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Abstract  

 

In this thesis, a study of the inverse magnetostriction (the Villari effect) of Co nanowires and 

films is presented. The main objective was to investigate the stability of the Co nanowires’ 

magnetic properties, i.e., the coercivity and the saturation field under stress, in order to exploit 

them in flexible spintronic applications, for example, as spin injectors and detectors in spin 

transport circuits. To achieve our goal, we measured the hysteresis loops for the reference Co 

films samples and Co nanowires under various values of stress applied by curving the samples 

in specific molds by a homemade longitudinal magneto-optical Kerr effect (L-MOKE) setup at 

room temperature. In comparison with bulk Co, the Co film samples demoted their 

magnetostrictive behavior by one order of magnitude, due to a positive surficial 

magnetostrictive behavior at the interfaces. The Co nanowires reduced their magnetostrictive 

behavior further by about two orders of magnitude compared to the bulk Co, which means that 

they are magnetically stable to stress. This reduction in the magnetostrictive constant value 

may be related not only to the surface magnetostriction of the in-plane surfaces but also to the 

contribution of the out of plane surfaces. However, the extremely weak magnetostrictive 

response of the Co nanowires to stress is considered a promising feature that makes 

exploiting Co-nanowires in flexible spintronic devices interesting. 

 

  



 
 

Populärvetenskaplig sammanfattning 

 

Under många århundraden fascinerades forskare av magnetism och försökte att förstå detta 

fenomen filosofiskt eller mytologiskt. Det var först i början på 1800-talet som man insåg att 

magnetiska material består av ”elementära” magneter och att den starka magnetismen i det 

magnetiska materialet beror på interaktionen mellan dessa elementära magneter.  

År 1842 observerade J. Joule att längden 𝑙 på ett järnstycke ökar med 𝛥𝑙 under exponeringen 

av ett magnetfält, ett fenomen som kallas magnetostriktion och som resulterar i en 

längdökning 𝛥𝑙  och att det uppstår en töjning 𝜆 =  𝛥𝑙/𝑙 . Denna töjning kallas för 

magnetostriktionstöjningen, på grund av dess ursprung. Initialt ökar töjningen när den 

magnetiska fältstyrkan ökar men efter att ha nått en viss punkt, kommer inte ökningen av 

magnetfältet att orsaka en märkbar förändring av magnetostriktionstöjningen. Det sägs då att 

materialet har nått sitt mättnadsvärde för magnetostriktionstöjning 𝜆𝑠. Såsom appliceringen av 

ett magnetfält förändrar dimensionerna av ett ferromagnetiskt material, förorsakar en 

deformation av ferromagnetiska materialet (en extern stress) att de magnetiska egenskaperna 

hos det ferromagnetiska materialet ändras. Denna effekt kallas den omvända 

magnetostriktionseffekten eller Villari-effekten.  

Trots att det typiska värdet för mättnadsmagnetostriktion 𝜆𝑠 är i storleksordningen 10−5, vilket 

anses vara en mycket liten förändring i storlek, kan både magnetostriktionen och Villari-

effekten utnyttjas i många tillämpningar. Exempelvis som magnetfält- eller styrk-sensorer, 

linjära motorer, och ultraljudsgivare (transduktorer) som används i kirurgiska verktyg, 

ultraljudstvätt och sonar. Utvecklingen inom nanoteknologin har gjort det möjligt för oss att 

syntetisera nya magnetiska material med nya egenskaper. Dessa egenskaper erbjuder 

mänskligheten förmågan att utnyttja djupgående egenskaper hos material såsom 

elektronspinn och öppnade även dörren till ett nytt fält kallat för spinntronik. Spintroniken har 

redan utnyttjats inom till exempel hårddisktillverkningen. Nanoteknologin tillåter oss dessutom 

att tillverka spintroniska enheter på flexibla substrat, vilket kommer att öppna dörren för många 

fascinerande applikationer som fällbara smarttelefoner och mediciniska sensorer som kan 

fästas på huden för att övervaka sjukdomstillstånd.  

Ferromagnetiska nanotrådar anses vara viktiga komponenter i spinntroniska kretsar. Därför 

är det avgörande att de ferromagnetiska nanotrådarna bevarar sin stabilitet när de böjs för att 

garantera bästa möjliga prestandan för de flexibla spinntroniska enheterna. I detta projekt, 

studerar vi den omvända magnetostriktionseffekten hos koboltnanotrådars magnetiska 

egenskaper genom att tillämpa olika dragspänningsvärden och mäta hystereskurvan varje 

gång. För att uppnå vårt mål, använder vi en hemmagjord longitudinell magneto-optisk 

Kerreffekt (L-MOKE) utrustning vid rumstemperatur för att mäta provets hystereskurvor under 

de förändrade värdena för dragspänningen som framkallas, detta genom att böja proverna i 

speciella 3d-tryckta formar. För detta ändamål tillverkades två uppsättningar av Co-prover 

med tjocklekarna 20 och 30 nm; varje set innehåller en film som referensprov och två 

uppsättningar nanotrådar med dimensionerna 2 µ𝑚×200 𝑛𝑚 och 2 µ𝑚×100 𝑛𝑚.  

Det visade sig att för Co-filmerna reducerades den mättnadsmagnetostriktiva konstanten 𝜆𝑠 

med storleksordning 10−1 jämfört med bulk Co, medan Co-nanotrådarna reducerades den 

mättnadsmagnetostriktiva konstanten med storleksordning 10−2. Co-nanotrådar har alltså en 

extremt liten mättnadsmagnetostriktiv konstant i storleksordning 10−9 , vilket gör de till en 

lämplig kandidat för användning i flexibla spinntroniska enheter som spinn-injektorer och -

detektorer, eftersom de magnetiska egenskaperna inte påverkas av att nanotrådarna böjs.  
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1. Introduction  
 

Nowadays, it is extensively admitted that the flexibility of electronic devices will be a vital 

property in future electronic applications. By their flexibility and electronic properties, flexible 

electronics provide a broad spectrum of applications such as wearable health monitoring and 

therapeutic devices, flexible sensors, bio-inspired applications, and other flexible integrated 

circuits1–8. Therefore, advancement in nanoelectronics is needed to produce reliable, flexible 

devices commercially. A key track with a wide variety of expectations is to combine spintronic 

elements into flexible nanoelectronics or what so-called spintronics that exploit the spin of 

electrons as a further degree of freedom in addition to the electron charge.  Indeed, 

ferromagnetic nanowires are the main elements in spintronic applications acting as spin-

current injectors and detectors9–12, that is, ferromagnetic nanowires display large shape 

anisotropy13,14, which in turn causes them to have an exceptional coercive field along their 

long axis making them convenient for this application. Besides, the high aspect-ratio 

ferromagnetic nanowires can be utilized in spin-wave designed magnonic devices15. Usually, 

the ferromagnetic materials exhibit a phenomenon called magnetostriction, which is the 

changes in the dimensions of the magnetic material when exposed to an external magnetic 

field, and thus, the magnetic material undergoes a strain. 

On the other hand, it has been observed that applying stress on ferromagnetic thin films alters 

their magnetic characteristics16–22. This is attributed to the inverse magnetostriction 

phenomenon, also called the Villari effect, i.e., applying stress on magnetic materials causes 

a modification of their magnetic characteristics such as remanence and coercivity. It has been 

shown that the Villari effect also has an impact on magnetoresistive structures that include a 

non-magnetic spacer layer sandwiched in two magnetic layers, where the altering of the 

anisotropy caused by stress application results in changes in the magnetoresistance23–32. This 

effect has been well exploited in producing strain gauges33, but the same effect can affect the 

efficiency of ferromagnetic nanowires’ capability to produce or detect the spin current in 

flexible spintronic devices, which reduces the stability of those devices. The origin of 

magnetostriction in bulk ferromagnetic materials is well-known as a consequence of the spin-

orbit coupling34,35. Initially, an external magnetic field compels the spins of the 3d electrons to 

align along its direction, leading the anisotropic electron clouds to be distorted, which 

translated into a tiny modification of the distances between the atoms34,35. However, due to 

the low-dimensionality, the magnetostriction in ferromagnetic nanowires is counter-intuitive, 

where they display scaling and phase transition attitude36–39. Hence, it is inevitable to 

investigate the effect of stress on the magnetic properties of the ferromagnetic nanowires to 

get better awareness about their appropriateness for flexible spintronic applications. Here, we 

investigated the inverse magnetostriction in ferromagnetic nanowires on a flexible substrate 

and its effect on their magnetic characteristics by inducing stress through curving the substrate 

and studying the hysteresis loops employing a homemade longitudinal magneto-optical Kerr 

effect setup (L-MOKE).  
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2. Theoretical Background 
 

2.1 Magnetic energy density  
 

Through many centuries, scientists were fascinated by magnetism and tried to understand this 

phenomenon philosophically or mythologically. Still, only at the beginning of the 19th century, 

it was realized that magnetic materials are composed of “elementary” magnets, and the strong 

magnetism in magnetic materials is due to the interactions among the elementary magnets40. 

Starting from the following observations in ferromagnets:  

(a) The saturation magnetization could be reached by applying only a feeble magnetic field.  

(b) The same specimen could have zero magnetization in the absence of any applied field.  

Pierre Weiss41 suggested the existence of a significantly strong internal “molecular field,” 

which causes the magnetic moments of the elementary magnets to align parallel to each other. 

The typical molecular field for ferromagnets could be estimated at Currie temperature 𝑇𝑐 
where the thermal energy of an electron almost equal to the energy of the interaction between 

the magnetic moment of the electron 𝜇𝐵 and the molecular field 𝐻𝑚𝑓: kBTc ≈ μBHmf ⇒ Hmf ≈
10−16103

10−20
≈ 107oersteds42. Therefore, below 𝑇𝑐 the energy of the interaction with the molecular 

field must overcome the thermal fluctuations in ferromagnets. However, the nature of the 

molecular field remained a mystery until Heisenberg43 gave a quantum-mechanical 

explanation in terms of the exchange effect. However, to illustrate the above mentioned 

second observation, Weiss suggested that the magnetic materials are composed of regions, 

each with its own saturated local magnetization41,44, and he assumed that the different 

magnetizations of the different regions might have different directions. For the time being, we 

call those small regions within the magnetic materials “magnetic domains.” Additionally, R. 

Becker45 suggested that the total magnetization of a ferromagnetic material increases under 

a weak applied magnetic field either by increasing the size of the domains whose 

magnetizations are oriented parallel to the applied field and decreasing the size of the domains 

whose magnetizations are oriented away from the direction of the applied field, or by rotating 

the domains magnetizations towards the applied field direction.  

J. Joule discovered the magnetostriction in 1842 when he observed that the length 𝑙 of a piece 

of iron increases by Δl during the exposure to a magnetic field34. Moreover, the strain induced 

by the magnetostriction effect is:  

 λ =
Δ𝑙

𝑙
 (2.1) 

 

Initially, increasing the value of the magnetic field results in an increase in the length difference 

Δl and hence the magnetostriction strain λ, but after reaching some point, any increase of the 

magnetic field will not cause any significant change the magnetostriction strain, and it is said 

to be that the material reached the saturation value of the magnetostriction λs. Nevertheless, 

the typical value of the saturation magnetostriction λs is of order the of 10−5 34, which is a very 

tiny change. The inverse magnetostriction or Villari effect, which is the change in the magnetic 

characteristics of magnetic materials when they undergo external stress, can be exploited in 
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many applications due to the change in the magnetic properties of the material, e.g., 

permeability and coercivity.  

In nature physical system tends to attain as small energy as possible, and the magnetic 

systems are not the exception of this rule. Therefore, the domains are formed in such a way 

that minimizing the total energy of the system which occurs from diverse contributions so that 

the overall magnetic energy density takes the form:  

 𝐸 = 𝐸𝑒𝑥 + 𝐸𝑚𝑠 + 𝐸𝑎𝑛𝑠 + 𝐸𝑚𝑒 (2.2) 

   
where 𝐸𝑒𝑥 is the exchange energy, 𝐸𝑚𝑠 is the magnetostatic energy, 𝐸𝑎𝑛𝑠 is the anisotropic 

energy, and 𝐸𝑚𝑒 is the magnetoelastic energy. In the following sections, the four mentioned 

energy terms would be explained in detail.   

2.1.1 The exchange energy 
 

As mentioned above, Weiss suggested41 the presence of the molecular field, and no 

explanation of the physical nature of this field was given until Heisenberg, in 1928, 

revealed that quantum-mechanical exchange forces were behind this field. According 

to the Pauli exclusion principle, the two electrons of two hydrogen atoms in hydrogen 

molecule can occupy the same space where their quantum numbers are the same 

only if they possess antiparallel spins. Thus, the Coulomb electrostatic energy is 

adjusted by the exchange energy. Considering that electrons are indistinguishable in 

a way that they can exchange the places so that each electron can be found in the 

vicinity of the other proton resulting in a new term called the exchange energy 𝐸𝑒𝑥.
34  

 𝐸𝑒𝑥 = −2𝐽𝑒𝑥𝑆𝑖𝑆𝑗cos𝜙 (2.3) 
 

𝑆𝑖  and 𝑆𝑗  are the spin angular momentum of the electron 𝑖  and 𝑗  respectively, 𝐽𝑒𝑥  is the 

exchange integral, and 𝜙 is the angle between the two spins. In ferromagnets, the exchange 

integral is positive and hence 𝐸𝑒𝑥 reaches its minimum when the spins are parallel.  
 

2.1.2 Magnetostatic energy 
 

The second term in equation (2.2) 𝐸𝑚𝑠 represents the magnetostatic energy, which results 

from the interaction between the magnetic dipole moments of the domains 𝑴𝒊  and some 

magnetic field. However, 𝐸𝑚𝑠 contains both the demagnetization energy 𝐸𝑑 = 
1

2
∑ (𝑴𝑖. 𝑯𝑑𝑖)𝑖  

which is the sum of interaction energy between 𝑴𝒊 and the internal demagnetizing magnetic 

field 𝑯𝑑𝑖 = 𝑵𝐌𝐢 for all domains, and Zeeman energy 𝐸𝑍𝑒𝑒 which results from the interaction 

with an external magnetic field 𝑯𝟎 thus:  
 

 𝐸𝑚𝑠 = 𝐸𝑑 + 𝐸𝑍𝑒𝑒 (2.4) 

 

with (when the magnetization is distributed over space) 

 

Ed =
µ0
2
∫𝑯𝒅.𝑴 𝑑𝑉

V
  and  𝐸𝑍𝑒𝑒 =

−
𝜇0
2
∫𝑯𝟎.𝑴 𝑑𝑉

𝑉
 

where µ0 is the vacuum permeability, V is the volume, and N is the demagnetizing 

factor, which is shape-dependent.   
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2.1.3 Magnetic anisotropy energy  
 

Anisotropy represents the tendency of the magnetization of a material to be aligned in one or 

more preferred directions, called the easy directions. In crystalline materials, the origin of the 

anisotropy is spin-orbit coupling, by which the orbit of the electron resists any reorientation by 

an external magnetic field, which attempts to orient the electron spin in its direction, due to the 

very strong coupling between the orbit and the lattice. Nonetheless, to turn the magnetization 

away from the easy axis, an external magnetic field should be applied, which causes the 

material whose saturation magnetization 𝑴𝑠 is oriented in a non-easy direction (the direction 

of the applied field) to store some energy. This energy is called the crystal anisotropy energy 

𝐸𝑎𝑛𝑠 and is written for cubic crystals as34,35:  

 𝐸𝑎𝑛𝑠
𝑐𝑢𝑏𝑖𝑐 = 𝐾0 + 𝐾1(α1

2α2
2 + α2

2α3
2 + α3

2α1
2) + 𝐾2(α1

2α2
2α3
2) +⋯ (2.5) 

 

where 𝐾0, 𝐾1 ,  𝐾2  and 𝐾3  are material- and temperature-dependent constants and α1 =

 𝑐𝑜𝑠(𝑎), α2 = 𝑐𝑜𝑠(𝑏)  and α3 =  𝑐𝑜𝑠(𝑐) are the direction cosines of the angles that are made 

between the saturation magnetization 𝑴𝑠 direction and the crystallographic directions Figure 

2-1.  

 

Figure 2-1  Schematic of the directional cosines of the saturation magnetization 𝑴𝒔 : 𝛼1 = cos(a), 𝛼2 = cos(b) and 𝛼3 = 
cos(c).  

And for hexagonal lattices:  

 𝐸𝑎𝑛𝑠
ℎ𝑒𝑥𝑎𝑔𝑜𝑛𝑎𝑙

= 𝐾0 + 𝐾1𝑠𝑖𝑛
2θ + 𝐾2𝑠𝑖𝑛

4θ + 𝐾3𝑠𝑖𝑛
6θ +⋯ (2.6) 

 

where 𝜃 is the angle between the hexagonal c axis and the saturation magnetization 𝑴𝑠. 

Since the anisotropy in hexagonal lattices depends only on the angle 𝜃, hence it can be 

characterized as uniaxial. It is usual to drop the first term 𝐾0 because it is independent of angle.  

There is also shape-dependent anisotropy for elongated specimens which, arises from the 

inhomogeneity of the demagnetization field in different directions of the specimen, and it is 

given by34: 

 Es = Kssi𝑛
2𝜃 (2.7) 

 

where 𝜃 is the angle between 𝑴 and the long axis of the specimen and Ks =
1

2
μ0(𝑁𝑎–𝑁𝑐)𝑴

2 

the shape-anisotropy constant with 𝑁𝑎  and 𝑁𝑐  are the demagnetization coefficients in the 

short and long axes, respectively. We have dropped the angle-independent term in (2.7) 

because we are only interested in the angle-dependent part of the anisotropy energy. The 
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energy term in (2.7) is the same as 𝐸𝑑 in (2.4), where the demagnetizing energy can be seen 

as an anisotropy.  

 

2.1.4 Magnetoelastic energy  
 

The magnetoelastic energy in magnetic materials is the energy which occurs due to the 

interaction between magnetization and the lattice’s mechanical strain. This energy is said to 

be equal to zero for the unstrained state. The elastic energy 𝐸𝑒𝑙 and how it related to the elastic 

stiffness tensor and the symmetric strain tensors  are illustrated in 0. 

 

Magnetoelastic coupling energy 
 

However, the orientation of the magnetization M with respect to the crystal axes, which is 

represented by the direction cosines between the magnetization direction and the crystal axes 

α𝑖, adds a contribution to the magnetic energy, and since it interacts with the strains in the 

system, hence this energy term will be strain-dependent as well. This contribution to the 

magnetic energy density which is the magnetoelastic energy density 𝐸𝑚𝑒 has been calculated 

by Kittel42 and Lee46 for a cubic lattice: 

 Eme
cubic = B1(ϵ1

2α1
2 + ϵ2

2α2
2 + ϵ3

2α3
2) + B2(ϵ4α2α3 + ϵ5α1α3 + ϵ6α1α2) (2.8) 

 

where ϵ𝑖 are the matrix notaion of the strain tensor elements. 

Here the higher-order terms in 𝛼𝑖 are neglected and 𝐵1 and 𝐵2 are magnetoelastic coupling 

constants and can be determined by knowing the details of interactions in the solid and by 

differentiating the anisotropy energy 𝐸𝑎𝑛𝑠 in the unstressed state with respect to the strains 

and taking into account only the terms with the lowest order as following42:  

 

∂𝐸𝑎𝑛𝑠
∂ϵ11

= 𝐵1α1
2    ;      

𝜕𝐸𝑎𝑛𝑠
𝜕𝜖22

= 𝐵1𝛼2
2    ;      

𝜕𝐸𝑎𝑛𝑠
𝜕𝜖33

= 𝐵1𝛼3
2 

∂𝐸𝑎𝑛𝑠
∂ϵ12

= 𝐵2α1α2 ;    
𝜕𝐸𝑎𝑛𝑠
𝜕𝜖23

= 𝐵2𝛼2𝛼3 ;   
𝜕𝐸𝑎𝑛𝑠
𝜕𝜖13

= 𝐵2𝛼1𝛼3 
(2.9) 

   
Finally, putting all the terms of the total energy density that are strain-dependent and 

saturation magnetization direction-dependent (the anisotropic term) together yields:  

 

Eme
cubic = K1(α1

2α2
2 + α2

2α3
2 + α1

2α3
2) + 𝐵1(α1

2ϵ11 + α2
2ϵ22 + α3

2ϵ33)

+ B3(α1α2ϵ12 + α2α3ϵ23 + α1α3ϵ13) +
1

2
c11(ϵ11

2 + ϵ22
2 + ϵ33

2 )

+
1

2
𝑐44(ϵ12

2 + ϵ23
2 + ϵ13

2 ) + 𝑐12(ϵ22ϵ33 + ϵ11ϵ33 + ϵ11ϵ22) 

(2.10) 

where 𝜖𝑖𝑗 are the tensor notaion of the strain tensor elements. 

The equilibrium state of the crystal can be determined by minimizing the energy, i.e., by taking 

the derivative of 𝐸 from equation (2.10) with respect to strains 𝜖𝑖 and make them equal to zero. 

Thus, the strains can be expressed in terms of the saturation magnetostriction constants 𝜆100 

and 𝜆111. 

The solutions for a cubic crystal are42:  
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 ϵ𝑖𝑖 = 𝐵1
𝑐12 − α𝑖

2(𝑐11 + 2𝑐12)

(𝑐11 − 𝑐12)(𝑐11 + 2𝑐12)
 (2.11) 

and 

 ϵ𝑖𝑗 = −𝐵2
α𝑖α𝑗

𝑐44
                  (𝑖 ≠ 𝑗) (2.12) 

 

  



7 
 

2.2 Saturation Magnetostriction  
 

In this section, we will study the magnetostrictive strain resulting from applying an external 

magnetic field on a demagnetized specimen in such a way that the specimen will be saturated 

in one direction.  

When for example a demagnetized specimen with length 𝑙 in the (100)-direction is subjected 

to an external magnetic field in the (100)-direction sufficiently strong to reach the saturation 

magnetization 𝑀𝑠 of the specimen in that direction, the specimen will be elongated in the 

(100)-direction by Δl, Figure 2-2); thus the saturation magnetostriction in that direction will be 

λ𝑠 = Δ𝑙/𝑙.   

 

 

Figure 2-2: Saturation magnetostriction of a cubic crystal in the (100)-direction34 

There are two types of magnetostriction: 

A) Spontaneous magnetostriction or intrinsic: occurs spontaneously below Curie 

temperature as a result of the formation of magnetic domains. 

B) Field-induced magnetostriction or extrinsic: occurs due to the application of an 

external magnetic field, which is adequately strong to enlarge domain 

magnetization in the field direction.  

The latter one is what we are interested in, and we will study it when λ changes from 0 for a 

demagnetized sample in which the domains are randomly oriented to λ𝑠 for the same sample 

in the saturated state in the field direction. 

 

2.2.1 Polycrystalline  

 

Inducing stress in polycrystalline materials causes domain wall motion to keep the 

magnetization of the whole sample equal to zero which can be expressed analogously to λ𝑠 

for cubic crystals given in equation (B.9) in Appendix B as follows:  

 𝐸σ =
3

2
λ𝑠σ𝑠𝑖𝑛

2θ (2.13) 
 

Nevertheless, the stress may cause a uniaxial anisotropy in magnetic materials due to the 

magnetoelastic coupling, which, however, is equal to the stress-induced magnetoelastic 

energy 𝐸σ which is given in equation (2.7). Therefore, one can write the anisotropy energy 

corresponds to the stress as34:  
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 𝐸σ = 𝐾σ𝑠i𝑛
2θ (2.14) 

 

By comparing (2.13) and (2.14) we can obtain the stress anisotropy constant 𝐾σ:  

 𝐾σ  =  
3

2
λ𝑠σ (2.15) 

  

2.3 Curvature-induced strain  
 

In our experimental work, we induce a strain by bending the samples by mounting them in 

molds that have defined radii (R). This procedure would produce a strain in the sample, which 

is given by16:  

 𝜀 =
ℎ + 𝑡

2𝑅 + ℎ + 𝑡
 (2.16) 

 

where ℎ and t are the thicknesses of the PEN substrate and the magnetic sample, respectively.  

 

Figure 2-3:  A schematic shows a curved sample. 

 

The corresponding stress σ induced in the thin film/nanowires by the strain ε can be estimated 

from the following formula for material with known Young’s modulus 𝐸 and Poisson’s ratio γ20:  

 𝜎 =  
𝜀𝐸

(1 − 𝛾2)
 (2.17) 

 
 

  

2.4 Magneto-Optical Kerr Effect (MOKE)  
 

The magneto-optical Kerr effect (MOKE) has become an important technique to study the 

magnetic properties in thin films owing to its fast and straightforward application under various 

conditions of pressure and temperature. MOKE describes the difference in the polarization 

states of the light when reflected at the surface of a magnetic material. However, MOKE can 

be characterized by two quantities, 𝜃𝐾  Kerr rotation which the rotation angle that the 

polarization plane of linearly polarized light suffers when it reflects from the surface of 

magnetic materials, and 𝜀𝐾 Kerr ellipticity which describes the phase difference between the 

light electric field components perpendicular and parallel to the plane of incidence. Thus, the 

complex Kerr angle 𝛷𝐾 relay both two quantities by47,48:  

 ΦK = θK + iεK  (2.18) 

As known, the magnetization direction in magnetic material can be oriented in different 

directions. Accordingly, the MOKE setup has three different configurations to measure the 
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magnetization in the desired direction. However, when the magnetization is oriented along the 

normal of the sample the arrangement is called polar (P-MOKE), but if the magnetization is in 

the plane of the sample surface and parallel to the plane of incidence then the configuration 

is longitudinal (L-MOKE) whereas, if the magnetization is in the plane of the sample surface 

and perpendicular to the plane of incidence, then the configuration is transverse (T-MOKE) as 

shown in Figure 2-4.47 

 

Figure 2-4: MOKE configurations (a) Transverse MOKE (b) Longitudinal MOKE (c) Polar MOKE. The arrows next to M 

represent the vector component of the magnetization in the three different orientations the magnetization is probed.49 

Generally, it can be verified that an elliptically polarized light can be described by a 

superposition of two linearly polarized lights with phase and amplitude differences. As well as, 

the linearly polarized light can be decomposed into two circularly polarized lights, left circularly 

polarized component (LCP) and right circularly one (RCP). Now let us consider an incidence 

of linear polarized light on an electrically neutral surface. The LCP electric field of the wave 

will cause the electrons to move in a left circular motion while the RCP component will cause 

the electrons to move in a right circular motion. In the absence of any magnetic field, the 

electron circular course radius will be defined by the forces acting on it at the equilibrium state, 

that are the centrifugal forces 𝑘 𝑟𝐿,𝑅 and the and the electric force induced by the electric field 

𝐹𝐿,𝑅, as:  

 eEL,R  + k rL,R   = m ω
2rL,R      ⇒  rL,R  =

eE/2m 

(ω2 −ω0
2)

 (2.19) 
 

where 𝜔 is the angular frequency of the incident light, 𝑚 is the electron mass, e is the electron 

charge, 𝐸 = 2𝐸𝐿,𝑅  is the electric field amplitude and 𝜔0 = √𝑘/𝑚  is a material-dependent 

constant. The dielectric constant can be derived from the relation between the electric 

displacement field and the electric dipole50: 

 𝐃 =  𝛆 𝐄  =   𝛆𝟎𝐄  + 𝐏 (2.20) 
 

and hence:  

 ε = ε0 (1  + 
Ne2/2mε0

ω2 −ω0
2 ) (2.21) 

 

where 𝑃 =  𝑁. 𝑃𝑖, N is the number of dipoles per unit volume and 𝑃𝑖 =  𝑒𝑟 the electric dipole 

moment of a single electron. In the absence of the magnetic field, the dielectric constants that 

experience by LCP and RCP electromagnetic components. On the other hand, in the presence 

of a magnetic field, additional Lorentz forces will be exerted on the electrons. The effect of 

a) b) c) 
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Lorentz forces on the left-circling electrons will defer from that one on the right-circling 

electrons; thus, the equation of motion and the radii of left- and right-circling electrons become:  

 eEL,R + krL,R  ± eωrL,R = mω
2rL,R     ⇒       rL, R =

eE/2m

ω2 −ω0
2 ∓ωBe/m

 (2.22) 

 

As a result, the components of dielectric constants that are experienced by the by LCP and 

RCP electromagnetic components become different, which in turn affects the propagation 

velocities of the different components of the incident light. The phase difference 𝛥𝜃  after 

propagation distance L in the material is 𝛥𝜃 =  (𝜔𝐿/𝑐)(𝑛𝐿 − 𝑛𝑅) and hence, when the wave 

leaves the material, the light will be linearly polarized with a rotation in the polarization by angle 

𝜃 =
𝛥𝜃

2
 with 𝑛𝐿 and 𝑛𝑅 are the refractive indices for the LCP and RCP, respectively.  

From equations (2.21) and (2.22) one finds:  

 nL,R ≃ n(1 ±
1

2
) ξ (2.23) 

 

where 𝑛2 =
𝜀

𝜀0
= (1 +

𝑁𝑒2/2𝑚𝜀0

𝜔2−𝜔0
2 ) and 𝜉 =  (

𝜔𝐵

𝑚
) (

1

𝜔2−𝜔0
2). 

Finally, the rotation angle 𝜃𝐾 which is defined as Kerr rotation can be written as51:  

 ΦK = (ωL/2c)(nL − nR) ≃
ωLnξ

2c
≃
n e

2mc
 
ω2

ω2 −ω0
2 LB (2.24) 

 

 ΦK ≃  K(ω) LB (2.25) 
 

It is clear from equation (2.25) that Kerr rotation is proportional to the applied magnetic field 

and distance that light travels in the magnetic material. The magnetic field in ferromagnets can 
be written as: 

 B =  μ0H (1 + χ)  (2.26) 
 

Where the susceptibility χ = 𝜇0𝑀/𝐵0. Since the susceptibility in the ferromagnets is enormous 

equation (2.26) could be rewritten as:  

 B = B0 χ =  μ0M (2.27) 

 

Putting equation (2.27) in (2.25):  

 ΦK ≃ K(ω)L μ0M (2.28) 
 

Equation (2.28) suggests that Kerr rotation is proportional to the magnetization M in 

ferromagnets.  

However, a more appropriate way to understand MOKE is by solving Maxwell’s equations in 

a neutrally charged medium for a monochromatic light plane wave of the form: 

 

 

𝑬(𝒓, 𝜔) = 𝑬0 𝑒𝑥𝑝(𝒌. 𝒓 − 𝜔𝑡)  

𝑫(𝒓,𝜔) = 𝑫0 𝑒𝑥𝑝(𝒌. 𝒓 − 𝜔𝑡) 
(2.29) 
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𝑯(𝒓,𝜔) = 𝑯0 𝑒𝑥𝑝(𝒌. 𝒓 − 𝜔𝑡)  
 

Which yields:  

 𝐤 × 𝐄 = μ0ω𝐇 and    𝐤 × 𝐇 = −ω𝐃 (2.30) 

 

Taking the cross-product of 𝒌 and 𝒌 × 𝑬:  

 𝐤 × (𝐤 × 𝐄) = −μ0ω
2𝐃 (2.31) 

On the other hand, the right-hand side is equal: 

 𝐤 × (𝐤 × E) = 𝐤(𝐤. 𝐄) − k2𝐄 (2.32) 
 

By comparing equation (2.31) and (2.32), we get:  

 (𝐤. 𝐤T − k2𝟏 +
ω2

ε0c
2 
ε
~
) . 𝐄 = 0 (2.33) 

 

The complex refractive index 𝐧
~
= c𝒌/ω can be obtained from the solution of the following 

equation:  

 𝑑𝑒𝑡 [𝒏
~
𝒏
~𝑇 − 𝒏2𝟏 +

𝜀
~

𝜀0
] = 0 (2.34) 

 

As MOKE is dependent on the polarization of the incident light, it is suitable to describe the 

incident light by a superposition of two linearly polarized waves, one perpendicular to the plane 

of incidence s-polarized wave and the other is parallel to the plane of incidence p-polarized 

wave. However, the modification of the polarization state of the light after the reflection from a 

magnetic material can be described in terms of Jones formalism as:  

 𝐉− =  𝐑. 𝐉+ (2.35) 
 

Where 𝑱−, 𝑱+ and 𝑹 are Jones vector of the reflected light, Jones vector of the incident light, 

and the reflection matrix, respectively. Equation (2.35) can be expressed in terms of Fresnel 

reflection coefficients as52,53:  

 (
𝐄𝐬,−
𝐄𝐩,−

)  =   (
𝐫𝐬𝐬 𝐫𝐬𝐩
𝐫𝐩𝐬 𝐫𝐩𝐩

) (
𝐄𝐬,+
 𝐄𝐩,+

)  (2.36) 
 

where 𝐸𝑠,−, 𝐸𝑝,−, 𝐸𝑠,+ and 𝐸𝑝,+ are the amplitudes for reflected and incident s- and p-polarized 

light respectively and the term 𝑟𝑖𝑗 represents the ratio of the incident j-polarized electric field 

to the reflected i-polarized electric field. 

Thus, the dielectric tensor for MOKE can be written in general:  

 

 ε
~

 = (

ε0 𝑖𝜀𝑧 −𝑖𝜀𝑦
    − 𝑖𝜀𝑧 𝜀0 𝑖𝜀𝑥

   𝑖𝜀𝑦 −𝑖𝜀𝑥 𝜀0

) (2.37) 

 

Implementing the magneto-optical  constant 𝑄 in the tensorial representation of the dielectric 

constant results53: 
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 ε
~

 = (

ε0 𝑖𝜀0𝑄𝑚𝑧 −𝑖𝜀0𝑄𝑚𝑧
    − 𝑖𝜀0𝑄𝑚𝑧 𝜀0 𝑖𝜀0𝑄𝑚𝑥

  𝑖𝜀0𝑄𝑚𝑦 −𝑖𝜀0𝑄𝑚𝑥 𝜀0

) (2.38) 

 

where Q  =
𝜀𝑖

 ε0𝑚𝑖
 , 𝑚𝑖 =

𝑴𝒊

𝑴𝑠𝑎𝑡
 , 𝑴𝒊  the magnetization along the i-th direction, and 𝑴𝑠𝑎𝑡  the 

saturation magnetization. 

For the L-MOKE which we use in our measurement, the dielectric tensor is written as follows:  

 ε
~
= (

ε0 0 iε0Q𝑚𝑖
0 ε0 0

−iε0Q𝑚𝑖 0 ε0

) (2.39) 

 

Putting (2.32) in (2.39) gives:  

 𝑛±
2 ≃ 𝜀0 ± 𝑖𝑄𝜀0sinϕ𝑡

± (2.40) 
 

 Φ𝐾
𝑠 = −

𝑟𝑝𝑠
𝑟𝑠𝑠
≃

𝑖𝑛0𝑛

𝑛2 − 𝑛0
2𝑄𝑦𝑡𝑎𝑛𝜙𝑡

𝑐𝑜𝑠𝜙𝑖
𝑐𝑜𝑠(𝜙𝑖 − 𝜙𝑡)

 (2.41) 

 Φ𝐾
𝑝
= −

𝑟𝑠𝑝
𝑟𝑠𝑠
≃

𝑖𝑛0𝑛

𝑛2 − 𝑛0
2𝑄𝑦𝑡𝑎𝑛𝜙𝑡

𝑐𝑜𝑠𝜙𝑖
𝑐𝑜𝑠(𝜙𝑖 + 𝜙𝑡)

 (2.42) 
 

with 𝑛± are the refractive indices, 𝜙𝑡
± are the angle of refraction for the two waves and ϕ𝑖 is 

the angle of incidence. The elements of the reflection matrix deduced appropriately in a 

detailed way in the references47,54.  
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3. Methods  
 

3.1 Sample preparation  
 

The studied samples in this work are cobalt films and nanowires with different thicknesses, 

namely 20nm and 30nm, and widths deposited on flexible substrates of polyethylene 

naphthalate (PEN), with a 3nm-thick layer of titanium as a buffer layer and 4nm-thick layer of 

aluminum on top of the cobalt layer to isolate the cobalt from oxidization. Whereas, each 

thickness contains one continuous film of cobalt and the other two samples are arrays of cobalt 

nanowires with 2μ𝑚 -length and 100 nm- and 200 nm- width respectively, while the distances 

between the nanowires are set to be 500 nm in each direction, as shown in Figure 3-1. The 

thicknesses of the samples and the widths of the nanowires are presented in (Table 3-1). 

Furthermore, All the samples were synthesized in the cleanroom facility at 

Ångströmlaboratoriet at Uppsala University. 

 

 

 

 

Table 3-1: Overview of Co thicknesses and wires widths for the nanowires samples.  

Sample Co thickness [nm] Wires’ width [nm] 

F-20 20 − 

F-30 30 − 

W-20-100 20 100 

W-20-200 20 200 

W-30-100 30 100 

W-30-200 30 200 

 

Figure 3-1: A schematic illustrates the nanowires distribution on the PEN substrate, the                                           

applied field (along the long axis of the wires) and stress (along the short axis of the wires) directions.  
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The nanowires were synthesized in the following steps: 

a- A spin coating of resist material is performed on the PEN substrate with a thickness of about 

200nm using the spin device Polos SPIN150i infinite Figure 3-2 (a). The first resist layer is MMA 

was spin-coated at 3000 rpm for 60 sec. Subsequently, the sample is heated on a 

homogeneous hotplate at 135 ℃ for 10 min. The second resist layer in the used recipe is ARP, 

which was spin-coated on top of the first layer also at 3000 rpm for 60 sec and afterward, the 

sample was heated on the hotplate at 135 ℃ for 10 min. The third layer is called Electra, and 

it contains conductive nanoparticles to prevent overcharging during the E-beam lithography 

since the substrate is a non-conductive material. This layer was spin-coated at 2000 rpm for 

80 sec, and subsequently, the sample was heated on the hotplate at 90 ℃ for 2 min. Figure 

3-2 (b) illustrates the process of the spin coating.  

 

 

 

 

 

 

 

Figure 3-2: a) Polos SPIN150i infinite (taken from the Polos SPIN manual), b)  Spin Coating stages. Courtesy of 

SlideShare. 

b- The second step is to pattern the arrays of the nanowires by electron beam lithography (EBL) 

in NBL NB5 E-Beam chamber Figure 3-3(a), with the dimensions mentioned above where the 

pattern is designed on AutoCAD. The e-beam causes some molecular chains of the exposed 

resist material to break, resulting in an increase in the solubility of the exposed molecules in 

the developer. Figure 3-3(c) shows the patterned nanowires in the resist layer.  

  

 

 

 

 

 

 

Figure 3-3: a) E-beam lithography setup (NBL NB5 E-Beam chamber), b) A chuck to load the sample on NBL NB5 E-

Beam chamber, c)  a schematic shows how the e-beam draws the pattern.  

 

 

 

a) b) 

Pattern drawn by e-beam  

e-beam 

PEN-Substrate 

Resist layer 

a b c 

http://www.polacksbacken.uu.se/Valkommen_till_Polacksbacken/angstromlaboratoriet
http://www.polacksbacken.uu.se/Valkommen_till_Polacksbacken/angstromlaboratoriet
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c- The third step is to develop the samples, i.e., to etch away the exposed parts of the resist 

layer. Thus, the samples are immersed first 60 sec in distilled water to solve away the Electra 

layer, then in hexyl acetate for 30 sec, then for another 90 sec in methyl isobutyrylacetate 

and finally, they are immersed in isopropanol for 60 sec.  This makes the area of the substrate, 

where the nanowires will be deposited, is exposed, whereas everywhere else on the substrate 

is covered by the resist layer Figure 3-4. 

 

 

Figure 3-4: A schematic shows the sample after developing, where the pattern of the nanowires is graved in the 

resist layer reaching the substrate.  

 

d- The fourth step is the deposition of the materials. Using electron beam evaporation (EPE), 

where the substrates are taped from the sides on a chuck Figure 3-5 (a) and installed upside 

down in the EPE chamber as shown Figure 3-5 (b) in we deposit onto the substrate, first, a 

3nm-thick layer of Ti which serves as a buffer layer between the PEN substrate and the cobalt 

layer, second a cobalt layer with the desired thickness, and finally a 4nm-thick layer of Al to 

protect the Co from oxidization. Figure 3-5 (c) shows a schematic of the three-layered 

metallic film covering the whole resist layer and filling the nanowires pattern.  

 

 

Figure 3-5: a) Installing the substrates on the chuck. b) A schematic of an e-beam evaporator. 

(https://www.albmaterials.com/what-is-e-beam-evaporation.html) c) A schematic shows the three-layered film is 
coated on the whole substrate and filling the nanowires pattern.  

 

 

https://www.albmaterials.com/what-is-e-beam-evaporation.html
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e- The final step is performing a lift-off to remove the resist layer by acetone at its boiling point 

~ 56 ℃. Thus, the metallic film, which covers the resist layer, will also be washed away with 

the resist layer, allowing the desired Co-nanowires to remain on the PEN substrate Figure 

3-6. 

 

 

 

Figure 3-6: A schematic shows the finish nanowires sample on the PEN-substrate.  

 

On the other hand, synthesizing the films are performed directly by electron beam 

evaporation using bare PEN substrates, where this deposition was performed 

simultaneously with the deposition of the nanowires samples. However, no lift-off is 

required for the film samples. Nonetheless, carrying out the deposition for the film and the 

nanowires samples at the same time guarantees that the thicknesses of the layers that 

compose the films and the nanowires become identical for each thickness.  

 

3.2 Measurements  
 

In order to study the effect of applying stress on the magnetic samples, a longitudinal MOKE 

setup at room temperature was used to obtain the hysteresis loops for the different samples 

we have in different configurations, i.e., under different values of stress.  

 

3.2.1 Molds 

 

A new set of molds were designed using AutoCAD to apply stress on our samples during the 

measurement.  The radii are ranging from 5mm up to 30mm with a 5mm step with both convex 

and concave curvatures for each radius.  Additionally, a flat mold was designed to measure 

the sample in the unstressed state. The new design of the molds is more rigid and harder than 

the earlier one, which was relatively delicate, which made the molds to suffer several 

breakages and shuttering during the installation of the samples. The new molds were designed 

to be male-female molds, which can be slid in a universal mold-holder, which in turn holds the 

specimen in the molds firmly, allowing them to bend the samples at their radii and, hence 

inducing well-known stress. Figure 3-7 (e) shows a cross-section in a convexly curved mold.  

The molds were 3D-printed using a Form-2 laser 3D-printer manufactured by Formlabs, and 

the black resin was chosen to fabricate the molds to reduce the reflection of the laser beam of 

the mold surface, and hence to decrease noise. It is worth to mention that the printing was 
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done in a way that the curvature of the molds was in the printer’s XY-plane to enhance the 

resolution of the 3D-printed molds. Since the resolution in the XY-plane of the printing is that 

of the printer’s laser. In contrast, the highest resolution in the z-axis for the used printer is 

0.025 mm. Figure 3-7 shows the molds and the sample holder.  

 

 

  

 

 

 

 

 

Figure 3-7:  a) Male and female of the 5mm-radius convexly curved mold and the sample holder. b) A closed mold 

and the sample holder. c) The mold mounted on the sample holder. d) A Co-film sample mounted on mold. e) A 
schematic shows a cross-section in the mold with the sample installed. 

 

3.2.2 Longitudinal-MOKE setup  

 

The MOKE setup used is with longitudinal configuration and works in ambient conditions. The 
setup consists of a laser beam source which generates a red laser (660 nm), a polarizer to 
linearly polarize the laser, electromagnetic coils produce a homogeneous magnetic field in the 
rage (0 - ~ 800 mT), another polarizer called analyzer is mounted before the detector to 
change the intensity of reflected light responding to the change of polarization induced by the 
magnetization of the sample (Kerr rotation), and finally a detector of a photo-electric diode to 

measure the intensity of the reflected laser beam. Figure 3-8 shows a schematic drawing of 

the MOKE setup. Furthermore, a modulator (to modulate the laser at ∼ 13 kHz) and a lock-in 
amplifier SR 830, in order to reduce the noise caused by any background radiation during the 
measurement. During the experiment of the curved samples, it has been found that adding a 
lens in the beam path after the sample, with a focal point almost at the detector, would be very 
useful to collect the convergent beam and lead it the detector without losing its magneto-
optical properties caused by the MOKE. The latter arrangement enhances the MOKE signal 
and hence the obtained hysteresis loops.  
 
  

a) b) 

c) d) 

e) 
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3.3 Data treatment  

   

In this work, hysteresis loops for sex different samples have been obtained by MOKE 

for different states, at least five loops for each state, in the following order: 

a- Measuring the hysteresis loop for the unstressed samples in two directions for the films 

and only along the easy axis (the nanowires long axis) for the nanowires samples.  

b- Measuring for samples in a tensile stressed state, i.e., convexly curved samples, starting 

from the minor stress (at radius R =30mm).  

c- Measuring for the post-stress state using the flat molds.  

d- Measuring for samples in a compressively stressed state, i.e., concave curves samples, 

starting from R = 30mm.  

e- Measuring for the post-stress state using the flat molds.  

This procedure resulted in a significant number of data files that need to be processed to 

obtain valuable information about them. Therefore, a code was written in MATLAB to extract 

the desired information, i.e., the saturation field 𝐻𝑠𝑎𝑡 , the reduced remanence 𝑀𝑟  and the 

coercivity 𝐻𝑐. In order to extract these data more efficiently in the MATLAB code, the loop was 

divided into two halves, and each half was fitted to the sigmoid function,  

 S(x) =
a

1 +  e(−𝑏 x + c)
 + 𝑑 (2.43) 

   

where a, b, c and d are constants. The sigmoid fitting using equation (2.43) allowed us to take 

into account all the measured points. The code gets 𝐻𝑐 from the average of the intercepts of 

each half with the X-axis (the applied field axis), and 𝐻𝑠𝑎𝑡 is taken in correspondence with  

0.95𝑀𝑚𝑎𝑥/𝑚𝑖𝑛 for the first/second sigmoid-fitted loop-half, as shown in Figure 3-9, whilst the 

reduced remanence is obtained by averaging the intercepts with the Y-axis (the magnetization 

axis). The loops were centered afterward for the plot without affecting the results. Additionally, 

the code also provides the possibility to subtract any quadratic background if it existed.  

Figure 3-8: a) A schematic showing the MOKE setup. b) Our home-made L-MOKE setup. (1- Laser source. 2- Polarizer. 

3-A set magnifying lenses to focus the reflected laser on the detector. 4- Analyzer. 5- Detector. 6 Coils. 7- Probe. 8- Lock-
in amplifier. 9- Computer.  
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Figure 3-9: Normalized hysteresis loop for unstressed W-30-200 (green) and the sigmoid fitting (blue), the vertical lines 
represent the intercepts at ±µ0𝐻𝑠𝑎𝑡 corresponding to 0.95𝑀𝑚𝑎𝑥/𝑚𝑖𝑛. 

Additionally, a comparison between sigmoid fitting of the hysteresis loops and the normalized 

original ones for the sample F-30 in all tensile-stressed configurations is available in  Figure 

D-1 in Appendix C Appendix D.  

  

∓ µ0𝐻𝑠𝑎𝑡 

±µ0𝐻𝑐 
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4. Results and discussions  
   

4.1 Film samples  
 

Since it is beneficial to have data from reference samples, we investigated the magnetic 

properties of continuous Co films to compare them with magnetic properties of the Co 

nanowires. The films have two different thicknesses, 30nm and 20nm, the same as the 

nanowires.  

4.1.1 Post-stress anisotropy  

 

First, angular-dependence measurements of 𝐻𝑐  and 𝑀𝑟  were performed to investigate the 

anisotropy of the unstressed film samples. Therefore, µ0𝐻𝑐 and 𝑀𝑟/𝑀𝑠 were extracted from 

the hysteresis loops that were obtained by L-MOKE at every 15° from 0° up to 360°. Figure 4-1 

shows some hysteresis loops at different angles a) for 30nm-thick Co-film and b) for 20nm-

thick Co-film. Figure 4-2 shows the angular dependence of 𝐻𝑐 for a) F-30 and c) F-20, and the 

angular dependence of 𝑀𝑟/𝑀𝑠 for b) F-30 and d) F-20. Both of the continuous film samples 

exhibit a tiny uniaxial anisotropy with an easy axis at ~105° for both the F-30 and F-20 

samples. Such anisotropy is due to the residual stress of the thin Co film during the growth. 

Additionally, considering that the substrate is flexible and very thin, the asymmetric reference-

cut may induce some additional stress causing the substrate to become permanently 

inhomogeneously stressed, which can cause some sort of stress anisotropy in the samples. 

However, the anisotropy values induced by the residual stress for both samples F-20 and F-

30 are negligible in the nanowires samples compared with the much larger shape anisotropy 

induced in the nanowires, as we will see section (4.2).  

 

 

 

 

 

 

 

 

 

Figure 4-1: The hysteresis loops at different angles: a) for F-30 and b) F-20. 

 

It is expected to observe some differences between the anisotropy of the two thicknesses 

related to the fact that the two films were grown individually, which means that the growth rate 

could be changed, and the anisotropy is changed as a consequence55. 

a) b) 
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Figure 4-2: The angular dependence for F-30 (a-b) and F-20 (c-d) of (a and c) the coercive field 𝐻𝑐. (b and d) the 

reduced remanence 𝑀𝑟/𝑀𝑠. e) and f) Schematics show the orientation of the samples at 90° and 0°, respectively. 

 

4.1.2 Stress anisotropy 

 

To investigate the stress effect on Co films, we have applied stress through the designed 

molds, along the long direction of the mold (8mm-long), in two orientations perpendicular to 

each other, the 0° orientation and the 90° one, as shown in Figure 4-2 (e-f). This procedure 

should allow us to compare the effect of the stress in both directions and investigate whether 

they are reverse as expected. The applied stress due to curving the samples is estimated 

using (2.17) where the value of Young’s modulus is 𝐸 =  209 𝐺𝑃𝑎  for nanocrystalline cobalt56 

and Poisson’s ratio for cobalt is 𝛾 =  0.3157. 

Regarding the negative value of the magnetostriction constant for bulk cobalt which is 

−60 × 10−6 58, it is expected that the application of tensile stress on the cobalt samples will 

give rise to an anisotropy with an easy axis perpendicular to the stress direction. In contrast, 

the application of compressive stress will induce an anisotropy with an easy axis parallel to 

the stress direction, as shown in Figure 4-3.   

Figure 4-4 shows the hysteresis loops for the F-20 and F-30 with the stress perpendicular to 

the applied field. As expected, the application of tensile stress causes the coercive field to 

increase, and the loops become more square-shaped (the blue loops), which means the 

promotion of a stress anisotropy with an easy axis perpendicular to the stress direction. On 

the other hand, the application of compressive stress causes the coercive field to decrease, 

and the magnetization changes more gradually, which is a sign of inducing a stress anisotropy 

with a hard axis perpendicular to the stress direction.  

Furthermore, inducing an anisotropy with easy axis causes the remanence perpendicular to 

the stress direction to increase (for materials with negative magnetostriction) due to the 

increase of the alignment of the magnetization of the domains by orientations in this direction, 

and inducing an anisotropy with hard axis in magnetic materials with negative magnetostriction 

constant will cause the remanence perpendicular to the stress direction to decrease. Our 

results show that, when applying the least value of tensile stress the reduced remanence, in 

f) 
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the direction perpendicular to the applied stress, jumps to the saturation value, Figure 4-5 (the 

blue lines), indicating that an anisotropy with easy axis has been promoted perpendicularly to 

the stress direction, where the easy axis in the F-20 and F-30 is tilted and becomes exactly at 

90°, i.e., perpendicular to the stress direction. Therefore, the remanence reaches saturation, 

and any further increment in the tensile stress will not cause any rotation to the easy axis, and 

hence, the remanence will continue to have the saturation value. Whereas, inducing 

compressive stress causes the remanence perpendicular to the stress to get reduced with 

every increment of the stress, Figure 4-5 (the red lines), indicating that an anisotropy with hard 

axis has been induced perpendicularly to the direction of the compressive stress, leading to a 

rotation of the total anisotropy. Figure 4-6 shows almost the exact reverse behavior; namely, 

tensile stress induces a hard axis along the stress direction (the blue lines), and compressive 

stress induces an easy axis along its direction (the red lines).  

Therefore, it has been confirmed that the magnetostriction constant of cobalt thin films for 

20nm- and 30nm-thick has negative value/values.  

 

 

 

 

 

 

 

Figure 4-3: A schematic shows the stress-induced easy axis: a) parallel to the direction of the compressive stress, b) 

perpendicular to the direction of the tensile stress. 

 

 

Figure 4-4: H-loops a) for F-20, b) for F-30, with (blue) tensile stress, (red) compressive stress and (magenta) unstressed 

manner. 

 

 

 

a) b) 
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Figure 4-5: The reduced remanence vs. stress for a) F-20, b) F-30 with the stress is perpendicular to the applied field. 

The blue lines represent tensile stress, and the red lines represent the compressive stress.  

 

 

 

 

 

 

 

 

 

Figure 4-6: The reduced remanence vs. stress for a) F-20, b) F-30 with the stress is parallel to the applied field. The blue 

lines represent tensile stress, and the red lines represent the compressive stress.  

 

4.1.3 Magnetic properties  

 

Figure 4-7 shows the saturation magnetization perpendicular to the stress direction, a) for F-

20 and b) for F-30. We can observe a slight reduction when we start to apply tensile stress 

(blue lines). Through having a look at  

Figure 4-4 both a) and b), we can distinguish that the H-loops for the unstressed samples 

(magenta lines) are not perfect but almost square-shaped, indicating that the easy axis is 

slightly tilted from this direction. Nevertheless, when applying the least tensile stress on the 

Co films, the remanence jumps directly to the saturation value indicating that the H-loops 

become square-shaped, which means that the tensile stress enhances the anisotropy with 

easy axis along with the measured magnetization, i.e., perpendicular to the stress direction. 

Thus, the easy axis becomes oriented along this direction, as discussed earlier in section 4.1.2. 

However, this induced anisotropy works on reducing the saturation magnetization when the 

a) b) 

a) b) 
20nm-thick film with stress 

perpendicular to the applied filed  
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easy axis is tilted, which illustrates the reduction of the saturation magnetization for the first 

value of the applied tensile stress. Nevertheless, any further increment of the tensile stress 

will not result in any significant change in the saturation magnetization since it only adds an 

anisotropy with easy axis along the perpendicular direction, which is already the easy axis 

direction. Nevertheless, the increase of the anisotropy will give rise to an increase in the 

coercivity in the direction of the easy axis, as Figure 4-9 (the blue lines) confirms.  

On the other hand, Figure 4-7 (the red lines) shows that the saturation magnetization 𝐻𝑠𝑎𝑡 

increases with the increase of the applied compressive stress. This is due to inducing a stress 

anisotropy with easy axis parallel to the stress direction at (0°), i.e., almost perpendicular to 

the anisotropy in the unstressed state (~105°), which leads to rotating the total easy axis away 

from its original direction and toward the stress-induced easy axis direction. However, the 

rotation of the anisotropy makes the direction of the measured magnetization, i.e., 

perpendicular to the stress harder, which leads to a reduction in the coercivity value, in an 

agreement with our results shown in Figure 4-9 (the red lines).  

 

 

Figure 4-7: The saturation magnetization vs. stress for a) F-20, b) F-30 with the stress is perpendicular to the applied 

field. The blue lines represent tensile stress, and the red lines represent the compressive stress.  

 

 

Figure 4-8: The saturation magnetization vs. stress for a) F-20, b) F-30 with the stress is parallel to the applied field. The 

blue lines represent tensile stress, and the red lines represent the compressive stress.  

a) b) 

a) b) 
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Figure 4-9: The coercivity vs. stress for a) F-20, b) F-30 with the stress is perpendicular to the applied field. The blue lines 

represent tensile stress, and the red lines represent the compressive stress. 

 

4.1.4 Magnetostriction  

 

Taking into consideration that the relaxed film samples have already small intrinsic stress 

anisotropy 𝐾0 resulted from the residual stress during the deposition as explained in (4.1.1), 

we rewrite equation (2.15) to estimate the saturation magnetostriction constant 𝜆𝑠:  

 
𝐾σ  =  

3

2
λ𝑠σ + 𝐾0 

 
(4.1) 

Additionally, knowing that the standard value of the saturation magnetization for cobalt 𝑴𝒔 =

𝟏. 𝟒 × 𝟏𝟎𝟔
𝑨

𝒎
 58 we can estimate the effective stress anisotropy 𝐾 for each stress value and plot 

𝐾 vs. the stress 𝜎, for compressive stress applied perpendicular to the applied magnetic field 

(stress is applied at 90°) Figure 4-10 and for tensile stress along the applied field direction 

(stress is applied at 0°) Figure 4-11.  

The linear fit of the points in Figure 4-10 and Figure 4-11 was performed using 

MATLAB, where the points corresponding to the largest stress value were not taken into 

account because, at this value of stress, the regime may become plastic. Thus, by 

implementing the slope value in equation (4.1), we get the values of magnetostriction in Table 

4-1 

Table 4-1: Saturation magnetostriction constant estimated for Co films.  

Stress Type Compressive ⊥ �⃗⃗⃗�  Tensile ∥   �⃗⃗⃗�  

Sample Saturation magnetostriction constant 𝛌𝐬 

F-20 −(4.74 ± 0.85) × 10−6 −(5.8 ±  1.5) × 10−6 

F-30 −(5.24 ±  2.54) × 10−6 −(6.43 ± 0.62) × 10−6 
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We observe that the magnetostriction constant has been reduced in the absolute value from 

𝜆𝑠 = −60 × 10
−6 for bulk Co by about one order of magnitude. This behavior can be assigned 

to two contributions for the magnetostriction constant one from the bulk Co, and the other is 

from the surface59–62. Since the magnetostriction constant, that consists of two parts, is written 

as59: 

 𝜆𝑠 = 𝜆𝑠
𝑣 +  2 𝜆𝑠

𝑠 𝑡−1  (4.2) 
 

where 𝜆𝑠
𝑣 and 𝜆𝑠

𝑠 are the volume and the interface magnetostriction constants, respectively, 

and 𝑡 is the bilayer thickness, hence the surface contribution to the magnetostriction 𝜆𝑠
𝑠 must 

have positive values for both thicknesses:  

For compressive stress ⊥ �⃗⃗⃗�  

𝜆𝑠
𝑠 = 552.6(8.5) × 10−6 𝑛𝑚 for F-20  and  𝜆𝑠

𝑠 = 821.4(38) × 10−6 𝑛𝑚 for F-30. 

For tensile stress ∥ �⃗⃗⃗�  

𝜆𝑠
𝑠 = 542(15) × 10−6 𝑛𝑚 for F-20  and  𝜆𝑠

𝑠 = 803.5(9) × 10−6 𝑛𝑚 for F-30.  

Since at nanoscale, the magnetostriction is more responsive to the structure and the nature 

of the interface63, the difference in the magnetostriction constant values for the same film from 

the type of the stress point of view can be attributed to that the two different contributions at 

the different interfaces may respond differently to the compressive and tensile stresses. 

 

 

Figure 4-10: The effective anisotropy vs. stress a) for F-20 b) for F-30, when compressive stress is applied perpendicular 

to the applied field.  
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Figure 4-11: The effective anisotropy vs. stress a) for F-20 b) for F-30, when Tensile stress is applied Parallel to the 

applied field.  

4.2 Co-Nanowires samples  
 

We tried to investigate the nanowires sample along with the easy and the hard axes, but 

unfortunately, the MOKE signal obtained from the hard axis measurements for the Co 

nanowires were too weak. However, we could have some hysteresis loops along the short 

axis. Nonetheless, those loops were not of good quality, but they provide a flavor of what the 

coercivity for Co nanowire could be Figure 4-12.   

 

Figure 4-12: H-loop for W-20-200 sample along the short axis of the nanowires at the unstressed state.  

Thus, we investigated the nanowires' magnetic properties only in their intrinsic easy direction 

(the nanowires’ long axis), as shown in Figure 3-1.   

 

4.2.1 Magnetic properties   

 

We observe that the coercivity increases from ~ 3.8 mT and ~2.5 mT for polycrystalline Co 

films of thicknesses 20 and 30 nm, respectively, to about 60 mT and 120 mT for polycrystalline 

Co nanowire of width 200 nm and 100 nm respectively and the both previously mentioned 

thicknesses. The significant increment of the coercivity is attributed to the strong shape 

anisotropy in the Co nanowires with the large aspect ratio. Despite relatively large errors in 

a) b) 
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the measured 𝜇0𝐻𝑐 values, we can see that the stress barely could add any contribution to the 

coercivity Figure 4-13. Thus, the stress contribution to the anisotropy can be said to be 

negligible compared to the significant shape anisotropy in Co nanowires.   

Figure 4-13 also shows that coercivity is affected mainly by the width, and the nanowires 

thickness has nearly no effect on the coercivity for nanowires of the same length (of course, 

for the studied thicknesses).    

 

Figure 4-13: Coercivity vs. stress for Co nanowires, a) W-30-200, b) W-30-100, c) W-20-200, d) W-20-00. 

 

4.2.2 Magnetostriction  

 

The magnetostriction constants of the Co nanowires have been estimated following the same 

procedure as in section (4.1.4), but differently from equation (4.1), we add another term 

representing the shape anisotropy. Yet, we have estimated 𝝀𝒔  here only from the data 

obtained from applying compressive stress, Figure 4-14, because we could not obtain any 

good signal along the short axis, along which a parallel tensile stress would induce a hard axis 

anisotropy (since 𝜆𝑠 is negative), as we referred in section 4.2. However, we have negligated 

the data at stress value of σ  = ± 2.6 GP in Figure 4-15 to be sure that our data do not exceed 

the elastic limit. We assembled the magnetostriction constant values for Co nanowires in Table 

4-2.  
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Table 4-2: Saturation magnetostriction constant estimated for Co films.  

Nanowire width 100nm 200nm 

Thickness  Saturation magnetostriction constant 𝛌𝐬 

20nm +(8.59 ±  3.5) × 10−6 −(5.17 ±  8.3) × 10−7 

30nm −(1.47 ± 1.6) × 10−6 −(6.02 ±  2.3) × 10−7 

 

Nevertheless, the errors in estimating 𝛌𝐬 are very large, which makes it reckless to adopt a 

decent understanding of Co nanowires behavior, the estimated values of 𝛌𝐬 provide a flavor 

of what Co nanowires may exhibit under stress. The estimated 𝛌𝐬  values show that the 

magnetostriction has been furtherly reduced for W-30-200, W-30-100, and W-20-200 as a 

result of the increase of the surface to volume ratio. Meaning that the positive surface 

magnetostriction contribution to the total magnetostriction becomes stronger. On the other 

hand, the estimated value for 𝛌𝐬 for W-20-100, which is positive, may be considered as a piece 

of evidence that surface magnetostriction dominates the total magnetostriction of the Co 

nanowires for this size of the Co nanowires. However, to confirm this behavior, we should 

study the magnetostriction for smaller thicknesses or narrower Co nanowires of the same 

length and thickness. Additionally, the error committed during the measurements is relatively 

large which makes us hesitate to confirm these results, but the reverse tendency that has 

been repeatedly observed in the behavior of the 𝐻𝑠𝑎𝑡 under compressive and tensile stresses 

encourages us to consider these results. 

 

Figure 4-14: Saturation magnetization vs. stress for Co nanowires, a) W-30-200, b) W-30-100, c) W-20-200, d) W-20-00. 
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Figure 4-15: The effective anisotropy vs. stress for a) W-30-100, b) W-30-200, c) W-20-100, and b) W-30-200. 

Nevertheless, to investigate the effect of volume to surface ratio Ω  on the magnetostriction, 

we plotted 𝜆𝑠 vs. Ω for the films and nanowires samples.  

  

Figure 4-16: 𝜆𝑠  vs. Ω (the surface to volume ratio), o nanowires data, o films data, and the blue line is an 

exponential fitting of the nanowires data.  

 

Figure 4-16 shows the magnetostriction of Co nanowires and films as a function of the surface 

to volume ratio. One can observe that 𝜆𝑠  values for the Co films lie below the values for 

nanowires even when Ωfilm is greater than Ω𝑛𝑤, which can be understood by knowing that the 
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contribution of the out-of-plane surfaces becomes non-negligible anymore. Therefore, the  

positive tendency in the magnetostriction of Co-nanowires may be attributed to positive 

perpendicular magnetostriction resulting from the out-of-plane surfaces. These surfaces 

contribute with a perpendicular anisotropy, (which is in-plane of the substrate), to the studied 

surficial anisotropy, in agreement with S. Hashimoto, et al.64 results about “perpendicular 

magnetic anisotropy and magnetostriction of sputtered Co/Pd and Co/Pt multilayered films.” 

On the other hand, we observe in light of our results that the values of 𝜆𝑠  when Ω ≥
9 𝑛𝑚 change slowly, while when Ω ≈  8.26 𝑛𝑚,  the tendency for the magnetostriction to be 

positive increases fast, which might be a sign of symmetry breaking of the crystal structure at 

the surface of the nanowires65. If our assumption is valid, another term that describes the 

symmetry breaking contribution the magnetostriction must be added. Therefore, we fitted the 

magnetostriction of Co nanowires to an exponential function as it follows: 

𝜆𝑠 = −1.75 × 10
−6 + 2.33𝑒−

3
2
Ω

 

where 𝛀 =
𝑽

𝑺
 the volume to the surface ratio.  

Of course, further study on many other Co nanowires samples with Ω < 8.26 𝑛𝑚 (at least 

10nm-thick) is needed to garb more understanding of the behavior of the magnetostriction in 

Co nanowires.  
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5. Conclusion  
 

In this study, the magnetoelastic effect for cobalt films and nanowires on PEN has been 

investigated by estimating the saturation magnetostriction constant. Longitudinal MOKE 

technique at room temperature was used to measure the hysteresis loops, under various 

values of compressive and tensile stress. The objective of this study was to determine the 

potentials of the Co nanowires to employ them in wearable applications, e.g., wearable 

sensors, or other electronic devices, etc.  

The application of stress up to ~1.32 𝐺𝑃𝑎 in Co thin films down to a thickness of 20nm induces 

a small uniaxial anisotropy whose easy axis indicates negative magnetostriction constant.  

This stress-induced anisotropy, however, causes a small change in the coercivity (only a few 

𝑚𝑇). Nevertheless, 𝜆𝑠 for Co thin films has been reduced compared with the bulk value, which 

refers to positive surface magnetostriction at the interfaces that work on reducing the negative 

behavior of the bulk magnetostriction. Thus, in the end, the Co films exhibit less 

magnetostriction than in Co bulk.  

The coercivity values in Co nanowires along their long axis are ~60𝑚𝑇 for the 200nm-wide 

and ~125𝑚𝑇 for the 100nm-wide in their unstressed state. Hence, this reflects a substantial 

shape anisotropy, which causes the stress-induced anisotropy to be neglected in comparison 

with the shape-induced one. Although Co nanowires in samples W-30-200, W-30-100, and 

W-20-200 display negative magnetostriction, the magnetostriction in Co nanowires is much 

smaller than in Co films. For all nanowires samples, the magnetostrictive values are very close 

to zero, and the value of 𝜆𝑠 for W-20-100 is even shifted over to the positive side. This may be 

attributed to an additional positive surface magnetostriction contribution, which is related to 

the out-of-plane surfaces of the nanowires. However, more experimental work, involving a 

broader range of thicknesses and width of the Co nanowires, must be performed to get a 

better understanding of the magnetostrictive behavior of Co nanowires. 
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Appendix A Elastic energy density 
 

In order to, understand the nature of the interaction between the magnetization and the 

strain we present the elastic energy density 𝐸𝑒𝑙 as a function of the elastic stiffness tensor 

𝑐𝑖𝑗𝑘𝑙 and the symmetric strain tensors ϵ𝑖𝑗ϵ𝑘𝑙.
1

  

 𝐸𝑒𝑙 =
1

2
𝑐𝑖𝑗𝑘𝑙ϵ𝑖𝑗ϵ𝑘𝑙 (A.1) 

 

Due to the symmetry of the strain tensor ϵ and the elasticity tensor 𝑐, their indices can be 

simplified by replacing each couple of indices by a single index, i.e., α for 𝑖𝑗 and β for 𝑘𝑙 as 

shown in (Table A-1)2:  

Table A-1: Equivalence between subscripts 𝑖𝑗 (or 𝑘𝑙) and 𝛼 (or 𝛽) 

Tensor notation 𝜖11 𝜖22 𝜖33 𝜖23, 𝜖32 𝜖13, 𝜖31 𝜖12, 𝜖21 
Matrix notation α 𝑜𝑟 β 𝜖1 𝜖2 𝜖3 𝜖4 𝜖5 𝜖6 

 

Moreover, due to the application of symmetric strain tensor, the off-diagonal elements are 

multiplied by factors of two3 i.e. ϵ4 = 2ϵ23, 𝜖5 = 2ϵ13 and  ϵ6 = 2ϵ12. 

Furthermore, the symmetry of the crystals gives rise to a more serious simplification that is 

the elastic stiffness matrix, which describes the elastic property of the crystal can be described 

by only three elastic constants for the cubic crystals and four in case of hexagonal crystals. 

Thus, for crystals with hexagonal lattice:  

 𝑐𝑖𝑗 =

(

 
 
 
 

𝑐11 𝑐12 𝑐13 0 0 0
𝑐12 𝑐11 𝑐13 0 0 0
𝑐13 𝑐13 𝑐33 0 0 0
0 0 0 𝑐44 0 0
0 0 0 0 𝑐44 0

0 0 0 0 0
1

2
(𝑐11 − 𝑐12))

 
 
 
 

 (A.2) 

 

And for crystals with cubic lattice: 

 𝑐𝑖𝑗 =

(

 
 
 

𝑐11 𝑐12 𝑐12 0 0 0
𝑐12 𝑐11 𝑐12 0 0 0
𝑐12 𝑐12 𝑐11 0 0 0
0 0 0 𝑐44 0 0
0 0 0 0 𝑐44 0
0 0 0 0 0 𝑐44)

 
 
 

 (A.3) 
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The contracted compliance matrices for the hexagonal and cubic lattices can be obtained for 

hexagonal lattices by taking the inverse of (A.2):  

  𝑠𝑖𝑗
ℎ𝑒𝑥𝑎𝑔𝑜𝑛𝑎𝑙

=

(

 
 
 

𝑠11 𝑠12 𝑠13 0 0 0
𝑠12 𝑠11 𝑠13 0 0 0
𝑠13 𝑠13 𝑠33 0 0 0
0 0 0 𝑠44 0 0
0 0 0 0 𝑠44 0

0 0 0 0 0 2(𝑠11 − 𝑠12))

 
 
 

 
(A.4) 

 

with:  

 

𝑠11 =
(𝑐11𝑐33 − 𝑐13

2 )

(𝑐11𝑐33 + 𝑐12𝑐33 − 2𝑐13
2 )(𝑐11 − 𝑐12)

 

𝑠12 =
−(𝑐12𝑐33 − 𝑐13

2 )

(𝑐11𝑐33 + 𝑐12𝑐33 − 2𝑐13
2 )(𝑐11 − 𝑐12)

 

𝑠13 =
−𝑐13

(𝑐11𝑐33 + 𝑐12𝑐33 − 2𝑐13
2 )
                      

𝑠33 =
(𝑐11 + 𝑐12) 

(𝑐11𝑐33 + 𝑐12𝑐33 − 2𝑐13
2 )
                     

𝑠44 =
1

𝑐44
                                                             

 

(A.5) 

And for cubic lattices by taking the inverse of (A.3): 

 𝑠𝑖𝑗
𝑐𝑢𝑏𝑖𝑐 =

(

 
 
 

𝑠11 𝑠12 𝑠12 0 0 0
𝑠12 𝑠11 𝑠12 0 0 0
𝑠12 𝑠12 𝑠11 0 0 0
0 0 0 𝑠44 0 0
0 0 0 0 𝑠44 0
0 0 0 0 0 𝑠44)

 
 
 

 (A.6) 

with:  

 

𝑠11 =
(𝑐11 + 𝑐12) 

(𝑐11 + 2𝑐12)(𝑐11 − 𝑐12)
 

𝑠11 =
−c12

(𝑐11 + 2𝑐12)(𝑐11 − 𝑐12)
 

𝑠44 =
1

𝑐44
                                        

(A.7) 

 

 

Putting (A.2) and (A.3) in equation (A.1) gives the elastic energy density:  

 
𝐸𝑒𝑙𝑎𝑠𝑡𝑖𝑐
ℎ𝑒𝑥𝑎𝑔𝑜𝑛𝑎𝑙

=
1

2
𝑐11(ϵ1

2 + ϵ2
2) +

1

2
𝑐33ϵ3

2 + 𝑐12ϵ1ϵ2 + 𝑐13(ϵ1ϵ3 + ϵ2ϵ3)

+
1

2
𝑐44(ϵ4

2 + ϵ5
2) +

1

4
(𝑐11 − 𝑐12)ϵ6

2 

(A.8) 

 

 𝐸𝑒𝑙𝑎𝑠𝑡𝑖𝑐
𝑐𝑢𝑏𝑖𝑐 =

1

2
𝑐11(ϵ1

2 + ϵ2
2 + ϵ3

2) + 𝑐12(ϵ1ϵ2 + ϵ2ϵ3 + ϵ3ϵ1) +
1

2
𝑐44(ϵ4

2 + ϵ5
2 + ϵ6

2) (A.9) 
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In the case of cubic (001)-film with only in-plane strain i.e. ϵ4 = ϵ5 = ϵ6 = 0, the elastic energy 

density becomes4:  

 Eelastic
cubic(001) =

1

2
c11(ϵ1

2 + ϵ2
2) −

c12
2

2c11
(ϵ1 + ϵ2)

2 + c12(ϵ1ϵ2) (A.10) 
 

Where in cubic films with this orientation (001)   ϵ3  =  − 
𝑐12

𝑐11
(ϵ1 + ϵ2) 

In the case of hexagonal (0001)-film the elastic energy density is given by4:  

 𝐸𝑒𝑙𝑎𝑠𝑡𝑖𝑐
(0001)

=
1

2
𝑐11(ϵ1

2 + ϵ2
2) +

1

2
𝑐33ϵ3

2 + 𝑐12ϵ1ϵ2 + 𝑐13(ϵ1ϵ3 + ϵ2ϵ3) (A.11) 

where 𝜖4, 𝜖5 and 𝜖6 and the strain perpendicular to the epitaxial plane is derived by minimizing 

the elastic energy density through differentiating 𝐸𝑒𝑙𝑎𝑠𝑡𝑖𝑐
(0001)

 with respect to 𝜖3 and put it equal to 

zero since the stress in this direction is zero due to the freedom for atoms to move along the 

normal to minimize the elastic energy4: 

 

 𝜖3 = −
𝑐13
𝑐33
(𝜖1 + 𝜖2) (A.12) 

and the in-plane stress is given by4:  

 τ𝑖   = (𝑐11 −
𝑐12
2

𝑐33
)ϵ𝑖  + (𝑐12 −

𝑐13
2

𝑐33
)ϵ𝑗 (A.13) 

with 𝑖 ≠ 𝑗 and 𝑖, 𝑗 =  1, 2. 
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Appendix B Saturation magnetization for cubic crystals 
 

The saturation magnetostriction λ𝑠 for cubic crystals is given by5,6:  

 
λ𝑠 =

 3

2
λ100 (α1

2β1
2 + α2

2β2
2 + α3

2β3
2 −

1

3
)  

+  3 λ111(α1α2β1β2 + α2α3β2β3 + α1α3β1β3) 
 

(B.1) 

where α1, α2, α3  are the magnetization direction cosines, β1, β2, β3  are the strain direction 

cosines, λ100  and λ111  are the longitudinal saturation magnetostriction in (100) and (111) 

directions, respectively. Moreover, in the case where the strain is oriented in the same 

direction of the magnetization: 

 𝜆𝑠 =
 3

2
λ100 (α1

4 + α2
4 + α3

4 −
1

3
)   +  3 λ111(α1

2α2
2 + α2

2α3
2 + α1

2α3
2) (B.2) 

 

The relations between λ100and λ111, and the magnetoelastic coupling constants 𝐵1𝑎𝑛𝑑 𝐵2 on 

the other hand, can be obtained by substituting equations (2.11) and (2.12) in (B.3) which 

describes the saturation magnetostriction λ𝑠 in terms of the strains6: 

 λ𝑠 =∑(ϵ𝑖𝑗β𝑖β𝑗)

𝑖≥𝑗

 (B.3) 

 

 

λ𝑠 = −
𝐵1

𝑐11 − 𝑐12
(α1
2β1
2  + α2

2β2
2  + α3

2β3
2 )

− 𝐵2 (α1α2β1β2 + α2α3β2β3  + α2α3β2β3)

+
3𝑐12𝐵1

(𝑐11 + 2𝑐12)(𝑐11 − 𝑐12)
 

(B.4) 

 

and comparing the resulting formula (B.4) with (B.1) after dropping the last term because it is 

constant with respect to α and β:  

 

λ100 = −
2

3
 

𝐵1
𝑐11 − 𝑐12

 

λ111 = −
1

3
 
𝐵2
𝑐44
            

(B.5) 

 

A more simplification can be performed by assuming the magnetostriction to be isotropic, i.e., 

λ = λ100  = λ111 thus, (B.2) becomes:  

 𝜆𝑠 =
3

2
λ(𝑐𝑜𝑠2θ − 1/3) (B.6) 

 

where θ is the angle between the magnetization and the measured strain direction6.  
 

 
 

The above equations suggest that the magnetostrictive strain induced in the crystal is 

dependent on the direction of the magnetization. Thus, it is expected that the reverse effect, 

i.e., producing a strain by applying stress on a magnetic material will change the direction of 

the magnetization, which changes the anisotropy direction and hence the magnetic properties 

of the material, such as the coercive field 𝐻𝑐 and the saturation magnetization 𝑀𝑠 value, in a 

particular direction. However, in the absence of an external field or stress, the magnetization 

direction is governed by the anisotropy represented by the anisotropy constant 𝐾1, but when 
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a stress σ is applied on the magnetic material, the direction of the magnetization will be 

affected and, therefore, governed by both anisotropy and stress 𝜎. Thus, the part of the energy 

that is dependent on the magnetization direction is composed of the anisotropy energy 𝐸𝑎𝑛𝑠 

and the magnetoelastic energy 𝐸𝑚𝑒 and can be written in terms of stress and anisotropy 

constant as follows5:  

 

E = 𝐾1(α1
2α2
2 + α2

2α3
2 + α1

2α3
2) −

 3

2
𝜆100σ(𝛼1

2𝛾1
2 + 𝛼2

2𝛾2
2 + 𝛼3

2𝛾3
2) −

  3 𝜆111𝜎(𝛼1𝛼2𝛾1𝛾2 + 𝛼2𝛼3𝛾2𝛾3 + 𝛼1𝛼3𝛾1𝛾3)  
 

(B.7) 

   
where, as before 𝛼1, 𝛼2, 𝛼3  are the saturation magnetization 𝑴𝑠  direction cosines but now  

𝛾1, 𝛾2, 𝛾3  are the stress 𝜎  direction cosines. The last two terms in (B.7) represent the 

magnetoelastic energy and if 𝜆𝑠 = 𝜆100  = 𝜆111, 𝐸𝑚𝑒 becomes:  

 𝐸𝑚𝑒 = −
3

2
𝜆𝑠𝜎𝑐𝑜𝑠

2𝜃 (B.8) 

where 𝜃 is the angle between the stress and the magnetization.  

 

 

Using (co𝑠2θ = 1 − si𝑛2𝜃) and dumping the constant term:  

 𝐸𝑚𝑒 =
3

2
𝜆𝑠𝜎𝑠𝑖𝑛

2𝜃 = 𝐾σ𝑠𝑖𝑛
2𝜃 (B.9) 

 

This formula suggests that the effect of tensile stress on materials with positive 𝜆𝑠 is equivalent 

to the effect of compressive stress on materials with a negative 𝜆𝑠 furthermore, the resulted 

anisotropy due to stress is uniaxial.  
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Appendix C Sigmoid function 
 

 S(x) =
a

1 +  e(−𝑏 x + c)
 + 𝑑 (C.1) 

 

where 𝑎 is a factorizing constant of the magnetization here, and b is a constant to fit the slope 

of the loop-half, c is a constant to adjust the shift on the x-axis, and d is a constant to adjust 

the shift on the y-axis.  

 

  

 

 

  

Figure C-1: The logistic sigmoid function. 
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Appendix D Hysteresis loops for 30nm-thick Co film  
 

 

  Figure D-1: Hysteresis loops for 30nm-thick cobalt film: a) in its origin flat state, and (b–g)  in convexly curved states for 

radii ranging from (30mm – 5mm), where the green lines show the measured data after normalization and the blue ones 
show sigmoid fitting of the measured data. The stress is perpendicular to the applied magnetic field for shown loops. 
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