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Abstract. Intra-dot inter-layer magnetostatic coupling have been investigated in trilayers which consist
of two [Co/Pt] multilayers with out-of-plane anisotropy and different coercivities separated by a thick Pt
layer. For single domain nanodots, the strong intra-dot inter-layer magnetostatic interactions manifest as
a shift of the soft layer hysteresis loop. The amplitude of this shift decreases when the size of the dots is
increased and/or when the temperature is increased. Satisfactory agreement is found between calculations
and experimental results.

PACS. 75 Magnetic properties and materials – 75.70.-i Magnetic properties of thin films, surfaces, and
interfaces – 75.60.-d Domain effects, magnetization curves, and hysteresis – 75.60.Ch Domain walls and
domain structure – 75.75.+a Magnetic properties of nanostructures

1 Introduction

Due to their technological potential for read-heads or mag-
netic random access memories [1,2], “soft-hard” bilay-
ers [3–5] have been widely studied. Multilevel magnetic
recording recently brought a renewed interest for these
systems. Indeed, in order to further increase the data stor-
age density [6], it has been proposed that instead of reduc-
ing the bit size, one could increase the number of remanent
states per cell [7,8]. Such a multilevel storage recording
can be applied to longitudinal and perpendicular media,
either continuous or patterned. A possible way to achieve
multilevel media consists in using N magnetic storage lay-
ers (N � 2) with different coercivities. In that case, the
recording media might show up to 2N stable remanent
states. With an appropriate sequence of external applied
fields, all the remanent states can be reached. The me-
dia can be read with a magnetoresistive read head. Pat-
terned magnetic recording media have also been proposed
in order to push further the data storage density towards
1 Terabit in−2. The combination of multilevel recording
and patterned media has been recently envisaged [7,8].
Such systems might be of great technological interest since
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they could result in a significant enhancement of the me-
dia storage densities.

Various magnetic couplings in such multilevel systems
can however make the devices susceptible to malfunction.
These couplings can have different origins: direct mag-
netic coupling through pinholes in thin metallic or insu-
lating spacer layer [9], indirect exchange coupling through
RKKY interactions [10], orange peel (Néel) magnetostatic
coupling in the presence of a correlated roughness at both
spacer interfaces [11,12], and finally magnetostatic cou-
pling through stray fields [13]. In the latter case, although
these magnetostatic interactions are mostly negligible in
uniformly magnetized macroscopic samples, it is no longer
the case when the magnetic layers are in a multidomain
state, or when the lateral size of the sample is reduced.
It has been shown for example in “soft-hard” continuous
bilayers with in-plane magnetization that the manipula-
tion of the soft layer can result in an alteration of the
magnetic configuration of the hard layer. Peculiar effects
resulting from inter-layer magnetostatic [13–16] interac-
tions have also been observed for continuous systems with
out-of-plane anisotropy [17–20]. The finite size of the do-
mains accounts for these magnetostatic interactions. It is
noteworthy that the smaller the domain size, the larger
the magnetic stray fields, and thus the larger the observed
detrimental effects. For example, in the case of multilevel
recording in patterned media [7,8], we will see that some
of the magnetic configurations of the layers can become
unstable at zero field, thus lowering the number of rema-
nent states, i.e. of recording levels.
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So far, only few studies on magnetostatic couplings
in interacting bilayers have been carried out in systems
with out-of-plane anisotropy [17–20] but not yet in related
dots arrays. Strong intra-dot inter-layer magnetostatic
coupling will actually take place due to the specificity of
these systems which combine multilevels, nanoscales and
out of plane magnetic anisotropy. We note that since in
that case stray fields emanate from the domains them-
selves, different domain sizes or shapes lead to different
stray field amplitudes. In this manuscript we report finite
size effects on inter-layer magnetostatic interactions. We
have especially studied the magnetization reversal of ar-
rays of nanodots and we have probed some of the effects
resulting from intra-dot inter-layer magnetostatic interac-
tions in these single domain multilevel dots, which display
high potentials for discrete multilevel recording [7,8].

2 Sample preparation

Si wafers were first patterned by electron beam lithogra-
phy and reactive ion etching [21] to form 0.1 × 1 mm2

arrays of Si dots, with lateral sizes ranging from 90
to 400 nm, with a height of 200 nm and an edge to
edge spacing between 50 and 200 nm. In the following,
the nanostructures will be noted as follows: (dot size in
nanometers)/(edge to edge spacing in nanometers), i.e.
400 × 100/200 stands for an array of rectangular dots
with a surface of 400 × 100 nm2 and a 200 nm edge
to edge spacing. A scanning electron microscopy image
of a 90 × 90/110 array is shown as an example in Fig-
ure 1. Si/SiO2/SS/Pt(4 nm)/SH film structure, consist-
ing of a soft SS : [Pt(1.8 nm)/Co(0.6 nm)]2 and a hard SH :
[Co(0.6 nm)/Pt(1.8 nm)]4 ferromagnetic multilayer stack,
separated by a Pt(4 nm) spacer layer were DC-magnetron
sputtered on these naturally oxidized patterned wafers.
The film thereby coats the patterned and surrounding
unpatterned (continuous) regions. SH has a larger co-
ercive field since it consists of a larger number of re-
peats, and also since it is grown on the 4 nm thick Pt
spacer layer which acts as a buffer. The samples were
prepared in a 0.25 Pa Ar pressure following a base pres-
sure of about 0.4 × 10−5 Pa. The depositions were car-
ried out at room temperature with deposition rates of
the order of 0.05 nm s−1 and 0.1 nm s−1 for cobalt and
platinum respectively [18,21]. Since the layers are sput-
tered with a perpendicular-to-plane incidence the deposit
covers the top of the pillars (dots) and the inter-dots re-
gion (trenches). Given the height of the Si pillars as com-
pared to the thickness of the deposit, the dots and the
trenches are magnetically uncoupled [7,21]. Indeed, pre-
vious Magnetic Force Microscopy (MFM) measurements
have revealed that the magnetization of dots with dimen-
sions comparable to ours is independent of the magneti-
zation direction in the trenches [21]. Hysteresis loops were
measured at different temperatures, from 4.2 to 450 K
using Polar Magneto-Optical Kerr Effect (PMOKE) se-
tups. The nanostructures (dots and trenches simultane-
ously) were probed by focusing the laser spot onto the
patterned region.

Fig. 1. Scanning electron microscopy image of a 90 × 90/110
array of nanostructures.

The coupling energy, J , due to pinholes, RKKY or
orange peel interaction, between two ferromagnetic lay-
ers with out-of-plane anisotropy separated by a non-
magnetic spacer decreases roughly exponentially with the
non-magnetic spacer thickness [12]. Two Co layers sep-
arated by a 1.8 nm thick Pt film exhibit a strong fer-
romagnetic coupling (J > 3 × 10−6 Jm−2), and we can
thus consider that [Co/Pt] multilayers involving Pt films
of 1.8 nm are uniformly magnetized. On the other hand,
two Co layers separated by a Pt film thicker than 4 nm
exhibit a very small coupling (J < 3 × 10−7 J m−2). Our
Si/SiO2/SS/Pt(4 nm)/SH samples can thus be considered
as two interacting single magnetic layers. SS and SH will
henceforth be designated as layers instead of multilayers.

Our aim is to probe the effects related to intra-dot
inter-layer magnetostatic coupling. We have therefore cho-
sen the thinnest Pt spacer that allows us to minimize
RKKY and orange peel coupling and to maximize magne-
tostatic interactions. It is additionally noteworthy that the
geometries of the arrays give rise to densities around few
Gdots in−2, with inter-dots dipolar coupling of only few
tens of Oersted [20,22,23]. These values are small (less
than 10%) compared to the intra-dot magnetostatic inter-
actions that we will further discuss.

3 Results and discussion

Figure 2 shows a typical PMOKE hysteresis loop recorded
on the nanostructured region for a sample with composi-
tion Si/SiO2/SS/Pt(4 nm)/SH . Two imbricate hysteresis
loops with two transitions on each branch, each, can be
clearly distinguished. Owing to the vertical incidence of
the laser spot during the PMOKE measurements, both the
signal coming from the dots and that from the trenches
are probed. The two sharp transitions, at relatively low
fields (150 Oe and 360 Oe) correspond to the magnetiza-
tion reversal of the bottom soft layer and top hard layer
in the trenches, respectively. The coercive fields obtained
for the trenches are slightly larger than those measured
on a continuous film (not shown). Such a slight increase
of coercitivity accounts for larger nucleation field for the
trenches. Given the sharpness of the magnetization rever-
sal in the trenches, it is likely that the base of the silicon
dots do not favor domain wall pinning. The two broader
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Fig. 2. Room temperature PMOKE hysteresis loop (λ =
543.5 nm) for a 400 × 100/100 array of nanostructures with
composition Si/SiO2/[Pt/Co]2/Pt(4 nm)/[Co/Pt]4 .

transitions, at higher fields (900 Oe and 2600 Oe), are as-
cribed to the magnetization reversal of the bottom soft
layer and top hard layer on the dots, respectively. The
significant broadening of the transition observed for the
dots has been previously reported and attributed to inho-
mogeneities among the dots which results in a switching
field distribution [21]. Larger reversal fields are commonly
observed in patterned systems with respect to continuous
films or trenches and it can be attributed to the reduced
amount of effective nucleation centers for the dots or to a
possible change in the magnetization reversal mechanism
in comparison to the continuous film [8,21,24]. In addi-
tion, the edges of the dots play a major role in pinning
the magnetization and, in the patterned structures, these
edges constitute a more significant part of the structure
relative to the total volume and hence lead to an increase
of the coercivity. It has to be noted that in both cases, the
remanence to saturation ratio remains close to one. Ad-
ditional MFM images (not shown) allowed us to confirm
that in the remanent state, the dots are in an out-of-plane
single domain configuration.

Since both the light transmission and reflection cor-
responding to the bottom and top layers are different,
the amplitudes measured by PMOKE cannot be directly
linked to the magnetization of the layers [25]. It is also
noteworthy that the relative amplitudes between the to-
tal signal (bottom soft and top hard layers) from the dots
and that from the trenches differ from the nominal ones
since the incidence of the laser spot cannot be strictly
perpendicular and thus gives rise to shadowing and inter-
ferences effects. Varying the optical wavelength (λ) of the
laser allows tuning the relative amplitude contributions of
the dots and trenches. For chosen geometry of arrays and
wavelength, the signal coming from the dots or that com-
ing from the trenches can be suppressed. As an example,
we show in Figure 3 two limit cases. For a 90 × 90/110
array, the signal from the trenches is shattered by switch-
ing from λ = 632.8 nm to λ = 543.5 nm (Fig. 3a). We
note that in this case, the PMOKE coming from the dots
and the trenches have opposite signs. In contrast, for a
200 × 200/200 array, the same change in wavelength re-
sults in the suppression of the contribution coming from
the dots (Fig. 3b).

Fig. 3. Room temperature PMOKE hysteresis loop measured
at different optical wavelengths (λ): 632.8 and 543.5 nm, for (a)
90 × 100/110 and (b) 200 × 200/200 arrays of nanostructures
with composition Si/SiO2/[Pt/Co]2/Pt(4 nm)/[Co/Pt]4.

Fig. 4. Major and minor hysteresis loops measured by
PMOKE (λ = 543.5 nm) at room temperature for a
400 × 100/100 array of nanostructures with composition
Si/SiO2/[Pt/Co]2/Pt(4 nm)/[Co/Pt]4 . (b) Same loop as in
(a) after having artificially removed the contribution from
the trenches.

Figure 4a shows a typical major PMOKE hysteresis
loop along with a minor hysteresis loop. Only in an at-
tempt to ease the understanding of the loops the contri-
bution from the trenches has been artificially removed.
The resulting loops corresponding to the contribution of
the dots only, i.e. the contribution of interest is plotted in
Figure 4b. It can be observed that the minor loop corre-
sponding to the bottom soft layer is significantly shifted
towards negative magnetic field (from about 550 Oe), af-
ter having saturated the sample in a positive field. This
shift corresponds to a ferromagnetic interaction between
bottom and top layers. Such a shift is ascribed to strong
magnetostatic fields that favor a parallel alignment of the
films until the Zeeman energy prevails, like in the case
of demagnetized continuous films [18,20]. This effect can
be destructive in terms of multilevel applications. Indeed,
as can be deduced from Figure 4b, when the shift field
is larger than the coercive field of the soft layer, the two
intermediate states are no longer stable in zero field. As
can be seen in Figure 4b, the minor loop corresponding
to the bottom soft layer on the top of the dots is not
fully closed. This is ascribed to slight thermal drifts dur-
ing the measurement. The slope at the beginning of the
backward branch of the minor loop is effectively nega-
tive which notably drives an initial shift in the normalized
magnetization.
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Fig. 5. Dependence of the shift field, HShift, with the
largest lateral dimension, Lmax, of the dots with composition
Si/SiO2/[Pt/Co]2/Pt(4 nm)/[Co/Pt]4 .

The dependence of the shift field as a function of the
lateral dot size is plotted in Figure 5. We note that the
value of the shift field is obtained from the difference be-
tween the inflexions points of the transitions correspond-
ing to the magnetization reversal of the bottom soft layer
deposited on the top of the dots, when measuring the mi-
nor loop (see Fig. 4a). This value is directly taken from
the uncorrected data (i.e. without subtraction from the
signal coming from the trenches). The shift field actually
decreases as the dot size increases. Indeed, the stray field
created by a finite size domain, e.g. by the hard layer on
the soft layer, decreases as its size is increased. It tends to
zero in the limit case of an infinite domain.

In order to check for a quantitative agreement between
the shift field and the stray field created by the top hard
layer on the bottom soft layer, we calculated the variation
of the stray fields acting on the soft layer as a function
of the dot size. A simplified model which considers facing
charged surfaces is used. The derived potential is a func-
tion of the cobalt thickness, and the position [26]. The
calculated stray fields are those emanating from the top
hard layer and sensed at the upper interface of the bot-
tom soft layer (i.e. where their magnitudes are the largest).
Typical three-dimensional profiles of such stray fields are
plotted in Figure 6 for 90 × 90 nm2 and 400 × 100 nm2

dots. The field is maximum at the dots edges, where the
spin coordination number is minimum.

Since the hard layer of every dot remains ‘up’ dur-
ing the minor loop on the soft layers, the additional
inter-dot energy provided through stray fields favours an
anti-parallel configuration of the magnetisation of the
neighbouring soft layers. This hence competes with the
ferromagnetic intra-dot coupling and results in a reduc-
tion of the field sensed by a soft layer. We have calculated
the inter-dot stray field generated on a central dot by an
array of 11×11 dots pointing ‘up’ (above 11 dots, the ad-
ditional inter-dot stray field becomes smaller than 0.5 Oe
and can thus be neglected). The maximum inter-dot stray
field was obtained for the 100×100/50 array and is around
85 Oe. Note that this value is less than 10% of the shift
field (∼950 Oe).

Fig. 6. 3D mapping of the stray field HZ,Hard emanating
from the hard layer at the lower interface of the soft layer,
for Si/SiO2/[Pt/Co]2/Pt(4 nm)/[Co/Pt]4 dots.

The maximum value of the calculated stray field cre-
ated by the top hard layer at the upper interface of the
bottom soft layer (Fig. 6), from which we subtracted the
calculated inter-dot stray field, is plotted in Figure 5,
along with the experimental data. The calculations pro-
vide the right order of magnitude of the shift field, hence
confirming that the hysteresis loop shift can be directly
ascribed to strong inter-layer magnetostatic interactions.
From Figure 5 the shift field seems to be larger as the di-
mension between the dots is increased. Indeed, the closer
the dots, the larger this inter-dot coupling and the smaller
the shift field. We note that the magnetization rever-
sal process presumably involves complicated nucleation
events that cannot all be taken into account by our sim-
plified calculations, which thus do not accurately account
for the size dependence of the shift field.

The thermal dependences of the saturation magne-
tization of the dots and of the shift field, as obtained
from PMOKE measurements, are plotted in Figure 7.
As mentioned above, a good choice of the optical wave-
length allowed us to eliminate the PMOKE signal com-
ing from the trenches over a wide range of temperatures
(4.2 K < T < 300 K) [25]. In contrast, our high temper-
ature (300 to 450 K) set-up only works at a fixed optical
wavelength. The four transitions ascribed to the magneti-
zation reversal of the soft and hard layers in the trenches
and on the dots are thus probed. We could distinguish the
signal corresponding to the dots with respect to the signal
corresponding to the trenches. Given the weak signal from
the dots by comparison with that from the trenches at this
given optical wavelength, it was not possible to differenti-
ate clearly the signal from the hard layer and that from the
soft one on the dots. Therefore and for consistency, only
the sum of both signals coming from the dots is plotted
in Figure 7a, over the whole range of temperatures stud-
ied. A full set of measurements on continuous films with
the same compositions (inset of Fig. 7a) also revealed that
both the soft and the hard layer display similar thermal
dependences of the magnetization over a large range of
temperatures (from around 100 to 400 K). This result is
not surprising since the cobalt and platinum sublayers of
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Fig. 7. (a) Temperature dependence of the Kerr rota-
tion of the soft layer, Ms,Soft, added to that of the hard
layer, Ms,Hard, for 90 × 90/110 dots with composition
Si/SiO2/[Pt/Co]2/Pt(4 nm)/[Co/Pt]4 . For comparison, the
inset shows the temperature dependences of Ms,Soft and
Ms,Hard for the continuous film. (b) Temperature dependence
of the shift field, HShift, extracted from PMOKE measure-
ments. The lines correspond to T 3/2 fits.

the soft and hard ‘layers’ are of the same thickness (0.6 nm
for the cobalt sublayer and 1.8 nm for the platinum sub-
layer).

As shown in Figure 7, the dependences of both the
saturation magnetization of the layers and the shift field
with the temperature are similar. We note that the shift
field could only be extracted when using our low tem-
perature setup and above 100 K. Below 100 K coercive
field distribution overlapping between the soft and hard
layers on the dots did not allow us to clearly distinguish
the respective transitions. Knowing that the stray field
created by a layer is proportional to its saturation mag-
netization, MS, the comparison of the thermal behaviors
of MS and the shift field allowed us to further confirm
the direct correspondence between stray and shift fields.
The dependences shown in Figure 7 can both be approx-
imated by a (1 − B · T 3/2) Bloch law [27] (i.e. based on
thermal excitation of magnons). We note that the Bloch
law is not universal [28]. For example some authors report
other behaviors for very low temperatures [29].

From the (1−B ·T 3/2) fits, we deduce a Curie temper-
ature around 600 K, in good agreement with that previ-
ously deduced for continuous films [20], and a slope B of
the order of 6.7×10−5 K−3/2. From this parameter, we cal-
culate an exchange stiffness of around 2.6×10−7 erg cm−1

which is also in good agreement with previous results [20].
Both the Curie temperature and the exchange stiffness are
about half the values reported for bulk cobalt. This ac-
counts for a change in atomic environment in agreement
with previous studies reported in the literature [30].

Considering further applications, the thermal depen-
dence of the shift field has to be taken into account for
the implementation of multilevel patterned media, since
any significant variation of the shift field in real devices
could lead to malfunction.

4 Conclusion

To conclude, we have studied multilevel patterned nan-
odots with out-of-plane magnetic anisotropy and fabri-
cated by a pre-patterning method. These systems combine
the advantages inherent to both multilevel and patterned
media and might be of great technological interest since
they could result in a significant enhancement of the me-
dia storage densities. Strong magnetic stray fields result-
ing from the finite size of the domains in systems with
out-of-plane anisotropy can lead to large ferromagnetic
inter-layer coupling in trilayers which consist of two ferro-
magnetic layers separated by a non-magnetic layer. In the
present single domain nanostructures, this leads to a shift
of the soft layer hysteresis loop which decreases when in-
creasing the size of the nanostructures or the temperature.
Such intra-dot couplings will play a negative role with re-
gards to the stability of the stored data and have to be
taken into account, and possibly compensated, for the im-
plementation of multilevel patterned media, in order to
stabilize all the levels at remanence.
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