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Abstract. Understanding of the relationship between stress and magnetic properties in nanostruc-
tures is of both fundamental and practical interest. In the present paper, we illustrate this statement 
with some recent research results. First, we will see how the magnetoelastic interaction in Dy films 
controls the magnetic structure at the nanoscale due to the presence of the structural defects and 
their associated strain fields. Then, it will be shown how the magnetoelastic contribution can domi-
nate the total anisotropy in epitaxial (100) oriented Cu/Ni/Cu nanowires, where the film patterning 
process performed to produce the nanowires induces strain changes large enough to favor a net in-
plane anisotropy transverse to the lines. 

Introduction 
It has been shown that the strain associated with linear defects efficiently controls the domain wall 
pinning by means of the magnetoelastic (ME) interaction, with only a few of such defects needed to 
stabilize the large-area domain structure in ultrathin films [1]. Rare-earth metals are of great interest 
for studies of the ME interaction, since it is particularly strong in this class of materials. Previous 
studies [2] showed that the “large-scale” magnetic structure of Dy films is dominated by the density 
of linear defects that evolve during the film growth. Particularly, strong ME effects are seen several 
tens of nanometers around the core of a dislocation, i.e. at distances smaller than the corresponding 
decay length of the strain fields in metals. In a recent work [3] we showed that, at this length scale, 
the magnetic structure is governed by the competition between the exchange coupling and ME in-
teraction.  

The control of the magnetic anisotropy (MA) and domain configurations in lithographically de-
fined magnetic elements with submicron lateral dimensions is of importance for spintronic devices. 
Planar nanowires (NWs), in particular, have been investigated in view of their potential use in do-
main wall (DW) devices proposed for data storage and logic applications. The magnitude and direc-
tion of the net MA determine the domain structure and DW type of a patterned element. MA is 
commonly controlled via the geometry of the structure, or by magnetocrystalline (MC) anisotropy, 
but in certain strained epitaxial magnetic films, the ME effects can dominate over the anisotropy. In 
the epitaxial (100) oriented Cu/Ni 9-10-15 nm/Cu planar NW’s we have quantified the patterning-
induced changes in the MA and hysteresis. The strain relaxation leads to a thickness-dependent net 
in-plane anisotropy transverse to the lines, which we explain by considering the patterning-induced 
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changes in the ME anisotropy, combined with the shape and MC anisotropies [4]. Thus, by tailoring 
the film thickness and wire orientation, the easy axis direction of the NW’s may be controlled. 

Magnetic Structure at the Nanoscale in Dysprosium Films 

Experimental details. Continuous and flat (0001) terminated Dy films were grown on W(110) fol-
lowing the process described in [2]. The SP-STM experiments were performed in an ultrahigh-
vacuum system at temperatures between 20 and 60 K. To obtain magnetic contrast, the tips were 
coated by at least 100 atomic layers (ALs) of antiferromagnetic Cr, or dipped into the Dy film to 
obtain a Dy cluster on the tip apex, as described in [5]. These two methods result in tips preferen-
tially magnetized parallel to the sample’s surface plane. The magnetic signal was measured by map-
ping the spin-resolved differential tunneling conductance dI/dU as a function of lateral position of 
the tip. This dI/dU signal was recorded by lock-in detection of the current modulation that results 
from adding a modulation voltage Umod = 25 mVrms to the sample bias and is proportional to the 
projection of the local magnetization of the sample, ms, onto the tip magnetization, mt, at any given 
position of the surface [6-7]. 

SP-STM results. Fig. 1(a) shows an STM topograph of a 90 AL film of Dy. The surface presents 
monoatomic steps that separate atomically flat terraces. Two steps always merge at the position 
where a screw dislocation with a Burgers vector [0001] pierces the surface (white arrows in Fig. 1.) 
[2]. Within the atomically flat terraces highly asymmetric depressions are found that—by means of 
atomically resolved STM—were identified as the points where edge dislocations with the Burgers 
vector [ 2110 ] emerge on the surface [2] (white circles in Fig. 1(a-b)). The comparison of the posi-
tions of the line defects observed in the STM topograph in Fig. 1(a) with the magnetic signal map in 
Fig. 1(b) reveals that both kinds of defects result in strong pinning of the domain walls [2]. In most 
cases, several domains meet at the position of the pinning center, as, e.g., in the lower right corner 
of Fig. 1(b), where three domains meet at the position of an edge dislocation. 

 
These patterns often resemble the spin structure formerly observed around magnetic vortex cores [5] 
with a continuous in-plane magnetization in close proximity to the dislocation site. Occasionally, 
other features consisting of a lobe-like structure surrounded by a single ferromagnetic domain are 
found, as the one marked with an “L” in Fig. 1(b). This feature is discussed in greater detail in Fig. 
2, where an edge dislocation is located within a single domain. Panel 2(a) shows the topography of 
the area (the direction of the Burgers vector is indicated in the inset). Fig. 2(b) shows a magnetic 
signal map taken simultaneously with Fig. 2(a). The schematic inset summarizes the different mag-
netic contrast levels which result from different projections of ms onto mt (the latter forming an an-
gle of 82º with the Burgers vector). Based on the analysis presented in [2], we obtain an angle of 
98±5o between the magnetization direction of the large domain in the square and mt. The closer 
view in Fig. 2(c) shows that a single insulated dark-bright lobe structure emerges from the disloca-

Fig. 1. (left) (a) STM topograph and 
(b) magnetic signal map of a 90 AL 
Dy film. The schematic inset sum-
marizes the different magnetic con-
trast levels which result from differ-
ent projections of ms onto mt calcu-
lated as in [2], The arrows (circles)
mark the position where screw 
(edge) dislocation appear on the 
surface. 
Fig. 2. (right) (a) STM topograph 
and (b) magnetic signal map of a
region where an edge dislocation is 
localized within a single domain. (c)
Detail of the neighborhood of the 
dislocation. (d) Circular line sections 
marked in (c). 
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tion core. It extends about 10 nm into the surrounding domain. The circular line sections of the 
magnetic signal taken at different distances from the dislocation core shown in Fig. 2(d) reveal a 
continuous behavior of the magnetic signal with extremes of the canting angles in the lobes of 
45±15° and 170±15° in the brightest and the darkest regions. 

Calculation of the observed magnetic nanostructures. In order to interpret the observed mag-
netic structures and to analyze the driving forces generated by the linear defect, we have calculated 
the spin directions of an ensemble of atoms surrounding an edge dislocation. In physical terms, the 
interaction between the stress field occurring around a dislocation line and the spontaneous magne-
tostrictive strains existing in a ferromagnet gives rise to a ME energy which, together with ex-
change, dipolar, anisotropy, and elastic energies, determine the magnetic configuration in the neigh-
borhood of the linear defect. In uniformly strained materials, the distortion of the lattice tends to 
align the magnetic moments along certain directions. However, as we shall see below, the nonuni-
form stress field of the dislocation results in a canting of the magnetic moments near the dislocation 
cores, which act as nucleation centers for the observed magnetic domains and other magnetic 
nanostructures, like the above mentioned lobes. 

In our calculation we consider a ferromagnetic domain in a Dy film, having its magnetization 
parallel to one of the easy magnetization axes (a directions) in the basal plane (BP) of the Dy hex-
agonal close-packed (hcp) crystal structure. We assume a single edge dislocation with the Burgers 
vector b

!
 = [ 2110 ]a and a dislocation line running perpendicular to the BP through the whole film 

thickness. The numerical study of the spin configuration was performed by using an hcp arrange-
ment of magnetic ions and considering translational symmetry along the direction perpendicular to 
the film plane, i.e., to the BP of the hcp structure. A hexagonal two-dimensional (2D) lattice con-
sisting of a set of ion sites was used. In the center of the mesh we define the origin of a Cartesian 
coordinate system (OXY), where the core of a pure edge dislocation running along the z axis is lo-
cated. This extra plane located at y > 0 produces a stress field which essentially compresses the up-
per half of the mesh and tenses the lower one. The stress field produced by this linear defect de-
pends on the crystal structure. For an hexagonal crystal the non-null components of the stress tensor, 

( )σ↔ r , are (see, e. g. ref. [8]),  xxσ = 2 2( ) / ( , )y ax by u x y− + ,  yyσ = 2 2( ) /y gx hy−  ( , )u x y , 

 xyσ =  yxσ = 2(x ex −  2 ) / ( , )fy u x y  and  zzσ = 2 2( ) / ( , )y px qy u x y+ , where ( , )u x y = 4 2 2 4x sx y ty+ +  
and the coefficients of the x and y coordinates are combinations of the hexagonal elastic constants of 
the material and include the Burger’s vector modulus, |b

!
| = bx = 3.2 Å, in our case. This strongly 

anisotropic stress field which decays with distance ( 1/ )ij rσ ∝  couples with the magnetization via 
the ME interaction and can be described by a local anisotropy field which is to be added to the MC 
anisotropy. Thus, the free energy of a layer of Dy ions can be written as the sum of: (i) the basal-
plane anisotropy energy, CEFF  , which originates from the crystal electric field (CEF), (ii) the ME 
energy, MEF , associated with the non-null strains, (iii) the dipolar energy, DF , and (iv) the exchange 
energy, EXF . As the first approximation, 6

CEF 6 cos(6 )i iF K ϕ∑" , where 6
6K  is the hexagonal BP 

pure CEF anisotropy constant and iϕ  is the angle formed by the ith spin direction and the hcp easy 

axis, a. The ME energy per ion, located at ir , may be written in the form ( ) ( ):i iσ↔ ↔− r rε  ≡ 

( ) ( )i ikl klkl σ−∑ r rε , where ( )i
↔

rε  is the local magnetostrictive strain tensor which depends on the 

strength of the ME interaction and on the spin direction at ir  [9] and ( )iσ↔ r  is the internal stress 
tensor caused by the dislocation. In our case MEF  = 2

100[ ( cosi
xx ii λ σ ϕ−∑  +   sin 2  i

xy iσ ϕ  +  
2sin )i

yy iσ ϕ  +  101 ]i
zzλ σ , where 100λ  and 101λ  are the magnetostriction constants. The classical dipo-

lar interaction gives rise to the energy DF =  ( ) 2 2
0 / 4 Bgµ π µ  3{[ · ]i j iji j r−

> −∑ J J 53[( · ] })·)( ji ij ij ijr−J r J r , 
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where ijr  is the vector between spin sites i and j, 0µ  is the permeability of the vacuum, g is the Lan-
dé factor (4/3 for Dy), J is the total angular momentum (15/2 for Dy), and Bµ  is the Bohr magneton. 

Finally, ,EX ( / 2) ·i ji jF ∗
= − ℑ ∑ J J , ℑ  being the ferromagnetic exchange constant and the symbol 

“ * ” indicating that each ion is exchange coupled only to its six nearest neighbors. Minimization of 
the total energy CEF ME D EXF F F F+ + +  allows us to obtain the equilibrium configurations of magnet-
ic moments around the edge dislocation. As constraints we used the periodic boundary conditions 
with a fixed moment direction at the sample boundaries and constant modulus for all atomic sites. 
This means that we are analyzing the effect of an edge dislocation located in the center of a single 
magnetic domain with equal spins which would be otherwise ferromagnetically aligned along one of 
the easy directions, a. The variational problem has been solved numerically by means of the 
FORTRAN package LANCELOT that implements a globally convergent augmented Lagrangian 
algorithm [10] that allows avoiding spurious local minima. Since the studied Dy film, at T = 58 K, 
clearly displays ferromagnetic order within the BP, the calculations have been performed by using 
the values of ℑ , 6

6K , and 100λ of bulk Dy, i.e., ℑ = 1.8×107 erg/cm3, [11] 6
6K =−3.0×106 erg/cm3, 

[12] and 100λ = 8.1×10−3 [13] The elastic constants appearing in the coefficients of the components 

of the stress tensor, ( )iσ
↔
r , are taken from [14]. The minimization of the free energy F leads to 

magnetic domains which extend indefinitely from the dislocation core (see Fig. 3(a), where the pro-
jection of the Dy spins onto mt corresponding to the experimental conditions in Fig. 2 is plotted). 
This result, which does not depend on the size of the 2D lattice up to 250×250 ion sites, is con-
sistent with most of the cases found around edge dislocations (see Fig. 1(b)), and points out to the 
dislocations as nucleation and pinning sites for the magnetic domains. However, it does not explain 
the relatively small size of the structure shown in Fig. 2. Only after adding a Zeeman energy equiva-
lent to the effect of an in-plane magnetic field of about 1 kOe to the free energy F, we were able to 
reproduce the experimental finding of Fig. 2. 

A possible origin of this in plane magnetic field may be the magnetic sandwich structure of Dy 
films on W (110). Indeed, it has been observed by means of resonant soft X-ray scattering in a 180 
AL Dy film on W (110) that the low temperature (T < 125 K) magnetic profile of the film is rather 
complex [15]. Figure 3(b) shows the results of the new calculation and Fig. 3(c) shows the direction 
of the spins in a 75x75 ion sites region. The calculation recovers the extension of the observed mag-
netic structure and its general shape. Furthermore, Fig. 3(d) shows direct comparison of the magnet-
ic signal from the experimental data and the calculated one, for two circular-line sections at d = 7 
nm and d = 3.5 nm. The agreement is quite good, particularly if we consider that in the parts where 
deviations occur we observe (see Fig. 3) the presence of adsorbates in the sample that clearly distort 
the magnetic image. The extrema of the magnetization canting angles in the calculation are 58° and 

 
Fig. 3. (Color online) (a) Calculated dI /dU map, using 
a 250×250 lattice, corresponding to the experimental 
conditions in Fig. 2. Two level contours are marked 
upon the lobes for visual purpose. (b) The same as for 
(a), with stabilizing field (see text for details). (c) 
Vector plot of the theoretical magnetic moments in the 
vicinity of the edge dislocation [75×75 sites, central 
part of (b)]; for clarity, a simplified mesh is represent-
ed. Panels (d) correspond to the circular CCW line 
sections, in the horizontal axis the angle in degrees 
starting from the white dots and in the vertical axis the 
magnetic signal in arbitrary units, shown in (c), at d = 
7 nm and d = 3.5 nm. 
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138° and are in reasonable agreement with the previously mentioned experimental values (notice 
that these extrema are located at around 61° and 280° in the circular line sections of Fig. 3).  

Cu/Ni/Cu planar nanowires. The in-plane anisotropy energy of a NW made from a single-
crystal cubic material includes the MC anisotropy K1cos2φ sin2φ plus the ME and magnetostatic 
contributions (Kme+Ksh)sin2φ, a uniaxial term, where φ is the angle between the magnetization M 
and the NW axis. The shape energy term can be written as Ksh = 0.5 0µ (Ny−Nx)M2 (we assign x||NW 
axis and y ⊥NW axis; thus Ny and Nx are, respectively, the transverse and longitudinal demagnetiza-
tion factors). Because Ksh is always positive (giving an easy direction along the NW axis), the in-
plane uniaxial anisotropy term will depend on the sign of the ME coefficient Kme. If Kme > 0 the 
uniaxial anisotropy along the NW is enhanced, as observed in magnetic semiconductors such as 
(Ga,Mn)As/(In,Ga)As [16], while if Ksh < − Kme, the uniaxial anisotropy drives M transverse to the 
NW axis. For cubic thin-film materials grown on the (001) plane, Kme = −B1εγ, where B1 is the ME 
stress coefficient and εγ = εxx−εyy  is the strain associated with the breaking of the in-plane fourfold 
symmetry. The sign of εγ in a patterned heteroepitaxial system can be obtained by considering two 
factors: first, the strain relaxation in a NW is larger along the direction transverse to the NW axis so 
|εxx| > |εyy| and, second, the misfit between the substrate lattice parameter as and the lattice parameter 
of the magnetic material am determines the sign of εxx and εyy, so that am >(<) asεxx, εyy <(>) 0 and 
εγ <(>) 0. The Ni/Cu(001) system, which has B1 > 0 and aNi < aCu, can meet the criterion 
− Kme = B1εγ > Ksh and is therefore able to produce NWs with magnetization in-plane but transverse 
to the wire axis. We have shown previously that patterning Cu/Ni/Cu(001) epitaxial films of 6.9 and 
20.6 nm Ni thickness can indeed lead to NWs with a net transverse anisotropy [17]. 

Experimental details. Epitaxial Cu(5 nm)/Ni(tNi)/Cu(100 nm) films with tNi between 2 and 15 
nm were grown on Si (001) wafers at room temperature by electron-beam evaporation in a chamber 
with a base pressure below 2x10−10 Torr, using a procedure reported elsewhere [18]. The single-
crystal nature of each layer and the epitaxial relationships, i.e., Si 〈100〉!Cu 〈110〉!Ni 〈110〉, are 
observed in situ by reflection high-energy electron diffraction (RHEED) [4] and high resolution 
grazing incidence X-ray diffraction, done in the BM25B beamline of ESRF using a photon energy 
of hν =15 keV. The magnetic properties of the samples were investigated by alternating gradient 
magnetometry, vibrating sample magnetometry, and magnetic force microscopy, using a low-
moment tip. In addition to the anisotropy calculation based on strain, an estimate of the effective 
magnetic anisotropy constants was also made from the difference between magnetization loops 
measured along specific directions [19]. To eliminate the effect of hysteresis, the anhysteretic M-H 
curve is calculated by averaging the descending and ascending branches of the hysteresis loop at 
constant values of M. Arrays of Cu/Ni/Cu NW’s with the wire axis along the Ni 〈100〉 direction 
were fabricated by ion-beam etching (see Fig. 4), using a Ta grating as a hard mask. The Ta was 
patterned using interference lithography [20] and reactive ion etching to form a polymer grating 
from a trilayer resist stack, then sputtering and liftoff of Ta to form the hard mask. We fabricated 
four NW arrays with tNi = 4, 9, 10, and 15 nm, which will be labeled as 4NW, 9NW, 10NW, and 
15NW, respectively. Samples 9NW, 10NW, and 15NW have a period close to 450 nm and a wire 
width of 300, 200 and 200 nm, respectively, while 4NW had a period of 800 nm and a wire width of 
600 nm. 

Magnetism and strain in the nanowires: results and discussion. Magnetometry shows that the 
unpatterned nickel films exhibit out-of-plane magnetization, with an effective perpendicular mag-
netic anisotropy Kp > 0, for tNi between about 1.5 and 11.5 nm (see Fig. 1 in ref. [4]). The 4-, 9-, and 
10-nm-thick films are more easily magnetized out-of-plane compared to in-plane (Kp > 0) while for 
the 15 nm film the opposite behavior is observed (Kp < 0). Figure 4 shows data for the patterned 
films. The in-plane loops with H applied along the x and y directions provide information about the 
effects of patterning on the magnetic behavior. These samples span the range from high Kp 
(tNi = 4 nm) to a regime (tNi = 9, 10, and 15 nm) where Kp is low and its sign changes from positive 
to negative. For 4NW, Kp > 0, while for 9NW, 10NW, and 15NW, Kp < 0, showing that Kp has 
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changed sign for tNi = 9 and 10 nm. For the three samples with negative Kp the hysteresis loops sug-
gest that M is oriented preferentially in plane, transverse to the nanowires, particularly for the 10NW 
and 15NW samples. This result, which is consistent with our prior work [17], is contrary to what 
would be expected from shape anisotropy alone, and demonstrates the governing effect of Kme. 

 
Fig. 4. (Color online) (a) SEM images of grating pattern of resist on the magnetic films and (b) NW sample after hard mask 

deposition and ion-beam etching. M(h) loops for NW arrays with nickel thickness equal to 4 (c), 9 (d), 10 (e), 15 nm (f). Trian-
gles indicate H ⊥ to the film plane, open circles correspond to H transverse to the NW axis and full symbols indicate H||NW 
array. For the 4NW sample the two in-plane loops are equivalent and only one loop is represented; (g) angular variation in Mr 

/Ms for the 15NW (solid squares), and the 9NW (empty squares) arrays and the 15-nm-thick film (circles); the dashed line is 
Eanis(φ) with Ku = −6 kJ/m3

 and K1 = −10 kJ/m3
 and the continuous line is Eanis(φ) with Ku = −4 kJ/m3 and K1 = −7 kJ/m3 shifted 

by a constant value to fall on the 9NW data. 
A direct measurement of the strain asymmetry is required to quantify the ME anisotropy. This 

was performed for sample 10NW. The strain state in the 10NW array was determined from the X-
ray diffraction reciprocal space mapping in the vicinity of the asymmetric  (402)  and  (042)  Bragg 
reflection from Cu and Ni layers [4]. These scans are sensitive to the lattice parameter ax parallel to 
the NW axis and ay transverse to the NW axis, as well as to the out-of-plane lattice parameter. From 
the experimental positions of the maxima of the scattered intensity the in-plane lattice constants 
were determined as ax = 3.553 Å, ay = 3.541 Å, and az = 3.504 Å leading to εxx = (8.3±0.1) × 10−3, εyy 

= (4.9±0.1) ×10−3, and εzz = (−5.7±0.1) ×10−3, respectively. The εxx of the 10NW sample is close to 
the value found for the unpatterned films while εyy is about half as large [4], indicating that the nan-
owires undergo a relaxation transverse to the NW axis. Considering the z direction, εzz is smaller 
than the value εzz≈−12.8×10−3 calculated for the biaxially stressed unpatterned film 
(εzz=−2(c12/c11) εxx, where the c’s are the nickel elastic constants and εxx ≈−10×10−3) [18], showing 
that εzz is also relaxed in the NW array. Based on εγ = εxx−εyy≈(3.4 ± 0.2)×10−3 for sample 10NW, 
we obtain Kme = −21±2 kJ/m3 [with B1 = 6.2 MPa (Ref. [21])]. Ksh was determined by using the 
demagnetizing factors for arrays of planar NWs reported in [22]. With Nx = 0 and Ny = 0.91tNi /w 
(w = width) for the array, a value slightly smaller than that of a single infinite NW, Ksh = 6.6 kJ/m3 
for sample 10NW. These values imply Ku = −14.4 kJ/m3 which quantifies the transverse anisotropy 
in terms of a ME effect due to asymmetrical relaxation of the in-plane epitaxial lattice strain. An 
estimate of Ku may also be obtained from the anhysteretic M-H curves measured in the longitudinal 
and transverse directions [19]. This yields Ku (15NW) = −6.0 kJ/m3; Ku (10NW) = −6.3 kJ/m3, and 
Ku (9NW) = −4.0 kJ/m3. The value for 10NW is in reasonable agreement with that calculated from 
the measurement of the strain, considering the approximations of the estimate based on hysteresis. 
The NWs were patterned such that the 100  in-plane directions are parallel to the NW axis, and the 
110  in-plane directions, which are magnetically easy according to the MC anisotropy, form an 

angle of 45° to the NW axis. Thus, a competition between the uniaxial term and the MC 
contribution is expected. To elucidate that competition we examine the symmetry of the in-plane 
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magnetic anisotropy. Figure 4(g) presents the variation in the remanence ratio Mr /Ms as function of 
the angle ϕ  between the NW axis (x axis) and H for the 9NW and 15NW arrays and for the 15 nm 
unpatterned film, in which ϕ = 0 corresponds to a 100  direction. As expected, for the unpatterned 
film, Mr /Ms displays a fourfold dependence on ϕ. The 110  directions, at 45° to the NW axis, are 
the in-plane easy axes. Mr /Ms takes maximum and minimum values along the 110  easy and 100  
hard axes, respectively, defined by the MC anisotropy K1cos2φ sin2φ with K1 = −4.5 kJ/m3 [21]. 

For the 9NW and 10NW arrays the in-plane 110  direction is no longer the easy in-plane direc-
tion. Instead, the maximum values of Mr /Ms are near ϕ = 70°, although the difference between the 
values for Mr /Ms at φ=70° and 90° is small. The minimum value for Mr /Ms is at ϕ = 0°. In the 
(001) plane, the total anisotropy energy can be modeled as the sum of a uniaxial term, comprising 
shape and ME contributions, and the MC contribution: Eanis(φ)=Ku sin2φ+K1 cos2φ sin2φ. The mini-
mum for Eanis depends on the Ku /K1 ratio. If both constants are negative, for |Ku| > |K1| the minimum 
is at 90°, whereas if |Ku| < |K1| the minimum is given by cos 2φ = −Ku/K1. 

Taking the value at which Mr /Ms has its maximum value as the minimum of Eanis(φ) and using 
the value of Ku obtained from the hysteresis loops and strain data, we obtain, K1 ~ −7.5 and −18.4 
kJ/m3, respectively, for sample 10NW. This suggests that K1 is greater than the MC anisotropy of 
bulk Ni, which is −4.5 kJ/m3. An enhancement of K1 in nickel thin films has been reported [23-24] 
and its origin linked to a magnetoelastic contribution due to the isotropic in-plane stress in the film 
arising from the misfit between the substrate and film. The lines in Fig.4(g) represent Eanis(φ) calcu-
lated for the 9NW and 15NW arrays, and show excellent agreement with the measured angular de-
pendence of the ratio Mr /Ms indicating the presence of a uniaxial term in Eanis. 

Magnetic force microscopy was used to clarify the domain structure and aid in the interpretation 
of the anisotropy data. The results obtained with this technique [4] were consistent with a magneti-
zation transverse to the wire length, as suggested by the hysteresis loops. 

Finally, we reconsider the strain data to show why Kp decreases on patterning: Kp includes the 
ME term −B1[εzz−0.5(εxx+εyy)] and the components of strain decrease on patterning. For an unpat-
terned Ni film in biaxial stress, the magnetoelastic contribution to anisotropy reduces to 
B1εxx [1+2(c12/c11)], with B1 = 6.2 MPa and the ratio c12 /c11 = 0.64. This gives a value for the ME 
contribution of 141 kJ/m3 for the 10-nm-thick film in which εxx = 0.01. For the 10NW sample, we 
use for the strain components the values measured by X-ray diffraction. We find that the ME contri-
bution to Kp is 76 kJ/m3, showing that Kp must have decreased by about 65 kJ/m3 upon patterning. 
This decrease is larger than the net Kp of the unpatterned film, which was about 10 kJ/m3. This ex-
plains why Kp becomes negative in the 9 and 10-nm-thick patterned NWs despite being positive for 
the unpatterned films. In contrast, for the 4-nm-thick sample, the Kp of the unpatterned film was 
about 90 kJ/m3, so, the strain relaxation is insufficient to drive the net anisotropy in plane, and the 
patterned 4NW sample retains its out-of-plane anisotropy. 

Conclusions 
We have shown, through two particular examples, how the magnetoelastic energy can dominate in 
the behavior of a magnetic system. Firstly, at the nanoscale level, the magnetic structure around 
single line defects in Dy/W (110) films, as seen via spin-polarized STM, is analyzed by means of 
micromagnetic calculations. The presence of complex spin structures is quantitatively explained by 
the strong changes in magnetic easy axis driven by the coupling of the magnetoelastic energy and 
the deformation field around the dislocation core. The second case deals with the macroscopic mag-
netic behavior of planar nanowire arrays made from heteroepitaxial Cu/Ni/Cu thin films, with a 
range of Ni film thicknesses. We have quantitatively analyzed their magnetoelastic, shape and mag-
netocrystalline anisotropies and showed that the patterning of the continuous films leads to aniso-
tropic stress relief and a magnetoelastic anisotropy which dominates the net magnetic anisotropy of 
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the Ni nanostructures. These results show how magnetoelastic effects may be used to control the 
magnetic domain structure and the net anisotropy, helping in the design of nanostructured devices. 
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