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Origin of perpendicular magnetic anisotropy in Co/Ni multilayers
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We studied the variation in perpendicular magnetic anisotropy of (111) textured Au/N × [Co/Ni]/Au films
as a function of the number of bilayer repeats N . The ferromagnetic resonance and superconducting quantum
interference device magnetometer measurements show that the perpendicular magnetic anisotropy of Co/Ni
multilayers first increases with N for N � 10 and then moderately decreases for N > 10. The model we propose
reveals that the decrease of the anisotropy for N < 10 is predominantly due to the reduction in the magnetoelastic
and magnetocrystalline anisotropies. A moderate decrease in the perpendicular magnetic anisotropy for N > 10
is due to the reduction in the magnetocrystalline and the surface anisotropies. To calculate the contribution of
magnetoelastic anisotropy in the Co/Ni multilayers, in-plane and out-of-plane x-ray diffraction measurements
are performed to determine the spacing between Co/Ni (111) and (220) planes. The magnetocrystalline bulk
anisotropy is estimated from the difference in the perpendicular and parallel g factors of Co/Ni multilayers that
are measured using the in-plane and out-of-plane ferromagnetic resonance measurements. Transmission electron
microscopy has been used to estimate the multilayer film roughness. These values are used to calculate the
roughness-induced surface and magnetocrystalline anisotropy coefficients as a function of N .
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I. INTRODUCTION

Co/Ni multilayers (MLs) exhibit high spin polarization [1],
large perpendicular magnetic anisotropy (PMA) [2–6], and
low intrinsic damping [7–10] that make them a promising
candidate for the spintronic devices such as spin-transfer
torque random access memory (STT-RAM) [11], spin-torque
oscillators [12], and bit patterned media [13–18].

Daalderop et al. [3] predicted and experimentally demon-
strated the PMA in (111) oriented Co(1 AL)/Ni(2 AL) MLs
(AL—atomic layer) in 1992. The calculations by Daalderop
et al. [3] suggested that the PMA arises from the reduced
symmetry and electronic structure at Co and Ni interfaces.
They emphasized that in Co(1 AL)/Ni(2 AL) MLs the Fermi
energy is close to the bands with dxy and dx2−y2 characters (z
axis is chosen to be normal to the interface) whose spin-orbit
interaction favors the PMA. Calculations by Kyuno et al. [19]
also attributed the origin of PMA in (111) Co/Ni MLs to large
local density of states of dx2−y2 and dxy orbitals of Co and
Ni minority spin just below the Fermi energy. PMA is also
observed in (100) and (110) oriented Co/Ni MLs [20]. Some
groups also pointed out that the magnetoelastic anisotropy due
to strain in Co/Ni MLs is a source of PMA [21–24]. Since
these initial studies, many authors [2,5,6,20–26] have studied
the anisotropy in Co/Ni ML, however, the origin of the PMA
in these MLs is still a matter of debate.

Several authors have studied PMA in Co/Ni MLs as a func-
tion of the Co and Ni layer thicknesses [2,5,6,20,25,27,28].
They found that the maximum PMA can be achieved for
the Co layer thickness between 1 and 2 ALs and for the Ni
layer thickness around 3 ALs. Growth conditions, choice of a
substrate, and seed layers play an important role to improve
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the (111) texture and hence the PMA of Co/Ni MLs [27–30].
Postdeposition techniques such as annealing [30–32] and ion
irradiation [33] were also studied to tune the PMA in Co/Ni
MLs.

Co/Ni MLs became a model system for spin-transfer
torque studies in the perpendicularly magnetized magnetic
materials due to their large and tunable PMA and a relatively
low damping constant α. One way to tune the magnetic
characteristics of these MLs is by varying the number of bilayer
repeats N . However, reports on the behavior of the magnetic
anisotropy as a function of N have varied in the literature
[8,34–45] and they exhibit strong dependence on the layers
adjacent to the Co/Ni MLs.

In this paper, we investigated the influence of Au inter-
face layers on the magnetic anisotropy of Co/Ni MLs. We
studied the magnetic anisotropy of as-deposited and annealed
Co(0.21)/Ni(0.58) MLs (thicknesses in nm) as a function of the
number of MLs, N . For these Co and Ni film thicknesses the
Co/Ni MLs have the largest perpendicular magnetic anisotropy
[2]. We modeled the observed anisotropy variations by taking
into account the contributions from (1) the magnetoelastic
anisotropy due to the strain, (2) the magnetocrystalline
anisotropy due to the orbital asymmetry between the easy and
hard axes, (3) the roughness-induced anisotropies, and (4) the
interdiffusion of Au in the Co/Ni MLs.

II. THEORY

To understand the dependence of magnetic anisotropy of
the Co/Ni MLs on the number of multilayers, the total energy
density of the MLs will be expressed as

etot = −(Ku + KDIP)cos2θ, (1)

where Ku is the total intrinsic magnetic anisotropy given as

Ku = KME + KMC + KS/d. (2)
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KME, KMC, KDIP, and KS are the magnetoelastic, mag-
netocrystalline, dipolar, and surface anisotropy coefficients,
respectively. θ is the angle between the normal to the film
and the magnetization, and d is the thickness of the Co/Ni
MLs. The contribution to the magnetic anisotropy energy due
to diffusion of Au in the Co/Ni MLs will be discussed only
qualitatively.

A. Magnetoelastic anisotropy, KME

Co (aCo,f cc = 0.354 nm) [46] and Ni (aNi,f cc = 0.352 nm)
[47] are closely lattice matched. The Au interplanar distance
(aAu,f cc = 0.408 nm) is about 14% larger than that of Co and
Ni that causes strain in the Co/Ni MLs. To understand the
effect of strain on the magnetic anisotropy of the Co/Ni MLs,
we estimated the strain-induced bulk magnetoelastic energy
per volume for all the multilayer samples. The magnetoelastic
anisotropy coefficient for the cubic (111) structures is esti-
mated as [21,48]

KME = BNi
2 (ε‖ − ε⊥)NiVNi

VNi + VCo
+ BCo

2 (ε‖ − ε⊥)CoVCo

VNi + VCo
, (3)

where BNi
2 (fcc) = 10 MJ/m3, BCo

2 (fcc) = 7.7 MJ/m3, and ε‖
and ε⊥ are the in-plane and out-of-plane strains, respectively.
ε‖,⊥ are calculated as ε‖ = [d(220)st − d(220)ust ]/d(220)ust

and ε⊥ = [d(111)st − d(111)ust ]/d(111)ust , where d(220)st
and d(220)ust are the distances between (220) planes of
strained and unstrained Co/Ni MLs, respectively, and d(111)st
and d(111)ust are the distances between (111) planes of
the strained and unstrained Co/Ni MLs, respectively. In the
studied Co(0.21)/Ni(0.58) MLs, VCo/(VNi + VCo) = 0.25 and
VNi/(VNi + VCo) = 0.75. In these calculations we assumed that
the Co/Ni MLs have a fcc structure. This is in agreement
with the scanning transmission electron microscopy (STEM)
results of Gottwald et al. [4] that showed A-B-C stacking
of the (111) planes in the (111) textured Co1ML/Ni3ML

[≈Co(0.21)/Ni(0.58) ML]. In-plane and out-of-plane x-ray
diffraction (XRD) measurements are used to measure d(220)st
and d(111)st , respectively, in order to calculate the ε‖ and ε⊥.

B. Magnetocrystalline anisotropy, KMC

According to Bruno’s theory the magnetocrystalline
anisotropy coefficient of the Co/Ni MLs per volume, KMC,
originates from the asymmetry in the orbital moment between
the hard and easy axes and can be written as [49,50]

KMC =
(

α
nξ

4V

)
�μL

μB

, (4)

where ξ is the spin-orbit coupling parameter, α is the prefactor
that varies between 0 and 0.2 and is a function of electronic
structure, n is the number of atoms per unit cell, V is the
volume of the unit cell, μB is the Bohr magneton, and
�μL is the difference in orbital moments between the easy
and hard magnetization axes [50,51]. The orbital moment is
proportional to the g factor, g, that can be determined from the
ferromagnetic resonance (FMR) measurements. For films the
orbital asymmetry is given by [51]

�μL = μs

2
(g⊥ − g‖), (5)

FIG. 1. Simulated ML roughness used for the numerical calcula-
tion of the total dipolar surface anisotropy coefficient, KDIP

S (calc).

where μs is the spin magnetic moment and can be determined
from the ratio of μL/μs = (g − 2)/2 and the total magnetic
moment μ = μs + μL, and g⊥ and g‖ are the out-of-plane
and in-plane g factors, respectively. Superconducting quantum
interference device (SQUID) magnetometer measurements
are used to calculate μs , where μs = 2Ms/(ng), Ms is the
saturation magnetization of the Co/Ni MLs, and n is the
number of atoms per unit volume.

C. Dipolar magnetic anisotropy including
surface roughness, KDIP

The dipolar anisotropy coefficient can be expressed as

KDIP = KDIP
V + KDIP

S

/
d, (6)

where KDIP
V = −μ0M

2
s /2 is the dipolar volume anisotropy

coefficient of perfectly flat films, and d is ML thickness. If the
roughness of the top and bottom surfaces is uncorrelated the
dipolar surface anisotropy coefficient, KDIP

S , can be calculated
analytically as KDIP

S = KDIP
S,T + KDIP

S,B , where [52]

KDIP
S,T ,B = μ0M

2
s

3
8σT,B{1 − f [2π (σT,B/ξT,B)]}. (7)

Here KDIP
S,T and KDIP

S,B are the dipole surface anisotropy
coefficients of the top and bottom interfaces, respectively.
σT,B is the mean deviation of the top and bottom ML surfaces
from an ideally flat surface, ξT,B is an average lateral size
of the terraces at the top and bottom ML surfaces, and f

is the function calculated by Bruno [52]. In our calculations
of KDIP

S in Ta/Au/N × [Co/Ni]/Au films, we will assume
that σB = σ Au/Co and σT = σ Ni/Au are the roughnesses of the
bottom and top surfaces of the Co/Ni MLs, respectively, and
ξB = ξAu/Co and ξT = ξNi/Au are the roughness periods of the
bottom and top surfaces of the Co/Ni MLs, respectively.

Since the roughness of the top and bottom surfaces in
the ML is nearly correlated, we also calculated KDIP

S (calc)
numerically. The calculations were done for films with the
correlated roughness of the top and bottom surfaces as shown
in Fig. 1. The numeric calculation will be used to determine
the reduction of the anisotropy in the ML due to roughness.
We also performed numerical calculations assuming that the
top surface is rough and the bottom surface is flat. We will
show later that KDIP

S,r−f (calc) of a film with the rough top and
the flat bottom surfaces is similar to that of a film with two
correlated rough surfaces.
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TABLE I. N , d , σ , and ξ are the number, thicknesses, roughness, and roughness period of the Co/Ni MLs, respectively. For N = 0,
σ = σ Au/Co and ξ = ξAu/Co are the roughness and roughness period of the bottom Co/Ni ML surface (Au/ML interface). For N > 0, σ = σ Ni/Au

and ξ = ξNi/Au are the roughness and roughness period of the top Co/Ni ML surface (ML/Au interface). KDIP
V = −μ0M

2
s /2 is the dipolar volume

anisotropy coefficient of a perfectly flat ML, KDIP
S = KDIP

S,T + KDIP
S,B , where KDIP

S,T and KDIP
S,B are calculated using Eq. (7), KDIP = KDIP

V − KDIP
S /d ,

and HDIP = 2KDIP/μ0Ms . KDIP(calc) and HDIP(calc) are the total dipolar anisotropy coefficient and field of rough ML calculated using numerical
methods.

d ξ σ KDIP
V KDIP

S /d KDIP HDIP KDIP
S /d(calc) KDIP(calc) HDIP(calc)

N (nm) (nm) (nm) (105 J/m3) (104 J/m3) (105 J/m3) (105 A/m) (104 J/m3) (105 J/m3) (105 A/m)

0 22.5 0.80
4 3.2 23.0 1.20 −2.26 3.13 −1.95 −5.17 0.62 −2.20 −5.83
6 4.8 23.3 1.32 −2.96 3.02 −2.65 −6.16 0.86 −2.87 −6.66
8 6.4 23.6 1.40 −3.11 2.49 −2.86 −6.47 0.83 −3.02 −6.84
10 8.0 23.8 1.46 −3.62 2.45 −3.37 −7.08 0.89 −3.53 −7.40
16 12.8 24.5 1.60 −3.62 1.70 −3.45 −7.23 0.73 −3.55 −7.44
32 25.6 26.0 1.80 −3.62 0.96 −3.52 −7.39 0.44 −3.58 −7.50
64 51.2 27.5 2.00 −3.41 0.50 −3.36 −7.26 0.25 −3.39 −7.32

In order to calculate the effective shape anisotropy finite
element simulations are performed. The topography of the top
surface as a function of the x and y coordinates is generated
according to the following function:

Z(x,y) = 2σ cos2

(
2πx

λ

)
sin2

(
2πy

λ

)
, (8)

where the wavelength is λ = 2ξ . The parameters ξ and σ are
given in Table I. Two different geometries are calculated. The
first geometry is calculated by extruding the top and bottom
surfaces according to Eq. (8). Hence, the thickness d, which is
along the z direction, is independent of the position x,y. For
the second geometry we consider that the bottom surface is
flat and the top surface has roughness of the form given by the
function Z(x,y) [see Eq. (8)]. The average thickness of the film
is the same and equals d. The dimension in x and y direction
is 500 nm × 500 nm. The obtained volume is discretized in
tetrahedral finite elements with mesh size of 4 nm.

In order to calculate the stray field for a given magnetization
which points either in the direction (001) or (010) the hybrid
finite element/boundary element method is employed [53]
using a magnetic scalar potential. The open boundary problem
is accurately solved by the boundary element method, which
effectively transforms the boundary condition of vanishing
potential at infinity to the boundary of the magnet. The
magnetostatic energy is calculated for the out-of-plane mag-
netization, E⊥, and in-plane magnetization, E‖. The effective
shape anisotropy is calculated as

KDIP(calc) = 1

V
(E‖ − E⊥). (9)

In order to correct for the finite size of the simulated
structure, we also evaluated Eq. (9) for the corresponding film
without surface roughness but for the same lateral dimensions
and thickness, denoted by KDIP

V . The effective anisotropy due
to surface roughness can be approximated by

KDIP
S (calc)/d = KDIP(calc) − KDIP

V , (10)

which is not dependent on the lateral dimension of the
simulated film in the first order.

From KDIP [Eq. (6)] and KDIP(calc) [Eq. (9)] one can calcu-
late the average demagnetization fields, HDIP and HDIP(calc),
respectively, in the films along the direction perpendicular to
the film surface using formula

H = − 1

μ0

2KDIP

Ms

. (11)

D. Surface anisotropy, KS

The surface anisotropy arises from the fact that surface
atoms have an asymmetric environment as compared with
bulk atoms. The total surface anisotropy coefficient of our
Ta/Au/N × [Co/Ni]/Au ML is given by

KS

d
=

(
K

Au/Co
S + K

Ni/Au
S

)
NtBL

+ (2N − 1)

NtBL
K

Co/Ni
S , (12)

where K
Au/Co
S , K

Ni/Au
S , and K

Co/Ni
S are the surface magne-

tocrystalline anisotropy coefficients at Au/Co (the bottom
interface between Au and the Co/Ni ML), Ni/Au (the top
interface between the Co/Ni ML and Au), and Co/Ni inter-
faces, respectively. In Eq. (12) we assumed that the Co/Ni
and Ni/Co interface anisotropies are the same. The ML
thickness d = NtBL, where N is number of multilayers and
tBL = tCo + tNi is the thickness of the Co/Ni bilayer.

In rough films, some in-plane magnetic atoms are missing
at the surface, which reduces the asymmetry character of
the surface atoms. In our Ta/Au/N × [Co/Ni]/Au ML this
causes a reduction in the magnetocrystalline surface anisotropy
coefficients, K

Au/Co
S , K

Ni/Au
S , and K

Co/Ni
S . This effect has

been calculated by Bruno [54] and for the Au/Co and Ni/Au
interfaces can be calculated as

�K
Au/Co
S = −2K

Au/Co
S

σ Au/Co

ξAu/Co
, (13)

�K
Ni/Au
S = −2K

Ni/Au
S

σ Ni/Au

ξNi/Au
, (14)

where σ Au/Co and σ Ni/Au are the film surface roughnesses, and
ξAu/Co and ξNi/Au are the film surface roughness periods at the
bottom and top interfaces of the Co/Ni MLs with Au.
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In addition, roughness will also affect the magnetocrys-
talline surface anisotropy coefficient at Co/Ni interfaces across
the ML. This can be calculated as

�K
Co/Ni
S = −2K

Co/Ni
S

2N − 1

2N−1∑
i=1

σ
Co/Ni
i

ξ
Co/Ni
i

, (15)

where σ
Co/Ni
i and ξ

Co/Ni
i are the roughness and roughness

period of the ith Co/Ni interface of the MLs, respectively.
Thus, to include the magnetocrystalline surface anisotropy

that arises from the roughness of our MLs, K
Au/Co
S , K

Ni/Au
S ,

and K
Co/Ni
S in Eq. (12) have to be substituted with K

Au/Co
S +

�K
Au/Co
S , KNi/Au

S + �K
Ni/Au
S , and K

Co/Ni
S + �K

Co/Ni
S , respec-

tively.

E. Interdiffusion-induced anisotropy energy

Another source of anisotropy could also be due to the
interdiffusion of Au into the Co/Ni ML. According to Néel’s
model, diffusion of Au in the Co/Ni ML will introduce
randomness in the magnetic pair bonds, which will reduce
the interface anisotropy [55]. This is in agreement with the
calculations by Draaisma and de Jonge [56]. They show that
the magnetic anisotropy from the pair interaction strongly
decreases with the increase of the degree of mixing. Broeder
et al. [57] used ion-beam sputtering to deposit Au/Co MLs.
The MLs had rather diffuse interfaces due to the Ar-ion
bombardment during the growth. To expel Au from Co layers
the MLs were annealed up to 300 ◦C resulting in a strong
increase of the interface anisotropy, enhanced PMA. This
increase in PMA was accompanied by a strong increase of
the intensity of the multilayer reflections observed in XRD
experiments, and was interpreted as a sharpening of the Co/Au
interfaces.

Since interdiffusion is the most pronounced at the interface
we expect that the reduction of PMA will scale with the film
thickness. In the Co/Ni MLs the contribution to anisotropy due
to interdiffusion will decrease with the number of multilayers.
In this paper we will use element mapping based on energy-
dispersive x-ray spectroscopy (EDXS) in transmission electron
microscopy (TEM) to detect the interdiffusion of Au in the
Co/Ni MLs. We will show that the Au concentration in the
Co/Ni MLs can be reduced by postdeposition annealing of
the MLs. Comparing magnetic properties of the Co/Ni MLs
before and after annealing will help us understand how the Au
interdiffusion impacts the magnetic anisotropy of the MLs.

III. EXPERIMENT

Ta(3)/Au(12)/N×[Co(0.21)/Ni(0.58)]/Au(12) films were
deposited at room temperature on Si(100) wafers by means
of magnetron sputtering, where the numbers in parentheses
indicate the layer thicknesses in nanometers, and N = 4, 6,
8, 10, 16, 32, and 64 is the number of bilayer repeats. These
multilayer samples were also annealed at 523 and 553 K for
1 h to study the postannealing effects. The base pressure of
the deposition system was below 5 × 10−8 Torr and a sputter
process was performed at an Ar pressure of 2 × 10−3 Torr.
Before deposition, the substrates were cleaned with hexane and
methanol under ultrasonic conditions at 333 K. The substrates

were also heated to 523 K in vacuum in the sputter system
for 10 mins to remove any adsorbed layers. Low-angle x-
ray reflectivity measurements were used to extract the film
thicknesses. We also used a thickness monitor to measure the
thicknesses of the sputtered films.

The distances between lattice planes parallel and perpen-
dicular to the film surfaces were measured with in-plane and
out-of-plane XRD measurements, respectively. In both cases,
we used a Cu Kα radiation source. For the in-plane XRD
measurements, the incident and scattered beams are nearly
parallel to the sample surface. This allows the measurements
of spacing between lattice planes nearly perpendicular to the
sample surface. In-plane XRD measurements were performed
at a grazing angle of 0.65◦. Out-of-plane XRD measurements
were performed with the scattering wave vector normal to
the film surface. We used Gaussian functions to fit the in-plane
and out-of-plane XRD peaks and find the peak positions. XRD
data indicate that all the Co/Ni multilayers have (111) texture
with the full width at half maximum of the c-axis distribution
below 3◦.

Bright-field and high-angle annular dark-field STEM imag-
ing as well as element mapping based on EDXS were
performed at 200 kV with a Talos F200X microscope equipped
with a Super-X EDXS detector system (FEI). Prior to TEM
analysis, the specimen mounted in a high-visibility low-
background holder was placed for 10 s into a Model 1020
Plasma Cleaner (Fischione) to remove organic contamination.

The field dependence of the magnetization is measured us-
ing a SQUID magnetometer. The measurements are performed
in magnetic fields up to 5.5 × 106 A/m (70 kOe) and with
the field direction parallel and perpendicular to the sample
surface. Ku(SQUID) is calculated by finding the area enclosed
between the hard and easy axes M(H) curves and by adding
to this area KDIP(calc) calculated using Eq. (9) [55]. SQUID
measurements of 8 × [Co/Ni] multilayers along the hard and
easy axes at 298 and 5 K are shown in the Supplemental
Material [58]. The numerically calculated values of KDIP(calc)
as a function of N are listed in Table I.

FMR measurements were carried out at room temperature
using a terminated waveguide over the frequency range from
45 to 70 GHz. Field modulation and lock-in techniques were
used to obtain the conventional field derivative of the sample
absorption. The fitting procedure of FMR data was described
by Montoya et al. [59,60]. Field was applied in the parallel and
perpendicular directions to the film plane to measure effective
fields μ0Meff and g factors for both the hard and easy axes. For
the in-plane and perpendicular geometry of the FMR setup, the
resonance conditions are respectively given by

(
ω

γ‖

)2

= μ2
0HFMR(HFMR + M

‖
eff),

(16)
ω

γ⊥
= μ0(HFMR − M⊥

eff),

where γ‖ = g‖μB/h̄ and γ⊥ = g⊥μB/h̄ are the parallel and
perpendicular to the film surface gyromagnetic ratios, and
HFMR is the resonance field. Plots of resonance field versus
frequency of 8 × [Co/Ni] multilayers obtained from FMR
measurements with the applied field parallel and perpendicular
to the sample surface are shown in the Supplemental Material
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FIG. 2. (a) Out-of-plane and (b) in-plane x-ray measurements of as-deposited Ta(3)/Au(12)/N×[Co(0.21)/Ni(0.58)]/Au(12) with N = 4,
6, 8, 10, 16, and 32. The dashed lines at 38.22◦, 44.54◦, and 76.49◦ represent the expected positions of unstrained Au (111), N × [Co/Ni] (111)
and N × [Co/Ni] (220) peaks, respectively. The arrows indicate the fitted positions of the N × [Co/Ni] (111) and (220) peaks. We assumed
that the Co/Ni MLs have fcc structure in agreement with STEM results by Gottwald et al. [4].

[58]. The effective magnetic fields parallel and perpendicular
to the film surface are given by

M
‖
eff = M‖

s − 2K⊥
2

μ0M⊥
s

,

(17)

M⊥
eff = M⊥

s − 2K⊥
2

μ0M⊥
s

− 2K⊥
4

μ0M⊥
s

,

where g‖, M
‖
s , and M

‖
eff are the in-plane g factor, saturation

magnetization, and effective magnetization, respectively, and
g⊥, M⊥

s , and M⊥
eff are the perpendicular to plane g factor,

saturation magnetization, and effective magnetization, respec-
tively. K⊥

2 and K⊥
4 are the second- and fourth-order constants

of the magnetic uniaxial anisotropy. Equation (17) has been
derived by assuming that the definition of the anisotropy en-
ergy density is e = μ0M

2
s /2 cos2θ − K⊥

2 cos2θ − K⊥
4 /2cos4θ ,

and that the investigated magnetic films are polycrystalline,
textured, and have no in-plane anisotropy.

To account for the reduction in the dipole anisotropy due to
the ML roughness Eq. (17) is modified as

M
‖
eff = M‖

s,corr − 2K⊥
2

μ0M⊥
s

,

(18)

M⊥
eff = M⊥

s,corr − 2K⊥
2

μ0M⊥
s

− 2K⊥
4

μ0M⊥
s

,

where M
‖
s,corr = M

‖
s − 2KDIP

S /(Msd) and M⊥
s,corr = M⊥

s −
2KDIP

S /(Msd) are the in-plane and perpendicular to the plane
saturation magnetizations corrected for the ML roughness,
respectively. The dipolar surface anisotropy coefficients, due
to the ML roughness, are calculated numerically, KDIP

S =
KDIP

S (calc), and are listed in Table I. We will assume that
the saturation magnetization is independent of the direction of
magnetic field M⊥

s = M
‖
s . This is a good approximation since

(g⊥ − g‖)/g‖ < 1%.

IV. RESULTS AND DISCUSSION

A. As-deposited films

1. X-ray measurements

Figures 2(a) and 2(b) represent the out-of-plane and
in-plane x-ray diffraction measurements, respectively, of
Ta(3)/Au(12)/N×[Co(0.21)/Ni(0.58)]/Au(12) with N = 4,
6, 8, 10, 16, 32, and 64. The out-of-plane x-ray measurements,
Fig. 2(a), show two major Bragg peaks that correspond to
Au(111) and Co/Ni(111) planes. The dashed black lines at
38.22◦ and 44.54◦ represent the expected positions of Au
and Co/Ni(111) peaks, respectively, in the unstrained lattices.
The position of the Co/Ni(111) peak shifts from 44.42◦ to
43.40◦ with the change of N from 64 to 4. This shows that
the spacing between the (111) planes, d(111), in the Co/Ni
MLs increases with decreasing N . The change in spacing
between Co/Ni(111) planes as a function of N is shown
in Fig. 3(a) (left axis). The presence of thickness fringes is
seen on both sides of the two primary peaks of Au(111) and
Co/Ni(111) [see Fig. 1(a)]. We also obtained the thickness of
N×[Co(0.21)/Ni(0.58)] from the period of oscillation of the
thickness fringes. The calculated thicknesses are the same as
measured by the thickness monitor.

The dashed line at 76.49◦ [see Fig. 2(b)] represents the
expected position of the unstrained Co/Ni(220) peak. For
N = 64, the Co/Ni(220) peak is shifted to 76.22◦. With
decreasing N , the Co/Ni(220) peak further shifts to lower
angles, which indicates an increase in spacing between the
(220) lattice planes, d(220). This change in the lattice spacing as
a function of N is shown in Fig. 3(a) (right axis). This behavior
is expected since the distance between the (220) planes in Au
is 14% larger than the distance between the (220) planes of the
Co/Ni MLs.

In a strained film, it is assumed that the volume/atom of
the film remains constant [61]. Therefore, it is expected that if
there is lattice expansion along one direction, there should be
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FIG. 3. (a) The spacing between the (111) (d(111)) and (220)
(d(220)) lattice planes and (b) d(111)/d(220) of the as-deposited Co/Ni
MLs as a function of N . The dashed red line represents the
expected d(111)/d(220) for the ideal cubic lattice structure. The x-ray
measurements are performed at room temperature.

lattice contraction in the perpendicular direction. However, in
the present case, with the decrease in the number of MLs, the
spacings between both the Co/Ni(111) planes parallel to the
film surface and the Co/Ni(220) planes orthogonal to the film
surface increase. Diffusion of Au atoms into the Co/Ni MLs
associated with lattice expansion of the latter ones could be
an explanation for the observed behavior, as shown in the next
section.

The ratio d(111)/d(220) of the as-deposited Co/Ni MLs is
plotted as a function of N in Fig. 3(b). From Fig. 3(b) it
is evident that d(111)/d(220) decreases with N for N � 10.

For N � 16, d(111)/d(220) gradually increases, approaching the
ideal cubic crystal d(111)/d(220) ratio for N = 64. The observed
tetragonal distortion of the Co/Ni ML lattice for N � 10 can
have a profound effect on the intrinsic magnetic properties
such as inducing difference in orbital moments between [111]
and [220] crystal directions.

2. Microstructure of Co/Ni ML

To analyze the element distribution, EDXS analyses
were performed in STEM mode for the Co/Ni ML
samples with N = 16 and 32. In particular, Fig. 4(a)
shows a cross-sectional bright-field STEM image
of Ta(3)/Au(12)/N×[Co(0.21)/Ni(0.58)]/Au(12), and
Figs. 4(b)–4(d) present the corresponding Au, Ni, and Co
element maps, respectively. According to Fig. 4(b), some gold
is detected within the Co/Ni MLs with a higher Au concen-
tration close to the bottom Au/[Co/Ni] interface. Such gold
diffusion into the ML stack might explain the Co/Ni ML lattice
expansion observed in the x-ray diffraction measurements.
Additionally, Figs. 4(c) and 4(d) show the presence of Co and
Ni within both top and bottom gold layers, in particular along
Au grain boundaries. It should be mentioned, however, that
small Co and Ni background signals within both Au layers can
be due to fluorescence excitation triggered by higher-energy
Au x rays. There is also some Co and Ni at the top of the film
stack. This can be explained by a small amount of Co and Ni
that effectively floats on the surface during Au deposition.

Figures 5(a) and 5(b) are cross-sectional bright-field
overview STEM images of Ta(3)/Au(12)/16×[Co(0.21)
/Ni(0.58)]/Au(12) (16 ML) and Ta(3)/Au(12)/32×
[Co(0.21)/Ni(0.58)]/Au(12) (32 ML), respectively. For both
samples, the Co/Ni MLs were grown on top of a Au seed layer
which is characterized by an average Au grain size (average
roughness period) of ξ = ξAu/Co = 21 nm. Regarding the top
ML/Au interface, the average roughness period, ξ = ξNi/Au,
is 23 nm for the 16 ML and 25 nm for the 32 ML sample,
respectively. The average roughness (i.e., the mean deviation

FIG. 4. (a) Cross-sectional bright-field STEM micrograph of Ta(3)/Au(12)/16×[Co(0.21)/Ni(0.58)]/Au(12) (b) with corresponding
element maps for Au (c) for Ni and (d) for Co obtained by EDXS analysis.
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FIG. 5. Cross-sectional bright-field STEM micrographs of Ta(3)/Au(12)/16×[Co(0.21)/Ni(0.58)]/Au(12) (a) and (c), and of
Ta(3)/Au(12)/32×[Co(0.21)/Ni(0.58)]/Au(12) (b) and (d).

from an ideally flat surface) at the bottom Au/ML interface
is σ = σ Au/Co = 0.8 nm, and at the top ML/Au interface
σ = σ Ni/Au is 1.6 nm for 16 ML and 1.8 nm for 32 ML. This
analysis shows that both roughness and roughness period
increase with the number N of ML. The increase in roughness
period is clearly visible in the magnified cross-sectional STEM
images of 16 and 32 ML in Figs. 5(c) and 5(d). We used the
values of ξ and σ for N = 0 (the bottom ML interface), 16,
and 32 to extrapolate ξ and σ for the rest of our MLs.

Table I summarizes the roughness, σ , and roughness period,
ξ , of the Co/Ni MLs as a function of N . These values are used
to analytically calculate KDIP [Eq. (6)] and HDIP [Eq. (11)],
and numerically calculate KDIP(calc) and HDIP(calc).

Figure 6 shows the plots of KDIP
S /d, KDIP

S /d(calc), and
KDIP

S,r−f /d(calc) as a function of N . We calculated KDIP
S /d =
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FIG. 6. Analytical [KDIP
S /d = (KDIP

S,T + KDIP
S,B )/d] and numerical

[KDIP
S /d(calc) and KDIP

S,r−f /d(calc)] calculations of the dipole surface
anisotropy as a function of N . KDIP

S /d is calculated from Eq. (7), and
assuming that the roughness of the top and bottom surfaces of the
ML are uncorrelated. KDIP

S /d(calc) is calculated assuming correlated
roughness of the top and bottom film surfaces, and KDIP

S,r−f /d(calc) is
calculated assuming rough top and flat bottom film surfaces.

(KDIP
S,T + KDIP

S,B )/d by using Eq. (7) and assuming that the
roughness of the top and bottom surfaces of the MLs are un-
correlated. KDIP

S /d(calc) is numerically calculated assuming
correlated roughness of the top and bottom film surfaces, and
KDIP

S,r−f /d(calc) is numerically calculated assuming rough top
and flat bottom film surfaces.

From Fig. 6 it is clear that KDIP
S (calc) and KDIP

S,r−f /d(calc)
are practically the same for N = 32 and comparable for
N = 6. This indicates that the dipole surface anisotropy is
similar if films have one rough and one flat surface or if
they have two correlated rough surfaces. The calculations of
KDIP

S /d by using Eq. (7) take into account the roughness
of the top and bottom surfaces. KDIP

S /d for one flat and
one rough surface is similar to the numerically calculated
KDIP

S,r−f /d(calc) for thick films. This shows why KDIP
S /d of

films with uncorrelated rough surfaces is about two times larger
than the numerically calculated KDIP

S (calc) for films with two
correlated film surfaces.

From Figs. 4 and 5 it is clear that the top and bottom
surfaces of the Co/Ni MLs are correlated, even though the
roughness period of the top surface increases slightly with
N . Since KDIP

S /d(calc) is determined assuming correlated top
and bottom surfaces, we will use KDIP

S /d(calc) to determine
anisotropy, Ku, of our Co/Ni MLs.

3. Magnetic properties of Co/Ni MLs

Ms and Ku(SQUID) of the as-deposited Co/Ni MLs
measured at 5 and 300 K by SQUID, and K⊥

2 , K⊥
4 , Ku(FMR) =

K⊥
2 + K⊥

4 , g⊥, and g‖ of the as-deposited Co/Ni MLs
measured at 300 K by FMR are summarized in Table II.
Additional plots of μ0Meff as a function of the number of
multilayers, N , and g factor as a function of 1/N obtained
from FMR measurements with the applied field in parallel and
perpendicular direction to the sample surface are provided in
the Supplemental Material [58].
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TABLE II. N is the number of the Co/Ni MLs, and Ms and Ku(SQUID) are, respectively, the saturation magnetization and anisotropy of the
as-deposited Co/Ni MLs measured by SQUID at 5 and 300 K. K⊥

2 , K⊥
4 , Ku(FMR) = K⊥

2 + K⊥
4 are anisotropy coefficients, and g⊥ and g‖ are

g factors of the Co/Ni ML measured by FMR at 300 K. K⊥
4 and g⊥ of the Co/Ni ML with N = 64 are not determined since the perpendicular

FMR measurements induce the spin wave oscillations in the ML. KDIP
S /d(calc) and KDIP(calc) listed in Table I are used to calculate Ku(SQUID)

and Ku(FMR). For Co/Ni MLs with N = 4 and 6, the error bar in Ms is 12 × 10−3 A/m and the error bar in KSQUID is 0.06 and 0.05 J/m3,
respectively.

5 K 300 K

Ms Ku(SQUID) Ms K⊥
2 (FMR) K⊥

4 (FMR)
(103 A/m) (105 J/m3) (103 A/m) Ku(SQUID) (105 J/m3) Ku(FMR) g⊥ g‖ g⊥ − g‖

N ± 8 ± 0.03 ± 8 ± 0.04 ± 0.02 ±0.02 ±0.04 ±0.001 ±0.001 ±0.002

4 655 4.84 600 3.72 3.87 −0.23 3.64 2.206 2.197 0.009
6 710 5.31 686 4.23 4.53 −0.38 4.15 2.193 2.182 0.011
8 752 6.48 703 4.91 5.30 −0.39 4.91 2.187 2.173 0.014
10 789 7.11 759 5.62 5.99 −0.39 5.60 2.182 2.163 0.019
16 791 6.94 759 5.20 5.73 −0.37 5.36 2.177 2.161 0.016
32 782 6.67 759 4.89 5.45 −0.69 4.76 2.169 2.156 0.013
64 753 5.96 737 4.77 4.89

Due to roughness the demagnetization field in the Co/Ni
ML is lower than expected for ideally flat films. For this
reason, the anisotropy coefficients in Table II are calculated
using KDIP(calc) listed in Table I: Ku(SQUID) is calculated
by finding the area enclosed between the easy and hard axes
M(H) curve and adding to this area KDIP(calc). A plot of Keff

values determined from the enclosed area between the hard
and easy axes M(H) curves at 5 and 298 K as a function of
N is shown in the Supplemental Material [58]. Ku(FMR) is
calculated from Eqs. (18).

K⊥
4 and g⊥ of the Co/Ni ML with N = 64 are not

determined since we observed standing spin waves with the
k vector perpendicular to the surface of the ML. The induced
spin waves are possible due to the large thickness of this 64 ML
that exceeds 50 nm.

Table II shows that the total anisotropy coefficients mea-
sured by FMR, Ku(FMR), are the same as those measured by
SQUID, Ku(SQUID), at 300 K. For this reason in the analyses
of Ku as a function of N we will only consider Ku(SQUID)
values.

Figure 7 shows the Ms and Ku of Ta(3)/Au(12)/N×
[Co(0.21)/Ni(0.58)]/Au(12) as a function of N measured at
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FIG. 7. The Ms and Ku of the as-deposited Co/Ni MLs as a
function of the number of multilayers measured at 5 and 300 K. The
dotted black and red lines represent Ms of Co/Ni MLs calculated
assuming bulk Ms values for Co and Ni at 0 and 300 K, respectively.

5 and 300 K by SQUID. Ms increases with the increase in
N and stays nearly constant for N � 10. The lower Ms for
N � 8 is at least in part due to the interdiffusion of Au into the
Co/Ni ML that was directly observed by the EDXS analyses
in the TEM (Fig. 4).

Ku also increases sharply with N for N � 10 and then
decreases with the further increase of N . A similar trend
has already been observed by Qiu et al. [35] in Co90Fe10/Pt
superlattice structures and Co/Ni ML by Sabino et al. [34]. At
300 K, Ms and Ku are reduced by approximately 5.7% and
29%, respectively, relative to their values at 5 K. The increase
in Ku with temperature is nearly proportional to the increase in
M2

s with temperature as expected from the mean-field theory.
It is important to point out that the trends of both Ms and
Ku do not change with the increase of temperature from 5 to
300 K, which indicates that they are not affected by thermal
fluctuations. Thus, the drop of Ku for N � 8 is not due to the
onset of superparamagnetism in ultrathin films.

FMR measurements show that both g⊥ and g‖ decrease
with the increase of N , and that g⊥ is larger than the g‖ for all
N ’s. The latter is in agreement with the results by Shaw et al.
[50] for CoFe/Ni MLs grown on a Cu seed layer.

B. Annealed films

Structural and magnetic properties

The Au-Co and Au-Ni phase diagrams [62] depict no
miscibility of Au into Co and a very small miscibility of Au
into Ni below 523 K. For this reason we annealed the films at
523 and 553 K for 1 h in an attempt to expel the Au from the
Co/Ni MLs. den Broeder et al. [57] observed the increase in
the perpendicular to surface magnetic anisotropy of ion-beam
sputtered Co/Au MLs after annealing at 523 and 553 K. They
attributed the increase in PMA to the back diffusion of Au
from Co layers.

In-plane and out-of-plane x-ray measurements were per-
formed on all Co/Ni MLs after annealing at 523 K for 1 h.
Figure 8 shows the distance between the lattice planes d(111)
(left axis) and d(220) (right axis) of the annealed Co/Ni ML
samples as a function of N . In comparison to the as-deposited
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FIG. 8. (a) The spacing between the (111) and (220) lattice planes
of the Co/Ni MLs annealed at 523 K as a function of N . (b) d111/d220 of
the annealed Co/Ni MLs as a function of N . The x-ray measurements
are performed at room temperature.

samples, the spacing between both the lattice planes d(111)
and d(220) slightly decreases after annealing [see Fig. 3(a)].
The reduction in the lattice volume due to annealing and in
respect to the unstrained Co/Ni lattice is 9%. This supports the
hypothesis that during the annealing process a small amount
of Au leaves the crystal structure of the Co/Ni MLs.

The out-of-plane x-ray measurements also show an im-
provement in the texture of the Co/Ni MLs; the full width at
half maximum of the rocking curve is reduced by 0.2◦. This
could result from grain growth and annihilation of the grains
that do not grow along the 〈111〉 crystal orientations.

Figure 9 shows the Ms and Ku of the as-deposited and
annealed (at 523 K) Co/Ni MLs as a function of the number of
MLs. There is an increase of both Ms and Ku after annealing
the ML samples. However, the increase in Ms and Ku is
significantly larger for N � 10, where the concentration of
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FIG. 9. The Ms and Ku of the as-deposited and annealed at
523 K Co/Ni MLs as a function of the number of MLs. The SQUID
measurements are performed at room temperature.

Au is proportionally higher. This suggests that Au diffusion
into the Co/Ni MLs causes at least in-part reduction of Ms .
This may also indicate that Au diffusion into the Co/Ni MLs
causes a reduction of Ku. As we will show in the next section
this is due to an increase of the surface anisotropy at Au/ML
and ML/Au interfaces after annealing.

An increase in the annealing temperature to 553 K leads
to a drastic reduction in both Ms and Ku. Kurt et al. [30]
also observed a reduction in Ku of the Co/Ni MLs grown on
top of Au seed layers after annealing above 523 K. For the
Co/Ni ML with N = 8, Ms decreases from 7.03 × 105 A/m
to 4.81 × 105 A/m, and Ku decreases from 5.00 × 105 J/m3

to 2.65 × 105 J/m3. An intermixing of Co and Ni in the MLs
could be responsible for the observed trend. Thus, annealing
cannot be used to entirely remove Au from the Co/Ni MLs.

C. A simplified model including only surface anisotropies

In many reports [34–36,38,40,43,45] the change of the
magnetic anisotropy in the ML structures as a function of ML
thickness is analyzed by taking into account only the surface
anisotropies. This simplified model can be expressed by using
Eq. (2) (where KME and KMC terms are ignored) and Eq. (12)
as

Ku(calc) = KS

d
= KS

S

d
+ KV

S

=
(
K

Au/Co
S + K

Ni/Au
S − K

Co/Ni
S

)
d

+ 2K
Co/Ni
S

tBL
, (19)

where Ku(calc) is the calculated total intrinsic magnetic
anisotropy of the ML. The first term, KS

S , is inversely
proportional to the ML thickness (∝1/d) and the second term,
KV

S , is independent of the ML thickness and only depends on
the Co/Ni bilayer thickness, tBL.

To separate KS
S and KV

S contributions, Ku(SQUID) of the
as-deposited and annealed MLs (with N = 4, 6, 8, 10, 16,
32, and 64) is plotted as a function of 1/d in Fig. 10(a).
Ku(SQUID) has linear dependence on 1/d for N � 10.
From the linear fit of Ku(SQUID) with 1/d we obtain (a)
(from intercepts) that KV

S = 2K
Co/Ni
S /tBL is 4.58 × 105 J/m3

for as-deposited and 4.54 × 105 J/m3 for annealed ML, and
(b) (from slopes) that KS

S = K
Au/Co
S + K

Ni/Au
S − K

Co/Ni
S is

8.12 × 10−4 J/m2 for as-deposited and 1.08 × 10−3 J/m2 for
annealed ML.

From the intercepts we calculate that K
Co/Ni
S = 1.83 ×

10−4 J/m2 and K
Co/Ni
S = 1.82 × 10−4 J/m2 for the as-

deposited and annealed ML, respectively, in agreement with
the previously reported values [34,50] for K

Co/Ni
S . Thus, it is

evident that the bulk anisotropy, 2K
Co/Ni

S /tBL, is not affected
by annealing.

From the slopes and the calculated value of K
Co/Ni
S ,

we determined K
Au/Co
S + K

Ni/Au
S = 0.99 × 10−3 J/m2 for as-

deposited and K
Au/Co
S + K

Ni/Au
S = 1.26 × 10−3 J/m2 for an-

nealed ML, respectively. These values are twice as large
as reported by other groups for Co/Au [55] and Ni/Au
[63] superlattices. The reported values of K

Au/Co
S range

from 3.7 × 10−4 J/m2 to 5.8 × 10−4 J/m2 and the reported
value of K

Ni/Au
S is −1.5 × 10−4 J/m2. For N � 10 the linear

024401-9



ARORA, HÜBNER, SUESS, HEINRICH, AND GIRT PHYSICAL REVIEW B 96, 024401 (2017)

0.0

2.0

4.0

6.0

8.0
10

5
J
m

3

3 d

4 d 4.58 x 10

annealed at 523 K

as deposited

a

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0.5
0.0
0.5
1.0
1.5

1 d 10 1nm 1

10
5

J
m

3 b

K
u

K
u

1.08 x 10

8.12 x 10

4.54 x 105

5

FIG. 10. (a) Ku(SQUID) as a function of 1/d for as-deposited
and annealed at 523 K ML. The intercepts and slopes are obtained
from a linear fit of the anisotropy coefficients for as-deposited (blue
solid line) and annealed at 523 K (red dotted line) MLs. (b) �Ku =
Ku(annealed) − Ku(as-deposited) as a function of 1/d . The solid blue
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dependence of Ku(SQUID) on 1/N is not only due to
the surface anisotropy coefficients K

Au/Co
S + K

Ni/Au
S , since

g⊥ − g‖, which is proportional to KMC, also scales with N .
This could explain why this simplified analyses overestimate
K

Au/Co
S + K

Ni/Au
S in the ML.

Since annealing does not affect K
Co/Ni
S , the increase in

slope (KAu/Co
S + K

Ni/Au
S − K

Co/Ni
S ) after annealing is due to the

increase of K
Au/Co
S + K

Ni/Au
S . It is expected that after annealing

Au/Co and Ni/Au interfaces become sharper due to the back
diffusion of Au at these interfaces.

The difference between Ku of annealed and as-deposited
Co/Ni MLs, �Ku = Ku(annealed) − Ku(as-deposited), is
plotted for all Co/Ni MLs in Fig. 10(b). The increase of Ku

after annealing for all ML scales with 1/d indicating that the
back diffusion of Au increases only the Au/ML and ML/Au
surface anisotropies. From this we infer that the Au diffusion
cannot explain the reduction of magnetic anisotropy for the
Co/Ni MLs with N < 10.

The diffusion of Au in the Co/Ni MLs will introduce
randomness in the magnetic pair bonding which will reduce
magnetic anisotropy. On the other hand, Au is a large Z number
element that may increase spin-orbit coupling in the Co/Ni ML
that could lead to an increase of the magnetic anisotropy of the
ML. Since 2K

Co/Ni
S /tBL is not affected by annealing we will

assume that these two contributions cancel out and the bulk
magnetic energy will not change with diffusion of Au in the
Co/Ni ML.

The simplified model that assumes only bulk and surface
terms cannot explain the reduction of magnetic anisotropy of
the Co/Ni MLs for N < 10 as evident from Fig. 10. For this
reason, in the next section, a more complete model, which
includes all anisotropy contributions discussed in the theory
section, is used to describe the dependence of Ku(SQUID)
on N .
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FIG. 11. (a) The SQUID measured magnetic anisotropy coeffi-
cients Ku(SQUID) (black line) and the calculated anisotropy coef-
ficients Ku(calc) = KME + KMC + KS

S /d + KV
S (solid red circles).

The values of α, KS
S , and KV

S are obtained from fitting Ku(SQUID)
to the model. (b) Plots of KME (solid orange triangles), KMC (solid
red circles), and KS

S /d (solid blue squares).

D. Models for magnetic anisotropy

In this section we will evaluate all anisotropy terms
discussed in the theory section. In the proposed model
the magnetic anisotropies measured by SQUID and FMR
(Table II) are due to the magnetoelastic and magnetocrystalline
energies in addition to the surface anisotropy discussed in the
simplified model. From Eqs. (2) and (19) we can write

Ku(calc) = KME + KMC + KS
S /d + KV

S . (20)

In the model there are three fitting parameters: α in KMC,
surface anisotropy coefficient KS

S , and KV
S . The magnetic

anisotropies KME and KMC are calculated from Eq. (3) and
Eq. (4), respectively.

Figure 11(a) shows the experimental Ku(SQUID) (solid
black line) and the fit Ku(calc) (solid red circles) obtained
using the model in Eq. (20) as a function of N . Figure 11(a)
shows excellent agreement between the measurements and fit
for all N values.

Figure 11(b) shows the individual contributions of
anisotropy coefficients KME and KMC, KS

S , and KV
S as

a function of N . In Fig. 11(b) KME is practically 0 for
N � 10. For N < 10, KME decreases with N and reaches
−8.25 × 104 J/m3 for N = 4. This is due to the expansion of
d(111) and d(220) in the Co/Ni MLs observed for N � 10
[Fig. 3(a)]. Measured KME values are significantly larger than
those reported for Co/Ni MLs grown on Au seed layers [4]
and for CoFe/Ni MLs grown on Cu seed layers [50]. KMC has
the same dependence on N as Ku(SQUID); strongly increases
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with N for N � 10, and then decreases with further increase
of N .

The model shows that for N � 10, the decrease in
perpendicular magnetic anisotropy is predominantly due
to KMC and KME. A moderate decrease in perpendicular
anisotropies for N > 10 is due to the reduction of KMC and
KS

S .
From the fitting of experimental Ku(SQUID) data using

Eq. (20), we find out that α in KMC is 0.08, KS
S is 2.1 ×

10−4 J/m2 and KV
S is 2.9 ± 0.3 × 105 J/m3. The obtained

value of α is in agreement with the results shown by Shaw
et al. [50] (α = 0.097) for the FeCo/Ni ML surrounded by
Cu layers. From KV

S = 2K
Co/Ni
S /tBL we found that K

Co/Ni
S is

1.2 × 10−4 J/m2. This value is almost two times smaller than
the previously reported K

Co/Ni
S [34,50].

The uniaxial orbital asymmetry at Co/Ni interfaces leads to
an interface anisotropy K

Co/Ni
S , and thus, the bulk anisotropy,

KV
S , the last term in Eq. (19). In addition this orbital asymmetry

results in g‖ < g⊥ as shown in Table II leading to uniaxial
anisotropy KMC [see Eq. (4)].

Our x-ray data analysis shows a tetragonal distortion of
the lattice [see Fig. 3(b)]. This tetragonality can also lead to
a uniaxial anisotropy. However, the tetragonal distortion does
not follow the dependence of KMC and KV

S on N . In fact, the
tetragonal distortion changes its sign for N > 10; is almost
zero for N = 10, while g⊥ − g‖ reaches maximum. It can only
lead to a decrease in g⊥ − g‖ for 4 < N < 10 compared to that
measured by FMR. KV

S is independent of N and therefore has
nothing to do with the tetragonal distortion. The tetragonal
distortion therefore does not play any significant role in the
measured uniaxial anisotropy.

Assuming that K
Co/Ni
S = 1.2 × 10−4 J/m2, K

Ni/Au
S =

−1.5 × 10−4 J/m2, [63] and KS
S = K

Au/Co
S + K

Ni/Au
S −

K
Co/Ni
S = 2.1 × 10−4 J/m2 we can determine that K

Au/Co
S =

4.8 × 10−4 J/m2. This is in good agreement with reported val-
ues of K

Au/Co
S that range from 3.7 × 10−4 to 5.8 × 10−4 J/m2

[55,63,64].
For simplicity, in the above discussion we neglected the

surface magnetocrystalline anisotropies �K
Au/Co
S , �K

Ni/Au
S ,

and �K
Co/Ni
S induced by the ML roughness. Using Eqs. (13)–

(15) we can calculate that �K
Au/Co
S = −3.4 × 10−5 J/m2,

�K
Ni/Au
S ranges from 1.6 to 2.1 × 10−5 J/m2 for N = 4 and

32, respectively, and �K
Co/Ni
S ranges from −1.2 to −1.4

×10−5 J/m2 for N = 4 and 32, respectively. The variation
in �K

Ni/Au
S and �K

Co/Ni
S is due to the fact that σ and ξ

change with thickness. In the calculations we assumed that
K

Au/Co
S = 4.8 × 10−4 J/m2, K

Ni/Au
S = −1.5 × 10−4 J/m2,

and K
Co/Ni
S = 1.2 × 10−4. It is evident that the surface

magnetocrystalline anisotropies (�KS) are an order of
magnitude lower than the surface anisotropies (KS). Adding
�KS in the model [Eq. (20)] will not change the values of fitted
parameters α, KS

S , and KV
S . However, the surface anisotropies

K
Au/Co
S , K

Ni/Au
S , and K

Co/Ni
S will be about 10% larger since in

this case KS
S = K

Au/Co
S + �K

Au/Co
S + K

Ni/Au
S + �K

Ni/Au
S −

K
Co/Ni
S − �K

Co/Ni
S and KV

S = 2(KCo/Ni
S + �K

Co/Ni
S )/tBL

(�K
Ni/Au
S ,�K

Au/Co
S and �K

Co/Ni
S have negative

values).
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FIG. 12. Plot of �K
Au/Co
S /d , �K

Ni/Au
S /d , and �K

Co/Ni
S /d as a

function of N .

�K
Au/Co
S /d, �K

Ni/Au
S /d, and �K

Co/Ni
S /d are plotted as a

function of N in Fig. 12. Figure 12 shows that �K
Au/Co
S and

�K
Ni/Au
S have 1/d dependence, while �K

Co/Ni
S is practically

independent of the ML thickness. Co/Ni interfaces are uni-
formly distributed throughout the ML and the variation of
�K

Co/Ni
S with d is only due to the change of roughness across

the ML thickness.

V. CONCLUSION

The change in magnetic anisotropy of (111) textured
Au/N × [Co/Ni]/Au films is studied as a function of the
number of bilayer repeats N (N = 4, 6, 8, 10, 16, 32,
and 64). The ferromagnetic resonance and SQUID measure-
ments show that the perpendicular magnetic anisotropy of
as-deposited and annealed Co/Ni multilayers first increases
with N (N � 10) and then moderately decreases with
N > 10, reaching the maximum value Ku = 5.71 × 105 J/m3

for N = 10.
The SQUID measurements show that the trends of both

Ms and Ku do not change with increase of temperature
from 5 to 300 K. This indicates that the reduction in the
magnetic anisotropy for N � 10 is not due to the onset of
the superparamagnetism in ultrathin films.

The in-plane and out-of-plane ferromagnetic resonance
measurements show that the difference between the perpendic-
ular and parallel g factors of Co/Ni multilayers has the same
dependence on N as the experimentally measured magnetic
anisotropies.

The lattice mismatch between Co and Ni, and Au (about
14%) induces a large strain in the films. In-plane and out-of-
plane x-ray measurements show the expansion of the lattice
spacing between orthogonal (220) and (111) planes of Co/Ni
multilayers. EDXS analysis in TEM confirms the diffusion of
Au into the Co/Ni multilayers that could be responsible for the
observed expansion of the lattice volume in the multilayers.
The strain calculations from x-ray measurements show that,
with the change in N from 4 to 64, the magnetoelastic coef-
ficient changes from −8.25 × 104 J/m3 to 1.21 × 104 J/m3.
The diffusion of Au into the Co/Ni ML also causes reduction
of Ms .

The cross-sectional STEM reveals that the roughness and
roughness period increase with the number of the Co/Ni ML.
The roughness causes up to a 3.5% decrease in the dipolar
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anisotropy of the ML. It also causes up to a 10% reduction in
the surface magnetocrystalline anisotropy of the ML.

Annealing triggers partial back diffusion of Au from the
ML. This results in an increase of only surface anisotropy
while the bulk anisotropy stays unchanged.

The experimentally obtained dependence of the magnetic
anisotropy of the Co/Ni ML on N is successfully modeled
assuming contributions from the surface anisotropy, the mag-
netocrystalline anisotropy arising from the difference between
the perpendicular and parallel g factors, and the magnetoelastic
anisotropy due to the strain. The models reveal the strong
decrease of the perpendicular magnetic anisotropy for N < 10
is predominantly due to the reduction in the magnetocrys-
talline and magnetoelastic anisotropies. On the other hand, a
moderate decrease in the perpendicular magnetic anisotropy

for N > 10 is due to the reduction in the magnetocrys-
talline anisotropy and the surface anisotropy between Au and
the ML.
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