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An approach is proposed to give a reliable description of the ferromagnetic/nonferromagnetic interface
contributions to magneto-optical~MO! Kerr effect. We show that well chosen magneto-optical parameters
related to the interfaces and extracted from the experimental data are independent on the angle of incidence and
the polarization of the incident light. They are also invariant with respect to the optical properties and thick-
nesses of sandwiching layers. The method was tested on the Au/Co/Au~111! system. It was found that the
assumptions and predictions of the theoretical description agree with the experimental observations. Further
analysis of the experimental data shows indirectly that a significant part of the MO interface-induced effects
are coming from the electronic hybridization at Au/Co interfaces. Consequently, the data could be a useful
source of information forab initio calculations of the layer-resolved permittivity tensor.
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I. INTRODUCTION

Interfaces between ferromagnetic~FM! and nonferromag-
netic metals attract considerable attention in the field of t
film magnetism. When the thickness of a magnetic film
substantially reduced~in the order of a few atomic layers!,
the interface effects become more significant or often con
a lot of physical effects. This may even lead to new prop
ties which are not observed in bulk materials, such as in
face magnetic anisotropy. This anisotropy can overcome
demagnetizing field effects and give rise to an out-of-pla
easy magnetization axis1–3 or control spin reorientation
transitions.4 Hence, they play a significant role in artificia
superlattices and have a fundamental importance in prac
applications, such as perpendicular magneto-opt
recording,5 giant magnetoresistance sensors,6 and random ac-
cess memories.7

The interface anisotropy is mainly of electronic origin a
primarily related to the spin-orbit coupling interaction fro
which originate magneto-optical~MO! effects. One therefore
obviously expects that such interface effects should a
modify MO properties of magnetic multilayer systems.

The most common MO effect used in the investigation
magnetic thin layers is the MO Kerr effect in ligh
reflection.4,8 Its magnitude is determined by the sum of ind
vidual contributions of all magnetic layers in a stratifie
structure. Consequently, in magnetic film structures, the K
0163-1829/2001/64~15!/155405~12!/$20.00 64 1554
n
s

ol
r-
r-
e

e

al
al

o

f

rr

effect includes also contributions originating from the inte
faces. When the thickness of a magnetic film is reduc
down to a few monoatomic layers, the interface contributio
become easily detectable. These contributions can pro
important information about the nature of the FM/non-F
electronic interactions. A typical example is the Pt/Co s
tem, where due to Pt-Co hybridization, an electronic tran
tion was observed in the polar Kerr effect spectra measu
on multilayers9,10 or Pt-Co alloy films.11,12

The change of electronic structure at the FM/non-FM
terface can be interpreted byab initio calculations. In prin-
ciple, there are two possible approaches to the problem o
electronic interactions in multilayers. In the first approac
the periodic multilayer structure is considered as an artific
superlattice, i.e., as a new bulk material. This approach
been satisfactorily applied to Cu/Co,13 Pd/Co,14 and Au/
Fe~001! ~Ref. 15! superlattices. Although this is quit
straightforward and elegant method, it does not provide s
tially resolved information about the electronic interactio
at the FM/non-FM interfaces.

The second approach introduces interface interlayers
this case the multilayer stacking is always considered,
the sharp interfaces between the FM and non-FM mater
are substituted by some very thin interface layers. This
proach allows for a description of the FM/non-FM interfa
hybridization, strains, effects of stray fields, interface roug
ness or alloying, etc. Due to a rapid progress in theab initio
©2001 The American Physical Society05-1
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calculations, the interface interlayer approach is even m
fruitful than originally expected. A fully relativistic formal-
ism has recently been developed by Huhne and Ebert16 to
define a layer-resolved frequency-dependent optical con
tivity tensor in arbitrary layered systems. It can therefore
expected that in the very near future it will be possible
make a direct link between the microscopicab initio calcu-
lations and the phenomenological interface interlayer m
els.

From the experimental point of view, the interface effe
can be better studied on simple systems with one or
magnetic layers, because the structural properties can be
ter controlled. Such simple systems allowed recently a la
progress in understanding of magnetic17 and quantum size
effects18,19 in structures consisting of FM and noble me
layers. However, little attention has been paid to the M
properties of the FM/noble metal interface itself. This is d
to the fact that up to now there was no technique availa
for separation of the pure MO characteristics of interfa
from the experimental MO data.

Until recently, the interface contribution was deduc
from the analysis of the Kerr effect variation with the F
film thickness. As expected, both the theoretical models
experiments show that, if one neglects contributions from
non-FM layers, there is zero Kerr effect for zero thickness
the FM film. On the other hand, there is an experimen
evidence that theextrapolationof the Kerr effect for zero
FM film thickness is nonzero. This was observed, for e
ample, in the Au/Co/Au sandwich structures20 and in the
Pd/Co/Pd~Ref. 21! and Pt/Co/Pt~Ref. 22! wedges. The non-
zero extrapolation was assigned to the contribution of
FM/non-FM interface.

The interface contribution, for a given wavelength, d
pends upon several parameters, such as the angle of
dence, the incident light polarization, optical properties a
thicknesses of the sandwiching layers, etc. Consequent
is not straightforward to interpret the experimental MO da
In principle, it is possible to obtain MO properties of th
interface interlayers by, e.g., fitting the experimental data
theoretical model.23 However, this is in most cases almo
impossible as it requires the knowledge of optical parame
of all other layers involved in the multilayer system.

In this article we extend the analysis of the Kerr effe
variation with the FM film thickness. We introduce a qua
tity which describes the MO properties of the FM/non-F
interface and can be deduced straightforwardly from the
perimental data. It is demonstrated that this quantity is in
pendent on the incidence angle of incoming light, its pol
ization (s or p) and the thicknesses and the optic
parameters of sandwiching layers. Provided that the
diagonal permittivity elements of the inner part of the ferr
magnetic layer are known, this quantity can be used
evaluating the off-diagonal elements of the permittivity te
sor of the interface interlayer. Furthermore, the technique
be used both for polar and longitudinal geometries of
multilayer magnetization.

The article is organized as follows. In Sec. II we shor
summarize analytical formulas giving the description of t
Kerr effect in structures containing ultrathin magnetic film
15540
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In Sec. III we introduce integral MO characteristics of th
structure which are subsequently used to derive a rela
between the optical parameters and experimental chara
istics of the FM/non-FM interface. Section IV summariz
sample properties and experimental procedures conducte
obtain the interface contributions to the total Kerr effect. T
experimental data and the MO parameters of the interf
interlayers are presented in Sec. V. Finally, simple mod
describing the contributions of the FM/non-FM interface
the MO Kerr effect are discussed in Sec. VI.

II. EXPERIMENTAL POLAR KERR EFFECT IN A
SANDWICH STRUCTURE AND ITS REALISTIC

ANALYTICAL DESCRIPTION

As follows from the experiment, the complex Kerr effe
F can, to some extent, be described by a linear function
the FM film thicknesst (F), i.e.,F;Bt(F), whereB is a com-
plex number. The exact linearity is predicted by simplifi
models8,24–27which are derived under the following assum
tions. ~i! The optical profile of the multilayer structure i
steplike, i.e., all layers are optically homogeneous and se
rated by sharp planar interfaces.~ii ! The FM film is ultrathin,
i.e., its thickness is assumed to bet (F)!l/(4puN(F)u), where
N(F) is the complex refractive index of the FM film andl is
the vacuum wavelength of the probing light. For example
l5300 nm, the thickness of an ultrathin Co film
(uN(F)u'2.7) has to bet (F)!9 nm. Because conditions~i!
and ~ii ! are not completely fulfilled in real structures, th
linear expression ofF has to be corrected by a constant a
a quadratic correction term, i.e.,

F~ t (F)!5A1Bt(F)1C~ t (F)!2. ~1!

The coefficientsA, B, andC are, in general, complex num
bers. The termA accounts for the fact that the actual profi
of the off-diagonal element of the permittivity tensor is n
described by a steplike function of the coordinate across
multilayer system. The quadratic term is mainly related
the change of the diagonal reflection coefficientsr ss, r pp
with the FM layer thickness.8,24

In the following we will consider the polar Kerr effect, th
magnetization of the FM layer being assumed perpendic
to the sample surface, i.e.,MW 5(0,0,Mz). The MO properties
of such a FM layer are described by the permittivity tens

«(F)5S «0
(F) 2 i«1

(F) 0

i«1
(F) «0

(F) 0

0 0 «0
(F)
D . ~2!

The diagonal elements«0
(F) are assumed to be equa

These elements have only a small influence on the polar K
effect originating from the ultrathin magnetic layer, as w
be demonstrated below.

For an ideal sandwich structure consisting of an homo
neousultrathin FM layer of thicknesst (F), the linear polar
Kerr effect8,25,26 is proportional to the off-diagonal elemen
«1

(F) of the permittivity tensor~2!, i.e.,
5-2
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FIG. 1. Schematic representation of three different profiles«1(t) of the off-diagonal optical permittivity tensor elements in a sandw
non-FM/FM/non-FM structure. Case~a! represents the simplest steplike profile for which the Kerr effectF is proportional tot (F). In case~b!
the off-diagonal permittivity changes gradually in the non-FM/FM interface regions 3 and stays constant in the inner parts 2 of the F
Case~c! represents a general profile«1(t).
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F5x«1
(F)t (F)5xE. ~3!

In the following, we will refer to the off-diagonal elemen
«1

(F) as theoff-diagonal permittivity. Similarly, the coefficient
E, which stands for the product«1

(F)t (F), will be referred to as
the integral off-diagonal permittivity.

The termsE and x are related to the properties of th
ultrathin FM layer itself and the optical properties of the re
of the sandwiching layers, respectively. If the ultrathin F
layer is deposited on a semi-infinite non-FM substrate
covered by a non-FM overlayer of the same material,
optical termx has a form25,26

x5
2~v/c!Nz

(nF)N(0)cosf

~N(0)cosf7Nz
(nF)!~N(0)Nz

(nF)6«0
(nF)cosf!

3exp@22iNz
(nF)~v/c!t1

(nF)#, ~4!

wheref, v, N(0), and N(nF)5A«0
(nF) are, respectively, the

incidence angle, the angular frequency of the incident lig
the complex refractive indices of air and of the non-FM~nF!
sandwiching layers. The termNz

(nF)5AN(nF)22N(0)2sin2f
corresponds to thez component of the wave vector in th
non-FM layers divided by the magnitude of the wave vec
in vacuum, i.e.,Nz

(nF)5kz
(nF)/k0. The influence of the thick-

ness t1
(nF) of the non-FM cover layer is expressed by t

exponential factor. The upper and lower signs in the deno
nator correspond to thes ~Kerr s effect,Fs52r ps /r ss) and
p polarized~Kerr p effect, Fp5r sp /r pp) incident light, re-
spectively, where the reflection coefficientsr sp , r ps
(r ss,r pp) are the off-diagonal~diagonal! elements of the
Jones reflection matrix. If the non-FM substrate is finite, th
the expression for the optical termx is more complicated,24

nevertheless the factorization in Eq.~3! is preserved.
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The polar Kerr effect described by Eqs.~3! and ~4! does
not depend on the diagonal permittivity of the ultrathin F
layer «0

(F) . Consequently, the MO signal should not depe
on its variation near the FM/non-FM interface. On the oth
hand, for ultrathin films, it is the off-diagonal permittivit
«1

(F) that contributes to the Kerr effect. Consequently, t
Kerr effect depends on the variation of«1 across the FM
layer. The details of this dependence and its variation w
the shape of the«1 profile will be discussed in the following
section.

III. INTERFACE CONTRIBUTIONS AND INTEGRAL
OFF-DIAGONAL PERMITTIVITY EXCESS

The description of the FM/non-FM interface by a stepli
profile of the off-diagonal permittivity is unsatisfactory t
account for the nonzero Kerr effect extrapolation at zero F
layer thickness. For real interfaces it is possible to appro
mate the FM layer and its magneto-optically active surrou
ing by a stack of infinitesimally thin sublayers of thickne
t ( i ) and constant off-diagonal permittivity«1

( i ) . Due to its
additive character,28 the total Kerr effect of the stack of FM
sublayers is a sum of the individual contributions from
these sublayers, i.e.,F5(F ( i )5(x ( i )«1

( i )t ( i ). This situation
is shown in Fig. 1. If the total thickness of all sublayers(t ( i )

satisfies the ultrathin approximation, the termx ( i ) is constant
for all sublayers and will be noted byx. Subsequently, the
total Kerr effect can be expressed by

F5x(
i

«1
( i )t ( i )[xE. ~5!

As follows from the previous equation, the stack of discre
sublayers can be substituted by a continuous medium c
5-3



e

ed
ed

le
o

g

th
e

e

th
l

b

f-
s

e
th

a
f-

f
bu-

-

le

en
e

d.

a

is
the
ram-

-
e

a-

M
Kerr
M

ers

al

the
ain

q.

of

for
a-
y

-
er-
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acterized by an adapted profile«1(t). Then, the expression
of the Kerr effect can be written in the integral form

F5xE
MO active region

«1~t!dt[xE. ~6!

The quantity E represents the total MO response ofall
magneto-optically active sublayers. This is why it has be
defined as theintegral off-diagonal permittivity.

Several types of off-diagonal permittivity profiles«1(t)
across the non-FM/FM/non-FM sandwich will be assum
Depending on the level of simplification, they can be divid
into three categories~Fig. 1!.

~a! The first one corresponds to an ideal steplike profi
In this case the partial MO contributions are constant acr
the thickness of the FM filmt (F) @Fig. 1~a!# and the total Kerr
effect is expressed byF5xE5x«1

(F)t (F).
~b! In the second case, the profile of«1(t) is assumed to

be composed of three parts@Fig. 1~b!#. In the part 1, the
value of«1(t) is equal to the bulk value of the sandwichin
non-FM layers, i.e.,«1(t)5«1

(nF)50. In the part 2,«1(t) is
assumed to be equal to the bulk value«1

(F) of the FM layer
independently of the deposited thicknesst (F). In part 3,
which corresponds to the FM/non-FM interface region,
profile is quantified by some smooth function which is ind
pendent ont (F). Consequently, Eq.~6! leads to

F5xE5x~EA1«1
(F)t (F)!. ~7!

The quantityEA introduced in Eq.~7! will be referred to as
the integral off-diagonal permittivity excess, because it de-
scribes the difference between the integral off-diagonal p
mittivity of the real and steplike profiles, i.e.,

EA5E2«1
(F)t (F)5E

MO active region
«1~t!dt2«1

(F)t (F). ~8!

~c! In the third case, the off-diagonal permittivity«1(t) is
described by a general function of the position across
sandwich structure@see Fig. 1~c!#. In this case, the integra
off-diagonal permittivityE is a general function oft (F). Al-
though the function can have an arbitrary form, it can
approximated by an expression similar to Eq.~7!, i.e.,

E~ t (F)!5E
MO active region

«1~t,t (F)!dt'EA81«18
(F)t (F), ~9!

where «18
(F) and EA8 are some effective values of the of

diagonal permittivity and its corresponding integral exces
In the following we will analyze category~b!. For com-

paring the theoretical@expression~7!# and experimental@ex-
pression~1!# dependences of the Kerr effect on the FM lay
thickness up to the linear term, it is convenient to use
ratio

A

B
5

EA

«1
(F)

. ~10!

This expression shows that the experimentally deduced r
A/B is directly related to the deviation of the integral of
15540
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diagonal permittivity~described byEA) from the ideal step-
like permittivity profile. This is, therefore, the key point o
the proposed method to analyze the MO interface contri
tions.

In the following, we will list theoretically predicted ad
vantages of theA/B ratio.

~i! It is directly determined from the experimental FM
thickness dependence of the Kerr effect.

~ii ! From the definition ofEA given by expression~8! it
follows that theA/B ratio is independent on the exact profi
of the off-diagonal permittivity distribution«1(t) across the
interface regions. Its value is given by the difference betwe
the integral off-diagonal permittivity of the real and steplik
profiles, provided that the ultrathin approximation is fulfille

~iii ! In the ultrathin approximation, thisA/B ratio de-
scribes the MO properties of the FM/non-FM interface in
similar way as optical constants. It doesnot depend on the
incidence angle and on the polarization of probing light. It
also invariant with respect to the other characteristics of
studied structures, such as the thickness and optical pa
eters of the non-FM sandwiching layers.

~iv! Although Eq.~10! was derived for a sandwich struc
ture containing only a single ultrathin FM layer, it should b
emphasized that it is also valid for systems with moreiden-
tical ultrathin FM layers embedded in the same non-FM m
terial, provided that the thickness of all the FM layersto-
getherfulfills the ultrathin approximation. We will show the
derivation of this result for a structure consisting of two F
layers. Because of its additive character, the measured
effect is a sum of contributions originating from both F
layers, i.e.,

F5F11F25x1E11x2E2 . ~11!

If the structure and magnetization states of both FM lay
are identical, i.e.,E15E25E, the total Kerr effect can be
factorized to a form consisting of the integral off-diagon
permittivity E and the effective optical termx8 given by the
sum of the individual optical termsx1 andx2, i.e.,

F5x8E, x85x11x2 . ~12!

From an experimental point of view, the dependence of
total Kerr effect on the FM layer thickness can be ag
described by an equation analogous to expression~1!:

F5A81B8t (F)1C8~ t (F)!2. ~13!

Here, t (F) stands for the thickness of thesingle FM layer
embedded in the sandwich structure. Similarly as for E
~10!, the comparison of expressions~12! and ~13! results in
the equality between the experimentally obtained value
A8/B8 and the ratioEA /«1

(F) , whereEA is calculated as in
expression~8!.

~v! The approach described above can also be used
systems with ultrathin FM layers with in-plane magnetiz
tion. In this case, the off-diagonal permittivity is given b
«1

(F)52 i«xz
(F)5 i«zx

(F) . The longitudinal Kerr effect is propor
tional to the ratio between the off-diagonal and diagonal p
mittivities of the ultrathin FM film,25 i.e.,
5-4



te
e

-
he

er
ce
es
ire
te
y
y

h-
e

r

th
t

n

e
a

n

e
eri-
re-
ens

igh

at
e of
rage
i-

ted
the

he

di-
led
e
per-
c-
me
yer.

any
i-

of
Co
r

ss

dur-
n-

d
by

e
n
ion
Co

h

Au

e
rst
:
e

he

MAGNETO-OPTICAL PROPERTIES OF . . . PHYSICAL REVIEW B 64 155405
F long5nt (F)~«1
(F)/«0

(F)!. ~14!

The optical termn, which is the longitudinal analog ofx, is
independent on the properties of the FM layer. Parame
equivalent toE andEA can be defined in the longitudinal cas
by

Elong5E «1~t!

«0~t!
dt,

~15!

EA, long5E «1~t!

«0~t!
dt2

«1
(F)

«0
(F)

t (F).

The Kerr effect expresses asF long5nElong, and the ratio
(A/B) long can be written as

S A

BD
long

5EA, long

«0
(F)

«1
(F)

. ~16!

~vi! Expressions~6! and ~8! show that the interface con
tribution to the total Kerr effect can be quantified by t
integral off-diagonal permittivity excessEA . In order to in-
clude the interface contributions into the multilay
models25,29, one can introduce ultrathin transition interfa
layers located between the FM and non-FM layers. Th
interface layers can be chosen arbitrarily. The only requ
ment is that they must include together the total integra
permittivity excessEA . It is, however, practical to use ver
simple layers. A good choice are two identical interface la
ers with the diagonal permittivity of the non-FM sandwic
ing layers. These interlayers have an equivalent thickn
t (in) @for examplet (in)51 AL ~atomic layer!# and are adja-
cent to the FM layer from both sides. For these interlaye
the off-diagonal permittivity«1

(in) differs from zero by a
quantity

D«1
(in)5

EA

2t (in)
. ~17!

The factor 2 was used in the denominator to distribute
total excess between the two interface layers. Because
integral off-diagonal permittivity excessEA is related to the
ratio A/B through the expression~10!, one obtains

D«1
(in)5

«1
(F)

2t (in)

A

B
. ~18!

With these interlayers one can reproduce the experime
data down to the limit oft (F), when the part 2 in Fig. 1~b!
disappears. Below this limit the model provides valu
F(t (F)), which would be obtained from the experiment
data by extrapolation. Note thatF(t (F)50)5A for these in-
terlayers.

IV. STUDIED SAMPLES AND EXPERIMENTAL
PROCEDURES

In the following we apply the formal interface descriptio
developed above to analyze the polar Kerr effect data
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Au/Co/Au~111! polycrystalline systems. In this section w
shortly describe the preparation of samples and the exp
mental procedures used for the MO Kerr effect measu
ments. We report results on three different Au/Co specim
with stepped cobalt layers.

The samples were prepared by evaporation in ultra-h
vacuum (10210 Torr range!. First, a 24-nm-thick Au~111!
textured fcc polycrystalline buffer was prepared on a flo
glass substrate by room temperature deposition at a rat
0.2 nm/s and subsequent annealing at 175 °C. The ave
crystallite size in the buffer layer was 100 nm, the atom
cally flat terraces with 30 nm average width were separa
by monoatomic steps. An average r.m.s. roughness of
Au~111! surface measured by AFM over a 10mm310mm
area was about 0.5 nm~2.5 AL!. This was confirmed by
low-angle x-ray diffractometry on the entire surface of t
sample.30

For two of the three specimens, 3 nm of Au was ad
tionally deposited at room temperature onto the annea
buffer. This additional Au layer provides a long rang
smoothing of the surface, and suppresses in part the im
fections due to grain boundaries. Low-angle x-ray diffra
tometry showed that this additional Au layer has the sa
fcc crystallographic structure as the annealed buffer la
The smoothing was confirmed by both RHEED andin situ
resistivity measurements. However, we have not found
clear difference between theA/B ratios measured for spec
mens either covered or not by this additional Au layer.

On the high-quality Au~111! buffer layer the Co film was
grown at room temperature at a deposition rate
0.005 nm/s. Due to the large misfit between the Au and
lattices~14%!, the Co film grows initially in a double-laye
mode. The Co film becomes continuous att (Co)5223 AL
(0.420.6 nm). No variation of the Co surface roughne
has been observed up to 15 AL~3 nm!. These results are
coherent with resistivity measurements on our samples
ing the Co film growth.31 Furthermore, these results are co
sistent with previous STM studies32 of the Co growth mode
on a reconstructed Au~111! surface.

The Co film exhibits a~0001! hexagonal close-packe
~hcp! structure, as checked on a few-nm-thick Co films
TEM and by 59Co nuclear magnetic resonance.31 80–85 %
of the Au-Co interface misfit is relaxed, while 20–15 % giv
strains.33 Finally, the Co film was covered by an ultrathi
gold overlayer, grown at room temperature at a deposit
rate of 0.05 nm/s. The r.m.s. roughness of the top Au-
interface is estimated to be 3 AL~0.6 nm!, the Co crystallites
having a mean size of about 7 nm.30 These results agree wit
the data of cross section TEM of Au-Co interfaces.34 Note
that we previously evidenced a clear demixing between
and Co.35

MO experiments were carried on the following thre
Au/Co structures with stepped cobalt layers. The fi
sample, indicated asX, has the following structure
Au(5 nm)/Co(t (Co))/Au(27 nm)/float glass substrate. Th
cobalt layer thicknesses aret (Co)50.4,0.6,0.7,0.8, . . . ,
1.5,1.6 nm. Each Co layer step has a width of 3 mm. T
second sampleY is Au(7.5 nm)/Co(t (Co))/Au(28 nm)/float
glass substrate. The cobalt layer thicknesses are heret (Co)
5-5
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50.7,0.8,0.9,1.0,1.1, and 1.2 nm, with a step width o
mm. The last sampleZ considered here is a bilaye
Au~5 nm!/Co(t (Co))/Au~1.3 nm!/Co(t (Co))/Au~27 nm!/float
glass substrate. Both cobalt layers have the same thick
t (Co)50.34,0.7,0.9,1.1,1.3,1.5, and 1.9 nm. The individ
step width is 4 mm. The samplesX and Z were prepared
exactly by the procedure mentioned above.

SampleY was prepared in nearly the same way,35 but
without adding 3 nm of Au on the annealed Au buffer. Th
specimen was prepared in a different UHV chamber thaX
andZ.

Spectroscopic measurements of the polar Kerr effect h
been performed by two equivalent methods, based on
modulation of the state of polarization of the light either by
Faraday cell with a feedback compensation24,36 or by a pho-
toelastic modulator.23 The precision of both techniques is o
the order of 1024deg.

The measurements were performed in the following
ometries. For sampleX, the Kerrp effect Fp5r sp /r pp was
measured for incidence anglesf57°, 60°, and 80°. For
sampleY, the angle of incidence was 5°~i.e., nearly normal
incidence!. For the bilayerZ the incidence angles weref
57°, 60°, 70°, and 80°, and for this sample both Kers
effect (Fs52r ps /r ss) and Kerr p effect (Fp5r sp /r pp)
spectroscopic experiments were performed. The MO K
effect was measured in a magnetic field of 0.15 T after p
magnetizing it at saturation with a pulse of 0.56 T appli
during 1 s. The MO effect was deduced from the differen
between MO signals for two opposite orientations of t
magnetization vector.

A small Au diamagnetic contribution was measured se
rately on a part of the specimen witht (Co)50 nm and sub-
tracted from the experimental Kerr effect for the nonze
t (Co) values. A typical variation of the Kerr rotation and e
lipticity data with cobalt layer thicknesst (Co) is shown in
Fig. 2. The dependence ont (Co) can be described by th
parabolic function@expression~1!#. As follows from the pre-
vious section, only the coefficientsA and B are important.

FIG. 2. Typical experimental variation of the polar Kerr rotatio
~solid symbols! and ellipticity ~open symbols! with thickness of the
Co layer in the sampleX, measured at a photon energy of 3.45 e
at nearly normal incidence of light. The original experimental d
for all thicknesses available for this sample are plotted by circ
The data used for the linear fitting procedure after subtraction of
nonlinear contributions, as described in the text, are plotted by
angles.
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Therefore, in principle, to extract the coefficientsA andB, it
can be sufficient to fit the experimental data with the line
part of the expression~1!.20 Although this can be useful for a
qualitative analysis, it is not sufficient for a more preci
quantitative treatment. Inclusion of the nonlinearity asso
ated with the coefficientC in expression~1! improves the
accuracy on the values of theA andB coefficients, and it was
therefore used in the data analysis.

The fitting procedure was carried out for cobalt lay
thickness in the range of 0.7–1.4 nm,~3.5–7 AL!. The sur-
face morphology of the Co film does not change significan
on the considered thickness range. For thinner cobalt la
the experimental data exhibit quite large deviation from
expected ‘‘smooth’’ dependence ofF on t (Co), as given by
expression~1!. As discussed above, this is related to t
growth mode of the Co film. For Co layers thicker than 7 A
~1.4 nm!, the magnetic anisotropy becomes not large eno
to maintain an out-of-plane magnetization.37 Then, for mag-
netic field values used in our experiments, the magnetic s
ration is not reached. As a consequence, the Co films exh
a smaller Kerr effect~a larger curvature in Fig. 2! than ex-
pected.

For present samples, the best fitting results were obta
when the nonlinear termC(t (Co))2 of expression~1! is cal-
culated from the optical multilayer model.29 For this calcu-
lation we used the optical data of Au~Ref. 20! and Co~Ref.
38! and the MO data of Co deduced from the experimen
Kerr effect on thick Co films.10 The coefficientsA and B
were then determined from the experimental data after s
tracting the calculated nonlinear termC(t (Co))2. In other
words, the dataF2C(t (Co))2 were fitted by the linear func-
tion A1Bt(Co).

V. EXPERIMENTAL RESULTS

In this section we show spectroscopic experimental d
of interface contributions to MO polar Kerr effect in ou
Au/Co systems. These data are analyzed by using the me
described in Sec. III.

Figure 3 shows typical experimental spectra of polar K
effect obtained for the sampleZ with t (Co)51.27 nm. As
expected, the spectra exhibit clear spectroscopic struct
near 2.5 eV associated with the plasma edge in gold. Th
a well-known effect induced by the optical properties of t
buffer layer, which was discovered by Katayamaet al. in the
Fe/Cu system39 in polar Kerr geometry. This effect was pre
viously analyzed for the present Au/Co system in po
geometry.20,24

When the polar Kerr effect at~nearly! normal incidence is
compared with the spectra ofFp andFs for larger angles of
incidence~e.g., forf570°, as shown in Fig. 3!, a significant
qualitative difference is observed. Such a large differen
results from the angular dependence of the Fresnel reflec
coefficients especially in the vicinity of the principal angle
incidence. It should also be noted that the qualitative cha
ter of the Kerr spectra is independent on the cobalt la
thicknesst (Co). We did not observe any clear features as
ciated with the quantum well states in the Co layer, as
ready reported in other systems.40 Note that the Au protective

a
s.
e
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layer is thick enough, so that the contributions to the K
effect due to the quantum well states in this layer can
neglected.41

A linear regression analysis of the polar Kerr effect var
tion with t (Co), performed after the subtraction of the qu
dratic contribution, provided spectra of theA and B coeffi-
cients as shown in Figs. 4~a! and 4~b!. As expected from the
theoretical analysis reported in Sec. III, the spectra of thA
coefficient should vary significantly with the angle of inc
dence and with the polarization state of the incident light
the vicinity of the principal angle. This is due to the fact th
A is proportional tox, as it follows from the comparison o
expressions~1! and ~7!. Indeed, such large variations a
clearly observable in Fig. 4~a!.

The spectra of theB coefficient have nearly the sam
shape as those of the polar Kerr effect in the same geom
This is due to the fact that the termBt(Co) in expression~1!
is dominant in the expression of the Kerr effect.

Figure 5 shows the spectra of the ratioA/B determined
from the analysis of the experimental data obtained on
bilayerZ for different angles of incidencef and two incident

FIG. 3. Experimental spectra of the polar Kerr effect for t
sample Z with two identical Co layers of thicknesst (Co)

51.27 nm. The spectra are represented for incidence anglef
57° ~squares! andf570°, where the Kerrs effectFs and the Kerr
p effectFp are displayed by triangles and inverted triangles, resp
tively.
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polarizations. The larger experimental errors on theA/B ra-
tio for larger photon energies are due to smaller abso
values of theA andB coefficients at these energies.

As can be seen from this figure, the ratioA/B exhibits
only a weak~almost within the error bars! dependence on the
angle of incidencef, as predicted in Sec. III. On the othe
hand, the graphs demonstrate a slight difference between
values corresponding to thes andp polarized incident light;
this difference is especially evident for photon energ
higher than 3 eV.

In order to explain the origin of this difference, numeric
analysis of theA/B ratio deduced from theFp and Fs ob-
servables was performed. The experimental data were s
lated by a model using the interface interlayers, as descr
in Sec. III. In the simulation, the polarization dependence
theA/B ratio was found to be much smaller than that sho
in Fig. 5. This points out that the detected difference does
originate from the ultrathin approximation employed to an
lyze the data. Note that for this sample, the thickness of
Au interlayer separating the two Co layers is only 6.5 A
(1.3 nm); this approximately corresponds to the dec
length of the oscillatory exchange coupling in the Au/Co/A
Co/Au~111! system.42 One can therefore expect that the
will be still an appreciable MO Kerr contribution of the spin
polarized quantum well states in this Au layer43,44which can
be sensitive to the incident polarization. Because we do
have a precise microscopic model of the interface, we can
determine the origin of this difference. Another possible re
son for this discrepancy could be a small systematic e
between the experimental data measured for both polar
tions.

Figure 6 compares theA/B ratios for the Au/Co interface
contributions obtained for all studied samples. The result
values are averages of allA/B ratios obtained for each indi
vidual specimen. Spectra of the ratios for all studied samp
show very similar features. TheA/B ratio exhibits a signifi-
cant behavior near 2.5 eV, i.e., around the plasma edg
gold. This change is not an artifact of processing of the
perimental Kerr effect spectra, which have a characteri
spectroscopic structure in this spectral region. It shows
the MO characteristics of the Au/Co interface are influenc

c-
imen

rd
FIG. 4. Experimental spectra of the coefficientsA ~a! andB ~b! obtained from the data of the polar Kerr effect measured on the spec
Z, examples of which are shown in Fig. 3. The spectra are displayed for the angles of incidencef57° ~squares! andf570° ~triangles for
Fs and inverted triangles forFp). The typical error bars are shown for the angle of incidencef57° and correspond to the standa
deviation of the linear fit, as described in Sec. IV. The error bars for the other curves have similar magnitude and were omitted.
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FIG. 5. Experimental values o
the A/B ratio obtained from the
Kerr s effectFs ~empty symbols!,
the Kerr p effect Fp ~filled sym-
bols! measured on the sampleZ at
different angles of incidence. The
error bars display typical standar
deviations, as obtained from th
linear regression procedure de
scribed in Sec. IV.
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by a microscopic mechanism related to the optical proper
of gold.

It should be emphasized that the Fig. 6 contains valua
experimental results. These can be compared with theore
calculations which provide the complex MO observabl
i.e., the Kerr rotation and ellipticity. To obtain theA/B ratio,
it is only necessary to consider a similar procedure to t
used for the treatment of our experimental data.

Figure 7 shows the spectral variation of the quan
D«1

(in) defined in expression~17!, as obtained from the ex
perimental data ofA/B by expression~18!. In the calcula-
tion, one assumedt (in)51 AL (0.2 nm). The off-diagonal
permittivity of the cobalt layer was calculated from the po
Kerr effect spectra of a thick Co film10 using known optical
indices.38

VI. MODELING OF THE Au ÕCo INTERFACE

We have already separated the contribution of the F
non-FM interfaces from the total Kerr effect. Let us no
discuss its possible origins. As mentioned in the Introd
tion, there are several effects which can be responsible
the interface MO contributions. The most interesting one
that related to the hybridization of the electronic wave fun
tions of neighboring Au and Co monoatomic layers at
Au/Co interface.20 In a simple macroscopic formalism one
course cannot evaluate this interface contribution. From
theoretical side, and to our knowledge, up to now there is
available ab initio calculation of the effect of the Co/Au
interface hybridization on optical properties. Other possi
mechanisms can also contribute to the interface MO term
real samples and that cannot bea priori neglected. In this
section it will be shown how some of the contributions
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these mechanisms can be included in the general forma
and compared with the experimental data of theA/B ratio
~Fig. 8!.

A. Disorder at the interface

It is well known that Co and Au do not intermix togethe
~Sec. IV or Ref. 35!. Thus, from the structural point of view
only the interface roughness has to be considered. Recall
Co grows on large Au buffer atomically flat terraces wi
typical size of 30 nm, and forms first 2 AL thick islands. F
a Co coverage larger than 2 AL, the islands tend to coale
and form a continuous film with a textured polycrystallin
structure giving local peak-to-peak roughness estimated t
about 2 AL. That is why there is a significant differenc
between the nature of the two involved Au/Co interfac
The top one is locally more perturbed than the first o
which can be assumed flat over short distances. Suppres
the local roughness, a longer range roughness having a
value of 3 AL still contributes as due to Au grain boundari
and other defects.

In the absence of a universal optical and MO theory in
presence of rough interfaces, we shall consider a simple
terpretation of the data. In order to model the disorder at b
interfaces, we shall distinguish between short and long ra
roughnesses. The short range roughness takes place a
range of few atomic distances. It is justified that short ran
roughness can be modeled in the framework of the Brug
man effective medium approximation~EMA!.45,46 In spite of
its different origin, the calculation will be the same as f
real Co-Au intermixing. In counterpart, the longer range
thickness variations may be estimated independently. As
cussed above, the short range roughness contribution o
-
i-
FIG. 6. Real~a! and imaginary
~b! parts of the experimental ratio
A/B for all three studied Au/Co
specimens. Each curve was ob
tained as an average of all exper
mental spectra of theA/B ratio
available for each specimen.
5-8
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FIG. 7. Real~a! and imaginary
~b! parts of the quantityD«1

(in) ac-
quired from all studied Au/Co
structures. They are compare
with the bulk values of the off-
diagonal permittivity of cobalt
~solid lines!. The Au/Co interface
interlayer was assumed to hav
thicknesst (in)51 AL (0.2 nm).
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nates only from the upper Au/Co interface. The long ran
contribution accounts for both interfaces through the spa
variation of the Co layer thickness. The thickness variat
of the Au overlayer and the roughness of the air/Au interfa
give negligible MO contributions.

1. Short range roughness

Consider the first contribution of interface disorder th
comes from short range roughness. This contribution can
described within the EMA. Let the parameterx be a volume
ratio of cobalt in the mixture. ThenD«1

(in)5«1
(mix)2x«1

(F) and
by using Eq.~18! the A/B ratio can be expressed as

S A

BD
mix

52t (in)S «1
(mix)

«1
(F)

2xD , ~19!

where«1
(mix) is the off-diagonal permittivity of the mixture.

The short range roughness effect was calculated assu
an interface thicknesst (in)52 AL ~0.4 nm! that corresponds
to the local peak to peak roughness of the upper Au/Co
terface. The MO effects due to this contribution are depic
in Fig. 8, assuming a hypothetical Au0.5Co0.5 interface layer.
When changing interlayer concentration by620%, the spec-
tral variation of theA/B ratio does not change significantl
The calculated spectral variation of theA/B ratio has some
similarities to the experimental data, but its magnitude
smaller than that observed. Thus, this contribution alon
unable to explain the main part of the interface MO con
bution.
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2. Variation of Co layer thickness due to roughness

The most important effect due to the long range roughn
is related to the variation of the Co layer thickness. T
model assumes that the interfaces of the Co layer are
ideally flat, but consist of flat areas~terraces! separated by
steps. As a result, the thicknesses of the Co film cha
along the specimen. In our case, the terraces are quite l
~tens of nanometers!, but are much shorter than the ligh
wavelength. Then, the specimen could be modeled as an
sembly of close microscopic structures with different C
thickness.

The distributiong( i ) of cobalt layer thickness is deter
mined by a mean value of cobalt thicknesst (F)5(t ( i )g( i )

and by its variations (F)5@(g( i )(t ( i )2t (F))2#1/2. The Kerr
effect in such a system can be computed as a ratio of re
tion coefficients (Fs52r sp /r ss,Fp5r ps /r pp). These mac-
roscopic reflection coefficients were determined as
weighted average of the reflection coefficients which w
calculated for different cobalt layer thicknessesr uv
5(g( i )r uv

( i ) ~the subscriptsu, v stand fors or p polarization!.
The dependence of theA term ~or the A/B ratio! on total
roughness is quadratic (A;s (F)2).47 On one hand, if both
Au/Co interfaces display uncorrelated roughnesss1 ands2,
then the Co layer thickness variation iss (F)5(s1

21s2
2)1/2.

On the other hand, if both interfaces have identical and fu
correlated roughness, thens (F)50. The quadratic increas
of this contribution withs (F) is obvious because the linea
terms cancel after averaging. This mechanism therefore
beyond the ultrathin linear approximation.
n

FIG. 8. Real~a! and imaginary~b! parts of theA/B ratio calculated for~i! the short range roughness of the Co layer surface~over the

thicknesst (in)50.4 nm) computed by using the effective medium approximation~EMA!, ~ii ! the contribution of Co thickness variatio
s (F)50.6 nm, and~iii ! the modified magnetic momentm50.9 of one Co monolayer of thicknesst (in)50.2 nm.
5-9
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In principle, there could be also long range surface rou
ness contributions of the Au buffer and overlayer. These
fects were evaluated and found to be negligible~1% of the
contribution of the Co thickness variation!.

Both Au/Co interfaces exhibit long-range r.m.s. roughn
of about 3 AL. However, we can assume that they are pa
correlated. We estimate that the maximum peak to peak
terraces thickness variation is not larger thans (F)53 AL
~0.6 nm!. This ‘‘long range roughness’’ contribution to th
A/B ratio is plotted in Fig. 8 for a Au(5 nm)/Co(t (Co))/Au
film. The shape of the calculatedA/B spectra is close to tha
calculated by EMA. As it is seen in Fig. 8, this last mech
nism contributes much less than the previous ‘‘short ra
roughness’’ term.

B. Modified magnetic moment of Co atoms at the interface

This model assumes that the cobalt atoms which are
contact with the gold layer have magnetic moment differ
from those in the inner part of the Co film. This can
accounted for by considering that a part of the Co layer, w
thicknesst (in), has a relative magnetizationmÞ1. Conse-
quently,D«1

(in)5(m21)«1
(Co) and Eq.~18! implies that

S A

BD
Co

52~m21!t (in). ~20!

As is immediately seen from expression~20!, this contribu-
tion is invariant with respect to the photon energy and affe
only the real part of theA/B ratio. The Fig. 8 presents thi
contribution for one monolayer of Co atoms (t (in)

50.2 nm) with a reasonable reduction of the magnetic m
ment by 10% (m50.9) at the Au/Co interface. Because th
contribution is a real number, it cannot account for the ima
nary part of theA/B ratio and the spectral variation of th
data. This mechanism would have only a tiny effect.

C. Au-Co electronic hybridization

In order to describe the observed MO contribution of t
Au/Co interfaces it is necessary to change the off-diago
permittivity of one monoatomic interface layer by a val
which is of the same order of magnitude as the off-diago
permittivity of cobalt«1

(Co) . The modified magnetization a
the interface and the changes oft (Co) along the specimen du
to the interface roughness are too small to explain the exp
mental interface contributions in the Au/Co system. The c
tribution of the effective top Au-Co interlayer calculated
the effective medium approximation~EMA! also does not
describe the observedA/B ratio satisfactorily. Therefore, ou
results suggest that the most important part of the interf
contribution arises from intrinsic properties of the interfa
itself, i.e., from the Au-Co electronic hybridization.

The experimental data interpreted through macrosco
models involving different contributions to the interfac
related MO signals should provide useful material to be co
pared with results ofab initio calculations of layer-resolved
permittivity tensor.16 The suggested representation of inte
face effects by integral permittivity excess is very gene
15540
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and can be compared with any type of the permittivity ten
profile determined theoretically.

It would be very useful to extract the net contribution
electronic interface hybridization from the experimental da
This should be possible for systems where the film gro
pseudomorphically layer by layer, giving rise to very fl
FM/non-FM interfaces. In such a case the presence of in
layers, described within the EMA, can be excluded. Th
real space studies of surface morphology would prov
structural parameters to account for roughness effects and
intrinsic electronic contribution would be determined.

In the case of Au/Co/Au~111! structures the situation is
somewhat more complicated. Although the bottom interfa
of Co layer is planar at the microscopic scale, the top Au/
interface has a complex topology determined by the struc
of the Co film surface. This will, to some extent, affect th
electronic interaction at the top interface, because the c
figuration of the nearest neighbors will not be uniform alo
the interface plane. Consequently, the electronic contribu
will also depend on geometry of this interface. Therefore
will not be possible to separateexactly the contribution of
effective intermixing from that due to electronic hybridiz
tion at the flat Au/Co interface. We believe, that this proble
is not too serious because the lower interface is flat o
nanometer scale. The top Au/Co interface is also reason
flat on the surface of Co islands. Therefore, in our opinio
the approximate separation of these two contributions is
tainly valid and the present experimental data of interfa
MO contributions may be compared withab initio calcula-
tions of the effect of electronic hybridization at fla
Au~111!/Co interfaces.

VII. CONCLUSION

By using analytical expressions of the MO Kerr effect
simple structures with ultrathin magnetic layers, we dev
oped an original procedure to extract the magneto-opt
parameters of interfaces between ferromagnetic and non
romagnetic metals. The interface contributions were
pressed as a ratioA/B of coefficients describing the exper
mental variation of the complex Kerr effect with thickness
the ferromagnetic filmt (F), using a linear approximationF
'A1Bt(F). The advantage of this representation is that
A/B ratio is independent on experimental conditions~i.e., the
angle of incidence and the polarization state of the incid
light!, as well as on the optical properties and thicknesse
sandwiching layers.

The procedure allows one to extract the interface-rela
information from standard MO experiments. It also provid
more reliable physical data relevant to the interface-indu
contributions to the MO observables. This kind of analy
allows to link the experimental studies to the theoretical c
culations of electronic interactions at the FM/non-FM inte
faces.

This treatment was applied to three Au/Co/Au~111! poly-
crystalline structures with perpendicular magnetic anis
ropy. The interface contributions were analyzed by meas
ing the MO Kerr effect at different angles of incidence o
different specimens. The experimental results have c
5-10
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firmed the advantages of the proposed procedure in the t
ment of the data on interface MO contributions. These res
also prove that the interface effects can be accounted fo
macroscopic optical approaches and described by a varia
of the local optical permittivity tensor in the interface r
gions. The off-diagonal permittivity excessD«1

(in) can be cal-
culated directly from the experimental value of theA/B ratio
under condition that the off-diagonal permittivity of the inn
part of the FM layer is known.

The effect of several processes, which could be parti
responsible for the interface contributions in non-FM/F
non-FM systems, was estimated by using simple mod
Models taking into account the short range film roughn
and the variation of Co layer thickness provide interface c
tributions which have spectroscopic features similar to
experimental data. However, to agree with calculations,
would have to consider much larger roughness of the in
faces than that measured. Thus, such structural effects ca
explain the too large magnitude of the MO interface effec
Therefore, another contribution has to be considered.
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suggest that this comes from the Au-Co electronic hybridiz
tion at the Au/Co interfaces.Ab initio calculations of the
layer-resolved permittivity tensor are needed to provi
deeper understanding of this problem.
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24Š. Višňovský, M. Nývlt, V. Prosser, R. Lopusˇnı́k, R. Urban, J.
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35C. Train, M. Nývlt, B. Bartenlian, P. Beauvillain, V. Mathet, R.
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