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Dynamic in situ optical and magneto-optical monitoring of the growth of CoÕAu multilayers

R. Atkinson, G. Didrichsen, W. R. Hendren, I. W. Salter, and R. J. Pollard
The Queen’s University of Belfast, Department of Pure and Applied Physics, Belfast BT7 1NN, United Kingdom

~Received 27 January 2000; revised manuscript received 1 May 2000!

In situellipsometry and Kerr polarimetry have been used to follow, continuously, the evolution of the optical
and magneto-optical properties of multiple layers of Co~5 Å! and Au ~37.5 Å! during their deposition. A
particular feature of the results shows marked oscillations of the magneto-optic polar Kerr effect, with a period
of about 16 Å, during the deposition of each Au layer. The appearance of oscillations occurs in both Kerr
ellipticity and rotation in a way that depends upon underlying buffer layer thickness and the number of bilayer
periods in the multilayer stack. Magneto-optical oscillations have been reported previously in Co/Au and
Fe/Au systems and have been interpreted as being a consequence of magneto-optic transitions associated with
quantum-well states in the noble-metal layer. The comprehensive optical and magneto-optical measurements
reported here allow intrinsic material properties to be determined for developing ultrathin layers. These facili-
tate a better understanding of the observed magneto-optical signals that result from such structures and also
provide a means of predicting such signals for any optical system.
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I. INTRODUCTION

Considerable attention has been given recently to the
tical, magneto-optical, and magnetic properties of multila
ered systems, where individual film thicknesses are typic
a few atoms thick.1–5 It is intuitively obvious that the elec
tronic structures of very thin films may differ significant
from those of the bulk and that this may be reflected in
physical properties of the material, including the optical a
magneto-optical properties.6 Indeed, several theoretical an
experimental studies have been made of the propertie
multilayer systems that show strong evidence for proper
that cannot be explained on the basis of bulk data.7,8 One of
the more remarkable aspects of these studies is conce
with oscillations in the magneto-optic effects observed wh
transition-metal layers are combined with noble metals.9,10

Such observations are often madeex situ, using wedged ul-
trathin layers, and for this reason are subject to uncertain
that may arise because of contamination and interdiffus
Moreover, any dynamic information that could give clues
the film growth process and evolution of properties is tota
lost.

The authors have recently carried out a comprehen
study of the growth of several multilayer systems usingin
situ optical, magneto-optical, and magnetic diagnostics
follow the evolving properties of the structures in real tim
This paper reports on observations and analysis of the C
system. This system is particularly interesting since it h
been reported that magneto-optical transitions, not see
the bulk, occur in CoAu and FeAu structures and that s
transitions are dependent on the Au interlayer thickne
Having said that, it must be emphasized that it is possibl
confuse intrinsic magneto-optical transitions with variatio
~oscillations! in observed Kerr effects that have their orig
in the optical environment in which the magnetic layer fin
itself. This situation is exacerbated by the fact that typi
magneto-optic line shapes, whether paramagnetic or diam
netic in origin, often resemble those that may be produced
optical means and which, of course, are not intrinsic to
PRB 620163-1829/2000/62~18!/12294~9!/$15.00
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material itself.11,12 In general and particularly in situation
where film properties may be thickness dependent, it is
pedient, when trying to understand magneto-optical obse
tions, to have a firm grasp of the evolving optical propert
of the system as a whole, as well as the magneto-opt
properties, since the former may have a significant influe
on the latter. Additionally, magneto-optical data should
comprehensive and include, for example, measurement
both Kerr rotation and ellipticity, since it is only from suc
complete data that complex information about intrinsic m
terial properties can be inferred. In these dynamic,in situ
observations of the CoAu system one sees, in real time
with great clarity, oscillations in the normal incidence pol
Kerr effect and how these change in character as mult
bilayers are added to a growing structure. Complemen
the magneto-optic data detailed information is presented
the evolving optical properties of the system. The two are
course, related.

II. EXPERIMENT

Figure 1 shows a schematic diagram of the deposit
chamber and associated monitoring equipment. Two P
controlled, planar rf magnetrons were used to sputter dep
Co and Au multiple layers onto glass substrates at ro
temperature in an Ar pressure of;2.231023 mbar.

In situ optical and magneto-optical monitoring, at a wav
length l56328 Å, was achieved using a fast, rotating an
lyzer ellipsometer and a normal incidence Kerr polarimet
The ellipsometer, operating at an angle of incidence of 69
was used to determine the optical functions Re(rp /rs) and
Re(rs/rp), wherer p andr s are the complex Fresnel amplitud
reflection coefficients forP- and S-polarized light, respec-
tively. Complete data sets were obtained each second du
the deposition period. Individual measurements were co
pleted within 100 ms.

The Kerr polarimeter, based on the use of a photoela
12 294 ©2000 The American Physical Society
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modulator~PEM! operating at 50 kHz, allowed the simulta
neous measurement of both Kerr rotation and ellipticity w
precisions better than65 and61 arc sec, respectively, lim
ited by mechanical vibrations rather than shot noise or la
instabilities. The details of this technique have been w
described previously.13 Radiation incident on the sample,
less than 0.5°, was ensured to be linearly polarized by the
of an aluminum reflector and the choice of the orientation
the primary polarizer with respect to the plane of inciden
of the mirror. All films were deposited in an applied perpe
dicular field of 0.28 T, produced by permanent magnets
could be reversed automatically if required. All optical wi
dows into the vacuum system were manufactured, in ho
from carefully selected low-stress optical coefficient glas

Two synchronized computers coordinated the deposi
and data-collection sequence. These controlled the ma
tron shutters, magnetic field switching, and the status o
quartz crystal monitor as well as the operation of the el
someter and all data collection during the deposition.

III. RESULTS

In this section both the optical ellipsometric results a
the magneto-optical data are presented as a function of
or film thickness during the deposition of ten~CoAu! bilay-
ers on a 125-Å Au buffer layer on glass. The buffer lay
thickness was carefully selected to satisfy two criteria: fi
that the layer be physically continuous, and second, that i
as thin as possible to provide the minimum reflectivity an
hence, maximum magneto-optical effects. It is emphasi

FIG. 1. Schematic diagram of the deposition system. HeNe,
lium neon laser;A, analyzer;P, polarizer; RA rotating analyzer
PEM, photoelastic modulator;M, magnetron; PC, computer;S, sub-
strate;D, detector; La-1, lock-in amplifier~50 kHz!; LA-2, lock-in
amplifier ~100 kHz!; F, field switch.
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that a single set of observations is presented, though th
typical and has been repeated several times with good re
ducibility.

A. Optical

Figure 2 illustrates the x-ray diffraction pattern that
typical of the CoAu multilayers deposited in this series
experiments. The appearance of several low-angle peak
sociated with the bilayer periodicity confirms a well-defin
layered structure as do the high-angle peaks centred aro
the position of the Au~111! peak. Corresponding to such sy
tems, Fig. 3 shows the ellipsometric data Re(rp /rs) and
Re(rs/rp) as a function of increasing total film thickness o
tained during the deposition of a glass/125 Au/10~5Co/37.5
Au! system. From such data it is possible, in the first
stance, to determine the refractive index of the Au buf
layer and the effective@single equivalent layer~SEL! ~Ref.
14!# refractive index of the CoAu multilayer, treated as
single layer. This is done using the data points after 125
and at the end of the deposition. The results allow one
calculate the complete growth curves of Fig. 3, assumin
simple two-layer system, the CoAu multilayer being cons
ered isotropic and homogeneous. Despite the simplicity
the model, the calculation is seen to fit the observations v
well. The only exception occurs at the early stages of
deposition of the Au buffer layer where there are mark
differences between both observations and their predictio

e-

FIG. 2. Typical XRD peaks for Co/Au multilayers on a 125-
Au buffer layer on glass.

FIG. 3. Ellipsometric measurements of Re(rp /rs) and Re(rs /rp)
at l56328 Å, together with calculated values using a simple tw
layer system.
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12 296 PRB 62R. ATKINSON et al.
These differences are not important from the point of view
the subject matter here. However, they can be explained
ing Maxwell-Garnet theory applied to a situation where t
Au film is nucleating, by a process of cluster formation,
the glass substrate and that this nucleation process ma
modified by the application ofin situ ion-beam cleaning of
the substrate prior to the deposition process.15

From these observations the refractive index of the
buffer layer is determined to ben̂buf (50.1761 i3.909) and
that of the effective CoAu multilayer n̂CoAu(50.70
1 i3.86). Assuming that the index for each gold layer
equal ton̂buf and using the SEL theory, this indicates a r
fractive index for the Co layer ofn̂Co('3.91 i4.7). In the
case ofn̂buf this is close to that of thick Au films and an
discrepancies may be accounted for by the fact that the l
is only 125 Å thick and that these measurements were m
in situ and were not subject to external contamination. In
case of Co, the inferred index is a little different from th
thick film value. This is to be expected since the layer is o
a little over one monolayer thick and the thickness of
accompanying Au layer is rather larger than one would c
sider acceptable for full applicability of the SEL model.14

Nevertheless, the effective index is a reasonable indicatio
what one might expect for such an ultrathin layer of Co.

B. Detailed optical observations

In order to illustrate the sensitivity of the ellipsometr
data an enlarged section of Fig. 3, corresponding to the
bilayer, is shown in Fig. 4. It is clear from Figs. 3 and 4 th
there are distinct modulations in the optical data that co
spond to the depositions of the separate Co and Au lay
From these data it is possible to determine the effective
fractive indicates of each completed layer. In this ca
n̂Co(53.471 i5.10) andn̂Au (50.231 i3.92). It should be
noted that these are in good agreement with those ded
from the full set of curves of Fig. 3 combined with the SE
model. Using these parameters, the detailed curves for
full growth period are calculated and shown in Fig. 4.

The level of agreement between the measured and ca
lated curves of Fig. 4 is good, and if the whole ten bilay
periods were to be presented in a single graph, the calcul
and measured modulated curves would look impress
However, at the magnification shown in Fig. 4, there a

FIG. 4. Ellipsometric measurements of Re(rp /rs) and Re(rs /rp),
at l56328 Å, for the first bilayer. Curves with markers indica
calculations assuming a fixed refractive index for the gold.
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discrepancies between the curves. These differences are
cially important and, though small, indicate that the refra
tive index of the Au layer is changing with film thicknes
and most of this change occurs in the range from 0 to ab
40 Å. This also accounts for the small systematic differen
between then̂Au andn̂buf . The variation is clearly seen in th
solid curves of Fig. 5 where, using the ellipsometric data
Fig. 4, the refractive index of the Au layer has been cal
lated as a function of film thickness for the first bilayer. T
index of the buffer layer is also indicated in Fig. 5, for com
parison, where it can be seen that extrapolation of the
thickness up to 125 Å would provide very good agreem
between the two sets of data.

C. Temporal optical observations

With other multilayered materials it has proved expedie
to examine any temporal variations in thein situ data to
eliminate the possibility of several undesirable effects su
as instrumental drift, the deposition of extraneous mate
during periods when both shutters are closed, or the po
bility of interlayer diffusion or film restructuring, on time
scales comparable to the deposition period. The latter
course, provides additional valuable data on the dynamic
film formation.

In this work, temporal studies were carried out separat
for both optical and magneto-optical data. Figure 6 show
curve, typical of the CoAu system, where a time delay of
s has been introduced after the deposition of the, relativ
fragile, Co layer. It is clear from the optical data of Fig.
that the constant values of optical functions during the de
period of 80 s shows that the system is remarkably sta
both instrumentally and as a material system. It may be c
cluded therefore that, as far as the optical data is concer
there are no significant signs of contamination or interdif
sion of materials. Indeed, if the time delay sections are
moved, the remaining curves appear identical to those sh
in Fig. 4. It is also pointed out that time delays inserted af
the deposition of the Au layers show an identical behavio

On the basis of the optical data alone, one may concl
that the system is relatively stable, well defined, in terms
the individual layers, and that there is no significant interd

FIG. 5. Variation of the complex refractive index of Au wit
thickness. Solid curves from ellipsometry, dotted curve from fitti
of Kerr ellipticity data. The isolated points correspond to the valu
for the buffer layer.
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fusion of materials. Moreover, and importantly, the optic
properties of the individual Au layers are markedly thickne
dependent over the thickness range 0–40 Å and appro
those of the buffer layer that are in good agreement with
usual optical constants of thin film Au. The optical consta
of Co, on the other hand, differ substantially from bulk va
ues. However, it should be remembered that the layer
little over a monolayer thick and therefore cannot be
pected to have bulklike properties. Indeed, the optical pr
erties could also depend upon the underlying material.

D. Magneto-optical observations

Before presenting the magneto-optical data, it is neces
to establish the orientation of the magnetization that is as
ciated with the growing multilayer. In the CoAu system th
moment is entirely associated with the Co atoms. It has b
shown previously16 that, provided the Co layer is not to
thick, the moment is perpendicular to the film surface wh
deposited on a Au surface.Ex situ hysteresis loops on ou
completed ten-bilayer systems also confirmed this. Figur
shows a typical perpendicular loop for the completed syst
The sensitivity for theex situhysteresis loop plotter is muc
lower than that for thein situ Kerr polarimeter. In addition, it
should be remembered that all layers were deposited in
applied magnetic field of 0.28 T, which was present dur
the continuous measurement of the evolving polar magn

FIG. 6. Temporal variation of the ellipsometric data during
80-s delay between the deposition of a Co-Au bilayer.~The hori-
zontal line is to guide the eye.!

FIG. 7. Ex situ, perpendicular, hysteresis loop for a glass/1
Au/10 ~5 Co/37.5 Au! multilayer that corresponds to thein situ data
presented in this work.
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optic effects. The magnetization of the Co is therefore
sumed to be in a state of saturation, perpendicular to the
plane, for all measurements.

Figures 8~a! and 8~b! shows the magneto-optical data fo
the first three bilayers in the system. Beyond this, the pat
is repeated with gradually increasing rotation and elliptic
that is entirely consistent with the principal of magneto-op
superposition17 and increasing overall film thickness. Rea
ers should note that the preferred sign convention
magneto-optical effects and parameters has been adopte
is defined fully elsewhere.18

There are several features of the curves of Fig. 8 that
important and these are enumerated below for convenie

~1! The two curves represent the continuous, real-tim
monitoring of the polar Kerr effect during the deposition
the layers. Any instrumental drift, and this is usually small
negligible, has been removed.

~2! The noise on the rotation signal is larger than that
the ellipticity since the latter is a phase-dependent meas
ment and, naturally, not affected by system vibrations to
same extent as rotation.

~3! The deposition of the Co layer is characterized by
sudden large increase in both magneto-optic signals. H
ever, it should be noted that the onset of this signal does
occur until a critical thickness of about 1.6 Å has been d
posited.

~4! On the deposition of the Au layer, there is a sm
initial increase in both signals, though this feature gradua
disappears as successive bilayers are added.

FIG. 8. Measured variation of the polar Kerr ellipticity~a! and
rotation ~b!, during the deposition of the first three bilayers of
glass/125 Au/10~5 Co/37.5 Au! multilayer.~The straight lines are a
guide for the eye.!
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12 298 PRB 62R. ATKINSON et al.
~5! The decrease in Kerr rotation produced by the Au
more or less, linear for the major part of the deposition.

~6! In the case of Kerr ellipticity, the deposition of the A
induces marked oscillations that are repeated in each suc
sive bilayer. The thicknesses at which the main turn
points occur are approximately 8, 16, and 25 Å, and this
most clearly seen in the first bilayer. Subsequent bilay
also show these features, but the increasing overall sys
thickness operates optically~increasing reflectance! to reduce
the clarity of the turning point at 25 Å.

~7! The extrapolation of the linear section of each Ke
rotation curve intersects with the Kerr rotation value asso
ated with the end point value after the deposition of the
layer. A similar point can be made for ellipticity, though th
is less clear because of the oscillatory nature of the curv

E. Temporal magneto-optical observations

Figure 9 shows the variation of the measured Kerr effe
for an 80-s delay period after the deposition of the Co lay
A similar delay after the deposition of the Au layer shows
changes. The importance of these curves lies in the cha
that take place while the freshly deposited Co surface is
posed to the ambient atmosphere of the deposition system
the case of the rotation, this corresponds to a small incre
Thereafter, the changes are monotonic towards the lin
section. Likewise, in the case of ellipticity there is an init
small increase followed by a monotonic decrease that be
on the deposition of Au. This is followed by clear oscill
tions.

IV. DISCUSSION

The above observations, both optical and magne
optical, contain a wealth of detailed information that must
internally self-consistent and explicable in terms of t
growth processes and possible changes in electronic con
rations of the materials being used. In order to do this i
instructive, first, to explore the simplest case, where it
assumed that the Co and Au layers are perfect plane laye
well-defined boundaries and fixed, thickness-independ
optical and magneto-optical constants. The constants refe
to are the complex refractive indicesn̂(5n1 ik) and the
complex magneto-optic Voigt parameterQ̂(5Q11 iQ2),

FIG. 9. Temporal variation of the complex polar Kerr effe
during an 80-s delay between the deposition of the Co and Au in
first bilayer.
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which appears as an off-diagonal component in the sk
symmetric tensor of a gyroelectric medium.11 The former
were determined earlier, and the latter may be obtained f
the Kerr rotation and ellipticity angles. In order to do this
is necessary to determine what these values are. Given
temporal variations shown in Fig. 9 and the extrapolatio
particularly in the case of the linear sections of the rotat
curves in Fig. 8, it is felt that the best estimates correspon
the values measured at the end of the Co deposition and
leads to a value for CoQ̂Co(520.01441 i0.0035). Any
other choice is slightly problematic since it cannot be det
mined whether any other value is a consequence of the d
sition of Au or the exposure of the Co to the residual ambi
atmosphere in the chamber. In any case, the differences
tween the various options are quite small and would not l
to any changes in the general conclusions of this work. N
ertheless, this decision has been considered carefully an
supported by a comparison of the measured data with ca
lations based on various models. The results for the simp
of these models, outlined above, are shown in Fig. 10.

It is clear from Fig. 10 that the general agreement b
tween the simple model and the measured data is very g
The match with the linear sections of rotation of all thr
bilayers is excellent and, disregarding the absence of the
cillations in ellipticity, the agreement here is also good.
should be borne in mind, when comparing these data, tha
optical and magneto-optical constants have been determ
from ellipsometry and Kerr polarimetry on the first bilay
only. In addition, it should be noted that the start of magne
optical activity in the Co layer has been deliberately shift
from zero to 1.6 Å to coincide with the observations. T
reason for this may be understood from the growth mec
nism of Co on Au that proceeds by16 cluster formation up to
the first monolayer. Since ferromagnetism is a collect
phenomenon, the onset of magneto-optic signals is dela
until sufficient material has been deposited to trigger the
romagnetic properties. Prior to this, of course, Co atoms
being deposited continuously, as can be seen from Fig
where the optical signals commence immediately the
source shutter is opened. Further evidence of this is
cussed later.

Despite the general agreement obtained, the details o
Kerr data are yet to be explained, particularly in relation
the oscillations seen in the ellipticity signal. In order to beg

e
FIG. 10. Theoretical fit~open markers! to the observed Kerr

effect for the first three bilayers, assuming fixed optical consta
for the gold layer.
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to explain this, we must return to the optical results, wh
there is clear evidence that the effective refractive index
the Au layer is thickness dependent. This is now be ta
into account in the calculation of the evolving Kerr sign
and the results are given in Fig. 11 where the calculated K
ellipticity is shown for the first bilayer, taking into accoun
the variable Au index determined from the ellipsometric
sults. The error bars shown are estimated from the rand
uncertainties in the calculated values of the index.

With regard to this figure a number of points are impo
tant. First, there is a rapid initial decrease in ellipticity th
qualitatively agrees with what is seen in the measured d
Second, two clear turning points follow, at approximately
and 16 Å, which coincide with the dynamic measuremen
The reader should compare the curve of Fig. 11 with th
associated with the various bilayers given in Fig. 8~a!. It
should also be noted that in the case of the Kerr rotation
results of these modified calculations remain virtually ide
tical to those carried out previously. That is, no oscillatio
are predicted. For this reason they are not shown. This la
point is important since it is an indication that the variab
index of the Au layer affects the Kerr ellipticity and not th
rotation, which is what is observed experimentally, at le
for the first bilayer.

The ability of the optical and magneto-optical calculatio
to predict the existence and positions of these oscillati
was unexpected. There is, however, one drawback to
values calculated and shown in Fig. 11. While the gene
form of the oscillatory curve is encouraging and the locat
of the peaks is good, the depth of modulation does not c
respond with that observed. This could be due to small s
tematic errors in the ellipsometric measurements combi
with small uncertainties in the various film thicknesses in
system. It should be remembered that the variation of in
for the Au layer is taken from a highly magnified sectio
~Fig. 4! of the ellipsometric data~Fig. 3! and these data hav
been collected dynamically in real time through two vacu
windows that, despite precautions, may have problems
ill-defined strain birefringence that could alter the ellips
metric polarization parameters.

Because of this result, an attempt was made to estim

FIG. 11. Calculated points for the ellipticity of the first bilaye
using the variable refractive index of Au derived from ellipsomet
data.~The continuous curve is fitted to the points.!
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what variation in Au index would be required to account f
the observed oscillations. To do this a simple data fitt
procedure was carried out, restricted to a single varia
namely, the real partnAu of the refractive index of the Au
layer as a function of thickness. The decision to do this
based upon two observations. First, the fitting of elliptic
and rotation in the above model is seen to be relatively
sensitive to the imaginary part of the refractive indexkAu .
For this reason the fixed values given in Fig. 5 were
sumed. Second, the measured variation ofkAu with film
thickness is very small~10%! compared to that for the rea
part, which is greater than 800%. Finally, it is emphasis
that nAu is adjusted to fit the oscillations in ellipticity only
Following this, the associated rotations are calculated, a
test, to be compared with the observations. The results of
procedure are illustrated in Figs. 12~a! and 12~b!. The corre-
sponding values ofnAu are also shown, for comparison i
Fig. 5.

Figure 12 shows the original Kerr signals together w
the calculated values that result from the fitting of the K
ellipticity on the first bilayer. The agreement of the elliptici
on the first bilayer is, of course, ensured. However, it is cl
that the new values ofnAu , when applied to subsequent b
layers, provide excellent agreement in positioning the tu
ing points and their absolute values. Importantly, it should
noted that these calculations also provide agreement with
Kerr rotations, at least over the linear section, and indicate
oscillations. The variation of the Au index that produc
these results reasonably follows that determined by ellips

FIG. 12. Theoretical calculation~solid markers! of the complex
Kerr ellipticity ~a! and rotation~b! for the first three bilayers using
the variable refractive index of Au derived from the ellipticity o
the first bilayer.
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etry, though it must be stated that there is a little structure
these variations that is absent in the previous data. Neve
less, given the overall arguments presented and the sim
ties of the curves, it is considered that the values are
unreasonable and may reflect, more truly, the actual va
tions in the growing Au layer. It is worth noting that, if thes
constants are used to calculate the measurable ellipsom
functions and if these are mapped back onto Fig. 4, the
sults are very close to the observed curves.

There remain some additional points, in relation to t
magneto-optical observations, that should be discus
briefly. First, none of the calculations account for the init
rapid rise and decay of Kerr effect that is seen in the exp
mental observations as the Au is deposited. However
should be remembered that this effect is also observed~Fig.
9! when the film is left exposed to the ambient atmosphere
the deposition chamber. It is therefore concluded that re
dering of the Co atoms is a more likely explanation and t
this may be induced through bombardment by residual
atoms, which takes a matter of a few tens of seconds,
more quickly, by bombardment from depositing Au atom
Whatever the cause, the effect does not seem to be par
larly related to the Au film itself.

Second, attention is drawn to the two insets in Fig.
These show magnified sections of the deposition of the
atoms in the second bilayer, though they apply to all sub
quent bilayers. These details may be understood in term
the delay of the onset of the magnetic properties of the Co
each case~ellipticity and rotation! there is no increase in th
magneto-optical effect until approximately 1.6 Å has be
deposited. What is also clear is that, until this point
reached, the addition of nonmagnetized Co acts like
other optically absorbing medium in reducing the magne
optic signal from the underlying material. In consequence
small dip in the ellipticity signal is seen in Fig. 12~a! and an
extension of the decreasing linear section for rotation in F
12~b!, prior to the onset of additional magneto-optic activ
from the growing Co layer as its ferromagnetic propert
switch on. This observation is related to the growth of Co
Au that proceeds by cluster formation of increasing size s
that, at the equivalent of 1.6 Å, the clusters are large eno
for the collective ferromagnetic properties to become eff
tive. Below this the clusters are too small and are eit
paramagnetic or superparamagnetic.

The interpretation of oscillations in Kerr ellipticity as re
sulting from variations in the refractive index of the Au lay
is, at the very least, convenient from the point of view
predicting the magneto-optical behavior of these structu
and, so far, it has been demonstrated to be effective. Ne
theless, the idea appears to conflict with previo
conclusions9,19–22 that these are intrinsically magneto-opt
in origin. In addition, previously reported measureme
have shown oscillations in Kerr rotation and not ellipticit
Both of these issues require consideration and explanati

One of the significant achievements of previous work
the FeAu system20 has been to relate oscillatory periods
photon energy through the concept of spin-polarized qu
tum size effects in the Au layer. However, if such quantu
levels in the Au layer have an influence on the optical pr
erties of the Au itself, then the inevitable result would be
oscillatory effect of the same period. Indirectly, this wou
in
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appear as a magneto-optic oscillation, also of the same
riod. While the authors cannot demonstrate, directly, osci
tions in the optical data, there is clear evidence of a variat
in index that does lead to a prediction of a small oscillati
in Kerr effect.

It remains, therefore, to explain the previously report
oscillations that have only been observed in Ke
rotation9,20,21and to reconcile this to both our own observ
tions and to the proposed analysis. This will demonstrate
complete self-consistency of this approach and provid
challenging test for the model. To do this and for simplici
we confine ourselves to the Au/Co/Au system reported h
and also in Ref. 21. The most significant, and only, diffe
ence between the two experiments is the thickness of
buffer layer, in this case 125 Å, while previously it wa
reported to be 300 Å. As emphasized before, the optical
vironment of a magnetic layer may have a pronounced ef
on the magneto-optic signals from the reflecting surfaces.
demonstrate this we have used our model and experimen
derived parameters to calculate the magneto-optical Kerr
tation expected for the system glass/300 Au/5 Co/0–37.5
This corresponds to a single bilayer, but deposited onto
thicker Au buffer layer. The result is shown in Fig. 13 wher
for the convenience of comparison with published curve21

the rotation has been inverted to match the previously
specified sign convention. It is clear that the oscillations
now evident in the predicted rotation and that the gene
curve shape matches very closely with those previously
ported. Those in ellipticity are much reduced and this w
demonstrated experimentally. The ability of our analysis
explain this apparent anomaly is a significant achievem
and further justification of the approach. To provide furth
evidence a final point is made by returning to our ow
magneto-optic data. Up to this stage the analysis has con
trated on the first three bilayers of the deposition. Howev
it should be remembered that a total of ten periods w
deposited. It should be noted that since most of the mate
in the system is essentially Au, the thickness of the unde
ing material gradually increases as each successive peri
added. Consequently, by the time the fifth period has b
deposited, the effective buffer layer is comparable with t

FIG. 13. Theoretical calculation of the complex Kerr rotatio
for a single bilayer (Co[5 Å) with a Au buffer layer thickness of
300 Å.
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reported in Ref. 21. For this reason it is expected that
measured rotation will show evidence of oscillations a
those for the ellipticity to be much reduced compared
those seen in Figs. 8 and 12. Figure 14 shows both the r
tion and the ellipticity that were measured on deposition
the sixth bilayer. Again, the rotation has been inverted
comparison. It is abundantly clear that the observations
completely in accordance with expectations. Oscillations
seen in both rotation and ellipticity with the former bein
similar to previously reported curves and the latter ve
much reduced from those seen in the first bilayer. Any sm
differences may be accounted for by the fact that the un
lying structure is, itself, magneto-optically active since
contains five individual Co layers. It is stressed that the ch
acteristics of the curves of Fig. 14 are typical and are see
the rest of the periods up to and including the tenth. This
expected since the underlying layer is now thicker than
optical skin depth.

The ability of the model to account for the oscillation
the complex Kerr effect~rotation and ellipticity! and its de-

FIG. 14. Measurements of the complex Kerr effect for the si
bilayer.
R

a

.
la

R

d

e
d
o
ta-
f
r
re
re

y
ll
r-

r-
in
is
e

pendence on the underlying buffer layer thickness is sign
cant and demonstrates the usefulness of the approach.
may, for example, design the underlying optical structure
order to maximise the amplitude of the oscillations in ord
to optimize the sensitivity of their observation.

V. CONCLUSIONS

A comprehensive optical and magneto-optical study
the growth dynamics of CoAu multilayers, using ellipsom
etry and Kerr polarimetry, has been carried out. It has b
possible to determine values of effective optical a
magneto-optical parameters for the Co and Au layers an
account for the general magneto-optical observati
through calculations of the polar Kerr effect. Detailed exam
nation of the Kerr ellipticity and rotations shows distin
oscillations with a spatial period of approximately 16 Å. E
lipsometric data, collected during the deposition of the
layers, indicate a thickness-dependent refractive index t
when incorporated into the magneto-optical calculatio
predicts the number and period of the oscillations seen in
ellipticity and their absence in the Kerr rotation when t
buffer layer thickness is less than 125 Å. It is concluded t
magneto-optical effects that are observed to oscillate w
the thickness of a nearby noble-metal layer may be due
oscillations in the optical properties of the noble-metal lay
and that, at least, the model suggested here, together with
optical and magneto-optical parameters, can be used to
dict both the oscillatory nature of the complex Kerr effe
and its magnitude irrespective of the optical environment
presence of additional underlying layers.
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