenbf the material and thicknesses of FM Eq. (20), p depends quadratically dd(®). Hence the depen-
layers. For a given multilayer structurge., for a given dence ofQ on ¢ can be enhanced if the incident light comes
spacer material and a given spacer thickhes® value of from an optically denser medium, for example, using a half-
term Q can be modified only from a change of the photoncylinder coupler contacted optically to the sample by an im-
energyE or the incidence angle. Consequently, the spec- mersion liquid. For a coupling with(©=1.8, the variation
tral and angular dependences @f have to be studied in of gwith the incidence angle increases about three times, and

detail. then the depth resolution achievable with variable angle of
7
1 (a) Si;N, _ 6
o0
o £
2 o4 FIG. 4. Photon energy dependence(af the
= =R modulus andb) the phase of [defined in Eq.
g 2 (13)] in the case of a 1-nm-thick spacer layer of
= £2 different materials
& :
)

5

2 3 4
Photon Energy [eV]

2 3 4
Photon Energy [eV]
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e
%0

o %0.6

S 0.995} Z FIG. 5. Photon energy dependence @

B S the modulus and (b) the phase of

E Y p=Q(70°)/Q(0°) defined in Eq.(20), in the

s 099 b . .

s Eoz case of a 1-nm-thick spacer layer of different
£o.

materials.

2 3 4
Photon Energy [eV]

2 3 4
Photon Energy [eV]

incidence would be only about three times smaller than theeparation of Kerr signals originating from a given FM layer
resolution with photon energy. in a stack of several FM layers is not a trivial task, and
The smaller sensitivity of] to the angle of incidence is  why an inspection of the depth sensitivity functigns so
balanced by the fact that it is linked to the optical and MOimportant.
parameters at a single fixed photon energy. This may be con-
venient in some cases for two reasons. First, the variations of
optical and MO parameters with photon energy are generally
not known with enough accuracy. Second, this method does
not require a Spectroscopic equipment; thus one can use a This section deals with an eXperimental determination of
laser as a light source. However, this magnetic in-depth dethe depth sensitivity function,, of the (Au/Co), system,
tection requiresp to vary over a large angle. Thus, in this and its comparison with calculations based on analytical for-
paper, we prefer to focus our analysis on an in-depth resolunula (16) and on the matrix formalisf:** The studied
tion employing a variation of the photon energy. The advanstructure is A@ nm)/Co(1.2 nm/Au(3 nm)/Co(0.8 nmy/
tages of this method are the previously mentioned highefu(25 nm deposited on float glagsig. 7(@)]. The sample
depth resolution and the use of a fixed experimental geomPreparation and structural characteristics were reported in
etry. Ref. 24 and references therein. Both Co layers have a per-
The depth sensitivity function is the only quantity sen- pendicular magnetic anisotropy and exhibit square hysteresis
sitive to the difference between Kerr effects originating fromloops; their thicknesses are different in order to obtain dif-
different FM layers. The other parametersand Vg, , that fgrent coercive field&® Consequently, !t is easy to find mag-
describe the spectral and incidence angle variations of th@itudes of the Kerr effect corresponding to 0.8- and 1.2-nm-
Kerr effect[Eqgs.(9) and(10)] arethe samdor all FM layers. thick Co layers. The Kerr effect coming from each Co layer
For examp|e, the Change of the incidence ang|etrong|y is measured for incidence angles both at nearly normal inci-
modifies, but in a similar fashion, all Kerr vectors in the dence =7° for the Kerrp effecy and at the incidence
ge-plane. This is demonstrated on Fig. 6, which gives theangle of 70° for boths- and p-Kerr effects. The polar Kerr
calculated variation of Kerr vectors in the fSinm)/Co(1 ~ l0ops are measured with applying the magnetic field along
nm)/Au(5 nm)/Co(1 nm)/Au(bulk) system for different pho- the easy anisotropy axis(|z). The spectral dependence of
ton energiedFig. 6(@] and for different incidence angles polar Kerr rotation and ellipticity at saturation are presented
[Fig. 6(b)]. Here we can immediately see that although specin Fig. 8 for each Co layer. Because of the small thickness of
tral and angular variations of Kerr vectors are importantthe Au spacer £d‘>Y=3 nm), the two experimental Kerr
their relative variationis rather weak. This explains why the spectra look similar within a scaling factor related to the

D. Experimental determination of g
for the (Au/Co), system

0.04
L 5 0.02
ﬁ 0.05 g
=y £ 0
o O
g z
] (] I -0.02
E E
v, 1 -0.04
-0'05 L L L _0 N6 L L L L
-0.15 -0.1 -0.05 TPT.0.08  -0.06 <004  -0.02
Kerr rotation [deg] Kerr rotation [deg]

FIG. 6. Calculated variation of the Kerr effect in the plane originating from both FM layers in the &inm)/Co(1 nm)/Au(5 nm)/Co(1
nm)/Au(bulk) system.(a) shows the variation of Kerr vectors at different photon energiegfe0. (b) shows the variation of Kerr vectors
for different incidence angles for bogtendp polarizations aE=3 eV. Notice that an increase of the incidence angle gives an anticlockwise
rotation of thes-Kerr effect, while it gives a clockwise rotation of tipeKerr effect. Kerr vectors from both FM layers vary wikhand ¢
in the fe plane in a very similar way.
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different Co layer thicknesses. From experimental values oferes{%" represents the total transverse Kerr signal, which

the polar Kerr effects™® and ®®), the quantityq's” is s expressed as

deduced and presented in Fig. 9 in the complex form

|glexdiAg]l. We prefer to plot the normalized quantity tof i T i

(W) g2 | that is comparable to calculations performed Sta’ = Z Sta= 22 Re(A" 1) mad pp) M

by analytical formulag18) and (19) using Ad‘*®=3 nm.

As well, it shows the (V/t@)q2? = (&t M)/(dMi(2)

variation, where Kerr effect®®) and ®® are calculated

from the usual matrix formalisrff. B
We demonstrate that@/t®)qf%" depends weekly on wheredM=r{) .r0 .. The dagger sign denotes the com-

the incidence anglep and is independent of the polarization plex conjugate. Equatio23) can be compared with Kerr

of the incident light(Fig. 9); this result agrees with our pre- signals s"== 9te(q Y ®®mMe'¥) determined for polar

vious expectations. The agreement betweéf/(V)q(Z",  and longitudinal Kerr effectfEqgs. (3), (4), and(15)]. Thus

calculated from the matrix formalism and experimental datathe transversal Kerr signall) corresponds to the previous

is nearly perfect. Analytical formula@8) and(19) well de-  Kerr signals®”). The only difference is that, in the case of the

scribe the variation ofj. The weak difference between ex- transverse Kerr effect, it is not possible to tune the projection

perimental data and analytical calculations comes from addiangle by means of a compensator, and consequently the pro-

tional damping and phase shifts originating from Co layersjection angle is fixed tay=0. It can be concluded that the

that are neglected in our simple treatment. This explains whyransverse Kerr effect can also be used for in-depth sensitiv-

the ultrathin film approximation predicts smaller dampingity measurements, but at a fixed projection angle

(i.e., larger value ofg|) and smaller phase shift.

In COﬂC'USiOﬂ, we can say that our analytical expressions I1l. ASSIGNMENT OF KERR EFFECT CONTRIBUTION

of the depth sensitivity functio5” [Eq. (16)] describes TO A FM LAYER LOCATED AT A GIVEN DEPTH

reasonably well the difference between Kerr effects originat- N

ing from layers located at different depths, in the case of A. Generalities

ultrathin FM metallic layers. Let us consider the case of a multilayer structure com-

posed of several ultrathin FM layers of the same FM mate-

E. Transverse Kerr effect rial, providing nearly square magnetic hysteresis loops and

separated by nFM spacer lay€Fsg. 2). An open question is

o I often to assign each loop to a particular FM layer located at
which is onl nsitiv he transver m f , . X
ch is only sensitive to the transverse componento a depthd”). To solve this problem, let us recall results dis-

the magnetizatioh® The transverse Kerr effect is a different cussed from our examination of Eq48) and (19): (i) The

physical quantity than the polar and longitudinal effects, be-K h Q) : tonicallvwith & .
cause it is measured by a variation of the reflected light in- err phaseg’” increasesmonotonicallywith an increasing

- itiond® i i
tensity for p-polarized incident light at oblique incidence in-depth posm'ond' of (t,f‘g FM layer.(ii) For gbsorbmg
(i.e., 9#0). spacer materialsfJm(N;""’)>0], the normalized Kerr

amplitude QW/t)  decreases monotonically with in-
creasingd®.
Consequently, the procedure for determining the in-depth
position of a FM layer is the following(i) Hysteresis loops
_ _ of both Kerr rotationd and Kerr ellipticity e are measured at
r00=r ot 2 16 magml, (21)  the same photon enerdy and incidence angle. (i) The
' value of the Kerr effect at saturatiod® = g0 +ijel
wherer ;0 is independent of the sample magnetization and= 0We€" s determined, experimentally for each FM layer:
r) represents the contribution of the magnetizddFM  this is an easy procedure if the coercivity differs for each FM

=2Z Re(q VOO)mY, (24)

Let us now discuss briefly the transverse Kerr effect,

In the linear expansion of reflection coefficiem{s, with
respect to transverse magnetization componmit in all
FM layers, the totat (%" is

pp,mag : . Vit ;
layer. Ther() ., coefficient can be written as layer. (i) The Kerr phase&!)=arg(@) is determined and
_ _ (iv) the £ values are classified in a decreasing order; then
r0) mag= §r'51>r§>1;)),mag: (220 the largest value of(") corresponds to the deepest FM layer.

0y . , (v) The in-depth location of the FM layers can be confirmed
whereqy,” is the transversal depth sensitivity function. In from calculations of the normalized Kerr amplitudes

the ultrathin FM layer approximation, it can be found that ) @)/t() \which must decrease witd®). This analysis is
q%r:a: ha(is»exact!y the same form as the longitudinal on&ajig for a large number of FM layers. The main limitation is

Oia’ = dion’ » defined by Eq(17). o when some FM layers exhibit the same coercive field. In
Because therg%ymag magnetic contribution is much such a case, a calculation using a general matrix formalism

smaller thanr,,, the reflectedp-polarized light intensity involving all information about optical and magneto-optical

| ,~|rppl? can be written as parameters has to be used.
If the FM layers do not consist of the same FM material,
i then the Kerr effectd®) have to be renormalized by} for
I D: I p,0+ ZI | S?mag’v |rpp,0| 2+ S’E:gt) . (23) b%é

the polar Kerr effect and by{"/={ for the longitudinal Kerr

224423-7



HAMRLE et al. PHYSICAL REVIEW B 66, 224423 (2002
non-FM Au Snm
FM Co 0.6 nm
SizNy4 67 nm non-FM Au Snm
non-FM Au Snm 4ax — o T
M o 12um [Tb(0.8nm)/Fe(1.1 nm)ly 19 nm S FIG. 7. Sketches of studied
nonFM____ Au___ 3nm SisN4 10.5nm | Mon- . o sample structure&) (Au/Co), (b)
FM Co  08mm glass L Lo ldnm (TbFe/SiN,),, and(c) (Au/Co)s.
non—FM Au non-FM Au

(b)

effect. Then the influence of different FM materials is
avoided, as can be found from Eq8) and(10).

The value of &) increases withi, while Q®/t() de-
creases, proving that the depth location of the considered FM

In the case of thick spacer layers, the same rules are validyer increases with. Because both Au spacer layers have
as well. The only problem is that the deduced value of thehe same thicknessd(?>?=Ad®>?2=5 nm, the difference of

Kerr phasett) can be mistaken by a factor ofi2 which can
generate difficulties to classify the Kerr phasés. This is

Kerr phases are obviously equak®?=Ag32=30°. The
ratio between normalized Kerr amplitudesQ@/t(?)/

overcome when considering the normalized Kerr amplitudg QM/t)=0.69, Q®/t®)/(Q@/t(?)=0.49 should be

Q0/t0 or determining of the angular or spectral depen-

dence of¢®. Since

0=+ gy, (25
whereA &2 in the ultrathin approximation of the FM layer,
is

o Am
Ago,1>:T”Ad<|,1>9qe(N§“F))>0, (26)

the deepest FM layer has the Iarg_:_;Ax;t(i’1> and consequently
the largest slope in the plots @f" with photon energy or

incidence angle. This will be illustrated for the spectral de-

pendence of Kerr phasé” of the TbFe/SjN, system, where

the deepest reachabléhe third FM stack has the largest

slope in the¢)(E) dependence. The determination of the
in-depth position of FM layers is reported in Sec. Ill B for
the (Au/Co); film structure.

B. Application to the (Au/Co); film structure

The Au5 nm)/Co(0.6 nm/Au(5 nm)/Co(1 nm)/Au(5 nm)/
Co(1.4 nm/Au(24 nmy/glass film structure is considered in
this subsection. The sample is presented in Fig) @nd its
preparation and characterization were reported previdtisly.

Because in our particular case the Co layers have increasing

thicknesses and consequently decreasing coeréWityjs
initially easy to assign the Kerr loop contributions to the
three Co layers.

From another side, it is possible to assign the different
Kerr contributions from the saturated Kerr effect indepen-

dently for each FM layer. Here they are determinedEat

=3.8 eV from hysteresis loops measured by both Kerr rota-

tion and ellipticity at nearly normal incidencepE€7°, the
p-Kerr effech in a magnetic field applied along the normal of

the film (H||z). These two loops are presented in the Fig. 10.
The values of individual coercive fields and Kerr rotations

the same, but they differ from each other, because the inter-
face contributions to Kerr effettwere neglected here. Nor-
malized Kerr amplitudes calculated from matrix formalism
are Q@) QY1tM)=0.62, QOt®)/(Q@/1(2)
=0.60, thus the influence of different Co thicknesses is
small.

IV. SEPARATION OF KERR SIGNALS
IN A FM BILAYER STRUCTURE

This section proposes ways to separate Kerr sigsials
ands(® of each FM layer in a structure consisting of two FM
layers separated by a nFM spacer layer. In other words, we
solve the problem of finding special MO arrangements to
cancel either the Kerr signal contribution coming from one
or the other FM layer. Using the representation of Kerr effect
in the complexde plane, the contribution of the first or sec-
ond FM layers ¢ or s®?=0) cancels if the Kerr vector
M or ®@ is perpendicularto the projection axis. This
situation is depicted in Fig. 14) for canceling the Kerr con-
tribution of the first FM layer. The angle between the Kerr
vector ®) and the projection axis equals adef()) — . It
can be tuned in several ways.

0.05

T T .
Kerr ellipticity:
8(1)

=

-0.05F

e(l)
9(2)

0
Kerr rotation: ¢=7", p-pol

Kerr rotation & ellipticity [deg]

2 3 4
Photon Energy [eV]

FIG. 8. Experimental polar Kerr rotation and ellipticity spectra

and ellipticities corresponding to each FM layer are given infor the (Au/Co), system for each Co layer. Thepolarized mea-

Table 1.

surements were performed at a nearly normal incidegce1°).
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4
&

[
S

A (a) ultrathin apprloximatioon: ' Eﬁ (b) m':ltrixforn'}ali;m: _ FIG. 9. Experimental values of the nor-
Vo085 N /‘Pfgo., = o=t malized depth  sensitivity t{1/t(®)q2?
~ 08 7NN J e a1 = (tW/t@)(®@/dM) as a function of the pho-
= osh % YR T~ I3 Z I o T0s ool -] ton energy for (Au/Co) at =0 ande=70° in-
= R AN 6 exp. 70°, S . . . .
= 5% v,;o = 10f s . cidence. In the ultrathin Co layer approximation,
bt p ) SN = ~ '\ —0° it should correspond t®) defined by Eq.(13)
= 0.75} matrix formalism: - L% T N i
E o ot 9=0"~ S 5¢ go oo =70 whose variation is represented by a dashed line.
S o7l vlv onmml T 2 /' pprouimation The full llinel Sh(;)Wfs the rggrmalié)edddepth segsi-

L L L & pl—=e== 2= L 1 tivity calculated from &%), @ etermine

2 3 b 2 3 4 . .

Photon Energy [eV] Photon Energy [eV] from the matrix formalisn(Ref. 2J).
(i) For a fixed projection angle, the orientation of the AERD =0 — ) =arg g1y =nr, (29

Kerr vectors can be modified by varying the photon enétgy ) . o )

[Fig. 6(@)] (Ref. 7 or the angle of incidence [Fig. 6(b)].2 wheren is an integer. Considering a polar magneqzed uItrg-
An example of the Kerr vector variations wihor ¢ in the thin FM film, the angle between two Kerr vectors is analyti-
complex @e plane is reported in Fig. 6 for a Au/Co/Au/ cally expressed bjEq. (16)]

Co/Au structure. It shows how it is possible to find value of
E or ¢ that gives eithe®=0 or €)=0 individually for
each of the two FM layers.

(ii) For fixed Kerr vectors in the complee plane(i.e.,
for given values of and ¢), the projection angles has to  Just note that in the case of longitudinal magnetization, the
be tuned, for example with a Babinet-Soleil compensatosecond term in Eq(29) becomes afde{"e{’)/(¢{?e{")].
(Sec. | of Ref. 9. Note that this elegant technique has beenConsequently, both terms appearing in E29) can be tuned
used in its microscopy mode to prove unambiguously theéo setup two parallel Kerr vectors simultaneousiye.,
existence of a biquadratic coupling between Fe layers sepa &1’ =nr). If the two FM layers consist of different ma-
rated by a Cr spacer layér. terials and if the distancad‘:)> between these FM layers is

(i) In principle, it is not necessary to tune the projectionsmall, then the main contribution &S comes from the
angle ¢ experimentally, because the tuning can be done afsecond term, arg{’/={’), whose value can only be tuned
terward numerically. From a knowledge of two Kerr signalspy a photon energy variation.

S, andsy,, measured under different conditiotfer example If both theith andjth FM layers are made of the same
Kerr rotation and ellipticity or two Kerr signals measured atmaterial, the only nonzero contribution A&"1> comes from
two different photon energies or incidence angléisis pos-  the first term of Eq(29), requiring a certain distanced "’
sible to deduce the Kerr Signal which Originates Only frombetween the FM |ayers to rea“mg(ivj):nﬂ-_ For typ|ca|

S Am i, e
A§<I,1>:)\_Ad<"l>9%e(N‘z“F))+ar9(i)- (29
0

o0

theith FM layer, values of the photon energy and refractive indices of the
nFM spacer layerE=3 eV, N("MW=2 5) the minimum dis-
s =s,cosyt) + spsin ), (27)  tance between FM layers required to obtain parallel Kerr

vector configurations is as large A€l')~40 nm. As dis-
where the weight of the linear combination f ands, is  cussed in Sec. Il C, the part af£h1) originating from non-
parametrized by the projection anglé. A similar approach  zero spacer thickness can be varied by changing either the
was suggested in Ref. 26. photon energy or incidence angleigs. 3—6. However, in
general, the variation of &1’ with the incidence angle is
weaker than that obtained by the photon energy variation, as
V. SEPARATION OF KERR SIGNALS discussed in Sec. Il C.
IN AFM TRILAYER STRUCTURE The “parallel Kerr vector” method is particularly suitable
A. “Parallel Kerr vector” method for checking the individual single layer magnetizations in a
. ) multilayer structure where FM layers are made up by the
As discussed in Sec. IV, the Kerr effect of thié layer  g5me material and separated by thick nFM spacer layers, as

can always be canceled if the corresponding Kerr vebtdf  jomonstrated below for a typical magneto-optical recording
becomes perpendicular to the projection axis. Thus, for a FMnuItiIayer (TbFe/SiN,) 4.2

trilayer structure, if one succeeds in setting up two Kerr vec-
tors®() and® () parallel to each other and perpendicular to
the projection axis, the measured Kerr signal depends only
on the magnetization state of the last FM layer. The situation As discussed in Sec. 1V, the Kerr signals coming from two
is presented in Fig. 1lb), where Kerr signals from the first FM layers can be canceled simultaneously if the correspond-
and third FM layers are canceled simultaneously and, conséag Kerr vectors are set parallel in th#& plane. Such a
quently, only the Kerr signal coming from the second FM configuration can be obtained by adjusting the photon en-
layer is detected. We call this the “parallel Kerr vector” ergy. This section demonstrates how to separate individual
method. More generally, theth and jth Kerr vectors are Kerr signals originating from each FM layer in a FM trilayer
parallel if structure.

B. Application to the (TbFe/Si;N,),4 structure

224423-9
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[=]
-

and 13b). As expected, the deepest FM stack shows the

o0 "o
'q'é é % smallest normalized Kerr amplitud@/t), and exhibits
0 ) the largest slope in the spectédl (E) variation. The spectra
g ? of Kerr amplitude)(V(E) [Fig. 13a)] show two interesting
;i -50 2 E -50¢ features: first, they show a pronounced maximum at 2.0 eV
-1 0 1 -1 0 1 and secondly, the TbFe stacks become more transparent near
Mag. field [kOe] Mag. field [kOe]

3.5 eV, and thus their Kerr amplitud€X") become weak and

FIG. 10. Kerr rotation and Kerr ellipticity hysteresis loops mea- COmparablgsee the inset of Fig. 13)].
sured on a (Au/Cg) system atE=3.8 eV and at a nearly normal The Kerr spectra can be as well represented in the com-
incidence angle¢=7°, p-Kerr effech. The external magnetic field plex fe plane. This representation is shown in Fig.(a4
was applied along the sample normad||¢). over the 3.1-3.9-eV limited spectral range. For photon en-
ergy data represented by dashed lines, two Kerr vectors be-
The sample under investigation is {8j/TbFe),/  come nearly parallel to each other. To determine more pre-
SizN4(10.5 nm)/glass, where ThFe represents a simpleisely the photon energies at which two Kerr vectors become
[Tb(0.8 nm)/Fe(1.1 nni), multilayer stack. TbFe stacks are parallel, we have plotted the spectral dependence of the dif-
separated by 67 nm of i, [Fig. 7(b)]. Information on the ference between Kerr phasag() as a function of the pho-
sample preparation is detailed elsewh@ré Each TbFe ton energy[see Fig. 14b]). The Kerr vectors from théth
stack displays a perpendicular magnetic anisotropy. As isnd jth TbFe stacks are obviously parallel &£ =n.
commonly observe® in spite of having the same thickness This condition is fulfilled for photon energieg=3.32 eV
the TbFe stacks usually exhibit slightly different coercive (A¢3?=540°), E=3.53eV (A&29=360°) and E
fields. All polar Kerr measurements have been performed at3.62 eV (A¢32=360°). Because in our sample the
nearly normal incidenced=7°, the measureg-Kerr ef-  spacer layer thicknessed>?=d{®?=67 nm are equal,
fect) in a magnetic field applied along the normal of the film A¢32 is obviously found experimentally close th&%?
(H||2). [Fig. 14b)]. This is not exactly true in the vicinity of 3.5 eV,
Although the sample consists fifur stacks of TbFe, the Wwhere the TbFe stacks are more transparent, and thus the
third and fourth stacks have the same coercive field. Thigourth TbFe stack slightly influences thet*2 value.
was verified by comparing the individual Kerr hysteresis Thus we have chosen the photon energies to provide the
loop amplitudes measured from the glass <ided the re- parallelism between two Kerr vectors. We tuned the projec-
sults of calculations performed in the frame of the matrixtion angley by a Bobinet-Soleil compensatéas discussed
formalism?! Furthermore, carrying out polar Kerr measure-in Sec. ) to set the projection axis perpendicular to the two
ments from the upper §N, side, the fourthdeepestToFe  parallel Kerr vectors.
stack is screened and exhibits a negligible MO contribution As example, at a given photon energy 3.53 eV, large
over the main spectral range. Thus in spite of the presence @fodifications in the hysteresis loop shape are observed when
four ThFe stacks, Kerr effect practically probes here only thechanging the projection angleg (Fig. 15. Most of the
three first FM stacks in the multilayer, allowing us to dem-sample hysteresis loops are combinations of three individual
onstrate how to separate Kerr signals coming from arKerr loops. However, the hysteresis loop measured for
equivalentthree FM layer structure. = —21° corresponds only to the third ThFe stack, and Kerr
The first problem is to find photon energies, for which two signals coming from the first and second ThFe stacks are
individual Kerr vectors become parallel. Thus, the Kerr specboth canceled. Hence, choosing the photon endggnd
trum originating from each ThFe stack has been determinegirojection angley well, we succeeded in separating the hys-
experimentally, but it can be deduced theoretically as wellteresis loop of each FM stack.
Let us consider the hysteresis loops of the sample measured From loops presented in Fig. 15, we are able to determine
both in Kerr rotation and Kerr ellipticity in the 1.2—4.2-eV the variation of Kerr signals"’ coming from each TbFe
spectral range. Some of the Kerr rotation hysteresis loops aigack as a function of the projection angle(Fig. 16). As
presented in Fig. 12. Since individual square loops exhibiexpected from Eq(4), s{)=9%d ®Vexp(y)], the depen-
different coercivities, it is straightforward to determine the dence ofs("(¢) is sinusoidaP. Sinusoidal full lines perfectly
maximum Kerr rotation and Kerr ellipticity for each of the fit the experimental dat&Fig. 16). Furthermore, one can
three ThFe stacks of interest. On the entire photon energyerify that both Kerr signals™ and s®® cancel simulta-
range, the corresponding Kerr amplitudes’) and Kerr neously fory=—21°. This explains why only the Kerr sig-
phasest() are then deduced and represented in Figéa)13 nal originating from the third TbFe stack is measured at this

TABLE Il. Kerr effect and coercive field of each FM layer in the (Au/Gaystem.

H. (08 609 (mdeg €9 (mdeg QO (mdeg &9 (deg tO (nm) QOit® (mdeg/nm

O 770 -21.0 -9.0 22.9 203° 0.6 38.2
®@ 420 —-15.8 —21.4 26.6 233° 1.0 26.6
0 360 -2.1 —~18.0 18.1 263° 1.4 12.9
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e e 3 :) P FIG. 11. Sketch of Kerr vectors and projec-
Y Y S -— . . .
' 4 v - ) tion axis in thefde plane when the Kerr signal
kY P A (2;\, L~ DD oy _ew| - e comes from only one FM layer in a system con-
s(z)‘c’{,, 0 Y R} il L sisting of (a) two and (b) three FM layers.(c)
. Kerr vector configuration used for volume MO
' 6 Y 0 sH—s@ s 6 readout with four FM recording layersee Sec.
(a) \ (b) \ (C) VI E for details.
particular photon energy and projection angle. The resulting (tot) S(11) S(12) S(lN) @)
Kerr hysteresis loops, depending only on the magnetization 1 1) (2 (N) z
state of the first, second and third ThFe stacks, were deduced | sy S27 S S m{?)
(Fig. 17 by choosing an appropriate couple Bfand A : I R E (30
values. S(nﬂm) ngjll_) S(N%) SF\AN) mgN)
VI. LARGE NUMBER OF MAGNETIC LAYERS:
“CASCADE NUMERICAL PROJECTION” METHOD o) — x. "

A. General formalism o i
Consequently, the FM layer magnetlzatlomé') can be

Considering the case of more than three FM layers andraightforwardly deduced by an inversigfor M=N) or

thin nFM spacer layers, it is generally not possible to sepapseudoinversiorifor M>N) of the X matrix:
rate the MO contributions by the “parallel Kerr vector”
method. This is only possible for specially engineered struc- (31)
tures as described later in Sec. VI E. This subsection treats
the present problem from another point of view: the totalThe pseudoinversion ok means that Eq(30) is solved in
Kerr effect is measured in different experimental conditionsthe sense of minimizing the least-square error, which is
to obtain a set of independent measurements from which WES(to) — X |3
calculate the Kerr Signal Coming from each FM Iayer. This Two principa| prob|ems occur in a practica| imp|ementa-
numerical approach can be extended to a large number @fn of Eq.(31): (i) Whether and under which conditions the
FM layers. (pseuddinversion of theX-matrix exists. We have to deal
A separation of polar, longitudinal, and transverse Kerfyith independent experimental conditions=1 ...M, so
signals,sf)t(‘)’,‘), s, ands{?” has was already discussed in that the X matrix does not contain linearly dependent col-

Sec. 11 B. Once separated, the Kerr signal depends on thgmns (ii) How to determine ingX) experimentally? In prin-

p=inv(X)- s,

profile of only one magnetization componenf;, w=x or ciple, theX matrix and its(pseuddinversion can be calcu-
yorz ) ) . lated. But, in practice, the agreement between experiment

Let us consider a system witd FM layers having polar  and theory is not always sufficient. These two problems will
magnetizationsn{), i=1...N. One assumes thal polar  pe discussed below.

Kerr signalss{®, x=1...M, M=N can be measured in
independent experimental conditions. Independent means
that experiments have to be carried out at different photon
energiesE, , different incidence angles, , or different pro- ) _ _
jection anglesy, . The measured Kerr signa§® are given ~ effect, ®{’=0Vexdi&], the definition of the Kerr signal
by a sum of Kerr signal contributiors” from theith FM  s{’=%e[ ®exp(—ig) =R QL exp(&)—iy)] [Eq. (4)]
layer weighted by the corresponding polar FM layer magneand of the depth sensitivity functiorg¥=d{/d{
tizationm{ . This relationship betwees{® andm{’ canbe  =|q{"|exiA&"Y] [Eq.(15)], the components of thé ma-
written through arX-matrix° trix are expressed as

B. Existence of the in(X) matrix

Considering the polar complex representation of the Kerr

]
o
1 R

N

—0.05
-2

0

2

-0.1

-2 0 2

Magnetic field [kOe]

-0.2

-2 0 2
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@d g, 01 AE 2-nd FM stack
-§ 3r - i V‘{.wf 4001 FIG. 13. Experimental Kerr effect specfi@)
2,0 e Y] 2 200} a2 Kerr amplitudeQ®, (b) Kerr phase:("] of each
£ L-stFM stack £ 1-st FM stack FM stack in the (TbFe/gN,4), system.
= \ 2-nd FM stack g
S 5 R, 3-rd FM stack ] o
1 2 3 et 2 3
Photon Energy [eV] Photon Energy [eV]
SQ):Q)((l)|q§(iv1>|sir(g§(1)+Afgvl)_ ). (320  depth sensitivity functionzqii'b. In conclusion, forN=3,

different Kerr signals, have to be measured at several pho-
Now let us discuss the conditions under which ¥enatrix ton energies or incidence ang|es, otherwiseXhweatrix has
has linearly independent columns. Because the @ﬁ?ﬁ is linearly dependent columns.
just a multiplicative constant of eackrmatrix line, it does
not play any role in the following discussion.

In the case of anNI X 2) X matrix (for two FM layers, C. Inversion of the X matrix

one only needs to havel,#y,, &M+, or gf In this subsection we discuss how Hg0), s=X. u,
#qyY. This is a sufficient condition for the existence of can be solved if the elements of thematrix are not priori
'TrT\7(X). known. In other words, we wish to find how to tune the

In the case of a Nl xN) X matrix; N=3 (for three or linear combination of severaf to obtain a Kerr signas’
more FM layers the conditions of existence of i) are  Providing information about the magnetization state of a
not as straightforward as in the previous case, and it is showﬂﬂgle FM layer in the multilayer structure. In principle, the
that the depth sensitivity functiog has to vary with some inv(X) can be calculated theoretically; however due to the
parameters. Let us first consider the casdloéxperimental inaccuracy of optical and MO parameters, layer thicknesses
configurations §1=N), which differ only by the projection @nd additional interface contributions, it can happen that the
angle ¢ # ¢, (k#1) or in the Kerr phase of the first FM reliability of these calculations is not good enough.

layer &M+ &Y keeping depth sensitivity functiong('™V The key idea ﬁ(/x) tuning is a generalization of the
=q<ki,1)= g0 |exdiA&D] const. Then, the rX) is only numerical projection methog mtroduceﬁ earl_ler fgr atwo FM
possible if the matrix with components layers structur¢Eq. (27)]: st =s,cosyf)+ssinyt), where
S1, Sy are two different Kerr signals determined experimen-
s =g |sin( M+ A&D— ) (33 tally. For a given tuned projection angfé"), one cancels the

_ _ Kerr signal due to théth FM layer, and consequentsf'
has linearly independent columns. Because the componentseasures only the magnetization of the second FM layer.
J and & are the same for all terms in each line, and termsapplying this algorithm recursively, one can successively
|q""] andA ¢ are the same in all terms in each column, cancel Kerr signals from other FM layers. From an algebraic
it can be shown that such a matriand consequently the point of view, this algorithm is similar to the Gaussian elimi-
X-matrix) alwayshas linearly dependent columns. nation method.

Consequently, in the case of three or more FM layers, to  Thjs tuning procedure, based on a successive cancellation
select the Kerr signal coming from each FM layer it is notof signals from all layers in the multilayer structure, except
sufficient to perform MO experiments at different projectionfor one, requires a knowledge of at least the approximate
anglesy, . All Kerr vectors have to change independently, shape of hysteresis loops for individual layers. It is necessary
which is a situation that is not fulfilled if onl2{" and&(" o decide whether the observed hysteresis loop is a superpo-
are varied while keeping<x"l> constant. Hence it is necessary sition of many contributions. This is quite easy in our simple
to choose such experimental conditions to give differenttase of square hysteresis loops with different coercive fields.

0 = 900
i

= Y FIG. 14. (a) Experimental Kerr effect origi-
%’ o1 g 540 nating from each FM stack in the (TbFe{Sj),
2 018 2 system, for several photon energigb) Differ-
3 £ 360 ences between Kerr phasag(!) as a function
g 02 K of the photon energy. 1A &1=n180°, theith
) %5 180 .
. 025 e andjth Kerr vectors are parallel.

1 1 1 E

0.1 0 0.1 (li) 2.0 3.0 4.0
Kerr rotation [deg] Photon Energy [eV]

224423-12



IN-DEPTH RESOLUTION OF THE MAGNETO-OPTICA. .. PHYSICAL REVIEW B 66, 224423 (2002

¥ =—525° P=—42 ¥ =—315° Pp=-21°

0.1 0.1 r 0.1 r 0.1
®
= o—-ﬁ—_. OT‘R‘I'_'_‘_JS__. L L 0:_____[:]""' FIG. 15. Kerr hysteresis loops for several val-
= ues of the projection angley and for the
& - — - TbhFe/SiN m. The photon ener
R - 501 . 5 013 - 5 013 m . (_ bFe/Si 4)_4 s%/ste (:] photon e Ztgglz)(
& &= —10.5° b= 0° &= 10.5° ¥ =21° =3.53 eV) is chosen so that Kerr vect
VR 01 04 . 01 . and (I)‘.Z) are parallel. Consequently, there is a
5 projection angle) (herey=—21°) for which the
E o__ﬂ.- of { o} d{ ok mefe\su_red Kerr signal dt_apends only on the mag-

netization state of the third FM layer.
o) 0 2 0% 0 2 0k 0 2 %% 0 2

Magnetic field [kOe]

For other hysteresis loop shapes this procedure is applicablayers. Then we can once more apply the projection proce-
as well. If the tuning procedure cannot be performed, thedure to separate Kerr signals coming from the first or second

“inv(X) matrix should be calculated theoretically with care- FM layer:

fully selected optical and MO parameters of all layers. A

combination of both methods is possible as well: approxi- (1)— «(3) (1.3 1 «(3ain (1.3

mate values of projection angles F:)are calculated throEFg)h Eq. ST=s1cosyT s gsing (36

(38) from the X matrix, and afterward they can be finely - - B

tuned. 5@ =scosy®d + s&)sin (29, (37

As an example of tuning procedure, let us take a three- ' ’

FM-layer structure, on which three different Kerr signals i

sty }é(z“") ands{® are measured. All these Kerr siggnals me_nge, in a system composed of three FM laydis=@,

ton” o = ) =3), to bg selective to only one FM layer one has to tune
s; 7 are different, and they are superpositions of Kerr signalgpree projection angleg subsequently. To deduce Kerr hys-
originating from all three FM layers. As an example, let asteresis loops of all three FM layers, seven projection angles
show how to separate Kerr signals originating only from thenayve to be tuned. Similarly, for four FM layersl €4, M

first and second FM layers. Two independent projections be—:4), six projection angles have to be tuned to separate the
tweens{®, s§* and betweers{*” ands{® can cancel the Kerr signal coming from one FM layer. For separating Kerr

Kerr signal coming from the third FM layer, hysteresis loops of all four FM layers, 16 projection angles
_ _ _ are required.
si%=s{cosy{Y+ s§Psin ¢, (34) If the Kerr signal values originating from thith FM
B B B layer, s{’ and s}, are known, the projection angig{'},
sf%:s(l“’t)cosz,/f(f’g +s(3t°‘)sinz//(f’%, (35) yvh[iéh é%n]cels the Kerr signal of théth FM layer,
is [Eq.

and thus the Kerr signats®} ands{®} are different and de-
pend only on effects coming from the first and second FM ()
1

tan lﬂ&iy)zz - 0" (38)
0.06 Sy
004 0 . -
= When values o8;’ are known, but not with sufficient accu-
e, 002 racy, the derived values @fl") can be used as starting points
z 0 of the projection tuning.
&
= -0.02 ' - 1-st FM stack 2-nd FM stack 3-rd FM stack
£ I E=3.62eV E=3.32eV E=3.53eV
Q -0.04 ! _ % = —30° % = —20.5° P = —21°
e g 005 ' 0.1 ' 0.05 '
_0.03 [ Ll [ =
-200 -100 0 100 =
Projection angle v [deg] SR | 1 o 1 o 1
FIG. 16. Experimental variation of Kerr signa), measured g -0.05; > > 013 - 5 ~0-05; - >
atE:3.53 eV, as a function of the projection angltefor each FM Magnetic field [kO¢]
stack in the (TbFe/gN,), system. These curves were obtained
from hysteresis loops presented in Fig. 15. Ber —21°, s*) and FIG. 17. Individual Kerr hysteresis loops deduced for each ThFe

s(® cancel simultaneously and the Kerr signal measureE at stack in the (TbFe/SN,), system, obtained by choositigand
=3.53 eV andy= —21° comes only from the third FM stack. The to cancel Kerr effects of two ThFe stacks. ValueEof) are indi-
full lines are sinusoidal fits. cated above each loop.
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D. “Cascade numerical projection” method applied spacer layer. The SNR decreasing rate with the number of
to the (Au/Co); film structure projections depends upon the linear independence of col-
umns in theX-matrix [Eq. (30)], which is determined by the

The “cascade numerical projection” method allows Onechan e of the depth sensitivity functigp corresponding to
to separate the Kerr signal originating from each FM layer 9 P Y M P 9

through linear combinations of several experimental Ke"partlcular experimental conditions
signals, each consisting of a sum of contributions issued
from different FM layers. It is based on a subsequeset,
cascade numerical canceling of Kerr signals from an arbi- The question raised here is how to realize a convenient
trary FM layer, up to obtain a Kerr signal only related to thefour-layer magneto-optical recording media by thin-film en-
considered FM layer. gineering. The properties of the (FM/nFMproposed struc-
This technique is applied here to the (Bunm)/Co(0.6  ture are the following(i) The MO readout can be done at a
nm)/Au(5 nm/Co(1 nm)/Au(5 nm)/Co(1.4 nm/Au(24 nm)/  single photon energyii) each FM layer is perpendicularly
glass multilayefFig. 7(c)] already studied in Sec. Ill B. The Magnetized and exhibits a polar square hysteresis Idiop.
sample preparation and characterization were described ihh€ Kerr rotation signal carries information about the mag-
Ref. 24. All Co layers displayed perpendicular magnetic anhetization state of two FM layers and the Kerr ellipticity

isotropy and provide square hysteresis loops. Since the cgives information about the magnetization state of the two

layer thickness varies from layer to layer, the associated cocher FM layers(iv) The magnetization states of these two

ercive field decreases when increasing the thickfiess. FM layers are distinguished by the so-called four-level MO

30 Thi ;
As discussed in Sec. VI B, Kerr signals have to be mea—readOUt proceduré.*” This means that FM layers provide

sured for at least two different values of the depth sensitivit Kerr signals with different amplitudes and, consequently, for

y, . . .
function g, . Hence we measured both Kerr rotation and eI-tWO opposite magnetization states in each FM layer four Kerr
levels are measured.

lrlr?gr?'ltsyvcgrse}erifflzrrlr?ggsaﬁtnezil aggrr?{asl ﬁ1\éi d-g:le m(?oasure— These conditions may be fulfilled if the four FM layers
the measureS-Kerr effech) and thye measured Ioopﬁre ,pre- lead to the foIIow(i{l)g Kerr Elg?ctor co(ggigur(zi'gic[rﬁig. o~
sented on the left side of Fig. 18. The presented loop at Z.g) Kerr vectors® and(I)(l) ang)cb , & are mutually
eV is measured for a projection angle=33°, but the par parallel.(ii) Kerr vectors®'~), ®'*) are parallel to the Kerr
, - - - (2) &)

ticular value of this projection angle has no special meaningr.C)t."’lt'.o.n axiso, and @ an_dCD are parallel to the Kerr

Each experimental loop is due to contributions of al threeeII|pt|C|ty axis e. In each pair of parallel Kerr vectors, one of

S . . hem must be about two times larger than the other

Co layers, resulting in three step loops. For a given ImeaFQ(l)/Q(g)%Z, @/0®~2). Thus the polar Kerr rotation

combination of the two original loops one can cancel out the:” . ™" : .
contribution from a given Co layes=s,cosy-+s,sin . The (ellipticity) measurements provide four possible levels,

projection angle) can be determined just by tuning the pro- 6= 0Omb 4 0GME®

jection angle up to remove the Kerr signal coming from the z z

targeted Co layer. By this first projection two loop hysteresis ={—Q®)-0®) —0®+ 0 M- G oW+ G}

curves result depending only on Kerr signals coming from

the first and third Co layers and two from the first and second (39

Co layers(Fig. 18. (2 (2 2 (4
After this first projection, one has pairs differentKerr e=0Qf )m§ +Qf )m§ )

hysteresis loops both depending, for example, on the magne- = (2 0® — 0@+ 0® 0@ - 0® @+ @)},

tization of the first and the third Co layers. Hence the subse-

guent second projection can cancel out the Kerr signal com- (40)

ing from one more Co layer and the Kerr signal originatingsg that the magnetization state of each FM layer can be de-
from only one Co layer may be separat&iy. 18. Thus we  termined.

succeeded in separating Kerr signals coming from each FM | conclusion, the readout of both the Kerr rotation and

layer. } _ Kerr ellipticity at asingle photon energy gives access to the
Let us comment on the decrease of the signal to noisgyagnetization state of afbur buried FM layers. This solu-

ratio (SNR) at each projection stage. The noise amplitude ofjon combines the advantages of readout by both the Kerr

the projected Kerr signal is determined by the sum of thgotation and ellipticit§® and a four-level MO reado@®.
noise corresponding to each hysteresis loop. On the other

hand, for each projection, the amplitude of Kerr signal itself
is decreased. After the first projection shown in Fig. 18, the
SNR is reduced by a factor of\2. After the second projec- In this paper, we have proposed ways to solve the general
tion, the SNR is reduced again approximately by a factoproblem of how to determine the magnetization state of each
1042. This large decrease of the SNR at this second stage BM layer in a multilayer structure by means of the magneto-
due to the close-to-one value of the depth sensitigityVe  optical Kerr effect.

estimate that the forthcoming projection will decrease the First, the measured Kerr signal is interpreted as a projec-
SNR approximately by a factor 5—10. The reduction of thetion of the Kerr effect in the compleke-plane onto a pro-
SNR at each projection stage is more significant for thinnejection axis fixed by the MO setup. The Kerr effect is ana-

E. Volume magneto-optical recording for four storage layers

VII. CONCLUSION
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exp. loops: first projection: second projection:
E=38 eV 50 . el ,

50 v 5 i FIG. 18. Demonstration of the
= _38.4° 0 “cascade numerical projection”
) | = -349° ] procedure for the (Au/Ca)
E | 50 . - sample. The three experimental

50 ; -1 0 1 . ] hysteresis loops on the left side

-1 0 1 50 ' - 0 1 account for the magnetization

E=38 eV o o state of all three CQ Ia)_/ers. By two

50 1 | ¢=%L. o ] _407°2 subsequent projections  with
S 50 - anglesy, the Kerr signal depend-
E 0 1 _50 " ’ 0 ] ing on the magnetization state of
5 -1 0 1 -30.6° only one Co layer is separated.
M -50 . 20° 0 ) The numbers denote the projec-

-1 0 lg— - '31 0 1 tion angley values used for linear

E=2.5eV -50 . & combination of given pair of hys-

& 200 - -1 0 1 L : .

= 100 teresis loops. The units of the Kerr

Y ] . .
S -26.5° signal and an external magnetic
| 46° d | =— 9 1 field and the Kerr signal are mdeg
g = * - — and kOe, respectively.
E 5-200 . -5 .

M 0 1 10 M | 0 1

lytically expressed for each FM layer in the framework of thelayer by means of well-chosen linear combinations of Kerr
ultrathin film approximation. The depth sensitivity functign  hysteresis loops measured in different experimental condi-
is introduced and expressed analytically. This approach akions. For that purpose it is shown that Kerr hysteresis loops
lows one to determine the variation between Kerr effecthave to be measured for, at least, two different photon ener-
originating from FM layers located at different depths. Thengies. Finally, we propose a suitable Kerr vectors configura-
we show, both theoretically and experimentally on simpletion that can be realized in an engineered film structure for
model systems, how to straightforwardly determine the infproviding a volume magneto-optical recording solution in
depth location of a FM layer if the saturated Kerr effect isfour storage layers.
known for each FM layer. A consistent approach is devel-
oped, providing a separation of Kerr signals coming from
each FM layer in a FM bilayer structure, by a variation of the
photon energy, the incidence angle, or the compensator phase One of the author§J.H,) would like to thank the Labora-
shift. We show how to separate polar, longitudinal, and transtoire de Physique des Solides, Universtaris-XI, Orsay for
verse components of the magnetization, in order to handlés hospitality during his stays. M.N. would like to thank the
in-depth magnetometry measurements. Max Planck Institute of Microstructure Physics in Halle,
To be selective to the magnetization state of each FMsermany for its kind hospitality during his present stay. The
layer, we propose and demonstrate the power of two differerfinancial support of J.H. on a the European Marie-Curie
approaches: the “parallel Kerr vector” and “cascade numeri-Grant No. HPMF-CT-2000-00066 and of the Ministe
cal projection” methods. The “parallel Kerr vector” method Franais des Affaires Eangees is greatly appreciated. This
is based on a tuning of some parametéos example the work was partially supported by the Grant Agency of the
photon energy and compensator phase shdn the other Czech Republic(Grants Nos. 202/00/0761 and 202/99/
hand, the “cascade numerical projection” allows one toD060. The authors wish to thank A. Mougin for critical
separate Kerr signals originating from each individual FMreading of the manuscript.
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