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Abstract. Within the framework of two-dimensional (2D) numerical micromagnetic simulations, the equi-
librium magnetization configuration and the high-frequency (0.1-30 GHz) linear response of Co/Fe multi-
layers have been investigated in detail. Due to the perpendicular anisotropy of Co layers, a stripe domain
pattern can develop through the whole multilayer, the characteristics of which depend on the magnitude
of the perpendicular anisotropy, the respective thicknesses of Co and Fe layers and the number of Co/Fe
bilayers in the stack. One of the most striking features associated with the layering effect is the ripening
aspect of the static magnetization configuration across the multilayers which induces complicated dynamic
susceptibility spectra including surface modes and volume modes strongly confined within the inner Fe
layers. The effect of the cubic magnetocrystalline anisotropy of Fe layers and the influence of a nonuniform
perpendicular magnetic anisotropy within the Co layers on the static and dynamic magnetic properties of
Co/Fe multilayers are then analyzed quantitatively.

PACS. 75.40.Gb Dynamic properties — 75.60.Ch Domain walls and domain structure — 75.70.Cn Magnetic

properties of interfaces (multilayers, superlattices, heterostructures)

1 Introduction

Artificially structured magnetic materials such as mul-
tilayered films, wire and dot arrays are very promis-
ing candidates for applications in the future high-density
magnetic storage media and, magnetoelectronic and mi-
crowave devices. In this context, a full understanding
of the high-frequency dynamics of such nanoscale mag-
netic structures is of prime importance. Knowledge of
linear magnetic excitations existing in these magnetic
systems with both geometric confinement and magnetic
microstructure can be viewed as a first step in this re-
quest.

A large amount of work was devoted to spin-wave
excitations in multilayered magnetic films in the 1980s
and the early 1990s [1]. The collective modes existing in
ferromagnetic/nonmagnetic and all-ferromagnetic multi-
layers were computed and analyzed in detail (spin-wave
frequencies, modes localization) [2,3]. In particular, the
roles of interface anisotropies and interlayer exchange cou-
pling on the spin-wave frequencies were quantitatively de-
scribed. However, these previous theoretical works are all
based on the assumption of uniformly magnetized films
within the multilayer stack, the static magnetization ori-
entation being the same for each layer. This approxima-
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tion is justified by the existence of a static magnetic field
strong enough to eliminate the domain structure and is
consistent with the experimental configurations of Bril-
louin light scattering and ferromagnetic resonance (FMR)
techniques. This assumption is generally no more valid
when one or several ferromagnetic layers exhibit a sig-
nificant perpendicular anisotropy and when the low-field
regime (below the saturation field) is considered. In this
case, the magnetic ground state can indeed correspond
to a nonuniform micromagnetic structure depending on
the individual layer thicknesses. In the limit of a single
layer with a perpendicular anisotropy, a well known ex-
ample is given by the so-called stripe domain structure
that develops above a critical thickness associated with
the spin reorientation transition from in plane to out-
of-plane magnetization [4,5]. Stripe domains were also
observed by magnetic force microscopy (MFM) in var-
ious multilayer films with periodically alternating fer-
romagnetic and nonmagnetic layers such as Co/Pd [6],
Co/Pt [7,8], Co/Au [9-11] and Co/Ru [12] systems, in
all-ferromagnetic Co/Fe [13], Feg1Nijg/Co [14] and FePd
multilayers [15] and, in ferrimagnetic/ferromagnetic bilay-
ers [16]. A similar stripe domain pattern was also ev-
idenced in ultrathin Co/Cu/(Fe/Ni)/Cu(001) magnetic
sandwiches using Photoemission Electron Microscopy
(PEEM) [17]. Furthermore, detailed analyses of the
stripe domain structure within such multilayer films were
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performed by means of numerical simulations based on
a 2D static micromagnetic model. Nice agreements were
found between theory and experiments in terms of stripe
periodicity, remanent magnetization and saturation field
for Co/Pt [18] and Co/Au [19] systems (purely long-range
dipolar interaction between the ferromagnetic layers) and,
for Co/Fe [20] and FePd [15] (long-range dipolar inter-
action and short-range direct exchange coupling at each
interface between the ferromagnetic layers).

On the other hand, the high-frequency response of
stripe domain structures was studied both experimen-
tally and theoretically for single layers. It was shown that
FMR [21,22] and the zero-field high-frequency permeabil-
ity spectra [23,24] exhibit multiple resonance lines. 2D
dynamic micromagnetic simulations reproduce very well
the main features of spectra and provide a deep insight
on the localization of resonance modes by analyzing the
spatial distribution of the dynamic magnetization within
the stripe domains [23,24]. In addition, the roles played by
the uniaxial perpendicular anisotropy [25], the film thick-
ness [24], an in-plane polarizing magnetic field [24] and the
orientation of the pumping field with respect to the stripe
direction [25,26] on the high-frequency response were also
investigated and nicely correlated with experimental data.
Nevertheless, no results were reported to our knowledge
concerning the magnetic excitation spectra of multilayers
with stripe domains.

The aim of this paper is to investigate by means of
numerical micromagnetic simulations the zero-field mi-
crowave response of multilayers supporting such a nonuni-
form micromagnetic structure and to highlight the new
dynamic behaviors induced by the layered geometry. The
considered multilayer films consist of periodic stacks alter-
nating Co and Fe layers on a nanometer scale. This system
was selected due to the large contrast of magnetic param-
eters, mainly in term of magnetic anisotropy, between the
Co and Fe layers which reinforces the layering effect. Af-
ter a brief description of the 2D dynamic micromagnetic
model adapted for treating the linear response of multi-
layered structures, the layering effect on the main features
of susceptibility spectra is investigated in detail. In partic-
ular, the roles played by the number N of Co/Fe bilayers,
the influence of the cubic magnetocrystalline anisotropy
of Fe layers and the effect of a nonuniform perpendicular
anisotropy are outlined.

2 Key points of the dynamic micromagnetic
model

The frequency dependence of the full dynamic susceptibil-
ity tensor  is computed by using a two-dimensional (2D)
micromagnetic model. This one, described elsewhere [25],
is based on the solution in the frequency domain of the
Landau-Lifshitz-Gilbert equation for magnetization mo-
tion linearized around the equilibrium configuration. The
effective field H.g incorporates the contributions from the
exchange, anisotropy, demagnetizing, and dc applied mag-
netic fields. The magnetic systems are assumed invariant
along one direction (z axis), periodic along the second
direction (2 axis) and of finite thickness along the third
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direction (y axis). This model is well adapted for probing
the dynamic response of nonuniform and periodic equilib-
rium magnetization configurations as those encountered in
single-layer films with stripe domains (the z axis coincides
with the stripe direction) [23-25].

In order to treat the case of multilayer films with
stripe domains, this model has been extended. Each mag-
netic layer ¢ is described by its thickness ¢; and the fol-
lowing magnetic parameters: the exchange constant A;,
the saturation magnetization Mg ;, one or several vol-
ume anisotropy constants Kg; (8 = 1,2,...) according
to the crystal symmetry, the gyromagnetic ratio v; and
the Gilbert damping parameter «;. Along the interface
between two magnetic layers, denoted ¢ and j, the follow-
ing boundary conditions have to be fulfilled:

(i) the continuity of the direction of the magnetization
(strong exchange coupling regime [27]), namely:
(ma = Ma/MS,a; a = ivj)v (1)
(ii) the Rado-Weertmann [28] relation deduced from the
minimization of the free magnetic energy density (sur-

face contribution) which reads in the absence of inter-
face anisotropy:

mi:mj
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where n is the normal to the interface.

For the two free surfaces, the last relation transforms into

om
a_n — 0.

3 Micromagnetic simulations of the zero-field
dynamic susceptibility spectra for Co/Fe
multilayers

The all-ferromagnetic multilayer films under consideration
consist of periodic stacks of Co/Fe bilayers with an addi-
tional Co layer on the top making the multilayers symmet-
rical with respect to the mid-plane (y = 0) as displayed in
Figure 1. Thereafter, each stack is denoted N(Coy, Fey,, )
where N is the number of bilayers or the total stacking
number and tc, and tge are, respectively, the thicknesses
of individual Co and Fe layers in nanometers. The mag-
netic parameters used for the micromagnetic simulations
are gathered in Table 1. These parameters are representa-
tive of cobalt [29,30] and iron [31,32] thin films at room
temperature. For the sake of simplicity, two assumptions
were made concerning the anisotropy energies:

(i) the prevailing contribution arises from the perpendic-
ular uniaxial anisotropy of Co films characterized by
the first-order anisotropy constant K,. The adopted
value, Ky, co = 5 x 10° erg/cmg, corresponds to the
one of hep Co films [33]. The effect of a nonuniform
perpendicular anisotropy across the Co layers will be
analyzed in Section 3.4.
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Fig. 1. Schematic representation of the multilayer geometry
and coordinate system. The investigated multilayers consist of
periodically alternating Co and Fe layers of respective thick-
nesses tco and tre.

Table 1. Set of magnetic parameters for the Co/Fe multilayers
used for the micromagnetic simulations.

A (erg/cm) M; (emu/em®) ~ (57! Oe™) «

1.8 x 107° 1400 1.92 x 107 0.023
2.1x10°° 1700 1.84 x 107 0.012

Cobalt

Iron

(ii) the iron layers are first assumed totally isotropic. The
role played by the cubic magnetocrystalline anisotropy
on the dynamic response of Co/Fe multilayers will be
investigated in Section 3.3.

The static and dynamic micromagnetic simulations were
performed using a spatial discretization with mesh sizes
Ay~ A, ~2.5 nm lower than the exchange lengths for Co
and Fe, Ac, = 3.8 nm and Ag, = 3.4 nm, where the
exchange length is defined as A = (A/2rM2)Y/2. The
dynamic susceptibility spectra displayed thereafter corre-
spond to the in-plane diagonal elements of the dynamic
susceptibility tensor (imaginary part) along the stripe di-
rection x7, (longitudinal configuration) and perpendicu-
lar to the stripe direction x/, (transversal configuration)
averaged over the periodic cell and computed within the
frequency range 0.1-30 GHz.

3.1 Effect of the layering pattern

In order to analyze the effect of the layering pattern,
let us consider a single Co layer, the 4(CojsFei5) mul-
tilayer (five Co layers separated by four Fe layers, the in-
dividual layer thickness being equal to 15 nm) and, an
effective single film whose magnetic parameters are the
average of those of Co and Fe layers, the average of a
value X being defined as (X) = [(V + 1)tco Xco +
N tpe Xwe|/[(N + 1) tco + N tre]. The effective single film
is denoted hereafter as (4(CojsFeqs)). The three samples
possess the same total thickness ¢ = 135 nm. Figure 2a
shows the cross-sectional equilibrium magnetization con-
figuration (mg, m,, m, components) over one period of
the stripe pattern for the three samples. For the Co layer,
the static magnetization configuration consists of an open
flux pattern with well defined up and down domains mag-
netized along the y direction (see m, component) sepa-
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Fig. 2. (a) Equilibrium magnetization distributions over one
period of the stripe pattern for the Co single layer, the
4(Co1s5Fe15) multilayer and, the (4(CoisFess)) effective single
layer computed by 2D micromagnetic simulations. The magne-
tization components m;, m, and m. are displayed in the plane
(Oz, Oy) perpendicular to the stripe direction (Oz). The neg-
ative values appear in blue and the positive ones in red. (b)
Longitudinal magnetization profiles m.(y/t) computed at the
middle of the domain up (vertical slice in the map m.(x,y) at
the position x = Py/4) for the Co single layer, the 4(CoisFeis)
multilayer and, the (4(Cois5Fe;s)) effective single layer.

rated by a Bloch-type domain wall at the film center (see
m, component) and surrounded by Néel caps at the film
surfaces (see m, component). This configuration resem-
bles the one described by Ebels et al. [34] for a cobalt
single layer with ¢ = 100 nm. The zero-field stripe period
Py is equal to 200 nm.

For the 4(Coy5Fe15) multilayer, a more closed flux pat-
tern is observed with a reduction of the m, component
near the surfaces of domains and correlatively an increas-
ing m, component within the same area. In these regions,
the sign of m, is unchanged between the two domains (un-
winding surface magnetization distribution) which is the
signature of the weak stripe domain structure [5]. With
respect to the single Co layer, P, is increased and cor-
responds to 220 nm. These properties are also found for
the effective single film. However, the most striking fea-
ture due to the layering pattern is the ripening aspect of
the magnetization throughout the Co/Fe multilayer. This
effect is clearly evidenced by representing the variation of
the longitudinal magnetization component as a function
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Fig. 3. Dynamic responses for the Co single layer, the 4(CoisFei5) multilayer and, the (4(CoisFeis)) effective single layer.
(a) Dynamic susceptibility spectra (x4, and X7, elements). (b) Spatial distributions of the dynamic magnetization |6m;(z,y)|,
(i = x, z) over one period of the stripe pattern computed at the resonance frequency of different peaks (high levels in red and

low levels in blue).

of the coordinate y (normalized by the total thickness )
along the stack normal for the position z = Pp/4 (middle
of the domain up) (Fig. 2b). The m, profiles have been
drawn for the Co single film, for the 4(CoisFei5) multi-
layer and, for the effective single film. Although the ampli-
tudes of variation of the longitudinal magnetization com-
ponent are quite similar between the multilayer and the
effective single film, an enhancement of m in the Fe layers
is observed for the multilayer resulting in spatial oscilla-
tions of m, across the stack. A detailed investigation of
such static magnetization configurations in Co/Fe multi-
layers with different values of the perpendicular anisotropy
constant and various individual layer thicknesses was re-
cently reported [20]. Figure 2a reveals also a modulation
of the domain wall width and the size of the closure area
at the domain surfaces across the 4(Co;5Fe;5) multilayer.
These spin regions are shrinked within the Co layers and
grown within the Fe layers.

The zero-field dynamic susceptibility spectra (x7, and
X7, elements) for the Co single layer, for the multilayer
and for the effective single layer are shown in Figure 3a.
For the Co single layer, the main features of spectra can
be summarized as follows:

(i) There exist multiple resonance peaks for both x_
and x7,. (ii) The magnetic excitations appear in a large
frequency range from 3 GHz up to beyond 30 GHz and
the mode positions are well separated. (iii) The transver-
sal (x7.) and longitudinal (x7,) in-plane responses are of
the same order of magnitude. (iv) The resonance modes
are localized within different spin regions of the sam-

ple. The spatial distributions of the dynamic magnetiza-
tion (|0m;(z,y)|, i = =, 2z) over one period of the stripe
pattern computed at the resonance frequency of some
modes are displayed in Figure 3b. These maps indicate
that the resonance lines (1) and (8) correspond to sur-
face modes localized at surfaces of domains. The resonance
lines (2) and (11) are associated with volume modes lo-
calized at the junction between the Néel caps and the
Bloch domain wall and within some parts of domains, re-
spectively. The aforementioned results present some sim-
ilarities with those previously reported for a FePd single
film [26] of approximately the same quality factor Q de-
fined as Q = K, /2nM32 (Qco = 0.4 and Qpepa = 0.35).
The larger Co film thickness with respect to the one of
the FePd film leads to an increasing number of resonance
lines [23].

The dynamic spectra of the multilayer are deeply
transformed (Fig. 3a). A predominant transversal re-
sponse with a high-intensity and low-frequency peak (res-
onance line (1)) followed by two subsidiary peaks (res-
onance lines (2) and (3), respectively) is observed. The
layering pattern affects drastically the structure of the
main mode (Fig. 3b). The dynamic magnetization is in-
deed strongly confined within the innermost Fe layers and
to a lesser degree inside the Bloch domain wall core at
the film center. This mode confinement is intimately con-
nected to the spatially inhomogeneous effective field dis-
tribution. As an illustration, Figure 4 shows the profile
of the static effective field (y component) along the mul-
tilayer normal for the position x = Py/4. Due to the
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Fig. 4. Reduced static effective field profile H.g,(y/t) (solid
line) computed at the middle of the domain up for the
4(CoisFe15) multilayer. The profile of the reduced dynamic
magnetization |0mg(y/t)| for the resonance mode (1) is indi-
cated by the dashed line. The effective field (resp. the dynamic
magnetization) is normalized by its maximum value.

adopted form of the anisotropy field (negative components
along the z and z axes) [26], the predominant y compo-
nent of the static effective field within the domain arises
from the demagnetizing contribution due mainly to the
surface and interface magnetic charges (discontinuity of
the normal component of the magnetization between the
successive media). This figure reveals a strong variation
of the static effective field across the stack with positive
values within the three innermost Co layers. For the res-
onance mode (1), the dynamic magnetization is localized
inside the two Fe layers delimited by these Co layers with
a large effective field value. Moreover, the dynamic effec-
tive field presents also an inhomogeneous structure across
the multilayer due mainly to the large variation of the
anisotropy field between the Co and Fe layers. It should
be emphasized that this mode localization preferentially in
the Fe layers is responsible for the relative weak linewidth
of peak (1), the Gilbert damping parameter of Fe being
assumed lower than the one of Co by a factor of 2, ap-
proximately. This effect combined with the reduction of
the perpendicular anisotropy constant [35] explains the
high amplitude of the main resonance line for the multi-
layer with respect to the one for the Co single layer. The
resonance mode (2) appears clearly as a surface mode. By
comparison to the Co single layer, the x7, spectrum of
the multilayer exhibits numerous resonance lines within
the narrower frequency range 9-24 GHz. A detailed anal-
ysis of resonance modes reveals surface modes unaffected
by the layering pattern, volume modes with a confinement
within the inner Fe layers (see resonance mode (11)), and
modes mixing both the surface and volume characters (see
resonance mode (6)). Furthermore, it should be noted the
nonuniform and periodic dynamic magnetization distri-
bution within the Fe layers for the resonance modes (6)
and (11).

To gain a better understanding of the evolution be-
tween the spectra of the Co single layer and those of the
4(Co15Fe15) multilayer, it is instructive to consider the dy-
namic response of the effective film (Fig. 3a). As a result,
the /. spectrum of the effective film bears ressemblance
to the one of the multilayer with a predominant resonance
line. The existence of such a spectrum is essentially related
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Fig. 5. Effect of the stacking number N on the static magne-
tization configuration of the N(CoioFeso) multilayers, N = 2,
3, 4 and 5. (a) Longitudinal magnetization profiles m(y/t)
computed at the middle of the domain up. (b) N dependences
of the zero-field stripe period Py and of the longitudinal static
magnetization of the whole multilayer M. .

to the lowering of the perpendicular anisotropy constant
with respect to the Co film. Nevertheless, the resonance
frequency of the main peak does not coincide between the
effective film and the multilayer and, as expected, the re-
spective mode localization differs totally between the two
samples. On the other hand, the x”, spectrum of the effec-
tive film reveals also several resonance lines but appears
quite distinct from the one of the multilayer in terms of
mode position and mode localization. To summarize, the
complicated dynamic response of the Co/Fe multilayer re-
sults from the contribution of two main effects, namely, a
global one associated with the reduction of the perpendic-
ular anisotropy of the whole multilayer due to the presence
of Fe layers and a local one directly connected to the lay-
ering pattern and responsible for the mode confinement.

3.2 Effect of the stacking number

The stacks under consideration are made of Co/Fe bilay-
ers with a repetition or stacking number N. This section is
devoted to the IV dependence of the dynamic susceptibil-
ity spectra. The N(CojgFeso) multilayers are selected as
a model system. According to the N value, two regimes
can be distinguished. For N = 1, the magnetic ground
state corresponds to an uniform in-plane magnetization
for the whole multilayer. For N > 2, a stripe domain pat-
tern occurs. The spin reorientation transition appears for
a critical thickness ¢, satisfying 50 nm < ¢, < 90 nm which
corresponds in terms of Co thickness to 20 nm < ¢, co <
30 nm. This last value is consistent with the one for a
single Co layer t. co ~ 25 nm [33].

Figure 5a shows the longitudinal static magnetization
profile across the stack (in reduced unit) for different N
values, N = 2, 3, 4 and 5. These profiles are computed
at the middle of the domain up. Increasing the stacking
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number induces: (i) a decrease of the m, component; (ii)
an increase of the number of oscillations along the m,
profile. As shown in Section 3.1, these oscillations result
from an enhancement of the m, component within the
Fe layers. For the N(CojoFesp) multilayers, this effect is
revealed only for the innermost Fe layers and is visible only
for N > 3. The N dependences of the zero-field stripe
period and the M, component of the whole multilayer,
M, = ZfivlﬂMsﬂ- m;;, are displayed in Figure 5b. The
zero-field stripe period is an increasing function of the
stacking number and obeys a power law Py oc t%, with
a = 0.6 as previously reported [19]. The M, component of
the multilayer decreases monotonously with increasing N.

The dynamic susceptibility spectra (x7, and x7, ele-
ments) for different N values are reported in Figure 6a.
For both X’/ and X7, spectra, increasing N yields the in-
crease of the number of resonance lines. The X spectrum
is characterized by a high-intensity and low-frequency
peak, and subsidiary peaks whose number is an increas-
ing function of N. The maps of the main resonance mode

for the different IV values are given in the color insets
(Fig. 6a). For N = 2, the dynamic magnetization presents
high levels within the Bloch domain wall core, but some
other spin regions of the whole multilayer exhibit a sig-
nificant response. The confinement of the dynamic mag-
netization within the Fe layers appears for N > 3. De-
pending on the parity of IV, the most excited Fe layers
lie either at the multilayer center (N = 3 and N = 5)
or within the innermost layers surrounding the central
Co layer (N = 4). The resonance frequency of this main
peak decreases monotonously with increasing N (Fig. 6b).
The X7, spectrum appears more complicated in particular
for N > 4 with a wide frequency response and multiple
sharp peaks. The analysis of the resonance mode for the
the high-intensity peak shows a surface mode for N = 2
mainly localized within the Néel caps. For N > 3, the
resonance modes keep a large value of the dynamic mag-
netization within the Néel caps and, in addition, present
a confinement inside the inner Fe layers. The position of
the most excited Fe layers evolves from the central layer
(N = 3) to Fe layers more and more distant from the
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center of the multilayer. The resonance of the main peak
does not vary monotonously with increasing N (Fig. 6b).
From these results, it appears that the N dependence of
the susceptibility spectra recalls the thickness evolution
of the dynamic response for a single layer [23]. However,
the alternance of Co and Fe layers induces a confinement
of the resonance modes in different Fe layers according to
the value of the stacking number.

3.3 Effect of the cubic magnetocrystalline anisotropy
of Fe layers

The above micromagnetic simulations were performed
by neglecting the cubic magnetocrystalline anisotropy
of the Fe layers. In this section, the effect of this cubic
anisotropy on the equilibrium magnetization distribution
and the dynamic susceptibility spectra is addressed. One
relevant case reported in the literature [36] concerns the
(Co/Fe) multilayers electron beam evaporated onto (100)
Si single crystals. For such samples, grazing incidence
X-ray reflectivity measurements revealed the existence
of bee (110) Fe and (0001) hep Co layers. For a (110)
Fe layer, assuming that the axes of the x,y, 2z coordinate
system are parallel, respectively, to the [110], [110],
and [001] axes, the cubic magnetocrystalline field reads
(lowest-order term):

2K, 3., 5 ,
Hth;:—Emg; (1—§mx—§my),

2K, 3 )
HKlyy 7% Y (1 §m@2/ - §mi> )
Hg,.=0 (3)

For a positive K7 value, the easy axis of magnetization
lies along the [001] direction (z axis). This contribution
has been incorporated in the effective field for both static
and dynamic micromagnetic simulations. However, only
the lowest-order term in the dynamic magnetization was
retained for the computation of the linear dynamic re-
sponse.

As an illustrative example, two (Co/Fe) multilayers ex-
hibiting distinctive behaviors were investigated, namely,
the 2(CojpFesp) and 4(CoisFers) stacks. For each case,
three values of K7 were considered: K7 = 0, 2.25 and
4.5 x 10° erg/cm?®. This last value is representative of the
lowest-order cubic magnetocrytalline anisotropy constant
for iron at room temperature [37]. Figure 7a shows the K3
dependence of the profile m,(y/t) computed at the middle
of the domain up. For the 2(CojoFesq) multilayer, increas-
ing K7 leads to an enhancement of m, in the whole stack.
Within the Fe layers, the magnetization is pulled by the
cubic anisotropy along its preferential z axis. The direct
exchange coupling between the Co and Fe layers causes
the magnetization in the Co layers to be also canted to-
wards the z axis. In contrast, the m, profile is very weakly
modified by the cubic anisotropy for the 4(Coy5Fe5) mul-
tilayer. In this last case, the slight variations of m, are
localized within and in the vicinity of the Fe layers.
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Fig. 7. Effect of the cubic magnetocrystalline anisotropy of Fe
layers on the static and dynamic behaviors of the 2(CoioFeso)
and 4(CoisFe15) multilayers. (a) Longitudinal magnetization
profiles m(y/t) computed at the middle of the domain up.
Three values of K; are considered: K1= 0, 2.25 and 4.5 x
10° erg/cm®. (b) K1 dependence of the x%, and X7, spectra.

The consequences on the dynamic susceptibility spec-
tra are reported in Figure 7b. For the transverse config-
uration (x7. spectrum), increasing K; results in a shift
of the main peak (resonance line (1)) towards the high
frequencies whereas its amplitude (maximum value of
Xa> denoted hereafter as x7y, ,,4,) is reduced. The am-
plitude of these variations are mainly controlled by the
stacking number and the Co/Fe thickness ratio. For the
2(CoygFesp) multilayer, the resonance frequency of the
line (1) varies significantly and obeys a linear law as a
function of K. On the other hand, only a slight and non
linear increase of the resonance frequency with K; is ob-
served for the 4(CoisFeis) multilayer. It should be un-
derlined that for a (110) Fe single layer uniformly mag-
netized along the z axis, the resonance frequency of the
gyroresonance scales as HKll/Q and X} max 88 HKl_l/Q
for Hg, < 4w Mg. For the longitudinal configuration (X7,
spectrum), two different behaviors can be reported. For
the 2(CoyoFesp) multilayer, the resonance frequency of the
line (2) is lowered and the peak amplitude decreases as
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K increases. The cubic anisotropy does not affect sig-
nificantly the position of the resonance line (3) but its
amplitude decreases rapidly with increasing K;. For the
4(Coy5Fe5) multilayer, the X7, spectrum remains prati-
cally unchanged as a function of Kj.

As shown in Section 3.2, the resonance mode (1) for
the 2(CojoFesp) multilayer results from the excitation of
spin regions within the whole multilayer. Increasing K
transforms progressively the resonance mode (1) into a
surface mode. For the 4(CojsFe;5) multilayer, the reso-
nance mode (1) is characterized by a strong confinement
of the dynamic magnetization within the inner Fe lay-
ers (Fig. 3b). This mode structure is conserved over the
range of investigated K7 values. It should be keep in mind
that the above reported results of static and dynamic mi-
cromagnetic simulations are related to multilayers with
a prevailing perpendicular anisotropy of Co layers and a
moderate cubic anisotropy with a z easy axis of Fe layers
(Ky,co/ K1 =~ 11).

3.4 Effect of a nonuniform perpendicular anisotropy
of the Co layers

The micromagnetic simulations presented in the above
sections are partly based on the existence of a volume
anisotropy energy within each layer characterized by a
space-independent anisotropy constant. This description
is well adapted to represent the bulk magnetocrystalline
anisotropy of Co and Fe layers. However, the origin of the
perpendicular magnetic anisotropy (PMA) in the Co/Fe
multilayers is still an open question. Broadly speaking,
several major sources of PMA in magnetic multilayers
have been identified [38] such as the mechanical stresses,
the surface and interface roughness, the Néel anisotropy
due to the symmetry breaking at the interface between
the layers and, the interface diffusion. For the specific
case of the Co/Fe multilayers, a semi-quantitative anal-
ysis has shown that the magneto-elastic effect originat-
ing from the lattice mismatch at the Co/Fe interfaces
and the surface and interface roughness account partly
for the PMA experimentally observed [20]. Moreover, the
respective weight of these mechanisms is intimately re-
lated to the growth technique (molecular beam epitaxy,
electron beam evaporation, rf sputtering) and the prepa-
ration conditions (pressure, growth temperature, deposi-
tion rate) of the multilayers. Incorporation of such mecha-
nisms into the micromagnetic simulations requires to take
into account their preferential localization in the vicin-
ity of the Co/Fe interfaces. In this context, two stategies
can be adopted. The first one consists in the introduc-
tion of the surface and interface anisotropy energies into
the exchange (Rado-Weertman) boundary condition [28].
The effect of these surface and interface energies on the
dynamic properties of multilayers in the saturated state
was analyzed in detail and leads to significant changes
in the spin-wave frequencies [2]. The second approach,
adopted in this paper, describes the effect of surface and
interface anisotropies by a volume contribution localized
near the surfaces and interfaces and hence takes into ac-
count the finite spatial extent of these anisotropies. In
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Fig. 8. Effect of a nonuniform perpendicular anisotropy of
the Co layers on the static and dynamic behaviors of the
4(Co1sFe15) multilayers. (a) Reduced perpendicular anisotropy
profiles K, co(y/tco) across a Co layer. The perpendicular
anisotropy constant K, is normalized by its maximum value
within the Co layers. (b) Variations of the longitudinal mag-
netization profiles Am.(y/t) computed at the middle of the
domain up. The reference corresponds to the profile displayed
in Figure 2b (uniform K, co value). (c) x4, spectra for the
three perpendicular anisotropy profiles.

other words, a profile K, co (y) must be incorporated in
the micromagnetic simulations. It should be noted that
the effect of different profiles of perpendicular anisotropy
on the spin-wave spectra (saturated regime) in inhomo-
geneous garnet films were investigated in the past [39].
As an illustration, the case of 4(Coi5Fe;5) multilayers ex-
hibiting a multiple number of interfaces was selected. The
magnetic parameters are the same as those reported in
Section 3.1 except for the constant value of K, ¢, replaced
by the profile K, co (y) defined as follows: a large value
of K, co is assigned to discretization cells in the Co lay-
ers adjacent to the Fe layers. This large value of K, co
spreads over one mesh size, namely, Ay = 2.5nm. The
inner cells of the Co layers possess a lower K, ¢, value.
For the sake of simplicity, the same profile is considered
for the external Co layers (no distinctive treatment be-
tween the Co/Fe and Co/vacuum interfaces). Figure 8a
shows three different stepwise variations of K, co within
a given Co layer. These profiles satisfy the constraint re-
lation Z?:1Ku7007i Ay; = 7.5 erg/ch. The differences
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between the equilibrium longitudinal magnetization pro-
files (the reference is the case with a uniform K, ¢, value)
computed at the middle of the domain up are drawn in
Figure 8b. As expected, nonuniform K, c, values result
in a decrease of m_ in the region of Co layers with a high
value of K, co and an increase of m, at the center of the
Co layers (low value of K., co). However, the last property
vanishes when passing from the external Co layers to the
central one. Inside the Fe layers, the m, component is re-
duced due to the direct exchange coupling at the interfaces
between the Co and Fe layers through the boundary con-
dition (Eq. (2)). Increasing the constrast of K,, ¢, leads to
an enhancement of the variation Am, . The global quan-
tities Py and M, are slightly reduced when increasing the
inhomogeneity of K, co. As shown in Figure 8c, the trans-
verse susceptibility spectra is also changed by the intro-
duction of the profile Ky, co (y). The main resonance line
is shifted towards the high frequencies when the contrast
of K, co is increased. The mode structure with a strong
confinement within the two innermost Fe layers exists for
each anisotropy profile. However, increasing the contrast
of K, co promotes a more and more nonuniform dynamic
magnetization profile within these Fe layers (maximum
value at the layer center).

4 Summary and conclusion

The static and dynamic magnetic properties of Co/Fe mul-
tilayers have been investigated using 2D numerical micro-
magnetic simulations. In such a model system, the exis-
tence of a perpendicular anisotropy within the Co layers
can result in a stripe domain structure depending on the
magnitude of the perpendicular anisotropy, the respective
thicknesses of Co and Fe layers and the number of the
Co/Fe bilayers in the stack. With respect to a single Co
layer with the same total thickness, the layering effect in-
duces a reduction of the perpendicular anisotropy and the
emergence of spatial oscillations in the equilibrium mag-
netization distribution across the stack.

The dynamic susceptibility spectra over the frequency
range 0.1-30 GHz associated with the Co/Fe multilayers
reveal multiple resonance lines including surface modes
and, for a sufficiently large number of bilayers, volume
modes exhibiting a strong confinement within the inner Fe
layers. This mode confinement originates from the large
spatial inhomogeneity of the effective field distribution
across the stack. These simulations represent the ideal case
where the perpendicular anisotropy of the Co/Fe multilay-
ers is thought to arise from the bulk magnetocrystalline
anisotropy of the Co layers. Although the interpretation of
the perpendicular anisotropy in such stacks is still lacking,
it seems reasonable to suggest that the interface properties
(mechanical stresses, roughness, interdiffusion) contribute
significantly to the perpendicular anisotropy. Introduction
in the micromagnetic simulations of a nonuniform perpen-
dicular anisotropy preferentially localized near the Co/Fe
interfaces has been performed and can be viewed as a first
attempt to describe more realistic anisotropy profiles. As a
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result, the inhomogeneity of the perpendicular anisotropy
can lead to frequency shifts of the main resonance lines.
Further investigation on this subject would need to
gain quantitative information on the nature of the Co/Fe
interfaces. Results of microstructural studies [36] obtained
in the case of electron beam evaporated Co/Fe multilayers
have shown the existence of sharp interfaces that give rise
to a single phase magnetic behavior for the multilayer. In
this case, a description of the magnetic interfaces by means
of a direct exchange coupling via the boundary condition,
as made in this paper, seems appropriate. The situation
is probably different for sputtered Co/Fe multilayers for
which diffuse interfaces can be expected. In this case, in-
troduction of indirect exchange coupling [27] between Co
and Fe layers in the static and dynamic micromagnetic
simulations in order to account for the imperfect interfaces
could be considered. Finally, due to the large number of
parameters in such multilayered systems, it seems neces-
sary in the future to compare the dynamic behaviors pre-
dicted by micromagnetic simulations with experimental
ones (FMR, zero-field microwave permeability measure-
ments) for Co/Fe multilayers in the unsaturated regime.
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