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Dynamic in situ optical and magneto-optical monitoring of the growth of CdJAu multilayers
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In situ ellipsometry and Kerr polarimetry have been used to follow, continuously, the evolution of the optical
and magneto-optical properties of multiple layers of (50oA) and Au (37.5 A) 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 A, 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.

l. INTRODUCTION material itselt'2 In general and particularly in situations
where film properties may be thickness dependent, it is ex-
Considerable attention has been given recently to the opedient, when trying to understand magneto-optical observa-
tical, magneto-optical, and magnetic properties of multilay-tions, to have a firm grasp of the evolving optical properties
ered systems, where individual film thicknesses are typicallyf the system as a whole, as well as the magneto-optical
a few atoms thick® It is intuitively obvious that the elec- properties, since the former may have a significant influence
tronic structures of very thin films may differ significantly on the latter. Additionally, magneto-optical data should be
from those of the bulk and that this may be reflected in thecomprehensive and include, for example, measurements of
physical properties of the material, including the optical andpoth Kerr rotation and ellipticity, since it is only from such
magneto-optical properti€sindeed, several theoretical and complete data that complex information about intrinsic ma-
experimental studies have been made of the properties @rial properties can be inferred. In these dynarmicsitu
multilayer systems that show strong evidence for propertiegpservations of the CoAu system one sees, in real time and
that cannot be explained on the basis of bulk d&@ne of  with great clarity, oscillations in the normal incidence polar
the more remarkable aspects of these studies is concemed effect and how these change in character as multiple
with oscillations in the magneto-optic effects Observﬁé‘gherbilayers are added to a growing structure. Complementing
gizﬁ'té%';g:sgzgiyZ:z Eci#teel:oga%re]i?t W'th. noble dm d I—. the magneto-optic data detailed information is presented on
. ; Y using wedged ul- o evolving optical properties of the system. The two are, of
trathin layers, and for this reason are subject to uncertainties
that may arise because of contamination and interdiffusion°° "= related.
Moreover, any dynamic information that could give clues to

the film growth process and evolution of properties is totally
lost. Il. EXPERIMENT

The authors have recently carried out a comprehensive Figure 1 shows a schematic diagram of the deposition

study of the growth of several muitilayer systems using chamber and associated monitoring equipment. Two PC-

situ optical, ma_gneto-optlc_al, and magnetic d'.‘"‘gnOSt'?S tocontrolled, planar rf magnetrons were used to sputter deposit
follow the evolving properties of the structures in real time.

This paper reports on observations and analysis of the CoAgO and Au multiple layers onto glass substrates at room

system. This system is particularly interesting since it haéemperature_ln an Ar pressure ef2.2x 10 ?’m.bar.

been reported that magneto-optical transitions, not seen in !N Situoptical and magneto-optical monitoring, at a wave-
the bulk, occur in CoAu and FeAu structures and that suchengthA = 6328A, was achieved using a fast, rotating ana-
transitions are dependent on the Au interlayer thicknessyZer €llipsometer and a normal incidence Kerr polarimeter.
Having said that, it must be emphasized that it is possible td he ellipsometer, operating at an angle of incidence of 69.5°,
confuse intrinsic magneto-optical transitions with variationswas used to determine the optical functions riR&() and
(oscillations in observed Kerr effects that have their origin Res/rp), wherer, andr are the complex Fresnel amplitude
in the optical environment in which the magnetic layer findsreflection coefficients foiP- and Spolarized light, respec-
itself. This situation is exacerbated by the fact that typicaltively. Complete data sets were obtained each second during
magneto-optic line shapes, whether paramagnetic or diamagfie deposition period. Individual measurements were com-
netic in origin, often resemble those that may be produced bpleted within 100 ms.

optical means and which, of course, are not intrinsic to the The Kerr polarimeter, based on the use of a photoelastic
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FIG. 2. Typical XRD peaks for Co/Au multilayers on a 125-A
Au buffer layer on glass.

that a single set of observations is presented, though this is
typical and has been repeated several times with good repro-
ducibility.

A. Optical

Figure 2 illustrates the x-ray diffraction pattern that is
typical of the CoAu multilayers deposited in this series of
experiments. The appearance of several low-angle peaks as-

FIG. 1. Schematic diagram of the deposition system. HeNe, heSociated with the bilayer periqdicity confirms a well-defined
lium neon laserA, analyzer;P, polarizer; RA rotating analyzer; Iayered.structure as do the high-angle pea!«s centred around
PEM, photoelastic modulatokl, magnetron; PC, compute sub- ~ the position of the AL11) peak. Corresponding to such sys-
strate;D, detector; La-1, lock-in amplifief50 kH2); LA-2, lock-in ~ tems, Fig. 3 shows the ellipsometric data Réf) and
amplifier (100 kH2); F, field switch. Re(s/rp) as a function of increasing total film thickness ob-

tained during the deposition of a glass/125 Au(bCo0/37.5
modulator(PEM) operating at 50 kHz, allowed the simulta- AU) System. From such data it is possible, in the first in-
neous measurement of both Kerr rotation and ellipticity withStance, to determine the refractive index of the Au buffer
precisions better thart5 and+1 arc sec, respectively, lim- layer and the effectivgsingle equivalent laye(SEL) (Ref.
ited by mechanical vibrations rather than shot noise or lasek4)] refractive index of the CoAu multilayer, treated as a
instabilities. The details of this technique have been welSingle layer. This is done using the data points after 125 A
described previousl{? Radiation incident on the sample, at @nd at the end of the deposition. The results allow one to
less than 0.5°, was ensured to be linearly polarized by the uggdlculate the complete growth curves of Fig. 3, assuming a
of an aluminum reflector and the choice of the orientation ofSimple two-layer system, the CoAu multilayer being consid-
the primary polarizer with respect to the plane of incidencered isotropic and homogeneous. Despite the simplicity of
of the mirror. All films were deposited in an applied perpen-the model, the calcula'qon is seen to fit the observations very
dicular field of 0.28 T, produced by permanent magnets that/€ll. The only exception occurs at the early stages of the
could be reversed automatically if required. All optical win- deposition of the Au buffer layer where there are marked
dows into the vacuum system were manufactured, in housélifferences between both observations and their predictions.
from carefully selected low-stress optical coefficient glass.

Two synchronized computers coordinated the deposition 2r ' ‘ T 193
and data-collection sequence. These controlled the magne- | BufferAd R A A e =25
. . . . ¥
tron shutters, magnetic field switching, and the status of a AT 03
quartz crystal monitor as well as the operation of the ellip- 1 | .
someter and all data collection during the deposition. = /’ l‘ 01 =
1 Calculated T
['4 — Re(r/r) 01
lll. RESULTS co T Rel/) ]
. . . . . 4-03
In this section both the optical ellipsometric results and Au
the magneto-optical data are presented as a function of time 10 I } , | d s

or film thickness during the deposition of téGoAu) bilay- 0 100 200 300 400 500
ers on a 125-A Au buffer layer on glass. The buffer layer
thickness was carefully selected to satisfy two criteria: first,
that the layer be physically continuous, and second, that it be FIG. 3. Ellipsometric measurements of Rg(y) and Re(s/r,)

as thin as possible to provide the minimum reflectivity and,at A =6328 A, together with calculated values using a simple two-
hence, maximum magneto-optical effects. It is emphasizethyer system.

Deposition Thickness (A)
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FIG. 4. Ellipsometric measurements of Rg(,) and Re(s/r;), Au film thickness (A)
at A\=6328 A, for the first bilayer. Curves with markers indicate o o _
calculations assuming a fixed refractive index for the gold. FIG. 5. Variation of the complex refractive index of Au with

thickness. Solid curves from ellipsometry, dotted curve from fitting
1Lof Kerr ellipticity data. The isolated points correspond to the values

These differences are not important from the point of view o
ggr the buffer layer.

the subject matter here. However, they can be explained u
ing Maxwell-Garnet theory applied to a situation where the
Au film is nucleating, by a process of cluster formation, on
the glass substrate and that this nucleation process may
modified by the application ofh situ ion-beam cleaning of
the substrate prior to the deposition procEss.

From these observations the refractive index of the A
buffer layer is determined to b@&,(=0.176+i13.909) and
that of the effective CoAu multilayerfcyp,(=0.70
+i3.86). Assuming that the index for each gold layer is

equal tof,,r and using the SEL theory, this indicates a '€ index of the buffer layer is also indicated in Fig. 5, for com-

fractive index for the Co layer ofico(~3.9+i4.7). Inthe 4 ison \where it can be seen that extrapolation of the Au

case Offi, this is close to that of thick Au films and any {hickness up to 125 A would provide very good agreement
discrepancies may be accounted for by the fact that the lay etween the two sets of data.

is only 125 A thick and that these measurements were made
in situ and were not subject to external contamination. In the
case of Co, the inferred index is a little different from the
thick film value. This is to be expected since the layer is only ~ With other multilayered materials it has proved expedient
a little over one monolayer thick and the thickness of theto examine any temporal variations in tie situ data to
accompanying Au layer is rather larger than one would coneliminate the possibility of several undesirable effects such
sider acceptable for full applicability of the SEL mod&l. as instrumental drift, the deposition of extraneous material
Nevertheless, the effective index is a reasonable indication afuring periods when both shutters are closed, or the possi-
what one might expect for such an ultrathin layer of Co.  bility of interlayer diffusion or film restructuring, on time
scales comparable to the deposition period. The latter, of
course, provides additional valuable data on the dynamics of
film formation.

In order to illustrate the sensitivity of the ellipsometric  In this work, temporal studies were carried out separately
data an enlarged section of Fig. 3, corresponding to the firdor both optical and magneto-optical data. Figure 6 shows a
bilayer, is shown in Fig. 4. It is clear from Figs. 3 and 4 thatcurve, typical of the CoAu system, where a time delay of 80
there are distinct modulations in the optical data that corres has been introduced after the deposition of the, relatively
spond to the depositions of the separate Co and Au layersragile, Co layer. It is clear from the optical data of Fig. 6
From these data it is possible to determine the effective rethat the constant values of optical functions during the delay
fractive indicates of each completed layer. In this caseperiod of 80 s shows that the system is remarkably stable,
Aco(=3.47+15.10) andia, (=0.23+i3.92). It should be both instrumentally and as a material system. It may be con-
noted that these are in good agreement with those deducetlided therefore that, as far as the optical data is concerned,
from the full set of curves of Fig. 3 combined with the SEL there are no significant signs of contamination or interdiffu-
model. Using these parameters, the detailed curves for th&on of materials. Indeed, if the time delay sections are re-
full growth period are calculated and shown in Fig. 4. moved, the remaining curves appear identical to those shown

The level of agreement between the measured and calcin Fig. 4. It is also pointed out that time delays inserted after
lated curves of Fig. 4 is good, and if the whole ten bilayerthe deposition of the Au layers show an identical behavior.
periods were to be presented in a single graph, the calculated On the basis of the optical data alone, one may conclude
and measured modulated curves would look impressivethat the system is relatively stable, well defined, in terms of
However, at the magnification shown in Fig. 4, there arethe individual layers, and that there is no significant interdif-

discrepancies between the curves. These differences are cru-
cially important and, though small, indicate that the refrac-
¥e index of the Au layer is changing with film thickness
and most of this change occurs in the range from 0 to about
40 A. This also accounts for the small systematic difference
“hetween théi,, andf,,:. The variation is clearly seen in the
solid curves of Fig. 5 where, using the ellipsometric data of
Fig. 4, the refractive index of the Au layer has been calcu-
lated as a function of film thickness for the first bilayer. The

C. Temporal optical observations

B. Detailed optical observations
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fusion of materials. Moreover, and importantly, the optical °
properties of the individual Au layers are markedly thickness g " 1
dependent over the thickness range 0-40 A and approach T 2 H
those of the buffer layer that are in good agreement with the % ] i
usual optical constants of thin film Au. The optical constants k] sl A
of Co, on the other hand, differ substantially from bulk val- E Tl u
ues. However, it should be remembered that the layer is a X " | Co i
little over a monolayer thick and therefore cannot be ex- -4 . ' ; . L
120 160 200 240

pected to have bulklike properties. Indeed, the optical prop-

erties could also depend upon the underlying material. Deposition Thickness (A)

FIG. 8. Measured variation of the polar Kerr ellipticitg) and
rotation (b), during the deposition of the first three bilayers of a

Before presenting the magneto-optical data, it is necessaolg/lassllzs Au/1@5 Co/37.5 Ay multilayer.(The straight lines are a

to establish the orientation of the magnetization that is ass juide for the eys.

ciated with the growing multilayer. In the CoAu system this optic effects. The magnetization of the Co is therefore as-
moment is entirely associated with the Co atoms. It has beesumed to be in a state of saturation, perpendicular to the film
shown previoushf that, provided the Co layer is not too plane, for all measurements.

thick, the moment is perpendicular to the film surface when Figures 8a) and 8b) shows the magneto-optical data for
deposited on a Au surfac&x situ hysteresis loops on our the first three bilayers in the system. Beyond this, the pattern
completed ten-bilayer systems also confirmed this. Figure % repeated with gradually increasing rotation and ellipticity
shows a typical perpendicular loop for the completed systenthat is entirely consistent with the principal of magneto-optic
The sensitivity for theex situhysteresis loop plotter is much superpositiol’ and increasing overall film thickness. Read-
lower than that for thén situ Kerr polarimeter. In addition, it ers should note that the preferred sign convention for
should be remembered that all layers were deposited in amagneto-optical effects and parameters has been adopted and
applied magnetic field of 0.28 T, which was present duringis defined fully elsewher&

the continuous measurement of the evolving polar magneto- There are several features of the curves of Fig. 8 that are
important and these are enumerated below for convenience.

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

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

(3) The deposition of the Co layer is characterized by a
sudden large increase in both magneto-optic signals. How-
ever, it should be noted that the onset of this signal does not
occur until a critical thickness of about 1.6 A has been de-
posited.

(4) On the deposition of the Au layer, there is a small
initial increase in both signals, though this feature gradually
disappears as successive bilayers are added.

D. Magneto-optical observations

Magnetization (arb units)
=3
N
o
\

Applied Fieid (T)

FIG. 7. Ex sity perpendicular, hysteresis loop for a glass/125
Au/10 (5 Co/37.5 Ay multilayer that corresponds to tle situ data
presented in this work.
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FIG. 9. Temporal variation of the complex polar Kerr effect

during an 80-s delay between the deposition of the Co and Au in the FIG. 10. Theoretlcal f!t(open markeli_sto t.he obse_rved Kerr
first bilayer. effect for the first three bilayers, assuming fixed optical constants

for the gold layer.

(5) The decrease in Kerr rotation produced by the Au is,which appears as an off-diagonal component in the skew-
more or less, linear for the major part of the deposition.  symmetric tensor of a gyroelectric medidfnThe former

(6) In the case of Kerr ellipticity, the deposition of the Au were determined earlier, and the latter may be obtained from
induces marked oscillations that are repeated in each succease Kerr rotation and ellipticity angles. In order to do this it
sive bilayer. The thicknesses at which the main turningis necessary to determine what these values are. Given the
points occur are approximately 8, 16, and 25 A, and this isemporal variations shown in Fig. 9 and the extrapolations,
most clearly seen in the first bilayer. Subsequent bilayerparticularly in the case of the linear sections of the rotation
also show these features, but the increasing overall systeourves in Fig. 8, it is felt that the best estimates correspond to
thickness operates opticallyncreasing reflectangéo reduce  the values measured at the end of the Co deposition and this

the clarity of the turning point at 25 A. leads to a value for CQc(=—0.0144+i0.0035). Any
(7) The extrapolation of the linear section of each Kerrgther choice is slightly problematic since it cannot be deter-
rotation curve intersects with the Kerr rotation value assoCimined whether any other value is a consequence of the depo-
ated with the end point value after the deposition of the Casition of Au or the exposure of the Co to the residual ambient
layer. A similar point can be made for ellipticity, though this atmosphere in the chamber. In any case, the differences be-
is less clear because of the oscillatory nature of the curvesyyeen the various options are quite small and would not lead
to any changes in the general conclusions of this work. Nev-
E. Temporal magneto-optical observations ertheless, this decision has been considered carefully and is

supported by a comparison of the measured data with calcu-

Figure 9 shows th? variatian of the m_e-asured Kerr effect§ations based on various models. The results for the simplest
for an 80-s delay period after the deposition of the Co Iayerof these models, outlined above, are shown in Fig. 10.

A similar delay_afterthe deposition of the Aq Iayer shows no It is clear from Fig. 10 that the general agreement be-
changes. The importance of these curves lies in the changggeen the simple model and the measured data is very good.
that take place while the freshly deposited Co surface is €xrne match with the linear sections of rotation of all three
posed to the ambien.t atmo_sphere of the deposition system. B]Iayers is excellent and, disregarding the absence of the os-
the case of the rotation, this corresponds to a small increasgy tions in ellipticity, the agreement here is also good. It

Thereafter, the changes are monotonic towards the lineat,, 4 he horne in mind, when comparing these data, that all

section. Likewise, in the case of ellipticity there is an |n|t|a_l optical and magneto-optical constants have been determined

small increase followed by a monotonic decrease that begingq, ojipsometry and Kerr polarimetry on the first bilayer
on the deposition of Au. This is followed by clear oscilla- only. In addition, it should be noted that the start of magneto-
tions. optical activity in the Co layer has been deliberately shifted
from zero to 1.6 A to coincide with the observations. The
IV. DISCUSSION reason for this may be understood from the growth mecha-
] i nism of Co on Au that proceeds ¥\cluster formation up to
The above observations, both optical and magnetoge first monolayer. Since ferromagnetism is a collective
pptlcal, contain awgalth of detailed mforma_uon that must bephenomenon, the onset of magneto-optic signals is delayed
internally self-consistent and explicable in terms of theyng| sufficient material has been deposited to trigger the fer-
growth processes and possible changes in electronic Conf'g\’bmagnetic properties. Prior to this, of course, Co atoms are
rations of the materials being used. In order to do this it isoeing deposited continuously, as can be seen from Fig. 4,
instructive, first, to explore the simplest case, where it iSypere the optical signals commence immediately the Co
assumed that the Co and Au layers are perfect plane layers gy rce shutter is opened. Further evidence of this is dis-
well-defined boundaries and fixed, thickness-independeng ssed later.
optical and magneto-optical_con_sta_ntg The constants referred Despite the general agreement obtained, the details of the
to are the complex refractive indicg§=n+ik) and the ke data are yet to be explained, particularly in relation to
complex magneto-optic Voigt paramet@(=Q;+iQ;), the oscillations seen in the ellipticity signal. In order to begin
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to explain this, we must return to the optical results, where g 25 i
there is clear evidence that the effective refractive index of £ -30F L I
the Au layer is thickness dependent. This is now be taken N a5l (b) | 4
into account in the calculation of the evolving Kerr signal T , ! , ! ‘ ! x
and the results are given in Fig. 11 where the calculated Kerr 120 160 200 240
ellipticity is shown for the first bilayer, taking into account Deposition Thickness (A)

the variable Au index determined from the ellipsometric re-
sults. The error bars shown are estimated from the random FIG. 12. Theoretical calculatiofsolid marker$ of the complex
uncertainties in the calculated values of the index. Kerr ellipticity (a) and rotation(b) for the first three bilayers using
With regard to this figure a number of points are impor-the variable refractive index of Au derived from the ellipticity of
tant. First, there is a rapid initial decrease in ellipticity thatthe first bilayer.
qualitatively agrees with what is seen in the measured data.
Second, two clear turning points follow, at approximately 8what variation in Au index would be required to account for
and 16 A, which coincide with the dynamic measurementsthe observed oscillations. To do this a simple data fitting
The reader should compare the curve of Fig. 11 with thos@rocedure was carried out, restricted to a single variable,
associated with the various bilayers given in Figa)8It  namely, the real pamy,, of the refractive index of the Au
should also be noted that in the case of the Kerr rotation thé&ayer as a function of thickness. The decision to do this is
results of these modified calculations remain virtually iden-based upon two observations. First, the fitting of ellipticity
tical to those carried out previously. That is, no oscillationsand rotation in the above model is seen to be relatively in-
are predicted. For this reason they are not shown. This lattegensitive to the imaginary part of the refractive indexy .
point is important since it is an indication that the variableFor this reason the fixed values given in Fig. 5 were as-
index of the Au layer affects the Kerr ellipticity and not the sumed. Second, the measured variationkgf with film
rotation, which is what is observed experimentally, at leasthickness is very small10%) compared to that for the real
for the first bilayer. part, which is greater than 800%. Finally, it is emphasised
The ability of the optical and magneto-optical calculationsthat n,, is adjusted to fit the oscillations in ellipticity only.
to predict the existence and positions of these oscillation§ollowing this, the associated rotations are calculated, as a
was unexpected. There is, however, one drawback to theest, to be compared with the observations. The results of this
values calculated and shown in Fig. 11. While the generaprocedure are illustrated in Figs. (B2 and 12b). The corre-
form of the oscillatory curve is encouraging and the locationsponding values oh,, are also shown, for comparison in
of the peaks is good, the depth of modulation does not corFig. 5.
respond with that observed. This could be due to small sys- Figure 12 shows the original Kerr signals together with
tematic errors in the ellipsometric measurements combinethe calculated values that result from the fitting of the Kerr
with small uncertainties in the various film thicknesses in theellipticity on the first bilayer. The agreement of the ellipticity
system. It should be remembered that the variation of indewn the first bilayer is, of course, ensured. However, it is clear
for the Au layer is taken from a highly magnified section that the new values af,,, when applied to subsequent bi-
(Fig. 4 of the ellipsometric datéFig. 3) and these data have layers, provide excellent agreement in positioning the turn-
been collected dynamically in real time through two vacuuming points and their absolute values. Importantly, it should be
windows that, despite precautions, may have problems afioted that these calculations also provide agreement with the
ill-defined strain birefringence that could alter the ellipso-Kerr rotations, at least over the linear section, and indicate no
metric polarization parameters. oscillations. The variation of the Au index that produces
Because of this result, an attempt was made to estimatiese results reasonably follows that determined by ellipsom-
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etry, though it must be stated that there is a little structure in 0.7 T
these variations that is absent in the previous data. Neverthe- N
less, given the overall arguments presented and the similari-

ties of the curves, it is considered that the values are not = 070 i
unreasonable and may reflect, more truly, the actual varia- 2 -
tions in the growing Au layer. It is worth noting that, if these \E 0.65 |-
constants are used to calculate the measurable ellipsometric 2 r
functions and if these are mapped back onto Fig. 4, the re- 5 0.60 [
sults are very close to the observed curves. 0 i

There remain some additional points, in relation to the
magneto-optical observations, that should be discussed 0.55
briefly. First, none of the calculations account for the initial
rapid rise and decay of Kerr effect that is seen in the experi- e
mental observations as the Au is deposited. However, it 0'500 10 20 30 40
should be remembered that this effect is also obse(iad
9) when the film is left exposed to the ambient atmosphere of
the deposition chamber. It is therefore concluded that reor- g, 13. Theoretical calculation of the complex Kerr rotation
dering of the Co atoms is a more likely explanation and thator a single bilayer (Ce=5 A) with a Au buffer layer thickness of
this may be induced through bombardment by residual gagoo A.
atoms, which takes a matter of a few tens of seconds, or,
more quickly, by bombardment from depositing Au atoms.appear as a magneto-optic oscillation, also of the same pe-
Whatever the cause, the effect does not seem to be partictiod. While the authors cannot demonstrate, directly, oscilla-
larly related to the Au film itself. tions in the optical data, there is clear evidence of a variation

Second, attention is drawn to the two insets in Fig. 12in index that does lead to a prediction of a small oscillation
These show magnified sections of the deposition of the Cin Kerr effect.
atoms in the second bilayer, though they apply to all subse- It remains, therefore, to explain the previously reported
quent bilayers. These details may be understood in terms afscillations that have only been observed in Kerr
the delay of the onset of the magnetic properties of the Co. Imotatior?"?>?*and to reconcile this to both our own observa-
each caséellipticity and rotation there is no increase in the tions and to the proposed analysis. This will demonstrate the
magneto-optical effect until approximately 1.6 A has beencomplete self-consistency of this approach and provide a
deposited. What is also clear is that, until this point ischallenging test for the model. To do this and for simplicity,
reached, the addition of nonmagnetized Co acts like anye confine ourselves to the Au/Co/Au system reported here
other optically absorbing medium in reducing the magneto-and also in Ref. 21. The most significant, and only, differ-
optic signal from the underlying material. In consequence, @&nce between the two experiments is the thickness of the
small dip in the ellipticity signal is seen in Fig. @ and an  buffer layer, in this case 125 A, while previously it was
extension of the decreasing linear section for rotation in Figreported to be 300 A. As emphasized before, the optical en-
12(b), prior to the onset of additional magneto-optic activity vironment of a magnetic layer may have a pronounced effect
from the growing Co layer as its ferromagnetic propertieson the magneto-optic signals from the reflecting surfaces. To
switch on. This observation is related to the growth of Co ondemonstrate this we have used our model and experimentally
Au that proceeds by cluster formation of increasing size suchlerived parameters to calculate the magneto-optical Kerr ro-
that, at the equivalent of 1.6 A, the clusters are large enougtation expected for the system glass/300 Au/5 Co/0—-37.5 Au.
for the collective ferromagnetic properties to become effecThis corresponds to a single bilayer, but deposited onto the
tive. Below this the clusters are too small and are eithethicker Au buffer layer. The result is shown in Fig. 13 where,
paramagnetic or superparamagnetic. for the convenience of comparison with published cuftes,

The interpretation of oscillations in Kerr ellipticity as re- the rotation has been inverted to match the previously un-
sulting from variations in the refractive index of the Au layer specified sign convention. It is clear that the oscillations are
is, at the very least, convenient from the point of view of now evident in the predicted rotation and that the general
predicting the magneto-optical behavior of these structuresurve shape matches very closely with those previously re-
and, so far, it has been demonstrated to be effective. Neveported. Those in ellipticity are much reduced and this will
theless, the idea appears to conflict with previousdemonstrated experimentally. The ability of our analysis to
conclusion$®~??that these are intrinsically magneto-optic explain this apparent anomaly is a significant achievement
in origin. In addition, previously reported measurementsand further justification of the approach. To provide further
have shown oscillations in Kerr rotation and not ellipticity. evidence a final point is made by returning to our own
Both of these issues require consideration and explanationmagneto-optic data. Up to this stage the analysis has concen-

One of the significant achievements of previous work ontrated on the first three bilayers of the deposition. However,
the FeAu systed! has been to relate oscillatory periods to it should be remembered that a total of ten periods were
photon energy through the concept of spin-polarized quandeposited. It should be noted that since most of the material
tum size effects in the Au layer. However, if such quantumin the system is essentially Au, the thickness of the underly-
levels in the Au layer have an influence on the optical proping material gradually increases as each successive period is
erties of the Au itself, then the inevitable result would be anadded. Consequently, by the time the fifth period has been
oscillatory effect of the same period. Indirectly, this would deposited, the effective buffer layer is comparable with that
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I S B AL pendence on the underlying buffer layer thickness is signifi-
I 6th bi-layer il cant and demonstrates the usefulness of the approach. One
may, for example, design the underlying optical structure in
order to maximise the amplitude of the oscillations in order

(-ve) Rotation | to optimize the sensitivity of their observation.
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V. CONCLUSIONS

Kerr Effect (mins)
N
=)

Elipticity A comprehensive optical and magneto-optical study of
the growth dynamics of CoAu multilayers, using ellipsom-
etry and Kerr polarimetry, has been carried out. It has been

possible to determine values of effective optical and

Co . Au 1 magneto-optical parameters for the Co and Au layers and to
1S 0 3m0 360 370 380 account for the general magneto-optical observations
through calculations of the polar Kerr effect. Detailed exami-
Deposition Thickness (A)

nation of the Kerr ellipticity and rotations shows distinct
FIG. 14. Measurements of the complex Kerr effect for the sixth(_)SCi"""tior_‘S with a spatial pe”od of approximc:lt.ely 16 A. El-
bilayer. lipsometric data, collected during the deposition of the Au
layers, indicate a thickness-dependent refractive index that,
reported in Ref. 21. For this reason it is expected that th&/hen incorporated into the magneto-optical calculations,
measured rotation will show evidence of oscillations andPredicts the number and period of the oscillations seen in the
those for the ellipticity to be much reduced compared toellipticity and _thelr ab§ence in the Kerr rotation when the
those seen in Figs. 8 and 12. Figure 14 shows both the rotRuffer layer th|ckness is less than 125 A. Itis concl_uded th_at
tion and the ellipticity that were measured on deposition off@gneto-optical effects that are observed to oscillate with
the sixth bilayer. Again, the rotation has been inverted forthe thickness of a nearby noble-metal layer may be due to
comparison. It is abundantly clear that the observations ar@Scillations in the optical properties of the noble-metal layer
completely in accordance with expectations. Oscillations arénd that, at least, the model suggested here, together with the
seen in both rotation and ellipticity with the former being ©Ptical and magneto-optical parameters, can be used to pre-
similar to previously reported curves and the latter verydict both the oscillatory nature of the complex Kerr effect
much reduced from those seen in the first bilayer. Any smalfnd its magnitude irrespective of the optical environment or
differences may be accounted for by the fact that the undeRresence of additional underlying layers.
lying structure is, itself, magneto-optically active since it
contains five individual Co layers. It is stressed that the char-
acteristics of the curves of Fig. 14 are typical and are seen in
the rest of the periods up to and including the tenth. This is The authors wish to acknowledge the support of the
expected since the underlying layer is now thicker than th&PSRC through the provision of RORReaching Our Po-
optical skin depth. tential Award Grant No. GR/L69619. The authors are also
The ability of the model to account for the oscillation in grateful to T. E. McKenna for his able technical support on
the complex Kerr effectrotation and ellipticity and its de-  this experimentally demanding project.
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