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Magnetic domain replication in interacting bilayers with out-of-plane anisotropy:
Application to Co/Pt multilayers
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The effects of domain replication resulting from interlayer magnetostatic coupling have been investigated in

trilayers which consist of two Co/Pt multilayers with out-of-plane anisotropy separated by a thick Pt layer. For
demagnetized films, the strong correlation between the domain configurations of the two multilayers gives rise
to an evolution of the equilibrium domain size with the spacer layer thickness. A good correspondence is found
between our numerical calculations and the experimental measurements. These results are an extension of
Kaplan’s theory of domain size in single ferromagnetic films with out-of-plane magnetization, to the case of

interacting ferromagnetic films.

DOI: 10.1103/PhysRevB.75.014406

I. INTRODUCTION

A lot of experimental and theoretical work has been car-
ried out so far in antiferromagnetically coupled multilayers
or in “soft-hard” bilayers'~* due to their technological poten-
tial for read-heads, magnetic random access memories, or
multilevel recording applications.>®

Possible interlayer magnetic coupling in such systems are
susceptible to lead to misfunctionment of the devices. It has
been shown for example in soft-hard bilayers with in-plane
magnetization that the manipulation of the soft layer can
influence the magnetic configuration of the hard layer.”'?

These couplings can have different origins: direct mag-
netic coupling through pinholes in the thin metallic or insu-
lating spacer,’® indirect exchange coupling through
Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions,'* or-
ange peel (Néel) magnetostatic coupling in the presence of a
correlated roughness at both spacer interfaces,'>' and finally
magnetostatic coupling through stray fields.'® In the latter
case, although these interactions are mostly negligible in uni-
formly 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.

So far, few studies on magnetostatic couplings in interact-
ing bilayers have been carried out in systems with out-of-
plane anisotropy.'®~!? It is, however, noteworthy 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 a single layer which exhibits perpendicular magnetic
anisotropy, the evolution of the magnetic domain character-
istic size is well described by Kaplan’s analytical theory®” in
the case where the film thickness is much smaller than the
magnetic domain width and by Kittel’s analytical theory in
the case where the film thickness is much greater than the
magnetic domain width.?! Extensions taking into account the
“u effect,”? improved approximations>? and applications to
Co/Pt based systems?* have been developed. All these stud-
ies address the case of systems described as single layers.

Recently, more complex multilayer systems with out-of-
plane anisotropy were studied such as exchange-biased
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ferromagnetic/antiferromagnetic bilayers,” ferromagnetic/
nonmagnetic/ferromagnetic/antiferromagnetic multilayers'®
or antiferromagnetically coupled ferromagnetic/
nonmagnetic/ferromagnetic films.'* In the latter system, do-
main formation at remanent states and magnetization rever-
sal were linked to the field-induced phase transition in
antiferromagnetic layers.

However, the interactions which may arise in systems of
two ferromagnetic layers separated by a nonmagnetic inter-
layer in their lowest magnetic energy state have not been
discussed at length so far, either experimentally nor theoreti-
cally. The purpose of this paper is to extend Kaplan’s theory
of magnetic domain size in single layers to the case of trilay-
ers and to use this extension to quantitatively interpret an
experimental investigation of the domain size in Co/Pt based
trilayers.

II. SAMPLE PREPARATION

Different series of samples were prepared by DC magne-
tron sputtering, with deposition rates of the order of
0.05nms™' and 0.1 nms™' for cobalt and platinum,
respectively.!’® These series are of the generic form
Si/Si0,/Pt/[Co/Pt],, Si/SiO,/Pt/[Co/Pt],/Pt(x)/[Co/Pt]y,
and Si/SiO,/Pt/[Co/Pt],/Pt(x)/[Co/Pt],. The number of re-
peats, n, ranges from 4 to 20, the Pt spacer layer thickness, x,
varies from O to 150 nm, and Co/Pt stands for a
[Co(0.6 nm)/Pt(1.8 nm)] bilayer. The last two series will be
abbreviated as 2x4 and 4x4. Magnetic measurements were
performed at room temperature using extraordinary Hall
effect.”® Images of the magnetic domain configurations were
obtained from magnetic force microscopy (MFM) in the de-
magnetized state.

Two Co layers separated by a 1.8 nm thick Pt film exhibit
a strong ferromagnetic coupling (/>3X10°J m~). One
can thus consider that the Si/SiO,/Pt/[Co/Pt], samples 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 X 1077 J m~3) since the coupling energy due
to pinholes, RKKY or orange peel mechanism decreases
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thickness.!® In our case, in the 2,4 and 4.4 series (except
when x is smaller than 2.2 nm), the spacing between the last
Co sublayer of the bottom layer and the first Co sublayer of
the top layer is larger than 4 nm (1.8 nm+2.2 nm). Thus the
two multilayers can be considered as two separated uniform
magnetic layers with negligible interactions due to pinholes,
RKKY or orange peel mechanism. This will allow us to
probe only the magnetostatic interactions which will prevail
in given configurations, such as for example the demagne-
tized configuration.

II1. EQUILIBRIUM DOMAIN SIZE IN Co/Pt ISOLATED
MULTILAYERS

Prior to the study of magnetostatically interacting multi-
layers in demagnetized configurations, we have checked the
validity of the well known Kaplan model (evolution of the
equilibrium domain size with the film thickness) for
Si/Si0,/Pt/[Co/Pt],, samples.?*?223 This study is a prereq-
uisite and we will further refer to it in the following sections.

In order to reach a state as close as possible to the lowest
energy one, and thus to have access to the equilibrium do-
main size, a demagnetization process was performed by ro-
tating the samples (180 rpm) in a slowly decreasing DC field
(around 0.2 Oe s™!), as shown in Fig. 1(a). In this process,
the rotation axis is in the plane of the sample and the field is
applied perpendicular to this axis. The mean domain size is
determined from MFM images. Figure 1(b) shows, as an
example, the observed domain structure for a
Si/Si0,/Pt/[Co/Pt]s sample. A two-dimensional (2D) Fou-
rier transform of the MFM images allows us to obtain a
histogram of the period distribution of the MFM images (i.e.,
twice the domain size) and their relative weight (PSD: power
spectral density), as shown in Fig. 1(c). The distribution can
be approximated by a Gaussian which mean value and stan-
dard deviation account for twice the mean domain size and
error bars. The mean domain sizes that we measure are ex-
pected to be very close to the equilibrium ones, in the case of
perfect stripe configurations. Indeed, the energy of stripe
configurations increases strongly even with small changes in
the domain period around its minimum.?

Figure 2 shows the evolution of the mean domain size, d,
with the total film thickness, ¢, for a series of
Si/Si0,/Pt/[Co/Pt], multilayers, with n ranging from 4 to
20. It is noteworthy that the mean domain size decreases as
the number of repeats (i.e., the total film thickness) increases.
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FIG. 1. (a) Schematic representation of the
demagnetization procedure. (b) 20X20 um?
MFM image for a Si/SiO,/Pt/[Co/Pt]s

multilayer. (c) Fourier transform of the MFM im-
age. The line is a Gaussian fit of the power spec-
tral density (PSD).

The cost in domain wall energy is indeed compensated by
the gain in demagnetizing energy as the film becomes
thicker.

The full line is a fit to the Kaplan model that results from
interplay between a gain in demagnetizing energy and a loss
in domain wall energy. The predicted evolution of the equi-
librium domain size with the film thickness is given by
(Refs. 20, 22, and 23):

d\ D
Ln(—)=u+a (1)
t 2t
for d/t>15, with a=Ln(m-1+u(l-Ln(2)), and
T 2
,u=1+21?4x.

Mg and K, correspond to the saturation magnetization and
the uniaxial anisotropy constant, respectively, and are fixed
parameters. D, stands for the dipolar length and is the only
free parameter of the fit. The w effect resulting from slight
local misalignment of the magnetization with the anisotropy
axis is taken into account.?>?3

As discussed above, our multilayers can be considered as
homogeneous thin films with a mean saturation magnetiza-
tion equal to 340 emu cm™ (Mg=Mctco/ (tco+tp) With tc,
and fp, the thicknesses of the Co and Pt sublayers). The
uniaxial anisotropy has been deduced from vibrating sample
magnetometry (VSM) measurements along the out-of-plane
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FIG. 2. Evolution of the mean equilibrium domain size, d, with
the film thickness, ¢, for Si/SiO,/Pt/[Co/Pt], multilayers in the
demagnetized state. The inset shows the evolution of d/t as a func-
tion of //t in a semilogarithmic scale.
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FIG. 3. Typical major and minor hysteresis loops
measured by extraordinary Hall effect on a

Si/Si0,/Pt/[Co/Pt],/Pt(13.2 nm)/[Co/Pt], film. The loops are
normalized to the magnetization of a single Co layer.

easy axis and the in-plane hard axis of the samples.?” We find
that, in the range of thicknesses studied, K, is virtually inde-
pendent of the sample thickness and is equal to K,
=(1,6+0.2) X 10° erg cm™. We thus obtain a quality factor
(K,/2 7TM52) of 2.2, in agreement with the hypothesis of a
strong out-of-plane anisotropy required for the model. The
total thickness of the films has been assumed to be: 7=(i¢,
+1p) N.

As can be seen in Fig. 2, a very good agreement between
the experimental measurements and Kaplan’s model is found
and leads to Dy=(39+2) nm. The knowledge of this param-
eter allows estimation of some of the physical parameters of
the multilayers, such as the domain wall energy, o,
=2aM 52 Dy, the exchange stiffness constant, A
=0,/(16 K,), the Curie temperature, Tc=Tcpu A/Apuo
with Ay ~6.77X 107" ergem™ and Ty~ 1390 K and
the domain wall width, /= (A/K,)"%.

We thus calculate: 0,=(2,8+0,2) erg cm™2,
A=(3.2+0.4) X 1077 ergcm™!, Tc=(620+80)K, Ly
=(15%2) nm. Note that the hypothesis [, <d of Kaplan’s
model is verified. The values that we obtain are in good
agreement with the literature.?*

IV. EQUILIBRIUM DOMAIN SIZE IN INTERACTING
Co/Pt BASED TRILAYERS

The aim of this part is the study of the effects resulting
from magnetostatic interactions on the equilibrium domain
size in a trilayer which consists of two demagnetized ferro-
magnets separated by a nonmagnetic layer.

A. Experiments

Figure 3 shows a typical hysteresis loop obtained
by extraodinary Hall effect (sensitive to the perpendi-
cular component of the magnetization) on a
Si/Si0,/Pt/[Co/Pt],/Pt(13.2 nm)/[Co/Pt],: (2/5,4). As al-
ready mentioned, this notation means that the two nearest Co
layers in each multilayer are separated by a 15 nm Pt layer.
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FIG. 4. MFM images for Si/SiO,/Pt/[Co/Pt],/Pt(x)/[Co/Pt],
films (2,4) for different Pt spacer thicknesses.

The two ferromagnetic layers display square loops and ex-
hibit different coercitivities so that successive switching of
the magnetization in the layers is observed.'® This is due to
both their different thicknesses (two repeats for the bottom
layer and four repeats for the top one) and the different thick-
nesses of the buffer on which they grow (1.8 nm of Pt for the
bottom layer, and 15 nm for the top layer).?* Note that the
very small shift of the minor loop (~5 Oe) accounts for
negligible interlayer interactions due to possible pinholes,
RKKY or orange peel coupling, as justified above.!®

A series of typical MFM images is shown in Fig. 4, for
Si/Si0,/Pt/[Co/Pt],/Pt(x)/[Co/Pt], films in the demagne-
tized configuration, with varying values of the Pt spacer
thickness, x. The samples have been demagnetized using the
same procedure as that described in the previous section.

For thin Pt spacer thicknesses, the MFM allows us to
probe the stray field resulting from the bottom layer com-
bined with that from the top layer. The images display dark
and bright contrasts. The absence of distinguishable interme-
diate gray contrast in the image, and thus of intermediate
“up-down” and “down-up” states, results from domain repli-
cation ascribed to strong interlayer ~magnetostatic
interactions.'® Note that the absence of such intermediate
contrast has been confirmed by polar MOKE microscopy
measurements (not shown) which also proved to be efficient
in detecting such contrast.'® The dark and bright contrasts
observed in Fig. 4 thus respectively correspond to configu-
rations where the bottom and top layers are saturated up-up
or down-down.

For thick Pt spacer thicknesses, it is likely that the stray
field from the bottom layer becomes too weak and that only
the stray field resulting from the top layer is probed. The
observed contrast thus corresponds to the up or down con-
figurations of the top layer. However, in the case of repli-
cated domains, these contrasts from the top layer also well
describe the bottom replicated layer.

From Fig. 4, one notes that the system displays smaller
domains when the Pt spacer thickness is reduced. This is in
qualitative agreement with Kaplan’s model previously de-
scribed in the case of a single noninteracting layer (Fig. 2).
Indeed, in the case of two interacting layers, the thinner the
spacer, the larger the interlayer magnetostatic interactions,
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FIG. 5. Evolution of the mean equilibrium domain size, d, with
the Pt spacer thickness, x, for Si/SiO,/Pt/[Co/Pt],/Pt(x)/[Co/Pt]4
multilayers in the demagnetized state, with n=2 and 4. The dashed
lines indicate the order of magnitude of the domain size for a single
Si/Si0,/Pt/[Co/Pt], multilayer. The plain lines result from fits us-
ing the model described in the text.

and the thicker the “equivalent” total thickness of the film.

Figure 5 shows the evolution of the mean domain size, d,
with the Pt spacer thickness, X, for
Si/Si0,/Pt/[Co/Pt],/Pt[x]/[Co/Pt], systems, with n=2 and
n=4. The mean domain size has been deduced from the Fou-
rier transform of the MFM images, as previously detailed.
Before trying to model such evolutions, we will describe
qualitatively the behavior of the layers domain configura-
tions, as the spacer thickness is varied.

For the thicker Pt spacer thickness probed (148.2 nm), the
mean domain size is of the same order of magnitude as that
of a single multilayer with four repeats (mean value indi-
cated by the dashed lines in Fig. 5, and deduced from the
results shown in Fig. 2). For such a spacer thickness, it is
likely that we reach the limiting case in which the bottom
and top layers no longer interact. The stray field from each
layer probably close within each layer, as schematically dis-
played in Fig. 6(a). The mean domain sizes associated to
each individual layer are thus observed, i.e., around 3.5 um
for the top layer with four repeats, and 400 wm for the bot-
tom layer with two repeats, this latter value being extrapo-
lated using Kaplan’s model. However, it is likely that for
such very small thicknesses, the magnetic configuration
rather displays bubbles than stripe domains.

For the thinner spacer regime, the mean domain size de-
creases as the spacer thickness is reduced (Fig. 5). As the
domain sizes of the bottom and top layers become much
larger than the spacer thickness, the magnetic configuration
of the layers are identical and match, resulting from the
strong interlayer magnetostatic interactions, as schematically
displayed in Fig. 6(b), and previously evidenced.'® Indeed, it
was shown in Ref. 18, that it is even possible to take advan-

w
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tage of domain replication in order to probe the microscopic
domain configuration of the hard layer through macroscopic
hysteresis minor loop measurements on the soft layer.

Due to domain replication, the mean domain size that we
obtain is smaller than the domain sizes of the noninteracting
layers. The stronger the interactions, the more the 2,4 and
4.4 samples behave like unique multilayers with six or eight
repeats. According to Fig. 2 (Kaplan model), the domain
sizes of these unique multilayers with 6 or 8 layers are
smaller than that of unique multilayers with 2 or 4 repeats,
and one measures mean domain sizes around 800 nm and
500 nm, as shown in Fig. 5.

B. Model

We will now present a model which describes the evolu-
tion of the mean domain size with the spacer layer thickness
for two ferromagnetic layers spaced by a nonmagnetic layer,
in the demagnetized state. We only consider the case of rep-
licated domains, as shown in Fig. 6(b), and inferred from the
experimental dependence of the mean domain size with the
spacer layer thickness.

We consider two ferromagnetic layers of thicknesses f,
and t,,,, with the same out-of-plane uniaxial magnetic aniso-
tropy per unit volume K, and the same saturation magneti-
zation M, separated by a nonmagnetic layer of thickness x.
We are interested here in the lowest energy configuration of
the trilayer. These layers are both thin enough to consider
that the lowest energy state is made of stripe domains with
equal numbers of up and down domains within each layer.
We consider that couplings through pinholes, RKKY or or-
ange peel mechanism are negligible. We study the equilib-
rium domain size in zero field so that no Zeeman energy is
included in the total energy. The 180° Bloch walls [charac-
terized by an energy per unit area o, (u)] are assumed to be
perpendicular to the sample surface. Moreover, we consider
the case of a strong uniaxial anisotropy K,>2 m M 52 so that
the domain wall width is much smaller than the domain size.
As a consequence, the gradient of anisotropy and the ex-
change energy are localized in the domain walls and are
independent of the magnetic domain size.

The total energy per unit surface can then be written

Et = 0-W(ﬁ}'l) + O-W(Bﬂl) + Ed(ﬁn’ﬁm’ ﬁX)’ (2)

with B;=2 and B,=2.

The first two terms of Eq. (2) correspond to the wall en-
ergy per unit surface of the two layers with o, =4(A K,)'?
=27aM 52 D, where D is the dipolar length. We consider
that D, is identical for both layers. The last term of Eq. (2)

(b)

FIG. 6. Schematic 2D representation of a
ferromagnetic/nonmagnetic/ferromagnetic tri-
layer in its lowest energy configuration for two
limiting cases: (a) when x<<d,=d,=d and (b)
when x>d,, d,,. o(u) is the interfacial surface
energy distribution.
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corresponds to the magnetostatic energy per unit surface of
the system. This energy can be extended from the single
layer expression by taking into account the interactions be-
tween all the magnetically charged surfaces, i.e., the cross
and self-interactions between the four charged surfaces,
knowing that two charged surfaces per magnetic layer are
considered. The sum of the self energies of all the four
charged surfaces cancel out each other and thus the magne-
tostatic energy of the system can be written

Ef( BB Be) = €a(Bo)ty + e4(By)ti
+ (Bt B+ B (1, + 1, +X)
+ey(BIx = (B, + B (1, +x)
= ei(By+ B (1, +x), 3)

where e4(3;) is the demagnetizing energy per unit volume of
a single layer with periodic stripe domains. e4(8,), €4(Bm)
ed(ﬁx)’ ed(Bn+Bm+Bx)v ed(ﬁn"'ﬁx)’ and ed(ﬁm+ﬁx) are the
energies resulting from the six crossed interactions between
the four charged surfaces. They would be equivalent to de-
magnetizing energies per unit volume of six virtual single
layers with periodic stripe domains, and separated by 7,, ?,,,
X, ty+t,+x, t,+x, and 7, +x, respectively. These energies can
be deduced from Eq. (A.4) of Ref. 23 with the thin film limit
condition $<<0.6 and is given by:

edB)=2m| 1+ 2BnB +a-1) | @

T 2
with a=Ln(m)—1+u(-Ln(2)), and =1+~

The variation of the equilibrium domain size versus the
spacer thickness is deduced by first injecting Eqgs. (3) and (4)
in Eq. (2) and then from the minimization of the resulting
expression of the total energy with respect to d. This energy
minimization yields the following relation:

d D
Ln( ): 0 +a+c(x), (5)
t,+t,) 2(t,+t,)

with C()C) = S(ln)+§(l,,,)+§(fn+t,,,+X)+€()C) - G(tn+X) - g(l‘m"'-x)’

and G(fi)=(,,;,_'}m)2Ln(#)~

Note that when x goes to zero, which corresponds to the
case of a single layer with a total thickness equal to #,+17,, ¢
goes to zero and Eq. (5) becomes equivalent to the relation
derived by Kaplan [Eq. (1)].20-2223

The theoretical model is now compared to the experimen-
tal results. The fixed parameters of the model are the layers
thicknesses (#,=4.8 nm for the 2,4 samples and #,=9.6 nm
for the 4,4 samples, 7,=9.6 nm), the saturation magnetiza-
tion (Mg=340 emu cm™>), and the anisotropy constant (K,
=1,6X10° erg cm™>). There is only one adjustable param-
eter, the dipolar length D,

PHYSICAL REVIEW B 75, 014406 (2007)

The variation of the magnetic domain size with the
spacer thickness is plotted in Fig. 5 for the
Si/Si0,/Pt/(Co/Pt),/Pt,/(Co/Pt), systems, with n=2 and
n=4, together with the results of the fits that allow getting
the relevant trend, i.e., an increase of the domain size as the
spacer thickness increases.

From these fits, we obtain values of Dy=40 nm and
49 nm for n=2 and n=4, respectively. These values agree
with the order of magnitude previously deduced from
Kaplan’s model (Dy=39 nm) in the case of noninteracting
multilayers with varying numbers of repeats. Such a dipolar
length previously allowed us to determine realistic values of
exchange stiffness constant, Curie temperature, and domain
wall width.

We can then check the validity of the model: (i) we cal-
culate B =Lty +1m+x)/d] e ~0.03<€0.6 which is in
agreement with the assumption of Eq. (3); (ii) we observe
d>x in the whole range of spacer thickness investigated;
(iii) from the dipolar length D,, we obtain the following
domain wall width: /,=15 nm and /,=20 nm for n=2 and
n=4, values which are indeed very small compared to the
mean magnetic domain sizes.

It is noteworthy that this simplified model seems to indi-
cate that domain replication occurs in the whole range of
thicknesses studied, contrary to our qualitative expectations.
Note however, that this model is no longer valid in the lim-
iting case of noninteracting layers.

V. CONCLUSION

To conclude, we proposed an extension of Kaplan’s
theory of the evolution of the magnetic domain size in fer-
romagnetic films with perpendicular magnetization for mul-
tilayered systems, by taking into account the interlayer cou-
pling interactions. We confronted the model to experimental
results on Co/Pt based demagnetized continuous films and
we have shown that strong magnetic stray fields resulting
from the finite size of the domains in systems can lead to
domain replication in trilayers which consist of two ferro-
magnets spaced by a nonmagnetic layer. Such systems have
notably been suggested as multilevel magnetic media in or-
der to possibly increase the data storage densities.” The
present study suggests that thick interlayer spacer or inter-
layer shields will be needed for the implementation of such
devices. Based upon domain replication, it has also recently
been envisaged to probe the microscopic magnetic domain
configuration of a hard layer through macroscopic hysteresis
minor loops on an interacting softer layer.'® This work may,
for example, also be useful for the quantitative interpretation
of such data.
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