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Magneto-optical properties of ferromagnetignonferromagnetic interfaces:
Application to Co/Au(11])
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An approach is proposed to give a reliable description of the ferromagnetic/nonferromagnetic interface
contributions to magneto-opticaMO) 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/Q&tAsystem. 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 foab initio calculations of the layer-resolved permittivity tensor.
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[. INTRODUCTION effect includes also contributions originating from the inter-
faces. When the thickness of a magnetic film is reduced
Interfaces between ferromagnetiéM) and nonferromag- down to a few monoatomic layers, the interface contributions
netic metals attract considerable attention in the field of thirbecome easily detectable. These contributions can provide
film magnetism. When the thickness of a magnetic film isimportant information about the nature of the FM/non-FM
substantially reduce@n the order of a few atomic layers electronic interactions. A typical example is the Pt/Co sys-
the interface effects become more significant or often controlem, where due to Pt-Co hybridization, an electronic transi-
a lot of physical effects. This may even lead to new propertion was observed in the polar Kerr effect spectra measured
ties which are not observed in bulk materials, such as interen multilayer$'*° or Pt-Co alloy filmst!*2
face magnetic anisotropy. This anisotropy can overcome the The change of electronic structure at the FM/non-FM in-
demagnetizing field effects and give rise to an out-of-planderface can be interpreted lap initio calculations. In prin-
easy magnetization axis® or control spin reorientation ciple, there are two possible approaches to the problem of the
transitions' Hence, they play a significant role in artificial electronic interactions in multilayers. In the first approach,
superlattices and have a fundamental importance in practicéthe periodic multilayer structure is considered as an artificial
applications, such as perpendicular magneto-opticasuperlattice, i.e., as a new bulk material. This approach has
recording® giant magnetoresistance sensbasd random ac- been satisfactorily applied to Cu/Gd,Pd/Co* and Au/
cess memories. Fe001) (Ref. 15 superlattices. Although this is quite
The interface anisotropy is mainly of electronic origin and straightforward and elegant method, it does not provide spa-
primarily related to the spin-orbit coupling interaction from tially resolved information about the electronic interactions
which originate magneto-opticéMO) effects. One therefore at the FM/non-FM interfaces.
obviously expects that such interface effects should also The second approach introduces interface interlayers. In
modify MO properties of magnetic multilayer systems. this case the multilayer stacking is always considered, but
The most common MO effect used in the investigation ofthe sharp interfaces between the FM and non-FM materials
magnetic thin layers is the MO Kerr effect in light are substituted by some very thin interface layers. This ap-
reflection®® Its magnitude is determined by the sum of indi- proach allows for a description of the FM/non-FM interface
vidual contributions of all magnetic layers in a stratified hybridization, strains, effects of stray fields, interface rough-
structure. Consequently, in magnetic film structures, the Kerness or alloying, etc. Due to a rapid progress indhenitio
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calculations, the interface interlayer approach is even morén Sec. Il we introduce integral MO characteristics of the

fruitful than originally expected. A fully relativistic formal- structure which are subsequently used to derive a relation

ism has recently been developed by Huhne and Ebtat between the optical parameters and experimental character-

define a layer-resolved frequency-dependent optical condudstics of the FM/non-FM interface. Section IV summarizes

tivity tensor in arbitrary layered systems. It can therefore beésample properties and experimental procedures conducted to

expected that in the very near future it will be possible toobtain the interface contributions to the total Kerr effect. The

make a direct link between the microscopic initio calcu- ~ €xperimental data and the MO parameters of the interface

lations and the phenomenological interface interlayer modinterlayers are presented in Sec. V. Finally, simple models

els. describing the contributions of the FM/non-FM interface to
From the experimental point of view, the interface effectsth® MO Kerr effect are discussed in Sec. VI.

can be better studied on simple systems with one or two

magnetic layers, because the structural properties can be bet- 1I. EXPERIMENTAL POLAR KERR EFFECT IN A

ter controlled. Such simple systems allowed recently a large SANDWICH STRUCTURE AND ITS REALISTIC

progress in understanding of magnétiand quantum size ANALYTICAL DESCRIPTION

effectd®1%in structures consisting of FM and noble metal As follows f h _ H lex Kerr eff
layers. However, little attention has been paid to the MO _ AS follows from the experiment, the complex Kerr effect

properties of the FM/noble metal interface itself. This is due® ¢@n. (o some extent, be described by a linear function of

to the fact that up to now there was no technique availablé?® FM film thickness(®, i.e., ®~Bt"), whereB is a com-
for separation of the pure MO characteristics of interface®!€X nurlet_)%r. The exact linearity is predicted by simplified
from the experimental MO data. model§' Whlch are der_lved under the.followmg assump-

Until recently, the interface contribution was deducedtions: (i) The optical profile of the multilayer structure is
from the analysis of the Kerr effect variation with the FM StePlike, i.e., all layers are optically homogeneous and sepa-
film thickness. As expected, both the theoretical models anf2t€d by sharp planar interfaces) The FM f||m(|§) ultrathin,
experiments show that, if one neglects contributions from thé%;) its thickness is assumed to Be<\/(4mN |), where
non-FM layers, there is zero Kerr effect for zero thickness of -~ IS the complex refractive index of the FM film andis
the FM film. On the other hand, there is an experimentafl® vacuum wavelength of the probing light. For example, at
evidence that thextrapolationof the Kerr effect for zero )\z(g',:?o nm, the tthI((lgess of an ultrathin Co film
FM film thickness is nonzero. This was observed, for ex-(N""[~2.7) has to ba™<9 nm. Because conditions)
ample, in the Au/Co/Au sandwich structuf®snd in the e_md (ii) are not completely fulfilled in real structures, the
Pd/Co/PdRef. 21) and Pt/Co/PtRef. 22 wedges. The non- linear expression ol) has to I_Je corrected by a constant and
zero extrapolation was assigned to the contribution of thé quadratic correction term, i.e.,
FM/non-FM interface. ® ® (2

The interface contribution, for a given wavelength, de- O () =A+BtT+C(t)". @
pends upon several parameters, such as the angle of incll-he coefficientsh, B, andC are, in general, complex num-
dence, the incident light polarization, optical properties andr.lers The ternA eicc'ounts for th'e fact that ihe actual profile
thicknesses of the sandwiching layers, etc. Consequently, of thé off-diagonal element of the permittivity tensor is not
is not straightforward to interpret the experimental MO data.d ibed b teplike function of the coordinate across the
In principle, it is possible to obtain MO properties of the eslqlrl ed by a step h : : inl |
interface interlayers by, e.g., fitting the experimental data to multilayer system. The quadratic term is mainly related to

theoretical modet® However, this is in most cases almost?xi(:hiﬂzng& lc;‘yter;eth?(ii?]ggglmreflection coefficients, rpp
impossible as it requires the knowledge of optical parameters In the following we will consider the polar Kerr effect, the

of all other layers involved in the multilayer system. L £ th I ) icul
In this article we extend the analysis of the Kerr eﬁectmagnenzanon of the FM ayer being assumed perpengllcu ar

variation with the FM film thickness. We introduce a quan- 0 the sample surface, i.&]=(0,0M;). The MO properties

tity which describes the MO properties of the FM/non-FM ©f such a FM layer are described by the permittivity tensor

interface and can be deduced straightforwardly from the ex-

(F) (F)

perimental data. It is demonstrated that this quantity is inde- €90 —ie} 0
pendent on the incidence angle of incoming light, its polar- eP=|ie? &P 0 |. 2
ization (s or p) and the thicknesses and the optical "
parameters of sandwiching layers. Provided that the off- 0 0 &

diagonal permittivity elements of the inner part of the ferro-

magnetic layer are known, this quantity can be used for The diagonal elements{” are assumed to be equal.

evaluating the off-diagonal elements of the permittivity ten-These elements have only a small influence on the polar Kerr

sor of the interface interlayer. Furthermore, the technique caaffect originating from the ultrathin magnetic layer, as will

be used both for polar and longitudinal geometries of theoe demonstrated below.

multilayer magnetization. For an ideal sandwich structure consisting of an homoge-
The article is organized as follows. In Sec. Il we shortly neousultrathin FM layer of thicknesg("), the linear polar

summarize analytical formulas giving the description of theKerr effect?>%is proportional to the off-diagonal element

Kerr effect in structures containing ultrathin magnetic films.={" of the permittivity tensox2), i.e.,
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FIG. 1. Schematic representation of three different proilgs) of the off-diagonal optical permittivity tensor elements in a sandwich
non-FM/FM/non-FM structure. Casa) represents the simplest steplike profile for which the Kerr effes proportional ta(". 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 FM layer.
Case(c) represents a general profig(7).

= ye{PtP= e (3) The polar Kerr effect described by Eg8) and (4) does
not depend on the diagonal permittivity of the ultrathin FM

In the following, we will refer to the off-diagonal element layere{”. Consequently, the MO signal should not depend
&{") as theoff-diagonal permittivity Similarly, the coefficient ~0On its variation near the FM/non-FM interface. On the other
&, which stands for the produef™t(®, will be referred to as hand, for ultrathin films, it is the off-diagonal permittivity
the integral off-diagonal permittivity {7 that contributes to the Kerr effect. Consequently, the

The termsé and y are related to the properties of the Kerr effect depends on the variation ef across the FM
ultrathin FM layer itself and the optical properties of the restlayer. The details of this dependence and its variation with
of the sandwiching layers, respectively. If the ultrathin FM the shape of the, profile will be discussed in the following
layer is deposited on a semi-infinite non-FM substrate an&ection.
covered by a non-FM overlayer of the same material, the

. 526
optical termy has a forrd IIl. INTERFACE CONTRIBUTIONS AND INTEGRAL

OFF-DIAGONAL PERMITTIVITY EXCESS

2(w/c)NI"NO@cos
(w/c)Nz ¢ The description of the FM/non-FM interface by a steplike

(N©@cosgp+ NI (NONEPx £ Pcose) profile of the off-diagonal permittivity is unsatisfactory to
o (0F) (nF) account for the nonzero Kerr effect extrapolation at zero FM
Xexd — 2iN;"(w/c)ty™], ) layer thickness. For real interfaces it is possible to approxi-
) (") = . mate the FM layer and its magneto-optically active surround-
where ¢, o, N*™, andN™=yeq" are, respectively, the ing by a stack of infinitesimally thin sublayers of thickness
incidence angle, the angular frequency of the incident light{() 3nd constant off-diagonal permittivity(li). Due to its
the complex refractive indices OIn%'r and(r?Ff)ghe r:(?)"z"mm additive characte?® the total Kerr effect of the stack of FM
sandwiching layers. The terfi;™= N"™?—N%sir’¢  gyplayers is a sum of the individual contributions from all
corresponds to the component of the wave vector in the tphese sublayers, i.eq?zij(i)zzx(i)sgi)t(i)_ This situation
non-FM layers divided by the magnitude of the wave vectoris shown in Fig. 1. If the total thickness of all sublay&t"

in vacuum, i.e.N{""=k{""/k,. The influence of the thick- satisfies the ultrathin approximation, the teg® is constant
nesst{"” of the non-FM cover layer is expressed by thefor all sublayers and will be noted by. Subsequently, the
exponential factor. The upper and lower signs in the denomitotal Kerr effect can be expressed by

nator correspond to the(Kerr s effect, ®s=—rs/rs) and

p polarized(Kerr p effect, ®,=rg,/r,) incident light, re-

spectively, where the reflection coefficients,, rps ‘DZXE s(li)t(i)E)(E. (5)
(rss:fpp) are the off-diagonaldiagona) elements of the [

Jones reflection matrix. If the non-FM substrate is finite, then

the expression for the optical tergis more complicate4?  As follows from the previous equation, the stack of discrete
nevertheless the factorization in E®) is preserved. sublayers can be substituted by a continuous medium char-

X
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acterized by an adapted profidg(7). Then, the expression diagonal permittivity(described byt,) from the ideal step-

of the Kerr effect can be written in the integral form like permittivity profile. This is, therefore, the key point of
the proposed method to analyze the MO interface contribu-
®=y f s1(r)d7=XE. ()  fons. . . _ _
MO active region In the following, we will list theoretically predicted ad-

vantages of thé&\/B ratio.

(i) It is directly determined from the experimental FM
ckness dependence of the Kerr effect.

(i) From the definition off, given by expressioi8) it
follows that theA/B ratio is independent on the exact profile
of the off-diagonal permittivity distributios ;(7) across the

The quantity £ represents the total MO response alf
magneto-optically active sublayers. This is why it has beer{hi
defined as théntegral off-diagonal permittivity

Several types of off-diagonal permittivity profiles(7)
across the non-FM/FM/non-FM sandwich will be assumed

afg)?r?gggcgtne ﬂ:)?.:eee\fl oi)smphﬂcaﬂon, they can be dlV'dedinterface regions. Its value is given by the difference between
: goriesm1g. 1. the integral off-diagonal permittivity of the real and steplike

In t(ﬁ? The flrtsr;t onertci:olrl;\(:sopong;i’l[jo t?nn'de?l Ster?“rempm?Ie'grofiles, provided that the ultrathin approximation is fulfilled.
s case the partia €0 ulions are constant acros (iii) In the ultrathin approximation, thig\/B ratio de-

. . F) .
the thickness of the FM filrt{®) [Fig. 1(a)] and the total Kerr scribes the MO properties of the FM/non-FM interface in a

effect is expressed b =y &= XSl(F_)t(F)' _ similar way as optical constants. It doest depend on the

(b) In the second case, the_ profile £f(7) is assumed to incidence angle and on the polarization of probing light. It is
be composed.of three partfig. 1b)]. In the part 1’.th? also invariant with respect to the other characteristics of the
value ofe,(7) |s.equal to th?ngulk value of the sandwphmg studied structures, such as the thickness and optical param-
non-FM layers, i.e.¢1(7)=e17'=0. In the part 2£1(7) IS gters of the non-FM sandwiching layers.
assumed to be equal to the bulk Va_lt@ of the FM layer (iv) Although Eq.(10) was derived for a sandwich struc-
independently of the deposited thickne$®. In part 3,  tyre containing only a single ultrathin FM layer, it should be
which corresponds to the FM/non-FM interface region, theemphasized that it is also valid for systems with mioken-
prOﬁle is quantiﬁed by some smooth function which is indE'tica| ultrathin EM |ayers embedded in the same non-FM ma-
pendent ort(?. Consequently, Eq(6) leads to terial, provided that the thickness of all the FM layéos

getherfulfills the ultrathin approximation. We will show the
©=yE=x(Ea+ e ). () derivation of this result for a structure consisting of two FM

The quantity&, introduced in Eq(7) will be referred to as 1ayers. Because of its additive character, the measured Kerr
the integral off-diagonal permittivity excessecause it de- €ffect is a sum of contributions originating from both FM
scribes the difference between the integral off-diagonal per2yers, i.e.,
mittivity of the real and steplike profiles, i.e.,

®:¢)1+¢2:X151+X252. (11)
5A=5—s(1F)t(F)=J ey (ndr—ePt®. (8)  If the structure and magnetization states of both FM layers
MO active region are identical, i.e.£,=&,=¢&, the total Kerr effect can be

factorized to a form consisting of the integral off-diagonal
ermittivity £ and the effective optical terrp’ given by the
um of the individual optical termg, and -, i.e.,

(c) In the third case, the off-diagonal permittivigy(7) is
described by a general function of the position across th
sandwich structurgsee Fig. 1c)]. In this case, the integral

_ . g e . . (F) _ , ,
off-diagonal perrr_uttlwtyé’ is a general funcnon of . Al D=x'E X' =x1+Xa. (12)
though the function can have an arbitrary form, it can be
approximated by an expression similar to Eg), i.e., From an experimental point of view, the dependence of the
total Kerr effect on the FM layer thickness can be again
5(,[(F)):J e1(rtP)dr=Ext &, PO, (9) described by an equation analogous to expresdinn
MO active region

d=A"+B'tP+C’(1(M)2 (13
where £;(F) and £, are some effective values of the off-
diagonal permittivity and its corresponding integral excess. Here, t(F) stands for the thickness of theingle FM layer
In the following we will analyze categorgb). For com- embedded in the sandwich structure. Similarly as for Eq.
paring the theoreticdlexpressior(7)] and experimentdlex-  (10), the comparison of expressiofk2) and (13) results in
pression(1)] dependences of the Kerr effect on the FM layerthe equality between the experimentally obtained value of
thickness up to the linear term, it is convenient to use thed’/B’ and the ratio€s/e{”, where&, is calculated as in

ratio expression8).
(v) The approach described above can also be used for
A &a systems with ultrathin FM layers with in-plane magnetiza-
B KRGk (10 tion. In this case, the off-diagonal permittivity is given by
1 e{P=—ieD=ie)) . The longitudinal Kerr effect is propor-

This expression shows that the experimentally deduced ratitional to the ratio between the off-diagonal and diagonal per-
A/B is directly related to the deviation of the integral off- mittivities of the ultrathin FM film? i.e.,
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Djong= ,,t(F)(s(lF)/ng))_ (14)  Au/Co/Au(11]) polycrystalline systems. In this section we
) o o ) shortly describe the preparation of samples and the experi-
The optical termw, which is the longitudinal analog of, IS mental procedures used for the MO Kerr effect measure-

independent on the properties of the FM layer. Parametergents. we report results on three different Au/Co specimens
equivalent ta€ and&, can be defined in the longitudinal case i, stepped cobalt layers.

by The samples were prepared by evaporation in ultra-high
ex(7) vacuum (100 Torr range. First, a 24-nm-thick A(L11)
Eiong= J ——dr, textured fcc polycrystalline buffer was prepared on a float
&o(7) glass substrate by room temperature deposition at a rate of
® (15) 0.2 nm/s and subsequent annealing at 175 °C. The average
< :f e1(7) —Sit(F) crystallite size in the buffer layer was 100 nm, the atomi-
Ajlong eo(T) T e cally flat terraces with 30 nm average width were separated

_ by monoatomic steps. An average r.m.s. roughness of the
The Kerr effect expresses aBjong=v€iong, and the ratio  Ay(111) surface measured by AFM over a d@x 10um

(A/B)ong CaN be written as area was about 0.5 nrf2.5 AL). This was confirmed by
" low-angle x-ray diffractometry on the entire surface of the
(ﬁ) _g, B0 (16) sample?
B/ ong A*'O”gg(lF)' For two of the three specimens, 3 nm of Au was addi-

tionally deposited at room temperature onto the annealed

(vi) Expressiong6) and (8) show that the interface con- buffer. This additional Au layer provides a long range
tribution to the total Kerr effect can be quantified by the smoothing of the surface, and suppresses in part the imper-
integral off-diagonal permittivity exces$, . In order to in-  fections due to grain boundaries. Low-angle x-ray diffrac-
clude the interface contributions into the multilayer tometry showed that this additional Au layer has the same
model€>?° one can introduce ultrathin transition interface fcc crystallographic structure as the annealed buffer layer.
layers located between the FM and non-FM layers. Thes&he smoothing was confirmed by both RHEED &ndsitu
interface layers can be chosen arbitrarily. The only requireresistivity measurements. However, we have not found any
ment is that they must include together the total integratedlear difference between th&/B ratios measured for speci-
permittivity excessg, . It is, however, practical to use very mens either covered or not by this additional Au layer.
simple layers. A good choice are two identical interface lay- On the high-quality Agl11) buffer layer the Co film was
ers with the diagonal permittivity of the non-FM sandwich- grown at room temperature at a deposition rate of
ing layers. These interlayers have an equivalent thicknes3.005 nm/s. Due to the large misfit between the Au and Co
t( [for exampletiW=1 AL (atomic laye}] and are adja- lattices(14%), the Co film grows initially in a double-layer
cent to the FM layer from both sides. For these interlayerstnode. The Co film becomes continuoust&®=2-3 AL
the off-diagonal permittivitys(l'”) differs from zero by a (0.4—0.6 nm). No variation of the Co surface roughness

quantity has been observed up to 15 AB nm). These results are
coherent with resistivity measurements on our samples dur-
(in) En ing the Co film growttt! Furthermore, these results are con-
Agj PR (17)  sistent with previous STM studi&sof the Co growth mode

on a reconstructed Ali11) surface.
The factor 2 was used in the denominator to distribute the The Co film exhibits a(0001) hexagonal close-packed
total excess between the two interface layers. Because tibcp structure, as checked on a few-nm-thick Co films by
integral off-diagonal permittivity exces%, is related to the TEM and by 5°Co nuclear magnetic resonante80-85 %

ratio A/B through the expressiofl10), one obtains of the Au-Co interface misfit is relaxed, while 20—15 % give
strains®® Finally, the Co film was covered by an ultrathin

(in) s(lF) A gold overlayer, grown at room temperature at a deposition

Aey = oim B (18)  rate of 0.05 nm/s. The r.m.s. roughness of the top Au-Co

interface is estimated to be 3 AD.6 nm), the Co crystallites

With these interlayers one can reproduce the experiment&}aving @ mean size of about 7 riftiThese results agree with
data down to the limit ot(, when the part 2 in Fig.(b)  the data of cross section TEM of Au-Co interfacédlote

disappears. Below this limit the model provides valuesthat we previously evidenced a clear demixing between Au

35
®(t), which would be obtained from the experimental @1d CO _ , _

data by extrapolation. Note thdl(t(F)=0)=Afor these in- MO experiments were carried on the following three
terlayers. Au/Co structures with stepped cobalt layers. The first

sample, indicated asX, has the following structure:
Au(5 nm)/Cot{“?)/Au(27 nm)/float glass substrate. The
cobalt layer thicknesses ar¢(®©=0.4,0.6,0.7,0.8...,
1.5,1.6 nm. Each Co layer step has a width of 3 mm. The
In the following we apply the formal interface description second sampl¥ is Au(7.5 nm)/Cot(°®)/Au(28 nm)/float
developed above to analyze the polar Kerr effect data imlass substrate. The cobalt layer thicknesses are tiete

IV. STUDIED SAMPLES AND EXPERIMENTAL
PROCEDURES

155405-5



J. HAMRLE et al. PHYSICAL REVIEW B 64 155405

_ oo —T T T T Ty Therefore, in principle, to extract the coefficiedt@andB, it
§’ 0.00 can be sufficient to fit the experimental data with the linear
5_0_01 ] part of the expressiofi).2° Although this can be useful for a
% O iolar Hioticit qualitative analysis, it is not sufficient for a more precise
=] -0.02¢ TRy err eTpticty 1 guantitative treatment. Inclusion of the nonlinearity associ-
T-0.03F  poar ] ated with the coefficien€ in expression(1l) improves the
g -0.04} Kerr rotation accuracy on the values of theandB coefficients, and it was
g 005l therefore used in the data analysis.
e The fitting procedure was carried out for cobalt layer
E-o.os [ e ] thickness in the range of 0.7-1.4 n(8,5—7 AL). The sur-

00 0.2 04 06 08 1.0 1.2 14 16 face morphology of the Co film does not change significantly

Cobalt layer thickness [nm] on the considered thickness range. For thinner cobalt layers
the experimental data exhibit quite large deviation from the

(solid symbol$ and ellipticity (open symbolswith thickness of the expecte_d smooth C_Jependence df on t.(co.)’ as given by

Co layer in the sampl&, measured at a photon energy of 3.45 eV expression(1). As dlscu_ssed above, this is related to the
at nearly normal incidence of light. The original experimental datagrOWth mode of the C,:O fllr_n. For Co layers thicker than 7 AL
for all thicknesses available for this sample are plotted by circles(1-4 M, the magnetic anisotropy becomes not large enough

The data used for the linear fitting procedure after subtraction of th0 Maintain an out-of-plane magne'tizati%YnThen, for mag-
nonlinear contributions, as described in the text, are plotted by trinetic field values used in our experiments, the magnetic satu-

angles. ration is not reached. As a consequence, the Co films exhibit
a smaller Kerr effecta larger curvature in Fig.)2han ex-

=0.7,0.8,0.9,1.0,1.1, and 1.2 nm, with a step width of 3pected.

mm. The last sampleZ considered here is a bilayer For present samples, the best fitting results were obtained

Au(5 nm)/Co(t‘©?)/Au(1.3 nm/Co(t(€?)/Au(27 nmy/float  When the nonlinear terr@(t(©®)? of expression(1) is cal-

glass substrate. Both cobalt layers have the same thicknegglated from the optical multilayer mod&l.For this calcu-

t(¢9=0.34,0.7,0.9,1.1,1.3,1.5, and 1.9 nm. The individuallation we used the optical data of ARef. 20 and Co(Ref.

step width is 4 mm. The sampleé and Z were prepared 38) and the MO data of Co deduced from the experimental

exactly by the procedure mentioned above. Kerr effect on thick Co filmg? The coefficientsA and B

SampleY was prepared in nearly the same wayut  Wwere then determined from the experimental data after sub-
without adding 3 nm of Au on the annealed Au buffer. Thistracting the calculated nonlinear ter@(t“»)2. In other
specimen was prepared in a different UHV chamber tkan words, the datab — C(t(©®)? were fitted by the linear func-
andZ. tion A+ Bt(C0).

Spectroscopic measurements of the polar Kerr effect have
been performed by two equivalent methods, based on the
modulation of the state of polarization of the light either by a
Faraday cell with a feedback compensatfofi or by a pho- In this section we show spectroscopic experimental data
toelastic modulato?® The precision of both techniques is of of interface contributions to MO polar Kerr effect in our
the order of 10deg. Au/Co systems. These data are analyzed by using the method

The measurements were performed in the following gedescribed in Sec. lll.
ometries. For sampl¥, the Kerrp effect ®,=rg,/r,, was Figure 3 shows typical experimental spectra of polar Kerr
measured for incidence angles=7°, 60°, and 80°. For effect obtained for the samplg with t°©=1.27 nm. As
sampleY, the angle of incidence was 5FPe., nearly normal expected, the spectra exhibit clear spectroscopic structures
incidence. For the bilayerZ the incidence angles werg¢ near 2.5 eV associated with the plasma edge in gold. This is
=7°, 60°, 70°, and 80°, and for this sample both Ksrr a well-known effect induced by the optical properties of the
effect (@s=—rys/rsd and Kerrp effect (@y=rg,/rpp) buffer layer, which was discovered by Katayagtaal. in the
spectroscopic experiments were performed. The MO KerFe/Cu systeri? in polar Kerr geometry. This effect was pre-
effect was measured in a magnetic field of 0.15 T after previously analyzed for the present Au/Co system in polar
magnetizing it at saturation with a pulse of 0.56 T appliedgeometry?®2*
during 1 s. The MO effect was deduced from the difference When the polar Kerr effect dahearly) normal incidence is
between MO signals for two opposite orientations of thecompared with the spectra df, and® for larger angles of
magnetization vector. incidence(e.g., for¢p="70°, as shown in Fig.)3a significant

A small Au diamagnetic contribution was measured sepagualitative difference is observed. Such a large difference
rately on a part of the specimen witF¥=0 nm and sub- results from the angular dependence of the Fresnel reflection
tracted from the experimental Kerr effect for the nonzerocoefficients especially in the vicinity of the principal angle of
t(®9 values. A typical variation of the Kerr rotation and el- incidence. It should also be noted that the qualitative charac-
lipticity data with cobalt layer thicknesg&®® is shown in ter of the Kerr spectra is independent on the cobalt layer
Fig. 2. The dependence af® can be described by the thicknesst(°?). We did not observe any clear features asso-
parabolic functioexpressior(1)]. As follows from the pre- ciated with the quantum well states in the Co layer, as al-
vious section, only the coefficients and B are important.  ready reported in other systefffdNote that the Au protective

FIG. 2. Typical experimental variation of the polar Kerr rotation

V. EXPERIMENTAL RESULTS
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polarizations. The larger experimental errors on A8 ra-

_ o8 R A tio for larger photon energies are due to smaller absolute
g o0} 3 values of theA andB coefficients at these energies.
z 0.05 | meetEET Ty ] As can be seen from this figure, the raf\dB exhibits
}-‘:; R S T e SO only a weak(almost within the error bayglependence on the
E 0.00F ] angle of incidencep, as predicted in Sec. Ill. On the other
§.005F “viy,/ Ao Goszivey *% hand, the graphs demonstrate a slight difference between the
g values corresponding to treeandp polarized incident light;
g -0.10} 1 o . : : :
] this difference is especially evident for photon energies
§ -0.15F Kerr rotation ] higher than 3 eV.
4 " N . : 1 . .. . . .

1.0 1.5 20 25 3.0 35 4.0 In order to explain the origin of this difference, numerical

Photon energy [eV] analysis of theA/B ratio deduced from thé, and ® ob-
servables was performed. The experimental data were simu-
FIG. 3. Experimental spectra of the polar Kerr effect for the latéd by a model using the interface interlayers, as described
sample Z with two identical Co layers of thicknesg(¢®  in Sec. lIl. In the simulation, the polarization dependence of
=1.27 nm. The spectra are represented for incidence angles the A/B ratio was found to be much smaller than that shown
=7° (squaresand¢=70°, where the Kers effect®, and the Kerr  in Fig. 5. This points out that the detected difference does not
p effect®, are displayed by triangles and inverted triangles, respecoriginate from the ultrathin approximation employed to ana-
tively. lyze the data. Note that for this sample, the thickness of the
Au interlayer separating the two Co layers is only 6.5 AL
layer is thick enough, so that the contributions to the Kerr(1.3 nm); this approximately corresponds to the decay
effect due to the quantum well states in this layer can bdength of the oscillatory exchange coupling in the Au/Co/Au/
neglected'’ Co/Au(111) systent? One can therefore expect that there
A linear regression analysis of the polar Kerr effect varia-will be still an appreciable MO Kerr contribution of the spin-
tion with t(®, performed after the subtraction of the qua- polarized quantum well states in this Au la§&t*which can
dratic contribution, provided spectra of theand B coeffi-  be sensitive to the incident polarization. Because we do not
cients as shown in Figs(@ and 4b). As expected from the have a precise microscopic model of the interface, we cannot
theoretical analysis reported in Sec. lll, the spectra ofAhe determine the origin of this difference. Another possible rea-
coefficient should vary significantly with the angle of inci- son for this discrepancy could be a small systematic error
dence and with the polarization state of the incident light inbetween the experimental data measured for both polariza-
the vicinity of the principal angle. This is due to the fact thattions.
A is proportional toy, as it follows from the comparison of Figure 6 compares th&/B ratios for the Au/Co interface
expressiong1) and (7). Indeed, such large variations are contributions obtained for all studied samples. The resulting
clearly observable in Fig.(d). values are averages of #lf B ratios obtained for each indi-
The spectra of théB coefficient have nearly the same vidual specimen. Spectra of the ratios for all studied samples
shape as those of the polar Kerr effect in the same geometrghow very similar features. Th&/B ratio exhibits a signifi-
This is due to the fact that the terBt(°® in expressior(1) cant behavior near 2.5 eV, i.e., around the plasma edge of
is dominant in the expression of the Kerr effect. gold. This change is not an artifact of processing of the ex-
Figure 5 shows the spectra of the rafidB determined perimental Kerr effect spectra, which have a characteristic
from the analysis of the experimental data obtained on thepectroscopic structure in this spectral region. It shows that
bilayerZ for different angles of incidence and two incident the MO characteristics of the Au/Co interface are influenced

T —— v T 0.10

0.04 e, Real part —_
.g; E 0.05
o 0.02f o [
= g 3 0.00 ~.
E 0.00} vz E -0.05} &,
- c
© 2 -.0.10}
% -0.02} £
s § -0.15}

-0.04k Imagxnnary pa:rt 2 ) ) / (&) -0.20} ) ) ] ) ) ;

1.0 15 20 25 3.0 35 4.0 1.0 15 20 25 3.0 35 4.0
Photon energy [eV] Photon energy [eV]

FIG. 4. Experimental spectra of the coefficieAtsa) andB (b) obtained from the data of the polar Kerr effect measured on the specimen
Z, examples of which are shown in Fig. 3. The spectra are displayed for the angles of incidecg(squaresand ¢=70° (triangles for
@, and inverted triangles fo,). The typical error bars are shown for the angle of incidethce7° and correspond to the standard
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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0.20
0.15F

—— 7,p

0.00F

FIG. 5. Experimental values of
the A/B ratio obtained from the
Kerr s effect®¢ (empty symbols
the Kerrp effect @, (filled sym-
bols) measured on the sampeat
different angles of incidence. The

-0.05}F

0.10f
0.05F
0.00F

-0.10} %

'y part of A/B [nm]

Real part of A/B [nm]

aginar;

05| g5

: ——0%p . error bars display typical standard
020} £ ol s (b) | deviations, as obtained from the
) i . . . . . . , . , linear regression procedure de-
10 15 20 25 30 35 40 10 15 20 25 30 35 40 scribed in Sec. IV.
Photon energy [eV] ’ Photon energy [eV]

by a microscopic mechanism related to the optical propertiethese mechanisms can be included in the general formalism
of gold. and compared with the experimental data of &K@ ratio
It should be emphasized that the Fig. 6 contains valuabléFig. 8).
experimental results. These can be compared with theoretical
calculations which provide the complex MO observables,
i.e., the Kerr rotation and ellipticity. To obtain ti#gB ratio,
it is only necessary to consider a similar procedure to that It is well known that Co and Au do not intermix together
used for the treatment of our experimental data. (Sec. IV or Ref. 35 Thus, from the structural point of view
Figure 7 shows the spectral variation of the quantityonly the interface roughness has to be considered. Recall that
As(l"‘) defined in expressiofl7), as obtained from the ex- Co grows on large Au buffer atomically flat terraces with
perimental data oA/B by expression(18). In the calcula- typical size of 30 nm, and forms first 2 AL thick islands. For
tion, one assumetfM=1 AL (0.2 nm). The off-diagonal a Co coverage larger than 2 AL, the islands tend to coalesce
permittivity of the cobalt layer was calculated from the polarand form a continuous film with a textured polycrystalline
Kerr effect spectra of a thick Co filth using known optical ~ structure giving local peak-to-peak roughness estimated to be

A. Disorder at the interface

indices™® about 2 AL. That is why there is a significant difference
between the nature of the two involved Au/Co interfaces.
VI. MODELING OF THE Au /Co INTERFACE The top one is locally more perturbed than the first one,

which can be assumed flat over short distances. Suppressing

We have already separated the contribution of the FMthe local roughness, a longer range roughness having a rms
non-FM interfaces from the total Kerr effect. Let us now value of 3 AL still contributes as due to Au grain boundaries
discuss its possible origins. As mentioned in the Introduc-and other defects.
tion, there are several effects which can be responsible for In the absence of a universal optical and MO theory in the
the interface MO contributions. The most interesting one igpresence of rough interfaces, we shall consider a simple in-
that related to the hybridization of the electronic wave func-terpretation of the data. In order to model the disorder at both
tions of neighboring Au and Co monoatomic layers at theinterfaces, we shall distinguish between short and long range
Au/Co interfacé® In a simple macroscopic formalism one of roughnesses. The short range roughness takes place at the
course cannot evaluate this interface contribution. From theange of few atomic distances. It is justified that short range
theoretical side, and to our knowledge, up to now there is neoughness can be modeled in the framework of the Brugge-
available ab initio calculation of the effect of the Co/Au man effective medium approximatigEMA).*>*In spite of
interface hybridization on optical properties. Other possibléts different origin, the calculation will be the same as for
mechanisms can also contribute to the interface MO term imeal Co-Au intermixing. In counterpart, the longer range Co
real samples and that cannot aepriori neglected. In this thickness variations may be estimated independently. As dis-
section it will be shown how some of the contributions of cussed above, the short range roughness contribution origi-

0.20
-0.05}
- E oas} o
E 010 = FIG. 6. Real(a) and imaginary
=0T 3 0.10 (b) parts of the experimental ratio
M 3 d .
5 s A/B for all three studied Au/Co
L .
S -0.15 g osh specimens. Each curve was ob-
g g tained as an average of all experi-
E -0.20} : —'—Sanngczz % 0.00} candwich Y mental spectra of thé\/B ratio
4 sandwic e bi available for each specimen.
L —<— bhilayer Z E 0.05 . 2 bilayer Z i p
08015 20 25 30 35 40 10 15 20 25 30 35 40
Photon energy [eV] Photon energy [eV]
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0.3F T " y " T
ozl £ 10T v sandwich X ] FIG. 7. Real(@) and imaginary
E N sandwich ¥ (b) parts of the quantitpe{™ ac-
3" — —— bilayer Z . .

0.1F S o5p quired from all studied Au/Co
§ ool § structures. They are compared
g 2 o0l with the bulk values of the off-
= -0.1 £ diagonal permittivity of cobalt
& 0.2 “v— sandwich X | g (solid lineg. The Au/Co interface

o —a— sandwich Y E .os} interlayer was assumed to have

03bY N, T blayerz . — thicknesst(W=1 AL (0.2 nm).

1.0 15 20 25 30 35 4.0 1.0 1.5 20 25 30 35 40
Photon energy [eV] Photon energy [eV]

nates only from the upper Au/Co interface. The long range 2. Variation of Co layer thickness due to roughness

contribution accounts for both interfaces through the spatial

variation of the Co layer thickness. The thickness variatioqS
of the Au overlayer and the roughness of the air/Au interfacem
give negligible MO contributions.

The most important effect due to the long range roughness
related to the variation of the Co layer thickness. This
odel assumes that the interfaces of the Co layer are not
ideally flat, but consist of flat aredserrace separated by
steps. As a result, the thicknesses of the Co film change
along the specimen. In our case, the terraces are quite large
Consider the first contribution of interface disorder that(tens of nanometersbut are much shorter than the light
comes from short range roughness. This contribution can b@avelength. Then, the specimen could be modeled as an as-
described within the EMA. Let the parametebe a volume  sembly of close microscopic structures with different Co

1. Short range roughness

ratio of cobalt in the mixture. Theie (" =¢{"™ —xe{P and  thickness.
by using Eq.(18) the A/B ratio can be expressed as The distributiong” of cobalt layer thickness is deter-
' mined by a mean value of cobalt thicknes®=3>t(g®
Al g{m and by its variationoP=[Sg® M -t™)21Y2 The Kerr
B =2t 8(1;:) X/, (19 effect in such a system can be computed as a ratio of reflec-
mix

tion coefficients Ps= —rg,/r55, Pp=rps/T ;). These mac-

wheres{™ is the off-diagonal permittivity of the mixture. ~roscopic reflection coefficients were determined as a
The short range roughness effect was calculated assuminggighted average of the reflection coefficients which were

an interface thicknes$™=2 AL (0.4 nn) that corresponds Calculated for different cobalt layer thicknesses,

to the local peak to peak roughness of the upper Au/Co in=29"r{ (the subscriptsi, v stand fors or p polarization.

terface. The MO effects due to this contribution are depicted’he dependence of th& term (or the A/B ratio) on total

in Fig. 8, assuming a hypothetical jxCa, s interface layer. roughness is quadratiA¢- o(™?).4” On one hand, if both

When changing interlayer concentration 1y20%, the spec- Au/Co interfaces display uncorrelated roughnessand o5,

tral variation of theA/B ratio does not change significantly. then the Co layer thickness variation d$" = (o5 + 03)*2.

The calculated spectral variation of t#¢B ratio has some On the other hand, if both interfaces have identical and fully

similarities to the experimental data, but its magnitude iscorrelated roughness, therf”’=0. The quadratic increase

smaller than that observed. Thus, this contribution alone if this contribution witho(™) is obvious because the linear

unable to explain the main part of the interface MO contri-terms cancel after averaging. This mechanism therefore falls

bution. beyond the ultrathin linear approximation.
0.05 ——— a5
= Co thickness variation = et M
£ o000 \__ AN 1 E o] Sandwicnx / ]
s SRSyt 1 2 N\ "
g -0.05f / 1 B o0sl " Modified M ]
- % A %
i ,m\ ] ./’ / //_\
§ 0108 vrodified M /“' *1 < oo / ==
=3 S ¥
T -0.15}F / ’0‘/ 4 & 0051
g EMA N g -0
- A ;" ) EMA
g 0201 7% Sandwich X g 010
& Mot A"‘/ = Co thickness variation
025 hha Atk NN e
10 1.5 20 25 30 35 40 10 L5 20 25 30 35 40

Photon energy [eV] Photon energy [eV]

FIG. 8. Real(a) and imaginary(b) parts of theA/B ratio calculated fo«i) the short range roughness of the Co layer surfaver the
thicknesst™=0.4 nm) computed by using the effective medium approximat®MA), (i) the contribution of Co thickness variation
o(M=0.6 nm, andiii) the modified magnetic moment=0.9 of one Co monolayer of thicknet&)=0.2 nm.
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In principle, there could be also long range surface roughand can be compared with any type of the permittivity tensor
ness contributions of the Au buffer and overlayer. These efprofile determined theoretically.
fects were evaluated and found to be negligitéo of the It would be very useful to extract the net contribution of
contribution of the Co thickness variatipn electronic interface hybridization from the experimental data.
Both Au/Co interfaces exhibit long-range r.m.s. roughnessrhis should be possible for systems where the film grows
of about 3 AL. However, we can assume that they are partlypseudomorphically layer by layer, giving rise to very flat
correlated. We estimate that the maximum peak to peak CBM/non-FM interfaces. In such a case the presence of inter-
terraces thickness variation is not larger thaf?)=3 AL layers, described within the EMA, can be excluded. Then,
(0.6 nm. This “long range roughness” contribution to the real space studies of surface morphology would provide
A/B ratio is plotted in Fig. 8 for a Au(5 nm)/Ct€?)/Au structural parameters to account for roughness effects and the
film. The shape of the calculatéd B spectra is close to that intrinsic electronic contribution would be determined.
calculated by EMA. As it is seen in Fig. 8, this last mecha- In the case of Au/Co/A11]) structures the situation is
nism contributes much less than the previous “short rangsomewhat more complicated. Although the bottom interface
roughness” term. of Co layer is planar at the microscopic scale, the top Au/Co
interface has a complex topology determined by the structure
of the Co film surface. This will, to some extent, affect the
electronic interaction at the top interface, because the con-
This model assumes that the cobalt atoms which are ifigyration of the nearest neighbors will not be uniform along
contact with the gold layer have magnetic moment differentne interface plane. Consequently, the electronic contribution
from those in the inner part of the Co film. This can be || also depend on geometry of this interface. Therefore it
accounted for by considering that a part of the Co layer, withyj|| not be possible to separatxactlythe contribution of
thicknesst(™, has a relative magnetizatiom# 1. Conse- effective intermixing from that due to electronic hybridiza-
quently, Ae{"”=(m—1)s{°” and Eq.(18) implies that tion at the flat Au/Co interface. We believe, that this problem
is not too serious because the lower interface is flat on a
_, (in) nanometer scale. The top Au/Co interface is also reasonably
Bl (m—=1)t™™. (20 flat on the surface of Co islands. Therefore, in our opinion,
co the approximate separation of these two contributions is cer-
As is immediately seen from expressi20), this contribu- tainly valiq apd the present experimer)tal .dia'Fa of interface
tion is invariant with respect to the photon energy and affectd1O contributions may be compared witb initio calcula-
only the real part of thé\/B ratio. The Fig. 8 presents this tions of th.e effect of electronic hybridization at flat
contribution for one monolayer of Co atomst(p  Au(111/Co interfaces.
=0.2 nm) with a reasonable reduction of the magnetic mo-
ment by 10% (=0.9) at the Au/Co interface. Because this VII. CONCLUSION
contribution is a real number, it cannot account for the imagi-
nary part of theA/B ratio and the spectral variation of the ~ By using analytical expressions of the MO Kerr effect in
data. This mechanism would have only a tiny effect. simple structures with ultrathin magnetic layers, we devel-
oped an original procedure to extract the magneto-optical
parameters of interfaces between ferromagnetic and nonfer-
romagnetic metals. The interface contributions were ex-
In order to describe the observed MO contribution of thepressed as a ratid/B of coefficients describing the experi-
Au/Co interfaces it is necessary to change the off-diagonainental variation of the complex Kerr effect with thickness of
permittivity of one monoatomic interface layer by a value the ferromagnetic filmt(?, using a linear approximatiof®
which is of the same order of magnitude as the off-diagonak A+ Bt(P). The advantage of this representation is that the
permittivity of cobalts{“®. The modified magnetization at A/B ratio is independent on experimental conditi¢ies., the
the interface and the changest6f® along the specimen due angle of incidence and the polarization state of the incident
to the interface roughness are too small to explain the experlight), as well as on the optical properties and thicknesses of
mental interface contributions in the Au/Co system. The consandwiching layers.
tribution of the effective top Au-Co interlayer calculated in  The procedure allows one to extract the interface-related
the effective medium approximatiofEMA) also does not information from standard MO experiments. It also provides
describe the observeAl B ratio satisfactorily. Therefore, our more reliable physical data relevant to the interface-induced
results suggest that the most important part of the interfaceontributions to the MO observables. This kind of analysis
contribution arises from intrinsic properties of the interfaceallows to link the experimental studies to the theoretical cal-
itself, i.e., from the Au-Co electronic hybridization. culations of electronic interactions at the FM/non-FM inter-
The experimental data interpreted through macroscopitaces.
models involving different contributions to the interface- This treatment was applied to three Au/Co(All) poly-
related MO signals should provide useful material to be comerystalline structures with perpendicular magnetic anisot-
pared with results o&b initio calculations of layer-resolved ropy. The interface contributions were analyzed by measur-
permittivity tensort® The suggested representation of inter-ing the MO Kerr effect at different angles of incidence on
face effects by integral permittivity excess is very generaldifferent specimens. The experimental results have con-

B. Modified magnetic moment of Co atoms at the interface

C. Au-Co electronic hybridization
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firmed the advantages of the proposed procedure in the tresguggest that this comes from the Au-Co electronic hybridiza-
ment of the data on interface MO contributions. These resultdon at the Au/Co interfacesAb initio calculations of the
also prove that the interface effects can be accounted for biayer-resolved permittivity tensor are needed to provide
macroscopic optical approaches and described by a variatiafeeper understanding of this problem.
of the local optical permittivity tensor in the interface re-
gions. The off-diagonal permittivity exceds:{" can be cal-
culated directly from the experimental value of théB ratio
under condition that the off-diagonal permittivity of the inner
part of the FM layer is known. The authors acknowledge Mme. M. Galtier for preparing
The effect of several processes, which could be partiallysome of the samples and J. Miktand A. Mougin for criti-
responsible for the interface contributions in non-FM/FM/ cal readings of the manuscript. This work was partially spon-
non-FM systems, was estimated by using simple modelssored by the Grant Agency of The Czech RepuljBrant
Models taking into account the short range film roughnesNo. 220/97/1180, 202/00/0761, and 202/99/D060ne of
and the variation of Co layer thickness provide interface conthe authorgJ.H) would also like to thank the Laboratoire de
tributions which have spectroscopic features similar to théPhysique des Solides, UniversiRaris-Sud, Orsay for its
experimental data. However, to agree with calculations, on&ind hospitality during his stays, and the Ministedes af-
would have to consider much larger roughness of the interfaires ‘¢rangees for financial support. Another auth@a.N.)
faces than that measured. Thus, such structural effects canradso acknowledges the Max-Planck-Institut fdikrostruk-
explain the too large magnitude of the MO interface effectsturphysik in Halle for a friendly and stimulating atmosphere
Therefore, another contribution has to be considered. Wand for a financial support during final stages of this work.
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