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We present detailed theoretical and experimental analysis of the magneto-optic transverse Kerr effect in
magnetic multilayers. The theoretical model is based upon a phenomenological permittivity tensor. From the
general result, suitable only for numerical calculations, we derive several approximate analytical expressions in
order to make a qualitative discussion. The theoretical predictions are compared with experimental results in
Y/Co bilayers, and the good agreement found allows for an accurate determination of the magneto-optical
constants of the material. Then, the theoretical model is applied to make a detailed study of interface magne-
tism in Y;_,Co, alloys, and to perform numerical simulations in Co/Cu and Fe/Cu multilayers. The results in
multilayers highlight the complex behavior of the magneto-optic transverse Kerr effect, in which the contri-
butions of the individual layers are never strictly additive. This nonlinearity is found to be strongly dependent
on the 3 magnetic metal present and could be used to probe the alignment of the layers even in a configu-
ration of vanishing magnetic moment.

DOI: 10.1103/PhysRevB.64.024417 PACS nuni®er75.70.Ak, 75.70.Cn

[. INTRODUCTION of a surface layer of the order of the light penetration depth
in the material. For this reason, some of their best fields of
Since the initial findings of Faraday and Kerr, the study ofapplication in the last decade are in the study of magnetic
the magneto-optic effects has played an important role in theultilayerd*=*°and in surface magnetisffl.
development both of electromagnetic theory and atomic In general, the magneto-optical response of a single mag-
physics. When applied to magnetically ordered mediahetic layer is strongly dependent on the material electronic
magneto-optic spectrometry, from the near IR to the synstructure, light wavelength\(, and on geometrical param-
chrotron radiation, is a powerful tool for the study of the eters such as the incidence angle or the layer thickness. The
electronic structure of these materialé. Besides that, resulting behavior becomes increasingly complex for
magneto-optic effects are widely used as the basis of opticdnultilayer structures and, in many cases, the global sample
magnetometers, that provide a good sensitivity to measuréesponse cannot be simply derived from that of the indi-
both ultrathin fims® or small areas of patterned Vidual layers. However, this kind of structures, composed of
structures, °and are easily implemented to perfoimsitu ~ more than a single semi-infinite layer, are precisely the ones
measurements in a variety of environments such as ultrahigithere magneto-optical measurements reveal their power as
vacuum chambers. an analytical tool to detect, for example, the presence of
Figure 1 shows the configurations for the most usual remagnetic subsurface layers or to study the character of mag-
flection magneto-optic effectéongitudinal, polar, and trans- nhetic coupling (ferro- or antiferromagnetjcin magnetic
verse Kerr effects! The general condition for every reflec- multilayers?>~*" Therefore, in order to obtain a reliable
tion magneto-optic effect is that the incident electric field
must have a component perpendicular to the sample magne-
tization. The longitudinal and polar effects produce a rotation
of the polarization plane together with an ellipticity of the
reflected light.(As a matter of fact, these effects are usually
described as birefringence and circular magnetic dichroism,
respectively. The last one is the magneto-optic transverse
Kerr effect (MOTKE) and it is characterized by a small
modulation of the reflectance caused by the component of
the magnetization perpendicular to the optic plane when the
incident light isp polarized. All of these effects have been
successfully applied to the study of magnetic properties of
bulk systems, such as magneto-optical constants or hyster-
esis loops? Even, by the combination of several of the Kerr
effects, multiple components of the magnetization can be FIG. 1. Schematic of the three Kerr effect configuratiofss.
measured on the same sampl®©ne of the main features of Longitudinal.(b) Polar.(c) Transverse. The definition for a positive
magneto-optical effects is that they provide information onlymagnetization is also shown.
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gualitative and quantitative information from the magneto-analysis of the transverse Kerr effect in multilayer magnetic
optical response of a multilayer structure a detailed theoretstructures. Section IV corresponds to the analysis of some
ical model is necessary. A general formulation of the propasimple structures, illustrated with experimental examples in
gation of electromagnetic plane waves of arbitrarythe Y/Co system. Then, in Sec. V, our model will be applied
polarization in multilayered media requires the use ofto the experimental study of surface magnetism in YCo,
(4% 4) dynamic matrice&® Computer simulations have been aIon;. Sect?on VI is devoted to the theoretical analysis of
performed that include both first and second-order magnetdnultilayers in the Co/Cu and Fe/Cu systems. The conclu-
optic effects? In general, most of the emphasis in the theo-SIONS are pre_sented in Sec._VII. Finally, the_ de_ta|led approxi-
retical developments of magneto-optical effects in multilay-maté analysis of the behavior of a magnetic film on a metal
ers has been set in the study of the longitudinal and polafubstrate will be carried out in the Appendix.

Kerr effects. In this case, it has been shdhat the con-

tributions from the individual layers can be simply added to [l. EXPERIMENT

obtain the multilayer response, at least in the ultrathin-film .
limit. However, it has been pointed that care must be taken Multilayered Y/Co/Nb and amorphous,&o, _x samples

with the handling of spurious high-order terms in the Vere grown by means of co-magnetron sputtering with inde-

(4% 4)-matrix method* These theoretical analysis have en- pendent pure Y, Co, and Nb targets in a vacuum chamber
with a base pressure of 18 mbar and an Ar working pres-

abled a large body of experimental work, in which polar and ure of 10°3 mbar. The Ar used was 99.99% pure. The sub-

longitudinal Kerr effects are used to determine the magnetié

properties of thin films and multilayers such as interlayerStrateS were either corning glass o180 at room tempera-

coupling, magnetic phases, 45171820270 the other ture. Thickness was monitoredn situ by a quartz

hand, much less attention has been devoted to the study B}icroba]ance and calibrated by a surface profilometer, Whi.le
the MOTKE in multilayers, even though it presents severalcompols't'pn was ']E:fhecked by. electr:)n probe x-ray mf"
advantages both from the theoretical and experimental poirﬁzoana ysis. Two different exper 'rr]“e”t? _sletups were used for
of view. First, the description of the light propagation in a N MOTKE Frgeasurements, with a similar geometry as re-
magnetic medium in the transverse configuration is simpIePorted equle - One of them is installed in t.he deposmon.

than in the other configurations since only one linearly po_chamber in order to perform measurements in vacuum while

larized plane wave is involved in any propagation direction.the other. works in aiflater they W'". be referrgd FO as S.'tu
ehnd ex situsetups, respectively Briefly, the incident light

Then, for those cases of samples having the magnetizati . . -
%)eam was linearly polarized parallel to the plane of inci-

parallel to the reflection surface, the experimental setu d the reflected liaht detected withi h
needed for the detection of the MOTKE is simpler than tha ence, ana the refiected light was detecte W'm.'an pho-
odiode with a peak sensitivity at 900 nm and with a spectral

for measuring the longitudinal Kerr effect. These features o Ving in the 500-1200 M i
MOTKE have made it a widely used technique in other fieldg ©SPONSE 1yIng In the N nm range. Veasurements
such as the study of magnetic nanostructfrés, were carried out with monochromatic light from a laser di-

In this work, we present a detailed theoretical analysis oPde withA =670 nm and 0.5 mW of power, except in some

the MOTKE in magnetic multilayers based upon a phenom—SpeC'al cases where a lamp souf8600 K, radiating in the

enological permittivity tensor, that allows to obtain the 500-2000 nm rangavas used. A magnetic field was applied

MOTKE response of arbitrary multilayers in terms of the perpendicular to the plane of incidence in order to perform

properties of the individual layers. The obtained results arethe MOTKE hysteresis loops. The photodiode voltage signal

in general, only suitable for numerical analysis. However, iné‘t zero field was taken as a measure of the sample reflectivity

some simple cases approximate expressions can be derivgd Then, this continuous signal was electronically compen-

and a qualitative discussion is possible. The predictions frorﬁatedt and the tqtal change in reflectiiiR from_ positiveto
the theoretical model will be compared with the experimen-negat've saturation was recorded as a function of magnetic

tal MOTKE behavior in particular multilayer structures of field, averaging over several field loops in order to improve

the Y/Co system. The observed behavior presents fundameﬂj-e S|gnal_— to—n?lfe raétlo. The (;nglrlhmffereL\qe t?wettweetﬂ the
tal differences with the other two linear Kerr effects, the WO experimental Systems used In this work IS that inithe

multilayer response is often highly nonlinear, and there iSSitu setup the angle of incidence is fixedét 30°, while in

not, in general, an additivity rule between the contributionsthe ex situsetupé can be varied in a broad angular range.

of the individual layers even in the thin-film limit. It will be AUuXiliary bulk-magnetization measurements were carried out

shown how the comparison between theory and experimerty Mmeans of alternating-gradient magnetoméaEM).*
results in an accurate determination of the magneto-optical
constants of the material, and how the differences that may !ll. TRANSVERSE KERR EFFECT IN MULTILAYER
appear can be discussed in terms of interface magnetism. STRUCTURES
Finally, the behavior of MOTKE in multilayers with small
modulations and the issue of additivity between the contri-
butions from the individual layers response will be addressed The magneto-optic transverse Kerr effect can be phenom-
by numerical simulations in the Co/Cu and Fe/Cu systems.enologically described by a paramet#y, defined as

The paper is organized as follows. In Sec. Il the experi-
mental setup for sample growth and MOTKE characteriza- S :R+—R, (1)
tion is described. In Sec. Il we will deal with the theoretical K R

A. Some definitions
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where R, —R_ is the change in reflectance caused by an
inversion of the sample transverse magnetization, fibrto

—M, and R is the reflectance for an ideal demagnetized
sample, experimentally represented by the average value of
R, andR_. Typical values oféx for 3d magnetism range
from 10 3 to 10 2. We define the magnetization as positive,
with the correspondind?, , when it can be attributed to
Amperian currents rotating in the same sense as the light
beam does upon reflection, as it can be seen in Fig, 1
where the coordinate system used through this paper is also
shown.

The time dependence of the light field will be described,
according to the notation used in Ref. 30, by the factor
exp(—iwt). Other authors, as in Refs. 34 and 35, prefer to use
explwt). To match their results and ours, one has just to
substitute for —i in all expressions, i.e., to take the complex
conjugate in all of them. For isotropic media magnetized
along theQY axis, the permittivity tensor is given bY:

@ ®

k+1

®

FIG. 2. A multilayer structure in the transverse Kerr configura-
tion with a positive magnetization. TH@Y axis points outward the

1 0 —-iQ figure. The planeXZ is the optic or incidence plane.
= 2l 0 1 0 . . .
=N . @ The complex magneto-optic parameft@ris experimen-
iQ 0 1 tally obtained from measurements &f at two values of the

d angle of incidence and E@3), assuming a previous knowl-

whereN=n+ix andQ are the complex refractive index an O .
x andQ P edge of the refractive indeM of the mediunt*3537

the magneto-optic constant, respectively. Generay<1.
For a nonmagnetic laygp=0, and for a transparent one
=0. At optical frequencies, the magnetic permeability is
usually assumed to be equal to that of the vacuugr*®

C. Plane-wave propagation in an isotropic magnetic medium
magnetized in the transverse Kerr configuration

In our analysis we study the propagation of plane waves
in layered structures according to Maxwell equations, where

A theoretical expression fa, in semi-infinite homoge- each medium is represented by a permittivity tensor. At the

neous magnetic samples has been deduced by seveffundaries between homogeneous layers we impose the
authorsi23435 For monochromatic light incident from a usual conditions of continuity of tangential components of

the E and H fields. It has to be noted that any kind of
MOTKE observed in multilayers that cannot be described
within this framework must be related with interface effects,
such as the presence of quantum-well st&tes interdiffu-

sion that result in less-well-defined boundaries between the
different layers. A schematic representation of the multilayer
structure, constituted by homogeneous media, and the coor-
dinate system used in this paper is shown in Fig. 2.

B. Preliminary analysis of the MOTKE in thick layers

transparent medium 1 into a magnetic mediund2js given
byll

IN3Q,
(N3—N7)cog 6, —N2NZ+N3/’
)

S =4N?sin 26, Re(

where 6, is the angle of incidence, and only terms linear in

Q have been considered. More details on the derivation of

this equation are given in Sec. IV A.

Experimentally, a maximum ok vs 6, is observed for
0,>45°, in agreement with Eq3), since for magnetic con-
ductors|N?|>1. Equation(3) implies a direct relation be-
tweenéy and the material magnetizatidh since, for a given
material and wavelength, perturbative anaf{fslsas shown
Q to be linear inM. However, this first-order linearity is to

be cautiously extrapolated to real materials since the exper

mental relations betwee@ andM are usually found to con-
tain also higher orders ik.3” Also, the dependence @ on

N\ and material is not straightforward mainly due to the non-

trivial dependence o N? on A that contains information on
magneto-optic transitions related to the electronic band stru
ture of the medium. For instance, even sign changeégin
were early observed in the IR-VIS part of the spectrum dn 3
metals>

First, let us analyze the propagation of plane monochro-
matic waves through any of these layers. Since the time de-
pendence of fields is taken as expft), Maxwell equations
can be written in the form

VXE=iwugH and VXH=—-iwD, 4
whereD=¢E and ¢ is given by Eq.(2). From them, one
[mmediately deduces that-H=0 andV-D=0.

We will write the wave field spatial dependence as
exdi(w/c)n-r], where, for metal media, the propagation vec-
tor n is going to be complex. For those plane waves, we can
substitutei (w/c)n for the symbolV in Maxwell equations,

Cr_esulting

1
H=—nXE

s ®)

024417-3



CARLOS DEHESA-MARTNEZ et al. PHYSICAL REVIEW B 64 024417

and 1 |.n,—iQn, .n,+iQn,
E(r)= 5| X 52 5 y
1 eocN2|” 1-Q 1-0Q
D=——nXH. (6)
c xexdi(w/c)n-r], (13

The last equation means thatD=0. By eliminatingH be-  \yhere 1- Q2=1 is generally accomplished fodamagnetic

tween Eqs(5) and(6) we get a homogeneous equationor  glements. This approximation will also hold even in the
_ heavy-element containing systems that produce some of the
eE=—¢onX(nXE). (7)  largest polar Kerr rotations, such as the Heusler alloys,

where Q is smaller than 10 at least for wavelengths in the

Since we are takingKZ as the optic plane, the continuity visible range®®

condition for the tangential components of tandH fields
at the boundaries, parallel to the plaze 0, implies that the
componentsn, and ny of the propagation vector have the
same value in the whole structure, equal to their values inthe As previously said, the reflectance ferpolarized light

D. Analysis of propagation in a multilayered structure

incidence medium, so that does not change when the magnetization direction is re-
) versed in the transverse Kerr configuration. Then, for any
ny=N;sing; andn,=0, (8)  direction of propagation one has to consider only one lin-

early polarized wave with its electric field in the plane of
incidence(p polarized light. The wave in any layer can be
described as a superposition of incident and reflected waves,
eachp polarized. Let us consider a multilayered structure

whereN; and 6, represent the refractive index for the first
medium and the light incidence angle, respectively. Then

N=XNy+ 2N, ©) with L layers, as shown in Fig. 2, whedg is the thickness
Hence, the compatibility condition for E¢7) is of the kth layer. The extreme media, 1 ahdrepresent the
incidence medium, usually air, and a very thick absorbing
N2—n? 0 nn,—iQN? medium, respectively. Except for layer where only an in-
0 NZ— 2 0 —0 10 cident wave propagates, the wave field in every layer is the
Y sum of two plane waves, the incidardnd the reflected To
n,n,+iQN? 0 N2—n?2 simplify notation, we will agree to place the origin for coor-
. . . dinatez in each layer at its upper surface, except for medium
which determines the possible values fosquared as 1, wherez=0 is the boundary plane with the second medium
N2 The magnetic field for the wave in tteh layer is the sum of
n2— (11) the incident and reflected fields given by
N2(1-Q?)’ | , |
H{D(r)=yH{"D exdi(w/c)n{"-r]. (14)

Going back to Eq.(7), we see that the first value of?
corresponds to apolarized wave, i.e., one with the electric For a positive magnetization, the electric fields of the waves,
field linearly polarized along the axis normal to the optic from Eq.(13), are given by the expression

plane QY axisg). The associated magnetic field, given by Eq.

(5), is seen to be independent of the magneto-optic constant. ("

. S . . ,
Since both the fields and the propagation vectorQuiade- Ef0(r)= - CNz[Xa(kl'r)+Zb(kl'r)]exF['(“’/C)n(kl'r)'r]'
pendent, we see that there is no transverse Kerr effect for this 0>k (15)
polarization.

For n?=N?(1—-Q?), Eq. (7) determines that the wave where
electric field is placed on the optic plaripolarizationp). . .
According to Eq.(5), the magnetic field appears necessarily al"=n{P-iQyn, (16)
perpendicular to the optic plane. Once the valuengfis
fixed by the incident wave, the componeamntof the propa-
gation vector can take two opposite values that _correspond to b= — (n,+ ian(k',’zr))- 17)
waves traveling along both directions of tb& axis. There-
fore, thep-polarized waves propagate along the different lay-In the last two equations it has been taken into account that
ers, all of which are supposed magnetized in the transversg, is constant along the whole structure and is given by
configuration without any change in polarization and are al-
ways linear. Ny=Njsiné;. (18)
Therefore, if the magnetic field amplitude is

and

Moreover, from Eq.11), in which |Q|?<1, we can derive
- . the values for the normal componentmgf corresponding to
H=yHyexdi(w/c)n-r] 12) the incident and reflected waves as

the corresponding electric field amplitude in the same me- .

dium can be obtained from Eq&) and(2), and is given by niy)=+JNg—ni. (19
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As seen in Eq(15), each component of the electric field is At the last mediurrH(L’)zo, since it is assumed that there is
proportional to the corresponding magnetic field amplitudeno reflected wave. The conditions at the boundary between
Therefore, both boundary conditions can be stated in termigth andk+1th layers can be set in matrix form as

of the incident and reflected magnetic field amplitudes only.

At each layer, we build a column matrix with the magnetic

field amplitudes at its upper surface=0: A(k—k+1)H=B(k—k+1)H,;, k=12,...L—1,
. (21
HY
He=| .ol k=12,...L. (20)
Hy whereA(k—k+1) andB(k—k+1) are the matrices

o (c) } maGhe

Ak—k+1)= 0) ) , k=2,...L—-1, (22
Nﬁ C k Nﬁ c k,z¥k
1
A(1l—2)= , 23
(1-2) cosf#,/N; —cosé;/N; @3
|
and fractive indexes and magneto-optical constants indicated in

tables for bulk material¥“° which are given in Table I.
1 1 There are some cases, that will be explicitly noted, witgre

B(k—k+1)= (') =1,...1-1 or Qy are used as fit parameters in order to obtain more
(24) accurate values. In the ultrathin-film limit, some changes in
. . . . these constants could be expected due to electronic redistri-
Since matricesh are invertible, we can getl from Egs. bution and interface effects. These could be implemented in
(2D, as our model, whenever it would be found necessary to explain
_ -1 the detailed magnetic response of a particular multilayer sys-
Hi=Alk=kt 1) Bk=kt DHi @9 tem, by introducing a thickness dependence of the constants
and eliminate all the intermediate matridég (k=2,...L-1)  for films in the 1-2 nm range, in a similar way as done by
that appear in Eqg21), to obtain Atkinson and Dodd in studies of polar Kerr effect in Co/Cu
multilayers*

2
1/Nk+l a(krll/Nkﬂ

H=A(1—2) 'B(1—2)A(2—3) 1

XB(2—3)---A(L—1—L) B(L—1—L)H,, IV. RESULTS FOR SOME SIMPLE STRUCTURES

(26) The former analysis is well suited to obtain numerical

representing a two-equation system from which we carfesults on a computer for specific structures and materials.
eliminate the last medium amplitudel", and obtain the ~Nevertheless, detailed expressions & are cumbersome
amplitude reflection coefficient,+:H(lr)/H(l‘). The reflec- and therefore do not permit to draw from them a qualitative

tance for positive magnetization is, finally, physical insight. An important exception is the case of a

HO 2 TABLE I. Optic and magneto-optic data for the materials cited
L= % (27 in this paper akh =670 nm taken from Refs. 34 and 40.
Hl
To obtainR_ suffice it to repeat E¢26) replacing evenQy " “ Q
with —Q, and to follow the indicated steps up to Q7). Fe 2.93 3.10 0.007 490.0225
The parametedy is then readily obtained from its definition Co 2.25 4.27 0.02%0.007
given by Eq.(1), whereR can be deduced &8, by taking  Ni 1.96 4.02 0.009 36 0.006 22
everyQ,=0. Y 211 2.40 0
In the following sections this model will be applied for Nb 2.67 2.92 0
the simulation of the magneto-optical behavior of a varietycy 0.216 3.386 0
of multilayered structures. We have taken the usuak; 3.821 0.015 0

approximatio® of considering the values of the optical re-
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single thick magnetic layer for which relative simple analyti- However, if light comes from air through a thick dielectric
cal expression exists. By taking a simple approximation, thislab, like a glass substrate, the angle of incidence on the
expression forsy can be adapted to metal structures with amagnetic medium will be reduced, according to Snell’s law,
single thin magnetic layer on a metallic substrate and avhich in most cases will signify a lowering of the value of
physical discussion of the results is then possible. The resulthe measureddx . If one wants to take advantage of the
ing behavior will be illustrated with experimental results in above-indicated increase 6f , it will prove suitable to pre-

the Y/Co system.

A. Thick magnetic layer

For incidence from a vacuum, or from air, onto a semi-

infinite magnetic layer, with complex refractive indé¥%

and magneto-optic constafil,, the light magnetic field in
the first medium can be written, according to E2g) in the

form

H;=A(1—2) 1B(1—2)H,, (28

where matriceA(1—2) andB(1—2) are defined in Egs.

pare the sample on a prismatic glass subsffafénally, we
would like to point out that the addition of an antireflexive
coating produces, for the proper angle of incidence, a very
large increment ond¢ which, obviously, is devoid of any
magneto-optical significance.

B. Thin metal layer on a metallic substrate

As noted, there is no simple expression &y in these
cases. However, the simplifying assumption of taking the
complex refractive indices of both media equal, .M,
=Nj, leads to a useful and interesting result. Of course, the

(23) and(24), respectively. The reflection coefficients can pecalculated reflectance of the metal surface could differ

written as

_at bQ2

"“Tc=dq, 29

wherea,c= N3 cosé; 7 (N5—sir? 6;)*2 andb= —d=i sin 6;.

largely from the measured one, but the quantity of concern
here is ¢, which is scarcely dependent on the difference
between indices. This approach was introduced by Zak
et al,*® in relation to the study of polar Kerr effect in mul-
tilayers.

Let Q, andQ3 be the magneto-optic constants of the thin

For an assumed zero magnetization, the reflection coefficiettdyer and substrate, respectively, ahdhe layer thickness.

is obviouslyr=a/c. From its definition in Eq(1), keeping
only those terms linear i@,, the expression fofy is readily
obtained,

IQ2N3
4cod 6;,—N2+sirt 6,

=4 sin 20, ReN (30

Of course, this result is the same as given in B).if N,

=1. In terms of the real and imaginary parts of the permit-

tivity tensor elementsgy=N3=¢;+ie; and £,q=iQ,N3
=g,qTieny, this result can be written as

Sx=4sin 201% (3D
where
G=(s[’—¢&l?—1)cos ;—e,+1 (32)
and
K=¢j(2¢e}cog 6;—1). (33

Equation(31) has been used to obtain the values:ff and
eng from the measured values 6 at two incident angles.

After a long but straightforward calculation, similar to the
one outlined in the previous section, one obtains the same
expression forsx as given by Eq(30) in which Q, is re-
placed by an effective constant

Qs [{ 2amZ,zd>
exp 1 P .

1- ( 1-—
Q2

In particular, for a protective metal coating over a magnetic

substrateQ,=0,

Qei= Q2 (34

) anZ,Zd) . (35)

Qeri= Q3 eXF{'

In a similar way, for a thin-magnetic film on a metal sub-
strate, where;=0
2wn,.d
1—exp(i 22 ) .
c

Leaving aside a phase factor, the exponential factor in the
last expressions uniformly decreases with the layer thickness
d as exp{4mkd/\). This fact can lead to the intuitive obvi-
ous idea that an increase in the thickness of a protective
metal coating implies a decrease in the valte, or that
when a magnetic film is grown on a nonmagnetic substrate
Sk Will increase smoothly up to the bulk value for a thick
enough magnetic film. However, the mentioned phase factor,

Qeri= Q2 (36)

More details on this method can be found, for instance, irthat depends od also, may lead to a variety of anomalous

Refs. 35 and 37.

By comparing expression®) and (30), for the case of
light coming from a dielectric medium the value 6§ ap-
pears enhanced by a factor approachifgwith respect to
the incidence from air for a wide range of values &f.

effects, that can be easily illustrated in the Y/Co system.
Figure 3 shows the experimental; values for a
Y(d)/Co(48 nm/Si(substrate sample as a function of Y
layer thicknessdy). The thickness of the Co layer has been
chosen to be larger than the light-penetration depth so that
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3
10° 8,

dy (nm) 5k Y (100 nm)
glass(substrate)

Co(475 nm)

1 |[Si(substrate) 10 ] i i : i :
o g ] 0 20 40 60 80 100 120
0 20 40 60 80
d, (nm) 15
FIG. 3. 8¢ vs Y-layer thickness for an Y{)/Co(48 nm/ ‘“g
Si(substratesample, at an incidence angle= 30°. Solid line is a fit S 10 7
to the theoretical model of Sec. Ill, using as fit paramebéfsand 5
Qco- Inset shows the Y-layer thickness dependence of the reflec- )
tivity normalized byR,, i.e., the value atly,=0. The solid line has ~ 5r .
. . . 1S
been calculated using the optical constants of Y and Co obtained
from the fit of 5y vs dy. Also shown is a sketch of the sample
structure. 0 . ' : : L
0 20 40 60 80 100 120
this sample can be effectively considered as @ilrv)/ dg, (nm)

Co(substratg structure from the magneto-optical point of
view. Measurements were taken at an incidence amgle
=30°, with monochromatic lightX =670 nn) using thein circleg and §=76° (squares Solid lines are fits to the theoretical
situ MOTKE setup described in Sec. Il, so that all the ex'ﬁnodel of Sec. III, Ss?ng as fit paramet@c,. Also shown is a
perimental po.lnts_ corresponq to the same S"_"mp.'?- The o ketch of the samples structui®) Magnetic moment per surface
served behaVIor is clearly dlfferenf[ from the intuitively ex- unit vs Co thickness in these Co/Y samples measured by AGM. A
pected attenuation due to the capping layer. For very small Yinaar fit is also shown.
layer thicknessgy is enhanced for increasirty, , reaching a
maximum atdy=18 nm. This qualitative behavior can be grown on a conductive and optically absorbent medium.
predicted from theQ. approach if the phase factor is prop- Measurements were made at two different incidence angles
erly taken into account. Details and further examples can band with monochromatic light\(=670 nm at the ex situ
found in the Appendix. On the other hand, the full numericalsetup. Each experimental point corresponds to a different
model proposed in the previous section must be used to féample so that a direct comparison between magneto-optical
the 6¢ vsdy curve, as indicated by the solid line in Fig. 3. In and bulk-magnetization measurements could be performed.
this calculation we have taken the refractive index of CoOnce again, théx versusdc, curve presents a peculiar be-
(N¢o) from Table I, while the refractive index of yttriumdy havior: &« is negative for smalt.,, crosses zerdat d¢,
and the magneto-optical constant of CQd,) have been ~15 nm for #=76°) and finally it becomes positive and
used as fit parameters. The resulting values Nye=2.28  reaches the saturation bulk value fiy, above 60 nm. This
+2.07% and Qc,=0.042-0.020. The fitted value ofNy is  behavior does not mean that the Co samples are magnetically
comparable to the tabulatédy=2.11+2.4i. Even more, if anomalous. The magnetic moment per surface unit, mea-
the sample reflectivity vely dependence is calculated using sured by AGM, clearly scales with cobalt thickn¢sse Fig.
the value ofNy obtained from the fit, it is found to be in very 4(b)]. Then, it is found that due to the phase factor in Eq.
good agreement with the experimental culfgee inset of (36), vanishing 6x values appear for obviously magnetic
Fig. 3. The main difference with the tabulated values issamples.
found for Qg (Qco=0.021-0.007 was reported by The nonlinear behavior of, with Co thickness is a fea-
Krinchik and Nurmukhameddf}). However, it is worth to  ture that makes difficult the use of MOTKE as an optical
note that here the magneto-optical constant is obtained froomagnetometer in multilayered systems. On the other hand,
the fit of 6x in a broad thickness range, which results in athis complex behavior is very sensitive to sample structure
more accurate determination than the standard method baserd allows for an accurate determination of the magneto-
on just two values o measured at two different angles for optical parameters of the material. The solid line in Fi@) 4
a bulk sample, mentioned in Sec. IV A. corresponds to a fit of the experimental results to the numeri-
The magneto-optical behavior of the complementarycal model of Sec. Ill. A good agreement is observed between
structure Cdfilm)/Y (substratg is shown in Fig. 4. In this theory and experiment in the whole Co thickness range con-
case, the samples are @)(Y(100 nm/glasgsubstrate  sidered. This suggests that our macroscopic approach is valid
structures, however the yttrium underlayer thickness of 10@ven at values ofl, under 5 nm and that the Co layers are
nm is thick enough to have the case of a thin magnetic layetcontinuous at such thicknesses. In this case, we have used

FIG. 4. (a) 8¢ vs Co-layer thickness for Cdj/Y(100 nm)/
glasgsubstrate samples measured at two incidence angles’2°
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FIG. 5. Simulated 6y vs magnetic film thickness for Co concentration (x)

Co(d)/Y(substrate), Fef)/Y(substrate) and N®)/Y(substrate)

FIG. 6. 6x vs Co concentratiorx for a thick Y;_,Cao, allo
structures, withg=70°. K 1-xL0 y

measured a?=68°. Note the sign change ifk for x=0.65.

the same refractive indexes for the Y and Co layer as in the

Y (film)/Co(substratg structures of the previous example, 5 syrface probe, together with its nonlinear behavior, makes
while Qc, has been used as a fit parameter. The resulting\oTKE a great experimental tool to analyze surface and
value isQ¢,=0.042-0.014 which is indeed very similar to interface magnetism. In the next example af YCo, alloys

I.Phe erg‘roer\(/elornsm eorzglr(])?cih eV alze e r%ﬁgo\za?ugéif_g(?égz we will show how this study can be very useful in the inter-
' bap o pretation of experimental results commonly attributed to

—0.014 will be used in the simulations. ) . . S . )
In general, the qualitative behavior observed in Figs. ghonintentional interfaces, changes in interfacial magnetic

and 4 for Co/Y structures is to be cautiously extrapolated t&oupling, etc., specially when combined with magnetometric
the cases of other materials. Figure 5, shows the simulate@easurements.

dependence ofk against thickness of the magnetic layer, for ~ Starting from volume magnetometric measurements taken
Cao(film)/Y (substratg Fefilm)/Y (substratg and Nifilm)/  on amorphous ¥Y_,Co, alloys at room temperature, it was

Y (substratg structures. The angle of incidence #s=70°  found that these alloys are not magnetically ordered below
and the wavelength is 670 nm. The most influential factor x=0.65, and that above this cobalt concentration they
in the values oféy is the 3l magnetic metal present. A sign present magnetic ordéf.However, an anomalous behavior

change is observed for the Co and Ni layers while for the Fey Sy versus cobalt concentration was reportas shown in

structure there is an initial linear dependence for small thick+. L .
ness. The shape of each curve depends also on the incidenFI - 6. A nonvanishing and negativé value appeared for

angle, so that the amplitude of the positive and negafive aﬁ oys withx<0.65, in contradiction with the magnetometry
values can be of a similar magnitudsee, e.g., Fig. ¥ In  measurements. This feature was explained in terms of selec-

any case, the sign reversal behavior is not very sensitive tv€ Y oxidation that induces Y segregation to the surface,
small changes in the magneto-optical constants of ttie 3!€aving a Co-enriched sublayer 3—4 nm thick, and thus or-
material. This qualitative dependence can be derived usingered at room temperature. Using MOTKE it was verified
the approximate analytical expressiof®5) and (36), even  that this Co sublayer is located at the film-air interface and
though the actual behavior must be obtained from exactot at the film-substrate interface. This process was also veri-
equations of Sec. llID. The discussion about the conditiongied from magnetic properties, such as coercive force and
for sign change o, on account of the @ magnetic metal anisotropy field> However, the physical origin of the sign
used, will be established in the Appendix, in the frameworkchange indx at x<<0.65 was not clear. The results in the
of Eq. (34). Co(film)/Y (substratg structure of Fig. 4 offer a simple ex-
The behavior of structure&/B, whereA andB are both  planation, i.e., a very thin cobalt layer grown on a nonmag-
magnetic metals, is more predictable. In most cases, for getic conductor(i.e., Y,sCoys), gives a negativedy. To
var!at!on in the thickness of the upper layer, a monotonougxperimentally establish this hypothesis ops€a, 5, an ex-
variation ofdy , between the bulk values férandB, is to be periment has been carried out. @Y C0 (100 nm/
fo_urjd. No;e, however, .that a shallow Irelat|ve maximum Orglass samples have been grown with a thick enough
minimum in Sk fqr an intermediate thickness is also POS-y .Cay s layer so that they can be effectively considered as
S|_ble. Both experlmgntal results for amorphous NdFeB/'_:EECo(fiIm)/Y0_5Coo_5(substrate) structures. Their MOTKE has
bilayers and theoretical ones for amorphous FeSi/FeSi bilayseen measured at the same experimental conditions as in the
ers can be found in Ref. 44. Y,_,Co, data of Ref. 45. The results correspond to the filled
symbols in Fig. 7a). d¢ is negative belowd-,=5 nm, and
remains constant below 2 nm. Tl# value atdc,=2 nm
(8¢=—7.4x10"%) is the same as that obtained in simple
The nonlinear behavior of MOTKE seems a little incon- Y sCoy 5 samples. This shows that the thickness of the sub-
venience, due to its complexity. But the fact that MOTKE is surface cobalt layer lies in the range 2—5 nm, which is of the

V. MOTKE AS A SURFACE PROBE IN AMORPHOUS
Y,_.Co, ALLOYS
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10 be due to the presence of a dead-cobalt layer located at the
oL@ e Nb/Co interface fordc, below 2 nm. This dead-layer thick-
oL ¥,..C0,(100nm) ness is of the same order as can be found in the litefdture
v glass(substrate) and, in fact, it has been verified by AGM magnetometry that
ég 4r the magnetization is zero for the sample with,=1 nm.
= 4 Co(d) These results demonstrate the great utility of MOTKE when
YiCo,100nm) it is used in conjunction with magnetometry in the determi-
‘e ™ T gles{SuaaIs) [ nation of interface magnetism.
|
20 5 10 15 20 25

VI. MULTILAYERS

One of the research fields where magneto-optical effects
can provide more valuable information is in the study of
magnetic multilayers. In particular, the issue of coupling be-
tween magnetic layers across nonmagnetic spacers has re-
cently attained a high intere&t.There are many multilayer
systems, like Co/CURef. 24 or Fe/Cu®® that present an
oscillatory magnetic coupling depending on the spacer layer
thickness. In general, a straightforward interpretation of the

5 ! ! ! ! dependence of the MOTKE signal in terms of the parallel or
0 = 10 15 20 25 antiparallel alignment of the magnetizations of the individual
dg, (nm) layers(i.e., ferro or antiferromagnetic couplings not pos-

sible. Rather, the calculations of the detailed MOTKE re-
FIG. 7. (a) 6k vs Co-layer thickness for Cd}/YsC0y5(100  sponse of a multilayer structure requires numerical simula-
nm)/glasgsubstrate samples (filed symbols and for Nb  tions using the full model of Sec. lIl. In this section, we will
(5nm)/Co@)/Y0.5Cays (100 nm/glasgsubstrate samplesthollow  giscuss the conditions for the additivity of the MOTKE of
symbols at an incidence angle/=72°. Also shown are the the individual layers, which are found to be strongly depen-
sketches of the samples structufb) Simulated 5x vs Co-layer dent on the @ metal present.
thickness for Caod)/Y(substrate) struct.ure.édotted ling and Nb An approximate expression of the magneto-optical re-
(5nm)/Co@)/Y(substrate) structureolid line). sponse of an antiferromagnetically coupled multilayer can
only be derived in the simplest case of a bilayer, that is, of a

same order as that found in the literature from threshold pho A ; . )
toemission of spin-polarized electroffs. structure that consists in two films with the same width

These results are qualitatively predicted by our mpsee magnetized in opposite dir.ection_s, ona thick nonmagngtic
Fig. 7(b), where a calculation 0By for nonmonochromatic substrate. In order to obtain a simple analytical expression
light in a Ca(film)/Y (substrate structure is plotteddotted 07 9k We have takerN,=N3=N,=N, Q,=—Qg. Once
line)]. 5k is negative for small Co thickness and crosses zerd10re, we have optalned the same gxpre;sm@,tcnhan that
atde,=5 nm, i.e., at the same value as in the CalS0y s of a thick Iayer'[g|ven by Eq.(29)] in Whlch the magneto-
experiment. The theoretical curve only differs from the ex-OPtic constant is replaced by an effective constant
perimental data belowlc,=2 nm, where a natural subsur-
face Co layer will be present in the real samples but that is Qei=Q
not considered in the simulation. Here we used the approxi-
mation of taking the optical coefficient forg¥Coy s as that  For thin enough layers, thi® is proportional to €/ ).
of yttrium. This is allowed because the influence of a non-This implies that there is a cancellation of the MOTKE of the
magnetic substrate ofic is not very critical on the qualita- oppositely magnetized layers, at least, to first orded/ix,,.
tive behavior. On the other hand, the presence of a nonmagnetic spacer

To avoid yttrium segregation and to assure the existencbetween the magnetic layers introduces additional phase fac-
of a cobalt layer free from oxide, another experiment hasors in the calculation that can result in strong deviations
been carried out. In this case the same GolCo, struc-  from this simple result, as shown in Fig. 8 for several Co/
tures have been grown, but now protected with a 5-nm-thiclCu/Co trilayers. This figure is a contour plot of the calculated
Nb top layer. The 6¢x vs dg, behavior for the &y values as a function of the individual layer thicknesses.
Nb(5nm)/Cof)/Y,_,Co, samples is shown in Fig.(& The simulated structures are @J(Cu(N)/Co(m)/
(hollow symbolg. It should be stressed that, different than Cu(substrate) trilayers, where the layer thicknesses are given
the previous case&jy is positive for all the cobalt thickness in terms of the number of atomic layefise., in multiples of
range in these protected samples. This behavior is again prere lattice constantsc,=2.51 A andac,=3.61 A). mis the
dicted by our model, as can be seen in the simulated curve efumber of Co atomic layers grown on top of the Cu substrate
Fig. 7(b) (solid line). The main discrepancy between the ex-andn is the number of atomic layers in the upper film of the
perimental and the theoretical curve is the zé&p value  structure. The Cu spacer thicknesses considerei @, 6,
found experimentally atic,=1 nm. This can again be ex- 9, and 12 atomic layers, which correspond to the experimen-
plained in terms of interface magnetism.op=0 value may tally reported range of values for either ferromagné,

2
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1-ex IT N“—sin” 6,

024417-9



CARLOS DEHESA-MARTNEZ et al. PHYSICAL REVIEW B 64 024417

! n

” NN
» 0 5 10 15 20 25 30
o 20 (0 SRR = 1.0 T T T T T
) 4 . ‘© — Co(n)
S IERANNNON =S s \@ T
: TN
1S s 0.0 oo Cu(substrate) |-~
8 10 (\ o //// /Ql / ) \\_/ » iy l
2 5 75‘ /6‘ 777 //‘T 7 / MS 1.0F i
= Ja)y N-scumL] by N=6cumL] '

G T T T T T T '15 [~ —

25 .
2 ol I e
g 20 \?) ) . \v’ 2.0 T T T T T
IR AN =N
S g5 g NN \ oL ® iy P
N RSN ’
E 10 \ | Cu(substrate) /
NSNS s’

o . Ayed o
% 5 SN (\ S i AV i i A =
= Nl ¢) N=9cumL| d)N=12CuML|,\
0 . . 7 F T : Y
0 5 10 15 20 250 5 10 15 20 25
outer Co monolayers outer Co monolayers

FIG. 8. Contour plot of §x values simulated for several =
Co(n)/Cu(N)/Co(m)/Cu(substrate) structures @#=70°: (@) N
=3, Terromagnetlc allgnme_n(,‘o)' N=6, antlferromagr_letlc align- FIG. 9. (@& & vs n for Co(n)/Cu(N=6)/Com
ment;(c) N=9, ferromagnetic alignmentd) N=12, antiferromag-  _ 5)/cy(substrate) structure #=70° with different configura-

netic alignment. The horizontal and vertical axes correspond t0 (55 of the magnetization in the Co layers: solid line, antiparallel

andm, the number of atomic Co planes in the surface and interlora”gnmem; dashed line, parallel alignmefti) 6 vs n for a sym-

layers, respectively. To define the signd&f, the positive direction 1 atric Co)/Cu(N=6)/Co(n)/Cu(substrate) structure &t=70°:

of the magnetization has been chosen to be that of the upper CQ,jiq jine, antiparallel configuration; dashed line, parallel configu-

layer. ration. Note the nonzeréy value, in spite of the zero total magne-
tization. Also shown are the sketches of the simulated structures.

N=3 and 9, or antiferromagnetid&F), N=6 and 12, cou-

pling in Co/Cu superlattice¥. The angle of incidence i®  (AF alignmen}. For example, Fig. @ showséy vs n for a
=70° and\ =670 nm. The positive sense of the magnetiza-Co(n)/Cu(N=6)/Co(m)/Cu(substrate) trilayer along a line
tion is chosen to be that of the upper layer, in order to definef constantm=5 both for the parallel and antiparallel align-
the sign ofy . Bulk values of the optic and magneto-optical ment of the magnetization of the individual layers. These
constants of Cu and Co are used in the calculation. It iswo curves would correspond to th% values at saturation
worth to note that polar Kerr effect measurements in Co/Cy 5¢(F)] and at remanencksk(AF)], respectively. In both
multilayerd? in this thickness range have only found somecases gk has a nonlinear behavior and can take positive and
changes in the refractive index of Cu due to interface effectspegative values, in a similar way to the thin Co film grown
while the bulk constants of Co could be used as a goo@n a metallic Y substrate presented in Sec. IV B. Even more,
approximation down to subnanometer thicknesses. In anin the symmetric trilayer casg.e. n=m andN=6) shown
case, the qualitative response presented here is not very san-Fig. 9Ab), 5x(AF) is only zero for very small Co thick-
sitive to the optical constants of the Cu intermediate layer. nessesrf~1) and then decreases to negative values that can

In the F structures of Figs.(8 and 8&c) the total magne- become as large as(F) for n>15. That is, a nonvanishing
tization M is proportional ton+m so that the lines of con- 5, value is found in structures with zero magnetization, con-
stantM are parallel to thex= —m diagonal. This behavior firming the nonadditive character of the MOTKE in the
is only observed in a limited region of th& contour plot.  Co/Cu system. On the other hand, due to this lack of com-
Also, in the AF trilayers of Figs. @) and §c), the total pensation in the AF configuration, the actual signSefAF)
magnetizatiorM ¢ is proportional tan—m, so that the mag- in this symmetric structure depends on the relative sign of
netic behavior is symmetric in the lime=m. However the the individual layers magnetization respect to the saturating
calculateddy is nonsymmetric along the diagonal of Figs. field. Thus, MOTKE could be used to analyze the rotations
8(b) and §c), reflecting the nonlinear dependence&fon in the individual layers, even in this configuration of zero
n—m. magnetic moment.

In order to get a better idea of the influence of the non- Another multilayer system where the literatttesports a
linearities of 5x on the MOTKE hysteresis loops, it is inter- sign change of the magnetic coupling are Fe/Cu/Fe trilayers
esting to take a closer look at the behavior of one of thesgrown on Cu substrates, the coupling being ferromagnetic
structures both at saturatigk alignment and at remanence for Cu layer thickness less than 8 monolayers and antiferro-
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25 m— ! . Sk vs d in Fefilm)/Y (substratg structures. In general, the
\I a) N=6CuML I\ most important conclusion from these simulations is that the

MOTKE in multilayers is never strictly additive, i.e., it is not

20 ) \ proportional to the sample magnetic moment. Therefore,

each particular case must be analyzed in order to obtain sig-
nificant information from the MOTKE signal in magnetic
15 S multilayers.

0
10 VII. CONCLUSIONS

A theoretical model based on a phenomenological permit-
tivity tensor has been developed to predict the magneto-
optical transverse Kerr effect in multilayers. The obtained

inner Fe monolayers

[¢)]

inner Fe monolayers

(8]

b) - '1 1' Clu ML derived in terms of an effective magneto-optical constant
/ / / 7 Qei- This approach allows to get a better insight into the
20
»
15 /
/ °
10 a
ample, surface Y/Co segregation in ¥%Co, alloys has been
studied. It is found that a 2—5 nm thick Co-enriched subsur-
outer Fe monolayers
FIG. 10. Contour plot of & values simulated for an Ve, the nonlinearity in the behavior is strongly dependent
Fe(n)/Cu(N)/Fe(m)/Cu(substrate) structure at=70°: (a) parallel 0N the 3 metal used. In particular, a more complex behavior
layers even in a configuration of vanishing magnetic mo-
magnetic in the range 9—13 monolayers. Figure@lGnd ment.

N
o/ /7 origin of the anomalous thickness dependence of the
MOTKE signal. The comparison between simulated and ex-
perimental behavior in the Y/Co system shows how this non-
linear character makes MOTKE a very useful tool to obtain
S © face layer is easily detected and characterized by this tech-
0 nigque in combination with bulk magnetometry. Finally, nu-
configuration andN=6; (b) antiparallel configuration anM=11. IS expected in Co-based multilayers than in Fe-based sys-
The horizontal and vertical axes correspondindm, the number ~ tems. On the other hand, one of the consequences of the
10(b) show the theoretical results that correspond\te 6
with ferromagnetic coupling antl=11 with antiferromag-

N ) results clearly exhibit the complex behavior characteristic of
this effect. In some simple cases, such as a thin metal film on
/ an accurate determination of the magneto-optical constants
of the material.
b The complexity of the MOTKE response can also be used
/ as an advantage with respect to other magneto-optic effects
0 5 10 15 20 25 merical simulations of the MOTKE in magnetic multilayer
systemgqCo/Cu and Fe/Cushow that, even though the con-
of atomic Fe planes in the surface and interior layers, respectivelynonlinearity of the MOTKE is the nonvanishing value for
To define the sign oy , the positive direction of the magnetization samples with zero net magnetization. Therefore, this tech-
netic coupling. It can be checked in both cases that, though ACKNOWLEDGMENTS
the behavior oféy is never strictly additive, the deviation This work has been supported by the Spanish CICYT

zg T a metallic substrate approximate analytic expressions can be
in the study of surface and interface magnetism. As an ex-
tributions from the individual layers are never strictly addi-
has been chosen to be that of the upper Fe layer. nique could be used to probe the alignment of the individual
from linearity is clearly lesser compared to that of CO/CU(Grant No. MAT99-072)

trilayers.

The differences found in these two magnetic multilayer
systems can be related to the different behavioboffor a APPENDIX: APPROXIMATE ANALYSIS OF A
simple magnetic film grown on a metal substrate that de- MAGNETIC FILM ON A METAL SUBSTRATE

pends strongly on thed3metal usedshown in Fig. 3. The : _ .
complex behavior of the Co/Cu system described in Figs. 8 The magneto-optic behavior @ for a bilayer r_nade of a
and 9 is associated with the presence of phase factors in ghgagnetic thin layer of _constants and Q aqd t_h|cknessd
calculation that also give rise to the nonlinear dependence girownona nonmagnetlc.metal substrate with inbleoan be
Sk of a Cdfilm)/Y (substratg structure. On the other hand, represented by an effective constant

additivity between the contributions of the individual layers

is favored in the Fe/Cu system by the initial linear slope of Qeii=Q[1—expi2wdN/c)], (A1)
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since, for metals|N2|>1. Expression(Al) implies that, TABLE IlI. Calculated values of cog, and cosp,. for transition
even though the magnetooptical response is linea@,it ~ metals at\ =670 nm and angle of incidenag =70°.
has a nontrivial dependence on the magnetic layer thickness: :
There is a simple physical reason for this lack of linearity. In Co Fe Ni
the MOTKE confl_guratllon both the p_has_e and amp!|tude Ofcos¢o 0.08 1 _0.42
the linearly polarized light propagating in the medium are

i o COSo,. 0.42 0.75 0.04
modified due to the presence of the magnetization. For a
semi-infinite medium, only the change in amplitude is ob-
served by the change of reflectivity that can be assumed to ] )
be, in first order, proportional to the net magnetizafion. h.— iQ :'h_o

However, as soon as interfaces are introduced in the sample ” N2 cog,—1 N~

structure, the total reflected wave is the result of the multipl ble Il sh h | £ th . £ th ¢
interference from the partial waves reflected at each Iayerha N dh S fovzﬁ ttﬁ va %es Ot tI € :clewI\(e ? tr:' etatr)?umhents 0
with additional phase factors introduced by the light propa-, hoa?g i; aocriec?easr?ne fur:((:atigr?'of t;’g th?cknlgssa oftﬁeonvg i
gation in the consecutive layers. Therefore, there is not, "ietic Tayer(atdzO) fgr Co and Ni, and an increasing oneg
gererl, & armple Inear el rking e ensiy of et e s fig. 5 The lack of « Incar part n thegraph o
the light coming from each layer, i.e., linking with the O vs d for Co is due to the fact tha, differs from

. ; o . . — /2 in 0.08 rad; hence, only a small increase in thickness
magnetic moment of the multilayer. Strict linearity will only i heeded to drive the argument lofd) above— /2 and

be found in the particular simple case of a thin-magnetic f”mtherefore, to change the sign & . On the contrary, the high

on a metallic substrate for very small magnetic layer thick-5),es attained by ca#, for Fe and Ni suggest for a linear

ness. In this case a simplified expression dgrcan be de-  gependence oy vs d whilst exp(—4m«d/\) can be substi-

rived from Eq.(30) by substitutingQe for Q; and taking the  tyted by a series expansion until first-order terms. Another

limit d=0. Thus, consequence of this analysis is that since ¢gs0 for Co
and Ni, 6x must cross zero at some thickness. The particular
value of the zero crossing will be much larger for Ni than for

(A2)  Co, since a supplementary phase must be added.

The small value of cog, for Co suggests that the actual
. value of §x may be very sensitive to the small phases ne-
from which the slope of thed(d) vs d at d=0 can be glected in the calculation. In particular, certain sensitivity to

derived. Aiming to analyze the qualitative features &  the actual metallic substrate is to be expected. On the other
suffice it to observe that this quantity is proportional to thepanq the small value of cas, for Ni reveals that the bulk

cosine of the argument of a complex expressi¢d). Thus,  yajye of 5, must be much lesser than that of the other two

the slope ofé(d) at 6«=0 has the same sign than ef$  cited transition metals at this wavelength.

where ¢, is the argument of In summary, the different MOTKE responses of thin films
of 3d metal grown on metallic substrates cannot be simply
related with their magnetic momentse., with the product

ho QN _ (A3) of magnetization times thicknessRather, they are deter-

N?cog6,—1 mined by the physics of light propagation in each magnetic

material, i.e., by the particular values of the optic and

On the other hand, for a thick-magnetic laygg=Q, ok is magneto-optic constants and by the refraction and reflection

proportional to co$.., ¢.. being the argument of the com- effects associated with the presence of interfaces in the

(A4)

QN(1+iwdN/c)
N2 cog6,—1

8wd
5K: TS“'] 201 R

plex quantity sample structure.
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