
REVIE
W

 C
OPY

NOT F
OR D

IS
TRIB

UTIO
N

Coercivity and Dislocation Role in Films with Perpendicular

Magnetic Anisotropy.

E. C. Corredor and J. I. Arnaudas

Instituto Universitario de Nanociencia de Aragón, Universidad de Zaragoza and

Departamento de F́ısica de la Materia Condensada,

Universidad de Zaragoza, Zaragoza, Spain.

D. Coffey, M. G. Proietti, and M. Ciria∗

Departamento de F́ısica de la Materia Condensada,

Universidad de Zaragoza, Zaragoza, Spain. and

Instituto de Ciencia de Materiales de Aragón,

Consejo Superior de Investigaciones Cient́ıficas, Zaragoza, Spain.

(Dated: May 14, 2014)

Abstract

Understanding and controlling macroscopic quantities directly associated with a random field,

such as coercive field Hc and dislocations in magnetic materials, is important for many applica-

tions that include films with perpendicular magnetic anisotropy. Here, in a model system with

perpendicular magnetic anisotropy, Cu/Ni/Cu, we show that Hc in double 4 nm thick Ni films is

about 0.65 times the value obtained in the single Ni film, a fact that can be understood if the

propagation of misfit dislocations is not transmitted to the second magnetic block, implying that

its statistical distribution remains unchanged, whereas the magnetic driving force increases with

the nickel thickness. This interpretation is based on the direct measurement of the in-plane and

out-of-plane lattice parameters of the Ni blocks by Extended X-ray Absorption Fine Structure,

a chemical selective technique tuned to probe exclusively the Ni atoms environment. With this

finding and applying the rigid domain walls model, the Hc ratio between double and single Ni films

is calculated, yielding a value of 0.71.
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I. INTRODUCTION

The inversion of magnetization is a basic issue in magnetism, as there is a wide range

of applications that depend not only on the value of the coercive field Hc but also on its

reliability. The maximum value of Hc, 2K/M (K is the uniaxial anisotropy constant and

M the magnetization), is observed for a coherent rotation process,1 but the nucleation of

magnetic domains reduces Hc practically to zero unless structural defects (dislocations,

point defects or anti-phase boundaries) pin the domain wall (DW) during the magnetization

process.2,3 The mechanism behind the displacement of the DWs has further implications and

it is an example of force-driven transitions: a driving force tries to make the object move,

but it will resist to the movement by random pinning forces existing in the medium.4 Other

examples are vortex lattices in dirty type II superconductors,5 charge density waves6 and

earthquakes.7

The ability to exploit the spin state has been achieved by different approaches: magnetic

field,8–10 spin-polarized current11–15 or electric field16 have been used to invert M by a con-

trolled process in different spintronic devices. Perpendicularly magnetized functional blocks

provide to these devices high-stability of the magnetization at room temperature and require

low current for current-induced magnetization switching.17 In structures lacking inversion

symmetry it is possible to take advantage of the Rashba effect and the current can generate

a strong effective transverse magnetic field that enhances the inversion of M.18 However,

the strain state of the magnetic film influences the switching of M, since the elastic energy

stored in heteroepitaxial structures is released by the generation of misfit dislocations at the

epitaxial film interface, becoming an important factor to be considered in the control of Hc

since these dislocation segments pin the domain walls.

In this work, we report a remarkable decrement of the coercivity maintaining the value of

the magnetic anisotropy constant. We find that in model system for perpendicular magnetic

anisotropy, epitaxial Cu/Ni/Cu films, the ratio of the coercive field of double to single films,

with a nickel thickness tNi of 4 nm, is about 0.65. This value can be quantitatively explained

in the framework of the rigid domain wall model19 considering that the statistical length of

dislocations segments that pin the DW during the inversion process is the same for both

nanostructures. This interpretation is based on the strain determination in these Ni blocks,

obtained by the direct measurement of the lattice parameters by means of Extended X-
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FIG. 1. (Color online)Magnetic characterization of Ni/Cu structures. Detail of the M-H loops

with the applied field perpendicular to the film plane for (a) three different single Ni film and (b)

a double Ni film. The applied field range is ± 1 T. MFM images performed on the virgin state for

single (c) and double (d) Ni films. The color bar stand for the phase variation, in hertz, respect to

an average value set to zero. (e) In-plane M-H loops for the 4 nm thick films shown in panel (a).

Thickness dependence of Hc in Cu (5 nm)/Ni (tNi)/Cu (100 nm) films.

ray Absorption Fine Structure (EXAFS). The strains of the single and double Ni films

yield identical tetragonal distortions in these structure, a distortion that relaxes as the

number of Ni blocks increases. This analysis shows that a force-driven transition, such as

the displacement of DWs, which depends, at a nanometric scale, on a second force-driven

transition such as the propagation of dislocations in a layered structure, can be enhanced

artificially in a Cu/Ni/Cu/Ni/Cu structure, modifying the value of a macroscopic quantity

such as Hc.

II. EXPERIMENTAL METHODS

Cu (5 nm)/[Ni (4 nm)/Cu (3 nm)]x N/Cu (100 nm) films, with N = 1 - 4, designated

as [Cu-Ni] x N from now on, and Cu (5 nm)/Ni (tNi)/Cu (100 nm) films, with the nickel

thickness tNi between 2 nm and 8 nm were grown on Si (001) wafers at room temperature,
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in order to minimize the interdiffusion between copper and nickel, in ultra high vacuum by

e-beam evaporation using a procedure described elsewhere.20,21. Magnetic properties were

investigated with vibrating sample magnetometry (VSM), and magnetic force microscopy

(MFM), in low vacuum (1 mTorr) conditions. Images were processing using free software.22

Ex situ structural characterization of Ni/Cu structures was carried out by X-ray diffrac-

tion (XRD) using a Rigaku diffractometer working at the Cu Kα wavelength 1.5418 Å. The

EXAFS spectra were recorded at the Ni K-edge (8333 eV), at room temperature, in fluores-

cence mode by using a CanberraTM 30 elements Ge detector, at beamline BM30B of ESRF.

The spectra were recorded by orienting the sample surface nearly parallel to the incident

beam (incidence angle equal to about 5◦) and perpendicular to it (incidence angle equal to

about 85◦)). In such a way the X-ray photons polarization vector ~ε was nearly perpendicular

(~εpar) and parallel (~εper) to the sample surface, respectively.

III. RESULTS

A. Magnetic measurements

Figure 1 displays in-plane and out-of-plane M(H) loops taken for the [Cu-Ni] x N struc-

tures with N = 1 and N = 2. The out-of-plane loops show large remanence indicating that

both Ni structures have an out-of-plane easy axis. Magnetic force microscopy images, see

also Fig. 1, display patches of regions with well defined contrast corresponding to domains

with M pointing perpendicularly to the film plane in systems where the Kp constant largely

exceeds the shape anisotropy constant Ksh.
3

The effective magnetic anisotropy constant was determined from the difference between

the free energy of magnetization loops carried out in the film plane, see Fig. 1, and per-

pendicular to the film surface. Thus, the perpendicular anisotropy constant Kp is evaluated

as Keff + Ksh, being ≈ 2.2 x 105 J/m3 for the single film and ≈ 2.0 x 105 J/m3 for the

double film, suggesting that the source of Kp does not change significantly. Since the main

contribution to Kp is the magnetoelastic term,23,24 fixing tNi does not modify surface con-

tributions and the finding that Kp ≈ cte implies that the strain of the Ni blocks takes close

values for both structures.

On the other hand, Hc shows remarkable differences: Hc is much larger for the single
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film, µ0Hc = 20 ± 2 mT (this value is averaged over several films) than for the double film,

µ0Hc = 13 mT. This is a significant decrement, moreover when it has been shown that Hc

increases with tNi. Ni films grown on a Cu(001) surface show a strong non-linear behavior

of µ0Hc. Fig. 1f shows the variation of the coercive field in Cu(5 mm)/Ni(tNi)/Cu(100 nm)

films as a function of the nickel thickness, with the magnetic field applied along the easy

axis. For the films with tNi = 2 nm, M lies in the film plane and, for the rest values of

tNi, the magnetization easy axis is perpendicular to the plane. Several films with the same

nominal thickness have been grown to determine the variation of Hc with tNi.

This behavior showed the same trend for Hc than that observed elsewhere25 for Ni films

grown on a Cu single crystal. The increment of µ0Hc has been attributed25 to the onset of

the propagation of misfit dislocations above the critical thickness tc of the Ni/Cu system,

about 1.5 nm,26 that releases the elastic energy stored in the Ni film. Fig. 1f suggests that

tc occurs between 2 nm and 3 nm. Although Matthews et al. reported tc ≈ 1.5 nm,26 Mitlin

el al. proposed a value between 2.5 and 3 nm,27 suggesting that this remarkable increment

can be associated to the presence of surface steps.28

Thus, a decrement of Hc without a variation of Kp demands a further explanation since

it suggests a method to alter the coercivity in magnetic nanostructures without affecting

the strength of Kp.

B. X-ray diffraction.

Representative X-ray diffraction patterns are shown in Fig. 2. A large contribution

from the 100 nm thick Cu buffer layer is observed as well as several superlattice peaks

arising from the Ni-Cu structure. The Cu buffer layer (2θCu= 50.44o, λ = 1.5418 Å) clearly

precludes a thorough determination of the lattice parameters of the Ni and Cu blocks using

the superlattice refinement,29 but the observation of satellites accompanying the reflections

of the average lattice parameter can be used to determine the repetition unit Cu-Ni.30 Thus

using the expression 2(sinθ/λ)=(1/d)±(n/Λ), where n is the order of the satellite around the

Bragg peak, θ the angle of the peak position, λ the x-ray wavelength and d = Λ/(NCu+NNi)

the average out-of-plane lattice parameter and NCu, NNi the number of layers of copper and

nickel. Thus, using the values of θ for n = 0 and n = 2, see Fig. 2, the value for Λ of 6.8

nm is obtained for the structures with N = 2 and N = 3. This value is very close to the
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FIG. 2. X-ray spectra for [Cu/Ni] x N structures. The large peak corresponds to a (002) reflection

from the 100 nm thick Cu buffer layer. The structures with N = 2 and 3 show several superlattices

peaks, see arrows. The numbers indicates the order of the satellite peak around the main Bragg

peak, marked with 0. A peak with the label -1 is absent due to the overlapping with the signal

coming from the Cu buffer layer.

nominal value of 7 nm.

In order to circumambulate the strong copper substrate contribution we performed EX-

AFS experiments which thanks to its chemical selectivity provide the strain content of the

Ni layers.

C. X-ray absorption spectroscopy.

To investigate the local structure of the Ni layers we performed EXAFS measurements at

the Ni K-edge on [Cu/Ni] x N structures with and N = 1, 2, 3 and 4. The EXAFS spectrum

is the extended oscillatory contribution to the X-ray absorption spectrum showing up from

about 30 eV up to several hundredths eV above an X-ray absorption edge. The background

subtracted EXAFS oscillations measured in fluorescence mode, with ~εpar are shown in Fig. 3

for two of the samples studied together with the unpolarized spectrum of a Ni foil measured

as a reference in transmission geometry. The absorption spectrum of sample with N = 1

with ~εpar is also shown in the inset of Fig. 3 as an example, together with the spectrum of

the Ni foil.
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The oscillations are due to the interference between the outgoing and backscattered pho-

tolectron waves at the atomic absorber site and, in this energy region, they can be inter-

preted quantitatively in terms of a scattering paths development formalism including Single

Scattering (SS) and Multiple Scattering events (MS) of the emitted photoelectron with the

neighboring atoms. In this way, using a fit procedure of the experimental oscillations to

a theoretical model calculated using ab-initio theoretical phases and amplitudes, the local

structure parameters of the system, as interatomic distances, coordination numbers, static

and thermic disorder factors etc, can be obtained. EXAFS is complementary to XRD pro-

viding and average short and medium range order structural information. Moreover it is,

thanks to the absorption edge tuning, a chemically selective probe that provides the local

atomic environment of the selected atomic specie. In our case, by tuning the energy of the

incoming photons at the Ni absorption K-edge, we can get rid of the Cu contribution in the

determination of the lattice parameters. We address the interested reader to reference31 and

references therein.

EXAFS measurements with ~εpar and ~εper were performed to exploit the strong anisotropy

of the EXAFS spectrum32 and determine both the in plane and out-of-plane interatomic

distances, dIin, dIout and dIIin, dIIout that correspond to the first and second coordination

shells respectively. dIIin and dIIout also represent the in-plane and out-of-plane lattice pa-

rameters a‖ and a⊥, respectively. In this way the tetragonal deformation of the cubic fcc Ni

lattice can be determined and the in-plane ǫ‖ and out-of-plane strain ǫ⊥ can be calculated

as ǫ‖(⊥) = (dIIin(out) − aNi)/aNi.

1. EXAFS analysis

In the SS aproximation, the EXAFS spectrum can be expressed by:31

χ(k) = S2
0

∑

j=shells

Njfj(k, rj)

kr2j
e−2k2σ2

j sin (2krj + ϕj(k) + 2δ) (1)

where rj, Nj , and σj are the interatomic distance, the effective coordination numbers and the

bond-length disorder (static and dynamic Debye-Waller factors), S2
0 is the EXAFS amplitude

reduction factor due to multielectrons excitation channels, ϕj and fj are the phase shift and

the backscattering amplitude of atoms in shell j, δ is the phase shift due to the central atom

and k is the photoelectron wavenumber. In expression 1, Nj is defined as
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FIG. 3. (Color online) EXAFS experiments. (Main panel) Background subtracted EXAFS oscil-

lations kχ(k) as a function of photoelectron wave vector k. Top: Ni foil (unpolarised); middle:

sample N = 1 with ~εpar; bottom: sample N = 3 with ~εpar. Inset: Fluorescence EXAFS Ni K-edge

spectrum of sample N = 1 (top curve) and transmission EXAFS spectrum of the reference Ni foil

(bottom curve). The Ni foil spectrum has been shifted downwards. The two spectra have been

renormalized to an optical density equal to 1 after the edge for comparison.

Nj =
∑

i

3
(

cos2θi
)

(2)

where θi is the angle between the electric field vector of the incoming x-ray beam and the

direction of the photoelectron scattering path i in shell j. For polycrystalline samples the

sum over all the randomly oriented scattering paths gives the coordination number of the

atomic shell of radius rj . In this case, for monocrystalline epitaxial Ni samples, which have

cubic fcc crystalline structure, the atoms belonging to the I coordination shell are 12:6 in the

growth plane (in-plane) and 6 out of the growth plane (out-of plane). For ~εpar, both for the

in-plane and out-of-plane first neighbors Nj = 6, whereas for ~εper, for the in-plane atoms Nj

= 0 and for out-of-plane neighbors Nj = 12. In this way, fitting of polarized EXAFS spectra

allows to determine the in-plane and out-of-plane interatomic distances, dIin and dIout. In

addition, the Ni atoms belonging to the II coordination shell are 6, four of them lie in the
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FIG. 4. (Color online) Real part of the Fourier Filtered EXAFS spectra (circles) with in-plane

and out-of-plane ([001]) X-ray beam polarizations, at Ni K edge, for the N = 1 sample. They are

compared to the best fit curves (solid lines)in q space.

growth plane (in-plane) and two out of the growth plane (out-of-plane), having distances

from the absorber, dIIin and dIIout, respectively. By changing the polarization vector from

perpendicular to parallel to the surface we probe a‖ and a⊥ separately and obtain ǫ‖ and ǫ⊥.

The EXAFS signals were calculated for a cluster of Ni composed by 87 atoms, with a

radius of 6.1 Å. Theoretical amplitudes and phase shifts were calculated ab-initio by FEFF8

code33 taking into account the beam polarization vector, ~ε, directed along the [110] and [001]

crystallographic directions, corresponding to ~εpar and ~εper respectively. Scattering potentials

were calculated in the muffin-tin approximation in a self-consistent way, with a Hedin-

Lundqvist approximation for exchange and inelastic losses. Atomic background subtraction

in the EXAFS region was performed by AUTOBK code implemented by the ATHENA graphical

interface.34 Fit of theoretical signal to EXAFS was performed by using the IFEFFIT
35 code

implemented by the ARTEMIS interface.34

Fitting of parallel and perpendicular polarization spectra was carried out simultaneously.
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FIG. 6. (Color online) Stain variation in [Cu/Ni] x N structures. ǫ⊥ as a function of ǫ‖ for the

samples studied (dots). The labels 1,2,3 and 4 represent the blocks number. The elastic behavior

corresponding to ǫ⊥ = −2(c12/c11)ǫ‖ is included as a line for comparison.
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This improves the fit statistics allowing a precise determination of the interatomic distances.

The fits were restricted to the I and II coordination shells containing 12 (NI) and 6 (NII)

Ni atoms respectively. The coordination numbers NI and NII where kept fixed to their

crystallographic values (12 and 6). The fit parameters were: the origin of photoelectron

energy E0, dIin, dIout, the Debye-Waller factors for I and II shells, σ2
I and σ2

II . The S2
0

amplitude reduction factor was fixed to 0.7 for all the samples. The E0 best fit values for

the different samples were very close to each other, showing differences lower than 0.5 eV.

dIIin and dIIout were defined in the fit as a function of dIin, and dIout, according to the

crystallographic constraints for a tetragonal lattice: dIIin = a‖ =
√
2dIIin and dIIout = a⊥ =

√
2(2d2Iout − d2IIin)

1/2

Fits were performed in q-space in the range 2.8− 12.5 Å−1 on the kχ(q) signal obtained

by Fourier Filtering of the Fourier Transformed kχ(k) in the range 1 - 3.7 Å. Simultaneous

fit of parallel and perpendicular polarization together with the application of the tetragonal

constraints, strongly improve fit statistics by reducing the number of fit parameters and

consequently the reduced χ2
ν = χ2/ν, with ν = Nidp − Nvar , where Nidp is the number

of independent points of the fit and Nvar is the number of fit variables. The errors on

the interatomic distances range from 0.004 to 0.006 Å. They have been calculated by the

IFEFFIT code as the diagonal elements of the covariance matrix of the fit variables. The fit

obtained for sample with N = 1 is shown in Fig.4 together with the correspondent Fourier

Transform represented in Fig. 5. It is representative of the overall fit quality.

The best fit results are reported in table I together with the values for ǫ‖ and ǫ⊥ that were

calculated from the values of dIIin and dIIout as ǫ‖(⊥) = (dIIin(out) − aNi)/aNi. They are also

shown in Fig. 6 where they are compared with the elastic behaviour, ǫ⊥ = −2(c12/c11)ǫ‖ =

−0.03, represented by the dotted line, with c11 = 249 GPa and c12 = 155 GPa.36 The value of

aNi used to calculate the strain was obtained by fitting the EXAFS spectrum of the Ni foil,

recorded as a reference to check the theoretical phase and amplitudes. It is also reported in

Table I and compared with the crystallographic value.

We can see that the misfit strain is partially relaxed and the tetragonalization of the

cubic cell is quantified. The interesting finding is that the samples with N = 1 and 2 have

a very similar strain content, which explains the minute variation of Kp. For the samples

with N = 3 and 4 the strain rapidly decreases as expected and the ǫ‖ and ǫ⊥ values relax

along the elasticity line, see Fig. 6.
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Sample dIin dIout σ2
I dIIin dIIout σ2

II ǫ‖ ǫ⊥

(Å) (Å) (10−3Å2) (Å) (Å) (10−3Å2)

Ni cryst. 2.492 - - 3.524 - - - -

Ni foil (fit) 2.479(3) - 6(2) 3.506 - 8(2) - -

N = 1 2.521(5) 2.479(3) 6(2) 3.565 3.444 9(2) 0.0168 -0.0177

N = 2 2.521(4) 2.477(3) 6(2) 3.565 3.440 8(2) 0.0168 -0.0188

N = 3 2.508(4) 2.478(3) 6(2) 3.546 3.462 9(2) 0.0114 -0.0125

N = 4 2.503(4) 2.477(3) 6(2) 3.539 3.467 9(2) 0.0094 -0.0111

TABLE I. I and II shell coordination distances, and σ2 values obtained by best fitting of the

experimental data for the studied samples as described in the text. dIIin and dIIout have been

defined as a function of dIin and dIout according to tetragonal constraints. Crystallographic values

of interatomic distances for Ni are reported for comparison together with the values found from

EXAFS of a reference Ni foil. N is the Cu/Ni/Cu blocks number. In-plane and out-of-plane strain

values, ǫ‖ and ǫ⊥, have been calculated as ǫ‖(⊥) = (dIIin(out) − aNi)/aNi taking as reference value

for aNi the EXAFS value for the Ni foil. The errors on ǫ‖ and ǫ⊥ shown in the figure have been

calculated propagating the errors on dIin and dIout.

IV. DISCUSSION

A. Coercivity model

In bulk Ni single-crystals, the work-hardening process induces a dislocations density ρd

that modifies the value of Hc. Its dependence with ρd is ρ
1/2
d and ρ

2/3
d for low and large values

of ρd, respectively.
37 The ρ

1/2
d dependence is associated with a rigid domain wall model19

where the pinning mechanism is due to a local strain distortion generated in the dislocation

core which, through the magnetoelastic interaction, is coupled with the magnetic spins of

the DW,37 and Hc can be expressed as:38

Hc =
C

µ0Ms

(

ρ

ADW δp

)1/2

Ep (3)

with C a constant, ρ the number of defect per unit volume, Ep the energy interaction of

the DW with the defect and δp the DW - defect interaction length, typically of the order
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of exchange length
√

A/Keff , with A the exchange stiffness constant. Notice that this

equation indicates that the pressure done by the magnetic field at the DW is proportional

to the square of the defect density, a result obtained if the effect of defect density is described

mathematically as a random pinning field.38

Rigid DW’s imply that the wall is a plane surface, without internal structure, moving

rigidly and that the domain wall energy and the magnetostatic energy are always at a

minimum, maximizing the interaction with the defects. In the case of dislocation pinning,

the force that a dislocation segment of length l applies on a DW can be obtained by using the

formula
∫

l dl×σ·b,37 with σ the tensor of the extra stress associated with the magnetostrictive

strain due to the rotation of M in the domain wall and b is the Burgers vector. This

calculation conduces to a term of the order of Gλsbℓδp for Ep, where G is the shear modulus,

λs is the saturation magnetostriction constant and ℓ the typical length of the dislocation

segments that the DW faces on its plane. On the other hand, the volume density of defects

ρ can be related to the dislocation density ρd and ℓ, by the proportionality relationship

ρ ∝ ρd/ℓ.
38 Then, noting also that π

√

A/K = δDW , the expression that relates Hc with ρd

is:19,37,38

Hc = D
Gλsb

µ0Ms

(

ρdδDW ℓ

ADW

)1/2

(4)

The strain relaxation in the nickel films occurs through the formation of misfit disloca-

tions, see Fig. 7, that is assumed to be the main pinning mechanism determining the value

of Hc. Thus if ρd is constant, ℓ can change through the nucleation and propagation of the

misfit dislocation segments. The ratio ℓ/ADW in Eq. 4 connects the dislocation length ℓ with

the domain wall area ADW interacting during the domain displacement through the film.

For films with tNi < tc, ℓ ∝ tNi and since ADW ∝ tNi, Hc ≈ cte; on the contrary, if tNi > tc,

ℓ becomes much larger that tNi
27 and Hc increases sharply, see Fig. 1f. The presence of δDW

in Eq. 4 also indicates that wider DWs are easily pinned at the misfit dislocations segments,

as opposed to sharp DW, and therefore it becomes an important parameter to consider in

single and double Ni films.

Therefore the values of δDW and ℓ in both the single and double films should be determined

to explain the Hc behavior in these structures.
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FIG. 7. (Color online) Schematic diagrams of dislocation lines at the Ni-Cu interfaces. (a) Sketch

of a threading and misfit dislocations lines with single and double kink features in a Cu/Ni/Cu

structure. The misfit dislocation is generated at the Cu-Ni interface from a threading dislocation.

(b) Draw of several combination of misfit dislocation in double Ni films: (1) absence of misfit

segments; (2) single kink at the first Ni-Cu interface; (3) double kink at both Ni blocks and (4)

asymmetric double kink case. Thick lines correspond to dislocation segments that interact with

the domain wall

B. Domain wall width

First, the structure and width of δDW in single and double films is discussed. This is

a fundamental issue since the reduction of Hc in permalloy-silicon multilayers with respect

to the value observed in thin films,39 has been qualitatively addressed to the nucleation of

coupled Néel DW in double films with lower energy and without the extended tail of the

DW in single films.40,41

The domain walls structure in Ni nanostructures is obtained using a Landau-Lifshitz-

Gilbert micromagnetic solver.42 A rectangular strip (with dimensions Lx = 375 nm and Ly

= 750 nm ) with periodic contour conditions along the y direction is used to obtain the

domain wall profile. The cell unit is a square-sided prism with a 1.5 nm x 1.5 nm base, the

height of the cell is the same for Ni and Cu blocks being 1 nm for the films with tNi= 1

nm, 2 nm, 4 nm and 5 nm, and 3 nm for the films with tNi= 3 nm and 6 nm. Typical Ni
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FIG. 8. (Color online) Domain wall analysis of single and double films. (a)-(d) Views of the domain

wall structures obtained for (a) and (b) a single film with tNi = 4 nm, and (c) and (d) a double

film structure Ni(6 nm)/Cu(3 nm)/Ni(6 nm); (a) and (c) depict the DWs projection on the xz

plane and (b) and (d) present a side view projected on the yz plane. Each arrow represents one

layer of Ni. (e) Domain wall width for Ni films (squares) and Ni(tNi)/Cu(3 nm)/Ni(tNi) structures

(triangles) as function of the nickel thickness.

material parameters were used: saturation magnetization Ms = 4.90 x 105 A/m, A = 0.9 x

10−11 J/m, and 0.5 for the Gilbert damping parameter. A value of Kp = 2 x 105 J/m3 is

used, as it is the experimental value obtained for the structures studied here. The strip used

is divided in two areas with perpendicular and antiparallel M separated by a thin region

with M in random orientation. Since the DW volume is small compared with the volume

of the simulation specimen it does not move from the initial position. The DW wall normal
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is along the x direction. Once the DW is stable, δDW is calculated using the expression
mz=−1
∑

mz=1
[min(x)]∆x, where mz and min are, respectively, the normalized magnetization in

each cell perpendicular to the plane and lying in the film, a definition coinciding with the

Lilley’s definition43 of δDW = π
√

A/K for a system with uniaxial anisotropy.3

The domain wall structures obtained for single (Fig. 8a and b) and double (Fig. 8c

and d) films show a change of the rotation angle of the magnetization between neighbor

blocks, described by a wavevector ŝ, with respect to the DW surface normal n̂, that for

construction is along the x direction. The simulation shows that ŝ is parallel to n̂ for the

single film, a Bloch wall feature, and perpendicular to n̂ for the double film, a characteristic

of a Néel wall. For the latter wall structure the calculation also indicates that the in-plane

components within the two layers, at each value of x, have an antiparallel arrangement with

each other, resulting a vortex-like structure, see Fig. 8c, similar to that proposed elsewhere

for double permalloy films with in-plane magnetic anisotropy.40,41 The DW width obtained

from the micromagnetic calculation, presented in Fig. 8e, decreases linearly with tNi for

single films and is constant δDW ≈ 39 nm, for the double films above tNi = 3 nm, a value

that is also obtained using the expression π
√

A/Keff . δDW is larger for the double films

than for the single films above tNi ≈ 3 nm although the change in size is minute, 2 nm for

tNi = 4 nm, i. e. about a 5%.

From the simulation data, two main facts can be concluded. First, the change of Bloch

wall for single films to Néel wall for the double films brings about an increment of δDW in the

latter structure with respect to the single film value contrarily to what happens in films with

in-plane anisotropy44 and second, the increment of δDW is quite small to become, according

to Eq. 4, a deciding factor for Hc.

C. Dislocation length

After ruling out the effect ot the DW width variation in the Ni structures, we look into

the dislocation distribution in the Ni layers. Although individual dislocations can be imaged

by TEM,45 the strain extracted from the measurement of the average lattice parameter of

the block is a straightforward method to obtain information on the dislocation distribution

in the film.46

The values of the Ni lattice parameters obtained from the EXAFS experiments, see table
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I, indicate that the strain in the Ni blocks in the single and double films are very close

to each other, and decrease for the structures with N = 3 and 4, see Fig. 6. Thus, the

dislocation role is consider in the stress relaxation process in thin films and as a result in

the determination of Hc through Eq. 4.

A dislocation crossing the magnetic Ni layer can includes misfit ℓmd and threading ℓth

segments, see Fig. 7, both of them being capable of pinning a domain wall. While ℓth

increases with the total structure thickness, N x tNi, since the dislocation has to end at the

film surface, ℓmd has a completely different dependence as it responds to the relaxation of

the elastic energy stored in the film, and increases with tNi. Thus, for the 4 nm film ℓmd has

to be larger than ℓth
27 since the dislocation glides along the Cu-Ni interface to decrease the

elastic energy. A similar strain state in both single and double structures, can be explained

considering two different scenarios for the propagation of misfit dislocations: single kink,

sk, and double kink dk relaxation, see Fig. 7.47,48 For the sk mechanism, the threading

dislocations bend over the first Ni-Cu interface, generating the misfit segment ℓmd. Then,

the dislocation moves to the surface without further nucleation of segments parallel to the

interfaces (Fig. 7b case 2). Because of the lack of misfit dislocations, the next layers of Cu

and Ni grow with the same in-plane lattice parameter as the first Ni layer.49

On the contrary, for the double kink mechanism the dislocation bends at both Ni-Cu

interfaces in such a way that the elastic energy of the Cu block is released by the generation

of ℓmd segments with identical length on both Cu-Ni interfaces (Fig. 7b case 3). Therefore

the second Ni blocks grows on top of a Cu layer with the bulk lattice parameter, a condition

similar to the first block. As a result similar lattice parameters can be expected for both

blocks.

Considering the elastic energy in the [Cu-Ni]xN structure, the sk scenario implies a value

of the elastic energy larger than the dk case, because for the latter the elastic energy of the

Cu blocks is zero. The unbalance between elastic and dislocation energies increases with the

number of blocks and eventually the propagation of dislocations brings about a decrement of

the strain. This is the case observed for the series of Ni films presented here: the Ni block in

single and double films have similar strain, but upon increasing the number of repeats to 3

and 4 the elastic energy increases and the propagation of dislocations introduces a significant

decrement of the strain in the Ni blocks as observed by EXAFS. Thus, the sk mechanism

can be used to explain the strain in the single an double Ni films.
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With these experiments a picture of the inversion process can be drawn. The pinning

of the DW in the single and double film is done, statistically, by the same average length,

but, since the DW area is two times larger in the double film, and the driving force is

proportional to the magnetic volume, we obtain, using Eq. 4, that Hc(double)/Hc(single) =

1/
√
2 = 0.71, a value close to the experimental value of 0.65. This simple model highlights

the role of the misfit dislocations in the determination of Hc in thin films and explain the

significant decrement of Hc artificial structures. The fact that the misfit dislocation in a

structure is fixed to the first interface is a fact known in semiconductor superlattices50 and

is considered to control electronic properties of these systems.

V. CONCLUSION

A significant decrement of Hc in epitaxial Ni double films, with perpendicular magnetic

anisotropy, with respect to the value found in the single film is reported. We show, by

EXAFS measurements, that the strain in the nickel blocks of both structures is the same, a

fact that is interpreted as a blocking of the dislocation propagation to the second Ni block.

Thus, in the framework of rigid domain walls model the statistical distribution of misfit

dislocations does not change in the double film while the magnetic driving force increases

with the volume, explaining the strong decrement of Hc in the Ni/Cu/Ni structure. It is well

known that the strain value and its symmetry are important factors to tune the magnetic

anisotropy or to modify the transition temperature in magnetic51, superconducting52 and

ferroelectric materials53. This work, through the analysis of Hc, highlights that the process

involved in the strain relaxation can be of interest to control important magnetic properties,

here showed by selecting the blocks thickness and the number of repeats that form a magnetic

nanostructure. The good qualitative agreement between experiment and theory suggest that

the rigid domain walls model can be suitable to explore the behaviour of Hc in other systems

involving 3d metals. The strain data revealed by the EXAFS measurements indicate that

this technique provides a acute insight of the strain state of magnetic layers incorporated in

complex structures.
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