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Abstract. One to nine monolayer Co films on Cu{100) and one- to five-layer-thick
Co/Cu/Co trilayers on Cu(100) were fsbricated at room temperature using metal vapour-
phase expitaxy techniques under uitrahigh-vacuum conditions. Using electron diffraction
and Auger electron spectroscopy, we determined that the single layers and multilayer
films grow epitaxially and predominantly in a layer-by-layer growth mode. Longitudinal
and polar magneto-aptic Kerr effect {(MOKE) measurements established that the easy axis
of magnetization is in the substrate plane and provided the change of toial magnetization
with layer and multilayer thickness. Our data suggest that the interface magnetization is
affected by the thickness of the tep Co layer.

1. Introduction

In the past few years, there has been increasing interest in the studies of magnetic
coupling in magnetic multilayer systems [1}, This has been due both to the scientific
interest and importance in industrial application, such as information storage media
[24]. Some multilayer systems studied exhibit an oscillatory magnetic coupling when
the non-magnetic interlayer thickness changes [5-8]. Such behaviour has appeared
for systems such as magnetic-rare-carth-non-magnetic-rare-earth and 3d-transition
metal-noble-metal {5, 8] multilayers. The common picture in describing the multilayer
magnetic systems is that there are sheets of aligned magnetic moments (the magnetic
layer) and polarizable layers of free electron gas (the non-magnetic layer). A variant
of the RKKY interaction appcars applicable in explaining the magnetic coupling
between the ferromagnetic layers separated by the non-magnetic layers [9]. So far,
all the experimental reports have adopted this picture in explaining their results
even though serious problems exist. One problem concerning the coupling between
magnetic layers is how the interface magnetization affects the magnetic coupling,
There are several theoretical reports concerning the effects of boundary conditions
on magnetic multilayers systems [10, 11]. This issue is ignored completely in the
traditional RKXY theory.

In this report, we present in the experimental results section a thorough study of
both single epitaxial films of Co and epitaxial Co/Cu/Co trilayers on Cu(100). There
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are three pertinent points that emerge from the data. The total magnetic moment of
the single Co films does not increase in a linear or logarithmic form with film thickness
between one to nine layers. This indicates that the magnetic moments of Co layers
deviate significantly from large, localized magnetic moments of the heavy rare-earth
metals, as discussed below. The total magnetic moment of the Co/Cu/Co trilayers on
Cu(100) exhibits an oscillatory behaviour that depends on both the thickness of the
Cu interlayer and that of the top Co layer. In addition, the hysteresis loops of all
the Co/Cu/Co trilayers on Cu(100) exhibit a square shape with a signal at remanence
that is virtually the same magnitude as that at the largest applied magnetic field.

2, Experimental details

The vacuum chamber used in this experiment has been described elsewhere [12], The
base pressure for our ultrahigh-vacuum (UHV) chamber is 5 x 10~" Torr. The single-
crystal Cu(100) sampie used in this experiment was cleaned via repeated cycles of
400 eV argon-ion sputtering at room temperature to clean the surface and annealing
to 700°C. This process was rcpeated until a sharp 1x 1 low-cnergy electron diffraction
(LEED) pattern with spot size less than 1 mm was obtained. In addition, reflection
high-energy electron diffraction (RHEED) and Auger electron spectroscopy (AES) were
used to characterize the sample. The AES measurements indicated that the carbon
and oxygen contaminants on Cu(100) substrate were less than 1 at.% (which was the
limit of the sensitivity of our AES systemn) throughout the experiment.

Before deposition of Co and Cu, both evaporators were outgassed for 24 hours
at a temperature slightly below the evaporation temperature. The chamber pressure
was 5 x 10~ Torr before deposition and never exceeded 2 x 10~'° Torr during the
deposition of Co and Cu. After the deposition, longitudinal and polar magneto-optic
Kerr effect measurements were performed on these systems to measure the Kerr an-
gle and MOKE hysteresis loops. In order to confirm that the films we measured were
clean and ordered, we conducted AES and LEED measurements after the MOKE mea-
surements. The experimental results indicated that the films we measured exhibited
very good crystalline order without observable reconstruction and free of contami-
nants. AES measurements were also performed to calibrate the film thickness. The
stated film thicknesses were reproducible to within 10% relative accuracy in thickness.
Our experimental results for segregation at the interface between Co and Cu layers
[12] indicated that the interface between Co and Cu was atomically sharp without
interdiffusion for the films grown at room temperature.

Our MOKE apparatus uses a magnet in a vacuum that can be rotated so that both
polar and longitudinal MOKE measurements can be performed in situ on the same
sample. The gap between the two magnetic poles is half an inch wide. The applied
magnetic field in the centre of the magnet gap was as large as 1500 Oe, with no rise
in the vacuum pressure, and the applied magnetic field is quite uniform across the
sample area,

To measure the longitudinal Kerr rotation angle at remanence, we followed a
standard procedure. We used s-polarized light from a He—-Ne laser and the extinction
ratio obtained was 1 x 10~7. We first applied a large magnetic field of 1500 Qe in one
direction. We then reduced the magnetic field to zero and the magnetic system was
in the remanence state. We rotated the second polarizer to reach extinction. After
reaching extinction, we reversed the magnetic field and applied a 1500 Oe¢ magnetic
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field in the opposite direction to switch the magnetization direction in the sample
plane. We then reduced the magnetic field to zero to measure the photodiode current,
I,. We rotated the second polarizer to a fixed known angle, 106°, and measured the
corresponding photodiode current, I;;. The Kerr rotation angle 6 at remanence was
calculated using the formula:

8= [(I,— 1)/ (1 = 1))/ ?sin 10° (10

where [, is the photodiode current at extinction. We performed the measurement
of I, for each measurement of Kerr rotation angle to avoid systematic errors. The
accuracy of the measured Kerr rotation angles was limited by the sensitivity of the
photodiode and the uncertainty of measured Kerr rotation angles was 0.03 mrad.

3. Experimental results

Figure 1 illustrates the measured Kerr rotation angles at remanence (crosses) for one
to nine layers of Co on Cu(100) thin films grown epitaxially at room temperature
and the theoretical fit (full line) using a simple Ginzburg-Landau (GL) model. Since
the photon penetration depth, about 20 nm, is much larger than the film thickness
(< 4 nm), the light used in the MOKE measurements samples the entire film without
attenuation. Taking the uncertainty of Kerr rotation angle measurement into account,
the measured Kerr rotation angles increase with the film thickness in a way that
is clearly different from either a linear or a loparithmic functional form. Diffraction
studies were performed on these thin Co films on Cu(100), no crystallographic changes
with film thickness were observed, consistent with other investigators’ results {13]. Our
segregation studies, and the RHEED osciilation measurements, transmission electron
microscopy (TEM), and x-ray diffraction studies by other investigators [14] indicate
that Co grows epitaxially on Cu(100) without interdiffusion at temperature up to
230°C and that the interface between Co and Cu is atomically abrupt.
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Figure 2 illustrates the measured Kerr rotation angle (full dots) as a function of
Cu layer thickness for Co/Cu/Co trilayers on Cu(100) and the theoretical fit (crosses)
of these data from our GL mean-field theory analysis, The thickncss of the top and
bottom Co layers were fixed at four layers, and the thickness of the interfayer Cu
changed from two to five layers. The Kerr rotation angle remained at 1.00 mrad
for Cu films of two and threc layers thick, and decreased to 0.90 mrad for Cu
film of four layers thick. As the thickness of interlayer Cu increased to five layers,
the measured Kerr rotation angle decreased to 0.20 mrad, indicating that close to
perfect cancellation of the magnetic moments between the top and bottom Co layers
occurred. This indicates that the effective magnetic coupling between the top and
bottom Co layers has switched {rom ferromagnetic to antiferromagnetic coupling as
the thickness of interlayer Cu changed from four to five atomic layers.

B{mrgd}

Figure 3, The longitudinal Kerr rotation angle
versus top-Co-layer thickness for Co/Cu/Co trilayer on
Cu(100). The tnterlayer Cu layer thicknesses are fixed
| i as two, three, four, and five atomic layers. The full
e T 3as 60 1 £33 & lines and dots are cxperimental results, The douied
TGP Co LAYER THCKNESS (ML) lines and crosses are the best fit from a GL analysis.

To obtain information about the effect of the Co film on the overall magnetic
coupling, we performed other cxperiments jn which we fixed the thickness of the
interlayer Cu and varicd the thickness of the top Co layer. Figure 3 illustrates the
measured Kerr votation angles as a function of the thickness of the top Co layer for
the Co/Cu/Co trilayers on Cu(100), for interlayer Cu of (A} two layers of Cu, (B)
three layers of Cu, (C) four layers of Cu, and (D) five layers thick. The thickness
of the bottom Co layer in figuse 3 was always four layers. It is noteworthy that the
measured Kerr rotation angles oscillated from maximum to mitimum as the thickness
of the top Co film changed, which has not been reported before. In figure 3, top
left, the measured Kerr rotation angles changed from a minimum of 0.30 mrad to a
maximum of 1.00 mrad as the thickness of the top Co film increased from two to four
atomic layers. The change of the measured Kerr rotation angles was well beyond the
total experimental uncertainty, 0.03 mrad. In figure 3, top right, the measured Kerr
rotation angles changed from a maximum of 1.00 mrad to 2 minimum of 0.25 mrad
as the thickness of the top Co film incresed from four to five atomic layers. The data
illustrated in figure 3, bottom left, exhibit less dramatic changes with the thickness of
the top Co layer. This is in accord with the theoretical predictions of the GL equations
as discussed below. The data in figure 3, bottom right, also exhibit oscillations of the
Kerr rotational angle as the thickness of the top Co layer was changed.
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Figure 4 illustrates the longitudinal MOKE hysteresis loops for one to four layers
of Co films on Cu(100), including (A) one monolayer of Co, (B) two monolayers
of Co, (C) three monolayers of Co, and (D) four monolayers of Co. The hysteresis
loops exhibit excellent squareness with very low coercivity. This strongly supports our
assertion that the thin films we fabricated were of high quality. The magnetization
direction was along the magnetization easy axis and the magnetization reversal was
via domain wall movement [15]. The smoothness of the magnetization reversal via
domain wall movement argues against the possibility that the films we fabricated
possessed considerable defect density or interdiffusion. The inset of figure 4 indicates
that the coercivity remains almost constant as the film thickness increases. This is
consistent with other investigators’ experimental results, that high-quality crystalline
thin films possess single domains [14]. The magnetic anisotropy constant remains very
small for these films as indicated by the low coercivity.
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Figure 4. The longitudinal hysteresis loops for one  Figure 5. The longitudinal and polar MOKE

to four layers of Co on Cu(100) thin films., The
coercivity ranges from 9.5 Oe for one monolayer of
" Co on Cu(100) to 14 Oe for four layers of Co on
Cu(100) thin films. The vertical scale is the MOKE
intensity which is proportional to the Kerr rotation
angie. {A), (B), (C), and (D) are for one to four

hysteresis loops for two layers of Co on Cu{100)
thin film. (A) and (B) are for longitudinal and polar
MOKE hysteresis loops. The coercivity is 14 Qe
for longitudinal geometry and 140 Oe for polar
geometry. The remanence is 100% for longitudinal
geometry and about 1009 for remanence for polar

layers, respectively, of Co on Cu(104) thin films. geometry,

Figure 5 illustrates the longitudinal and polar MOKE hysteresis loops for two layers
of Co on Cu(100). The longitudinal hysteresis loop, as illustrated in figure SA, exhibits
100% remanence with coercivity of 14 Qe, which is similar to the results obtained by

other investigators [14]. The polar hysteresis loop, as illustrated in figure 5B, exhibits
reduced squareness with a much higher coercivity of 140 Oe. The surprising bistability
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of magnetization along both longitudinal and polar directions will be discussed
elsewhere [16]. The presence of a finite slope in the polar hysteresis loop can be
attributed to the presence of the demagnetization field, which comes out of Maxwell’s
equations naturally and can be understood in the GL mean-field theory below.

Figure 6 illustrates the longitudinal hysteresis loops for (four, five) layers of
Co/two layers of Cu/four layers of Co trilayers on Cu(100) and (four, five) layers
of Co/five layers of Cu/four layers of Co trilayers on Cu(100). As figure 6 illustrates,
the magnitude of the hysteresis loops changed dramatically as the thickness of the
top Co film increased from four to five atomic layers and the thickness of the Cu
interlayer was fixed. Although the magnitude of the Kerr rotation angle changed
dramatically, the coercivity remained virtually constant at approximatcly 40 Oe with
excellent squareness, indicating that magnetic easy axes remained the samc while the
magnetic coupling changed. The data in figure 6 are, however, quite surprising in one
respect. The decrease in Kerr rotation angle indicated that the top and the bottom
Co layers coupled antiferromagnetically. The antiferromagnetically coupled moments
should deviate from antiparalle] alignment as the applied magnetic field increased to
yield a finite slope in the hysteresis loop. However, we did not observe such a slope
in the hysteresis loop.
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Figure 6. The longitudinal hysteresis loops for (four, five) layers of Co/two layers
of Cuffour layers of Co trilayers on Cu(100) and (four, five) layers of Co/ffive layers
of Cuffour layers of Co trilayers on Cu(100). The coercivity are about 40 Qe. The
remanence are 100% of the saturation magnetization. The vertical scale is the MOKE
intensity for the systems. (A) and (B) are for (four, five} layers of Ce/two layers of
Cuffour layers of Co trilayers oo Cu(100). (C) and (D) are for (four, five) layers of
Co/five lavers of Cuffour layers of Co trilayers on Cu(100}).

Our segregation studies at the Co and Cu interface [12] established that there was
no interdiffusion between Co and Cu when the thin-film Co and Co/Cu/Co trilayers
were grown on Cu(100) at room temperature. The diffraction studies indicate that
these systems exhibit the same excellent diffraction patterns as the layer thickness
changed. This indicates that the changes in the measured Kerr rotation angles in
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Co/Cu/Co trilayers on Cu{100) were not due to changes in the crystailine structure,
but as a manifestation of the changes of the relative orientation of the magnetization
of the top and bottom Co layers.

4. Ginzburg-Landau formalism

There have been several reports applying the GL mean-field theory in magnetic
systems {9, 10, 17-20]. All of these reports indicate that the GL mean-field theory can
provide qualitative agreement with experimental results.

The Gibbs free energy per unit volume in the GL formulation is [10, 17-19]

3
1) = folr) + S (MG 4 TGN + 5 3 (VM)
i=1

- iM(r)- H" - M(r)- H. VA

The first term f, is the free energy per unit volume in the absence of magnetization.
The order parameter is the magnetization of the film M (r). The fields H™ and I
arc the demagnetization and applied magnetic ficlds respectively. The GL coefficients
A, B, and C are temperature-dependent parameters. The static magnetization of the
system is found for the system with minimum free energy, that is 8 F/8M(») = 0.
In order for the total free energy F' to have a minimum, it is necessary that B and
C' are always positive. For ferromagnetic and paramagnetic materials, A is positive
for T > T, and for ferromagnetic materials, A i$ negative for T < T, [21].

In earlier work [11, 20], we defined the magnetization M (v) as a vector with the
following form:

M(r) = M]|("')£|1 + M (r)z, (3)

where the z-axis is along the normal of the surface plane and M(r) and M, (r) are
components of magnetization parallel and perpendicular to the surface plane. Since
the film thickness is very thin compared with the size of the sample surface area, the
dependence of magnetization on « and y is much weaker than the dependence on =.
We can make the approximation that M (r) = M(z)}.

For M, (z) = 0, we obtain

— C&M(2)/d2> + AM(2) + BMj(2) =0 (4)
for while M) () = 0, we obtain
— C&M, (2)/dz* + AM,(2)+ BM3(2) = HT. (5

The demagnetization field H™ is zero when A, (2) = 0 and non-zero when
My(z) = 0. The hysteresis loops for the two magnetizaiton gcometries will be
different. For H™ = 0, the magnetic hysteresis loop may be expected to be quite
square if the applied magnetic field direction is along one of the easy axes. For
situations where equation (3) applies, the demagnetization field works against the
applied magnetic field H, which results in a hysteresis loop deviating from ‘square’
shape. This agrees with our data and a number of other experimental studies [15,
22]. Magnetic hysteresis loop measurements indicated that the easy magnetization
axes were in the film plane. As has been done elsewhere [11, 20}, we only need to
consider the parallel component of magnetization, M “(z).
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As discussed in detail eisewhere [20], solutions to equation (4) exist. Casting in
the form of incomplete elliptic integrals (o, r}, standard identities [23] cnable the
results to be found for a < —(4b|)~!:

Bz = F(a(z),r) - F(a(0),r) (6)
where 8 = 2(eb)!/*x, and a(z) is defined as follows:

c0s a(z) = (m¥(z) ~ 1)/(m?(z) + 1) ' (7
where m(z) = (b/a)V/*M(z) and

r=lbbfeye @

and 1/+/2 < » € 1. The standard expression of F(a,r) is
Fla,r)=(2/m)Ka-sinacosa (a; + :,f-az,sin2 a + higher-order terms) £)]

where K = (w/2)[1 + (r/2)? + higher-order terms] and a, = (r/2)%. It has
been shown in previous work [20] that thc magnetization profile of rare-carth metal
overlayers on metial substrate exhibit monotonicaily varying functional form. We only
need the leading term (2A7/2)« in rare-earth thin-film systems and the additional
terms in equation (9) are small compared with the first term (2K/rx)a. This
implied that a < —(4]b])~! [11). For thin films Co on Cu(100), the experimental
magnetization profiles exhibit both a partial monotonic and oscillatory behaviour. In
order to obtain agreement with a GL model one can include the higher-order terms,
such as a; in (9) and note that the condition of o < —(4|b|)~? applicable for the
rare-earth overlayers [20] no longer holds. As a first-order correction, we take only
the ay,-term of (9) into account and all other higher-order terms are neglected. Since
ay is the higher-order term, we approximate the phase «(z) in the higher-order terms
as a(z) = «(0) + (wB/2 1"}z, which yields the following equation:

Bz = (2/7)K(a(z) - a(0)) - a, {sin(2[r8/2/)z + a(0)] ~ sin(2a(0))} .~ (10)
Redefining 8 = #8/K and ¢, = (7 /2K )ay in equation (10), we obtained the
solution for magnetization m(=z) in Co film:

m{0) g o .4 .4
14 m(0)32 + 2 ™ (0) {8 m(O)( T m(0)8z) —si m{0) (1)
This is, however, clearly an approximation. The magnetic overlayer will cxhibit an
enhanced magnetic moment per atom due to the reduced dimensionality as the film
thickness decreases, and the interface energy {Cu/Co) is neglected.

m(z) =

5. Discussion

Since the penetration depth of the incident photons is much larger than the film
thickness, the light was essentially sampling the whole film. The deviation of the
functional form of the Kerr rotation angle for thin Co film on Cu(100) from lincar
or logarithmic form, as illustrated in figure 1, clearly indicates that the large and
localized magnetic moment model used for rare-earth overlayers [20] is not valid for
Co overlayers on Cu(100) [24]. The self-magnetization energy no longer dominates
as it does in the heavy rare-carth metals.

We performed calcuiations using Dr Samuel Bader’s code [25] and established that
the effects of the optical constants cannot explain our MOKE Co-thickness-dependent
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data. As for the trilayer systems, the additivity rule holds [25]. This indicates that the
observed variation of Kerr rotation angle, as illustrated in figure 3, can be attributed
as the changes of the relative orientation of the magnetization of the top and the
bottom Co layers. The variation of the effective magnetic coupling with the thickness
of the top Co layer contradicts the traditionzl RKKY theory, which does not take into
account the effect of interface boundary conditions on the magnetic coupling,

5.1. Hysteresis loop

The magnetic hysteresis loops, as illustrated in figure 4 for thin Co films on Cu(100),
exhibit excellent squareness with a very low coercivity of about 14 Oe. The remanence
is 100% of the saturation magnetization within experimental error. This is consistent
with the results of other investigators {26] that monolayer-range magnetic film
possesses a single domain. We postulate that due to the formation of {lat surfaces, as
confirmed by electron diffraction measurements, there are fewer pinning sites to pin
down the domain wall. Such a thin magnetic film also possesscs very low magnetic
crystalline anisotropy in the plane of the film. As a result, a small driving field
can push this ‘soft twisted spring’ [15] to move forward smoothly when the applied
magnetic field is along a magnetic casy axis.

The polar MOKE hysteresis loop, as illustrated in figure 5 for two layers of Co
on Cu(100), exhibits a much higher coercivity (140 Oe) than that of the longitudinal
hysteresis loop. The remanence was reduced from 100% of the saturation value in
the Jongitudinal geometry to approximately 70% of the saturation magnetization in
the polar geometry [or two layers of Co. The large increase in coercivity in the polar
geometry arises from the effects of the demagnetization field (equation (5)).

As illustrated in figure 6, the coercivity for the Co/Cu/Co trilayers on Cu(100)
increased from 14 Oe to about 40 O, still very low. The squareness of the hysteresis
loop remained almost the same, indicating that domain wall motion was still the
magnetization reversal mechanism. No multiple steps were observed in our hysteresis
loop measurements. This strongly supports our inference that the domains in the
top and the bottom Co films were strongly coupled, and that there cannot be many
pinning sites to pin down the domain wails. This strongly indicates that the trilayers
we fabricated are well ordered with sharp interfaces.

There is a surprising result in figure 6, which is that the squareness and coerciv-
ity of the hysteresis loops for trilayer systems remained almost unchanged when the
MOKE signal decreased significantly, indicating the magnetic coupling has changed
from ferromagnetic to antiferromagnetic coupling. Our inference is rather bold,
namely that the trilayers possessing antiferromagnetic coupling are very strongly cou-
pled and exhibit metamagnctic behaviour. Recall that a distinguishing characteristic
of a metamagnetic system is the presence of two (or more) non-parallel magnetic sub-
lattices that are strongly coupled to each other [19, 27]. With such a strong coupling
between sublattices, the sublattices respond to a weak applied magnetic field by rotat-
ing as a unit. Only when the applied magnetic field establishes an energy comparable
to the coupling energy between sublattices is the magnctization of the sublattices
forced into alignment with the applied magnetic field. We argue that the trilayer sys-
tems are exhibiting precisely this type of magnetic behaviour. The hysteresis loops in
fipure 6 represent the top- and bottom-layer magnetization vectors rotating together
without changing the relative orientation. However, we have not proven this inference
experimentally simply because we are not able to apply such high magnetic fields.
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5.2, Thin Co film on Cu(100)

As figure 1 illustrates, there are cight data points for the Kerr rotation angle
measurements for one to nine layers of Co on Cu(100). The experimental error
bar was 0.03 mrad as determined by the reproducibility of our data from one film
deposition to the next. The data clearly indicated that the Kerr rotation angles
varied with the thickness of the Co layer that deviatcd from a logarithmic form.
It is rather a mixture of a logarithmic and an oscillatory functional form. The
maximum deviation from a logarithmic form occurs at four layers of Co on Cu(100).
The oscillatory character of the solution also is seen in GL mean-field theory. This
comparison suggests that Co does not possess a large and localized moment and the
self-magnetization energy no longer dominates as is the case for rare-earth overlayer
films [20]. Equation (11) was easily fitted to the data with four free parameters,
as illustrated in figure 1. The fitting parameters used in (11) are m(0) = 2.1,
k = 0.07/layer, B = 0.12/layer, and a; = 0.45.

5.3, CofCu/Co on Cu{100) tritayers

Figure 2 illustrates the measured Kerr rotation angles for Co/Cu/Co trilayers on
Cu(100) with the top- and bottom-Co-layer thicknesscs fixed at four atomic layers.
The data strongly indicated that the effective magnetic coupling has switched from
ferromagnetic to antiferromagnetic as the thickness of the interlayer Cu changed from
four to five atomic layers.

Figure 3 illustrates the experimental data for Co/Cu/Co trilayers on Cu(100). The
bottom-Co-layer thickness was fixed at four atomic layers. For each thickness of the
interlayer Cu, the top-Co-layer thickness was changed from two to five layers for the
top panels of figure 3, as discussed before. When the top Co films were one to three
layers thick, the top and the bottom Co films were coupled antiferromagnetically. As
the top-Co-film thickness reached four atomic layers, the top and bottom layers began
to couple ferromagnetically with a significant increase of Kerr rotation angle. As the
thickness of the top Co film increased to five atomic layers, the top and bottom Co
magnetizations now coupled antiferromagnetically with a dramatic decrease of Kerr
rotation angle.

For figure 3, bottom left, the magnetization in the top and bottom Co layers
will be forced into parallel alignment by the applied magnetic field and remain in
a ferromagnetically coupled state after the applied magncetic field is removed. The
Kerr rotation angles will increase monotonically, as illustrated in figure 3, bottom
left. For figure 3, bottom right, the interlayer Cu was five layers thick and for one
to three layers of Co, the top and bottom Co layers were coupled ferromagnetically
with a monotonic increase of Kerr rotation angle. As the thickness of the top Co
film increased to four layers, the magnetization between the top Co layer and the
Cu layers reversed its direction and the top and bottom Co layers were coupled
antiferromagnctically with a significant decrease of Kerr rotation angle. For the top
Co film five layers thick, the top and bottom Co layers coupled ferromagnetically with
an increase of Kerr rotation angle.

From our experimental data there is a clear indication that the direction. of
magnetization at the interface between Cu and top Co layer changes as the thickness
of the top Co layer changes. We suggest on the basis of these data, that there is a
change of direction of the interface magnetization, due to the change of the thickness
of the top Co layer. This results in a change of the effective magnetic coupling
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between the magnetization of the top and bottom Co layers. Such a postulate would
reinforce the importance of the interface magnetization and the complexity of the
boundary conditions in determining the effective magnetic coupling in multilayer
systems.

6. Conclusion

We have fabricated thin Co films and Co/Cu/Co trilayers on Cu(100) and studied the
magnetic properties using magneto-optic Kerr effect spectroscopy. Our data for a
thin Co film exhibit neither a linear nor a logarithmic increase in Kerr rotation angle
with film thickness. The Kerr rotation angles for trilayer systems oscillate with the
thickness of both the interlayer Cu and the top Co layer. The magnetization direction
was along the easy axis in the sample plane for all experiments, The squareness of the
magnetic hysteresis loop indicated that the magnetization reversal was via domain wall
motion with very few pinning sites. This also indicates the high quality of our films
with sharp interfaces. No multt-steps in the hysteresis loops were observed in trilayer
systems, indicating that the top and the bottom Co films were strongly coupled. The
shape of the hysteresis loop remained the same square shape, with cocrcivity of 40 Oe
for trilayers, indicating that the domain walls in the top and the bottom Co films were
coupled and moved smoothly together. The lack of slope in the hysteresis loop with
antiferromagnetic coupling between the top and the bottom Co Jayers indicates that
the magnetization profiles in the remanence state were energetically stable. The
theoretical analysis suggests that the itineracy and relatively small magnetic moment
per atom for Co, compared with the heavy rare-earth metals, contributed mainly to
the oscillatory behaviour in the magnetization profiles for thin Co films on Cu(100).
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