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Abstract. – Néel’s theory of magnetostatic coupling between two magnetic layers with in-
plane magnetization separated by a non-magnetic spacer has been extended to the case of mul-
tilayers with perpendicular anisotropy. It is shown that the presence of a correlated roughness
between the successive interfaces induces an interlayer coupling through the spacer analogous
to the well-known orange peel coupling. However, depending on the parameters describing the
interfacial roughness, the magnetic anisotropy and the exchange stiffness constant, this coupling
can favor either parallel or an antiparallel alignment of the magnetization in the two ferromag-
netic layers. This model was used to quantitatively interpret the variation of interlayer coupling
vs. thickness of Pt spacer layer in out-of-plane magnetized exchange-biased spin-valves compris-
ing (Pt/Co) multilayers as free and pinned layers. It is shown that the net coupling can be in-
terpreted by the coexistence of perpendicular orange peel and oscillatory RKKY couplings. In-
terestingly, since these two couplings have different thickness dependence, in certain range of Pt
thickness, the coupling changes sign during growth, being antiferromagnetic at the early stage
of the growth of the top (Co/Pt) multilayer but ferromagnetic once the growth is completed.

Introduction. – Néel first studied the magnetostatic coupling arising between two mag-
netic layers with in-plane magnetization separated by a non-magnetic spacer layer [1]. This
so-called orange peel coupling is ferromagnetic when the successive interfaces present the
same correlated in-phase waviness and decreases exponentially with spacer layer thickness. It
is quite frequently observed in magnetic sandwiches and especially in spin-valves [2]. The ob-
servation of oscillatory interlayer coupling of RKKY-type associated with oscillations in giant
magnetoresistance in magnetic multilayers [3] has launched a very strong interest for coupling
phenomena in multilayers with in-plane anisotropy. The possibility of coexistence of several
periods of oscillations in RKKY coupling was predicted by Bruno [4] and observed experimen-
tally in (Fe/Cr) [5] and (Co/Cu) [6] wedge multilayers grown by molecular beam epitaxy. In
contrast to in-plane magnetized systems, interlayer coupling in the presence of perpendicular
anisotropy has been investigated in a very limited number of systems: Co/Au(111)/Co sand-
wiches [7, 8], (111)-(Co/Pt) superlattices [9], Co/Ir(111) multilayers [10]. Antiferromagnetic
coupling coexisting with perpendicular anisotropy has been observed in some of these sys-
tems for particular ranges of spacer layer thickness. Surprisingly, the magnetostatic coupling
which may arise in these perpendicularly magnetized systems in the presence of a correlated
roughness has not been discussed so far, nor experimentally nor theoretically.
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In this letter, we extend Néel’s theory of magnetostatic coupling in magnetic multilayers
to the case of multilayers with perpendicular anisotropy and use this new theory to quanti-
tatively interpret the variation of coupling vs. Pt spacer layer thickness in spin-valves with
perpendicular magnetic anisotropy. This letter is divided into two parts. The first part deals
with the calculation of the so-called orange peel coupling in the presence of a perpendicular
magnetic anisotropy. The second part reports an experimental study of interlayer coupling in
perpendicular exchange-biased spin-valves in relationship with a structural characterization
of the interfacial roughness.

Model. – We consider two ferromagnetic layers F1 and F2 of thickness t separated by
a non-magnetic metallic layer (NM) of thickness b (see fig. 1). If F1 and F2 were uniformly
magnetized along the direction perpendicular to the plane and assuming that the interfaces
were perfectly flat, then the magnetostatic energy of the system would be independent of
the relative orientation of M1 and M2, where M1 and M2 are the magnetization of F1 and
F2, respectively. This is not the case when the interfaces are wavy. As in Néel’s model of
orange peel coupling, we assume that the roughness of the F1 and F2 interfaces are correlated
(in-phase) and can be described by a cosine waviness

z = h cos
(
2πx
T

)
(1)

as depicted in fig. 1. 2h and T , respectively, represent the peak-to-peak amplitude of the
roughness and its wavelength. We then define θ as the angle between the normal to the
interface and the z-direction. In most experimental situations, T � h so that θ takes the
simple form

θ(x) = hp cos px, (2)

where p = 2π
T . The magnetization in each layer is assumed to be submitted to a perpen-

dicular anisotropy large enough to counterbalance the easy-plane shape anisotropy. Since we
are dealing with multilayers comprising very thin magnetic layers (for instance, (Pt 2 nm/Co
0.4 nm)4), we assume that the dominant anisotropy term is the interfacial anisotropy and
that the local anisotropy axis always points along the normal to the interfaces. Due to the
perpendicular anisotropy, the magnetization is in average perpendicular to plane. However,
due to the misalignment of the anisotropy axes caused by the interfacial waviness, the mag-
netization spatially oscillates. At first order in Fourier transform, the local magnetization can
be described by ψ(x) = ψ0 cos px, where ψ is the angle between the direction of the magneti-
zation and the z-direction. The parameter ψ0 represents the amplitude of the magnetization
fluctuations. It must be calculated by minimizing the total energy of the system. The two
situations of parallel and antiparallel alignments of the averaged magnetization in the two
magnetic layers are considered. These two situations are described by assuming that the av-
erage magnetization of one layer remains fixed (M1), whereas the magnetization of the other
is εM2 with ε = 1 or −1. Considering all these assumptions, the different energy terms can
be calculated analytically to the second order in ψ0. These terms are the exchange within
each magnetic layer, the anisotropy at each interface and the magnetostatic energies.

The exchange energy takes the simple form

Eex =
2t
T

∫ T

0

A

(
∂ψ

∂x

)2
dx = Atp2ψ20 , (3)

where A is the exchange constant.
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Fig. 1 – Schematic representation of a magnetic trilayer consisting of two ferromagnetic layers (F1 and
F2) separated by a non-magnetic spacer (NM). The positive and negative signs represent the interfa-
cial charges and the volume charges (assumed to be located in the middle of the ferromagnetic layers).

Fig. 2 – Variation of the coupling with the anisotropy constant. The structural and magnetic pa-
rameters used for the calculations are Ms = 1.4 × 106A/m; A = 10−11 J/m; h = 2nm; T = 8nm;
b = 4nm; t = 0.5 nm.

Following the assumption that the anisotropy axis is always locally normal to the interface,
the anisotropy energy at each interface can be written

Eani = −2t
T

∫ T

0

cos2
(
θ(x)− ψ(x)

)
dx = Kt(hp− ψ0)2 = Kt(θ0 − ψ0)2, (4)

where K is the uniaxial anisotropy constant.
To calculate the magnetostatic energy, we consider separately the magnetic charges at the

interfaces and in the bulk of the magnetic layers (see fig. 1). The interfacial density of charges
is given by

σs = �m · �n =Ms cos
[
(θ0 − ψ0) cos px

] ≈ σ0 − σ1 cos 2px (5)

with σ0 =Ms[1− (θ0−ψ0)
2

4 ] and σ1 = Ms
4 (θ0 − ψ0)2.

The volume charges are proportional to the divergence of the magnetization which varies
only along the x-direction (see fig. 1). Since the magnetic layers are very thin, the bulk charges
can be considered as a surface charge density concentrated on a single plane in the middle of
the magnetic layer. The corresponding density of charges is

σv = σ2 sin px with σ2 = pMsψ0t. (6)

It is interesting to note that the interfacial and bulk densities of charges do not oscillate with
the same wavelength.
As in Néel’s model of orange peel coupling, the various density of charges listed above are

supposed to lie on flat surfaces. The magnetostatic potential V generated by these surface
charge densities is calculated by solving the Laplace equation ∆V = 0. Using the boundary
condition ∂V

∂z )Ii+ − ∂V
∂z )Ii− = −σ(x) and since all charge densities are of cosine form, the

magnetic potential induced by the surface and volume charges are, respectively,

Vs = −σ0
2
|z| − σ1

4p
cos 2px exp

[ − 2p|z|] (7)

and
Vv =

σ2
2p
sin px exp

[ − p|z|]. (8)
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In these expressions, the origin of the z-axis is taken at the intercept of the z-axis with the
plane of charges.

The magnetostatic energy is then deduced from the expressions (5)-(8) by the relationship

E =
µ0
2
1
T

∫ T

0

∑
i

∑
j

Vi(x, zj)σj(x)dx, (9)

where Vi(x, zj) is the potential created by the surface charge density i on the surface charge
density σj(x) located at surface j. The summation of all the different terms yields the mag-
netostatic energy

Emag =
µ0
2

[
−ε

σ21
8p
exp[−2pb][1−exp[−2pt]]2+εσ22

4p
exp

[−p(b+t)
]
+σ20t−

σ21
4p
exp[−2pt]

]
. (10)

The total energy is the sum of the anisotropy, exchange and magnetostatic energies. It is then
minimized with respect to ψ0 in parallel and antiparallel magnetic configurations. The mini-
mization yields the equilibrium magnetic distorsion ψ0,s=±1 and energy in both configurations.
The resulting coupling is then given by

∆E = Etot(ψ0,ε=1)− Etot(ψ0,ε=−1).

The sign of ∆E determines whether the coupling favors a parallel (∆E < 0) or an antiparallel
(∆E > 0) alignment of the magnetizations of the two ferromagnetic layers.

We now examine the dependence of this coupling on the amplitude of the uniaxial perpen-
dicular anisotropy. Choosing a set of structural and magnetic parameters for the magnetic and
the spacer layers corresponding to Co sputtered layers (see caption of fig. 2), the coupling can
be plotted as a function of the anisotropy constant (fig. 2). For low values of the anisotropy
constant, the coupling is negative, which means that parallel alignment of the magnetizations
is favored. When the anisotropy constant is larger than 1.32×106 J/m3, the coupling favors an
antiparallel alignment of the magnetizations. We calculated also that the magnetic distortion
ψ0 follows the same variation in sign than the coupling.

In order to understand why the coupling can favor parallel or antiparallel alignment, we
consider two extreme cases: For very low-anisotropy amplitudes, the magnetization remains
uniformly parallel to the z-axis as illustrated in fig. 3a in order to minimize the surface charges
and because of the exchange stiffness. In this case, there are no volume charges because the
magnetization is almost uniform within each layer. As a result, the dominant magnetostatic
interaction is the interaction between the charge densities which are facing each other at the
F1/NM and NM/F2 interfaces. Since these charge densities are opposite in parallel magnetic
configuration, parallel alignment is favored in this case. This situation corresponds to a
negative value of ψ0. When the anisotropy is large, the magnetization follows the normal to
the interface as shown in fig. 3b. Here, the interfaces are uniformly charged and generate no
coupling. But a large oscillatory distribution of volume charges arise due to the divergence
of the magnetization in the x-direction. For parallel magnetic alignment, the volume charges
oscillate in phase in F1 and F2 which is unfavorable from a magnetostatic point of view
since charges of the same sign are facing each other. Consequently, this situation favors an
antiparallel alignment of the magnetizations. The sign of ψ0 is here positive which allows to
reduce the anisotropy energy. In the limit of very large anisotropy, the distortion ψ0 becomes
equal to θ0 meaning that the magnetization always points along the normal to the interface.
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Fig. 3 – a) Schematic representation of the magnetization in the case of low anisotropy. The
average magnetization being parallel to the z-axis, magnetic charges of opposite signs appear on the
interfaces generating a parallel coupling. b) In the case of large anisotropy, the magnetization follows
the normal to the surface. The volume charges of the same sign in the magnetic layers generate an
antiparallel coupling.

Experiments. – In order to test experimentally our model, we prepared a series of
spin-valves with perpendicular magnetization of the composition: (Pt 2 nm/Co 0.4 nm)4/Pt
tPt/(Co 0.4 nm/Pt 2 nm)3/Co 0.4 nm/PtMn 7.5 nm. The samples were deposited onto Si/SiO2
substrates by magnetron sputtering at room temperature. More details on the experimental
procedure were published in ref. [11]. The measurement of the hysteresis loops were performed
by extraordinary Hall effect at room temperature [12, 13]. The inset of fig. 4 shows the hys-
teresis loop of a spin-valve with a 3 nm thick spacer. The field was applied perpendicular to
the plane. Two separated hysteresis loops can be clearly identified. The top multilayer which
is exchange-biased by FeMn exhibits a shifted hysteresis loop with a bias field of 90Oe. The
free layer also presents a shifted loop but with a much weaker bias which depends on the
spacer thickness. As for in-plane spin-valves, this latter loop shift provides a measurement of
the interlayer coupling through the spacer layer.

Result and discussion. – Figure 4 presents the variation of the strength of the coupling vs.
spacer thickness. The error bars on the spacer thickness axis correspond to one atomic plane

Fig. 4 – Variation of the experimental coupling with the spacer thickness (square). Fit obtained with
the orange peel model (dashed line). Fit obtained by adding the contributions from the orange peel
and RKKY coupling (dotted line). Inset: major and minor hysteresis loops of the sample (Pt 2 nm/Co
0.4 nm)4/Pt tPt/(Co 0.4 nm/Pt 2 nm)3/Co 0.4 nm/PtMn 7.5 nm measured by extraordinary Hall ef-
fect. The two steps are attributed to the pinned and the free multilayers. The coupling field is
accurately determined by the measurement of the shift of the free-layer minor loop.
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Fig. 5 – Cross-sectional view of a multilayer of composition (Pt 1.8/Co 0.5)4/Pt 1.8 obtained by
transmission electron microscopy. The waviness determined from the observation is 6 nm for the
wavelength and 1.2 nm for the peak-to-peak amplitude.

of Pt. The coupling is found to be parallel for all spacer thickness b and rapidly decreases as b
increases. The decrease, however, is not monotonous and an oscillatory behavior is observed
with local maxima in the coupling amplitude around 3.8 and 5 nm. In order to determine the
roughness parameter to input in the model, cross-sectional transmission electron-microscopy
observations were performed on these samples (see fig. 5). As commonly observed in sputtered
samples, these systems have a columnar texture. This texture is characterized by a grain size
of about 6 nm and an interfacial peak-to-peak waviness of 1.2 nm. We therefore set T = 6nm;
h = 0.6 nm in the model. We then used our above calculation to fit the experimental coupling
variation and plotted the result in fig. 4. The parameters of the fit are: A = 0.28×10−11 J/m;
K = 2.5 × 106 J/m3; M = 1.4 × 106A/m. The anisotropy constant was chosen equal to
the experimental value determined in our multilayers by measuring the saturation field with
in-plane applied field.

The orange peel mechanism allows to reproduce the average decrease of the coupling with
increasing spacer layer thickness but not the oscillatory behavior. Therefore, we introduced a
second component in the coupling which is of RKKY-type. Following the simple formulation
of Yafet [14], the RKKY coupling takes the form

ERKKY = −I0
d2

b2
sin(2kb),

where I0 is the exchange parameter, d the interatomic distance within the spacer in the
z-direction and k is a wave vector related to the shape of the Fermi surface in the growth
direction. Adding the two different contributions to the coupling, we were able to fit the
experimental data including the oscillatory behavior. This is shown in fig. 4. Adjusting the
wave vector to fit the oscillation leads to a wavelength of 1.2 nm and an exchange constant I0
of 0.062mJ/m2. At large Pt thickness (tPt > 5 nm), the oscillations however decrease faster
experimentally than in the fit. This can be ascribed to some degree of uncorrelated roughness
in the stack which results in a distribution of spacer layer thickness. The latter can lead to a
smearing of the oscillations at large spacer thickness.

The above interpretation of the coupling variation in terms of coexistence of RKKY and or-
ange peel coupling is supported by some of our previously published results on exchange-biased
perpendicular spin-valves [11]. We observed that in the range of thickness corresponding to
the local minimum of interlayer coupling (around 3.5 nm of Pt), the virgin magnetic state
of the system was an antiparallel alignment between the magnetization in the two ferromag-
netic multilayers. In contrast, around a Pt thickness of 3.8 nm, the initial magnetization was
equal to the saturation magnetization indicating a parallel magnetic alignment. However,
as observed in the present study, the shift of the minor loop of the free layer indicates that
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the interlayer coupling is always parallel in the completed structures whatever the Pt spacer
thickness. These observations can be interpreted as follows: The amplitude of the orange
peel coupling increases with the thickness of the ferromagnetic layers. As a result, the RKKY
coupling is dominant in the initial stage of the growth of the top (Co/Pt) multilayer so that
its magnetization nucleates in the direction determined by the sign of the coupling. As the
growth proceeds, the orange peel coupling which is parallel in these systems plays a larger
and larger role so that, finally, in the completed structures, it dominates the RKKY coupling.

Conclusion. – By extending Néel’s theory of orange peel coupling to multilayers with
perpendicular anisotropy, we showed that the magnetostatic interaction between two per-
pendicularly magnetized layers in the presence of a correlated roughness can favor either a
parallel or an antiparallel magnetic alignment of the magnetization in these two layers. The
sign of the coupling results from an interplay between the magnetostatic, the exchange and
the anisotropy energy. As for systems with in-plane magnetization, its amplitude depends on
the structural characteristics of the layers (grain size and roughness) as well as on the spacer
and magnetic layer thickness. The application of this model to exchange-bias perpendicular
spin-valves indicated a coexistence between orange peel and RKKY-type coupling. In our
samples, the perpendicular orange peel coupling was found to favor parallel alignment. Fur-
ther experimental work is in progress in order to quantitatively investigate the influence of
roughness on the interlayer coupling and in particular observe the regime in which antiparallel
alignment is favored [15].
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