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In-depth resolution of the magneto-optical Kerr effect in ferromagnetic multilayers
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Institute of Physics, Charles University, Ke Karlovu 3, CZ-121 16, Praha 2, Czech Republic

~Received 14 July 2002; published 31 December 2002!

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.

DOI: 10.1103/PhysRevB.66.224423 PACS number~s!: 75.70.2i, 75.75.1a, 78.20.Ls
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INTRODUCTION

The purpose of this paper is to understand basic princi
of the in-depth sensitivity of the magneto-optical Kerr effe
~later called the ‘‘Kerr effect’’! to check selective magnet
zation in stratified structures composed of several ultra
ferromagnetic~FM! layers separated by nonferromagne
~nFM! spacers. This approach can be used to obtain a b
understanding of the magnetic behavior of ultrathin fi
structures, for example those used in engineering dev
based on giant and tunnel magnetoresistances.

The Kerr effect has been widely used to solve fundam
tal problems in thin FM layers or to study magnetizati
reversal and anisotropy in a single FM layer or magne
interactions in exchange coupled FM bilayers.1–4 Although
the in-depth dependence of the Kerr effect was treated b
analytically and numerically,5,6 the problem of the separatio
of Kerr effect contributions coming from several FM laye
located at a fixed depth has not been addressed so far. U
now, this problem has been only solved for systems invo
ing two ultrathin FM layers, separated by a non-FM spa
layer. In this case the magnetization behavior of each
layer can be probed independently by the Kerr effect
changing either the photon energy,7 the angle of incidence,8

or the polarization state of the incident light beam.4,9 This
last method has been elegantly used through its microsc
mode to demonstrate unambiguously the presence of a
quadratic exchange coupling between Fe layers in
Fe/Cr/Fe structure for selected Cr thicknesses.4 It is of course
useful to obtain information about the magnetic state of e
FM layer in a multilayer structure consisting of more th
two FM layers. In this paper procedures are proposed
solve this problem.
0163-1829/2002/66~22!/224423~16!/$20.00 66 2244
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Only a few techniques are able to probe the magnetiza
state of buried FM layers. Polarized neutron reflectome
allowed one to evidence chiral spin structures in seve
types of exchange FM layers with competing anisotropie10

but the in-depth resolution there is still too low to investiga
ultrathin film structures. X-ray resonant magnetic reflecto
etry performed at variable incidence is a very promisi
technique for determining an in-depth profile of th
magnetization.11 X-ray photoemission electron microscop
was used successfully to image both the Co and LaF3
magnetic domain structures of a Co(1.2 nm)/LaFe3
sample.12 It has been also shown that x-ray magnetic circu
dichroism can check the magnetic behavior of a buried
layer.13,14 However, all these methods require large-scale
struments, and their ability to perform selective magne
measurements at several in-depth levels have not been
demonstrated.

In this paper, we show how the Kerr effect can be used
separate the magnetization of several FM layers stacked
multilayer structure. We consider only the Kerr effect line
in magnetization, neglecting second-order magneto-opt
~MO! effects like the Voigt effect.15,16 In Sec. I, we present a
graphical representation of the Kerr effect in the rotatio
ellipticity plane. In Sec. II we recall an analytical expressi
of the Kerr effect in the ultrathin FM layer approximatio
and discuss the possible ways for separating Kerr contr
tions coming from polar, longitudinal, or transverse magn
tization components. From this separation, one can ob
the magnetization orientation separately in each FM lay
This is especially important in the case of dynamic measu
ments. Then we introduce the depth sensitivity function a
present its main properties. In Sec. III, we show how
©2002 The American Physical Society23-1
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assign each Kerr contribution to a given FM layer in a s
tem where the Kerr hysteresis loop is a superposition of
Kerr contributions coming from different FM layers. Pha
arguments in theue plane allow such an assignment. In Se
IV, the separation of Kerr signals in a FM bilayer structure
treated within a general formalism. Section V solves t
problem for FM trilayer structures when conveniently choo
ing the photon energy, the incidence angle, or the comp
sator phase shift. If the Kerr signal separation cannot be
ily obtained, a general cascade numerical projection met
is proposed in Sec. VI to decompose a global Kerr hyster
loop into all individual FM contributions. Finally, a design o
a multivalued MO recording structure is proposed, where
Kerr effect can read independently of the magnetization s
of each of four storage layers located at different depths

I. COMPLEX REPRESENTATION OF THE KERR EFFECT

State of the art MO setups independently measure
Kerr rotation u and Kerr ellipticity e.16,17 Assuming weak
MO effects, the complex Kerr effectF5u1 i e5Vei j can
be defined as a ratio between off-diagonal and diagona
flectivity coefficients for the considered film structure. For
incident light polarized parallel (p polarized! or perpendicu-
lar (s polarized! to the plane of incidence, the complexs-
andp-Kerr effects are defined as

Fs52
r ps

r ss
5us1 i es5Vse

i js, ~1!

Fp5
r sp

r pp
5up1 i ep5Vpei jp, ~2!

wherer x,y are the reflectivity coefficients relative to the d
rections x,y5$s,p%. In another way, the Kerr effectF
5Vei j is described by the Kerr amplitudeV and Kerr
phasej.

The experimental setup allowing one to measure
quantities defined in Eqs.~1! and ~2!, can be realized, for
example, by modulating the light polarization state by t
following optical arrangement: light source→ polarizer→
sample→ photoelastic modulator~working at frequencyf )
→ analyzer→ detector.17 Then the signalss(2 f ) or s( f ),
detected at the 2f or f frequency are respectively related
Kerr rotationu or ellipticity e.

The complex Kerr effectF can be visualized as a Ker
vector in the complex plane, here called theue plane. For
small u, e, the ue plane used for an analysis of the dep
sensitivity corresponds to a small region of Cartesian co
plex plane of polarization around the point representing
polarization of the incident wave.18 The representation of th
Kerr effect on theue plane fulfills the following properties
@Fig. 1~a! and 1~b!#.

~i! The projection of the Kerr vector on the real axis giv
the Kerr rotationu, and that the imaginary axis the Ke
ellipticity e. The length of the Kerr vector corresponds to t
Kerr amplitudeV and its orientation to the Kerr phasej. For
thep-Kerr effect, the Kerr amplitudeVp5uEs

(r )u/uEp
(r )u is the

ratio between the electric field fors andp reflected light, and
22442
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the Kerr phase is equal to the phase shift between th
waves,jp5arg(Es

(r ))2arg(Ep
(r )).

~ii ! For a given multilayer structure, the Kerr effectF ( i )

originating from thei th layer is proportional to component
of the related normalized magnetization m( i )

5@mx
( i ) ,my

( i ) ,mz
( i )#. Since at first perturbation order in mag

netization the Kerr effect is insensitive to the transverse co
ponentmx @see Eqs.~9! and ~10! or Ref. 16#, the total mea-
sured Kerr effectF (tot) is given by a sum of all individual
polar Fpol

( i ) and longitudinalF lon
( i ) contributions,

F (tot)5(
i

Fpol
( i ) mz

( i )1(
i

F lon
( i ) my

( i ) , ~3!

where thez axis is defined to be normal to the film plane, a
the x and y axes are both in the plane of the film,x being
perpendicular to the plane of the incidence of the light~the
axis definition is shown in Fig. 2!. The additivity of the Kerr
effect is represented in Fig. 1~b! by the summation of Kerr
vectors for all individual FM layers.

~iii ! In the most general case, the experimental setup m
sures a Kerr signals, which is the projection of the comple
Kerr effectF onto a projection axis making an anglec with
the real axisu @see Fig. 1~b!#:

FIG. 1. Visualization of the Kerr effect in theue plane.~a! The
Kerr vectorF is described by the Kerr rotationu and Kerr elliptic-
ity e or by the Kerr amplitudeV and Kerr phasej. ~b! The mea-
sured Kerr signals( i ) for each FM layer is obtained from thepro-
jection of the Kerr vector F ( i ) on the projection axisP, the
orientation of which is determined by a projection anglec.

FIG. 2. Sketch of the considered FM multilayer structure.
3-2



-

e

th

e

gn

s

c
er
lly

ol
l-
th
l
iv

m.
rse

er
ss

y-

t to

at

a-
of
M
it-

de-

he

IN-DEPTH RESOLUTION OF THE MAGNETO-OPTICAL . . . PHYSICAL REVIEW B 66, 224423 ~2002!
s5Re~Fe2 ic!. ~4!

If the projection axis is parallel to the real axis (c50), then
the Kerr rotations5u5Re(F) is measured. If the projec
tion angle isc5p/2, one measures the Kerr ellipticitys
5e5Im(F)5Re(Fe2 ip/2).

The variation of the projection anglec can be realized
with a Bobinet-Soleil compensator, giving a phase shiftd,
placed on the reflected light beam~i.e., in the case of the MO
setup described above, the compensator is placed betw
the photoelastic modulator and the sample!. The fast and
slow axes of the compensator coincide with thes andp di-
rections. Then the Kerr signal is modified according to
change of the effective reflection matrixR8 having compo-
nentsr xy8 , where$x,y%5$s,p% for the compensator-sampl
set:

R85S eid/2 0

0 e2 id/2D S r ss r sp

r ps r pp
D 5S r sse

id/2 r spe
id/2

r pse
2 id/2 r ppe

2 id/2D .

~5!

Hence without a compensator one measures the Kerr si
s05Re(Fe2 ic0), and the Kerr detected signalsss andsp in
the presence of the compensator are@Eqs. ~1!, ~2!, ~4!, and
~5!#:

ss5ReS 2
r ps8

r ss8
e2 ic0D 5Re~Fse

2 ide2 ic0!5Re~Fse
2 ic!,

~6!

sp5ReS r sp8

r pp8
e2 ic0D 5Re~Fpeide2 ic0!5Re~Fpe2 ic!.

~7!

The projection anglesc are related to the compensator pha
shift d according to Table I.

II. IN-DEPTH SENSITIVITY OF THE KERR EFFECT

Due to the attenuation of light inside the multilayer stru
ture, FM layers placed at different depths contribute diff
ently to the total Kerr effect. This argument was origina
pointed out by Hubert and co-workers5,19 to analyze the MO
in-depth sensitivity in a thick FM film.

This section presents, first, analytical expressions of p
and longitudinal Kerr effects in multilayers consisting of u
trathin FM layers separated by nFM spacer layers. Then
in-depth sensitivity functionq is introduced, and its spectra
and angular dependence analyzed. The depth sensit

TABLE I. Dependence of the projection anglesc on the com-
pensator phase shiftd.

projection expt. setup measures
anglec Kerr rotation Kerr ellipticity

c050 c05p/2

Kerr s effect d p/21d
Kerr p effect 2d p/22d
22442
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function is checked experimentally on the Au/Co syste
Finally, the in-depth sensitivity for the case of the transve
Kerr effect is discussed.

A. General analytical expression of the Kerr effect

In this section we express the Kerr effect of a multilay
structure composed of ultrathin FM layers with a thickne
t ( i ) located at a depthd( i ) and separated by nFM spacer la
ers consisting of the same nFM material as the substrate~Fig.
2!. The thickness of the nFM layers can eventually be se
zero. The labeli increases with the in-depth positiond( i ) of
the considered ultrathin FM layer.

If system contains one FM layer, ultrathin means th
t (1)!l/abs@4p(«0

(1))1/2#'10 nm,20–22 because ultrathin
means that profile of electrical field having incident polariz
tion in the nFM material is not influenced by a presence
ultrathin FM layers. Thus, if a structure contains several F
layers, the condition of ultrathin approximation can be wr
ten as( i4pt ( i )abs@(«0

( i ))1/2#!l.
The superstrate~often air! has a refractive indexN(0), and

the light ~photon energyE, vacuum wavelengthl) falls onto
the sample under an incidence anglew. The light wave vec-
tor is assumed to be located in thez-y plane of the consid-
ered Cartesian referential. The sign convention of time
pendence is assumed to be exp@2ivt#. The permittivity of all
nFM layers and the substrate,« (nF)5(N(nF))2, is assumed to
be isotropic. The permittivity tensor for thei th FM layer is
expressed as16,21

«( i )5S «0
( i ) 2 i«1

( i )mz
( i ) i«1

( i )my
( i )

i«1
( i )mz

( i ) «0
( i ) 2 i«1

( i )mx
( i )

2 i«1
( i )my

( i ) i«1
( i )mx

( i ) «0
( i )

D . ~8!

Then, thes- and p-Kerr effectsFs
( i ) and Fp

( i ) , originating
from the i th FM layer, are5,21

Fs
( i )[2

r ps

r ss
5xQ~d( i )!Vst

( i )

3F «1
( i )

Nz
(nF)

N(nF)
mz

( i )2«1
( i ) NyN

(nF)

«0
~ i ! my

( i )G
5Fpol,s

( i ) mz
( i )1F lon,s

( i ) my
( i ) , ~9!

Fp
( i )[

r sp

r pp
5xQ~d( i )!Vpt ( i )

3F «1
( i )

Nz
(nF)

N(nF)
mz

( i )1«1
( i ) NyN

(nF)

«0
~ i ! my

( i )G
5Fpol,p

( i ) mz
( i )1F lon,p

( i ) my
( i ) , ~10!

whereNy5N(0)sinw andNz
(nF)5A«0

(nF)2Ny
2 correspond to

they andz components of the normalized wave vector in t
nFM material. The optical coefficientx in Eqs.~9! and~10!,
3-3
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x5
2N(0)~v/c!

N(nF)22N(0)2
5

4p

l

N(0)

~N(nF)22N(0)2!
, ~11!

describes the influence of the nFM substrate on the K
effect at normal incidence angle (w50). More precisely, the
term x«1

( i )t ( i ) is associated with the polar Kerr effect atw
50 for an ultrathin FM layer with thicknesst ( i ) deposited on
the top of the nFM bulk material. The term (Nz

(nF)/N(nF))V
describes the variations of Kerr effect with incidence an
w. For thes- or p-Kerr effect,V has the forms

Vs5
N(nF)cosw

Nz
(nF)cosw1N(0)sin2w

, Vp5
N(nF)cosw

Nz
(nF)cosw2N(0)sin2w

.

~12!

At zero angle of incidence,Vs5Vp51. The termQ(d( i ))
describes the attenuation of the Kerr effect with the in-de
position of the FM layerd( i ):

Q~d( i )!5exp@4ipNz
(nF)~d( i )/l!#. ~13!

The termQ is independent on polarization of the incide
light. Furthermore, as shown below,Q depends weakly on
the incidence anglew.

B. Separation of polar, longitudinal
and transversal Kerr signals

The polar and longitudinal Kerr effects are related to
out-of-plane and in-plane magnetization componentsmz

( i )

andmy
( i ) of the FM layers, respectively. A separation of ma

netization components is required if, for example, o
wishes to measure the dynamical behavior of the magne
tion reversal independently for several uncoupled or coup
FM layers in the structure.

The polar and longitudinal Kerr signalsspol
(tot) andslon

(tot) can
be separated by inversion of the incidence anglew. Since the
polar effect is even withw, and the longitudinal effect odd
with w, spol

(tot) can be deduced from the sum of the Kerr s
nals s(tot)(w)1s(tot)(2w) and slon

(tot) from their difference
@Eqs.~9! and~10! or Ref. 23#. Another differentiation can be
obtained from the Kerr signalsss

(tot) , sp
(tot) measured ass- and

p-Kerr effects for small incidence angles (w'30°). In this
case,Vs'Vp and thus@Eqs.~9! and ~10!#

Fpol,s
( i ) 'Fpol,p

( i ) , F lon,s
( i ) '2F lon,p

( i ) . ~14!

Hencespol
(tot) can be obtained from the sumss

(tot)1sp
(tot) , and

slon
(tot) from their difference.

The transversemx component of the magnetization can
measured by the transverse Kerr effect~discussed later in
Sec. II E!, or by rotating the sample and magnet by 9
around thez axis to measuremx in the longitudinal Kerr
configuration. Once the polar, longitudinal, and transve
Kerr contributions are separated, the Kerr signalsspol

(tot) ,
slon

(tot) , andstra
(tot) depend only on the in-depth profile ofmz

( i ) ,
my

( i ) , and mx
( i ) magnetization components, respective

Then, the magnetization component of each FM layer can
obtained through the procedures discussed in the follow
22442
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sections. Because the separation of polar, longitudinal,
transverse Kerr signals and the determination of their profi
are different problems, the polar and longitudinal depth s
sitivity functions are studied separately below.

C. Depth sensitivity function

The definition of the depth sensitivity function has be
first introduced by Hubertet al.19 We generalize it to
multilayer structures and define the depth sensitivity funct
q as the ratio of Kerr effects originating from thei th FM
layer and first FM layer:

q^ i ,1&5
F ( i )

F (1)
5

V ( i )

V (1)
eiDj^ i ,1&

. ~15!

The depth sensitivity functionq can be visualized in theue
plane as follows: arg(q^ i ,1&)5j ( i )2j (1)5Dj^ i ,1& expresses
the phase angle between thei th and first Kerr vectors. Fur-
thermore,uq^ i ,1&u5V ( i )/V (1) gives the ratio of Kerr ampli-
tudes for thei th and first first FM layers.

In the ultrathin film approximation, the polarqpol
^ i ,1&

5Fpol
( i ) /Fpol

(1) and longitudinalqlon
^ i ,1&5F lon

( i ) /F lon
(1) depth sensi-

tivity functions are analytically expressed from Eqs.~9! and
~10! ~Refs. 5 and 19!:

qpol
^ i ,1&5

t ( i )

t (1)

«1
( i )

«1
(1)

Q~Dd^ i ,1&! ~16!

and

qlon
^ i ,1&5

t ( i )

t (1)

«1
( i )«0

(1)

«1
(1)«0

( i )
Q~Dd^ i ,1&!, ~17!

whereDd^ i ,1&5d( i )2d(1) is spacer thickness. The only dif
ference between polar and longitudinal depth sensitiv
functions comes from the extra term«0

(1)/«0
( i ) .

Both depth sensitivity functions@Eqs. ~16! and ~17!# are
products of three terms.

~i! The ratio of FM layers thicknessest ( i )/t (1). This is a
constant for a given film structure.

~ii ! The quotient of the permittivities«1
( i )/«1

(1) for qpol
^ i ,1&

and («0
(1)«1

( i ))/(«0
( i )«1

(1)) for qlon
^ i ,1& : this term differs from

unity only if FM layers are made up of different materials.
that case, the value of this contribution can only be chan
by varying the photon energy.

~iii ! The contributionQ(Dd^ i ,1&) describes the influence
of the nFM spacer layers. The Kerr phase angle between
i th and the first Kerr vectors introduced by nFM spacer la
ers isincreasedby @Eq. ~13!#

~Dj^ i ,1&!spacer5arg@Q~Dd^ i ,1&!#54pRe~Nz
(nF)!

Dd^ i ,1&

l
,

~18!

where, as stated previously,Re(Nz
(nF)).0. Similarly, the ab-

sorbing spacer material attenuates thei th Kerr amplitude
V ( i ) by
3-4
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uq^ i ,1&uspacer5uQ~Dd^ i ,1&!u5expF24pIm~Nz
(nF)!

Dd^ i ,1&

l G ,
~19!

where Im(Nz
(nF)).0. If FM layers are made of the sam

material, the Kerr phasej ( i ) increases monotonically withi,
i.e., with the in-depth location of the FM layer. At the sam
time, the normalized Kerr amplitudeV ( i )/t ( i ) decreases
monotonically. The physical reason for this is that if the F
layer is located more deeply, the optical path is longer
reaching the FM layer~it increasesj) and the light is more
absorbed~it decreasesV). These statements will be used
Secs. III A and III B to associate a given Kerr contribution
a selected FM layer in the structure. As an example,
evolution of the Kerr vector in theue plane, with increasing
thickness of the Au overlayer in the Au(d(1))/Co(1 nm)/Au
structure~the Co layer being perpendicularly magnetized! is
calculated forw50° andE53 eV ~Fig. 3!. As the FM layer
is located deeper in the multilayer stack, the Kerr vec
rotates anti-clock-wise and its length decreases.

The agreement between the experimentally and theo
cally determined polar depth sensitivity functionqpol is pre-
sented in Sec. II D for the (Au/Co)2 system. If ultrathin FM
layers consist of the same material, the depth sensiti
function q can be modified only by a change of termQ,
which is independentof the material and thicknesses of F
layers. For a given multilayer structure~i.e., for a given
spacer material and a given spacer thickness!, the value of
term Q can be modified only from a change of the phot
energyE or the incidence anglew. Consequently, the spec
tral and angular dependences ofQ have to be studied in
detail.

FIG. 3. Variation of the Kerr vector with increasing overlay
thicknessd(1) for the Au(d(1))/Co~1 nm!/Au system, calculated for
w50° andE53 eV.
22442
r

e

r

ti-

ty

The spectral dependence ofQ, for a 1-nm-thick spacer
layer, is depicted in Figs. 4~a! and 4~b! for several common
metals and Si3N4. As expected,~i! there is no damping
@abs(Q)51# for transparent materials, such as Si3N4. Noble
metals cause a decrease of the Kerr amplitude by about
per nm of spacer thickness@abs(Q)'0.93#. Because noble
metals are more transparent in the vicinity of their plas
edge, the value ofQ is larger here. This can be seen in Fi
4~a! for Au at 2.5 eV and Ag at 3.8 eV.~ii ! Figure 4~b! shows
that the variation of the Kerr phaseDj5arg(Q) depends
strongly on the photon energy and can vary up to 4° per
of spacer thickness. The noble metals exhibit very small K
phase shiftj for photon energies below the plasma edge.

BecauseQ depends weakly on the incidence anglew, it is
convenient to define the renormalized quantity

p^ i ,1&~w!5
Q~w,Dd^ i ,1&!

Q~w50,Dd^ i ,1&!
'122p i

~N(0)!2

N(nF)

Dd^ i ,1&

l
sin2w,

~20!

where one uses the approximationNz
(nF)'N(nF)

2N(0)2/(2N(nF))sin2w. Equation~20! shows that the angula
dependence ofQ is given by sin2w. The spectral variation of
p(w570°) for a 1-nm-thick spacer layer is depicted in Fig
5~a! and 5~b! for several materials if the probing light come
from a vacuum (N(0)51). Then some remarks arise:~i! As
can be seen from a comparison between Figs. 4 and 5
general, the dependence ofQ on the incidence angle is ap
proximately ten times weaker than that found when chang
the photon energy. The associated physical reason is thQ
depends on the incidence anglew only through a variation of
Nz(w), which is quite weak~about 10% betweenw50 and
w590°). This reflects the fact that metals are optica
denser materials than a vacuum, and consequently the lig
always refracted in the multilayer close to the film norm
More quantitatively, an increase of the incidence angle fr
w50 to w570° shortens the Kerr vector by about 0.5%, a
increases its phase shift by about 0.3° per nm of spa
thickness@Figs. 5~a! and 5~b!#. ~ii ! Larger values ofp are
reached at higher photon energies.~iii ! As can be seen from
Eq. ~20!, p depends quadratically onN(0). Hence the depen
dence ofQ on w can be enhanced if the incident light com
from an optically denser medium, for example, using a ha
cylinder coupler contacted optically to the sample by an i
mersion liquid. For a coupling withN(0)51.8, the variation
of q with the incidence angle increases about three times,
then the depth resolution achievable with variable angle
of
FIG. 4. Photon energy dependence of~a! the
modulus and~b! the phase ofQ @defined in Eq.
~13!# in the case of a 1-nm-thick spacer layer
different materials.
3-5
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FIG. 5. Photon energy dependence of~a!
the modulus and ~b! the phase of
p5Q(70°)/Q(0°) defined in Eq.~20!, in the
case of a 1-nm-thick spacer layer of differe
materials.
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incidence would be only about three times smaller than
resolution with photon energy.

The smaller sensitivity ofq to the angle of incidencew is
balanced by the fact that it is linked to the optical and M
parameters at a single fixed photon energy. This may be
venient in some cases for two reasons. First, the variation
optical and MO parameters with photon energy are gener
not known with enough accuracy. Second, this method d
not require a spectroscopic equipment; thus one can u
laser as a light source. However, this magnetic in-depth
tection requiresw to vary over a large angle. Thus, in th
paper, we prefer to focus our analysis on an in-depth res
tion employing a variation of the photon energy. The adv
tages of this method are the previously mentioned hig
depth resolution and the use of a fixed experimental ge
etry.

The depth sensitivity functionq is the only quantity sen-
sitive to the difference between Kerr effects originating fro
different FM layers. The other parametersx andVs(p) , that
describe the spectral and incidence angle variations of
Kerr effect@Eqs.~9! and~10!# arethe samefor all FM layers.
For example, the change of the incidence anglew strongly
modifies, but in a similar fashion, all Kerr vectors in th
ue-plane. This is demonstrated on Fig. 6, which gives
calculated variation of Kerr vectors in the Au~5 nm!/Co~1
nm!/Au~5 nm!/Co~1 nm!/Au~bulk! system for different pho-
ton energies@Fig. 6~a!# and for different incidence angle
@Fig. 6~b!#. Here we can immediately see that although sp
tral and angular variations of Kerr vectors are importa
their relative variationis rather weak. This explains why th
22442
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separation of Kerr signals originating from a given FM lay
in a stack of several FM layers is not a trivial task, a
why an inspection of the depth sensitivity functionq is so
important.

D. Experimental determination of qpol

for the „AuÕCo…2 system

This section deals with an experimental determination
the depth sensitivity functionqpol of the (Au/Co)2 system,
and its comparison with calculations based on analytical
mula ~16! and on the matrix formalism.20,21 The studied
structure is Au~5 nm!/Co~1.2 nm!/Au~3 nm!/Co~0.8 nm!/
Au~25 nm! deposited on float glass@Fig. 7~a!#. The sample
preparation and structural characteristics were reported
Ref. 24 and references therein. Both Co layers have a
pendicular magnetic anisotropy and exhibit square hyster
loops; their thicknesses are different in order to obtain d
ferent coercive fields.25 Consequently, it is easy to find mag
nitudes of the Kerr effect corresponding to 0.8- and 1.2-n
thick Co layers. The Kerr effect coming from each Co lay
is measured for incidence angles both at nearly normal i
dence (w57° for the Kerr p effect! and at the incidence
angle of 70° for boths- and p-Kerr effects. The polar Kerr
loops are measured with applying the magnetic field alo
the easy anisotropy axis (Hi ẑ). The spectral dependence o
polar Kerr rotation and ellipticity at saturation are presen
in Fig. 8 for each Co layer. Because of the small thickness
the Au spacer (Dd^2,1&53 nm), the two experimental Ker
spectra look similar within a scaling factor related to t
s
wise
FIG. 6. Calculated variation of the Kerr effect in theue plane originating from both FM layers in the Au~5 nm!/Co~1 nm!/Au~5 nm!/Co~1
nm!/Au~bulk! system.~a! shows the variation of Kerr vectors at different photon energies forw50. ~b! shows the variation of Kerr vector
for different incidence angles for boths andp polarizations atE53 eV. Notice that an increase of the incidence angle gives an anticlock
rotation of thes-Kerr effect, while it gives a clockwise rotation of thep-Kerr effect. Kerr vectors from both FM layers vary withE andw
in the ue plane in a very similar way.
3-6
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IN-DEPTH RESOLUTION OF THE MAGNETO-OPTICAL . . . PHYSICAL REVIEW B 66, 224423 ~2002!
different Co layer thicknesses. From experimental values
the polar Kerr effects,F (1) and F (2), the quantityqpol

^2,1& is
deduced and presented in Fig. 9 in the complex fo
uquexp@iDj#. We prefer to plot the normalized quantit
(t (1)/t (2))qpol

^2,1& , that is comparable to calculations perform
by analytical formulas~18! and ~19! using Dd^2,1&53 nm.
As well, it shows the (t (1)/t (2))qpol

^2,1&5(F (2)t (1))/(F (1)t (2))
variation, where Kerr effectsF (1) and F (2) are calculated
from the usual matrix formalism.20

We demonstrate that (t (1)/t (2))qpol
^2,1& depends weekly on

the incidence angle,w and is independent of the polarizatio
of the incident light~Fig. 9!; this result agrees with our pre
vious expectations. The agreement between (t (2)/t (1))qpol

^2,1& ,
calculated from the matrix formalism and experimental da
is nearly perfect. Analytical formulas~18! and ~19! well de-
scribe the variation ofq. The weak difference between ex
perimental data and analytical calculations comes from a
tional damping and phase shifts originating from Co laye
that are neglected in our simple treatment. This explains w
the ultrathin film approximation predicts smaller dampi
~i.e., larger value ofuqu) and smaller phase shift.

In conclusion, we can say that our analytical expressi
of the depth sensitivity functionqpol

^2,1& @Eq. ~16!# describes
reasonably well the difference between Kerr effects origin
ing from layers located at different depths, in the case
ultrathin FM metallic layers.

E. Transverse Kerr effect

Let us now discuss briefly the transverse Kerr effe
which is only sensitive to the transverse componentmx of
the magnetization.16 The transverse Kerr effect is a differe
physical quantity than the polar and longitudinal effects,
cause it is measured by a variation of the reflected light
tensity for p-polarized incident light at oblique incidenc
~i.e., wÞ0).

In the linear expansion of reflection coefficientsr pp with
respect to transverse magnetization componentsmx

( i ) in all
FM layers, the totalr pp

(tot) is

r pp
(tot)5r pp,01(

i
r pp,mag

( i ) mx
( i ) , ~21!

wherer pp,0 is independent of the sample magnetization a
r pp,mag

( i ) represents the contribution of the magnetizedi th FM
layer. Ther pp,mag

( i ) coefficient can be written as

r pp,mag
( i ) 5qtra

^ i ,1&r pp,mag
(1) , ~22!

whereqtra
^ i ,1& is the transversal depth sensitivity function.

the ultrathin FM layer approximation, it can be found th
qtra

^ i ,1& has exactly the same form as the longitudinal o
qtra

^ i , j &5qlon
^ i , j & , defined by Eq.~17!.

Because ther pp,mag
( i ) magnetic contribution is much

smaller thanr pp,0 , the reflectedp-polarized light intensity
I p;ur ppu2 can be written as

I p5I p,01(
i

I p,mag
( i ) ;ur pp,0u21stra

(tot) . ~23!
22442
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(tot) represents the total transverse Kerr signal, wh

is expressed as

stra
(tot)5(

i
stra

( i )52(
i

Re~q^ i ,1&r pp,mag
(1) r pp

† !mx
( i )

52(
i

Re~q^ i ,1&F̃ (1)!mx
( i ) , ~24!

whereF̃ (1)[r pp,mag
(1) r pp,0

† . The dagger sign denotes the com
plex conjugate. Equation~23! can be compared with Ker
signals s( i )5( iRe(q^ i ,1&F (1)m( i )eic) determined for polar
and longitudinal Kerr effects@Eqs. ~3!, ~4!, and ~15!#. Thus
the transversal Kerr signalstra

( i ) corresponds to the previou
Kerr signals( i ). The only difference is that, in the case of th
transverse Kerr effect, it is not possible to tune the project
angle by means of a compensator, and consequently the
jection angle is fixed toc50. It can be concluded that th
transverse Kerr effect can also be used for in-depth sens
ity measurements, but at a fixed projection anglec.

III. ASSIGNMENT OF KERR EFFECT CONTRIBUTION
TO A FM LAYER LOCATED AT A GIVEN DEPTH

A. Generalities

Let us consider the case of a multilayer structure co
posed of several ultrathin FM layers of the same FM ma
rial, providing nearly square magnetic hysteresis loops
separated by nFM spacer layers~Fig. 2!. An open question is
often to assign each loop to a particular FM layer located
a depthd( i ). To solve this problem, let us recall results di
cussed from our examination of Eqs.~18! and ~19!: ~i! The
Kerr phasej ( i ) increasesmonotonicallywith an increasing
in-depth positiond( i ) of the FM layer. ~ii ! For absorbing
spacer materials@Im(Nz

(nF)).0#, the normalized Kerr
amplitude V ( i )/t ( i ) decreases monotonically with in
creasingd( i ).

Consequently, the procedure for determining the in-de
position of a FM layer is the following:~i! Hysteresis loops
of both Kerr rotationu and Kerr ellipticitye are measured a
the same photon energyE and incidence anglew. ~ii ! The
value of the Kerr effect at saturationF ( i )5u ( i )1 i e ( i )

5V ( i )ei j( i )
is determined, experimentally for each FM laye

this is an easy procedure if the coercivity differs for each F
layer. ~iii ! The Kerr phasej ( i )5arg(F ( i )) is determined and
~iv! the j ( i ) values are classified in a decreasing order; th
the largest value ofj ( i ) corresponds to the deepest FM laye
~v! The in-depth location of the FM layers can be confirm
from calculations of the normalized Kerr amplitude
V ( i )/t ( i ), which must decrease withd( i ). This analysis is
valid for a large number of FM layers. The main limitation
when some FM layers exhibit the same coercive field.
such a case, a calculation using a general matrix formal
involving all information about optical and magneto-optic
parameters has to be used.

If the FM layers do not consist of the same FM materi
then the Kerr effectsF ( i ) have to be renormalized by«1

( i ) for
the polar Kerr effect and by«1

( i )/«0
( i ) for the longitudinal Kerr
3-7
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FIG. 7. Sketches of studied
sample structures~a! (Au/Co)2 ~b!
(TbFe/Si3N4)4, and~c! (Au/Co)3.
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effect. Then the influence of different FM materials
avoided, as can be found from Eqs.~9! and ~10!.

In the case of thick spacer layers, the same rules are v
as well. The only problem is that the deduced value of
Kerr phasej ( i ) can be mistaken by a factor of 2p, which can
generate difficulties to classify the Kerr phasesj ( i ). This is
overcome when considering the normalized Kerr amplitu
V ( i )/t ( i ) or determining of the angular or spectral depe
dence ofj ( i ). Since

j ( i )5j (1)1Dj^ i ,1&, ~25!

whereDj^ i ,1&, in the ultrathin approximation of the FM laye
is

Dj^ i ,1&5
4p

l
Dd^ i ,1&Re~Nz

(nF)!.0, ~26!

the deepest FM layer has the largestDd^ i ,1& and consequently
the largest slope in the plots ofj ( i ) with photon energy or
incidence angle. This will be illustrated for the spectral d
pendence of Kerr phasej ( i ) of the TbFe/Si3N4 system, where
the deepest reachable~the third! FM stack has the larges
slope in thej ( i )(E) dependence. The determination of t
in-depth position of FM layers is reported in Sec. III B fo
the (Au/Co)3 film structure.

B. Application to the „AuÕCo…3 film structure

The Au~5 nm!/Co~0.6 nm!/Au~5 nm!/Co~1 nm!/Au~5 nm!/
Co~1.4 nm!/Au~24 nm!/glass film structure is considered
this subsection. The sample is presented in Fig. 7~c! and its
preparation and characterization were reported previous24

Because in our particular case the Co layers have increa
thicknesses and consequently decreasing coercivity,25 it is
initially easy to assign the Kerr loop contributions to t
three Co layers.

From another side, it is possible to assign the differ
Kerr contributions from the saturated Kerr effect indepe
dently for each FM layer. Here they are determined atE
53.8 eV from hysteresis loops measured by both Kerr ro
tion and ellipticity at nearly normal incidence (w57°, the
p-Kerr effect! in a magnetic field applied along the normal
the film (Hi ẑ). These two loops are presented in the Fig.
The values of individual coercive fields and Kerr rotatio
and ellipticities corresponding to each FM layer are given
Table II.
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The value of j ( i ) increases withi, while V ( i )/t ( i ) de-
creases, proving that the depth location of the considered
layer increases withi. Because both Au spacer layers ha
the same thicknessDd^2,1&5Dd^3,2&55 nm, the difference of
Kerr phases are obviously equalDj^2,1&5Dj^3,2&530°. The
ratio between normalized Kerr amplitudes, (V (2)/t (2))/
(V (1)/t (1))50.69, (V (3)/t (3))/(V (2)/t (2))50.49 should be
the same, but they differ from each other, because the in
face contributions to Kerr effect24 were neglected here. Nor
malized Kerr amplitudes calculated from matrix formalis
are (V (2)/t (2))/(V (1)/t (1))50.62, (V (3)/t (3))/(V (2)/t (2))
50.60, thus the influence of different Co thicknesses
small.

IV. SEPARATION OF KERR SIGNALS
IN A FM BILAYER STRUCTURE

This section proposes ways to separate Kerr signalss(1)

ands(2) of each FM layer in a structure consisting of two F
layers separated by a nFM spacer layer. In other words,
solve the problem of finding special MO arrangements
cancel either the Kerr signal contribution coming from o
or the other FM layer. Using the representation of Kerr eff
in the complexue plane, the contribution of the first or sec
ond FM layers (s(1) or s(2)50) cancels if the Kerr vector
F (1) or F (2) is perpendicularto the projection axis. This
situation is depicted in Fig. 11~a! for canceling the Kerr con-
tribution of the first FM layer. The angle between the Ke
vector F ( i ) and the projection axis equals arg(F ( i ))2c. It
can be tuned in several ways.

FIG. 8. Experimental polar Kerr rotation and ellipticity spect
for the (Au/Co)2 system for each Co layer. Thep-polarized mea-
surements were performed at a nearly normal incidence (w57°).
3-8
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FIG. 9. Experimental values of the nor
malized depth sensitivity (t (1)/t (2))q^2,1&

5(t (1)/t (2))(F (2)/F (1)) as a function of the pho-
ton energy for (Au/Co)2 at w50 andw570° in-
cidence. In the ultrathin Co layer approximatio
it should correspond toQ defined by Eq.~13!
whose variation is represented by a dashed li
The full line shows the normalized depth sens
tivity calculated from F (1), F (2) determined
from the matrix formalism~Ref. 21!.
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~i! For a fixed projection anglec, the orientation of the
Kerr vectors can be modified by varying the photon energE
@Fig. 6~a!# ~Ref. 7! or the angle of incidencew @Fig. 6~b!#.8

An example of the Kerr vector variations withE or w in the
complex ue plane is reported in Fig. 6 for a Au/Co/Au
Co/Au structure. It shows how it is possible to find value
E or w that gives eitheru ( i )50 or e ( i )50 individually for
each of the two FM layers.

~ii ! For fixed Kerr vectors in the complexue plane~i.e.,
for given values ofE andw), the projection anglec has to
be tuned, for example with a Babinet-Soleil compensa
~Sec. I of Ref. 9!. Note that this elegant technique has be
used in its microscopy mode to prove unambiguously
existence of a biquadratic coupling between Fe layers s
rated by a Cr spacer layer.4

~iii ! In principle, it is not necessary to tune the projecti
anglec experimentally, because the tuning can be done
terward numerically. From a knowledge of two Kerr signa
sa andsb , measured under different conditions~for example
Kerr rotation and ellipticity or two Kerr signals measured
two different photon energies or incidence angles!, it is pos-
sible to deduce the Kerr signal which originates only fro
the i th FM layer,

s( i )5sacosc ( i )1sbsinc ( i ), ~27!

where the weight of the linear combination ofsa and sb is
parametrized by the projection anglec ( i ). A similar approach
was suggested in Ref. 26.

V. SEPARATION OF KERR SIGNALS
IN A FM TRILAYER STRUCTURE

A. ‘‘Parallel Kerr vector’’ method

As discussed in Sec. IV, the Kerr effect of thei th layer
can always be canceled if the corresponding Kerr vectorF ( i )

becomes perpendicular to the projection axis. Thus, for a
trilayer structure, if one succeeds in setting up two Kerr v
torsF ( i ) andF ( j ) parallel to each other and perpendicular
the projection axis, the measured Kerr signal depends o
on the magnetization state of the last FM layer. The situa
is presented in Fig. 11~b!, where Kerr signals from the firs
and third FM layers are canceled simultaneously and, co
quently, only the Kerr signal coming from the second F
layer is detected. We call this the ‘‘parallel Kerr vecto
method. More generally, thei th and j th Kerr vectors are
parallel if
22442
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Dj^ i , j &5j ( i )2j ( j )5arg~q^ i , j &!5np, ~28!

wheren is an integer. Considering a polar magnetized ult
thin FM film, the angle between two Kerr vectors is analy
cally expressed by@Eq. ~16!#

Dj^ i , j &5
4p

l0
Dd^ i , j &Re~Nz

(nF)!1argS «1
( i )

«1
( j )D . ~29!

Just note that in the case of longitudinal magnetization,
second term in Eq.~29! becomes arg@(«1

( i )«0
( j ))/(«1

( j )«0
( i ))#.

Consequently, both terms appearing in Eq.~29! can be tuned
to setup two parallel Kerr vectors simultaneously~i.e.,
Dj^ i , j &5np). If the two FM layers consist of different ma
terials and if the distanceDd^ i , j & between these FM layers i
small, then the main contribution toDj^ i , j & comes from the
second term, arg(«1

( i )/«1
( j )), whose value can only be tune

by a photon energy variation.
If both the i th and j th FM layers are made of the sam

material, the only nonzero contribution toDj^ i , j & comes from
the first term of Eq.~29!, requiring a certain distanceDd^ i , j &

between the FM layers to realizeDj^ i , j &5np. For typical
values of the photon energy and refractive indices of
nFM spacer layer (E53 eV, N(nF)52.5), the minimum dis-
tance between FM layers required to obtain parallel K
vector configurations is as large asDd^ i , j &'40 nm. As dis-
cussed in Sec. II C, the part ofDj^ i , j & originating from non-
zero spacer thickness can be varied by changing either
photon energy or incidence angle~Figs. 3–6!. However, in
general, the variation ofDj^ i , j & with the incidence angle is
weaker than that obtained by the photon energy variation
discussed in Sec. II C.

The ‘‘parallel Kerr vector’’ method is particularly suitabl
for checking the individual single layer magnetizations in
multilayer structure where FM layers are made up by
same material and separated by thick nFM spacer layers
demonstrated below for a typical magneto-optical record
multilayer (TbFe/Si3N4)4.26

B. Application to the „TbFeÕSi3N4…4 structure

As discussed in Sec. IV, the Kerr signals coming from tw
FM layers can be canceled simultaneously if the correspo
ing Kerr vectors are set parallel in theue plane. Such a
configuration can be obtained by adjusting the photon
ergy. This section demonstrates how to separate individ
Kerr signals originating from each FM layer in a FM trilaye
structure.
3-9
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HAMRLE et al. PHYSICAL REVIEW B 66, 224423 ~2002!
The sample under investigation is (Si3N4 /TbFe)4 /
Si3N4(10.5 nm)/glass, where TbFe represents a sim
@Tb(0.8 nm)/Fe(1.1 nm)#10 multilayer stack. TbFe stacks ar
separated by 67 nm of Si3N4 @Fig. 7~b!#. Information on the
sample preparation is detailed elsewhere.27,28 Each TbFe
stack displays a perpendicular magnetic anisotropy. As
commonly observed,29 in spite of having the same thicknes
the TbFe stacks usually exhibit slightly different coerci
fields. All polar Kerr measurements have been performe
nearly normal incidence (w57°, the measuredp-Kerr ef-
fect! in a magnetic field applied along the normal of the fi
(Hi ẑ).

Although the sample consists offour stacks of TbFe, the
third and fourth stacks have the same coercive field. T
was verified by comparing the individual Kerr hystere
loop amplitudes measured from the glass side27 and the re-
sults of calculations performed in the frame of the mat
formalism.21 Furthermore, carrying out polar Kerr measur
ments from the upper Si3N4 side, the fourth~deepest! TbFe
stack is screened and exhibits a negligible MO contribut
over the main spectral range. Thus in spite of the presenc
four TbFe stacks, Kerr effect practically probes here only
three first FM stacks in the multilayer, allowing us to dem
onstrate how to separate Kerr signals coming from
equivalentthreeFM layer structure.

The first problem is to find photon energies, for which tw
individual Kerr vectors become parallel. Thus, the Kerr sp
trum originating from each TbFe stack has been determi
experimentally, but it can be deduced theoretically as w
Let us consider the hysteresis loops of the sample meas
both in Kerr rotation and Kerr ellipticity in the 1.2–4.2-e
spectral range. Some of the Kerr rotation hysteresis loops
presented in Fig. 12. Since individual square loops exh
different coercivities, it is straightforward to determine t
maximum Kerr rotation and Kerr ellipticity for each of th
three TbFe stacks of interest. On the entire photon ene
range, the corresponding Kerr amplitudesV ( i ) and Kerr
phasesj ( i ) are then deduced and represented in Figs. 1~a!

FIG. 10. Kerr rotation and Kerr ellipticity hysteresis loops me
sured on a (Au/Co)3 system atE53.8 eV and at a nearly norma
incidence angle (w57°, p-Kerr effect!. The external magnetic field

was applied along the sample normal (Hi ẑ).
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and 13~b!. As expected, the deepest FM stack shows
smallest normalized Kerr amplitudeV ( i )/t ( i ), and exhibits
the largest slope in the spectralj ( i )(E) variation. The spectra
of Kerr amplitudesV ( i )(E) @Fig. 13~a!# show two interesting
features: first, they show a pronounced maximum at 2.0
and secondly, the TbFe stacks become more transparent
3.5 eV, and thus their Kerr amplitudesV ( i ) become weak and
comparable@see the inset of Fig. 13~a!#.

The Kerr spectra can be as well represented in the c
plex ue plane. This representation is shown in Fig. 14~a!
over the 3.1–3.9-eV limited spectral range. For photon
ergy data represented by dashed lines, two Kerr vectors
come nearly parallel to each other. To determine more p
cisely the photon energies at which two Kerr vectors beco
parallel, we have plotted the spectral dependence of the
ference between Kerr phasesDj^ i , j & as a function of the pho-
ton energy@see Fig. 14~b#!. The Kerr vectors from thei th
and j th TbFe stacks are obviously parallel ifDj^ i , j &5np.
This condition is fulfilled for photon energiesE53.32 eV
(Dj^3,1&5540°), E53.53 eV (Dj^2,1&5360°) and E
53.62 eV (Dj^3,2&5360°). Because in our sample th
spacer layer thicknessesd^2,1&5d^3,2&567 nm are equal,
Dj^3,2& is obviously found experimentally close toDj^2,1&

@Fig. 14~b!#. This is not exactly true in the vicinity of 3.5 eV
where the TbFe stacks are more transparent, and thus
fourth TbFe stack slightly influences theDj^3,2& value.

Thus we have chosen the photon energies to provide
parallelism between two Kerr vectors. We tuned the proj
tion anglec by a Bobinet-Soleil compensator~as discussed
in Sec. I! to set the projection axis perpendicular to the tw
parallel Kerr vectors.

As example, at a given photon energy 3.53 eV, la
modifications in the hysteresis loop shape are observed w
changing the projection anglec ~Fig. 15!. Most of the
sample hysteresis loops are combinations of three individ
Kerr loops. However, the hysteresis loop measured foc
5221° corresponds only to the third TbFe stack, and K
signals coming from the first and second TbFe stacks
both canceled. Hence, choosing the photon energyE and
projection anglec well, we succeeded in separating the hy
teresis loop of each FM stack.

From loops presented in Fig. 15, we are able to determ
the variation of Kerr signalss( i ) coming from each TbFe
stack as a function of the projection anglec ~Fig. 16!. As
expected from Eq.~4!, s( i )5Re@F ( i )exp(ic)#, the depen-
dence ofs( i )(c) is sinusoidal.9 Sinusoidal full lines perfectly
fit the experimental data~Fig. 16!. Furthermore, one can
verify that both Kerr signalss(1) and s(2) cancel simulta-
neously forc5221°. This explains why only the Kerr sig
nal originating from the third TbFe stack is measured at t

-

TABLE II. Kerr effect and coercive field of each FM layer in the (Au/Co)3 system.

Hc ~Oe! u ( i ) ~m deg! e ( i ) ~m deg! V ( i ) ~m deg! j ( i ) ~deg! t ( i ) ~nm! V ( i )/t ( i ) ~m deg/nm!

F (1) 770 221.0 29.0 22.9 203° 0.6 38.2
F (2) 420 215.8 221.4 26.6 233° 1.0 26.6
F (3) 360 22.1 218.0 18.1 263° 1.4 12.9
3-10
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FIG. 11. Sketch of Kerr vectors and projec
tion axis in theue plane when the Kerr signa
comes from only one FM layer in a system co
sisting of ~a! two and ~b! three FM layers.~c!
Kerr vector configuration used for volume MO
readout with four FM recording layers~see Sec.
VI E for details!.
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particular photon energy and projection angle. The resul
Kerr hysteresis loops, depending only on the magnetiza
state of the first, second and third TbFe stacks, were ded
~Fig. 17! by choosing an appropriate couple ofE and c
values.

VI. LARGE NUMBER OF MAGNETIC LAYERS:
‘‘CASCADE NUMERICAL PROJECTION’’ METHOD

A. General formalism

Considering the case of more than three FM layers
thin nFM spacer layers, it is generally not possible to se
rate the MO contributions by the ‘‘parallel Kerr vector
method. This is only possible for specially engineered str
tures as described later in Sec. VI E. This subsection tr
the present problem from another point of view: the to
Kerr effect is measured in different experimental conditio
to obtain a set of independent measurements from which
calculate the Kerr signal coming from each FM layer. Th
numerical approach can be extended to a large numbe
FM layers.

A separation of polar, longitudinal, and transverse K
signals,spol

(tot) , slon
(tot) , andstra

(tot) has was already discussed
Sec. II B. Once separated, the Kerr signal depends on
profile of only one magnetization componentmw

( i ) , w5x or
y or z.

Let us consider a system withN FM layers having polar
magnetizationsmz

( i ) , i 51 . . .N. One assumes thatM polar
Kerr signalssx

(tot) , x51 . . .M , M>N can be measured in
independent experimental conditions. Independent me
that experiments have to be carried out at different pho
energiesEx , different incidence angleswx , or different pro-
jection anglescx . The measured Kerr signalssx

(tot) are given
by a sum of Kerr signal contributionssx

( i ) from the i th FM
layer weighted by the corresponding polar FM layer mag
tizationmz

( i ) . This relationship betweensx
(tot) andmz

( i ) can be
written through anX-matrix30
22442
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S s1
(tot)

s2
(tot)

A

sM
(tot)

D 5S s1
(1) s1

(2)
••• s1

(N)

s2
(1) s2

(2)
••• s2

(N)

A A � A

sM
(1) sM

(2)
••• sM

(N)
D •S mz

(1)

mz
(2)

A

mz
(N)

D , ~30!

s(tot)5X•m.

Consequently, the FM layer magnetizationsmz
( i ) can be

straightforwardly deduced by an inversion~for M5N) or
pseudoinversion~for M.N) of the X matrix:

m5 inṽ~X!•s(tot). ~31!

The pseudoinversion ofX means that Eq.~30! is solved in
the sense of minimizing the least-square error, which
uus(tot)2X•muu.31

Two principal problems occur in a practical implement
tion of Eq. ~31!: ~i! Whether and under which conditions th
~pseudo!inversion of theX-matrix exists. We have to dea
with independent experimental conditionsx51 . . .M , so
that theX matrix does not contain linearly dependent co
umns.~ii ! How to determine inv˜(X) experimentally? In prin-
ciple, theX matrix and its~pseudo!inversion can be calcu
lated. But, in practice, the agreement between experim
and theory is not always sufficient. These two problems w
be discussed below.

B. Existence of the inṽ„X… matrix

Considering the polar complex representation of the K
effect, Fx

( i )5Vx
( i )exp@ijx

(i)#, the definition of the Kerr signa
sx

( i )5Re@Fx
( i )exp(2icx)#5Re@Vx

( i )exp(ijx
(i)2icx)# @Eq. ~4!#

and of the depth sensitivity functionqx
^ i ,1&5Fx

( i )/Fx
(1)

5uqx
^ i ,1&uexp@iDjx

^i,1&# @Eq. ~15!#, the components of theX ma-
trix are expressed as
-
gies

m-
FIG. 12. Example of polar Kerr rotation hys
teresis loops measured at several photon ener
E on the (TbFe/Si3N4)4 sample. Each step in the
hysteresis loop corresponds to a Kerr signal co
ing from a given TbFe stack.
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FIG. 13. Experimental Kerr effect spectra@~a!
Kerr amplitudeV ( i ), ~b! Kerr phasej ( i )] of each
FM stack in the (TbFe/Si3N4)4 system.
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sx
( i )5Vx

(1)uqx
^ i ,1&usin~jx

(1)1Djx
^ i ,1&2cx!. ~32!

Now let us discuss the conditions under which theX matrix
has linearly independent columns. Because the termVx

(1) is
just a multiplicative constant of eachX-matrix line, it does
not play any role in the following discussion.

In the case of an (M32) X matrix ~for two FM layers!,
one only needs to havec1Þc2 , j1

(1)Þj2
(1) , or q1

^ i ,1&

Þq2
^ i ,1& . This is a sufficient condition for the existence

inṽ(X).
In the case of a (M3N) X matrix; N>3 ~for three or

more FM layers!, the conditions of existence of inv˜(X) are
not as straightforward as in the previous case, and it is sh
that the depth sensitivity functionq has to vary with some
parameters. Let us first consider the case ofM experimental
configurations (M>N), which differ only by the projection
angleckÞc l , (kÞ l ) or in the Kerr phase of the first FM
layer jk

(1)Þj l
(1) , keeping depth sensitivity functionql

^ i ,1&

5qk
^ i ,1&5uq^ i , j &uexp@iDj^i,1&# const. Then, the inv˜(X) is only

possible if the matrix with components

ŝx
( i )5uq^ i ,1&usin~jx

(1)1Dj^ i ,1&2cx! ~33!

has linearly independent columns. Because the compon
cx andjx

(1) are the same for all terms in each line, and ter
uq^ i ,1&u andDj^ i ,1& are the same in all terms in each colum
it can be shown that such a matrix~and consequently the
X-matrix! alwayshas linearly dependent columns.

Consequently, in the case of three or more FM layers
select the Kerr signal coming from each FM layer it is n
sufficient to perform MO experiments at different projecti
anglescx . All Kerr vectors have to change independent
which is a situation that is not fulfilled if onlyVx

(1) andjx
(1)

are varied while keepingqx
^ i ,1& constant. Hence it is necessa

to choose such experimental conditions to give differ
22442
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depth sensitivity functionsqx
^ i ,1& . In conclusion, forN>3,

different Kerr signalssx have to be measured at several ph
ton energies or incidence angles, otherwise theX matrix has
linearly dependent columns.

C. Inversion of the X matrix

In this subsection we discuss how Eq.~30!, s(tot)5X•m,
can be solved if the elements of theX matrix are nota priori
known. In other words, we wish to find how to tune th
linear combination of severalsx

(tot) to obtain a Kerr signals( i )

providing information about the magnetization state of
single FM layer in the multilayer structure. In principle, th
inṽ(X) can be calculated theoretically; however due to
inaccuracy of optical and MO parameters, layer thicknes
and additional interface contributions, it can happen that
reliability of these calculations is not good enough.

The key idea of inv˜(X) tuning is a generalization of the
numerical projection method introduced earlier for a two F
layers structure@Eq. ~27!#: s( ī )5s1cosc( ī )1s2sinc( ī ), where
s1 , s2 are two different Kerr signals determined experime
tally. For a given tuned projection anglec ( ī ), one cancels the
Kerr signal due to thei th FM layer, and consequentlys( ī )

measures only the magnetization of the second FM la
Applying this algorithm recursively, one can successive
cancel Kerr signals from other FM layers. From an algebr
point of view, this algorithm is similar to the Gaussian elim
nation method.

This tuning procedure, based on a successive cancella
of signals from all layers in the multilayer structure, exce
for one, requires a knowledge of at least the approxim
shape of hysteresis loops for individual layers. It is necess
to decide whether the observed hysteresis loop is a supe
sition of many contributions. This is quite easy in our simp
case of square hysteresis loops with different coercive fie
FIG. 14. ~a! Experimental Kerr effect origi-
nating from each FM stack in the (TbFe/Si3N4)4

system, for several photon energies.~b! Differ-
ences between Kerr phasesDj^ i , j & as a function
of the photon energy. IfDj^ i , j &5n180°, thei th
and j th Kerr vectors are parallel.
3-12
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FIG. 15. Kerr hysteresis loops for several va
ues of the projection anglec and for the
(TbFe/Si3N4)4 system. The photon energy (E
53.53 eV) is chosen so that Kerr vectorsF (1)

and F (2) are parallel. Consequently, there is
projection anglec ~herec5221°) for which the
measured Kerr signal depends only on the ma
netization state of the third FM layer.
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For other hysteresis loop shapes this procedure is applic
as well. If the tuning procedure cannot be performed,
inṽ(X) matrix should be calculated theoretically with car
fully selected optical and MO parameters of all layers.
combination of both methods is possible as well: appro
mate values of projection angles are calculated through
~38! from the X matrix, and afterward they can be fine
tuned.

As an example of tuning procedure, let us take a thr
FM-layer structure, on which three different Kerr signa
s1

(tot) , s2
(tot) , and s3

(tot) are measured. All these Kerr signa
si

(tot) are different, and they are superpositions of Kerr sign
originating from all three FM layers. As an example, let
show how to separate Kerr signals originating only from
first and second FM layers. Two independent projections
tweens1

(tot) , s2
(tot) and betweens1

(tot) ands3
(tot) can cancel the

Kerr signal coming from the third FM layer,

s1,2
(3̄)5s1

(tot)cosc1,2
(3̄)1s2

(tot)sinc1,2
(3̄) , ~34!

s1,3
(3̄)5s1

(tot)cosc1,3
(3̄)1s3

(tot)sinc1,3
(3̄) , ~35!

and thus the Kerr signalss1,2
(3̄) ands1,3

(3̄) are different and de-
pend only on effects coming from the first and second F

FIG. 16. Experimental variation of Kerr signalss( i ), measured
at E53.53 eV, as a function of the projection anglec, for each FM
stack in the (TbFe/Si3N4)4 system. These curves were obtain
from hysteresis loops presented in Fig. 15. Forc5221°, s(1) and
s(2) cancel simultaneously and the Kerr signal measured aE
53.53 eV andc5221° comes only from the third FM stack. Th
full lines are sinusoidal fits.
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layers. Then we can once more apply the projection pro
dure to separate Kerr signals coming from the first or sec
FM layer:

s(1)5s1,2
(3̄)cosc (1,3̄)1s1,3

(3̄)sinc (1,3̄) ~36!

s(2)5s1,2
(3̄)cosc (2,3̄)1s1,3

(3̄)sinc (2,3̄). ~37!

Hence, in a system composed of three FM layers (N53,
M53), to be selective to only one FM layer one has to tu
three projection anglesc subsequently. To deduce Kerr hy
teresis loops of all three FM layers, seven projection ang
have to be tuned. Similarly, for four FM layers (N54, M
54), six projection angles have to be tuned to separate
Kerr signal coming from one FM layer. For separating Ke
hysteresis loops of all four FM layers, 16 projection ang
are required.

If the Kerr signal values originating from thei th FM

layer, s1
( i ) and s2

( i ) , are known, the projection anglec1,2
( ī ) ,

which cancels the Kerr signal of thei th FM layer,
is @Eq. ~27!#

tanc1,2
( ī )52

s1
( i )

s2
( i )

. ~38!

When values ofsx
( i ) are known, but not with sufficient accu

racy, the derived values ofc ( ī ) can be used as starting poin
of the projection tuning.

FIG. 17. Individual Kerr hysteresis loops deduced for each Tb
stack in the (TbFe/Si3N4)4 system, obtained by choosingE andc
to cancel Kerr effects of two TbFe stacks. Values ofE, c are indi-
cated above each loop.
3-13
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D. ‘‘Cascade numerical projection’’ method applied
to the „AuÕCo…3 film structure

The ‘‘cascade numerical projection’’ method allows o
to separate the Kerr signal originating from each FM la
through linear combinations of several experimental K
signals, each consisting of a sum of contributions iss
from different FM layers. It is based on a subsequent~i.e.,
cascade! numerical canceling of Kerr signals from an arb
trary FM layer, up to obtain a Kerr signal only related to t
considered FM layer.

This technique is applied here to the Au~5 nm!/Co~0.6
nm!/Au~5 nm!/Co~1 nm!/Au~5 nm!/Co~1.4 nm!/Au~24 nm!/
glass multilayer@Fig. 7~c!# already studied in Sec. III B. The
sample preparation and characterization were describe
Ref. 24. All Co layers displayed perpendicular magnetic
isotropy and provide square hysteresis loops. Since the
layer thickness varies from layer to layer, the associated
ercive field decreases when increasing the thickness.25

As discussed in Sec. VI B, Kerr signals have to be m
sured for at least two different values of the depth sensitiv
function qx . Hence we measured both Kerr rotation and
lipticity hysteresis loops at 2.5 and 3.8 eV. The measu
ments were performed at nearly normal incidence (w57°,
the measuredp-Kerr effect! and the measured loops are pr
sented on the left side of Fig. 18. The presented loop at
eV is measured for a projection anglec533°, but the par-
ticular value of this projection angle has no special mean

Each experimental loop is due to contributions of all thr
Co layers, resulting in three step loops. For a given lin
combination of the two original loops one can cancel out
contribution from a given Co layer:s5s1cosc1s2sinc. The
projection anglec can be determined just by tuning the pr
jection angle up to remove the Kerr signal coming from t
targeted Co layer. By this first projection two loop hystere
curves result depending only on Kerr signals coming fr
the first and third Co layers and two from the first and seco
Co layers~Fig. 18!.

After this first projection, one has pairs ofdifferentKerr
hysteresis loops both depending, for example, on the ma
tization of the first and the third Co layers. Hence the sub
quent second projection can cancel out the Kerr signal c
ing from one more Co layer and the Kerr signal originati
from only one Co layer may be separated~Fig. 18!. Thus we
succeeded in separating Kerr signals coming from each
layer.

Let us comment on the decrease of the signal to no
ratio ~SNR! at each projection stage. The noise amplitude
the projected Kerr signal is determined by the sum of
noise corresponding to each hysteresis loop. On the o
hand, for each projection, the amplitude of Kerr signal its
is decreased. After the first projection shown in Fig. 18,
SNR is reduced by a factor of 2A2. After the second projec
tion, the SNR is reduced again approximately by a fac
10A2. This large decrease of the SNR at this second stag
due to the close-to-one value of the depth sensitivityq. We
estimate that the forthcoming projection will decrease
SNR approximately by a factor 5–10. The reduction of t
SNR at each projection stage is more significant for thin
22442
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spacer layer. The SNR decreasing rate with the numbe
projections depends upon the linear independence of
umns in theX-matrix @Eq. ~30!#, which is determined by the
change of the depth sensitivity functionqx corresponding to
particular experimental conditionsx.

E. Volume magneto-optical recording for four storage layers

The question raised here is how to realize a conven
four-layer magneto-optical recording media by thin-film e
gineering. The properties of the (FM/nFM)4 proposed struc-
ture are the following:~i! The MO readout can be done at
single photon energy.~ii ! each FM layer is perpendicularl
magnetized and exhibits a polar square hysteresis loop.~iii !
The Kerr rotation signal carries information about the ma
netization state of two FM layers and the Kerr elliptici
gives information about the magnetization state of the t
other FM layers.~iv! The magnetization states of these tw
FM layers are distinguished by the so-called four-level M
readout procedure.29,30 This means that FM layers provid
Kerr signals with different amplitudes and, consequently,
two opposite magnetization states in each FM layer four K
levels are measured.

These conditions may be fulfilled if the four FM laye
lead to the following Kerr vector configuration@Fig. 11~c!#:
~i! Kerr vectorsF (1) andF (3) andF (2), F (4) are mutually
parallel.~ii ! Kerr vectorsF (1), F (3) are parallel to the Kerr
rotation axisu, and F (2) and F (4) are parallel to the Kerr
ellipticity axis e. In each pair of parallel Kerr vectors, one o
them must be about two times larger than the ot
(V (1)/V (3)'2, V (2)/V (4)'2). Thus the polar Kerr rotation
~ellipticity! measurements provide four possible levels,

u5V (1)mz
(1)1V (3)mz

(3)

5$2V (1)2V (3),2V (1)1V (3),V (1)2V (3),V (1)1V (3)%,

~39!

e5V (2)mz
(2)1V (4)mz

(4)

5$2V (2)2V (4),2V (2)1V (4),V (2)2V (4),V (2)1V (4)%,

~40!

so that the magnetization state of each FM layer can be
termined.

In conclusion, the readout of both the Kerr rotation a
Kerr ellipticity at asinglephoton energy gives access to th
magnetization state of allfour buried FM layers. This solu-
tion combines the advantages of readout by both the K
rotation and ellipticity30 and a four-level MO readout.29

VII. CONCLUSION

In this paper, we have proposed ways to solve the gen
problem of how to determine the magnetization state of e
FM layer in a multilayer structure by means of the magne
optical Kerr effect.

First, the measured Kerr signal is interpreted as a pro
tion of the Kerr effect in the complexue-plane onto a pro-
jection axis fixed by the MO setup. The Kerr effect is an
3-14
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FIG. 18. Demonstration of the
‘‘cascade numerical projection’
procedure for the (Au/Co)3

sample. The three experimenta
hysteresis loops on the left sid
account for the magnetization
state of all three Co layers. By two
subsequent projections with
anglesc, the Kerr signal depend-
ing on the magnetization state o
only one Co layer is separated
The numbers denote the projec
tion anglec values used for linear
combination of given pair of hys-
teresis loops. The units of the Ker
signal and an external magnet
field and the Kerr signal are mde
and kOe, respectively.
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lytically expressed for each FM layer in the framework of t
ultrathin film approximation. The depth sensitivity functionq
is introduced and expressed analytically. This approach
lows one to determine the variation between Kerr effe
originating from FM layers located at different depths. Th
we show, both theoretically and experimentally on sim
model systems, how to straightforwardly determine the
depth location of a FM layer if the saturated Kerr effect
known for each FM layer. A consistent approach is dev
oped, providing a separation of Kerr signals coming fro
each FM layer in a FM bilayer structure, by a variation of t
photon energy, the incidence angle, or the compensator p
shift. We show how to separate polar, longitudinal, and tra
verse components of the magnetization, in order to han
in-depth magnetometry measurements.

To be selective to the magnetization state of each
layer, we propose and demonstrate the power of two diffe
approaches: the ‘‘parallel Kerr vector’’ and ‘‘cascade nume
cal projection’’ methods. The ‘‘parallel Kerr vector’’ metho
is based on a tuning of some parameters~for example the
photon energy and compensator phase shift!. On the other
hand, the ‘‘cascade numerical projection’’ allows one
separate Kerr signals originating from each individual F
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