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For a better understanding of optical interactions in magnetic layered structures we establish general
expressions of both polar Kerr and Faraday first-order magneto-optical (MO) e6'ects. The approach
presented here enables the MO response of an arbitrary magnetic layer system to be analytically ex-
pressed with an accuracy practically equal (less than 10 deg) to that of the full matrix calculations usu-

ally employed for modeling MO eFects in magnetic multilayers. The formulas for any particular struc-
ture are obtained from general MO expressions by introducing associated reflection and transmission
coefficients. This procedure is justified here in the simple case of an ultrathin magnetic film sandwiched
between two nonmagnetic layers. These accurate expressions are further simplified for ultrathin magnet-
ic films and the limitations of this approximation discussed. The simplified formulas are then used to an-

alyze MO polar Kerr and Faraday data in well-defined Au (5 nm)/Co/Au (25 nm) structures, grown on
float glass substrates. The Co layer thicknesses are chosen in the range 0.4—2.0 nm to preserve a perpen-
dicular magnetic anisotropy. The simplified expressions, as well as the numerical modeling of the trends
in MO spectra with a variation of the overlayer or buA'er layer thicknesses, show that the shape of the
polar Kerr e6'ect spectrum is mainly dependent upon the optical properties of the Au bufFer layer
whereas the observed MO amplitudes are reduced consistently with the absorption of the Au overlayer.

INTRODUCTION

Ultrathin film structures with a 3d ferromagnetic metal
layer sandwiched between nonmagnetic metal layers have
recently attracted considerable attention' because they
serve as model systems for stabilizing new structural me-
tallic phases or studying the origin of the interface mag-
netic anisotropy' ' and the existence and properties of
magnetic domain structures. ' In magnetic bilayer sys-
terns it is of interest to study the recently discovered os-
cillatory coupling through a nonmagnetic layer' ' and
the giant magnetoresistance. ' ' All these properties
can be generally better analyzed in such simple magnetic
structures than in multilayers.

Magneto-optics is now recognized as a very powerful
technique to measure the weak magnetization of ultrathin
films in both ex situ and in situ conditions. ' ' MO po-
lar Kerr and Faraday ' rotation or ellipticity measuring
the out-of-plane component of the magnetization are suit-
able for magnetic films with perpendicular magnetic an-
isotropy. So, the predictions of both light reAection and
transmission MO measurements on ultrathin films are re-
ported and analyzed in the present study.

From a careful analysis of MO spectroscopic rneasure-

ments useful information on the modifications of the elec-
tronic structure of the magnetic metal in ultrathin rnetal-
lic layers and on interactions with neighboring layers can
also be deduced. Simple ultrathin film structures are
again more suitable than multilayers for this purpose
since the interface roughness generally increases with the
number of deposited layers. '

MO calculations in thin magnetic film structures,
based on the electromagnetic theory, using bulklike
optical and magneto-optical constants, can generally in-
terpret well the experimental data of nearly ideal systems
with steplike interfaces.

The matrix formalisms based on Maxwell theory pro-
vide good computer modeling of the MO response for a
given structure. However, with such a numerical method
it is dificult to hand1e the dependence of the MO effects
on parameters characterizing the diFerent layers. Analyt-
ical expressions would be more useful for the understand-
ing of the MO eFects in simple structures. Analytical ex-
pressions are also interesting for Ptting experimental
data, for example when looking at the fine variation of
the MO eFects with layer thicknesses or with values of
the optical parameters.

Theoretical expressions have only been proposed for
understanding the polar Kerr eFect in an ultrathin film

0163-1829/95/52(2)/1090(17)/$06. 00 1090 1995 The American Physical Society



POLAR MAGNETO-OPTICS IN SIMPLE ULTRATHIN-. . . 1091

deposited on a thick buffer or for multilayers composed
of ultrathin layers. ' ' ' However, in many usual
cases the buffer layer cannot be assumed to have an
infinite thickness and for ex situ measurements a rather
thick protective overlayer is needed. Moreover, previous
expressions were only deduced for particular structures
or assuming an approximation of ultrathin layers for
the full structure, which is not always valid.

Starting from the full matrix formalism, in the present
paper we derive exact (accuracy better than 10 " deg)
general formulas for complex polar Kerr and Faraday
effects in magnetic layered structures. This easy to use
theoretical method provides rapidly the analytical expres-
sions for the MO effects in any arbitrary layered system.
The exact formulas allow us to express explicitly the
dependence of the MO effects on the relevant parameters
of the layered structure (i.e., thicknesses, diagonal, and
off-diagonal tensor elements of each individual layer).
Such general and accurate analytical approach has not
been presented so far.

The general expressions are further simplified using an
ultrathin-magnetic-film approximation. The validity of
this approximation is discussed. We show how the pro-
posed theory enables us to follow the development of the
MO response, when the system is built up. The step by
step procedure accounting for the effect of layers succes-
sively added to the structure allows important MO
features to be extracted and understood.

As far as we know, up to now there is no simple and
consistent approach which considers the interaction of a
quasimonochromatic light within a layered structure de-
posited on a thick transparent substrate displaying a MO
behavior. This topic is also treated in the present paper.

To check our calculations and the validity of the ap-
proximations we performed spectroscopic experiments in
well characterized Au/Co/Au/ fioat glass thin-film struc-
tures with abrupt interfaces, both in MO polar Kerr and
Faraday configurations. Since this well-defined system
was found to be very suitable for the studies of MO in-
teractions, we report here on a large extension of our
former spectroscopic studies ' to discuss the agreement
with the proposed theory, especially in the Au plasma
edge region, where drastic changes of the optical parame-
ters occur. The trends in the spectra of polar Kerr and
Faraday effects with the thicknesses of all layers are dis-
cussed within the simplified analytical expressions de-
rived for the sandwich structure.

The article is organized as follows. From the full ma-
trix formalism we first derive in Sec. I general analytical
expressions for the MO effects in layered structures con-
taining one magnetic layer and show, how to apply them
to magnetic multilayers. Then application to simple
sandwich structures is given and the procedure for
evaluating the optical response of the sample including
noncoherent light interaction in the thick glass substrate
presented. Section II reports on the sample preparation
and properties, on the MO experimental technique, and
summarizes the theoretical procedures, including the
choice of optical and MO constants used in the modeling.
In Sec. III the experimental results are analyzed and dis-
cussed. Conclusions are presented in Sec. IV.

I. MAGNETO-OPTICAL CALCULATIONS

A. Yeh's formalism

Considering the case of normal light incidence, it is
straightforward to demonstrate that the proper modes
are circularly polarized and associated to complex refrac-
tive indices X—,defined as

(N +—
) =(n* ik —)=—e „+ic„~ .

The transfer matrix M of a structure consisting of m
layers, which relates the field components of the optical
wave in the two external half-spaces, is block diagonal
because there is no interaction between right circularly
polarized (RCP) and left circularly polarized (LCP) prop-
er modes. Thus we can calculate the optical response of
the layered structure using two 2 X 2 matrices for incident
RCP (M+ ) and LCP (M ) waves

m+1
M*= + T„*

n=1

M11 M12

M — M*
21 22

(3)

Here T„+—
1 „are the transfer matrices which relate the

electric and magnetic-field amplitudes in the (n —1)th
layer at the interface between the (n —1)th and nth layers
with those in the nth layer at the interface between the
nth and (n+ 1)th layers. The first component of the field
amplitude vector corresponds to the wave propagating
from the medium n to n + 1, the second one corresponds
to the wave with a complex wave vector having the same
magnitude but with an opposite orientation. In the spe-
cial case of polar magnetization and normal light in-
cidence the transfer matrices can be expressed in terms of
the reAection rkl and transmission tkl coefficients at the kl
interfaces

k
—N

kl (4a)

tkl 1+ kl (4b)

Thus one can finally write

~n —1,n —1n

iyN„*t„
e

—iyNn tn
~n —i, ne

i yN„ t
~n —1,ne

Here y is the magnitude of the radiation wave vector in

The optical response of layered magnetic systems in
the most general case can be appropriately modeled with
a 4 X4 matrix formalism, based on the approach
developed by Yeh. ' Here we restrict our investiga-
tions to perpendicularly (~~z) magnetized layered struc-
tures characterized by the complex permittivity tensor

Cxy 0

c.„0
0 c„
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+
M21

r—=
M —+

11
(6a)

vacuum, t„and X„—stand for the thickness and the com-
plex refractive indices for RCP (+) and LCP ( —) waves
of the nth layer. The exponential factors in Eq. (5)
characterize the transformation of the waves during the
propagation in the layer n. In the last matrix T—

+1 of
the product in Eq. (3) we usually set t +, =0. In this
case the M* matrices relate the field components in the
isotropic half-spaces at the interfaces with the first and
the last layers.

The optical response of the layered structure is deter-
mined by reAection and transmission coefficients for RCP
and LCP waves

(9b)

and (b) the restriction to linear MO effects with the com-
plex circular birefringence b,N= ,'(N+——N ).

%'e present here an approach for determining the MO
response of a layered structure containing g magnetic
layers displaying only the above approximations. The
quantities (r+ —r ) and (t+ —t ) may be (for first-order
MO effects) expressed by the total differentials in r and t,
with respect to the Inagnetic circular birefringences of all
magnetic layers. From Eqs. (9a) and (9b) the CPKE and
CFE expressions can be written as

1

M—
11

(6b) Bp'

axJ
(10a)

1
|9 =—argK

I
r —

I

r+
I

Ir +Ir+I (7b)

while in light transmission the Faraday rotation (FR) 8F
and the ellipticity (FE) eF express as

Note that for a nonmagnetized multilayer the oA-
diagonal permittivity tensor elements vanish; then r—=r
and t—=t.

After transmission through the sample or reAection at
its surface an incident linearly polarized light beam is
generally transformed into an elliptically polarized wave,
for which one can define the rotation L9 of its principal
axis and its ellipticity e. This allows the magneto-optical
observables to be expressed. In light reAection the polar
Kerr rotation (PKR) Hx. and the ellipticity (PKE) ex can
be defined as

(10b)

In other words the MO response of the whole structure
obeys the principle of superposition and may be ex-
pressed as a summation over contributions of all indivi-
dual magnetic layers. Each term j can be evaluated con-
sidering that only the layer j remains magnetically active
in the structure, i.e., AN %0 and ANk~~ ~= 0 All —the. se
terms are obtained from the derivative of the reAection
and transmission coefficients of the nonmagnetized multi-
layer, r and t, which can be calculated from Eqs. (6), writ-
ing r =r +—and t =t—,respectively, or using any other ma-
trix or iterative procedure.

As we will show later, it turns out that a jth com-
ponent in Eqs. (10) can always be written as a sum of two
terms

bN. A2iyN t +AN B(e '' —1),

10 =—argF

taneF =—
It I+ t+I

(8a)

(8b)

where 3 and 8 are complex coefficients. Using this ap-
proach the quantities +z and @F can be calculated with
an accuracy which in practice is equal to that of the full
matrix formalism.

Note that the signs of MO observables are a matter of
sign convention.

Modeling of the optical response of layered structures,
based on the proposed matrix formalism, is quite simple
and remarkably efficient especially for complicated struc-
tures; the addition of one layer corresponds to the addi-
tion of one transfer matrix into the matrix multiplication
procedure.

B. General analytical expressions for MO e8'ects
in thin 61m structures

General expressions for the MO complex polar Kerr
effect (CPKE) @x and complex Faraday effect (CFE) C&F

will be derived from the full matrix formalism. Two as-
sumptions are fulfilled in thin magnetic-film structures:
(a) the approximation of small ellipsometric angles, lead-
ing to

The effective interfaces method

Now the Yeh formalism, is applied to develop a
method which can be successfully used for obtaining gen-
eral analytical expressions of MO effects in magnetic lay-
ered structures. The principle of linear superposition
[Eqs. (10)] being demonstrated, we will consider first the
case of a multilayer with only one magnetically active
layer.

The effective interfaces method presented here is based
on the equivalence between a layered structure contain-
ing one magnetic layer and the same single magnetic lay-
er with effective interfaces characterized by reAection and
transmission coefficients which represent the optical
behavior of the other layers (Fig. 1).

To obtain these generalized coefficients we introduce,
as in Eq. (3), more general matrices MIJ which relate the
electric-field amplitudes in two media I and J at the inter-
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layer

S
substrate

m m+1

layers inserted between two isotropic half-spaces "2"
(medium 0) and "S" (medium m+1) is described by the
matrices M+—„s (Fig. 1). Let us name "I." the kth
(1 ~k ~m) layer. Similarly to Eq. (3) the matrix M~+
can be expressed as a product

AL
AL

LS LS

+
+ + e

MAS MAL
0

0
I. LyN —t LS+ M+— (15)

t LA
LA

FIG. 1. Cross section of a structure composed of m layers,
inserted between an ambient medium A and a semi-infinite non-
magnetic substrate 5, where only the layer k is supposed to be
magnetically active. This system is represented by an equivalent
structure consisting of the ambient medium A, the magnetic
layer L and the substrate 5, with effective interfaces character-
ized by the reAection and transmission coefficients of the (1 to
k —1) and (k+ 1 to m) stacks of nonmagnetic layers.

faces with a stack of layers inserted between them. This
stack, replaced in the proposed approach by an e6'ective
interface, is then characterized by reAection and
transmission coe%cients defined by the following equa-
tions:

with matrices

k
M+—„L=g T„:,„=

n=1

1

+
tAL

m+1
MLs= + T„:,„=

n =k+1

1

+
tLS rIs

rSL
+

+LS
(17)

(Mws )21
Al S (My )

+—2i yNL
—t~

rLs
+

+ + —2iyNi 'I
1 —

rLA rLse
(18)

It should be pointed out that the transfer matrices Tk*, k
and T—+ +1 are calculated taking tk =0 and t +,=0, re-
spectively.

The reAection and transmission coef5cients of the full
layered structure, shown in Fig. 1, can be now evaluated
from Eqs. (12a) and (12b) in terms of the M —„s matrix ele-
ments [Eq. (15)]

(1 la)
+

t ALtLse

+. + —2iyNI ~I
rLA rLSe

(19)

0 rJI

t =MIJ (1 lb)

+
M21

11

tIJ=(M +—
)

+
M12

M 11

+ +tJI ™22+~21rJI

(12a)

(12b)

(12c)

(12d)

These equations enable the matrices MIJ to be expressed
in terms of the reAection and transmission coefficients

1

MIJ =
rD

where

+IJ tIJt Jr rrJr JI ~ (14)

Note that for a single interface between I and J media the
matrices MIJ are reduced to the usual transfer matrices
[Eq. (5)] for tJ =0.

Then the optical response of the system consisting of m

where the vectors on the left- (right-) hand side of Eqs.
(11) correspond to the I(J) medium. From Eqs. (11) one
obtains

These reAection and transmission coefficients can be, in
principle, successfully used for the evaluation of the
CPKE and the CFE from Eqs. (7) and (8), respectively.
As it has been discussed earlier, we can deduce the gen-
eral expressions for the CPKE and the CFE from Eqs.
(10) supposing that only the layer L is magnetically ac-
tive. The optical reAectivity and transmission which
enter these equations are calculated for the layered struc-
ture supposing that all the layers are nonmagnetic, omit-
ting the + superscripts in Eqs. (11)—(19). Note that when
the layer L, is separated from the isotropic half-spaces 2
and S by single interfaces, Eqs. (18) and (19) reduce to the
well-known expressions for ordinary reAectivity and
transmission of a single layer.

2. General expression of the polar Kerr e+ect

( ALS) . ALS L= —i (20)

When calculating the derivative of the refl.ection
coeKcient one must bear in mind that all the reAection

To obtain the general analytical expression for the
CPKE of the layered structure represented in Fig. 1, the
reAection coeKcient of the equivalent system, expressed
by Eq. (18) without the + superscripts, has to be intro-
duced into Eq. (10a). In our case, when only the layer L
is magnetically active,
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and transmission coefficients of the generalized interfaces
appearing in Eq. (18) depend on the complex refractive
index XL, because they are rational functions of the
Fresnel reAection and transmission coefficients at the in-

terfaces between the layer I. and the neighboring layers
k —1 and 1+1 (Fig. 1). The general expression of the
CPKE in the layered structure containing one magnetic
layer writes

( ALS) L
(rAL, rLA, rLs, t ALtLA, + AL, L) = — —tALtLA

2EL
—2iyN~ t~ —2iyNL tL

LA Lse )(rAL + Ls+ALe
(21)

The terms in the brackets of @z — ' stand here for the relevant general parameters of the sandwiching structures. In
the ultrathin film limit approximation applied to the magnetic layer 1., when only the lowest order term of the Taylor
polynomial of the CPKE in tL is considered, the exact Eq. (21) simplifies to

t ALtLA ~&L)'tL( +rLs)'
'(rAL, r—L„,rLs, tALtLA, +AL, L ) =

(1 )( + + )"I.A "I.S "AL ~LS
(22)

3. General expression of the Faraday effect

To derive the general expression of the CFE exhibited by the layered system represented by the structure shown in
Fig. 1, we used the same procedure as for the CPKE. The transmission coefficient, expressed by Eq. (19) without the
superscripts, enters equation (10b), which for only one magnetic layer simplifies to

( ALS) . t ALS +L=i
~+L t ALS

After some algebra one obtains the CFE general expression
—2iyNL tL . —2i yNI tI

APL 2yXLtL(1+rLArLse )+i(e —1)(rI A+rLs)
@F ( LA& Ls&L )

L 1 I L A P'LS e

(23)

(24)

We would like to emphasize that Eq. (24) is symmetric
with the respect to the reAection coe%cients rLA and rLs,
which confirms the fact that the transmitted wave comes
from a single pass propagation through the layer I or is
reAected at both effective interfaces. When the magnetic
layer becomes ultrathin, Eq. (24) simplifies to

r

matrix calculation, because for the first-order MO e6'ects
(linear in magnetization) only the approximation of small
ellipsometric angles is employed.

C. Analytical expressions of MO efFects
in simple Alm structures

(1+rL„)(1+rLs )
F '(rLA, rLs, L)= XbNLtL

l —rLA ~LS
(25) 1. Polar Kerr e+ect

4. Generalized formulas for a magnetic multilayer

Thanks to the linear superposition principle [Eqs. (10)],
the MO response of a magnetic multilayer is expressed as
a sum of the MO contributions of all magnetic layers.
Each contribution corresponds to the case of a structure
where only one layer is magnetized, as treated by our
method. To derive the general forr~ulas for a particular
structure the matrices (16) and (17) have to be calculated.
The matrix elements lead directly to the reAection and
transmission coefficients of the effective interfaces [Eqs.
(12)] and also to VAL [Eq. (14)]. When these coefficients
are introduced into the general formulas, the analytical
expressions for the MO contribution of a specific layer
are obtained.

This procedure is very e%cient, especially for systems
containing more layers. At the same time the accuracy of
these expressions is practically equal to that of the full

Now we will apply the general expression (21) to the
simple layered structures considered in Table I. Starting
from the system E 1 of an ultrathin magnetic layer depos-
ited on a thick buffer (studied generally by in situ mea-
surements) and arriving at the sandwich structure E3
grown on a thick substrate (studied mainly ex situ) we
will show, how each individual layer added to the system
changes its MO response.

In each system the reQection and transmission
coeKcients of the eff'ective interfaces should be evaluated.
For example, for the system Xl we have rAL= —

rLA
2

02 Ls 21 tAL tLA = l r02 and 0'= 1, where &02
and r2, are defined by Eq. (4a). The deduced expressions
describe exactly the MO interaction of the light within a
given structure. However, they are quite complicated to
be physically understood. Within the ultrathin-
magnetic-film approximation these expressions are
simplified.

The simplification of the formulas (Table I) is possible
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TABLE I. Analytical expressions of the complex polar Kerr effect in simple structures. The ultrathin-magnetic-film approxima-
tion was used.

Identification Structure

Ambient
Magnetic layer
Nonmagn thick buffer

Thickness

t2

Isotropic
refractive

index

No
N2

Approximate expression of the CPKE

=4y~N2t2NoN2(N0 —N1 )

Ambient
Nonmagn overlayer

Magnetic layer
Nonmagn thick buffer

t2

No
N1

N1

q)(0121) @(021) ~ 1 1

Ambient
Nonmagn overlayer

Magnetic layer
Nonmagn buffer layer
Float glass substrate

t3

No
N

N2
N1
N4

C,(01214) e(021)e e
2'yN1tl

IC J(.
.Ce

[for tttzc see Eq. (26)]

in the present approximation because the magnetic film is
"optically neglected" in the structure; only its MO activi-
ty is taken into account. In other words this means, that
the thickness of the magnetic layer is supposed to be
small enough to avoid any perturbation of the optical
properties (refiectivity or transmission) of the system. As
we will show later from numerical calculations, the per-
turbation introduced by the metallic layers is sometimes
not negligible, even for ultrathin layers (t —1 nm). Al-
though the departure from the rigorous theory (i.e., exact
expressions or the matrix models) is not very important,
the simplified expressions obtained using the ultrathin-
magnetic-film limit cannot be successfully employed for
the precise evaluation of the MO effects. However, the
simplification of the formulas is significant as it makes
them suitable to explain the trends in the MO response of
the structure. Since the optical perturbation of the sys-
tem introduced by the magnetic layer is neglected, the
CPKE is then proportional to its thickness.

Let us now focus on the simplified expressions
displayed in Table I. Since X2 and 5%2 vary rather slow-
ly with the photon energy, the variation of the CPKE in
the system K1 comes mainly from the term (X()—X, )

The expression can be also rewritten in another form, the
@K-"being proportional to the term t0, t,0r~&', as a func-
tion of the reAection and transmission coefticients at the
ambient burr interf-ace. So, one can see that the CPKE
spectral shape is very sensitive to the optical properties of
the buffer layer.

When an overlayer is added, with the same optical
properties as the buffer layer (structure 1(.2), the new
CPKE +K'-" is equal to @K-"multiplied only by an ex-
ponential attenuation factor, because there is no other
"available" interface in the structure which could reAect
the light and produce some interference phenomena, in
the considered approximation.

When the buff'er layer thickness is limited (structure
It:3), such "available" interface appears, and the waves
propagating through the buffer layer are partly reAected

backward. To account for this effect +K'-" has to be
multiplied by the correction factor NKc

@KC
( 1 + rpi r(ge

2i yN, (t, —+ t3)

X
2i yN1( t

1
+ t3 —

)

rpl r14e
(26)

—2iyN1(t 1 t3)
1 P01e

(27)

The particular cases, when only one of the sandwich lay-
ers is present (t, =0 or t3=0), are also included. As ex-
pected, NFc = 1 when t, = t3 =O.

D. Transparent substrate eÃects

Up to now we considered structures without transpar-
ent substrate in Faraday configuration (structure F2 in
Table II) or deposited on a semi-infinite medium in Kerr
configuration (structure K3 in Table I) which is quite a
good compromise between the accuracy of the model and

This term takes into account the total thickness of non-
magnetic layers r, +t3 [see denominator of Eq. (26)] and
also the buffer layer thickness which specifies the position
of the magnetic layer in a whole nonmagnetic film. As
expected, @Kc~ 1 when t3

2. Faraday egect

For the calculation of the MO response in light
transmission two structures, Fl and F2 (Table II) are
considered. Analytical expressions of the CFE are ob-
tained from the general one [Eq. (24)]. For example, in
the structure I'" 1 we have PLA I"Ls 20

Within the ultrathin-magnetic-film approximation the
expressions are again simplified. As demonstrated in
Table II, the presence of the sandwich layers is, in this
approximation, accounted by the correction factor @Fc
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TABLE II. Analytical expressions of the complex Faraday effect in simple structures. The ultrathin-magnetic-film approximation
was used.

Identification Structure

Ambient
Magnetic layer
Ambient

Thickness

t2

Isotropic
refractive

index

N0

X0

Approximate expression of the CFE

Ambient
Nonmagnet overlayer
Magnetic layer
Nonmagnet buffer layer
Ambient

t3

X0

N2

N0

@(01210) (p(020)q)F F FC

[for @„c see Eq. (27)]

its simplicity. Optical (reAection of the light at the free
substrate interface and its secondary interaction with the
magnetic system) and magneto-optical (Faraday rotation)
contributions of the substrate (usually fioat glass) have to
be considered now.

If the MO activity of the real substrate can be neglect-
ed, the approximation of the semi-infinite transparent
substrate medium gives in the Kerr configuration usually
good results. In Faraday configuration the approximation
is not so good because the presence of the substrate is not
considered. When evaluating the MO response of the
sample grown on a thick transparent substrate we must
take into account that the coherence length for the quasi-
monochromatic light employed in the spectroscopic ex-
periments is much smaller than the thickness of our Goat
glass substrate.

To evaluate the CFE in the glass substrate alone, with
thickness tG and circular birefringence AXG, one can use
an approach based on Stokes vectors and Mueller ma-
trices

1+Ra AG
C pG = AXG&tG

1 —RGAG
(28)

Here ANGytG is the CFE in bulk glass, RG = I(NG —1)/
(NG+ 1)I, and kG=exp( —2yIV(NG)ItG).

In the case of the real sample we need to describe the
interaction of partially coherent light with an optically
anisotropic stratified medium. For metallic layer struc-
tures deposited on thick transparent dielectric substrates
we found very efficient to use a procedure based on a
beam summation technique. In this approach the light
interaction in the layered structure deposited on the thick
substrate is supposed to be coherent and thus it can be
described in terms of Yeh's matrix formalism. On the
other hand, the optical interaction in the thick transpar-
ent substrate is supposed to be noncoherent.

In our calculation, which is quite similar to that car-
ried out in Sec. I 8, we will keep the notation defined in
Fig. 1, but now the substrate corresponds to I., ambient
media are identified as A and S and the layered structure
deposited on the transparent substrate is described by an
efFective interface between the A and L, media. The
efFective interface is characterized by the reAection and

transmission coefficients for RCP and LCP waves which
are obtained from Eqs. (12), with matrices M+ and M
given by Eq. (3).

Let us suppose that the incident beam is a superposi-
tion of RCP and LCP waves with the same field ampli-
tudes. Multiple refIections occur in the transparent sub-
strate. Consider the phase factors for RCP (+) an LCP
( —) waves in the substrate

y+=ytG[nG+AnG i(kG+—hkG)] . (29)

i=0
p& (30)

are then transformed, converting the terms p,
+ and p, to

Stokes vectors s;

s;,o= —,'(Ip,+.

I
+ Ip, I )

s& &
=s& p cos(26~& )cos(28~& )

s& 2
=

s& p cos( 2e~; )stn( 28~; )

s' 3 s' p sin(2ez, )

(3 la)

(31b)

(31c)

(31d)

where Oz; and e&; are calculated from the terms p,
+ and

p,. using Eqs. (7a) and (7b). The procedure allows us to
maintain the phase relation between RCP and LCP waves
of the same reAection order i at the free substrate side,
while the interaction between the waves at difFerent
reflection orders in the transparent substrate can be sup-
posed to be noncoherent. This noncoherent superposi-
tion is represented by the series of Stokes vectors

S=gs;.
i=0

The convergence of Eq. (32) is usually very fast. For a
qualitative explanation of the glass substrate effects it is
sufficient to take the first two terms only. In our calcula-
tions we used i ~ 10.

From the resulting Stokes vector S given by Eq. (32),

The series used for calculation of the reAection
coefFicients of RCP and LCP waves

+ + 2''p+ + + 2l g
rAL +e t ALtLA rLs(1+ rLA use +
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the refIection optical characteristics of the structure, i.e.,
refIectivity R =So, polar Kerr rotation Oz, and ellipticity
e~, can be evaluated

0 =—arctan
2 S (33a)

1 S3
ez =—arctan Qs'+s' (33b)

The same procedure applied to transmitted beams pro-
vides the transmission, Faraday rotation and ellipticity
quantities.

II. SAMPLES, EXPERIMENTAL DETAILS,
AND DATA ANALYSIS

A. Sample preparation and characterization

The preparation of Au/Co/Au samples and the char-
acterization of their structure and texture by grazing an-
gle x-ray refIectometry, electron difFraction, scanning tun-
neling microscopy, transmission electron microscopy,
reAection high-energy electron diffraction and soft x-ray
refIIectometry were reported earlier. We will sum-
marize below the important features.

The Au/Co/Au ultrathin film structures were
prepared by thermal evaporation of the metals (Au
bufFer: 0.2 nm/s, Co layer: 0.005 nm/s, Au overlayer:
0.05 nm/s) in ultrahigh vacuum (p = 10 ' Torr) on
cleaned 1 mm thick Aoat glass substrates. The first Au
bufFer layer, 25 nm thick, was annealed at 175'C to
reduce the surface roughness. In this way an Au[111]
textured fcc polycrystalline film is obtained, with an aver-
age lateral crystallite size of about 100 nm. The Au
bufFer layer surface consists of terraces with an average
lateral size of 30 nm, limited by monoatomic steps. The
buffer layer thickness of 25 nm is necessary to avoid holes
and to obtain a surface roughness of 0.5 nm. ' The
cobalt is deposited afterwards at room temperature. It
shows a polycrystalline hcp structure with (0001) planes
parallel to the film surface. ' In the considered Co thick-
ness range, between 2 and 10 atomic layers (one atomic
layer corresponds here to 0.203 nm), the Co crystalline
structure and roughness (0.5 nm) are preserved. Final-
ly, it is usuaHy covered by a 5 nm thick Au protective
overlayer without further annealing. Other samples were
prepared with different overlayer thicknesses to check its
infIuence on the magnitude of MO effects. The layer
thickness was monitored by a quartz oscillator first cali-
brated using grazing angle x-ray reAectivity. The pres-
ence of abrupt interfaces between Au and Co layers was
confirmed by cross-section electron microscopy. ' The
sandwich structure is sufficiently thin to enable optical
measurements in light transmission.

The studies of Au layers and float glass substrate con-
tribution, both to MO reAection and transmission spec-
tra, were performed separately on Au films prepared by
e-beam evaporation, their thicknesses range from 40 to
190 nm. An accurate study of the Co thickness depen-
dence of magneto-optical efFects has been carried out on a
Co stepped wedge sample.

B. Magneto-optical experiments

Room-temperature magneto-optical polar Kerr and
Faraday effect experiments were performed on a MO
spectrometer working in the 1.5 —5.2 eV spectral region
with an accuracy of 10 deg. The azimuth modulation
technique, where the magneto-optical effect of the sample
is compensated by Faraday rotation in a fused quartz
rod, was employed. The optical sequence of the spec-
trometer consists of Xe arc lamp, prism monochromator,
polarizer, Faraday effect compensation and modulation
cells, sample, analyzer, and photomultiplier. To extract
the ellipticity signal, a pair of calibrated phase plates is
inserted between the modulation cell and the sample. All
stray effects, including Faraday rotation in the air be-
tween electromagnet pole pieces, were compensated. The
polarized quasimonochromatic light beam (b,E -0.02
eV) penetrated the sample from the film side. In the po-
lar Kerr effect configuration the angle of incidence was
small (5 deg). The available magnetic fields in Kerr
(Faraday) measurements were 1.4 T (0.25 T) but 0.18 T
was already sufficient to saturate the magnetization of the
samples in the direction perpendicular to the film plane.

C. Theoretical procedures and optical constants used
for calculations

To explain the Mo data in Au/Co/Au/ goat glass
thin-film structures we use the models of optical interac-
tions within magnetic layered structures described in Sec.
I. Firstly, for the comparison between an exact theory
and our experimental data, and secondly, for a numerical
simulation of the MO spectra variation with layer

0.2

eV]

0.0

2 3 4 5
Photon energy [eV]

FIG. 2. Experimental transmission curve of the Au (5
nm)/Co (0.95 nm)/Au (25 nm)/ f?oat glass (1 mm) sandwich
structure (black dots) compared with the result of a calculation
based on the matrix model (solid line). The inset shows details
of the absorption edge of the Aoat glass substrate.
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G. OG

—0.02 odel

mental data and with the results of the exact calculations.
Firstly, this comparison will show the validity of the ap-
proximation employed. Secondly, it will check the ap-
proximation, acceptable from the point of view both of
the accuracy and the simplicity. We will begin our dis-
cussion of the experimental MO data for Au/Co/Au
sandwich structures with the analysis of the MO effect
provided by the Co layer itself, and after we will look at
the effects of the glass substrate and to weak MO effects
due to Au layers.

A. Light transmission

The typical transmission spectrum of the Au/Co/Au
sandwich deposited on Goat glass is shown in Fig. 2 for
tc, =0.95 nm; it is well explained by our model, which is
also able to reproduce the tc, variation of the transmis-
sion curves. Its shape is similar to the transmission curve
of a 40 nm thick Au film. The maximum transmission at
2.45 eV refmects the plasma edge behavior in gold near
this energy, where the absorption edge of the interband
transitions takes place. This behavior is clearly re-
vealed in the spectrum of the imaginary part of the Au
permittivity. The structure displayed around 3.5 eV is
also due to Au. At 4.2 eV the sample is no longer trans-
parent because of a strong light absorption in the glass
substrate (see inset in Fig. 2). This reduces the spectral
region covered by Faraday effect measurements.
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Photon energy [eV]

(0121)

(01214)

matrix model

B. Polar Kerr eKect

Figure 3 compares experimental spectra of (a) polar
Keir rotatjon (PKR) and (c) polar Kerr ellipticity (PKE)
for perpendicularly magnetized samples at saturation
with full calculations (b) and (d), for several Co
thicknesses lying between 0.4 and 2.0 nm. We observe
well a typical shape of the spectra near 2.45 eV induced
by the optical behavior of Au near the plasma edge, a
negative peak in PKR and a corresponding steep change
in the sign of PKE. This behavior is observed in all the
samples studied here and it should be pointed out that
the geometry and the quality of our samples allow to evi-
dence a sharper structure than in the corresponding mul-
tilayers. Moreover, the structure at 3.5 eV, originat-
ing from Au, also appears in PKR as in the transmission
spectrum. As expected, the magnitude of the MO effects
increases with tc, . This dependence will be discussed
below in more detail. Such MO polar Kerr effect spectra
are well explained by electromagnetic theory. ' The
differences between experimental and calculated ampli-
tudes, as well as small differences in the spectral shape
which are observable in PKE at 2.7 and 5 eV, could be
explained by the fact that the employed optical parame-
ters somewhat differ from these, displayed by our layers.

As it has been shown in Table I, in the ultrathin Co
film approximation, the CPKE in the studied samples can
be expressed by a product of three terms: the correction
factor +zc for finite buffer layer thickness, the exponen-
tial attenuation term coming from the overlayer, and

The last, most important term represents the
CPKE in a thin Co film deposited on a semi-infinite Au
butfer, which in our case (No = l ) simplifies to

Photon energy [eV]
4X&c.~&c.tc

21 —XA„
(34)

FICs. 8. Theoretical polar Kerr rotation (a) and Kerr ellipti-
city (b) spectra calculated by the matrix model (solid lines) for
the Au (5 nm)/Co (1 nm)/Au (25 nm)/ float glass (1 mm) struc-
ture and using the simplified expressions within an ultrathin-
magnetic-film approximation (see Table I), for an overlayered
MO layer on a thick Au buffer (dashed line) and with the
correction due to a finite Au buffer layer thickness (short
dashes}.

This relation rejects the following essential features: (a)
the linear dependence of the CPKE on the complex cir-
cular birefringence KXc„as expressed from Eq. (20); (b)
the linear dependence on the Co layer thickness tc„re-
sulting from the ultrathin film approximation, and (c) the
large spectral anomalies in the Au plasma edge region,
where &„n=%(X&„)=l, carried by the denominator of
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Eq. (34). Note that a thick enough Au buffer is essential
to provide a large spectral anomaly, consistently with the
expectation for the @zc expression [Eq. (26)].

We can then suppose that the shape of the CPKE spec-
tra will not depend very much on the Co thickness. This
was confirmed both by our experimental results (Fig. 3)
and by the modeling of the Co thickness dependence of
the CPKE, using the matrix formalism. The result of
modeling the PKR dispersion as a function of tc, is
displayed in Fig. 4, where only a very small shift (0.018
eV) of the peak position to lower photon energies takes
place when increasing the Co layer thickness from 0 to 2
nm. At the same time a small departure from the lineari-
ty in the Co thickness dependence can be observed,

detected in the plasma edge region (Fig. 5).
The effect of the Au overlayer can be approximately—2i yE( t)represented by the exponential factor e ' ' (Table I).

The dependence of the CPKE on the Au overlayer thick-
ness, predicted by the exact formula, is of course more
complicated. However, in our case, the deviation from a
pure exponential variation in the vicinity of the Au plas-
ma edge is rather small. Even at 1.96 eV the exponential
variation with the Au overlayer thickness agrees reason-
ably well with theoretical predictions, as demonstrated in
Fig. 6.

Consistently with the formulas of Table I the shape of
the CPKE dispersion spectra is not strongly affected by
the variation of the Au overlayer thickness. For exam-
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FIG. 9. Saturated Faraday rotation spectra {a) experiment, {b) matrix calculation, and Faraday ellipticity spectra {c)experiment,
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pie, the peak position in the PKR spectrum changes only
by 0.02 eV when varying the overlayer thickness between
0 and 10 nm.

Qn the contrary, significant changes of the CPKE
spectra are expected (Table I) when varying the Au buffer
thickness. When it is reduced, the reAection at the inter-
face between the Au buffer layer and the glass substrate
starts to play a more significant role. This effect strongly
affects the CPKE spectra and results in the broadening

and shift of the structure at 2.45 eV to lower photon en-
ergies, as exhibited in Fig. 7 for the PKR.

To check the limits of the simplified expressions, em-
ployed in the demonstration of the trends in the CPKE
spectra, we compare in Fig. 8 the results of the calcula-
tion of N' '-' ' and Nz'~" with those of the matrix model
for a sandwich with tc, =1 nm. One can see here that
the difference between the value of Nz — and that cal-(01214)

culated with the matrix model, which comes from the
ultrathin-magnetic-film approximation, can be non-
negligible at some photon energies, especially in the vi-
cinity of the Au plasma edge. For example, in the PKR
spectrum [Fig. 8(a)] this difFerence reaches 16%%uo of the
magnitude at 2.45 eV. This shows that even for ultrathin
layers the conditions in which the ultrathin film approxi-
mations can be successfully employed must be always
carefully analyzed. Qn the other hand it is interesting to
notice that at 1.96 eV, where both ex situ and in situ
magneto-optical experiments are frequently performed,
the dependence of PKR on the Co layer thickness is
linear (Fig. 5).

We found that the photon energy range at which a per-
fect linearity with Co thickness is observed depends on
the Au buffer layer thickness: for t3=25 nm this hap-
pens at 1.96 eV, whereas it is 1.5 and 2.2 eV for t3 =15
nm and t3 =40 nm, respectively. Conversely, this lineari-
ty is not significantly infIuenced by the Au overlayer
thickness.
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C. Faraday eÃect

Both experimental and calculated complex Faraday
effect spectra are collected in Fig. 9. In Faraday mea-
surements we restricted ourselves to Co layers thinner
than 1.6 nm, for which the hysteresis loops are still nearly
square. That is why we were able to equate the MO sig-
nal due to the Co film obtained in the remanent field of

U

CL

—0.10

—0.15

—0.20

—0.25
2

II

(oao)
F

(ot 810) 2.O

1.5

Q
1 O

Qv
M

Q.O—

Photon energy [eV]
FICx. 10. Theoretical Faraday rotation (a) and Faraday ellip-

ticity (b) spectra in the Au (5 nm)/Co (1 nm)/Au (25 nm)/ float
glass (1 mm) structure calculated using the matrix model (solid
line), compared with the calculations based on simplified expres-
sions within the ultrathin magnetic layer approximation (see
Table II): for the Au (5 nm)/Co (1 nm)/Au (25 nm) structure
(dashed lines) and for a 1 nm thick free-standing Co layer
(dash-dot lines).

~ e'er [nrnl

FIG. 11. Variation of the specific Faraday rotation spectrum
in the Co (tc, )/Au (25 nm)/ gloat glass (1 mm) structure with
the Co layer thickness normalized to the specific Faraday rota-
tion in bulk Co. Matrix model.
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the electromagnet with that expected for a magnetically
saturated sample.

In this way the contribution of the Goat glass substrate
to Faraday rotation (FR) was reduced to rather small
values [see the solid line in Fig. 9(a)]. In the sample with

tc, =1.5 nm, where the remanent ratio was a little bit
smaller than 100%, the saturation value was deduced
from the field dependence of the Faraday ellipticity (FE).

In both FR [Fig. 9(a)] and FE [Fig. 9(c)] spectra we
again observe a typical behavior near 2.45 eV induced by
the optical properties of Au. Again as in the CPKE,
there is sign of some spectroscopic Au structure around
3.5 eV. The Faraday effect increases with tc, . Both FR
and FE spectra are appropriately explained by the theory
[Figs. 9(b) and 9(d)]; the differences in magnitudes and
spectral shapes could be explained by the failure of the
employed optical data to determine accurately the optical
parameters of our layers.

To understand the observed spectra and the trends
when changing the thicknesses of layers we can use the
simplified expressions obtained in the ultrathin-
magnetic-film limit without considering the glass sub-
strate (Table II). The results of these simplified calcula-
tions are compared in Fig. 10 with the rigorous model
computed for a structure deposited on a 1 mm thick glass
substrate. One can see there that the general shape of the
CFE spectra is well described by the simplified expression
@~'-' ' (Table II). The results of the simplified calcula-
tion also confirm the fact that the structure observed near
2.45 eV comes from the presence of the Au sandwich lay-
ers, giving the correction factor N~&.

The effect of light reAection at the interfaces of the Co
layer can enhance the CFE in some photon energy
ranges because of the nonreciprocal light propagation
compared with a single pass effect. This enhance-
ment ' is well revealed in Fig. 11 plotting the variation
of the quotient of the specific Faraday rotation per unit
length for the Co(t)/Au (25 nm)/goat glass structure by
that of a bulk Co sample. It is also confirmed from the
simplified expressions (Table II), the above quantity tend-
ing towards NC, NA„' when t2 —+0 and for relatively large
buffer and overlayer thicknesses. At high Co thicknesses
the contribution of the multiple waves rejected in the Co
film to the CFE decreases because of the light absorption
in the Co layer and the bulk value is finally reached.

D. Magneto-optical contributions of gold layers
and glass substrate

We shall now pay attention to the effects which are
rather small but which nevertheless contribute to the
measured MO signals. These contributions, proportional
to the applied magnetic field, originate from the MO ac-
tivity of nonferromagntic layers and of the Goat glass sub-
strate. ' A full understanding of the origin of these
contributions is important if one wishes to emphasize the
consequences of the layered structure on the optical and
magneto-optical properties, for example, to reveal
modifications of the electronic states at interfaces or by
confinement.

In light transmission the dominating MO contribution,
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FIG. 12. Polar Kerr rotation (full circles) and ellipticity
(empty circles) spectra for a 190 nm thick Au film, measured in
a magnetic field of 1.1 T. The lines serve as the guide to the eye.

proportional to the external magnetic field, is the well-
known Faraday rotation in the glass substrate. In sam-
ples with buffer of finite thickness the CPKE will be
affected by the Faraday rotation in the glass substrate,
but also by the MO effect of the Au sandwich layers.

As reference we carefully measured the PKR and the
PKE spectra on the two thickest Au films (t =160 and
190 nm), deposited on glass substrates. Since the film

thicknesses were large enough, both samples provided the
same results, as given for the thickest sample in Fig. 12,
within our experimental resolution. Note that the ampli-
tudes of the measured ellipsometric angles are small and
of the order of 10 deg. Our spectra are in a good
agreement with the results previously published by
Schnatterly who measured the PKE spectrum from
which he deduced. the PKR using dispersion relations.

The total CPKE contribution of the Goat glass sub-
strate and of the Au sandwiching layers, obtained by as-
suming the principle of linear superposition and after
subtraction of the effect due to the ferromagnetic Co lay-
er, is compared with the results of calculations in Fig. 13.
The contribution of the Aoat glass substrate dominates in
the PKR. The peaks near 2.5 and 3.5 eV correspond to
the spectroscopic structures appearing in the transmis-
sion spectrum of Au (see Fig. 2). On the contrary, since
the glass is transparent at the corresponding photon ener-
gies, the PKE originates mainly from gold. Note that the
modeling of the glass substrate effects is extremely sensi-
tive to a proper choice of the optical and magneto-optical
data. This certainly explains the differences between the
experimental and calculated spectra (Fig. 13), which look,
however, qualitatively similar.

E. MQ response variation during the yreyaration yrocess

A better insight into the optical interactions in
Au/Co/Au sandwiches can be handled by the simulation
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been measured and evaluated. This is of importance for
further evidence of new MO effects which are not pre-
dicted by the electromagnetic theory using bulk optical
and magneto-optical parameters instead of appropriate
ones for confined structures.

On the experimental side we have show~ that the
essential features can be analyzed by the simplified mod-
el. We have used two ways to simplify the exact model.
The first one is the approximation of the ultrathin mag-
netic layer. This approximation is not suitable for precise
evaluation of the MO effects, but it is very useful to ex-
plain the trends in the MO response of the system. The
second possibility is based on the simplification of the
structure itself. We have shown that even a very simple
structure consisting of an ultrathin magnetic film deposit-
ed on a thick buffer can be employed to describe qualita-
tively the CPKE spectra in the sandwich system. When
building up the system, starting from such simple struc-
ture, more and more features may be precisely explained,
as for example the variation of the MO effect with the
overlayer and buffer layer thicknesses.

The advantage of our new approach is based on the
fact that for a given structure the exact analytical expres-
sions can be simply obtained. After that the level of their
simplification can be chosen with respect to the studied

effect. This universality of the model and its relative sim-
plicity makes this approach powerful for future MO stud-
ies of ultrathin-magnetic-film systems, especially when es-
timating the consequences of subtle modifications in the
structure, for example for taking into account the role of
the fine structure at the interfaces. A similar type of
treatment could be extended in the future to the case of
magneto-optics in longitudinal and transverse
configurations for layered systems with in-plane magneti-
zation.
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